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Editorial on the Research Topic 


Diagnostic, prognostic and predictive factors of response in the era of precision oncology in breast cancer


Breast cancer (BC) is a multifaceted disease, characterized by distinct molecular subtypes and various biological features with different prognostic and therapeutic implications (1). The prognosis of patients diagnosed with BC has undergone a remarkable transformation in the last twenty years, nonetheless there is still a subset of women who experience a poor response to treatment strategies, and the outcomes for these individuals are frequently unfavorable (2). The examination of the cancer genome and the increasing utilization of next-generation sequencing (NGS) platforms have led to a revolution in our capacity to investigate, diagnose and treat cancers, including breast tumors (3). Specifically, multi-gene tests can now refine the prognosis of early-stage BC patients beyond standard clinicopathological features, supporting also the decision for the treatment escalation or de-escalation (4, 5). It might also be helpful in guiding potential therapeutical approaches in advanced hormone receptor-positive (HR+) disease, at least in the clinical research setting (6–8). Several mutations detectable in tumor tissue or via liquid biopsy can lead to targeted therapeutic treatments, like the novel oral selective estrogen degrader (SERD) elacestrant in ESR1-mutant advanced HR+ BC, the selective PI3K inhibitor alpelisib in combination with endocrine treatment in PIK3CA-mutant HR+ metastatic BC (MBC) or the small molecules inhibitors larotrectinib and entrectinib in MBC with rare but detectable NTRAK fusions (9–12). Nevertheless, although giant steps have been made, much research is still needed to bring a broader personalized molecularly-driven approach to the clinical management of patients affected by breast tumors.

This Research Topic embodies 32 novel studies derived from basic, translational and clinical research in the field of precision medicine in BC, with a particular focus on the discovery of molecular diagnostic and/or prognostic tools as well as predictive biomarkers of response to targeted therapies. Specifically, this Research Topic includes 23 original articles, 5 reviews and 4 case reports, which can be regrouped into four different thematic sections: 1) Predictive tools of response to therapies; 2) Diagnostic and prognostic biomarkers; 3) Diagnostic models based on imaging data; 4) Tailored therapeutic strategies. We will briefly revise the most significant contributions.




Predictive tools of response to therapies

The first section consists of two original research articles focusing on predictive tools of BC response to oncological treatments.

The importance of achieving a pathological complete response (pCR) and the possibility of adjusting therapies is the Research Topic of the work by Xu et al. in which they identified “Volume change rate” (δV) as a good quantitative efficacy evaluation index to monitor the therapeutic effect of neoadjuvant chemotherapy (NAC) and to predict pCR, to guide the adjustment of individualized NAC regimen. Tashireva et al. conducted a study on a limited cohort of triple-negative breast cancer (TNBC) patients treated with eribulin. They successfully identified immunological predictive markers, including tumor-infiltrating lymphocytes, CD8+, CD4+, FoxP3+, CD20+ lymphocytes, and their PD1 positivity or negativity, associated with treatment response; these findings are consistent with the existing immunomodulant effect of eribulin in addition to its antimitotic effect.





Diagnostic and prognostic biomarkers

The second section features studies investigating novel clinical or biological markers playing a critical role in the early diagnosis and prognostic assessment of BC, for a more personalized patients care.

The first two articles in this section highlighted the challenge of testing new biomarkers in blood samples.

Zhang et al. focused on the possible role of carnitine compounds in BC development and progression, and in a 1:1 age-matched retrospective case-control study identified increased butyrylcarnitine (C4) levels in whole blood as a risk factor for the disease. The review by Yi et al. is a comprehensive overview regarding small extracellular vesicles (sEVs) and their involvement in BC pathogenesis: the significant role of sEVs in facilitating intracellular communication through the transportation of a variety of biomolecules, with regard to their use as liquid biopsy biomarkers for both the diagnosis and prognosis of BC. Moving on to genomic and transcriptomic techniques, by integrating data of almost 3000 BC patients collected in public database Fan et al. identified a total of 15 hub genes associated with BC long-term survival. Song et al. investigated the role of small nucleolar RNAs (snoRNAs) in tumor development. Their original article, in which they analyzed public database and 77 BC patients’ biopsies, showed a significant up-regulation of SNORA38 and its correlation with tumor size, lymph-node metastasis, and TNM stage. SNORA38 seems to have a relevant carcinogenic role in BC and it was ultimately suggested as a potential prognostic biomarker. Moreover, interestingly, Huang et al. provided a comprehensive analysis of the oncogenic roles of the myelin protein zero-like 3 (MPZL3) pan-cancer gene across different tumors, and its potential role as a prognostic biomarker and therapeutic target for BC.

The importance of the immune system in controlling cancer development, treatment responses and long-term survival of cancer patients by manipulating immune response with several therapeutic immunotherapeutic strategies has already been established or under intensive investigation (13–15); consequently, numerous researchers have directed their efforts toward investigating immune-related genes in the pursuit of developing reliable predictive models for immunotherapy outcomes and patients prognosis. On this Research Topic of Tian et al., Yang et al. and Liu et al. developed prognostic models based on different immune-related genes, which seem to be promising in effectively assist clinicians with medical diagnoses, evaluating patient prognosis and formulating diverse treatment strategies. Moreover, Zhang et al. attempted to assess the immunological and prognostic significance of the V-domain Ig-containing suppressor of T cell activation (VISTA), a crucial immune checkpoint protein, in patients with TNBC. They found that VISTA exhibited a significant correlation with favorable prognosis and increased immune infiltration in TNBC patients. Fan et al. explored the potential connection between molecular subtypes and the preferential distant metastasis sites among BC patients, providing an example of how precision medicine may guide decisions related to surveillance and the development of tailored screening and cancer management strategies for personalized follow-up. Similarly, Cai et al. endeavored to identify high-risk factors for HER2-positive BC patients who would likely develop brain metastasis, a novel approach to support clinicians during the follow-up.

When striving to provide a precision medicine-based treatments, it is imperative to merge it with the clinical and pharmacological anamnesis of the patient. Recent studies have shown a connection between body composition and the prognosis of BC patients. In this context, Liu et al.‘s retrospective study illustrates that visceral obesity is linked to a greater risk of disease recurrence in a Chinese cohort, consistently supporting some already published literature in non-asian populations (16–19). The authors also found sarcopenia was significantly associated with increased recurrence and overall mortality among patients with BC. This underscored and confirmed the significance of body composition assessment as a simple and useful approach to complement the management of BC.

In the last three notable articles of this section, the authors (Zhu et al., Ma et al.) created novel prognostic nomograms by combining various statistically significant variables in order to enhance accuracy in predicting survival of BC patients. Interestingly, Pu et al. focused on predicting the need of chemotherapy in elderly patients solely using clinicopathological data, irrespective of HR, HER2 status, and lymph-node metastasis, without genomic data, with the advantage of being more easily appliable in resource-limited regions or in elderly patients who do not meet indications for genomic tests.





Diagnostic models based on imaging data

The third section includes three intriguing examples of the role held by imaging techniques in the era of personalized oncology.

Miao et al. evaluated the clinical utility of 68Ga-HER2 affibody PET/CT to non-invasively assess the HER2 expression in BC lesions with uncertain HER2 status, suggesting the potential for this approach to evolve into a personalized “image and treat” strategy for monitoring changes in receptor expression during treatment and optimize therapeutic decisions. Zheng et al. developed and validated a radiomic model based on gray-scale ultrasound and contrast-enhanced ultrasound (GSCEUS) images to effectively differentiate invasive ductal carcinoma from other inflammatory masses, which can help preventing unnecessary biopsies. Sheng et al. showed interesting results from a radiomic machine learning analysis able to integrate the clinical features and the radiomic variables on dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) to successfully predict distinct molecular subtypes of breast cancer.





Tailored therapeutic strategies

The last section features papers discussing the potential role of precision medicine in providing personalized treatments tailored to the specific characteristics of both the patient and the tumor.

Over the past years, the role of the immune system in cancer development and progression has gained increasing attention. In their review Gianni et al. identify lymphocytic indexes as new potential prognostic and predictive markers for advanced BC treatment, mainly because of their easiness of detection and applicability in daily clinical practice. Moreover, the authors provided an overview of the possible value of systemic inflammatory cells as therapeutic target or vehicle of treatment. The role of immune checkpoint blockade is addressed by Chen et al., who focus their attention on CD47 as novel attractive target for the treatment of BC. An interesting paper by Xia et al. reported four cases of individualized treatment for advanced BC using the patient-derived tumor-like cell cluster (PTC) model, shedding light on the possible role of this experimental model as an efficient tool for drug resistance screening and for selecting personalized treatments. Another compelling example of precision medicine as a strategy for disease treatment was described by López de Sá et al. The authors reported a case of a metastatic BC patient harboring a BRAF V600E mutation that achieved complete response with dabrafenib and trametinib combination. In addition, Wang et al. explored the therapeutic potential of histone deacetylase inhibitors (HDACi) in patients with acquired resistance to endocrine therapy, and Houssiau et al. reported a case of radium-223 treatment in a 59-year-old patient with bone-only metastatic disease. Finally, the role of radiotherapy after BC surgery was explored by Dai et al. and Yang et al. who aimed at developing a nomogram to predict the survival benefit of radiotherapy across various patient groups, with the aim of offering more finely-tailored treatment recommendations.

In summary, this compilation of original articles and reviews provides a valuable insight into prognostic, predictive, diagnostic and therapeutic innovations supporting the implementation of precision medicine in the field of breast cancer treatment. The Editors yearn that the research findings presented in this Research Topic will serve as an inspiration for scientists and clinicians and support the development of clinical trials and breast cancer research, thereby promoting ongoing advancements in personalized care for BC patients in the years to come.
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Radium-223 is commonly used in metastatic prostate cancer, targeting specifically bone metastases. The use of radium-223 remains, however, poorly evaluated in metastatic breast cancer. We report a case of radium-223 treatment in a 59-year-old patient with bone-only metastatic disease that progressed on multiple lines of systemic treatments. Radium-223 was very well tolerated and resulted in a regression of activity of bone metastases and in a 6-month progression-free survival. However, progression occurred in the liver, reflecting the fact that radium-223 should be combined with other systemic agents. This suggests that this therapeutic option is feasible and could be proposed in highly selected patients with bone metastatic disease outside of the prostate cancer field. Positron Emission Tomography appears also as a valuable tool for the evaluation of radium-223 efficacy.
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Introduction

Radium-223 is an alpha-emitting radiopharmaceutical that selectively targets bone metastases. The active fraction of radium-223 (radium-223 dichloride) is molecularly close to calcium and binds selectively to the bone by forming complexes with bone hydroxyapatite. By displaying avidity for areas affected by bone metastases, radium-233 emits alpha particles that cause DNA double-strand breaks in adjacent tumor cells, leading to a significant cytotoxic effect. The effect of radium-233 is relatively selective because its range of action is restricted to less than 100 μm, reducing damage to surrounding healthy tissue (1).

Radium-223 was approved by the Food and Drug Administration (FDA) in 2013 to treat patients with castration-resistant prostate cancer (CRPC) with bone metastases after failure of hormone therapy and chemotherapy (2). This approval was based on the phase III ALSYMPCA trial that randomized 921 CRPC patients with bone-only metastases in two groups: radium-223 (50kBq/kg every 4 weeks for six cycles) or placebo. Radium-223 resulted in a 3.6-month benefit in median overall survival compared to placebo (HR 0.70; 95% confidence interval (CI) 0.58-0.83, P = 0.0001) (2). Radium-223 treatment was well tolerated, with, as main toxicity, grade 1-2 digestive adverse events and reversible myelosuppression (2–4).

Results reporting the efficacy of radium-223 in monotherapy are limited in metastatic breast cancer; this is related to the difficulty to select patients with bone-only disease due to the high probability of breast cancer cells metastasizing in the extra-skeletal compartment and the challenge of monitoring correctly response to radium-223 (5–7). This case report describes the safety and the bone metastases control after five cycles of radium-223 in a heavily pretreated patient with breast cancer as well as the feasibility of subsequent platinum-based chemotherapy; the efficacy of radium-223 on bone metastases was described via different imaging tools.



Case Description

We report radium-223 treatment in a 59-year-old woman patient with metastatic breast cancer who progressed on multiple systemic cytotoxic treatments. This patient was first diagnosed with infiltrating ductal carcinoma of the right breast in 1998, treated with lumpectomy, radiotherapy, and 5 years of adjuvant tamoxifen. In 2004, a second homolateral breast cancer (infiltrating ductal carcinoma, grade 2, Estrogen Receptor (ER) 8/8, Progesterone Receptor (PgR) 2/8, HER2 0, Ki67 40%) was treated with mastectomy (as per the patient’s wish), chemotherapy (six cycles of 5-Fluorouracyl, Epirubicine, Cyclophosphamide) and 5 years of adjuvant letrozole. In 2016, an increase in CA15.3 level (62kU/L; normal range 15-30kU/L) led to the performance of a 18Fluorodeoxyglucose (FDG)-Positron Emission Tomography Computed tomography (PET-CT) that detected an axillary adenopathy and multiple bone metastases. Lymph node biopsy identified a grade 2 infiltrating ductal carcinoma (ER 8/8, PgR 8/8, HER2 0, Ki67 26%) and anastrozole therapy led to a rapid decrease in CA15.3 levels (30kU/L), the disappearance of the axillary adenopathy and decrease in FDG metabolism of bone lesions. Denosumab was started on a monthly basis administrated (subcutaneously) in association with calcium and D-vitamin. Twelve months later, in 2017, based on a rise of CA15.3 (120kU/L) and an increase in FDG metabolic uptake of bone lesions on PET-CT, anastrozole was switched to letrozole in combination with the cyclin-dependent kinase (CDK) 4/6 inhibitor palbociclib, which resulted in stability in CA15.3 and bone metastases metabolism for 10 months. In 2018, the increase in serum biomarkers (CA15.3 180kU/L) and radiological progression led to the introduction of everolimus and exemestane, without any significant response after nine months. Chemotherapy was started (six cycles of weekly paclitaxel; 3 weeks/4) with a decrease in CA15.3 and in bone FDG uptake. Three months after the last paclitaxel administration, based on the progression of bone metastases on PET-CT and re-increase in CA15.3 (350kU/L), capecitabine was started for eight cycles (14 days/21) and was interrupted due to asthenia, diarrhea, and progressive grade 2 anemia. In March 2021, an increase in CA15.3 (500kU/L) and progression on PET-CT led to the initiation of eribulin; however, this treatment was rapidly stopped after 3 months as CA15.3 continued to increase (900kU/L) and as PET-CT showed significant progression in size, number, and FDG metabolism of bone lesions. There was no FDG avid extra-skeletal metastasis, particularly nodal disease. At this time, complete blood count showed a grade 1 anemia (10.7g/dl), Lactate Dehydrogenase (LDH), and Phosphatase alkaline levels were 264U/L (normal range <225U/L) and 101 U/L (<130U/L), respectively. The patient had moderate and diffuse dorso-lumbar pain (Visual Analogue Scale 3/10). A 99mTc-Hydroxyethylene diphosphonate scintigraphy (99mTc-HDP bone scan) showed increased radiotracer uptake in multiple bone lesions of the entire axial skeleton, suggesting osteoblastic lesions. We started radium-223 treatment (off-label clinical use) in August 2021 in association with letrozole and denosumab. Radium-223 was administered at the same dose as for prostate cancer (50 kBq/kg every 4 weeks for six cycles) with a repeated complete blood count before each administration. Clinically, pain disappeared after two cycles of radium-223. A thoraco-abdominal CT after three cycles confirmed the absence of any new bone (or visceral) metastases and radium-223 was continued for two cycles and was well tolerated. The sixth administration was not done due to asymptomatic low hemoglobin (8.7 g/dl). The FDG PET-CT performed one month after the fifth cycle showed the development of three liver metastases (19mm, 16mm, and 10mm) and right axillary adenopathy (14mm), reflecting an extra-skeletal progression. However, a decrease in FDG uptake was observed in all bone metastatic lesions (Figure 1) that were previously described; for example, we observed a metabolic decrease of 59% in the 10th dorsal vertebra (with maximum standardized uptake value (max. SUV) of 12.4 before and 5.1 after radium-223) and of 63% in the sacrum (with max. SUV of 14.9 before and 5.4 after radium-223). The SUVmax in normal liver (reference) was 2.14 in pre- and 2.20 in post-radium-223 (+2.8%). Interestingly, the FDG uptake was increased in bilateral humerus, clavicules, and femur diaphysis, but this increased metabolism was homogenous and symmetrical, reflecting medullary regeneration. The 99mTc-HDP bone scan showed a decrease in 99Tc uptake in previously described bone lesions. There was a discrepancy between FDG metabolism decrease and 99Tc uptake increase in the humeral head (Figure 2), which likely reflects reparative bone associated with treatment response. Bone CT of the column showed hyperdensities of bone metastases, reflecting increased bone formation on treatment (Figure 3). CA15.3 level increased from 941 kU/L at baseline to 1135 kU/L after radium-223 which is attributed to the progressive liver and nodal metastases. Alkaline phosphatase and LDH remained in the normal range during radium-223 treatment. Cisplatin (70mg/m2) plus gemcitabine (1000mg/m2) was started 5 weeks after the last administration of radium-223, with G-CSF support. Three cycles were administered with a CA 15.3 response (decrease to 900 kU/L) and a grade 2 thrombopenia that resolved spontaneously. The timeline is summarized in Figure 4.




Figure 1 | FDG PET-Scan before and after radium-223 treatment. The images circled in red depict a decrease of FDG uptake in axial skeletal metastases, reflecting a response to treatment. The images circled in green illustrate medullary regeneration in humerus and femur after treatment by showing homogeneization of FDG uptake. The images circled in yellow illustrate a decrease of FDG uptake in the right humeral head. For example, the Maximum Standardized Uptake Value (SUVmax) decreased of 59.2% in the at the 10th dorsal vertebra (12.38 in pre- to 5.05 in post- radium-223) and of 63.6% in the sacrum (14.91 in pre- to 5.43 in post-radium-223). The SUVmax of the Aorta bloodpool was 2.76 in pre- and 2.25 in post-radium-223 (-18%). The SUVmax in normal liver (reference) was 2.14 in pre- and 2.20 in post-radium-223 (+2.8%).






Figure 2 | 99mTc-HDP bone scan before and after radium-223 treatment. The images circled in red depict a decrease of 99Tc uptake reflecting decreased metastatic activity. The images circled in green show an increase in bone uptake in the right humeral head reflecting bone reconstruction (given a decrease of FDG uptake on PET-CT). The images circled in blue illustrate a global decrease in 99Tc uptake of the axial skeleton.






Figure 3 | Lumbar spine CT-scan before and after Radium-223 treatment. The CT-scan performed after Radium-223 shows bone formation in lumbar vertebras.






Figure 4 | Timeline.





Discussion

In this case report, we describe the treatment effect of radium-223 on bone metastasis in a patient with heavily pretreated and chemotherapy-refractory metastatic breast cancer. This case demonstrates the feasibility of this approach, even in a patient who had previously received multiple lines of systemic therapy. Radium-223 was very well tolerated and our patient remained free of symptoms during the treatment period. Asymptomatic grade 2 anemia (Common Terminology Criteria for Adverse Events) occurred after cycles but resolved spontaneously. Subsequent cisplatin-based chemotherapy was started after radium-223 treatment without any significant hematotoxicity.

Radium-223 appeared efficient in delaying bone progression. First, we observe a decrease in FDG uptake in all previously described bone metastases; 99mTc-HDP bone scan showed a decrease in uptake of bone lesions and an increase in bone densities on CT which indicate treatment response. Our findings suggest that FDG PET can be used to monitor radium-223 therapy. Second, the extra-skeletal disease progression in the liver and axillary adenopathy is in contrast with the disease control of bone lesions achieved with radium-223. This indicates the efficacy of radium-223 in treating bone metastasis despite the presence of extra-skeletal disease progression. Third, our patient did not experience an increase in pain or skeletal complication during treatment, despite a high baseline tumor burden in the skeletal. In a phase IIa nonrandomized study, Coleman et al. described the decrease of urinary N-telopeptide of type 1 and alkaline phosphatase after four cycles of radium-223 as potential biomarkers that reflect a positive treatment effect (5).

While our patient rapidly progressed during the previous chemotherapy regimen, the progression-free survival on radium-223 reached 6 months with an excellent quality of life, suggesting that radium-223 could represent an additional therapeutic option in metastatic breast cancer. Our patient with metastatic breast cancer was a good candidate for this treatment as the metastatic disease remained localized in the bone compartment with a follow-up of 6 years, suggesting a specific bone tropism in this case. The development of visceral lesions was expected in this patient, as part of the natural evolution of the cancer and the absence of an efficient systemic agent that was administered concomitantly; letrozole was deemed as the best choice but not an optimal choice as she previously progressed on different endocrine therapies. The evolution of liver metastasis was already described by Ueno et al.; 36 patients with metastatic breast cancer and bone-dominant disease received radium-223 with endocrine therapy. The 9-month disease control rate was 49% with a median progression-free survival of 7.4 months. Liver progression was observed in around 56% of patients (6). This emphasizes the need for evaluating the role of radium-223 earlier in the disease course and in combination with systemic agents. Different trials are currently evaluating the efficacy of radium-223 in breast cancer in combination with paclitaxel (NCT04090398), endocrine treatments (aromatase inhibitors plus everolimus; NCT02258451), and capecitabine (ISRCTN92755158) (8).

In conclusion, radium-223 could be a promising therapeutic option in well-selected patients with metastatic breast cancer with bone-only disease. However, careful consideration of hematologic adverse events is necessary for an optimal patient selection. Clinical trials with radium-223, particularly in combination with other agents, are ongoing to further improve clinical outcomes in patients with advanced breast cancer.



Patient Perspective

Progression of cancer always induces fear of limitation in therapeutic options. With this treatment, I had a good quality of life and control of bone disease. The radium-223 therapy may be a great therapeutic option to existing treatments.
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Background

Breast cancer is a heterogeneous disease, and the human epidermal growth factor receptor 2 (HER2) expression may vary considerably between primary and metastatic lesions, or even within a single lesion. Repeated biopsies cannot always be performed. In this feasibility trial, we assessed whether a novel 68Ga-NOTA-MAL-MZHER2 (68Ga-HER2) affibody PET/CT could determine the HER2 status of each lesion if there was a clinical need for it.



Methods

68Ga-HER2 affibody PET/CT was performed in breast cancer patients if HER2 status remained unclear after standard examinations (including bone scan, 18F-FDG PET/CT, CT, and feasible biopsy). All available images for each patient were evaluated through an independent review of two committee-certified radiologists with nuclear medicine expertise. In case of discrepancy, adjudication by a third radiologist was performed as needed. All radiologists were blinded to the clinical information.



Results

Twenty-four patients were enrolled. 68Ga-HER2 affibody PET/CT was requested by physicians due to the following reasons: 6 with multiple primary cancers, 13 with metastases not amenable to biopsy or repeated biopsy, 6 with inconsistent HER2 status between primary and metastatic lesions, and 4 with different HER2 status within different metastases. The final PET report revealed that the 68Ga-HER2 affibody tumor uptake was considered positive in 16 patients, negative in 7 patients, and equivocal in one patient. The heterogeneity of 68Ga-HER2 affibody uptake was observed, with a maximal 8.5-fold difference within one patient and a maximal 11-fold difference between patients. 68Ga-HER2 affibody PET/CT demonstrated a high diagnostic accuracy in differentiating HER2-enriched breast cancer, with a sensitivity of 91.7% and a specificity of 84.6%, regardless of prior lines of anti-HER2 therapies.



Conclusion

68Ga-HER2 affibody PET/CT imaging could provide valuable information on HER2 expression of each tumor in the body of patients, which may help in personalized clinical decision-making. Its value is now under systemic assessment.





Keywords: breast cancer, HER2-positive, PET/CT, 68Ga-HER2 affibody, molecular imaging



Introduction

Approximately 15%–30% of invasive breast cancer cases demonstrate human epidermal growth factor receptor 2 (HER2) overexpression and/or gene amplification, which is associated with aggressive biological behavior and an unfavorable clinical outcome (1). At the same time, HER2 also serves as a critical therapeutic target in breast cancer, and its status has so far been acknowledged as the best biomarker for predicting response to anti-HER2 therapies. Therefore, the accurate assessment of HER2 expression in breast cancer is essential for clinical diagnosis and treatment decisions.

Current diagnosis of HER2 overexpression or gene amplification relies on the immunohistochemistry (IHC) and/or in situ hybridization (ISH) tests on pathological specimens. However, the spatiotemporal heterogeneity of HER2 expression poses a challenge to the determination of HER2 status in breast cancer using biopsies. The HER2 status in metastases has been observed to be different from that of the primary breast cancer in 3%–10% of patients, or to be even inconsistent within a single lesion (2–5). In addition, HER2 status may sometimes change during anti-HER2 treatment, which can be partially explained by the drug sensitivity of HER2-positive tumor cells (6, 7). These results indicate the necessity of HER2 re-evaluation for breast cancer patients during the disease course, especially for recurrent diseases. However, repeated biopsies are not always clinically feasible in patients. Therefore, alternative noninvasive modalities with high accuracy are urgently needed to determine HER2 status in breast cancer.

Molecular imaging serves as a promising alternative to monitor whole-body HER2 expression quantitatively and dynamically during the management of breast cancer. Radiolabeled HER2 antibody, antibody fragments, and affibody are representative HER2-targeted imaging modalities under current clinical investigations. Positron emission tomography (PET) using HER2 antibodies labeled with radionuclides such as 111In, 64Cu, and 89Zr demonstrates sensitive and specific HER2 uptake in HER2-positive metastatic and primary breast cancer, and it can also identify unsuspected HER2-positive lesions (8–11). However, their clinical use was limited by disadvantages such as slow pharmacokinetics and relatively high radiation dosage. HER2 antibody fragment labeled with 68Ga is well-tolerated and allows imaging in a shorter time after injection, but shows a lower sensitivity of lesion detection (12). Affibody molecules are a group of small and robust affinity proteins (6.5 kDa) engineered to mimic antibody based on the immunoglobulin G domain of staphylococcal protein A (13, 14). Due to its higher sensitivity and rapid penetration into target lesions (15, 16), affibody demonstrates superiority in molecular imaging compared with monoclonal antibody and antibody fragments, especially in the detection of metastases inaccessible to biopsies. Affibody also requires lower effective doses and can be rapidly eliminated from blood, which yields a better tolerance and safety profile than other affinity proteins. 68Ga-HER2 affibody PET/computed tomography (CT) is one of its imaging applications that has been supported by preclinical and clinical evidence (17–19). 68Ga-HER2 affibody PET/CT indicates a high accuracy in the detection of converted HER2 expression in metastatic cancer, which may assist in anti-HER2 treatment modification during patient management (20, 21).

In this prospective pilot study, we aimed to evaluate the clinical value of 68Ga-HER2 affibody PET/CT to noninvasively assess the HER2 intensity of lesions using pathologically confirmed HER2 status as the standard and to then explore its value in clinical decision-making regarding the use or non-use of anti-HER2-targeted agents in patients who were otherwise inappropriate candidates for routine use of anti-HER2 agents.



Methods and Materials


Study Participants

All patients were histopathologically confirmed with breast cancer. 68Ga-HER2 affibody PET/CT scan was requested in breast cancer patients with HER2 status that needed to be determined in any tumor in the body of patients after standard examinations (including bone scan, 18F-fluorodeoxyglucose [18F-FDG] PET/CT, CT, and feasible biopsy), although there had been results of HER2 status or patients with metastases not feasible for biopsy or repeated biopsy. Informed consent had been signed by all patients before study enrollment. All clinical information was retrieved from case records. This study was done in Fudan University Shanghai Cancer Center from June 2020 to January 2021. Patients used anti-HER2-targeted agents based on results of 68Ga-HER2 affibody PET/CT.



Radiosynthesis and PET/CT Imaging Protocol

68Ga-HER2 affibody was produced in conformity with previous literature (17). Scanning was performed on a Siemens Biograph 16HR PET/CT scanner. Before administering 3.0 MBq/kg (0.08 mCi/kg) 68Ga-HER2 affibody intravenously, all patients were asked to fast for at least 4 h to reduce gastrointestinal uptake. Patients were requested to keep quiet before and after injection of the tracer. About 2 h after the administration, whole-body PET/CT scanning was initiated. The scanning began with low-dose CT (120 kV, 250–300 mA, pitch 3.6, and rotation time 0.5). A PET examination scan (16.2 cm axial field width, 2–3 min per table position) was obtained immediately after CT scanning. The attenuation-corrected PET data were reconstructed iteratively by the standardized ordered-subset expectation maximization (OSEM) technique and were reoriented in axial, sagittal, and coronal sections.



Image Interpretation and Uptake Calculation

Two experienced nuclear medicine physicians independently analyzed and interpreted the images blindly, and they reached a consensus in case of inconsistency. For quantitative analysis, a multimodality computer platform (Syngo, Siemens, Knoxville, Tennessee, USA) was used. The maximum standardized uptake value (SUVmax) normalized to body weight was calculated by drawing a 3-dimensional volume of interest with each lesion.



Immunohistochemistry/Fluorescence In Situ Hybridization Assays for Deciphering HER2 Status

HER2 immunohistochemistry (IHC) tests were conducted and interpreted according to the most updated American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) Clinical Practice Guideline (22). Tumors with IHC 0 or 1+ were interpreted as HER2-negative, and tumors with IHC 3+ were interpreted as HER2-positive. Specimens with IHC 2+ would be further assessed with fluorescence in situ hybridization (FISH) in the pathology department of our hospital and finally determined based on combined interpretation of the IHC and FISH assays.



Statistical Analysis

The quantitative data in compliance with normal distribution were presented with mean SUVmax± standard deviation. The objective response rate (ORR) was defined as the percentage of patients with complete response or partial response after being given the anti-cancer treatment. Progression-free survival was calculated as the time from the initiation of the anti-cancer treatment to disease progression or death from any cause. All the lesions were assessed based on the Response Evaluation Criteria in Solid Tumors (RECIST) 1.1.




Results


Patient Characteristics

Twenty-four patients were enrolled from June 2020 to January 2021 in Fudan University Shanghai Cancer Center. Patient characteristics are summarized in Table 1. In total, 24 patients were enrolled in this study. Of all the patients, 15 had received anti-HER2 treatment before. 68Ga-HER2 affibody PET/CT scan was requested by physicians due to the following reasons (Table S1): (a) to differentiate among metastases of multiple primary cancers, including either patients who harbored two primary breast malignancies but with different HER2 status or patients who had at least another non-breast primary other than HER2-positive breast cancer (n = 6); (b) to assess the HER2 status of a single lesion not amenable to biopsy or, in case of multiple lesions, inaccessible to repeated biopsy (n = 13); (c) to evaluate inconsistent HER2 status between the primary and metastatic lesions (n = 6); and (d) to assess different HER2 status within metastases (IHC ranging from 0 to 3+) (n = 4).


Table 1 | Patient characteristics.





Sensitivity and Specificity of 68Ga-HER2 Affibody PET/CT

All 24 patients underwent 18F-FDG PET/CT and 68Ga-HER2 affibody PET/CT. Patients were monitored at 1 h, 2 h, and the following day after the tracer injection, and no side effects were observed or reported. Heterogeneity of tumor tracer uptake was observed within patients, with a maximal 8.5-fold difference within one patient (SUVmax from 3.4 to 28.8). Also, tumor tracer uptake varied greatly between patients, with a maximal 11-fold difference (SUVmax from 2.6 to 28.8).

All patients had at least one site of metastatic disease proven by biopsy. For central revision, a total of 37 tumor samples of 24 patients were available. Pathological results of HER2 status of each punctured lesion by IHC/FISH were used as the standard. In 24 HER2-positive tumors, 22 tumors were also positive with a sensitivity of 91.7%. In 13 HER2-negative tumors, 11 tumors were also negative with a specificity of 84.6%.



18F-FDG PET/CT and 68Ga-HER2 Affibody PET/CT

The highest 68Ga-HER2 affibody uptake of normal organs was observed in the kidney (SUVmax = 46.2), followed by the liver, small intestine, thyroid gland, spleen, left ventricular wall, colon, uterus, stomach, blood pool, lung, and the bone cortex, with the lowest being seen in the bone marrow and the brain (SUVmax = 0.76) (Figure S1).

An assessment report showed that 68Ga-HER2 affibody tumor uptake was considered positive in 16 patients, negative in 7 patients, and equivocal in one patient (Table S1). The most common sites of metastases were lymph nodes (n = 14) and bone (n = 14), followed by liver (n = 10), lung (n = 6), chest wall (n = 5), brain (n = 2), thyroid (n = 1), and under the skin (n = 1). Seventeen of 24 patients had multiple organ involvement.

A total of 293 tumor lesions were identified in 68Ga-HER2 affibody PET after primary visual assessment, of which 177 (60.4%) were considered measurable. In 4 patients, none of the known metastases appeared on 68Ga-HER2 affibody PET, which was confirmed in 18F-FDG PET/CT scans. In the remaining 20 patients, a median of 9 lesions (range 1–62) was measurable.



Clinical Value of 68Ga-HER2 Affibody PET

Five patients were reclassified as HER2-positive after the detection and all received anti-HER2 treatment with an ORR of 60% (3/5) and a median PFS of 11.8 months (Table 2). The patient in Figure 1 was one of the five cases. Two patients were reclassified as HER2-negative after the detection and both received treatment without anti-HER2 agents, one of whom had an objective response. Figure 2B shows the increased uptake of FDG in the right anterior lobe of the liver and no 68Ga-HER2 affibody avidity. Figure 2A demonstrates that the HER2 uptake increases in the metastatic tumor in left posterior rib. The pathology demonstrated inflammation in liver biopsy.


Table 2 | Treatment decision changes before and after 68Ga-HER2 affibody PET/CT.






Figure 1 | A 39-year-old woman was diagnosed with ER-positive/HER2-negative breast cancer. The histopathological type of the primary tumor was mucinous adenocarcinoma accompanied by intraductal carcinoma. Three years after the mastectomy, suspicious metastases were detected in her left lung and right liver during the follow-up examinations. The IHC test indicated a HER2-negative (1+) lesion in her left lower lobe in another hospital, but showed IHC 2+ with a positive HER2 FISH result in our hospital. The inconsistent results of HER2 status implicated the spatiotemporal heterogeneity of HER2 expression, and the HER2 status of liver metastases remained unclear. FDG-PET showed FDG avidity in the right lobe of liver and focal FDG avidity in the right frontal lobe. Axial MRI and 68Ga-HER2 affibody PET/CT demonstrated 68Ga-HER2 affibody avidity in the right lobe of the liver (arrow, SUVmax of 10.4) (A) and no 68Ga-HER2 affibody avidity in suspicious frontal lobe lesions (B). The HER2 positivity of the lesion in the right lobe of the liver on affibody PET was later confirmed pathologically by puncture biopsies. Based on the results of HER2 PET and pathology, systemic anti-HER2 treatment was initiated in this patient including trastuzumab and pertuzumab. Her follow-up axial MRI after 2 months of treatment demonstrated resolution of nodes, which indicated that the patient is responsive to anti-HER2 treatment (C). This case showed the value of 68Ga-HER2 affibody PET in the HER2 status determination and treatment decision-making.






Figure 2 | A 60-year-old woman was diagnosed with primary ER-negative/HER2-positive invasive ductal breast carcinoma. Two years later, she developed bone metastases in her left posterior ribs. PET/CT also demonstrated a hypodense shadow in the right anterior lobe of the liver with increased FDG uptake on the FDG PET, and a liver metastasis was suspected. Subsequent 68Ga-HER2 affibody PET/CT showed that the HER2 uptake in the left posterior rib was increased (arrow, SUVmax of 4.4) (A), while no 68Ga-HER2 affibody avidity was found in the right anterior lobe of her liver close to the gallbladder fossa though increased FDG uptake was shown in the same site (arrow) (B). The pathology of liver biopsy revealed that the suspicious lesion in her liver was actually the infiltration of inflammatory cells in the liver portal area. The manifestation on 68Ga-HER2 affibody PET/CT scan was consistent with the pathology, which suggested the extended use of HER2 PET in the discrimination of metastases.






Discussion

In this prospective study, 68Ga-HER2 affibody PET/CT demonstrated a high diagnostic accuracy in differentiating HER2-enriched breast cancer, with a sensitivity of 91.7% and a specificity of 84.6%, regardless of prior lines of anti-HER2 therapies. It is a clinically feasible modality for the whole-body evaluation of HER2 status noninvasively and may complement the current standard HER2 testing approach. Small malignant lesions could not be missed, because they can be found by the morphologic CT component of the PET/CT. In the present study, 68Ga-HER2 PET/CT showed a similar performance with 18F-FDG in assessing metastases. Xu and his colleagues investigated both 18F- and 68Ga-labeled HER2 affibody and found that both of the radiotracers displayed specific binding to the HER2 receptor. However, 68Ga-HER2 affibody could be easily prepared in nearly 20 min with good radiochemical purity. Compared with the 18F-labeled counterpart, the yields and specific activity of 68Ga-HER2 affibody were both significantly increased (~80% vs. ~10% and ~23 GBq/μmol vs. ~9 GBq/μmol, respectively) (17). Multiple synthesis steps and low labeling yields may partially limit the use of 18F-HER2 affibody.

For breast cancer patients who develop recurrent or metastatic lesions, accurate HER2 evaluation is vital for the determination of optimal treatment strategies. Previous studies have found out the spatiotemporal heterogeneity of HER2 expression between or within primary and metastatic tumors, which was also verified in this study. On this account, HER2 re-evaluation of recurrent and metastatic sites has been highly recommended by the ASCO/CAP guideline, even for patients with HER2-negative primary breast cancer (23). Histopathological evaluation based on tissue biopsy is the current standard testing for HER2 status, while repeated biopsy is not always possible, especially for metastatic lesions in locations difficult for biopsies, such as the brain, lung, sternum, and adrenal gland. HER2 PET/CT demonstrates its advantage as a noninvasive modality to detect HER2-positive lesions based on the whole-body scan in these settings.

Higher radioactivity accumulation was found in HER2-high-expressing BT474 cells/xenografts than in HER2-lower-expressing MCF-7 cells/xenografts. Additionally, one breast cancer patient with a HER2 IHC score of 3+ had a higher SUVmax than the patient with a score of 1+ (17). Other previous studies described a good relationship between the FISH ratio and SUVmax, and a significant linear correlation between the HER2 affibody uptake value and relative HER2 expression levels was also found (21, 24). These results implied that the probe might have the capability to accurately diagnose HER2 levels. The surveillance of HER2 status using 68Ga-HER2 affibody PET can also provide useful information for patients’ prognosis and treatment modification. Both retrospective and prospective studies have shown that HER2 status can possibly change during anti-HER2 treatment (7, 25, 26). A higher proportion of HER2 discordance is found in patients after neoadjuvant chemotherapy alone than after neoadjuvant chemotherapy combined with anti-HER2 treatment. Loss of HER2 positivity has been reported to be associated with significantly worse disease-free survival and overall survival compared with those with maintained HER2 positivity in breast cancer patients (27, 28). In addition, data have shown that patients who gain HER2 positivity during progression can derive extra benefit from anti-HER2 treatment in the metastatic setting (29). Meanwhile, 68Ga-HER2 affibody PET imaging will not be affected by anti-HER2 treatment, since HER2 affibodies bind with different extracellular domains of HER2 from HER2 antibodies. Therefore, 68Ga-HER2 affibody PET/CT may be useful as an individualized “image and treat” strategy for the monitoring of changes in receptor expression during treatment, which may facilitate clinicians to optimize treatment decisions promptly.

Our study also suggested the expanded clinical value of 68Ga-HER2 affibody PET/CT in the differential diagnosis of breast cancer metastases and synchronous primaries based on the determination of HER2 status. 18F-FDG PET/CT has been extensively used to detect suspicious multiple metastases of the whole body, and can sometimes identify unexpected lesions, but it cannot always distinguish well between inflammatory lesions and metastases since both may demonstrate high metabolic activity characterized by increased glucose uptake on the scan. The HER2 uptake of suspicious lesions on 68Ga-HER2 affibody PET/CT scan can provide an important clue for the diagnosis of metastases from HER2-positive breast cancer and discriminate from inflammation. Previous studies have reported that approximately 12% of breast cancer survivors are diagnosed with second malignant primaries (30), and the incidence of occurring multiple primaries ranges from 4.1% to 16.4% (31). It is critical to discriminate synchronous second or multiple primaries from metastatic lesions in patients with breast cancer since their therapeutic principles are totally different, while invasive diagnostic procedures are always needed in these cases. In this study, a different HER2 uptake was shown on the HER2 PET/CT scan in synchronous primaries confirmed by clinical or pathological diagnosis. 68Ga-HER2 affibody PET/CT can serve as a noninvasive approach to assess the HER2 expression of multiple lesions simultaneously, which may extend its use in facilitating the clinical diagnosis of synchronous primaries.

There are also several noteworthy limitations. First, the sample size for analyzing diagnostic accuracy was relatively small. Further validations of its diagnostic ability in a larger population are needed. On top of that, the cutoff values of 68Ga-HER2 affibody PET/CT for discriminating HER2-positive breast cancer and defining HER2 low expression are yet to be defined. We look forward to deriving the cutoff values of 68Ga-HER2 affibody PET/CT for discriminating HER2-positive/negative breast cancer from further clinical trials. Two clinical trials of 68Ga-HER2 affibody PET/CT are currently ongoing in our center: one trial evaluates its ability to differentiate a HER2-enriched subtype of metastatic breast cancer with an exploration of cutoff value (STANDPOINT, NCT: 04758416), and the other trial investigates its predictive value in anti-HER2 treatment through dynamic surveillance (DOLPHIN, NCT: 04769050).
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Introduction

Acquired resistance to endocrine therapy (ET) remains a big challenge in the management of metastatic breast cancer (MBC). A novel therapeutic agent, histone deacetylase inhibitors (HDACi), targets the abnormal epigenetic modification and may overcome acquired resistance. However, HDACi efficacy and the safety profile for hormone receptor (HoR)-positive/human epidermal growth factor receptor 2 (HER2)-negative MBC remain controversial.



Methods

Two independent reviewers searched PubMed, Embase, and Cochrane Central Register of Controlled Trials databases for relevant studies on HDACi and HoR+/HER2- MBC. Demographic and clinicopathological parameters were extracted and presented as means and proportions, and between-group differences were assessed by Pearson chi-square test. Fixed- or random-effects models were used for meta-analysis based on inter-study heterogeneity. Pooled results were presented as L’Abbé plot and forest plot. Funnel plot and Egger’s test were employed for evaluation of publication bias.



Results

Four studies with 1,457 patients were included for meta-analysis. The overall objective response rates (ORRs) of HDACi + ET (HE) and placebo + ET (PE) groups were 11.52% and 6.67%, respectively. The HE regimen significantly increased ORR (odds ratio [OR] 1.633, 95% confidence interval [CI] = 1.103–2.418, p < 0.05) and showed higher clinical benefit rate (CBR) than the PE regimen (HE vs. PE groups: 38.82% vs. 30.58%, OR 1.378, 95% CI = 1.020–1.861, p < 0.05). Additionally, the HE regimen was associated with prolonged progression-free survival (PFS) (hazard ratio [HR] 0.761, 95% CI = 0.650–0.872, p < 0.001) and overall survival (OS) (HR 0.849, 95% CI = 0.702–0.996, p < 0.001). Regarding safety profile, the HE regimen had increasing toxicity in terms of higher overall adverse event (AE), Grade ≥3 AE, dose modification, and discontinuation rate.



Conclusions

This meta-analysis validated that the HE regimen had superior efficacy over control in terms of ORR, CBR, PFS, and OS, but was accompanied with increasing toxicity. HDACi plus ET could serve as an important option in managing HoR+/HER2- MBC. Future studies may focus on the clinical difference among different HDACi and AE managements to enhance tolerability.
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Introduction

Endocrine therapy (ET) is the keystone in the management of hormone receptor (HoR)-positive/human epidermal growth factor receptor 2 (HER2)-negative metastatic breast cancer (MBC). However, acquired resistance to ET remains a significant challenge; a large proportion of patients inevitably develop recurrence and lead to treatment escalation. Recently, the emergence of novel agents targeting resistance mechanism sheds light on HoR+/HER2- MBC management. The combination strategies of ET and other target therapies, such as everolimus + exemestane, aromatase inhibitor (AI)/fulvestrant + cyclin-dependent kinase 4/6 inhibitor (CDKi), and PI3K inhibitor + ET, achieved great success for HoR+/HER2- MBC treatment (1–4), even though drug resistance ultimately develops and urges further broadening of treatment portfolio.

The underlying mechanisms of acquired resistance to ET include loss of function and mutated estrogen receptor, upregulation of other growth factor-related signal pathways, cyclin D1 overexpression, and DNA methylation (5–8). Epigenetic dysregulation in cancer includes DNA methylation and histone modifications, which both lead to chromatin remodeling (9). Histone deacetylases, histone methyl transferases, and DNA methyl transferases are the main enzymes that regulate the chromatin conformation (10). Based on the mechanism that epigenetic modification could confer ET resistance, histone deacetylase inhibitors (HDACi) including valproic acid, entinostat, vorinostat, and tucidinostat were invented. The key processes regulated by HDACi include cell-cycle arrest, chemo-sensitization, apoptosis induction, and upregulation of tumor suppressors (11, 12). HDACi exhibited an antineoplastic effect via multiple mechanisms, such as restoring p53 transcription (13) and inducing apoptosis (14). Moreover, it also had potent anti-angiogenic and anti-metastatic activities (15, 16), as well as involvement in the reactive oxygen species metabolism, and accelerated the eradication of cancer cells (17).

However, the efficacy of HDACi remains controversial. A Phase II study by Munster et al. suggested that the combination of vorinostat and tamoxifen was well tolerated and exhibited encouraging activity in reversing hormone resistance with 19% objective response rate (ORR) and 40% clinical benefit rate (CBR) (18). Similarly, a study by Yardley et al. and a study by Jiang et al. proved that two HDACi, entinostat and tucidinostat, could both prolong progression-free survival (PFS) with acceptable tolerability (19, 20). In contrast, a study by Connolly et al. showed no improvement of survival in AI-resistant advanced HoR+/HER2- breast cancer with the combination of entinostat and exemestane (21).

Thus, the present meta-analysis included four studies with 1,457 patients to evaluate the efficacy and safety profile of HDACi on HoR+/HER2- MBC.



Methods


Literature Search

Literature search was performed in PubMed (from 1946 to February 2022), Embase (from 1947 to February 2022, hosted by Ovid), and Cochrane Central Register of Controlled Trials (CENTRAL, from 2000 to February 2022) databases. The following medical subject headings and keywords were used for literature search: “Histone deacetylases inhibitor”, “HDAC inhibitor”, “Vorinostat”, “Tucidinostat”, “Chidamide”, “Entinostat”, “Metastatic breast cancer”, and “Advanced breast cancer”. No limitation was set regarding languages or regions of publications. All the references were retrieved to ensure the sensitivity of the literature search and manually screened to select relevant studies.



Selection Criteria and Quality Assessment

To be eligible, studies should meet the following inclusion criteria: studies on metastatic HoR+/HER2- breast cancer; studies on HDACi combined with ET; comparison between HDACi + ET (HE) and placebo + ET (PE); and available data for efficacy and adverse effect (AE) analyses. Exclusion criteria were set as follows: studies in neoadjuvant/adjuvant setting; single-arm studies; studies on the other breast cancer subtypes, such as triple-negative breast cancer or HER2-rich subtype; studies on HDACi combined with treatments other than ET; and review, meta-analysis, editorial, letter, case reports, guidelines, and study protocols. Two independent reviewers (CW and YL) assessed the eligibility of studies according to the above inclusion/exclusion criteria. The initial evaluation was through manual screening of titles and abstracts of all the references. Then, for potentially relevant studies, the full text of publications were retrieved and carefully reviewed by the same two reviewers. Disagreement was resolved by consensus (CW, YL, CL, and QS).

Quality assessment of the included studies was performed according to the STROBE checklist (22, 23). An ordinal scale from 1 to 5 (1 = worst, 5 = best) was used to score each item in the STROBE Checklist by two independent reviewers (CW and YL). The final quality scores were the mean of scores generated by each reviewer with higher values indicating a better methodological quality (24).



Data Extraction

A predesigned data extraction form was used by two reviewers (CW and YL) for data collection. The characteristics of included studies (authors, publication year, country, clinical trial phases, study population, menopausal status, prior ET/chemotherapy, HDACi, number of patients included, and median follow-up), clinicopathological parameters of study population, efficacy data (ORR, CBR, PFS, and overall survival [OS]), and AE data (all AE, Grade ≥3 AE, dose modification [DM] due to AE, and discontinuation due to AE) were extracted for meta-analyses. If the data of interest were not reported in the manuscripts or abstracts, the corresponding author and first author were contacted for detailed information. Survival data (hazard ratio [HR] and 95% confidence interval [CI]) were either extracted directly from tables/figures/text of included studies or estimated from Kaplan–Meier curves using the method provided by Tierney et al. (25).



Statistical Analysis

The demographic and clinicopathological parameters were presented as means and proportions. Between-group differences were assessed by Pearson chi-square test. Heterogeneity was presented by Cochrane’s Q and I2 statistics. For I2 statistics, I2 < 25% was considered as low heterogeneity and I2 > 75% was considered as high heterogeneity. Data were analyzed with a fixed-effects model for Cochrane’s Q test with p > 0.05; otherwise, the random-effects model was applied. For binary outcomes, the L’Abbé plot was used to visually display meta-analysis results of comparison between treatment and control intervention. In the L’Abbé plot, the summary outcome measures were plotted as circles with their sizes proportional to study precisions, and it also contained a reference (diagonal) line indicating identical outcomes in the two groups. Funnel plot symmetry and Egger’s test were used to assess publication bias. For endpoints with significant publication bias, “trim-and-fill” analysis was adopted to estimate the number of studies potentially missing from a meta-analysis due to publication bias and its impact on overall effect-size.

All the statistical tests were two-sided, and statistical significance was defined as p < 0.05. Statistical analyses were conducted by STATA version 16.0 (Stata Corporation, College Station, TX, USA).




Results

Five hundred and five relevant citations were extracted from PubMed, Embase, and CENTRAL Database, and 496 citations were excluded after initial screening according to inclusion/exclusion criteria. Nine publications were considered to be potentially relevant to the study objective and full-text articles were retrieved for further evaluation. Finally, four studies with a total of 1,457 patients were included for meta-analyses (19–21, 26). The result of literature search and screening was presented as a flowchart in Figure 1. Supplementary Table 1 showed quality scores of included studies.




Figure 1 | Flowchart of articles reviewed and included in the meta-analysis.




Characteristics of Included Studies and Study Population

The main characteristics of included studies are summarized in Table 1. The four studies were three Phase III clinical trials and one Phase II trial (19). Two trials recruited exclusively post-menopausal women (19, 20), while the others enrolled both pre- and post-menopausal patients (21, 26). Only the study by Jiang et al. used tucidinostat as HDACi while all the other trials focused on entinostat (20). Patient randomization had a 2:1 ratio in the studies by Jiang et al. and Xu et al. (20, 26), while for the other trials, it was 1:1. The demographic and clinicopathological characteristics of the study population are listed in Table 2. All the parameters including ECOG score, visceral diseases, sensitivity to prior ET, prior CDKi, prior chemotherapy, and fulvestrant were comparable between HE and PE groups.


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




Table 2 | Demographic and clinicopathological characteristics of the study population.





Pooled Results for Efficacy Endpoints of HDACi + ET in HoR+/HER2- MBC

All the studies reported ORR data and no significant heterogeneity existed among included studies (I2 = 3.93%, Cochrane’s Q p = 0.37). The overall ORR was 11.52% and 6.67% for HE and PE groups, respectively, and the HE regimen significantly increased ORR (odds ratio [OR] 1.633, 95% CI = 1.103–2.418, p < 0.05) (Table 3 and Figure 2A). The L’Abbé plot is presented in Figure 4A.


Table 3 | Survival and adverse effect data of included studies.






Figure 2 | Pooled results for efficacy endpoints of included studies. (A) ORR; (B) CBR; (C) PFS; (D) OS.



Three studies had CBR data and no significant heterogeneity existed among included studies (I2 = −84.98%, Cochrane’s Q p = 0.58). The overall CBR was 38.82% and 30.58% for HE and PE groups, respectively, and the HE regimen significantly increased CBR (OR 1.378, 95% CI = 1.020–1.861, p < 0.05) (Table 3 and Figure 2B). The L’Abbé plot is presented in Figure 4B.

All the studies reported PFS data and no significant heterogeneity existed among included studies (I2 = 0.00%, Cochrane’s Q p = 0.76). The HE regimen was associated with prolonged PFS (hazard ratio [HR] 0.761, 95% CI = 0.650–0.872, p < 0.001) (Table 3 and Figure 2C).

Three studies had OS data and no significant heterogeneity existed among included studies (I2 = 60.97%, Cochrane’s Q p = 0.08). The HE regimen had a marginal effect that could lower overall mortality (HR 0.849, 95% CI = 0.702–0.996, p < 0.001) (Table 3 and Figure 2D).



Pooled Results for Safety Endpoints of HDACi + ET in HoR+/HER2- MBC

Three studies reported AE rate and no significant heterogeneity existed among included studies (I2 = 25.04%, Cochrane’s Q p = 0.26). The overall AE rates were 98.57% and 87.83% for HE and PE groups, respectively, and the HE regimen had higher AE incidence (OR 9.093, 95% CI = 4.026–20.536, p < 0.001) (Table 3 and Figure 3A). The L’Abbé plot is presented in Figure 4C.




Figure 3 | Pooled results for AE endpoints of included studies. (A) All AE; (B) Grade ≥3 AE; (C) dose modification due to AE; (D) treatment discontinuation due to AE.






Figure 4 | L’Abbé plots for efficacy and AE endpoints of included studies. (A) ORR; (B) CBR; (C) all AE; (D) Grade ≥3 AE; (E) dose modification due to AE; (F) treatment discontinuation due to AE.



Three studies had Grade ≥3 AE rate and significant heterogeneity existed among included studies (I2 = 83.82%, Cochrane’s Q p < 0.001). The overall Grade ≥ 3 AE rates were 61.88% and 17.83% for HE and PE groups, respectively, and the HE regimen had significantly higher Grade ≥ 3 AE (OR 6.857, 95% CI = 3.523–13.344, p < 0.001) (Table 3 and Figure 3B). The L’Abbé plot is presented in Figure 4D.

Three studies reported DM rate and no significant heterogeneity existed among included studies (I2 = 2.99%, Cochrane’s Q p = 0.36). The overall DM rate was 31.72% and 3.16% for HE and PE groups, respectively, and the HE regimen was associated with a higher DM rate (OR 15.205, 95% CI = 8.748–26.428, p < 0.001) (Table 3 and Figure 3C). The L’Abbé plot is presented in Figure 4E.

Three studies reported discontinuation rate and no significant heterogeneity existed among included studies (I2 = 50.92%, Cochrane’s Q p = 0.13). The overall discontinuation rates were 12.29% and 5.22% for HE and PE groups, respectively, and the HE regimen was associated with higher discontinuation rate (OR 3.021, 95% CI = 1.869–4.881, p < 0.001) (Table 3 and Figure 3D). The L’Abbé plot is presented in Figure 4F.



Subgroup Analysis for Entinostat

Entinostat was one of the most widely investigated agents of HDACi, and three out of four included studies focused on entinostat. Hence, we carried out subgroup analysis for entinostat.

The pooled efficacy data revealed that entinostat had no significant impact on ORR (I2 = −134.13%, Cochrane’s Q p = 0.65; OR 1.339, 95% CI = 0.846–2.119, p = 0.21) and CBR (I2 = −2843.53%, Cochrane’s Q p = 0.85; OR 1.201, 95% CI = 0.806–1.789, p = 0.37) (Figures 5A, B). However, entinostat could significantly increase PFS (I2 = 0.00%, Cochrane’s Q p = 0.65; HR 0.780, 95% CI = 0.649–0.910, p < 0.001) and OS (I2 = 60.97%, Cochrane’s Q p = 0.08; HR 0.849, 95% CI = 0.702–0.996, p < 0.001) (Figures 5C, D).




Figure 5 | Sensitivity analysis for efficacy endpoints of studies on entinostat. (A) ORR; (B) CBR; (C) PFS; (D) OS.



The pooled AE data revealed that entinostat had greater toxicity than placebo. It had increasing AE rate (I2 = 50.54%, Cochrane’s Q p = 0.16; OR 7.736, 95% CI = 2.790–19.498, p < 0.001), Grade ≥ 3 AE rate (I2 = 61.25%, Cochrane’s Q p = 0.09; OR 5.331, 95% CI = 3.252–8.739, p < 0.001), DM rate (I2 = −53.72%, Cochrane’s Q p = 0.42; OR 12.325, 95% CI = 6.777–22.415, p < 0.001), and discontinuation rate (I2 = 24.52%, Cochrane’s Q p = 0.25; HR 2.465, 95% CI = 1.499–4.052, p < 0.001) compared to control (Figure 6).




Figure 6 | Sensitivity analysis for AE endpoints of studies on entinostat. (A) All AE; (B) Grade ≥3 AE; (C) dose modification due to AE; (D) treatment discontinuation due to AE.





Publication Bias

Potential publication bias was evaluated by Funnel plots with symmetrical appearance (Supplementary Figure 1). Egger’s test suggested no significant publication bias for all the endpoints (ORR p = 0.94, CBR p = 0.57, PFS p = 0.90, AE rate p = 0.10, Grade ≥3 AE rate p = 0.63, DM rate p = 0.69, and discontinuation p = 0.06) except for OS p < 0.05. “Trim-and-fill” analysis for OS showed that observed + imputed studies yielded the same result as observed-only studies with HR 0.849, 95% CI = 0.702–0.996, p < 0.001.




Discussion

ET remains the keystone systemic therapy for advanced HoR+/HER2- breast cancer. Although the emergence of CDKi, mTOR inhibitor, and PI3KCA inhibitor largely prolonged the PFS and OS for HoR+/HER2- MBC patients, acquired resistance remains a significant challenge. HDACi, as a novel therapy that modifies the acetylation on histone and non-histone proteins, has proved its efficacy in hematological malignancies (27), but remains controversial in breast cancer. The present meta-analysis included four randomized controlled studies with 1,457 patients and demonstrated that HDACi had promising efficacy in terms of increasing ORR/CBR and prolonged PFS/OS, but was associated with higher toxicity. Subgroup analysis revealed similar results for entinostat. Entinostat was associated with superior survival (PFS and OS), but higher overall AE rate and Grade ≥ 3 AE rate, and it also caused increasing risk for dose modification and treatment discontinuation.

Our finding was consistent with several previous randomized control trials. A Phase II trial (ENCORE 301) by Yardley et al. proved that the combination of entinostat and ET could improve PFS (4.3 m vs. 2.3 m) and OS (28.1 m vs. 19.8 m) with fatigue and neutropenia as the most frequent Grade 3/4 AE. This combination was associated with increasing risk for treatment discontinuation (11% vs. 2%) (19). A recent ACE trial with another HDACi, tucidinostat, also demonstrated its efficacy in terms of prolonged survival with a similar safety profile (20). Conversely, the E2112 trial showed that the combination of entinostat and exemestane had no significant impact on ORR and survival (21). Given the concern that results of the positive Phase II trial may not necessarily be replicated in the Phase III trial, the Phase III E2112 trial mirrored the design of ENCORE 301 except for enrollment of premenopausal patients and prior fulvestrant/CDKi. The difference in conclusions of ENCORE 301 and E2112 could be attributed to the fact that approximately 30% of the participants received fulvestrant and 30% had prior CDKi. The much heavily pre-treated study population may attenuate the efficacy of HE in E2112. Another possible reason would be the c-Myc gene signatures of study population. c-Myc was a key impact factor for HDACi sensitivity in various cancers (28, 29). For breast cancer, a study by Tanioka et al. proved that tumor progression was associated with upregulated c-Myc gene signatures and c-Myc overexpression conferred resistance to entinostat in breast cancer cell lines. Jun deletion, which accounted for 17%–23% of luminal breast cancer, usually incurred significantly higher c-Myc signature scores with poorer survival. Hence, future trials with c-Myc and Jun signature as stratification factors would be helpful to refine the appropriate candidate for HDACi.

Generally, combination therapy was associated with increasing toxicity, such as everolimus plus exemestane, which is demonstrated in the BOLERO-2 trial (2). For the safety profile of the HE regimen, the pooled results indicated increasing AE, Grade ≥3 AE, DM, and discontinuation rates compared to control. These results were consistent across all the included individual studies and sensitive analyses with DM rate up to 30%, and more than 10% patients withdrew. Thus, careful patient monitoring and improved physician awareness of HE with relevant AE are warranted. The AE profile was concordant with previously reported data and HDACi class effects (30, 31). It mainly consisted of hematologic toxicities, gastrointestinal disturbances, and fatigue. Electrolyte disturbances were also noted in the HDACi group, which may be attributed to HDACi gastrointestinal toxicity (20, 32).

Heterogeneity investigation focused on the difference between entinostat and tucidinostat. According to the Cochrane Q test, all the efficacy and AE endpoints had no significant heterogeneity among included studies (Figures 2 and 3). It further strengthened the primary conclusion that HDACi could improve survival in HoR+/HER2- MBC, but was accompanied with enhanced toxicity. Moreover, according to the characteristics of study design, three out of four included studies investigated entinostat, with one study investigating tucidinostat. Tucidinostat and entinostat both belonged to the subtype-selective class of HDACi that had improved risk–benefit profiles compared to non-selective inhibitors (33). Subtype-selective HDACi had an advantage over non-selective HDACi in terms of enhanced immune cell-mediated tumor cell cytotoxicity (34). The difference between tucidinostat and entinostat was an important confounding factor for pooled results. Hence, sensitivity analyses were conducted with studies on entinostat only. Compared to the overall pooled results, the subgroup with entinostat drew similar conclusions in that entinostat benefited PFS and OS with increasing AE, Grade ≥3 AE, DM, and treatment discontinuation rate, but it did not significantly improve ORR and CBR. It implied that tucidinostat may have a stronger effect on reducing tumor burden than entinostat. However, this conclusion should be used with caution and needs further validation due to several other confounding factors in the ACE trial. The ACE trial enrolled generally younger patients (median age: 8 years difference) with less prior ET (34% less) compared with the E2112 trial (21). This less pre-treated population could partially explain the enhanced efficacy of tucidinostat in the ACE trial. Additionally, the ACE trial only recruited Chinese patients, and the ethnic difference between Asian and Caucasian women may also introduce bias to the pooled result. Finally, the study population received no prior CDKi due to drug availability, indicating that it may confer sensitivity to HDACi.

The present meta-analysis had several strengths. First, it was the first meta-analysis with a large study population (four trials with 1,457 patients included) for the HE regimen. It analyzed several efficacy and safety endpoints (ORR, CBR, PFS, OS, AE rate, Grade ≥3 AE, DM rate, and treatment discontinuation) to give a comprehensive overview of the efficacy and toxicity of the HE regimen. Moreover, subgroup analysis provided detailed information on entinostat, which may facilitate clinical decision-making. The present meta-analysis demonstrated that HDACi with ET showed promising efficacy with increasing toxicity, and it may serve as an optional regimen for HoR+/HER2- MBC. The HE regimen had several advantages. First, OS remained the most important endpoint for the assessment of novel agents in advanced cancers, and the OS improvement by HE was a strong indicator for clinical benefit. Secondly, HE may be effective for progressive disease after CDKi, although only limited patients with prior CDKi were included in the study population. Third, HDACi could potentially increase patient compliance, given that HDACi dosing was usually once/twice per week rather than once/twice per day in CDKi. Finally, differences in toxicity profiles between HDACi and other agents may also be crucial for clinical decision-making to deliver personalized treatment. Given that merely 25% of the study population received prior CDKi and fulvestrant, future studies should focus on HE efficacy for CDKi-resistant MBC. Additionally, the novel combination of HDACi and a selective estrogen receptor degrader (such as fulvestrant) still needs further evaluation by a large-scale clinical trial. It was also of great importance to investigate the ethnic difference between Asian and Caucasian patients, and to find effective biomarkers to predict HDACi sensitivity.

Our study had several limitations. First, it was a meta-analysis based on aggregate data rather than individual patient data. The pooled results were subject to publication bias and summary effects should be interpreted carefully with the context of heterogeneity. Second, only one study on tucidinostat was available; there were no subgroup analyses on tucidinostat and other HDACi. Third, given that limited studies were included, meta-regression and subgroup analysis on several critical clinicopathological variables, such as prior fulvestrant and CDKi usage and previous lines of chemotherapy, could not be conducted.

The present meta-analysis demonstrated that the HE regimen improved patient survival in HoR+/HER2- MBC with increasing but manageable toxicity. A large-scale randomized controlled trial would be helpful to further validate the efficacy and safety profile of HDACi and investigate the clinical difference among different HDACi.



Conclusion

This meta-analysis validated that the HE regimen had superior efficacy over control in terms of improved ORR, CBR, PFS, and OS, but was accompanied with increasing AE. HDACi + ET could serve as an important option for the management of HoR+/HER2- MBC. Future studies may focus on the clinical difference among different HDACi and AE management to enhance tolerability.
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Background

With the rapid development and wide application of high-throughput sequencing technology, biomedical research has entered the era of large-scale omics data. We aim to identify genes associated with breast cancer prognosis by integrating multi-omics data.



Method

Gene-gene interactions were taken into account, and we applied two differential network methods JDINAC and LGCDG to identify differential genes. The patients were divided into case and control groups according to their survival time. The TCGA and METABRIC database were used as the training and validation set respectively.



Result

In the TCGA dataset, C11orf1, OLA1, RPL31, SPDL1 and IL33 were identified to be associated with prognosis of breast cancer. In the METABRIC database, ZNF273, ZBTB37, TRIM52, TSGA10, ZNF727, TRAF2, TSPAN17, USP28 and ZNF519 were identified as hub genes. In addition, RPL31, TMEM163 and ZNF273 were screened out in both datasets. GO enrichment analysis shows that most of these hub genes were involved in zinc ion binding.



Conclusion

In this study, a total of 15 hub genes associated with long-term survival of breast cancer were identified, which can promote understanding of the molecular mechanism of breast cancer and provide new insight into clinical research and treatment.





Keywords: multi-omics, survival prediction, differential network, breast cancer, prognosis



Introduction

Gene variation and expression play an important role in the development of cancer. Breast cancer ranks as the greatest killer among women’s cancers (1). Therefore, research on genes related to long-term survival in breast cancer is of great significance for medical workers, in order to enable the development of targeted drugs and formulation of reasonable plans.

The development of high-throughput sequencing technology provides a unique opportunity for the prognostic prediction of breast cancer (2). Most of the early breast cancer studies were conducted based on single omics data such as gene expression (3, 4). For example, 70 genes related to the survival of breast cancer patients were identified by feature screening in 295 samples of breast cancer gene expression data using multivariate analysis (5). However, the development of cancer is a multiplex, multi-factorial process, involving a variety of molecular-level biological mechanisms; it is difficult for single omics analysis to elucidate the biological process of breast cancer development (6). The integration of multiple omics data is conducive to comprehending the mechanism of disease occurrence and development and can inject new blood into biological research (7). Many studies have found that integrating multiple omics data can improve clinical classification performance (8–10). Zeng integrated radiological and genomic data to predict the survival of clear-cell renal carcinoma using multiple machine learning classifiers such as logistic regression and support vector machine methods, and found that multi-omics models were more accurate than single-omics models (11).

The occurrence and development of cancer are often related to interactions between multiple genes. The heterogeneity of genomic data and the characteristics of interaction analysis result in limitations for traditional statistical methods in the application of the whole genome (12). Differential network estimation has become an important tool for exploring biological mechanisms, and the interaction patterns can provide opportunities for screening important biomarkers in disease research, which has a wide range of biological and clinical research significance (13–15). Kim used a graph-based data-fusion approach to treat multiple omics data as different nodes in a heterogeneous network for the clinical postoperative prediction of the stage, grade, and survival of ovarian cancer patients (16). Gatto constructed genome-scale metabolic-network models for 13 cancers based on the cancer genome atlas (TCGA) dataset and found that different cancers showed similar metabolic networks (17). However, most differential network models are based on single omics data, and few studies have combined multiple omics data for differential network analysis.

In this study, two advanced differential network methods for continuous and discrete data were combined to identify the differential genes and interaction networks related to breast cancer. Gene expression profiles, somatic mutations, and copy number variations (CNVs) were collected from the cancer genome atlas (TCGA) and molecular taxonomy of breast cancer international consortium (METABRIC). By integrating genomic and transcriptomic data, we screened prognostic markers and constructed gene-interaction networks related to the long-term survival of breast cancer patients. Functional enrichment analysis was used to identify the important biological processes associated with breast cancer. The current study provides insights into the molecular mechanisms underlying breast cancer prognosis and will support the development of clinical trials and breast cancer research.



Materials and Methods


Data Sources and Preprocessing

Omics data for mRNA gene expression, CNVs, and mutations were integrated into our study. The TCGA database was used as the training set (18). The gene expression profiles with the HTSeq‐FPKM format of BRCA samples and mutation profiles were obtained directly from the data portal of TCGA (https://portal.gdc.cancer.gov/). We used R to convert RNAseq data from fragments per kilobase million (FPKM) format to transcripts per million (TPM) format. CNV profiles and survival data were downloaded from http://xena.ucsc.edu/, and the validation set METABRIC database was downloaded from http://www.cbioportal.org/ (19–22).

The specific steps of our study were as follows: (1) The original data were obtained. (2) Gene expressions with ≥ 5% missing values were deleted, and those with < 5% missing values were interpolated with the median. The expression values of genes with repeated sample IDs were replaced by the mean values. (3) The survival time (“OS.time” in TCGA and “OS_MONTHS” in META) was extracted, and the units were uniformly converted into years. (4) The coefficients of the distance correlations between genes and the survival time were calculated. (5) We selected the common differential genes in three omics of the TCGA dataset to train the classification model and construct the gene-interaction network. Finally, 966 patients in TCGA and 1,866 patients in METABRIC were used in our study. The workflow of our study is shown in Figure 1.




Figure 1 | The workflow of our study.



We considered four survival time categories: 1-year, 3-year, 5-year, and 10-year. The classification performance was measured using the receiver operating characteristic (ROC) curve, Kaplan-Meier curve, area under the ROC curve (AUC), and accuracy. The high-risk group and low-risk group in Kaplan-Meier curves were truncated by the cutoff calculated by ROC curves. The differential networks were drawn to identify genes associated with breast cancer prognosis.



DC-SIS Variable Selection

The dimension of biological data is too large, and they contain many genes with little significance. To effectively utilize the data and reduce the cost of machine learning, variable selection is required. We used the sure independence screening procedure based on distance correlation (DC-SIS) method to select differential genes using the “energy” package (v1.7-8) in R (23).

The DC-SIS method measures the correlation between two random vectors according to their distance correlation coefficients (24). The distance covariance of two random vectors u and v is defined as

	

in which du and dv are the dimensions of u and v, respectively; φu(t) and φv(s) are their respective eigenfunctions; φu,v(t,s) is their joint eigenfunction; and

	

The distance correlation of u and v is obtained by dividing their distance covariance by the product of their distance standard deviations, which is

	



Classification and Differential Network Analysis

Since gene expression data are continuous variables, whereas CNVs and mutations are discrete variables, we applied two advanced differential network estimation methods to infer the interaction networks and differential genes. In this paper, the differential network consists of difference edges that filtered out from at least two omics of data. We used Cytoscape (25) to plot the differential network. A flow chart of the study is shown in Figure 2. Among them, we used TCGA as the training set and METABRIC as the verification set. The omics data mRNA, CNV and somatic mutation in TCGA and mRNA and CNV in METABRIC were used to construct the differential network respectively.




Figure 2 | Flow chart of JDINAC and LGCDG method. A–C represent mRNA expression, copy number variation, and somatic mutation datasets.



For continuous-variable mRNA data, we referred to the joint density-based non-parametric differential interaction network analysis and classification (JDINAC) method to measure the interaction between the two variables, and then used L1-Penalized logistic regression to build the prediction model and screen the differential genes (26). A total of 50% of the data were used to fit the joint density function, and 50% were used to fit the regression model; the number of data splits was 100. The mean of the predicted values is taken as the final prediction probability.

JDINAC is a nonparametric kernel method that considers gene-gene interaction, which is characterized by estimating the conditional joint density of gene pairs (26). If (xi, xj) denotes one gene pair, the response variable is y = {0,1}; patients with short survival time were labeled 1, and those with long survival time were labeled 0. For example, in the case of 1-year classification, samples with survival time less than or equal to 1 year were labeled 1, and those with survival time greater than 1 year were labeled 0. fij(xi,xj) and gij(xi,xj) represent the class conditional densities for class 1 and class 0, respectively, where fij(xi,xj) = P((xi,xj) | y = 1) and gij(xi,xj) = P((xi,xj) | y = 0). The log ratio of the two-dimensional class conditional density  was used as the classification predictor variable  indicates that the gene pair is more closely related in class 1, whereas  < 0 indicates that there is stronger dependency between genes in class 0. Based on the L1-penalized logistic regression model, the prediction accuracy is improved in the multivariate classifier, and the logistic model can be

	

To explore the differential networks of the discrete-variable CNV and mutation data, we applied the latent Gaussian copula differential graphical (LGCDG) model, which defines the differential network as the difference between the precision matrices of the short-term (labeled 1) and long-term (labeled 0) survival groups (27). We transferred the CNV data into binary variables; specifically, the non-zero elements were encoded as 1, indicating that the copy number is out of the normal range.

LGCDG assumes that the 0/1 binary data D = (D1, D2,…, Dp)T ∈ {0,1}p satisfies the latent Gaussian copula model (LGCM), that is, the binary data are generated by discretizing a latent continuous variable at some unknown cutoff. In this assumption, the continuous variable follows a non-paranormal distribution, which is X ~ NPN(0,Σ,f), and the binary variable can be Dj = I(Xj > Cj); then, D ~ LGCM(Σ,Λ), where Λj = fj(Cj).

We assume D1 ~ LGCM(Σ1,Λ1) and D0 ~ LGCM(Σ0,Λ0) are the binary data from the case and control group, respectively. The differential network is defined as the difference between the two precision matrices, denoted by Δ = (Σ1)-1 – (Σ0)-1. The estimator of Δ can be obtained by solving the following optimization problem:

	

where  and  re the Kendall’s tau rank-based correlation matrix estimators for Σ1 and Σ0.

The underlying differential network of binary data can be inferred through the LGCDG method, which provides a deeper understanding of the unknown mechanism than that among the observed binary variables.



GO Function Enrichment

Gene ontology (GO) enrichment analysis was performed to better understand the biological functions of the differential genes selected by DC-SIS method, and the “clusterProfiler” package (v4.2.1) and “org.hs.eg.db” package (v3.14.0) in R were used (28). With reference to the whole human genome, significant functional categories and the biological functions of the differential genes were identified.




Results


DC-SIS Variable Selection

The coefficients of the distance correlations between genes and survival time were calculated; a total of 140 common genes for three omics were screened (listed in Table S1). The differential genes were considered as the genes highly expressed and mutated in breast cancer and were used in the following study.



Classification and Differential Network in TCGA

We compared the JDINAC model with classical binary classifiers logistic regression and random forest using 5-fold cross-validation; the ROC curves and 5-year Kaplan-Meier curves of mRNA gene expression data are shown in Figures 3, 4. The other Kaplan-Meier curves in TCGA dataset were shown in Figure S1. The classification performance of the three classifiers was measured in terms of the AUC, specificity, sensitivity, and accuracy (Table S2). The results show that our model has better classification performance than logistic regression model, and it can achieve comparable performance to the random forest method. In addition, the AUCs of JDINAC are all above 0.7 and even reached 0.989 in the 3-year classification category, which is sufficient to prove the efficient classification performance of JDINAC. The Kaplan-Meier curves also show that our method has better classification ability than the other two models.




Figure 3 | Time-dependent receiver operating characteristic (ROC) curves at 1, 3, 5, and 10 years of mRNA expression data in TCGA. (A) The ROC curves for JDINAC classifier. (B) The ROC curves for logistic regression classifier. (C) The ROC curves for random forest classifier.






Figure 4 | Kaplan-Meier curves for overall survival at 5-year classifiers of mRNA expression data in TCGA. (A) Kaplan-Meier curves for JDINAC classifier, (B) Kaplan-Meier curves for logistic regression classifier, and (C) Kaplan-Meier curves for random forest classifier.



The interaction networks of genes were performed by combining JDINAC and LGCDG, in which the three omics data were integrated. The differential network is composed of the common edges screened out from omics data. Genes are represented by nodes, the interactions between genes are represented by edges between nodes, and genes with at least three edges are regarded as hub genes. The hub genes were identified under four taxonomic conditions, of which C11orf1, OLA1, RPL31, SPDL1, and IL33 were identified in at least two interaction networks, and all of these genes were found in 5- or 10-year interaction networks (Figure 5).




Figure 5 | The gene–gene interaction network in TCGA. The selected interaction networks for (A) 1-year, (B) 3-year, (C) 5-year, and (D) 10-year categories. The orange circular nodes represent hub genes.





Classification and Differential Network in METABRIC

We used the selected 140 differential genes in TCGA to evaluate the performance in METABRIC. Mutation data were not included in the model due to insufficient sample size. The JDINAC classification performance of the mRNA expression data was compared with the logistic regression and random forest methods using 5-fold cross-validation, and the ROC and Kaplan-Meier curves are shown in Figures 6, 7. The other Kaplan-Meier curves in METABRIC dataset were shown in Figure S2. The AUCs, specificities, sensitivities, and accuracies of the three classifiers are listed in Table S3. The classification performance of JDINAC is as good as that of random forest method, and is better than that of logistic regression. The AUCs of JDINAC were all above 0.8, which indicates that the JDINAC method showed excellent classification performance.




Figure 6 | Time-dependent receiver operating characteristic (ROC) curves for 1-, 3-, 5-, and 10-year mRNA expression data in METABRIC. (A) The ROC curves for JDINAC classifier. (B) The ROC curves for logistic regression classifier. (C) The ROC curves for random forest classifier.






Figure 7 | Kaplan-Meier curves for overall survival at 5-year classifiers of mRNA expression data in METABRIC. (A) Kaplan-Meier curves for JDINAC classifier, (B) Kaplan-Meier curves for logistic regression classifier, and (C) Kaplan-Meier curves for random forest classifier.



The gene-interaction networks for four classification categories were determined by combining JDINAC and LGCDG methods, and the identified hub genes are marked by orange circles (Figure 8). The results show that ZNF273, ZBTB37, TRIM52, TSGA10, ZNF727, TRAF2, TSPAN17, USP28, and ZNF519 were identified in at least two interaction networks, in which ZNF273, ZBTB37, and ZNF727 are related to 5-year or 10-year survival in breast cancer. Additionally, it is interesting that RPL31, TMEM163, and ZNF273 were selected as hub genes in both the TCGA and METABRIC databases, this is a finding that cannot be ignored.




Figure 8 | The gene-gene interaction network in METABRIC. The selected interaction networks for (A) 1-year, (B) 3-year, (C) 5-year, and (D) 10-year categories. The orange circular nodes represent hub genes.





GO Function Enrichment

We performed GO enrichment analysis to assess which functional categories of genes were most connected to the prognosis of breast cancer. Enrichment analysis revealed that these differential genes were significantly enriched in 34 GO terms, mainly associated with regulation of cell-cell adhesion, positive regulation of cell activation, and positive regulation of leukocyte activation (Figure 9). Combining these results with TCGA and METABRIC data, a total of 15 genes related to the prognosis of breast cancer were screened out. The GO terms enriched by the 15 genes show that the metastasis and prognosis of breast cancer are closely related to zinc-ion binding (Table S4), which means that genes related to zinc-ion binding have significant reference value in the study of breast cancer prognosis. Among them, ZBTB37, ZNF273, ZNF519, ZNF727 and IL33 are all involved in the biological process of transcription DNA-templated, which can be used in targeted gene therapy.




Figure 9 | GO functional enrichment of the differential genes.






Discussion

The incidence of breast cancer ranks the highest among malignant tumors in females (1). With the improvement of medical technology, the mortality rate for breast cancer has decreased significantly. However, drug resistance, recurrence, and metastasis remain poorly addressed, resulting in low long-term survival (29). To improve the efficacy of treatment for breast cancer patients, in-depth research on potential prognostic molecular markers related to long-term survival is of great significance. In this study, we utilized multi-omics data from TCGA and METABRIC to construct gene-gene interaction networks and identify differential genes, which can provide an important basis for the clinical diagnosis of and medical research on breast cancer.

In order to avoid information redundancy, the pre-screening of differential genes is essential. We usually screen differential genes by calculating the correlation of variables according to a certain principle, such as the p-value, Pearson’s correlation coefficient, and Kendall’s tau correlation coefficient. However, the omics data include continuous and discrete data, and the traditional screening criteria often assume that the variables obey certain distributions and tend to ignore the sample information. Compared with traditional statistical methods, DC-SIS can deal with multiple response variables, regardless of whether the response variables are continuous, discrete, or classified. It ensures that all important variables can be selected in a sufficient sample size. In addition, it does not make any model assumptions about responses and predictors, thus making model misrepresentation unlikely.

In recent years, many survival prediction models have been developed to identify prognostic biomarkers. Researchers usually use Kaplan–Meier and time-dependent ROC curves to measure predictive performance (30, 31). However, these studies are only based on the probabilities calculated using a single prediction model, which lacks discernibility in long-term survival. Zhou et al. used high-dimensional embedding and residual neural network method to extract hub genes by analyzing multi-omics data of breast cancer, but only analyzed the hub genes of each omics, lacking comprehensive consideration of multiple omics (32). In this study, we divided patients according to survival time, and constructed gene-interaction networks. Then, we focused on the differential genes associated with 5-year and 10-year survival, which makes more sense for the long-term survival of breast cancer patients.

Public sequencing platforms such as TCGA and GEO provide abundant omics data for biological researchers and facilitate molecular mechanism and clinical research. However, these datasets are highly heterogeneous, which poses significant challenges for existing approaches of data integration. There are many studies using multiple omics data and data-integration methods to analyze the survival of breast cancer patients. However, studies that combine gene interactions with multi omics are rare. Most of the studies on gene interaction focus on single omics, while the studies on multiple omics data often consider the impact of a single gene and ignore the gene interaction (33–36). We overcame the limitations of omics-data heterogeneity and applied interaction-network methods that are more suitable for multiple data types to identify hub genes.

In this study, we identified genes associated with breast cancer prognosis. Interestingly, most of the screened genes are involved in protein binding and zinc-ion binding. The results indicate that the tumorigenesis and development of breast cancer are closely related to zinc-ion binding, which is consistent with the findings in previous studies (37–39). Many studies have found that zinc is significantly correlated with the carcinogenesis of various tissues and cells in the body, and a change in the zinc content in the human body is closely related to the occurrence and development of tumors (40–42). In addition, zinc deficiency can cause immune dysfunction, which can enhance the inflammatory effects of interleukin, inhibit the effects of interleukin on lymphocytes, and promote apoptosis, angiogenesis, and metastasis. Zinc is often involved in gene expression, the maintenance of protein and nucleic acid structure, intracellular molecular transport, and immune functions performed by zinc-finger proteins (43–45). Studies have shown that zinc lipoprotein is involved in cancer-related biological processes, can inhibit the proliferation and invasion of cancer cells, and has a protective effect on the occurrence of prostate cancer (46–48).

There are endless studies about breast cancer prognosis, and our method has several advantages compared with other methods. Firstly, we used multiple omics data for gene expression, copy number variations, and somatic mutations, making full use of multiple levels of biological information to make the study more complete. Secondly, the interaction between genes was taken into account. The correlation between genes was incorporated into the predictive variables to preliminarily explore the biological mechanisms of complex diseases. Thirdly, we classified different survival periods, mainly focusing on the genes related to long-term survival. Genes associated with 5-year and 10-year survival were identified, and their biological functions were analyzed. Finally, we solved the problem of data heterogeneity. Appropriate differential network approaches were used to estimate gene differential networks and identify hub genes.

The results for the selected genes can provide potential targets for the clinical diagnosis of breast cancer. Although we identified potential candidate genes for breast cancer prognosis using bioinformatics approaches, some limitations of this study need to be noted. First, our sample lacked clinical follow-up information, and the database analysis based on publicly available data is not convincing enough; it needs to be verified by further clinical trials. We also lack the comprehensive consideration of clinical characteristics including age, response to different treatments, and recurrence rate in patients with different molecular subtypes, especially the hormone receptor-positive luminal vs. basal/triple-negative breast cancer (49–51). Second, the interaction between genes is a complex biological process; we only integrated existing differential-network-estimation methods to discover differential genes, which lacks innovation in methodology and comparability with other network-based approaches. Finally, the gene pre-screening process may omit some important characteristics. In the next step, we plan to focus on exploring the relationship between zinc-ion-related genes and breast cancer, and support our research through operational experiments.



Conclusions

In conclusion, we constructed a breast cancer gene-interaction network and identified genes associated with long-term breast cancer survival. The results show that there is a strong correlation between the prognosis of breast cancer and zinc-ion binding. The screened genes can be used as new prognostic markers of breast cancer, providing a new development direction for clinical research and laying a foundation for subsequent research.
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Breast cancer (BRCA) has the highest incidence rate among female tumours. The function of the immune system affects treatment efficacy and prognosis in patients with BRCA. However, the exact role of immune-related genes (IRGs) in stage N+M0 BRCA is unknown. We constructed a predictive risk scoring model with five IRGs (CDH1, FGFR3, INHBA, S100B, and SCG2) based on the clinical, mutation, and RNA sequencing data of individuals with stage N+M0 BRCA sourced from The Cancer Genome Atlas. Results from the Shandong Cancer Hospital and Institute validation cohort suggested that regardless of clinical stage, tumour size, or the number of lymph node metastases, this model was able to reliably discriminate low-risk patients from high-risk ones and assess the prognosis of patients with stage N+M0 BRCA, and low-risk patients could benefit more from immunotherapy than high-risk patients. In addition, significant inter-group variations in immunocyte infiltration and the tumour microenvironment were observed. Moreover, risk score and age were found to be independent factors in multivariate COX regression analysis, which influenced the outcome of patients with stage N+M0 BRCA. Based on the above findings, we plotted a prognostic nomogram. Finally, we constructed a lncRNA KCNQ1OT1-LINC00665-TUG1/miR-9-5p/CDH1 regulatory axis of the ceRNA network to explore the mechanism of BRCA progression. In summary, we conducted a systemic and extensive bioinformatics investigation and established an IRG-based prognostic scoring model. Finally, we constructed a ceRNA regulatory axis that might play a significant role in BRCA development. More research is required to confirm this result. Scoring system-based patient grouping can help predict the outcome of patients with stage N+M0 BRCA more effectively and determine their sensitivity to immunotherapies, which will aid the development of personalised therapeutic strategies and inspire the research and development of novel medications.
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Introduction

Breast cancer (BRCA) currently has the highest incidence rate among female tumours (1). In most patients, the disease is diagnosed in the early stages, and they show favorable prognosis following surgical resection of the primary tumours. However, once patients experience metastases, it will lead to the majority of BRCA-related deaths. As a type of regional metastasis, lymph node metastasis is less lethal than distant metastasis. However, it is the most common form of metastasis in BRCA patients, an important indicator affecting the efficacy of BRCA treatment, and a definite risk factor affecting long-term prognosis of individuals with BRCA (2).

The immune system is considered a decisive factor in cancer formation and progression (3). As the most important component of the human immune system, the lymphatic system performs the tasks of immunological surveillance and immune regulation (4). Moreover, the lymphatic circulatory system can regulate and maintain homeostasis and mediate lymphatic metastasis of tumours. Tumour-infiltrating lymphocytes (TILs) cross the boundary of oncology and immunology. TILs refer to immune cell populations infiltrating tumour tissues with high immune-related gene (IRG) expression, and a higher proportion of TILs is strongly associated with a higher survival rate of specific BRCA subtypes (5, 6). Several studies have reported TILs in tumours, including BRCA (7, 8), and increased proportions of TILs are associated with HER2 amplification, indicating prolonged survival (9). Increased proportions of TILs in BRCA tissue may suggest favorable responses to neoadjuvant therapy and have considerable predictive significance for adjuvant chemotherapy as well (10). With the development of bioinformatics (11, 12), researchers have started to quantify TILs and uncover personalised immune-related characteristics for the prognosis of different cancers by utilising the expression of IRGs (13–15). In particular, there have been several studies in BRCA that have developed prognostic models based on IRGs characteristics (16–19).

Accumulating evidence demonstrates that the immune system and IRGs might perform an important role in regulating BRCA patients’ treatment responses and long-term survival (7). Because IRGs are potentially correlated with lymphatic metastasis and the correlation between IRGs and lymph node metastatic prognosis in BRCA patients is yet to be systematically evaluated, we specifically selected patients with stage N+M0 BRCA from The Cancer Genome Atlas (TCGA) database, studied the expression profiles of IRGs and their predictive value using systematic bioinformatics analysis, and validated the prognostic model using a validation cohort from GSE20685 and Shandong Cancer Hospital and Institute (SCHI). Subsequently, the relevant regulatory axes in BRCA were explored. Our findings could add to the body of knowledge supporting prognostic biomarkers and treatment strategies for stage N+M0 BRCA.



Materials and Methods


Public Data Gathering and Processing

The clinical, mutation, and RNA-seq information of 1222 BRCA cases was downloaded from TCGA database using the R package ‘TCGAbiolinks’. R packages ‘org.Hs.eg.db’ and ‘clusterProfiler’ were applied to annotate the IDs in RNA-seq data with Gene Symbol. The ‘merge’ function in R was used to precisely match and integrate the expression data with the clinical data by ID numbers. Finally, after excluding patients with missing survival information and cases with stage IV BRCA, data of 112 BRCA tissue samples, 112 paired paracancerous tissue samples, and 473 patients with stage N+M0 BRCA were obtained for subsequent analysis. The GSE20685 dataset was downloaded from GEO database (Figure 1).




Figure 1 | Flowchart.





Training Cohort and Validation Cohort

TCGA training cohort included 473 cases with stage N+M0 BRCA, complete clinical and survival data, and tumour tissue gene expression data. It was used to explore and construct an IRG-based prognostic model.

The GSE20685 dataset contained RNA sequencing data from 327 primary BRCA patients, from which 182 patients with stage N+M0 BRCA were selected as the validation cohort.

The SCHI validation cohort included data of 82 patients from SCHI who had stage N+M0 BRCA and underwent surgical treatment between Jan 2012 and Dec 2014 (see Table 1 and Table S1 for more details). Total RNA was extracted from tumour tissue samples of this validation cohort to detect the expression of candidate IRGs and validate the performance of the prognostic model.


Table 1 | Clinical features of the TCGA and SCHI cohorts.





Identification of IRGs, Hub Genes, and Pathways

The RNA-seq data of 112 paired BRCA and paracancerous tissue samples were normalised utilising the R package ‘limma’ (Figures 2A, B). Parameter settings: |logFC|>1 and adjusted p value<0.05. Differentially expressed genes (DEGs) were defined as genes that were upregulated or downregulated in BRCA tissues. The volcanic maps and cluster heat maps (Figures 2C, D) were plotted using the R package ‘pheatmap’. The IRGs were downloaded from the ImmPort database. The intersection of DEGs and IRGs was taken, and genes with low abundance (i.e. genes whose original expression value is less than 15 in over 25% of all samples) were filtered to eventually obtain differentially expressed IRGs (Figure 1).




Figure 2 | Expression of IRGs in BRCA. (A, B) Comparison before and after standardisation of expression data. (C, D) Volcano and heat maps of DEGs in tumor and normal tissues. Green dots represent genes that are down-regulated, red dots represent genes that are up-regulated and grey dots represent genes that are not significantly changed. IRG, immune-related gene; DEG, differentially expressed gene.



The interactive network analysis of IRGs was carried out using the String database. Next, for hub gene screening and regulated pathway enrichment analysis of IRGs, we utilised Cytoscape and DAVID database (Figures 3A, B).




Figure 3 | Enrichment analysis of IRGs and LASSO cox regression analysis. (A) Display of hub genes in IRGs. (B) Pathways for IRGs enrichment. (C, D) Coefficients and partial likelihood deviance of LASSO cox regression analysis. IRG, immune-related gene.





Calculation of Risk Scores

T_stage, N_stage, AJCC stage, pharmaceutical treatment, and radiation treatment were categorical variables. Age and risk score were considered continuous variables. Gene expression in TCGA cohort and GSE20685 cohort and ΔCt values of related genes in the SCHI cohort were continuous variables. X-tile 3.6.1 (20) was applied to estimate the best cutoff value for grouping IRGs into low or high expression groups. Hence, the continuous variables were converted into categorical variables to construct and validate the multigene prognostic model.

First, to discover prognosis-related IRGs in TCGA training cohort, a LASSO Cox regression analysis was performed by the R package ‘glmnet’ (Figures 3C, D). We then used Stepwise Cox regression analysis to identify a gene set that was most closely linked to the outcome of individuals with stage N+M0 BRCA. The sum of the product of the Cox regression coefficient and the expression value (high (1)/low (0) expression) for each gene was defined as the risk score. To split the patients into low- and high-risk groups, the median risk score was employed as a cutoff value. In the training and validation cohorts, Kaplan-Meier survival analysis was performed to test the prognostic differences between different scoring subgroups. To test if the risk score was an independent prognostic factor, a Cox multivariate regression analysis was performed by the R packages ‘survival’ and ‘survminer’. The area under the curve (AUC) was then determined to evaluate the accuracy of risk score prediction in each cohort using time-dependent receiver operating characteristic curve (ROC) analysis.



Tumour Mutation Burden (TMB), Mutant-Allele Tumour Heterogeneity (MATH), and Nomogram

Using the R package ‘maftools’, we calculated the TMB and MATH values with mutation data of TCGA cohort and then combined these data with clinical data to plot a forest map of multivariate Cox hazard regression. The R package ‘rms’ was used to plot prognostic nomograms based on independent prognostic factors.



Relationship Between Risk Scores and Immune Microenvironment, Tumour Microenvironment, and Immunotherapies

For immune-related analysis, we determined the infiltration scores of 24 immune cell types using the ImmuneCellAI database based on TCGA RNA-seq data and visualised the correlations of the risk score and all candidate IRGs with the proportions of infiltrating immune cells by the R package ‘corrplot’. The composition of stromal cells and immune cells was assessed by the R package ‘estimate’. We utilised the online tool Tumour Immune Dysfunction and Exclusion (TIDE) (21) to estimate patients’ response to immunotherapy of anti-CTLA4 and anti-PD1 to explore if there were differences in immunotherapy effectiveness between the two groups of patients.



Construction of Competitive Endogenous RNA (ceRNA) Network

We built a ceRNA network to figure out what role IRGs might have in BRCA. Databases, such as ENCORI, miRTarBase, TargetScan, and TarBase, were used to predict miRNA targets that bound to IRGs. Based on the identified miRNAs, lncRNA targets interacting with the miRNAs were efficiently predicted using the ENCORI and LncBase databases. Finally, candidate lncRNA and miRNA expression and prognostic value were investigated.



RT-qPCR Analysis

For the SCHI validation cohort, the total RNA extraction kit, DP439 (TIANGEN Biotech, Co., Ltd., Beijing, China), was used to isolate total RNA from tissue paraffin blocks of 82 patients with stage N+M0 BRCA containing tissues at the site of the primary lesion. A Prime Script RT reagent Kit with gDNA Eraser, RR047A (Takara Biomedical Technology, Co., Ltd., Japan), was used to synthesize cDNA from total RNA via reverse transcription in two steps. Then, the TB Green-based fluorescence quantitative PCR assay was performed using the Light Cycler 480 system (Roche, Switzerland). With ACTB as an internal reference gene, the relative expression value of a gene was obtained by calculating ΔCt as follows:

ΔCt (gene) = Ct (gene) - Ct (ACTB)

A higher ΔCt value is accompanied by a lower original expression value of a gene. The mRNA primers (Table S2) tested in this study were synthesised by General Biosystems, Co., Ltd. (Anhui, China).



Statistical Analysis

SPSS version 26 for Mac and R version 4.0.3 for Mac were used for statistical analysis. The log-rank test was used to compare differences between KM curves. Quantitative data between groups were compared using the Wilcoxon test. The correlation between quantitative data between groups was expressed by Spearman’s coefficient. Statistical significance was defined as p < 0.05.




Results


IRGs, Hub Genes, and Pathway Enrichment Analysis

We identified 4836 DEGs in BRCA tissues, including 2675 downregulated genes and 2161 upregulated ones (Figures 2C, D). The intersection of 4836 DEGs and 2483 IRGs was filtered to obtain 423 IRGs. After excluding genes with low expression, a gene set consisting of 277 IRGs was finally obtained, among which ARRB1, EGFR, CXCR4, CCL11, EDN1, EGFR1, CXCR2, CCR3, CXCL12, and CDH1 were hub genes. The major enriched pathways were PI3K-Akt, MARK, TNF, IL-17, NF-kappa B, EGFR tyrosine kinase inhibitor resistance, T cell receptor, and PD-L1 expression.



Construction of an IRG-Based Prognostic Model

Seven IRGs whose expression was highly correlated with the outcome of patients with stage N+M0 BRCA in TCGA training cohort were identified using LASSO Cox regression analysis. These genes were CDH1, FGF2, FGFR3, INHBA, IL33, S100B, and SCG2. The coefficients and partial likelihood deviance are shown in Figures 3C, D. The above mentioned seven genes were then subjected to Stepwise Cox regression analysis to look for independent prognostic markers, and we finally developed a model incorporating the following five genes: CDH1, FGFR3, INHBA, S100B, and SCG2 (Table 2). X-tile software was applied to figure out the appropriate cutoff value for the expression of the five genes based on the correlation between gene expression and overall survival (OS). Each gene was then defined to be in a low expression state (denoted by 0) or high expression state (denoted by 1) based on the cutoff value. Risk score = (-1.928) × CDH1 status + (-1.641) × FGFR3 status + 1.114 × INHBA status + (-1.871) × S100B status + 0.945 × SCG2 status


Table 2 | Cox regression analysis results.



Subsequently, TCGA cohort was divided into a low-risk group (n = 248) and high-risk group (n = 225) using the median risk score (-3.799) as the cutoff value.



Predictive Performance of the IRG-Based Prognostic Model

Figure 4A shows the risk score and survival status of each patient and the expression levels of the five candidate IRGs in TCGA cohort. The KM survival curve suggested that patients in the low-risk group had a significantly longer OS than those in the high-risk group (p < 0.0001, Figure 4B). The five IRG-based prognostic model predicted that the AUC values for 1-year, 3-year, 10-year, and 18-year postoperative survival rates were 0.76, 0.71, 0.76, and 0.98, respectively (Figure 4C).




Figure 4 | Construction and validation of risk scoring models. (A) Distribution of risk score, survival status, and the expression of five prognostic IRGs in TCGA training cohort. (B, C) OS curves for patients in different subgroups and AUCs in TCGA training cohort. Presentation of the above parameters in the GSE20685 validation cohort (D–F), in the SCHI validation cohort (G–I) and in the overall cohort (J–L). IRG, immune-related gene; AUC, area under the curve.



Figure 4D shows the risk score and survival status of each patient and the expression levels of the five candidate IRGs in the GSE20685 validation cohort. The KM survival curve suggested that patients in the low-risk group had a significantly longer OS than those in the high-risk group (p < 0.0001, Figure 4E). The five IRG-based prognostic model predicted that the AUC values for 1-year, 3-year, and 6-year postoperative survival rates were 0.81, 0.66, and 0.70, respectively (Figure 4F).

Figure 4G shows the risk score and survival status of each patient and the expression levels of the five candidate IRGs in the SCHI validation cohort. The KM survival curve suggested that patients in the low-risk group had a significantly longer OS than those in the high-risk group (p = 0.0021, Figure 4H). The five IRG-based prognostic model predicted that the AUC values for 1-year, 3-year, and 6-year postoperative survival rates were 0.78, 0.80, and 0.85, respectively (Figure 4I). The results of the overall cohort are shown in Figures 4J–L.



Independence Test and Subgroup Analysis

We included clinicopathological parameters in TCGA cohort (age, N_stage, T_stage, and Radiation treatment) and plotted a forest map of multivariate hazard regression analysis: age (HR: 1.0; p = 0.03) and risk score (HR: 7.4; p = 0.001) were independent risk factors (Figure 5A). In the SCHI validation cohort, age (HR: 1.19; p = 0.006), T_stage (HR: 16.06; p = 0.036), and risk score (HR: 25.86; p = 0.021) were independent risk factors (Figure 5B).




Figure 5 | Independence tests for risk scores. (A) Multivariate Cox regression risk forest plot in TCGA training cohort. (B) Multivariate Cox regression risk forest plot in SCHI validation cohort.



Subgroup analyses suggested that in TCGA cohort, for the AJCC stage subgroup, whether in the stage I-II subgroup (p = 0.02) or the stage III subgroup (p = 0.0019), the OS of low-risk patients was considerably longer than that of high-risk individuals (Figures 6A, B). For the T_stage subgroup, low-risk patients had a significantly longer OS than high-risk ones in both the T1-2 (p = 0.0024) and T3-4 subgroups (p = 0.013) (Figures 6C, D). Likewise, for the N_stage subgroup, low-risk patients had a significantly longer OS than high-risk ones in both the N1 (p = 0.00095) and N2-3 subgroups (p = 0.043) (Figures 6E, F). In the SCHI cohort, for the AJCC stage subgroup, whether in the stage I-II subgroup (p = 0.038) or the stage III subgroup (p = 0.031), the OS of low-risk patients was considerably longer than that of high-risk individuals (Figures 6G, H). For the T_stage subgroup, low-risk patients had a significantly longer OS than high-risk ones in the T1-2 subgroup (p = 0.025, Figure 6I); however, there was no statistically significant difference in the T3-4 subgroup (p = 0.13, Figure 6J). Likewise, for the N_stage subgroup, low-risk patients had a significantly longer OS than high risk ones in both the N1 (p = 0.033) and N2-3 subgroups (p = 0.04) (Figures 6K, L).




Figure 6 | Subgroup analysis of risk score predictive ability. (A–F) TCGA training cohort. (G–L) SCHI validation cohort. (A, G) AJCC stage I-II. (B, H) AJCC stage III. (C, I) pT1-2. (D, J) pT3-4. (E, K) pN1. (F, L) pN2-3.





Nomogram Establishment

Multivariate cox regression risk forest plots for age, T_stage, N_stage, MATH, TMB, and risk score in the TCGA cohort showed that age (HR=1.04, p=0.028) and risk score (HR=6.82, p=0.002) were independent risk factors for OS (Figure 7A). We integrated the risk score with age to plot a nomogram to build a quantitative approach for OS prediction and it exhibited excellent predictive performance with its C-index being 0.796 (0.714–0.878) (Figures 7B–E).




Figure 7 | Predictive nomogram construction. (A) Hazard ratio and p‐value of the clinicopathological factors and risk scores involved in multivariate Cox regression in the TCGA cohort. (B) Nomogram to predict the 5-year, 10-year, and 20-year overall survival rate of patients with stage N+M0 BRCA. (C–E) Calibration curve for the nomogram. BRCA, breast cancer.





Correlation of IRG-Based Risk Scores With Immune Microenvironment and Clinical Characteristics

The correlation between immune infiltration and risk scores in patients with stage N+M0 BRCA was the first to be analysed. The results indicated that risk score was positively correlated with the proportion of infiltrated naive CD8+ T cells (r = 0.19, p < 0.001) and macrophages (r = 0.13, p < 0.05), but negatively correlated with the proportion of exhausted cells (r = -0.08, p < 0.05), Th1 cells (r = -0.11, p < 0.05), Th2 cells (r = -0.17, p < 0.001), Tfh cells (r = -0.07, p < 0.05), and CD8+ T cells (r = -0.21, p < 0.001), which had infiltrated (Figures 8A, B).




Figure 8 | Correlation of risk scores with immune microenvironment and Clinical characteristics. (A) Correlation between the expression of IRGs and the proportions of immune cell infiltration. (B) Comparison of the proportions of immune cell infiltration between risk score subgroups. (C–E) Expression of the five candidate genes in different clinical subgroups (age, T-stage, N-stage) IRG, immune-related gene. *, **, *** and expanded form of "ns" denote p<0.05, p<0.01, p<0.001, and p≥0.05, respectively.



We next demonstrated a correlation between the expression of prognostic IRGs (CDH1, FGFR3, INHBA, S100B, and SCG2) and immune infiltration (Figure 8A). CDH1 expression was found to be inversely associated with Tfh cell infiltration fraction (r = -0.25, p < 0.001). FGFR3 expression correlated inversely with the abundance of nTreg (r = -0.28, p < 0.001). The expression level of INHBA was inversely correlated with the infiltration fraction of CD8+ T cells (r = -0.4, p < 0.001). SCG2 expression correlated inversely with the infiltration fraction of Th1 cells (r = -0.34, p < 0.001). Additionally, S100B expression was found to be positively associated with B_cell infiltration fraction (r = 0.54, p < 0.001).

Next, we compared the expression of candidate IRGs in subgroups with different clinical characteristics, suggesting that S100B expression was considerably lower (p < 0.001) in elderly patients (>60 years); the expression of CDH1 (p < 0.01) and S100B (p < 0.05) was correlated with T_stage. Furthermore, the expression of CDH1 (p < 0.01) and INHBA (p < 0.05) in the N_stage subgroups was considerably different (Figures 8C–E)



Risk Scores in the Prediction of Tumour Microenvironment and Immunotherapies

The matrix and immunological scores in the immune microenvironment were calculated using the ESTIMATE program. Although the risk score did not have a significant correlation with ImmuneScore, it did have a significant positive correlation with ESTIMATEScore (r = 0.19, p < 0.001) and StromalScore (r = 0.31, p < 0.001), and the low-risk score group had significantly lower ESTIMATEScore (p < 0.01) and StromalScore (p < 0.0001) than the high-risk score group (Figures 9A, B).




Figure 9 | Tumour microenvironment and immunotherapy prediction. (A, B) Association of risk score and tumour microenvironment. (C, D) TIDE scores in different risk score subgroups. TIDE, Tumour Immune Dysfunction and Exclusion. *, **, ***, **** and expanded form of "ns" denote p<0.05, p<0.01, p<0.001, p<0.0001, and p≥0.05, respectively.



The response to immune checkpoint inhibitors was then assessed in subgroups based on risk scores, using the TIDE tool. Patients with a high-risk score had a significant higher TIDE score than those with low risk score (p < 0.05, Figures 9C, D).



Construction of the lncRNA-miRNA-mRNA Network

As described above (Figures 8D, E), CDH1 expression is correlated with both T_stage and N_stage. As a hub gene (Figure 3A), CDH1 might play a crucial role in the progression of BRCA. To elucidate the potential molecular mechanisms of CDH1 in BRCA, a lncRNA‒miRNA‒mRNA interaction network was constructed. miR-9-5p was identified as a targeted miRNA that binds to CDH1 based on ENCORI, miRTarBase, TargetScan, and TarBase data (Figure 10A). CDH1 expression correlated positively with the expression level of miR-9-5p in TCGA BRCA cohort (r = 0.117, p = 1.06e-04, Figure 10A). miR-9-5p was upregulated in the tumour samples (p = 0.019), and the BRCA patients with high miR-9-5p levels had significantly shorter OS (p = 0.0019) (Figure 10A).




Figure 10 | CeRNA network construction. (A) MiRNAs predicted by ENCORI, miRTarBase, TargetScan, and TarBase, and has-miR-9-5p expression level and prognostic value. (B) LncRNAs predicted by ENCORI and LncBase Experimental, and lncRNA KCNQ1OT1/LINC00665/TUG1 expression level and prognostic value. (C) The network of lncRNA–miRNA–mRNA. ceRNA, competing endogenous RNA.



We constructed a lncRNA-miRNA-mRNA axis based on the outcome above and its upstream lncRNA targets. The lncRNAs KCNQ1OT1, LINC00665, and TUG1 were defined as targets, and the expression level of miR-9-5p was positively correlated with those of LINC00665 (r = 0.142, p = 2.77e-06) and TUG1 (r = 0.106, p = 4.56e-04) (Figure 10B). LINC00665 was up-egulated in the tumour samples (p = 6.8e-27), the expression levels of the above lncRNAs did not correlate with OS (Figure 10B). Figure 10C demonstrates the ceRNA network. The regulatory axis of the lncRNA KCNQ1OT1-LINC00665-TUG1/miR-9-5p/CDH1 may be crucial in the evolution of BRCA.




Discussion

The occurrence and development of many types of malignancies are associated with disorders of the immune system. IRG activation has been shown in some studies to diminish BRCA recurrence in patients with BRCA (22). Previous studies have shown that immune-related prognostic markers are mostly associated with TILs (23–25). With the development of bioinformatics in recent years, we can now quantify TILs by determining gene expression. In BRCA, models based on TILs have been developed to predict patient prognosis and drug efficacy (26–29). However, the role of IRGs in N+M0 BRCA before this study was unclear; hence, we investigated the role of IRGs in N+M0 BRCA. We first elucidated the expression of IRGs in N+M0 BRCA. We identified 423 differentially expressed IRGs. We constructed an IRG prognostic risk scoring model, according to RNA-seq and clinical data of patients with stage N+M0 BRCA in TCGA, and it enabled us to accurately differentiate patient prognosis based on these criteria. Immunotherapy may be more beneficial to those with a low-risk score. Immune cell infiltration and tumour microenvironment differed significantly between the two risk score subgroups. Age and IRG-based risk score were independent factors affecting N+M0 BRCA patient prognosis. These factors were included in a prognosis nomogram. We also constructed a regulatory axis of the ceRNA network to explore the mechanism of the progression of BRCA.

We first identified the differentially expressed IRGs from breast cancer tissues versus paired normal tissues in the TCGA database, and we considered that screening for DEGs between such paired samples might reduce the bias from individual differences. The protein-protein interaction analysis suggested that CDH1 is a hub gene. Apart from PI3K-Akt and MARK, differentially expressed IRGs were mainly enriched in pathways associated with inflammatory responses and immune responses, including IL-17, T cell receptor, NF-kappa B, and PD-L1 expression. These results indicate that cellular immunity may have a significant impact on the occurrence and progression of BRCA. As a cancer suppressor gene coding for E-cadherin and a type of calcium-dependent cell adhesion protein, CDH1 plays a role in regulating cell adhesion, proliferation, and migration. Hence, CDH1 dysfunction can promote certain biological behaviours of cells, such as invasion and metastasis. Mutation of this gene is closely associated with BRCA, rectal cancer, and other cancer types, and the expression of CDH1 is downregulated in various tumour tissues (30, 31). Jian et al. (32) confirmed that methylation in the CDH1 gene promoter region might cause a reduction in CDH1 expression, and BRCA patients with lower CDH1 expression were more prone to lymph node metastasis and experienced lower OS rate and shorter disease-free survival. The protein encoded by the FGFR3 gene corresponds to an important component of the fibroblast growth factor receptor family that binds to fibroblast growth factor and plays a key role during overall skeletal maintenance as well as development. Aberrant expression of FGFR3 is also commonly observed in various cancers and can directly or indirectly activate various downstream signalling pathways, such as the FGFR3 signalling pathway (33), PI3K-AKT signalling pathway (34), and RAS/RAF/MEK/MAPK pathway (35), which are key mediators of malignant tumorigenesis and progression. According to TCGA and GTEx data, FGFR3 is significantly upregulated in breast tumours. In addition, FGFR3 activation can make BRCA cells less sensitive to drugs, such as fulvestrant and tamoxifen (36), and thus FGFR3 can be a candidate therapeutic target (37). S100B encodes S100 calcium-binding protein B, a molecule associated with tumour metastasis and progression, which regulates the proliferation and metabolism of cancer cells through physical interactions with other molecules. For example, overexpression of S100B leads to enhanced migration and invasion of lung cancer cell lines, thereby promoting brain metastasis (38). Serum S100B and S100B autoantibodies are biomarkers of lung cancer brain metastasis (39). In melanoma, serum S100B concentration was positively correlated with tumour stage and negatively correlated with survival rate (40). Furthermore, elevated serum S100B levels were associated with melanoma metastasis, and lower serum S100B levels were associated with improved survival (41). In the present study, S100B was downregulated in BRCA tissues, which was also corroborated by Yen et al. (42), who also noted that a higher S100B expression predicted good OS in ER-negative BRCA patients and longer metastasis-free survival in all BRCA patients. The expression levels of INHBA and SCG2 in this model were negatively correlated with OS in BRCA patients, and the INHBA gene encodes a member of the transforming growth factor beta superfamily. This gene is significantly overexpressed in BRCA tissues and its high expression status in a variety of tumours, such as colon cancer (43), oesophageal squamous cell carcinoma (44), lung adenocarcinoma (45), and bladder and uroepithelial carcinoma (46), suggests a poor prognostic outcome. SCG2 is a member of neuroendocrine proteins, whose important functions include promoting neointima formation and enhancing endothelial angiogenesis (47). Cury et al. (48) found that SCG2 could be an important indicator to differentiate the progression and prognosis of NSCLC patients.

The expression of five IRGs was subsequently used to build a prognostic risk score model. Similar attempts have been made in studies on tumours, such as BRCA, cervical cancer, osteosarcoma, and Ewing sarcoma (16, 18, 19, 49–54). For example, Zhu et al. (16) and Zhao et al. (18) constructed 12- and 27-gene models of IRGs to predict the prognosis of BRCA patients, respectively. Wang et al. (49) constructed a 5-gene IRG prognostic model for triple-negative breast cancer (TNBC) patients, while Yang et al. (50) combined both hypoxia and immune genes to construct a 6-gene composite prognostic model for the triple-negative subgroup. Tian et al. (19) used an 8-gene IRG model to predict BRCA recurrence, and Tan et al. (51) used a 9-gene IRG model to predict preoperative axillary lymph node metastasis in TNBC. Compared to the above studies, we made the first attempt in N+M0 stage BRCA, and the number of included IRGs was minimal, while ensuring the predictive efficacy of the model, which allowed for a more simplified model. S100B and SCG2 have been reported in the above models, while CDH1, FGFR3, and INHBA are specific to this cohort, which may be related to the characteristics of patients with stage N+M0 BRCA and to the fact that we filtered out some low-expressed genes to facilitate model application and promotion. We also validated the performance of this model using the training and validation cohorts. The results indicated considerable statistical differences in OS between the different risk score subgroups of stage N+M0 BRCA patients and that high risk scores resulted in a higher incidence of patient fatalities. Although the SCHI validation cohort was followed up for 3329 days at most (markedly less than the maximum 8556 days of follow-up for TCGA training cohort), the prognostic model satisfactorily predicted the 1-year, 3-year, and 6-year OS. We also intend to validate the long-term prognostic performance of the model with 10-year or even 20-year follow-up data. Risk score was found to be an independent prognostic factor for individuals with stage N+M0 BRCA in multivariate COX regression analyses. Subgroup analyses suggested that regardless of clinical staging (AJCC stage I-II vs. AJCC stage III), tumour size (pT1-2 vs. pT3-4) or the number of lymph node metastases (pN1 vs. pN2-3), risk score was always an effective tool for forecasting the OS of patients with stage N+M0 BRCA. To further improve the predictive performance, we used mutation data of TCGA cohort to calculate the TMB and MATH of each patient with stage N+M0 BRCA. Previous research has found that cancer patients with high TMB have a better survival (55–57), and MATH is a new approach to characterize intra-tumour heterogeneity. Multiple studies have suggested that high MATH values are correlated with poor cancer prognosis (58–60). Unfortunately, TMB and MATH were not shown to be independent predictive factors in the study; therefore, we integrated age and risk score into the plotted nomogram. The model performed satisfactorily in predicting the 5-year, 10-year, and even 20-year OS, according to the validation results.

Another major finding is that the proportion of TILs in tumour tissue correlated significantly with the expression levels of the five IRGs in the model. In addition, the relationship between risk score and tumour microenvironment further confirmed the role of IRGs in the tumour microenvironment. Immune checkpoint inhibitors may benefit individuals with malignant tumours, including metastatic BRCA, and immunotherapy is becoming a novel treatment option. The level of immune checkpoint molecules (e.g. CTLA4, PD-L1, and PD-1) has been used as a biomarker for predicting immunotherapy efficacy (61, 62). TIDE is a new algorithm that efficiently predicts the efficiency of immune checkpoint inhibitors by combining the two mechanisms of tumour immune escape (rejection reaction and immune dysfunction), outperforming single markers (21). Given the above, we evaluated the efficacy of immunotherapies, demonstrating that immunotherapies may be more beneficial to patients with low risk scores.

When analysing the relationship between IRGs and clinical staging, we noticed that CDH1, as a hub gene, has a correlation with both T_stage and N_stage; its coefficient in the model was up to 1.928, suggesting that CDH1 contributed most to the risk score and might be closely associated with the progression of BRCA. To explore the mechanism by which CDH1 regulates BRCA progression, we constructed a lncRNA-miRNA-mRNA network and established a lncRNA KCNQ1OT1-LINC00665-TUG1/miR-9-5p/CDH1 regulatory axis after strict filtering. Bandini et al. (63) suggested that miR-9-5p can inhibit BRCA cell proliferation by negatively regulating the androgen receptor, whereas TUG1 can regulate EIF5A2 expression by endogenous competition with miR-9-5P, thereby regulating the sensitivity of BRCA cells to doxorubicin (64). Moreover, via modulating miR-379-5p/LIN28B, LINC00665 can promote BRCA cell proliferation, invasion, and migration (65). miR-107 can be regulated by lowering the expression of KCNQ1OT1 to inhibit BRCA cell proliferation and migration (66). Furthermore, we discovered that miR-9-5p correlated with the prognosis of BRCA patients. These lines of evidence suggest that the lncRNA KCNQ1OT1-LINC00665-TUG1/miR-9-5p/CDH1 regulatory axis might play a crucial role in BRCA development. Therefore, additional research is required to validate this finding.

This study has several limitations. First, given that BRCA is a typical multigenic disease, the constructed prognostic model based only on IRGs has an inherent bias. Second, because the clinical data of TCGA training cohort did not include data on molecular subtyping, further studies need to be conducted to confirm whether the predictive performance of the model changes with different molecular subtypes. Finally, the regulatory axis of the ceRNA network needs to be validated in vitro and in vivo, and we are currently conducting studies on the mechanisms involved in the effects of miR-9-5p expression levels on the development and prognosis of breast cancer.

In summary, we developed a five-IRG prognostic scoring model via comprehensive and systemic bioinformatics investigation. The results of the SCHI validation cohort suggested that regardless of clinical staging, tumour size, or the number of lymph node metastases, this model demonstrated good predictive performance in forecasting the prognosis of patients with stage N+M0 BRCA and can determine the sensitivity of patients to immunotherapies, which will be conducive for developing personalised therapeutic strategies and inspiring the research and development of new medications. Our study results also confirmed that the lncRNA KCNQ1OT1-LINC00665-TUG1/miR-9-5p/CDH1 regulatory axis might play an essential role in BRCA progression. Further studies are required to verify these results.
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Triple-negative breast cancer has no specific treatment and unfavorable prognosis. Eribulin is one of the drugs widely used in this cohort of patients. In addition to its antimitotic effect, eribulin has an immunomodulant effect on the tumor microenvironment. In this study, we discover immunological markers, such as tumor-infiltrating lymphocytes, CD8+, CD4+, FoxP3+, CD20+ lymphocytes, and their PD1 positivity or negativity, with the ability to predict benefits from eribulin within locally advanced or metastatic triple-negative breast cancer. The primary objective was to explore the association of composition of immune cells in the microenvironment with response to eribulin. The key secondary objective was overall survival. Seven-color multiplex immunofluorescence was used to phenotype lymphocytes in the primary tumor. It has been shown that the PD1-negative-to-PD1-positive B cells ratio in primary tumors more than 3 is an independent predictor of the short-term effectiveness of eribulin [OR (95%CI) 14.09 (1.29-153.35), p=0.0029] and worse overall survival [HR (95%CI) 11.25 (1.37-70.25), p=0.0009] in patients with locally advanced or metastatic triple-negative breast cancer.




Keywords: triple negative breast cancer, eribulin response, tumor microenvironment, B cell, overall survival



Introduction

The main cytotoxic mechanism of action of eribulin mesylate (eribulin) is the stoppage of cell division by inhibiting the elongation of microtubules (1). It should be noted that the mechanism of action of eribulin differs from that of other antimitotic agents, such as taxanes or derivatives of vinca alkaloids (2). Eribulin binds to the ends of microtubules and inhibits their polymerization. Taxanes, on the other hand, act inside microtubules and cause their superstabilization (i.e., forced elongation). The advantage of this mechanism of action still remains unclear (3). In addition to the antimitotic mechanism of action of eribulin, there are other mechanisms of action. Thus, experimental models and cell cultures have shown eribulin-mediated suppression of the epithelial-mesenchymal transition (EMT) of tumor cells (4), as well as stimulation of vascular tumor remodeling (5). The effects of eribulin on the tumor microenvironment have also been described. The most common indicator for monitoring the immune response, i.e., the percentage of tumor-infiltrating lymphocytes (TIL) in the tumor stroma, has been described as a prognostic factor and predictor of eribulin effectiveness. Thus, patients with triple-negative breast cancer who have a high TIL level demonstrated a significantly longer relapse-free survival than patients with low TILs, while no significant differences in the duration of relapse-free survival regardless of the molecular genetic type of BC or in patients with BC other than triple-negative type were found (6). The effect of eribulin on PD-L1 status and expression of lymphocytic markers was demonstrated. Eribulin response was significantly associated with a change in the pattern of expression of PD-L1 and FoxP3 to the opposite (7). Evidence that a possible mechanism of the antitumor action of eribulin is the modification of the tumor microenvironment allows us to consider the parameters of the microenvironment as possible predictors of eribulin response. The aim of the study was to identify immunological predictors of eribulin response and overall survival among locally advanced or metastatic triple-negative breast cancer patients.



Methods


Study Design and Participants

In an open retrospective, multicenter, observational, non-randomized study 30 triple-negative breast cancer (TNBC) patients were enrolled and treated with eribulin at the Cancer Research Institute (Tomsk National Research Medical Center), St. Petersburg Clinical Scientific and Practical Center of Specialized Types of Medical Care (Oncological), Sverdlovsk Regional Oncological Dispensary, Altai Regional Oncology Center, Irkutsk Regional Oncological Dispensary, State Budgetary Healthcare Institution “City Clinical Oncology Center” (St. Petersburg). All patients gave written consent (clause 3, article 13 of the Federal Law of the Russian Federation No. 323-FZ dated November 21, 2011). The study was approved by the local ethics committee of the Tomsk NRMC Institutional Review Board (No. 7 dated April 01, 2019). Inclusion criteria: age of patients over 18 years; histological verification of the non-specific invasive breast carcinoma, triple-negative subtype, prior therapy by anthracyclines and taxane drugs in an adjuvant or metastatic treatment regimen. Cohort 1 included patients with long-term response to eribulin therapy (progression-free survival (PFS) >6 months, median 9 months) (n=18) and cohort 2 included patients with a short-term response to eribulin therapy (PFS <3 months, median 2 months) (n=12) (Figure 1). All patients received eribulin for advanced disease (1.4 mg/m2, 1 and 8 d of every 21-day cycle) until adverse events or progression or until death. Age, histological grade, primary tumor size, stage, and time to progression or death were obtained from the clinic–pathologic and outcome data.




Figure 1 | Study design.





Histological Evaluation

Quantification of tumor-infiltrating lymphocytes (TILs) in tumor samples was performed using the recommendations published by TILs International Working Group 2018 (8). The cut-off value of TILs was 50% to define low and high TILs.



Immunofluorescence Multiplex Assay Using Tyramide Signal Amplification

Analysis of the subpopulation composition of TILs and their expression of PD1 and PD-L1 proteins was performed by Immunofluorescence Multiplex Assay using Tyramide Signal Amplification. Immunostainer Bond RXm (Leica, Germany) was used to perform the multiplex staining protocol. Design and validation of protocol were performed according to recommendation (9). The following panel of antibodies were used: anti-human CD3 (Dako, Polyclonal), anti-human CD8 (Dako, C8/144B), anti-human CD20 (Dako, L26), anti-human PD1 (Abcam, NAT105), anti-human FOXP3 (Cell Marque, EP340), anti-human PD-L1 (Ventana, SP142). Tissue sections were counterstained with DAPI and mounted (Prolong antifade, Thermo Fisher Scientific, Waltham, MA, USA). The automated quantitative imaging system Vectra® 3.0 (Akoya Biosciences, Marlborough, Massachusetts, USA) was used to acquire images. Whole slides were scanned at × 4 magnification and multispectral images of regions of interest (ROIs) were obtained at × 10 magnification. The number of ROIs per slide was 10. InForm® software (Akoya Biosciences, USA) was used to perform image analysis. In each sample, images of the entire specimen were analyzed, except for areas with artificial staining or poor quality. The following cells were identified in the microenvironment: cytotoxic lymphocytes (CTL) – CD3+CD8+, T-helper lymphocytes (Th cell) – CD3+CD8-, T regulatory lymphocytes (Treg) – CD3+FoxP3+ and B lymphocytes – CD3-CD20+. PD1 expression was evaluated in each cell type. The number of cells was calculated as % of all TILs. PD-L1 expression in ICs was scored in the IHC simulation regimen according to published guidelines (10). Evaluation of TILs by MIF was performed as described (11).



Statistical Analysis

To compare the differences in independent nonparametric variables between two groups we used the Mann-Whitney test. For categorical variables, Fisher’s exact test was used. ROC analysis was used to assess the predictive effectiveness of the marker (the area under the curve (AUC) and 95% confidence interval (95%CI), as well as the values of sensitivity and specificity, were calculated). The predictive significance of the parameters was assessed using univariate and multivariate regression analysis (Odds ratios (ORs) and 95%CI were calculated). Univariate and multivariate Cox-regression was used to compute Hazard Ratio (HR) and 95%CI for each variable. Overall survival (OS) was defined as the date of death and patients still alive were censored at the date of the last visit. Kaplan-Meier method was used to establish survival curves. The Kaplan–Meier estimates are provided together with bootstrap confidence intervals (1000 samples). All p-values were two-sided, and values less than 0.05 were considered significant. Statistical analysis was performed using Prism 9 (GraphPad, USA) and Statistica 12.0 (StatSoft, USA) software.




Results


Patient Characteristics

Thirty TNBC patients were enrolled. Clinic-pathological characteristics by each cohort are given in Table 1. Patients with short-term and long-term responses to eribulin were comparable by clinical characteristics and pathological tumor parameters (Table 1).


Table 1 | Patient characteristics (N=30, TNBC).





Evaluation of TILs and PD-L1 Status

No significant difference was found in TIL levels depending on eribulin response. TIL levels in the long-term response cohort was 27.95 (13.60-45.08) and in short-term response cohort 23.87 (5.09-43.95) (p=0.4584). Also, eribulin response had no association with PD-L1 status (cut-off 1%). In the long-term response cohort 44.4% (8/18) of cases were PD-L1 positive and the in short-term response cohort – 50.0% (6/12) (p>0.9999).



Immune Cells Phenotyping

We identify four subpopulations of immune cells: cytotoxic lymphocytes (CTL), T regulatory (Treg) lymphocytes, T helper (Th) lymphocytes, and B lymphocytes (Figure 2). Each cell was characterized by PD1 expression. No cell subpopulation frequencies or PD1 expression in examined lineage were found associated with eribulin response in TNBC. CTL, T cell, and Treg were found in all cases. B lymphocytes were found in cohort 1 in 88.8% (16/18) of cases and in cohort 2 in 100% (12/12) of cases, p=1.000).




Figure 2 | Composition of cytotoxic lymphocytes (CTL – CD3+CD8+), T regulatory (Treg – CD3+FoxP3+) lymphocytes, T-helper (Th – CD3+CD8-) lymphocytes, and B lymphocytes (CD3-CD20+) in the tumor microenvironment of TNBC patients. TC – tumor cell. Seven-color immunofluorescence, magnification 200x.



The number of examined subsets of lymphocytes did not differ depending on eribulin response (Table 2).


Table 2 | The number of immune cell subsets depending on eribulin response, Me (Q1-Q3).



We also evaluated cellular ratios to evaluate for eribulin response-related shifts (Figure 3) and identified a reduction in PD1-neg/PD1-pos B cell ratios in the long-term response cohort.




Figure 3 | PD1-neg/PD1-pos cell ratio of cells in tumor microenvironment depending on the response of patients to eribulin therapy.



It was shown that PD1-neg/PD1-pos B cell ratios were higher in the short-term eribulin response cohort versus the long-term eribulin response cohort (6.82 (2.83-20.94) and 1.65 (0.49-2.49), respectively, p=0.0008). To assess the predictive value of PD1-neg/PD1-pos B cell ratio and cut-off, ROC analysis was performed (Figure 4).




Figure 4 | The ROC curve of the PD1-neg/PD1-pos B cell ratio for predicting eribulin response.



The PD1-neg/PD1-pos B cell ratio cut-off value was 3 (area under the ROC curve [AUC], 0.85 (95% CI 0.70-0.99; p=0.0013) with 75.0% sensitivity and 83.3% specificity. In patients who had PD1-neg/PD1-pos B cell ratio in the primary tumor tissue more than 3 in 75.0% (9/12) of cases, short-term eribulin response was observed, while in patients less than 3 in 16.6% (3/18) of cases the short-term effect was registered (p=0.0024). So, the relative risk of a short-term eribulin response, if PD1-neg/PD1-pos B cell ratio is more than 3, was 3.33 (95% CI 1.47-9.51). Univariate and multivariate logistic regressionanalysise was used to assess the predictive value of clinic, pathologic, and immunologic parameters (Figure 5). The parameters studied have been consistently tested as predictors of eribulin therapy effectiveness in univariate regression analysis. Subsequently, all parameters that showed their statistical significance were included in multivariate analysis to confirm predictive consistency.




Figure 5 | Univariate and multivariate regression analysis clinic, pathologic and immunologic parameters to short-term eribulin response prediction in locally advanced or metastatic triple-negative breast cancer patients. Horizontal bars represent the 95% confidence intervals (CI) of Odds ratios. Statistically significant variables are shown in purple.



Univariate regression analyses revealed an effect on the short-term eribulin response prediction of the menopause, T3-4, and PD1-neg/PD1-pos B cell ratio of more than 3. However, in multivariate analysis only PD1-neg/PD1-pos B cell ratio of more than 3 was an independent predictive factor (p=0.0029).



Overall Survival Analysis

Univariate Cox-regression analysis revealed an association of T3-4 (p=0.0400) and PD1-neg/PD1-pos B cell ratio >3 (p=0.0028) with worse overall survival (Table 3). But in multivariate analysis only PD1-neg/PD1-pos B cell ratio >3 (p=0.0009) was an independent prognostic factor for worse overall survival in TNBC patients.


Table 3 | Univariate and multivariate Cox-regression analysis of overall survival in patients with locally advanced or metastatic triple-negative breast cancer.



Patients who had PD1-neg/PD1-pos B lymphocyte ratio >3 in primary tumor had significantly worse OS. Survival rate in PD1-neg/PD1-pos B lymphocyte ratio >3 was 21% versus 87% in PD1-neg/PD1-pos B lymphocyte ratio ≤3 (p=0.0028) (Figure 6).




Figure 6 | Kaplan–Meier survival plot showing the overall survival of TNBC patients in the cohort stratified by eribulin response. The estimated overall survival values are provided together with bootstrap confidence intervals (dotted line).






Discussion

The search for additional criteria for predicting the effectiveness of eribulin therapy in patients with breast cancer is urgent. In our study, we evaluated the predictive significance of immunological parameters of the tumor microenvironment as markers of the therapeutic effectiveness of eribulin in patients with locally advanced or metastatic triple-negative breast cancer. It is known that a high level of TILs in patients with triple-negative breast cancer is associated with better overall survival and disease-free survival (12). Moreover, a similar relationship is valid for TILs expressing PD-1. It is believed that the expression of PD1 indicates an increased immunological antitumor activity and is a favorable prognostic marker (13). However, in our study, the level of TILs did not differ in patients with a long-term and short-term response to eribulin therapy, just as the frequency of occurrence of various subpopulations of lymphocytes did not differ, the ratio of PD1-negative to PD1-positive B lymphocytes was important. PD1-negative-to-PD1-positive B cells ratio of more than 3 in the primary tumor was an independent predictor of a short-term response to eribulin therapy in patients with locally advanced or metastatic triple-negative breast cancer. Results show that patients with short-term eribulin response have more negative B lymphocytes in the primary tumor. At the same time, the total number of B lymphocytes was comparable. This characteristic preceded treatment with eribulin, which means that a low level of PD1 negative B lymphocytes is a necessary condition for the implementation of the mechanisms of immunomodulation with eribulin. It has been shown that PD1 expression accompanies the activation of B cells. However, it is known that PD-1 is a negative regulator of B-cell proliferation, differentiation, and isotype class switch (14). In addition, it has been shown that PD-1/PD-L1 blockade restores IL-6 production and B-cells proliferation (15), i.e., PD-1 negative B cells are immature, more proliferating, not susceptible to PD-L1/PD1 blockade, and may ultimately lead to successful type 2 immune response.

Type 2 immune response-associated cytokines have also been shown to stimulate chronic inflammation and diminished antitumor responses (16). Current data suggest that tumor-infiltrating B cells are a favorable prognostic biomarker in breast cancer (17). In our study, the ratio of PD-1 negative to PD-1 positive B lymphocytes was decisive. Our study shows that when there are many such B cells, eribulin is more likely to be ineffective and the overall survival in a cohort of such patients will be worse. Considering that one of the proposed mechanisms of eribulin is the conversion of PD-L1 expression, that is, the effect is very similar to the effect of PD-1/PD-L1 inhibitors, then against the background of a high level of PD-1 negative B cells, eribulin will not be effective, since B cells are unable to perceive the PD-L1 signal. The identification of such cells could potentially be useful in predicting the effectiveness of immunotherapy, for example, immune checkpoint inhibitors. If we imagine that a patient with a high level of PD-1 negative B cells in the tumor is prescribed inhibitors of immune checkpoints, then the effectiveness will be low.

In this study, we identify a potential simple predictive marker of eribulin response and overall survival in locally advanced or metastatic triple-negative breast cancer patients. But the study was performed on a small cohort of patients and for the clinical application of these results it would be useful to expand the number of observations. Nevertheless, the presented results allow us to think about the fundamental mechanisms of eribulin action and prove the existing immune-related mechanisms.



Conclusions

PD1-negative-to-PD1-positive B cells ratio in primary tumor more than 3 is an independent predictor of the short-term effectiveness of eribulin and worse overall survival in patients with locally advanced or metastatic triple-negative breast cancer.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Tomsk NRMC Institutional Review Board (No. 7 dated April 01, 2019). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

LT: Methodology, study design, obtaining data, analyzing the data, 34Writing—Original Draft Preparation; NP, AK, VG, EK, EA, AM, DP, NL, ER, SK, and MZ: Provided patients’ data; VP: Writing—Review and Editing. All authors have read and agreed to the published version of the manuscript.



Funding

The study was supported by Eisai LLC grant. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article or the decision to submit it for publication.



References

1. Kuznetsov, G, Towle, MJ, Cheng, H, Kawamura, T, TenDyke, K, Liu, D, et al. Induction of Morphological and Biochemical Apoptosis Following Prolonged Mitotic Blockage by Halichondrin B Macrocyclic Ketone Analog E7389. Cancer Res (2004) 64(16):5760–6. doi: 10.1158/0008-5472.CAN-04-1169

2. Jordan, MA, and Wilson, L. Microtubules as a Target for Anticancer Drugs. Nat Rev Cancer (2004) 4(4):253–65. doi: 10.1038/nrc1317

3. Hüsemann, LC, Reese, A, Radine, C, Piekorz, RP, Budach, W, Sohn, D, et al. The Microtubule Targeting Agents Eribulin and Paclitaxel Activate Similar Signaling Pathways and Induce Cell Death Predominantly in a Caspase-Independent Manner. Cell Cycle (Georgetown Tex.) (2020) 19(4):464–78. doi: 10.1080/15384101.2020.1716144

4. Yoshida, T, Ozawa, Y, Kimura, T, Sato, Y, Kuznetsov, G, Xu, S, et al. Eribulin Mesilate Suppresses Experimental Metastasis of Breast Cancer Cells by Reversing Phenotype From Epithelial-Mesenchymal Transition (EMT) to Mesenchymal-Epithelial Transition (MET) States. Br J Cancer (2014) 110(6):1497–505. doi: 10.1038/bjc.2014.80

5. Funahashi, Y, Okamoto, K, Adachi, Y, Semba, T, Uesugi, M, Ozawa, Y, et al. Eribulin Mesylate Reduces Tumor Microenvironment Abnormality by Vascular Remodeling in Preclinical Human Breast Cancer Models. Cancer Sci (2014) 105(10):1334–42. doi: 10.1111/cas.12488

6. Kashiwagi, S, Asano, Y, Goto, W, Takada, K, Takahashi, K, Noda, S, et al. Use of Tumor-Infiltrating Lymphocytes (Tils) to Predict the Treatment Response to Eribulin Chemotherapy in Breast Cancer. PLos One (2017) 12(2):e0170634. doi: 10.1371/journal.pone.0170634

7. Goto, W, Kashiwagi, S, Asano, Y, Takada, K, Morisaki, T, Fujita, H, et al. Eribulin Promotes Antitumor Immune Responses in Patients With Locally Advanced or Metastatic Breast Cancer. Anticancer Res (2018) 38(5):2929–38. doi: 10.21873/anticanres.12541

8. Dieci, MV, Radosevic-Robin, N, Fineberg, S, van den Eynden, G, Ternes, N, Penault-Llorca, F, et al. … International Immuno-Oncology Biomarker Working Group on Breast Cancer Update on Tumor-Infiltrating Lymphocytes (Tils) in Breast Cancer, Including Recommendations to Assess Tils in Residual Disease After Neoadjuvant Therapy and in Carcinoma In Situ: A Report of the International Immuno-Oncology Biomarker Working Group on Breast Cancer. Semin Cancer Biol (2018) 52(Pt 2):16–25. doi: 10.1016/j.semcancer.2017.10.00

9. Sun, Z, Nyberg, R, Wu, Y, Bernard, B, and Redmond, WL. Developing an Enhanced 7-Color Multiplex IHC Protocol to Dissect Immune Infiltration in Human Cancers. PLos One (2021) 16(2):e0247238. doi: 10.1371/journal.pone.0247238

10.Ventana Pd-L1 (Sp142) Assay Interpretation Guide (2019). Available at: https://diagnostics.roche.com/content/dam/diagnostics/us/en/resource-center/VENTANA-PD-L1-(SP142)-Assay-Interpretation-Guide.pdf (Accessed 15 Dec 2020).

11. Sanchez, K, Kim, I, Chun, B, Pucilowska, J, Redmond, WL, Urba, WJ, et al. Multiplex Immunofluorescence to Measure Dynamic Changes in Tumor-Infiltrating Lymphocytes and PD-L1 in Early-Stage Breast Cancer. Breast Cancer Res: BCR (2021) 23(1):2. doi: 10.1186/s13058-020-01378-4

12. Gao, G, Wang, Z, Qu, X, and Zhang, Z. Prognostic Value of Tumor-Infiltrating Lymphocytes in Patients With Triple-Negative Breast Cancer: A Systematic Review and Meta-Analysis. BMC Cancer (2020) 20(1):179–94. doi: 10.1186/s12885-020-6668-z

13. Brockhoff, G, Seitz, S, Weber, F, Zeman, F, Klinkhammer-Schalke, M, Ortmann, O, et al. The Presence of PD-1 Positive Tumor Infiltrating Lymphocytes in Triple Negative Breast Cancers is Associated With a Favorable Outcome of Disease. Oncotarget (2017) 9(5):6201–12. doi: 10.18632/oncotarget.23717

14. Nishimura, H, Minato, N, Nakano, T, and Honjo, T. Immunological Studies on PD-1 Deficient Mice: Implication of PD-1 as a Negative Regulator for B Cell Responses. Int Immunol (1998) 10(10):1563–72. doi: 10.1093/intimm/10.10.1563

15. Thibult, ML, Mamessier, E, Gertner-Dardenne, J, Pastor, S, Just-Landi, S, Xerri, L, et al. PD-1 is a Novel Regulator of Human B-Cell Activation. Int Immunol (2013) 25(2):129–37. doi: 10.1093/intimm/dxs098

16. Tan, TT, and Coussens, LM. Humoral Immunity, Inflammation and Cancer. Curr Opin Immunol (2007) 19(2):209–16. doi: 10.1016/j.coi.2007.01.001

17. Qin, Y, Peng, F, Ai, L, Mu, S, Li, Y, Yang, C, et al. Tumor-Infiltrating B Cells as a Favorable Prognostic Biomarker in Breast Cancer: A Systematic Review and Meta-Analysis. Cancer Cell Int (2021) 21(1):310. doi: 10.1186/s12935-021-02004-9




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 Tashireva, Popova, Kalinchuk, Goldberg, Kovalenko, Artamonova, Manikhas, Ponomarenko, Levchenko, Rossokha, Krasilnikova, Zafirova, Choynzonov and Perelmuter. 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.




ORIGINAL RESEARCH

published: 27 June 2022

doi: 10.3389/fonc.2022.905065

[image: image2]


Risk Factors of Brain Metastasis and Prognosis in HER2-Positive Breast Cancer: A Single-Institution Retrospective Analysis from China


Shuang-Long Cai 1†, Zhi-Hong Wang 2†, Xiao-Geng Chen 1, Lei Han 1, Guo-Xian Gong 3, Yan-Ping Chen 4, Xiu-Quan Lin 5, Ma Tao 6 and Hong-Dan Chen 7*


1 Department of Oncological Surgery, Provincial Clinical Medical College of Fujian Medical University, Fujian Provincial Hospital, Fuzhou, China, 2 Department of Hematology, Provincial Clinical Medical College of Fujian Medical University, Fujian Provincial Hospital, Fuzhou, China, 3 Department of UItrasonic Diagnosis, Fujian Provincial Hospital, Fuzhou, China, 4 Department of Obstetrics and Gynecology, Provincial Clinical Medical College of Fujian Medical University, Fujian Provincial Hospital, Fuzhou, China, 5 Department for Chronic and Noncommunicable Disease Control and Prevention, Fujian Provincial Center for Disease Control and Prevention, Fuzhou, China, 6 Third Department of Breast Cancer, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center for Cancer, Tianjin Key Laboratory of Cancer Prevention and Therapy, Tianjin’s Clinical Research Center for Cancer, Key Laboratory of Breast Cancer Prevention and Therapy, Tianjin Medical University, Ministry of Education, Tianjin, China, 7 First Department of Cadre Clinic, Provincial Clinical Medical College of Fujian Medical University, Fujian Provincial Hospital, Fuzhou, China




Edited by: 

Daniele Generali, University of Trieste, Italy

Reviewed by: 

Zhenggui Du, Sichuan University, China

Takahiro Kogawa, Cancer Institute Hospital of Japanese Foundation for Cancer Research, Japan

*Correspondence: 

Hong-Dan Chen
 chd19910618@163.com












†These authors have contributed equally to this work and share first authorship


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


Received: 26 March 2022

Accepted: 23 May 2022

Published: 27 June 2022

Citation:
Cai S-L, Wang Z-H, Chen X-G, Han L, Gong G-X, Chen Y-P, Lin X-Q, Ma T and Chen H-D (2022) Risk Factors of Brain Metastasis and Prognosis in HER2-Positive Breast Cancer: A Single-Institution Retrospective Analysis from China. Front. Oncol. 12:905065. doi: 10.3389/fonc.2022.905065




Background

Brain metastasis (BM) frequently occurs in HER2-positive breast cancer (BC) patients, but the risk factors of BM in this type of patients are still unknown. Our study aims to assess the risk factors of BM and prognostic analysis in HER2-positive BC patients.



Methods

Univariate analysis used t-test, chi-square test, and Fisher’s exact test to find out the risk factors for BM, and multivariable analysis was done with stepwise logistic regression analysis. Prognostic data analysis was estimated by the Kaplan–Meier method.



Results

A total of 228 HER2-positive BC patients were included, of whom 214 patients were postoperative metastatic patients and 14 patients were de novo stage IV patients. Through comparing the stratified variables between 51 postoperative metastatic patients with BM and 163 postoperative metastatic patients without BM, the multivariate analysis showed that age ≤40 years (OR 2.321, 95% CI: 1.089 to 4.948) and first metastatic site with lung metastasis (OR 2.168, 95% CI: 1.099 to 4.274) were independent risk factors for BM in HER2-positive BC patients. Prognostic data of all 65 HER2-positive BC patients with BM showed that the time from the diagnosis of BC to the development of breast cancer brain metastasis (BCBM) was 36.3 months (95% CI: 30.0 to 42.1 months). The time from the diagnosis of first recurrence and metastasis stage to the diagnosis of BCBM was 11.35 months (95% CI: 7.1 to 18.4 months). The time from the diagnosis of BCBM to the time of follow-up was 24.1 months (95% CI: 13.9 to 37.5 months). Up until the time of follow-up data, a total of 38 patients had died, and the time from the diagnosis of BM of these 38 patients to death was 11.0 months (95% CI: 9.0 to 20.4 months).



Conclusion

The prognosis of HER2-positive BC patients with BM was poor due to the lack of effective treatments for BM. Age ≤40 years and first metastatic site with lung metastasis were the independent risk factors for BM in HER2-positive BC patients. Future research about pre-emptive medical interventions may help to improve the prognosis of HER2-positive BC patients with high risk to develop BM.





Keywords: brain metastasis, risk factors, prognostic analysis, HER2 positive, breast cancer



Introduction

The latest Global Cancer Statistics 2020 shows that breast cancer (BC) has become the malignant tumor with the highest morbidity and the second highest mortality (1). The major mortality reason of BC is the recurrence and metastasis of distant organs. Normally, the progression of disease for most BC patients is slow. Brain metastasis (BM) is preceded by metastases to other organs like lung, liver, or bone. The incidence of clinically evident BM among stage IV BC patients is estimated to be 10% to 16%. These figures underestimate the true incidence, given that BMs are found in 36% of patients at autopsy (2–4). Since most antitumor drugs do not cross the blood–brain barrier, to exert their antitumor properties, the brain has become an important sanctuary site for tumor cells. Therefore, the clinical treatment of BM in BC patient is a difficult problem. Relevant data show that the median survival time of BCBM (breast cancer brain metastasis) patients is less than 6 months, and only 20%–40% of patients survive longer than 1 year (5).

Besides triple-negative BC, HER2-positive BC, which accounted for approximately 10%–15% of BC, has the highest incidence of BM (6, 7). With the development of new drugs and the continuous improvement of drug therapy, the systematic treatment of HER2-positive advanced BC patients has been greatly improved in recent years. Theoretically, better systemic treatment would lead to better control of disease. However, an increasing proportion of patients have been observed to be suffering from BM often at a time when their extracranial disease is apparently under control in clinical practice (8, 9). The identification of HER2-positive BC patients with high risk factors to develop BM would enable pre-emptive intervention such as prophylactic treatment or diagnostic screening with the potential to improve the prognosis of these patients. Reported risk factors for BM in BC patients include young age at first diagnosis, presence of lung metastases, short disease-free survival, hormone receptor (HR)-negative tumors, triple-negative tumor subtype, HER2 overexpression, and BRCA1 phenotype (2, 8, 10–15). However, most of the studies included unselected patients with BC, whereas less is known about risk factors for BM for cohorts of only HER2-positive BC. In this retrospective, single-institution analysis, we aim to identify the high-risk factors for HER2-positive BC patients who would be more likely to progress to BM. Maybe these patients may benefit from the pre-emptive medical intervention in the future. Moreover, we assess the prognostic survival of HER2-positive BC patients with BM in our study.



Materials and Methods


Patients

This retrospective analysis included 228 consecutive HER2-positive (immunohistochemistry 3+ or FISH-positive) pathologically confirmed BC patients treated in Fujian Provincial Hospital from January 2004 to January 2021. Male patients, HR+HER2- patients, triple-negative patients, patients with a history of other malignant tumors, or de novo metastatic HR+HER2+ and HR-HER2+ patients without BM were excluded.

Follow-up data were gathered until December 31, 2021. HER2 status was determined with immunohistochemistry (IHC) and in situ hybridization at the time of the first biopsy or breast surgery and classified according to the American Society of Clinical Oncology/College of American Pathologists clinical practice guidelines for HER2 testing of 2007 and 2013, respectively, and the Belgian Guidelines for HER2 testing (16, 17). HR status was determined by IHC using the Allred scoring system (18). Metastatic lesions were grouped into the following categories: Lung, bone, liver, brain, chest wall or regional lymph nodes metastasis.

Our follow-up treatment strategy is as follows: routine breast color ultrasound, liver color ultrasound, ECT, x-ray, chest, and cranium CT plain scan for every initial treatment patient to exclude the possibility of distant metastasis. In the first 3 years after surgery, we regularly reviewed breast color ultrasound, liver color ultrasound, x-ray, and chest CT plain scan every 3 months. Patients who survived 3–5 years after surgery were regularly reviewed with these examinations every 6 months. Patients who survived more than 5 years after surgery were regularly reviewed with these examinations every 1 year. ECT and cranial examination are not routine review items for postoperative patients, except when the patient has symptoms associated with bone metastasis or BM. Once distant metastasis was confirmed in follow-up patients, liver, lung, cranium CT, and ECT examinations were routinely performed at the same time, and MRI examinations were performed to help determine whether the patients were accompanied by multiple organ metastasis if necessary. Every advanced BC patient was evaluated by CT examination every 2 months. Patients with stable BMs underwent cranium CT/MRI examination every 2–3 months. BM patients with progression disease were evaluated with cranium CT/MRI examination every month if necessary.



Statistical Analysis

Statistical analyses were conducted using SPSS version 22.0. Univariate analysis used t-test, chi-square test, and Fisher’s exact test. t-test was done for comparison of quantitative indicators between 2 groups, and chi-square test and Fisher’s exact test were used for comparison of sample rates between 2 groups. Multivariate analysis used stepwise logistic regression, and all variables in the univariate analysis with a p-value <0.1 were included in multivariate analysis. The Kaplan–Meier method was used to estimate the time from metastatic disease diagnosis until the development of BM, and was also used to estimate the time from the development of BM to death or follow-up data.




Results

BM occurred in 65 of the 228 enrolled HER2-positive BC patients. The other 163 patients are postoperative metastatic patients without BM. These 163 patients are not de novo stage IV patients. Among the 65 patients with BM, 14 of them were de novo stage IV patients with BM, and the other 51 patients are postoperative metastatic patients with BM (Figure 1). Among the 65 patients, 13 patients had BM as the first metastasis cite. Up to the follow-up data (December 31, 2021), 38 patients died, and 37 patients were still in follow-up.




Figure 1 | Constitution of the study population. BC, breast cancer; BM, brain metastasis; HR, hormone receptor; HR+, HR positive; HR-, HR negative; Her2, human epidermal growth factor receptor 2; Her2+, Her2 positive; Her2-, Her2 negative; TNBC, triple negative breast cancer.



Comparing the stratified variables between 51 postoperative metastatic patients with BM and 163 postoperative metastatic patients without BM, the result of univariate analysis showed that age ≤ 40 years and first metastatic site with lung metastasis were significantly associated with the risk of BM in patients with HER2-positive BC (Table 1). Variables with p < 0.1 in univariate analysis were included in multivariate analysis, and it was found that age ≤40 years and first metastatic site with lung metastasis were independent risk factors for BM in HER2-positive BC patients (Table 2).


Table 1 | Risk factors of brain metastasis in Her2 positive postoperative breast cancer patients according to stratified variables: univariate analysis.




Table 2 | Multivariate Analysis for risk factors of brain metastases in Her2 positive postoperative breast cancer patients.



Local treatments after BMs in 65 patients were as follows: 38 patients received only craniocerebral radiotherapy, 9 patients received only surgical resection of BM, 5 patients received craniocerebral radiotherapy combined with surgical resection of BMs, and 13 patients did not receive local treatment. Medical treatment after BMs in 65 patients were as follows: 5 patients had no medical treatment, and 60 patients had medical treatment (11 of them had no local treatment and only received medical treatment). Prognostic data analysis was estimated by the Kaplan–Meier method. Among all 65 HER2-positive BC patients with BM, the time from the diagnosis of BC to the development of BCBM was 36.3 months (95% CI: 30.0 to 42.1 months). The time from the diagnosis of first recurrence and metastasis stage to diagnosis of BCBM was 11.3 months (95% CI: 7.1 to 18.4 months). The time from the diagnosis of BCBM the time of follow-up was 24.1 months (95% CI: 13.9 to 37.5 months) (Figure 2). Up until the time of follow-up, 38 patients died, and the time of these 38 patients from the diagnosis of BM to death was 11.0 months (95% CI: 9.0 to 20.4 months).




Figure 2 | Different clinical progression of median time for 65 Her 2 positive breast cancer patients with BM.





Discussion

Over the past decades, the diagnosis and treatment of BC patients have achieved remarkable improvements. Due to the lack of effective treatments, BM is still associated with poor results (19–21). In this study, we described the prognostic data of 65 HER2-positive BC patients with BM. The time from the diagnosis of BC to the development of BCBM was 36.3 months (95% CI: 30.0 to 42.1 months). The time from the diagnosis of first recurrence and metastasis stage to diagnosis of BCBM was 11.3 months (95% CI: 7.1 to 18.4 months). The time from the diagnosis of BCBM to the time of follow-up was 24.1 months (95% CI: 13.9 to 37.5 months). Up until the time of follow-up, the time of the 38 dead patients from the diagnosis of BM to death was 11.0 months (95% CI: 9.0 to 20.4 months). Based on these survival data that we obtained in this study, we have to say that HER2-positive BC patients remain at a continuous risk of brain relapse for a prolonged period of time after diagnosis of BC and diagnosis of recurrence and metastasis stage. Therefore, the prevention and management of BM still pose unique clinical challenges. Despite the short overall survival after the diagnosis of BCBM, the results in our study seem to be better compared to those reported previously in unselected series of BCBM patients (5, 22–24). This may be related to earlier diagnosis of HER-positive BC, and better standardized systematic treatment of HER-positive BC, particularly the use of trastuzumab, pertuzumab, and small-molecule tyrosine kinase inhibitors. Furthermore, more effective management of BM and more humane supportive treatment also play an important role.

In this study, we also included a series of HER2-positive postoperative BC patients to assess the risk factors of BM. We included the clinical and pathological factors in predicting risk factors of BM in HER2-positive BC patients. Among these clinicopathological indicators, primary tumor size and lymph node metastatic status are the important indicators to reflect the characteristics of BC. Traditional perspectives consider the idea that BC patients with larger tumors and more lymph node metastases are more likely to have recurrence and metastasis. Some scholars’ research has found that tumor size >2 cm and axillary lymph nodal involvement were the risk factors for the development of BM in HER2-positive BC patients (25). However, we did not find this statistical significance in our study.

Besides the primary tumor size and lymph node metastatic status, HR status and tumor grade could also reflect the characteristics of BC. Related literature reported that HR status and tumor grade were considered an adverse prognostic factor in unselected BC patients, and also increased the risk of BM (26–28). Knowledge on the predictive value of HR status and tumor grade for BM in HER2-positive BC patients is scarce. However, we also did not find any association between these two factors and the risk of BM in our study. Additionally, univariate and multivariate analyses show that no statistical significance has been found among menopausal status at diagnosis, family history, type of surgery and pathological type, probably due to the small number of patients enrolled in our study and the selectivity bias in our retrospective study. However, age ≤40 years (OR 2.321, 95% CI 1.089 to 4.948) did increase the risk of BM in HER2-positive BC patients. The possible reason is that young patients may display an increased propensity for BM due to the longer expected survival.

At present, no positive correlation has been found between different postoperative treatments and the occurrence of BM in HER2-positive BC patients due to lack sufficient studies. This is consistent with the results of our study. As for the postoperative anti-HER2 targeted therapy, two meta-analyses reported an increased incidence of BM (29, 30). This may extend the survival time to such a degree as to display an increased propensity for BM due to a better control of extracranial disease with trastuzumab (5, 8). However, our study did not find that anti-HER2-targeted therapy was associated with the occurrence of BM.

In our study, we also analyzed the relationship between the relevant metastatic variables and BM in HER2-positive BC patients. Variables associated with the recurrence and metastasis included the time from initial diagnosis to distant relapse, lung metastasis as the first metastatic event, liver metastasis as the first metastatic event, bone metastasis as the first metastatic event, and chest wall or regional lymph node metastasis as the first metastatic event. Different from the Renata Duchnowska’s study report, the time from initial diagnosis to distant relapse shorter than 2 years did not increase the risk of BM in our study. Similarly, liver metastasis as the first metastatic event, bone metastasis as the first metastatic event, and chest wall or regional lymph node metastasis as the first metastatic event also had no significant statistical significance. However, univariate and multivariate analysis showed that lung metastasis as the first metastatic event (OR 2.168, 95% CI: 1.099 to 4.274) was the independent risk factor for BM in HER2-positive BC patients in our study. The possible reasons are as follows: (1) due to the fact that patients with liver metastasis generally have a more serious disease and fast progress, they may have died before the occurrence of BM; (2) due to the slow progress and insufficient follow-up time, BM was not found in patients with bone metastasis and chest wall or regional lymph node metastasis; and (3) correlative studies have reported that the expression of the epidermal growth factor receptor ligand and the cyclooxygenase COX2 is associated with brain and lung metastasis of BC, but not associated with liver and bone metastasis (31, 32). In this study, lung metastasis as the first metastatic event is positively correlated with BM, which may be related to the above molecular mechanism.



Limitation

There are several limitations that need to be considered in our study: (1) This is a retrospective study from a single center, which may result in selective bias. (2) The patients enrolled in our study conveys a time period of 17 years. During these years, the postoperative diagnosis and treatments of HER2-positive BC patients have changed, and the management of BM has also changed. Even in the same medical center, patients’ final medical options are different, because they depended on different medical teams’ treatment plans, disease and economic factors of patients, and the availability and tolerance of drugs. Therefore, the potential bias caused by heterogeneity of patient populations and inconsistent therapeutic approaches cannot also be ignored. (3) The total number of HER2-positive BC patients with or without BM in this study are still not large enough. We need to expand our sample size to analyze the risk factors of BMs and prognosis of HER2-positive BC patients in the future. (4) The follow-up time is not long enough in this study. Until the follow-up time, nearly half of the patients are still being followed up, and we will continue to follow up so that we could obtain more information about the prognosis of HER2-positive BC with BM in the future.



Conclusion

Combined with the findings in our single-center study, we demonstrate that HER2-positive BC patients with BM have a poor prognosis. Risk factors for BM in HER2-positive BC patients are age ≤40 years and first metastatic site with lung metastasis. Considering the limitations in our study, we have the following considerations: (1) We expect that multi-center and large sample size studies could continue to explore the risk factors of BM and prognosis in HER2-positive BC in the future, so that we could establish a prediction model to predict the likelihood of BM in HER2-positive BC. Moreover, we expect that correlational researchers will be able to explore the corresponding predictive markers to predict the BM in HER2-positive BC with the help of genetic detection in the future. Through these efforts, we can screen out the real high-risk population with BM in HER2-positive BC patients. It would provide important references for our clinical decision-making. (2) In recent years, relevant studies have reported that small-molecule tyrosine kinase inhibitors could improve the progression and prognosis of BM in HER2-positive BC patients (33–35). We expect that there could be some clinical trials about pre-emptive medical interventions in the future. For example, randomized controlled trials are conducted in metastatic HER2-positive BC patients who had high risk factors to develop BM to explore whether the regular head MRI screening would be good for the early diagnosis and treatment, or there could be clinical trials to explore whether small-molecule tyrosine kinase inhibitors used in adjuvant therapy or first-line advanced salvage treatment would decrease the occurrence of BM, and ultimately improve the prognosis of brain metastasis in HER2-positive BC patients.
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Purpose

To develop a nomogram model to predict overall survival in HR+/HER2- subtype advanced breast cancer.



Methods

A total of 3,577 ABC (advanced breast cancer) patients from 21 hospitals in China were involved in this study from January 2012 to December 2014. From all ABC patients, 1,671 HR+/HER2- ABC patients were extracted and enrolled in our study. A nomogram was built based on univariable and multivariable Cox regression analyses, identifying independent predictors. The discriminatory and predictive capacities of the nomogram were assessed using the ROC (receiver operating characteristic) curve and calibration plots.



Results

Univariable and multivariable analysis found that ER (estrogen receptor) status, MFIs (metastatic-free intervals), first-line therapy options, the number of metastatic sites, and whether local therapy for metastatic sites was chosen, were significantly related to overall survival (all P < 0.05). These variables were incorporated into a nomogram to predict the 2- year, 3-year, and 5-year OS (overall survival) of ABC patients. The AUC (the area under the curve) of the nomogram was 0.748 (95% CI (confidence interval):0.693-0.804) for 5-year OS in the training cohort and 0.732 (95% CI: 0.676-0.789) for the validation cohort. The calibration curves revealed good consistency between actual survival and nomogram prediction in the training and validation cohorts. Additionally, the nomogram showed an excellent ability to stratify patients into different risk cohorts.



Conclusion

We established a nomogram that provided a more straightforward predictive model for the outcome of HR+/HER2- ABC subtype patients and, to some extent, assisted physicians in making the personalized therapeutic option.





Keywords: advanced breast cancer, hormone receptor, HER2 status, nomogram, survival prediction



Introduction

BC (breast cancer) is the most frequent cancer, with first incidence and second mortality in all malignant tumors among Chinese women and it accounts for about 15% of all new cancer cases every year in Chinese women (1, 2). Reportedly, approximately 30% of women diagnosed with EBC (early breast cancer) would recur or relapse after the standard initial treatment and over 5% of all breast cancer cases are diagnosed initially with stage IV disease (de novo stage IV disease) (3, 4). Unfortunately, even though huge improvements were observed in survival with the help of new drugs and appropriate therapeutic strategies in recent years, ABC (advanced breast cancer) is still incurable (5–8).

HR+ (hormone receptor-positive)/HER2- (human epidermal growth factor 2 negative) breast cancer accounts for ~70% of the total diagnosed BC cases worldwide, in which biological characteristics and prognosis are distinctly different from other subtypes (HER2 positive subtype/triple-negative subtype) (9). This subtype of BC shows sensitivity to anti-hormone therapy but is resistant to anti-HER2 treatment or immunotherapy. The ESMO (European Society for Medical Oncology) and NCCN (National Comprehensive Cancer Network) guidelines have provided evidence-based targeted optimizing recommendations for HR+/HER2- BC and HR+/HER2- ABC and descriptions of their clinicopathological features (10, 11).

Several models have been constructed and used for EBC prognostic prediction and treatment options (12–14). In addition, some factors, including molecular phenotypes, metastatic sites, stages previously diagnosed, previous therapy, and MFIs (metastatic-free intervals) could influence the survival of ABC patients and may be helpful to form an individualized therapeutic solution. It is also worth noting that few predictive models have been established and validated to evaluate specifically potential predictive factors for HR+/HER2- subtype BC. Furthermore, to date, no study has been published concerning the multivariable survival analysis in HR+/HER2- subtype ABC, which is the most prevalent subtype in all cases and is reported to be associated with commonly better outcomes and different factors influencing survival (10, 15–18).

In this study, we collected data from 1,671 HR+/HER2- ABC from different medical centers in China to investigate survival risk factors. At the same time, we intended to establish a comprehensive and practical nomogram to predict patient outcomes using this epidemiology, clinicopathological, and survival results data.



Methods


Data Collection and Patient Selection

The study was a hospital-based multicenter retrospective study conducted from January 1, 2012 to December 31, 2014. A total of 3,577 ABC patients from 21 hospitals covering seven geographic regions were involved in this study. The Chinese Academy of Medical Science cancer hospital was the lead center for the overall coordination of this research. To minimize selection bias, all enrolled institutions were given a random number of months to make the study operable with a representative selection. A designed questionnaire was assigned to each patient to obtain demographic and clinical variables. Trained physicians extracted the information from these ABC patients within the assigned months. If the number of inpatients were fewer than intended number, more cases would be added during the subsequent months until the total for the year reached the target quantity. Due to the Spring Festival, the months of January and February were excluded from the randomization.

In our study, the inclusion criteria were as follows (1): diagnosed with advanced breast cancer from January 1, 2012 to December 31, 2014, including de novo stage IV disease and relapsed disease (2); complete medical information including age at diagnosis, ER (estrogen receptor) or PR(progesterone receptor) status, HER2 status, distant metastasis sites, local therapy, treatment strategy (3); stage of initial diagnosis and treatment and MFI (metastatic-free interval) were necessary for patients with relapsed disease; and (4) HR positive and HER2 negative. The exclusion criteria were as follows (1): no available medical record and coexisting cancers (2); positive HER2 status; (3) both ER and PR status negative; and (4) TNBC(triple-negative breast cancer).



Clinical Data

The status of ER, PR, and HER2 were mainly dependent on the pathology results of surgery or puncture biopsy. Hormone receptor status, including ER and PR, were assessed by IHC (immunohistochemistry) and HER2 was determined by either IHC or FISH (fluorescent in-situ hybridization). ER/PR positive was defined as ≥1% of cancer cell staining and cancers with 1%-10% of ER expression were considered ER-low-positive. Either ER or PR positive was regarded as HR-positive. An HER2 IHC score of 0; 1+ or none gene amplified by FISH would be defined as HER2 negative. If multiple biopsy results were inconsistent and one of the results was HR positive, we still considered this case to be an HR-positive tumor. Unlike HR status, when HER2 was detected overexpressed by re-biopsy after metastasis, this case would be defined as HER2 positive ABC disease and excluded from our study. The clinical stage was classified based on the 8th AJCC (American Joint Committee on Cancer) TNM staging system.

Efficacy evaluation was measured by RECIST 1.1(Response Evaluation Criteria in Solid Tumors). MFI was the time between initial diagnosis of BC and confirmed recurrence or metastasis. Therapy lines were counted from the first treatment option after the ABC diagnosis. Regardless of the reason for the termination of previous therapy, altered treatment regimen received was considered as the therapy in next-line.



Statistical Analysis

The primary endpoint was OS which was defined as the months from cancer metastasis or recurrence to death or last follow-up. We deleted variables with missing values greater than 30 percent to minimize biases. Univariable Cox regression analysis was performed to evaluate the significance of the association between clinical parameters and patient survival using the “survival” R package. Variables with a p-value less than 0.05(in the univariable case) from the univariable Cox-regression analysis were incorporated into a multivariable Cox regression model to identify independent prognostic factors with the help of the “survival” R package. From the univariable and multivariable Cox regression results, we developed a nomogram to effectively predict the 2-year, 3-year, 5-year survival probability of the patients using the “rms” R package. The discriminative ability of nomograms was evaluated by the AUC (the areas under the curve) of the ROC (receiver operating characteristic) curve through the “riskRegression” packages in the R software. Additionally, we employed a 5-fold and 200 time cross-validation approach to assess the performance of the nomogram on the validation cohort using the “caret” and “riskRegression” R packages. Calibration plots visually measured the closeness of the actual condition to the nomogram-predicted condition, the calibration plots of the training, and validation cohorts were produced using the “rms” R package.

We constructed the nomogram of the OS prediction model based on the multivariable Cox regression to categorize the patients into high-risk, medium-risk and low-risk groups using the “stats” (predict function) and “survival” R package. In the nomogram of the OS prediction model, the risk factor scores were added together to obtain a total score and the value corresponding to the total score was used to predict a patient’s 2-, 3-, and 5-year OS. Kaplan-Meier survival curve analysis with log-rank test and curve between three groups was conducted and plotted using the “survival” and “survminer” R packages. All data analysis was conducted using R software (4.1.2), and the parameters and functions associated with the R package are illustrated in Table S1.




Results


Characteristics of the Study Population

In our study, 1,671 patients identified with HR+/HER2- ABC disease were extracted from the original 3,577 ABC patients chosen between January 1 2012 and December 31 2014 included in our study. The detailed baseline clinicopathological features are documented in Table 1. We randomly split the dataset into a training cohort (1,155) and a validation cohort (495). Participants’ median age was 45.0 (range 20-89) years old; 33.1% (547) of patients were over 50 years old; 72% (1,190) of patients were dead at the end of follow-up time; the median OS and MFI were 26 months and 27 months, respectively; and 2-, 3- and 5-year OS rates were 54%, 34%, and 11%, respectively. As for ER/PR status, 77.7% (1,234) of patients were ER positive and 58% of patients were PR positive. Regarding the recurrence pattern, only 9% (148) patients experienced local-regional recurrence alone and 91% (1,489) patients had distant metastases, including 18.7% (302) had distant lymph node metastasis, 36.7% (595) had bone metastasis, 7.2% (117) had liver metastasis, 3.4% (55) had brain metastasis, 2.7% (44) had soft tissue metastasis, and 29.8% (482) had lung metastasis. During the therapy scheme, 53% (838) and 47% (743) of patients underwent first-line endocrine therapy and chemotherapy, respectively; 48.2% (341) and 51.8% (367) received second-line endocrine therapy and chemotherapy, respective; and 41% (642) patients accepted local therapy.


Table 1 | Clinicopathological features of patients in the training and validation cohorts.





Prognostic Factors Selection of Overall Survival

According to a univariable analysis result of the training cohort, twelve variables are associated with OS in HR+/HER2- ABC patients. The variables are as follows: ER status, pathological T stage after the initial operation, MFI, recurrence pattern, 1st line therapy option, 2nd line therapy option, whether local therapy to metastatic sites was chosen, distant lymph nodes metastasis, liver metastasis, lung metastasis, number of metastatic sites, and whether re-biopsy was performed after recurrence or relapse (Table 2). We performed a multivariable analysis using all the above variables and identified ER status, MFI, first-line therapy option, the number of metastatic sites, and whether local therapy to metastatic sites as the five factors that, independently, could predict OS in HR+/HER2- ABC patients (Table 2).


Table 2 | Univariable and Multivariable cox regression analyses of overall survival in the training cohort.





Nomogram Construction and Validation of Overall Survival

All five significant prognostic factors identified in the multivariable Cox model in the training cohort were used to develop the predictive nomogram for estimating 2-, 3- and 5-year OS probability of HR+/HER2- ABC patients. Each variable was given a weighted value score on the scale axis to imply its contribution to the survival prognosis (Figure 1). Furthermore, we used the AUC of the ROC curve to evaluate the predictive accuracy of the nomogram. As illustrated in Figure 2, in the training cohort, the AUC of each 2-, 3- and 5-year of the nomogram model was 0.673, 0.679, 0.748, respectively (Figures 2A–C), suggesting a satisfying predicted outcome. Moreover, the nomogram model was validated by an internal test cohort with 495 participants. The validation cohort results also exhibited good discrimination with an AUC of 0.671 in predicting a 2 year OS probability, an AUC of 0.676 in predicting a 3 year OS probability, and an AUC of 0.732 in predicting a 5 year OS probability (Figures 2D–F). Furthermore, we employed a 5-fold cross-validation and 200 time approach to assess the performance of the nomogram on the validation cohort. The result showed that the mean AUC of each 2-, 3- and 5-year of the nomogram model for the validation cohort was 0.657, 0.645, 0.706, respectively (Figure S1). Conversely, to further estimate the nomogram’s accuracy, the plotted calibration showed good coordination between predicted and actual survival in 2-, 3- and 5-year outcomes, among the training and validation cohort (Figure 3).




Figure 1 | Nomogram for predicting the 2-year, 3-year, and 5-year overall survival. Notes: Nomogram used when summing the points identified at top scale for each of the five independent variables. This summed point score identified on total point scale was used to determinate 2-, 3- and 5-year overall survival (OS) probability of advanced breast cancer patients (ABC). MFI, metastatic-free interval; OS, overall survival; ER status, positive (+), negative (-); ET, Endocrine Therapy; CT, Chemotherapy.






Figure 2 | The receiver operating characteristic (ROC) curve and area under the ROC curve. (A) Predicting 2-year OS in the training cohort; (B) Predicting 3-year OS in the training cohort; (C) Predicting 5-year OS in the training cohort; (D) Predicting 2-year OS in the validation cohort;(E) Predicting 3-year OS in the validation cohort; (F) Predicting 5-year OS in the validation cohort.






Figure 3 | The calibration curves for predicting the survival of patients. (A) The 2-year OS prediction in the training and validation cohort after diagnosis. (B) The 3-year OS prediction in the training and validation cohort after diagnosis. (C) The 5-year overall survival prediction in the training and validation cohort after diagnosis.





Risk Stratifications With the New Nomogram

We divided patients from the training cohort into three subgroups based on the predicted risk score of the nomogram model for OS: low-risk (≤0.7), medium-risk (0.7-1.3), and high-risk (≥1.3). Survival analysis for OS showed a significant difference between three subgroups (p<0.001) (Figure 4A), and the median OS of the low-, medium-, and high-risk groups were 45, 30, and 18 months, respectively. The low-risk, medium-risk, and high-risk had a 70%, 54.4%, and 35% 2-year OS; a 51.7%, 32.9%, and 17.4% 3-year OS; and a 26.8%, 12.1%, and 4.9% 5-year OS, respectively. In the validation cohort, notable differences were also observed among three subgroups with a median OS of 47, 30, and 19 months for low-risk, medium-risk, and high-risk groups, respectively (p<0.001) (Figure 4B). Similarly, the low-risk, mediumrisk, and high-risk groups had a 77.5%, 55.8%, and 35% 2-year OS; a 49.3%, 35.7%, and 18.6% 3-year OS; and a 22.5%, 19.8%, and 3.5% 5-year OS, respectively.




Figure 4 | Survival probability of nomogram-based stratification of overall population (A) Training Cohort (B) Validation Cohort.






Discussion

The cause, occurrence, and development of malignant tumors are complicated and multifactorial and every factor plays only a limited role throughout the whole course of the disease. A nomogram is a comprehensive statistical model based on multivariable analysis that combines all statistically significant variables to improve accuracy and make the outcomes more intuitive. It has been reported that, in diverse cancers, a nomogram shows its excellent predictive value in evaluating oncology risk, chosen therapeutics and medicine, and survival outcome prediction (19–21). Our study collected patient information from 1,671 HR+/HER2- ABC patients from all subtypes from the overall 3,577 ABC patients. After the screening and statistical analysis, we identified ER status, MFI, first-line therapy options, locoregional therapy, and the number of metastatic sites as independent prognostic factors for OS of HR+/HER2- ABC patients. Interestingly, these prognostic factors extracted from our analysis showed partial consistency with current consensus and guidelines, whereas, in some aspects, differing from other predictive models for ABC patients’ survival (10, 15, 18, 22). R. Largillier et al. (16) used a Cox proportional hazards model to identify age, the number of positive lymph nodes, adjuvant chemotherapy, and site of metastasis as independent predictors of stage IV BC patients’ OS. Furthermore, liver metastasis, brain metastasis, lung metastasis, high histological grade, and large tumor size were reported to be associated with poor survival (15, 18, 23). However, all factors mentioned above did not have a prognostic effect on HR+/HER2- ABC patients’ OS in our research results. Differences in the results between our study and previous studies reflected that ABC is a kind of heterogeneous disease and the molecular subtype of ABC could be a significant independent predictor (24). We excluded HER2 positive BC and TNBC to reveal more specific and targeted prognostic factors for ABC of HR+/HER2- subtype.

Generally, it has been agreed that ER is a powerful bio-marker of sensitivity to endocrine therapy and is a vital prognosis sign of good survival (25–27). Nevertheless, whether the positivity of PR status alone has an equivalent effect in predicting a response to endocrine treatment remains controversial. Several studies suggest that both PR and ER expression were biomarkers of sensitivity to endocrine therapy, while recently, some arguments have emerged for the morphological and molecular features of ER-/PR+ BC are close to triple-negative BC (27, 28). A long-term consensus suggests that PR localized downstream of ER-mediated signaling pathways and its status to some extent driven by ER status. To date, there is little cohort research or robust evidence to characterize ER-/PR+ tumors. Our study found that ER and PR status were both statistically significant in univariable analysis, but only ER positive showed its power to predict better survival in multivariable analysis.

Unlike prior predictive models, the months of MFI and the number of metastatic sites were included in our nomogram model as continuous instead of categorical variables. We could observe, in this case, a worsening of survival accompanied by increased metastatic tumor burden and earlier recurrence. HR+ breast cancer is characterized by favorable survival, but a higher risk of long-term recurrence than HER2 over-expression and TNBC subtypes. In the data we collected, the time between initial diagnosis of malignancies and recurrence or relapse could be up to 360 months. Clinically relevant and validated prognostic models for MBC (metastatic breast cancer) highlighted the importance of MFI and could reflect the multiparametric variability of the disease. A shorter MFI is frequently accompanied by more aggressiveness and higher mortality, especially in patients who underwent adjuvant therapy. Similar to the findings reported, MFI showed its directed prognosis in relapse HR+/HER2- ABC in our analysis, with no difference with other subtypes of ABC (3, 16, 29).

Evidence-based guidelines have provided some recommendations for optimizing the management of ABC. The first step is re-testing the receptor status of recurrent diagnostic tissue. The discordance of HR and HER2 levels between primary and recurrent diseases have been reported at rates ranging from 3.4%–60% (10, 11, 30, 31). For HR+ breast cancer patients, the choice of endocrine therapy is reasonable as long as there has been a positive test result, regardless of the consistency of multiple biopsies. In contrast, anti-HER2 targeted treatment should be initiated immediately no matter when the status of HER2 has been tested overexpressed after re-biopsy. Once the HER2 status turns positive, the patient is considered a HER2+ patient and must be removed from the study population. That is one of the bases we set as our inclusive and exclusive criteria of HR+/HER2- ABC for selecting the population in our study. It is unexpected that re-biopsy did not have statistical significance in multivariable analysis (Table 2). This discrepancy between our result and reported outcomes may be caused by the difference in guideline recommendations and real-world clinical practices. Existing guidelines recommend ET (endocrine therapy) as the preferred first-line therapeutic option for HR+ ABC patients without visceral crisis or rapid progression diseases (10, 11). In our study, the choice of ET as first-line treatment was also found to indicate a prolonged OS of HR+/HER2- ABC. However, in real-world medical practices reflected in the collected data, about half of HR+/HER2- ABC patients accepted CT (chemotherapy) as the first-line and second-line systemic treatment, respectively. The reasons affecting treatment options are complex. In any case, although the multivariable analysis showed no statistical significance, the results of re-biopsy in the univariable analysis in this study are still valuable for the recommended role of diagnostic tools in clinical practices.

In addition, there are a number of locoregional treatment options available for ABC disease, such as: surgery, radiotherapy, radiofrequency ablation, and interventional therapy. These appropriate local therapeutic strategies are no longer considered a way to bring the patients to a “tumor-free state”, but rather as a supplement to systemic treatment. To date, no consensus has been reached on when and how to choose locoregional treatment and a multi-disciplinary team is extraordinarily needed at this point. Proper local treatment could alleviate patients’ pain, quickly control potentially life-threatening complications, remove drug-resistant lesions, and give patients opportunities to receive more lines of systemic therapy.

Nevertheless, several limitations in this current study are worth noting. Firstly, patients in both training and validation cohorts were retrospectively chosen from comprehensive multicenter databases. Missing clinical data and a loss of follow-up information would be inevitable during the collection process, leading to the bias of the multivariable analysis. Secondly, all research data collection ended on December 31, 2014, at which time, CDK inhibitors, which are considered as somewhat of a breakthrough drug, were not yet approved to be used in HR+/HER2- ABC. This class of drugs has re-written the survival rate of patients with of HR+ BC disease and has continued to develop in recent years. All the above deficiencies might affect the predictive capacities of this nomogram. Our predictive model has provided several influential survival factors and some guidance for further prospective HR+/HER2- subtype ABC studies. However, it may not be appropriate to guide current clinical practice until the results of larger prospective trials are released.



Conclusion

In general, we made the first attempt to construct a novel prediction nomogram for estimating OS of HR+/HER2- subtype ABC disease. Our analysis selected ER status, MFI, first-line therapy option, locoregional therapy, and the number of metastatic sites from a wide range of epidemiology and clinicopathological features to predict HR+/HER2- ABC survival. The nomogram provided a more straightforward method of insight into this subtype ABC patients’ future outcomes and, to a certain extent, assisted physicians in making the personalized therapeutic option.
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Nowadays, breast cancer has become the most common cancer worldwide with a high mortality rate. Immune checkpoint blockade holds great promise in tumor‐targeted therapy, and CD47 blockade as one immune therapy is undergoing various preclinical studies and clinical trials to demonstrate its safety and efficacy in breast cancer. In this review, we summarized different therapeutic mechanisms targeting CD47 and its prognostic role and therapeutic value in breast cancer.
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Introduction

Breast cancer has become the most common cancer worldwide, with nearly 2.3 million new cases in 2020 (1). Despite significant advances in diagnostic techniques and treatment modalities, breast cancer mortality remains high with more than 600 000 patients dying each year (2). Therefore, novel and more effective therapies are still urgently in need.

Since the functional change of immune system plays an important role in the occurrence and progression of breast cancer, immunotherapy especially the blockade of immune checkpoints leads to new breakthroughs (3–5). The development of immune checkpoint inhibitors (ICIs) targeting the adaptive immune system, such as programmed cell death protein-1 (PD-1) and its ligand PD-L1, and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), has improved outcomes in patients with advanced metastatic breast cancer and triple-negative breast cancer (TNBC) (6, 7). Although ICIs monotherapy can enhance T cell-mediated immunity, the overall response rate (ORR) is generally less than 30% (7–11). The inhibition of immune checkpoints targeting the innate immune system offers a new solution. Increasing evidence indicates that CD47 acts as a dominant “don’t eat me” signal, enabling tumor cells to escape from macrophage-mediated phagocytosis (12–14). Currently, CD47 is an attractive target for the development of new anti-cancer therapeutics, including options against breast cancer.



Structure and Biological Function of CD47

CD47, originally found to be expressed on red blood cells (RBCs), is a 50 kDa transmembrane protein known as integrin-associated protein (IAP) (15). Structurally, CD47 consists of an extracellular N-terminal IgV domain, five highly hydrophobic transmembrane segments, and a short cytoplasmic tail (16).

It was not until 1999 that CD47 was identified as a ligand of signal regulatory protein-alpha (SIRPα) expressed on myeloid cells, including macrophages (17). The extracellular IgV domain of CD47 binds to SIRPα and initiates the phosphorylation of two tyrosine residues from immunoreceptor tyrosine-based inhibitory motif (ITIM) in the intracellular domain of SIRPα (18) (19–21). The phosphorylation of ITIM subsequently recruits and activates phosphatases SHP1 and SHP2 (22–24). This signaling cascade results in the dephosphorylation of myosin IIA, thereby inhibiting cytoskeleton rearrangement, which is a necessary step for macrophage phagocytosis of target cells (25) (Figure 1).




Figure 1 | After the interaction between CD47 and SIRPα, two tyrosine residues from ITIM in the intracellular domain of SIRPα become phosphorylated. The phosphorylation activates SHP1 and SHP2, leading to the dephosphorylation of myosin IIA, thereby preventing macrophage phagocytosis. Anti-CD47 antibodies could block CD47-SIRPα axis and promote phagocytosis.



The role of CD47 in immune recognition and phagocytosis was first described by Oldenborg et al. that red blood cells (RBCs) from CD47-/- mice were rapidly cleared when infused into wild-type recipient mice, and this effect was reversed when macrophages were depleted with clodronate liposome (26). Another study found that when RBCs senesce, CD47 expression decreased, and senescent erythrocytes lacking CD47 were considered ‘foreign’ and were rapidly cleared by macrophages in the spleen (27). These results showed that erythrocyte survival was highly dependent on CD47.

Accumulating data suggest that the CD47-SIRPα axis plays an important role in suppressing tumor phagocytosis by regulating the innate immune response. Knauf S et al. first identified the expression of CD47 on ovarian tumors as early as 1986 (28), and a series of studies subsequently confirmed that CD47 was highly expressed in both hematological and solid malignancies, including non-Hodgkin’s lymphoma (NHL) (29), chronic myeloid leukemia (CML) (17), myeloma (30), osteosarcoma (31), breast cancer (32), and other solid tumors. Overexpressed CD47 interacts with SIRPα on myeloid cells to help multiple malignant tumors escape immunosurveillance (33). The disruption of CD47-SIRPα axis leads to the failure of SIRPα phosphorylation, thereby promoting phagocytosis by macrophages. During this process, antigen-presenting cells (APCs) also initiate cross-priming, activating the adaptive immune system (34). Numerous studies have shown that anti-CD47 antibody significantly enhanced the function of macrophage phagocytosis (35, 36), dendritic cell (DC) antigen presentation (37, 38), and NK cell-mediated killing (39). Overall, CD47-SIRPα axis may mediate the link between innate and adaptive immunity.



Regulation of CD47 Expression in Breast Cancer

At the transcriptional level, more understanding about the regulation of CD47 expression in breast cancer has been described. The stimulation of tumor necrosis factor (TNF) inflammatory pathway activates nuclear factor-κB (NF-κB), which directly binds to a super enhancer (SE) site near the CD47 gene, promoting CD47 gene transcription. Contrarily, the blockade of TNF-α signaling has been shown to reduce CD47 expression and induce macrophage phagocytosis (40). Hypoxia-inducible factor 1 (HIF-1) binds to the CD47 promoter, activating gene transcription and increasing CD47 expression in breast cancer cells. Moreover, when cocultured with HIF-1-deficient breast cancer cells, the phagocytosis of macrophages was significantly enhanced (41). Using human and mouse models of leukemia and lymphoma, Casey et al. observed that MYC induced the transcription of both CD47 and PD-L1 (42). Notably, the regulatory effect of MYC on CD47 in breast cancer requires further studies. In conclusion, more understanding of CD47 expression regulation is very meaningful for optimizing CD47-related tumor targeted therapeutics.



CD47 Expression in Breast Cancer and its Correlation With Clinical Outcome

Although CD47 expression is shown to be associated with the development of numerous tumors (43–45), its role in breast cancer is less-well characterized. Next, we summarized the currently available data in breast cancer.

In 2010, Nagahara et al. first reported CD47 as a prognosis biomarker of breast cancer; compared with controls, breast cancer patients have higher CD47 mRNA, and the high CD47 expression in bone marrow were correlated with poor survival. They believed that determining CD47 expression levels in bone marrow or peripheral blood contributed to predict the number of circulating tumor cells that escaped from the immune system, which is indicative of the presence of micrometastases (46). Yuan et al. evaluated CD47 expression using immunohistochemistry and observed that CD47 expression in breast cancer samples was significantly associated with advanced tumor node metastasis (TNM) stage, histological grade, estrogen receptor (ER) status, progesterone receptor (PR) status, and recurrence. However, high CD47 expression had a limited correlation with reduced 5-year disease-free survival (47). An analysis of 353 breast cancer patients and a public data set showed that the high CD47 mRNA levels were correlated with poor-prognosis molecular subtypes (basal, Her2/Neu+) and adverse clinicopathological parameters (high-grade, ER-, PR-). Moreover, in Her2/neu+ breast cancer patients treated with trastuzumab plus vinorelbine, the expression level of CD47 was negatively correlated with the pathological response to treatment, and CD47 was significantly reduced in the complete responders (48). By analyzing two independent datasets of 1954 breast cancer patients, Zhang et al. demonstrated that an increase in CD47 mRNA was associated with a significant decrease in overall survival (OS). The authors also reported that HIF-1 raised CD47 expression to promote breast cancer cells escape from macrophage phagocytosis (41). In a study by Baccelli et al., there was a 7.4-year difference in mean OS between CD47 positive and negative patients. Moreover, CD47 was strongly associated with lymph node metastasis (49).

In triple-negative breast cancer, CD47 expression showed 2.3-fold higher in cancer stem cells (CSCs) than the normal counterparts by Gene Set Enrichment Analysis, and this upregulation was closely related to tumor growth (50). One study revealed that CSCs increased CD47 expression to avoid immune-mediated elimination during conventional anti-tumor therapy (51). When CD47 declined, CSCs were significantly reduced in a dose-dependent manner (41, 52). Yuan et al. examined CD47 expression in 97 breast cancer tissues, and they reported that the positive rate of CD47 in TNBC tissue was significantly higher than that in benign breast lesions, and CD47 overexpression positively correlated with TNBC metastasis and recurrence (53). Many other studies have also shown that CD47 was highly expressed in breast tumors, especially in TNBCs (54). Baccelli et al. demonstrated that overexpressed biomarkers including CD47, EpCAM, CD44, and MET in breast CSCs were strongly associated with decreased OS and increased number of metastatic sites in metastatic breast cancer (55).



Mechanism of Action and Implications of Targeting CD47-SIRPα Axis in the Breast Cancer Microenvironment

The occurrence and metastasis of tumors are closely related to the internal and external environment of tumor cells, which refers to tumor microenvironment. Tumor cells can maintain the survival condition through autocrine and paracrine. Additionally, by changing the microenvironment through immunity, the body can restrict and affect tumor development. Tumor microenvironment is now recognized as a potential therapeutic target. The inhibition of CD47-SIRPα axis in the tumor microenvironment facilitates the elimination of cancer cells mainly through the following four pathways (Figure 2).




Figure 2 | The therapeutic targeting of CD47-SIRPα pathway can cause the elimination of breast cancer cells through the following four pathways. First, the inhibition of CD47-SIRPα could enhance tumor cell phagocytosis by macrophage. Second, anti-CD47 antibody enables the phagocytic uptake of tumor cells by dendritic cells and subsequent antigen presentation to CD4 + and CD8 + T cells, thereby stimulating anti-tumor adaptive immune response. Third, anti-CD47 antibody eliminates tumor cells via traditional Fc-dependent mechanisms, including ADCC and ADCP. Fourth, anti-CD47 antibody stimulates tumor cell apoptosis through a caspase-independent mechanism.



In the first pathway, anti-CD47 antibody disrupts anti−engulfment signal, promoting M1/M2 macrophages-mediated phagocytosis and shifting the immunosuppressive phenotype of tumor-associated macrophages (TAMs) toward M1 subtype in vivo (32, 56). Feliz-Mosquea et al. reported that CD47 blockade significantly increased macrophage infiltration and phagocytosis on breast cancer cells (57). Zhang et al. came to a similar conclusion that the knockdown of CD47 expression increased macrophage-mediated cytotoxicity toward breast cancer cells, and the level of CD47 was negatively correlated with the degree of phagocytosis (41).

In the second pathway, the inhibition of CD47-SIRPα axis enhances the antigen presentation ability of DC and antigen is subsequently presented to CD4+ and CD8+ T cells, leading to the activation of adaptive immune response (58, 59). Recently, Kosaka et al. suggested that the combination treatment of cGAMP and anti-CD47 mAb induced effective anti-tumor immune responses through the activation of monocyte/macrophage phagocytosis and adaptive immune response, which relied on STING and type I IFN signaling. This combination therapy also leads to immune memory and systemic anti-tumor immune responses (60).

In the third pathway, anti-CD47 antibody could eliminate breast cancer cells via traditional Fc-dependent mechanisms, including neutrophil-mediated antibody-dependent cellular cytotoxicity (ADCC) and macrophage-mediated antibody-dependent cellular phagocytosis (ADCP) (12, 61). A study by Matlung et al. demonstrated that targeting CD47-SIRPα could further improve ADCC by a cytotoxicity mechanism identified as trogoptosis (62). Zhao et al. proved that B6H12, a murine antibody against human CD47, can enhance ADCC activity (48). In preclinical models of HER2+ breast cancer, CD47 blockade significantly increased ADCP and enhanced trastuzumab therapeutic outcomes (63).

In the fourth pathway, the inhibition of CD47 or SIRPα can induce tumor cell apoptosis (64, 65), which could be attributed to the direct ligation of CD47 rather than the caspase-dependent pathway (66, 67). In breast cancer, anti-CD47 antibody mediates direct apoptosis of tumor cells, involving the regulation of cAMP levels via heterotrimeric Gi with subsequent effects mediated by PKA. Notably, this effect can be effectively blocked by any drug that maintains intracellular cAMP levels and PKA activity (68).



Targeting CD47 in Breast Cancer Treatments

While SIRPα-CD47 signaling cascade remains incompletely understood, the value of targeting CD47 in tumor treatment has been increasingly confirmed, and the clinical studies on CD47 mAbs have made rapid progress (Table 1). Here, we reviewed and summarized recent advances in CD47 antibodies in breast cancer treatment (Table 2).


Table 1 | Clinical trials targeting CD47 registered with the National Clinical Trials Registry (NCT) system.




Table 2 | Targeting CD47 in breast cancer.




Anti-CD47 Antibody Monotherapy

In 2004, Manna et al. found that anti-CD47 mAb 1F7 could cause the death of four different breast cancer cell lines (68). Kaur et al. showed that CD47 blockade inhibited breast CSCs proliferation and asymmetric cell division (50). It is well known that CSCs play an important role in tumor survival, proliferation, metastasis, and recurrence.

Iribarren et al. demonstrated that the monotherapy of CD47 antibody could effectively reduce tumor growth and increase overall survival in AT3 breast cancer model. Regulatory T cells (Tregs) are involved in tumor development and progression by inhibiting antitumor immunity. Of note, this treatment results in a partial reduction of M2 macrophages and almost complete elimination of immunosuppressive Tregs, suggesting that CD47 blockade remodels the tumor microenvironment (69). This elimination might be attributed to CD47 expression on Tregs, and anti-CD47 antibody would increase ADCP of the targeted Tregs (75).

In orthotopic mouse breast cancer model, anti-CD47 antibody inhibited tumor growth and prevented metastasis on larger tumors, and may be curative on smaller tumors; Importantly, anti-CD47 mAbs produced no unacceptable toxicity in immune competent mice, albeit with a temporary anemia, indicating the safety of targeting CD47 (32).



Anti-CD47 Antibody in Combination With Chemotherapy

It is important to point out that targeting CD47 can immensely enhance the anti-tumor effect of other therapeutic strategies.

Calreticulin (CRT) is the dominant pro-phagocytic signal on multiple human cancers, which facilitates cell clearance by engaging its counter receptor LDL-receptor-related protein (LRP) on phagocytes. The balance between antiphagocytic signal (i.e., CD47) and pro-phagocytic signal (i.e., CRT) ultimately determines if cancer cells will be phagocyted or not (76, 77). Anthracyclines induce the rapid translocation of CRT to the cell surface, thereby increasing the immunogenicity of tumors (78). The blockade of CD47 in combination with anthracyclines results in the activation of immunogenic cell death pathway and enhances tumor ablation in vivo (57). Iribarren et al. observed that anti-CD47 antibodies and anthracycline mitoxantrone (MTX) could be favorably combined against carcinogen-induced breast cancers, and this synergistic effect inhibited tumor growth more significantly than either treatment alone (69). Feliz-Mosquea et al. used a 2-dimensional high-throughput cell proliferation assay in mouse 4T1 breast cancer model, and they concluded that targeting CD47 could reduce breast cancer growth and metastasis by activating anti-tumor innate immune response, thereby enhancing the efficacy of doxorubicin chemotherapy in vivo. In addition, anti-CD47 antibodies prevent anthracycline-mediated cardiotoxicity and tissue toxicity (57).

Recently, Cao et al. demonstrated that the combination of CD47 blockade and cabazitaxel, an FDA-approved chemotherapeutic agent (79), produced a potent anticancer effect in TNBC preclinical models, promoting Programmed Cell Removal (PrCR) of cancer cells, and inhibiting tumor development and metastasis; while the efficacy of CD47 antibody alone in inducing PrCR was not satisfactory. More importantly, they discovered that the anti-cancer effect of cabazitaxel in TNBC was due to macrophage activation rather than drug cytotoxicity toward cancer cells. Hence, the combination of CD47 blockade and cabazitaxel may be an effective strategy for TNBC treatment (54).

Numerous studies found that CD47 expression was upregulated in chemotherapy-treated TNBC cells (80, 81). Si et al. developed an innovative antibody-drug conjugates (ADCs) constructed from a specific anti-CD47 mAb and the potent cytotoxic drug-mertansine for the treatment of TNBCs following the standard cytotoxic chemotherapies. Compared with free drug (single drug not conjugated to antibody), ADC showed higher tumor suppressor potency with reduced IC50, and significantly inhibited tumor growth after chemotherapy in TNBC mouse models. Moreover, the whole blood analysis indicated that the new anti-CD47 mAb had no general immune toxicity (70).



Anti-CD47 Antibody in Combination With Tumor-Targeting Antibodies

Anti-CD47 antibody can also be used with biologics in addition to the combination with regular chemotherapy.

In the study of Weiskopf K et al., using the Her2/neu+ breast cancer cell line for phagocytosis determination, the combination of trastuzumab (an anti-HER2 antibody) and high-affinity recombinant SIRPα protein FD6 or CV1 resulted in the highest level of phagocytosis, which was significantly higher than the additive effect of either agent administered alone. Furthermore, CV1-monomer combined with trastuzumab completely eliminated tumors in breast cancer xenograft model using the humanized NOD/SCID/IL-2 receptor gamma-chain(null) (NSG) mice (71).

During radiotherapy, tumors can gradually adapt to changes in the physical and chemical environment and develop radioresistance, which is the main reason for the failure of clinical radiotherapy. Candas-Green et al. found that the aggressive behavior of radioresistant breast cancer was caused by CD47-mediated anti-phagocytosis conjugated with HER2-prompted proliferation. In vivo experiments, the dual inhibition of CD47 and HER2 can effectively increase the radiosensitivity of radiotherapy-resistant tumors and enhance the phagocytosis of tumor cells by macrophages (72).

Impairments in trastuzumab-mediated ADCC may lead to relative resistance to trastuzumab in advanced-stage HER2+ breast cancer patients (82, 83). Trastuzumab could engage Fc-γ receptors (FcγR) on macrophages and promote ADCP, which can be enhanced by anti-CD47 antibody (84). The combination of anti-CD47 antibody and trastuzumab significantly suppressed the growth of ADCC-tolerant HER2+ breast cancers, which could represent a potential new treatment option for HER2+ breast cancer patients (73).

Similarly, in a study by Tsao et al., anti-CD47 antibody significantly enhanced trastuzumab-mediated ADCP and promoted TAM expansion and activation. In addition, CD47 expression was inversely associated with the survival of HER2+ breast cancer patients, and the tumors in human HER2+ breast cancer xenografts models treated with trastuzumab plus CD47 inhibition showed complete regression (63).

The highly immunosuppressive microenvironment after surgery is critical for the recurrence and metastasis of breast cancer. Recently, Huang et al. designed an injectable Double-Layer-Gel (DLG) matrix for postsurgical treatment of breast cancer. The outer layer of DLG could release sorafenib first, which reeducates TAMs and promotes an immunogenic tumor microenvironment. The inner layer, loaded with anti-CD47 antibody, enabled the sustained release of anti-CD47 antibody. They demonstrated that in breast cancer mouse model, the DLG-based strategy efficiently prevented tumor recurrence and metastasis by locally reversing immunosuppression and synergistically blocking CD47-dependent immune escape (74).




Biosafety Problems and Future Perspectives

Due to the ubiquitous expression in normal cells (85), anti-CD47 antibodies could cause possible off-target effects, such as anemia, thrombocytopenia, and leukopenia (76). One study suggested that Hu5F9-G4, an anti-CD47 antibody, alone or in combination with other antibodies may accidentally kill normal erythrocytes, leading to anemia (86). To alleviate this adverse effect, Advani et al., proposed to give short priming low-dose of Hu5F9-G4 in combination with rituximab to selectively eliminate the aged RBCs, thereby inducing compensatory hematopoiesis (87). The wide expression of CD47 also creates an “antigen sink”, which means that larger initiation doses and/or frequenter administrations may be required to achieve effective blockade. Thus, there is an ongoing need to exploit safer solutions to overcome toxicities, and several strategies have been developed to address these issues by selectively binding to CD47 on tumor cells, including the identification of tumor-specific CD47 epitopes and the designs of bispecific antibody.

Although single CD47-targeted agents may have significant efficacy in breast cancer, data from immunocompetent mice and breast cancer xenograft models suggest that combination therapy is still required. Presently, this synergy has been shown to be effective in preclinical models, such as anti-CD47 therapy combined with chemotherapy or immune checkpoint inhibition agents. Future advances in cancer screening and precision medicine would help define which type and stage of breast cancer is most amenable to be treated with one or more specific types of anti-CD47 therapies.



Conclusions

In conclusion, CD47 is a novel attractive target for the treatment of breast cancer, which functions as ‘don’t eat me’ signal to assist cancer cells to escape immunosurveillance. Strategies targeting the CD47-SIRPα axis demonstrate promising results for breast cancer treatment. However, there are a series of biosafety problems with such treatments, and further clinical trials are needed to determine the clinical efficacy of these strategies.
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Introduction

Epidemiological studies investigating the association between carnitine and breast cancer are scarce.



Materials and Methods

This 1:1 age-matched retrospective case-control study identified 991 female breast cancer cases and 991 female controls without breast cancer using pathological testing. We used targeted metabolomics technology to measure 16 types of whole blood carnitine compounds, such as free carnitine (C0) and octadecanoylcarnitine (C18).



Results

The average age for cases and controls was approximately 50 ± 8.7 years. After adjusting for covariates, each standard deviation (SD) increase in malonylcarnitine (C3DC; OR 0.91; 95% CI 0.83-1.00), decenoylcarnitine (C10:1; OR 0.87; 95% CI 0.79-0.96), and decadienoylcarnitine (C10:2; OR 0.90; 95% CI 0.82-0.99) level was associated with decreased odds of breast cancer. However, higher butyrylcarnitine (C4) levels were associated with increased odds of breast cancer (OR 1.12; 95% CI 1.02-1.23). No statistically significant relationship was noted between other carnitine compounds and breast cancer. The false discovery rates for C3DC, C4, C10:1 and C10:2 were 0.172, 0.120, 0.064 and 0.139, respectively.



Conclusions

Higher levels of C3DC, C10:1, and C10:2 were protective factors for breast cancer, whereas increased C4 levels were a risk factor for the disease.





Keywords: carnitine, breast cancer, women, metabolites, risk assessment



1 Introduction

Breast cancer remains the most common type of malignancy in females not only in China, but also among other countries in the world (1). The age-standardized incidence rate of breast cancer among females was 28.51 per 100,000 in 2014 in China (2). Females between the ages of 35-69 years are projected to have a higher age-standardized incidence rate for breast cancer in 2021, with a rate of 85 per 100,000 (3).

The major challenges with breast cancer survival are delayed and inaccurate diagnoses, which subsequently affect treatment timing, options, and success rates (4, 5). Identifying specific metabolites contributing to breast cancer development and diagnosis may improve prognosis. Park et al. and Rashed et al. found that plasma metabolites, including l-octanoylcarnitine, 5-oxoproline, hypoxanthine, and docosahexaenoic acid, could be potential biomarkers for diagnosing breast cancer (6, 7). Because metabolites are suggested to be related to the progression of breast cancer, they may be useful for preventing and treating breast cancer (8–11).

Carnitine is an amino acid derivative that is comprised of free carnitine and various forms of short-, medium- and long-chain acylcarnitines in its endogenous form. Carnitine has many metabolic functions (Additional file 1), including stimulating hematopoiesis, inhibiting collagen-induced platelet aggregation, preventing programmed cell death in immune cells, and modulating fatty acid oxidation (12, 13). Carnitine is also able to preserve membrane integrity (14), stabilize the physiological coenzyme A (CoASH)/acetyl-CoA ratio in the mitochondria, and reduce lactate production (12, 15). Carnitine may be involved in the pathogenesis of cancer development. There is evidence suggesting that carnitine-induced fatty acid oxidation plays a critical role in the production of NADH, FADH2, NADPH and ATP, which could contribute to the development of tumors (16–18). Carnitine palmitoyltransferase I (CPTI) was reported to be overexpressed in numerous tumors, suggesting it may play an important role in tumor neovascularization (19).

Although carnitine may be related to breast cancer development, existing epidemiological studies are scarce and those that have examined this potential relationship are limited in their sample size (6, 20). A Turkish case-control study, consisting of 58 breast cancer cases and 30 healthy controls, reported that serum carnitine levels in cases after radiotherapy were lower than in controls (20). Another Korean case-control study of 30 breast cancer cases and 16 healthy controls found that higher plasma l-octanoylcarnitine levels were associated with lower breast cancer risk (6). Thus, we used a 1:1 matched case-control study with a relatively large sample size to examine the association between circulating carnitine levels and breast cancer in females.



2. Materials and Methods


2.1 Study Setting and Subjects

We recruited participants from The First Affiliated Hospital of Jinzhou Medical University located in Jinzhou, Liaoning, China. This hospital provides medical services to approximately 11.2 million people residing in west Liaoning.

The participants were recruited from the Department of Breast Surgery between November 2015 and September 2020. Eligibility criteria included the following: 1) have a clear diagnosis for either breast cancer or non-breast cancer that was confirmed with a pathological test (Additional file 2); 2) have a valid carnitine measurement; and 3) have complete and valid covariate data. Women with current or past carnitine related treatments (i.e., l-carnitine) were excluded. All controls were individually matched to cases by age ( ± 1 year) at a 1:1 ratio. This research was approved by the Institutional Review Board (IRB; Project #: 202007) at the hospital and written informed consent was obtained from all participants.



2.2 Breast Cancer

Pathological stage of diagnosis (21) and the histological tumor grades (22) for breast cancer cases were obtained. We also assessed surrogate subtypes of breast cancer; these included human epidermal growth factor receptor-2 [HER2]-positive, Luminal A-like, Luminal B-like (HER2-positive or negative), and Triple negative (22, 23).



2.3 Blood Collection and Processing

Participants were asked to fast for at least 8 hours prior to blood collection. Nurses collected whole blood samples using vacutainer tubes (red cap) in the morning. We used dried blood filter paper to produce dried blood spot samples for carnitine assays. These samples were stored at -80 °C until assays were completed.



2.4 Carnitine Measurement

We punched the dried blood spot papers into 3-mm discs (24), which were extracted with ethanol and centrifuged (2 min at 1500g) to collect the supernatant. The supernatant was filtered and moved to 96-well plates. Standard carnitine (catalog number: NSK-A; Cambridge Isotope Laboratory, Tewksbury, MA) solution samples served as quality controls. These plates were dried under 50 °C pure nitrogen flow, incubated with a 1-butanol/acetyl chloride mixture, and dried again at 50°C under pure nitrogen flow. Finally, mobile phase solution (80% acetonitrile aqueous solution) was used to dissolve dried samples, which were measured with liquid chromatography coupled with mass spectrometry (high performance liquid chromatography detector LC-20A [Shimadze, Japan] and tandem mass spectrometry detection system AB Sciex 4000 QTrap [AB Sciex, Framinham MA]); this platform is suggested to be able to sensitively detect biomolecules (25). Absolute concentrations (μmol/L) of each carnitine compound was obtained by using a standard curve. We measured circulating levels of the following carnitine compounds: free carnitine [C0], acetylcarnitine [C2], propionylcarnitine [C3], malonylcarnitine [C3DC], butyrylcarnitine [C4], isovalerylcarnitine [C5], tiglylcarnitine [C5:1], hexanoylcarnitine [C6], octanoylcarnitine [C8], decanoylcarnitine [C10], decenoylcarnitine [C10:1], decadienoylcarnitine [C10:2], dodecanoylcarnitine [C12], myristoylcarnitine [C14], palmitoylcarnitine [C16], and octadecanoylcarnitine [C18].



2.5 Ascertainment of Covariates

Demographics (age and body mass index [BMI]), lifestyle factors (smoking and alcohol consumption), and medical history (age at menarche, postmenopausal status, hypertension diagnosis, type 2 diabetes diagnosis, personal history of cancer, family history of cancer, and parity) were considered as covariates. BMI was calculated using the formula: measured weight (kg)/(measured height [m])2. An individual was considered to be hypertensive if the measured systolic blood pressure was ≥140 mmHg or if the diastolic blood pressure measurement was ≥90 mmHg (26). Participants were considered to have type 2 diabetes based on standard clinical definitions using results from fasting plasma glucose testing, glucose tolerance testing, and glycated hemoglobin (A1C) testing (27). Information on age at menarche, history of cancer, smoking status, alcohol consumption, family history of cancer, postmenopausal status, and parity (subsequently categorized as 0, 1, 2, and 3+) was extracted from medical records.



2.6 Statistical Analysis

Characteristics and carnitine levels were descriptively analyzed for cases and controls. We used conditional logistic regression models to estimate odds ratios (ORs) and 95% confidence intervals (CIs) for the association between one standard deviation (SD) increase in carnitine level and breast cancer. The final conditional logistic regression models were adjusted for postmenopausal status and parity, because only these two factors were significantly associated with breast cancer at alpha = 0.05 under bivariate analysis. To address the issue of multiple testing, we also calculated the false discovery rates (FDRs) for all carnitines.

Carnitine compounds that were statistically significant in the logistic regression analysis were subsequently analyzed with multiple linear regression models to identify whether baseline characteristics are associated with circulating levels in the blood. Subgroup analyses by pathological stage of diagnosis, tumor grades, and surrogate subtypes were also performed with unconditional logistic regression models, in which breast cancer in each subgroup was the dependent variable and each carnitine compound (per 1-SD increase) was the independent variable. These models were adjusted for age, BMI, age at menarche, hypertension diagnosis, type 2 diabetes diagnosis, history of cancer, smoking status, alcohol consumption, family history of cancer, postmenopausal status, and parity. We tested for dose response by pathological stage of diagnosis and tumor grades among cases using multiple linear regression models, whereby continuous measures of carnitine (per 1-SD increase) were the independent variables, and pathological stages of diagnosis and tumor grades were dependent variables. P for interaction between surrogate subtypes and carnitine levels were tested using the interaction term (surrogate subtypes*  carnitine levels [per 1-SD increase]) among cases in unconditional logistic regression models. All models were adjusted for the same covariates described above. All statistical analyses were performed using SPSS (version: 24.0; SPSS, Chicago, IL) and R (Version 3.5.3, R Foundation for Statistical Computing).




3. Results

We identified 991 cases and 991 controls, with a mean age of 50.0 years (SD: 8.7 years) and 49.5 years (SD: 8.7 years), respectively (Table 1). Among cases, a total of 332 (33.5%), 481 (48.5%), 164 (16.5%), and 14 (1.4%) had a pathologically confirmed diagnosis stage of I, II, III, and IV, respectively. A majority of the cases had a tumor grade of II (61.5%), followed by grade III (12.9%) and grade 1 (5.5%). Approximately 20% of cases (n=199) did not have information on tumor grade. There were 143 (14.4%), 192 (19.3%), 155 (15.6%), and 471 (47.5%) cases with Triple negative, HER2-positive, Luminal A-like, and Luminal B-like (HER2-positive or negative) surrogate subtypes, respectively. surrogate subtype was not available for 3% of the cases. A majority of the controls (96.5%) had a benign breast lump, while others had either a mastitis (2.1%), a benign accessory breast lump (0.7%), hyperplasia of the mammary glands (0.5%), a benign axillary lump (0.1%), or a lipoma of the breast (0.1%).


Table 1 | Characteristics and carnitine levels for cases and controls.



Postmenopausal status and parity were significantly associated with breast cancer status (Table 1). Age, BMI, age at menarche, hypertension diagnosis, type 2 diabetes diagnosis, history of cancer, smoking status, alcohol consumption, and family history of cancer were not significantly different between cases and controls.

Levels of C3DC, C10:1 and C10:2 in cases were lower than in controls, whereas C4 levels were higher in cases than in controls (Table 1). We noted decreased odds of breast cancer with increasing levels of C3DC (OR 0.91; 95% CI 0.83-1.00), C10:1 (OR 0.87; 95% CI 0.79-0.96), and C10:2 (OR 0.90; 95% CI 0.82-0.99) (Table 2). However, higher C4 levels were associated increased risk of breast cancer (OR 1.12; 95% CI 1.02-1.23). The FDRs for C3DC, C4, C10:1, and C10:2 were 0.172, 0.120, 0.064, and 0.139, respectively. No other carnitine compounds were associated with breast cancer. The association of C3DC, C4, C10:1, and C10:2 with breast cancer did not differ with stage of diagnosis or tumor grade (all P for trend > 0.1; Figures 1–4). Subgroup analysis by surrogate subtype suggests that the impact of C4 on breast cancer was higher for individuals with the luminal B-like (HER2-positive or negative) subtype (P for interaction = 0.013; Figure 1). However, we did not observe any evidence to suggest that surrogate subtype modifies the association of C4, C10:1, or C10:2 with breast cancer (Figures 2–4).


Table 2 | Multivariable logistic regression analysisa of the association between carnitine levels (per 1-SD increase) and breast cancer.






Figure 1 | Association between malonylcarnitine (C3DC; per 1-SD increase) and breast cancer by pathological stage of diagnosis, tumor grade, and surrogate subtype. aAll models were adjusted for age, body mass index, age at menarche, hypertension diagnosis, type 2 diabetes diagnosis, history of cancer, smoking status, alcohol consumption, family history of cancer, postmenopausal status, and parity. Luminal B-like included HER2-positive and negative. Bold values are statistically significant at α = 0.05.






Figure 2 | Association between butyrylcarnitine (C4; per 1-SD increase) and breast cancer by pathological stage of diagnosis, tumor grade, and surrogate subtype. aAll models were adjusted for age, body mass index, age at menarche, hypertension diagnosis, type 2 diabetes diagnosis, history of cancer, smoking status, alcohol consumption, family history of cancer, postmenopausal status, and parity. Luminal B-like included HER2-positive and negative. Bold values are statistically significant at α = 0.05.






Figure 3 | Association between decenoylcarnitine (C10:1; per 1-SD increase) and breast cancer by pathological stage of diagnosis, tumor grade, and surrogate subtype. aAll models were adjusted for age, body mass index, age at menarche, hypertension diagnosis, type 2 diabetes diagnosis, history of cancer, smoking status, alcohol consumption, family history of cancer, postmenopausal status, and parity. Luminal B-like included HER2-positive and negative. Bold values are statistically significant at α = 0.05.






Figure 4 | Association between decadienoylcarnitine (C10:2; per 1-SD increase) and breast cancer by pathological stage of diagnosis, tumor grade, and surrogate subtype. aAll models were adjusted for age, body mass index, age at menarche, hypertension diagnosis, type 2 diabetes diagnosis, history of cancer, smoking status, alcohol consumption, family history of cancer, postmenopausal status, and parity. Luminal B-like included HER2-positive and negative. Bold values are statistically significant at α = 0.05.



In the multivariable models, C3DC, C4 and C10:1 were positively associated with age among cases (Additional file 3). C3DC was inversely associated with postmenopausal status and parity. C4 was positively associated with BMI, but inversely associated with family history of cancer. However, C10:2 was positively associated with family history of cancer. C10:1 was inversely associated with postmenopausal status. With regard to controls, C3DC and C10:1 were positively associated with parity (Additional file 4). Lastly, C4 was positively associated with age, whereas no relationship was observed between baseline characteristics and C10:2.



4. Discussion

This 1:1 individually matched case-control study found that C3DC, C4, C10:1, and C10:2 were significantly associated with increased risk of breast cancer. Stage of diagnosis, tumor grade, and surrogate subtype did not modify the association of C3DC, C10:1, and C10:2 with breast cancer. However, C4 was more strongly associated with breast cancer among individuals with a luminal B-like (HER2-positive or negative) subtype than other surrogate subtypes.

To the best of our knowledge, this is the first large epidemiological study examining the impact of 16 types of carnitine on breast cancer in females. We identified four types of carnitine, including C3DC, C4, C10:1 and C10:2, to be significantly associated with breast cancer, though the directionality of the association differed by the carnitine compound itself. In particular, we observed negative association of C3DC, C10:1, and C10:2 with breast cancer, which is partly consistent with a previous study where serum carnitine levels were lower in cases than in controls after radiotherapy (20). In contrast, a previous case-control study identified l-octanoylcarnitine as a candidate biomarker for breast cancer (6) - a conclusion that does not align with our finding of a null association between C8 and breast cancer. The underlying reasons for this discrepancy remains unclear. However, it may be partially attributed to the differences in the study population (Korean vs. Chinese), sample size (40 cases and 30 controls vs. 991 cases and 991 controls) and design (unmatched case-control study vs. matched case-control study) between the studies.

Given the high prevalence of breast cancer in females, circulating levels of C3DC, C4, C10:1, and C10:2 may have large clinical implications for breast cancer diagnosis as well as potentially risk assessment and treatment. Similar conclusions regarding study implications have also been conveyed by previous studies (6, 7, 9, 10). Further, carnitine levels can be modified via the consumption of animal-based products and l-carnitine supplements (28, 29). L-carnitine has been suggested to treat many oxidative stress related conditions, such as heart failure, angina and weight loss (30). Supplementation of specific carnitine compounds (e.g., C3DC, C10:1, and C10:2) can be potential therapeutic and/or prevention strategies for breast cancer following validation of our findings in human trials.

We report inconsistent association between various types of carnitine and breast cancer. The specific biological mechanisms for the relationships identified between C3DC, C4, C10:1, and C10:2 with breast cancer are still uncertain. It is postulated that higher levels of acylcarnitine indicate higher rates of mitochondrial fatty acid oxidation (13), which fuels breast cancer growth (16–18, 31). This mechanism is likely responsible for the positive association between C4 and breast cancer. In contrast, carnitine balances the CoASH/acetyl-CoA ratio (12, 15). A balanced CoASH/acetyl-CoA ratio removes excessive short- and medium-chain fatty acids from the mitochondria, which can potentially be toxic (32). This supports the negative association of C3DC, C10:1, and C10:2 with breast cancer. The physiological mechanism in the pathogenesis of breast cancer is likely to vary by different carnitine compounds (13).

Our study has several strengths. We had a relatively large sample size. Secondly, all cases and controls were confirmed with pathological testing, reducing concerns of outcome misclassification bias. The individually 1:1 matched case-control study design alleviates concerns of potential confounding by age. We further excluded individuals with carnitine related treatments to rule out the influence of the potential medical effects on circulating carnitine levels. We collected fasting blood samples to limit the influence of diet on carnitine measurements. Lastly, all blood samples were drawn in the morning to control for the potential impact of the circadian rhythm on carnitine levels (33).

Our findings should be interpreted within the context of a number of limitations. First, due to the case-control study design, we cannot make a causal inference about the relationship between C3DC, C4, C10:1, or C10:2 with breast cancer. Second, this study did not have data on a number of risk factors that have been identified for breast cancer, such as physical activity, hormone replacement therapy, and diethylstilbestrol use. Potential residual confounding cannot be completely ruled out. Third, a majority of the controls (96.5%) in this study had a benign breast lump. Whether similar conclusions can be drawn using healthy controls is still unclear. Our findings may not be generalizable as we used a hospital-based population, which may be influenced by selection bias. Lastly, we only investigated carnitines in this study, because the targeted approach could only measure a limited set of metabolites and funding was limited (34).



Conclusions

Higher levels of C3DC, C10:1, and C10:2 were found be protective factors for breast cancer. In contrast, higher C4 levels were identified as a risk factor for breast cancer. These findings substantially expand our understandings about the relationship between carnitine and breast cancer. Whether these carnitine compounds have an impact on breast cancer development requires further examination using high quality prospective cohort studies.
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Background

Exposure to recurrent infections in childhood was linked to an increased risk of cancer in adulthood. There is also evidence that a history of tonsillectomy, a procedure often performed in children with recurrent infections, is linked to an increased risk of leukemia and Hodgkin lymphoma. Tonsillectomy could be directly associated with cancer risk, or it could be a proxy for another risk factor such as recurrent infections and chronic inflammation. Nevertheless, the role of recurrent childhood infections and tonsillectomy on the one hand, and the risk of breast cancer (BC) in adulthood remain understudied. Our study aims to verify whether a history of tonsillectomy increases the risk of BC in women.



Methods

A systematic review was performed using PubMed, Google Scholar, Scopus, Embase, and Web of Science databases from inception to January 25, 2022, to identify the studies which assessed the association between the history of tonsillectomy and BC in females. Odds ratio (OR) was calculated using the random/fixed-effects models to synthesize the associations between tonsillectomy and BC risk based on heterogeneity.



Results

Eight studies included 2252 patients with breast cancer of which 1151 underwent tonsillectomy and 5314 controls of which 1725 had their tonsils removed. Patients with a history of tonsillectomy showed a higher subsequent risk of developing BC (OR, 1.24; 95% CI: 1.11-1.39) as compared to patients without a history of tonsillectomy. Influence analyses showed that no single study had a significant effect on the overall estimate or the heterogeneity.



Conclusions

Our study revealed that a history of tonsillectomy is associated with an increased risk of breast cancer. These findings underscore the need for frequent follow-ups and screening of tonsillectomy patients to assess for the risk of BC.





Keywords: breast, tonsillectomy, meta-analysis, risk, oral infection



Introduction

Inflammatory processes can increase the risk of cancer development. Tonsillitis is one of the most common presentations of inflammatory diseases, especially in children. Its treatment strategy includes performing a tonsillectomy, which is a routine procedure. The acute complications of this surgery include hemorrhage and infection, but long term, it has also been correlated with a higher risk for neoplastic development (1). Studies have linked it to the development of prostate cancer (2), Hodgkin’s lymphoma (3), and leukemia (4, 5).

Two theories have been proposed in the literature that might explain the risk between tonsillectomies and the development of cancer. The first is that the immune function of tonsils is greatest in childhood and that it drastically decreases after adolescence. Therefore, children with tonsillectomies are put at a greater risk for viral infections which subsequently aid in the development of cancer (3). However, in recent years, a meta-analysis conducted by Bitar et al. found that tonsillectomies do not result in negative immunological sequelae (6). The second, and more plausible theory is that those individuals who develop cancer, have not only predisposing factors but an altered immune function too. This may have made them more susceptible to inflammatory conditions in childhood, like tonsillitis, leading them to have a tonsillectomy (3).

The main aim of our study was to conduct the first comprehensive critical review and meta-analysis of observational studies to ascertain the risk of cancer in people with a reported history of tonsillectomy.



Methods

The study was performed according to the Preferred Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines (7). The University of Tlemcen institutional review board determined that approval was not required for this study design.


Search Strategy and Eligibility Criteria

Three electronic databases (PubMed, Google Scholar, Scopus, Embase, and Web of Science) were searched from inception to January 25, 2022, for relevant studies. The details of the search strategy for each database are presented in Appendix 4. The searches were limited to human studies and were performed for all languages and study types. Additional studies were identified by 2 independent investigators through manually searching conference abstracts, clinical trial databases, and reference lists.

All included studies had to meet the following eligibility criteria: cohort or case-control study design; at least 1 study group of patients with tonsillectomy; and a comparison group involving patients without tonsillectomy or the general population. Included studies were also required to investigate breast cancer occurrence, incidence, or prevalence of cancer within this group of patients. Studies investigating only a pediatric population were excluded to minimize age-related bias. For overlapping studies from the same cohort (eg, studies based on the same database in the same period or follow-ups of older studies), the latest and most appropriate outcomes were selected by the consensus of all the investigators.



Study Selection and Data Extraction

Two investigators independently screened the titles and abstracts of all the articles using the predefined inclusion criteria. The full-text articles were examined independently by all investigators to determine whether they met the inclusion criteria. Furthermore, the same authors independently extracted data using a data extraction form. The final inclusion of each article was determined by all investigators’ evaluation discussions. References and data for each included study were carefully cross-checked to ensure that no overlapping data were present and to maintain the integrity of the meta-analysis.



Critical Appraisal Tool and Risk of Bias Assessment

To assess the risk of bias in the included cohort and case-control studies, the Newcastle-Ottawa Scale tool was used. Using the tool, each study was judged on 8 items in 3 categories, including the selection of the study groups, the comparability of the groups, and the ascertainment of the exposure of interest for case-control studies or the outcome of interest for cohort studies. Studies that received 7, 8, or 9 of a possible 9 points were regarded as high quality, whereas studies that received 4, 5, or 7 were regarded as fair quality (high risk of bias), and those that received 3 or less were regarded as low quality (very high risk of bias) (8).



Data Analysis

Our meta-analysis was performed using the “meta” package of R software version 4.1.0 (9). We used the inverse variance models for the analyses. I-squared scores > 50% is considered substantial heterogeneity. A P-value of less than 0.05 indicates statistically significant results.

We performed subgroup analyses using fixed-effect models, and sensitivity (influence) analysis to show the effect of every single study on the overall effect and heterogeneity.




Results


Study Selection

The systematic search identified 2523 potentially relevant studies. After initial review by title and abstracts, 2450 articles were excluded, leaving 73 to be reviewed in full text. Eight studies ultimately met our prespecified criteria and were included in our analysis. The detailed study selection process is depicted in a PRISMA flowchart in Figure 1.




Figure 1 | The Prisma flow diagram of the study.





Study Characteristics

Together, these eight studies included 2252 patients with breast cancer of which 1151 underwent tonsillectomy and 5314 controls of which 1725 had their tonsils removed. Seven were case-control studies (10–16) and one was a retrospective cohort study (17). No randomized trials were found. The number of participants in the included studies ranged from 174 to 2200. Four studies were performed in the USA (10, 11, 13, 15) and one each in Scotland (12), Canada (14), Taiwan (17) and Greece (10) (Table 1)


Table 1 | Study characteristics.





Risk of Bias in Studies

Three studies were of high quality (15–17) while the rest of the studies had a high risk or very high risk of bias (10–14). Most of the studies did not match the cases and controls or adjust the potential confounders and did not enroll all eligible cases with the outcome of interest over a defined period, all cases in a defined catchment area, or did not include a random sample. The details of the quality assessment are summarized in Appendix 1.


Synthesis of Data

Our meta-analysis included eight studies comprising 2876 participants with a history of tonsillectomy and 4690 without a history of tonsillectomy. It revealed a statistically significantly increased risk of breast cancer in the group with a history of tonsillectomy as compared to the group without a history of tonsillectomy (OR, 1.24; 95% CI: 1.11-1.39). The heterogeneity among the studies was of an acceptable level (I2 = 33%; P = .17; Figure 2). We also pooled the data using adjusted effect sizes where available from the included studies. The results were consistent with an increased risk of breast cancer seen in the tonsillectomy group (OR, 1.24; 95% CI: 1.01-1.51, I2 = 33%).




Figure 2 | The forest plots of (A) All studies included (Unadjusted analysis) (B) Only high-quality studies included based on NOS (Unadjusted analysis) (C) Adjusted analysis.






Investigation of Heterogeneity:


Subgroup Analysis

We performed subgroup analyses by menopausal status, year, study design, country, continent, sample size, and quality of studies. Premenopausal women had higher risk of developing breast cancer (OR, 1.71; 95% CI: 1.36-2.15, , I2= 0%). All analyses showed an increased risk of breast cancer in the group with a history of tonsillectomy as compared to the group without a history of tonsillectomy. However, the test for subgroup differences was not significant for any of the comparisons, as shown in Table 2 and Figure 3 and figures in Appendix 3.


Table 2 | Results of the subgroup analysis.





Sensitivity Analysis

Influence analyses conducted using random-effects models showed that no single study had a significant effect on the overall estimate or the heterogeneity (Figures 3A, B). The Baujat plot showed that the study of Cassimos et al. contributed the most to heterogeneity but had a small effect on the overall estimate. The Gaussian Mixture Model revealed that Brasky et al., Cassimos et al., Gross et al., and Howie et al. were potential outliers (Appendices 2A, B). We performed a separate analysis after the removal of the studies with outlier results which showed that the risk of breast cancer remained higher in the group with a history of tonsillectomy (OR, 1.23; 95% CI: 1.05-1.44, I2= zero) (Appendix 2).




Figure 3 | Influence (leave-one out sensitivity) analysis; (A) Sorted by effect size (B) Sorted by I2.







Discussion

This is the first comprehensive systematic review and meta-analysis examining the relationship of prior tonsillectomy previously and breast cancer amongst females. This meta-analysis included 8 studies in total, and the results demonstrate that there was a significant correlation between tonsillectomy and future development of breast cancer amongst adult females. Patients who underwent tonsillectomy previously (n = 2843), and women, in particular, were more prone to develop breast cancer later in their lives (n = 2200).

Theories put forward to explain this association suggests viral infections as the key driver of mutations, leading up to cancers. Late age tonsillectomies have been proposed as a proxy for a delayed type of infection by the Epstein- Barr virus (EBV) (17). Moreover, human papillomavirus (HPV) DNA has also been detected in tonsillectomy specimens, implying a possible causation agent for head and neck cancers (18).

Quite a few studies conducted previously have investigated the association of tonsillectomy with cancers at various locations. Vineis et al. in a case-control study depicted a two-fold risk of lymphocytic leukemia with a tonsillectomy performed at 10 years of age (5). Liaw et al. portrayed an increased risk of Hodgkin’s lymphoma in a cohort of Swedish patients, as opposed to the general population (3). In addition to that, there have been studies with mixed results showing a possible relation with prostate cancer as well (2, 19).

Lubin et al. showed an increased risk of breast cancer diagnosed after 65 years of age in women with a history of tonsillectomy (14). Yasui et al., on the other hand, showed an increased risk of breast cancer with tonsillectomies performed at >15 years of age (15). Brasky et al. in their study suggested a possible association between a history of tonsillectomy and future risk of development of breast cancer in premenopausal women (16). He proposed tonsillectomy to be an indicator of chronic inflammation in childhood, with subsequent increased risk of carcinogenesis (20). Moreover, prostaglandin production due to increased COX-2 activity in the setting of inflammation is correlated with estrogen synthesis and in turn, breast cell proliferation, in an in-vitro setting (21). Finally, the removal of tonsils, responsible for serving an important immunosurveillance function may lead to compromised immunologic defenses against cancer cell proliferation (22).

This study provides a deeper insight into the relationship between tonsillectomy and developing breast cancer; it extends and confirms previous results. Some other strengths of our study include precise results as a culmination of a comprehensive review that has not been done so far. Moreover, a comprehensive investigation of heterogeneity and use of sensitivity analyses to demonstrate the robustness of our results futher strengthen our meta-analysis.

Our study is not without limitations. Some of the major limitations that need to be highlighted include the observational nature of the included studies and the risk of confounding bias. Moreover, adjustment was not available for all of the studies, and some individual studies carried a high risk of bias. Due to inadequate reporting by the studies, we were not able to assess the association between the average age at tonsillectomy and risk of BC. Finally, there was a lack of matching between cases and controls in some studies.

Our study underscores the need for frequent follow-ups and screening of tonsillectomy patients to assess for the risk of BC. The indications for tonsillectomy may need to be reconsidered, especially in those patients with pre-existing risk factors for BC. Large-scale studies with a robust design to reduce confounding bias are needed to confirm our findings. Mechanistic research is also needed to fully understand the pathogenesis of BC in tonsillectomy patients.
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Background

This study aimed to analyze the role of myelin protein zero-like 3 (MPZL3), a single membrane glycoprotein, in prognosis, tumor immune infiltration, and drug susceptibility in human cancers.



Methods

Data regarding MPZL3 were extracted from the TCGA, GTEx, CellMiner, CCLE, TIMER, GSEA, and USCS Xena databases. The expression difference, survival outcomes, DNA methylation, tumor mutation burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), tumor microenvironment (TME), immune cell infiltration, and drug sensitivity of MPZL3 were analyzed by R language software. Cell proliferation and drug sensitivity tests were applied to analyze the biological role of MPZL3 and drug sensitivities in breast cancer.



Results

MPZL3 was highly expressed in most cancer types and correlated with unfavorable survival outcomes in several cancers. TMB, MSI, MMR, DNA methylation, and RNA modification played a significant role in mediating MPZL3 dysregulation in cancers, and MPZL3 was closely linked to CD8+ T cells and CD4+ T immune infiltration. The MPML3 mRNA level was associated with protein secretion, the Notch signaling pathway, and heme metabolism. In addition, drug sensitivity analysis and validation also indicated that MPZL3 expression influenced the sensitivity of therapeutics targeting EGFR, ABL, FGFR, etc. Additionally, MPZL3 overexpression contributed to proliferation and drug sensitivity in different subtypes of breast cancer.



Conclusions

This study provides a comprehensive analysis and understanding of the oncogenic roles of the pan-cancer gene MPZL3 across different tumors, including breast cancer. MPZL3 could be a potential prognostic biomarker and therapeutic target for breast cancer.





Keywords: MPZL3, biomarker, immune infiltration, drug susceptibility, prognosis, breast cancer



Introduction

Cancer has gradually become the most prominent cause of health-related death and remains a tricky problem that elicits tremendous burdens for both individuals and society (1). Strategies such as surgery, chemotherapy, radiotherapy, etc., have achieved certain results in cancer treatment, but a considerable number of patients with advanced disease still exhibit a poor prognosis. Recent advances in sequencing technology and bioinformatics have provided an unprecedented amount of data on the profile of the immune ecosystem, thus dramatically uncovering more regulatory mechanisms of the immune microenvironment and facilitating tumor immunotherapy (2).

The myelin protein zero-like 3 (MPZL3) gene encodes a single transmembrane protein that presents an immunoglobulin (Ig)-like variable (V)-type domain that may be involved in various cellular processes, such as cell adhesion, cell–cell interactions, and antigen binding (3). A previous study demonstrated that the MPZL3 protein can be considered a powerful intramitochondrial signaling hub that functions in circadian and metabolic regulation (4). Additionally, MZPL3 exerts a significant role in cell differentiation, lipid and energy metabolism, and immunity regulation (5). Previous genetic linkage studies have demonstrated that the MPZL3 chromosomal location (11q23.3) is closely linked to energy expenditure and body mass (6, 7). MPZL3 is capable of interacting with cellular proteins and activating intracellular signaling pathways (5). Moreover, MZPL3 contains immunoglobulin domain cell adhesion molecules that apply as regulators of immune cell recruitment during inflammation. MPZL3 might potentially function in the inflammatory response to dietary fat intake (8). The crosstalk between cancer cells and the surrounding tumor microenvironment (TME) regulates the development and tumorigenesis of cancer cells, thus impacting tumor apoptosis, invasion, metastasis, and therapeutic effects across cancers (9). In the TME, various components consist of the vasculature, collagen, fibroblasts, adipocytes, immune cells, myeloid-derived suppressor cells, bone marrow-derived cell (BMDC) signaling molecules, and the extracellular matrix (ECM) surrounding the tumor cells. Currently, immunotherapies, represented by immunological checkpoint blockade (ICB) and programmed death-1/ligand 1 (PD-1/L1), can be applied to unleash the antitumor immune response and achieve astounding therapeutic efficiency for a certain percentage of cancer patients (10). However, the roles and underlying mechanisms of MPZL3 in prognostic value, tumor immune infiltration, and drug susceptibility largely remain unclear.

In the present study, with the help of public databases such as The Cancer Genome Atlas (TCGA), we comprehensively investigated the relationship between MPZL3 expression and prognosis in different cancer types for the first time. We next analyzed the association of MPZL3 expression with immune cell infiltration and drug susceptibility in human cancers. Furthermore, we validated the role of MPZL3 in cell proliferation and drug sensitivity in different molecular subtypes of breast cancer cells.



Methods and materials


Data collection and preprocessing

Normalized expression profile data, TMB data, MSI data, and pan-cancer clinical information, including clear cell renal carcinoma, were downloaded from the UCSC Xena database (11, 12). For datasets in the USCS Xena databases, institutional review board approval and informed consent were not needed. Prognosis outcomes of MPZL3 in the TCGA Cohort were performed. Patients were excluded if they did not have prognostic information or died within 30 days. The survival information of pan-cancer including overall survival (OS), progression-free interval (PFI), disease-free interval (DFI), and disease-free survival (DSS) was extracted from the TCGA database to evaluate the prognostic value of MPZL3. OS was defined as the time from the date of diagnosis to the date of death due to any cause; DFI was defined as the interval from the date of the end of the initial treatment and the date at diagnosis of the recurrence; PFI was defined as the time between the date of diagnosis and the date of the first detection of progression or loss of follow-up; DSS was defined as the time from the clinical diagnosis to cancer-related death. Analysis of MPZL3 expression across cancers was performed in the TCGA database using p value <0.05 and absolute fold change >1.5 as the threshold. The abbreviations used in the study were as follows: ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; COADREAD, colorectal adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; GBMLGG, lower-grade glioma and glioblastoma; LGG, lower grade glioma; HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIPAN, Pan-kidney cohort (KICH+KIRC+KIRP); KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; STES, stomach and esophageal carcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma; and UVM, uveal melanoma.



Enrichment analysis of MPZL3

Based on the guilt of association of a single gene in the expression profile, Pearson’s correlation between MPZL3 and other mRNAs retrieved from TCGA transcriptome data was analyzed. Sorted by the level of association index between genes and MPZL3, those genes most related to MPZL3 expression were selected for enrichment analysis. The R package “cluster profile” was used to perform Gene Set Enrichment Analysis (GSEA) (13).



Assessment of potential chemotherapy drugs for MPZL3 expression

Clinical characteristics, including tumor stage and drug sensitivity, were introduced, and the relationship between MPZL3 expression and those characteristics was analyzed. The data, including IC50 (half maximal inhibitory concentration) and gene expression of cancer cell lines, were downloaded from the CellMiner database (https://discover.nci.nih.gov/cellminer/home.do) and GDSC (https://www.cancerrxgene.org/) database, respectively (14, 15).



Differences in the tumor microenvironment and immunotherapy response

The R package “ESTIMATE” was introduced to evaluate the relationship between the infiltration degree of immune and stromal cells and MPZL3 expression across cancers. Coexpression analysis of immune-related genes and MPZL3 was performed via the R packages “ggpubr” and “ggcor”. The R package “CIBERSORT” was used to quantify the immune cell infiltration scores across cancers, and then the correlation of the degree of immune cells and MPZL3 expression was calculated. In addition, the correlation between neoantigen count, TMB, MSI and the expression of T-cell exhaustion marker genes (including PDCD1, TIGIT, CD274, CTLA4, LAG3, CXCL13, LAYN, and HAVCR2), DNA mismatch repair system genes (including MLH1, MSH2, MSH6, PMS2, and EPCAM), DNA methyltransferase (including DNMT1, DNMT2, DNMT3A, and DNMT3) and ESTIMATE scores and MPZL3 expression was analyzed. We also calculated the immune infiltration scores via the ssGSEA algorithm and analyzed the correlation and difference between immune cell infiltration and MPZL3 expression levels in BRCA. The TIMER website (http://timer.cistrome.org/) was used to validate the influence of MPZL3 mutation on immune cell infiltration in BRCA (16).



Establishment of stably transfected cell lines

The overexpression vectors for human MPZL3 were constructed by Bioegene Co., Ltd. Briefly, the MPZL3 construct was generated by PCR‐amplified MPZL3 cDNA into a lentiviral plasmid with a puromycin-resistant gene. Subsequently, the collected lentiviral supernatants were applied to infect breast cancer cells, including MCF7, SKBR3, and MDA-MB-231 for stably transfected cell lines after puromycin screening with a concentration of 1 ug/mL for 72 hours.



Western blot

Proteins were extracted using RIPA solution and then quantified using a BCA protein assay kit (Pierce, 23227). The proteins were separated by 12% SDS polyacrylamide gels and transferred onto polyvinylidene difluoride (PVDF) membranes. Subsequently, the membranes were blocked using a 5% skimmed milk solution for 1 h at 25°C. Next, the membranes were incubated with primary antibodies against GAPDH (1:1000, Abcam, ab8245) or MPZL3 (1:1000, Abcam, ab76327) at 4°C overnight. Finally, the membranes were incubated with a secondary antibody and imaged using an enhanced chemiluminescence (ECL) detection system (Thermo Scientific, USA).



Proliferation and clone-formation assays

For the proliferation assay, 3×103 cells suspended in 100 µl of DMEM were seeded onto 96-well plates. Cell proliferation was assessed using the CellTiter-Glo assay (Promega, USA). For the clone-formation assay, 700 cells were seeded onto 6-well plates and incubated at 37°C for 2 weeks. Cells were fixed with 4% paraformaldehyde and stained with 0.2% crystal violet for 20 min. Cells were washed with PBS and imaged, and the clones were counted.



Drug sensitivity detection in different subtypes of breast cancer cells

To analyze the effect of MPZL3 expression on drug sensitivity. We selected the ER-positive cell line MCF7, the ERBB2-amplified cell line SKBR3, and the triple-negative breast cancer cell line (TNBC) MDA-MB-231 to detect fulvestrant, pyrotinib, and paclitaxel sensitivity after transfection with the MPZL3-overexpression plasmid. Briefly, cells were seeded onto 96-well plates and treated with different concentrations of drugs. After 5 days of incubation, cell viability was measured using the CellTiter-Glo assay, and the IC50 of each drug was calculated.



Statistical analysis

Differences in the expression of MPZL3 in the public datasets were compared by one-way ANOVA, and differences in clinical information and immune checkpoint inhibitor response between the two different subgroups were compared by the chi-squared test. Differences in OS and PFI between the two subgroups were compared by the Kaplan–Meier method and log-rank rest. The hazard ratios (HRs) were calculated by univariate Cox regression and multiple Cox regression analysis. All image analyses in this study were performed using ImageJ software. All P values were two-sided, with P value less than 0.05 considered significant. The adjusted P value was obtained by Benjamini–Hochberg (BH) multiple test correction. All data processing, statistical analysis, and plotting were conducted using R 4.0.4 software.




Results


MZPL3 expression analysis between tumor and normal tissue samples

We first analyzed the physiological MPZL3 gene expression levels of 31 tissues across tissues using the GTEx database, and the results are indicated in Figure 1A. The results indicated that MPZL3 was highly expressed in skin, vagina, salivary gland, and lung tissues. In addition, relative MPZL3 expression levels across 21 cell lines from CCLE data are depicted in Figure 1B. We found that MPZL3 expression was different in paired tumor and normal tissues of 27 cancer types based on the data from the TCGA and GTEx databases. Compared with normal tissues, MPZL3 expression was remarkably higher in ACC, BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM, KIRP, LAML, LIHC, LUAD, OV, PAAD, PRAD, STAD, TGCT, THCA, UCEC and UCS and was expressed at lower levels in HNSC, LUSC, and SKCM (Figure 1C). Thus, the data demonstrated that MPZL3 is abnormally expressed in different cancers. Furthermore, we focused on MPZL3 expression in BRCA and found that the MPZL3 expression copy number correlated with clinicopathological characteristics such as BRCA IHC positive status, HER2 IHC level, histological type, sex, race, and molecular subtype in BRCA from the MEXPRESS database (Figure 1D).




Figure 1 | MPZL3 expression level in pan-cancer. (A) Comparison of MPZL3 expression in normal tissues in the GTEx database. (B) MPZL3 expression differed in tumor cell lines from the CCLE database. (C). MPZL3 expression differed in paired tumor and normal tissues of 27 cancer types from the TCGA and GTEx databases. (D) Correlations between the MPZL3 level and clinicopathological characteristics in BRCA. MPZL3, Myelin Protein Zero-like 3; GTEx, Genotype-Tissue Expression; CCLE, Cancer Cell Line Encyclopedia; TCGA, Cancer Genome Atlas; BRCA, breast invasive carcinoma. (*p < 0.05, **p < 0.01, ***p < 0.001).





Correlation analysis of MPZL3 expression with genetic alterations

We further assessed the mutation frequency and mutation count, including mutation, amplification, and deep deletion of MPZL3, in different tumor samples by the cBioPortal database. As shown in Figure 2A, the highest alteration frequency of MPZL3 (alteration frequency > 3%) appeared in UCEC patients with “mutations” as the primary type, and the “deep deletion” mutation of MPZL3 was the main mutation type in uveal melanoma. The “amplification” type of CNA is the primary type in brain lower grade glioma and diffuse-large B-cell lymphoma cases, with an alteration frequency of approximately 2% to 3% (Figures 2A, B). The MPZL3 genetic alteration in different cancer types across protein domains was also detected, and missense mutation of MPZL3 was the main type of genetic alteration (Figure 2C). We also assessed the mutation landscape in the MPZL3 high- and low-expression groups in BRCA. Whether in the MPZL3 high- or low-expression group, TP53, CDH1, DMD, MUC17, and ARID1A were the top five mutated genes, with a frequency of more than 5%. Compared with the cohort with low MPZL3 expression, the cohort with high MPZL3 expression had a higher level of TP53 mutation and a lower level of CDH1 mutation (Figure 2D).




Figure 2 | MPZL3 mutation across cancers. (A, B) The mutation frequency and mutation count of MPZL3 in pan-cancer by the cBioPortal database.(C) Mutation diagram of MPZL3 in different cancer types across protein domains. (D) The different mutation landscapes in the MPZL3 high- and low-expression groups in BRCA. MPZL3, myelin protein zero-like 3; BRCA, breast invasive carcinoma.





MZPL3 expression is related to DNA methylation and RNA modification

To further analyze the potential regulatory effect of DNA methylation and RNA modification on MPZL3 expression, we first systematically explored the correlation of the DNA methylation level and MPZL3 expression, which indicated that the majority of the CG sites of DNA methylation could negatively regulate MPZL3 expression (Figure 3A). In addition, RNA modification-related genes (including m1A, m5C, and m6A) were also significantly positively correlated with MPZL3 expression (Figure 3B). All of these results indicated that MPZL3 expression might perform its regulatory function mainly via posttranscriptional modification.




Figure 3 | DNA methylation and RNA modification in MPZL3. (A) The correlation of MPZL3 expression and the methylation degree across cancers. (B) The correlation of MPZL3 expression and RNA modification regulator expression across cancers. MPZL3, Myelin Protein Zero-like 3. (*p<0.05).





High MZPL3 expression predicts unfavorable survival outcomes

To investigate the potential prognostic value of MPZL3 in cancers, we integrated the MPZL3 mRNA expression level with the overall survival (OS), progression-free interval (PFI), disease-specific survival (DSS) and disease-free survival (DFI) of the 33 cancer types in the TCGA database. Then, Cox proportional hazards models and Kaplan–Meier survival analysis were employed to evaluate the prognostic potential of MPZL3 expression. We analyzed the correlation of MPZL3 expression with OS, PFI, DSS and DFI in type of cancers, and the results are displayed in forest charts. With regard to OS, patients with MPZL3 expression had a relatively worse OS in GBMLGG (HR=2.59, 95% CI 2.26 - 2.98, P<0.001), LGG (HR=2.13, 95% CI 1.73 - 2.61, P<0.001), GBM (HR=1.59, 95% CI 1.22 - 2.09, P<0.001), LAML (HR=1.46, 95% CI 1.17 - 1.83, P<0.001), PAAD (HR=1.45, 95% CI 1.14 - 1.85, P<0.01), MESO (HR=1.31, 95% CI 1.04 - 1.65, P=0.02) and BRCA (HR=1.25 95% CI 1.02 - 1.53, P=0.03) (Figure 4A), worse PFI in GBMLGG (HR=1.96, 95% CI 1.74 - 2.21, P<0.001), LGG (HR=1.51, 95% CI 1.28 - 1.79, P<0.001), LUSC (HR=1.29, 95% CI 1.04 - 1.61, P=0.02), PAAD (HR=1.32, 95% CI 1.06 - 1.65, P=0.02) and GBM (HR=1.37, 95% CI 1.04 - 1.81, P=0.03) (Figure 4B), worse DSS in GBMLGG (HR=2.66, 95% CI 2.30 -3.08, P<0.001), LGG (HR=2.20, 95% CI 1.77 - 2.73, P<0.001), GBM (HR=1.69, 95% CI 1.26 - 2.27, P<0.001), PAAD (HR=1.41, 95% CI 1.07 - 1.85, P=0.01), MESO (HR=1.35, 95% CI 1.03 - 1.77, P=0.03), BRCA (HR=1.31, 95% CI 1.00 - 1.71, P=0.05), and PRAD (HR=6.07, 95% CI 1.00 - 36.73, P=0.05) (Figure 4C), and worse DFI in PAAD (HR=1.79, 95% CI 1.07 - 3.00, P=0.03), COAD (HR=2.71, 95% CI 1.03 - 7.16, P=0.04), COADREAD (HR=2.24, 95% CI 0.99 - 5.10, P=0.05) (Figure 4D). Higher levels of MPZL3 mRNA were also linked with better OS in SKCM-M (HR=0.83, 95% CI 0.77 - 0.91, P<0.001) and SKCM (HR=0.88, 95% CI 0.81 - 0.95, P<0.01) (Figure 4A), better PFI in SKCM-M (HR=0.87, 95% CI 0.81 - 0.95, P<0.05), SKCM (HR=0.90, 95% CI 0.83 - 0.96, P<0.01), KIRC (HR=0.78, 95% CI 0.65 - 0.94, P=0.01) and KIPAN (HR=0.85, 95% CI 0.73 - 0.98, P=0.02) (Figure 4B), and better DSS in SKCM-M (HR=0.83, 95% CI 0.76 - 0.91, P<0.001), SKCM (HR=0.86, 95% CI 0.79 - 0.94, P<0.001), KIPAN (HR=0.80, 95% CI 0.67 - 0.96, P=0.02), THCA (HR=0.41, 95% CI 0.19 - 0.90, P=0.02) and KIRC (HR=0.78, 95% CI 0.62 - 0.98, P=0.03) (Figure 4C), and better DFI in PCPG (HR=0.44, 95% CI 0.20 - 0.97, P=0.03). Additionally, the Kaplan-Meier analysis results indicated that MPZL3 mRNA expression is significantly related to prognosis in cancers, especially patients with GBM, BRCA, LGG, and PAAD (Figures 4E, F and S1–4).




Figure 4 | Prognostic value of MPZL3 in cancers. Relationship between MPZL3 expression and prognosis, including OS (A), PFI (B), DSS (C), and DFI (D), across cancers from the TCGA database. Survival curves of OS (E) and DSS (F) in BRCA patients using the Kaplan-Meier analysis. MPZL3, myelin protein zero-like 3; OS, overall survival; PFI, progression-free interval; DSS, disease-specific survival; DFI, disease-free interval (DFI); BRCA, breast invasive carcinoma; TCGA, The Cancer Genome Atlas.





Integrative analysis of the association between MPZL3 expression and hallmarks

Furthermore, we conducted co-expression analyses to analyze the correlations of MPZL3 expression with HALLMARKS enrichment scores in 33 cancer types. The analyzed genes encoded tumor-associated signaling pathways, immune regulation, cell cycle, apoptosis, chemokine-related pathways, chemokine receptor proteins, etc., and the heatmap indicated that these hallmarks are closely associated with MPZL3 expression. Hallmarks such as TGF-β signaling, protein secretion, PI3K-AKT pathway, mitotic spindle, Kas signaling, IFN-α, IFN-γ, IL6-JAK-STAT3 signaling, IL2-STAT5 signaling, HEME metabolism, estrogen response, complement pathway, apoptosis pathway, androgen response were mostly positively correlated with MPZL3 expression in pan-cancers, while hallmarks such as xenobiotic metabolism, oxidative phosphorylation, Myc-targets, fatty-acid metabolism, E2F targets, DNA repair were mostly negative correlation with MPZL3 expression (Figure 5A). Furthermore, hallmarks in the MPZL3 high- and low-expression groups were identified by GSEA enrichment analysis. Hallmarks in the high MPZL3-expression groups were mainly enriched in UV-response upregulation, TNF-α signaling pathway, mitotic spindle, Kas signaling upregulation, inflammatory response, estrogen response, epithelial-mesenchymal transition (EMT), etc. The hallmarks of the low MPZL3-expression groups mostly correlated significantly with oxidative phosphorylation, myogenesis, Myc targets, DNA repair, etc. (Figure 5B). All of these results implied that MPZL3 expression actively participates in various biological processes and that different levels of MPZL3 mRNA exert different biological functions in different types of cancers.




Figure 5 | Association between MPZL3 and hallmarks across cancers. (A) Correlations of MPZL3 expression with HALLMARKS enrichment scores in 33 cancer types. (B) Enrichment analysis of hallmarks in the MPZL3 high- and low-expression groups. MPZL3, Myelin Protein Zero-like 3.





Association of MPZL3 expression with stemness index, TMB, MSI, MMR, and DNA methyltransferases

We further investigated the possible roles of MPZL3 in the stemness of cancers. The intersected transcription of MPZL3 expression data with stemness scores (DNA methylation-based and RNA methylation-based) was determined using the Spearman correlation test. Notably, the majority of MPZL3 expression positively correlated with DNAss and RNAss in the 33 TCGA cancers, which suggested that high MPZL3 expression predicted a high index of the tumor stemness score (DNAss and RNAss), strong activity of tumor stem cells and a low degree of tumor differentiation (Figures 6A, B).




Figure 6 | Correlations of MPZL3 with the stemness index, TMB, MSI, MMR, and DNA methyltransferases across cancers. (A, B) Correlations of MPZL3 expression with DNAss and RNAss index in 33 cancer types. (C) Correlations of MPZL3 expression with TML in 33 cancer types. (D) Spearman’s correlation analysis of MPZL3 expression with immune-regulated genes across cancers. (E) Spearman’s correlation analysis of MPZL3 expression with four DNA methyltransferases across cancers (red indicates DNMT1; blue indicates DNMT2; green indicates DNMT3A; purple indicates DNMT3B). (F) Spearman’s correlation analysis of MPZL3 expression with the expression levels of five MMR genes across cancers. MPZL3, myelin protein zero-like 3; TMB, tumor mutational burden; MSI, microsatellite instability; MMR, mismatch repair; DNMT, DNA methyltransferase. (*p < 0.05, **p < 0.01, ***p < 0.001).



Tumor mutational burden (TMB), microsatellite instability (MSI), and mismatch repair (MMR) are independent biomarkers that complement each other to predict the efficacy and effect of immune therapeutics. MPZL3 expression was strongly positively or negatively associated with TMB in 33 types of cancers (Figure 6C). High MPZL3 expression correlated positively with TMB in BRCA, ESCA, LGG, PAAD, STAD, THYM, and BLCA and negatively with TMB in COAD, KIRC, SARC, and THCA (Figure S5A). In addition, high MPZL3 expression correlated positively with MSI in READ, STAD, and UCEC and negatively with MSI in DLBC, LUSC, SKCM, and UCS (Figure S5B).

We also analyzed the correlation between MPZL3 and the expression of 60 immune checkpoint genes, including immune inhibitory and stimulatory genes (Figure 6D). Interestingly, in GBMLGG, LGG, DLBC, UVM, THYM, THCA, UCEC, BRCA, PRAD, GBM, LAML, PAAD, KIRC, LIHC, OV, SKCM, SARC, KIPAN, KIRP, KICH, UCS, and TGCT, MPZL3 expression correlated with more than 50 immune checkpoint markers. All of these results indicated that MPZL3 played a significant role in tumor immunity regulation.

The association of MPZL3 expression with all four methyltransferases in 33 types of cancer was also evaluated (Figure 6E). In general, MPZL3 expression was highly associated with four DNA methyltransferases in the majority of cancers. In MESO, SKCM, UCS, CHOL, KICH, and LUAD, these cancers did not show any correlation with the four methyltransferases. To investigate the potential role of MPZL3 in tumor progression, the association of MZPL3 expression with mutation levels of five MMR genes, including EPCAM, PMS2, MSH6, MSH2, and MH1, was evaluated (Figure 6F). The results revealed that MPZL3 was highly related to MMR genes in 33 cancers, except for GBM and LUSC. These results imply that MPZL3 may be involved in the regulation of tumor progression by mediating DNA repair and DNA methylation across cancers.



Correlation of MPZL3 expression with immune infiltration

Indeed, tumors are often infiltrated by various numbers of immune cells, such as lymphocytes, macrophages, and mast cells. To investigate the role of MPZL3 in tumor immune infiltration, we integrated the ImmuneScore, StromalScore, and ESTIMATEScore across cancers with MPZL3 expression. The results demonstrated that MPZL3 expression positively correlated with the ImmuneScore in DLBC, GBM, KIRC, etc., but negatively correlated with the ImmuneScore in BLCA, CESC, COAD, etc. (Figure S7). Similarly, in the StromalScore, MPZL3 expression positively correlated with MPZL3 expression in GBM, KIRC, LAML, etc., but negatively correlated with MPZL3 expression in BLCA, CESC, ESCA, etc. (Figure S8). Then, MPZL3 expression was also positively correlated with the ESTIMATEScore in DLBC, GBM, KIRC, etc., while it negatively correlated with the ESTIMATEScore in BLCA, CESC, ESCA, etc. (Figure S9). We calculated the top three tumors that were most significantly associated with MPZL3 expression, in which SKCM, LCG, and STAD were positively correlated with the StromalScore; SKCM, STAD, and LAML were negatively correlated with the ImmuneScore; and STAD, SKCM, and LGG were positively correlated with the ESTIMATEScore (Figure 7A). Next, we analyzed the scores of infiltrating immune cells in BRCA from the TIMER database and then investigated the correlation between the MPZL3 expression level and immune infiltration levels. MPZL3 expression was appreciably positively correlated with the infiltration levels of 6 immune cell types, including B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells (Figure S10).




Figure 7 | Correlation of MPZL3 expression with immune infiltration in various cancers. (A) Top three cancers by ImmuneScore, StromalScore, and ESTIMATEScore. (B) Spearman’s correlation analysis of MPZL3 expression with immune infiltration via timer algorithms. (C) Spearman’s correlation analysis of MPZL3 expression with immune infiltration via MCPcounter algorithms. (D) Spearman’s correlation analysis of MPZL3 expression with immune infiltration via CIBERSORT algorithms. MPZL3, Myelin Protein Zero-like 3. CIBERSORT, Cell-type Identification by Estimating Relative Subsets of RNA Transcripts. (*p < 0.05, **p < 0.01, ***p < 0.001).



Next, we applied the TIMER, MCPcounter, and CIBERSORT algorithms to further investigate the potential relationship between the infiltration level of various immune cells and MPZL3 expression in different types of cancers from the TCGA database. In the algorithms of the TIMER algorithm, we analyzed the association of B cell, CD4+ T cell, CD8+ T cell, neutrophil, macrophage, and DC infiltration with MPZL3 expression. This result indicated that a positive correlation was observed between the association of these immune cell infiltrations and MPZL3 expression in KIRC, PRAD, LGG, SKCM, SARC, LIHC, GBML, BRCA, etc. (Figure 7B). In addition, a significant positive correlation was observed between the association of CD8+ T cells and CD4+T immune infiltrations with MPZL3 expression in most types of cancers based on MCPcounter algorithms (Figure 7C). The CIBERSORT algorithm also indicated that MPZL3 mRNA expression exhibited varying degrees of immune infiltration signatures in different types of cancers (Figure 7D). We also analyzed the association of MPZL3 somatic copy number alterations with immune infiltration levels in different types of BRCA. In BRCA, MPZL3 somatic copy number alterations of deep deletion and arm-level deletion were closely associated with immune infiltration of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and DCs. No signature correlation of MPZL3 somatic copy number alterations with immune infiltration was found in the basal and Her-2 subtypes of BRCA, while in the luminal subtype, MPZL3 somatic copy number alterations with deep deletion were associated with B-cell and CD4+ T-cell infiltration, arm-level deletion was associated with CD4+ T-cell infiltration, and arm-level gain was associated with CD8+ T cell, CD4+ T-cell and neutrophil infiltration (Figure S6).



Functional enrichment of high and low MPZL3 expression

Functional enrichment analysis regarding high and low MPZL3 mRNA expression was performed using GSEA. KEGG enrichment analysis showed that high MPZL3 expression was mainly associated with renal cell carcinoma, the neurotrophin signaling pathway and the vasopressin-regulated water pathway. HALLMARK enrichment suggested that high MPZL3 mRNA expression was associated with protein secretion, the Notch signaling pathway, and heme metabolism (Figure S11).



MPZL3 expression with different drug sensitivities

MPZL3 may participate in the evolution of drug resistance, and thus, we analyzed the correlation between MPZL3 expression and drug sensitivity in the top 9 anticancer drugs from the CellMiner database. The results suggested that high MPZL3 expression could decrease the drug IC50 and increase the drug sensitivity of IDH-C227 (selective IDH1R132H inhibitor), P-529 (TORC1/TORC2 inhibitor), and midostaurin (tyrosine kinase inhibitor) while increasing the drug IC50 and decreasing the drug sensitivity of BAY-876 (selective glucose transporter 1 inhibitor), SR16157 (selective ERα modulator), elesclomol (apoptosis inducer), AZD-9496 (selective estrogen receptor downregulator), fulvestrant (estrogen receptor antagonist) and GDC-0077 (selective PI3Kα inhibitor) (Figure 8). The sensitivity of drugs targeting different targets (EGFR, ABL, FGFR, RAF, HSP90, TOP1, c-Met, MDM2, CDK4, XIAP, RTK, HDAC, TUBB1, MEK, GS, IGF1R) was analyzed in the MPZL3 high- and low-expression groups. In contrast, the group with higher MPZL3 expression was more sensitive to lapatinib, erlotinib, and ZD-6474, which specifically target EGFR, more sensitive to AZD0530, which targets ABL, and more sensitive to TKI258, which targets FGFR (Figure 8B).




Figure 8 | Correlation analysis between MPZL3 expression and drug sensitivity. (A) Correlation between MPZL3 and sensitivity to the top 9 anticancer drugs in the CellMiner database. (B) Differences in drug sensitivity between the MPZL3 high- and low-expression groups in the GDSC database. MPZL3, Myelin Protein Zero-like 3; GDSC, Genomics of Drug Sensitivity in Cancer. (*p < 0.05, **p < 0.01, ***p < 0.001), ns, no significance.





MPZL3 expression and breast cancer cell proliferation and drug sensitivity

To investigate the role of MPZL3 in breast cancer (BC), we first constructed BC cell lines with stable transduction and high expression of MPZL3. Western blot analysis indicated that MPZL3 was highly expressed after transfection with the MPZL3 plasmid (Figure 9A). Then, we detected the differences in proliferation and colony formation between the vector control and the MPZL3 group. The results showed that high MPZL3 expression could promote proliferation and enhance colony formation in MCF7, SKBR3, and MDA-MB-231 cell lines (Figures 9B–D). Furthermore, MCF7 cells overexpressing MPZL3 had a higher IC50 value of fulvestrant than MCF7 cells overexpressing the vector control, which indicated that MPZL3 gene overexpression made ER-positive BC cells less sensitive to fulvestrant. Similarly, MDA-MB-231 cells overexpressing the MPZL3 gene were less sensitive to paclitaxel. Conversely, SKBR3 cells overexpressing the MPZL3 gene were more sensitive to pyrotinib (Figures 9E–H).




Figure 9 | Role of MPZL3 in cell proliferation and drug sensitivity among different breast cancer subtypes. Western blotting (A) was applied to detect MPZL3 expression after breast cancer cell lines were transfected with vector control and the MPZL3-overexpression plasmid. The cell proliferation ability (B) and colony formation (C, D) were assessed after breast cancer cell lines were transfected with vector control and the MPZL3-overexpression plasmid. (E–H) The drug sensitivity of fulvestrant, pyrotinib, and paclitaxel was measured in MCF7, SKBR3, and MDA-MB-231 cells after transfection with vector control and the MPZL3-overexpression plasmid. MPZL3, Myelin Protein Zero-like 3. (*p < 0.05, **p < 0.01, ***p < 0.001).






Discussion

Increasing evidence has provided insights into the tumor immune environment, which aims to identify therapeutic targets for various cancers. Recently, pan-cancer analysis has provided an excellent strategy for revealing certain oncogenes and investigating their mutations, RNA alterations, immune infiltrations, drug susceptibility, and prognostic values in tumors, thus providing insights into novel therapeutic drug development. MPZL3 is a mitochondrially localized membrane protein that exerts a significant role in cell adhesion, antigen binding, skin development, hair growth, etc. The oncogenic role and underlying molecular mechanisms of MPZL3 dysregulation, immune-regulatory function, and prognostic biomarkers of MPZL3 have not been fully elucidated. Because of the potential prognostic value, biological function, and possible drug sensitivity guidance that MPZL3 brings, it is necessary for us to further explore the fundamental mechanism of MPZL3 and its dysregulation across cancers. Under pan-cancer analysis, we successfully identified that MPZL3 acts as a pan-cancer gene and investigated its differential expression, prognostic value, tumor immune infiltration, and drug susceptibility in human cancers. In addition, in breast cancer, we identified that MPZL3 is capable of promoting breast cancer cell proliferation and exerts an essential influence on drug therapeutic options, suggesting that MPZL3 serves as a potential prognostic biomarker for breast cancer.

The present study found that the MPZL3 gene was remarkably highly expressed in ACC, BLCA, BRCA, CESC, CHOL, COAD, ESCA, GBM, KIRP, LAML, LIHC, LUAD, OV, PAAD, PRAD, STAD, TGCT, THCA, UCEC and UCS and expressed at low levels in HNSC, LUSC, and SKCM. Stern YE et al. also demonstrated that MPZL3 mRNA is remarkably overexpressed in MET‐, EGFR‐ and ERBB2‐amplified cancer cell lines and gastric cancer tissues (17). Although the results indicated that MPZL3 is highly expressed in the majority of tumors and can be regarded as an oncogene, a previous study demonstrated that MPZL3 is highly induced in the process of epidermal differentiation and downregulated in cutaneous squamous cell carcinoma (cSCC), which is similar to our finding that MPZL3 is downregulated in SKCM. In a gene expression profile analysis of breast cancer, MPZL3 was one of the significantly downregulated genes in premalignant adjacent tissues compared with the corresponding tumor tissues (18). MPZL3 mRNA has been reported to be highly expressed in radioresistant rectal cancer cell lines (19). All of this evidence implies that MPZL3 can be used as a possible oncogene and promising biomarker for the diagnosis of pan-cancer.

The Kaplan–Meier survival analysis of OS, PFI, DSS, and DFI by TCGA data identified that MPZL3 mRNA expression levels have a prognostic role across cancers. Concerning prognosis, patients with high MPZL3 expression had a relatively worse OS in ACC, BRCA, GBM, LAML, LGG, and PAAD; worse PFI in GBM, LGG, LIHC, and PAAD; worse DSS in ACC, BRCA, GBM, LGG, PAAD, and PRAD; and worse DFI in PAAD. Higher MPZL3 mRNA levels were also linked with better PFI in KIRC and better DSS in THCA. Overall, high MPZL3 expression was linked to poor prognosis across cancers, including breast cancer. A few studies have reported the value of MPZL3 in cancers. For instance, elevated levels of MPZL3 have been demonstrated to be associated with reduced recurrence-free survival (RFS) in STAD and LUSC, which is consistent with our study (20). MPZL3, as one component of a set of gene signatures, could be deemed a novel risk factor and functioned as a prognostic predictor for patients with GBM (21). Thus, previous studies and ours all indicated that MPZL3 mRNA expression might be a reliable diagnostic factor and potentially promising biomarker for pan-cancer diagnosis.

Tumor-associated signaling pathways, immune regulation, cell cycle, apoptosis, chemokine-related pathways, chemokine receptor proteins, etc., are closely associated with MPZL3 expression. KEGG also inferred that MPZL3 expression is related to protein secretion, the Notch signaling pathway, and heme metabolism. The interactions between MPZL3 and cellular proteins or intracellular signaling pathways have yet to be determined in a mammalian system, and the genetic ablation of MPZL3 increases energy expenditure, controls body weight regulation, improves glycemic control and reduces hepatic lipid synthesis (5). A previous study suggested that ROS during epidermal differentiation exert their functions by modulating NOTCH signaling and MPZL3 and FDXR expression (22, 23). Therefore, we speculated that MPZL3 expression exerted different biological functions in different types of cancers.

However, few studies have noted the function of MPZL3 in the immune microenvironment. Polymorphism and mutation analyses of MPZL3 gene expression indicated the possibility that homozygous or compound heterozygous mutations of MPZL3 are related to immune-mediated hereditary hair loss (31). In seborrheic dermatitis-like lesions of MPZL3-knockout mice, IL17 was more highly expressed in γδ T cells to mediate the pathogenesis of seborrheic dermatitis-like skin inflammation (32). The TME contains nonimmune stromal and immune components, and a range of algorithms, such as CIBERSORT, TIMER, ESTIMATE, and MCPcounter, have been successfully applied to evaluate immune and stromal cell infiltration (33). After a series of analyses, it was revealed that MPZL3 was positively correlated with the StromalScore in SKCM, LCG, and STAD, negatively correlated with the ImmuneScore in SKCM, STAD, and LAML, and positively correlated with the ESTIMATEScore in STAD, SKCM, and LGG. A statistically positive correlation was observed between the association of CD8+ T cells, CD4+ T immune cells, B cells, etc., infiltration and MPZL3 expression in BRCA. High expression levels of MPZL3 have been reported to be correlated with the signaling pathway of immune cells. It was indicated by a previous study that expression of MPZL3 in immune cells like dendritic, CD4, and CD8 central memory and effector T cells have supported its potential immune-related role and mutations within the conserved V-type domain of MPZL3 influence immune function, and thus contribute to immune-system deficiencies (17). Furthermore,Mpzl3 knockout is directly or indirectly involved in immune function, and influences CD4, CD8, CD11b, and CD9 immune cell infiltration (34). Therefore, we hypothesized that MPZL3 could mediate immune functions in breast cancer. A better understanding of the complexity and diversity of the immune context of the TME that MPZL3 brings may help to predict and guide immunotherapeutic responsiveness.

MPZL3 was enabled to participate in the evolution of drug resistance, which suggests that MPZL3 can be applied as a target to reverse drug resistance. High MPZL3 expression is associated with increased sensitivity to therapeutic drugs that specifically target EGFR, ABL, and FGFR. To analyze the role of MPZL3 in different subtypes of breast cancer, we first constructed MPZL3-overexpressing cell lines. It was found that MPZL3 can promote proliferation in breast cancer cell lines. Next, we also found that MPZL3 gene overexpression reduces the sensitivity of MCF7 cells to fulvestrant and MDA-MB-231 cells to paclitaxel and increases the sensitivity of SKBR3 cells to pyrotinib. For ER-positive breast cancer, endocrine therapy is a standard therapy. MPZL3, as an oncogene, decreases the drug sensitivity of endocrine and chemotherapy drugs, possibly based on the characteristics of cell promotion and the stimulation of pathways such as PI3K/AKT (35). Previous studies demonstrated that MPZL3 can interact directly with HER3, and the HER3-MPZL3 axis could help explain why Met and EGFR family receptors are vital bypass pathways in models of resistance to EGFR or HER2 inhibition (20). Thus, we speculate that the MPZL3-HER3 axis might be the main reason to explain why MPZL3 can make SKBR3 more sensitive to pyrotinib. This finding suggests that MPZL3 may be a potential therapeutic target for breast cancer.

Conclusively, all of the present studies showed that MPZL3 was upregulated in pan-cancer tissues, and high MPZL3 expression was correlated with worse survival outcomes in pan-cancer. Furthermore, TMB, MSI, MMR, DNA methylation, and RNA modification play a significant role in mediating MPZL3 dysregulation in cancers, and MPZL3 is closely linked to tumor immunity and acts as a suitable target for antitumor immunity therapeutics. Furthermore, drug sensitivity analysis and validation in breast cancer also indicate that MPZL3 might be a potential target for anticancer therapy.
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Supplementary Figure 2 | Survival curves of PFI in GBM, KIRC, LGG, LIHC, and PAAD patients from TCGA database. PFI, progression-free interval; GBM, glioblastoma multiforme; KIRC, kidney renal clear cell carcinoma; LGG, low-grade glioma; LIHC, liver hepatocellular carcinoma; PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome Atlas.

Supplementary Figure 3 | Survival curves of DSS in ACC, GBM, LGG, PAAD PRAD and THCA patients from the TCGA database. DSS, disease-specific survival; ACC, adrenocortical carcinoma; GBM, glioblastoma multiforme; LGG, low-grade glioma; PAAD, pancreatic adenocarcinoma; PRAD, prostate adenocarcinoma; TCGA, The Cancer Genome Atlas.

Supplementary Figure 4 | Survival curves of DFI in PAAD patients from TCGA database. DFI, disease-free survival; PAAD, pancreatic adenocarcinoma; TCGA, The Cancer Genome Atlas.

Supplementary Figure 5 | Associations of MPZL3 expression with TMB and MSI. (A) The radar map illustrates the correlation between MPZL3 expression and TMB. The value in black reveals the range, and the curve in blue reveals the correlation coefficient. (B) The radar map illustrates the correlation between MPZL3 expression and MSI. The value in black reveals the range, and the curve in red reveals the correlation coefficient. MPZL3, myelin protein zero-like 3; TMB, tumor mutational burden; MSI, microsatellite instability.

Supplementary Figure 6 | Correlation of MPZL3 somatic copy number alterations with immune infiltration levels in different types of BRCA, including Basel, luminal, and HER2. Box plots present the distributions of different immune subsets on the basis of each copy number status. MPZL3, myelin protein zero-like 3; BRCA, breast invasive carcinoma; HER2, human epidermal growth factor receptor 2. (*p < 0.05, **p < 0.01, ***p < 0.001).

Supplementary Figure 7 | Correlation of MPZL3 expression with ImmuneScore in various cancers. MPZL3, Myelin Protein Zero-like 3.

Supplementary Figure 8 | Correlation of MPZL3 expression with ImmuneScore. (B) Correlation of MPZL3 expression with StromalScore. MPZL3, Myelin Protein Zero-like 3.

Supplementary Figure 9 | Correlation of MPZL3 expression with ESTIMATEScore. MPZL3, Myelin Protein Zero-like 3.

Supplementary Figure 10 | Correlation of MPZL3 expression with the Timer Database core in BRCA. MPZL3, myelin protein zero-like 3; BRCA, breast invasive carcinoma.

Supplementary Figure 11 | GSEA enrichment analysis for samples with high or low MPZL3 mRNA expression. (A) Gene sets enriched in KEGG by the samples with high MPZL3 expression levels. (B) Gene sets enriched in KEGG by the samples with low MPZL3 expression levels. (C) Enriched gene sets in the HALLMARK term by samples with high MPZL3 expression levels. (D) Enriched gene sets in the HALLMARK term by samples with low MPZL3 expression levels. GESA, gene set enrichment analysis; MPZL3, myelin protein zero-like 3; KEGG, Kyoto Encyclopedia of Genes and Genomes; MPZL3, myelin protein zero-like 3.
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Adaptive and innate immune cells play a crucial role as regulators of cancer development.

Inflammatory cells in blood flow seem to be involved in pro-tumor activities and contribute to breast cancer progression. Circulating lymphocyte ratios such as the platelet-lymphocytes ratio (PLR), the monocyte-lymphocyte ratio (MLR) and the neutrophil-lymphocyte ratio (NLR) are new reproducible, routinely feasible and cheap biomarkers of immune response. These indexes have been correlated to prognosis in many solid tumors and there is growing evidence on their clinical applicability as independent prognostic markers also for breast cancer.

In this review we give an overview of the possible value of lymphocytic indexes in advanced breast cancer prognosis and prediction of outcome. Furthermore, targeting the immune system appear to be a promising therapeutic strategy for breast cancer, especially macrophage-targeted therapies. Herein we present an overview of the ongoing clinical trials testing systemic inflammatory cells as therapeutic targets in breast cancer.
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Introduction

Over the past years, the role of the immune system in cancer development and progression has gained increasing attention. The immune system has a paradoxical behavior during cancer development; some immune cells are able to recognize tumor cells and defend the host (immunosurveillance), whereas other cells can contribute to activating immune escape mechanisms (1). A condition of persistent smoldering inflammation, determined by oncogenic mutations in tumors, creates an inflammatory microenvironment typical of cancer tissue (2). This “low grade” inflammation leads to the proliferation and survival of malignant cells, promotes angiogenesis, subverts adaptive immune responses and leads the immune cells towards an immunosuppressive phenotype (3). Tumor-associated chronic inflammation is definitely a hallmark of cancer that fosters progression to a metastatic stage (4).

Immune cells in tumor microenvironment (TME) and in the peripheral blood are significantly involved in breast cancer (BC) diffusion (5). Circulating inflammatory cells are characterized by pro-tumor activities such as enhanced angiogenesis, chemokine production or immune-surveillance and promote the metastatic potential of tumor cells (6).

BC is linked to modifications in systemic inflammatory indexes. Platelet, neutrophil, lymphocyte, monocyte counts, inflammatory cytokines and acute phase proteins (like C-reactive protein or PCR) are considered potentially new prognostic parameters. Combined indexes have been determined to define the condition of systemic inflammation as the platelet-lymphocytes ratio (PLR), monocyte-lymphocyte ratio (MLR), neutrophil-lymphocyte ratio (NLR) and systemic immune-inflammation index (SII) (7). These lymphocyte indexes have been correlated to prognosis in many solid tumors and are considered applicable in clinical practice as reliable independent prognostic markers (8–12).

It is plausible that imbalances in the ratio of immune cellular counts may provide an insight into underlying tumor progression and prognosis also in patients with BC. The availability and non-invasive nature of these indexes makes them affordable biological markers.

One of the major questions is whether cancer-related inflammation can be exploited into useful approaches in treating advanced/metastatic BC (aBC).

In this review, we will provide an overview of the potential prognostic value of lymphocytic indexes in aBC and discuss the therapeutic potential of targeting the immune system in this context.



Circulating inflammatory cells and prognosis in BC


Platelets, neutrophils and lymphocytes

Platelets have a crucial role as regulators of inflammation and are involved in various stages in BC development and dissemination (13). Tumor-activated platelets further contribute to cancer progression by promoting critical processes such as angiogenesis and metastasis. Platelets modulate innate immunity (antigen presentation by dendritic cells, monocyte recruitment and differentiation or neutrophil extracellular trap formation) and also promote thrombosis and metastasis (for example with the mechanism of lysophosphatidic acid-dependent (LPA) metastasization or formation of platelet clots) (Figure 1) (14). Moreover, the adaptive immune responses can be modulated also by platelets inducing the differentiation of T-helper 17 cells (13).




Figure 1 | Circulating inflammatory cells in blood flow in breast cancer. Inflammatory cells are involved in many ways in promoting cancer cells invasiveness. Evasion of tumor cells from the primary site into circulation is partially permitted by tumor associated macrophages and other immune cell responsible for an immunouppressive microenvironment. Immune cells are also attracted by tumor factors from the blood flows. Circulating tumor cells (CTCs) in blood flow are accompanied in cluster with macrophages and monocytes. Neutrophils release neutrophils extracellular traps (NETs) that determines aggregation of CTCs and other immune cells guaranteeing their survival and a favorable microenvironment in circulation. Platelets, activated by tumor promoting factors, trigger hemostasis mechanisms that catch CTCs cells favoring the adhesion to vessel walls. Lysophosphatidic acid (LPA) dependent mechanism, platelet derived growth factors (PDGFs), interleukin-8 (IL-8) and platelet-derived extracellular vesicles (PEVs) contribute to the formation of platelet clots that include and protect CTCs. CTCs that are not included in aggregates are unlikely to survive in the bloodstream. Immune cells are also important in the formation of the metastatic-niche. Macrophages associated to metastasis (MAMs) derive from the bloodstream and are recruited in the process of metastasis. Adapted from “Breast Cancer to Brain Metastasis”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



Platelet-derived growth factors (PDGFs) contribute to sustaining proliferative signals. Among them we recognize PDGF, transforming growth factor –beta (TGF-beta) and platelet -derived endothelial cell growth factor (PD-ECGF) that are often produced by BC cells and enhance their progression and aggressiveness (15). Platelet-derived extracellular vesicles (PEVs) are also considered potential mediators in the activation of signaling connected to migration in metastatic BC cell lines (16).

Furthermore, the link between hemostasis and BC assumes that platelets have a central role in disease progression (17). In peripheral blood, tumor cell interaction with adherent platelets arrest tumor cells thanks to adhesion proteins and crosslinking plasma protein ligands that support platelets to adhere to the vessel wall. Tumor cells that fail to attach are rapidly cleared from the circulation and undergo apoptosis. To facilitate adhesion to platelets, some cancer cells can upregulate aberrant surface proteins. The binding to platelets helps metastatic cells to arrest within the microvessels of their target organs, where then they extravasate, start to proliferate at the attachment site, or remain dormant for extended periods of time (18). PDGFs support the proliferation and extravasation of invading metastatic cells in the metastatic niche (Figure 1) (19).

Furthermore, BC cells secrete high levels of interleukin-8 (IL-8) in response to platelets that may activate their AKT pathway promoting an invasive capacity. Patients with BC receiving aspirin had lower circulating IL-8, and their platelets did not increase tumor cell invasion compared with patients not receiving aspirin (20, 21).

In BC, elevated platelet-related markers may be associated with poor prognosis. The meta-analysis of 17,079 individuals conducted by Guo et al. confirms that an high PLR is associated with poor overall survival (OS) as well as high risk of recurrence for BC patients (22). However the metanalisis includes few studies about aBC patients, therefore the specific relationship between PLR and aBC need to be better explored.

Neutrophils have a central role in inflammatory response; patients with various cancer types, including BC, often exhibit increased numbers of circulating neutrophils (9).

Neutrophils with an immature phenotype have been observed in the blood stream of cancer patients. Increased levels of tumor-induced granulocyte-colony stimulating factor (G-CSF) and granulocyte–macrophage-colony stimulating factor (GM-CSF) enhance hematopoiesis towards the production of myeloid cells, granulocyte–monocyte progenitors (GMPs) and neutrophil progenitors (23).

Neutrophils seem to be involved in BC progression promoting metastasis-initiating cells that drive cancer spread (24, 25). They can secrete immunosuppressive mediators and angiogenic factors such as reactive oxygen species, vascular endothelial growth factor (VEGF) and matrix metalloproteinase 9 (MMP-9) contributing to a pro-tumor microenvironment (26). Neutrophil-secreted factors alter the heterogeneity of cancer cells, favoring breast metastasis-initiating cells (27). In a BC model, neutrophils induced by tumor cells showed to suppress CD8+ T lymphocytes promoting metastasis through immunosuppression (28). Furthermore, it has been observed that neutrophils may support the metastatic potential of circulating tumor cells (CTCs) in patients with metastatic disease (29).

In BC, the formation of neutrophils extracellular traps (NET), web-like structures formed by DNA and intracellular contents expelled by these cells, has been linked to increased invasiveness and risk of venous thromboembolism (30). The tumor releases pro-inflammatory factors, pro-NETotic factors and extracellular vesicles into the circulation that can activate platelets and the endothelium causing NET release. NETs can capture CTCs, promote the formation of metastases and also the extravasation in the damaged endothelium and generate a highly inflammatory microenvironment for the pre-metastatic niche (Figure 1) (30). NETosis seems to be more frequently produced by morphologically circulating immature neutrophils that express a pro-metastatic behavior, as observed in an in vitro model of BC liver metastasis (31). IL-8 is able to cause neutrophils NETs release and at the same time has an important chemoattractant effect for these cells in the BC microenvironment (32).

NLR is the most widely evaluated inflammatory index. Its elevation is associated with poor prognosis in several cancers and showed to be an independent factor of outcome prediction (9, 33). The prognostic value of the NLR index has been studied in BC (34). A systematic review of fifteen studies analyzing a total of 8563 patients highlighted that a high NLR is associated with a poor OS and DFS in patients with BC especially in triple negative disease and HER-2 positive (HER2+) BC population rather than hormone receptor-positive (HR+) BC patients (35). In a retrospective study, that had the aim to determine the prognostic implications of NLR in the peripheral blood of patients with malignant bone metastasis collected from a prospective cohort, the ratio was significantly associated with tumor type (P<0.0001, included BC) (36).

The combination of NLR/PLR can be considered a more stable marker to changes as compared to single ratios, which may be influenced by concomitant drugs or conditions (e.g. infections or corticosteroids). Combined indexes may reflect also the immune balance and the patients’ immunogenic phenotype as a worse independent prognostic indicator from common prognostic factors such as grading, Ki-67, and molecular subtypes (37). However, conflicting data persist regarding the utility of NLR in predicting prognosis in patients with metastatic disease.

Similarly to NLR and PLR, lymphocyte-to-monocyte ratio (LMR) reflects the imbalance between adaptive and innate immune system in patients with advanced neoplasia and with an inadequate anti-tumor activity (38–40). Lower LMR has been associated with poor survival in BC (41–44). Few studies showed how lymphopenia can be a predictor of poor outcome in aBC patients with increased risk of disease progression and worse long-term survival, assuming a link to a weak anti-tumor response and lower tumor-infiltrating lymphocytes (TILs) (45, 46).

TILs are an emerging tissutal predictive biomarker for BC and their phenotype influences the TME. Infiltration of type 2 (CD4+ T-helper cells or Th2), including Forkhead box P3 (FOXP3) CD4+ regulatory T-cells, inhibits cytotoxic T-cells (CTL) function, supports proliferation and promotes an adaptive anti-inflammatory immune response that is responsible for tumor growth. Especially TNBCs may present a lymphocytic infiltrate >50% and are consequently termed “lymphocyte predominant BCs” (47).

The circulating lymphocyte count and lymphocytes characteristics, especially T-cell receptor diversity, have been investigated, either alone or in combination, as prognostic factors at diagnosis in aBC patients (48). It was observed that the severe restriction of TCR diversity (≤ 33%) was independently associated with shorter OS (48). In addition, the quantitative alteration of lymphocytes in the peripheral blood, and mainly the CD4+ lymphopenia, resulted to be strongly associated with aBC progression (46). In a study from Trédan et al., the cohort of patients with aBC treated in first line showed a median OS of 1.2 months for severe CD4+ lymphopaenic patients, 14.7 months for patients with mild CD4+ lymphopaenia and 24.9 months for non-CD4+ lymphopaenic patients (log rank p-value < 10−4) (46). Importantly, the relative majority of immunosuppressive cytokines (IL-6 and IL-10) and immunosuppressive circulating lymphocytes, like CD8+CD28- suppressor T lymphocytes, in peripheral blood of aBC patients have been associated with a shortened PFS (49).




Circulating myeloid suppressor cells and macrophages

Immune myeloid cells, such as myeloid-derived suppressor cells (MDSCs), macrophages and monocytes also showed to play a major role in BC. Tumor-induced systemic immune changes might be reflected by some peripheral blood immune cells alterations (50). For example, monocytes are attracted to tumors by many chemokines and motility factors released by the same BC cells, including interferon-γ (INFγ) (51), and lower IFNγ signaling responses in peripheral monocytes tend to correlate to an increased tumor macrophages infiltration.

Circulating monocytes are recruited at the tumor level and induced to differentiate into macrophages that have a central role in the TME. These cells are also directly associated with CTCs in peripheral blood of aBC patients, especially in TNBC (52), and might be involved in guiding CTCs migration in the peripheral circulation to the metastatic niches (Figure 1) (53).

An imbalanced ratio between monocytes and lymphocytes (MLR) underlines the alteration in immune defense against cancer evasion. In a study involving more than 500 patients with aBC, among various immune indexes, only MLR was able to independently predict OS, especially in TNBCs, implying a substantial difference between biological subtypes (52). In the same study, among other predictors of the outcome, CTC (≧̸5 versus <5), metastatic sites, and tumor subtypes (TNBC versus HER2-/ER+ tumors) remained significant. However, several unanswered biological questions remain, such as what determines the tropism of these inflammatory cells or CTCs at a specific metastatic site (e.g. bone) (54) and, in TNBC, which biological characteristic and which different treatment could have a major impact on the metastatic potential of these single cells (55, 56). Another study corroborated these findings showing in the univariate analysis that MLR-high patients with aBC experienced poor prognosis (HR 1.77, 95% CI: 1.24–2.54, p=0.002) (57). MLR was also significantly associated with the extension of the metastatic disease at presentation. The prognostic impact has been also evaluated analyzing the variation of MLR (and also PLR, NLR) during treatment. The reduction or stability of the ratios was associated to better OS (MLR p = 0.028, NLR p = 0.034 and PLR p = 0.003) (57).

The outcome of metastatic BC seems to be also affected by the type of circulating macrophages. Aberrant macrophage polarization has been observed in BC patients. Polarized macrophages are usually classified as M1 or M2 macrophages. M1 subtypes are characterized by intracellular killing and tumor resistance. M2 macrophages instead are associated with immunosuppressive phenotype and are further categorized into other three subtypes: M2a, induced by interleukin-4 (IL-4) or interleukin-13 (IL-13); M2b, induced by immune complexes and agonists of toll-like receptors or interleukin-1 receptors (IL-1R); and M2c, induced by interleukin-10 (IL-10) and glucocorticoid hormones (58). M2a macrophages, differentiated in vitro with IL-4/IL-13, significantly increase the migratory and invasive potential of BC cells compared to M2b or M2c macrophages (59). Some studies observed that the percentages of M2-macrophages are high in BC patients, especially a higher percentage of M2c subtype was observed in patients with advanced disease, highlighting the role of IL-10 in facilitating tumor progression (60). The M2 population has also been associated with clinical parameters such as lymph node metastasis, advanced stages, histological differentiation (p<0.05). The authors also observed that ER negative (ER-) patients show higher levels of M2-like monocytes (61).

The importance of phenotype of circulating monocytes has also been highlighted by high gene expression of MMP-1 and MMP-11 in peripheral mononuclear cells of BC patients correlating to an increased hematogenous diffusion stimulated by interaction with BC cells and cancer associated fibroblasts (CAF) (62).

Analyzing the specific monocyte sub-populations has defined also a link between high levels of systemic CD14+CD16++ monocytes and better OS and PFS in ER-positive and ER-negative BC patients respectively (63). This suggests the potential therapeutic targeting of circulating immune cells.

In TME, tumor-associated macrophages (TAM) are involved in advanced tumor development, progression and dissemination. They contribute to matrix specific formation or degradation and immunosuppression (64). Tumor derived stimuli (anti-inflammatory cytokines IL-4, IL-10, IL-13 and TGF-B), contribute to polarizing TAMs toward an immunosuppressive function as observed in peripheral blood. M2-macrophages increase the expression of specific receptors (some of them are CD68, CD163, CD206, CD204 and macrophage receptor with collagenous structure or MARCO), and the production of VEGF and IL-10, favoring an immunosuppressive environment (64, 65).

Macrophages can also be differently influenced by various breast tumor histotypes due to a specific crosstalk between them and cancer cells. The TNBC-educated macrophages down-regulate citrulline metabolism and differentiate into M2-like macrophages with increased macrophage mannose receptor (MMR) expression, a commonly used marker to define M2 (66). In the TME macrophages enhance the inhibition of T cell response and the recruitment of immunosuppressive leukocytes reducing the tumoricidal function. Macrophages promote angiogenesis (through the secretion of VEGF by perivascular TAMs) and the production of matrix metalloproteinase (MMP) enzymes that remodel the tumor stroma facilitating migration and intravasation (64). In inflammatory BC (IBC), TAMs contribute to its metastatic phenotype, due to a production of cytokines (IL−6, IL−8, and IL−10) that are sufficient to develop the migration effect. In IBCs cells the Ras homology GTPase RhoC is necessary for the enhanced migration response after TAMs signals (67). In general a high infiltration of TAMs is associated with unfavorable features in patients with aBC.

Macrophages also work on the tumor cell seeding of metastatic sites, constituting metastasis associated macrophages (MAMs). Measurements of the monocyte trafficking from TME in a metastatic BC preclinical mouse model showed that MAMs are derived from inflammatory monocytes that are specifically early recruited in the process of pulmonary metastasis, before other immune cells and resident macrophages (68). The recruitment of inflammatory monocytes, which express CCR2 (the receptor for chemokine CCL2), as well as the subsequent recruitment of MAMs, is dependent on CCL2 synthesized by both the tumor and the stroma (69). MAMs are abundant in BC bone metastases (prevalent form of metastasis in BC patients) (70) and derive in large part from recruited inflammatory monocytes. The recruitment of these cells is mostly mediated by the CCL2-CCR2 signaling and CSF1-CSF1 receptor pathways, which are critical for BC metastasis outgrowth and are considered a potential new therapeutic target (71).

The presence of TAMs has been associated with resistance to classical treatments in BC. TAM-mediated chemoresistance has been observed preclinically after paclitaxel infusion. The high recruitment of TAMs due to the CSF1-CSF1R signaling suppresses the mitotic-arrest induced by the taxane (72, 73). It has also been observed resistance to immunotherapy and anti-HER2 agents, especially due to the ability of TAMs to reduce the presence of cytotoxic lymphocytes (74).

Myeloid-derived suppressor cells (MDSCs) are commonly related with tumor progression, angiogenesis and poor prognosis in different cancer types, due to their capacity to elude immune-surveillance. MDSCs are a heterogeneous group of immature myeloid cells (IMCs) with strong immunosuppressive patterns and functions. In physiological conditions, IMCs quickly differentiate into mature leukocytes which play essential roles in host defense against pathogens (75). However, in some conditions such as cancer or inflammation, IMCs fail their normal differentiation and acquire the features of an immature and dysfunctional myeloid population, namely MDSCs with the capacity to suppress cytotoxic T cell responses (76). According to surface antigen expression, MDSCs can be differentiated in granulocytic-MDSCs (G-MDSCs; including neutrophils, eosinophils, basophils, and mast cells) and monocytic-MDSCs (Mo-MDSCs; including monocytes, macrophages, and dendritic cells) (77, 78).

In BC patients, MDSCs seem to be enriched in peripheral blood and can correlate with a poor prognosis, clinical stage and metastatic extension (79, 80). The enrichment of MDSCs is related to an immunoregulatory switch that facilitates the transition to a systemic and more aggressive disease (81). Bergenfeltz et al. observed that an increased level of Mo-MDSCs is detectable in peripheral blood of aBC patients (82). A study by the same authors shows how high levels of Mo-MDSCs are significantly associated with ER- tumors, disease progression, worse progression-free survival, liver and bone metastasis. The inflammatory stimuli, typical of ER- BC (as GM-CSF produced by tumor cells), induces Mo-MDSCs accumulation (83). The same study observed an interesting association between MDSCs and CTCs, supposing a possible clusterization of CTCs with leukocytes including MDSCs capable of enhancing tumoral cells dissemination and metastasization. Besides their known immunosuppressive functions, MDSCs also have direct effects on BC cells contributing to invasiveness and metastasis through the activation of the intracellular phosphatase and tensin homolog (PTEN)/Akt pathway that results in an increased expression of MMP and promotion of invasion and metastasis (75). The phosphoinositide 3-kinase gamma (PI3K γ) signaling plays a crucial role in the activation and migration of myeloid cells, and its expression in MDSCs facilitates tumor growth (84).

The wide involvement of MDSCs, macrophages and monocytes in the mechanisms of BC progression makes them an interesting biomarker to be studied in depth as a potential therapeutic target. Prospective studies are required to define the real effectiveness of circulating inflammatory biomarkers in aBC (Table 1).


Table 1 | Lists of various potential new biomarkers and implication in clinical practice.





Immune circulating biomarkers and prediction of response to treatments in aBC

In the metastatic setting, more predictive markers for therapeutic efficacy, as well as prognostic biomarkers, are urgently needed.

High NLR, MLR and PLR showed a significant association with shorter progression free survival (PFS) in metastatic ER- BC patients treated with eribulin based regimen hypothesizing that the histological subtype and high NLR (the only independent factors at the final analysis) might be related to low responsiveness to this treatment (85). NLR and PLR are also predictive of benefit from platinum-containing chemotherapy specifically in metastatic TNBC patients. In the study conducted by Vernier et al. patients receiving carboplatin based chemotherapy with higher PLR and NLR experienced a worse PFS compared to ER+/HER2− patients treated with the same regimens (86). These feasible indexes could also be combined with germline or somatic BRCA 1/2 gene mutation and TILs that are actually considered strong predictive and prognostic biomarkers in TNBC (87). Further research is needed to evaluate a potential correlation existing between these biomarkers.

NLR and PLR may also represent a predictive marker for response to endocrine therapy in stage IV BC (12, 88, 89). Lymphocytic indexes have been studied in patients with ER+ aBC in correlation to response to new treatments with contrasting results. To date, Cyclin Dependent Kinase 4 and 6 (CDK 4/6) inhibitors are the first line treatment for this histological subtype associated with aromatase inhibitors or fulvestrant, and preclinical evidence indicates that these new treatments have the ability to stimulate antitumor immunity (90). A retrospective study showed an independent association between high NLR or PLR and lower PFS after three cycles of CDK4/6 inhibitors treatment (p = 0.007 and p = 0.005, respectively) (91). Also Weiner et al. at SABCS 2020 presented a study where PLR at baseline resulted to be associated with worse PFS of patients treated with first line CDK4/6 inhibitors (92). The same association between NLR and PFS has been observed in a retrospective study involving patients treated with everolimus-based treatments (p=0.01) (12).

The impact of lymphocytic indexes was also evaluated in HER2+ aBC patients receiving dual anti-HER2 blockade. In a cohort of 57 patients only the Pan-Immune-Inflammatory Value (PIV), (defined as the product of peripheral blood neutrophil, platelet, and monocyte counts divided by lymphocyte counts) was statistically significantly associated with worse OS at multivariable analysis (93). In the same population, the single indexes (MLR, NLR, and PLR) did not demonstrate a significant association to prognosis, but correlated with worse outcomes. The effects of these monoclonal antibodies might be mediated by systemic peripheral inflammatory cells, especially circulating lymphocytes, in association to TILs present in the TME (94).

There is an urgent need to identify effective biomarkers for predicting survival benefits from ICIs in patients with TNBC after the demonstration of the efficacy of atezolizumab and pembrolizumab in this category of patients (95). The 20% of this BC histological subtype expresses Programmed cell Death protein-1 (PD-1), an immune checkpoint receptor that limits T-cell effectors function within tissues interacting with its specific ligand PD-L1 (96). PD-L1 is expressed on the membrane of BC cells and recognized by the specific receptor on CD8 + T cells. Immune checkpoint inhibitors (ICIs) may influence systemic inflammation in patients and in conditions of low lymphocyte counts the efficacy of these drugs may be invalidated (97). Studies among various malignancies (including aBC) demonstrated that higher NLR is significantly associated with poorer OS and PFS, lower rates of response and clinical benefit (26). The combination of NLR and tumor mutational burden (TMB) increased the capacity of predicting the outcome after an ICIs treatment; indeed, the category of patients with NLR-low/TMB-high showed higher response rate (26).

Although the increasing evidence available suggests a relationship between lymphocytic ratios and prognosis in aBC (Table 2) several issues persist about the feasible clinical application. First of all there is lack of consensus regarding a shared cut-off value, secondarily the sensibility and specificity of these ratios varies among different studies and almost the totality of the studies are retrospective. Finally large prospective studies with a rigorous methodology are mandatory to determine the real clinical value and applicability of inflammatory indexes.


Table 2 | Prognostic role of circulating biomarkers in response to treatments in aBC, available results from retrospective analysis.





Systemic inflammatory cells as therapeutic target or vehicle of treatment

Circulating inflammatory cells are considered a useful target in the therapeutic strategy for aBC due to their pro-tumor involvement. However, the delicate balance between the tumor-inhibitory and tumor-promoting properties of immune cells implies the need for adequately targeted therapeutic approaches.


Targeting platelets

The clinical benefit of targeting tumor-cell platelets interaction in aBC is still under question. Many studies support the idea of utilizing targeted platelet therapies to inhibit the platelet’s role in the malignancy. Platelets exposed to tamoxifen or ticagrelor release significantly lower amounts of pro-angiogenic VEGF and have less interaction with BC cells (98, 99). However the concomitant use of anti-platelet therapy in cancer patients has a rationale but carries many risks as the declining platelet function and counts as a consequence of disease progression or myelosuppressive effects of treatments.



Targeting peripheral neutrophils and TANs

As previously reported, TANs are particularly involved in tumor progression and studies on new drugs are evaluating therapeutic strategies on several fronts: inhibition of neutrophils recruitment in tumors, depletion of neutrophils in TME, targeting tumor-promoting TAN polarization (100). Targeting neutrophils as a treatment option has been investigated in many preclinical models with discouraging results due to the short life span of these cells (nearly 24 h in blood) (101). Low toxicities strategies to inhibit protumor neutrophils are warranted and expected as promising approaches. Treatments that target the mechanism of interaction between tumor cells and neutrophils are more encouraging.

INF-β and TGF-β are cytokines with a role in switching neutrophils polarization from N1 to N2. In a BC mouse model the blockade of TGF-β increased the percentage of N1 and the activity of CD8+ T cells (102). A phase I trial enrolling patients with solid tumors (including BC patients) has the objective to evaluate the efficacy of a selective and orally active TGF-β receptor 1 inhibitor (NCT03685591). This new TGF-β receptor 1 inhibitor combined with palbociclib in a xenograft BC model led to a significant increase in OS, suggesting the potential for such combination (103).

Neutrophils are considered the major productors of pro-angiogenic factors and the presence of a rich neutrophils infiltrate in TME has been associated with resistance to anti-VEGF therapies (104). Tumors enriched in neutrophils are also more likely resistant to ICIs. Consequently, there are many ongoing studies (phase I/II) evaluating the association between ICIs and new compounds against neutrophils in solid tumors, but results are still awaited (Table 3) (104). Chemokines and interleukins involved in the TAN recruitment (like CXCL1, 2, 5, 6, 8, IL-6, IL17) and their signaling are possible new targets for inhibitory drugs associated with ICIs enhancing their activity (105). The inhibition of enzymes involved in the protumor phenotype as nicotinamide phosphoribosyl transferase (NAMPT) or CXCR2 signaling resulted in an effective reduction of tumor growth and polarization to N1 (106).


Table 3 | Clinical trials with new treatment targeting neutrophils and MDSCs.





Targeting MDSCs

Targeting MDSCs may also become a potential strategy to enhance antitumor activity of current treatments (Table 3). Entinostat, a selective HDAC1/3 inhibitor, can decrease the populations of MDSCs and FOXP3+ Tregs in murine models of mammary carcinoma (107). Combination of entinostat with nivolumab and ipilimumab is currently under evaluation in a phase I trial in patients with invasive and metastatic BC (NCT02453620) (Table 1). Entinostat showed promising preclinical and clinical data in HR+ endocrine-resistant BC. G-MDSCs and Mo-MDSCs manifested a reduction (14.67 vs +20.56%; p = 0.03 and -62.3 vs +1.97%; p = 0.002 respectively) in a post hoc analysis of samples from entinostat treated patients in ENCORE301 trial (108). CD40 was also significantly downregulated in the majority of MDSC subsets (109). Other drugs like IPI-549 (eganelisib) transported by liposomes, can inhibit PI3Kγ in MDSCs, resulting in downregulation of arginase 1 (Arg-1) that conduces to MDSCs apoptosis and reduction of their immunosuppressive activity to CD8+ T cells. This strategy synergizes with ICIs and inhibits tumor growth via facilitating the dendritic cell maturation and tumor infiltration of CD8+ T cells while decreasing the tumor infiltration of immunosuppressive regulatory T cells, MDSCs, and M2-like TAMs in solid tumors (81). Some trials targeting PI3Kγ involving BC patients are currently ongoing (Table 3).

Sitravatinib is an oral spectrum-selective tyrosine kinase inhibitor that targets the TYRO3/AXL/MERTK pathways and split the VEGFR2/KIT family receptor tyrosine kinases (RTKs). Inhibition of this pathway may promote the depletion of MDSCs in the TME and at the same time repolarize TAMs towards the M1 phenotype (110). The NCT04123704 trial is evaluating sitravatinib in aBC.

The myeloid lineage in solid tumors can also be targeted by MTL-CEBPA, a novel immunotherapy constituted by a small activating RNA (saRNA) that upregulates C/EBPα, a master regulator of myeloid cell differentiation with anticancer properties. Furthermore, this saRNA restores CEBPA gene transcription, and increases both CEBPA mRNA levels and protein expression at tumor cell level activating the expression of suppressor genes that are downregulated in certain types of cancer. MTL-CEBPA has been evaluated in a phase I trial including BC patients (111). The NCT04105335 trial is now recruiting patients with solid tumors and evaluating MTL-CEBPA in combination with pembrolizumab.

MDSCs are also depleted by other new drugs like ORIN1001 that targets and binds to the RNase domain of the Inositol-requiring enzyme 1 (IRE1) involved in stress adaptation mechanisms in tumoral cells and TME (112).



Targeting circulating macrophages and TAMs

Macrophage-targeted treatment strategies instead are showing more promising results and are currently being evaluated in many clinical trials. These strategies include: inhibition of macrophage and macrophage precursors recruitment, depletion of TAMs, repolarization of TAMs to an antitumor phenotype, inhibition of tumorigenic factors and mechanisms promoted by TAM and enhancement of macrophage-mediated tumor cell killing or phagocytosis (Figure 2).




Figure 2 | Macrophage-targeted treatment strategies on study. Macrophage-targeted treatment strategies include: inhibition of macrophage and macrophage precursors recruitment targeting the CSF1-CSFR and CCL2-CCR2 pathways, depletion of tumor associated macrophages (TAMs) (like biphosphonates), repolarization of TAMs to an antitumor phenotype, inhibition of tumorigenic factors and mechanisms promoted by TAM and enhancement of macrophage-mediated tumor cell killing or phagocytosis. The repolarization of TAMs is mediated by stimulating the costimulatory receptor CD40, Toll-like receptor 7 (TLR7) or administrating anti-CD47 drugs. Anti CR3 factors enhance the innate activity of macrophages, favoring the antitumoral phenotypes. Ang2 and the respective receptor TIE2 constitute another druggable pathway favoring antitumor responses and inhibiting the functions of TAMs.



The disruption of macrophage recruitment is currently being exploited targeting the CSF1-CSFR and CCL2-CCR2 pathways with specific antibodies (Table 4). The CCL2 blockade showed to sequester monocytes in the bone marrow, instead the inhibition of CSF1 signaling can reduce monocyte development (64, 113). Trials with novel CSF1 inhibitors showed contrasting results. The NCT01596751 trial evaluated the tolerability of PLX3397 (pexidartinib), an anti CSF1, associated with eribulin on 67 aBC patients (phase I part) and then the effect on PFS in a TNBC cohort (phase II part), but results are still awaited. Pexidartinib showed tumor response associated with paclitaxel in the BC patient group of the NCT01525602 trial (114). Conversely, lacnotuzumab, another anti CSF1, when combined to carboplatin-gemcitabine did not show a greater antitumor activity with a worse tolerability profile (115). Emactuzumab, in phase I trials including advanced BC patients, showed a specific reduction of immunosuppressive TAMs, but did not result in clinically relevant antitumor activity (116, 117). In contrast, in the NCT02265536 trial a meaningful stable disease >9 months in two patients with aBC was obtained with LY3022855 (118). However, the interruption of these treatments seems to induce a rebound effect, with abnormal elevated circulating monocytes or accelerated metastases (119).


Table 4 | Clinical trials enrolling breast cancer patients involving new treatments targeting macrophages.



Other treatment options that can deplete TAMs are potentially constituted by antibodies targeting antigens expressed by TAMs such as the scavenger receptor A, CD52 and folate receptor β (120, 121). However, these targets have not been studied in breast cancer models.

Bisphosphonates are also under evaluation for their capacity to induce apoptosis in monocytic cells (122). They significantly reduce complications of breast cancer bone metastasis by inhibiting resident macrophages or osteoclasts, and recent clinical trials indicate additional anti-metastatic effects outside the bone microenvironment (123). In vitro, bisphosphonates cause increased macrophage death whereas in vivo inhibit the production of pro-angiogenic factors, such as MMP-9, other evidence suggests a shifting in TAMs to a pro-tumoricidal phenotype (122).

TAMs reprogramming to a M1 phenotype can be achieved by stimulating the costimulatory receptor CD40, complement receptor 3 (CR3), administrating Toll-like receptor 7 (TLR7) and 8 agonists, inhibiting IL10 or delivering IL-12 (124). For example imiquimod, a TLR agonist, can induce the production of proinflammatory cytokines by macrophages, therefore restoring the ability to attack BC cells (125). The topical application of imiquimod showed to reduce skin metastasis in aBC patients in association to nab-paclitaxel, but responses were fleeting (126). The subcutaneous administration of a TLR agonist has been experimented in a phase II trial involving also heavily pretreated aBC patients, showing modest results and a considerable risk of cardiac toxicity (127).

Other strategies that stimulate TAMs include agonistic anti-CD40 or inhibitory anti-CD47 antibodies. The co-stimulatory receptor CD40 is expressed on macrophages and usually binds the CD154 on T cells. The agonist action of specific antibodies can reverse immune suppression and drive antitumor T cell responses (128). A first-in-human study completed in 2017 showed that the injection of a CD40 agonist antibody into superficial lesions was well tolerated and associated with pharmacodynamic responses (129). Selicrelumab, a fully human CD40 agonist, is being experimented in some phase I trials including BC patients, both alone and in association to other drugs as vanacizumab, a bispecific antibody directed to Angiopoietin 2 (Ang2) and VEGF-A (NCT02665416). Other studies are evaluating the effect of this agonist especially in TNBC, for example in association to a FMS-like tyrosine kinase 3 ligand (FLT3) inhibitor or classical chemo/immunotherapy treatments (Table 4). New biotechnologies targeting CD40 are also in study, such as oncolytic adenoviral vectors or designed ankyrin repeat proteins (DARPins), which are genetically engineered antibody mimetic proteins typically exhibiting a highly specific and high-affinity target protein binding. MP0317 is a DARPin intravenously administered drug targeting fibroblast activation protein (FAP) and CD40 that is currently being evaluated in a phase I trial including also aBC patients (NCT05098405).

Regarding CD47, blocking the interaction between it and the signal-regulatory protein alpha (SIRP-alfa), a “don’t eat me” signal can re-activate the phagocytic activity of TAMs (130). Many tumors overexpress CD47, enabling immune escape from the innate immune system such as macrophages binding SIRPα and compromising the antigen presentation and T cell infiltration (131). Targeting CD47 can also enhance the anti-tumor effect of other therapeutic strategies. The combination of anti-CD47 with trastuzumab, significantly suppressed the growth of antibody-dependent cellular cytotoxicity (ADCC)-tolerant HER2+ BC via Fc-dependent antibody-dependent cellular phagocytosis (ADCP) (132). The ASPEN-01 open-label, multicentre, phase I dose-escalation and dose-expansion study, evaluated the association of evorpacept (an anti-CD47) plus either intravenous pembrolizumab or trastuzumab. The safety findings support the use of evorpacept and preliminary data on the antitumor activity suggest future investigation. However, this trial included only one patient with aBC (133). Many other phase I and II trials are ongoing, evaluating the CD47 blocking effect on solid tumors also in aBC patients (Table 4). The tolerability of anti-CD47 has been successfully evaluated in a trial including five aBC patients (134).

The CD47-SIRPα axis may also be targeted using the SIRPα factor. TTI-621 (SIRPαFc) is a soluble recombinant fusion protein that acts by binding human CD47 evaluated in the. NCT02663518 trial in various solid tumors.

The macrophage-1 antigen, also called CR3, is a complement receptor consisting of CD11b (integrin αM) and CD18 (integrin β2). CR3 is a pattern recognition receptor, capable of recognizing and binding to many molecules found on the surfaces of foreign cells enabling phagocytosis (135). The clinical trial NCT02981303 have evaluated the capacity of a new molecule constituted by a pathogen-associated molecular pattern (PAMP) to enhance innate immune cell killing and the maturation of antigen presenting cells when combined to ICIs in TNBC, meeting both safety and efficacy requirements (136). CR3 is the principal β2 integrin known to contribute to PAMPs recognition (137).

There is also evidence that targeting the Ang2-TIE2 may inhibit the functions of TIE2-expressing macrophages, a TAM subset endowed with proangiogenic activity in mouse tumor models (138). Ang2 is a ligand of the TIE2 receptor and modulates endothelial cell biology facilitating angiogenesis. Ang2 inhibition, by monoclonal antibodies, peptibodies, or CovX-Bodies, may determine antitumor responses and also inhibit the functions of TAMs (139). In BC the expression of Ang2 is correlated to more aggressiveness. The intravasation occurs in sites where a TIE2-expressing macrophage and an endothelial cell are in direct contact. Ablation of the activity of these macrophages blocks intravasation after Ang2-TIE2 axis inhibition (140).

Trebananib, a peptibody that inhibits the binding of angiopoietin 1 and 2 to TIE2 showed potential anticancer effect in a phase Ib and phase II studies, with manageable AEs (141, 142). Vanucizumab is another novel bispecific antibody inhibiting VEGF-A and Ang2 that demonstrated safety and anti-tumor activity in a phase I study of 42 patients with advanced solid tumors (143). Other two trials have evaluated the tolerability of nesvacumab (an antiAng2 antibody) in advanced neoplasms (NCT01688960, NCT01271972) showing a preliminary antitumor activity (144). Rebastinib, instead, is a TIE2 inhibitor that blocks the assembly of macrophages and endothelial cells involved in metastasization at the peripheral site (tumor microenvironment of metastasis) (145). The NCT02824575 trial hypothesizes that rebastinib combined with antitubulin therapy could improve clinical outcomes in BC by preventing intravasation. The nonsteroidal anti-inflammatory drug celecoxib showed an interesting activity in BC increasing the presence of M1 like macrophages, but the real effect is in doubt (146, 147). In this perspective, the NCT00075673 trial has evaluated the weekly administration of oral vinorelbine in combination with celecoxib in aBC. Results are still awaited.



Adoptive cell therapy

In view of the central role of innate and adaptive immune systems in cancer development, immune cells are not only considered potential therapeutic targets, but also innovative vehicles for treatments. The genetic engineering to deliver, correct or enhance immune cells demonstrated to be successful. Chimeric antigen receptor (CAR) T-cell treatment has provided notable results in hematological tumors (148). Unfortunately, the same evidence has not been demonstrated in solid tumor, where T-cells encounter substantial difficulties in penetrating and surviving in the TME (149, 150). The extracellular matrix (ECM) is one of the major parts of TME, and it is a physical barrier to various kinds of anticancer therapies. MMPs can degrade almost all ECM components, and macrophages are an important source of MMPs (151). Amongst the cell types used in engineered cell immunotherapies, macrophages have recently emerged as prominent candidates for the treatment of solid tumors, including BC (Figure 3) (152). In a preclinical study, macrophages engineered with specific CARs (CAR-M), activated after the detection of the HER2 antigen on tumor cell surface (153). The activation of these engineered macrophages triggered by the internal signaling of CD147 determines the production of MMPs. The infusion of CAR-147 macrophages reduces the tumor collagen deposition (153). The initial in vitro tests failed to show strong antitumor activity of the CAR-147, however infusion of CAR-147 cells into the aggressive HER2-4T1 bearing mouse model showed significant tumor growth inhibition (153).




Figure 3 | CAR-M activity in breast cancer. (A) Macrophages modified with Chimeric antigen receptor (CAR-M) present an improved phagocytic activity and antigen presentation capacity against tumors. CAR-M therapy is developed by the transfer of an edited specific CAR gene into macrophages withdrawn from patient peripheric blood. (B) These genetically modified cells are then more effective in binding to the tumor cell surface via specific antigen identification and active against tumor cells when reinfused into the patient. Furthermore CAR-M are able to produce metalloproteinases (MMPs) that can degrade part of the extracellular matrix (ECM) components in the tumor stroma. This activity facilitate penetration of anti-tumor immune cells into the tumor. Adapted from “Car T Cell Therapy Overview”, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates.



One first in human phase I trial is currently active and recruiting patients with HER2+ advanced solid tumors experimenting with engineered CAR-M (NCT04660929). Another active protocol has the objective to collect tumor samples to develop patients’ derived organoids from HER2-, HER2-low and HER2+ BCs to test the antitumor activity of newly developed CAR-M (NCT05007379).

In vitro studies showed that CAR-M infused in tumor models increased intratumoral T-cell infiltration, NK cell infiltration, dendritic cell infiltration/activation, and TILs activation and at the same time can reduce tumor growth (152).

The combination of CAR-M treatment with other anti-tumor therapies such as CAR-T cells, ICIs and chemotherapy may synergize and provide an optimal tumor control. Nevertheless, toxicity remains an important concern and further optimization of CAR products is required (150).

Finally, preliminary outcomes about the use of mesenchimal stem cells (MSCs) in BC are interesting. Genetically modified MSCs with the insertion of tumor suppressor genes, proapoptotic genes, immune involved genes can inhibit cancer cell growth. Moreover modified MSCs delivering anticancer agents into tumor tissue have been studied in several cancer types, results in BC are awaited (154).




Conclusions

Definitely the immune system has a very important role in cancer biology and must be taken into account when trying to understand the complexity of tumor behavior.

Increasing evidence suggests a close relationship in particular between neutrophils and macrophages with BC treatment, prognosis and outcome. Lymphocytic indexes are attractive as new potential prognostic and predictive factors for aBC treatment, mainly because they are easily detectable and applicable in daily clinical practice. Wider prospective studies are needed to unveil their real effectiveness.

The clinical efficacy of targeting immune cells (especially macrophages) in BC still needs to get official validation, but preclinical results are encouraging. Drug combination strategies seem to be the most appropriate to reduce the immunosuppressive action of immune cells in TME (155–157). The association of new compounds to classical chemotherapy, anti-HER2 agents or ICIs is currently tested in the majority of ongoing clinical trials (Tables 3, 4). Combination approaches may overcome resistance mechanisms. Ongoing trials’ results are eagerly awaited to refine the optimal timing and better define treatment sequentiality to maximize therapeutic benefit.
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Background

V-domain Ig-containing suppressor of T cell activation (VISTA), a critical immune checkpoint protein, can regulate the immune system. Nevertheless, little information is available on the expression level of VISTA and its clinical significance as well. The immunological and prognostic role of VISTA in triple-negative breast cancer (TNBC) still remains unclear.



Methods

The clinical significance and expression of VISTA in TNBC were examined using RNA sequencing and clinical data. Cancer single-cell state atlas (CancerSEA), gene set enrichment analyses (GSEA), single sample GSEA, ESTIMATE algorithm, immunohistochemistry (IHC) were utilized to assess the functions of VISTA.



Results

VISTA was down-regulated and closely associated with good prognosis in TNBC. The expression of VISTA was higher in Immunity-H group and immunomodulatory (IM) subtype. The level of VISTA expression in TNBC gradually increased with the degree of stromal tumor infiltrating lymphocytes (sTILs) infiltration. In addition, the high expression of VISTA was strongly linked to higher proportion of CD8 (+) T cell and M1 macrophages.



Conclusion

VISTA was remarkably correlated with a favorable prognosis and high immune infiltration in patients with TNBC.
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Introduction

Breast cancer (BC) is the most common cancer in women worldwide (1). Triple-negative breast cancer (TNBC) is histologically defined by the absence of the expression of estrogen receptor, progesterone receptor, and epidermal growth factor receptor-2 (HER-2). TNBC is a highly aggressive subtype of BC with a high incidence of local recurrence and metastasis. It accounts for approximately 15% of all types of BC (2). Therefore, in the last decades, endocrine therapy and anti-HER-2 therapy were not recommended, chemotherapy was the only available systemic treatment option for TNBC patients.

In recent years, immunotherapies based on immune checkpoint-blocking antibodies have achieved some success. TNBC is the most immunogenic subtype of BC. The introduction of immunotherapy into the treatment of TNBC has produced survival benefits. Programmed cell death ligand 1 (PD-L1) blocking antibody (atezolizumab) has been approved by European Medicines Agency and Food and Drug Administration for PD-L1 positive metastatic TNBC (3), because the first-line treatment with atezolizumab plus nab-paclitaxel can improve survival. Nevertheless, the response rate to immune checkpoint inhibitors (ICIs) is low. In the United States, less than 13% of patients with cancer benefit from the immunotherapy (4). In metastatic TNBC, the objective response rates (ORR) of ICIs, as a monotherapy, do not exceed 24% (5). Additionally, some cancer patients with initial response to ICIs would develop acquired resistance later (6). Despite receiving continued therapy, about one-quarter to one-third of metastatic melanoma patients who have objective response to ICIs therapies eventually relapsed (7). Based on above reasons, the sustained benefits of immunotherapy have been limited to a small number of patients. Hence, there is an urgent need to explore new targets.

As a type I immunoglobulin membrane protein, V-domain Ig-containing suppressor of T cell activation (VISTA) exerts immunosuppressive activities on T cells and plays a crucial role in the regulation of antitumor immunity (8–11). Relevant studies have shown that VISTA inhibits T cell activation through T cell-extrinsic and intrinsic mechanisms. On the one hand, VISTA expressed on antigen presenting cells (APCs) may act as a ligand that binds to inhibitory receptors. On the other hand, VISTA expressed on T cells may act as a receptor that transmits inhibitory signals (12). Although both VISTA and programmed cell death receptor 1 (PD-1) are immune checkpoint proteins that inhibit T cell activation, VISTA and PD-L1/PD-1 pathways independently control tumor-specific T-cell responses (13). Blocking VISTA and PD-L1 in murine tumor models can achieve synergistic therapeutic efficacy and enhance antitumor responses. Besides, the combined inhibition of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and VISTA is more efficacious, and could increase CD8/Treg and Tcon/Treg ratios in the tumor microenvironment (TME) (14). In conclusion, more and more evidence indicated that VISTA is a new emerging target in cancer immunotherapy.

Many studies have proved that VISTA is a potential prognostic factor, while their conclusions are controversial. Villarroel et al. revealed that the high level of VISTA measured in the tumor area was significantly associated with better 5-year overall survival (OS) in non-small-cell lung cancer (NSCLC) (15). Coincidentally, Loeser et al. found that VISTA positive tumors showed a major survival advantage in early-stage esophageal adenocarcinoma (pT1/2) compared with VISTA negative tumors (16). In contrast, Kuklinski et al. suggested that high VISTA expression was remarkably correlated with worse disease-specific survival (DSS) in primary cutaneous melanoma (17). To date, there are few studies on VISTA in TNBC. The clinical significance of VISTA, and its potential role and mechanism in tumor immune infiltration in patients with TNBC still remain elusive.

In this study, multiple databases were used to examine the expression, clinical correlates, and prognostic significance of VISTA in TNBC patients. Moreover, gene set enrichment analyses (GSEA), single sample GSEA, ESTIMATE algorithm, immunohistochemistry (IHC) and multiplex immunofluorescence (mIF) were utilized to explore the potential biological functions of VISTA. Our study aimed to shed light on the role of VISTA in prognosis and tumor immune infiltration of TNBC.



Materials and methods


Data acquisition

TNBC and para-carcinoma tissue datasets were acquired from The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/). A total of 11 TNBC samples from TCGA were included in our study. RNA sequencing and clinical data were obtained from 359 TNBC patients collected at the Fudan University Shanghai Cancer Center (FUSCC) (FUSCC cohort) (18). The clinical data included age, gender, histology, tumor T stage, N stage and stromal tumor infiltrating lymphocytes (sTILs). The RNA sequencing data of 131 TNBC patients from GSE83937 (https://www.ncbi.nlm.nih.gov/geo/) were adopted to verify the main findings from the FUSCC cohort.



Kaplan-Meier plotter

The Kaplan-Meier plotter database (http://kmplot.com/analysis) was used to evaluate the prognostic value of VISTA expression in TNBC.



Breast cancer integrative platform

The BCIP (http://www.omicsnet.org/bcancer/) is an integrative platform. The Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) database acquired from the BCIP was used to analyze the relationship between VISTA expression and OS in TNBC.



GSEA

In order to investigate biological function and potential signaling pathway of VISTA expression level in tumor tissues, GSEA was carried out using TPM of RNA sequencing data from the FUSCC cohort.



CancerSEA

CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/home.jsp) involves 14 functional states of 41900 cancer single cells from 25 tumor types (19). In this work, it was used to evaluate the functional state of VISTA in BC.



CIBERSORT

CIBERSORT (20) is an algorithm to determine the possible proportion of immune cells in a sample based on gene expression profile.



Landscape of immune infiltration status in TNBC

The single sample GSEA was performed to quantify the relative abundance of each cell infiltration in the TNBC tumor immune microenvironment (TIME). The enrichment scores of all samples in two cohorts (FUSCC and Gene Expression Omnibus (GEO) cohorts) were calculated by ssGSEA analysis. Subsequently, immune characteristic clustering was evaluated using R package and sparcl. All samples were clustered into two subgroups: Immunity-H group with an abundance of immune associated sets and Immunity-L group with an absence of immune associated sets. ESTIMATE algorithm was used to calculate the tumor purity and immune scores.



TIMER2.0

TIMER2.0 (http://timer.cistrome.org/) (21) was utilized to investigate the correlations between VISTA expression and tumor purity, CD8 (+) T cell and M1 macrophage infiltration in basal-like BC.



IHC and mIF

The clinical data and tumor pathological tissue samples of 16 patients with TNBC diagnosed in the First Affiliated Hospital of Xi’an Jiaotong University from October 2015 to October 2020 were retrospectively analyzed. According to standard IHC protocols, formalin-fixed paraffin-embedded (FFPE) tissue samples were immunohistochemically stained using VISTA antibody (D1L2G; dilution 1:200, Cell Signaling Technology, USA). The IHC scores of 0 to 4 were considered to be low expression of VISTA, while the scores of 5 to 12 were considered to be high expression of VISTA. Some markers were detected by mIF on PerkinElmer Mantra Quantitative Pathology Workstation/Quantitative Pathology Analysis Platform. The antibodies used included anti-panCK, anti-HLA-DR and anti-CD68. Previous studies used CD68 and HLA-DR for M1 identification (22–25). Hence, in this study, CD68 and HLA-DR double-positive cells were defined as M1 macrophages.



Statistical Analysis

Survival analysis was performed using Kaplan–Meier method. Kruskal-Wallis and Wilcoxon tests were conducted to compare the expression difference of VISTA. Spearman’s or Pearson’s test was carried out for correlation analysis. All statistical analyses were completed by R (version 3.6.3) and R packages (https://www.r-project.org/). P < 0.05 was regarded to be statistically significant. All statistical tests were two-sided.




Results


Clinical significance of VISTA in TNBC

To begin with, the data were downloaded from TCGA database to investigate the differences of the VISTA mRNA levels between paired tumor and normal tissues in TNBC. The results revealed that the VISTA levels in tumor tissues were significantly down-regulated (P = 0.0004; Figure 1A) compared with the adjacent normal tissues. Afterwards, the Kaplan-Meier Plotter database and METABRIC database were used to elucidate the relationship between VISTA expression and survival of TNBC patients. The results indicated that the high mRNA expression level of VISTA was significantly associated with better relapse-free survival (RFS) (hazard ratio (HR) = 0.63 (0.46-0.86), log-rank P = 0.0033 for 225373_at; Figure 1B) and OS (HR = 0.58, P = 0.0015; Figure 1C). Furthermore, the correlation between VISTA expression and the clinical parameters of TNBC was examined using FUSCC cohort. The results illustrated that younger patients (≦60 years) expressed remarkably higher VISTA level than patients over 60 years of age (P = 0.0045), while VISTA expression did not differ significantly according to histology, tumor stage and nodal stage (Figures 1D-1G). Collectively, the above results demonstrated that VISTA may serve as a potential biomarker for predicting survival in TNBC.




Figure 1 | Correlations between VISTA expression and clinical parameters in TNBC patients. (A) Level of VISTA in paired tumor and normal tissues in TNBC based on TCGA database. (B) Survival curve using the Kaplan-Meier plotter is shown for RFS. (C) Kaplan-Meier survival curve of OS in the METABRIC database. Association of VISTA expression with clinicopathological characteristics, including age (D), histology (E), tumor stage (F) and nodal stage (G). IDC, invasive ductal carcinoma.





Functional characteristics of VISTA in TNBC

After determining the prognostic value of VISTA in TNBC, GSEA was further performed using the TPM of RNA sequencing data from the FUSCC cohort to evaluate biological function and potential signaling pathway of VISTA. The results of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses indicated that multiple immune-related pathways were mainly enriched in VISTA high expression phenotype of TNBC, including chemokine signaling pathway (normalized enrichment score (NES) =2.52, P < 0.001; Figure 2A), B cell receptor (BCR) signaling pathway (NES=2.47, P < 0.001; Figure 2B), natural killer (NK) cell-mediated cytotoxicity (NES=2.42, P < 0.001; Figure 2C), T cell receptor (TCR) signaling pathway (NES=2.41, P < 0.001; Figure 2D) and cytokine-cytokine receptor interaction (CCI) pathways (NES=2.39, P < 0.001; Figure 2E), etc. The 63 positively correlated KEGG pathways (false discovery rate (FDR) q-value < 0.05, NES > 1) were shown in Supplementary Table 1. Moreover, CancerSEA was used to assess the functional state of VISTA in BC. The results showed that VISTA expression exhibited a positive correlation with inflammation (Correlation = 0.69, P < 0.001), differentiation (Correlation = 0.60, P < 0.001), angiogenesis (Correlation = 0.43, P < 0.05), quiescence (Correlation = 0.38, P < 0.05) and metastasis (Correlation = 0.37, P < 0.05) in BC (Supplementary Figure 1). The CIBERSORT algorithm was further used to calculate the distribution of 22 immune cells in each TNBC sample. The proportions of tumor immune infiltrating cell (TIIC) and the correlations between immune cells in FUSCC and GEO cohorts were illustrated in Figures 2F, G, respectively.




Figure 2 | VISTA expression was markedly associated with tumor immunity. (A-E) The results of GSEA showed five VISTA-related signaling pathways. (F) The proportions of tumor immune infiltrating cell and the correlations between immune cells in FUSCC cohort. (G) The proportions of tumor immune infiltrating cell and the correlations between immune cells in GEO cohort. Each bar is an individual cancer sample.





VISTA expression is correlated with immune infiltration in TNBC

Based on single sample GSEA algorithm, the enrichment scores of TNBC patients in FUSCC and GEO cohorts were calculated. The samples were classified into two subgroups with different immunity by unsupervised clustering. The Immunity_H group (FUSCC, 117 samples; GEO, 94 samples) was characterized with a high expression level of immune-related sets, and Immunity_L group (FUSCC, 242 samples; GEO, 37 samples) was performed with a low expression level of immune-related sets. At the same time, the immune scores (ESTIMATEScore, ImmuneScore, StromalScore) and tumor purity between two subgroups were assessed to confirm our group assignment with ESTIMATE algorithm. After comparison, it indicated that the Immunity_H group obtained a significantly higher immune scores and a remarkably lower tumor purity than Immunity_L group. Above all, the immunity in Immunity_H group was stronger than that in Immunity_L group (Figures 3A, C). In order to further explore the immunity of VISTA, the expression level of VISTA between Immunity_H and Immunity_L group was compared. The results showed that the expression level of VISTA in Immunity_H group was significantly higher than that in Immunity_L group (Figures 3B, D). Moreover, as the degree of sTILs infiltration increased, VISTA expression level gradually increased in TNBC (Figure 3E). Additionally, VISTA expression level was notably higher in the immunomodulatory (IM) subtype compared with the basal-like immune-suppressed (BLIS) subtype (Figure 3F).




Figure 3 | Based on the different gene expression of 29 pathways, TNBC was clustered into two main subtypes: Immunity_H and Immunity_L in FUSCC (A) and GEO (C) cohorts. Comparison of the expression level of VISTA between the two subtypes in FUSCC (B) and GEO (D) cohorts. Association of VISTA expression with clinicopathological characteristics, including stromal tumor infiltrating lymphocytes (sTILs) (E) and subtypes (F).



In additional, the immune cell infiltration differences between VISTA high and low groups were analyzed. The results demonstrated that B cell memory (P < 0.001), T cell CD8+ (P < 0.001), T cell CD4 memory resting (P = 0.003), T cell CD4 memory activated (P < 0.001), T cell regulatory (Treg) (P = 0.015), monocytes (P < 0.001) and macrophage M1 (P < 0.001) exhibited a higher expression in the VISTA-high group, whereas B cells naive (P = 0.006), T cell follicular helper (P < 0.001), T cell gamma delta (P = 0.004), NK cells resting (P = 0.011), macrophage M0 (P < 0.001), mast cells resting (P = 0.013) and mast cells activated (P = 0.024) had a higher expression in the VISTA-low group in patients from the FUSCC cohort (Figure 4A). In order to ensure the accuracy of the results from the FUSCC cohort, the same analysis on the GEO cohort was performed. In agreement with the above results, T cell CD8+ (P = 0.004), T cell CD4 memory activated (P < 0.001) and macrophage M1 (P = 0.002) were upregulated, while macrophage M0 (P = 0.010) and mast cells activated (P < 0.001) were downregulated in the VISTA-high group (Figure 4B). What’s more, it was discovered VISTA expression exhibited a positive correlation with M1 macrophage and CD8 (+) T cell (Figure 4C) infiltration in basal-like BC using TIMER2.0.




Figure 4 | The immune cell infiltration difference between VISTA high and low groups in FUSCC (A) and GEO (B) cohorts. Correlation between VISTA expression and infiltration of M1 macrophage and CD8 (+) T cell (C) in basal-like BC.





VISTA expression and the tumor immune microenvironment

The clinical samples in our hospital were collected. After obtaining institutional ethics committee approval and written informed consent, 16 TNBC patients were enrolled (Supplementary Table 2). The correlation between VISTA and immune cell infiltration was examined by IHC and mIF. The results reflected that the expression of VISTA in stromal cells (68.75%, 11/16) was higher than that in tumor cells (25%, 4/16). Only one case was positive for stromal cells and tumor cells, and one case was negative for both (Figures 5A, B). Most importantly, the high protein level of VISTA in stromal cells was associated with higher infiltration of M1 macrophages in TNBC (P < 0.0001) (Figures 5C, D).




Figure 5 | Representative immunohistochemical staining of VISTA, and correlation between VISTA expression and M1 macrophages in TNBC patients. (A) VISTA expression in stromal cells. (B) VISTA expression in tumor cells. (C) Multiplex immunofluorescence images from a TNBC patient. panCK (cyan); CD68 (green); HLA-DR (red); DAPI (blue). Cells were characterized as tumor cell (panCK (+)) and M1 macrophages (CD68 (+), HLA-DR (+)). (D) High protein level of VISTA in stromal cells was associated with higher infiltration of M1 macrophages.






Discussion

TNBC is the most malignant subtype of BC, with limited treatment strategies, high incidence of tumor mutation burden (TMB) and tumor-infiltrating lymphocyte (TIL) rates. Phase III IMpassion130 study showed that atezolizumab combined with nab-paclitaxel improved the progression free survival (PFS) in patients with metastatic TNBC (3). Recent meta-analysis revealed that in metastatic BC, the pooled ORR of ICIs was 19% (95% CI = 12-27%), and TNBC had a relatively higher ORR (23%) than other BC subtypes (26). Although immunotherapy has achieved some success, only a few patients will benefit from it. Therefore, new immunotherapeutic targets are needed.

VISTA, a novel negative immune checkpoint, is a membrane protein with molecular weight of 55000 to 65000 daltons. It is highly conserved across different species, which suggested a conserved functional role (9). Previous study have found that TGF-β-induced Smad3 activation led to an increase in VISTA expression (27). In addition, hypoxia-inducible factor (HIF)-1α binding to a conserved hypoxia response element in the VISTA promoter could also upregulate VISTA on myeloid cells (28). The true functional binding partner(s) for VISTA is under investigation. At present, the potential ligands for VISTA include V-set and immunoglobulin domain 3 (VSIG-3), galectin-9 and so on (29). The engagement of VSIG-3 with VISTA can inhibit the proliferation of T cells and reduce their cytokine and chemokine release (30). Several studies have demonstrated that VISTA blockage has antitumour activity both in vitro and in vivo. VISTA inhibition was observed to decelerate tumour growth and increase survival rates in mouse models (13). At present, there are some clinical trials on VISTA. NCT02671955 and NCT02812875 are phase I clinical trials. India CTRI/2017/12/011026 is a phase II open label randomized trial, and its results show that the clinical benefit rate of CA-170 (inhibit PD-L1/PD-L2/VISTA) is 59.5% (31). The role of VISTA in controlling T cell activation is different from the PD-1/PD-L1 pathway (13). VISTA is increased after ipilimumab therapy in patients with prostate cancer (32) and anti-PD-1 therapy in patients with metastatic melanoma (33). This implied negative immune checkpoint regulation by VISTA is an important potential mechanism of acquired immunotherapy resistance. Moreover, Liju Zong et al. demonstrated a positive association between the levels of VISTA protein and PD-1/PD-L1 in breast cancer specimens (34). We found that the expression of VISTA was also positively correlated with the expression of PD-1 (Supplementary Figure 2A) and PD-L1 (Supplementary Figure 2B) in basal-like BC using TIMER2.0. The expression, prognostic significance and function of VISTA have been demonstrated in multiple tumor types, including melanoma, pleural mesothelioma, NSCLC, BC, pancreatic cancer, colorectal cancer, ovarian and endometrial cancer, and so on (31). However, the prognostic value and immunological role of VISTA in TNBC have not been extensively studied.

In this study, the expression of VISTA in paired TNBC tissues and matched normal tissues was analyzed from TCGA. The results indicated that VISTA was lowly expressed in TNBC tissues. Besides, it was found that VISTA was more highly expressed in younger patients with TNBC. Most importantly, survival curves revealed that VISTA was a good prognostic factor in TNBC, which was coincident with a previous report (35). A recent meta-analysis has also found that the high expression of VISTA was associated with significantly better OS (P < 0.001) (36). The above results suggested that VISTA could serve as a good prognostic factor for TNBC patients.

Subsequently, GSEA was performed using RNA sequencing data from the FUSCC cohort to evaluate the biological significance of VISTA in TNBC. The findings proved that among the top 10 statistically enriched KEGG pathways in TNBC patients with higher expression of VISTA, 5 pathways, including chemokine signaling pathway, BCR signaling pathway, NK cell-mediated cytotoxicity, TCR signaling pathway and CCI pathways, were related to immune function. In the relatively early stage of malignant tumor process, chemokines can induce lymphocyte infiltration, which may improve antitumor activity (37). For example, when CCR5 is expressed in T cells, it can enhance the antitumor response (38). BCR signaling plays a vital role at multiple checkpoints of B cell biology. BCR is necessary for B cells to correctly stimulate immune response (39). NK cells play a critical role in tumor immunosurveillance and tumor clearance. An 11-year follow-up survey conducted by Imai K illustrated that high NK cell cytotoxic activity was associated with reduced cancer risk (40). Tumor-infiltrating NK cells confer a positive prognostic value in colorectal carcinom, gastric carcinoma and squamous cell lung cancer (41). The recognition of cancer antigens by the TCR leads T cell activation, which inhibits tumor progression (42). CCI is closely related to immune reactions. Collectively, these results indicated that VISTA was closely related to immune infiltration in TNBC patients.

The Immunity_H group had a stronger immune signal. sTILs are the major immune defense against cancer cells, and associated with better prognosis in BC (43). A study conducted by Yi-Zhou Jiang classified TNBC into four transcriptome-based subtypes (1): luminal androgen receptor (2), IM, (3) BLIS, and (4) mesenchymal-like. Among them, IM subtype was characterized by high immune cell signaling. BLIS subtype was characterized by the down-regulation of immune response genes (18). In our study, it was revealed that the expression of VISTA was higher in the Immunity_H group and IM subtype. Moreover, higher expression of VISTA was remarkably associated with higher levels of sTILs. These findings suggested that VISTA expression was positively correlated with immunity in TNBC patients.

As we know, TIICs play a very vital role in tumor progression. CD8 (+) T cells have strong tumor killing ability. A study, involving 12,439 patients with BC, confirmed that CD8 (+) T cells were associated with good prognosis (44). Besides, several studies demonstrated that the expression of VISTA was positively correlated with CD8 (+) T cell infiltration. Xin-Lin He et al. retrospectively analyzed the medical records of 2440 patients. The results showed that the high expression of VISTA in solid tumours was strongly linked to better prognosis and high numbers of CD8 (+) TILs (P < 0.001) (36). Ming Zhang et al. also revealed there was a statistically significant positive association between VISTA and CD8+ mRNA expression in hepatocellular carcinoma, and VISTA+/CD8+ patients had a better OS (45). Similarly, our study found that CD8 (+) T cells exhibited a positive correlation with VISTA expression, which may partly explained why TNBC patients with high VISTA expression had a good prognosis.

Tumor associated macrophages (TAMs) are a major component of the TME. M0 macrophages are highly plastic. They can change their phenotype under the influence of environmental signals (46). Depending on the microenvironment, macrophages can mainly polarize into two functional phenotypes: classically activated macrophages (M1) and alternatively activated macrophages (M2) (47). M1 macrophages exert anti-tumor activity by releasing pro-inflammatory cytokines. The high density of M1 macrophages is associated with good prognosis in a variety of human malignancies, including NSCLC, HCC, ovarian and gastric cancers (48, 49). Besides, in the colorectal cancer, microsatellite instability-high tumors had higher densities of M1 macrophages in tumor stroma. M1 polarization of tumor stromal macrophages was related to lower cancer specific mortality (50). In our study, compared with VISTA-low group, VISTA-high group experienced significantly higher proportions of macrophage M1, as well as remarkable lower proportions of macrophage M0. The results suggested that VISTA-high group had a favorable immune microenvironment. IHC and mIF were further performed to validate the primary results that were revealed by bioinformatics analysis. The findings revealed VISTA level in stromal cells was positively correlated with M1 macrophages in TNBC, which was consistent with the above conclusion.

However, some potential limitations of our study should be noted. Our analysis showed that there was an association between the infiltration of CD8 (+) T cell and M1 macrophages and the expression of VISTA in TNBC, but the specific mechanism was unclear. Further studies are needed to verify the expression and function of VISTA in vivo and in vitro.



Conclusion

In conclusion, our analysis suggested that VISTA was a good prognostic factor, and its expression was positively correlated with immunity in TNBC. Most importantly, the high level of VISTA was remarkably associated with high infiltration of CD8 (+) T cell and M1 macrophages. The results revealed that VISTA could be served as a potential biomarker for prognostic prediction and immune infiltration in TNBC.
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Supplementary Figure 1 | Functional relevance of VISTA in BC. (A) Correlations between VISTA expression and 14 functional states in BC single-cell datasets. No.cells refers to the number of cells. (B) VISTA expression exhibited a positive correlation with inflammation, differentiation, angiogenesis, quiescence and metastasis in BC (***P < 0.001, **P < 0.01, *P < 0.05).

Supplementary Figure 2 | Correlation between VISTA expression and PD-1 (A) and PD-L1 (B) expression in basal-like BC.
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Background

Breast cancer is the most common malignant tumor among women worldwide, and breast cancer stem cells (BCSCs) are believed to be the source of tumorigenesis. New findings suggest that small nucleolar RNAs (snoRNAs) play a significant role in tumor development.



Methods

The Cancer Genome Atlas (TCGA) and Kaplan–Meier survival analysis were used to demonstrate expression and survival of SNORA38 signature. In situ hybridization (ISH) and immunohistochemical (IHC) were conducted to analyze the correlation between SNORA38 and stemness biomarker in 77 BC samples. Gene Set Enrichment Analysis (GSEA) was performed to investigate the mechanisms related to SNORA38 expression in BC. Real-time qPCR was employed to evaluate the expression of SNORA38 in breast cancer cell lines.



Results

In the public database and patients’ biopsies, SNORA38 was significantly up-regulated in breast cancer. Furthermore, the expression of SNORA38 was significantly correlated with tumor size, lymph node metastasis, and TNM stage, among which tumor size was an independent factor for SNORA38 expression. Higher SNORA38 expression was associated with shorter overall survival (OS). Meanwhile, SNORA38 was positively associated with the stem cell marker OCT-4, which suggested that SNORA38 might be related to breast cancer stemness.



Conclusions

SNORA38 is an important carcinogenic snoRNA in breast cancer and might be a prognostic biomarker for breast cancer.
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Introduction

Worldwide, breast cancer is one of the most common malignant tumors and has become the leading cause of cancer death among women (1). There were an estimated 1.7 million cases of breast cancer in women in 2012 (2), climbing to 2.1 million in 2018, accounting for almost a quarter of all cancers in women (3). Although “de-escalation” based on proven therapies has resulted in better outcomes for appropriate patients, it still requires more valuable evidence and rigorous judgment for breast cancer patients. Therefore, screening prognostic markers function is an effective method (4).

Heterogeneous tumor cell clusters exist in solid tumors, among which a particular subtype called cancer stem cells (CSCs) are characterized by self-renewal and pluripotency (5, 6). Breast cancer stem cells (BCSCs) are considered the root of differentiation, invasion, metastasis, drug resistance, and breast cancer recurrence. They have shown promising prospects in cancer therapy in recent years (7–9). Non-coding RNAs (ncRNAs), which do not code for proteins within the genome, has received particular interest in molecular research due to their new regulatory role in human health and disease. Small nucleolar RNAs (snoRNAs), about 60–300 nucleotides in length, are one of the most diverse non-coding RNAs and a kind of non-coding RNA widely present in the nucleoli of eukaryotic cells (10, 11). Previously, some snoRNAs were once thought to have a single function and limited role in pre-RNA processing. However, recent findings suggest that some snoRNAs are also involved in various physiological processes such as cell proliferation, differentiation, epigenetic inheritance, and regulation (12). The first report highlighting the pathological importance of snoRNAs showed that H5sn2 (a H/ACA box snoRNA) was significantly down-regulated in meningiomas (13). Abnormal regulation of snoRNAs has been confirmed as a tumor suppressor gene or oncogene in various cancers, including lung cancer, colorectal cancer, and other cancers (14–18). Expression analysis of clinical samples and cell lines indicates that snoRNAs are differentially expressed and may play a diagnostic and prognostic role in breast cancer (19–21).

However, the new role and potential mechanisms of SNORA38 in breast cancer remain unclear. We analyzed the expression of SNORA38 in 77 breast cancer samples and reported the relationship between SNORA38 and clinical-pathological, prognosis for the first time. In the present study, the Cancer Genome Atlas–breast cancer (TCGA-BRCA), Kaplan–Meier survival analysis, and Gene Set Enrichment Analysis (GSEA) were used to analyze the expression level, survival, and related mechanisms of SNORA38 in breast cancer. ISH and IHC were performed to analyze the correlation between SNORA38 and OCT-4, which showed that the expression of SNORA38 in breast cancer might be related to the stem cell regulation in BCSCs. Our results might provide theoretical support for finding a new diagnostic marker and therapeutic target for breast cancer.



Materials and methods


TCGA and Kaplan–Meier survival analysis

The TCGA-BRCA gene expression was downloaded from the database (https://cancergenome.nih.gov/), and 1,222 tissue samples were included, including 1,109 breast cancer tissue samples and 113 normal breast tissue samples. After integration and standardization of all data by using the edgR package, breast cancer tissue samples were divided into high and low expression groups according to the median value of the SNORA38 expression. “SNORic (snoRNA in cancers, http://bioinfo.life.hust.edu.cn/SNORic/basic/) was used to analyze the difference of SNORA38 expression between tumor group and normal group in breast cancer in TCGA-BRCA.” According to the website, the unit of the expression values is RPKM. The unit of ordinate shown in Figure 1A is log2. Overall survival (OS) in the total population of breast cancer patients and the correlation with OCT-4 and SNORA38 were analyzed by Graphpad Prism 8.0.




Figure 1 | Expression and survival of SNORA38 signature in breast cancer. (A) SNORA38 expressed higher in breast cancer tissues than in normal tissues in TCGA (P < 0.05). (B) High SNORA38 expression was relevant to a shorter OS in all BC patients in Kaplan–Meier plotter (P = 0.030). (C) High SNORA38 expression was relevant to a shorter OS in luminal A patients in Kaplan–Meier plotter (P = 0.025). (D) High SNORA38 expression did not show any association with a shorter OS in luminal B patients in Kaplan–Meier plotter (P = 0.973). (E) High SNORA38 expression did not show any association with a shorter OS in Her-2 type patients in Kaplan–Meier plotter (P = 0.501). (F) High SNORA38 expression did not show any association with a shorter OS in basal-like type patients in Kaplan–Meier plotter (P = 0.225).





Gene set enrichment analysis

The integrated and normalized data from TCGA-BRCA, classified by SNORA38 expression as we mentioned before and gene sets downloaded from the Molecular Signatures Database (MsigDB), were input to analyze the potential mechanism related to SNORA38 by GSEA. To ensure the credibility of the analysis results, we selected 1,000 permutations in the software. Pathways significantly associated with SNORA38 were screened based on normalized enrichment score (NES), while screening was based on normalized P < 0.05 and false discovery rate (FDR) < 25%.



Breast cancer cell lines

MCF-10A and MCF-7 cell lines were obtained from the American Type Culture Collection (ATCC). Both cell lines were cultured by high-glucose (4.5 mg/ml) DMEM (Dulbecco’s modified eagle medium) (HyClone, Logan, Utah, USA) with 10% serum (Tianjin Hao Yang Biological Manufacture CL, China). MCF-7 CSCs were cultured by DMEM/F-12 (Gibco, Thermo Fisher Scientific) with 2% B27 (Gibco, Thermo Fisher Scientific, Waltham, USA) and EGF (epidermal growth factor) 20 ug/L (Promega, Shanghai, China). As previously reported (22), all cells used in the present study were cultured in 37°C, 5% CO2, and 95% air incubator.

SnoRNA chips (Oebiotech, Shanghai, China) were employed to investigate the differential snoRNA expression between BCCs (breast cancer cells) and BCSCs. In total, 248 snoRNAs were analyzed in this chip.



Real-time quantitative polymerase chain reaction

Total RNA was isolated using TRIzol reagent (CWBIO, Beijing, China). RNA concentration was measured by NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, USA). cDNA was obtained using the PrimeScript RT kit (TaKaRa, Japan). SYBR Premix Ex Taq I was used for RT-PCR. The mRNA internal control was β–actin, and U6 was internal control for snoRNA. 2-ΔΔCtmethod was used to calculate the relative RNA expression.



Patients and tissue samples

Fixed and paraffin-embedded specimens (n = 77) and fresh cancer tissues with paired adjacent normal tissues (n = 16) were obtained with permission from the Ethics Review Committee of the First Affiliated Hospital of China Medical University (AF-SOP-07-1.1-01). Curative operations and reliable medical records were the basic principles of inclusion. Clinical and pathological information was obtained from the Hospital Information System, including data regarding age, tumor size, lymph nodes status, estrogen receptor (ER) status, progesterone receptor (PR) status, human epidermal growth factor, molecular subtypes, and Tumor Node Metastasis (TNM)  stage.



In situ hybridization

ISH was performed similarly to our previous study (23). In short, RNase enzymes were removed from all liquids and experimental devices. APES glue and DEPC-treated water were used to process the slides. The slides were dewaxed with xylene and rehydrated with gradient ethanol. Endogenous peroxidase activity was blocked by 3% hydrogen peroxide, and mRNA was exposed to pepsin. Digoxin-labeled oligonucleotide probes were incubated overnight at 37°C. According to snoRNAs ISH Kit (Boster) regimen, block solution, biotinylated rat anti digoxin, and SABC were added. Finally, DAB (3,3’-diaminobenzidine, DAB) staining was performed and assessed blind by two pathologists. A slide containing the target antigen was used as the positive control. Phosphate Buffered Saline (PBS) was used as the primary antibody in the negative control.



Immunohistochemistry

IHC was performed similarly to our previous study (23). After conventional dewaxing and gradient ethanol dehydration, all sections were exposed to high pressure and citric acid buffer. Then, all sections were incubated overnight with anti-OCT4 (1:500, Cell Signaling Technology, USA) at 4°C. After rinsing with PBS, the antibody was incubated for 1 h with the secondary antibody at room temperature. Finally, sections were successively treated with DAB reagent and hematoxylin. A slide containing the target antigen was used as the positive control. PBS was used as the primary antibody in the negative control.



Evaluation of ISH and IHC

DAB staining was assessed blind by two professional pathologists. SNORA38 and OCT-4 expression was assessed by staining intensity and percentage of positive staining cells. The percentage of positive cells were assigned as follows: 0 (< 5%), 1 (6–25%), 2 (26–50%), 3 (51–75%), and 4 (> 76%). The final ISH and IHC scores were multiplied by percentage score and intensity. All of the patients were divided into two groups: high SNORA38 expression (score ≥ 4) and low SNORA38 expression (score < 4).



Statistical analysis

In the present study, statistical analyses were performed using SPSS 24.0 (Chicago, IL, USA) and Graphpad Prism 8.0 (La Jolla, CA, USA). The correlation between SNORA38 expression and clinical-pathological factors was measured by Pearson Chi-square test, Fisher’s exact test, and Logistic regression analysis. Univariate Cox regression analysis was conducted to assess the independent prognostic indicators for breast cancer patients, and then multivariate Cox regression analysis was performed within the characteristics selected in the univariate Cox regression analysis. Survival probabilities were measured by the Kaplan–Meier method and assessed by a log-rank test. OS curves were generated to evaluate the survival differences between the SNORA38-high and SNORA38-low patients. Receiver Operating Characteristic (ROC) analysis was used to analyze the diagnostic value, and the area under the ROC curve (AUC) greater than 0.5 was considered of diagnostic value. The relevance between SNORA38 and OCT-4 was calculated by Spearman correlation analysis. A P-value less than 0.05 was considered statistically significant.




Results


Expression of SNORA38 in breast cancer

The expression of SNORA38 in TCGA showed that SNORA38 was up-regulated in breast cancer tissues compared with normal tissues. (P < 0.01, Figure 1A). To clarify whether SNORA38 is associated with breast cancer, SNORA38 expression levels in 77 paraffin-embedded samples were evaluated by ISH. Heavy stained (Figure 2A), medium stained (Figure 2B), light stained (Figure 2C), no stained (Figure 2D), as well as negative controls (Figures S2A and S2C) and positive controls (Figures S2B and S2D) were shown in Figure 2 and Supplement Figure S2. The positive rate (33/77, 42.9%) of SNORA38 in breast cancer was significantly higher than that (3/16, 18.75%) in adjacent normal breast tissues (P < 0.05).




Figure 2 | Expression of SNORA38 in breast cancer. (A) heavy stained, (B) medium stained, (C) light stained, and (D) no stained, respectively; original magnification, 200× (left) and 400× (right). Scale bars, 50 μm.





Correlation between SNORA38 expression and clinical pathology factors

To further clarify how SNORA38 is involved in the development of breast cancer, the correlation between SNORA38 expression and clinicopathological factors was analyzed. Univariate analysis (Table 1) showed that SNORA38 expression was significantly correlated with tumor size (P = 0.01), lymph node metastasis (P = 0.006), ER (P = 0.024) and TNM stage (P = 0.040). Among these four variables (tumor size, lymph node metastasis, ER, and TNM stage), only tumor size was a significant predictive factor for SNORA38 expression in the multivariate analysis (Table 2).


Table 1 | Univariate analysis of SNORA38 expression and clinical pathology factor.




Table 2 | Multivariate analysis of SNORA38 expression and clinical pathology factor.





Correlation between SNORA38 and prognosis in breast cancer patient

Kaplan–Meier survival analysis and the log-rank test showed that SNORA38 was significantly correlated with shorter OS in breast cancer patients (P = 0.03, Figure 1B). Higher SNORA38 expression was significantly correlated with shorter OS in luminal A breast cancer patients (P = 0.025, Figure 1C); however, there was no obvious correlation between OS and SNORA38 among other types of breast cancer patients: luminal B patients (P = 0.97, Figure 1D), Her-2 type patients (P= 0.50, Figure 1E), and basal-like-type patients (P = 0.22, Figure 1F). Then, we used univariate Cox regression analysis to evaluate the influence of clinical-pathological factors on OS in breast cancer patients. OS were significantly correlated with age (p = 0.017), lymph node metastasis (P = 0.028), and SNORA38 expression (P = 0.031) (Supplementary Table S1). In addition, multivariate Cox regression analysis showed that age (p = 0.013), lymph node metastasis (P = 0.046), and SNORA38 expression (p = 0.030) were prognostic factors for OS shortening in breast cancer patients. To evaluate whether SNORA38 expression can be used as a predictor of breast cancer, ROC was used for analysis, which showed that the AUC of SNORA38 was 0.563.



SNORA38-related signaling pathways in GSEA

According to NES, significantly enriched pathways were associated with the biological processes of breast cancer (Figures 3A–H and Table 3). TCGA-BRCA samples in the group with high expression of SNORA38 were enriched in cell cycle, DNA replication, homologous recombination, E2F targets, G2M checkpoint, mitotic spindle, myc targets, and so forth.




Figure 3 | Enrichment plots from Gene Set Enrichment Analysis (GSEA). GSEA was used to indicate the mechanisms related to SNORA38 expression in breast cancer. GSEA disclosed a significant enrichment of (A) Breast cancer cluster 2. (B) Cell_cycle. (C) DNA_replication. (D) Homologous recombination. (E) E2F targets. (F) G2M checkpoint. (G) MITOTIC spindle. (H) MYC targets.




Table 3 | Gene set enriched with SNORA38 high expression.





SNORA38 expressed higher in the BCSCs than BCCs and was related to breast cancer stemness

The induction and culture of BCSCs were matured (24). After 7–8 days of culture, MCF-7 CSCs possessed typical phenotypic characteristics, such as high CD44+CD24− phenotype and high expression of CSCs markers (OCT-4) at mRNA levels (Figure 4A). snoRNA chips (Oebiotech, Shanghai, China) included 248 snoRNAs that were employed to investigate the differential snoRNAs expression between BCCs (breast cancer cells) and BCSCs, which revealed that SNORA38 was significantly overexpressed in CD44+CD24− subgroup (Figure S1). The results of microarray analysis were further validated by real-time qPCR, which showed that the expression of SNORA38 in MCF-7 CSCs was higher than that in MCF-7 (Figure 4B). In addition, OCT-4 was correlated with SNORA38 in TCGA (P = 6.2e-07, q-value (FDR correction) = 1.24e-07), as shown in Figure 4C, and a positive correlation was also observed between SNORA38 (through ISH) and OCT-4 (through IHC, Figures 4D, E and Supplementary Figure S2) as shown in Table 4. The above results further suggested that SNORA38 is associated with carcinogenic characteristics and increased stem phenotype.




Figure 4 | SNORA38 expressed higher in the BCSCs than BCCs and was related to breast cancer stemness. (A) relative expression of SNORA38 in MCF-10A,MCF-7, and MCF-7CSCs (B) relative expression of OCT-4 in MCF-10A, MCF-7, and MCF-7CSCs (C) OCT-4 expressed higher in high SNORA38 expression group than in low SNORA38 expression group in breast cancer in TCGA (D) high expression of OCT-4 in IHC (E) low expression of OCT-4 in IHC *P < 0.05 and ****P < 0.0001.




Table 4 | Correlation analysis of SNORA38 expression and OCT-4.






Discussion

snoRNAs are a class of non-coding RNAs that play critical regulatory roles in various physiological and pathological events (24–26). Previous studies have shown that some snoRNAs can participate in the regulation of the metastasis and recurrence of breast cancer (17, 27). In addition, snoRNAs are related to the therapeutic resistance of cancer (28–32). Thus, snoRNAs are recognized as diagnostic and prognostic indicators and as therapeutic targets in cancer. Like protein-coding genes and miRNAs, snoRNAs have oncogenic and tumor-suppressive functions (27, 33). snoRNAs regulate the expression of protein-coding genes through different mechanisms. Some computational studies predicted that snoRNAs can interact with other RNA types to regulate biological function and cellular signaling pathways (34). Several studies demonstrated the association between abnormal snoRNAs expression and breast cancer progression (35, 36). We analyzed the differential expression of snoRNAs by snoRNAs chips and found that SNORA38 was significantly up-regulated in BCSCs. However, there have been no reports of SNORA38 expression in breast cancer so far. Therefore, the present study was carried out to explore the potential significance of SNORA38 in breast cancer.

According to TCGA analyses and experimental evidence, SNORA38 was highly expressed in breast cancer tissues and BCSCs, suggesting that overexpression of SNORA38 may promote malignant transformation and play an essential role in the genesis and development of breast cancer. A recent study showed that snoRNAs were associated with clinical-pathological factors, including lymphatic invasion and distant metastasis (15). SNORA38 expression was correlated with tumor size, lymph node metastasis, TNM stage, and ER expression in univariate analysis. Therefore, these results suggested that the overexpression of SNORA38 might predict breast cancer cells proliferation and invasion. However, multivariate analysis did not prove a statistical significance in lymph node metastasis, which might be due to the insufficient sample size.

According to a recent study, low expression of snoRA52 is related to poor long-term survival in hepatocellular carcinoma (37). The relationship between SNORA38 expression and prognosis in breast cancer patients has not been discussed. The present study found that SNORA38 was a prognostic factor in breast cancer. Higher SNORA38 expression indicated a shorter OS in the whole breast cancer population and luminal A breast cancer patients. Previous studies have shown that compared with miRNA, ctDNA (circulating tumor DNA), and exosome, snoRNAs were more stable, technically easy to enrich and detect, therefore, more suitable to serve as prognostic biomarkers (38–41). In malignant tumors, snoRNAs are associated with clinicopathological features and disease status. snoRNAs also have a specific distribution in plasma and other body fluids; therefore, they can be used as potential biomarkers of liquid biopsy (42). The above studies suggested that snoRNAs might be new prognostic markers. Previous studies have reported that aberrant methylation of genes leads to breast cancer. DNA methylation occurs before protein translation, which might have greater value in the early diagnosis of breast cancer than the detection of cancer-related protein expression. Although individual gene methylation showed good specificity for breast cancer, it was often less sensitive for breast cancer diagnosis alone, so it was necessary to jointly detect changes in multiple gene methylation sites and construct a detailed methylation map (43).

Similarly, we recognized the limitations of snoRNA alone as a prognostic marker. Therefore, we look forward to snoRNAs combined with other present prognostic markers based on gene expression or DNA methylation in the future to obtain a better prognostic effect. Moreover, the ROC analysis of SNORA38 did not show statistical significance, which may be due to several reasons. First, the number of samples included in this study is relatively small. Second, breast cancer cells are highly heterogeneous, and the mechanism of snoRNAs in tumor genesis and development is so complex that a certain snoRNA may participate in various pathways and have multiple biological functions in different types of cells (44, 45). Therefore, expanding the sample size, exploring the mechanism of multiple indicators, and analyzing the prognostic value in different types of breast cancer cells may advance the field.

The occurrence and development of malignant tumors may involve multiple signaling pathways (46). The present study identified the underlying mechanisms by which SNORA38 might influence the occurrence and development of breast cancer. From GSEA, SNORA38 was involved in several signaling pathways and may be associated with tumor cell survival and proliferation by influencing the cell cycle, DNA replication, homologous recombination, and mitotic spindle. SNORA38 was associated with E2F targets and G2M checkpoint, suggesting that SNORA38 may be involved in cell apoptosis (47, 48). SNORA38 was closely association with MYC targets, suggesting that SNORA38 may be involved in tumor cell cycle and related to apoptosis and cell transformation (49). These results provided a new idea for understanding the molecular mechanism of SNORA38, regulating the biological process of malignant tumors. Because the molecular function of SNORA38 has not been fully studied, further studies are needed to clarify its role in tumor genesis and metastasis.

To sum up, we considered SNORA38 a potential diagnostic marker and therapeutic target for several reasons. First, the expression of SNORA38 in breast cancer tissues was higher than that in normal tissues, which was significantly correlated with tumor size, lymph node metastasis, and TNM stage, suggesting that SNORA38 may be related to the occurrence and development of breast cancer. Second, breast cancer patients with high expression of SNORA38 had a poor prognosis that might be a prerequisite for SNORA38 to become a therapeutic target. Third, SNORA38 was associated with OCT-4, a recognized stem cell marker that regulates BCSCs’ self-renewal, which indicated that SNORA38 might cause tumors by targeting BCSCs. BCSCs are characterized by self-renewal and pluripotency, which were thought to be the source of drug resistance and relapse of breast cancer (7, 8). Therefore, the intervention of stem cells and the targeting of signaling pathways have shown promising prospects in breast cancer therapy.



Conclusions

In conclusion, SNORA38 was significantly up-regulated in breast cancer tissues compared with normal tissues. The higher expression of SNORA38 was related to larger tumor size, more lymph node metastasis, higher TNM staging, and shorter OS in breast cancer. The correlation between SNORA38 and stem cell marker OCT-4 and the potential mechanism associated with tumor cell survival and proliferation suggested that SNORA38 might be related to the stemness of breast cancer cells and might be a potential therapeutic target in breast cancer in the future.
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Background

Most studies of molecular subtype prediction in breast cancer were mainly based on two-dimensional MRI images, the predictive value of three-dimensional volumetric features from dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) for predicting breast cancer molecular subtypes has not been thoroughly investigated. This study aimed to look into the role of features derived from DCE-MRI and how they could be combined with clinical data to predict invasive ductal breast cancer molecular subtypes.



Methods

From January 2019 to December 2021, 190 Chinese women with invasive ductal breast cancer were studied (32 triple-negative, 59 HER2-enriched, and 99 luminal lesions) in this institutional review board-approved retrospective cohort study. The image processing software extracted 1130 quantitative radiomic features from the segmented lesion area, including shape-based, first-order statistical, texture, and wavelet features. Three binary classifications of the subtypes were performed: triple-negative vs. non-triple-negative, HER2-overexpressed vs. non-HER2-overexpressed, and luminal (A + B) vs. non-luminal. For the classification, five machine learning methods (random forest, logistic regression, support vector machine, naïve Bayes, and eXtreme Gradient Boosting) were employed. The classifiers were chosen using the least absolute shrinkage and selection operator method. The area evaluated classification performance under the receiver operating characteristic curve, sensitivity, specificity, accuracy, F1-Score, false positive rate, precision, and geometric mean.



Results

EXtreme Gradient Boosting model showed the best performance in luminal and non-luminal groups, with AUC, sensitivity, specificity, accuracy, F1-Score, false positive rate, precision, and geometric mean of 0.8282, 0.7524, 0.6542, 0.6964, 0.6086, 0.3458, 0.8524 and 0.7016, respectively. Meanwhile, the random forest model showed the best performance in HER2-overexpressed and non-HER2-overexpressed groups, with AUC, sensitivity, specificity, accuracy, F1-Score, false positive rate, precision, and geometric mean of 0.8054, 0.2941, 0.9744, 0.7679, 0.4348, 0.0256, 0.8333 and 0.5353, respectively. Furthermore, eXtreme Gradient Boosting model showed the best performance in the triple-negative and non-triple-negative groups, with AUC, sensitivity, specificity, accuracy, F1-Score, false positive rate, precision, and geometric mean of 0.9031, 0.9362, 0.4444, 0.8571, 0.9167, 0.5556, 0.8980 and 0.6450.



Conclusion

Clinical data and three-dimension imaging features from DCE-MRI were identified as potential biomarkers for distinguishing between three molecular subtypes of invasive ductal carcinomas breast cancer. In the future, more extensive studies will be required to evaluate the findings.





Keywords: molecular subtypes, MRI, radiomics, breast cancer, three-dimension, machine learning



Introduction

Breast cancer accounts for about 30% of female cancers worldwide, with a mortality-to-incidence ratio of 15% (1). As the world’s largest developing country, China ranks first in terms of female breast cancer incidence and deaths, accounting for 17.6% and 15.6% of global female breast cancer incidence and deaths, respectively (2). Breast cancer subtyping has important therapeutic implications for the disease’s clinical management. The luminal (A or B), human epidermal growth factor receptor 2 (HER2)-overexpressed, and triple-negative subtypes of breast cancer are the most common molecular subtypes (3). Most invasive breast cancers (70%) are luminal tumors, which respond well to endocrine therapy. HER2-positive tumors are more likely to respond to targeted antibody therapy (4). Although triple-negative cancers are more aggressive and challenging to treat, some respond well to chemotherapy (4, 5). In routine clinical practice, breast cancer subtypes can be identified using genetic array testing or immunohistochemistry markers. Immunohistochemistry necessitates tissue samples, which are usually obtained through a needle biopsy. The subtyping assessment performed on a needle biopsy sample may not represent the tumor entirely due to the small tissue sample size and tumor heterogeneity.

The use of radiological images to characterize breast cancer subtypes has recently progressed. For example, the molecular subtypes of breast cancer are linked to certain qualitative and visual information of imaging characteristics assessed on breast magnetic resonance imaging (MRI), mammography, or ultrasound (6, 7). The usage of MRI to obtain multiparametric data from morphologic and functional signals is becoming more prevalent (8). Several radiomic studies have been conducted in breast cancer research. They are primarily based on DCE-MRI or combined MRI with other imaging modalities, such as PET (9). MRI is the most sensitive imaging modality for detecting, characterization, and accurate extent definition of soft tissue tumors (10, 11). DCE-MRI is particularly useful in determining breast cancer’s anatomic and functional properties (12). Previous radiomic studies of breast cancer have been conducted for invasiveness assessment (13, 14), treatment response (15–17) and recurrence prediction (18, 19), and genomic correlation (18). However, these studies (20–23) were primarily based on texture analysis of two-dimensional images; the predictive value of three-dimensional volumetric features from DCE-MRI for predicting breast cancer molecular subtypes has not been thoroughly investigated. This study aimed to see if features extracted from DCE-MRI three-dimensional imaging analyses and clinical data could be used to predict invasive ductal breast cancer molecular subtypes using machine learning. We are the first to classify three distinct molecular subtypes of invasive ductal breast cancer using three-dimensional volumetric imaging features based on a larger sample from Chinese women.



Materials and methods


Patients and clinical information

The Ethics Committee of the First Affiliated Hospital of Guangzhou University of Chinese Medicine reviewed and approved this retrospective cohort study (ethics approval number: JY2021-270_04.3.2). Informed consent was not obtained from the patient. The breast MRI was performed on 205 consecutive female patients scheduled to undergo treatment for pathologically proven invasive ductal carcinomas from January 2019 to December 2021. Fifteen patients were excluded due to previous resection or drug therapy and radiation therapy (n = 4), lack of pathologic biomarkers (n = 5), and incomplete menstrual history information in clinical medical records (n = 6). The largest tumor was chosen for analysis from patients with multiple synchronous tumors in the same breast. Finally, this study included 190 patients with 190 lesions (Figure 1). In addition, we used clinical information-based variables such as patient age, menstrual status, and tumor TIC type in this study.




Figure 1 | Flowchart of study population with exclusion criteria.





MRI acquisition and analysis

A 3-T MRI system (American GE Singa HDxt) and a dedicated eight-channel breast coil were used to perform the MRI in the prone position (NORAS MRI products). A total of nine phases were scanned, and the first phase was a plain scan mask. The plain scan included: (1) cross-sectional fat-suppressed T2 sequence (TR 3550 ms, TE 102 ms); (2) cross-sectional T1 sequence (TR 4.4 ms, TE 2.1 ms); (3) cross-sectional diffusion-weighted imaging (DWI) sequence (TR 6000ms, TE 69.2ms), slice thickness/slice spacing were both 4.0 mm/1.0 ms; and(4) dynamic enhancement was performed with cross-sectional Vibrant + enhancement sequence (TR 4.4 ms, TE 2.1 ms, layer thickness 1.2 mm). Gadopentetate meglumine (Gd-DTPA) was rapidly injected through the dorsal vein of the hand with a high-pressure syringe at a bolus injection rate of 2.0 ml/s and a dose of 0.2 ml/kg, followed by a rapid bolus injection of 20 mL of normal saline. Eight dynamic enhancement sequences were continuously scanned at 61s, 122s, 184s, 245s, 306s, 368s, and 429s after the injection.

Two radiologists (L.Z.Y. and F.G., with 10 and 5 years of experience in breast MRI, respectively) were blinded and evaluated MRI features in consensus. Multi-level step-by-step sketching of tumor lesions in T1 images of stage 2 after contrast injection using commercially available image processing software 3D Slicer (https://www.slicer.org, version number: 4.11.20210226 r29738/7a593c8). The sketched images were finally fused to form a three-dimensional VOI (Volume of Interest), as shown in Figure 2. Image features such as shape-based, first-order statistical, texture, wavelet, and laplacian of Gaussian (LOG) filter were extracted.




Figure 2 | Multi-level step-by-step sketching of tumor lesions at contrast-enhanced T1-weighted MRI in a 49 year-old woman with invasive ductal cancer of the left breast. (A) sagittal position image shows an irregular shaped, irregular margined, heterogeneous enhancing mass (arrow). (B) transverse position image shows an irregular shaped, irregular margined, heterogeneous enhancing mass (arrow). (C) coronal position image shows an irregular shaped, irregular margined, heterogeneous enhancing mass (arrow). (D) the VOI fused into the outlined images step-by-step. (E) the pathological microscopic picture of invasive ductal cancer of the left breast.





Pathologic assessment

The molecular subtypes of breast cancers in this study were classified based on the expert consensus of the 2013 St. Gallen International Breast Cancer Conference (24) as follows: Luminal A (ER+, HER2–, and Ki67–); Luminal B (ER+, HER2–, and Ki67+; or ER+, HER2+, and Ki67); HER2-overexpressed (ER–, PR–, and HER2+); and triple-negative cancer (ER–, PR–, and HER2–). From a total of 190 patients, a mastectomy was performed on 60 patients, breast-conservation surgery was performed on 125 patients, and neoadjuvant chemotherapy and surgery were performed on five patients. We reviewed the pathology reports and included tumor size, histological grade, and axillary lymph node metastases in the statistical analysis.



Statistical analysis and model evaluation

This study divided all of the enrolled patients into three categories based on postoperative immunohistochemical molecular subtypes: (a). “luminal type”, (b). “HER2-overexpressed type” and (c). “triple-negative type”. For general data processing, analysis, and related graphics of the two groups under different categories, SAS 9.4 software and R language 3.6.1 (http://www.R-project.org) tools are used. Measurement data were expressed as mean ± standard deviation. The frequency data expressed the count data (composition ratio, percent). A t-test was used to figure out the age. For the largest diameter, the rank-sum test was used. The chi-square test determined menstrual status and axillary lymph node metastasis. The nonparametric Mann Whitney U test determined the tumor’s histological grade and TIC.

Using the R language random grouping function, the sample data for each category standard were randomly divided into the model training cohort and the model validation cohort in a 7:3 ratio. The pathology report variables and the MRI imaging characteristics parameters were both entered into the selection process, as shown in Figure 3. Least Absolute Shrinkage and Selection Operator (LASSO) regression was used to avoid the potential collinearity of variables measured from the same patient and over-fitting variables. Based on the value of λ, this logistic regression model penalizes the absolute size of the coefficients of a regression model. The estimates of weaker factors shrink toward zero as the penalties become more significant, leaving only the strongest predictors in the model. The optimal λ was used to select the most predictive covariates. Following that, we looked at five machine learning models for predicting molecular subtypes based on variables determined by LASSO regression: logistic regression (LR), support vector machine (SVM), naïve Bayes (NB), random forest (RF), and eXtreme Gradient Boosting (XGBoost). To verify the classification accuracy, a 5-fold cross-validation method was used to randomly divide the entire sample into five groups. In each round, four of the groups were used as a training set and one served as a validation set. This process was repeated five times until each group of the sample had been verified, and the mean accuracy, sensitivity, specificity, AUC, F1-Score, precision, geometric mean (GM), and false positive rate (FPR) of the training sets were calculated. The confusion matrix between the actual value and the prediction value of all samples was also calculated to make a comprehensive evaluation of the model. The parameters were defined as follows:

	Accuracy = (True positive + True negative)/(True positive + True negative + False positive + False negative)

	Sensitivity (Recall) = True positive/(True positive + False negative)

	Specificity = True negative/(False positive + True negative)

	FPR = False positive/(False positive + True negative)

	Precision = True positive/(True positive + False positive)

	F1-Score = 2 (Recall * Precision)/(Recall + Precision)

	Geometric Mean = (Recall * Specificity) ^ 1/2






Figure 3 | Flow chart of model establishment in this study. The 190 patients were grouped according to different molecular pressure types and divided into 3 categories, namely luminal and non-luminal, HER2-overexpressed and non-HER2-overexpressed, triple negative and non-triple negative. The following data were divided into training dataset and testing dataset. In the training dataset, the feature variables were screened by LASSO regression, and five machine learning models were used to construct the model. The performance evaluation of the model was carried out in the testing dataset to determine the optimal model.



Each model’s median value was calculated after the random split, and the analysis was repeated five times. Two statisticians (L.Z.Y. and S.Q.K.) conducted the analyses in January 2022.




Results


Patient characteristics

This study included 190 patients with bulky breast cancers (mean age 48.67 years; age range 24–89 years). The mean diameter of the breast tumors was 35.29 ± 24.23 mm. There were 99 cases of Luminal type, 59 cases were HER2-overexpressed, and 32 cases were Triple-negative type. The tumor characteristics were shown in Table 1.


Table 1 | Tumor characteristics.





Feature selection


Category 1: luminal (A+B) vs. non-luminal

The 190 patients were divided into Luminal and Non-Luminal groups in “Luminal vs. Non-luminal groups”. The general characteristics of the two groups of patients are shown in Supplemental Table 1. The Luminal type group includes 99 patients (ages 24 to 77, with an average of 49.17 ± 10.36 years old), with 34 cases of Luminal A-type and 65 cases of Luminal B type. In the non-Luminal group, there were 91 cases (ages ranged from 29 to 89 years, with a mean of 48.54 ± 9.70 years).

Two independent samples t-tests and LASSO regression in R language were used to screen 1130 MRI radiomics features and five clinical features. Figure 4A showed a relatively stable model ability when the number of screened feature variables was 18, and the tuning parameter (λ) selection was 0.05847632. The eigenvalues vary with the value of different variables, as shown in Figure 4B. Finally, eighteen features with non-zero coefficients (13 wavelet transform features, five LOG features) were identified, and their coefficients were shown in Supplemental Figure 1.
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Figure 4 | Feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model in Luminal and Non-luminal group. (A) Tuning parameter selection in the LASSO model used 5-fold cross-validation via minimum criteria, (B) LASSO coefficient profiles of the baseline features.





Category 2: HER2-overexpressed vs. non-HER2-overexpressed

A total of 190 patients were divided into HER-2 overexpressed and Non-HER-2 overexpressed groups in the category “HER-2 overexpressed vs. Non-HER-2 overexpressed groups”. The general characteristics of the two groups of patients are shown in Supplemental Table 2. There were 59 cases in the HER2-overexpressed group (ages 29 to 75, mean age 48.47 ± 9.31 years old) and 131 cases in the non-HER2-overexpressed group (ages 24 to 89, mean age 48.75 ± 10.33 years old).

Figure 5A showed that the model ability is relatively stable when the number of selected feature variables was 11, and the tuning parameter (λ) selection was 0.07596331. The eigenvalues vary with the value of different variables, as shown in Figure 5B. Finally, eleven non-zero coefficient features (5 wavelet features, three morphological features, one texture feature, and two LOG features) were determined, and their coefficients were shown in Supplemental Figure 2.
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Figure 5 | Feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model in HER2-overexpressed and Non-HER2-overexpressed group. (A) Tuning parameter selection in the LASSO model used 5-fold cross-validation via minimum criteria, (B) LASSO coefficient profiles of the baseline features.





Category 3: triple-negative type vs. non-triple-negative type

In the category “Triple-negative vs. Non-triple-negative type”, 190 patients were split into triple-negative and non-triple-negative types. The general characteristics of the two groups of patients are shown in Supplemental Table 3. The triple-negative type group had 32 cases (range of 30 to 77 years old, mean age 48.91 ± 10.89 years), and the non-triple-negative type group had 158 cases (range of 24 to 77, mean age 48.62 ± 9.84 years).

Figure 6A showed that the model ability is relatively stable when the number of selected feature variables was 10 and the tuning parameter (λ) selection was 0.04567723. The eigenvalues vary with the value of different variables, as shown in Figure 6B. Finally, ten non-zero coefficient features (8 wavelet transform features, one clinical feature, and one LOG feature) were identified, and their coefficients were shown in Supplemental Figure 3.
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Figure 6 | Feature selection using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model in Triple negative and Non-Triple negative group. (A) Tuning parameter selection in the LASSO model used 5-fold cross-validation via minimum criteria, (B) LASSO coefficient profiles of the baseline features.






Model training and evaluation


Category 1: luminal (A+B) vs. non-luminal

Table 2 showed the prediction performance indicators of the five machine learning models that used the variables chosen by LASSO regression to predict category 1. In the testing cohort, the XGBoost model performed the best in terms of prediction, with an AUC of 0.8282 vs. 0.7126 (LR), 0.7708 (RF), 0.7139 (NB), and 0.7420 (SVM). In the testing cohort, the XGBoost model’s sensitivity and specificity were 0.7524 and 0.6542, respectively, compared to 0.5556 and 0.7241 for LR, 0.7931 and 0.4815 for RF,0.3333 and 0.8276 for NB, and 0.5926 and 0.7931 for SVM. Supplemental Table 4 ~Table 11 showed the average evaluation measures of the 5-fold cross-validation.


Table 2 | Evaluation indicators of predictive performance of five models in Luminal group and Non-luminal group.





Category 2: HER2-overexpressed vs. non-HER2-overexpressed

Table 3 showed the prediction performance indicators of the five machine learning models that used Lasso regression to select variables to predict category 2. In the testing cohort,the RF model performed best for prediction, with an AUC of 0.8054 vs. 0.7029 (LR),0.7164 (NB), 0.7617 (SVM), and 0.7459 (XGBoost). In the testing cohort,the RF model’s sensitivity and specificity were 0.2941 and 0.9744, respectively, compared to 0.8462 and 0.3529 for LR, 0.8718 and 0.3529 for NB, 0.8974 and 0.4118 for SVM, and 0.7949 and 0.6471 for XGBoost. The average sensitivity, specificity, FPR, F1-Score, and geometric mean for the 5-fold cross-validation are shown in Supplemental Table 12~Table 19.


Table 3 | Evaluation indicators of predictive performance of five models in HER2-overexpressed and Non-HER2-overexpressed groups.





Category 3: triple-negative type vs. non-triple-negative type

Table 4 showed the prediction performance indicators of the five machine learning models that used Lasso regression to select variables to predict category 3. In the testing cohort, the XGBoost model performed the best in terms of prediction, with an AUC of 0.9031 vs. 0.7069(LR), 0.7979(RF), 0.6809(NB), and 0.7778(SVM). In the testing cohort, the XGBoost model’s sensitivity and specificity were 0.9362 and 0.4444, respectively, compared to 0.9149 and 0.3333 for LR, 0.1111 and 1.0000 for RF, 0. 8723 and 0.3333 for NB, and 1.0000 and 0.2222 for SVM. The average sensitivity, specificity, FPR, F1-Score, and geometric mean for the 5-fold cross-validation are shown in Supplemental Table 20 ~ Table 27.


Table 4 | Evaluation indicators of predictive performance of five models in Triple-negative group and Non-triple-negative group.







Discussion

Our research found that combining MRI radiomic variables, pathology variables, and clinical data could help predict invasive ductal breast cancer molecular subtypes. The XGBoost method outperformed the other five machine learning models in predicting luminal and triple-negative types. In the HER2-overexpressed type, the RF method had the best predictive performance. We believe that developing an MRI-based diagnosis prediction model can provide a unique idea for clinical non-invasive prediction of breast cancer molecular subtype classification and a benchmark for developing clinically precise and individualized treatment plans from our findings.

We extracted five categories features from DCE-MRI: shape-based features, first-order statistical features, texture features, wavelet features, and the laplacian of a gaussian filter. Wavelet features can be used to calculate image signal resolution on various temporal, spatial, and frequency scale planes (25). Texture analysis extracts and quantifies information such as regularity, roughness, and the grey level of lesions that cannot be distinguished by the naked eye, allowing for a more comprehensive and detailed reflection of the characteristics of lesions (26). Texture analysis plays a vital role in molecular typing and can effectively distinguish between HR-positive and HR-negative breast cancers (26). Three radiological features were extracted by Tagliafico et al. (27): energy, entropy, and difference. There were significant differences between breast and normal breast tissue in patients with dense breasts. This research shows that radiomics has much potential for detecting malignant features in breast lesions.

Three first-order statistical features (minimum value, average value, and maximum value) were selected in the luminal group. Two first-order statistical features (maximum and average) were selected in the HER2-overexpressed group. Two first-order statistical features (kurtosis and mean value) were selected in the triple-negative group in our study. Ming Fan et al. (28) found that luminal A had low kurtosis and skewness, the essential features in predictive models. This finding is in line with previous research suggesting that skewness can be used to predict breast cancer molecular subtypes (11). Kurtosis and skewness signatures have been identified as biomarkers of tumor heterogeneity (29), with high values indicating treatment failure (30) and low values indicating treatment response (31). These studies discovered differences in parenchymal background enhancement between normal and abnormal breasts. These differences could reflect the aggressiveness of breast tumors, which is one of the main characteristics of the HER2-overexpressed type. Triple-negative breast cancer cells are more disordered, loose, and prone to necrosis (32), and HER2-overexpressed breast cancer behaves more like triple-negative breast cancer, likely due to less aggressive tumors’ lower neovascularization (33). This study chose no related first-order features in the luminal and HER2-overexpressed groups. We believe this is related to the sample size and the grouping method. The kurtosis was chosen in the triple-negative group, which could be due to tumor heterogeneity.

Building predictive models and model selection are critical in radiomics to ensure reliability and stability (34–39). In both luminal and non-luminal groups, the XGBoost model outperforms the other five models. The model’s AUC in the validation cohort was 0.8282, indicating that it was more efficient at classification. The sensitivity was 0.7524, indicating that positive samples could be detected on average. In terms of prediction, previous research has shown that the XGBoost model outperforms other machine learning algorithms (40–43). Our findings were comparable to or better than previous retrospective radiomic studies on breast MRI (44, 45). Aside from that, the triple-negative and non-triple-negative groups had similar outcomes. Although some studies have found that logistic regression is effective in the radiomic diagnostic prediction model of triple-negative type breast cancer (22, 46), we believe this is due to differences in the number of patients in the sample and the MRI radiomic characteristics used in the studies. In our study, there were only 32 triple-negative patients.

In both the HER2-overexpressed and non-HER2-overexpressed groups, the RF model outperformed the other five models. The model’s AUC in the validation cohort was 0.8054, indicating it was more efficient at classification. The model’s specificity was 0.9744 indicating that it could, on average, distinguish negative samples. In contrast to the literature, Ma et al. (21) discovered that the RF model could distinguish HER2-expressed breast cancer by extracting radiological features from digital mammography images. Between the HER2-overexpressed and non-HER2-overexpressed groups, the AUC difference was 0.784. The AUC under the RF model was similar in our study than in Ma’s. The intrinsic differences between two-dimensional mammogram images and three-dimensional DCE-MRI images, we believe, are to blame. MRI can reveal details that digital mammography cannot, such as the location, size, morphology, surrounding tissue infiltration, intratumoral hemorrhage, necrosis, etc. Breast MRI was used by Braman et al. (23) to extract radiological features around and within the tumor, demonstrating that similar features can identify HER2-overexpressed breast cancer.

According to previous research, the incidence rates of luminal type, HER2-overexpressed type, and triple-negative breast cancer were 44.5% - 69.0%, 10% - 25%, and 10% - 20%, respectively (46). Our study’s incidence of these three types of breast cancer supports this theory. They are 52.78% for the luminal type, 32.41% for the HER2-overexpressed type, and 14.81% for the HER2-overexpressed type (triple-negative type). Our research is one of the few MRI diagnostic models for breast cancer that includes all three types of cancer and is based on many patient samples. Small sample sizes of around 100 were used in most radiomic studies of breast cancer, resulting in selection bias and affecting the results (47). For obtaining uniform results and building predictive models in radiomics, collecting methods, sample size, and imaging acquisition are critical. Second, we used commercially available image analysis software to create a three-dimensional image of the tumor (48), ensuring that more relevant variables were captured. It may be possible to conduct multicenter external validation studies to measure the predictive performance of radiomic machine learning models objectively. Most radiomics have been used in scientific research, but they are not widely used in clinics. Third, we identified key MRI parameters for predicting prognostic factors in various breast cancer subtypes, primarily molecular subtypes. The advancement of precision medicine in breast cancer will be aided by developing more detailed and precise assays for the important parameters discovered in our study.

In terms of clinical application, our findings show that additional information can be added before and after treatment, in addition to pathological correlations. Clinical biomarkers for prognosis prediction and treatment monitoring can be created by combining important MRI radiomic and pathology variables. They reflect microstructural tumor characteristics like tumor heterogeneity and angiogenesis, allowing for noninvasive intratumoral dynamics monitoring throughout treatment.

Texture heterogeneity was discovered by Trebeschi et al. (49) to be a noninvasive imaging biomarker for predicting immunotherapy responses that could be used in neoadjuvant and palliative settings. Our findings show that radiomics has the potential to improve patient stratification and treatment planning.

Lubner et al. (48) found that the results captured from two-dimensional and three-dimensional image features in untreated hepatic metastatic colorectal cancer were comparable. Our results were slightly better than those of the most recent study (20), which used two-dimensional images for feature selection, with an AUC of 0.83 vs. 0.80 in the lumina and non-luminal groups, and 0.81 vs. 0.65 in the HER2-overexpressed and non-HER2-overexpressed groups, suggesting that three-dimensional images may have advantages.

There are some limitations to our study. First, this study did not assess the reproducibility of segmentation for image analysis. To avoid problems with lesion selection, our study had two experienced radiologists evaluate MRI features blinded to the clinicopathologic findings. Second, for internal validation, the random split and analysis were repeated five times, and the average AUCs for each machine learning model in this study were calculated. The validity of this study is expected to improve with more random splits and analyses on internal and external data sets, such as 50 times. Third, we did not include other sequences due to the practical advantage of quick acquisition times (50–52). This study obtained a cross-section fat-suppressed T2 sequence, cross-sectional T1 sequence, cross-sectional DWI sequence, and cross-sectional Vibrant + enhancement sequence.

Recent research has found a strong link between quantitative MRI parameters and breast cancer aggressiveness and subtypes in ultrafast and diffusion-weighted MRI (50–52). A multi-center clinical prospective study with larger patient samples and more MRI sequence features extracted currently underway. We are excited to learn more about the results of this long-term study and we look forward to enrolling more patients and observing such results in our next phase of clinical research.



Conclusion

Our research found promising results from a radiomic machine learning analysis that combined pathology variables, clinical information, and radiomic variables on MRI to achieve noninvasive and objective diagnostic factor prediction for different molecular subtypes of invasive ductal breast cancer. The RF model had the best predictive performance for distinguishing HER2-overexpressed types, while the XGBoost model showed the best predictive performance for distinguishing luminal and triple-negative types.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by the ethics committee of the First Affiliated Hospital of Guangzhou University of Chinese Medicine (ethics approval number: JY2021-270_04.3.2). Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author contributions

SX and YZ contributed the study design, FG and YW contribute the data acquisition, EM for the language polish, WS for the valuable comments on the article review. We thank LY and SK for the data analysis. We thank TT for helping contact all members of the team for early collaboration. All authors contributed to the article and approved the submitted version.



Acknowledgments

We thank Professor Gao Xuan for his writing guidance for this article.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.964605/full#supplementary-material



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer statistics, 2020. CA Cancer J Clin (2020) 70(1):7–30. doi: 10.3322/caac.21590

2. Xia, C, Dong, X, Li, H, Cao, M, Sun, D, He, S, et al. Cancer statistics in China and united states, 2022: profiles, trends, and determinants. Chin Med J (Engl) (2022) 135(5):584–90. doi: 10.1097/CM9.0000000000002108

3. Goldhirsch, A, Wood, WC, Coates, AS, Gelber, RD, Thürlimann, B, Senn, HJ, et al. Strategies for subtypes–dealing with the diversity of breast cancer: Highlights of the st. gallen international expert consensus on the primary therapy of early breast cancer 2011. Ann Oncol (2011) 22(8):1736–47. doi: 10.1093/annonc/mdr304

4. Lam, SW, Jimenez, CR, and Boven, E. Breast cancer classification by proteomic technologies: Current state of knowledge. Cancer Treat Rev (2014) 40(1):129–38. doi: 10.1016/j.ctrv.2013.06.006

5. Huber, KE, Carey, LA, and Wazer, DE. Breast cancer molecular subtypes in patients with locally advanced disease: impact on prognosis, patterns of recurrence, and response to therapy. Semin Radiat Oncol (2009) 19(4):204–10. doi: 10.1016/j.semradonc.2009.05.004

6. Çelebi, F, Pilancı, KN, Ordu, Ç, Agacayak, F, Alco, G, llgun, S, et al. The role of ultrasonographic findings to predict molecular subtype, histologic grade, and hormone receptor status of breast cancer. Diagn Interv Radiol (2015) 21(6):448–53. doi: 10.5152/dir.2015.14515

7. Wu, M, and Ma, J. Association between imaging characteristics and different molecular subtypes of breast cancer. Acad Radiol (2017) 24(4):426–34. doi: 10.1016/j.acra.2016.11.012

8. Pinker, K, Shitano, F, Sala, E, Do, RK, Young, RJ, Wibmer, AG, et al. Background, current role, and potential applications of radiogenomics. J Magn Reson Imaging (2018) 47(3):604–20. doi: 10.1002/jmri.25870

9. Gallivanone, F, Panzeri, MM, Canevari, C, Losio, C, Gianolli, L, De Cobelli, F, et al. Biomarkers from in vivo molecular imaging of breast cancer: Pretreatment 18F-FDG PET predicts patient prognosis, and pretreatment DWI-MR predicts response to neoadjuvant chemotherapy. MAGMA (2017) 30(4):359–73. doi: 10.1007/s10334-017-0610-7

10. Sutton, EJ, Oh, JH, Dashevsky, BZ, Veeraraghavan, H, Apte, AP, Thakur, SB, et al. Breast cancer subtype intertumor heterogeneity: MRI-based features predict results of a genomic assay. J Magn Reson Imaging (2015) 42(5):1398–406. doi: 10.1002/jmri.24890

11. Sutton, EJ, Dashevsky, BZ, Oh, JH, Veeraraghavan, H, Apte, AP, Thakur, SB, et al. Breast cancer molecular subtype classifier that incorporates MRI features. J Magn Reson Imaging (2016) 44(1):122–9. doi: 10.1002/jmri.25119

12. Hylton, N. Dynamic contrast-enhanced magnetic resonance imaging as an imaging biomarker. J Clin Oncol (2006) 24(20):3293–8. doi: 10.1200/JCO.2006.06.8080

13. Bhooshan, N, Giger, ML, Jansen, SA, Li, H, Lan, L, and Newstead, GM. Cancerous breast lesions on dynamic contrast-enhanced MR images: Computerized characterization for image-based prognostic markers. Radiology (2010) 254(3):680–90. doi: 10.1148/radiol.09090838

14. Bhooshan, N, Giger, M, Edwards, D, Yuan, Y, Jansen, S, Li, H, et al. Computerized three-class classification of MRI-based prognostic markers for breast cancer. Phys Med Biol (2011) 56(18):5995–6008. doi: 10.1088/0031-9155/56/18/014

15. Braman, NM, Etesami, M, Prasanna, P, Dubchuk, C, Gilmore, H, Tiwari, P, et al. Intratumoral and peritumoral radiomics for the pretreatment prediction of pathological complete response to neoadjuvant chemotherapy based on breast DCE-MRI. Breast Cancer Res (2017) 19(1):57. doi: 10.1186/s13058-017-0846-1

16. Wu, J, Gong, G, Cui, Y, and Li, R. Intratumor partitioning and texture analysis of dynamic contrast-enhanced (DCE)-MRI identifies relevant tumor subregions to predict pathological response of breast cancer to neoadjuvant chemotherapy. J Magn Reson Imaging (2016) 44(5):1107–15. doi: 10.1002/jmri.25279

17. Fan, M, Wu, G, Cheng, H, Zhang, J, Shao, G, and Li, L. Radiomic analysis of DCE-MRI for prediction of response to neoadjuvant chemotherapy in breast cancer patients. Eur J Radiol (2017) 94:140–7. doi: 10.1016/j.ejrad.2017.06.019

18. Zhu, Y, Li, H, Guo, W, Drukker, K, Lan, L, Giger, ML, et al. Deciphering genomic underpinnings of quantitative MRI-based radiomic phenotypes of invasive breast carcinoma. Sci Rep (2015) 5:17787. doi: 10.1038/srep17787

19. Li, H, Zhu, Y, Burnside, ES, Drukker, K, Hoadley, KA, Fan, C, et al. MR imaging radiomics signatures for predicting the risk of breast cancer recurrence as given by research versions of MammaPrint, oncotype DX, and PAM50 gene assays. Radiology (2016) 281(2):382–91. doi: 10.1148/radiol.2016152110

20. Lee, JY, Lee, KS, Seo, BK, Cho, KR, Woo, OH, Song, SE, et al. Radiomic machine learning for predicting prognostic biomarkers and molecular subtypes of breast cancer using tumor heterogeneity and angiogenesis properties on MRI. Eur Radiol (2022) 32(1):650–60. doi: 10.1007/s00330-021-08146-8

21. Ma, W, Zhao, Y, Ji, Y, Guo, X, Jian, X, Liu, P, et al. Breast cancer molecular subtype prediction by mammographic radiomic features. Acad Radiol (2019) 26(2):196–201. doi: 10.1016/j.acra.2018.01.023

22. Monti, S, Aiello, M, Incoronato, M, Grimaldi, AM, Moscarino, M, Mirabelli, P, et al. DCE-MRI pharmacokinetic-based phenotyping of invasive ductal carcinoma: A radiomic study for prediction of histological outcomes. Contrast Media Mol Imaging (2018) 2018:5076269. doi: 10.1155/2018/5076269

23. Braman, N, Prasanna, P, Whitney, J, Singh, S, Beig, N, Etesami, M, et al. Association of peritumoral radiomics with tumor biology and pathologic response to preoperative targeted therapy for HER2 (ERBB2)-positive breast cancer. JAMA Netw Open (2019) 2(4):e192561. doi: 10.1001/jamanetworkopen.2019.2561

24. Goldhirsch, A, Winer, EP, Coates, AS, Gelber, RD, Piccart-Gebhart, M, Thürlimann, B, et al. Personalizing the treatment of women with early breast cancer: highlights of the St gallen international expert consensus on the primary therapy of early breast cancer 2013. Ann Oncol (2013) 24(9):2206–23. doi: 10.1093/annonc/mdt303

25. Mahrooghy, M, Ashraf, AB, Daye, D, McDonald, ES, Rosen, M, Mies, C, et al. Pharmacokinetic tumor heterogeneity as a prognostic biomarker for classifying breast cancer recurrence risk. IEEE Trans BioMed Eng (2015) 62(6):1585–94. doi: 10.1109/TBME.2015.2395812

26. Waugh, SA, Purdie, CA, Jordan, LB, Vinnicombe, S, Lerski, RA, Martin, P, et al. Magnetic resonance imaging texture analysis classification of primary breast cancer. Eur Radiol (2016) 26(2):322–30. doi: 10.1007/s00330-015-3845-6

27. Tagliafico, AS, Valdora, F, Mariscotti, G, Durando, M, Nori, J, LaForgia, D, et al. An exploratory radiomics analysis on digital breast tomosynthesis in women with mammographically negative dense breasts. Breast (2018) 40:92–6. doi: 10.1016/j.breast.2018.04.016

28. Fan, M, Li, H, Wang, S, Zheng, B, Zhang, J, and Li, L. Radiomic analysis reveals DCE-MRI features for prediction of molecular subtypes of breast cancer. PloS One (2017) 12(2):e0171683. doi: 10.1371/journal.pone.0171683

29. Just, N. Improving tumour heterogeneity MRI assessment with histograms. Br J Cancer (2014) 111(12):2205–13. doi: 10.1038/bjc.2014.512

30. King, AD, Chow, KK, Yu, KH, Mo, FK, Yeung, DK, Yuan, J, et al. Head and neck squamous cell carcinoma: diagnostic performance of diffusion-weighted MR imaging for the prediction of treatment response. Radiology (2013) 266(2):531–8. doi: 10.1148/radiol.12120167

31. Foroutan, P, Kreahling, JM, Morse, DL, Grove, O, Lloyd, MC, Reed, D, et al. Diffusion MRI and novel texture analysis in osteosarcoma xenotransplants predicts response to anti-checkpoint therapy. PLoS One (2013) 8(12):e82875. doi: 10.1371/journal.pone.0082875

32. Haupt, B, Ro, JY, and Schwartz, MR. Basal-like breast carcinoma: a phenotypically distinct entity. Arch Pathol Lab Med (2010) 134(1):130–3. doi: 10.5858/134.1.130

33. El Khouli, RH, Macura, KJ, Kamel, IR, Jacobs, MA, and Bluemke, DA. 3-T dynamic contrast-enhanced MRI of the breast: pharmacokinetic parameters versus conventional kinetic curve analysis. AJR Am J Roentgenol (2011) 197(6):1498–505. doi: 10.2214/AJR.10.4665

34. Papanikolaou, N, Matos, C, and Koh, DM. How to develop a meaningful radiomic signature for clinical use in oncologic patients. Cancer Imaging (2020) 20(1):33. doi: 10.1186/s40644-020-00311-4

35. Choy, G, Khalilzadeh, O, Michalski, M, Do, S, Samir, AE, Pianykh, OS, et al. Current applications and future impact of machine learning in radiology. Radiology (2018) 288(2):318–28. doi: 10.1148/radiol.2018171820

36. Park, EK, Lee, KS, Seo, BK, Cho, KR, Woo, OH, Son, GS, et al. Machine learning approaches to radiogenomics of breast cancer using low-dose perfusion computed tomography: Predicting prognostic biomarkers and molecular subtypes. Sci Rep (2019) 9(1):17847. doi: 10.1038/s41598-019-54371-z

37. Eun, NL, Kang, D, Son, EJ, Park, JS, Youk, JH, Kim, JA, et al. Texture analysis with 3.0-T MRI for association of response to neoadjuvant chemotherapy in breast cancer. Radiology (2020) 294(1):31–41. doi: 10.1148/radiol.2019182718

38. Parmar, C, Grossmann, P, Bussink, J, Lambin, P, and Aerts, HJWL. Machine learning methods for quantitative radiomic biomarkers. Sci Rep (2015) 5:13087. doi: 10.1038/srep13087

39. Zhang, B, He, X, Ouyang, F, et al. Radiomic machine-learning classifiers for prognostic biomarkers of advanced nasopharyngeal carcinoma. Cancer Lett (2017) 403:21–7. doi: 10.1016/j.canlet.2017.06.004

40. Waljee, AK, and Higgins, PD. Machine learning in medicine: a primer for physicians. Am J Gastroenterol (2010) 105(6):1224–6. doi: 10.1038/ajg.2010.173

41. Ayodele, TO. Types of machine learning algorithms, New Advances in Machine Learning. Rijeka, Croatia: InTech Europe Press (2010) p. 24–25.

42. DD Denison, MH Hansen, CC Holmes, and B Mallick. Editors. Nonlinear estimation and classification. Illinois: Springer Press (2001) p. 1–5.

43. Chen, T, and Guestrin, C. XGBoost: A scalable tree boosting system, in: The 22nd ACM SIGKDD International Conference, New York. (2016) p. 785–94.

44. Leithner, D, Horvat, JV, Marino, MA, Bernard-Davila, B, Jochelson, MS, Ochoa- Albiztegui, RE, et al. Radiomic signatures with contrast-enhanced magnetic resonance imaging for the assessment of breast cancer receptor status and molecular subtypes: initial results. Breast Cancer Res (2019) 21(1):106. doi: 10.1186/s13058-019-1187-z

45. Li, W, Yu, K, Feng, C, and Zhao, D. Molecular subtypes recognition of breast cancer in dynamic contrast-enhanced breast magnetic resonance imaging phenotypes from radiomics data. Comput Math Methods Med (2019) 2019:6978650. doi: 10.1155/2019/6978650

46. Perou, CM, Sørlie, T, Eisen, MB, vandeRijn, M, Jeffrey, SS, Rees, CA, et al. Molecular portraits of human breast tumours. Nature (2000) 406(6797):747–52. doi: 10.1038/35021093

47. Ye, DM, Wang, HT, and Yu, T. The application of radiomics in breast MRI: A review. Technol Cancer Res Treat (2020) 19:1533033820916191. doi: 10.1177/1533033820916191

48. Lubner, MG, Stabo, N, Lubner, SJ, del Rio, AM, Song, C, Halberg, RB, et al. CT textural analysis of hepatic metastatic colorectal cancer: Pre-treatment tumor heterogeneity correlates with pathology and clinical outcomes. Abdom Imaging (2015) 40(7):2331–7. doi: 10.1007/s00261-015-0438-4

49. Trebeschi, S, Drago, SG, Birkbak, NJ, Kurilova, I, Cč lin, AM, Delli Pizzi, A, et al. Predicting response to cancer immunotherapy using noninvasive radiomic biomarkers. Ann Oncol (2019) 30(6):998–1004. doi: 10.1093/annonc/mdz108

50. Onishi, N, Sadinski, M, Hughes, MC, Ko, ES, Gibbs, P, Gallagher, KM, et al. Ultrafast dynamic contrast-enhanced breast MRI may generate prognostic imaging markers of breast cancer. Breast Cancer Res (2020) 22(1):58. doi: 10.1186/s13058-020-01292-9

51. Shin, SU, Cho, N, Kim, SY, Lee, SH, Chang, JM, and Moon, WK. Time-to-enhancement at ultrafast breast DCE-MRI: potential imaging biomarker of tumour aggressiveness. Eur Radiol (2020) 30(7):4058–68. doi: 10.1007/s00330-020-06693-0

52. Iima, M, Honda, M, Sigmund, EE, Ohno Kishimoto, A, Kataoka, M, and Togashi, K. Diffusion MRI of the breast: Current status and future directions. J Magn Reson Imaging (2020) 52(1):70–90. doi: 10.1002/jmri.26908



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 Sheng, Xia, Wang, Yan, Ke, Mellisa, Gong, Zheng and Tang. 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.




REVIEW

published: 14 September 2022

doi: 10.3389/fonc.2022.980404

[image: image2]


The role and application of small extracellular vesicles in breast cancer


Xiaomei Yi 1,2, Defa Huang 2, Zhengzhe Li 1,2, Xiaoxing Wang 1,2, Tong Yang 1,2, Minghong Zhao 1,2, Jiyang Wu 1,2 and Tianyu Zhong 1,2*


1 The First School of Clinical Medicine, Gannan Medical University, Ganzhou, China, 2 Laboratory Medicine, First Affiliated Hospital of Gannan Medical University, Ganzhou, China




Edited by: 

Francesco Schettini, Institut de Recerca Biomèdica August Pi i Sunyer (IDIBAPS), Spain

Reviewed by: 

Aurelia Rughetti, Sapienza University of Rome, Italy

Amos Sakwe, Meharry Medical College, United States

*Correspondence: 

Tianyu Zhong
 zhongtianyu@gmail.com

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


Received: 28 June 2022

Accepted: 23 August 2022

Published: 14 September 2022

Citation:
Yi X, Huang D, Li Z, Wang X, Yang T, Zhao M, Wu J and Zhong T (2022) The role and application of small extracellular vesicles in breast cancer. Front. Oncol. 12:980404. doi: 10.3389/fonc.2022.980404



Breast cancer (BC) is the most common malignancy and the leading cause of cancer-related deaths in women worldwide. Currently, patients’ survival remains a challenge in BC due to the lack of effective targeted therapies and the difficult condition of patients with higher aggressiveness, metastasis and drug resistance. Small extracellular vesicles (sEVs), which are nanoscale vesicles with lipid bilayer envelopes released by various cell types in physiological and pathological conditions, play an important role in biological information transfer between cells. There is growing evidence that BC cell-derived sEVs may contribute to the establishment of a favorable microenvironment that supports cancer cells proliferation, invasion and metastasis. Moreover, sEVs provide a versatile platform not only for the diagnosis but also as a delivery vehicle for drugs. This review provides an overview of current new developments regarding the involvement of sEVs in BC pathogenesis, including tumor proliferation, invasion, metastasis, immune evasion, and drug resistance. In addition, sEVs act as messenger carriers carrying a variety of biomolecules such as proteins, nucleic acids, lipids and metabolites, making them as potential liquid biopsy biomarkers for BC diagnosis and prognosis. We also described the clinical applications of BC derived sEVs associated MiRs in the diagnosis and treatment of BC along with ongoing clinical trials which will assist future scientific endeavors in a more organized direction.
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Introduction

BC is the leading cause of cancer-related deaths worldwide and is the most common and deadliest invasive cancer among women (1). BC is a heterogeneous disease that exhibits extensive genomic, transcriptomic and proteomic alterations (2). Obesity, smoking and lack of physical activity are the most common causes of BC. Conventional screening methods encompassing mammography, tissue biopsy investigations and the therapy approaches including surgery, chemo-, radiation-, and hormone therapy have definitely improved BC survival (3). However, BC still faces a high rate of invasion, metastasis, recurrence and drug resistance (4), which poses a significant burden to families and society. Therefore, exploring new biological mechanisms and new diagnostic and therapeutic methods are still important to reduce the burden of BC.

In recent years, an increasing number of studies have shown that sEVs play an important role in intercellular communication and maintenance of cancer cells homeostasis. sEVs are secreted by almost all cells and are widely present in various body fluids, including urine (5), blood (6), milk (7), saliva (8), cerebrospinal fluid (9), amniotic fluid (10) and semen (11). Exosomes are defined as a subset of sEVs with a diameter of 30-200 nm (12). However, due to EVs heterogeneity, it is difficult to determine their pathways of origin and composition of surface proteins. Therefore, International Society for Extracellular Vesicles (ISEV) published the Minimal information for studies of extracellular vesicles 2018 (MISEV2018) that recommend the use of “small extracellular vesicles (sEVs)” as the current term (13). Since sEVs carry parental information and contain cargo molecules such as nucleic acids, proteins and lipids, these cargo molecules act as mediators of intercellular communication locally and systemically by inducing phenotypic changes in the recipient cells (14). Importantly, they regulate intracellular pathways involved in various stages of BC development, thereby mediating BC cells proliferation, migration, invasion, immune evasion, and drug resistance (15, 16). Furthermore, due to variations in cargo molecules, a series of studies found that sEVs have great potential as non-invasive biomarker carriers for BC diagnosis and prognosis (17, 18). For example, miRNAs wrapped in sEVs, such as miR-1246 and miR-21, are candidate biomarkers for early detection of BC (19, 20). Besides, sEVs have also been explored as nanodrug delivery systems to deliver anticancer drugs to alter cancer cells gene expression (21–23). Here, we reviewed current research, with a particular focus on the role played by sEVs in the development of BC. Additionally, we will discuss the future of clinical applications of sEVs in BC, including their use as diagnostic and prognostic biomarkers and therapeutic targets.



sEVs biogenesis

The biogenesis of sEVs is an extremely complex process and involves multiple mechanisms (Figure 1). It begins with the endocytosis pathway, which consists of the invagination of the plasma membrane to wrap together cell membrane proteins and some extracellular components to form early sorting endosomes (ESEs) (24, 25). Subsequently, early sorting endosomes exchange materials with other organelles or mature further into late sorting endosomes (LSEs), and late sorting endosomal membranes invaginate to form multivesicular bodies (MVBs) containing intraluminal vesicles (ILVs) (26, 27). After that, MVBs bind to lysosomes or autophagosomes for degradation, or are transported to the plasma membrane through the cytoskeleton and microtubule network, where they fuse with the plasma membrane and exocytose to form sEVs (28–30). Among them, formation of ILVs, avoid degradation of MVBs and fusion of MVBs with the plasma membrane are three crucial processes in the biogenesis of sEVs (31–33). Notably, sEVs cargo molecules(Figure 2) are essential elements of the biogenesis mechanisms in these processes, including Ras-related proteins Rab GTPases, Syntenin, ESCRT proteins, HSP proteins, four transmembrane proteins (CD9, CD63, CD81, CD82) and lipids (34–37). For instance, the cytokinesis of ILV-containing MVBs is mainly driven by Rab GTPases at the plasma membrane, particularly RAB27A and RAB27B (38, 39). In particular, lipid molecules in sEVs affect membrane fluidity or curvature through their structural properties and metabolic characteristics, which in turn promote membrane invagination and induce spontaneous outgrowth of ILVs (28, 40, 41).




Figure 1 | Schematic illustration of exosomes biogenesis. Extracellular constituents along with cell surface proteins enter cells through endocytosis of plasma membrane segments. Early sorting endosome (ESE) are formed after the inward budding of the plasma membrane, then they transport from ESE to late sorting endosome (LSE).Invagination in the LSE results in the multivesicular body(MVB)generation containing Intraluminal vesicles(ILVs).Several machineries including ESCRT-dependent and ESCRT-independent are involved in this process. MVB then can either fuse with lysosomes for degradation or be released into the extracellular space by fusing with the plasma membrane.






Figure 2 | Typical exosome structure: Exosomes are surrounded by a phospholipid bilayer and contain different types of cell surface proteins, lipids, intracellular proteins, DNA, RNA, and metabolites. Several molecules are used as exosome markers (CD9, CD63, CD81, TSG101, and ALIX).



It is generally believed that the mechanism of sEVs formation process mainly includes two pathways: ESCRT-dependent pathway and ESCRT-independent pathway. The role of the ESCRT complex in the biogenesis of sEVs was recently found to be mainly in promoting the outgrowth and breakage of ILVs and releasing them into the nuclear endosomes (42). ESCRT consists of 4 different protein complexes (ESCRT-0, -I, -II and -III) that bind to VPS4, Alix, and VTA1 proteins to facilitate the formation and transport of MVBs (43). Initially, ESCRT-0 is recruited to the endosomal membrane by monoubiquitinated transmembrane proteins to promote the microdomain aggregation of ESCRT-0 in the vacuolar fraction of the nuclear endosome and to recruit ESCRT-1 through the interaction of the HRS PSAP structural domains with the subunit of ESCRT-1, TSG101 (44). Afterwards, ESCRT-0 and ESCRT-I aggregate cargoes under a flat lattice proteins coating to form the substructural domains of the endosomal membrane (45, 46). When ESCRT-I/II triggers the initial internal rotation of the boundary membrane into the MVBs cavity, ESCRT-III forms a spiral structure that constricts the neck of the sprout (47, 48). Once mature, MVBs can fuse with the plasma membrane to release sEVs into the extracellular space or fuse with lysosomes to degrade their cargoes (49). Notably, sEVs marker protein ALIX has been reported to collaborate with other ESCRT proteins such as TSG101 and CHMP4 to promote cargo sorting, endosomal membrane outgrowth and vesicle detachment in the form of syntenin-syndecan-ALIX complexes (50). However, several studies have shown that lipid raft microdomains play a critical role in sEVs biogenesis independent of ESCRT. Ceramide is a conical lipid whose secretion depends on the action of neutral sphingomyelinase, and once ceramide is generated from sphingolipids, it is readily converted to other bioactive sphingolipids such as sphingomyelin and sphingosine 1-phosphate (51). Trajkovic et al. reported that in oligodendrocytes, inhibition of sphingomyelinase, but not ESCRT depletion, significantly reduced the formation of sEVs, a process known as “ceramide-dependent sEVs biogenesis” (52). Further studies suggest that ceramide is not directly involved in the maturation of MVBs and the formation of sEVs, which may be related to S1P. S1P is a sphingosine phosphorylation product catalyzed by sphingosine kinase (SphK) and an essential component of the formation and maturation of MVBs (53). Interestingly, some tetra-transmembrane proteins such as CD9, CD63, CD81 and CD82 are thought to play a vital role in the formation of sEVs in an ESCRT-independent manner. CD63-dependent mechanisms have been reported to stimulate the production of melanosome-rich sEVs (31). Similarly, elevated expression of CD9 and CD82 increased the release of β-catenin rich in sEVs from human embryonic kidney 293 cells (HEK293) (54). None of the currently known biogenesis mechanisms are exclusively specific to sEVs pathway, nor are any of them present in all cell types. The crucial questions that need to be urgently addressed now are to find cell-specific sEVs and to clarify how their contents interact in the generation of sEVs.

Overall, the regulation of sEVs biogenesis involves the coordination of many different molecular cargoes and signaling mechanisms, dominated by ESCRT-dependent mechanism, lipid rafts and four-transmembrane protein mechanisms, with Rab proteins further assisting in cargo sorting and sEVs release. It is worth noting that sEVs biogenesis mechanism was found to be dysregulated in cancer, leading to a remarkable increase in the number of sEVs released from cancer cell lines (49). In BC, Riches et al. reported that the amount of sEVs released from the BC cell line (B42 clone 16) was evidently higher than that released from the parental normal mammary epithelial cells (HMEC B42) (55). Moreover, the biogenesis of sEVs is influenced by a variety of extrinsic factors in addition to the biological factors mentioned above. These include cell types, cell status, hypoxia, serum conditions, cytokines and growth factors, drugs and radiotherapy (56–59).



sEVs derived from breast cancer and their role in cancer progression

sEVs play a relatively pivotal role in tumorigenesis (60–62). Tumor-derived sEVs are important mediators of intercellular communication between tumor cells and normal stromal cells in local and distant tumor microenvironment (TME), thus promoting tumor development (63). It was verified that sEVs play a multifaceted role in the progress of BC (Figure 3). In BC, sEVs can help remodel tumor microenvironment by delivering signaling molecules to cancer cells, in addition to participating in the initial malignant transformation (64). Moreover, several studies have been confirmed sEVs can transfer its functional cargos to target cells, promoting cancer cells proliferation, invasion and metastasis, immune escape and chemoresistance. For example, in an interesting study, Tan et al. showed that sEVs-mediated TGF-β1/Smad pathway further promoted BC cells proliferation and migration by inhibiting apoptosis and enhancing epithelial mesenchymal transition (EMT), which in turn contributes to adriamycin resistance in BC cells (65). Likewise, BC cell-derived cancer-associated fibroblasts (CAF) dramatically promoted BC cells proliferation and migration via sEVs (66). Recently, it has been shown that BC cell-derived sEVs contributed to BC bone metastasis. In particular, sEVs facilitated pre-metastatic ecotone production by promoting osteoclast differentiation and enhancing bone metastasis (67). The investigation of sEVs function in BC development and progression is an important topic in order to understand the mechanisms underlying these processes, especially in the search for better and new therapeutic approaches. Therefore, it is imperative to figure out the molecular mechanisms of sEVs in BC. However, as far as we know, those mechanisms have not yet been fully elucidated. Despite the fact that research on BC-related sEVs is still in its early stages, the quantity and quality of studies related to them have been improved in recent years, providing new insights into the mechanisms of BC progression. In the following section, we briefly summarize the crucial role of sEVs in BC proliferation, invasion and metastasis, immune escape, as well as its drug resistance so as to get a comprehensive understanding of the relationship between them.




Figure 3 | Breast cancer cell derived sEVs have potential role in promoting breast cancer growth, invasion and metastasis, modulating immune escape and drug resistance.




Involvement of sEVs in BC proliferation

It has been demonstrated that tumor-derived sEVs contain proteins and nucleic acids cargo molecules that promoted BC cells proliferation. Nischarin is an integrin α5β1-binding protein, the work by Maziveyi et al. found that sEVs enriched with Nischarin-positive cells promoted in situ BC cells migration and tumor growth in vivo (68). Another recent study in BC was done by Li et al. showed that sEVs-derived miR-1246 is highly expressed in metastatic BC (MDA-MB-231) cells compared to non-metastatic or non-malignant BC cells, and that it promoted BC cells proliferation by targeting cell cycle protein-G2 (CCNG2) (69). Similarly, Zhang et al. showed that long-stranded non-coding RNA transfer-associated lung adenocarcinoma transcript 1 (MALAT1) was highly expressed in BC tissue-derived sEVs and that overexpression of MALAT1 induced BC cells proliferation and tumor size, which was supported by in vivo and vitro experiments (70). Additionally, PD-L1 in sEVs suppressed the ability of T cells to kill BC cells and promoted tumor proliferation in vivo (71). Recently, In vitro findings indicated that sEVs derived from macrophages co-cultured with apoptotic MCF-7 cells increased IL-6 expression in BC cells (MCF-7 cells), which activated the STAT3 signaling pathway and promoted the expression of downstream tumor-proliferating (CyclinD1) genes (72). This suggest that the inhibition of sEVs secretion and the STAT3 signaling pathway activation might be promising approach to block the growth of breast tumors, thus providing new targets for therapeutic treatment. As for what components in the sEVs make them capable of promoting tumor cells proliferation, we need conduct additional research to address the specific mechanisms.

It is notable that pathological factors may influence the role of sEVs in BC proliferation. Due to the rapid growth of the tumor mass, there are hypoxic areas within the tumor where the oxygen concentration is significantly lower than in healthy tissues. Such hypoxic areas are associated with a more aggressive cancer phenotype and worse prognosis (73). Egea et al. found that overexpression of let-7fmiRNA in hypoxic human mesenchymal stem cells (hMSC) promoted the release of sEVs, which resulted in reduced BC tumor proliferation when sEVs were taken up by BC cells (74). Obesity and type 2 diabetes (T2D) are both associated with a higher BC incidence and worse cancer-related outcomes (75, 76). Cao et al. revealed that sEVs from BC directly suppress insulin secretion through miR-122, leading to impaired glycaemic control and enhanced BC cells growth (77). In addition, other studies have shown that sEVs promoted tumor progression through NF-κB pathway (78)、Hedgehog pathway (79) and PI3K-Akt pathway (80). In the same way, subsequent studies have shown that sEVs derived from BC-associated stromal cells can promote proliferation and migration by modulating the Hippo pathway in non-invasive BC cells (81). On the other hand, most of the studies have not deepened in the downstream intracellular signaling triggered by sEVs in BC proliferation, thus leaving the field open for more complete and comprehensive studies.



Involvement of sEVs in BC invasion and metastasis

The communication between cancer cells and neighboring cells is crucial for tumor development. Metastatic diffusion is the leading cause of BC-related deaths (82). Numerous in vitro and preclinical models have demonstrated that the transfer of cargo molecules carried by sEVs between tumor and normal cells effectively contributes to a distal microenvironment conducive to cancer progression (83, 84). In BC patients, the most common sites of metastasis are bone, lung, brain and liver (85). BC brain metastases (BCBM) occurs in approximately 10-30% of patients with metastatic BC, and BCBM is associated with poor prognosis (86). They observed that BC sEVs-derived miR-1290 and miR-1246 activate astrocytes in the brain metastatic microenvironment and that sEVs-derived miR-1290 promotes progression of brain metastases through the novel sEVs-miR-1290→FOXA2→CNTF signaling axis (87). In summary, this indicates astrocytes activated by miR-1290 have the ability to promote progression of BC brain metastases. In addition, this shed new light on the functionality of sEVs and mechanisms by which brain-metastatic BC primes astrocytes in the brain to facilitate BC brain metastasis.

To identify sEVs-bound proteins related to metastasis, Zhang et al. used mass spectrometry to profile sEVs from highly and poorly metastatic BC lines of human and mouse origins. They demonstrated that integrin αv was detected more frequently in circulating sEVs of patients with late-stage (III and IV) than early-stage (I and II) BC. Further analysis revealed integrin αvβ1 is linked to sEVs from metastatic BC cells, whose export into sEVs is in part regulated byβ-Galactose lectin-3(Gal-3) (88). This study highlights the potential of sEVs-bound integrin αvβ1 as a novel prognostic and therapeutic target in BC metastasis. A previous study showed that sEVs enriched with the tetra-transmembrane protein CD81 promoted BC cells metastatic spread (89). Furthermore, Annexin II in primary BC cell-derived sEVs induced angiogenesis in vitro and in vivo via tissue fibrinogen activator (tPA)-dependent mechanism and promoted lung and brain metastasis (90). Similarly, Shen et al. demonstrated that miR-7641 rich in sEVs play an essential role in BC invasion and metastasis (91). Triple negative breast cancer (TNBC) is a heterogeneous subtype of BC characterized by poor prognosis, high invasiveness and high mortality (92). Li et al. found that sEVs containing CD151 had significantly higher serum expression levels in TNBC patients than in healthy subjects, and they also showed that CD151 dramatically inhibited the invasion and metastasis of TNBC cells (93). Similarly, deubiquitinating enzymes rich in sEVs are highly expressed in TNBC patients and caused BC cells migration and extravasation in a paracrine way (94).All of this evidence suggests that sEVs-derived cargo molecules can mediate tumor progression by promoting BC cells invasion and metastasis. Importantly, further analysis revealed BC-derived sEVs were seen to contribute to metastasis by altering the tissue mechanics of distant organs to support tumor cell invasion and seeding (95). However, the specific mechanisms involved in this process have not yet been elucidated, there is the need for more studies to validate this.

Recently, it was found that sEVs-derived proteins and nucleic acids components enter recipient cells through sEVs uptake pathway and enhanced recipient cells invasion and metastasis by affecting downstream signaling pathways and a series of cascade responses (96). It was shown that CAFs-derived sEVs carrying miR-181d-5p promoted BC cells invasion and migration by targeting cadal-related homeobox 2 (CDX2) and downregulating CDX2 and its downstream gene -homeobox (97). A recently published article claimed that BC-derived sEVs promoted the activation of the Wnt pathway by cancer-associated fibroblasts (CAFs) through the miR-146a/Thioredoxin Interacting Protein (TXNIP) axis, which in turn enhanced BC cells invasion and metastasis (98). Besides, granule protein precursor (PGRN) contributed to BC cells invasion and metastasis by promoting EMT and activating ERK1/2 pathway (99). Kong et al. performed a very interesting experiment in which they found that miR-130a-3p rich in sEVs were abnormally downregulated in human BC tissues and circulating blood, and that low levels of miR-130a-3p expression of sEVs origin were associated with lymph node metastasis and advanced TNM staging. In vitro, sEVs-derived miR-130a-3p inhibited human breast cancer stem cells (BCSCs) invasion and metastasis by directly regulating the RAB5B/epidermal growth factor receptor signaling pathway (100). Another study showed that sEVs-derived miR-146a promoted the conversion of normal fibroblasts (NFs) to CAFs through the miR-146a/thioredoxininteracting protein (TXNIP) axis, accelerating BC cells invasion and metastasis (98). The evidence presented in this section suggests that sEVs obtained from BC cells can promote cell invasion and metastasis and are involved in supporting tumorigenesis.



Involvement of sEVs in BC immune escape

Recent evidence suggests that sEVs also play an important role in remodeling the immune microenvironment of tumors. Since sEVs contain various biomolecules both on their surface and within their own lumen, they can modulate the immune response of immune cells (101). As described earlier, programmed cell death receptor ligand 1 (PD-L1) has been reported to be packaged into the sEVs of tumor cells, and PD-L1 in sEVs enables cancer cells to evade anti-tumor immunity by inhibiting T cell activation (102). Further analysis revealed that miR-92 rich in sEVs derived from breast cancer fibroblasts (CAF) were taken up by cancer cells. MiR-92 targeted Yes-associated protein 1 (YAP1) and their interaction further increased PD-L1 levels in cancer cells, and PD-L1 significantly induced apoptosis and impaired proliferation of T cells, and also prevented the cell killing function of NK cells (103). Another study showed that BC cell-derived sEVs suppressed T cells proliferation via transforming growth factor-β (TGF-β) (104). These studies all confirmed that sEVs mediate BC progression through modulation of immune function and also provide clues for further research directions to improve early diagnosis and treatment of BC.

It is worth noting that the mechanisms by which cancer cells escape the immune system mainly include reduced immunogenicity and activation of immunosuppressive signals (105, 106). Myeloid-derived suppressor cells (MDSCs) are involved in tumor growth, in part by suppressing T cells activation through the toll-like receptor (TLR) junction protein MyD88 (107). Existing studies have found that injection of BC cell (TS/A)-derived sEVs into mouse models induced the release of MDSCs from primary tumors and spleens (108). Interestingly, breast tumor-derived sEVs were also found to reduce the immune response by inhibiting NK cells toxicity. In another study, TS/A tumor-derived sEVs were injected into mice and their cytotoxicity of NK cells was reduced by decreasing the percentage and activity of NK cells (109). Recently, Xing et al. demonstrated that deletion of lncRNA X inactive specific transcript (XIST) in BC cells induced the release of miR-503 rich in sEVs from BC cells and that miR-503 promoted microglia transition from M1 to M2 via STAT3 and NF-κB pathways, leading to local immune suppression (110). Consistently, Chow et al. found that circulatory sEVs produced by BC cells activated macrophages through NF-kB signaling as well as induced proinflammatory activity by over-producing of different inflammatory cytokines (111). By targeting specific genes associated with immunosuppression in BC-derived sEVs and blocking or reversing the biological functions of both, some therapeutic effects on BC are expected. And emerging evidence indicated that metastatic breast tumor cells release abundant TβRII-positive sEVs and stimulated transforming growth factor-β (TGF-β)/SMAD activation in adjacent pre-malignant tumor cells and remote recipient such as CD8+ T cells. Strikingly, sEVs-TβRII as cargo delivered to CD8+ T cells induced the activation of SMAD3 which cooperates with TCF1 transcription factors to impose CD8+ T cell exhaustion and dysregulation of anti-tumor immunity (112). Together, their findings not only identify a possible mechanism by which BC cells -derived sEVs can promote T cell depletion and suppress host anti-tumor immunity but may also identify immunotherapeutic targets against the most damaging breast tumors. Taken together, these studies suggest that tumor cell-derived sEVs are not merely involved in inducing immune responses, but also suppressing cellular immune responses and converting immune cells into a tumor-supporting phenotype.



Involvement of sEVs in BC drug resistance

Currently, the most common cause of BC mortality is tumor recurrence due to multidrug resistance (MDR), leading to BC being one of the leading fatal cancers in women (113). Tamoxifen is the most commonly used drug for ER-positive BC (114). However, most BC patients eventually develop tamoxifen resistance and exhibit poor prognosis (115), it poses a considerable therapeutic challenge for BC patients. Recently, miR-9-5p-enriched in sEVs were reported to enhanced the resistance of BC cells to tamoxifen by downregulating its target gene ADIPOQ (116). Moreover, miR-101 rich in sEVs inhibited the phosphatase PTEN and activated Akt by targeting membrane-associated guanylate kinase (MAGI-2), resulting in tamoxifen resistance to BC cells (117). With the development of sEVs research in recent years, sEVs may hold great promise for overcoming multidrug resistance in cancer.

It has been reported that the upregulation of miR-21 rich in sEVs has now been validated in vitro and in vivo to be closely associated with trastuzumab resistance (118, 119). Trastuzumab is an antibody that binds HER2. Besides conferring resistance, sEVs also reduce the effectiveness of trastuzumab. Ciravolo et al. found that sEVs from serum of HER2-positive BC patients combined with trastuzumab reduced drug effectiveness and suppressed BC cells proliferation (120). Consistent with these results, BC cells (BT-474 and SKBR3)-derived sEVs reduced the trastuzumab-induced toxicity of peripheral blood mononuclear cells (PBMCs) to BT-474 cells (121). sEVs derived from cisplatin-resistant MDA-MB-231 cells are characterized by high expression of miR-423-5p. They transferred cisplatin-resistant phenotypes to recipient cells by promoting the proliferation, metastasis, and anti-apoptotic signaling (122). In addition, sEVs miR-1246 was found to promote epirubicin and gemcitabine resistance by inhibiting Cyclin-G2 in BC cells (69). Consequently, sEVs cargo molecules play a predominant role in reversing BC drug resistance.

Remarkably, it has been shown that the role of sEVs in BC drug resistance can be investigated through the downstream signaling pathways of sEVs cargo molecules and the regulation of target gene expression. It has recently been described that anticancer drug strongly increased tumor cell secretion of sEVs, facilitating the chemoresistance and posttherapy relapse through signaling pathway activation and inflammation induction (123). For example, sEVs containing small nucleolar RNA host gene 14 (lncRNA-SNHG14) promoted trastuzumab resistance in patients with HER2-positive BC. The signal transduction reporter array indicated that the trastuzumab resistance mediated by lncRNA-SNHG14 occurs through the Bcl-2/BAX axis (124). Similarly, sEVs containing lncRNA AGAP2 antisense RNA 1 (AGAP2-AS1) enhanced trastuzumab resistance in BC cells (125). Another study showed that sEVs containing higher expression of miR-770 dramatically inhibited adriamycin resistance in TNBC cells via the oncoprotein SNMN1 (126). Importantly, Yang et al. demonstrated that BC patients receiving chemotherapy will activate the EZH2/STAT3 pathway in BC cells, which then secrete miR-378a-3p and miR-378d rich in sEVs, and chemotherapy-surviving BC cells will prompting activation of the WNT/β-catenin and Notch stem cell pathways and subsequently leading to drug resistance (127). BTBD7 is a highly conserved protein, sEVs carrying miR-887-3p could target BTBD7 and activate the Notch1/Hes1 signaling pathway, thereby promoting BC cells drug resistance (128). This study may provide a new understanding of BC treatment in the aspect of cell sensitivity. However, whether other downstream signaling pathways are involved in BC cells drug resistance mediated by sEVs remains unclear.

Recently, Yang et al. analyzed the expression of glutathione S-transferase P1 (GSTP1) in BC cells and tissue-derived sEVs, and they found that GSTP1 enriched in sEVs had the ability to transfer drug resistance. Importantly, GSTP1 was highly expressed in adriamycin-resistant cells and their corresponding sEVs, thus helping to predict clinical chemoresistance (129). As well, sEVs may be associated with resistance to doxorubicin (130) and paclitaxel (131). These data suggest that sEVs play a significant role in drug resistance. Nevertheless, specific mechanisms by which sEVs play a vital role in BC drug resistance process need to be further explored. These studies may contribute to understanding sEVs-mediated delivery of chemoresistance and overcoming chemoresistance in BC therapy. In addition, differentially expressed non-coding RNAs and proteins in sEVs from chemoresistant BC cells support their potential use as disease biomarkers to predict chemotherapy response in BC patients.




Clinical applications of sEVs in BC


sEVs as potential biomarkers in BC diagnosis and prognosis

Effective screening tools are essential for early diagnosis and monitoring the prognosis of BC. For this purpose, several biomarkers have been developed, including tissue biomarkers (e.g. hormone receptors, HER2, Ki67), genetic biomarkers(e.g. BRCA1/2) and serum biomarkers (e.g. CA 15.3, CA549) (132). However, these methods are either invasive tumor biopsies or do not provide comprehensive information about the status of the cancer (133, 134), which makes “precision medicine” difficult to achieve. sEVs play a crucial role in intracellular communication by directly binding with surface receptors or transferring their contents to another cell (135). In particular, the lipid bilayer structure of sEVs protects their cargoes from degradation, and the easy availability, stability in vitro and real-time assessment of sEVs make them as ideal potential biomarkers (136, 137). Currently, some studies have reported that sEVs cargo molecules can be considered as candidates for early diagnosis and prognosis of BC. For example, Wang et al. artificially investigated whether sEVs could be used as early diagnostic and prognostic indicators for BC, and found significantly higher levels of cargo molecules of sEVs in BC patients than in healthy controls and patients with benign breast tumors using meta-analysis. Moreover, the authors showed that some sEVs proteins (HER2, KDR, CD49d, CXCR4 and CD44) and miRNAs (miR-340-5p, miR-17-5p, miR-130a-3p, miR-93-5p) are associated with tumor recurrence or distant organ metastasis (138).

A previous study has investigated the expression of sEVs enriched in membrane linked Annexin A2 (AnxA2) was substantially higher in the serum of BC patients compared to non-cancerous women. This study also demonstrated that higher levels of expression of AnxA2 rich in sEVs in BC were remarkably associated with tumor stages and poor patients’ survival. Therefore, AnxA2 may serve as a potential diagnostic and prognostic biomarker for BC (139). According to reports, the levels of cancer-associated fibronectin and developmental endothelial locus-1 (Del-1) proteins detected in circulating sEVs were significantly elevated at all stages of BC and returned to normal after tumor removal (140). Another study showed that TNBC-released CSF-1-bearing sEVs promote tumor immune microenvironment associated with a better prognosis in TNBC patients (141).

Apart from proteins, a large number of miRNAs involved in BC progression have been identified in BC-derived sEVs that can be used as biomarkers for them (Table 1). MiRNAs in sEVs have been shown to be associated with breast tumor subtypes and staging. MiR-939 rich in sEVs are highly expressed in basal-like tumor subtypes and are associated with poorer prognosis in TNBC (155). Recently, Zou et al. studied the expression of 12 miRNAs in 32 pairs of serum-derived sEVs samples from BC patients and healthy controls. 10 miRNAs (let-7b-5p, miR-106a-5p, miR-19a-3p, miR-19b -3p, miR-25-3p, miR-425-5p, miR-451a, miR-92a-3p, miR-93-5p, and miR-16-5p) were consistently upregulated in serum-derived sEVs from BC patients compared to healthy controls (156). Interestingly, Li et al. demonstrated that miR-148a levels were significantly downregulated in serum sEVs of BC patients compared to healthy patients with benign breast tumors. Additionally, downregulation of miR-148a in serum sEVs was strongly associated with diagnostic staging and disease recurrence, suggesting that it may be a potential non-invasive diagnostic and prognostic biomarker for BC (157). Another study proved that lncRNA CASC9 was significantly upregulated in BC tissues and cells, and it regulates checkpoint kinase 1 (CHK1) by competitively binding to miR-195/497 cluster, which in turn accelerates BC cells proliferation (158). This indicated lncRNA CASC9 may be used as a potential diagnostic biomarker for BC.


Table 1 | Clinical applications of breast cancer derived sEVs associated MiRs.



In particular, sEVs-encapsulated miRNAs can be used as prognostic biomarkers for BC metastasis progression. The work by Curtaz et al. identified hsa-miR-576-3p was significantly upregulated, and hsa-miR-130a-3p was significantly downregulated in sEVs from BC patients with cerebral metastases. This suggest that the two miRs with the potential to serve as prognostic biomarkers for brain metastasis in BC (159).On the other hand, sEVs-derived miRNAs are of great significance in predicting TNM staging, worsening and poorer prognosis of BC types. For example, miR-197, miR-29b-2, miR-205 and miR-155 rich in sEVs were associated with lymph node and tumor size correlated with lesion metastasis, and the presence of miR-205 and miR-155 rich in sEVs suggested distant metastasis of lesions (160). Consequently, controlling the expression of cargo molecules in sEVs may be a feasible approach to protect BC high-risk individuals.

In ongoing clinical trials, sEVs are being evaluated as biomarkers for early diagnosis and prognosis. For example, a clinical trial is exploring the uses of sEVs-HSP70 for the diagnosis of early BC (161). Research on sEVs as molecular biomarkers is ongoing, and their biological properties are facilitating clinical applications.

In conclusion, these studies confirm the great potential of sEVs as diagnostic biomarkers for BC, as they are highly representative of the inclusion’s characteristic of the cells from which they originate. However, no specific cargo of sEVs is currently available for clinical applications. Accordingly, more accurate and robust studies of sEVs are needed. It is worth noting that additional functional analysis and careful validation of the identified biomarkers is warranted prior to the application of sEVs for diagnosis.



sEVs as potential therapeutic targets

BC treatment is multidisciplinary, the main treatment modalities are surgery, chemotherapy, radiotherapy, endocrine therapy, immunotherapy, and targeted therapy, depending on cancer subtypes and stages (162–164). Notably, chemotherapy with targeted agents has been widely accepted as a standard of care, especially in HER2-positive BC and TNBC. Moreover, patients in the premenopause with hormone receptor-positive, HER2-negative, lymph node-positive breast cancer benefit from combined endocrine therapy and chemotherapy (165). The most common treatment among BC patients at an early stage is breast conserving surgery with adjuvant radiation therapy, while women diagnosed with metastatic disease often receive radiation and/or chemotherapy (166). It is worth noting that these methods have a high risk of recurrence and side effects (167). Moreover, high resistance to chemo- or radiotherapy weakens the therapeutic efficacy (168).Recently, neoadjuvant chemotherapy (NACT) has been reported to be one of the most common treatments for BC and has been shown to be effective in treating patients with locally advanced BC, helping to improve their quality of life. However, there are still some patients who are not sensitive to neoadjuvant chemotherapy regimens, leading to delayed disease, missed optimal treatment or overtreatment (169). On the other hand, there are a considerable number of studies demonstrating circulating tumor cells (CTCs) detection as an effective technique for the evaluating BC treatment efficacy and recurrence (170). Jacot et al. revealed that unlike PD-L1(+) tumors, PD-L1 expression in CTCs was associated with survival in metastatic BC, indicating a potential role of PD-L1(+)-CTCs as a stratifying factor for anti-PD-1/PD-L1 treatment for metastatic BC patients (171). However, due to the number of CTCs in blood is low and profoundly diluted by blood cells, making their detection technically difficult particularly in early BC (172, 173). Consequently, there is an urgent need to identify more effective molecular targets to improve BC treatment.

As natural carriers, sEVs protect cargoes from degradation or neutralization in vivo, and sEVs have high biocompatibility, low toxicity and low immunogenicity (174, 175). With appropriate modifications, the stability and efficiency of treatment can be improved and can enhance the uptake of target cells (176). Of significance, engineered sEVs that can be used as therapeutic agents to decelerate disease progression are becoming a hot topic of research.

Furthermore, BC derived sEVs associated MiRs can also be used as therapeutic targets (Table 1). A previous study showed that sEVs isolated from bone marrow mesenchymal stem cells successfully delivered anti-miR-142-3p in BC tumors in vivo, restoring the expression levels of their target genes APC and P2X7R, thereby reducing the tumorigenicity of BC in vitro and in vivo (22). MiR-3182 rich in sEVs derived from human umbilical cord mesenchymal stem cells (HUCMSCs) suppressed the invasive process of TNBC in vitro, suggesting that miR-3182 may be used as a therapeutic modality for TNBC (177). Another recent study demonstrated lncRNA DARS-AS1 overexpression dramatically enhanced the migration and invasion of TNBC tumors by inhibiting miR-129-2-3p to activate the NF-κB/STAT3 signaling pathway both in vitro and in vivo. Treatment with DARS-AS1 siRNA-loaded exosomes (EXOs) remarkably slowed TNBC cells growth and liver metastasis. This study suggested that siRNA-loaded EXOs may be used as native nanocarriers to deliver siRNAs for TNBC therapy (178). In particular, Senigagliesi et al. showed that TNBC-derived sEVs are able to directly modify MCF7 cells by inducing a decrease in cell stiffness, rearrangements in cytoskeleton, focal adhesions and nuclear/cellular morphology, and an increase in Yap downstream gene expression (179). This revealed that testing the biomechanical response of cells after sEVs addition might represent a new functional assay that can be exploited for future applications both in BC diagnosis and therapy.

To assess the effect of sEVs derived from TNBC cells on the cytotoxicity of therapeutic agents in non-tumorigenic breast cells (MCF10A), treatment of MCF10A cells with sEVs derived from HCC1806 cells, a TNBC cell line, significantly increased MCF10A cells proliferation and induced resistance to paclitaxel and doxorubicin in MCF10A cells by Ozawa et al. (180)

Recently, it has been reported that loading of miRNA-containing sEVs is a possible way to inhibit BC cells invasion and metastasis. For example, by using tumor-derived sEVs as carriers, Moradi-Chaleshtori et al. transported miR-130-enriched in sEVs to M2 macrophages, which in turn reduced BC cells proliferation, migration, and invasion (181). In addition, BC stem cells-derived extracellular vesicles (BCSCs-EVs) facilitated epithelial-mesenchymal transition (EMT) of BC cells by delivering miR-197 to BC cells and inhibiting PP ARG expression, thereby promoting growth and metastasis of BC cells (182). Interestingly, the chemotherapy-based immunotherapy is emerging as a promising therapeutic approach. Zhao et al. first reported docetaxel (DTX) as chemotherapeutic modularity was loaded into M1 macrophage-derived sEVs(M1- sEVs) with M1 proinflammatory nature to establish DTX-M1-sEVs drug delivery system. They revealed that DTX-M1-Exo promoted polarization of naïve macrophages to M1 phenotype and maintained M1 form upon M2 stimulation through modulating mitochondrial function. Importantly, DTX-M1-sEVs has been demonstrated significantly improved the anti-cancer therapeutic efficacy with minimal side effect (183). Therefore, these trials showed encouraging results that sEVs may serve as early predictors for therapeutic response.

Actively loading cargo into donor cells is a major component of sEVs engineering (184). Kim et al. found that erythroleukemic K562 cells containing human leukocyte antigen (HLA)-A2, CD80, CD83, and 41BBL co-stimulatory molecules were engineered to secrete sEVs that activated CD8+ T cells to enhance the effectiveness of immunotherapy (185). In addition, new engineered EVs platforms such as synthetic EVs-like synthetic nanoparticles and EVs-mimicking nanocapsules are gradually being developed (186, 187). This all indicates that sEVs are a promising and rapidly developing area of research in disease treatment. However, a further exploration of the full potential of sEVs in BC therapy is needed to make them more effective and more widely available for use in clinic. There is also urgent need to establish reliable assays to assess the therapeutic potential of sEVs and to develop these assays into formal efficacy tests for clinical applications (188). These key studies demonstrated that sEVs is promising to direct therapy. Importantly, this also confirmed sEVs role in dynamic and real-time monitoring of BC treatment. However, there is the need for more studies to validate this.




Conclusion

In recent years, sEVs have received much attention due to their pathophysiological role in tumor progression. However, the understanding of the mechanism and clinical applications of sEVs in BC are still lacking. Tumor invasion and metastasis, immune evasion, and drug resistance are the main obstacles in treating advanced BC. Since sEVs can act as a bridge for cellular communication in the tumor microenvironment, they lead to tumor development, invasion, metastasis and drug resistance. Elucidating sEVs participation in the various steps of BC development, encompassing initiation, progression, immune escape, resistance to treatment, and recurrence after a period of remission is important. Therefore, the study of sEVs participation in BC is expected to provide a platform and a guide for developing novel diagnostic and prognostication tools and efficacious treatments. Further studies of sEVs will contribute to a more comprehensive and multidimensional understanding of BC. This study expands our understanding of the function and tumorigenesis mechanisms of sEVs and provides a new perspective for the diagnosis and prevention of BC. The mechanism of BC-associated sEVs depends mainly on their complex cargo molecules, which can fuel cancer cells, contribute to their proliferation, invasion and metastasis, induce metabolic reprogramming of cancer cells, and thus mediate the process of BC development and progression, indicating their value as BC biomarkers. As a biomarker, sEVs can provide abundant, stable, sensitive and specific biological information, and are a liquid biopsy specimen with higher application value (189). In addition, sEVs are emerging as valuable therapeutic targets closely related to the development of precision medicine. sEVs can be used as drug carriers with good biocompatibility, which can be easily absorbed by target cells and lead to effective therapeutic effects (190).

Although considerable progress has been made in understanding sEVs and their cargoes, a number of challenges are still present. First, there is still no gold standard method for the isolation and identification of sEVs, no ideal high purity and efficient strategies for sEVs isolation have been developed yet, resulting in less reproducible or persuasive results. Second, how and when do sEVs reach pre-metastatic ecological sites during disease progression? How do cancer cells acquire the ability to release specific sEVs cargoes that maintain BC plasticity and tumor metastatic spread? Determining which sEVs sources are safe and biocompatible for drug delivery systems in therapy remains an ambiguous issue, the drug delivery modalities and targeted modification techniques of sEVs need further refinement in clinical applications. In addition, the assessment and characterization of circulating sEVs in BC patients with different disease stages should be addressed. Finally, we must further explore the mechanisms of sEVs biogenesis and sorting to effectively design sEVs with specific nucleic acids, proteins or even exogenous drugs. In conclusion, sEVs represent an attractive area of research that remains to explore new opportunities in BC prevention, diagnosis and therapeutic approaches, but there are still some obstacles to overcome before sEVs are ready for clinical use.
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Objective

This study aims to explore the association of body composition with clinical outcomes in Chinese women diagnosed with breast cancer.



Method

A total of 2,948 Chinese female patients with breast cancer have been included in this retrospective study. Body composition mainly includes the measurements of adiposity and muscle mass. Visceral fat area (VFA) is used to measure visceral obesity, while appendicular skeletal muscle mass index (ASMI) is utilized to evaluate sarcopenia. The endpoints of this study are disease-free survival (DFS) and overall survival (OS). The association of the body composition parameters with DFS and OS was statistically analyzed.



Result

The median follow-up time for survivors was 42 months (range, 3 to 70 months). In total, 194 patients (6.9%) had breast cancer recurrence, and 32 patients passed away (1.1%). Among the 2,948 patients included, 1,226 (41.6%) patients were viscerally obese, and 511 (17.3%) patients were sarcopenic. We found that visceral obesity had a significant prognostic impact on DFS (HR, 1.46; 95% CI, 1.10–1.95; p = 0.010) but not on OS (P = 0.173). Multivariate analysis revealed sarcopenia as an independent prognostic factor for DFS (HR, 1.44; 95% CI, 1.02–2.03; p = 0.038) and OS (HR, 2.13; 95% CI, 1.00–4.51; p = 0.049). Body mass index was not significantly associated with both DFS (P = 0.224) and OS (P = 0.544).



Conclusion

Visceral obesity is associated with a higher risk of disease recurrence, and sarcopenia is significantly associated with increased recurrence and overall mortality among Chinese women with breast cancer. Body composition assessment could be a simple and useful approach in breast cancer management. Further studies can focus on decreasing visceral fat and increasing skeletal muscle mass to improve prognosis in breast cancer survivors.
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Introduction

Female breast cancer is one of the most commonly diagnosed cancers, and it is the main cause of cancer mortality among women all around the world (1). New clinical or biological markers, in addition to established prognostic criteria (e.g., tumor size, lymph node status, tumor histologic grade), are the focus of continuing research to provide more precise care and treatment services for patients (2).

Body mass index (BMI) is simple and easy to measure and is currently the most commonly used index to evaluate nutritional status. However, BMI just assesses the ratio of weight to height without distinguishing between muscle and fat tissue (3, 4), that is, low BMI can mask excess adiposity while high BMI can mask low muscularity (4)—for example, a person with increased adiposity but decreased muscle mass may have a normal BMI and go undiagnosed clinically. Therefore, the relationship between body fat and breast cancer prognosis as determined by BMI classification is inadequate (3, 4).

Body composition, on the other hand, compensates for the limitations of BMI by showing not only the distribution of adipose tissue but also the amount and quality of muscle (4). The major methods for determining body composition have been dual-energy radiograph absorptiometry (DEXA) and computed tomography (CT) scanning. However, due to their high cost and lack of portability, DEXA and CT scans are not always available in clinical settings. Bioelectrical impedance analysis (BIA), which has been validated against DEXA, is a more practical method for body composition measurement (5).

Recent studies have shown that body composition is linked to the prognosis among breast cancer patients (4, 6, 7). A study reported that high adipose tissue, rather than high BMI, was associated with higher overall mortality (4). While a few research have shown that obesity has a negative influence on mortality (4, 6, 8), there have been few studies on the link between visceral obesity and disease-free survival. On the other hand, research suggested that muscle mass was an important survival indicator for breast cancer patients. One study found that patients with sarcopenia had a worse overall survival than patients without sarcopenia (HR = 2.86; 95% CI, 1.67–4.89) (8). However, researchers in the United States discovered a distinct correlation: every unit’s higher skeletal muscle index (SMI) led to a 2% increased risk of breast cancer death (6). Although some studies have proposed potential relationships between muscle mass and breast cancer mortality, no consistent conclusions have been made yet. More research is needed to determine the impact of body composition on the clinical outcome of breast cancer. The objective of this retrospective study was to evaluate the association of body composition with disease-free survival (DFS) and overall survival (OS) among Chinese women with breast cancer.



Methods


Patients

This retrospective study was performed on patients who attended Ruijin Hospital, affiliated with Shanghai Jiao Tong University School of Medicine, from March 2016 to December 2021. The patients were selected from the institution’s electronic database according to the following inclusion criteria : (1) female patients at diagnosis were more than 18 years old , (2) patients were diagnosed with breast cancer by invasive needle biopsy, (3) patients had complete clinical and follow-up data, and (4) patients agreed to sign a written informed consent form. The exclusion criteria included the following: (1) patients diagnosed with metastatic disease, (2) incomplete clinical information, body composition data, and loss to follow-up, and (3) pregnancy.



Data collection

The baseline characteristics of the patients included were collected: sociodemographic and anthropometric characteristics, medical history, time of core needle biopsy and definite surgery, clinical and pathological tumor characteristics, and treatment. Survival data were obtained through outpatient medical records and/or phone calls. Body composition measurements were mainly completed by specialized breast cancer nurses during the hospitalization of the patients. An author (XL) also participated in the measurement of body composition of some patients. Body composition was performed with Inbody 770, a multi-frequency BIA analyzer developed by the Biospace medical instrument trade (limited) company. Thirty impedance measurements were obtained using six different frequencies (1, 5, 50, 250, 500, and 1,000 kHz) at the following five segments of the body: right and left arms, trunk, and right and left legs. Before the BIA assessment, the participants were asked to fast and to avoid vigorous activities. The participants were required to remove anything metal and to stand barefoot on the metal footpads while loosely holding the handgrips. In this study, body composition included visceral fat area (VFA) and appendicular skeletal muscle mass (ASMI).

Detailed data were retrieved from Shanghai Jiao Tong University Breast Cancer Database. Three graduate students (XL, EZ, and SW) trained in standardized research procedures performed the data collection and extraction; in addition, all obtained data were further confirmed by one of the authors (XL).



Ethical considerations

This study was conducted according to the principles of the Declaration of Helsinki and was approved by the Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong University School of Medicine (no. 2020-18). Written informed consent was obtained from all participants before collecting the data.



Statistical analysis

We focused on the association of two parameters of body composition, visceral obesity and sarcopenia, with clinical outcomes in patients with breast cancer. VFA, which reflected the distribution of body fat, was a widely used index for the evaluation of visceral obesity. Based on the cutoff value reported by other studies, VFA ≥100 cm2 was considered visceral obesity (9). ASMI was calculated as appendicular skeletal muscle mass (kilogram) divided by height (meter) squared (10). Sarcopenia was defined as two standard deviations below the mean ASMI among healthy females (ASMI <5.7 kg/m2) according to the Asian Working Group for Sarcopenia (11). Disease-free survival (DFS) was defined as the time from date of diagnosis to the date of recurrence at local or regional sites, metastasis to distant sites, new contralateral breast cancer, and other malignancies. Overall survival (OS) was defined as the time interval from breast cancer diagnosis to the date of death from any cause. The follow-up period was defined as the time interval from the date of diagnosis to the date of the event, date of last contact for those lost to follow-up, or January 30, 2022 for those still alive.

Differences between groups were evaluated using Student’s t-test for continuous variables and chi-square or Fisher’s exact test for categorical variables. Kaplan–Meier survival curves and log-rank tests were conducted to compare DFS or OS in the subgroups. Significant factors from univariate were evaluated in a multivariate model using Cox proportional hazards regression, and hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated. The main covariates of interest included the following: age at diagnosis, BMI, VFA, ASMI, menopausal status, comorbidities (history of diabetes and hypertension), surgery type, pathological type, pathological node status, clinical tumor stage, American Joint Committee on Cancer (AJCC) stage, clinical tumor stage, Ki67 status, molecular subtype, and treatments (chemotherapy or radiotherapy). Statistical analysis was performed using SPSS for Windows, version 26.0. All tests were performed two-tailed, and p-values <0.05 were considered significant.




Result

From March 2016 to December 2021, 2,948 patients who met the inclusion and exclusion criteria were included in this study. The patients were followed up until January 30, 2022—with a median follow-up period of 42 months (range, 3 to 70 months). The follow-up rate was 95.5% with 134 cases lost to follow-up. The main reasons for loss to follow-up included refusal, failure to contact, outmigration and no outpatient follow-up record, and other reasons. Up to the end of the follow-up time, 194 patients (6.9%) had a breast cancer recurrence, and 32 patients died (1.1%). Among the 32 deaths, 28 died of breast cancer and four died of other reasons.

For all patients, the median age was 55 years (range, 23–90) and the mean BMI was 23.3 ± 3.3 kg/m2. In total, 792 patients (26.9%) were overweight or obese (BMI ≥25 kg/m2). The mean VFA was 95.8 ± 36.3 cm2. At the diagnosis of primary breast cancer, 1,226 patients (41.6%) had visceral obesity (VFA ≥100 cm2). There were significant differences in age, BMI, ASMI, menopausal status, hypertension, diabetes mellitus, clinical tumor stage, and molecular subtypes between patients with visceral obesity and non-obese patients. Patients with visceral obesity were older (p < 0.001) and more often postmenopausal (p < 0.001). Obese patients had a higher rate of hypertension (p < 0.001) and diabetes mellitus (p < 0.001) compared with non-obese patients.

The average ASMI of all patients was 6.3 ± 0.7 kg/m2. Five hundred eleven patients (17.3%) had sarcopenia (ASMI <5.7 kg/m2). There were significant differences in BMI, VFA, hypertension, diabetes mellitus, and surgery type between sarcopenic and non-sarcopenic patients. Patients with sarcopenia had lower BMI (p < 0.001) and VFA (p < 0.001) as well as lower rates of hypertension (p = 0.004) and diabetes mellitus (p = 0.044) compared with patients with no sarcopenia. More detailed clinicopathological information is listed in Table 1.


Table 1 | Baseline characteristics of 2,948 patients with breast cancer stratified by VFA and ASMI.




The association of body composition with DFS

In total, 194 DFS events and 32 deaths were recorded. Among the 194 DFS events, 58 patients had locoregional recurrence, 27 patients had contralateral breast cancers, and 109 patients had distant metastases. The Kaplan–Meier analysis had revealed that patients with visceral obesity (VFA ≥100 cm2) had a significantly shorter DFS compared with non-obese patients (p = 0.043, Figure 1A), and patients with sarcopenia (ASMI <5.7 kg/m2) had a significantly shorter DFS than non-sarcopenic patients (p = 0.042, Figure 1B). BMI was not significantly correlated with DFS (p = 0.224). In the univariate analysis, VFA, ASMI, surgery type, pathological node status, clinical tumor stage, AJCC stage, Ki67 status, molecular subtype, and chemotherapy were associated with DFS. A multivariate Cox proportional hazard model integrated with the above-mentioned factors was established. VFA and ASMI remained independent prognostic factors associated with DFS. Visceral obesity was significantly associated with worse DFS (HR, 1.46; 95% CI, 1.10–1.95; p = 0.010) and sarcopenia had worse DFS (HR, 1.44; 95% CI, 1.02–2.03; p = 0.038) (Table 2).




Figure 1 | Kaplan–Meier plot of disease-free survival by VFA and ASMI. (A) VFA and disease-free survival. (B) ASMI and disease-free survival. VFA, visceral fat area; ASMI, appendicular skeletal muscle mass.




Table 2 | Univariate and multivariate analysis of factors associated with disease-free survival (DFS).





The association of body composition with OS

A total of 32 deaths were recorded by the end of the follow-up period, among which 28 were attributed to breast cancer. The Kaplan–Meier analysis demonstrated that patients with sarcopenia had a significantly worse OS than those without sarcopenia (p = 0.036, Figure 2B). VFA was not significantly associated with OS (p = 0.173, Figure 2A). BMI showed no significant association with OS (p = 0.544). Univariate analysis identified ASMI, pathological node status, clinical tumor stage, AJCC stage, molecular subtype, and chemotherapy as prognostic factors for OS in breast cancer patients. In the multivariate analysis, sarcopenia remained an independent factor for OS. Sarcopenic patients had a significantly higher risk of death (HR, 2.13; 95% CI, 1.00–4.51; p = 0.049) compared with non-sarcopenic patients (Table 3).




Figure 2 | Kaplan–Meier plot of overall survival by VFA and ASMI. (A) VFA and disease-free survival. (B) ASMI and disease-free survival. VFA, visceral fat area; ASMI, appendicular skeletal muscle mass.




Table 3 | Univariate and multivariate analysis of factors associated with OS.






Discussion

To the best of our knowledge, this cohort study is the first to specifically focus on evaluating the association between body composition and clinical outcomes among Chinese women with breast cancer. We found that visceral obesity was significantly related to tumor recurrence, and sarcopenia was associated with an increased risk of recurrence and mortality in patients with breast cancer.

This study showed that visceral obesity had a significant prognostic impact on DFS (p = 0.010) but not on OS (p = 0.173). To our knowledge, only several studies have evaluated the relationship between visceral obesity and clinical outcomes in breast cancer (4, 12). Iwase et al. (12) (n = 172) showed that high visceral fat area (VFA ≥100 cm2) was an independent risk factor for distant disease-free survival in advanced breast cancer patients. The risk of breast cancer recurrence in the high-VFA group was 2.42 times higher than that of the low-VFA group (95% CI, 1.28–4.57; P < 0.05). Consistent with the finding of Iwase et al., we found that DFS was significantly worse for the high-VFA group, and breast cancer patients with visceral obesity had a 46% increased risk of disease recurrence (HR, 1.46; 95% CI, 1.10–1.95, P = 0.010). Cann et al. (4) reported that breast cancer patients in the highest tertile of total adipose tissue had a worse OS (HR, 1.35; 95% CI, 1.08–1.69) compared with those in the lowest tertile. In our study, no significant association was observed between VFA and OS, which may be explained by the fact that only 32 deaths (1.1%) occurred among the 2,814 breast cancer patients, and the small number of deaths might make it difficult to show significant differences.

Body mass index is a commonly used indicator to evaluate general obesity. Contrary to most previous studies conducted in western settings (13–15), we did not find that BMI was significantly associated with both DFS and OS. Based on the relationship between weight and height, BMI roughly reflects overall adiposity, while VFA more accurately represents the fat distribution around the abdomen (16), so there may be a difference in the clinical utility of obesity measures in predicting breast cancer prognosis for Asians and other ethnic groups. In our study, visceral obesity appeared to play a stronger role than general obesity in terms of tumor recurrence outcomes.

There are several possible mechanisms explaining the critical role of visceral obesity in breast cancer prognosis, including increased circulating levels of estrogen, high circulating insulin and insulin-like growth factor 1, altered adipokine levels, and systemic and tissue-level inflammation (17, 18). The presence of these factors has been reported to decrease tumor immunity and promote tumor growth and metastasis (19). The potential mechanism of adiposity on the prognosis of Chinese women with breast cancer deserves further investigation.

In addition, we found that sarcopenia was an independent prognostic factor in worse DFS (p = 0.038) and OS (p = 0.049), consistent with most previous studies (4, 6, 7, 20, 21). Villasenor et al. (7) recruited 471 patients with non-metastatic breast cancer and found that sarcopenia (defined as ASMI <5.45 kg/m2) measured by DEXA was associated with an increased risk of overall mortality (HR, 2.86; 95% CI, 1.67–4.89). Caan and colleagues (4) included 3,241 patients with non-metastatic breast cancer and revealed that sarcopenia (defined as SMI <40.0 cm2/m2) measured by CT was also associated with overall mortality (HR, 1.41; 95% CI, 1.18–1.69). Deluche et al. (20) reported sarcopenia (defined as SMI <41.0 cm2/m2) as an independent risk factor for DFS after analyzing the medical records of 119 early breast cancer patients (p =0.02). A recent study demonstrated that sarcopenia (defined as pectoralis muscle index <19.5 cm2/m2) measured by CT was an independent prognostic factor for distant metastasis-free survival and OS in early breast cancer (21). Whereas some researchers had come to different conclusions, Del Fabbroh et al. (6) disclosed that the higher the skeletal muscle index, the greater the risk of death, and in this study, the cutoff for sarcopenia was defined as SMI ≤38.5 cm2/m2. The inconsistency of evaluation tools may explain the conflicting statements from the studies mentioned above. Villasenor et al. (7) used DEXA to measure body composition, we used BIA, and all other studies (4, 6, 20, 21) used CT scans. Although the accuracy of these three methods has been verified, there are inevitably differences among the measurement tools. Another reason may be that sarcopenia has different evaluation indicators and cutoff points—for instance, Villasenor et al. (7) adopted the sarcopenia diagnostic cutoff point from the European Working Group on Sarcopenia in Older People in 2010 (22): ASMI <5.45 kg/m2 (muscle mass divided by the square of height) was considered as sarcopenia for female, and the diagnostic cutoff point was updated to 5.5 kg/m2 in 2018 (23). Our study adopted the cutoff point from the Asian Sarcopenia Working Group (11): ASMI <5.7 kg/m2 was diagnosed as sarcopenia for females. Other studies used 19.5 cm2/m2 (21), 38.5 cm2/m2 (6), 40.0 cm2/m2 (4), and 41.0 cm2/m2 (20) [all units are muscle area (cm2) divided by height (m2) squared] as cutoff points for sarcopenia diagnosis. Therefore, the differences among calculation methods and cutoff points of sarcopenia diagnosis are likely to cause contradicting results in the studies mentioned above, suggesting that future studies on sarcopenia need to have unified diagnostic criteria.

Several mechanisms have been proposed to explain the potential adverse effects of low relative skeletal muscle mass on breast cancer prognosis (24–30). First, sarcopenia is characterized by muscle loss, which is the result of an imbalance between protein synthesis and degradation. The imbalance of protein metabolism leads to increased apoptosis and decreased regeneration of muscle cells (24, 25). Muscle tissues participate in multiple important physiological processes, such as glucose homeostasis and insulin sensitivity, respiratory integrity, and cardiac output (26). Therefore, the reduction of muscle mass may further increase the risk of adverse outcomes in patients with breast cancer. Second, studies have shown that sarcopenia is related to immune and inflammation pathways (27). Low muscle mass is significantly correlated with a high neutrophil-to-lymphocyte ratio (NLR), which is a marker of systemic inflammation and can increase mortality (28). Finally, sarcopenia is related to proteolytic cascade reactions such as the release of tumor necrosis factor-α (TNF-α), which promotes tumor migration and invasion, thus further deteriorating the prognosis of breast cancer (29, 30). To sum up, the impact of sarcopenia on the raised mortality of breast cancer patients is complicated, and more studies are needed to elucidate the underlying mechanisms.

Our findings suggest that body composition may be more valuable in survival prediction than BMI in breast cancer survivors. We wish to emphasize the significance of a precise assessment of body composition, which may provide a target for future nutritional and rehabilitation intervention strategies. Studies showed that a healthy and balanced diet and appropriate physical activity have shown promising results in reducing body fat and increasing muscle mass in breast cancer patients (31, 32). Other potential interventions specifically targeting visceral obesity and sarcopenia need more research. In the future, individualized body composition management programs should be incorporated into routine clinical practices to improve breast cancer prognosis.

Our study has several strengths worth mentioning. First, this is the first large-scale study reporting visceral obesity and sarcopenia with clinical outcomes of breast cancer patients in China. In addition, objective anthropometric measurements were made by trained interviewers using standardized protocols rather than relying on self-report or self-measure by the participant. Furthermore, we demonstrated the usefulness of BIA-based body composition measurement in breast cancer survivors, which provided support for future studies. Finally, our data add to the evidence for the prognostic value of body composition in evaluating patients with breast cancer.

However, there are several obvious limitations in our study that need to be acknowledged. First, there are relatively small numbers of events regarding breast cancer recurrence and patient death. Second, the 42-month follow-up period is too short to observe potential late recurrences, which may take longer to occur. Third, this is a single-center retrospective study, and therefore the samples may not be representative of all Chinese women. Finally, physical activity levels and nutritional status affect body composition. However, due to the retrospective study design, this information was not available. The aforementioned limitations may have reduced the reliability of the results to some extent. Therefore, future multi-center studies with extended follow-up are needed. Moreover, the influence of physical activity and nutritional status on body composition should be considered to confirm the predictive and prognostic value of body composition in patients with breast cancer.



Conclusions

In conclusion, visceral obesity and sarcopenia appear to play important roles in prognosis in Chinese breast cancer patients. Body composition assessment could be a simple and useful approach to integrate into breast cancer patient management. Further studies can focus on decreasing visceral fat and increasing skeletal muscle mass to improve the clinical outcomes in breast cancer survivors.
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Objective

The present study aimed to investigate the clinical application value of the radiomics model based on gray-scale ultrasound (GSUS) and contrast-enhanced ultrasound (CEUS) images in the differentiation of inflammatory mass stage periductal mastitis/duct ectasia (IMSPDM/DE) and invasive ductal carcinoma (IDC).



Methods

In this retrospective study, 254 patients (IMSPDM/DE: 129; IDC:125) were enrolled between January 2018 and December 2020 as a training cohort to develop the classification models. The radiomics features were extracted from the GSUS and CEUS images. The least absolute shrinkage and selection operator (LASSO) regression model was employed to select the corresponding features. Based on these selected features, logistic regression analysis was used to aid the construction of these three radiomics signatures (GSUS, CEUS and GSCEUS radiomics signature). In addition, 80 patients (IMSPDM/DE:40; IDC:40) were recruited between January 2021 and November 2021 and were used as the validation cohort. The best radiomics signature was selected. Based on the clinical parameters and the radiomics signature, a classification model was built. Finally, the classification model was assessed using nomogram and decision curve analyses.



Results

Three radiomics signatures were able to differentiate IMSPDM/DE from IDC. The GSCEUS radiomics signature outperformed the other two radiomics signatures and the AUC, sensitivity, specificity, and accuracy were estimated to be 0.876, 0.756, 0.804, and 0.798 in the training cohort and 0.796, 0.675, 0.838 and 0.763 in the validation cohort, respectively. The lower patient age (p<0.001), higher neutrophil count (p<0.001), lack of pausimenia (p=0.023) and GSCEUS radiomics features (p<0.001) were independent risk factors of IMSPDM/DE. The classification model that included the clinical factors and the GSCEUS radiomics signature outperformed the GSCEUS radiomics signature alone (the AUC values of the training and validation cohorts were 0.962 and 0.891, respectively). The nomogram was applied to the validation cohort, reaching optimal discrimination, with an AUC value of 0.891, a sensitivity of 0.888, and a specificity of 0.750.



Conclusions

The present study combined the clinical parameters with the GSCEUS radiomics signature and developed a nomogram. This GSCEUS  radiomics-based classification model could be used to differentiate IMSPDM/DE from IDC in a non-invasive manner.





Keywords: breast cancer, mastitis, radiomics, ultrasound, contrast-enhanced ultrasound (CEUS)



Introduction

Periductal mastitis/duct ectasia (PDM/DE) is also known as periductal mastitis, mammary duct ectasia or plasma cell mastitis and is recognized as the most commonly encountered inflammation of the non-lactating breast (1, 2). The main pathological features of this condition are dilatation of the ducts, and fibrosis and inflammation around them (3). The main clinical manifestations of PDM/DE are breast pain, mass, nipple discharge, skin redness, and so on (4, 5). According to the pathological results and the clinical findings, it can be divided into ductal dilatation stage, inflammatory mass stage, abscess stage, and fistula stage (5, 6). The inflammatory mass stage of periductal mastitis/duct ectasia (IMSPDM/DE) often presents as a lump or mass in the breast and enlarged axillary lymph nodes in the absence of any signs of inflammation. On the conventional ultrasound examination, IMSPDM/DE lesions often present as irregular hypoechoic masses located in the subareolar area, with abundant blood supply and not circumscribed margins. According to the second edition of the American College of Radiology (ACR) Breast Imaging Reporting and Data System (BI-RADS) Ultrasound, these lesions are generally classified into category 4 lesions. They are very similar with regard to the clinical and radiological results of invasive ductal carcinoma (IDC), which is considered to be the most common histological type of breast cancer (7, 8). However, the treatment and prognosis of IMSPDM/DE are significantly different from those of IDC (9). The ability to accurately distinguish IMSPDM/DE from IDC preoperatively is therefore of great clinical significance for the diagnosis and management of patients with PDM/DE.

Gray-scale ultrasound (GSUS) is a conventional modality that is used to reveal morphologic characteristics of breast lesions. Contrast-enhanced ultrasound (CEUS) can be used to visualize the blood supply and microvascular distribution of breast lesions (10). Previous studies have shown that the accuracy of traditional ultrasound in diagnosing PDM/DE ranges from 79% to 82%, while the accuracy range of CEUS in diagnosing PDM/DE is 72-83% (11–13). Despite the significant progress made in the ultrasonographic techniques, the distinction of IMSPDM/DE from IDC is challenging when based on image findings. At present, the main approach of PDM/DE diagnosis is imaging-guided biopsy.

Radiomics is a data mining approach, which aims to extract high-dimensional data from clinical images so as to build diagnostic and prediction models to address relevant clinical questions (14, 15). The application of radiomics in breast lesions is frequently performed to distinguish malignant from benign breast lesions, classify breast cancer types, and predict the treatment response and recurrence risk, mostly by using MRI images (16, 17).

In this study, we developed radiomics models based on GSUS images, CEUS images and clinical data to differentiate IMSPDM/DE from IDC. It was expected that this approach would eventually reduce the number of invasive biopsies.



Materials and methods

The present retrospective study was approved by the institutional ethics committee of the First Affiliated Hospital of Soochow University (FAHSU) and written informed consent was obtained from all patients.


Subjects

The pathology and ultrasound databases in FAHSU were used to conduct a retrospective search and recruit IDC and PDM/DE patients between January 2018 and November 2021.

The inclusion criteria were as follows: (1) Each lesion was assigned as category 4 according to the second edition of the ACR BI-RADS® US Atlas; (2) all patients underwent GSUS and CEUS examination prior to biopsy; (3) the patients with PDM/DE were confirmed by histological analysis (gray scale ultrasound indicated no obvious abscess and sinus in the lesions); (3) the patients with IDC were confirmed by histological analysis; (4) the patients whose imaging quality of GSUS and CEUS met the requirement of analysis. The processes of inclusion and exclusion of study subjects are shown in Figure 1. The training cohort comprised patients (patients with PDM/DE or IDC) who were treated in FAHSU between January 2018 and December 2020 and the validation cohort comprised patients (patients with PDM/DE or IDC) who were treated in FAHSU between January 2021 and November 2021.




Figure 1 | The flowchart of inclusion and exclusion of the study subjects. BI-RADS US Breast Imaging Reporting and Data System Ultrasound; GSUS gray scale ultrasound; CEUS contrast enhanced ultrasound; PDM/DE periductal mastitis/duct ectasia; IDC invasive ductal carcinoma.



The following clinical parameters were used: Patient age, the maximum diameter of the lesions, the number of the lesions, the white blood cell (WBC) count, the number of monocytes, neutrophils, the presence of pausimenia, and the family history of breast cancer. All this information was derived from the medical records. The pathological specimens of each case were identified by experienced pathologists specializing on breast.



Imaging acquisition and tumor segmentation

The ultrasound examinations were performed using one of the following ultrasound instruments: Mindray Resona7, LOGIQ E9, and MyLab™ ClassC equipped with high-frequency linear array probes (L14-6WU, L11-3U; ML6-15, 9L; and LA523 and LA522). To reduce microbubble destruction, low mechanical index (MI) values were applied (MI 0.02–0.07). The contrast agent used in this study was designated as SonoVue (Bracco SpA). The examinations were conducted by one of the three ultrasound practitioners with 10 years of experience in breast ultrasonography. The patients were placed in the supine or lateral position. The field of view was set to include the pectoralis muscle at the deepest aspect of the image. Gray-scale ultrasound scans were initially performed to identify the optimal scanning plane and save this image. Subsequently, CEUS examinations were performed, and their images were accompanied by the corresponding gray-scale images. The single frame corresponding to the moment of peak contrast perfusion in the lesion during CEUS was selected to represent the total process for radiomics analysis. The GSUS and CEUS images at the peak intensity were stored in Digital Imaging and Communications in Medicine (DICOM) format.

The region of interest (ROI) of the breast lesions was manually delineated using ITK-SNAP 3.8.0 software. Prior to segmentation, the CEUS and GSUS images were loaded into the software (MATLAB R2012a) and were converted from color maps to gray scales. Subsequently, the boundary of the breast lesion ROI delineation was performed by an ultrasound practitioner with experience in ultrasonography (>5 years), who was blinded to the clinical and histopathological data of the patients during the segmentation process. The representative results of the breast lesion ROI segmentation are displayed in Figure 2.




Figure 2 | The representative results of the breast lesion segmentation. (A, B) The original GSUS, CEUS images and the segmentation of a 32-year-female patient confirmed with PDM/DE. (C) The sample (hematoxylin and eosin) with PDM/DE (400x). (D, E) The original GSUS, CEUS images and the segmentation of a 49-year-old female patient confirmed with IDC. (F) The sample (hematoxylin and eosin) with IDC (400x).





Radiomics feature extraction, selection, and development of the radiomics signature

The radiomics features of the GSUS and CEUS images were extracted using Pyradiomics (version 2.1.1), which is an open-source Python package. The extracted features were classified into 6 categories as follows: Shape features, first-order statistical features, gray-level co-occurrence matrix (GLCM) features, gray-level run length matrix (GLRLM) features, gray-level size zone matrix (GLSZM) features and gray-level dependence matrix (GLDM) features. In addition, 8 filters, including wavelet-LLH, wavelet-LHL, wavelet-LHH, wavelet-HLL, wavelet-HLH, wavelet-HHL, wavelet-HHH, and wavelet-LLL, were applied to the original images, and the derived images were achieved for each patient. All classes of features, with the exception of shape, were computed on both the original and the derived images. Ultimately, 788 radiomics features were extracted for each ultrasound image.

Feature selection was carried out as follows: Firstly, the column containing “0” was deleted. Secondly, the Low Variance Filter method was used to remove the features which the variance was close to 0. If more than 95% of the data were the same in a feature, the feature was considered useless and was deleted. Thirdly, following data normalization (the mean value was subtracted from each feature and subsequently the values of each feature were divided by its standard deviation), the Select K Best method was used and the most important top K features were selected according to the P value (P<0.05). Subsequently, the top-ranking radiomics features of the GSUS and CEUS images were input to the least absolute shrinkage and selection operator (LASSO) classifier respectively, to select the most informative features.

Three radiomics signatures were then respectively developed using multivariate logistic regression (Stepwise regression) with the finally selected features of GSUS image and CEUS image. These included the GSUS radiomics signature, the CEUS radiomics signature, and the gray-scale combined contrast-enhanced ultrasound (GSCEUS) radiomics signature. The main indicators evaluating the performance of three radiomics signatures included AUC, sensitivity, and specificity. Subsequently, the best radiomics signature was selected.



Development of radiomics-based classification model

The risk score for the radiomics signature of each patient (Radiomics_score) was calculated based on the β value of the selected radiomics features. To identify the significant clinical parameters, univariate analysis was performed on the following clinical parameters in the training set: Patient age, the maximal diameter of the lesions, the number of the lesions, the white blood cell (WBC) count, the number of monocytes, neutrophils, pausimenia and the family history of breast cancer. Subsequently, the clinical parameters with p<0.05 and the radiomics_score were included in the multivariate analysis to construct the radiomics-based classification model and differentiate IMSPDM/DE from IDC.



Statistical analysis

The descriptive statistics were summarized as mean ± standard deviation (SD) or with the use of the 95% confidence interval (CI). The radiomics signature and the radiomics-based model were established by multivariate logistic regression analysis. The prediction performance of the radiomics signature and the radiomics-based model were assessed with the area under the receiver operating characteristic (ROC) curve analysis on the training and validation sets. The differences between various AUCs were compared using a Delong test. Sensitivity, specificity, and accuracy were also calculated. P values less than 0.05 indicated statistical significance. All statistical analyses were performed using the R statistical software (version 3.6.1).




Results


Patient profiles

A total of 334 patients including 169 patients (50.60%) with IMSPDM/DE and 165 patients (49.40%) with IDC were involved in the current study according to the inclusion and exclusion criteria. The subjects were all females with an age range of 22-89 years old (mean age, 41.90 years old). The training and test dataset consisted of 254 (129 IMSPDM/DE and 125 IDC) and 80 (40 IMSPDM/DE and 40 IDC) patients, respectively. The clinical characteristics of the training and validation sets are shown in Table 1. In the training cohort, the results indicated that the number of monocytes and the family history of breast cancer patients were not significantly different between the IMSPDM/DE and IDC groups (p>0.05). However, a significant difference was noted in the number of lesions in the IMSPDM/DE group compared with that of the IDC group (p<0.05). Statistically significant differences were noted in the patient age, maximal diameter of lesions, and pausimenia, as well as in the WBC and the neutrophil counts of the PDM/DE group compared with the differences noted in the IDC group (p<0.001).


Table 1 | Clinical characteristics of patients on the training and validation cohorts.





Feature selection and acquisition of radiomic signatures

In total, 1,576 imaging features were extracted from the GSUS and CEUS images of each patient (788 each).

In the training cohort, the features of which the column contained “0” and those with a variance close to 0 were excluded. Therefore, the number of GSUS and CEUS features was reduced to 365 and 372, respectively. Subsequently, the p value and the score of the Select K Best method were calculated, and the threshold for selecting the top-ranking radiomics features was p<0.05, leaving 260 and 236 features in the GSUS and CEUS, respectively. Thirdly, the LASSO algorithm was applied for subsequent feature reduction, 7 and 15 imaging features were selected respectively from the GSUS and CEUS images as potentially effective factors (Figure 3).




Figure 3 | Feature selection. (A, B) Feature selection of GSUS images (λ= 0.0372, seven imaging features were selected); (C, D) Feature selection of CEUS images (λ= 0.0243, fifteen imaging features were selected).



By using the Coarse-to-Fine Feature Selection strategy, 3 imaging features were selected for the construction of the GSUS radiomics signatures, and 6 imaging features were selected for the construction of the CEUS radiomics signatures. Finally, 6 imaging features were selected from the full feature set including 23 features of the above GSUS and CEUS features for the construction of the GSCEUS radiomics signature (Table 2).


Table 2 | Radiomics features of three radiomics signatures.



The performance of the three radiomics signatures is summarized in Table 3 and the ROC curves of the models are depicted in Figure 4. No significant differences were noted between the GSUS radiomics signature and the CEUS radiomics signature in the training cohort (AUCs 0.804 vs. 0.818; p=0.682). However, the CEUS radiomics signature performed better than the GSUS radiomics signature in the validation cohort (AUCs 0.797 vs. 0.590; p=0.003). The GSCEUS radiomics signature achieved optimal diagnostic efficacy for differentiating between PDM/DE and IDC compared with the GSUS radiomics signature in both the training (AUCs 0.876 vs. 0.804; p=0.001) and the validation cohorts (AUCs 0.796 vs. 0.590; p<0.001). Moreover, the GSCEUS radiomics signature performed better than the CEUS radiomics signature in the training cohort (AUCs 0.876 vs. 0.818; p=0.003). Therefore, the GSCEUS radiomics signature was used for further analysis.


Table 3 | Predictive efficacy of radiomics signature and the radiomics-based model.






Figure 4 | Receiver operating characteristic (ROC) curves of three radiomics signatures, and radiomics-based classification model to differentiate PDM/DE from IDC. (A) Four methods in the training cohort; (B) Four methods in the validation cohort.



Six features of the GSCEUS radiomics signature were applied in the risk score calculation. The following radiomics_score calculation formula was used:

Radiomics_score = 3.117(wavelet.LLL_glcm_DifferenceEntropy) (GSUS feature)

+0.006(original_shape_MajorAxisLength) (CEUS feature)

+1.0e-09(original_firstorder_Energy) (CEUS feature)

+0.057(original_firstorder_InterquartileRange) (CEUS feature)

+ 0.081(wavelet.HLL_firstorder_Kurtosis) (CEUS feature)

-0.135(wavelet.LLL_glcm_DifferenceAverage) (CEUS feature)

The clinical parameters with p<0.05 in Table 1 and the radiomics_score were included in the multivariate analysis (Table 4). A radiomics-based classification model was built by incorporating the parameters patient age, neutrophil, pausimenia and the radiomics_score. The performance of the classification model is summarized in Table 3, and the ROC curves of this model are depicted in Figure 4. In the training and validation cohorts, the sensitivity, accuracy and AUC values of the classification model were improved when the clinical parameters were added to the GSCEUS radiomics signature.


Table 4 | Multivariate logistic regression analyses.



A nomogram of PDM/DE diagnosis was constructed using the aforementioned independent risk factors shown in Figure 5. The 10-fold cross-validation method was used for external validation of the generated model. The calibration curves of the validation cohort were plotted graphically and demonstrated optimal agreement between the diagnostic accuracy estimation by the nomogram and the histopathological confirmation (calibration intercept: -0.2685; calibration slope: 0.4888).




Figure 5 | The radiomics-based nomogram for differentiating PDM/DE from IDC. (A) The radiomics-based nomogram developed with the training cohort included patient’s age and radiomics signatures. (B, C) Calibration curves of the radiomics-based classification model in the training (B) and validation (C) cohorts.



A decision curve analysis was used to assess the clinical usefulness of the classification model and the GSCEUS radiomics signature in the validation cohort (Figure 6). If the threshold probability was more than 2%, the use of the classification model for the diagnosis of IMSPDM/DE added higher diagnostic value than either the treat-all scheme (assuming that all lesions were IMSPDM/DE) or the treat-none scheme (assuming that all lesions were IDC). In addition, the use of the classification model for the diagnosis of IMSPDM/DE added higher diagnostic value than that of the GSCEUS radiomics signature.




Figure 6 | Decision curve analysis (DCA) derived from the validation group. The y-axis measures the net benefit. The net benefit is determined by calculating the difference between the expected benefit and the expected harm associated with each proposed model. If the threshold probability was more than 2%, using the nomogram to predict IMSPDM/DE added more benefit than either the treat-all scheme (grey line) or the treat-none scheme (dark black line).






Discussion

The experienced ultrasound doctor could distinguish IMSPDM/DE from IDC by lesion morphology, echo intensity, calcification, the blood supply of the lesions and the CEUS features. However, the ultrasound appearance of IMSPDM/DE could exhibit bewildering variation, suggesting that an inexperienced practitioner may experience difficulties in classifying between IMSPDM/DE and IDC (18–20). In the present study, the GSUS and CEUS-based radiomics features were used to differentiate IMSPDM/DE from IDC. The results revealed that the ultrasound-based radiomics features were able to distinguish IMSPDM/DE from IDC, whereas the GSCEUS radiomics features outperformed other radiomics features. Furthermore, a classification model was developed and validated. This model incorporated clinical parameters with GSCEUS radiomics features and exhibited high accuracy in differentiating IMSPDM/DE from IDC. The calibration curve indicated that the predicted and actual probability of IMSPDM/DE were in good agreement.

In order to construct a reliable radiomics model, the radiomics features were extracted from the GSUS and CEUS images, respectively. The key processes of the radiomics model construction included feature extraction, feature selection, and model construction (21, 22). In the feature extraction process, an open-source Python package (Pyradiomics) was used and 788 features were extracted on each image. In the feature selection process, the Low Variance Filter method, select K Best method and LASSO method were employed to avoid the curse of dimensionality. Subsequently, three radiomics signatures were constructed based on the radiomics features extracted from the GSUS and CEUS images. In both the training and validation cohorts, the GSCEUS radiomics signature demonstrated the highest diagnostic accuracy compared with those of the GSUS and CEUS radiomics signatures (training cohort:0.798 vs. 0.766, 0.766; validation cohort:0.763 vs. 0.725, 0.613). The AUC value of the GSCEUS radiomics signature was estimated to be 0.876 in the training cohort, which was significantly higher than that of the other two methods (AUC value: 0.818, 0.804). The CEUS radiomics signature indicated a similar AUC with that of the GSCEUS radiomics signature in the validation cohort (AUC value: 0.797 vs. 0.796), whereas the specificity and accuracy of the GSCEUS radiomics signature were better than those of the CEUS radiomics signature (specificity:0.838 vs. 0.663; accuracy: 0.763 vs. 0.725). The GSUS radiomics signature indicated a similar AUC with that of the CEUS radiomics signature in the training cohort (AUC value: 0.804 vs. 0.818), whereas the AUC and accuracy of the GSUS radiomics signature were significantly lower than those of the CEUS radiomics signature in the validation cohort (AUC value:0.590 vs. 0.797; accuracy: 0.613 vs. 0.725). In present study, the AUC value and accuracy of the GSUS radiomics signature in the validation cohort were significantly lower than those in the training cohort (AUC value: 0.590 vs. 0.804; accuracy: 0.613 vs. 0.766), which may be caused by different ultrasound systems. The training cohort contains images of three ultrasound systems, while the validation cohort contains images of only one of the above ultrasound systems. These results indicated that the radiomics features of the multimodal ultrasound imaging could make a critical contribution in improving the accuracy of the method. The GSCEUS radiomics signature with the best performance included 6 radiomics features in total, of which one was from the GSUS images and five were from the CEUS images. Half of the selected radiomics features in our study were wavelet-based features, which could presumably redisplay hidden tumor characteristics behind the speckle and increase the discriminative ability (23).

Certain clinical parameters related to mastitis and breast cancer were included in the present study, such as patient age, lesion size, WBC count, monocyte count, neutrophil count, pausimenia, and family history of breast cancer. Univariate analysis indicated that PDM/DE was more common in younger women and those without pausimenia (mean age: 33.49 ± 6.98), while IDC was more common in older women and in women with pausimenia (mean age: 50.59 ± 13.37). These findings are consistent with those of previous studies (8, 9, 18). Compared with IDC, the lesion of IMSPDM/DE was often larger and multiple. Although the etiology of PDM/DE remains unclear (5), it is a benign inflammatory disease, and its nature is different from IDC. Therefore, blood cell analysis are used as indicators of systemic inflammation and can potentially distinguish PDM/DE from IDC. The data of the present study demonstrated that 26.56% of IMSPDM/DE patients had increased WBC count, whereas 35.65% of IMSPDM/DE patients demonstrated increased neutrophil count, which was statistically significant compared with that of the IDC patients. No significant differences were noted in the monocyte count between the IMSPDM/DE and IDC patients. Neutrophils and WBCs are non-specific inflammatory markers, which can be used to indicate active bacterial infection. Breast cancer lesions rarely present with active bacterial infections. Therefore, the WBC and neutrophil counts may be used to differentiate PDM/DE from IDC. Family history is a major risk factor for breast cancer; approximately 5-10% of cases with breast cancer are associated with a family history of this disease (24, 25). However, the present study indicated no significant differences in the family history between the IDC and PDM/DE groups, which may be caused by the small number of patients included.

Multivariate analysis indicated that the variables patient age, neutrophil count, absence of pausimenia, and GSCEUS radiomics features were independent factors that could be used to differentiate IMSPDM/DE from IDC. Subsequently, a classification model was developed that could incorporate significant clinical parameters with the GSCEUS radiomics features. The accuracy of this model in the training and validation cohorts was 0.898 and 0.819, respectively, higher than 72%-79% reported in previous studies (11–13). The model was successfully validated and the data indicated that it could significantly improve the values of AUC in both the training and validation cohorts. The nomogram was primarily used to improve personalized diagnostics. The results of the present study suggest that the radiomics classification model, which was based on the GSCEUS images, could be used in a non-invasive manner to distinguish between IMSPDM/DE and IDC thus avoiding unnecessary biopsies; this application may facilitate the personalized treatment planning for these patients.

The present study contains certain limitations. Firstly, this was a single-center retrospective study and further multi-center studies with external authentication protocols should be conducted. Secondly, different ultrasound systems and scanning parameters may influence the generality of the results.

In conclusion, the current study developed and validated the radiomics classification model based on the GSCEUS radiomics signature, patient age, neutrophil count and absence of pausimenia. This model successfully distinguished IMSPDM/DE from IDC, and has the potential to avoid unnecessary biopsies.
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Background

How to evaluate the prognosis and develop overall treatment strategies of metachronous bilateral breast cancer (MBBC) remains confused in clinical. Here, we investigated the correlation between clonal evolution and clinical characteristics of MBBC; we aim to establish a novel prognostic model in these patients.



Methods

The data from Surveillance, Epidemiology, and End Results (SEER) database and the First Hospital of Jilin University were analyzed for breast cancer–specific cumulative mortality (BCCM) by competing risk model. Meanwhile, whole-exome sequencing was applied for 10 lesions acquired at spatial–temporal distinct regions of five patients from our own hospital to reconstruct clonal evolutionary characteristics of MBBC. Then, dimensional-reduction (DR) cumulative incidence function (CIF) curves of MBBC features were established on different point in diagnostic interval time, to build a novel DR nomogram.



Results

Significant heterogeneity in genome and clinical features of MBBC was widespread. The mutational diversity of contralateral BC (CBC) was significantly higher than that in primary BC (PBC), and the most effective prognostic MATH ratio was significantly correlated with interval time (R2 = 0.85, p< 0.05). In SEER cohort study (n = 13,304), the interval time was not only significantly affected the BCCM by multivariate analysis (p< 0.000) but determined the weight of clinical features (T/N stage, grade and ER status) on PBC and CBC in prognostic evaluation. Thus, clinical parameters after DR based on interval time were incorporated into the nomogram for prognostic predicting BCCM. Concordance index was 0.773 (95% CI, 0.769–0.776) in training cohort (n = 8,869), and 0.819 (95% CI, 0.813–0.826) in validation cohort (n = 4,435).



Conclusions

Bilateral heterogeneous characteristics and interval time were determinant prognostic factors of MBBC. The DR prognostic nomogram may help clinicians in prognostic evaluation and decision making.
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Introduction

Metachronous bilateral breast cancer (MBBC) with high heterogeneity accounts for 3% of total breast cancer (BC) (1, 2). Owing to the increasing morbidity of BC, prolongation of survival time, and improvement of detection rate, a growing number of patients with BC are diagnosed as contralateral disease and treated with mastectomy (2–4). Recently, majority of studies focused on the risk factors for the formation of contralateral breast cancer (CBC) in patients with primary breast cancer (PBC) (5) and expected to prevent the occurrence of CBC via bilateral mastectomy (6, 7), whereas, for clinical practice, it is not yet clear whether patients would benefit from bilateral mastectomy in terms of mortality (6). More importantly, once diagnosed as CBC, how to develop overall treatment strategies and evaluate the prognosis of these MBBC remains confused in clinical (8–11). Actually, most clinical understanding of MBBC is obviously distinct from unilateral breast cancer (UBC) (12, 13). For a patient with MBBC, clinical and pathological characteristics between the PBC and CBC can be consistent or inconsistent, which makes the subtypes of a characteristic multiplying (Table 1). Applying the prognosis evaluation system of UBC to MBBC will be complicated and inapplicable; thus, it is urgently needed to build an evaluation model for predicting the prognosis of MBBC.


Table 1 | Competing risk model for MBBC.



Considering the lower morbidity of MBBC than UBC, we collected and analyzed the clinicopathologic and prognostic data from Surveillance, Epidemiology, and End Results (SEER) database. Each patient with MBBC in SEER database had two recordings for PBC and CBC, respectively, but the follow-up outcome was the same. Clinicopathologic characteristics were reclassified into new variables to unify the recordings to represent one patient for the further research (Table 1). In view of the relatively long overall survival of BC, to exclude the death form non-cancer specific causes, competing risk modeling was used to select the independent risk factors that affected the follow-up outcomes (with p< 0.05 after multivariate analysis in Table 1). Although this classification method combined the PBC and CBC to evaluate the prognosis, the multifarious subtypes of each variable limited the clinical application.

The concordance of molecular subtype was closely associated with survival outcome in synchronous BBC and MBBC. Among them, patients with MBBC had lower molecular subtype concordance rate than patients with synchronous BBC (14). The spatial–temporal heterogeneity (15) between PBC and CBC, in terms of the clinical, molecular, and genomic characteristics (16), makes it more complicated and confused to fully understand this disease. In this study, we investigated the regularity of heterogeneity distribution and clonal evolution characteristics between PBC and CBC and firstly found that the interval time dimension was a determinant prognostic factor of MBBC. Then, with the help of mathematical model, we reclassified the meaningful variables form multivariate analysis of competing risk modeling (Table 1) depended on interval time, which reduced the number of subtypes efficiently and was named as dimensional reduction (DR) (Table 2). Based on the novel DR competing risk model (Table S5), which reanalyzed the DR variables, a concise and precise DR nomogram was established to help clinicians in clinical prognostic evaluation and decision making.


Table 2 | Prognostic score assignment and DR algorithm.





Materials and methods


Study population

We obtained the study participants from the population-based SEER database (1990–2015) and the First Hospital of Jilin University (2001–2019). With a focus on evaluation of MBBC, we defined survivors of CBC as patients with BBC who survived more than 6 months after the diagnosis of PBC (6). Whereas, fulfilling any one of the following criteria would be excluded: (1) had distant metastases at diagnosis of the primary lesion, (2) less than 18 years of age or older than 97 years of age at diagnosis with PBC, and (3) the duration of follow-up was less than 3 months or withdraw. Finally, we identified 13,304 patients who diagnosed with MBBC between 1990 and 2015 from SEER. Since human epidermal growth factor receptor 2 (HER2) status was unavailable in SEER before 2010, only 476 patients had recordings of HER2 status. The analysis, mathematical operation, and the build of competing risk model and nomogram (training and validation cohort) were mainly based on the data from SEER. Furthermore, we browsed 25,119 patients with BC from the First Hospital of Jilin University range from 2001 to 2019; 89 patients with BBC were included in our study to establish a tentative external validation. Here, we included patients without distant metastases at first diagnosis to minimize the risk of misclassified metastatic disease.



Whole-exome sequencing and data analysis

We surgically removed sample acquired at spatial–temporal distinct regions from five patients who received chemotherapy. DNA libraries for WGS were generated by Illumina TruSeq DNA Library Preparation Kit (Illumina, San Diego, CA) from shear DNA fragments with a peak of 250 bps, which extracted from tumor tissues (the QIAamp DNA FFPE Tissue Kit, Qiagen, Hilden, Germany). NimbleGen EZ 64M human exome array probes (SeqCap EZ Human Exome Library v3.0) were used in hybridization. DNA sequencing was performed using an HiSeq 3000 instrument (Illumina, San Diego, CA) with 2 × 75 bp paired-end sequencing strategy. Process of reads alignment and calling for somatic single-nucleotide variations (SNVs) are described in the Supplementary Data.



Dimensional-reduction mathematical model

After plotting the cumulative incidence function (CIF) curves of T stage, N stage, grade, and ER status at different point in interval time by univariate competing risk analysis, the area under the curve of each subgroup was obtained. According to the difference of the areas among subgroups of the variable, the weight used to evaluate the different proportion of PBC and CBC in predicting the cancer-specific death was calculated at a point in time (17, 18). A reference index of the weight of primary or contralateral cancer was normalized and standardized as the reference weight value of each point in interval time (19). To fit the weight values, the nonlinear fitting function with parameters was set and the regression coefficients were worked out.



Statistical analysis

Competing risk modeling: Follow-up was begun from the diagnosis of CBC to the date of death or the last recording from SEER or the hospital. In SEER cohort, there were 2,357 patients died from cancer and 2,624 patients died for other causes within 25 years of follow-up, which was suitable for breast cancer–specific cumulative mortality (BCCM) calculated by Fine and Gray’s competing risk model (9) to remove interference from other causes of death. We did not censored follow-up at age more than 70 years since other cause deaths could be excluded by the risk-competitive model.

Construction of the nomogram: According to the competing risk model, four independent prognostic variables were included and revised by DR mathematical model. We further screened for prognosis impact factors by Fine and Gray's competing risk regression analysis and constructed a corresponding competing risk nomogram. The eligible patients from SEER were divided into two groups randomly by 2:1: training cohort (n = 8,869) and validation cohort (n = 4,435). There were no differences in clinical features between the training cohort and validation cohort except in surgery method (Table S3). Concordance index (C-index) values were used to measure the discrimination performance and calibration curves were assessed graphically by plotting the observed rates against the nomogram-predicted probabilities via a bootstrap method with 1,000 resamples.

Statistics of clinical characteristics between PBC and CBC were analyzed by χ2 test used to compare categorical characteristics. In the competing risk model, the clinicopathologic factors affecting the follow-up outcomes independently were selected, subdistribution hazard ratios (SHRs) with 95% confidence interval (CI) were calculated, and CIF curves were plotting using STATA Version 15.0. Other data analyses were performed using R software version 3.6.1 (R Foundation for Statistical Computing). Two-sided p< 0.05 was considered statistically significant.




Results


Clinical characteristics distribution of MBBC

Among the 473,909 patients with BC in SEER, 13,304 individuals of MBBC were included, which is consistent with a 3%–4% overall morbidity of MBBC (baseline characteristics in Tables S1–S2). Diagnosis of PBC had a peak at approximately age ranged from 48 to 68 years, and incidence of most CBC was at the ages 56 to 76 years (Figures 1A, B). The mean age of diagnosis with PBC and CBC was 58 versus 66 years, and the interval time between PBC and CBC ranged from 6 months to 25 years (mean interval, 7 years), and the occurrence risk of CBC gradually decreased as the time interval lengthens (Figure 1D). In addition, the younger the onset age of CBC means the shorter spacing interval of MBBC that the median interval in patients younger than 40 years was only 3 years (p< 0.0001, Figure 1E).




Figure 1 | Distribution of clinical characters in MBBC from SEER. (A, B) Age distribution in MBBC: the number of patients plotted on the y-axis against age on the x-axis for PBC (A) and CBC (B). The mean age of diagnosis with PBC and CBC was 58 versus 66 years, respectively. (C) The consistent radio by different clinical features on the y-axis against gender on the x-axis. (D) The number of patients with CBC plotted on the y-axis against the interval time, and the mean was 7 years. (E) Patients were divided into five groups according to age at diagnosis of CBC (≤40, 41–50, 51–60, 61–70, ≥71), the range of interval time was counted on the x-axis. ***p < 0.001.



All of the clinical characteristics between PBC and CBC were significantly different, including marriage status, differentiation grade, pathology, tumor size, lymph nodes metastasis (LNM), estrogen receptor (ER) status, progestrone receptor (PR) status, and HER2 status (p< 0.0001; Table S2). Heterogeneity of MBBC was obvious in clinical features, inconsistent proportions between PBC and CBC among the above characteristics were 17.14, 55.77, 42.64, 40.11, 38.18, 27.50, 38.08, and 22.02%, respectively (Figure 1C).



Heterogeneity of somatic mutations and clonal evolution in BBC

To evaluate the heterogeneity of nonsilent mutations between bilateral tumor lesion, we sequenced 10 spatially distinct regions from five operable patients with BBC. In terms of a single patient, each mutation defined as ubiquitous (present in bilateral tumor regions) or heterogeneous (present in one side of the lesion). Spatial heterogeneity was identified in all five BBCs, with almost all heterogeneous mutations between bilateral tumor lesion (range: 95.4–100%), except for only one ubiquitous mutation GATA3 in patient P03 (Figure 2A).




Figure 2 | Heterogeneity of somatic mutations and clonal evolution in BBC. (A) Heat maps show the clinical characters and individual somatic mutations of five BBC patients with different interval time (rang from less than 6 months to 61 months) in right breast (orange) and left breast (green) of SBBC (P01 and P02), or PBC (blue) and CBC (yellow) of MBBC. The presence (blue) or absence (gray) of each mutation is indicated for every tumor region. Clonal evolution of 10 pathological specimens after operation (L001 to L019) from different spatial regions. (B) Fraction of early mutations (trunk) and late mutations (branch) accounted for by each of the six mutation types in all samples. Driver mutations occurring in an APOBEC signature (C > T and C > G mutations) are highlighted with blue and yellow box. (C) Heat maps show the common mutational signatures via COSMIC. (D) The total importance for each feature group. SGF, sub-clonal genome fraction; CDF, cancer DNA fraction; GD, genome doublings; TNB, tumor neoantigen burden; TMB, tumor mutational burden; clone_num, clone numbers; SI, Shannon index. (E) The correlation and prognosis importance for 14 features, including clinical (green points), molecular (purple points) characters, and ITH (orange points) was shown by wires. Dark orange wires meant the relevance of each point had statistically significant (p< 0.05) and gray wires meant insignificance (p > 0.05). (F) The relationship of the interval time and MATH-score-ratio was described by regression equation, y = 0.88–0.02x.



To further explore the dynamics of the mutational processes shaping BBC genomes over time, the spectra of point mutations in each lesion were dissected. Compared with synchronous BBC (patients P01 and P02), heterogeneous distribution of somatic mutations in MBBC was significantly associated with the sequence of onset and interval time. The mutational diversity of CBC was significantly higher than that of PBC, and the shorter the interval exhibited an increase in somatic mutation of CBC, indicating the poorer prognosis (patients P03–P05, Figure 2B).To characterize the genomic instability process between the occurrence of PBC and CBC, we investigated common mutational signatures via catalogue of somatic mutation in cancer [COSMIC (20), https://cancer.sanger.ac.uk/cosmic/signatures_v2], which contained signatures 1, 6, 11, and 19. Thereinto, signatures 1 and 11 were closely associated with age of cancer diagnosis and chemotherapy drugs, such as alkylating agent (Figure 2C).

To further predict the clinical outcomes of MBBC, we integrated clinical, molecular, and ITH (21) features (measured as the percentage of late mutations (22), highlighted the complex interaction between driver status and tumor heterogeneity (23) from multiple layers, and discovered that several highly correlated features were found to stratify patient outcomes, such as MATH (24) ratio and clone numbers (Figure S1B). Plotting the correlation structure across these features, we discovered that clinical feature interval time was significantly associated with MATH ratio (p< 0.05, R2 = 0.85, Figures 2D–F), suggesting that time interval between BBC is an important reflection of tumor evolution and clinical prognosis. Furthermore, previous large-scale sequencing of pan-cancer studies had reported that patient outcome could be better predicted by clinical features than by genomic features (25). Thus, a prognostic model based on essential clinical features might stratify the prognosis of MBBC.



Comprehensive analysis of PBC and CBC in competing risk model

In our study, to identify the essential features, several clinical parameters were included into competing risk models (1): race, the age at diagnose time of CBC, the interval time ranged from PBC to CBC (2); differences of marriage status, tumor size, LNM, grade, pathology, molecular status, and surgery types in PBC and CBC. In univariate analysis of BCCM, almost all of the clinical parameters had significant differences (p< 0.000) but for race, marital status, and HER2 status. According to multivariate analysis, interval time (p< 0.000), tumor size (p< 0.001), LNM (p< 0.006), grade (p< 0.032), and ER status (p = 0.006) between PBC and CBC significantly affected the prognosis of these patients (Table 1 and Table S4). The surgery method (p > 0.050) was not a critical factor in prediction of bilateral BCCM.



Interval time determines the weight of MBBC characteristics in BCCM

In view of the importance of interval time in tumor clonal evolution, we conducted further stratified analysis at different intervals based on the above prognostic factors. Estimates for BCCM differed across the interval time, significantly survival discrepancy for MBBC patients with spacing interval< 3 years, 3–7 years and > 7 years. When patients diagnosed with CBC within 3 years, critical clinical features (T stage, N stage, grade, and ER status) of PBC and CBC almost simultaneously inflected the BCCM of patients. Once patients with interval time > 7 years, clinical characteristics in CBC had a prominent impact on the prognosis of these patients, suggesting that interval time might determine the weight of clinical features on PBC and CBC in prognosis evaluation. While for patients with interval time within 3–7 years, the distribution of clinical features was between the above two-time dimensions (Figure 3).




Figure 3 | Interval time in stratified BCCM of MBBC characteristics. Risk group stratification within each prognostic factor with distant interval time (< 3, 3–7, > 7 years), including T stage (A), N stage (B), grade (C), and ER status (D). The same features of PBC are reflected with the same line type (solid or dashed line), and the same features of CBC are reflected with the same line color (blue, yellow, or gray).





Bilateral characteristic DR model of BC based on interval time

Considering the important role of interval time in MBBC and the interference of interphase with other clinical factors on prognosis assessment, we illustrate the DR model dependent on interval time. Taking the T stage as an example (Figure 4A), we introduce a comprehensive indicator/index to describe the correlation between the bilateral staging:

	




Figure 4 | Weight of CIF curves on interval time and DR nomogram. (A–D) The weight of T stage (A), N stage (B), grade (C), and ER status (D) belonging to PBC or CBC for prognostic prediction changed with interval time. CIF curves were created to identify the weight of PBC and CBC of the patient with specific interval time when using each character to predict BCCM. Wp, weight of PBC’s character. Wc, weight of CBC’s character. (E) DR prognostic nomogram for patients with MBBC. Competing risk dimensionality reduction nomogram for predicting the 3-, 5-, and 10-year probabilities of breast cancer–specific survival (BCSS). (F, G) Calibration plots for 3-, 5-, and 10-year probabilities of DR nomogram in the training (F) and validation (G) cohort. The solid line represents equality between the predicted and observed probabilities. With the dots close to the solid line, the plots reveal excellent agreement between the nomogram-predicted probabilities and actual observations.



Where wc (t),wp (t) represent the incidence interval t dependent weighting function, which can be estimated by data fitting. We draw the CIF curve fij of T stage with respect to interval, by univariate competing risk analysis (PBC defined as i, CBC defined as j), then calculate the L1 norm of fij for each subgroup

	

For each interval t, we define the L1 norm difference among all the subgroups as Dp,

	

	

Normalizing all the Dp, and define it as the (PBC) weight wp for each interval t. By nonlinear fitting, we obtain the relationship between wp and t,

	

where a, b, and c are the coefficients. Then the weight for (CBC) is defined as

	

On this basis, we employed the same procedure to deal with N stage, tumor cell grade, and ER status (Figures 4B–D).



DR nomogram

According to the DR CIF curve, we reduced the key clinical feature data of PBC and CBC in two-time dimensions to the unified dimension and assigned different weights. The weight of T stage on PBC and CBC, for example, a patient with interval of 5 years (T3 stage on PBC and T1 stage on CBC), was 0.37731 and 0.62269, respectively. Ulteriorly, referring to assignment score in Table 2, the DR of T stage (TDR stage) = 3 × 0.37731 + 1 × 0.62269 = 1.75462, so TDR stage was II stage (score: 1.51–2.0). The DR stage parameters were included in the multivariate analysis of competing risk, TDR (p< 0.001), NDR (p< 0.001), gradeDR (p = 0.028), ERDR (p< 0.001), to generate a DR nomogram (Figures 4E; Figure S1).

The C-index of the nomogram was 0.773 (95% CI, 0.769–0.776) in training cohort (n = 8,869), and 0.819 (95% CI, 0.813–0.826) in validation cohort (n = 4435), respectively. In contrast to modeling for a single-spatial and temporal dimension in previous studies, DR nomogram was proved to have higher predictive power. Calibration plots revealed superb agreement between the nomogram-predicted probabilities and actual observations (Figures 4F, G).




Discussion

With regard to MBBC, no matter CBC is primary or metastatic, spatial–temporal heterogeneity between the PBC and CBC poses a significant challenge for assessing the prognosis and designing effective treatment regimens (26, 27). However, up to now, no studies have described the heterogeneous distribution and clonal evolution characteristics of these patients with MBBC (28, 29).

In this study, we collected samples and clinical data of BBC at disparate intervals from combined with large sample data from the SEER database, to analyze the clinical heterogeneous features and clonal evolution characteristics of MBBC from time and space dimensions. We verified that significant heterogeneity in genome (Figure 2A) and clinical features (Table S2) of BBC was widespread, especially for the diversity of driver gene mutation that was almost completely distinct between PBC and CBC. This significant heterogeneity poses a great challenge to the establishment of clinical prognostic models, which just based on unilateral lesion.

More importantly, we found that all of CBCs exhibited more different driver mutations and/or recurrent copy number aberrations than that in PBC, and the mutational diversity of CBC was significantly higher in patients with shorter interval time. In addition, a shorter interval time was significantly associated with a higher MATH ratio and poorer survival, mostly owe to the age of CBC diagnosis (Figure 1E), chemotherapy drugs (Figure 2C), and hereditary susceptibility (BRCA1/2 mutations) (25). It all suggested that, much shorter, an interval often indicated more malignant clonal evolution and interval time might have a vital influence on outcomes of MBBC.

Just since the time dimension and the weight of clinical features of bilateral lesions was crucial in the prognosis assessment of MBBC (Figures 3A–D), several previous clinical studies that tried to establish prognostic models based on clinical characteristics, just from one lesion (2, 3), cannot reflect the real prognosis. Some studies focused on the influence of worse characteristics on disease outcome (30). However, our study found that interval time plays an important role in prognosis of MBBC apart from clinical and molecular features. Thus, we included the interval time into account in our prognosis models (14).

To resolve the issue, we built a bilateral evaluation model that synchronously take heterogeneity of clinical features on both sides of the lesion into account for the first time, including T stage, N stage, grade, ER status, and interval time. Even so, the time dimension (interval time) was proven to have complex correlations with the other prognostic factors (p< 0.0001, Figure 1E, Figure S2), which could interfere with the predictive efficacy of the prognostic model. Thus, we reduced the time dimension dependent on the weight of clinical features of bilateral lesions at distant time node using CIF curves by crossing over with mathematics, to establish DR nomogram for actual observation for 3-, 5-, and 10-year BCCM, which was significantly better optimization of prognosis stratification than a traditional nomogram, and C-index improved by 0.05 and 0.06 in training cohort and internal validation cohort, respectively. In addition, this nomogram was only based on four basic clinical features, which greatly improves the clinical applicability of this model and facilitates clinical popularization. The application of the dimension reduction method could also extrapolate the prediction model to the clinical prediction of synchronous BC, and only the weight balance of occurrence of BBC is 0.5. A study-based SEER showed that the CBC were more and more likely to be detected at an early stage within short interval time (<= 1 years) and treated with mastectomy (4). The explanations of choosing mastectomy over breast-conserving surgery were complex and unclear, and we think with the help of the nomogram, more sensible therapeutic schedule will be made.

Validation of the nomogram is essential to avoid over-fitting and determine generalizability of prognostic model (31). In the current study, calibration plots showed optimal agreement between prediction and actual observation, guaranteeing the reliability and feasibility of the established nomogram (Figures 4F, G). The much higher C-index of the DR nomogram was revealed in internal validation cohort than that in the training cohort, indicating the effective repeatability. In the tentative external validation cohort from China (n = 89), the C-index was similar with the training cohort, suggested that the model was adaptable to the Asian population in spite of the small sample size (Figure S3). Even so, the validation of large sample and multicenter clinical data is still needed in the future.

On the other hand, whole-exome sequencing showed that gene mutations seemed to be completely different in PBC and CBC, hard to pin down the correlations with specific genetic mutations. However, the mutation signatures were all concentrated in the characteristics related to chemotherapeutic drugs alkylating agents, suggesting that the significance of drug stress selection in clone evolution (31, 32). This study provided an excellent in vivo model for improving the understanding of tumor evolution, which would guide clinical decision making to a certain extent. For example, the significance of chemotherapy elimination regimen for the malignant evolution of contralateral tumors and long-term outcome in patients with early BC should be considered.

However, our study still has the following limitations. First, given the low incidence of BBC with 0.22−3.08% in China (33), only 89 patients with BBC were included in this study among 25,119 cases from the First Hospital of Jilin University. Despite this external validation of the DR nomogram showed similar C-index with the training cohort, the small sample size still has the possibility of analysis bias. Even so, the validation of large sample and multicenter clinical data is still needed in the future to enhance the credibility of the results and applicability in clinical practice. Second, limited by the types of clinical and molecular factors included from SEER database, molecular indicators such as BRCA mutations were not included. Thus, it warrants an extend sample size with complete molecular, pathological, and clinical features to verify its clinical benefit.

In conclusion, we established and validated a novel DR nomogram for predicting BCCM of patients with MBBC. The clinicians could more precisely estimate the survival of individual patients and identify subgroups of patients who are in need of a specific treatment strategy by this nomogram.
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Breast cancer is one of the most common tumors in women. Despite various treatments, the survival of patients with advanced breast cancer is still disappointing. Furthermore, finding an effective individualized treatment for different kinds of patients is a thorny problem. Patient-derived tumor-like cell clusters were reported to be used for personalized drug testing in cancer therapy and had a prediction accuracy of 93%. However, there is still a lack of case reports about its application in the individualized treatment of breast cancer patients. Here, we described four cases of individualized treatment for advanced breast cancer using the patient-derived tumor-like cell cluster model (PTC model). In these four cases, the PTC model showed a good predictive effect. The tumor size was reduced significantly or even disappeared completely through clinical, radiological, or pathological evaluation with the help of the PTC model for selecting an individualized therapy regimen. Furthermore, the drug sensitivity test results of the PTC model were consistent with pathological molecular typing and the actual clinical drug resistance of the patients. In summary, our case report first evaluated the application value of the PTC model in advanced breast cancer, and the PTC model might be used as an efficient tool for drug resistance screening and for selecting a better personalized treatment, although further study is needed to prove the validity and stability of the PTC model in drug screening.
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Introduction

Breast cancer is one of the most common tumors, and its incidence rate ranks first in female malignant tumors (1). Despite various treatments, the survival of patients with advanced breast cancer is still disappointing, and the overall survival (OS) is approximately 31% (2). Because of the rapid progression of the tumor, it is of great importance to find an effective treatment in time (3). However, finding an effective individualized treatment for different kinds of patients is a thorny problem (4, 5). Some articles reported that patient-derived tumor-like cell clusters could be used for personalized drug testing in cancer therapy and had a prediction accuracy of 93% (6). However, there is still a lack of case reports about its application in the individualized treatment of breast cancer patients. Here, we described four cases of individualized treatment for advanced breast cancer with the use of the patient-derived tumor-like cell cluster model (PTC model).



Methods

To identify the optimum therapy for individualized treatment, a personalized PTC drug testing system was conducted as described in a previous study (6). Thousands of PTCs were divided into a multiwell chip and were evaluated with different drugs, and it was confirmed that the gene expressions within different wells were highly correlated and PTC gene expressions were consistent with that of the original tumor (6). In clinical practice, the Response Evaluation Criteria in Solid Tumors (RECIST) is usually used to assess the efficacy of individualized treatment. The PTC model defined a similar method to assess drug efficacy: it first fixed the cutoff value of cell viability and then determined the effective concentrations of different drugs.

First, drug efficacy was assessed by measuring the area of all PTCs in each well. PTCs were photographed and evaluated on days 0 and 7. Only cell clusters with diameters greater than 40 μm when measured at both time points were used to estimate the total area. Moreover, cell viability after the addition of drug A was estimated by the following method:

	

where S represents the sum of the cluster area in each well, n represents the number of repetitions, and q0, q1 represent the time points (days 0 and 7) when the area is measured. The cell viability of the negative control (pNC) was calculated in the same way and served as a quality control. If pNC was less than 0.9, the PTC test was discarded because PTCs were possibly in the decline phase.

Second, the cutoff value of the PTC model was determined based on the RECIST criteria as described in a previous study (6). According to the RECIST criteria, the tumor efficacy was divided into two subgroups with 0.7 as the cutoff value, and partial response (PR) or complete response (CR) was regarded as effective, while progressive disease (PD) or stable disease (SD) as otherwise. Accordingly, the drug was regarded as effective if pA<0.7, and the drug was not effective if pA ≥0.7.

Lastly, the effective drug concentration (Ec) of drug A in the PTC model was determined according to its clinical efficacy (6). The clinical efficacy was assessed in 272 breast cancer patients admitted to Zhejiang Provincial People’s Hospital from 1 January 2014 to 31 December 2020 with neoadjuvant chemotherapy or palliative chemotherapy (details are provided in Supplementary Material Table S1). For any precise tumor treatment method, including the PTC model, its predicted drug efficacy rate should be consistent with the patient’s clinical response rate of this drug among patients. In our PTC model, the predicted efficacy rate was determined by the cutoff value of the cell viability and the drug’s Ec. Therefore, after fixing the 0.7 cutoff value, we determined the Ec of a drug as the concentration such that the effective rate in the PTC assay was closest to the overall response rate of this drug in clinical practice which was assessed in 272 breast cancer patients with neoadjuvant chemotherapy or advanced treatment (Table S2). We used the PTC samples of 12 patients as the training cohorts to determine the Ec values of nine drugs. The Ec of all drugs used in this study was determined. Three replications were performed for each drug sample pair (Figure S1).

Because some drugs are dependent on exposure time while others are not, the drug exposure time is uniformly set to 24 h to ensure adequate and uniform exposure time.



Case description


Case 1

A 37-year-old Chinese woman who was in lactation presented with a red and swollen left-side breast. Examination revealed 20 * 15 cm redness and swelling in the left breast and 4 * 3 cm mass in the upper quadrant of the right breast (Figure 1A). Core needle biopsies were performed on bilateral breast masses and revealed invasive ductal carcinoma [immunohistochemistry: left—estrogen receptor (ER) (−), progesterone receptor (PR) (−), human epidermal growth factor receptor 2 (HER2) (1+), Ki67 (+35%); right—ER (−), PR (−), HER2 (1+), Ki67 (+30%)]. Furthermore, positron emission tomography/computed tomography (PET/CT) showed multiple lymph node metastases in the bilateral axilla, left clavicular area, and left upper mediastinum, and her final TNM stage was T4N3M1 (Figure 2A). Individualized treatment was screened with the use of the PTC model, and the drug sensitivity results are included in Figure 3 and Figure S2 (details are available in Supplementary Material Table S3). Finally, compared with the other treatments, the albumin paclitaxel (125 mg/m2) plus carboplatin (AUC = 2) d1, 8, 1/21d regimen showed a higher killing rate of the tumor cells (47%) and was selected. After six cycles of chemotherapy, the tumor size was reduced obviously (Figure 1B), but the drop in platelet count was also significant. Thus, the regimen was adjusted to albumin paclitaxel (260 mg/m2, d1, 1/21d) plus capecitabine (150 mg BID, d1–14, 1/21d) for maintenance therapy based on previous drug sensitivity results with the PTC model. After 10 cycles of chemotherapy in total, PET/CT was performed again and indicated a significant reduction of tumor and lymph nodes (Figure 2B). Finally, to improve her quality of life, bilateral mastectomy and local rotation skin flap grafting were performed (Figures 1C, D). The final pathological results indicated a pathologic complete response (pCR) of the right side, with Miller–Payne (MP) grade 5, and MP grade 3 of the left side, with a residual tumor size of 2.5 * 2 cm. By now, the progression-free survival (PFS) has reached 20 months.




Figure 1 | Evaluation of the therapeutic effect after chemotherapy. (A) A frontal view of the patient first presenting with a red and swollen left-side breast; (B) a frontal view of the redness and swelling of the patient’s left breast decreasing obviously after six cycles of chemotherapy; (C) a frontal view of the patient completing 10 cycles of chemotherapy prior to a planned mastectomy; (D) a frontal view of the patient after bilateral mastectomy and local rotation skin flap grafting.






Figure 2 | PET/CT images evaluating the changes in breast masses and metastatic lymph nodes during treatment in case 1. (A) PET/CT images showing intense FDG uptake in the bilateral breast, bilateral axilla, left clavicular area, and left upper mediastinum at the time of initial diagnosis; (B) PET/CT images showing that areas of high FDG uptake in the breast and lymph nodes were significantly reduced after 10 cycles of chemotherapy.






Figure 3 | The drug sensitivity results of the PTC model for individualized treatment in case 1. (A) Comparison of trastuzumab before and after dosing; (B) comparison of epirubicin + cyclophosphamide before and after dosing; (C) comparison of vinorelbine + capecitabine before and after dosing; (D) comparison of albumin paclitaxel + capecitabine before and after dosing; (E) comparison of albumin paclitaxel + carboplatin before and after dosing; (F) negative control (NC) group.





Case 2

A 50-year-old Chinese woman presented with a 3 * 2-cm right breast mass. Core needle biopsy indicated invasive ductal carcinoma [immunohistochemistry: ER (−), PR (−), HER2 (3+), Ki67 (+80%)]. In addition, PET/CT showed multiple bone metastases and right axillary lymph node metastasis, and the final stage was T2N1M1. The PTC model was used for drug sensitivity screening (Figure 4 and Figure S3; details are available in Supplementary Material Table S4). The PTH (albumin paclitaxel 260 mg/m2 d1, trastuzumab 8 mg/kg d1 followed by 6 mg/kg d1, and pertuzumab 840 mg d1 followed by 420 mg d1, 1/21d) regimen showed a better tumor cell killing rate of 70% and was finally selected. In addition, zoledronic acid was used to inhibit bone metastasis. After four cycles of chemotherapy, the tumor size was reduced obviously. Finally, right mastectomy and axillary lymph node dissection were performed, and the pathological results indicated a pCR of the tumor with MP grade 5. By now, the PFS has reached 18 months.




Figure 4 | The drug sensitivity results of the PTC model for individualized treatment in case 2. (A) Comparison of albumin paclitaxel + capecitabine + trastuzumab before and after dosing; (B) comparison of albumin paclitaxel + carboplatin + trastuzumab before and after dosing; (C) comparison of albumin paclitaxel + carboplatin before and after dosing; (D) comparison of pyrotinib + capecitabine before and after dosing; (E) comparison of epirubicin before and after dosing; (F) comparison of albumin paclitaxel + trastuzumab + pertuzumab before and after dosing; (G) negative control (NC) group.





Case 3

A 37-year-old Chinese woman presented with a 2.5 * 1.5-cm left breast mass. Core needle biopsy indicated invasive ductal carcinoma [immunohistochemistry: ER (−), PR (−), HER2 (2+), Ki67 (+30%)]. Fluorescence in-situ hybridization (FISH) was performed and the result was negative. Thus, the EC * 4 (pharmorubicin 90 mg/m2 plus cyclophosphamide 600 mg/m2 d1, 1/21d)–T * 4 (docetaxel 100 mg/m2 d1, 1/21d) regimen was used for neoadjuvant chemotherapy. After eight cycles of neoadjuvant chemotherapy, modified radical mastectomy was performed, and the pathological results revealed invasive ductal carcinoma [MP grade 3, immunohistochemistry: ER (−), PR (−), HER2 (2+), Ki67 (+20%)]. Then, FISH was performed again andthe result was still negative. However, 2 months later, thepatient was confirmed with chest wall metastases [immunohistochemistry: ER (−), PR (−), HER2 (2+), Ki67 (+10%)]. The PTC model was used for drug sensitivity screening (Figure S4), and the results indicated that anti-HER2 therapy was effective. Then, FISH was performed the third time, and the result turned out to be positive. Finally, the PTH (albumin paclitaxel 260 mg/m2 d1, trastuzumab 8 mg/kg d1 followed by 6 mg/kg d1, and pertuzumab 840 mg d1 followed by 420 mg d1, 1/21d) regimen was selected, and the chest wall metastases disappeared completely. By now, the PFS has reached 12 months.



Case 4

A 56-year-old woman presented with a 3 * 2-cm right breastmass. A preoperative puncture was performed and showed invasive ductal carcinoma of the right breast (immunohistochemistry: ER (−), PR (−), HER2 (3+), Ki67 (+35%)] and negative axillary lymph node. All organs (including the lungs) showed no signs of metastasis during preoperative evaluation. Therefore, modified radical mastectomy and sentinel lymph node biopsy were performed, and the postoperative pathological report revealed invasive ductal carcinoma of the right breast [2.5 * 2.0 cm, immunohistochemistry: ER (−), PR (−), HER2 (3+), Ki67 (+70%)] and negative sentinel lymph node (0/5). One month later, CT showed multiple pulmonary nodules that had not been detected on preoperative CT and were considered metastatic (Figure S5A). Her final TNM stage was T2N0M1. Thus, the PTH (docetaxel 100 mg/m2 d1, trastuzumab 8 mg/kg d1 followed by 6 mg/kg d1, and pertuzumab 840 mg d1 followed by 420 mg d1, 1/21d) regimen was selected according to the guidelines. However, pulmonary nodules gradually increased and became larger after four cycles of treatment (Figure S5B). PET/CT suggested multiple metastatic nodules in both lungs, the largest of which was approximately 9 * 7 mm (Figure S6A). Thus, we implemented a PTC drug sensitivity test to screen effective drugs for individualized treatment. All drugs selected for the PTC sensitivity test were selected according to the guidelines and the clinical experience of experienced physicians. Interestingly, the PTC sensitivity test results suggested that compared with chemotherapy combined with targeted therapy, the corresponding chemotherapy regimen alone had similar tumor cell lethality (Figures S7, S8). This finding also demonstrated that the treatment regimen previously used (the PTH regimen) was ineffective. In addition, the pulmonary nodules were punctured, and the histopathological diagnosis was consistent with lung metastasis from breast cancer [immunohistochemistry: ER (−), PR (−), HER2 (1+), Ki67 (+30%)]. This result suggested that the patient’s HER2 status had changed, being positive in the primary tumor and negative in the metastatic lung nodule. This was consistent with our test results and might explain why targeted therapy based on the PTC sensitivity test was ineffective. Finally, the NCb (vinorelbine 25 mg/m2, d1, 8, carboplatin AUC = 2, d1, 8, 1/21d) plus targeted therapy (trastuzumab 6 mg/kg d1, pertuzumab 420 mg d1, 1/21d) regimen was selected based on the PTC drug sensitivity screening results. After four cycles of treatment, the pulmonary nodules almost completely disappeared (Figures S5C, S6B). At present, the patient has achieved a PFS time of 14 months.




Discussion

The leading causes of death in patients with advanced breast cancer are tumor metastasis and drug resistance (3, 7). Increasing evidence has indicated that patient-derived tumor models could present human tumor biology and evaluate the potential clinical responses (8–10). Although patient-derived tumor xenografts (PDXs) were reported to be a precise measurement of drug screening, it was difficult to generate sufficient organoids for drug screening within 2 to 3 weeks from small tissue samples (6, 9, 11). To address the defects of previous technologies, the PTC model was emphasized, which could be a method of long-term maintenance and expansion of primary tumor cells in a Matrigel-free condition (6, 12), and it was reported as a structural and functional unit which could recapitulate the original tumors according to genotype, phenotype, and drug response within 2 weeks (6). Furthermore, a previous study has demonstrated that the PTC model in breast cancer can express ER, PR, and HER2 status similar to those of the original tumor (6). To ensure the accuracy and stability of drug sensitivity, specific culture conditions and an accurate cutoff value of the PTC model were established (6, 13). The consistency of PTC cell viability in different wells as well as the consistency between the predicted results of the PTC model and the patient’s clinical response has been demonstrated (6). Furthermore, the PTC model was proved to be a tool for personalized treatment selection which had a prediction accuracy of 93% (6, 14).

Our case report first evaluated the application value of the PTC model in advanced breast cancer and filled in its lack of clinical validation in the individualized treatment of breast cancer. In these four cases of individualized treatment for advanced breast cancer, the PTC model showed a good predictive effect. The tumor size was reduced significantly or even disappeared completely through clinical, radiological, or pathological evaluation with the help of the PTC model for selecting an individualized therapy regimen. Patients who responded to the treatments were reported to have a better OS; thus, the PTC model, which was reported to increase the pCR rate, might have a certain effect on improving the OS (15, 16). Furthermore, the drug sensitivity test results of the PTC model were consistent with pathological molecular typing and the actual clinical drug resistance of the patients. For example, the drug sensitivity results of the PTC model showed that anti-HER2 therapy was insensitive to the tumor in case 1, which was pathologically confirmed as triple negative breast cancer, while in case 3, the drug sensitivity results of the PTC model indicated that anti-HER2 therapy was effective to the patient whose first two FISH tests were negative. Finally, it was confirmed that her HER2 status was positive. Moreover, in case 4, the primary tumor was HER2 positive, but the PTC drug sensitivity test results suggested that lung metastases were insensitive to anti-HER2 therapy. The histopathological findings from the biopsy of pulmonary nodules in case 4 finally confirmed that the patient’s HER2 status had changed from positive in the primary tumor to negative in the lung metastasis, which was consistent with the PTC drug sensitivity test results. In addition, the results of the PTC sensitivity test confirmed that the previously used therapeutic regimen was ineffective, suggesting that it had high value in predicting the drug resistance of tumors. Therefore, the PTC model might be used for evaluating the efficacy of chemotherapy and targeted therapy and for estimating pathological molecular typing, and it demonstrated good value in guiding individualized treatment.

In summary, our case report first evaluated the application value of the PTC model in advanced breast cancer, and the PTC model might be used as an efficient tool for drug resistance screening and for selecting a better personalized treatment, although further study is needed to prove the validity and stability of the PTC model in drug screening.
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Introduction

It is still unclear whether radiotherapy affects the long-term survival of breast cancer (BC) patients after immediate breast reconstruction (IBR). This study aims to evaluate the actual prognostic impact of radiotherapy on BC patients undergoing IBR, and to construct survival prediction models to predict the survival benefit of radiotherapy.



Methods

Data on eligible BC patients were retrieved from the Surveillance, Epidemiology, and End Results (SEER) database. Competing risk models were used to assess breast cause-specific death (BCSD) and non-breast cancer cause-specific death (NBCSD). Kaplan‐Meier curve, Cox risk regression model and forest map were used to evaluate and demonstrate overall survival (OS) and breast cancer-specific survival (BCSS). Survival prediction nomograms were used to predict OS and BCSS probabilities.



Results

A total of 22,218 patients were selected, 24.9% received radiotherapy and 75.1% were without radiotherapy. Competing risk models showed that whether BCSD or NBCSD, the cumulative long-term risk of death in the radiotherapy group was higher than that in the non-radiotherapy group. The Kaplan‐Meier curve showed that patients with different lymph node metastasis had different radiotherapy benefits. Multivariate stratified analysis showed that radiotherapy after autologous reconstruction was associated with poor BCSS in patients with stage N0, and radiotherapy after autologous reconstruction and combined reconstruction improved OS and BCSS in patients with stage N3. The C-indexes of nomogram (between 0.778 and 0.847) and calibration curves showed the good prediction ability of survival prediction model.



Conclusions

Radiotherapy can improve OS and BCSS in N3 stage BC patients undergoing immediate autologous reconstruction after mastectomy. The practical nomograms can be used to predict OS and BCSS of patients with or without radiotherapy, which is helpful for individualized treatment.
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Introduction

Breast cancer (BC) is the most common cancer in women (1). In 2020, BC has surpassed lung cancer as the leading cause of global cancer incidence. It is also the fifth leading cause of cancer mortality worldwide, and one of the highest burden of cancers in the world (2, 3). Mastectomy is one of the traditional and preferred surgical treatment methods (4–6). However, partial or complete mastectomy can alter the patients’ body shape, and have adverse social, sexual or psychological consequences. Patients who undergo breast reconstruction after mastectomy have been reported to have a better quality of life (7–9). As a result, breast reconstruction has become increasingly popular in recent years, generally including immediate breast reconstruction (IBR) and delayed breast reconstruction (DBR). Some studies have suggested that IBR is superior to DBR due to lower cost and surgical risk, and higher patient satisfaction (10–12). Currently, there is no evidence that IBR increases the risk of postoperative recurrence and death (13).

Postmastectomy radiotherapy (PMRT), as an effective postoperative adjuvant treatment to prevent recurrence and improve survival, is being actively implemented (14–16). Evidence indicates that patients receiving PMRT have significantly improved survival and a reduced risk of local recurrence (17, 18). According to the authoritative guidelines issued by the American Society of Clinical Oncology (ASCO) in 2001, the primary indication of PMRT is tumors larger than 5 cm or more than 3 positive axillary lymph nodes (19). In the following 10 years, the National Comprehensive Cancer Network (NCCN) has expanded the indications of PMRT. PMRT is “considered” and “strongly considered” for patients with tumors ≤ 5cm and 1-3 positive lymph nodes, respectively (20). Nevertheless, for patients requiring PMRT, breast reconstruction is often delayed due to adverse tissue changes associated with radiotherapy (21–23). Possible side effects include capsular contracture, tissue fibrosis and edema, indicating a higher risk of infection (24, 25). Münire Kayahan et al. (26) reported that patients who received radiotherapy after reconstruction were more frequently found to suffer complications and implant failure. Christante et al. (27) showed that more than 30% of patients who received radiotherapy after IBR required the removal of implants. Despite this, the number of patients undergoing radiotherapy after IBR continues to rise (20). The necessity and usefulness of PMRT are complicated for patients with breast reconstruction (28). Although a few studies have shown that IBR does not affect the implementation of radiotherapy, most studies investigating the role of radiotherapy in patients with IBR focused on cosmesis effects, rather than survival outcomes (29–31).

The current national reconstruction practice, particularly in the patients who are more challenging to undergoing PMRT, is less well known (32). The purpose of this study is to investigate the prognostic effects of radiotherapy on breast cancer patients undergoing immediate reconstruction after mastectomy, and to evaluate the potential survival benefits individually.



Methods


Data source and study population

The data for this study were obtained from the Surveillance, Epidemiology, and End Results (SEER) database. Based on the software SEER*Stat version 8.3.9.1, we extracted the required information (with additional treatment fields) from the SEER database for 18 cancer registries from 1975 to 2016. The radiotherapy data were obtained from a separate application. As one of the most representative large cancer databases in the United States, data from the SEER database are publicly available. Informed consent is not required because there is no private information involved. The Ethics Committee of the Second Affiliated Hospital of Xi’an Jiaotong University approved this study.

The analysis included women with microscopically confirmed breast cancer who underwent immediate mastectomy reconstruction between 2010 and 2015. Exclusion criteria are as follows: 1) more than one primary tumor; 2) details were unknown or unclear; 3) diagnosis only be made by autopsy or death certificate; 4) survival time was equal to zero. Patients in SEER were followed up to death, and any patient who died after the follow-up deadline was recoded as alive patients after the deadline. Through screening, 22,218 eligible patients were enrolled in this study. Individual data for each case included age, race, marital status, histological type, grade, tumor-node-metastasis (TNM) stage, breast cancer subtype, reconstruction procedure, and whether to have radiotherapy. Marital status was regrouped into two groups: Married group and not married group. Single (never married), separated, divorced, widowed or domestic partner were grouped into the not married group. Histological types were classified according to the International Classification of Diseases in Oncology, Third Edition (ICD‐O‐3) into 4 categories, ductal (8500), ductal/lobular (8520), lobular (8522) and other. TNM stage was based on the seventh edition of the American Joint Council on Cancer (AJCC). Additionally, the SEER database reports breast reconstruction methods within 4 months after primary mastectomy, including autologous reconstruction, implant reconstruction, and combined reconstruction.



Statistical analysis

Age was a continuous variable. So in order to select the best cut point, we stratified the age of the patients with the X-tile software. Descriptive statistical analysis of patient distribution was performed using frequency and proportion. The Chi-square test was used to compare the clinical distribution characteristics of patients with different radiotherapy conditions. The co-primary endpoints of this study were overall survival (OS) and breast cancer-specific survival (BCSS). Causes of death in breast cancer patients can be divided into breast cancer-specific death (BCSD) and non-breast cancer-specific death (NBCSD). To preliminarily describe the risks under different radiotherapy conditions, cumulative incidence maps were constructed by using competitive risk models. The population was further stratified according to the preliminary analysis results, and the Kaplan-Meier curves and log-rank tests were used to assess the impact of different radiotherapy conditions on patients’ prognosis. The Cox proportional risk model was used to calculate the hazard ratio (HR) and its corresponding 95% confidence interval (CI). And the visual results of multivariate analysis were presented in the form of forest map. Subsequently, to further evaluate the impact of radiotherapy on different reconstruction methods, we calculated the adjusted hazard ratio (AHR) and the corresponding 95% CI between patients receiving radiotherapy and patients not receiving radiotherapy, and stratified by cancer stage to deal with potential bias. Finally, we established nomograms to predict patients’ survival, and evaluated the prediction accuracy with concordance indexes (C-indexes) and calibration curves.

All statistical analyses were completed by R software (Version 4.0.3; http://www.r-project.org) and related R packages, mainly including “survival”, “cmprsk”, “rms”, “ggplot2” packages and so on. A two-sided P value less than 0.05 was determined to be statistically significant.




Results


Patients’ characteristics and radiotherapy trends

From 2010 to 2015, the analysis included 22,218 female patients with breast cancer who underwent IBR after mastectomy. Among them, 5,529 patients received PMRT and 16,689 were without PMRT. The overall percentage of patients receiving PMRT did not change much over the years, but there was still a slight upward trend (Figure 1). As shown in Table 1, significant distribution differences in age, race, histological type, grade, TNM stage, and breast cancer subtype were observed between the radiotherapy and non-radiotherapy subgroups. Based on Kaplan-Meier method, we used X-tile program to determine the optimal cut-off points of age as 40 and 60 years old (Figure 2). Therefore, age was divided into three groups: < 40 years old, 40-60 years old and > 60 years old. Patients in both the radiotherapy and non-radiotherapy groups were predominantly 40-60 years old, white, married, histological type of ductal carcinoma, had grade II and III tumors, no distant metastasis, breast cancer subtype of HR+/HER2-, and underwent implant reconstruction. The difference was that T stage was mostly T2 (45.2%) and N stage was mostly N1 (52.9%) in the radiotherapy group, while T1 (60.4%) and N0 (72.6%) accounted for most in the non-radiotherapy group.




Figure 1 | Proportion of patients undergoing immediate breast reconstruction after mastectomy receiving radiotherapy from 2010-2015.




Table 1 | Baseline demographic characteristics of patients who were reconstructed (n=22218).






Figure 2 | Age of patients divided by X-tile software at the best cut point.





Cumulative incidence of death and competing risk analysis

A total of 976 patients (4.4%) died, of which 846 (86.7%) died from BC and 130 (13.3%) died from non-BC. Table 2 showed the cumulative incidence of BCSD and NBCSD at 1-, 3-, and 5- year. The cumulative incidence of BCSD in the radiotherapy group was higher than that in the non-radiotherapy group after 13 months (Figure 3). However, the cumulative incidence rate of NBCSD was lower in the two groups, and slightly higher in the radiotherapy group than in the non-radiotherapy group after 62 months. After controlling competing risk events, there was a statistically significant difference in the cumulative risk of BCSD between the two groups (P < 0.0001).


Table 2 | The 1-, 3-, and 5-year cumulative incidence of BCSDa and NBCSDb.






Figure 3 | Competing risk models. BCSD, breast cancer-specific death; NBCSD, non-breast cancer-specific death.





OS and BCSS outcomes

To estimate OS and BCSS in breast cancer patients, we stratified the population by AJCC N stage and generated Kaplan‐Meier curves based on whether patients received PMRT. The results showed that patients with different N stages had different radiotherapy benefits. The OS of patients with stage N0 was worse after radiotherapy, while that of patients with stage N3 was better after radiotherapy (Figures 4A, D). Further log‐rank tests confirmed that the difference was statistically significant (P < 0.0001). The effect of PMRT on OS in N1 and N2 patients (Figures 4B, C) was not significant (P > 0.05). As for BCSS, it was worse in N1 patients after radiotherapy (P = 0.015), and the results of other 3 stages’ patients were consistent with OS (Figure 5). Median follow-up time for both OS and BCSS was 42 months (95% CI, 42-43 months).




Figure 4 | Kaplan–Meier survival curves of overall survival after stratifying by AJCC N stage. (A), AJCC_N=N0; (B), AJCC_N=N1; (C), AJCC_N=N2; (D), AJCC_N=N3.






Figure 5 | Kaplan–Meier survival curves of breast cancer-specific survival after stratifying by AJCC N stage. (A), AJCC_N=N0; (B), AJCC_N=N1; (C), AJCC_N=N2; (D), AJCC_N=N3.



Univariate Cox analysis showed that in both OS and BCSS, there were significant differences in age, race, marital status, histological type, grade, TNM stage, subtype, reconstruction method, and radiotherapy condition among all subgroups. Considering that the correlation among characteristics may lead to bias, we further conducted a multivariable Cox analysis (Table 3). The results showed that histological type, reconstruction method and radiotherapy condition were no longer statistically correlated with OS and BCSS (P > 0.05). Compared with patients < 40 years old, patients over 60 years old had worse OS (HR, 1.733; 95% CI, 1.421-2.113; P < 0.001) and BCSS (HR, 1.304; 95% CI, 1.050-1.619; P = 0.016). As for race subgroups, the prognosis of patients with white and other races were better than blacks. Those who were not married had poorer OS (HR, 1.304; 95% CI, 1.143-1.487; P < 0.001) and BCSS (HR, 1.269; 95% CI, 1.102-1.463; P < 0.001) than the married group. As expected, patients’ outcomes were inversely proportional to tumor grade, size, and number of lymph nodes. Patients with distant metastasis of tumor lesions also have worse OS (HR, 3.244; 95% CI, 2.547-4.131; P < 0.001) and BCSS (HR, 3.477; 95% CI, 2.715-4.454; P < 0.001). The results were also illustrated by the form of forest maps (Figures 6 and 7).


Table 3 | OS and BCSS in univariate and multivariate analyses.






Figure 6 | Forest map visualizing Cox multivariate regression of overall survival of patients. *: <0.05; **: <0.01; ***: <0.001.






Figure 7 | Forest map visualizing Cox multivariate regression of breast cancer-specific survival of patients. *: <0.05; **: <0.01; ***: <0.001.





Subgroup analysis stratified by AJCC N stage

To solve the potential deviation of patients with different lymph node metastasis, we stratified the population according to AJCC N stage, and calculated the AHRs of radiotherapy after different reconstruction mode operations (Table 4). For N0 patients, receiving PMRT after autologous reconstruction was associated with worse BCSS (AHR, 1.841; 95% CI, 1.055-3.214; p = 0.032). Nevertheless, radiotherapy did not affect the prognosis of patients in N1 and N2 stages, regardless of which reconstruction mode they received. For N3 patients, both autologous reconstruction and combined reconstruction could improve OS and BCSS after radiotherapy, but the prognosis of patients with implant reconstruction was not affected by radiotherapy.


Table 4 | Adjusted hazard ratio for OS and BCSS associated with radiotherapy after different reconstruction methods in patients with different AJCC_N stages.





Nomograms

We developed nomograms to predict the prognosis of patients receiving and not receiving PMRT, respectively (Figures 8 and 9). Based on the results of multivariate Cox regression, variables such as age, race, marital status, grade, TNM stage, and breast cancer subtype were included in the nomograms. Each prognostic factor corresponded to a specific score, and the sum of each value was compared with the linear predictor to obtain the probability prediction of OS and BCSS at 1-, 3-, and 5- year. The C-indexes of OS and BCSS nomograms predicted by radiotherapy patients were 0.778 and 0.786, respectively, while those in the non-radiotherapy group were 0.818 and 0.847. As shown in Figure 10, the calibration curves also reflected the accuracy of the survival prediction model.




Figure 8 | 1-, 3-, 5-year probability prediction of overall survival (A) and breast cancer specific survival (B) in radiotherapy patients. OS, overall survival; BCSS, breast cancer-specific survival.






Figure 9 | 1-, 3-, 5-year probability prediction of overall survival (A) and breast cancer specific survival (B) in non-radiotherapy patients. OS, overall survival; BCSS, breast cancer-specific survival.






Figure 10 | Calibration curve of the nomograms. (A), OS in radiotherapy group. (B), BCSS in radiotherapy group. (C), OS in non-radiotherapy group. (D), BCSS in non-radiotherapy group. OS, overall survival; BCSS, breast cancer-specific survival.






Discussion

In this study, we focused on breast cancer patients who received IBR, to assess the effectiveness of radiotherapy for their prognosis. By using the National Cancer Institute’s SEER database, we can obtain the data based on the entire U.S. population. Previous studies have used this database to compare the prognosis of different reconstruction methods, and some studies have analyzed the prognosis of patients with PMRT. But few studies have evaluated the difference in prognosis based on patients receiving radiotherapy after breast reconstruction technology.

Through demographic data statistics, we found that from 2010 to 2015, 24.9% (5529) of the patients who underwent immediate reconstruction after mastectomy (22218) received PMRT, and those who did not receive PMRT accounted for 75.1% (16689). The number of patients receiving radiotherapy increased slightly in fluctuations. This may be a manifestation of the relaxation of radiotherapy indications, or it may represent the increasing comfort of radiotherapy in the context of breast reconstruction. Secondly, patients with BC after reconstructive treatment have longer life expectancy, so they inevitably face the risk of NBCSD. Therefore, we established a competing risk model to exclude the impact of other causes of death on survival analysis. The cumulative incidence risk curves showed that the risk of BCSD was always higher than that of NBCSD. As for BCSD, the long-term risk of radiotherapy group was higher and higher than that of non-radiotherapy group. Despite all this, we cannot draw the conclusion that radiotherapy is unfavorable to the prognosis of patients. After all, from the radiotherapy guidelines, patients receiving PMRT are already at high risk. Therefore, we stratified the patients according to the lymph node metastasis, and then used Kaplan-Meier survival curves and log-rank test to evaluate the impact of radiotherapy on the prognosis of patients. We found that compared with patients without radiotherapy, patients with low N stage showed a weak survival disadvantage after radiotherapy, while patients with high N stage showed survival benefit after radiotherapy. Due to the imbalance of the baseline distribution of patients in phase N0 (Table 1), the number of people without radiotherapy was more than ten times that of people receiving radiotherapy, so we cannot directly conclude that radiotherapy was not conducive to the prognosis of patients with N0. Based on clinical practice, this only showed that radiotherapy had no obvious effect on patients with stage N0. Moreover, the prognosis of patients with stage N3 was poor due to the presence of the high-risk factors, but they showed survival benefits after radiotherapy. This reflected the therapeutic value of PMRT in patients with high stage N. Interestingly, radiotherapy was an adverse factor in univariate Cox regression, but the difference was not statistically significant in multivariate Cox analysis. Similarly, in univariate analysis, the risk of implant reconstruction and combined reconstruction was lower than that of autologous reconstruction, and the histological type was the highest risk of ductal cancer. Nevertheless, the risk ratios of different reconstruction methods and histological types were not significantly different (P > 0.05). Age, race, marital status, grade, TNM stage and subtypes of breast cancer were the key factors affecting survival in both univariate and multivariate Cox regression. We also stratified the patients according to the lymph node metastasis, and calculated the AHRs of radiotherapy after different reconstruction operations. An important finding was that radiotherapy after autologous reconstruction or combined reconstruction can improve OS and BCSS in N3 patients. Finally, this study constructed nomograms for survival prediction, which can effectively predict OS and BCSS after radiotherapy or non-radiotherapy for BC patients. The calibration curves exhibited that the model had good discrimination (C index between 0.778 and 0.847).

The compatibility of PMRT with IBR has been the focus of debate in the field of BC. Radiation oncologists and plastic surgeons both have reservations about the use of IBR under the need of PMRT. PMRT always seems to be associated with reconstruction related complications, such as removal of prosthesis or tissue expander in implant reconstruction and fat necrosis in autologous reconstruction (20–25, 33, 34). Nevertheless, a single-center retrospective cohort study (35) showed that radiotherapy after autologous reconstruction had no negative impact on aesthetic outcomes, and did not increase postoperative complications. A meta-analysis (36) found that when PMRT was delivered after breast reconstruction, morbidity of autologous reconstruction is less than that of implant reconstruction. Specifically, the latter one is more likely to face reconstruction failure, surgical site infection, and eventual repeat surgery (37, 38). Hsin-hua Lee et al. (39) showed that for breast cancer patients requiring PMRT, immediate autologous reconstruction did not affect long-term clinical outcomes. Another study underlined that the type of reconstruction did not affect the late toxicity rate. Radiotherapy after IBR showed acceptable late toxicity and had no effect on OS (40). The literature has various views on the effect of radiotherapy in the setting of IBR. Similarly, in the case of possible PMRT, there is no consensus on the best management and timing of breast reconstruction.

Most of the known studies support that radiotherapy after reconstruction does not affect the long-term survival of BC patients. Our study also found that for stage N3 patients, radiotherapy after autologous reconstruction was associated with improved prognosis. Although we found that radiotherapy after autologous reconstruction was associated with poor BCSS in patients with stage N0, this conclusion should be treated with caution. According to the latest radiotherapy guidelines for breast cancer (20), radiotherapy is not recommended for patients with stage N0, unless combined with high-risk factors. Therefore, we cannot affirm the impact of radiotherapy on the prognosis of patients with stage N0 in the presence of their own high-risk factors. Randomized controlled prospective experimental research is also needed to guide clinical practice.

To accurately identify patients who can benefit from radiotherapy and help make personal suggestions, this study constructed survival prediction nomograms. Although some nomograms have been developed to predict the individual survival probability of BC patients (41, 42), there are still some unique characteristics in our model. First, based on specific radiotherapy disputes, patients who experienced IBR were accurately included in the study participants. Secondly, to exclude the possible bias of the results, we included as many prognostic factors as possible according to the clinical significance. Finally, in addition to the OS rate, the BCSS rate was also reported to predict the patients’ survival probability, thereby avoiding the effect of additional confounding factors associated with the patient’s health.

This study also has several limitations. The first inevitable flaw is the inherent bias in any retrospective study. Second, although some radiotherapy complications can also interfere with the prognosis of patients, due to the lack of this information in SEER database, we cannot consider the impact of complications on the long-term survival rate of patients at the same time. Third, we only compared the radiotherapy group and non-radiotherapy group, and did not distinguish the specific effects of different radiotherapy schemes on the prognosis of patients. The current radiotherapy guidance information in the setting of IBR is lacking (43).



Conclusions

Our study demonstrates that radiotherapy can improve OS and BCSS in N3 stage breast cancer patients undergoing immediate autologous reconstruction after mastectomy. The survival prediction model constructed in this study can help clinicians quantify the benefits of PMRT after IBR, so as to make personalized treatment recommendations and decisions. Accurate prediction of PMRT can avoid radiotherapy related complications, reduce the incidence of unplanned surgery, and improve the prognosis and survival rate of patients.
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Introduction

Cancer in patients of childbearing age continues to become increasingly common. The purpose of this study was to explore the impact of metastatic breast cancer (MBC) on overall survival (OS) and cancer-specifific survival (CSS) in patients of childbearing age and to construct prognostic nomograms to predict OS and CSS.



Methods

Data from MBC patients of childbearing age were obtained from the Surveillance, Epidemiology, and End Results (SEER) database between 2010 and 2015, and the patients were randomly assigned into the training and validation cohorts. Univariate and multivariate Cox analyses were used to search for independent prognostic factors impacting OS and CSS, and these data were used to construct nomograms. The concordance index (C-index), area under the curve (AUC), and calibration curves were used to determine the predictive accuracy and discriminative ability of the nomograms. Additional data were obtained from patients at the Yunnan Cancer Hospital to further verify the accuracy of the nomograms.



Results

A total of 1,700 MBC patients of childbearing age were identifified from the SEER database, and an additional 92 eligible patients were enrolled at the Yunnan Cancer Hospital. Multivariate Cox analyses identifified 10 prognostic factors for OS and CSS that were used to construct the nomograms. The calibration curve for the probabilities of OS and CSS showed good agreement between nomogram prediction and clinical observations. The C-index of the nomogram for OS was 0.735 (95% CI = 0.725–0.744); the AUC at 3 years was 0.806 and 0.794 at 5 years.The nomogram predicted that the C-index of the CSS was 0.740 (95% CI = 0.730– 0.750); the AUC at 3 years was 0.811 and 0.789 at 5 years. The same results were observed in the validation cohort. Kaplan– Meier curves comparing the low-,medium-, and high-risk groups showed strong prediction results for the prognostic nomogram.



Conclusion

We identifified several independent prognostic factors and constructed nomograms to predict the OS and CSS for MBC patients of childbearing age.These prognostic models should be considered in clinical practice to individualize treatments for this group of patients.
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Introduction

Breast cancer (BC) is the most frequent malignancy in women worldwide and remains the second leading cause of cancer-associated death in women (1, 2). Although the 5-year survival of BC is relatively high compared to other malignant tumors, distant metastasis remains a major cause of mortality. Previously, it has been reported that an increasing number of patients with metastatic breast cancer (MBC) are diagnosed at younger ages. Women of childbearing age tend to have an increased risk of disease progression (3). As women gradually postpone childbirth, the incidence of pregnancy-associated cancers has increased, causing a clinical challenge (4–6). There are distinct differences in the clinicopathologic characteristics and therapeutic strategies used in the management of cancers in women of childbearing age (7, 8). At childbearing age, the endocrine and reproductive functions of the ovaries reach a peak, modulating the secretion of hormones throughout the female body that may create a more oncogenic environment. Previous research has shown that the incidence of thyroid carcinoma in parturient women is higher compared to nulliparous women. These data are particularly important, as thyroid carcinoma has become the second most prevalent malignancy in women during pregnancy and during the reproductive stage (9). In addition, stage IV BC is a heterogeneous disease that is characterized by different metastatic sites, molecular subtypes, and diverse histopathologic features. Therefore, it is essential for MBC patients of childbearing age to have accurate predictions of outcomes and to define optimal treatment strategies.

Different treatment modalities are used in the management of patients at different physiological stages of life. For example, chemotherapy is effective in the treatment of stage IV BC, yet the adverse effects including amenorrhea and ovarian failure are more common in high-risk women of reproductive age (10). The development of personalized treatments requires more accurate risk estimation based on the specific clinicopathologic characteristics of patients.

Nomograms are accurate tools to predict cancer prognosis by quantifying individual risk based on clinicopathologic variables (11–13). Predicted individual survival results obtained from prognostic models can inform treatment selection. In a previous study, Zhao et al. (14) developed a nomogram to predict survival outcomes in MBC patients. However, to the best of our knowledge, nomograms to accurately predict the survival of MBC patients of childbearing age have not yet been established. This study screened the factors most associated with survival in women of childbearing age by performing univariate and multivariate Cox regression models. These data were integrated into a prognostic nomogram to predict the overall survival (OS) and cancer-specific survival (CSS) probabilities for MBC patients of reproductive age.



Materials and methods


Data sources and study design

The Surveillance, Epidemiology, and End Results (SEER) database stores a range of data concerning the current population demographics and provides access to specific information for related studies. The SEER database covers the majority of tumor types and collects cancer-related data including tumor characteristics, treatments, follow-up information, and the vital status of patients from different geographic areas for approximately 3 million patients (15).

The SEER*Stat software was used to extract data from MBC patients of childbearing age from 2010 to 2015. To identify suitable patients, the following inclusion criteria were set: 1) age ranging from 18 to 49 years at diagnosis, 2) female gender, 3) histology of infiltrating duct carcinoma, 4) BC diagnosed as the first and only primary tumor, 5) stage IV BC based on the American Joint Committee on Cancer (AJCC) TNM staging system, 6) positive pathological diagnosis, and 7) available follow-up information.

The exclusion criteria were as follows: 1) tumors of unknown differentiation grade, 2) unknown breast subtype, 3) undefined TNM staging, 4) unknown tumor sizes, 5) unknown races, 6) unknown marital status, and 7) unknown survival time. Data were also obtained from MBC patients of childbearing age who were initially diagnosed at the Yunnan Cancer Hospital between January 2012 and August 2016.



Study variables

Patients were randomly assigned into the training and validation cohorts at a 7:3 ratio, and the relevant variables were extracted from the training cohort. Demographics included the age at diagnosis (18–30 years, 30–40 years, and 40–49 years), year of diagnosis (2010–2012 and 2013–2015), marital status (married and unmarried), and race (white, black, and others). Tumor characteristics included differentiation grade (grades I–IV), tumor size (<20 mm, 20–50 mm,and >50 mm), tumor location (central, upper, lower, axillary tail, and overlapping), laterality (left and right), molecular subtype (HR+/HER2-, HR+/HER2+, HR-/HER2+ and HR-/HER2-), TNM stage, and metastatic site (bone, brain, lung, and liver). Treatment modalities included surgery of the primary tumor (yes and no), chemotherapy (yes and no/unknown), and radiotherapy (yes and no/unknown).



Development and validation of a predictive nomogram

Based on the results of the Cox regression analysis, two nomograms were developed to predict OS and CSS at 3 and 5 years. The concordance index (C-index) was used to assess the performances of these nomograms that refers to the proportion of all patient pairs whose predicted results were consistent with the actual results. Studies have defined the C-index thresholds for the predictive accuracy of nomograms as low (0.50–0.70), medium (0.71–0.90), and high accuracy (>0.90) (16). A bootstrapping method with 1,000 repetitions was performed to create calibration curves to validate the model in the training and validation cohorts. An extra external validation cohort from an independent group of Chinese patients was used to validate the accuracy and precision of the nomogram. Statistical analyses were carried out using R software (version 4.0.5).

Based on the analysis scores for each variable in the nomograms, the total points for all eligible patients from the SEER database were calculated. The patients were classified into low-, medium-, and high-risk groups based on the total scores of the nomogram using the X-Tile software. Kaplan–Meier analyses (including OS and CSS) and the log-rank test were used to test the accuracy of the prediction outcomes from the prognostic models.



Follow-up

Data were retrospectively collected from MBC patients aged 18–49 years who were diagnosed between January 2012 and August 2016. The patients were followed up by telephone interviews, and the follow-up cutoff time was 1 June 2021 for the recording of survival outcomes (survival or death). The primary endpoints were OS and CSS. OS was defined as the time interval between the diagnosis of MBC and death or the date of the last follow-up. CSS was calculated as the time from the diagnosis to death from cancer.



Statistical analyses

The categorical variables including demographics, tumor characteristics, and treatment were compared using a chi-square test. The primary endpoints were OS and CSS. The independent risk factors for OS and CSS were determined by univariate and multivariate Cox proportional risk regression models. The parameters refer to the hazard ratio (Hr) with a corresponding 95% confidence interval (CI). The analyses were carried out using SPSS software (version 26.0). The total score for each patient was calculated using R software (4.0.5, http://www.Rproject.org) based on the established Cox regression. The optimum cutoff value was selected using X-Tile (Version 3.6.1). The outcomes for low-, medium-, and high-risk patients were plotted using the Kaplan–Meier method and compared using a log-rank test. P-values of <0.05 for all of the variables were considered statistically significant.




Results


Patient characteristics

Data from a total of 22,670 patients in the SEER database and an additional 92 eligible patients from Yunnan Cancer Hospital were analyzed in this study. After screening, 1,700 eligible patients met the inclusion criteria (Figure 1). Patients from the SEER database were randomly assigned to the training and validation cohorts at a ratio of 7:3. As presented in Table 1, there were 1,192 patients in the training cohort and 508 patients in the validation cohort. Most patients in the training cohort were 40–49 (59.2%) years old, 35.1% were 30–40 years old, and 5.7% were <30 years old. The majority of patients in both cohorts presented with bone metastasis. The most common BC subtype was luminal A (HR+/HER2-) disease, and the majority of patients received chemotherapy. Nearly half of the patients were married.




Figure 1 | A flow diagram showing the screening process for the analysis of patients in the SEER and Yunnan cohorts.




Table 1 | Summary of the demographics and clinicopathologic characteristics of the patient cohorts.





Independent prognostic factors in metastatic breast cancer

In the training cohort, the results of univariate Cox analysis for OS showed that race, differentiation grade, tumor size, T stage, surgery, chemotherapy, radiotherapy, metastasis (liver, brain, and lung), BC subtype, and marital status were significant prognostic factors. These factors were then analyzed in multivariate Cox analysis. Our results showed that race, differentiation grade, T stage, surgery, chemotherapy, metastasis (liver, brain, and lung), BC subtype, and marital status were independent risk factors for OS in MBC patients (Figures 2A, B).




Figure 2 | Univariate (A) and multivariate (B) Cox proportional hazards regression analysis of OS in the training cohort. Univariate (C) and multivariate (D) Cox proportional hazards regression analysis of CSS in the training cohort. 1: American Indian/AK Native, Asian/Pacific Islander; 2: central portion of breast or nipple.



Univariate and multivariate Cox analyses were performed to screen the prognostic factors related to CSS. As presented in Figures 2C, D, race, differentiation grade, tumor size, T stage, surgery, chemotherapy, radiotherapy, metastasis (liver, brain, and lung), BC subtype, and marital status were significantly associated with CSS. Multivariate analysis showed that the independent prognostic factors for CSS included race, differentiation grade, T stage, surgery, chemotherapy, metastasis (liver, brain, and lung), BC subtype, and marital status.



Prognostic nomogram for survival

Data from the multivariate Cox regression analyses in the training cohort were used to develop predictive nomograms for OS and CSS at 3 and 5 years by integrating all of the independent prognostic factors. Both models indicated that the BC subtype had the largest impact on prognosis, followed by tumor grade and brain and liver metastases. Other factors included T stage, lung metastasis, surgery, chemotherapy, race, and marital status that had a moderate influence on OS and CSS. The specific scoring system for both nomograms is shown in Figure 3. Our nomogram can be interpreted, as each variable in the graph corresponded to a score according to the weight calculated by multivariate Cox regression analysis. The sum of the scores for all variables was used to give a total risk score for each patient to infer the OS and CSS. The specific methods for the nomogram interpretation have been previously reported (17).




Figure 3 | The prognostic nomograms for OS (A) and CSS (B) in MBC patients of childbearing age in the training cohort. Example of the nomogram. The nomogram can be used to calculate the prediction probability of OS and CSS. The nomogram shows the influence of different prediction variables. The influence of each variable is represented by the horizontal lines, with longer lines indicating a greater impact. The influence of each variable is visualized through multiple points on the corresponding horizontal line. By adding points related to each variable, the expected score size can be read on the response horizontal line at the bottom of the nomogram.



In the calculation of the nomogram, for example, a black patient with poorly differentiated triple-negative BC classified as T2 who has received surgery and chemotherapy. The scores of each risk factor are black (10), married (0), poorly differentiated (40), triple-negative BC (100), T2 (10), surgery (0), and chemotherapy (0); so, the total score is 160. Our model predicts that the probability of the OS of patients at 3 years is 40% and the probability of OS at 5 years is 20%.



Validation of the nomogram

The C-index for OS predicted by the nomogram was 0.735 (95% CI = 0.725–0.744). The AUC [receiver operating characteristic (ROC) curve] at 3 years was 0.806 (95% CI: 0.78–0.83) and 0.794 at 5 years (95% CI: 0.76–0.82). The nomogram predicted that the C-index for CSS was 0.740 (95% CI = 0.730–0.750). The AUC (ROC curve) at 3 years was 0.811 (95% CI: 0.79–0.84) and at 5 years was 0.798 (95% CI: 0.77–0.83). These data showed that the nomograms were consistent between the predicted and actual survival of MBC patients of reproductive age (Figure 4). In the validation cohort, the predicted OS C-index was 0.710 (95% CI = 0.695–0.725). The AUC (ROC curve) at 3 years was 0.819 (95% CI: 0.8–0.83) and at 5 years was 0.789 (95% CI: 0.77–0.8). The nomogram predicted that the C-index of CSS was 0.712 (95% CI = 0.697–0.728). The AUC (ROC curve) at 3 years was 0.817 (95% CI: 0.79–0.83) and at 5 years was 0.786 (95% CI: 0.76–0.8). The data are presented in Supplementary Figure S1.




Figure 4 | The ROC curve of the nomogram in the training cohort. (A) The AUC for OS at 3 years was 0.806 and at 5 years was 0.794. (B) The AUC for CSS at 3 years was 0.811 and at 5 years was 0.798. (C) The calibration curves for OS of the nomograms. (D) The calibration curves for CSS of the nomograms.



Data from the external validation cohort from Yunnan Cancer Hospital were used to further demonstrate the accuracy of the nomogram. In this group of patients, the C-index for OS was 0.721 (95% CI = 0.673–0.769) and for CSS was 0.712 (95% CI = 0.659–0.765).



Kaplan–Meier Analysis

To exclude the influence of different BC molecular subtypes (HR+/HER2-, luminal A; HR+/HER2+, luminal B; HR-/HER2+, HER2-enriched; HR-/HER2-, triple-negative) on the stability and accuracy of the model, Kaplan–Meier curves for OS were generated for low-, middle-, and high-risk patient groups in the training set, the validation set, and the four molecular subtypes. Specifically, the method further divided the patients from the training and validation sets and the samples from different subtypes into three subgroups (low-, medium-, and high-risk groups) according to the total score of the nomogram. These classifications were used to construct the survival curve. The same method was used in the analysis of CSS, and a Kaplan–Meier survival curve was generated based on data in the training dataset and the four molecular types after subgroup analysis (Figure 5). Data from the verification analysis are presented in the Supplementary Material and Figure 2.




Figure 5 | Kaplan–Meier analysis of patients in the training cohort. The survival curves were generated from the score calculated by the nomograph for OS (A) and CSS (B). In patients with luminal A BC, the survival curve was generated from the score calculated by the nomograph: OS (C) and CSS (D). In patients with the luminal B subtype, the survival curve was generated from the score calculated by the nomograph: OS (E) and CSS (F). In patients with the HER2-enriched subtype, the survival curve was generated from the score calculated by the nomograph: OS (G) and CSS (H). In patients with the triple-negative subtype, the survival curve was generated from the score calculated by the nomograph: OS (I) and CSS (J).



After grouping according to the molecular classification of BC, the prognoses of patients in the low-, medium-, and high-risk subgroups in the survival curve based on the nomogram were significantly different (P < 0.0001), indicating good prediction capabilities of the nomogram.

X-Tile evaluates all possible divisions of data by dividing the data into several groups (18). Correlation can be calculated in each partition through various standard statistical tests. The program can select the highest χ2 values to determine the optimal segmentation of data. The calculations made by X-Tile were verified by StatView 5.0.1 (SAS Institute, Cary, NC, USA). We divided the OS and CSS of the training cohort according to the method described above. The risk score for OS in the low-risk group ranged from 426 to 498. The risk score in the medium-risk group ranged from 499 to 565, and the risk score in the high-risk group was >566. Similarly, for CSS, the risk score ranged from 406 to 527 in the low-risk group, 528 to 593 in the medium-risk group, and 594 to 693 in the high-risk group. Interestingly, most high-risk patients had triple-negative BC. The luminal B molecular subtype is essential in the low-risk population, and the other molecular types were attributed to the medium-risk population. The risk groups can be robustly divided according to molecular subtypes.




Discussion

BC is the second-highest cause of cancer-related mortality in women and continues to pose a major threat to women’s health (19, 20). Women are capable of bearing children during a particular age range during which the endocrine and female reproductive systems are mature or fully functional. Breast development is a female secondary sexual characteristic that occurs in response to hormonal stimulation and results in the physiological characteristics of women of childbearing age (7, 8, 21). Studies have demonstrated that human cancers are controlled by hormones that are related to the metabolism of endogenous estrogens (22). In addition, it has been shown that young women and elderly patients have distinct changes in gene expression (23).

Nomograms are widely used in prediction models. Previously, Wang et al. (24) developed a prognostic nomogram for patients after bile duct surgery, and its performance was compared to conventional staging. The authors demonstrated that the nomogram was more accurate than conventional staging in predicting patient survival. Xie et al. (25) identified 56 differentially expressed mRNAs and determined that 26 of these differentially expressed genes were related to metastasis-free survival (MFS). Using these data, the authors developed a nomogram based on mRNA characteristics and clinical-related risk factors to predict the individual disease risk.

Several studies have taken similar approaches to developing risk prediction models (26, 27). We established a prognostic nomogram based on an analysis of the SEER database for OS and CSS in stage IV BC patients of childbearing age. Based on Cox regression, the nomogram could accurately predict OS and CSS at 3 and 5 years in stage IV BC patients. The primary cohort C-index (OS: 0.735, CSS: 0.74) and calibration curve indicated that the nomogram had a satisfactory performance. While previous prognostic nomograms have been developed in BC patients of childbearing age (28), the majority of research has been conducted in triple-negative BC. The data presented in this study are more extensive and cover all stage IV BC patients of childbearing age. We also selected patients of childbearing age from the Breast Department of Yunnan Cancer Hospital to obtain survival data at 3 and 5 years. These data were used to validate the OS and CSS nomograms with encouraging results (C-index OS: 0.721, CSS: 0.712).

In the nomogram, the variables affecting OS and CSS were the same. In the univariate Cox analysis of OS and CSS, race, tumor grade, tumor diameter, chemoradiotherapy, surgery, distant metastasis, BC cancer subtype, and marital status affected survival. In the multivariate Cox analysis, tumor diameter and radiotherapy did not affect OS and CSS. Gebski et al. (29) suggested that there was no direct evidence that radiotherapy is associated with OS in BC patients. Studies have suggested that tumor diameters <3 cm are generally considered a favorable prognostic factor (30). However, Mao et al. (31) suggested that tumor diameter is not an independent factor for OS and CSS, which was consistent with our findings.

Liu et al. (32) hypothesized that surgical resection of the primary tumor is beneficial to the survival of new stage IV BC patients and developed a nomogram to identify patients who could benefit from primary tumor resection. The study included 13 factors [e.g., race, cohabitation, tumor grade, tissue type, molecular subtype, metastasis (brain, liver, and lung), and chemotherapy] that were mostly consistent with our results. These data further support the validity of our findings. In addition, Mou et al. (33) showed that some clinical features and serological markers (pathological type of disease, multiple bone metastases, organ metastasis, and serum lactate dehydrogenase levels) can predict the OS in patients with metastatic BC. Pathological type, multiple bone metastases, and organ metastasis were consistent with our findings.

Related studies have demonstrated that chemotherapy plays a significant role in treating the large tumor burden, lymph node invasion, or recurrent/metastatic BC. Marital status was also an independent risk factor for patient prognosis. Tao et al. (34) analyzed patients with metastatic bladder cancer based on marital status and showed that while marital status had little impact on OS, it was an independent prognostic factor (34, 35). These data may be explained as married patients may prefer to accept and cooperate during treatment. Ethnicity was also included in the nomogram. Studies have shown that black women have a poor prognosis due to their biological differences and socioeconomic status, and even geographical factors and national policies (36–38).

BC is divided into four subtypes, specifically, luminal A, luminal B, HER2-enriched, and triple-negative forms. From an epidemiological perspective, patients with luminal A BC are usually older than those who have the other subtypes and the prognosis for luminal A disease is better. However, according to Belhadj et al. (39), in western Algeria, younger (<40 years) and intermediate-age patients (41–54 years) were most likely to have luminal A BC, whereas older patients had triple-negative disease and had the highest mean disease-free survival (DFS). Young women are generally considered as having HER2+ or triple-negative molecular subtypes and may have a poor prognosis. A study in China by Li et al. (40) found that younger patients (<35 years) tended to have larger tumors, positive lymph nodes, higher histological grades, non-luminal type disease, higher Ki67 expression, and poorer prognosis. Patients with triple-negative tumors were the youngest (mean 48.4 years) and had the greatest proportion of grade 3 histology and a poor prognosis. Therefore, there is a need to study this particular group of patients at reproductive age. Unfortunately, however, no reproductive information was retrieved from the SEER database or the external validation cohort, and further data are needed to verify the robustness of our model.

While our study provides intriguing results, it has several limitations. Firstly, our study was conducted using data from the SEER database in which most patients (69%) were Caucasian and may be genetically different from Chinese patients. Secondly, the SEER data and validation in Yunnan Cancer Hospital were retrospectively analyzed and subject to bias. Thirdly, the SEER database did not provide clear information on other patients and treatment methods such as smoking, related serum markers, chemotherapy regimens, targeted therapies, and endocrine therapies. Finally, the SEER database did not capture data relating to the fertility of the patients. In future studies, we will focus on collecting more clinical information to update our nomogram and guide clinical treatments. Our nomogram can still be used to guide personalized risk prediction and the staging of metastatic BC patients of childbearing age.
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Background: Hormone receptor-positive, human epidermal growth factor 2-negative advanced breast cancer patients have had a wide range of therapeutical options since the incorporation of targeted therapies alongside classic chemotherapy. However, because of their disease, virtually all patients will eventually experience disease progression that might compromise their lives. Thriving investigation regarding molecular therapies has provided clinicians with new options for the treatment of many cancer patients. Dabrafenib and trametinib combination has proven useful in treating malignant melanoma patients harboring a BRAF V600E mutation, improving progression-free survival and overall survival, and it has been tested in other tumors. Here we report the case of a metastatic breast cancer patient harboring a BRAF V600E mutation that achieved complete response with dabrafenib and trametinib combination.
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Introduction

Endocrine therapies (ET) plus targeted-therapies including CDK4/6-inhibitors, PI3K/AKT/mTOR inhibitors have dramatically improved the long-term outcomes in patients with hormone receptor-positive (HR+), human epidermal growth factor 2- negative (HER2–) advanced breast cancer (1) (BC). Despite these improvements, almost all the HR+/HER2- metastatic BC patients will experience disease progression. Hence, new potential sequential therapies deserve to be further investigated.

The increasing knowledge of the biology of the disease has allowed clinicians to identify new actionable targets, in order to prevent or reverse resistance to previous therapies (2). The European Society of Medical Oncology (ESMO) Scale for Clinical Actionability of molecular Targets (ESCAT) (Table 1) provides a framework to assign DNA alterations into tiers that reflect their clinical utility when selecting patients for treatment with targeted therapies (3).


Table 1 | ESMO Scale for Clinical Actionability of molecular Targets (ESCAT).



To date, the genomic alteration of MAPK signaling pathway and the potential actionability in BC is allocated in the TIER III ESCAT classification, meaning that suspected clinical benefit targeting this alteration is based on clinical trial data in other tumor type or in those with similar molecular alteration.

The MAPK signaling pathway communicates a signal from a receptor on the surface of the cell to the nucleus and is compounded by RAS-RAF-MEK-ERK (4, 5) and there are several down-regulator controls that limit physiologic activation of MAPK signaling. The frequency of genomic alterations in the MAPK pathway decreases in incidence as one moves further downstream in the pathway: across human tumors, RAS mutations occur in 22%, BRAF in 7%, MEK in <1% of cases and ERK mutation are exceptionally rare (6).

BRAF alterations are present in several other tumor histologies, including cutaneous melanomas (50%), thyroid cancer (20–50%), colorectal cancer (10%), non-small-cell lung cancer (NSCLC) (2–4%), and hairy cell leukemia (>90%) (7).

The point mutation substitution of BRAF exon-15 (V600E) is the most common mutation across all tumor types and the class of BRAF mutation has clinical implications, since BRAF inhibitors have been mainly tested against class 1 monomer-type mutations (V600 mutations) (8).

BRAF alterations are extremely rare in BC, but they are of potential therapeutic interest because they can be targeted with kinase inhibitors. According to the AACR Project GENIE Consortium database, BRAF is altered in 1.38% of breast carcinoma patients with BRAF V600E present in only 0.11% (9, 10).

Albanell et al. analyzed 7850 BC tumors with a total of 83 (1.1%) BRAF alterations identified. BRAF alterations that may lead to aberrant MAPK signaling included amplifications (51.8%), V600E substitution (15.7%), other missense substitution (25.2%), and fusions (6.0%). Of the cases harboring altered BRAF, 38.6% were triple negative breast cancer, 21.7% HR +/HER2-, 2.4% HR-/HER2 +, 2.4% HR +/HER2 +, and 30.1% status unknown (11).

Current targeted therapies for patients harboring a BRAF mutation include a combination of BRAF and MEK inhibitors, which were originally developed to treat metastasic melanoma. There are scarce but promising literature reports of success using these agents against breast cancer patients (12–14).



Case report

We present the case of a 41-year-old premenopausal woman not harboring pathogenic germline BRCA mutation who was diagnosed in 2009, at the age of 29, with an early stage, HR+/HER2- BC. She underwent radical surgery, taxane-anthracycline based adjuvant chemotherapy and adjuvant ET with ovarian function suppression (OFS) and tamoxifen for 5 years.

In July 2015, less than 1 year after finishing endocrine treatment, a histological HR+/HER2- proven bone relapse was diagnosed. Endocrine first palliative line treatment with OFS and an aromatase inhibitor (AI) was started, achieving a 26-month period of disease control and then, new bone and liver metastases were observed. Second ET line with Palbociclib, OFS and Fulvestrant was started obtaining a clinical benefit and a 9 month progression free survival (PFS). PIK3CA status at this time revealed a PIK3CA-wild type bone recurrence, so she started a third ET line with exemestane plus everolimus and OFS for 11 months. A subsequent line of abemaciclib, tamoxifen and OFS was started, obtaining 13 months of disease control.

A comprehensive genomic profiling, using the Foundation Medicine® platform was performed in order to look for actionable targets, and a BRAF p.V600E mutation was found. The patient refused to undertake chemotherapy due to potential side effects and was eager to explore other options; so, once discussed in our institution molecular board and adequately explained to the patient the current evidence of tyrosine kinase therapy in BC, she agreed to start an off-label treatment targeting BRAF pathway. The combination of dabrafenib 150mg every 12 hours and trametinib 2mg daily was initiated in March, 2021.

The treatment related adverse events (trAEs) were similar to those reported in previous studies: with grade 2 nausea and pyrexia as the main toxicities after 10 days of treatment, which lead to temporary treatment discontinuation. As grade 2 pyrexia recurred and persisted after restarting therapy, the doses of both drugs were lowered to dabrafenib 100 mg every 12 hours and trametinib 1.5 mg daily, with no new trAEs in the following months.

First imaging reevaluation was performed in June, 2021 using a CT-PET scan that showed hepatic and bone complete response (Figures 1, 2). The patient experienced clinical benefit and no further significant toxicity, maintaining her quality of life, until December 2021, when bone progression was documented. Therefore, a PFS of 9 months was achieved with excellent performance status during treatment.




Figure 1 | Coronal reformatted PET image before and after treatment initiation. Figure 1 (left) shows two hypermetabolic liver lesions. Figure 2 (right) shows complete response of both lesions.






Figure 2 | Sagittal reformatted PET image before and after treatment initiation. Multiple foci of intense bone uptake are shown in figure 3 (left). Figure 4 (right) shows metabolic response of every lesion.



Since the beginning of treatment, the patient has been monitored by liquid biopsy, studying blood-circulating DNA harboring BRAF V600E mutation (ctBRAF). Blood was collected in EDTA tubes at 4 initiating time points, and plasma was processed before one hour after extraction. BRAF V600E mutation in plasma was evaluated by Idylla® ctBRAF Mutation assay (Biocartis®) (Figure 3). Mutant allele frequency (MAF) of 16.9% was detected before start the dabrafenib/trametinib treatment. In a second time point (+8 days of treatment), mutation was reduced to 6.7%, which could suggest a benefit of this treatment. During temporary treatment discontinuation by trAEs, the liquid biopsy showed an increase of mutation frequency (MAF of 13.3%). Lastly, mutation was undetectable in plasma after 43 days after the beginning of the treatment, and maintained until disease progression was observed and a slight elevation of MAF to 0.1% was documented in December 2021.




Figure 3 | Mutant allele frequency of BRAF V600E mutation in plasma during treatment.





Discussion

The combination of BRAF and MEK inhibitors is actually the standard of care for patients harboring BRAF V600 activating mutation melanoma, either dabrafenib plus trametinib, vemurafenib and cobimetinib or encorafenib plus binimetinib.

Furthermore, dabrafenib plus trametinib combination has FDA approval for anaplastic thyroid cancer (ATC), metastasic NSCLC, and advanced biliary tract cancers, and encorafenib plus binimetinib plus cetuximab has FDA and EMA approval for second line colorectal carcinoma.

Regarding other tumor histologies, the efficacy of these combinations is limited to some basket trials in BRAF V600E patients, and few case reports are published. In the single-arm phase II study VE-BASKET Diamond et al. observed preliminary activity of vemurafenib monotherapy in 172 patients with solid tumors including NSCLC, histiocytic neoplasms, glioma, ATC and GI tumors with ORR of 32.6% (95%CI: 25.6-40.1%) (15).

The ROAR phase II study was designed for 9 rare BRAF-mutant cancers to assess the safety and efficacy of dabrafenib and trametinib therapy with various results published leading to the previous mentioned drug approvals (16).

Neither of these basket trials have included breast cancer patients, and to our knowledge, there is no other clinical trial in progress that aims to include these patients.

A recently published case in Case Reports in Oncological Medicine is, as far as we know, the first reported case of the off-label combination of BRAF and MEK inhibitors in metastatic BC. A patient with a locally advanced metaplastic breast carcinoma harboring a BRAF V600E mutation rapidly progressing and refractory to conventional therapy received dabrafenib and trametinib with initial response rate and an important tumor shrinkage within 2 first weeks of treatment. Overall, the duration of response was 7 weeks (7). A second reported case regarding a breast cancer patient treated with a BRAF has recently been published (8). Pircher and colleagues report the case of a 38-year-old woman with a BRAF mutated metastatic triple-negative breast cancer that had progressed to two prior therapies and vemurafenib treatment was initiated. The patient experienced a partial response in the first performed CT scan after 3 months of treatment and maintains it after 19 months of follow-up at the time of the report.



Conclusion

Although metastatic HR+/HER2- breast cancer patients have nowadays many interesting therapeutic options, clinicians eventually find themselves struggling with hormone resistance and the need to use traditional chemotherapy that, in many cases, leads to suboptimal results and significant toxicities. Next generation sequencing offers thorough information regarding the molecular landscape of the tumor that may be of use when exploring new options for breast cancer patients.

Albeit rare, BRAF V600E mutations may be of potential therapeutic interest, since good results have been obtained in other tumor types, as stated above. Close monitoring with ctBRAF may lead to better clinical control (9). Further investigation is needed to explore its efficacy in breast cancer patients.
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Introduction

Breast cancer is a heterogeneous tumor. Tumor microenvironment (TME) has an important effect on the proliferation, metastasis, treatment, and prognosis of breast cancer.



Methods

In this study, we calculated the relative proportion of tumor infiltrating immune cells (TIICs) in the breast cancer TME, and used the consensus clustering algorithm to cluster the breast cancer subtypes. We also developed a multi-layer perceptron (MLP) classifier based on a deep learning framework to detect breast cancer subtypes, which 70% of the breast cancer research cohort was used for the model training and 30% for validation.



Results

By performing the K-means clustering algorithm, the research cohort was clustered into two subtypes. The Kaplan-Meier survival estimate analysis showed significant differences in the overall survival (OS) between the two identified subtypes. Estimating the difference in the relative proportion of TIICs showed that the two subtypes had significant differences in multiple immune cells, such as CD8, CD4, and regulatory T cells. Further, the expression level of immune checkpoint molecules (PDL1, CTLA4, LAG3, TIGIT, CD27, IDO1, ICOS) and tumor mutational burden (TMB) also showed significant differences between the two subtypes, indicating the clinical value of the two subtypes. Finally, we identified a 38-gene signature and developed a multilayer perceptron (MLP) classifier that combined multi-gene signature to identify breast cancer subtypes. The results showed that the classifier had an accuracy rate of 93.56% and can be robustly used for the breast cancer subtype diagnosis.



Conclusion

Identification of breast cancer subtypes based on the immune signature in the tumor microenvironment can assist clinicians to effectively and accurately assess the progression of breast cancer and formulate different treatment strategies for different subtypes.





Keywords: breast cancer, immune infiltration, subtype identification, tumor mutational burden, multi-layer perceptron classifier



1 Introduction

Breast cancer is a disease with high morbidity and mortality, only lower than lung cancer in women (1, 2). According to a report by the American Cancer Society in 2019, in the last 5 years (2012-2016), the incidence of breast cancer has increased slightly at a rate of 0.3% per year (3). Breast cancer is a highly heterogeneous tumor (4); the tumor tissue not only includes tumor cells, but also normal epithelial, stromal, and immune cells that are associated with tumors. The tumor microenvironment (TME) that is composed of these cells has an important impact on the tumor proliferation, metastasis, treatment, and prognosis (5–7).

Immune cells are scattered in the tumor center and infiltration margin or adjacent tertiary lymphoid tissues, and can be roughly divided into immunosuppressive and immune effector cells (8, 9). The level of immune cells infiltration reflectsthe degree of tumor development, affecting cancer progression (10). The tumor immune microenvironment (TIME) is composed of various cells that can inhibit the tumor formation (11–13) and promote tumorigenesis (14, 15).

Quantification of the proportion of various cells in the TME is important to understand the occurrence and development of tumors. Yoshihara K et al. proposed a method (ESTIMATE) of using gene expression profiles to calculate the ratio of stromal to immunecells to reveal the tumor purity (16). Newman et al. utilized the gene expression data to estimate the abundance of immune cells in tumor samples, and developed the analysis tool CIBERSORT for estimating and verifying the proportion of 22 immune cells (17).

Breast cancer is very difficult to cure; however, early diagnosis and timely treatment can prolong the patients’ survival. Immunotherapy is considered the most promising treatment for breast cancer currently and includes immune checkpoint blocking (ICB) therapy (18, 19), adoptive T cell immunotherapy (20), and tumor vaccine immunotherapy (21, 22). The US FDA has also approved few immunotherapy drugs mainly Keytruda (Pembrolizumab), Opdivo (Nivolumab), Tecentriq (Atezolizumab) among others.

Immunotherapy is not suitable for all breast cancer patients (23–26), and hence, it is important to accurately determine the cancer subtype in such patients so that appropriate treatment can be administered. Perou et al. distinguished the breast cancer subtypes based on the differences in mRNA expression patterns, and proposed, for the first time, that breast cancer can be divided into four subtypes (27). Subsequently, a 50-gene breast cancer classification model (PAM50) was developed based on the gene expression profile data (28), and is commonly employed in clinical practice. Further, based on the molecular subtype identification of triple-negative breast cancer, six (29), four (30), and three (31) subtypes have been proposed, while a model of six subtypes was also proposed based on the colon cancer classification method (32). Although these subtype classification methods elucidated the molecular markers, prognostic differences, and clinical significance of the subtypes; TME and the influence of TIME on the occurrence, development, and prognosis of tumors have not been evaluated. Additionally, the association of immune checkpoint molecules and breast cancer isnot comprehensively understood.

In this study, the ESTIMATE algorithm was used to determine the individual and combined scores of the immune and stromal cells of each sample in the breast cancer research cohort. Further, we used the CIBERSORT algorithm to estimate the scores of the 22 types of immune cells in the same research cohort. We propose a method to identify breast cancer subtypes by combining the estimated scores of the two immune infiltrations. Two breast cancer subtypes were identified using the consensus clustering algorithm, and the survival, immune cell differential, immune checkpoint molecules differential, tumor mutation burden correlation, differential gene enrichment, and drug sensitivity analyses were performed for these two subtypes. We showed that this classification into two subtypes has a potential for clinical application. We also developed a multi-layer perceptron (MLP) classifier based on a deep learning framework to detect two breast cancer subtypes. By using the training data to train the classifier model, the test results showed that the classifier can distinguish the two subtypes.



2 Materials and methods


2.1 Data search strategy and collection

The breast cancer data used in this study were obtained from the two public databases, The Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) and Gene Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/). The TCGA data included the transcriptome mRNA expression profile data of female patients (n=1208, 1096 cancer and 112 normal samples), clinical data (n=1085), and simple nucleotide variation (SNV) data. The research cohorts selected from the GEO database were GSE42568 (n=104) and GSE88770 (n=117), including the mRNA expression profile files of the patient cohort and probe files of the sequencing platform.



2.2 Data preprocessing

TCGA mRNA expression and clinical data were normalized through the following steps: (1) mapping of the mRNA expression data to the human genome annotation file, replacing Ensemble IDs with gene names, and deleting the genes lacking a corresponding mapping, (2) standardization of the mRNA expression data, (3) conversion of FPKM standardization data into TPM standardization; when the same sample was repeated, the average value of gene expression was used instead. Further, the normal samples were deleted, and (4) using perl language scripts to extract the clinical information, including the sample id, overall survival (OS) in days, survival status, age, grade, and stage (T, M, and N staging). The breast cancer data of the GEO database were annotated with theprobe data of the sequencing platform GPL570. We extracted the gene expression data and clinical information separately. Finally, we consolidated and combined the TCGA and GEO expression data.



2.3 Estimate the proportion of tumor-infiltrating immune cells and tumor purity

The proportion of 22 TIICs types were estimated by using the CIBERSORT algorithm for each sample, and samples with a p-value of <0.05 were selected for the survival analysis. For tumor purity, we used the ESTIMATE algorithm for evaluation. Two non-tumor components (immune and stromal cells) was calculated by using the ESTIMATE algorithm and gene expression profiles, and obtained three tumor purity signatures (stromal, immune, and estimate scores).



2.4 Identification of breast cancer subtypes

The R language “ConsensusClusterPlus” package was used to perform the consistent clustering, and to separately save the graphs of the clustering results for each K value (Integer K, 2≤K≤9 ). The parameters of the unsupervised clustering weredefined, including the clustering algorithm (clusterAlg=“km”), maximum number of clusters (maxK=9), number of resampling (reps=50), sampling ratio (pItem=0.8), characteristics sampling ratio (pFeature=1), and clustering distance (distance=“euclidean”).



2.5 Statistical analysis

The statistical analysis was performed by Rstudio software, R version 4.1.2. For clinical data, the R packages ßurvival” and ßurvminer” were used for the survival analysis, and the Kaplan-Meier survival curve was drawn. Using the “limma” package, differentially expressed genes (DEGs) between subtypes, as well as the expression differences of immune checkpoint molecules, tumor mutational burden (TMB), and drug sensitivity were statistically analyzed. “ggplot2” was used to draw the graphics and figures.



2.6 Breast cancer subtype classifier based on the neural network

Deep learning algorithms are gradually being widely used in the field of biomedicine (33–35). We designed an MLP classifier to identify the breast cancer subtypes. This classifier included an input, hidden, and output layer. The input layer contains 38 nodes, which represent 38 DEGs. The activation function of the multilayer perceptron model uses the “sigmoid”, and the mathematical formula is expressed as:

 

The loss function of the model used the cross entropy loss function, and the mathematical formula is expressed as:

 

where, x represents the sample, y represents the true label, a represents the predicted output value, and n represents the total number of samples.

The optimization of the model uses the RMSProp optimization algorithm and the mathematical formula is expressed as:

 

Where dw is the gradient, Sdw is a value container, which stores the result of the square weighted average of all the gradients, α is the learning rate (general value: 0.001), β decay factor (general value: 0.9). In order to obtain a classifier model with robust performance and high accuracy, we also verified the impact of the number of hidden layer nodes on the classification results, ranging from 2 to 38.




3 Results


3.1 Estimate of the proportion of TIICs in the breast cancer research cohort

The proportion of immune cells and tumor purity in the research cohort were quantified by using CIBERSORT and ESTIMATE algorithms (Table S1); based on the quantitative score, the general landscape of TIICs interaction in breast cancer TME was visualized by generating the correlation coefficient heat map (Figure 1). The correlation analysis of TIICs showed that the CD8 and memory-activated CD4 T cells and M0 macrophages had the strongest positive and negative correlations, respectively. In addition, M1 macrophages and CD8, memory-activated CD4, and follicular helper T Cells showed strong positive correlations.




Figure 1 | The general landscape of infiltrating immune cells interactions in breast cancer. The color value and shape size of the pie chart represent the correlation size between immune cells. The color bar shows the positive and negative values of the correlation.





3.2 Subtype clustering and differential analysis of immune cells

By performing the K-means clustering algorithm, 8 cluster maps were generated (Figures 2A–H). Figure 2A shows two subtypes with the best clustering results (Table S2). We define these two independent subtypes as ICS-A and ICS-B. In subtype ICS-A, the scores of regulatory T cells and M0 and M2 macrophages were significantly higher than that of the subtype IC-B (Figure 3). Further, in subtype ICS-B, the proportion of B cells, CD8 T cells, memory activated CD4 T cells, memory resting CD4 T cells, NK cells, and M1 macrophages was significantly higher than that of the subtype ICS-A. On the other hand, no significant difference was observed in the proportion of native CD4 T cells, follicular helper T cells, eosinophils, and neutrophils between the two subtypes.




Figure 2 | (A-H) respectively showed the consensus matrices of all breast cancer samples in the research cohort for each k (2≤k≤9 ), displaying the clustering stability by performing 100 iterations of hierarchical clustering. Perform subtype clustering using the K-means clustering algorithm, with k in the range of 2 to 9.






Figure 3 | Boxplots showing statistical differences in immune cells in the two immune subtypes ICS-A and ICS-B. Comparison was performed using the Wilcoxon signed-rank test. *p < 0.05, **p < 0.01, ***p < 0.001 (p-values were adjusted using FDR correction).





3.3 Kaplan−-Meier survival analysis

In order to investigate the clinical significance of the subtype identification, we performed the Kaplan-Meier survival analysis on the OS of the two subtypes. The survival curve showed that the two subtypes had a significant difference in the OS, and the median survival time of the subtype ICS-B was 8 years longer than that of the subtype ICS-A (Figure 4).




Figure 4 | Kaplan-Meier survival curves for the overall survival of all breast cancer patients in the research cohort. Log rank test showed that the overall survival of ICS-A and ICS-B subtypes were significantly different (p-value = 0.013, p-values were adjusted using FDR correction).





3.4 Differential expression and drug sensitivity analysis of immune checkpoint molecules in the breast cancer

ICB therapy is currently the most promising immunotherapy for the treatment of breast cancer. We revealed differences in the expression levels of several key immune-modulatory molecules, including the co-stimulatory (CD27, ICOS, CD28, CD80, CD86, CD40, and CD276) and co-suppressive molecules (PDL1, CTLA4, LAG3, TIGIT, and IDO1) in the two subtypes. The expression levels of immuno-modulators (PDL1, CTLA4, LAG3, CD27, ICOS, CD28, CD86, CD40, TIGIT, and IDO1) in subtype ICS-B were significantly higher, while the CD276 levels were significantly lower than that of the subtype ICS-A (Figure 5). Furthermore, we investigated the expression of the immunomodulators in the 60 human cancer cell lines (NCI-60), and systematically tested the correlation between their expression levels in the NCI-60 cell lines with drug sensitivity of 218 FDA-approved chemotherapy drugs (Table S3). Figure 6 shows the association between expression of immunomodulatory molecules (PDL1 and CTLA4) and drug sensitivity. We noticed that increased PDL1 expression was associated with increased cellular resistance to chemotherapy drugs such as Tamoxifen and Nilotinib; we also observed inverse associations of multiple genes to these drugs, Furthermore, PDL1 was associated with increased sensitivity of cells to Dasatinib (treatment for mantle cell lymphoma and chronic lymphocytic leukemia), while CTLA4 was associated with increased resistance of cells to Dasatinib.




Figure 5 | Boxplots of differential expression of immune checkpoint molecules. The analysis was performed using the Wilcoxon signed-rank test, *p < 0.05, **p < 0.01, ***p < 0.001 (p-values were adjusted using FDR correction).






Figure 6 | Scatter plot showing the association of expression of immune checkpoint molecules with drug sensitivity of NCI-60 cell line. Top 16 molecules are listed; PDL1 and CTLA4 were significantly associated with the drug sensitivity.





3.5 Analysis of TMB in two subtypes

Considering the impact of TMB in tumor development, we further explored and revealed the correlation of TMB with OS and Age, respectively. We first counted the SNV of each sample in the TCGA cohort, and the frequency (number of samples) of the mutated genes in the research cohort (Table S4). The results showed that the number of samples with PIK3CA mutation was the largest, followed by TP53, TTN, CDH1, and GATA3. Further, the TMB subtype ICS-A was significantly higher than that of subtype ICS-B (Wilcoxon test p <0.001) (Figure 7). Furthermore, TMB showed significant negative and positive associations with the OS (Spearman coefficient: R = -0.12, p = 0.00043) and age (Spearman coefficient: R =0.14, p = 1.8e-05) (Figures 8, 9).




Figure 7 | Tumor mutational burden (TMB) differences between the ICS-A and ICS-B subtypes. p-values were adjusted using FDR correction.






Figure 8 | Tumor mutational burden (TMB) correlation analysis with the overall survival.






Figure 9 | Tumor mutational burden (TMB) correlation analysis with age.





3.6 Differentially expressed genes in the two subtypes

By using the Bayesian estimation test, more than 5000 DEGs were found between the subtypes ICS-A and ICS-B (Table S5). Further, under the conditions of p value <0.05,| logFC| >1, and 95% confidence interval (CI), a signature of 38 DEGs was used to identify the two subtypes. Table 1 shows the list of genes identified.


Table 1 | Comparison of different obfuscations in terms of their transformation capabilities.





3.7 Gene ontology and KEGG pathway enrichment analysis

GO enrichment analysis covers three domains: cellular component (CC), molecular function (MF), and biological process (BP). Figures 10, 11 show the results of GO terms and KEGG pathways enrichment analysis, respectively. The top 5 BPs were significantly enriched in the T cell activation, leukocyte mediated immunity, positive regulation of cell activation, mononuclear cell differentiation, and positive regulation of leukocyte activation. The CC analysis revealed that DEGs were mainly enriched in the external side of the plasma membrane, membrane raft, and membrane micro domain, while the MF significantly enriched in immune receptor activity, cytokine receptor binding, cytokine activity, and carbohydrate binding. KEGG pathway analysis showed that cytokine-cytokine receptor interaction was the most significant pathway for the DEGs enrichment, followed by cell adhesion molecules, chemokine signaling pathway, and hematopoietic cell lineage.




Figure 10 | Gene ontology term enrichment for DEGs of ICS−A and ICS−B subtypes. The result shows the top 10 significantly enriched terms on the BP, CC, and MF.






Figure 11 | KEGG pathway enrichment for DEGs of ICS-A and ICS-B subtypes. The result shows the top 10 significantly enriched pathways.





3.8 Breast cancer subtype classifier based on the neural network

The MLP classifier for identifying subtypes was defined as three layers, including the input, hidden, and output layers, while the number of nodes in each layer was respectively defined as 38, 5, and 2, according to the training and testing results of the program. Figure 12A shows the accuracy of the classifier model with different numbers of nodes in the hidden layer.




Figure 12 | (A) The dotted line graph shows the accuracy of the MLP classifier, with different number of nodes in the hidden layer. (B) The average loss of the model with different numbers of hidden layer nodes during testing.






4 Discussion

We performed a detailed and comprehensive assessment of the TIICs in breast cancer using the research cohort from TCGA and GEO databases (Figure 13). Compared with previous studies (27, 29–32), this study determined the composition of TIICs in breast cancer, and the research cohort was divided into two subtypes, ICS-A and ICS-B, according to the composition of TIICs. A 38-ene signature tumor marker was identified and a classifier for subtype identification was developed using a deep learning framework. Our study confirmed that the proportion of immune cells and the expression level of immune checkpoint molecules in subtype ICS- were significantly higher than those in subtype ICS-A. Further, subtype ICS-B had better OS, suggesting that it is more suitable for immune checkpoint blockade therapy than subtype ICS-A. At the same time, we also conducted the drug sensitivity (FDA-approved chemotherapy drugs) analysis of theimmune checkpoint molecules that provided a reference for the selection of these drugs for breast cancer patients.




Figure 13 | Overview of the study design.



The TIME has an important impact on tumor diagnosis, treatment, and prognosis. The immune score has been used in renal and lung cancer studies in terms of estimating the relative proportion fraction of TIICs in tumors, and has shown its prognostic value (36–38). In this study, subtype ICS-B (with higher levels of CD8 and memory resting CD4 T cells) was found to be associated with better OS. CD8 T cells are key anti-tumor effector T cells, and CD4 T cells can be further differentiated to perform various functions (for instance, to differentiate into CD8 memory T cells to suppress tumor growth) (36, 39, 40); however the M2 macrophages can also suppress anti-tumor immune responses by secreting multiple mediators such as the inhibitory cytokines IL-10 or TGF-B, down-regulating antitumor immune response, promotion of angiogenesis, enhancement of cancer cell proliferation, invasion, intravascular penetration, and spread have been metastasized (41–44). This suggests that the immune subtype ICS-A with a lower proportion of CD8 T cells but a higher proportion of M2 macrophages may have an immunosuppressive (immune rejection) phenotype, and M2 macrophages or CD8 T cells may provide a therapeutic target for future breast cancer immunotherapy.

TMB has been recognized as a predictive marker of immunotherapy response and a prognostic marker in various tumor types (45–48). In this study, the TMB level of immune subtype ICS-A was significantly higher than that of the subtype ICS-B, indicating that patients with subtype ICS-A may produce more neo-antigens and will adversely affect the patient survival. Therefore, subtype ICS-B is indicative of better OS. This idea is supported by the correlation analysis between the TMB and OS. The level of TMB was significantly and negatively correlated with the OS in breast cancer patients. Further, since the TMB and age showed positive interaction, older patients had relatively higher TMB. This is consistent with a recent study showing that TMB increases with age, while the T cell receptor decreases (49). This provides unique insights into clinical prognostic diagnosis.

Statistical analysis of SNV in the research cohort showed that PIK3CA had the highest mutation frequency. PIK3CA is a catalytic subunit of the key proto-oncogene PI3K in the PI3K-Akt signaling pathway. Mutation of PIK3CA can lead to enhanced kinase activity, which in turn continuously stimulates downstream AKT (50), increases cell invasion and metastasis, and promotes tumor development. PIK3CA is located on chromosome 3, with a total of 20 exons, and 80% of PIK3CA mutations occur in the two hotspot regions of the helical region and the kinase region. The three most common mutations are H1047R on exon 20, and E542k and E545K on exon 9. Many studies have confirmed the existence of PIK3CA mutations in various human solid tumors, and its positive rate in breast cancer can reach 30-40% (51–53). This result has also been confirmed in our study. There were a total of 980 samples in our research cohort, of which 322 samples had PIK3CA mutation, with a positivity rate of 32.86%. This indicates that PIK3CA can be used as a prognostic molecular biomarker and therapeutic target for breast cancer. The development and use of drugs targeting PIK3CA to block the PI3Ks pathway will play an effective role in the treatment of breast cancer. In recent years, the deep learning framework in the field of artificial intelligence is gradually being applied in various disciplines and industries. Although the interpretability of deep learning frameworks is still debated, their ability to solve bioinformatics problems requires further investigation. It has shown powerful functions in bioinformatics such as protein structure prediction (54, 55), protein−protein interaction prediction (56, 57), RNA structure prediction (58, 59), drug small molecule interaction prediction (60, 61), and drug design (62–64). Based on the identification of breast cancer immune subtypes, we designed and developed a subtype ICS−A classifier based on a deep learning framework.

In order to improve the prediction accuracy of the model, we used 70% of the data for model training and 30% of the data for model testing. The number of iterations epoch is 1000 times. The loss and accuracy of the model during the training process are shown in Figures 14, 15 shown. As the number of training increases, the loss of the model decreases and tends to stabilize. The accuracy improves continuously with the increase of training times, and tends to stabilize after more than 200 times. Further, comparative experiments were conducted using other machine learning models, and Table 2 shows the highest accuracy of each model on the test dataset. The results show that Naive Bayes has the lowest accuracy (89.36%), and the accuracy rates of SVM, RF, MLP are 92.99%, 91.59% and 93.56%, respectively. The prediction accuracy of the MLP model on the test dataset is slightly higher than that of the SVM by 0.57%. However, with tuning of the MLP hyperparameters (eg, number of model layers, number of iterations for training), the prediction performance could be improved. Figure 12A shows the accuracy of models trained with different numbers of nodes in the hidden layer. When the number of nodes were 2, 5 and 9 respectively, the accuracy was the highest (93.56%), while with the number of nodes at 33, the accuracy was the worst (87.11%); However, when the number of hidden layer nodes is 5, the model obtains the smallest loss during testing(Figure 12B). Hence, the number of nodes in the hidden layer of the model was finally determined to be 5. This classifier can effectively assist clinicians in the diagnosis and subtype identification of breast cancer.




Figure 14 | The change process of the loss, with the increase of training epochs, when the number of nodes is 5 in the hidden layer.






Figure 15 | The change process of the accuracy rate, with the increase of training epochs, when the number of nodes is 5 in the hidden layer.




Table 2 | Accuracy comparison of machine learning models.



In conclusion, the identification of breast cancer subtypes based on the immune signature in the tumor microenvironment can assist clinicians to effectively and accurately assess the progression of breast cancer and formulate different treatment strategies for different subtypes. In the present study, we detailed the immune infiltration landscape of the study cohort and demonstrated the clinical utility of immune−based subtyping. Further, this study explored the differences in immune checkpoint molecules, DEGs, and pathway enrichment between the two subtypes, and revealed that TMB in breast cancer patients was associated with OS and age. These findings have the potential to provide a new approach for the targeted therapy of breast cancer and lay a theoretical basis for the use of chemotherapy drugs for patients. Finally, we developed a subtype classifier with high robustness and accuracy, which can effectively assist clinicians in medical diagnosis.
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Background

Due to radioresistance, some HER2+ patients may gain limited benefit from radiotherapy (RT) after breast-conserving surgery (BCS). This study aimed to develop an individualized nomogram to identify early-stage HER2+ patients who could omit RT after BCS.


 Methods

The data of HER2+ patients with T0-2N0M0 breast cancer after BCS between 2010 and 2015 were extracted from Surveillance, Epidemiology, and End Results (SEER). Based on the independent prognostic factors determined by the Cox analysis in patients without RT after propensity score matching (PSM), the nomogram and risk stratification model were constructed, and then the prognosis of patients with and without RT was compared in each stratified group.


 Results

A total of 10799 early-stage HER2+ patients after BCS were included. Baseline characteristics were similar between groups after PSM. Multivariate Cox analysis indicated that RT could improve overall survival (OS) (HR: 0.45, P<0.001) and breast cancer-specific survival (BCSS) (HR: 0.53, P<0.001). Age, marital status, tumor location, tumor size, and chemotherapy were identified by multivariate Cox analysis in patients without RT and were incorporated into a well-validated nomogram. The risk stratification model based on the nomogram indicated that RT was associated with improved OS (HR 0.40, P< 0.001) and BCSS (HR 0.39, P< 0.001) in the high-risk group but not in the low-risk group [OS: HR 1.04, P = 0.94; BCSS: HR 1.06, P = 0.93].


 Conclusion

RT could significantly improve the OS and BCSS of HER2+ early-stage breast cancer patients after BCS on the whole. For high-risk patients, RT is an essential component of cancer therapy. However, the omission of radiotherapy may be considered for low-risk HER2+ early-stage patients. Further validation and improvement of the nomogram by prospective study or randomized controlled trials are warranted.




 Keywords: HER2+ breast cancer, breast-conserving surgery, radiotherapy, radioresistance, nomogram, SEER program 

  1 Introduction

Whether sparing radiotherapy (RT) following breast-conserving surgery (BCS) and which population could be omitted from RT remain highly controversial issues (1). For early-stage breast cancer patients who undergo BCS, postoperative RT is of critical importance. Relevant randomized clinical trials have demonstrated that it could reduce breast tumor local-regional recurrence (LRR) risk and improve overall survival (OS), for example, long-term results of the PRIME-II trial found a 4.1% local recurrence rate in patients who received RT (vs. 1.3% in no RT patients) (2–5). Notwithstanding, not all patients gain equal survival benefits due to RT-associated adverse effects and treatment resistance (6, 7). Although proven to be both effective and well-tolerated, the potential toxic effects associated with RT, including adverse breast appearance, dermatitis, breast pain, cardiopulmonary toxicity, and the risk of secondary malignancy, remain concerns (3, 8, 9). The benefits from RT should be weighed against the adverse effects for some breast cancer patients. Heretofore, the CALGB 9343 trial and the PRIME II trial have demonstrated that omitting RT in low-risk elderly patients with low-grade, hormone receptor-positive tumors can be feasible, and recommendations concerning RT omission in those from the NCCN were published in 2017, 2022 and NICE guidelines were published in 2018 (5, 10–13). However, the majority of available studies were only performed on selected elderly patients with receptor-positive tumors, definitive research based on breast cancer patients with other tumor characteristics is still lacking, and more predictive markers are needed for the clinic (1, 6, 14).

HER2 + subtype breast cancer, including non-luminal (HER2 + and ER and PgR-) and luminal (HER2+ and ER or PgR-, or both) breast cancer, exhibits a higher risk of recurrence and a poor prognosis (15). However, trastuzumab has significantly improved the prognosis of HER2+ patients (16, 17). Recently, Cui Y et al. found that HER2+ subtype tumors were significantly enriched in RT resistance (7). This result is consistent with that of a recent randomized trial showing that HER2+ tumors are most radioresistant among all subtypes and thus may gain a limited survival benefit from RT (18). Earlier studies (19–21) also suggested that low-HER2 expression tumors were more likely to respond to RT, which implied that some HER2+ patients who underwent BCS could only attain limited survival benefits compared with patients with other breast cancer subtypes. However, few studies have explicitly explored the effect of RT after BCS in early-stage HER2+ patients because HER2+ patients were excluded from many related studies.

We thus performed a retrospective study aimed to determine whether HER2+ patients after BCS with primary T0–T2N0M0 breast cancer can benefit from RT based on data from the Surveillance, Epidemiology, and End Results (SEER) program. An individualized nomogram including multiple risk factors was established to predict the 3- and 5-year survival of patients without RT, and a risk stratification model was used to further identify a low-risk HER2+ population in whom RT could safely be omitted.


 2 Materials and methods

 2.1 Patient data selection

This retrospective study extracted data from the SEER program via SEER*Stat software [version 8.3.6 (http://seer.cancer./seer stat)]. Patients were included in this study according to the following criteria: 1) female patients; 2) histological confirmation of breast cancer; 3) HER2+; 4) breast cancer patients after BCS (surgery code in SEER database); 5) T0-T2 N0 M0 (American Joint Committee on Cancer (AJCC) seventh edition TNM staging system; and 6) primary breast cancer as the only or the first subsequent tumor from 2010-2015. The detailed inclusion and exclusion criteria are illustrated in  Figure 1 . We excluded patients preoperatively and intraoperatively treated with RT. Subsequently, we removed patients with unknown or unspecified variable information to reduce information bias.

 

Figure 1 | Flow chart of the inclusion and exclusion criteria in the SEER database. BCS, breast-conserving surgery; RT, radiotherapy; PSM, propensity score matching; BCSS, breast cancer-specific survival. 



The variables in this study included demographic characteristics, disease characteristics, treatment characteristics, and survival status, as shown in  Table 1 . Continuous variables, including age at diagnosis and tumor size, were transformed into categorical variables. Using the “number of regional lymph nodes examined” code provided by the SEER program, we used the AJCC definition of a standard axillary lymph node dissection (ALND) (22) as a reference and categorized patients with one to six lymph nodes examined as the sentinel lymph node biopsy (SLNB) group, no node examination or only aspiration of regional nodes as the non-SLNB group, and more than six nodes examined as the ALND group.

 Table 1 | Demographic and disease characteristics of 10799 patients with T0-T2N0M0 HER2+ breast cancer from 2010 to 2015. 




 2.2 Outcome definition

OS referred to the time from the date of diagnosis to death from any cause. We used the cause-specific death classification in the SEER database as BCSS, which referred to the time from the date of diagnosis to the date of death due to breast cancer. Non-BCSS referred to the time from the date of diagnosis to the date of death attributed to causes other than breast cancer based on the other cause of death classification in the SEER database.


 2.3 Statistical analysis

The correlation between RT and patient characteristics was analyzed using the Pearson chi-square test for categorical variables and the Student t-test for continuous variables. Propensity score matching (PSM) was performed at a 1:1 ratio to adjust baseline characteristics between groups (23). Competing risk analysis was used to evaluate non-BCSS before and after PSM (24). The Kaplan–Meier plots and log-rank tests were applied to determine and compare OS and BCSS.

A nomogram for predicting 3- and 5-year BCSS was constructed based on patients without RT after PSM. Independent prognostic factors were determined by the univariate and multivariate Cox proportional hazards regression models. All variables with P-value <0.1 in univariate Cox analysis were included in multivariate Cox analysis. Variables with a P < 0.05 were included in the final Model. The discrimination of the nomogram was assessed by the concordance index (C-index), and a bootstrap internal validation procedure was performed with 1000 bootstrap resamples to assess the accuracy of the prediction model. Calibration curves were plotted to estimate the consistency between the actual and predicted survival. Based on the nomogram scores, we used the tertiles to determine the optimal cutoff points.

Analyses were performed by Stata/MP version 13.0, SPSS statistical software version 26.0, and R software version 3.6.2. The statistical tests were 2-sided, and P ≤0.05 was considered statistically significant.



 3 Results

 3.1 Characteristics of the eligible patients

A total of 10799 eligible patients, including 7554 patients (69.95%) who received RT and 3245 patients (30.05%) who did not receive RT, were included in the study based on the inclusion and exclusion criteria ( Figure 1 ). The demographic and clinicopathological characteristics of all involved patients are summarized in  Table 1 . The comparison of patients with and without RT presented substantial differences in age at diagnosis, marital status, tumor location, tumor size, histology, PR status, stage, T category, chemotherapy, and axillary surgery. Regarding the without RT group, patients were mainly distributed in the age band of 40-65, and they tended to have breast cancer in the outer quadrant, relatively small tumor sizes, positive hormone receptor status, and early-stage breast cancer. Compared to the RT group, the frequency of chemotherapy was lower in the non-RT group (71.9% vs. 57.2%, P <0.001). After PSM analysis to reduce selection bias, the baseline characteristics were similar between groups ( Supplemental Table 1 ), and the distribution of propensity scores for matched and unmatched patients is shown in  Supplemental Figures 1  and  2 .


 3.2 Analysis of survival benefits from RT

The median follow-up time of 10799 patients was 29 months (IQR, 13-49). During the follow-up period, 408 patients died, 161 of whom died due to breast cancer. Among patients without RT, 233 patients died, of whom only 89 (38.2%) died due to breast cancer. Among patients with RT, 175 patients died, of whom 72 (41.1%) died due to breast cancer. According to the Kaplan-Meier curves ( Figures 2A, B ), patients with RT had better OS (RT vs. no RT: unadjusted hazard ratio (HR) 0.28; 95% CI, 0.23–0.34; P< 0.001) and BCSS (RT vs. RT: unadjusted HR 0.30; 95% CI, 0.223–0.41; P < 0.001) than patients without RT. In the 5500 patients after PSM, the OS was different in the two groups (no RT vs RT: 86.6%, 95% CI 83.9-89.3%;91.5%,95% CI 89.5-93.5, P <0.001). Breast cancer-free survival was 94.6% (95% CI 92.4-96.8) in women allocated to no RT and 96.6% (95.2-98.0) in those assigned to RT. Multivariate Cox analysis indicated that RT was still a protective factor (RT vs. no RT: adjusted HR of OS 0.45; 95% CI, 0.35-0.58; P < 0.001; adjusted HR of BCSS 0.530; 95% CI, 0.35–0.80; P=0.002), as shown in  Supplemental Table 2  and  Figures 2C, D .

 

Figure 2 | Kaplan–Meier survival curves of the effect of RT on OS [(A) before PSM; (C) after PSM] and BCSS [(B) before PSM, (D) after PSM]. RT, radiotherapy; OS, overall survival; BCSS, breast cancer-specific survival; PSM, propensity score matching. 




 3.3 Competitive risk analysis of BCSS and non-BCSS

These results of competing risk analysis were shown in  Supplemental Tables 3 ,  4  and  Figure 3A . After 71 months of follow-up, the 5-year cumulative incidences of BCSS and non-BCSS in patients were both lower than that in patients without RT [(BCSS:2.4% vs. 4.8%; HR,0.30,95%CI,0.22-0.42; P<0.001); (non-BCSS: 2.9% vs. 9.1%%; HR,0.27;95%CI,0.27-0.35; P<0.001)]. The result after PSM is shown in  Supplemental Tables 3 ,  5  and  Figure 3B . The difference in the 5-year BCSS rates between the two groups narrowed (no RT vs. RT, 3.6% vs. 3.0%) after controlling for confounders but was still significant (HR:0.53;95%CI,0.35-0.80, P=0.003). Nevertheless, the 5-year non-BCSS risk still obviously differed (no RT vs RT, 8.2% vs. 4.1%; HR,0.43;95%CI,0.31-0.60, P<0.001).

 

Figure 3 | Cumulative incidence plot depicting BCSS and non-BCSS based on RT before (A) and after (B) PSM. RT, radiotherapy; BCSS, breast cancer-specific survival; non-BCSS, non-breast cancer-specific survival. 




 3.4 Construction of the nomogram and validation in patients without RT

Univariate and multivariate Cox proportional hazards regression models were performed to determine the independent risk factors associated with BCSS in patients without RT after PSM. Age at diagnosis, marital status, tumor location, and tumor size were identified as independent prognostic factors related to BCSS in multivariate analysis (P<0.05) ( Table 2 ). Chemotherapy, identified as an important prognosis factor (25), was included in the nomogram along with the above 4 factors to predict the 3- and 5-year BCSS of patients without RT ( Figure 4 ). According to the point scale in the nomogram, scores were assigned for each variable ( Supplemental Table 6 ). The external validation was carried out in patients who received RT after PSM.

 Table 2 | Univariate and multivariate Cox models for BCSS in HER2+ breast cancer patients without RT after PSM (n=2750). 



 

Figure 4 | Nomogram for predicting 3- and 5-year BCSS in HER2+ patients with early-stage breast cancer after BCS. In the nomogram, each risk covariate is assigned a score according to the clinicopathological features of an individual patient on the points scale. By summing these scores, the total score can be obtained. Higher scores indicate a higher risk. 



The internal and external validation of the model was carried out by the bootstrap sample validation method and exhibited sufficient accuracy. The C-index of the nomogram was 0.77 (95% CI, 0.71-0.83) in the internal validation and 0.76(95% CI,0.69-0.83) in the external validation, implying that the model had good discriminative ability ( Supplemental Table 7 ). The calibration curves for 3- and 5-year BCSS indicated good probability consistencies between the predicted and observed outcomes ( Supplemental Figure 3 ).


 3.5 Survival analysis of risk stratification group

A risk stratification model based on the nomogram ( Figure 4 ) for predicting BCSS in patients without RT after PSM was built, and total nomogram scores were calculated. Afterward, the cutoffs of the risk stratification model were defined as 126 and 177, which correspond to the tertiles of the nomogram score in patients without RT after PSM. Following the same scoring method, the total score of patients with RT after PSM was simultaneously calculated. Subsequently, according to the risk stratification model, patients after PSM were stratified into three risk groups: low-risk group (total nomogram score <126; 1811/5500, 32.9%), intermediate-risk group (total nomogram score>=126 and <177; 1806/5500, 32.8%), and high-risk group (total nomogram score>=177; 1883/5500, 34.2%). The Kaplan–Meier plot ( Figures 5A–F ) and log-rank test for the risk stratification model showed that RT was significantly associated with improved OS (HR 0.40; 95% CI, 0.29-0.56; P< 0.001) and BCSS (HR 0.39; 95% CI, 0.23-0.66; P< 0.001) in patients in the high-risk group but not in those in the low-risk group [OS: HR 1.04; 95% CI, 0.45–2.40; P = 0.94; BCSS: HR 1.06; 95% CI, 0.29–3.96; P = 0.93]. In the intermediate-risk group, RT improved BCSS [HR 0.84; 95% CI, 0.38–1.87; P =0.67] but did not improve OS [HR 0.47; 95% CI, 0.29-0.76; P= 0.002].

 

Figure 5 | Survival benefit from RT in the risk stratification groups. (A) BCSS in the low-risk group, (B) OS in the low-risk group, (C) BCSS in the intermediate-risk group, (D) OS in the intermediate-risk group, (E) BCSS in the high-risk group, and (F) OS in the high-risk group. 





 4 Discussion

Considerable studies (2–4, 6, 10) have demonstrated that RT after BCS is a well-established treatment, resulting in a decreased LRR rate and mortality risk. Nevertheless, HER2+ breast cancer is heterogeneous, and not all patients respond equally to RT (7, 18, 19). Much previous evidence supports the role of HER2 in RT resistance, and HER2+/CD44+/CD24−/low cells, Fak activation in vitro and in vivo, and STAT3-survivin signaling may be associated with RT resistance in HER2+ breast cancer patients (26–28). Therefore, for patients less likely or unlikely to respond to RT, omitting RT would prevent adverse effects from occurring with no therapeutic yield. In the current study, the results of multivariate Cox analysis after PSM indicated that RT could significantly improve the OS and BCSS of HER2+ patients after BCS. However, according to further stratification analysis, we found that RT was beneficial for high-risk patients to improve OS and BCSS, while patients in the remaining groups seemed to derive no survival benefit from RT, especially those in the low-risk group. The side effects of radiotherapy (due to scattered irradiation of nearby vital organs) may wipe out any benefit, which means that it should be possible to define a subgroup for whom RT after BCS can feasibly be omitted.

Although LRR is often used to evaluate the efficacy of RT after BCS, our nomogram mainly focused on BCSS, and OS was also predicted in the stratification model. First, although the SEER database did not provide information about LRR, BCSS was sufficiently reliable and effective to evaluate the treatment effect of RT and could indirectly reflect LRR. Two meta-analyses (2, 4) from the Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) indicated that for patients who received RT, one breast cancer death was avoided by year 15 for every four recurrences avoided by year 10, and the 15-year overall mortality should be reduced. Furthermore, BCSS may more objectively and intuitively reflect the absolute survival benefit of RT. In the competing analysis, we found that the 5-year cumulative incidence of non-BCSS in patients who received RT was lower than those without RT (HR,0.43;95%CI,0.31-0.60, P<0.001). This finding may indicate that OS in patients who received RT was prolonged mainly due to the selection effect of RT, which means that patients who are healthier and who tolerate adverse effects well are more likely to be offered RT than those who are more likely to have comorbid diseases. A similar result was observed by Johnson ME et al, even though they focused on RT after mastectomy (29).

In our risk stratification model constructed with the nomogram, the low-risk group, which was characterized by younger age (40–65), marital status, outer quadrant tumors, and small tumor size, did not benefit from RT. Age is highly correlated with the prognosis of breast cancer. Patients aged <40 years at diagnosis are generally considered to have a higher mortality rate due to more aggressive tumor biology, such as larger tumor size and higher grade (30). In patients aged >= 40 years, in contrast, they are more likely to display lower-risk tumors, but those with a relatively younger age are associated with better somatic function and are more likely to receive adequate treatment, resulting in a better OS and BCSS, compared with elderly patients (31, 32). Similar to the finding of a previous study, married cancer patients had a more favorable prognosis than unmarried patients. The reasons underlying this association are not fully understood, and some researchers believe it may be related to better social, financial, and emotional support and early-stage diagnosis in married cancer patients (33). Additionally, in accordance with the results, we found that patients with tumors in the outer quadrant had a significantly better prognosis than those with tumors in the inner quadrant or center location. This may be because the outer quadrant is a favorable location for large-volume excision to gain adequate surgical margins, especially for small tumors (34). Therefore, the low-risk group was safe enough and may gain limited benefit from RT.

In the present study, patients in the high-risk group were older age (>=65), had tumors in the inner or center location, and had larger tumor sizes, in whom RT conferred a survival benefit. Although elderly patients were more likely to have well-differentiated tumors, comorbid diseases and undertreatment associated with the domination of adherence to therapy regimens may lead to a worse prognosis (11, 32, 35). Similar to that in previous reports, our results showed that elderly patients (>=65) had a higher rate of non-BCSS (>=65 vs. <65, 66.9% vs. 54.7%) and a lower rate of acceptance of chemotherapy (>=65 vs. <65, 47.4% vs. 74.8%) among patients who did not receive RT after adjusting for confounders. In contrast to the low-risk group, for tumors in the inner quadrant or the center location, the limitation of excising a large amount of tissue, affects appearance, and more aggressive cancer characteristics may cause a higher risk of residual tumor cells (34, 36). Overall, we recommend routine RT after BCS for high-risk patients. Furthermore, for HER2+ elderly breast cancer patients included in the high-risk group, RT could improve significantly the OS and BCSS. Therefore, on the one hand, the management of comorbid diseases and treatment compliance should be strengthened to ensure tolerance and effectiveness of treatment (11). On the other hand, radiotherapy techniques with lower side effects should be sought on the premise of ensuring oncological outcomes. Current studies have shown that partial breast irradiation and targeted intraoperative radiotherapy might reduce the side effects of RT without affecting the survival of breast cancer patients compared with whole breast radiotherapy after BCS (37–39).

There was also a significant proportion of patients in the intermediate-risk group. RT could not prolong their BCSS, while the OS was improved. For this result, the possibility of a selection effect cannot be ruled out. Additionally, given the retrospective nature of this study, other unknown factors might have contributed to the results. Consequently, the decision to receive RT for these patients should not be made hastily, and follow-up prospective trials are urgently needed to assist clinical decision-making.

A better selection of patients at very low risk could be combined with the detection of radio-resistance of HER2+ subtype breast cancer cells. In the context of RT resistance, clinicians have more evidence to discuss the omission of RT for low-risk groups. And for HER2+ patients with high-risk characteristics, studies that were associated with whether the radiation boost or the transformation of RT technology could be reversed were still limited. A recent report based on dual blockade of CD47 and HER2 shows that the efficacy of RT can be enhanced by targeted therapy (21).

Our findings may provide a new perspective for the individualized treatment on HER2+ breast cancer patients after BCS. The study had several strengths: a large population, an assessment of non-BCSS based on Fine-Gray competing risk analysis, and PSM for adjusting confounders. More importantly, this is the first study, to our knowledge, to purely describe the population-level survival benefit from RT of HER2+ patients, and strict stratification analysis for nomogram construction with good internal validation was performed. Zhong Y et al. recently proposed that omitting RT for HER2+ patients older than 70 years who did not undergo axillary surgery is safe. Regrettably, they only focused on elderly patients, and no further estimation of the influence of non-BCSS (40).

Despite these promising results, limitations remain in our study. First, the absence of detailed information on anti-HER2 treatment, hormone therapy, and RT dose in the SEER database from 2010 to 2015. Although PSM was used to adjust for potential confounders, there were inevitably some unknown factors that still interfered with the study results. Nevertheless, we feel that, from monotherapy to dual anti-HER2 therapy and tyrosine kinase inhibitor (TKI), the number and quality of anti-HER2 therapies in slightly more than a decade have profoundly improved, which, as well as combinations with effective chemotherapy, significantly lowered the risk of LRR and effectively improved the survival of HER2+ early-stage patients (17). Therefore, the HER2+ population exempted from RT in this study is more likely to be the current and future candidate population not recommended for postoperative RT. A further limitation of our study was a relatively short median follow-up (31 months in low-risk group patients), although Kaplan-Meier analysis could be corrected by censored survival data. This may affect the survival estimates of early-stage young breast cancer patients. Therefore, long-term follow-up randomized controlled trials are needed for further verification.

In summary, we hope that our findings lay the foundation for future prospective clinical trials, which could identify more important prognostic factors and take improved contemporary systemic therapies into account to provide better-individualized recommendations for RT in HER2 patients after BCS.


 5 Conclusion

RT could significantly improve the OS and BCSS of HER2+ early-stage breast cancer patients after BCS on the whole. For high-risk patients, RT is an essential component of cancer therapy. However, the omission of radiotherapy may be considered for low-risk HER2+ early-stage patients. Further validation and improvement of the nomogram by prospective study or randomized controlled trials are warranted.
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Background

Breast cancer has become the malignancy with the highest mortality rate in female patients worldwide. The limited efficacy of immunotherapy as a breast cancer treatment has fueled the development of research on the tumor immune microenvironment.



Methods

In this study, data on breast cancer patients were collected from The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) and Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) cohorts. Differential gene expression analysis, univariate Cox regression analysis, and least absolute shrinkage and selection operator (LASSO) Cox regression analysis were performed to select overall survival (OS)-related, tumor tissue highly expressed, and immune- and inflammation-related genes. A tumor immune-inflammation signature (TIIS) consisting of 18 genes was finally screened out in the LASSO Cox regression model. Model performance was assessed by time-dependent receiver operating characteristic (ROC) curves. In addition, the CIBERSORT algorithm and abundant expression of immune checkpoints were utilized to clarify the correlation between the risk signature and immune landscape in breast cancer. Furthermore, the association of IL27 with the immune signature was analyzed in pan-cancer and the effect of IL27 on the migration of breast cancer cells was investigated since the regression coefficient of IL27 was the highest.



Results

A TIIS based on 18 genes was constructed via LASSO Cox regression analysis. In the TCGA-BRCA training cohort, 10-year AUC reached 0.89, and prediction performance of this signature was also validated in the METABRIC set. The high-risk group was significantly correlated with less infiltration of tumor-killing immune cells and the lower expression level of the immune checkpoint. Furthermore, we recommended some small-molecule drugs as novel targeted drugs for new breast cancer types. Finally, the relationship between IL27, a significant prognostic immune and inflammation cytokine, and immune status was analyzed in pan-cancer. Expression of IL27 was significantly correlated with immune regulatory gene expression and immune cell infiltration in pan-cancer. Furthermore, IL27 treatment improved breast cancer cell migration.



Conclusion

The TIIS represents a promising prognostic tool for estimating OS in patients with breast cancer and is correlated with immune status.





Keywords: breast cancer, tumor immune-inflammation signature, prognostic prediction, IL27, tumor immune microenvironment



Introduction

Breast cancer has become the malignancy with the highest mortality rate in female patients worldwide (1). According to SEER database data from 2012 to 2018, the 5-year relative survival rate of women with localized breast cancer reached up to 99%, but this fell to 30% for patients with distant metastases. Worse, the 5-year relative survival rate of patients with metastatic triple-negative breast cancer (TNBC) dropped to 12%. The American Joint Committee on Cancer (AJCC) tumor, node, metastasis (TNM) stages and molecular subtypes are widely identified as prognostic factors in breast cancer (2). However, intra-tumoral heterogenicity and extra-tumoral microenvironment complexity frequently lead to different outcomes among patients with different breast cancer subtypes (3, 4). Therefore, a reliable predictive model is worthy of investigation to aid in the early accurate diagnosis of breast cancer and individualized treatment for breast cancer patients.

Beyond traditional chemotherapy, endocrine therapy, and targeted therapy, immune checkpoint blockade (ICB) has revolutionized the treatment of breast cancer, especially unresectable or metastatic TNBC with PD-L1 expression (5, 6). Subsequent research has demonstrated that features of the tumor immune microenvironment, including the profiling of tumor-infiltrating immune cells, the landscape of cytokines, and the expression of stimulatory and inhibitory checkpoints, significantly influence ICB response (7). Furthermore, inflammation promotion and immune escape, hallmarks of the malignant progression of cancer (8), have been found to be of great prognostic value for multiple types of cancer (9, 10). Accordingly, the inflammatory response and immune-function-related gene signature model may have a reliable predictive effect in immunotherapy and prognosis owing to its strong relationship with the immune microenvironment.

Previous studies have investigated the prognostic value of immunity markers in breast cancer. The development of bioinformatics has led to an increase in prognostic scoring models for breast cancer. A subtype termed “immunity-enhanced” was identified with high expression of the 17 immunity genes and representing an intermediate outcome between LumA and other PAM50 subtypes (11). In another study, the immune-related prognostic scores of breast cancer (IPSBC) calculated from 13 immune-related genes stratified breast cancer patients into different risk groups (AUC values fluctuating between 0.76 and 0.86 in the training set). The higher-risk group associated with worse overall outcomes were characterized with less abundance of tumor-infiltrating immune cells (12). As a mechanism of innate immunity, the inflammation signature was highly associated with the tumor immune microenvironment with prognostic value. Tumor inflammation signature (TIS) was also constructed based on an 18-gene signature measuring a pre-existing but suppressed adaptive immune response within tumors. Danahwe et al. observed that the subset of breast patients with the highest 10% of the TIS score range shows substantially improved prognosis (9). In hepatocellular carcinoma (HCC), an inflammatory response-related gene signature was validated to distinguish HCC patients with different prognoses and immune statuses. Predictive accuracy was assessed with the receiver operating characteristic (ROC) curve, and the area under the curve (AUC) reached up to 0.68 (13). However, attempt should be made to combine multiple gene signatures to optimize the prognostic model, which can improve the performance of prognostic prediction.

In this study, we aimed to construct a tumor immune-inflammation signature (TIIS) with survival prediction and immune profile differentiation based on 18 immune- or inflammation-related genes. In The Cancer Genome Atlas Breast Invasive Carcinoma (TCGA-BRCA) set, the 10-year AUC of TIIS reached 0.89, and the predictive value was also validated in the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) set. Then, we further performed functional enrichment analysis and immunome analysis in different risk groups to explore enriched pathways and immune characteristics associated with TIIS. Our prognostic model identified IL27 as a key gene, and then further analysis on the relationship between IL27 and immune signature was performed in pan-cancer, as IL27 was a significant prognostic cytokine. The migration-promoting effect of IL27 on breast cancer cells was verified in in vitro experiments. In general, TIIS was demonstrated to be an accurate prognostic prediction and immune classification model.



Materials and methods


Data acquisition and preparation

RNA-sequence profiles and the corresponding clinical information of patients with breast cancer from the TCGA-BRCA dataset and METABRIC dataset were collected through the UCSC Xena platform (https://xenabrowser.net/datapages/) (n = 1,069) and cBioPortal (http://www.cbioportal.org/study/summary?id=brca_metabric) (n = 1,903), respectively. The R package “sva” was used for batch effects of these two datasets. Clinical characteristics of the TCGA-BRCA training cohort and METABRIC validation cohort are presented in Supplementary Table 1.



Acquisition of immune- or inflammation-related gene sets

Immune- or inflammation-related gene sets were extracted from the Molecular Signatures Database (MSigDB, http://www.gsea-msigdb.org/gsea/index.jsp). In general, 1,094 immune-related genes and 180 inflammation-related genes shown in Supplementary Table 2 were selected for differential expression analysis between tumor and normal tissues.



Differential gene expression analysis

Differential gene expression analysis for breast cancer versus normal breast tissue comparison was carried out using the two-tailed Wilcoxon rank-sum test. Genes with absolute log2 fold change (LogFC) values ≥ 1.0 and a false discovery rate (FDR)-adjusted p-value < 0.05 were identified as differentially expressed genes (DEGs) and listed in Supplementary Table 3. A total of 431 immune-related DEGs and 54 inflammation-related DEGs were selected for further Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis.



Construction and validation of tumor immune-inflammation signature

After removing 34 duplicate genes and 68 genes not included in the METABRIC dataset, 383 genes were finally collected for signature construction. Univariate Cox regression analysis was performed with the “survival” package to screen the DEGs significantly associated with overall survival (OS) in the training cohort, and 49 genes met the threshold of p-value < 0.05. Next, the “glmnet” package was applied for the least absolute shrinkage and selection operator (LASSO) regression analysis to optimize the OS-related TIIS. Then, the prognostic TIIS was established based on 18 genes’ coefficients weighted by the multiple regression. The prognostic score (PS) of each sample can be calculated as follows: PS = sum of coefficients × expression level of DEGs. Samples in both the training and validation cohort could be separated into a high-risk or low-risk group. DEGs between the two groups were identified through Wilcoxon rank-sum test. GSEA was performed to investigate the enriched signaling pathways for these DEGs. ROC curves for 1-, 3-, 5-, and 10-year OS were drawn, and the AUC was calculated with the “survivalROC” package to measure the predictive accuracy of TIIS. The Kaplan–Meier (KM) estimate was used to make survival comparison among different risk groups with a log rank p-value <0.05


Construction of the protein–protein interaction network

The protein–protein interaction (PPI) network was constructed based on the protein interaction information retrieved from Search Tool for Retrieval of Interacting Genes (STRING, https://www.string-db.org/) with interaction score > 0.4 and FDR < 0.05.



Subgroup prognostic analysis

KM survival analysis was performed in the TCGA-BRCA training cohort to estimate the prognostic value of TIIS in several subgroups. Age, T stage, N stage, M stage, clinical stage, and molecular subtypes were chosen as the basis for grouping.




Analysis of immune infiltration

The proportion of tumor microenvironment components of each sample was assessed based on the Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression data (ESTIMATE) algorithm. The generated immune score, stromal score, and ESTIMATE score reflected the infiltration levels of immune cells, stromal cells, and both, respectively. The profiling difference of 22 kinds of infiltrating immune cells between different risk groups was estimated using the CIBERSORT algorithm (https://cibersort.stanford.edu) and quantified with the Wilcoxon rank-sum test. The expression of 37 immune checkpoint molecules was also compared with the Wilcoxon rank-sum test.



Analysis of drug sensitivity

Correlation between the expression of 18 genes of the prognostic model and drug sensitivity was evaluated through NCI-60 Analysis Tools in The CellMiner database (https://discover.nci.nih.gov/cellminer/) (14). Pearson’s correlation analysis was visualized with the “ggplot2” package.



Analysis of association between IL27 expression and immune characteristics

Comprehensive information of pan-cancers in the TCGA dataset was obtained from the UCSC Xena platform (https://xenabrowser.net/datapages/). The expression of IL27 (cancer versus normal tissue) in pan-cancers was counted using the two-tailed Wilcoxon rank-sum test. The ESTIMATE algorithm was used to calculate the immune score, stromal score, and ESTIMATE score of each sample, and the “psych (version 2.1.6)” package was used to calculate Pearson’s correlation coefficient and assess the correlation between IL27 expression and score and estimate the relationship between IL27 expression and immune regulatory or checkpoint gene expression. Statistical graphs were drawn via http://sangerbox.com/.


Mapping tissue protein expression

The immunohistochemistry (IHC) protein expression of IL27 in human breast and liver tumor tissues and normal tissues was downloaded from the Human Protein Atlas database (https://www.proteinatlas.org/).



Cell culture and migration assay

MDA-MB-231 cells were obtained from the American Type Culture Collection (ATCC) and cultured according to standard protocols at 37°C under 5% CO2. Migration capacity was evaluated using scratch test and transwell migration assay. MDA-MB-231 cells were seeded into 12-well plates. When the cells grew to nearly 100% confluence, the monolayer cells were scratched with the tip of a 200-µl pipette and photographed. After 24 h of treatment with or without IL27 (50 ng/ml), cells were washed and photographed again. For transwell migration assay, 5×104 cells suspended in 200 µl of serum-free culture medium were seeded into the upper chamber (Corning Incorporated, NYC, USA), and the lower compartment was filled with 600 µl of culture medium containing 10% fetal bovine serum with or without IL27 (50 ng/ml). After incubation for 24 h, the incubation medium and the cells on the upper surface of membrane were wiped off. Cells on the underside of the membrane were fixed in 4% paraformaldehyde, stained with 0.1% crystal violet, and photographed under an inverted microscope at 100× magnification.




Statistical analysis

The Wilcoxon rank-sum test was employed to explore differences between two groups. R software (www.r-project.org, version) was used for all data analysis and visualization. A p-value < 0.05 was considered statistically significant.




Results


Clinical characteristics

As shown in the flowchart of this study in Figure 1, a total of 1,069 and 1,903 breast cancer patients were recruited from the TCGA-BRCA and METABRIC cohorts, respectively, along with detailed follow-up data, clinical stages, and personal information. As shown in Supplementary Table 1, the mean OS was 41.87 months in the TCGA-BRCA set and 125.19 months in the METABRIC set. Most cases in TCGA-BRCA were in clinical stage II or II.




Figure 1 | Flowchart of this study.





Identification of immune- or inflammation-related differentially expressed genes

A total of 1,094 immune-related genes and 180 inflammation-related genes were extracted from MSigDB (Supplementary Table 2). Among them 431 immune-related genes (Figures 2A, B) and 54 inflammation-related genes (Figures 2C, D) reached the criteria of LogFC ≥ 1.0 and p-value < 0.05 by the two-tailed Wilcoxon rank-sum test. Immune-related DEGs were linked to pathways involved in the cytokine-mediated signal pathway, cell chemotaxis, and cytokine–cytokine interaction (Figures 3A, B). Similarly, inflammation-related DEGs were enriched in pathways including cytokine-mediated signal pathway, response to lipopolysaccharide, and immune cell migration (Figures 3C, D).




Figure 2 | Differential immune or inflammation-related gene expression analysis in the TCGA-BRCA training cohort. (A) Heatmap and (B) volcano plot of 1,094 immune-related genes in the TCGA-BRCA training cohort showing differential expression between cancer and normal samples. (C) Heatmap and (D) volcano plot of 180 inflammation-related genes in the TCGA-BRCA training cohort identifying DEGs between cancer and normal tissues. N, normal tissues; T, tumor tissues; DEGs, differentially expressed genes.






Figure 3 | Enrichment analysis of immune- or inflammation-related differentially expressed genes in the TCGA-BRCA training cohort. Bubble plot of (A) GO and (B) KEGG pathway analysis of immune-related DEGs. Bubble plot of (C) GO and (D) KEGG pathway analysis of inflammation-related DEGs. Each graph showed the top five enriched pathways of BP, CC, MF, and KEGG. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; BP, biological process; CC, cellular components; MF, molecular function. Gene ratio: the ratio of enriched genes to the total number of genes in the relative pathway in the corresponding database. Count: the number of enriched DEGs in each pathway.





Identification of tumor immune-inflammation signature

After removing 34 duplicate genes and 68 genes not included in the METABRIC dataset, 383 genes were finally selected for analysis (Supplementary Figure 1), including 183 upregulated genes in tumor tissues and 200 upregulated genes in normal tissues. Univariable Cox regression analysis was performed to screen immune- or inflammation-related DEGs associated with OS. Then, 49 genes were identified as survival-associated DEGs, which are listed in Supplementary Table 4, for further screening via LASSO regression analysis. Ultimately, 18 DEGs were selected for prognostic model construction (Figures 4A, B), with corresponding regression coefficients determined by multivariable Cox regression analysis, as shown in Supplementary Table 5. The obtained TIIS-based prognostic score was calculated as follows: (PS) = ∑coefficient ×gene expression = PSME2 × (−0.43458) + IL27 × 1.034941 + NRP3 × 0.166836 + TSLP × (−0.57442) + NOS1 × 0.496469 + APOD × (−0.1144) + ADRB1 × (−0.36949) + LCN1 × 0.565002 + HGF × 0.761114 + JUN × (−0.19551) + IFNG × (−0.46269) + FABP6 × 0.161865 + FLT3 × (−0.19532) + KCNMB2 × 0.716553 + NRG1 × (−0.44158) + AVPR1A × 0.462009 + AMH × 0.288371 + SDC1 × 0.147517. According to this immune-inflammation signature formula, patients with a higher risk score were classified into the high-risk group (n = 678) with more deaths, and the remaining patients with a lower risk score made up the low-risk group (n = 391) with more surviving cases (Figures 4C, D). A PPI network of the selected 18 genes was constructed based on the STRING database, indicating the broad functional overlap between IL27 and IFN-γ, and interaction in remodeling the tumor immune microenvironment between IFN-γ and HGF (Supplementary Figure 2). In addition, the hazard ratio of six genes as independent protective factors and six genes as independent risk factors of prognosis is listed in the forest plot (Supplementary Figure 3).




Figure 4 | Construction of TIIS. (A, B) LASSO Cox regression of differentially expressed immune- or inflammation-related genes in the TCGA-BRCA training cohort. The risk curve of the distribution of patients’ prognostic score (C), survival time, and status (D). Time-dependent ROC curves (E) for survival probability of TIIS. Kaplan–Meier curves (F) for 1,069 patients classified as high and low risk by TIIS. LASSO, least absolute shrinkage and selection operator; ROC, receiver operating characteristic. TIIS, tumor immune-inflammation signature.





Evaluation of TIIS with predictive efficacy

Patients with breast cancer from the TCGA-BRCA training cohort or the METABRIC validation cohort were stratified into the high- or low-risk group according to the optimal cutoff value of PS determined by the “survminer” package. KM survival plots showed that patients in the high-risk group had poorer OS compared with those in the low-risk group in both cohorts. ROC graphs were created to compare the effect of the prognostic classification model in both training and validation cohorts. In the TCGA-BRCA training cohort, the 1-year, 3-year, 5-year, and 10-year AUCs were 0.79, 0.81, 0.80, and 0.89, respectively (Figures 4E, F). TIIS achieved higher accuracy than single risk gene predictive models (Supplementary Figure 4A). Moreover, in the METABRIC validation cohort, patients with a higher PS were assigned to the high-risk group and survived for a shorter period than those in the low-risk group (Supplementary Figure 5B). DEGs generated between the high- and low-risk groups were mainly enriched in cytokine–cytokine receptor interaction, immune response, and immunoglobulin complex formation (Figures 5A, B).




Figure 5 | Enrichment analysis of differentially expressed genes between the high- and low-risk group. Bubble plot of (A) GO and (B) KEGG pathway analysis of genes expressed differentially between the high- and low-risk group. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular components; MF, molecular function.





Evaluation of TIIS in several subtypes of breast cancer

The predictive performance of TIIS was further investigated in several subtypes of breast cancer. TIIS exhibited excellent predictive capacity to classify patients into high and low risk for OS in both patients older than 65 and younger than 65 (Supplementary Figure 6A), with breast cancer larger or smaller than 5 cm (Supplementary Figure 6B), with lymph node metastasis or not (Supplementary Figure 6C), and with distant metastasis or not (Supplementary Figure 6D). Similarly, TIIS was also prognostic in patients with clinical stage I–III breast cancer (Supplementary Figure 6E), or luminal A, luminal B, and basal-like breast cancer (Supplementary Figure 6F). However, subgroups with stage IV or HER2-positive breast cancer did not present statistical evidence of association between TIIS and OS, which might result from insufficient sample size.



Evaluation of TIIS with the immune landscape

Based on the prognostic value of TIIS, the immune landscape of the two risk groups was systematically compared. Lower immune cell infiltration and higher tumor purity were found in high-risk samples (Figures 6A–C). Furthermore, types of tumor-infiltrating immune cells were profiled with the CIBERSORT algorithm. The proportion of M2 macrophages was higher in the high-risk group. In addition, the infiltration of M1 macrophages, naive B cells, plasma cells, CD8-positive T cells, and resting dendritic cells was significantly greater in the low-risk group (Figure 6D). These results were consistent with those of previous reports on the tumor immune microenvironment, revealing that tumor-killing immune cells tended to be more common in the low-risk group and immunosuppressive tumor microenvironment was associated with poorer prognosis (15). Besides the distinct distributive pattern of immune cells, expression of genes involved in immune checkpoints or activation was also different. The immune checkpoint gene expression including PD-L1 (CD274), CTLA-4, TIGHT, and LAG3 decreased significantly in the high-risk group, indicating a poor immunotherapy response (Figure 6E). In summary, the classification method based on TIIS could distinguish between patients with different prognoses due to different tumor immune microenvironments.




Figure 6 | Exploration of differences in the tumor immune microenvironment between the high- and low-risk groups of the TCGA-BRCA training cohort. Immune score (A), stromal score (B), and tumor purity (C) were evaluated using ESTIMATE analysis and compared between high- and low-risk groups. (D) Infiltration of 22 kinds of immune cells were analyzed by the CIBERSORT algorithm. (E) Expression of 37 immune regulatory genes were compared between the high- and low-risk groups. **p < 0.01, ***p < 0.001.





Drug sensitivity analysis of genes comprising TIIS

To investigate the potential association between TIIS and drug susceptibility, Pearson correlation analysis was conducted between mRNA expression of 18 prognostic DEGs in the NCI-60 cell line and drug Z scores achieved from the CellMiner database. High apolipoprotein D (APOD) expression, which was negatively correlated with PS, was associated with increased sensitivity of vemurafenib (inhibitor of the B-Raf enzyme), selumetinib (a selective inhibitor of MEK), dabrafenib (inhibitor of the B-Raf enzyme), and encorafenib (inhibitor of the B-Raf enzyme). In addition, the fms-related receptor tyrosine kinase 3 (FLT3), which preferred high expression in the low-risk group, also enhanced the sensitivity of hydroxyurea (inhibition of ribonucleoside diphosphate reductase), ABT-199 (BCL-2-selective inhibitor), cyclophosphamide (alkylating agents), and nandrolone phenpropionate (an androgen and anabolic steroid medication). Conversely, high Syndecan 1 (SDC1) expression was found to develop resistance to arsenic trioxide and dacarbazine, which was consistent with its positive relationship with poor prognosis (Figure 7). In general, TIIS displayed intricate links with varied drug sensitivities, which may explain the ideal prognostic capacity of TIIS.




Figure 7 | Drug sensitivity prediction based on TIIS. Scatter plots of correlation between gene expression (abscissa) and Z score of anti-tumor drugs calculated by Pearson correlation test (ordinate) based on the CellMiner database. Each black point represented an independent sample. The blue line was the linear regression line.





Pan-cancer analysis of association between IL27 expression and immune characteristics

TIIS finally consisted of 18 prognostic DEGs, and IL27 was the DEG with the highest coefficient value and hazard ratio (hazard ratio 2.81; 95% CI 1.60–4.96; p < 0.001) (Supplementary Figure 3). Breast cancer patients with higher IL27 expression had considerably worse OS than those with lower IL27 expression (Supplementary Figure 4B). Then, IL27 expression was compared between tumor and normal tissues in pan-cancer. As shown in Figure 8A, the mRNA expression of IL27 was higher in breast cancer, glioblastoma multiforme, stomach and esophageal carcinoma, kidney renal clear cell carcinoma, and head and neck squamous cell carcinoma than in corresponding normal tissues. Figure 8C shows the protein expression of IL27 in breast cancer and liver cancer. Consistent with RNA expression data, the IHC staining image demonstrated that IL27 protein levels were higher in breast cancer tissue compared with normal tissue. Also in tissues acquired from patients with liver cancer, protein expression of IL27 slightly increased in cancer tissue. Next, associations between IL27 and immune regulator gene expression were analyzed with Pearson’s correlation coefficient and displayed in Figure 8B. IL27 showed a strong positive relationship with PD-L1 (CD274), CTLA-4, TIGHT, LAG3, IFNG, TNF, and ICAM1 in various types of cancer. Furthermore, immune infiltration analysis revealed that IL27 was positively correlated with a more stromal component in lung squamous cell carcinoma, skin cutaneous melanoma, glioma, and acute myeloid leukemia (Supplementary Figure 7A). Additionally, IL27 expression had a higher association with immune cell infiltration and tumor purity in glioma, skin cutaneous melanoma, kidney renal carcinoma, bladder urothelial carcinoma, lung squamous cell carcinoma, acute myeloid leukemia, stomach and esophageal carcinoma, and head and neck squamous cell carcinoma (Supplementary Figures 7B, C).




Figure 8 | Exploration of IL27 expression characteristics and its association with the immune landscape in pan-cancer. (A) The expression of IL27 was compared between tumor tissue and normal tissue in different types of cancer in the TCGA database. (B) The correlation between expression of IL27 and immune regulatory gene expression analyzed using Pearson correlation test among 18 types of cancer. *p < 0.05. (C) Protein expression of IL27 in normal and tumor tissues obtained from Human Protein Atlas. MDA-MB-231 cells were incubated with or without IL27 (50 ng/ml) for 24 h. Scratch test (D) and transwell migration assay (E) of MDA-MB-231. GBM, glioblastoma multiforme; BRCA, breast invasive carcinoma; STES, stomach and esophageal carcinoma; HNSC, head and neck squamous cell carcinoma; KIRC, kidney renal clear cell carcinoma; LAML, acute myeloid leukemia; PRAD, prostate adenocarcinoma; LIHC, Liver hepatocellular carcinoma; TGCT, testicular germ cell tumors; SARC, sarcoma; SKCM, skin cutaneous melanoma; COADREAD, colon adenocarcinoma or rectum adenocarcinoma; EC, esophageal carcinoma; PAAD, pancreatic adenocarcinoma; THCA, thyroid carcinoma; ACC, adrenocortical carcinoma; LUSC, lung squamous cell carcinoma; BLCA, bladder urothelial carcinoma; LUAD, lung adenocarcinoma; T, tumor tissue; N, normal tissue.




Validation of the effect of IL27 on migration of breast cancer cells

IL27, as a member of the IL12 cytokine family, is secreted by antigen-presenting cells and regulates inflammatory response through JAK-STAT and p38 MAPK pathways (16, 17). In addition to reengineering tumor microenvironment, IL27 also directly affects malignant progression of cancer cells. Yan et al. also found that IL27 facilitated proliferation of breast cancer (18). As TGFB1 (19), IL10 (20), CXCL10 (21), etc., which exhibited expression association with IL27, have all been reported to affect the migration of breast cancer, we supposed that IL27 might affect the ability of breast cancer cells to migrate. In this section, migration assays were performed to examine the effect of IL27 on the migration capacity of the TNBC cell line MDA-MB-231. Scratch test showed that MDA-MB-231 treated with recombinant IL27 possessed increased migration ability (Figure 8D). Similarly, in the transwell migration assay, IL27 exposure improved the capacity of MDA-MB-231 to migrate through the membrane (Figure 8E). These results illustrated that IL27 raised breast cancer cell migration, which may partially explain the role of IL27 in poor prognosis in breast cancer.





Discussion

Although immunotherapy has exhibited encouraging and durable efficacy in a variety of tumors, especially in patients with microsatellite instability-high (MSI-H) or mismatch repair-deficient (dMMR) solid tumors (22), ICB was just approved for advanced TNBC with positive PD-L1 (5, 6). This highlights the significance of tumor immune microenvironment analysis in predicting the prognosis and responsiveness of ICB. Shuning Ding et al. have constructed a novel immune-related prognostic signature (IRPS) with four immune-related genes (CCL1, VGF, TSLP, and FABP9). AUCs of nomogram integrating IRPS and clinical factors were 0.701 at 3 years and 0.694 at 10 years (23). Another 15-immune gene risk score model established by Chen et al. showed considerable AUC value in the training set (5-year OS AUC = 0.752) (24). Moreover, the AUC value of the nomogram constructed based on a hypoxia-immune related risk score (HIRS) and clinicopathological features to predict OS was 0.726 in the METABRIC training set (25). The AUC value of the published prediction model was hardly higher than 0.8. As inflammation plays an essential role in involving the innate immune response and shaping the ensuing adaptive immune response, prognostic models based on both immune- and inflammation-related genes may achieve superior accuracy.

Several studies have attempted to combine immune and inflammatory signatures for model construction. Studies revealed that prognosis in patients with colon cancer can be predicted by combining analysis of local infiltration of chronic inflammatory cells and systemic inflammatory responses (26). The high systemic immune-inflammation index (SII) was related to a poor prognosis in non-small cell lung cancer (NSCLC) (27) and also an independent worse prognostic factor for DFS (HR, 4.530; 95% CI, 3.279–6.258; p < 0.001) and OS (HR, 3.825; 95% CI, 2.594–5.640; p < 0.001) in breast cancer (28). ROC analysis showed that the AUC of SII for predicting DFS and OS in breast cancer was 0.724 (p < 0.001; 95% CI, 0.679–0.770) and 0.703 (p < 0.001; 95% CI, 0.645–0.761), respectively. In contrast, our study enrolled more patients in the training set (1,069 vs. 784), obtaining a higher AUC for OS prediction (0.89 vs. 0.70), and completed external validation. Similarly, our TIIS also demonstrated excellent prognostic power in different breast cancer molecular subtypes. In conclusion, we developed a more accurate immune-inflammation signature for prognostic prediction in breast cancer.

Among the 18 prognosis-related genes finally screened, IL27 was the one with the largest parameter. IL27 is usually expressed by antigen-presenting cells with pro- and anti-inflammatory effects (29). Such dual roles make investigation of effects of the IL27 in the tumor immune environment a challenge. In the pancreatic cancer preclinical model, IL27 production induced T-cell exhaustion, resulting in resistance to immunotherapy. As for HCC, IL27R signaling within the tumor microenvironment restrained the cytotoxicity of innate cytotoxic lymphocytes, while in lung cancer, IL27 treatment increased sensitivity to cisplatin in A54916. In addition, elevated IL27 expression could induce an enhanced immune response and pyroptosis (R = 0.64, p = 1.2e−55), autophagy (R = 0.37, p = 7.1e−17), and apoptosis (R = 0.47, p = 1.1e−27) in patients with melanoma (30–34). The relationship between IL27 and immune signature was analyzed in pan-cancer in this research. In breast cancer tissues, IL27 was expressed more abundantly compared with normal breast tissues. In addition, expression of IL27 was positively correlated with immune regulatory gene expression and the immune score, stromal score, and ESTIMATE score in pan-cancer. Such a strong association indicated that IL27 may be a potential predictor for ICB efficacy.

During the process of drug sensitivity analysis, the association between expression of APOD and sensitivity of B-Raf inhibitor caught our attention. Patients with high APOD expression seemed to benefit from a series of B-Raf inhibitors (e.g., vemurafenib, dabrafenib, and encorafenib, shown in Figure 7). APOD is an extracellular glycoprotein involved in complicated immune response (35). Recent research found that the inhibitor of B-Raf (a member of Raf family of serine/threonine protein kinases) exhibited increased tumor immune infiltration (36), and the combination of ICB and B-Raf inhibitor showed improved antitumor activity in BRAF V600E-mutant melanoma (37–39). In addition, B-Raf, as a key mediator of KRAS, was reported to drive tumor immune suppression (40). However, there is no reasonable molecular mechanism revealing the secrets between B-Raf and tumor immune characteristics or the relationship among APOD, B-Raf, and the tumor immune microenvironment. Therefore, APOD expression may be a potential biomarker for the B-Raf inhibitor combined with ICB therapy, and the mechanism of such a correlation deserves further study.

This study still has several limitations. First, TIIS did not acquire acceptable accuracy in the METABRIC validation cohort. Mildly unsatisfactory AUC in the METABRIC external validation set (10-year AUC reaching 0.55) might result from platform bias as METABRIC used microarray expression and TCGA RNA-seq (Supplementary Figure 5A). Different microarray protocols and geographical variations between databases could explain reasonable inter-cohort bias. Second, TIIS was established and validated with data from public databases, lacking multicenter prediction research and prospective study. Third, beyond promoting migration, the mechanism by which IL27 acted as a poor prognostic biomarker in breast cancer remained unclear. The feasibility of IL27 being a drug target for breast cancer needed to be experimentally verified.

In sum, this study integrated immune- and inflammation-related genes and defined TIIS as a new prognostic model, which was proved to predict breast cancer patients’ survival and was confirmed to be valuable in functional enrichment analysis and the tumor immune landscape. More clinical trial data may help validate the predictive value of TIIS for immunotherapy efficacy and the ability to provide new targets.



Conclusion

In general, this study defined a prognostic model consisting of 18 immune- and inflammation-related genes. This model exhibited satisfactory predictive performance in both the TCGA-BRCA training cohort and the METABRIC validation cohort. Patients with breast cancer were successfully assigned into the high- or low-risk group, with survival times differing significantly between the two groups. Furthermore, analysis of the immune landscape between the high- or low-risk group revealed lower tumor-killing immune cell infiltration and lower immune checkpoint expression in the high-risk group. Additionally, genes that make up the signature were correlated with various drug sensitivities. Lastly, pan-cancer analysis of IL27 revealed that expression of IL27 was higher in tumor tissues and associated with a higher ESTIMATE score and expression of immune regulatory genes. In breast cancer, IL27 increased the migration ability of MDA-MB-231, which partly explained the mechanism of IL27 as a poor prognostic biomarker in breast cancer.
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Objective

This study aimed to explore possible associations between molecular subtypes and site of distant metastasis in advanced breast cancer (ABC).



Methods

3577 ABC patients were selected from 21 hospitals of seven geographic regions in China from 2012-2014. A questionnaire was designed to collect medical information regarding demographic characteristics, risk factors, molecular subtype, recurrence/metastasis information, and disease-free survival (DFS). The cancers were classified into Luminal A, Luminal B, HER2-enriched and Triple Negative subtypes. Chi-square test and multivariate Cox proportional hazard models were performed to explore the associations between molecular subtypes and distant metastasis sites.



Results

A total of 2393 cases with molecular subtypes information were finally examined. Patients with Luminal A (51.1%) and Luminal B (44.7%) were most prone to bone metastasis, whereas liver metastasis was more frequently observed in HER2-enriched ABC patients (29.1%).The cumulative recurrence and metastasis rates of ABC patients at 36 months of DFS were the most significant within molecular types, of which Triple Negative was the highest (82.7%), while that of Luminal A was the lowest (58.4%). In the adjusted Cox regression analysis, Luminal B, HER2-enriched and Triple Negative subtypes increased the risk of visceral metastasis by 23%, 46% and 87% respectively. In addition, Triple Negative patients had a higher probability of brain metastasis (HR 3.07, 95% CI: 1.04-9.07).



Conclusion

Molecular subtypes can predict the preferential sites of distant metastasis, emphasizing that these associations were of great help in choices for surveillance, developing appropriate screening and cancer management strategies for follow-up and personalized therapy in ABC patients.
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Introduction

Breast cancer is the most common malignancy in women worldwide. Approximately 2,261,419 new cases and 416,371 deaths occurred in 2020 (1). Although the prognosis of breast cancer patients is generally favorable and mortality has declined due to early detection, optimal surgery and improved adjuvant therapies, 20%–30% of patients will still develop distant metastases and cases with progressive stage only have a median two-year survival time (2, 3). The distant organs to which breast cancer preferentially metastasizes, of which bone, liver, lung, and brain are among the most common sites, are associated with the patients’ survival outcomes (4, 5). Patients with brain metastases or metastases at multiple sites generally have relatively poor prognostic outcome compared with lung and other visceral metastases (6). Breast cancer is no longer seen as a single disease but rather a multifaceted disease comprised of distinct biological subtypes with diverse natural history, presenting a varied spectrum of clinical, pathologic and molecular features with different prognostic and therapeutic implications.

Breast cancer is widely recognized as a heterogeneous disease with a variable clinical and pathological behavior and also different prognosis and response to cancer therapies, which makes it difficult not only to define prognosis of this disease, but also predict the risk of metastasis (7, 8). It has long been accepted that common risk factors such as tumor size, histologic grade, clinical stage and hormone receptor status have with increasing importance influenced the progression of malignancy and the pattern of distant metastasis (9, 10). Also, molecular subtype is being increasingly considered as an indicator to further reveal distinct characteristics and mechanisms for different organ-specific metastatic breast cancer variants (11). Four major molecular subtypes of breast cancer have been identified based on their gene expression profiling and immunohistochemical results: Luminal A, Luminal B, HER2-enriched and Triple Negative. There is growing evidence indicating that patterns of metastasis and clinical outcome are different between different subtypes: Luminal tumors are associated with a better prognosis compared with HER2-enriched or Triple negative tumors which have a more aggressive clinical outcome (12, 13). Our research team has already conducted a 10-year retrospective multi-center study of breast cancer in China (14). However, data are limited concerning advanced breast cancer (ABC) at a national level. Therefore, in the present study, we sought to investigate the possible relationship between molecular subtypes and the preferential distant metastasis sites among ABC patients to guide treatment decision making and develop appropriate surveillance strategies.



Materials and methods


Institutional review board

This study was approved by the Ethics Committee of Cancer Hospital, Chinese Academy of Medical Sciences (CHCAMS). Patient consent was not required as there were no risks anticipated to the participants of the study. All data were stripped of any patient identifiers.



Study design and hospital selection

This study was a 3-year retrospective multi-center analysis in China from January 1st, 2012 to December 31st, 2014. Female ABC patients were selected randomly from 21 tertiary hospitals of seven geographic regions. Traditionally, China was divided into seven geographical regions: north, northeast, central, south, east, northwest, and southwest, three tertiary hospitals were selected from each region randomly. The aim of this method was to establish a large group of participants in ABC with complete pathological diagnosis and treatment information, which could fully represent the differences between urban and rural areas, including women of different living habits and socio-economic status in different geographical regions.



Patients and inclusion criteria

The subjects of this study were pathologically confirmed ABC patients with recurrence and distant metastasis hospitalized within the specified period. The number of collected cases were determined proportionally according to the inherent population capacity of each geographical region. In each hospital, one month was randomly selected for each year according to the random number and all pathologically diagnosed ABC cases for that month were reviewed. January and February were excluded from the random selection to decrease any confounding effects of the Chinese New Year holiday (the longest holiday period of the year). Firstly, all eligible cases were recruited in 2012, if inpatients admissions were less than predetermined numbers, more cases from the neighboring months were reviewed in that year, otherwise, the remaining cases continued to be collected in 2013 and 2014, until the total number in that year reaches the target quantity.

All patients enrolled in this study must meet 3 key inclusion criteria: (1) pathology confirmed female ABC, when diagnosed as stage IV or local recurrence/distant metastasis after diagnosis; (2) inpatient admission date was within the selected month in the study hospital and (3) full information of surgical pathology results, time and location of metastasis, detailed therapeutic methods and protocols after metastasis.



Data collection and quality control

Medical records were reviewed by local clerks within each hospital according to the designated protocol and a questionnaire was designed by epidemiologists and breast physicians in CHCAMS to collect information from each enrolled patient’s chart regarding (1) General information; (2) Demographic characteristics and breast cancer risk factors; (3) Clinical and imaging diagnostic information at first diagnosis; (4) Molecular subtype of patients; (5) Surgical and adjuvant treatment information; (6) Recurrence and metastasis treatment information including distant metastasis sites, disease-free survival (DFS), endocrine therapy, targeted therapy and chemotherapy after metastasis.

Two data-input clerks from each hospital were recruited to independently double-enter all above information from the paper to computer-based database. Then all finished double-entry databases were sent to CHCAMS for validation by running EpiData. Inconsistencies between the two databases revealed by CHCAMS were reported to the local clerks for adjudication until the databases were consistent. As a final inspection, one of the databases was chosen to undergo a final consistency check. Logical errors (e.g. the first recurrence and metastasis date were earlier than the date of the first diagnosis of breast cancer) were reported back to the local hospital, and the local collaborators reviewed the original medical chart again. After checking with the original medical record, the local staff sent the revised database back to CHCAMS for a final analysis. During the consistency check, 5% of the medical charts were randomly selected based on the study ID and sent to CHCAMS for quality control review.



Molecular subtypes

The cancers were classified into four molecular subtypes according to the St-gallen Guidelines, 2013 (15): (1) Luminal A: ER+, PR+, HER2- and Ki-67<14%; (2) Luminal B: ① ER+, HER2- and at least one of: Ki-67 > 14%, PR- or low expression, low recurrence risk based on polygene expression analysis (if applicable); ② ER+, HER2+, any Ki-67 and any PR; (3) HER2-enriched: ER-, PR- and HER2+; (4) triple negative: ER-, PR- and HER2-.



Recurrence and distant metastasis

Recurrence and distant metastasis were diagnosed by clinical evaluations including imaging studies or biopsy. Distant metastasis was defined as metastasis of breast cancer developing beyond the ipsilateral or contralateral breast, chest wall, or regional lymph node including ipsilateral axillary, supraclavicular, or internal mammary lymph node. Five patterns of the distant metastasis were mainly classified: bone metastasis only, metastases excluding bone and brain, bone metastasis + others (excluding brain metastasis), brain metastasis only and brain metastasis + others. Cumulative frequency of bone, liver, lung, brain and visceral metastases (including liver, lung, brain, adrenal gland, ovary, etc.) in this study was analyzed regarding to the molecular subtypes. Disease free survival (DFS) was defined as the time from the first diagnosis of breast cancer by surgery or puncture to recurrence and/or metastasis, whichever was the earliest.



Statistical analysis

Patients’ demographic and clinicopathological characteristics, pattern of the distant metastasis and cumulative frequency of the metastasis sites were compared within subtypes using chi-square (χ2) test or fisher for categorical variables as appropriate and analysis of variance (ANOVA) for continuous variables. The Kaplan-Meier analysis was used for cumulative recurrence and metastasis rates with a log-rank test to assess the significance among the four molecular subtypes. Cox proportional hazards regression models were used to determine hazard ratios (HRs) and 95% confidence intervals (Cis) for the associations between molecular subtypes and the risk of distant metastasis at specific sites. Potential confounders included age at diagnosis, tumor size, number of lymph node metastasis, menstrual status, education and family history. In the pairwise comparisons, Luminal A was set as the referral group for the better prognosis, all other subtypes compared with it. Statistical significance was assessed using two-tailed tests with a significant level of 0.05. Analyses were conducted using SPSS statistical software version 22.0 (IBM Corp, Armonk, NY, http://www.ibm.com).




Results


Clinicopathological characteristics

A total of 3577 female patients with pathologically confirmed ABC from January 1st, 2012 to December 31st, 2014 were identified. 1184 patients were excluded from analysis with missing information of molecular subtypes. Therefore, 2393 patients included in the final analysis. The most common subtype in ABC patients was Luminal types (1361/2393, 56.9%), followed by HER2-enriched (523/2393, 21.9%), Triple Negative (509/2393, 21.3%). Clinicopathological characteristics of ABC patients according to molecular subtypes are shown in Table 1. Age at diagnosis, household register, education, surgery, adjuvant chemotherapy, adjuvant endocrine therapy and DFS were found to be significantly different among the four molecular subtypes (P<0.05). The subtype of Triple negative was older at first diagnosis and rural household registration, was more likely to have lower level of education and a relatively shorter DFS, compared with other three subtypes.


Table 1 | Clinicopathological characteristics of ABC patients according to molecular subtypes.





Pattern of distant metastasis and molecular subtypes

The difference of the pattern of distant metastasis was significantly different among subtypes (P<0.001, Table 2). The pattern of bone metastasis only was more frequently observed in Luminal A and Luminal B subtypes (24.4% and 18.9%, respectively), the same was true of the pattern of Bone metastasis + others (excluding brain metastasis). While the pattern of metastases excluding bone and brain was the most common type in HER2-enriched and Triple Negative subtypes (68.5% and 65.6%, respectively). In addition, brain-related metastasis patterns accounted for a smaller proportion and were also more common in HER2-enriched and Triple Negative subtypes.


Table 2 | Pattern of distant metastasis according to molecular subtypes.





Cumulative data of distant metastasis and molecular subtypes

Cumulative data of distant metastasis were shown in Table 3. Nearly half of ABC patients presented multiple metastases simultaneously. Bone was the most common site of distant metastasis (39.1%), and patients who were found to be positive in Luminal A and Luminal B accounted for 51.1% and 44.7% of patients who developed bone metastasis, respectively. Liver metastasis was more frequently observed in HER2-enriched ABC patients, accounting for 29.1%, and patients with HER2-enriched and Triple negative primarily presented lung metastasis more. Further, Triple Negative subtype was also more likely to have brain metastasis, but no statistically significant differences were found with other molecular subtypes.


Table 3 | Cumulative frequency of distant metastasis sites according to molecular subtypes.





Cumulative recurrence and metastasis rate

Figure 1 illustrates the significant difference in cumulative recurrence and metastasis rate according to molecular subtypes. The median time of DFS was 29.0 months (range 0.1-38.7). Luminal B subtype had a poorer prognosis than Luminal A compared with Triple Negative, HER2-enriched subtype tended to spread more aggressively and was associated with higher cumulative recurrence and metastasis rates, whether from the whole or divided into two age subgroups (< 45 years and ≥45 years subgroups). It can be clearly seen from the curves that the cumulative recurrence and metastasis rates of ABC patients at 36 months of DFS were the most significant in ABC patients of all molecular types. The recurrence and metastasis rate of Triple Negative was the highest (82.7%), while that of Luminal A was the lowest, 58.4% of the tumors were recorded as recurrence and distant metastasis. Luminal B and HER2-enriched were between them. These differences still existed in the age subgroup analysis, especially in <45 years age group (Triple Negative: 83.0% versus. Luminal A: 51.1% at the 36-month time point). Both HER2-enriched and Triple Negative patients in younger age group showed higher cumulative recurrence and metastasis rates than those in older age group, but the Luminal subtype was the opposite.




Figure 1 | Comparisons of cumulative recurrence and metastasis rate according to molecular subtypes, overall (A) and in subgroups aged <45 (B) and ≥45 (C) at first diagnosis. Solid lines represent ABC patients with Luminal A subtype; dotted lines represent ABC patients with Luminal B subtype; dashed lines represent ABC patients with HER2-enriched subtype; dash-dot lines represent ABC patients with Triple Negative subtype. () Luminal A, () Luminal B, () HER2-enriched and () Triple Negative.





Association between molecular subtypes and distant metastasis sites

In Cox regression analyses, crude and fully adjusted HRs and 95% CIs for the associations between molecular subtypes and distant metastasis sites are shown in Table 4. ABC patients with HER2-enriched and Luminal B significantly increased the risk of liver metastasis (HR HER2-enriched 2.27, 95% CI 1.65-3.14, HR Luminal B 1.66, 95% CI 1.24–2.23), and the HRs remained statistically significant after extended adjustment to the model (HR HER2-enriched 2.14, 95% CI 1.47-3.12, HR Luminal B 1.40, 95% CI 1.01–1.96). Luminal B, HER2-enriched and Triple Negative were positively correlated to lung metastasis in the univariate as well as in the multivariate analyses. Further, these types of molecular subtypes also increased the risk of visceral metastasis by 23%, 46% and 87% respectively. In terms of brain metastasis, the results showed that triple Negative was associated with a significantly increased risk of brain metastasis (HR 3.99, 95% CI 1.58–10.12) and this association remained significant after full adjustment (HR 3.07, 95% CI 1.04–9.07). However, it made no statistical difference in the risk of bone metastasis of the three subtypes compared with Luminal A, whether by univariate or multivariate analyses.


Table 4 | HRs and 95% CIs for the associations between molecular subtypes and the sites of distant metastasis in advanced breast cancer.






Discussion

The complex biological behavior of breast cancer is determined by the heterogeneity of its intrinsic molecular phenotypes. There is marked variability in the time interval between treatment of the primary tumor and the occurrence of distant metastases, in the organs involved with distant metastases and in the response to systemic treatment in patients with metastatic breast cancer (16). Prior studies have reported that the general mechanism of tumor metastasis was composed of reciprocal interactions between tumor cells and host tissues, which included alterations in adhesion, proteolysis, invasion and angiogenesis (17, 18). However, only a few studies have described unique predilections and intrinsic association between molecular subtypes and distant metastasis sites among ABC patients, especially in Chinese native women. In this study, ABC patients in multiple centers in China were included, and the internal relationship between molecular subtypes and sites of distant metastasis was deeply discussed. In general, patients with Luminal A tended to develop bone metastasis and they had better survival outcomes than Luminal B and HER2-enriched with tendency of having visceral metastasis, Triple Negative with brain metastasis. Therefore, this study may fully represent the overall situation of distant metastasis pattern and prognosis of ABC patients at the national level. Further, these results lend support to the hypothesis that molecular subtypes predict the preferential sites of distant metastasis in ABC and may give valuable guidance to the formulation of personal targeted therapy strategy and the prediction of clinical prognosis.

Molecular subtypes of breast cancer, as an important complement to TNM staging, have the propensity to give rise to distant metastasis at specific sites. Recent publications had shown that newer molecular subtypes which used microarrays for gene expression analysis, was the best way to perform such molecular classification (19–21). However, such assays were mostly limited to the research laboratories and were not available for the routine clinical practice. Moreover, most of the archived clinical specimens were not suitable for this analysis. Therefore, the IHC-based classification systems are now still useful in clinical practice especially when performed by inexperienced centers, and have proven to be highly correlated with intrinsic classification using gene expression microarrays (22, 23). Also, there is significant agreement in the site of distant metastasis and outcome predictions for individual patients by these tests (24). For classification of molecular subtypes to be more helpful, ongoing efforts should be directed at standardization of current testing and development of more reliable and reproducible testing for ER/PR and Her2 gene expression (25).

Previous studies had demonstrated significant difference in the time of recurrence or distant metastasis within different molecular subtypes. In this study as expected, ABC patients with Luminal subtypes had relatively longer DFS and were prone to bone metastasis with good prognosis. While Triple Negative had a higher cumulative rate than other subtypes and more of them had a propensity of brain metastasis with the shortest DFS, highlighting a substantial clinical burden and unmet need for more effective treatment for these high-risk patients. These results indicated that distant metastasis of breast cancer was a non-random process, and ABC patients with different molecular subtypes have different distant metastasis mechanisms. In our study, we further observed the cumulative recurrence and metastasis rate of different subtypes on age subgroups, showing that the difference of cumulative rates were more significant in younger age group, manifested that the rates of HER2 and TNBC patients were higher than those of older age group, while rates were just opposite in Luminal types with good prognosis at the 3-year time point. Another retrospective study showed that DFS after adjuvant chemotherapy in younger patients with ER-positive tumors was significantly longer than patients with ER-negative disease (26). Colak et al. also described different gene expression profiles in breast tumors from younger women (27). They found lower expression of ER alpha and beta mRNA, with higher expression of HER2 and epidermal growth factor receptor (EGFR) compared to older patients. Moreover, elevated HER2 and EGFR were reported to be associated with distant metastasis especially brain metastasis (28). This finding could help to explain the disease course that we observed in young patients.

Characterization of breast cancer metastasis to bone has been most extensively studied since bone is the most common site of distant metastasis (29). With the arriving era of molecular profiling, it has become evident that bone metastasis was most common in the Luminal subtypes in one or more organ systems (30), as recapitulated in the current study. Bone metastasis is generally determined by spinal vein system which has the characteristics of no venous flap and low venous pressure, so cancer cells can be transferred to spinal vein prior to vena cava system, resulting in bone metastasis. Therefore, we speculate that this may be the primary reason for the highest rate of bone metastasis. In addition, there is increasing evidence that breast cancer cells have the ability to activate osteoclasts similar to that of normal breast gland epithelial cells during lactation, so breast cancer cells have the inherent characteristics of mutual benefit with bone tissue (31). Kroepil et al. also reported that SNAI1 was a zinc finger transcriptional repressor of CDH1, which encoded E-cadherin. Downregulation of E-cadherin was crucial to the dissemination and invasion of cancer cells, which might augment breast cancer metastasis into the bone (32). Moreover, the results of collective studies so far indicated that breast cancer with bone metastatic potential could be divided into two groups: those with bone metastasis only (ie, Luminal subtypes) and those with bone + other sites, the latter showed biological behavior similar to that of extra skeletal metastasis (33). This idea was supported in part by previous genetic analysis studies, but the underlying mechanism remained unclear. Further molecular studies are needed to explain the differences in biological behavior.

HER2 over-expression plays an important role in the proliferation, apoptosis, and angiogenesis of many solid tumors, so it is thought that the prognosis for patients with HER2 gene amplification should be poor. Some studies have shown that HER2-enriched was more likely to have multiple site and visceral metastases, among which liver metastasis was the most common (34). These findings were partly in keeping with the observations in our study. The observed liver-seeking characteristic of the HER2-enriched subtype was further strengthened by its significant association with liver metastasis in ABC patients. The mechanisms of liver metastasis in HER2-enriched ABC are complex and still largely unclear. Li et al. (35) reported that HER2 overexpression mediated a chemokine receptor, CXCR4 associated metastases. Therefore, we speculated that HER2 overexpression involved or promoted liver metastasis, but not peritoneal and lymph node metastases. Further study to clarify the mechanism of preferential liver metastases using HER2-enriched breast cancer cell lines will still be carried out.

To date, the association between breast cancer subtypes and lung metastasis in patients with breast cancer have been preliminarily identified (36). A tissue microarray analysis had showed HER2-enriched subtype, TNBC and the Luminal-HER2 all exhibited higher lung metastasis rates compared with Luminal A cancers (37). On multivariate analysis in this study, the probability of lung metastasis in HER2-enriched and Triple Negative subtypes was higher than Luminal type tumors. This was consistent with observations from previous studies describing that several signature genes was associated with increased lung metastasis risk (38, 39). These signature included EGFR, COX2, and the matrix metalloproteinases 1 (MMP1), CXCL1 and IDI1 which were highly expressed in the Triple Negative subtype and HER2-positive cancers. These genes collectively allow angiogenesis, tumor intravasation into the circulation, and breaching of lung capillaries by circulating tumor cells to seed the pulmonary parenchyma (40). This is the main reason why we infer the patients with the above molecular subtypes have the propensity of lung metastasis. In addition, miRNA profiling revealed that miR-629-3p was most commonly upregulated in both metastatic lesions and primary carcinomas in TNBC patients with lung metastasis compared with normal breast tissue (41). It should be hypothesized that miR-629-3p can create a specific microenvironment surrounding the metastasizing cells, necessary for invading and proliferating in lung issue. Therefore, accurate clinical testing of HER2, EGFR and other genomic makers may become necessary to provide complementary information for predicting the possibility of lung metastasis.

It is obvious from studies discussed that Triple Negative is a subtype of breast cancer that is associated with high risk of developing brain metastases, with an associated subsequent poor survival outcome (42–45). It has been reported that breast cancer, especially metastatic breast cancer, had a higher rate of brain metastasis, which was considered secondary because many new therapeutic drugs may not be able to penetrate the blood-brain barrier (46). In agreement with prior studies, brain metastasis was infrequent as the first site of distant metastasis in the present series. However, an increasing rate of brain metastasis was reported in other studies (47–49), and we also found a strong association between Triple Negative and elevated brain metastasis risk in the Cox regression model. This expected result has meaningful implications for communication and care decisions and is worth further molecular investigation. Furthermore, the median DFS of all patients with Triple Negative ABC in the present study was less than 2 years (18.5 months) and the 3-year cumulative recurrence and metastasis rate was 82.7%. The results were comparable to those by Lin et al. (50) in which median DFS of Triple Negative breast cancer was 19.9 months and 75% of metastases occurred within 3 years of the diagnosis of breast cancer. The reason may be related to the special biological characteristics and gene expression in different molecular subtypes. Previous studies have suggested that cell chemokines (CXCR4/CXCL12), PTHrP and NF-κB were important molecular markers affecting the metastasis rate of patients (51). The results of genome studies (52–54) showed that these markers were overexpressed in Triple Negative subtypes, suggesting that it was reasonable for Triple Negative breast cancer patients to have a higher distant metastasis rate. Therefore, exploring new therapeutic targets will become a new hotspot in Triple Negative breast cancer research.

Adding to the previous literature, the current study could provide important evidence for decision-makers. From the perspective of physicians, molecular subtypes can be used as an important tool for prognosis assessment of ABC patients, and it is an important supplement in assessing the time and site distribution of postoperative distant metastasis, developing targeted preventive therapeutic schedules for patients, and contributing to personalized screening during postoperative follow-up. For ABC patients, the difference in the distant metastasis pattern and overall prognosis of different molecular subtypes can provide guidance to choosing a reasonable and cost-effective approach for treatment, so as to improve the quality of life and promote rehabilitation. While for health policy maker, understanding the burden of different molecular subtypes of ABC could help in optimizing resource allocation for those who in greater need of advanced treatment.

The present study exhibits several strengths. Firstly, our study was the first multi-center hospital-based clinical epidemiological investigations to explore the characteristics of ABC for women in China. All the data was collected from 21 tertiary hospitals in seven geographical regions, representing different cancer burden levels, diagnoses, and treatments. Covering different geographic regions in China would be more informative and less subject to practices specific to individual hospitals which can provided important insights about real-world clinical outcomes for ABC patients from a large nationwide sample. Secondly, convenience sampling was adopted, and the sample size was allocated according to the month to reduce the bias caused by the time of initial diagnosis. In addition, a full review of the medical records permitted a check of the detailed documented metastasis sites, thereby providing a more apparent pattern as well as cumulative frequency of distant metastasis sites.

However, several potential limitations of this study should be considered inherent to hospital-based retrospective study. Firstly, the results might be subject to selection bias if confounding factors were not identified or adjusted for in the analyses. In the current study, we adjusted for confounders such as age at diagnosis, tumor size, menstrual status and family history which were thought to have the potential to affect the prognostic outcomes. In addition, molecular typing characteristics still need to be evaluated in conjunction with conventional or established gold criteria such as imaging and pathology.Secondly, the consistency of molecular typing between relapsed and metastatic tumor and primary tumor was not examined in this study, as there have been reported the rate of subtype conversion was 0% in basal-like tumors, 23.1% in HER2-enriched tumors, 30.0% in Luminal B tumors, and 55.3% in Luminal A tumors (55). The main reason was that the subtypes of some distant sites in medical records were unknown. However, given the clinical consequences of discordance, it urgently requires to deeply understand the differences between primary and metastatic tumors and develops the proper management of cancer patients in future studies. Thirdly, modern chemotherapy and adjuvant trastuzumab have reduced metastasis risk in HER2-positive disease (56, 57). In this study, adjuvant chemotherapy was only prescribed for 11.5% and 18.5% of ABC patients with Luminal B and HER2-enriched tumors. Therefore, it may be plausible if we consider that the results may be underestimated when discussing the distant metastasis risk with HER2-positive subtypes. Further studies to clarify this point are warranted. Due to these limitations and confounders, the study results need to be viewed with some caution, although several of the findings are well in line with prior clinical studies or with experimental data.



Conclusions

In conclusion, this study provided data of ABC patients to clearly show that molecular subtypes were significant different in metastatic behavior with regard to the sites of distant metastasis as well as recurrence and metastasis rate, suggesting that molecular subtypes could predict the preferential site of distant metastasis in female ABC patients. Despite improving breast cancer outcomes, distant metastasis remains common and incurable, especially for the ABC patients. These observations could potentially be used in determining the appropriate schemes for follow-up of ABC patients and hopefully shed light on the development of effective surveillance strategies and targeted therapies. Therefore, future studies are warranted and can ultimately lead to the tailoring of individualized comprehensive treatment fields based on molecular subtypes combined with the conventional clinicopathologic characteristics.
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Neoadjuvant systemic therapy (NST) is widely applied in breast cancer treatment, but individuals respond differently to the same NST regimen. It is unclear which patients should adjust their NST regimen and what such an adjustment should be, especially for patients with radiologically partial response (PR). This study aimed to identify a quantitative efficacy evaluation index to evaluate the therapeutic effect of NST. 164 patients were enrolled in this study received four cycles of epirubicin and cyclophosphamide (EC), followed by four cycles of taxanes with trastuzumab [T(H)], if needed. Of patients with a volume change rate of EC treatment (δV1) below 0.80, more than half benefited from subsequent T(H) treatment compared with EC treatment. Importantly, for δV1 of 0.80 and higher, patients’ subsequent T(H) treatment was not as efficient as previous EC treatment and they have a lower pathological complete response (pCR) rate. Across all patients, nanoparticle albumin-bound paclitaxel had a numerically higher pCR rate over other taxanes in patients with triple-negative breast cancer. This study showed that the volume change rate is better than the diameter change rate in monitoring the therapeutic effect of NST. Furthermore, δV1 is a good quantitative efficacy evaluation index to distinguish patients resistant to EC treatment and predict the pCR rate and guide the adjustment of individualized NST regimens.




Keywords: breast cancer, neoadjuvant systematic therapy (NST), anthracycline, taxane, volume measurements



Introduction

Breast cancer is the most common malignant tumor in females worldwide (1, 2). Neoadjuvant systemic therapy (NST) is increasingly adopted and widely applied in breast cancer treatment not only for locally advanced breast cancer, but also for early case (3, 4). NST can bring surgical benefit for those who have inoperable disease (5) or who want to preserve the breast.

However, it is worth noting that NST does not bring additional survival benefits (6, 7). The reason may lie in the fact that the difference between neoadjuvant and adjuvant systemic therapy is the sequence of systemic therapy and surgery rather than the systemic therapy regimen itself. Evidence has already shown that an adjusted systemic regimen brings survival benefits for some patients. Patients with triple-negative breast cancer (TNBC) and positive for human epidermal growth factor receptor 2 (HER2) who did not achieve pathological complete response (pCR) can have better survival after escalating adjuvant systemic therapies (8, 9). Similarly, in vivo information of therapeutic effect during NST is also useful to guide adjusting NST regimen (10, 11). For example, when evaluated as radiologically progressive disease (PD) or stable disease (SD), previously ineffective agents should be replaced. Nevertheless, for patients with radiologically partial response (PR), since the definition of PR has a wide range, and the degree of individualized agent sensitivity of patients is also different, whether the NST regimen should be adjusted remains unclear. Thus, a quantitative efficacy evaluation index is necessary for NST adjustment.

In our center, we included patients with breast cancer with radiologically measurable primary lesions. During the entire NST treatment process, data of tumor changes were recorded and then quantified into two indexes: diameter change rate (δL) and volume change rate (δV). δL and δV were analyzed respectively and compared for their differences in evaluating the therapeutic effect of NST. The aim of this study was to identify a quantitative efficacy evaluation index to evaluate the therapeutic effect of NST.



Materials and methods


Patients

Eligible patients were female with operable invasive breast cancer confirmed by core needle biopsy. Estrogen receptor (ER), progesterone receptor (PgR), HER2, and the nuclear protein Ki67 were evaluated by immunohistochemical (IHC) staining. Patients should have completed all cycles of epirubicin, and cyclophosphamide (EC) followed by taxane (T) regimen. Trastuzumab was concurrently applied with taxane (TH) when anti-HER2 target therapy is necessary. Magnetic resonance imaging (MRI) was used before the first and fifth cycles of NST, as well as before surgery.

The exclusion criteria were as follows: previous chemotherapy or targeted therapy; distant metastatic lesions; severe concomitant diseases such as infection, uncontrolled diabetes, malignant hypertension, or hemorrhagic diseases; peripheral neuropathy; discontinued NST; aspartate aminotransferase and/or alanine aminotransferase 1.5 times higher than the normal upper limit; serum creatinine levels exceeding 1.5 times the normal upper limit; white blood cell count less than 3.5 × 109/L; neutrophil count below 2.0 × 109/L or platelet count less than 90 × 109/L; left ventricular ejection fraction below 55% at baseline; and Eastern Cooperative Oncology Group performance status greater than 1; Unmeasurable tumor without discernible boundary; tumor scattered or discontinuous loci after NST.



Methods

This is a retrospective study conducted at a single breast cancer center. 164 patients patients who were diagnosed with invasive breast cancer and received NST with EC-T were enrolled in this study (Figure 1). They have completed 8 NST cycles and 3 MRI tests before, during and after NST at our center.




Figure 1 | Flow chart of the study design. NST, neoadjuvant systemic treatment; EC-T(H), epirubicin and cyclophosphamide followed by paclitaxel with trastuzumab if needed.



ER and PgR positivity was defined as more than 1% of positive cells by nuclear staining. HER2 positivity (HER2+) was defined as 3+ on IHC staining or IHC staining 2+ with HER2 gene amplification by fluorescence in situ hybridization (FISH). The molecular subtypes of breast cancer were defined according to hormone receptor (HR) and HER2 status.

All patients received four cycles of EC (Pharmorubicin, 90 mg/m2, day 1, every 14 or 21 days; and Endoxan, 600 mg/m2, day 1, every 14 or 21 days) treatment followed by four cycles of taxane treatment, including nab-P (Abraxane, 260 mg/m2, day 1, every 14 days) or sb-P (Taxol, 175 mg/m2, day 1, every 14 days) or docetaxel (Taxotere, 75 mg/m2, day 1, every 21 days) or liposome (Paclitaxel Liposome for Injection, 175 mg/m2, day 1). For HER2+ patients, trastuzumab (Herceptin, 6 mg/kg every 21 days with 8 mg/kg as a loading dose) was used from the fifth cycle with taxanes.

The complete blood count, liver function, renal function, and electrocardiogram of each patient were monitored before each cycle of NST and before surgery. If the patient had febrile neutropenia, grade 4 neutropenia, grade 4 thrombocytopenia, or grade 4 non-hematological toxicity (except nausea, vomiting, and fatigue), the dosage of the NST regimen was reduced. Surgery was performed about 1 month after completion of NST. Diameters in three directions (length/hight/width) are typically stated in MRI reports, and the maximum of the three reported diameters is most frequently used for clinical evaluation perviously. Response Evaluation Criteria in Solid Tumors (RECIST) sets the standard for maximum diameter in whatever direction, which is the most commonly used measure for breast cancer efficacy monitoring. According to MRI data, δL1 is defined as the maximum diameter change rate of EC treatment, whereas δL2 is calculated for evaluating T(H) treatment. Similarly, δV1 and δV2 are defined as the volume change rate of EC and T(H) treatment, respectively (Figure 2). According to Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 (12): CR is defined as the disappearance of all target lesions plus a reduction of the short axis of pathologic lymph nodes to less than 10 mm. PR is defined as at least 30% decrease in the sum of the maximum diameters of target lesions, whereas PD is defined as at least 20% increase (≥5 mm absolute increase) in the sum of the maximum diameters of target lesions or the appearance of new lesions; SD is neither PR nor PD. Pathology was diagnosed by an experienced pathologist. pCR is defined as no invasive tumor residue in breast and no invasive or noninvasive tumor residue in axillary lymph nodes (ypT0/is ypN0).




Figure 2 | Methods for calculating diameter change rate (δL) and the volume change rate (δV). Abbreviations: EC, epirubicin and cyclophosphamide; T(H), taxanes (Trastuzumab); L, longest diameter; H, height; W, width; δL1, diameter change rate of EC treatment; δL2, diameter change rate of T(H) treatment; δV1, volume change rate of EC treatment; δV2, volume change rate of T(H) treatment.



All procedures were performed in line with the ethical standards of the committees (institutions and countries) responsible for human experiments and the Helsinki Declaration. This study was approved by the Ethics Research Committee of the First Affiliated Hospital of Nanjing Medical University (2021-SR-495). Informed consent of all patients was obtained for inclusion in the study.



Statistical analysis

Patient and tumor characteristics were compared between groups by Pearson’s χ2 test or Fisher’s exact test. IBM SPSS Statistics (IBM Corp., v26.0, Armonk, NY, USA) was used for statistical analysis. The cutoff value of δV1 was calculated using R (version 3.6.1) with the package “cutpointr” and the min(abs(se-sp)) index (13). P < 0.05 was considered statistically different.




Results


Patient and tumor characteristics

From May 2015 to Nov 2020, 164 patients were included in this study (mean age: 51.1 ± 10.1 years). The proportion of different molecular subtypes was consistent with the natural distribution of patients with breast cancer. Many patients were cT2 (74.4%), and almost 60% of patients had axillary lymph node involvement. Most patients (92.1%) received modified radical mastectomy. Pathological examination showed that 18.3% of patients achieved pCR (ypT0/is ypN0) (Table 1).


Table 1 | Characteristics of included patients.





pCR rate was similar between groups when evaluated by diameter (δL) or volume (δV) change rates

First, δL1 and δL2 were used to evaluate the therapeutic response. δL1 < δL2 means higher relative diameter change for T(H) than EC treatment, while δL1 ≥ δL2 means equal or higher relative diameter change for EC than T(H) treatment. Results showed that about half of the patients (53.7%) were δL1 < δL2, and nearly half of the patients (46.3%) were δL1 ≥ δL2. Although the pCR rate was higher in the δL1 < δL2 group than the δL1 ≥ δL2 group (22.7% vs. 13.2%, respectively), no statistical difference was found. For HER2+ patients, the proportion of those in the δL1 < δL2 group was twice that of the δL1 ≥ δL2 group (66.0% vs. 34.0%. respectively), but the pCR rates were not statistically different (Table 2). For HER2− patients, the proportion of δL1 < δL2 patients (48.2%) were similar to δL1 ≥ δL2 patients (51.8%), and the pCR rates were similar between the two groups(Table 2). Next, δV1 and δV2 were used to also evaluate the therapeutic response. Although the specific values are different from δL, the main conclusions of δV were the same as those of δL (Table 2).


Table 2 | pCR rates were similar between groups when evaluated by δL and δV.





δV1 was better than δL1 in subgroup analysis of pCR rate

Using the mean value of δL1 (0.33) to divide patients into two groups, a higher pCR rate was observed in the δL1 ≥ 0.33 group than the δL1 < 0.33 group (29.2% vs. 9.8%, respectively, P = 0.001). Subgroup analysis showed that in the δL1 < 0.33 subpopulation, no difference in pCR rate was found between the δL1 < δL2 and δL1 ≥ δL2 subgroups. Similarly, in the δL1 ≥ 0.33 subpopulation, no difference in pCR rate was also found between the two subgroups (Table 3).


Table 3 | Comparisons of pCR rates among different δL1 subgroups and δV1 subgroups.



Using 0.66, which was the mean value of δV1 in our cohort, as a cutoff value, a higher pCR rate was also observed in the δV1 ≥ 0.66 group than the δV1 < 0.66 group (26.7% vs. 9.0%, respectively, P = 0.003). Subgroup analysis showed no differences in the pCR rate between the δV1 < δV2 and δV1 ≥ δV2 subgroups in the δV1 < 0.66 subpopulation. However, in the δV1 ≥ 0.66 subpopulation, the δV1 < δV2 subgroup demonstrated a significantly higher pCR rate than the δV1 ≥ δV2 subgroup (40.0% vs. 17.6%, respectively, P = 0.021) (Table 3).

The predictive capability was assessed using the area under the curve (AUC). The AUC index of δV1 was 0.737, and the AUC index of δL1 was 0.703 (Figure 3). According to measures of δL1 and δV1, patients were compared case by case (Figure 4), and the results showed that most cases were above the 45° dashed line. The pCR rate in the left lower, left upper, and right upper quadrant was 9.2%, 10.5%, and 30.4%, respectively. No patient was located in the right lower quadrant.




Figure 3 | The receiver operating characteristic (ROC) curves for the δV1 and δL1. The area under the ROC curve (AUC) for δV1 was significantly higher.






Figure 4 | δV1 is better than δL1 in evaluating tumor change rate. δV1 did not underestimate the effective cases judged by δL1, and it also identified underestimated cases by δL1. Abbreviations: pCR, pathological complete response; non-pCR, non-pathological complete response; δV1, volume change rate of EC treatment; δL1, longest diameter change rate of EC treatment.





Higher pCR rate was observed in the δV1 < δV2 subgroup of the δV1 ≥ 0.80 subpopulation

The min(abs(se-sp)) index of 0.80 (exact value 0.7985) was used as a threshold for further analysis of the δV1 ≥ 0.66 subpopulation (Additional file 1: Figure S1). In the 0.66 ≤ δV1 < 0.80 subpopulation, more than half of the patients were δV1 < δV2, and nearly half of them were δV1 ≥ δV2. No statistical difference in pCR rate was found between the δV1 < δV2 and δV1 ≥ δV2 subgroups. In comparison, the probability that δV1 is less than δV2 was only about 1/3, but the pCR rate of the δV1 < δV2 subgroup was significantly higher than the δV1 ≥ δV2 subgroup (43.5% vs. 19.0%, respectively, P = 0.035) (Table 4).


Table 4 | Higher pCR rates were observed in the δV1 < δV2 subgroup of the δV1 ≥ 0.80 subpopulation.





pCR rates were similar among different taxanes

Treatment with different taxanes resulted in statistically similar pCR rates in our study cohort. In addition, no significant difference in pCR rate was found among the different molecular patient subgroups for each type of taxane. For HR−/HER2− patients, nab-P treatment showed a high pCR rate of 50.0% (7/14). Although the value was much higher than other taxanes, no statistical difference was found due to the limited number of patients (Table 5).


Table 5 | pCR rates were similar among different taxanes.






Discussion

Anthracycline agents are the cornerstone of breast cancer chemotherapy (14), whereas the addition of sequential taxanes to preoperative anthracycline-containing regimens can significantly increase the pCR rate of operable breast cancer (15, 16). Moreover, anti-HER2 agents are also needed for NST of HER2+ tumors (17). Therefore, EC followed by a T(H) regimen is used for NST in our center. In this study, 164 patients were included and half of them (50.0%) belonged to the HR+/HER2− subtype, whereas HER2+ patients accounted for 30.5% and HR−/HER2− (triple-negative) patients accounted for 19.5% of our cohort. This distribution of the enrolled subgroup population is similar to the real world.

In the process of clinical treatment, patients respond differently to the same NST regimen. This difference manifests not only among different patients but also between EC and T(H) treatments of the same patient. To compare the therapeutic effects between EC and T(H) in our study, the maximum diameters of the primary lesion were regularly monitored and evaluated. δL1 is defined as the maximum diameter change rate of EC treatment, while δL2 is calculated to evaluate T(H) treatment. Further, since the maximum diameter of the primary lesion can shrink a little but the diameters of other lesions shrink a lot in some cases, the volume change rate (δV) was also calculated. Similarly, δV1 is defined as the volume change rate of EC treatment, whereas δV2 is defined for T(H) treatment.

Results showed that patient population between δL1 < δL2 (δV1 < δV2) and δL1 ≥ δL2 (δV1 ≥ δV2) were similar, indicating that both EC and T(H) are effective during NST. However, the pCR rate of the δL1 < δL2 (δV1 < δV2) group was higher than that of the δL1 ≥ δL2 (δV1 ≥ δV2) group. This difference was attributed to the HER2+ subgroup because about 2/3 or 3/4 HER2+ subgroup patients showed a higher proportion in the δL1 < δL2 or δV1 < δV2 groups, respectively, than the δL1 ≥ δL2 and δV1 ≥ δV2 groups, consequently resulting in a higher pCR rate in these HER2+ subgroups (Table 2). It is reasonable that targeted therapy can enhance the anti-tumor effect on HER2+ breast cancer (17, 18).

Considering irreversible cardiotoxicity of anthracycline agents, such as dilated cardiomyopathy and supraventricular tachycardia, research on anthracycline-free regimens is a current hot topic (19–24). However, two randomized trials have shown that for breast cancer patients with triple-negative or axillary lymph node metastasis, anthracycline agents still provide significant therapeutic benefits (25, 26). According to our results, the population of δL1 < δL2 (δV1 < δV2) compared with δL1 ≥ δL2 (δV1 ≥ δV2) in the HER2− subgroup were similar, and the pCR rates between these two subgroups were also similar, indicating that both EC and T treatments were equally effective for HER2− patients. However, although targeted therapy is very effective for HER2+ breast cancer, EC treatment achieved a better therapeutic effect than TH regimen (δV1 ≥ δV2) in approximately 25% to 33% of HER2+ patients (Table 2). In addition, there are patients who are primarily resistant to trastuzumab and pertuzumab (27). Therefore, the continued role of EC treatment is not to be ignored. Despite these toxicities, there is no anthracycline-free chemotherapy regimen that is superior to an anthracycline-containing regimen for high-risk patients (20). How to screen these patients and provide individualized NST is worthy of further study.

To explore the therapeutic effect of EC treatment, patients were divided into two groups by average values of δL1 (0.33) and δV1 (0.66) and evaluated separately. We found that the pCR rate was low (9.8%) for δL1 < 0.33. In comparison, for δL1 ≥ 0.33, the pCR rate was significantly higher (29.2%, P = 0.001). Similarly, using a δV1 of 0.66 as the threshold for analysis, a significant difference in pCR rates was also observed (9.0% vs. 26.7%, respectively, P = 0.003) (Table 3). These findings indicate that both diameter and volume change rates of EC treatment are predictive of the probability of the pCR rate.

Further, two points are worth noting from the subgroup analysis. First, in δL1 < 0.33 populations, the pCR rate of the δL1 < δL2 subgroup was numerical twice that of the δL1 ≥ δL2 subgroup (12.7% vs. 5.4%, respectively). However, when compared with the volume change rate, the pCR rate of the δV1 < δV2 subgroup was similar to the δV1 ≥ δV2 subgroup (9.3% vs. 8.3%, respectively) (Table 3). Second, in δL1 ≥ 0.33 populations, we found that the pCR rate of the δL1 < δL2 subgroup was twice that of the δL1 ≥ δL2 subgroup (39.4% vs. 20.5%, respectively), although the difference was not significantly different (P = 0.079) (Table 3). In comparison, using measures of δV1, the pCR rate of the δV1 < δV2 subgroup was significantly higher than that of the δV1 ≥ δV2 subgroup (40.0% vs. 17.6%, respectively, P = 0.021) (Table 3). To explore differences between diameter and volume change rates, the ROC curve was plotted (Fig 3). The AUC index of δV1 was higher than that of δL1, indicating that δV1 may be better in predicting pCR rate than δL1, though the p-value was was not statistically significant (P = 0.282). To further analyze the difference between diameter and volume change rates, a scatter plot was plotted. As shown in Figure 4, no case was located in the right lower quadrant, reflecting the fact that no patient determined to have a better therapeutic effect by δL1 was misjudged as less effective by δV1. In other words, δV1 did not lower the estimate of any effective case. However, 20.0% of patients (19/95) were regarded as having a lower therapeutic effect by δL1 but were evaluated as having a higher effect by δV1. Among these patients, 10.5% (2/19) achieved pCR. This finding is in concordance with the clinical fact in some patients that the maximum diameter of the tumor changes little during NST, but the other two diameters of the tumor varies greatly. These patients are easily to be underestimated by δL1, but can be accurately assessed by δV1, which is the possible reason for the difference in AUC index between them. A patient proportion of 20.0% is not low, so δV1 may be more suitable for effect evaluation. In addition, a 45° dashed line was used to compare δL1 and δV1. Our results showed that most of the points were above the line, indicating that δV1 can reflect the therapeutic effect more comprehensively than δL1. As a result, δV1 was then used for further calculations and evaluations.

According to our earlier result, for patients whose δV1 was less than 0.66, the pCR rate was 9.0%, which was significantly lower than that of the δV1 ≥ 0.66 subpopulation (P = 0.003). This finding is important because it indicates that δV1 can be used as a quantitative index to predict the lower therapeutic effect of EC treatment, and for these patients, EC treatment should be replaced as early as possible. The min(abs(se-sp)) index of 0.80 (0.7985) was used as another threshold for further analysis of the δV1 ≥ 0.66 subpopulation. In the 0.66 ≤ δV1 < 0.80 subpopulation, patients of the δV1 < δV2 and δV1 ≥ δV2 subgroups accounted for about half of each subgroup, indicating that the therapeutic effect of sequential T(H) treatment was comparable to EC regimen. If the therapeutic effect of T(H) treatment is superior to EC treatment, a higher pCR rate can be expected (33.3%, Table 4), and as a result, choosing a more appropriate taxane may bring more benefits. Patients in the study were grouped by different taxanes, including nab-P, sb-P, docetaxel, and liposome. Previous studies have reported that nab-P demonstrated a better pCR rate, especially in HR−/HER2− subgroups (28–31). However, due to limited data, no statistical difference was found among different taxanes in the present study. Even in the HR−/HER2− subgroup, there were no statistically significant increases in the pCR rate among different taxane treatments (Table 5). In addition, the results in this study showed that the pCR rate of HR+/HER2− lesions was lower than other molecular subgroups, a finding which is consistent with previous trials (i.e., ETNA (32) and GeparSepto trials (28, 29). However, the GeparSepto study proved a survival benefit of nab-P in HR−/HER2− patients (GeparSepto trials (28, 29). This evidence indicates that nab-P is worth trying as a sequential agent. In terms of targeted therapy, only trastuzumab was administered for HER2+ disease in this study, but recent trials recommended trastuzumab and pertuzumab for NST and achieved a better benefit (33, 34). Based on these results, when considering a sequential regimen, taxane plus dual targeted therapy is a better choice.

In the present study, when δV1 was not less than 0.80, the sequential administration of T(H) treatment resulted in a higher (>60%) possibility of less effective than previous EC treatment, which subsequently results in a statistically lower pCR rate (19.0%, P = 0.035) (Table 4). For these patients, extending the EC treatment may be a theoretically feasible option. Evidence has already shown that four cycles of EC can only achieve results equivalent to CMF regimen, but anthracycline-based regimens with substantially higher cumulative dosages than standard 4EC (e.g., CAF or CEF) bring more survival benefits (35). Furthermore, the dosage of anthracycline agents can be as high as 900–1,000 mg/m2 (21, 36) in most patients. Therefore, six or even more cycles of EC are worth trying in anthracycline-sensitive patients under the assessment of cardiac function. Besides, liposomal Adriamycin may also be considered to reduce cardiac toxicity (37).

This study had some limitations. First, it was a retrospective study conducted at a single breast cancer center. As the number of patients enrolled in the study was modest, our results are preliminary, and the detail and depth of subgroup analysis was limited. Second, considering the accuracy of MRI measurements, only patients with measurable and concentric shrinkage lesions were enrolled, which affects the universality of the study’s results and conclusions. Third, because pertuzumab was unavailable in past years, only trastuzumab was administered for HER2+ patients. Moreover, patient tumor burdens were also relatively heavier, leading to a lower pCR rate in this study. Finally, data were collected every four treatment cycles, so it was too late to adjust the regimen of NST. In the future, more frequent monitoring is needed to evaluate the volume change rate (such as once every two cycles), thereby ensuring timely adjustment of the NST regimen.



Conclusion

This study showed that the volume change rate (δV) is better than the maximum diameter change rate (δL) in monitoring the therapeutic effect of NST. δV1 is a good quantitative efficacy evaluation index to distinguish patients with breast cancer resistant to EC treatment as well as predict the pCR rate, which may help to guide the adjustment of individualized NST regimens.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

This study was performed in line with the principles of the Declaration of Helsinki. Approval was granted by the Ethics Committee of the First Affiliated Hospital of Nanjing Medical University (2021-SR-495). The patients/participants provided their written informed consent to participate in this study.



Author contributions

The authors’ contributions were as follows: JW, andXZ conceptualized and designed the study. All authors completed the acquisition, analysis, and interpretation of the data. JW, HX and XZ obtained the study funding. YX, WZ and JW were responsible for the methodology. JW and XZ provided study supervision. YX drafted the original version of the manuscript. All authors critically revised drafts of the manuscript and approved the final version.



Funding

This work was funded by Chinese Society of Clinical Oncology Foundation (Y-sy2018-077, Y-JS2019-096) and National Natural Science Foundation of China (81302305).



Acknowledgments

This research was partially supported by the Jiangsu Province Six Talents Summit Project (WSW-001), Jiangsu Women and Children Health Research Project (F201761,F201821), Chinese Society of Clinical Oncology Foundation (Y-sy2018-077, Y-JS2019-096), National Natural Science Foundation of China (81302305). 



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2023.910869/full#supplementary-material



References

1. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer statistics, 2021. CA Cancer J Clin (2021) 71(1):7–33. doi: 10.3322/caac.21654

2. Lei, S, Zheng, R, Zhang, S, Chen, R, Wang, S, Sun, K, et al. Breast cancer incidence and mortality in women in China: temporal trends and projections to 2030. Cancer Biol Med (2021) 18(3):900–9. doi: 10.20892/j.issn.2095-3941.2020.0523

3. Brunello, E, Bogina, G, Bria, E, Vergine, M, Zamboni, G, Pedron, S, et al. The identification of a small but significant subset of patients still targetable with anti-HER2 inhibitors when affected by triple negative breast carcinoma. J Cancer Res Clin Oncol (2013) 139(9):1563–8. doi: 10.1007/s00432-013-1479-0

4. Dusenbery, AC, Maniaci, JL, Hillerson, ND, Dill, EA, Bullock, TN, and Mills, AM. MHC class I loss in triple-negative breast cancer: A potential barrier to PD-1/PD-L1 checkpoint inhibitors. Am J Surg Pathol (2021) 45(5):701–7. doi: 10.1097/pas.0000000000001653

5. Schegerin, M, Tosteson, AN, Kaufman, PA, Paulsen, KD, and Pogue, BW. Prognostic imaging in neoadjuvant chemotherapy of locally-advanced breast cancer should be cost-effective. Breast Cancer Res Treat (2009) 114(3):537–47. doi: 10.1007/s10549-008-0025-2

6. Chumsri, S, Li, Z, Serie, DJ, Mashadi-Hossein, A, Colon-Otero, G, Song, N, et al. Incidence of late relapses in patients with HER2-positive breast cancer receiving adjuvant trastuzumab: Combined analysis of NCCTG N9831 (Alliance) and NRG Oncology/NSABP b-31. J Clin Oncol (2019) 37(35):3425–35. doi: 10.1200/JCO.19.00443

7. de Azambuja, E, Ponde, N, Procter, M, Rastogi, P, Cecchini, RS, Lambertini, M, et al. A pooled analysis of the cardiac events in the trastuzumab adjuvant trials. Breast Cancer Res Treat (2020) 179(1):161–71. doi: 10.1007/s10549-019-05453-z

8. Masuda, N, Lee, SJ, Ohtani, S, Im, YH, Lee, ES, Yokota, I, et al. Adjuvant capecitabine for breast cancer after preoperative chemotherapy. N Engl J Med (2017) 376(22):2147–59. doi: 10.1056/NEJMoa1612645

9. von Minckwitz, G, Huang, CS, Mano, MS, Loibl, S, Mamounas, EP, Untch, M, et al. Trastuzumab emtansine for residual invasive HER2-positive breast cancer. N Engl J Med (2019) 380(7):617–28. doi: 10.1056/NEJMoa1814017

10. Cortazar, P, Zhang, L, Untch, M, Mehta, K, Costantino, JP, Wolmark, N, et al. Pathological complete response and long-term clinical benefit in breast cancer: the CTNeoBC pooled analysis. Lancet (2014) 384(9938):164–72. doi: 10.1016/S0140-6736(13)62422-8

11. von Minckwitz, G, Blohmer, JU, Costa, SD, Denkert, C, Eidtmann, H, Eiermann, W, et al. Response-guided neoadjuvant chemotherapy for breast cancer. J Clin Oncol (2013) 31(29):3623–30. doi: 10.1200/JCO.2012.45.0940

12. Eisenhauer, EA, Therasse, P, Bogaerts, J, Schwartz, LH, Sargent, D, Ford, R, et al. New response evaluation criteria in solid tumours: Revised RECIST guideline (version 1.1). Eur J Cancer (2009) 45(2):228–47. doi: 10.1016/j.ejca.2008.10.026

13. Thiele, C, and Hirschfeld, G. Cutpointr: Improved estimation and validation of optimal cutpoints in r. arXiv preprint arXiv (2020) (Accessed 21 Feb 2020).

14. Early Breast Cancer Trialists' Collaborative G. Long-term outcomes for neoadjuvant versus adjuvant chemotherapy in early breast cancer: meta-analysis of individual patient data from ten randomised trials. Lancet Oncol (2018) 19(1):27–39. doi: 10.1016/S1470-2045(17)30777-5

15. Bear, HD, Anderson, S, Brown, A, Smith, R, Mamounas, EP, Fisher, B, et al. The effect on tumor response of adding sequential preoperative docetaxel to preoperative doxorubicin and cyclophosphamide: Preliminary results from national surgical adjuvant breast and bowel project protocol b-27. J Clin Oncol (2003) 21(22):4165–74. doi: 10.1200/JCO.2003.12.005

16. Rastogi, P, Anderson, SJ, Bear, HD, Geyer, CE, Kahlenberg, MS, Robidoux, A, et al. Preoperative chemotherapy: Updates of national surgical adjuvant breast and bowel project protocols b-18 and b-27. J Clin Oncol (2008) 26(5):778–85. doi: 10.1200/JCO.2007.15.0235

17. Gianni, L, Eiermann, W, Semiglazov, V, Lluch, A, Tjulandin, S, Zambetti, M, et al. Neoadjuvant and adjuvant trastuzumab in patients with HER2-positive locally advanced breast cancer (NOAH): follow-up of a randomised controlled superiority trial with a parallel HER2-negative cohort. Lancet Oncol (2014) 15(6):640–7. doi: 10.1016/S1470-2045(14)70080-4

18. Lee, KE. Do all patients with breast cancer benefit from neoadjuvant chemotherapy? Korean J Intern Med (2020) 35(6):1336–7. doi: 10.3904/kjim.2020.535

19. Singal, PK, and Iliskovic, N. Doxorubicin-induced cardiomyopathy. N Engl J Med (1998) 339(13):900–5. doi: 10.1056/NEJM199809243391307

20. Kotwinski, P, Smith, G, Cooper, J, Sanders, J, Ma, L, Teis, A, et al. Body surface area and baseline blood pressure predict subclinical anthracycline cardiotoxicity in women treated for early breast cancer. PloS One (2016) 11(12):e0165262. doi: 10.1371/journal.pone.0165262

21. Von Hoff, DD, Layard, MW, Basa, P, Davis, HL Jr., Von Hoff, AL, Rozencweig, M, et al. Risk factors for doxorubicin-induced congestive heart failure. Ann Intern Med (1979) 91(5):710–7. doi: 10.7326/0003-4819-91-5-710

22. Pinder, MC, Duan, Z, Goodwin, JS, Hortobagyi, GN, and Giordano, SH. Congestive heart failure in older women treated with adjuvant anthracycline chemotherapy for breast cancer. J Clin Oncol (2007) 25(25):3808–15. doi: 10.1200/JCO.2006.10.4976

23. Hershman, DL, McBride, RB, Eisenberger, A, Tsai, WY, Grann, VR, and Jacobson, JS. Doxorubicin, cardiac risk factors, and cardiac toxicity in elderly patients with diffuse b-cell non-hodgkin's lymphoma. J Clin Oncol (2008) 26(19):3159–65. doi: 10.1200/JCO.2007.14.1242

24. Carver, JR, Shapiro, CL, Ng, A, Jacobs, L, Schwartz, C, Virgo, KS, et al. American Society of clinical oncology clinical evidence review on the ongoing care of adult cancer survivors: cardiac and pulmonary late effects. J Clin Oncol (2007) 25(25):3991–4008. doi: 10.1200/JCO.2007.10.9777

25. Blum, JL, Flynn, PJ, Yothers, G, Asmar, L, Geyer, CE Jr., Jacobs, SA, et al. Anthracyclines in early breast cancer: The ABC trials-USOR 06-090, NSABP b-46-I/USOR 07132, and NSABP b-49 (NRG oncology). J Clin Oncol (2017) 35(23):2647–55. doi: 10.1200/JCO.2016.71.4147

26. Nitz, U, Gluz, O, Clemens, M, Malter, W, Reimer, T, Nuding, B, et al. West German Study PlanB trial: Adjuvant four cycles of epirubicin and cyclophosphamide plus docetaxel versus six cycles of docetaxel and cyclophosphamide in HER2-negative early breast cancer. J Clin Oncol (2019) 37(10):799–808. doi: 10.1200/JCO.18.00028

27. Ganz, PA, Romond, EH, Cecchini, RS, Rastogi, P, Geyer, CE Jr., Swain, SM, et al. Long-term follow-up of cardiac function and quality of life for patients in NSABP protocol b-31/NRG oncology: A randomized trial comparing the safety and efficacy of doxorubicin and cyclophosphamide (AC) followed by paclitaxel with AC followed by paclitaxel and trastuzumab in patients with node-positive breast cancer with tumors overexpressing human epidermal growth factor receptor 2. J Clin Oncol (2017) 35(35):3942–8. doi: 10.1200/JCO.2017.74.1165

28. Untch, M, Jackisch, C, Schneeweiss, A, Conrad, B, Aktas, B, Denkert, C, et al. Nab-paclitaxel versus solvent-based paclitaxel in neoadjuvant chemotherapy for early breast cancer (GeparSepto-GBG 69): a randomised, phase 3 trial. Lancet Oncol (2016) 17(3):345–56. doi: 10.1016/S1470-2045(15)00542-2

29. Untch, M, Jackisch, C, Schneeweiss, A, Schmatloch, S, Aktas, B, Denkert, C, et al. NAB-paclitaxel improves disease-free survival in early breast cancer: GBG 69-GeparSepto. J Clin Oncol (2019) 37(25):2226–34. doi: 10.1200/JCO.18.01842

30. Xie, F, Chen, R, Zhang, L, Yin, Z, Zhu, Q, You, S, et al. Efficacy of two-weekly nanoparticle albumin-bound paclitaxel as neoadjuvant chemotherapy for breast cancer. Nanomedicine (Lond) (2019) 14(12):1595–603. doi: 10.2217/nnm-2018-0485

31. Li, Y, Chen, X, Zhu, Q, Chen, R, Xu, L, Li, S, et al. Retrospective comparisons of nanoparticle albumin-bound paclitaxel and docetaxel neoadjuvant regimens for breast cancer. Nanomedicine (Lond) (2021) 16(5):391–400. doi: 10.2217/nnm-2020-0458

32. Gianni, L, Mansutti, M, Anton, A, Calvo, L, Bisagni, G, Bermejo, B, et al. Comparing neoadjuvant nab-paclitaxel vs paclitaxel both followed by anthracycline regimens in women with ERBB2/HER2-negative breast cancer-the evaluating treatment with neoadjuvant abraxane (ETNA) trial: A randomized phase 3 clinical trial. JAMA Oncol (2018) 4(3):302–8. doi: 10.1001/jamaoncol.2017.4612

33. Gianni, L, Pienkowski, T, Im, YH, Roman, L, Tseng, LM, Liu, MC, et al. Efficacy and safety of neoadjuvant pertuzumab and trastuzumab in women with locally advanced, inflammatory, or early HER2-positive breast cancer (NeoSphere): A randomised multicentre, open-label, phase 2 trial. Lancet Oncol (2012) 13(1):25–32. doi: 10.1016/S1470-2045(11)70336-9

34. Shao, Z, Pang, D, Yang, H, Li, W, Wang, S, Cui, S, et al. Efficacy, safety, and tolerability of pertuzumab, trastuzumab, and docetaxel for patients with early or locally advanced ERBB2-positive breast cancer in Asia: The PEONY phase 3 randomized clinical trial. JAMA Oncol (2020) 6(3):e193692. doi: 10.1001/jamaoncol.2019.3692

35. Early Breast Cancer Trialists' Collaborative G, Peto, R, Davies, C, Godwin, J, Gray, R, Pan, HC, et al. Comparisons between different polychemotherapy regimens for early breast cancer: meta-analyses of long-term outcome among 100,000 women in 123 randomised trials. Lancet (2012) 379(9814):432–44. doi: 10.1016/S0140-6736(11)61625-5

36. O'Brien, ME, Wigler, N, Inbar, M, Rosso, R, Grischke, E, Santoro, A, et al. Reduced cardiotoxicity and comparable efficacy in a phase III trial of pegylated liposomal doxorubicin HCl (CAELYX/Doxil) versus conventional doxorubicin for first-line treatment of metastatic breast cancer. Ann Oncol (2004) 15(3):440–9. doi: 10.1093/annonc/mdh097

37. Swain, SM, Whaley, FS, and Ewer, MS. Congestive heart failure in patients treated with doxorubicin: a retrospective analysis of three trials. Cancer (2003) 97(11):2869–79. doi: 10.1002/cncr.11407


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 © 2023 Xu, Zhang, Wang, Xu, Xu, Chen, Shi, Huang, Wang, He, Shi, Wan, Wang and Zha. 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.




CASE REPORT

published: 08 March 2023

doi: 10.3389/fonc.2023.984425

[image: image2]


Morphological and molecular pathological features of the breast carcinoma with choriocarcinomatous features: A case report and a literature review


Jingchun Xu, Yi Xu, Cheng Xu and Cong Wang *


Department of Pathology, The First Affiliated Hospital of Nanjing Medical University, Nanjing, China




Edited by: 

Konstantinos Dimas, University of Thessaly, Greece

Reviewed by: 

Weiren Luo, The Second Affiliated hospital of Southern University of Science and Technology, China

Dou-Sheng Bai, Yangzhou University, China

*Correspondence: 

Cong Wang
 wangcongcc@vip.sina.com

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


Received: 02 July 2022

Accepted: 24 February 2023

Published: 08 March 2023

Citation:
Xu J, Xu Y, Xu C and Wang C (2023) Morphological and molecular pathological features of the breast carcinoma with choriocarcinomatous features: A case report and a literature review. Front. Oncol. 13:984425. doi: 10.3389/fonc.2023.984425



Here we present a rare case of breast cancer with both invasive ductal carcinoma and choriocarcinoma components in a 55-year-old woman. Firstly, the serum human chorionic gonadotropin level showed 15.9mIU/ml preoperatively. And adequate immunohistochemical tests were performed on the specimen. Secondly, High-throughput sequencing was performed to detect the molecular characteristics of the two components, respectively. Then, DNA short tandem repeat (STR) analysis confirmed the homology of the two components, indicating the somatic origin of choriocarcinoma components. Finally, the clinical course and pathological characteristics of the case were reviewed and a literature search for other cases was performed.
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1 Introduction

The presence of trophoblastic differentiation or nongestational choriocarcinoma in carcinoma is rare, but it is described in various organs including the breast. Carcinomas that exhibit trophoblastic differentiation often show aggressive behaviour (1–3). Breast carcinoma with choriocarcinomatous features (BCCF) is a rare variant of breast carcinoma and was first reported by Saigo and Rosen in 1981 (4). To date, a total of 19 cases of BCCF have been reported (4–16). Here, we reported the morphological and molecular pathological features of a 55-year-old woman with BCCF and review the previous literature about BCCF.



2 Case presentation

A 55-year-old woman with regular menstruation, presented with a four-year history of a left breast lump, and no previous history of hydatidiform moles or choriocarcinoma has been reported. Furthermore, the patient underwent a modified radical mastectomy. Histopathologically, the tumor revealed breast infiltrating ductal carcinoma (BIDC) with areas of choriocarcinomatous features, giant cells and intense atypia, and a sentinel lymph node macrometastasis. In addition, the Serum human chorionic gonadotropin (HCG) level showed 15.9mIU/ml in the preoperative time. The patient underwent chemotherapy after surgery and the postoperative serum HCG level was <5mIU/ml.

Mammography showed a dense mass with a small calcification lesion on the left breast, 30*27mm in size. The breast ultrasound confirmed the presence of cystic solid compound echo, with a size of 56*44*27mm (Figure 1).




Figure 1 | Breast imaging. Ultrasonography shows cystic solid compound echo with a size of 56*44*27mm of the left breast.



Grossly, the tumor was 40*32*20 mm, the cut surface was gray-red and gray-yellow, and some areas were cystic solid. Necrosis, hemorrhage, and cystic degeneration are seen in some areas.

Microscopically, tumor composition is complex, and morphology is diverse. About 75% were choriocarcinomatous differentiated components, giant cells with prominent polymorphic nuclei and abundant eosinophilic and vacuolated cytoplasm were observed in the context of massive hemorrhagic necrosis, similar to cytotrophoblastic and syncytiotrophoblastic cells. Focal cystic structures are also seen, with choriocarcinomatous cells lining the cyst wall. About 25% had an invasive breast carcinoma component, with nested sheets of tumor cells and high-grade Nottingham histology (mitotic count score, 2; nuclear pleomorphism score, 3; glandular lumen formation score, 3). In addition to the two morphological features described above, the invasive breast cancer area has various forms. Some of the mucin-producing areas (intracellular and extracellular mucin) can be seen, and signet-ring-like cells can be seen focally. However, no clear intraductal carcinoma components are found and atypical apocrine proliferations can be seen in the surrounding individual ducts. Furthermore, there was a close transition from the BIDC to the choriocarcinomatous areas on several slides (Figure 2). One of the sentinel nodes is a macrometastase, histologically presenting as BIDC.




Figure 2 | Histology of breast carcinoma with choriocarcinomatous features (BCCF). Hematoxylin–eosin staining (×100): close transition from the BIDC to the choriocarcinomatous areas (A). Hematoxylin–eosin staining (×200): giant cells with prominent pleomorphic nuclei and abundant eosinophilic and vacuolated cytoplasm resembling cytotrophoblastic and syncytiotrophoblastic cells (B). Immunohistochemistry of choriocarcinoma components (×100): HCG (C), GATA3 (D), HER2 (E), KI67 (F), P53 (G) are positive; ER (H), PR (I), AR (J) are negative. Fluorescence in situ hybridization (FISH): HER-2 gene amplification (HER2/CEP17 ratio = 2.31) (K).



Immunohistochemistry (IHC)was performed on automated Benchmark ULTRA platform (Ventana Medical Systems Inc.) with standard protocols using commercially available antibodies. BIDC components revealed positive reactivity to ER (90% 3+), PR (50% 2+), AR (90% 2+), HER2 (2+), Ki67 (40%), P53 (10%), GATA3. Choriocarcinoma components showed that HCG, HER2 (2+), Ki67 (80%), P53 (20%), and GATA3 were positive and ER, PR, and AR were negative. Pathologist scored the HER2 IHC using the 2018 ASCO/CAP guidelines.

HER2 FISH was performed on paraffinized pre-treatment biopsy tissue samples using HER2 DNA dual probe kit (Abbott Laboratories, Abbott Park, IL) according to the manufacturer’s instructions. According to the 2018 ASCO/CAP guidelines, the HER2 FISH results is considered Positive: HER2 gene amplification (HER2/CEP17 ratio = 2.31) (Figure 2). Next-generation sequencing (NGS) was performed on formalin-fixed-paraffin-embedded (FFPE) tumour tissue blocks. FoundationOne CDx examined replacement, insertion, and deletion changes, copy number changes, and specific gene rearrangements in 324 genes, along with genome signatures including tumor mutation burden (TMB) and microsatellite instability (MSI). Mutations in MSH6, PIK3CA, TP53, RAD51, FOXL2, CHEK1, PIK3R1, RAD21, RARA, and ERBB2 genes were found in the BIDC region. Whereas, mutations in MSH6, PIK3CA, TP53, RAD51, FOXL2, CHEK1, PIK3R1, ERBB2, SPOP, and CIC genes were found in the trophoblastic neoplasm region. The overlap of the two components accounted for 60% of the mutant genes and the mutation pattern and locus was consistent. The TMB of both components is 1Mut/Mb and the MSI status is stable.

An appropriate amount of the test material was extracted using the Microread Genomic DNA Kit, 20 STR loci and sex identification loci were amplified using the MicroreaderTM21 ID System, and the PCR products were detected using the ABI 3730xl genetic analyzer. The test results were analyzed using GeneMapperID-X software (Applied Biosystems). To investigate the origin of choriocarcinoma, we performed DNA short tandem repeat (STR) analysis of BIDC and choriocarcinoma components respectively. The results of the STR analysis are shown in Figure 3. Genomic DNA alleles of the choriocarcinomatous differentiated components are identical to those of the BIDC components, confirming that the choriocarcinoma was nongestational.




Figure 3 | DNA STR analysis. DNA STR analysis reveals the genomic DNA alleles of the choriocarcinomatous differentiated components are identical to those of the BIDC components, exhibiting that the choriocarcinoma is nongestational.



In this case, the combination of surgery and chemotherapy was used in treating BCCF. After 12 months of follow-up, the patient is still alive, and no tumor metastasis or recurrence was found.




3 Discussion

Trophoblastic differentiation or nongestational choriocarcinoma occurring in association with a somatic carcinoma has been described at multiple sites including the ovary, breast, colon, and urinary tract (1–3). This is a rare event, the pathogenesis of which is not fully clear. The present study describes a case of BCCF in a 55-year-old woman. BCCF is a distinguishing variant of breast cancer. The most common histopathological subtype of the carcinomatous component is BIDC (1–3), as seen in the present case. Mucoid carcinoma of the breast has also been documented (5). Histologically, this part of the tumor has typical choriocarcinoma morphology and immunohistochemical characteristics, with tubulocystic glandular spaces lined by a predominance of giant cells showing prominent pleomorphic nuclei, abundant eosinophilic and vacuolated cytoplasm resembling cytotrophoblastic and syncytiotrophoblastic cells (4, 8). The tumor cells show positive immunoreactivity to HCG, as well as an elevated serum HCG (4). In this study, we found that the choriocarcinoma region was focally positive for HCG. Table 1 summarizes the clinicopathological features of 18 previously reported cases of BCCF, in addition to the present case. The median age of the patients was 51.5 years (range, 31-71 years). Most tumors were in the right breast and all cases were positive for HCG antibodies in IHC studies (4–16).


Table 1 | Summary of reports in literature.



The mechanism of development of a mixed tumor including a component of choriocarcinoma is unclear. It could be the result of breast carcinoma trophoblast differentiation, or it could represent 2 independent primary tumors where trophoblastic tumors originate in pregnancy. Furthermore, three hypotheses have been postulated: 1. dedifferentiation of epithelial cells into choriocarcinomas (17, 18). 2. germ cells that fail to complete their migration to the gonads (18) and 3. multidirectional tumor differentiation from a common stem cell (19). To delineate their clonal relationship, by using microscopic segmentation, we analyzed the components of BIDC and choriocarcinoma by NGS and DNA STR. The common mutations were MSH6, PIK3CA, TP53, RAD51, PIK3R1, ERBB2, FOXL2, and CHEK1. Among the common mutations, MSH6, PIK3CA, TP53, RAD51, PIK3R1, and ERBB2 are common mutations in BIDC with the same mutation pattern, and their TMB and MSI are the same, suggesting that the two components are of the same clonal origin. DNA STR analysis revealed the origin of the choriocarcinoma as nongestational, as the genotype of BIDC components entirely corresponded with that of choriocarcinomatous differentiated components.

HER2 is a member of the epidermal growth factor receptor (EGFR) family, and its products are transmembrane signaling molecules with close structural homology, and both are involved in cell transformation and tumor pathogenesis (20). Previous reports have found that HER2 expression was significantly greater in complete mole and choriocarcinoma than in partial mole and normal placenta, and that gestational trophoblastic disease with HER2 amplification and expression in combination with DNA hyperploidy showed higher proliferation and more aggressive behavior (21). HER2 amplification was found in both BIDC and choriocarcinoma components by immunohistochemistry, FISH, and NGS. Anti-HER2 targeted therapy may be effective for both tumor components. BCCF is a highly malignant tumor of the breast and shows aggressive behavior in most cases with many patients presenting with lymph nodes and distant metastasis (4–16). Current therapeutic strategies for BCCF mainly consist of endocrine therapy, surgery, and chemotherapy (6, 8, 22). The chemotherapy in the BCCF regimen remains unclear (9, 12, 22). Surgery is generally considered to be effective in treating BCCF. In our case, the combination of surgery and chemotherapy was used in treating BCCF, the patient is still alive.

The pathological feature of BCCF is similar to that of choriocarcinoma in the female genital tract (22). BCCF must be distinguished from metastatic choriocarcinoma of the breast. History of previous gestational trophoblastic disease (molar pregnancy or choriocarcinoma) will support the diagnosis of metastasis, while the demonstration of in situ carcinoma or small foci of typical invasive ductal carcinoma will support the diagnosis of primary breast carcinoma. Many studies have shown that STR analysis can distinguish gestational from nongestational neoplasms and can provide useful information about the conceptual types of etiology. In our case, STR analysis revealed the BIDC components’ genotype entirely matched that of the choriocarcinoma components, confirming the nongestational type. In addition, it should be differentiated from breast neoplasms with multinucleated giant cells (MGCs). MGCs on breasts should suggest many diagnostic possibilities. These giant cells could be osteoclastic, metaplastic, or sarcomatoid in origin (23, 24). Immunochemical stains play a significant role in concluding the histogenesis of a tumor and the origin of MGCs. The presence of prominent cytologic atypia and positive staining for HCG support the differentiation of choriocarcinoma and the malignant nature of these cells in our case.

Combined with previous reports and this case, BCCF is characterized by high invasion and high metastasis rate. Therefore, identifying the components of choriocarcinoma is crucial for establishing appropriate treatment strategies. Immunohistochemistry and even molecular genetics are often needed to assist in diagnosis. Finally, as the pathogenesis of the disease is not clear, it suggests that the pathogenesis and treatment plan of the disease should be further explored and studied.
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Background

With the aging of the population, the number of elderly breast cancer cases has increased. However, there is a lack of effective randomized clinical trial data to support whether elderly patients should receive chemotherapy. Our goal was to observe the relationship between chemotherapy and breast cancer-specific survival (BCSS) in elderly breast cancer patients and to identify those who could benefit from chemotherapy.




Methods

We collected the data of patients who were diagnosed with invasive ductal carcinoma and older than 70 years in the SEER database from 1995 to 2016. The independent predictors of BCSS were identified by Cox regression analysis. Propensity score matching (PSM) and inverse probability of treatment weighting (IPTW) were performed to eliminate confounding factors.




Results

A total of 142,537 patients were collected, including 21,782 patients in the chemotherapy group and 120,755 patients in the non-chemotherapy group. We identified the same potential predictors of BCSS after PSM and IPTW, such as age, race, grade, stage, therapy, subtype. A nomogram for predicting 3-year, 5-year and 10-year BCSS was constructed. The 3-year, 5-year and 10-year AUCs of the nomogram were 0.842, 0.819, and 0.788. According to the risk stratification of model predictive scores, patients in the high-risk group achieved the greatest improvement in BCSS after receiving chemotherapy.




Conclusions

Our study suggests that women older than 70 years with larger tumors, higher grade, positive nodes, negative hormone receptor and inactive local therapy gain prognostic benefits from chemotherapy, but for those with low- and median-risk, conventional chemotherapy should be administered cautiously.





Keywords: elderly breast cancer, chemotherapy, nomogram, inverse probability of treatment weighting (IPTW), breast cancer-specific survival (BCSS)




1 Introduction

Breast cancer is the malignant tumor with the highest incidence in the world and the highest mortality rate among women, and the number of breast cancer-related deaths ranks fifth among all tumor types (1). With the aging of the population, the number of elderly breast cancer cases has increased (2). The pathological characteristics of elderly breast cancer patients are relatively indolent, but the tumor mostly has a higher stage and distant metastasis when diagnosed (3). In addition, due to more comorbidities and poor treatment tolerance, elderly patients usually received less adjuvant therapy, resulting in higher breast cancer-specific mortality. Current studies showed that women >=70 years old accounted for 31% of all breast cancer cases, but they constituted 47% of all breast cancer-specific deaths (4). On the other hand, due to the under-representation of elderly cancer patients in clinical trials, there is insufficient research evidence on whether elderly patients receive chemotherapy. In clinical trials conducted by the National Cancer Institute of the United States, only a small number of elderly patients was included, with 25% were 65-74 years old and 10% were >=75 years old (5). A prospective trial suggested that elderly patients who are in good general health could benefit from adjuvant chemotherapy in a similar way to younger women (6). Overall, despite the increased incidence of breast cancer in elderly patients, there is little evidence to help doctors decide whether chemotherapy is required for patients over the age of 70.

In this study, we extracted data from the SEER (Surveillance, Epidemiology, and End Results) database to explore the breast cancer-specific survival (BCSS) of elderly breast cancer patients. Then, a predictive model was established and verified to screen out those who could benefit from chemotherapy and provide a reference for clinical decision making.



2 Materials and methods


2.1 Study population

This is a retrospective cohort study with data from the SEER database. The SEER database is a large tumor database covering approximately 34.6% of the U.S. population. The data were derived from case data of patients with malignant tumors in 18 states representing all regions of the United States, including detailed data on morbidity, mortality, and basic treatment methods (7). All data were downloaded via SEER*Stat software, and procedures were performed in accordance with approved guidelines. Since the SEER database is publicly accessible, informed patient consent was not required for this study.



2.2 Data collection

This study collected the data of all patients who were diagnosed with invasive ductal carcinoma (ICD-0-3 histology codes: 8500/3) and over 70 years old in the SEER database from 1995 to 2016. Demographic characteristics included age, marital status, and race. Age was analyzed as a categorical variable and classified into three groups by X-tile (8): 70-77 years old, 78-84 years old, and >=85 years old. Breast cancer-related characteristics, such as laterality of the tumor, grade, TNM stage, ER and PR status, HER2 status, radiation, chemotherapy, surgery, duration of follow-up and survival status, were collected. Data with the following characteristics were excluded (1): <70 years old; (2) male breast cancer; (3) duration of follow-up <3 months; (4) distant metastasis; (5) missing data; and (6) bilateral breast cancer. Ultimately, 142,537 patients were included in this study. The selection procedure was shown in Figure 1. The endpoint was BCSS, which was calculated from the date of diagnosis to the date of death from breast cancer.




Figure 1 | Flow Diagram of selection method.





2.3 Statistical analysis

The included patients were divided into two groups according to whether they received chemotherapy. For adjusting between-group differences, the propensity scores were developed with the use of multivariate Logistic regression based on the following characteristics: age, race, marital status, laterality, grade, AJCC 6th stage, T stage, N stage, local therapy and subtype. We used propensity score matching (PSM) and inverse probability of treatment weighting (IPTW) to eliminate confounding factors (9). The patients who received chemotherapy were matched 1:1 to patients who did not receive chemotherapy on propensity score with a greedy matching algorithm (a caliper width of 0.2 of the pooled standard deviation). For IPTW, we applied the inverse propensity score as weights for patients who received chemotherapy and the inverse of 1 minus the propensity score for patients who did not. The standardized mean difference (SMD) was used to assess the difference in distribution between groups for each variable after matching and weighting. A SMD<10% means that there is no significant difference. The unmatched data were analyzed using the Pearson chi-square test.

After adjusting the data with PSM and IPTW, we divided the patients into training set and validation set (7:3) in the non-chemotherapy group. In the training set, a nomogram for predicting BCSS at 3 years, 5 years, and 10 years was established according to the significant factors screened in the Cox univariate and multivariate analyses. The discrimination and correction of the nomogram were evaluated both in the validation group and chemotherapy group. The discrimination was assessed using the time-dependent area under the ROC curve (AUC), which ranges from 0.5 to 1.0. A value of 1 indicates that the model can predict 100% without errors, and 0.5 indicates that the model has no predictive ability. The larger the AUC within this range, the higher the diagnostic accuracy of the model. The calibration curve was used to evaluate the correction of the model. When the curve is highly coincident with the diagonal, the calibration of the model is optimal. Moreover, we conducted the Decision Curve Analysis (DCA) to observe the clinical utility of the model. Finally, X-tile software program selected the best cutoff of predictive scores in the model by the highest X2 value, and calculated the minimum P value by the log-rank test. The entire cohort was divided into high-, median- and low-risk groups. Kaplan–Meier curve analysis was employed to generate BCSS curves, and the log-rank test was performed to determine the significant difference among groups.

All statistical analyses were conducted with X-tile (3.6.1, Yale University 2003-2005), IBM SPSS Statistics 24.0 software (IBM Corporation, Armonk, NY, USA) and R statistical software (version 4.1.1, R Foundation for Statistical Computing, Vienna, Austria). A two-tailed P<0.05 was considered statistically significant.




3 Results


3.1 The clinicopathological characteristics of the study population

In this study, 142,537 elderly breast cancer patients were collected from the SEER database, including 21,782 patients in the chemotherapy group and 120,755 patients in the non-chemotherapy group. The median duration of follow-up was 62 months. Table 1 showed the specific clinicopathological characteristics, including age, race, marital status, grade, laterality, T stage, N stage, local therapy, and molecular subtype. The chi-square test showed that the distribution of each variable in the two groups before matching was unbalanced. After PSM (Supplementary Table 1) and IPTW, a sufficient balance of all covariates was achieved between the chemotherapy group and the non-chemotherapy group. According to Figure 2, the matching effect of IPTW was more adequate. Among the overall patients, patients who were 70-77 years old and white accounted for the majority. In the local therapy, most of the patients received breast-conserving surgery combined with radiation. Among elderly breast cancer patients, the most common subtype was HR+/HER2-, except for patients whose HER2 status were unknown.


Table 1 | The clinicopathological characteristics of the unmatched and inverse probability of treatment weighting (IPTW) matched patients.






Figure 2 | Comparison of the matching effects of the propensity score matching (PSM) and inverse probability of treatment weighting (IPTW). SMD, Standardized mean difference, A SMD<10% means that there is no significant difference between the distribution of variables.





3.2 Predictors of BCSS for non-chemotherapy patients

Combined with clinical and statistical significance, we screened out the same potential predictors of BCSS after PSM (Supplement Table 2) and IPTW (Table 2), which included age, race, grade, T stage, N stage, local therapy and subtype. Being younger than 85 years old (such as 70-77 vs >=85 years old, HR=0.507, 95% CI: 0.422-0.609) and being white (white vs black, HR=0.819, 95% CI: 0.709-0.947) were protective factors for BCSS. The patients with higher grade (P=0.000), T stage (P=0.000), and N stage (P=0.000) had a worse prognosis. Regarding molecular subtype, HR-HER2- had a worse prognosis than other subtypes (such as HR+HER2+ vs HR-HER2-, HR=0.528, 95% CI: 0.447-0.623). Compared with breast-conserving surgery (BCS) alone, BCS combined with radiation improved outcome (HR=0.631, 95% CI: 0.538-0.742), and radiation alone (HR=2.270, 95% CI: 1.187-4.342) was associated with worse outcome. Marital status and laterality were not statistically associated with BCSS.


Table 2 | Univariate and multivariable analysis of breast cancer-specific survival (BCSS) predictors in patients after inverse probability of treatment weighting (IPTW).





3.3 Construction and validation of the nomogram for BCSS

Based on the factors screened out by univariate and multivariate Cox regression analysis, a nomogram for predicting 3-year, 5-year and 10-year BCSS was constructed, as shown in Figure 3. According to the risk score of each variable (Table 3), a patient’s total score can be calculated, and then the corresponding 3-year, 5-year and 10-year BCSS can be estimated from the nomogram. The predictive performance of the nomogram was evaluated both in the validation group and chemotherapy group. The ROC curve of the nomogram was shown in Figure 4; the 3-year, 5-year and 10-year AUCs in the validation group (A) were 0.842, 0.819, and 0.788, while those in the chemotherapy group (B) were 0.762, 0.745, and 0.725, respectively. The calibration chart showed good agreement between the predicted probability and the observed probability (Figures 5; S1). As shown in the DCA curve (Figure 6), the clinical utility of nomogram was better than AJCC 6th stage.




Figure 3 | The nomogram to predict the breast cancer-specific survival (BCSS) rates. BCS, Breast conserving surgery; HR, Hormone receptor; HER2, Human epidermal growth factor receptor 2.




Table 3 | The risk score to predict breast cancer-specific survival (BCSS) rates according to nomogram.






Figure 4 |     The receiver-operating characteristics (ROC) curve for validating nomogram in the non-chemotherapy group (A) and chemotherapy group (B). TP, True Positive; FP, False Positive.






Figure 5 | The calibration plot for validating nomogram in the non-chemotherapy group. When the curve is highly coincident with the diagonal, the predicted probability of survival is highly consistent with the actual survival, which means the model has excellent predictive performance.






Figure 6 | The Decision Curve Analysis (DCA) curve for the nomogram and AJCC 6th stage.





3.4 Influence of chemotherapy on the BCSS of specific risk stratification

The nomogram-predicted total score was used for risk stratification by X-tile software (Figure 7), and the Kaplan–Meier curve was employed to show the survival difference of each risk group. As shown in Figure 8, patients in the high-risk group had better survival after receiving chemotherapy (P=0.0017). In the high-risk group, the 3-year, 5-year, and 10-year BCSS rates were 73.3%, 61.0%, and 48.3% for patients receiving chemotherapy, compared with 71.0%, 59.2%, and 45.0% for those who did not receive chemotherapy, respectively. However, for patients in the low-risk and median-risk groups, chemotherapy did not improve BCSS. In the low-risk group, the non-chemotherapy group had a better outcome (the 3-year, 5-year, and 10-year BCSS rates were 98.6%, 97.2%, and 93.7%) than the chemotherapy group (the 3-year, 5-year, and 10-year BCSS rates were 96.9%, 94.2%, and 89.4%) (P<0.0001). Similarly, chemotherapy was not recommended for patients in the median-risk group (P=0.00056), the 3-year, 5-year, and 10-year BCSS rates were 92.1%, 86.6%, and 77.6% for patients who did not receive chemotherapy compared with 91.4%, 85.2%, and 75.7% for those who received chemotherapy.




Figure 7 | X-tile analysis of the risk stratification.






Figure 8 | The Kaplan-Meier survival curves for breast cancer-specific survival (BCSS) according to risk stratification.






4 Discussion

Elderly women constitute an important part of breast cancer patients and have different biological and clinical characteristics compared with younger women. The physical decline of elderly patients increases with age, and poor physical status, many accompanying chronic diseases, and poor tolerance to treatment are also notable characteristics of such patients. In addition, due to the lack of prospective studies in elderly patients, the beneficial outcomes of chemotherapy in such patients are still controversial, and the actual practice is still influenced by the subjective opinion of clinicians, who lack reliable evidence to guide their treatment plans. In conclusion, it remains uncertain whether adjuvant chemotherapy translates into survival benefit after 70 years old. Therefore, it is of great significance to develop an individualized-level disease risk assessment model.

Sharon et al, in an observational study based on data collected from the SEER database, used Logistic regression analysis to determine factors related to chemotherapy and Cox proportional hazards models to calculate the hazard of death for patients with and without chemotherapy (10). Another study based on the SEER database used propensity score methods and multivariate proportional hazards regression to evaluate the effect of chemotherapy for patients with hormone receptor (HR)-negative breast cancer (11). However, the effects of other tumor variables, such as lymph node status, tumor size and grade, and HER2 expression, were not analyzed, and the subgroup of elderly women most likely to benefit from chemotherapy remains uncertain. In this study, we compared clinicopathological characteristics between the chemotherapy group and the non-chemotherapy group and performed PSM and IPTW matching analyses to ensure that difference in outcome was not due to demographic or pathological baseline imbalance between the two groups. The risk factors affecting BCSS were screened out by univariate and multivariate Cox regression analyses, and a predictive nomogram was constructed accordingly. It is verified that the model has good predictive performance. Our research can help clinicians accurately screen out patients who can benefit from chemotherapy and provide a reference for clinical treatment.

Whether elderly patients can truly benefit from chemotherapy is beyond doubt. Tamirisa et al. found that chemotherapy improved overall survival in elderly breast cancer patients with positive nodes, positive estrogen receptor and multiple comorbidities (12). The EBCTCG meta-analysis showed that patients over 70 years old have improved recurrence-free and overall survival after receiving combination chemotherapy, even though this benefit appeared to diminish with increasing age (13). Similarly, in the CALGB trial, 633 patients over 65 years old were randomized to receive cyclophosphamide, methotrexate, fluorouracil (CMF), doxorubicin and cyclophosphamide (AC), or capecitabine (14). The findings showed that patients who received single-agent chemotherapy had a doubled risk of relapse or death, suggesting the advantage of the combination therapy in this age group, even though the toxicity was pronounced. In a retrospective pooled analysis of 4 randomized trials, Muss et al. reported that chemotherapy reduced breast cancer mortality and recurrence rates with similar effects to younger women (6). Our findings suggested that patients in the high-risk group were with larger tumors, more positive lymph nodes, higher grade, HR-HER2- subtype and absence local therapy, who could obtain the improvement of BCSS after receiving chemotherapy. This conclusion is in accordance with the recommendation of the Society of Geriatric Oncology that older patients with node-positive, hormone-negative breast tumors may have the largest survival gain from chemotherapy (15).

Elderly breast cancer patients can benefit from chemotherapy but also suffer from inevitable chemotherapy toxicity. The general decline in physiological reserves and the increase in comorbidities predispose elderly women to a higher risk of toxicity. These include neuropathy, reduced left ventricular ejection fraction, congestive heart failure, myelodysplasia, acute leukemia, cardiotoxicity and secondary hematological malignancies (16–18). Another study reported that 24% of patients over 65 years old treated with docetaxel chemotherapy were hospitalized due to chemotherapy toxicity (19). In addition, anthracycline chemotherapy drugs have a higher risk of inducing myelosuppression in elderly breast cancer patients, with grade 3-4 myelosuppression occurring in 32% of patients, compared with 21% in younger patients. The difference between the two was statistically significant (P<0.0001) (20). Therefore, the chemotherapy of elderly women should be individualized, and chemotherapy toxicity must be carefully weighed. Especially for patients older than 80, our study implied these patients were classified into the high-risk group and more likely to benefit from chemotherapy. However, the toxic side effects of chemotherapy can lead to reduced quality of life in the extremely old patients. Therefore, it is necessary to make treatment decisions based on the geriatric assessment.

Currently, we often use different prognostic scores, such as Oncotype-DX, to determine the necessity of adjuvant chemotherapy. Oncotype-DX can assess the chemotherapy benefit and risk of recurrence within 10 years after breast cancer surgery in HR-positive, HER2-negative, node-negative, or limited to 1-3 node-positive patients. In addition, MammaPrint can also be used to assess the risk of recurrence, but its ability to predict chemotherapy response has not been proven. Our model aimed to predict the chemotherapy benefit at elderly patients regardless of HR, HER2 status, and lymph node metastasis, and none genetic sequencing technics was required to complete the evaluation, which showed a broad application scope especially in economically disadvantaged areas. Importantly, our model has higher clinical value for elderly patients who don’t meet the Oncotype-DX and Mammaprint detection indications. In the context of increased life expectancy, the treatment of elderly patients should be individualized to balance the benefits of chemotherapy and the loss of quality of life due to chemotherapy toxicity, and age should not be seen as a barrier to chemotherapy and management (21, 22). In contrast, we should comprehensively evaluate the patient’s general condition, cardiopulmonary and other organ functions, complications, and social support. Poor physical condition, more complications, etc., can lead to increased all-cause mortality, making adjuvant chemotherapy redundant. In conclusion, a comprehensive geriatric assessment (CGA) plays an important role in treatment decisions for elderly patients.

Although the TNM staging system is an important tool for predicting prognosis, some important prognostic factors, such as age, were not included, and the accuracy of the system’s predictive results was insufficient. Our nomogram not only contains the parameters of the AJCC staging system but also includes some individual demographic and pathological characteristics and can help doctors distinguish the benefit group from chemotherapy. Therefore, it provides more comprehensiveness and convenience. In addition, elderly breast cancer patients often die from chronic diseases such as heart disease, lung disease, and cerebrovascular disease, not from breast cancer itself (23). Traditional survival analysis methods such as Kaplan-Meier analysis and Cox proportional hazards regression analysis, which treat deaths from other causes as censored events, tend to overestimate breast cancer mortality (24). Therefore, BCSS was chosen as the endpoint in this study, which excludes the effect of death from other diseases, making the results more accurate. However, our study also has certain limitations. First, due to limited database permissions, the information related to chemotherapy and radiation was only in the categories of “Yes” and “No/unknown”. There was no information about chemotherapeutic agents, doses, number of cycles, and toxicity. Second, the SEER database also did not provide some important prognostic-related features, including HER-2 status before 2010, and tumor progression, which affected the validity of our model. Moreover, since there is no Ki67 record in SEER database, we divided breast cancer molecular types according to HR and HER2 status as follows: HR+HER2+, HR-HER2+, HR+HER2-, HR-HER2-. A limitation of this classification is that HR+HER2- includes Luminal A and Luminal B, which affects the application of the model. In addition, characteristics of geriatric assessment, such as comorbidities, physical functional status, mental health, and social support, were not included in the model. Finally, this is a retrospective study with unavoidable selection bias. To enhance the convincing power of the model, the nomogram should pass further prospective research for confirmation and supplementation.

In conclusion, our study suggests that women older than 70 years with larger tumors, higher grade, positive nodes, negative hormone receptor and inactive local therapy who are relatively healthy should receive chemotherapy. In addition, the benefit of chemotherapy and the loss of quality of life due to chemotherapy toxicity should be assessed individually. Our findings also support the view that conventional chemotherapy should be administered cautiously to older women with a favorable prognosis in the low- and median-risk group.
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Purpose

This study aims to compare the clinicopathological and immunohistochemical characteristics of centrally necrotizing carcinoma of the breast (CNC) and basal-like breast cancer (BLBC), as well as to analyze the characteristics of the molecular typing of the CNC.





Methods

The clinicopathological features of 69 cases of CNC and 48 cases of BLBC were observed and compared. EnVision immunohistochemical staining was performed to detect the expressions of hypoxia-inducible factor 1α (HIF-1α), breast cancer susceptibility gene 1 (BRCA1), and vascular endothelial growth factor (VEGF) in CNC and BLBC.





Results

The age of the 69 patients ranged from 32 to 80 years, with an average of 54.55 years. Gross examination showed that most tumors were well-defined single central nodules with a diameter of 1.2~5.0 cm. Microscopically, there is a large necrotic or acellular area in the center of the tumor, mainly composed of tumor coagulative necrosis with varying degrees of fibrosis or hyaline degeneration. A small amount of cancer tissue remained in the form of a ribbon or small nest around the necrotic focus. Among 69 cases of CNC, the proportion of basal cell type (56.5%) was significantly higher than that of lumen type A (18.84%), lumen type B (13.04%), HER2 overexpression (5.8%), and nonexpression (5.8%). A total of 31 cases were followed up for 8~50 months, with an average of 33.94 months. There have been nine cases of disease progression. When compared to BLBC, there were no significant differences in BRCA1 and VEGF protein expression in response to CNC (p > 0.05), but there were significant differences in protein expression in HIF-1α (p < 0.05).





Conclusion

The molecular typing of CNC showed that over half of those were BLBC. No statistically significant difference in the expression of BRCA1 was observed between CNC and BLBC; thus, we predict that targeted therapy for BRCA1 in BLBC may also have considerable effects in CNC patients. The expression of HIF-1α is significantly different in CNC and BLBC, and perhaps HIF-1α can be used as a new entry point to distinguish between the two. There is a significant correlation between the expression of VEGF and HIF-1α in BLBC, and there was no significant correlation between the expression levels of the two proteins in CNC.
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Introduction

Centrally necrotizing carcinoma of the breast (CNC) has attracted widespread attention from scholars due to its particular pathological morphology and its similar immunological and morphological characteristics to BLBC, and in the progress of the disease, CNC also has high value-added activity and invasiveness. In 2001, Jimenez officially named CNC (1); prior to this event, Hasebe in 1997 and Tsuda in 1999, respectively, reported a group of central acellular invasive ductal carcinoma (2, 3). However, the breast cancer defined by the above three reports essentially has similar clinicopathological features. The concept of CNC has not yet been recognized by the WHO, and there are only more than 10 reports on CNC at home and abroad. The current perceptions of CNC are insufficient in both clinical and histological aspects. The BLBC subtype of CNC reported by Yu et al. in 2009 and Zhang et al. in 2015 accounted for 63.6% and 50.7% (4, 5), respectively. Therefore, we argue that there exists a close connection between CNC and BLBC. Based on the above, this study intended to observe the clinicopathological features of the CNC and BLBC, detect BRCA1 and hypoxia-inducible factor 1α (HIF-1α) and vascular endothelial growth factor (VEGF) expression differences, and further analyze the correlations between the two.





Materials and methods




Material collection

Specimens from 69 cases of CNC with necrosis areas of >70%, 48 cases of BLBC confirmed by immunohistochemistry, and 36 cases of invasive ductal carcinoma served as controls were collected from the Department of Pathology, First Affiliated Hospital of Bengbu Medical College. All patients had received no prior treatment before surgery; there was no history of other malignant tumors, and all specimens were obtained from the modified radical mastectomy.

The experimental sample obtained was approved by the ethics committee of the First Affiliated Hospital of Bengbu Medical College, and informed consent was obtained from all the patients.





Reagents

Primary antibodies ER (clone: 1D5), PR (clone: MX009), EGFR (clone: SP125), VEGF (clone: VG1), Ki-67 (clone: MIB-1), and P53 (clone: BP52-12) were from Fuzhou Maixin: Fuzhou, Fujian, China. HER-2 (clone: IHC042) and CK5/6 (clone: IHC556) were from Shenzhen Aibimeng: Shenzhen, Guangdong, China. BRCA1 (clone: MS110) and HIF-1α (clone: EP1215Y) were from Abcam USA: Hangzhou, Zhejiang, China. Auxiliary reagents (PBS buffer, DAB chromogenic solution, hydrogen peroxide solution, differentiation solution, xylene, various concentrations of alcohol and absolute alcohol, secondary antibody, hematoxylin stain) were purchased from Fuzhou Maixin.





Method

All specimen tissues were fixed with 4% formaldehyde and serially sectioned at 4 μm in thickness, and immunohistochemical staining was performed with the two-step EnVision method. The operating procedure was carried out strictly according to the operating instructions of the kit. The known positive tissues of other breast cancer patients were used as positive controls, while the PBS buffer served as a negative control. Senior pathologists evaluated the histopathological features of all cases based on standard pathology methods by observing hematoxylin–eosin‐stained paraffin sections under the microscope. Clinicopathological staging and grading of all cases were performed according to the eighth edition of the American Joint Committee on Cancer (AJCC) staging system.





Interpretation criteria for immunohistochemistry results

Expression of ER, PR, and HER2 was assessed according to the new American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) guidelines (6, 7). The positive expression products of CK5/6 and VEGF are located in the cytoplasm, and the positive expression products of EGFR are located in the cytoplasm and cell membrane. Staining was assessed on a semi-quantitative system: the intensity of staining was defined as 0, no staining; 1+, light yellow; 2+, brownish yellow; and 3+, brown. Scoring for the percentage of positive cells: negative was 0 points, less than 10% was 1 point, 11%–50% was 2 points, 51%–75% was 3 points, and more than 75% was 4 points. The total score of each section was defined as the product of the stained area score and the staining intensity score; a score of ≤3 was negative, while 3–12 was positive. The BRCA1 expression product is mainly localized in the nucleus, and the scoring system of Yoshikawa et al. is used (8), namely: 0% nuclear staining (deletion) is 0 points, <20% nuclear staining (reduce staining) is 1 point, 20%–80% nuclear staining is 2 points, >80% nuclear staining is 3 points, 0 points, and 1 point, depending on it, are considered negative, and those with a score of 2 and 3 are considered positive. The HIF-1α expression product is in the cytoplasm and/or nucleus, and tumors were defined as positive when ≥1% of tumor cells show immunoreactivity (9). The positive expression products of P53 are located in the nucleus, and tumors were defined as positive when >10% of tumor cells show immunoreactivity. The positive expression products of Ki-67 are located in the nucleus, and it is defined as a high expression when the proportion of positive cells is more than 30%, otherwise, it is a low expression.





Molecular typing of breast cancer

According to Carey et al., Breast Cancer Molecular Classification Standards (10), 69 cases of CNC were classified as follows: luminal A is defined as ER+ and/or PR+ or HER-2−; luminal B is defined as ER+ and/or PR+ or HER-2+; BLBC is defined as ER−, PR−, and HER-2−, and any of the basal-like markers positive (CK5/6 and EGFR); HER-2-overexpressing type is negative for ER and PR, and HER-2 is strongly positive; the null phenotype is that none of the abovementioned markers are expressed.





Case follow-up

Follow-up data were collected through medical records and telephone calls. The time to overall survival is defined as the time from diagnosis to death or the last follow-up. Disease progression was defined as tumor recurrence, metastasis, and death due to the disease.





Data analysis

Data statistics and analysis were conducted using SPSS 26.0. The Chi-square test or Fisher exact probability method was utilized for analyzing qualitative data.






Result




Clinical data




CNC

The mean age was 54.55 ± 9.683, with a range of 32~80 years. On microscopic examination, 25 cases were lymph node positive and 44 cases were lymph node negative. Follow-up data were available for 31 patients included, with a mean length of follow-up of 33.94 ± 11.550 months (range, 8–50 months). Disease progression was found in nine patients under follow-up, including five deaths and five remote metastases (including two cases (2.90%) of the lung, one case (1.45%) of the brain, and two patients (2.90%) with coincident liver metastases and bone metastases).





BLBC

The mean age was 53.83 ± 11.372, with a range of 27–78 years. On microscopic examination, 21 cases were lymph node positive and 27 cases were lymph node negative. Follow-up data were available for 20 patients included with a mean length of follow-up of 52.65 ± 15.955 months (range, 12~72 months). Disease progression was found in seven patients under follow-up, including three cases (6.25%) of deaths, one case (2.08%) of brain metastasis, and three cases (6.25%) of sternal metastases. The overall survival time is shorter for CNC than BLBC, but the difference did not exhibit statistical significance (log-rank = 0.125, p > 0.05, Figure 1). Comparison of the clinicopathological features of CNC and BLBC (as depicted in Table 1).




Figure 1 | Comparison of overall survival time between CNC and BLBC patients, and the data analysis was not statistically significant (log-rank = 0.125, p > 0.05).




Table 1 | Comparison of clinicopathological parameters between CNC and BLBC.








Histopathological features




Gross morphology of the CNC

In total, 67 of the 69 CNC were single nodules, and two were two nodules of the ipsilateral breast (mean nodule diameter was 2.55 ± 0.837 cm with a range of 1.2 to 5.0 cm). The boundary of most tumors was clear, and only four cases had unclear borders. Visual observation of HE sections revealed that the center of the tissue block is extensively red-stained, and the surrounding blue-stained area is distributed in a banding morphology around the central red-stained area (Figure 2A).




Figure 2 | (A) Gross observation of the section; the center of the tumor is an extensive red-stained area surrounded by a blue-stained linear tissue. (B) The central red-stained area was mainly fibrous collagen tissue, glass-like and scar-like tissues, arranged in bundles and grids (×100). (C) Cancer tissue is more atypia and has more mitotic figures (×200). (D) The focally invasive micropapillary carcinoma was found in residual cancer tissue (×100). (E) Myxoid and chondroid stroma was found in residual cancer tissue (×100). (F, G) BLBC showed map-like or zonal necrosis (F ×100; G ×200).







Microscopic examination

The central extensive cell-free zone is necrosis or fibrillar collagen, and the marginal zone is the cancerous cell distributed in bands. There is a lack of new granulation tissues and a fibrous tissue-like transitional zone between the two. Three distinct necrotic morphology were visible: (1) In 50 cases of CNC, coagulative tumor cell necrosis, granular morphology was seen in the necrotic area, the outline of cancer cells still existed, and nest-like, bundled collagen tissue and hyaloid or scar-like tissue interspersed in it. (2) The central cell-free area of the CNC in 19 cases was mainly fibrous collagen tissue, glass-like and scar-like tissues, arranged in bundles and grids (Figure 2B), with a small amount of tumor cell residual ghosting in the red-stained background. (3) Nine cases were infarctions; the outline of the tissue still existed, and there was no significant collagen fibril organization. The peripheral residual cancer cells display a band-like distribution, and they also exhibited the following significant atypia compared to normal cells: lack of glandular differentiation, high histological grade, and common mitotic figures (Figure 2C). In the 69 CNC, 63 cases (91.3%) of residual cancer tissue exhibited invasive ductal carcinoma grade III, six cases (8.7%) exhibited invasive ductal carcinoma grade II, 16 cases combined with ductal carcinoma in situ, and three cases with focally invasive micropapillary carcinoma (Figure 2D). The residual tumor stroma was myxoid and chondroid in 14 cases (Figure 2E), 39 cases had a large amount of lymphocyte infiltration, 1 case was mainly plasma cells, and 13 cases were accompanied by calcification.





Gross morphology of the BLBC

The 48 cases of BLBC were all single nodules, with an average diameter of 2.81 ± 1.194 cm (range, 1.2–7.0 cm), and the boundaries were unclear. There was no specific characteristic identified by macroscopic observations.





Microscopic examination

In total, 29 cases were accompanied by necrosis, of which nine cases showed map-like or zonal necrosis (Figures 2F, G), three cases showed fibrous collagen in the center of the tumor, two cases had infarction, and the rest were punctate necrosis and the necrotic area was less than 30%. In the 48 BLBC, 46 cases (95.83%) were presented as invasive ductal carcinoma grade III, and two cases (4.17%) were invasive ductal carcinoma grade II. Only two cases were accompanied by ductal carcinoma in situ, one case had mucinous stroma in the background, 18 cases had lymphocytic infiltration, and calcification was observed in three cases. In CNC and BLBC, four cases and two cases of intravascular cancer embolus, and one case of nerve invasion were found, respectively. CNC and BLBC have statistical differences in the presence of ductal carcinoma in situ and mucinous stroma (p < 0.05) (Table 2). There is no significant difference between CNC and BLBC in the presence of interstitial lymphocyte infiltration, while there are statistical differences between the CNC and control groups (p < 0.05). The other characteristics were not significantly different between CNC, BLBC, and the control group (p > 0.05).


Table 2 | Comparative analysis of cancer stroma between CNC and BLBC, and between CNC and control group.








Immunohistochemical staining results




The expression of ER, PR, and HER-2 between CNC and BLBC

ER was positive in 30.43% of CNC and 2.08% of BLBC, PR was positive in 23.19% of CNC and 2.08% of BLBC, and HER-2 was positive in 26.09% of CNC and 6.25% of BLBC. The proportions of triple-negative breast cancer in CNC and BLBC were 53.6% and 93.8%, respectively. The results of the comparison are summarized in Table 1.





Molecular typing results

There were 66.67% of CNC-expressed basal cell markers, of which 34 were positive for CK5/6 and 35 were positive for EGFR (Figures 3A, B).




Figure 3 | (A, B) Expression of CK5/6 and EGFR in CNC by immunohistochemical staining (×100, ×200). (C) The expression of BRCA1 in CNC. (D) The expression of BRCA1 in BLBC (×200). (E) The expression of HIF-1α in CNC (×200). (F) The expression of HIF-1α in BLBC (×200). (G) The expression of VEGF in CNC (×200). (H) The expression of VEGF in BLBC (×200). (I) The expression of BRCA1 in the control group. (J) The expression of HIF-1α in the control group. (K) The expression of VEGF in the control group.







Molecular typing results

Of a total of 69 CNC, there were 13 (18.84%) luminal A, nine (13.04%) luminal B, four (5.8%) HER-2-overexpressing type, four (5.8%) null phenotype, and 39 (56.52%) BLBC. It can be seen that the proportion of BLBC subtype in CNC is the highest, and more than half of CNC express basal cell markers.





Analysis of the results of BRCA1, HIF-1α, and VEGF protein expressions

The positive expression rates of BRCA1 in CNC and BLBC were 46.4% and 39.6%, respectively (Figures 3C, D). No statistical difference was observed between CNC and BLBC (p > 0.05), but there was a significant statistical difference between CNC and the control group (p < 0.05) (as depicted in Table 3). BRCA1 expression was not correlated with any clinicopathological parameters in CNC patients (p > 0.05), and the expression in BLBC was only associated with tumor size (p < 0.05).


Table 3 | Comparison of differences in BRCA1 expression between CNC and BLBC and between CNC and control group.



The positive rates of HIF-1α expression in CNC and BLBC were 84.1% and 58.3%, respectively (Figures 3E, F). Statistical differences were found between CNC and BLBC (p < 0.05) and between CNC and the control group (p < 0.05) (as depicted in Table 4). Analysis results showed that the expression of HIF-1α in CNC was only correlated with histological grade (p < 0.05), and it was related to lymph node metastasis, clinical stage, and pathologic stage in BLBC (p < 0.05).


Table 4 | Comparison of HIF-1α expression differences between CNC and BLBC and CNC and control group.



The positive rates of VEGF expression in CNC and BLBC were 63.8% and 52.1%, respectively (Figures 3G, H). No statistical differences were found between CNC and BLBC (p > 0.05) and CNC and control group (p > 0.05) (as depicted in Table 5). Analysis results showed that the expression of VEGF in CNC was only correlated with lymph node metastasis (p < 0.05), and it is related to lymph node metastasis, clinical stage, and pathologic stage in BLBC (p < 0.05) (Figures 3I–K shows the negative expression of BRCA1, HIF-1α and VEGF in the control group).


Table 5 | Comparison of VEGF expression differences between CNC and BLBC and CNC and control group.



In the CNC group, the positive rate of VEGF was significantly higher in the BRCA1-negative group (78.38%) than in the BRCA1-positive group (46.88%), and the expression of VEGF and BRCA1 showed an inverse correlation (r = −0.327, p < 0.05). The positive rate of VEGF was significantly higher in the HIF-1α-positive group (67.24%) than the HIF-1α-negative group (45.46%), but there is no correlation between VEGF and HIF-1α (r = 0.166, p > 0.05) (as depicted in Tables 6, 7).


Table 6 | Correlation analysis of BRCA1 and VEGF in CNC and BLBC and CNC and control group.




Table 7 | Correlation analysis of HIF-1α and VEGF in CNC and BLBC and CNC and control group.



In the BLBC group, the positive rate of VEGF was significantly higher in the BRCA1-negative group (65.51%) than in the BRCA1-positive group (31.57%), and the expression of VEGF and BRCA1 showed an inverse correlation (r = −0.332, p < 0.05). The positive rate of VEGF was significantly higher in the HIF-1α-positive group (67.85%) than in the HIF-1α-negative group (30.00%), and the two were positively correlated (r = 0.374, p < 0.05) (as depicted in Tables 6, 7).





Analysis of the results of P53 and Ki-67 protein expressions

The positive rates of P53 expression in CNC and BLBC were 60.9% and 87.5%, respectively, and statistical differences were found between CNC and BLBC (p < 0.05); the high expression rates of Ki-67 in CNC and BLBC were 73.9% and 93.8%, respectively, and there were also statistical differences between the two (p < 0.05) (as depicted in Table 8).


Table 8 | Comparison of P53 and Ki-67 expression differences between CNC and BLBC.









Discussion

The existence of CNC as distinct breast cancer is quite characteristic in morphology. At present, there are only five large sample studies on CNC at home and abroad, and the research on the clinicopathological features of CNC is relatively scarce. In order to improve the understanding of clinicians and pathologists about the disease, the study investigated the relationship between 69 cases of CNC and 48 cases of BLBC. CNC was a concept first proposed by Jimenez et al. in 2001 (1), and they argued that CNC had the following four main characteristics: (1) The tumor was a single nodule type with a clear boundary. (2) The center of the tumor was accompanied by extensive necrosis (more than 70%), and the necrotic zone was usually accompanied by degenerative changes such as fibrosis and collagenization. (3) The necrotic zone was surrounded by residual cancer tissue distributed in ribbons. (4) Residual cancer tissues were often poorly differentiated and lacked glandular structure, presenting as high-grade invasive ductal carcinomas, the majority of which were accompanied by ductal carcinoma in situ. However, some scholars have suggested that the central necrotic area of more than 30% of the tumor area can be classified as CNC (11). To avoid the ambiguous concepts of CNC, this study selected cases with necrotic areas > 70%. BLBC first proposed that it was based on differential expression profiles of genes. Still, due to the high costs of genetic testing and complicated steps, it cannot easily be implemented in clinical work and has not yet become widespread. In 2004, Nielsen et al. proposed the use of immunohistochemical staining instead of genetic detection to classify molecular subtyping of breast cancer, defined a group of breast cancer cells expressing basal cytokeratins and/or EGFR as BLBC, and pointed out that more than 1% of tumor cells expressed CK5/6 and/or EGFR were the best options for diagnosing the BLBC (12).




Comparison of clinical characteristics

CNC showed the preference of middle-aged and older women, with an average age of about 50 years old, an incidence rate of 2%–3%, rapid clinical progress, and strong invasive ability. Most of the previous reports were T1 and T2 tumors (85% in Tsuda’s report (11), 73% in Jimenez’s report (2), and 100% in Yu’s report (4)), and the status of axillary lymph nodes seems to be more negative (53% negative in Jimenez’s report (2), 64.5% negative in Zhang’s report (5)), while in Tsuda’s and Yu’s report, the positive ones are slightly higher (4, 11). In this group, the average age was 54.55 ± 9.683 years; both in T1 (40.6%) and T2 (59.4%) stages, 25 cases (36.23%) had axillary lymph node metastasis, 44 cases (63.77%) were negative, and the proportion of N1 stage was the highest (14.49%), similar to the above literature, and clinical stage II (39.1%) and pathological stage I (42.0%) accounted for the highest proportion. BLBC occurs mainly in premenopausal patients with an incidence of 10%–17%, and it is characterized by high malignancy, strong invasiveness, and a poor prognosis. In our study, the average age was 53.83 ± 11.372 years, and the tumor size staging results showed 17 cases (35.4%) in the T1 stage, 29 cases (60.4%) in the T2 stage, and two cases (4.2%) in the T3 stage; 21 cases (43.8%) had axillary lymph node metastasis, 27 cases (56.3%) were negative, and the proportion of N1 stage was the highest; and clinical stage II (43.8%) and pathological stage II (43.8%) accounted for the highest proportion. There were no significant differences in the clinicopathological parameters between the two groups (p > 0.05).





Comparison of pathological characteristics

In general, CNC is a mostly single nodule with clear boundaries (ranging from 1.0 to 5.0 cm in diameter), and it is grayish-white in section with a slightly soft texture. The diameter of the CNC tumors in this group ranged from 1.2 to 5.0 cm, with an average of 2.55 ± 0.837 cm. Among them, two cases had two nodules in the ipsilateral breast and four cases showed unclear margins. Macroscopic observation of the HE slice of CNC showed that the obvious central pink staining area was wrapped by banded blue staining tissue. Under a light microscope, the central area was granular necrosis, which was surrounded by residual cancerous tissues distributed in a zonal pattern, and there were no transitional zones such as granulation tissue or fibrous tissue between the two components. The morphological features of necrosis were often of the following three types: (1) In the necrosis area, coagulative tumor necrosis was prevalent. (2) The central necrotic area was dominated by fibrillar collagen and glassy keloid-like tissue. (3) The necrosis was mainly infarction without fibrous collagen tissue, and a small amount of tissue outline can be seen in it. We point out that the fibrous, collagenous, cell-free zone in the center of the tumor is essentially a secondary change after tumor ischemia and necrosis. This is a dynamic evolution process: in the initial stage, it can be seen that there was only a small number of fibrous collagen bundles distributed in the coagulative necrosis-predominant background; as the tumor develops to the later stage, the secondary degenerative component of the necrotic area dominated, and a small amount of tumor cell residual ghosting was scattered in the glassy keloid-like background (4). The above three morphological features of necrosis were all observed in our study. We observed that the central cell-free zone showed coagulative tumor necrosis in 72.46% of cases, the cell-free zone presented fibrillar collagen and glassy keloid-like tissue in 27.54% of cases, and infarction in 13.04% of cases. However, it is not difficult for us to find that there were a small number of fibrous collagen bundles in the coagulative necrosis area and a small number of tumor cell residual ghosting in the context of extensive fibrous collagen. The surrounding residual cancer cells were poorly differentiated, with prominent nucleoli and vesicular nuclei; mitoses were common (>3/HPF) (3); and the glandular duct was lacking. In Jimenez’s report, the residual cancer cells can also appear as syncytial cell-like cells (1). Most residual cancer cells around the necrotic area were invasive ductal carcinoma in grade III. In the previous literature, cases with histological grade III accounted for 88.9%–91.8%, and cases with ductal carcinoma in situ accounted for 49.3%–63.6%. In the present study, 91.3% of the cases of peripheral cancer tissue were invasive ductal carcinoma in grade III, 8.7% were invasive ductal carcinoma in grade II, which was consistent with the literature, while the cases with ductal carcinoma in situ accounted for only 23.19%, which was inconsistent with the literature. Therefore, we speculate that the component of ductal carcinoma in situ may be explained by the residue of insufficiently thorough necrosis, and this group of cases were all CNCs with necrosis area > 70%, so it had a small proportion. In the previous literature, the residual cancer cells in a minority of cases can exhibit squamous and spindle cell differentiation, chondrometaplasia, invasive micropapillary carcinoma, mucinous carcinoma, intraductal papillary carcinoma, lymphocytic infiltrate, myxochondroid stroma, and calcification. In this group, three cases (4.35%) were focally differentiated into invasive micropapillary carcinoma, and myxoid stroma was observed in 14 cases (20.29%) (including one case of the chondrometaplasia). No squamous and spindle cell differentiation, mucinous carcinoma, or intraductal papillary carcinoma were observed. However, in the cancer stroma, 39 cases (56.52%) were accompanied by massive lymphocyte infiltration, 13 cases (18.84%) were accompanied by calcification, and one case (1.45%) was mainly infiltrated by plasma cells. The section of the BLBC was grayish-white, and the boundary was not clear. Under the microscope, an extensive cell-free zone was also visualized in the BLBC; necrosis was also common, usually in the form of focal, patchy, maze-like, or map-like lesions, and the edges were often pushing. Cancer cells showed poorer histological differentiation with significant pleomorphism, and most of them were histological grade III. The cancer tissues were basically free of glandular structure, often in nest-like, sheet-like, and diffuse distribution. In some cases, syncytial cell-like cells and squamous, spindle, and clear cell differentiation can be observed (13, 14). Carcinoma stroma was also often accompanied by a large number of lymphocyte infiltration. In this study, 29 cases (42.03%) in the BLBC group were accompanied by necrosis, including nine cases (31.03%) with a map-like or band-like shape of necrosis, three cases (10.34%) with scar-like fibrosis in the necrosis, and two cases (6.90%) with an infarction. A total of 46 cases (95.83%) were invasive ductal carcinoma in grade III, two cases (4.17%) were differentiated into grade II, and two cases (4.17%) were accompanied by intraductal carcinoma. In the cancer stroma, 18 cases (37.5%) were accompanied by profuse lymphocyte infiltration, three cases (6.25%) were accompanied by calcification, and one case (2.08%) contained areas of the myxoid component. Among the above histological characteristics, only the presence of ductal carcinoma in situ and mucinous stroma had statistical differences between CNC and BLBC. Based on the above literature review and observation of this group of cases, we found that CNC and BLBC have morphological similarities.





Comparison of immunohistochemical characteristics

At present, information on the results of the CNC immunological phenotype is limited. In Tsuda’s report, expression of myoepithelial markers was observed in 80% of cases, and they point out that CNC may be caused by pathological differentiation of tissues to the myoepithelial direction or directly caused by myoepithelial carcinogenesis. However, Jimenez’s view leans more towards the former (1). In the reports of Yu and Zhang (4, 5), it was found that the expression rates of basal cell markers in CNC were 87.9% and 72.2%, respectively, and they pointed out that CNC was more likely derived from basal cells or pathological differentiation into basal cells. The expression rate of basal cell markers in this group was 66.67%, which was close to that reported in the literature but slightly lower than that reported in the previous literature. In our study, triple-negative breast cancer accounted for 53.6% and 93.8% of CNC and BLBC, respectively, and there was a significant statistical difference between them (p < 0.05), while in Yu’s series (4), the rate of triple-negative breast cancer was 66.7%, and this is slightly higher than our group. At present, only Yu’s and Zhang’s studies on molecular typing of breast cancer have been published, so there are few studies on CNC molecular typing. In the studies of Yu and Zhang (4, 5), the proportions of BLBC is 63.6% and 50.7%, respectively. In total, 56.52% of CNCs in our group are BLBC, which is consistent with the above results; that is, the BLBC subtype has the highest proportion.

BRCA1 is a tumor suppressor gene that can increase predisposition to tumorigenesis after mutation, and this is mainly reflected in breast and ovarian cancer. A total of 60%–90% of BRCA1 mutant breast cancers were BLBC, and genetic testing found that BRCA1 mutant breast cancer and BLBC display a high level of homology, and there were also obvious similarities in the expression of ER, PR, and HER-2 (15, 16). The National Comprehensive Cancer Network (NCCN) guidelines recommend detecting BRCA1/2 gene mutation for breast cancer patients of any type, which can guide the use of PARP inhibitors. In our study, the positive rates of BRCA1 in CNC and BLBC were 46.4% and 39.6%, respectively, and there were no statistical differences between the two (p > 0.05), while there was a significant statistical difference between CNC and the control group (p < 0.05). In this group, triple-negative breast cancer and BLBC accounted for 53.6% and 56.52% of CNC, respectively, and it can be seen that both of them account for a higher proportion in CNC, whether it was analyzed from triple-negative breast cancer or BLBC. Given the high proportion of triple-negative breast cancer in BLBC and the common feature of BRCA1-defective breast cancer and BLBC, perhaps for the treatment modalities of CNC, we can attempt to use targeted therapy for BRCA1.

It is currently not clear why CNC had such extensive necrosis. The presence of necrosis indicates that the tumor is insufficiently supplied with nutrients, and the supply of blood and oxygen as the basis for tumorigenesis and development is in close relationship to necrosis. Hypoxia can induce the expression of HIF-1α in response to hypoxia in the cellular microenvironment, and when hypoxia reaches a critical level, it will cause tumor cell necrosis, but usually, the area of necrosis does not exceed 30% (17). Large necrosis areas as a manifestation of CNC have attracted a wide attention of scholars. Currently, there is no information on the expression of HIF-1α in CNC. The present study demonstrated that the positive rates of HIF-1α expression in the CNC, BLBC, and control groups were 84.1%, 58.3%, and 52.8%, respectively, and there were significant statistical differences among the three groups (p < 0.05), but there was no statistical difference between the BLBC group and the control group (p > 0.05). From the above results, we point out that HIF-1α is expected to become a distinctive feature of CNC in some aspects. As has been reported in an earlier study, the HIF-1α pathway was hyperactivated in triple-negative breasts (18). Perhaps targeting HIF-1α would be quite effective in CNC therapy.

VEGF is a critical element of angiogenesis in cancer tissues and normal tissues. A large number of studies have found that hypoxia-induced HIF-1α can effectively promote transcriptional activation and expression of VEGF, providing a basis for tumor growth, local invasion, and distant metastasis (19, 20). Regarding the characteristic large central necrotic area in CNC, Jimenez argued that it may be caused by tumor growth occurring too rapidly without sufficient angiogenesis (1). In our study, the expression rates of VEGF in the CNC, BLBC, and control groups were 63.8%, 52.1%, and 61.6%, respectively, and there was no statistical difference among the three groups (p > 0.05). We also point out that large necrosis in CNC is related to insufficient angiogenesis.

Normally, BRCA1 can inhibit the activity of VEGF and reduce its secretion to impede tumor growth, invasion, and metastasis. However, when BRCA1 is mutated, VEGF will be overexpressed to promote tumorigenesis and tumor development (21). In this study, we analyzed the correlation between BRCA1, HIF-1α, and VEGF gene expression in CNC and BLBC. The results showed that BRCA1 and VEGF were negatively correlated in CNC, BLBC, and control groups (p < 0.05), and HIF-1α and VEGF were positively correlated in BLBC and the control group (p < 0.05), while in the CNC, the expression of VEGF in the HIF-1α-positive group was significantly higher than that in the HIF-1α-negative group, but there was no correlation between the two (p > 0.05). This result is consistent with Jimenez’s view that large necrotic areas in CNC may be caused by tumor growth occurring too rapidly without sufficient angiogenesis.

P53, as a tumor suppressor gene, is an expressed product that can inhibit tumorigenesis. When it mutates, its expressed product can be detected in tissues, which is called mutant P53. Our study demonstrated that the positive rates of mutant P53 in CNC and BLBC were 60.9% and 87.5%, respectively, and that there were significant statistical differences among them (p < 0.05). Ki-67 is a non-histone nuclear cortex protein, and it is located on chromosome 10q25-ter. Ki-67 is expressed in the cell nucleus during the G1, S, G2, and M phases of the cell cycle but not in the cell quiescent state, so it can serve as an alternative to the cell’s proliferative activity. In our study, the high expression rates of Ki-67 in CNC and BLBC were 73.9% and 93.8%, respectively, and statistical differences were found between CNC and BLBC (p < 0.05). The positive rates of P53 and Ki-67 in the BLBC group were higher than those in the CNC group, and the difference was statistically significant.





Comparison of prognosis

The CNC has a high invasive capacity and rapid clinical progression. In previous literature, it has a high rate of recurrence and metastasis, and the most common metastatic sites are the lung and brain (1, 4, 5). In this group, 31 cases of CNC patients were followed up on, including nine cases of disease progression, five of which died, two cases of lung metastasis, one case of brain metastasis, and two cases of liver and bone metastasis at the same time. In our case, the brain metastasis rate was lower and was not the same as in the previous reports. In previous literature, the central necrosis area, tumor size, and lymph node status were considered independent prognostic factors for the disease (1, 4, 5). Zhang’s report also studied the relationship between necrosis area and basal cell markers and CNC recurrence and metastasis, but these results were not statistically significant (5). In our group, the analysis of the data demonstrated that age, tumor size, lymph node status, basal cell markers, histological grade, expression of VEGF, HIF-1α, and BRCA1, clinical stage, and pathological stage were not associated with disease progression (p > 0.05). However, this result might be related to fewer follow-up cases and shorter follow-up periods. BLBC usually has a poor prognosis, a higher metastasis rate, and is more prone to lung and brain metastases than other types of breast cancer. In our group, 20 cases of BLBC patients were followed up on, resulting in seven cases of disease progression, three of which died, one case of brain metastasis, and three cases of sternal metastasis. Lymph node status, clinical stage, and pathological stage were related to disease progression (p < 0.05), while other clinicopathological parameters and the expression of VEGF, BRCA1, and HIF-1α were not associated with disease progression (p > 0.05). The survival time of CNC was relatively shorter than that of BLBC, but it was not statistically significant (p > 0.05).

CNC has a high metastasis rate and a relatively poor prognosis (1, 2, 4). The most prominent feature of CNC is that the center of the tumor was accompanied by extensive necrosis, and the necrotic zone was usually surrounded by residual cancer tissue distributed in ribbons. Such a wide area of necrosis also suggests that CNC is more malignant and more aggressive (1, 22, 23). The Ki-67 index of residual cancer cells in the zonal distribution around the necrotic area was relatively low, which may be due to the existence of slow-cycling quiescent cells or senescent cells in these residual cancer cells. These tumor cells were identified as cells able to reactivate upon serial transplantation, survive chemotherapy and endure metabolic stress, and transform into stem-like cells with the ability of self-renewal, clonal evolution, and differentiation into new tumor cells (24). They can enhance the process of epithelial–mesenchymal transition, which provides a convenient pathway for cancer metastasis (25–27). It has been reported that hypoxia- and glucose metabolism-related pathways are activated and upregulated in slow-cycling quiescent cells (28). These cells induce the production of HIF-1α and form a new tumor microenvironment, the immunosuppressive tumor microenvironment, in which HIF-1α inhibits T-cell infiltration and increases T-cell exhaustion (28). The hypoxic tumor microenvironment also further increased the proportion of slow-cycling quiescent cells or senescent cells in breast cancer (26, 27, 29). In our study, the positive rate of HIF-1α in the CNC group was relatively higher than that in the BLBC group and the control group. The higher expression of HIF-1α in the CNC group may help slow-cycling quiescent cells or senescent cells to evade the attack of immune cells, and this mechanism may explain the poor prognosis of CNC patients. In future work, the more detailed mechanism still needs further study.






Conclusions

At present, our understanding of the characteristics of CNC is inadequate. Although it has unique histological characteristics, its histopathological morphology and immunohistochemical phenotype are highly overlapping with BLBC, and the relationship with BLBC has not been completely unraveled.

In this study, the analysis of immunohistochemical results revealed that the expression of BRCA1 is similar in CNC and BLBC, and the targeted therapeutics to BRCA1 may also have beneficial potential in CNC; the expression of HIF-1α in CNC is significantly higher than that of BLBC, which may serve as novel entry points to distinguish between CNC and BLBC. There is a significant correlation between the expression of VEGF and HIF-1α in BLBC, and there is no correlation between the two in CNC. Therefore, we speculated that the large area of necrosis in CNC may be related to insufficient angiogenesis. However, the relationship between the two cannot be accurately described by immunohistochemical staining. In future work, gene detection should focus on comparing the similarities and differences of gene expression profiles between CNC and BLBC so as to further analyze the relationship between them.
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SEERdatabase, ICD-0-3 codes C50.0 - C50.9,

Stage IV breast cancer patients,N=22670

No TNM Stage, n=1206

Unknow differentiation grade, n=431 - —
Others* n=16066

Age<180rAge>49 n=3267

Patients with Stage IV Breast patients ,n=1700

l

Training cohort, n=1192

*: Unclear circumstances such as insurance, race, survival time and not the first tumor. not only one tumoretc, etc.

Validation cohort, n=600(508 patients who come from seer
database, n=508 and Yunnan Cancer Hospital, n=92)
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Radiotherapy (%) Non-radiotherapy (%)

BCSD
1-Year CIF® 0.29 0.39
3-Year CIF 5.84 2.04
5-Year CIF 10.67 4.02
NBCSD
1-Year CIF 0.05 0.16
3-Year CIF 0.25 0.48
5-Year CIF 0.73 0.88

"BCSD; breast cancer-specific death, "NBCSD; non-breast cancer-specific death, “CIF;
cumulative incidence function.
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Study Country  Study
design

Brasky etal. USA Case

(16) control
Grossetal. USA Case
(11) control
Howie etal. Scotland Case
(12) control
Kessler USA Case
etal. (13) control
Lubinetal. Canada Case
(14) control
Sun et al. Taiwan R.

(17) Cohort
Yasuietal. USA Case
(15) control
Cassimos Greece  Case
etal. (10) control

No. of patients with
breast cancer

736

110

149

89

558

440°
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52

No. of
controls

801
200
478
85
824
1760°
492

255

No. of patients with breast cancer
with tonsils removed

389

22

54
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286
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No. of controls with
tonsils removed

380

46

17

20

384

14°

314

31

Risk
measurement

Adj OR
NR
NR
NR
Adj OR
IRR
Adj OR

NR

Risk of
bias

High
quality
Very
high risk
High
risk
Very
high risk
High
risk
High
quality
High
quality
Very
high risk

a, number of patients with tonsillectomy; b, number of patients without tonsillectomy; ¢, number of patients with breast cancer without tonsils removed.

Adj OR, Adjusted Odds Ratio; IRR, Incidence Rate Ratio; NR, Not Reported: R. Cohort, Retrospective Cohort.
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Subgroup

Age at diagnosis
Premenopausal
Postmenopausal

Study design
Case control
Cohort

Year
> 2000
< 2000

Continent
America
Europe

Asia

Country
us
Non-US

Population
> 1000
<1000

NOS risk of bias
High quality

* p-value of subgroup differences; NA, Not Applicable.

All us Non-US
Studies OR (95% Cl) 12 p-value  Studies OR (95% Cl) 12, p-value  Studies OR (95% Cl) 12, p-value
NA* NA* NA*
2 1.71 (1.36; 2.15) 0%, 0.49 NA NA NA NA NA NA
2 1.30 (1.05; 1.60)  86%, < 0.01 NA NA NA NA NA NA
0.29% 0.51* 0.34*
7 1.23(1.10;1.38)  36%, 0.16 4 1.20(1.03; 1.39) 0%, 0.51 3 1.28 (1.06; 1.55)  70%, 0.03
1 2,02 (0.81; 5.03) NA 0 NA NA 1 2.02 (0.81;5.03) NA
091 0.65* 0.34*
3 1.23 (1.06; 1.44) 0%, 053 2 1.22(1.04;1.42) 0%, 0.73 1 2.02 (0.81;5.03) NA
5 1.25(1.05;1.48)  56%, 0.06 2 1.09 (0.71; 1.69)  49%, 0.16 3 1.28(1.06;1.55)  70%, 0.03
0.26* NA* 0.33*
5 1.20 (1.06; 1.36) 0%, 0.68 4 1.20(1.03;1.39 0%, 0.51 1 1.20 (0.97; 1.49) NA
2 1.55(1.06;2.27)  82%, 0.02 NA NA NA 2 82%, 0.02
1 2,02 (0.81; 5.03) NA NA NA NA 1 NA
0.49* NA* NA*
4 1.20 (1.03; 1.39) 0%, 051 4 1.20(1.03; 1.39) 0%, 0.51 NA NA NA
4 1.30 (1.09; 1.57)  61%, 0.05 NA NA NA 4 1.30 (1.09; 1.57)  61%, 0.05
0.99* 0.62* 0.31*
3 1.24 (1.07; 1.43) 0%, 0.56 1 1.24 (1.02; 1.52) NA 2 1.55(1.06;2.27)  82%, 0.02
5 1.24(1.03;1.50)  57%, 0.05 3 1.15(0.92; 1.44) 2%, 0.36 2 1.24 (1.00;1.58)  14%, 0.28
NA* NA* NA*
3 1.23 (1.06; 1.44) 0%, 053 2 1.22(1.04;1.42) 0%, 0.73 1 2.02 (0.81; 5.03) NA
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A

Tonsil Non-Tonsil
Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
Cassimos et al. (1973) 2 33 50 274 ~ 0.29 [0.07;1.25] 0.6%
Gross et al. (1965) 22 68 88 242 — 0.84 [0.47;1.48] 4.1%
Yasui et al. (2001) 362 676 175 353 - 1.17 [0.91;1.52] 20.1%
Lubin et al. (1982) 286 670 272 712 ] 1.20 [0.97; 1.49] 28.8%
Brasky et al. (2009) 389 769 347 768 = 1.24 [1.02;1.52] 33.2%
Kessler et al. (1970) 29 49 60 125 — 1.57 [0.80;3.07] 3.0%
Howie et al. (1965) 54 171 95 456 i 1.75 [1.18;2.60] 8.6%
Sun et al. (2015) 7 440 14 1760 -+ 2.02 [0.81;5.03] 1.6%
Random effects model 2876 4690 1.24 [1.11; 1.39] 100.0%
Prediction interval — [1.07; 1.43]
Heterogeneity: I = 33%, ©* < 0.0001, ¥2 = 10.42 (p = 0.17) T I
Test for overall effect: z = 3.66 (p < 0.01) 0.1 05 1 10
B Tonsil  Non-tonsil
Study Events Total Events Total Odds Ratio OR 95%-Cl Weight
Yasui et al. (2001) 362 676 175 353 T 1.17 [0.91;1.52] 36.6%
Brasky et al. (2009) 389 769 347 768 - 1.24 [1.02; 1.52] 60.5%
Sun et al. (2015) 7 440 14 1760 — 2.02 [0.81;5.03] 2.9%
Common effect model 1885 2881 - 1.23 [1.06; 1.44] 100.0%
Prediction interval [0.45; 3.39]
Heterogeneity: 12 = 0%, ©* < 0.0001, x3 = 1.26 (p = 0.53) | I !
Test for overall effect: z = 2.64 (p <0.01) 0.2 0.5 1 5
o]
Study TE seTE Odds Ratio OR 95%-Cl Weight
Yasui et al. 0.03 0.1437 —'— 1.03 [0.78;1.37] 27.5%
Brasky et al. 0.05 0.1423 N 1.05 [0.79;1.39] 27.8%
Yasui et al. 0.39 0.2063 ; 1.47 [0.98;2.20] 17.4%
Brasky et al. 0.41 0.1672 1.50 [1.08;2.08] 23.0%
Sun et al. 0.70 0.4700 2.01 [0.80;5.05] 4.4%

Random effects model

Heterogeneity: 12 = 33%, 1 = 0.0171, 52 =/5.96 (p =0.20)
Test for overall effect: z =2.08 (p = 0.04D .2

0.5 1

1.24 [1.01; 1.51] 100.0%
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Onmitting Cassimos et al. (1973)
Omitting Lubin et al. (1982)
Onmitting Yasui et . (2001)

Omitting Gross et al. (1965)

B
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Omitiing Sun et al. (2015)
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Postoperative metastatic Postoperative metastatic

Variables Patients without BM Patients with BM P value
(n=163) (n=51)
No. (%) No. (%)
Age at dx (years) 49.09 + 10.09 45.55 + 10.09 0.03
Age at diagnosis 0.042
<40 years 32 (19.63) 17 (33.33)
>40 years 131 (80.37) 34 (66.67)
Menopausal status at diagnosis 0.077
Premenopausal 89 (54.60) 35 (68.63)
Postmenopausal 74 (45.40) 16 (31.37)
Family history 0.107
No 156 (95.71) 45 (88.24)
Yes 7 (4.29) 6 (11.76)
Type of surgery 0.616
Radical surgery 158 (96.93) 48 (94.12)
Breast conserving surgery 5(3.07) 3(5.88)
Pathology type 0.535
Invasive ductal carcinoma 122 (74.85) 36 (70.59)
Mixt 38 (23.31) 15 (29.41)
Others 3(1.84) 0 (0.00)
Tumour grade 0.471
G1 3 (1.84) 0(0.00)
G2 102 (62.58) 27 (52.94)
G3 52 (31.90) 22 (43.14)
Missing 6 (3.68) 2(3.92)
Tumour size staging 0.322
pT1 48 (29.45) 15 (29.41)
pT2 92 (56.44) 24 (47.06)
pT3-4 19 (11.66) 11 (21.57)
Missing 4 (2.45) 1(1.96)
Nodal staging 0.221
pNO 47 (28.83) 21 (41.18)
pN1 47 (28.83) 8 (15.69)
pN2 30 (18.40) 11 (21.57)
pN3 37 (22.70) 10 (19.61)
Missing 2(1.23) 1(1.96)
Lymph nodes metastatic status 0.091
No metastasis 47 (29.19) 21 (42.00)
Metastasis 114 (70.81) 29 (58.00)
Estrogen receptor status 0.082
Negative 70 (42.94) 29 (56.86)
Positive 93 (57.06) 22 (43.14)
Progesterone receptor status 0.069
Negative 85 (52.15) 34 (66.67)
Positive 78 (47.85) 17 (33.33)
Time to first distant relapse 0.139
<2 years 64 (39.26) 26 (50.98)
>2 years 99 (60.74) 25 (49.02)
Type of chemotherapy 0.496
Anthracyclines 9 (5.52) 4 (7.84)
Taxanes 12 (7.36) 5(9.80)
Anthracyclines+taxanes 138 (84.66) 40 (78.43)
Other 2(1.23) 0 (0.00)
None 2(1.23) 2(3.92)
Type of anti-HER2 treatment 0315
Trastuzumab 66 (40.49) 20(39.22)
Trastuzumab+pertuzumab 0 (0.00) 1(1.96)
None 97(59.51) 30 (58.82)
Adjuvant endocrine therapy 0.248
No 84 (51.53) 31 (60.78)
Yes 79 (48.47) 20 (39.22)
Adjuvant radiotherapy 0.439
No 90 (55.21) 25 (49.02)
Yes 73 (44.79) 26 (50.98)
First metastatic site
Lung metastasis 0027
No 105 (64.42) 24 (47.06)
Yes 58 (35.58) 27 (52.94)
Liver metastasis 0429
No 127 (77.91) 37 (72.55)
Yes 36 (22.09) 14 (27.45)
Bone metastasis 0.135
No 120 (73.62) 32 (62.75)
Yes 43 (26.38) 19 (37.25)
Metastatic cite in chest wall or regional lymph nodes 0.407
No 66 (40.49) 24 (47.06)
Yes 97 (59.51) 27 (52.94)

BM, brain metastasis dx, diagnosis; Family history, HBOG related cancer history.
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Variable Estimate Se z Wald 2] OR(95%Cl)
Age at diagnosis
>40 years ref
<40 years 0.842 0.386 2181 4.756 0.029 2.321(1.089, 4.948)
Lymph nodes metastatic status
No metastasis ref
Metastasis -0.586 0.349 -1.677 2.813 0.094 0.557 (0.281, 1.104)
Estrogen receptor status
Negative ref
Positive -0.138 0.532 -0.259 0.067 0.795 0.871 (0.307, 2.472)
Progesterone receptor status
Negative ref
Positive -0.668 0.555 -1.203 1.447 0.229 0.513 (0.173, 1.523)
First metastatic site
Lung metastasis
No ref
Yes 0.774 0.346 2.234 4.989 0.026 2.168 (1.099, 4.274)

All variables in the univariate analysis with a P value <0.1 were included in multivariate analysis.
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All HR+Her2+ and HR-Her2+ BC patients (n = 228

)

Il

l

1.No de-novo stage IV patients ;
2.Postoperative metastatic patients
without BM(n = 163)

Univariate anylysis and
multivariate anylysis to
assess the risk factors of
BM in Her2+ breast
cancer patients

Male patients, HR+Her2- patients, TNBC patients, patients with a history of other malignant
tumours or de-novo metastatic HR+Her2+ and HR-Her2+ patients without BM were excluded

patients with BM (n = 65)

l

l

1.No de-novo stage IV patients ;
2.Postoperative metastatic patients
with BM(n = 51)

De-novo stage IV patients
with BM (n = 14)
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Brain is the
first metastatic
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first metastatic
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first metastatic
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Parameter

Age

Primary tumor size (mm)
Ki67 level

Lymph node metastasis
Neoadjuvant chemotherapy

Menopausal status

CGrade

Stage

Distant metastases

<50
>50
no
yes
no
yes
preserved
menopause
1

2
3
|
I

1}
\%

Long-term response
(N=18)

59 (37-80)
25 (14-50)
8 (44%)
10 (56%)
10 (56%)
8 (44%)
8 (44%)
10 (56%)
8 (44%)
10 (56%)
0(0%)

5 (28%)

Short-term response
(N=12)

55 (27-76) p=0.126
31 (15-49) p=0.253
7 (58%)

5 (42%) p=0.710
6 (50%)

6 (50%) p>0.999
4 (33%)

8 (67%) p=0.708
6 (50%)

6 (50%) p>0.999
0 (0%)
2(17%)

10 (83%) p=0.669
0 (0%)

3 (25%) p=0.442
3 (25%) p=0.703
6 (50%) p=0.139
5 (42%) p=0.722
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Lymphocyte subtype

Cytotoxic
T regulatory
T-helper

B

PD1 expression

Neg
Pos
Neg
Pos
Neg
Pos
Neg
Pos

Eribulin response

Long-term

6.01 (0.85-11.27)
1.16 (0.30-5.11)
0.96 (0.32-2.99)
0.74 (0.13-3.19)
8.30 (0.89-16.23)
2.40 (0.30-9.28)
1.42 (0.32-3.19)
0.81(0.11-3.01)

Short-term

5.85 (0.16-42.32)
2.32 (0.04-6.77)
2.72 (0.86-6.08)
1.33 (0.43-2.49)
4.83 (2.40-12.36)
2.17 (1.09-4.60)
2.32 (0.47-4.62)
0.35(0.01-1.93)

p-value

0.6615
0.8840
0.0849
0.5102
0.8593
0.9419
0.3911
0.3511
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Train Cohort N Validation Cohort N
N=1155 N =495
Age 1155 Age 495
<50 776 (67.2%) <560 327 (66.1%)
>50 379 (32.8%) >50 168 (33.9%)
Grade 529 Grade 238
1 20 (3.78%) 1 7 (2.94%)
2 322 (60.9%) 2 140 (58.8%)
3 187 (35.3%) 3 91 (38.2%)
ER status 1M1 ER status 478
Positive 863 (77.7%) Positive 371 (77.6%)
Negative 248 (22.3%) Negative 107 (22.4%)
PR status 995 PR status 413
Positive 571 (67.4%) Positive 246 (59.6%)
Negative 424 (42.6%) Negative 167 (40.4%)
Re-biopsy 1065 Re-biopsy 453
after relapse After relapse
No 521 (48.9%) No 221 (48.8%)
Yes 544 (51.1%) Yes 232 (51.2%)
Pathologic 710 Pathologic 310
T stage T stage
T1 189 (26.6%) T 86 (27.7%)
T2 418 (58.9%) T2 180 (58.1%)
T3 68 (9.6%) T3 38 (12.3%)
T4 35 (4.9%) T4 6 (1.9%)
Pathologic 1155 Pathologic 495
N stage N stage
NO 500 (43.3%) NO 224 (45.3%)
N1 254 (22.0%) N1 112 (22.6%)
N2 224 (19.4%) N2 91 (18.4%)
N3 177 (15.3%) N3 68 (13.7%)
MFI (m) Median 11565 MFI (m) Median 495
27 (0-360) months 27 (0-216) months
Recurrence Pattern 1145 Recurrence Pattern 492
Locoregional Recurrence only 109 (9.5%) Locoregional Recurrence only 39 (7.9%)
Distant metastasis 1036 (90.5%) Distant metastasis 453 (92.1%)
First-line therapy option 1108 First-line therapy option 473
Endocrine therapy 589 (63.2%) Endocrine therapy 249 (52.6%)
Chemotherapy 519 (46.8%) Chemotherapy 224 (47.4%)
Second-line therapy option 496 Second-line therapy option 212
Endocrine therapy 229 (46.2%) Endocrine therapy 112 (52.8%)
Chemotherapy 267 (563.8%) Chemotherapy 100 (47.2%)
Local therapy 1108 Local therapy 469
No 653 (59.2%) No 277 (59.1%)
Yes 450 (40.8%) Yes 192 (40.9%)
Participate in clinical studies 868 Participate in clinical studies 380
No 666 (76.7%) No 292 (76.8%)
Yes 202 (23.3%) Yes 88 (23.2%)
Local recurrence 1137 Local recurrence 489
No 662 (58.2%) No 293 (59.9%)
Yes 475 (41.8%) Yes 196 (40.1%)
Distant Lymph node metastasis 1135 Distant Lymph node metastasis 486
No 924 (81.4%) No 395 (81.3%)
Yes 211 (18.6%) Yes 91 (18.7%)
Bone metastasis 1134 Bone metastasis 486
No 722 (63.7%) No 303 (62.3%)
Yes 412 (36.3%) Yes 183 (37.7%)
Liver metastasis 1134 Liver metastasis 486
No 904 (79.7%) No 389 (80.0%)
Yes 230 (20.3%) Yes 97 (20.0%)
Brain metastasis 1134 Brain metastasis 486
No 1096 (96.6%) No 469 (96.5%)
Yes 38 (3.4%) Yes 17 (3.5%)
Soft tissue metastasis 1134 Soft tissue metastasis 486
No 1101 (97.1%) No 475 (97.7%)
Yes 33 (2.91%) Yes 11 (2.26%)
Lung 1134 Lung 486
metastasis metastasis
No 808 (71.3%) No 330 (67.9%)
Yes 326 (28.7%) Yes 156 (32.1%)
Other sites metastasis 1134 Other sites metastasis 486
No 1014 (89.4%) No 436 (89.7%)
Yes 120 (10.6%) Yes 50 (10.3%)
Number of metastatic sites Median 1155 Number of metastatic sites Median 495
1(0-6) 1(0-65)
Best efficacy of First-line therapy 1086 Best efficacy of First-line therapy 458
CBR 1001 (92.2%) CBR 424 (92.6%)
No CBR 85 (7.8%) No CBR 34 (7.4%)
oS 965 os 406
>2years 512(53%) >2years 225(55%)
>3years 324(34%) >Byears 136(33%)
>byears 132(14%) >byears 50(12%)

CBR (Clinical benefit rate) CR+PR*+SD=6 months; OS, overall survival; N, Numbers; PR, Progesterone Receptor; ER, Estrogen Receptor; CR, Complete response; PR*, Partial response;

SD, Stable disease: MFI, metastatic-free interval: m, months: N, Numbers.
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Univariable Multivariable
Characteristic HR P Characteristic HR P value
(95% CI) value (95% ClI)

Age Age

>50 Reference 250

<50 0.99 0.85 <50
(0.85- 1.14)

CGrade Grade

1 Reference 1

2 1.07 0.84 2
(0.55-2.09)

3 1.07 0.85 3
(0.54-2.10)

ER status ER status

Positive Reference Positive Reference

Negative 129 0.004 Negative 1.24 0.030
(1.08-1.53) (1.02-1.50)

PR status

Positive Reference

Negative 1.10 0.25
(0.94-1.28)

Pathologic T stage

T Reference

T2/T3/T4 1.39 0.003
(1.12-1.73)

Pathologic N stage

NO Reference

N1 0.99 0.90
(0.82-1.19)

N2 1.08 0.46
(0.89-1.31)

N3 1.20 0.083
(0.98-1.49)

MFI(m) 0.99 <0.001 MFI(m) 0.99 <0.001
(0.99-1.00) (0.99-1.00)

Recurrence Recurrence Pattern

Pattern

Locoregional Recurrence only Reference Locoregional Recurrence only Reference

Distant metastasis 1.69 <0.001 Distant metastasis 1.32 0.093
(1.33-2.16) (0.95-1.84)

First-line therapy option First-line therapy option

Endocrine therapy Reference Endocrine therapy Reference

Chemotherapy 1.21 0.011 Chemotherapy 1.30 0.002
(1.04-1.40) (1.10-1.55)

Second-line therapy option

Endocrine therapy Reference

Chemotherapy 1.59 <0.001
(1.28-1.97)

Local therapy Local therapy

No Reference No Reference

Yes 0.58 <0.001 Yes 0.62 <0.001
(0.50-0.68) (0.62-0.75)

Participate in clinical studies Participate in clinical studies

No Reference No

Yes 0.93 0.46 Yes
0.77-1.18)

localrecurrence

No Reference

Yes 0.87 0.064
0.75-1.01)

Distant Lymph node metastasis Distant Lymph node metastasis

No Reference No Reference

Yes 1.31 0.004 Yes 1.02 0.9
(1.09-1.57) (0.80-1.30)

Bone metastasis

No Reference

Yes 1.14 0.078
(0.99-1.33)

Liver metastasis Liver metastasis

No Reference No Reference

Yes 1.43 <0.001 Yes 1.06 0.7
(1.20-1.70) (0.80-1.40)

Brain

No Reference

Yes 1.08 07
0.72-1.61)

Soft tissue metastasis

No Reference

Yes 091 0.68
(0.60-1.40)

Lung Lung

metastasis metastasis

No Reference No Reference

Yes 122 0.014 Yes 0.92 0.5
(1.04-1.42) (0.70-1.20)

Other sites metastasis

No Reference

Yes 1.31 0.021
(1.04-1.64)

Number of metastatic sites 1.21 <0.001 Number of metastatic sites 117 0.005
(1.13-1.30) (0.005-1.30)

Best efficacy of First-line therapy

CBR Reference

No CBR 0.97 0.68
(0.83-1.12)

Re-biopsy after relapse Re-biopsy after relapse

No Reference No Reference

Yes 0.84 0.027 Yes 1.09 0.3
(0.73-0.98) (0.92-1.30)

CBR (Clinical benefit rate) CR+PR*+SD=6 months; OS, Overall survival; HR, Hazard ratio; Cl, Confidence interval; PR, Progesterone Receptor; ER, Estrogen Receptor; CR, Complete

response; PR*, Partial response; SD, Stable disease; MFI, metastatic-free interval: m, months.
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ESCAT evidence
tier

I: Alteration-drug
match is associated
with improved outcome
in clinical trials

II: Alteration-drug
match is associated
with antitumor activity,
but magnitude of
benefit is unknown

III: Alteration-drug
match suspected to
improve outcome based
on clinical trial data in
other tumor type(s) or
with similar molecular
alteration

IV: Preclinical evidence
of actionability

V: Alteration-drug
match is associated
with objective response,
but without
clinicallymeaningful
benefit

X: Lack of evidence for
actionability

Level of evidence A

Prospective, randomized clinical trials
show the alteration drug match in a
specific tumor type results in a
clinically meaningful improvement of
a survival end point

Retrospective studies show patients
with the specific alteration in a specific
tumor type experience clinically
meaningful benefit with matched drug
compared with alteration- negative
patients

Clinical benefit demonstrated in
patients with the specific alteration (as
tiers I and II above) but in a different
tumor type.Limited/absence of clinical
evidence available for the patient-
specific cancer type or broadly across
cancer type

Evidence that the alteration or a
functionally similar alteration
influences drug sensitivity in preclinic
in vitro or in vivo models

Level of evidence B

Prospective, non-randomized
clinical trials show that the
alteration-drug match in a specific
tumor type, results in clinically
meaningful benefit as defined by
ESMO MCBS 1.1

Prospective clinical trial(s) show the
alteration- drug match in a specific
tumor type results in increased
responsiveness when treated with a
matched drug, however, no data
currently available on survival end
points

An alteration that has a similar
predicted functional impact as an
already studied tier I abnormality in
the same gene or pathway, but does
not have associated supportive
clinical data

Actionability predicted in silico

Level of evidence C

Clinical trials across tumor

types or basket clinical trials

show clinical benefit
associated with the

alteration- drug match, with

similar benefit
observedacross tumor types

NA

NA

NA

Prospective studies show that targeted therapy is associated with objective responses, but this does not lead

to improved outcome

No evidence that the genomic alteration is therapeutically actionable

Clinical implications

Access to the treatment should
be considered standard of care

Treatment to be considered
‘preferable’ in the context of
evidence collection either as a
prospective registry or as a
prospective clinical trial

Clinical trials to be discussed
with patients

Treatment should ‘only be
considered’ in the context of
early clinical trials. Lack of
clinical data should be stressed to
patients

Treatment should ‘only be
considered” in the context of
early clinical trials. Lack of
clinical data should be stressed to
patients. Clinical trials assessing
drug combinationstrategies could
be considered.

The finding should not be taken
into account for clinical decision
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Demographic or characteristic Totaln=1,700 Training cohortn=1,192 (N%) Validation cohortn=508 (N%) P-value

Age, years (N%) 0.998
18-30 97 68 (5.7%) 29 (5.7%)
30-40 597 418 (35.1%) 179 (35.2%)
40-49 1,006 706 (59.2%) 300 (59.1%)
Year of diagnosis, N (%) 0.133
2010-2012 826 565 (47.4%) 261 (51.4%)
2013-2015 874 627 (52.6%) 247 (48.6%)
Race, N (%) 0.072
White 1,147 823 (69%) 324 (63.8%)
Black 365 248 (20.8%) 117 (23%)
Other' 188 121 (10.2%) 67 (13.2%)
Laterality, N (%) 0.808
Left 851 599 (50.3%) 252 (49.6%)
Right 849 593 (49.7%) 256 (50.4%)
Location, N (%) 0.132
Central® 99 70 (5.9%) 29 (5.7%)
Upper 576 407 (34.1%) 169 (33.3%)
Lower 184 134 (11.2%) 50 (9.8%)
Axillary tail 7 4(0.3%) 3 (0.6%)
Overlapping 413 303 (25.4%) 110 (21.7%)
Unknown 421 274 (23%) 147 (28.9%)
Grade, N (%) 0.536
Well-differentiated; Grade 1 74 47 (3.9%) 27 (5.3%)
Moderately differentiated; Grade IT 596 425 (35.7%) 171 (33.7%)
Poorly differentiated; Grade 111 1,022 715 (60%) 307 (60.4%)
Undifferentiated; Grade IV 8 5 (0.4%) 3 (0.6%)
Tumor size (mm), N (%) 0.278
<20 192 135 (11.3%) 57 (11.2%)
20-50 659 476 (39.9%) 183 (36%)
>50 849 581 (48.7%) 268 (52.8%)
T Stage, N (%) 0.156
T, 188 133 (11.2%) 55 (10.8%)
T, 692 493 (41.4%) 199 (39.2%)
T 373 271 (22.7%) 102 (20.1%)
T 447 295 (24.7%) 152 (29.9%)
N Stage, N (%) 0.845
Ny 274 198 (16.6%) 76 (15%)
N, 872 610 (51.2%) 262 (51.6%)
N2 251 175 (14.7%) 76 (15%)
N; 303 209 (17.5%) 94 (18.5%)
Breast Surgery, N (%) 0.111
No 870 595 (49.9%) 275 (54.1%)
Yes 830 597 (50.4%) 233 (45.9%)
Chemotherapy, N (%) 0.285
No 314 228 (19.1%) 86 (16.9%)
Yes 1,386 964 (80.9%) 422 (83.1%)
Radiotherapy, N (%) 0.131
No/Unknown 923 633 (53.1%) 290 (57.1%)
Yes 777 559 (46.9%) 218 (42.9%)
Metastasis pattern, N%, Yes vs. No
Liver only 538 365 (30.6%) 173 (34.1%) 0.163
Brain only 98 70 (5.9%) 28 (5.5%) 0.770
Bone only 1,051 739 (62%) 312 (61.4%) 0.822
Lung only 423 292 (24.5%) 131 (25.8%) 0.573
Breast subtype, N (%) 0.862
HR+/HER2- (Luminal A) 829 582 (48.8%) 247 (48.6%)
HR+/HER2+ (Luminal B) 389 268 (22.5%) 121 (23.8%)
HR-/HER2+ (HER2-enriched) 204 142 (11.9%) 62 (12.2%)
HR-/HER2- (Triple-Negative) 278 200 (16.8%) 78 (15.4%)
Marital status, N (%) 0.437
Unmarried 762 527 (44.2%) 235 (46.3%)
Married 938 665 (55.8%) 273 (53.7%)

! American Indian/AK Native, Asian/Pacific Islander.
2 Central portion of the breast or nipple.
® Luminal A:ER(+),PR(+) and HER2(-) Luminal B:ER(+),PR(+) and HER2(+) HER2-enriched:ER(-),PR(-) and HER2(+) Triple-Negative:ER(-),PR(-) and HER2(-).
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Condition employed: pvalue <0.05, | logFC | >1, and 95% confidence interval.
The results were obtained by using the R “limma” package Bayesian test.
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Biomarkers in aBC Potential use in clinical practice References

PLR High PLR correlate to worse OS (22)
NLR High NLR correlate to worse OS and DFS (34, 35)
MLR High MLR correlate to worse OS (especially in TNBC) (p = 0.013%', p= 0.002°°) (52, 57)
Lymphopenia Predictor of increased risk of progression and worse OS (45, 46)
Pro-tumor circulating macrophages M2 in blood of BC patients are associated with advanced stages (60)
MDSCs Enriched MDSCs in blood of BC patients can correlate with poor prognosis and metastatic extension (79, 80)

M2, pro-tumors macrophages; MDSCSs, myeloid-derived suppressor cells; PLR, platelet-lymphocytes ratio; MLR, monocyte-lymphocyte ratio; NLR, neutrophil-lymphocyte ratio; OS,
overall survival; DFS, disease free survival.
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Patients with pathologically proven invasive ductal carcinomas beast cancer who performed

breast MRI before treatment from January 2019 to December 2021 (n=205)

Exclusion:
* undergone previous resection or drug therapy, radiation therapy (n = 4)
- unavailability of pathologic biomarkers (n = 5)

« incomplete information on menstrual history in clinical medical records (n = 6)

190 patients with 190 lesions were included in this study
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Total (%)

Number of distant metastasis (%)

Luminal A (%)

Luminal B (%)

HER2-enriched (%)

Triple negative (%)

P value

1

22
Bone
Liver
Lung
Brain

visceral metastases*

1249 (53.0%)
1109 (47.0%)
935 (39.1%)
569 (23.8%)
729 (30.5%)
81 (3.4%)

1845 (77.1%)

187 (55.0%)
153 (45.0%)
178 (51.1%)
69 (19.8%)
85 (24.4%)
6 (1.7%)

275 (79.0%)

* including liver, lung, brain, adrenal gland and ovary, etc.

528 (53.1%)
467 (46.9%)
452 (44.7%)
265 (26.2%)
299 (29.5%)
32 (3.2%)

811 (80.1%)

261 (50.2%)
259 (49.8%)
150 (28.7%)
148 (29.1%)
189 (36.1%)
20 (3.8%)

369 (70.6%)

273 (54.3%)
230 (45.7%)
155 (30.5%)
87 (16.6%)
156 (30.6%)
23 (4.5%)

390 (76.6%)

0.472

<0.001

<0.001

0.002

0.145

<0.001
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Factors Number
(%)

OCT-4 expression
High (%) 35 (45.5)
Low (%) 42 (545)

SNORA38 expression

High (%)

20 (57.1)
13 (30.1)

Low (%)

15 (42.9)
29 (69.9)

Spearman

s

0.264

p-value

0.021
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Bone metastasis only

Metastases excluding bone and brain

Bone metastasis + others (excluding brain

metastasis)
Brain metastasis only

Brain metastasis + others

Total (%)

377 (16.0%)

1369
(58.1%)

530 (22.5%)

25 (1.1%)

56 (2.4%)

Luminal A Luminal B
(%) (%)
83 (24.4%) 188 (18.9%)
158 (46.5%) 525 (52.8%)
93 (27.4%) 249 (25.1%)
1(0.3%) 5(0.5%)
5 (1.5%) 27 (2.7%)

HER2-enriched
(%)

48 (9.2%)

356 (68.5%)

96 (18.5%)

6 (1.2%)

14 (2.7%)

Triple negative
(%)

58 (11.5%)

330 (65.6%)

92 (18.3%)

13 (2.6%)

10 (2.0%)

P
value

<0.001
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MsigDB collection

c2.cgp.v6.2.symbols.gmt
c2.cp.kegg.v6.2.symbols.gmt

h.all.v6.0.symbols.gmt

Gene set name

FARMER_BREAST_CANCER_CLUSTER_2
KEGG_CELL_CYCLE
KEGG_DNA_REPLICATION
KEGG_HOMOLOGOUS_RECOMBINATION
HALLMARK_E2F_TARGETS
HALLMARK_G2M_CHECKPOINT
HALLMARK_MITOTIC_SPINDLE
HALLMARK_MYC_TARGETS_V1

NES, normalized enrichment score; NOM, nominal; FDR, false discovery rate.

NES

2.270
1.819
1.796
1.688
2.060
1.998
1.674
1.532

NOM p-val

0.000
0.003
0.003
0.027
0.000
0.000
0.000
0.000

FDR g-val

0.000
0.002
0.001
0.007
0.000
0.000
0.000
0.002
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tal HER2-enriched Triple Negative P value

Age at diagnosis (years)

Mean + SD 46.51 + 10.40 45.70 + 10.53 45.86 + 10.47 47.19 £ 10.71 47.65 + 9.69 0.002
<45 1125 (47.0%) 182 (52.3%) 504 (49.8%) 240 (45.9%) 199 (39.1%) <0.001
>45 1268 (53.0%) 166 (47.7%) 509 (50.2%) 283 (54.1%) 310 (60.9%)

BMI (Kg/m?)

Mean + SD 23.89 +3.37 23.96 + 3.42 23.68 + 333 24.09 +3.19 24.07 + 3.58 0.083
Underweight (<18.49) 87 (4.1%) 9 (2.9%) 42 (4.6%) 15 (3.2%) 21 (4.6%) 0.479
Normal Weight (18.50~24.99) 1313 (61.5%) 194 (62.2%) 573 (63.4%) 276 (59.7%) 270 (59.2%)

Overweight (25.00~29.99) 626 (29.3%) 93 (29.8%) 246 (27.2%) 150 (32.5%) 137 (30.0%)

Obesity (>29.99) 108 (5.1%) 16 (5.1%) 43 (4.8%) 21(4.5%) 28 (6.1%)

Household register

Urban 1146 (48.1%) 152 (44.1%) 490 (48.4%) 269 (51.6%) 235 (46.4%) 0,010
Rural 872 (36.6%) 123 (35.7%) 375 (37.1%) 167 (32.1%) 207 (40.8%)

Unknown 367 (15.4%) 70(20.3%) 147(14.5%) 85 (16.3%) 65 (12.8%)

Education

<Primary school education 244 (10.2%) 33 (9.6%) 110 (10.9%) 42 (8.0%) 59 (11.7%) 0.005
Middle school education 191 (8.0%) 17 (5.0%) 88 (8.7%) 37 (7.1%) 49 (9.7%)

> High school education 276 (11.6%) 33 (9.6%) 135 (13.4%) 48 (9.2%) 60 (11.9%)

Unknown 1670 (70.1%) 260(75.8%) 677 (67.0%) 395 (75.7%) 338 (66.8%)

Marital status (%)

Unmarried 73 (3.1%) 9 (2.6%) 32 (3.2%) 18 (3.5%) 14 (2.8%) 0983
Married 2269 (95.7%) 328 (96.2%) 959 (95.6%) 496 (95.6%) 486 (95.9%)
Widowed/divorced 28 (1.2%) 4(1.2%) 12 (1.2%) 5 (1.0%) 7 (1.4%)

Menstrual status (%)

Premenopausal 1097 (49.1%) 163 (50.3%) 477 (50.3%) 246 (50.4%) 211 (44.5%) 0.170
Postmenopausal 1138 (50.9%) 161 (49.7%) 47 2(49.7%) 242 (49.6%) 263(55.5%)

Family history

Yes 111 (4.9%) 14 (4.2%) 48 (5.0%) 30 (6.0%) 19 (3.9%) 0442
No 2162 (95.1%) 317 (95.8%) 914 (95.0%) 467 (94.0%) 464 (96.1%)

Smoking status

Yes 26 (1.2%) 4(1.3%) 7 (0.8%) 7 (15%) 8 (1.7%) 0415
No 2143 (98.8%) 308 (98.7%) 908 (99.2%) 473 (98.5%) 454 (98.3%)

Drinking status

Yes 36 (1.7%) 5 (1.6%) 15 (1.6%) 9 (1.9%) 7 (1.5%) 0.976
No 2133 (98.3%) 307 (98.4%) 900 (98.4%) 470 (98.1%) 456 (98.5%)

Tumor size (cm)

<2 440 (26.0%) 80 (31.7%) 179 (25.4%) 95 (25.9%9%) 86 (23.1%) 0220

25 986 (58.2%) 138 (54.8%) 415 (58.9%) 217 (59.1%) 216 (58.1%)
>5 269 (15.9%) 34 (13.5%) 110 (15.6%) 55 (15.0%) 70 (18.8%)

Number of lymph node metastasis

0 849 (35.5%) 120 (34.5%) 345 (34.1%) 202 (38.6%) 182 (35.8%) 0.188
13 611 (25.5%) 103 (29.6%) 255 (25.2%) 138 (26.4%) 115 (22.6%)
39 485 (20.3%) 70 (20.1%) 207 (204%) 97 (18.5%) 111 (21.8%)
>9 448 (18.7%) 55 (15.8%) 206 (20.3%) 86 (16.4%) 101 (19.8%)

Pathological type (%)

Carcinoma in situ 57 (2.4%) 6 (1.8%) 18 (1.8%) 16 (3.1%) 17 (3.4%) 0.102
Invasive ductal carcinoma 1877 (80.4%) 265 (79.3%) 795 (80.3%) 415 (81.2%) 402 (80.2%)

Other invasive carcinoma 254 (10.9%) 47 (14.1%) 116 (11.7%) 43 (8.4%) 48 (9.6%)

Others 148 (6.3%) 16 (4.8%) 61 (6.2%) 37 (7.2%) 34 (6.8%)

Surgery

Yes 2155 (90.5%) 316 (92.1%) 890 (88.1%) 495 (94.8%) 454 (89.7%) <0.001
No 223 (9.4%) 27 (7.9%) 119 (11.8%) 25 (4.8%) 52 (10.3%)

Surgical method

Mastectomy 1902 (90.6%) 278 (92.4%) 774 (88.9%) 440 (90.3%) 410 (93.2%) 0053
Conservative surgery 197 (9.4%) 23 (7.6%) 97 (11.1%) 47 (9.7%) 30 (6.8%)

Adjuvant chemotherapy

Yes 1930 (82.8%) 271 (80.4%) 804 (81.5%) 454 (88.5%) 401 (81.0%) 0.002
No 402 (17.2%) 66 (19.6%) 183 (18.5%) 59 (11.5%) 94 (19.0%)

Adjuvant radiotherapy

Yes 960 (41.6%) 128 (38.6%) 412 (42.3%) 226 (44.7%) 194 (39.2%) 0205
No 1348 (58.4%) 204 (61.4%) 563 (57.7%) 280 (55.3%) 301 (60.8%)

Adjuvant endocrine therapy

Yes 923 (39.6%) 212 (63.7%) 610 (61.7%) 42 (8.3%) 59 (11.8%) <0.001
No 1406 (60.4) 121 (36.3%) 379 (38.3%) 466 (91.7%) 440 (88.2%)

DFS (months)

Median 290 36.0 27.0 200 185 <0.001
<4 998 (50.4%) 86 (30.7%) 369 (45.4%) 286 (60.2%) 257 (62.1%) <0.001

>24 984 (49.6%) 194 (69.3%) 444 (54.6%) 189 (39.8%) 157 (37.9%)
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Factors Number SNORA38 expression P Crude OR (95 CI)

(%) High (%) Low (%)
Tumor size
>3 cm 43 (55.8) 24 (55.8) 19 (44.2) 0.022 4.669 (1.249 - 17.448)
<3cm 34 (44.2) 9 (26.5) 25 (73.5) Reference
LN Metastases
Negative 53 (68.8) 17 (32.1) 36 (67.9) Reference
Positive 24 (31.2) 16 (66.7) 8(33.3) 0.057 3.591 (0.962 - 13.411)
ER
Negative 22 (28.6) 5(22.7) 17 (77.3) Reference
Positive 55(71.4) 28 (50.9) 27 (49.1) 0.065 3.374 (0.926 - 12.295)
TNM staging
[ 25 (32.5) 8 (32.0) 17 (68.0) Reference
11 45 (58.4) 19 (42.2) 26 (57.8) 0.199 2.656 (0.599 - 11.782)

11 7(9.1) 6 (85.7) 1(14.3) 0.667 0.547 (0.035 - 8.517)
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Variables Univariate ¢ multivariate

HR (95%Cl) HR (95%Cl)
Age, years <0.001 <0.001
<=40 1.00 [Reference] 1.00 [Reference]
40-65 0.56(0.13-2.43) 0.44 0.55(0.13-2.41) 0.429
>=65 2.25(0.54-9.31) 0.264 1.85(0.44-7.88) 0.403
Marital
unmarried 1.000 [Reference] 1.00 [Reference]
married 0.430(0.26-0.73) 0.002 0.50(0.30-0.85) 0.01
Tumor Location 0.016 0.005
Outer quadrant 1.00 [Reference] 1.00 [Reference]
Inner quadrant 1.44(0.80-2.60) 0.221 1.38(0.77-2.49) 0.284
Center 2.12 (0.74-6.06) 0.162 2.41(0.84-6.95) 0.103
Others® 0.45(0.21-0.96) 0.038 0.43(0.20-0.91) 0.027
Tumor size, cm 0.021 0.004
<=0.5 1.00 [Reference] 1.00 [Reference]
0.5-1.0 1.83(0.38-8.80) 0.452 1.87 (0.39-9.02) 0.437
1.0-2.0 2.40(0.57-10.16) 0.236 2.73(0.64-11.74) 0.176
2.0+ 4.50(1.07-18.91) 0.040 5.51(1.29-23.56) 0.021

Stage, AJCC 7th

1A+0 1.00[Reference
A 2.17(1.30-3.62) 0.003
T category
Tis+T1 1.00 [Reference]
T2 2.17(1.30-3.62) 0.003
Chemotherapy
No/Unknown 100 [Reference] 1.00 [Reference] 0.095
Yes 0.54(0.33-0.91) 0.019 0.63(0.37-1.08)
Axillary Surgery 0.077
None 1.00 [Reference]
SLNB 0.38 (0.16-0.88) 0.024
ALND 0.40 (0.11-1.42) 0.155

95% CI, 95% confidence interval; AIA, American Indian/Alaska Native; API, Asian or Pacific Islander; ILC, invasive lobular carcinoma; HER2, human epidermal growth factor receptor
2; HR, Hormone receptor; —, negative; +, positive; ER, estrogen receptor; PR, progesterone receptor; IDC, invasive ductal carcinoma; SLNB, sentinel lymph node biopsy; ALND, axillary
lymph node dissection.

* Only P values < 0.1 are listed.

*“others” includes “tumor location, NOS” and “overlapping lesion of the breast such as 3, 6, 9, 12 o’clock” as recorded in the SEER database.

PP <0.01 was considered statistically significant.

P < 0.05 was considered statistically significant.

4dChemotherapy was defined as a risk factor according to a previous study.






OPS/images/fonc.2022.961374/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.903001/table1.jpg
Variables All patients no Radiotherapy Radiotherapy

n=10799 (n=3245) n (%) (n=7554) n (%)

Age, years <0.001
<=40 510(4.7) 150(4.6) 360 (4.8)
40-65 6564(60.8) 1825(56.2) 4739(62.7)
>=65 3725(34.5) 1270(39.1) 2455(32.5)

Race 0.143
‘White 8440(78.2) 2525(77.8) 5915(78.3)
Blake 1250(11.6) 357(11.0) 895(11.8)
AIA 58(0.5) 19(0.6) 39(0.5)
APIL 1049(9.7) 344(10.6) 705(9.3)

Marital <0.001
Unmarried 4195(38.8) 1437(44.3) 2758(36.5)
Married 6604(61.2) 1808(55.7) 4796(63.5)

Laterality 0.433
Right 5242(48.5) 1556(48.0) 3686(48.8)
Left 5557(51.5) 1689(52.0) 3868(51.2)

Tumor location 0.011
Outer quadrant 4835(44.8) 1381(42.6) 3454(45.7)
Inner quadrant 2263(21.0) 683 (21.0) 1580 (20.9)
Center location 398 (3.7) 126 (3.9) 272 (3.6)
Others * 3303 (30.6) 1055 (32.5) 2248 (29.8)

Tumor size, cm <0.001
<=0.5 1350 (12.5) 303 (9.3) 1047 (13.9)
0.5-1.0 2028 (18.8) 554 (17.1) 1474(19.5)
1.0-2.0 4361 (40.4) 1387 (42.7) 2974(39.4)
20+ 3060 (28.3) 1001 (30.8) 2059(27.3)

Histology, ICD-03 0.029
IDC 9473(87.7) 2804(86.5) 6665(88.2)
ILC 307(2.8) 96(3.0) 211(2.8)
IDC+ILC 275(2.5) 82(2.5) 193(2.6)
Others ® 744(6.9) 259(8.0) 485(6.4)

Grade 0.558
Well; T 826(7.6) 244 (7.5) 582(7.7)
Moderately, 1T 4288(39.7) 1267(39.0) 3021(40.0)
Poorly, III/IV 5685(52.6) 1734(53.4) 3951(52.3)

Subtype 0.086
HER2+/HR+ 8080(74.8) 2392(73.7) 5688(75.3)
HER2+/HR- 2719(25.2) 853(26.3) 1866(24.7)

ER 0.073
Negative 2891(26.8) 907(28.0) 1984(26.3)
Positive 7908(73.2) 2338(72.0) 5570(73.7)

PR 0.043
Negative 4675(43.3) 1453(44.8) 3222(42.7)
Positive 6124(56.7) 1792(55.2) 4332(57.3)

Stage, AJCC 7th <0.001
TA+0 7742(71.7) 2244(69.2) 5498(72.8)
IIA 3057(28.3) 1001(30.8) 2056(27.2)

T category
Tis+T1mic 316(2.9) 61(1.9) 255(3.4)
T1 7426(68.8) 2183(67.3) 5243(69.4)
T2 3057(28.3) 1001(30.8) 2056(27.2)

Chemotherapy <0.001
No/unknown 3511(32.5) 1390(42.8) 2121(28.1)
Yes 7288(67.5) 1855(57.2) 5433(71.9)

Axillary surgery <0.001
None 659(6.1) 369(11.4) 290(3.8)
SLNB 9363(86.7) 2631(81.1) 6732(89.1)
ALND 777(7.2) 245 (7.6) 532(7.0)

AIA, American Indian/Alaska Native; API, Asian or Pacific Islander; ILC, invasive lobular carcinoma; HER2, human epidermal growth

factor receptor 2; HR, Hormone receptor; —, negative; +, positive; ER, estrogen receptor; PR, progesterone receptor; IDC, invasive ductal carcinoma; SLNB, sentinel lymph node biopsy;
ALND, axillary lymph node dissection.

others” includes “tumor location, NOS” and “overlapping lesion of the breast such as 3, 6, 9, 12 o’clock” as recorded in the SEER database.

others” means histological types other than the above four types.

P <0.05 was considered statistically significant.

dChemotherapy was defined as a risk factor according to a previous study.
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Target Drug

CSF1-CSF1R Pexidartinib

Pexidartinib

Emactuzumab

ARRY-382
ARRY-382

Lacnotuzumab

PD 0360324
BLZ945

TLR7 SHR2150

CD47-SIRPo, Evorpacept

HX009
1BI188

1BI188
AK117
AK117

TTI-621

STI-6643
IMC-002

Magrolimab

CD40 NG-350A
LVGN7409
LVGN7409

CDX-1140

CDX-1140

MP0317
YH003
YH003

ABBV-927

Selicrelumab

Selicrelumab

CR3 Imprime PGG
Ang2-TIE2 Trebananib

Trebananib

Rebastinib

Rebastinib

Rebastinib
COX-2 Celecoxib

Celecoxib

MDRA Trabectedine

Concomitant drugs

Eribulin

Atezolizumab

Pembrolizumab

Spartalizumab

Avelumab
Spartalizumab

Anti-PDI, anti-
CD47, chemotherapy

Pembrolizumab,
trastuzumab

Nivolumab

Nab-Paclitaxel,
Paclitaxel

Checkpoint inhibitors

LVGN3616,
LVGN3616 and
LVGN6051
CDX-301,
Pembrolizumab,
Chemotherapy
Pegylated liposomal
doxorubicin,
CDX-301

YHO001,
Pembrolizumab

ABBV-368,
ABBV-181,
carboplatin,
nab-paclitaxel

Vanucizumab,
Bevacizumab

Atezolizumab,
bevacizumab

Pembrolizumab

Pembrolizumab

Paclitaxel and
Trastuzumab,
Capecitabine and
Lapatinib
Carboplatin

Paclitaxel

Paclitaxel, eribulin
mesylate

Vinorelbine

Olaparib

Clinical trial

NCT01596751

NCT01042379

NCT02323191

NCT01316822

NCT02880371

NCT02807844

NCT02554812

NCT02829723

NCT04588324

NCT03013218

NCT04886271
NCT03717103

NCT03763149

NCT04728334

NCT04349969

NCT02663518
NCT04900519
NCT04306224
NCT04958785

NCT03852511
NCT05152212
NCT04635995

NCT03329950

NCT05029999

NCT05098405
NCT05017623
NCT05176509

NCT03893955

NCT02665416

NCT03424005

NCT05159778
NCT03239145

NCT00807859

NCT03717415

NCT03601897

NCT02824575

NCT01881048

NCT00075673

NCT03127215

Histology

aBC

eBC

aTNBC

aST

aST

aTNBC

aTNBC

aTNBC

asST

asST

aST
asT

aST

aST

aST

aST
aST
asST
aTNBC

aST
asST
aST

aST

aTNBC

aST
aST
aST

aTNBC

aST

aTNBC

aBC
aST

HER2+aBC

aST

aST

aBC

BC

BC

HRDt

Phase

ja

)

jai

Tb/TT

v

s

)y

jan

s

jan

jan

I

Status

Completed
(waiting statistical
analysis)

Recruiting:
arm closed for
pexidartinib
Completed
(waiting for
results)

Completed (no
result posted)

Completed (no
result posted)

Completed
(waiting for
Statistical
analysis)

Active, not
recruiting

Active, not
recruiting

recruiting

Active, not
recruiting

recruiting

Active, not
recruiting

Completed
(waiting for
results)

recruiting

Active, not
recruiting

recruiting
recruiting
recruiting

recruiting

recruiting
recruiting

recruiting

recruiting

recruiting

recruiting
recruiting

Not yet
recruiting

recruiting

Completed
(waiting
for results)

recruiting

recruiting
Active, not
recruiting
Completed
(waiting for
results)

Active, not
recruiting

Active, not
recruiting

recruiting

Active, not
recruiting
Completed
(waiting for
results)

recruiting

MDRA, membrane death receptors activation; LVGN3616, Anti-PD-1 Antibody; LVGN3616 and LVGN6051, CD137 Agonist Antibody; YHO001, anti-CTLA-4 IgG1; ABBV-368, OX40
agonist; ABBV-181, anti PD-1, CDX-301, anti FLT3; HRDt, homologous recombination repair deficient tumors; HER2+aBC, HER2 positive advanced Breast Cancer; aTNBC, advanced

iple Negative Breast Cancer; aST, advanced Solid Tumors; COX-2, Cyclooxygenase-2.
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Target Drug Concomitant drugs Clinical  Histology phase status

trial
IL1-B Canakinumab  Spartalizumab, LAG525, NIR178, Capmatinib, =~ NCT03742349 aTNBC 1 recruiting
MCS110

LXR-0/B RGX-104 Nivolumab, ipilimumab, pembrolizumab NCT02922764 aST ) recruiting

MV-s-NAP NCT04521764 aBC 1 recruiting
ARG1 INCB001158  Pembrolizumab NCT02903914 aST v recruiting
NOS L-NMMA Pembrolizumab, IL-12 gene therapy, Docetaxel ~ NCT04095689 €eTNBC 11 Suspended (protocol revisions, waiting for

approval)
TGF-B R1 PF-06952229 NCT03685591 aST I recruiting
TAM Sitravatinib NCT04123704 aBC 1I recruiting
receptors
SIRPo. TTI-621 Pembrolizumab NCT02890368 aST 1 no result posted, terminated
HDAC Entinostat Ipilimumab, Nivolumab NCT02453620 aBC 1 Active, not recruiting
HDAC Entinostat Exemestane, Goserelin Acetate NCT02115282 HR+ aBC 111 Active, not recruiting
HDAC Entinostat atezolizumab NCT02708680 aTNBC 1 unknown
HDAC Entinostat Ipilimumab, Nivolumab NCT02453620 aST 1 Active, not recruiting
HDAC Entinostat capecitabine NCT03473639 eBC 1 recruiting
PI3K-y Eganelisib Bevacizumab, Atezolizumab, Nab-paclitaxel NCT03961698 aTNBC, 11 recruiting
RCC

tenalisib NCT05021900 aBC I recruiting

copanlisib pertuzumab, trastuzumab NCT04108858 aBC 1 recruiting
C/EBPo. MTL-CEBPA  pembrolizumab NCT04105335 aST la/lb  recruiting
[RE1 ORIN1001 abraxane NCT03950570 aBC 1/ recruiting
IL-6 sarilumab Capecitabine NCT04333706 aBC v recruiting

aBC, advanced Breast cancer; eBC, early Breast cancer; aST, advanced Solid Tumors; aTNBC, advanced Triple Negative Breast Cancer; HR+ aBC, hormone receptor positive Breast Cancer,
RCC, Renal Cell Carcinoma; HDAC, Histone deacetylases; IL-6, interleukine-6; IRE1, inositol-requiring enzyme 1; C/EBPo, CCAAT-enhancer-binding protein alpha; PI3K-y,
phosphatidylinositol 3-kinase gamma; SIPRa, signal regulatory protein alpha; TAM receptors, TYRO3/AXL/MERTKM; TGE-B R1, Transforming growth factor beta receptor one;
NOS, Nitric oxide synthases; ARG, arginase protein 1; LXR-0t/P, liver x receptor-alpha/beta; IL-1pB, Interleukin 1 beta.
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BC subtypes

HR+ BC

HER2+ BC
TNBC

ER-

Treatment

cdk4/6 inhibitors

everolimus-exemestane
P+H+ chemotherapy

chemotherapy platinum based

Chemotherapy (eribuline)

Biomarker
High PLR,
High NLR
High NLR
High PIV

High PLR
High NLR

High NLR

Outcome References
Poor PFS 91, 92)
(PLR p = 0.007, NLR p = 0.005 respectively)”; (high PLR at baseline p=0.04)""
Poor PES (p = 0.01) (12)
Poor OS (p = 0.002) (93)
Poor PFS (p <0.001) (86)
Poor PES (p= 0.003) (85)

P+H, pertuzumab + trastuzumab; PIV, Pan-Immune-Inflammatory Value (defined as the product of peripheral blood neutrophil, platelet, and monocyte counts divided by lymphocyte

counts).
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HE PE Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)

Yardley 2013 4 60 3 63
Connolly 2021 18 287 17 286
Xu 2022 37 198 12 107

1.400[ 0.301, 6.518] 8.59
1.055[ 0.533, 2.089] 49.78
1.666 [ 0.834, 3.330] 41.63
Overall 1.339[ 0.846, 2.119]
Heterogeneity: I* = -134.13%, H® = 0.43
Test of 6, = 6: Q(2) = 0.85, p = 0.65
Testof 6=0:z=1.25,p=0.21

Fixed-effects Mantel-Haenszel model

B

HE PE Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Yardley 2013 18 46 17 49 1.128 [ 0.519, 2.449] 27.08
Xu 2022 88 147 39 80 1.228[ 0.771, 1.955] 72.92
Overall 1.201[ 0.806, 1.789]

Heterogeneity: I* = -2843.53%, H® = 0.03
Testof 8 =68; Q(1) =0.03, p = 0.85
Testof 6=0:z=0.90, p=0.37

Fixed-effects Mantel-Haenszel model

c HR Weight

Study with 95% CI (%)

Yardley 2013

0.730 [ 0.445, 1.015] 20.90

Connolly 2021 0.870 [ 0.640, 1.100] 32.09
Xu 2022 0.740[ 0.550, 0.930] 47.02
Overall 0.780 [ 0.649, 0.910]

Heterogeneity: I = 0.00%, H* = 0.44
Test of §,=8: Q(2) = 0.88, p = 0.65
Testof 6=0:z=11.73, p =0.00

4 6 8 1 1.2
Fixed-effects inverse-variance model
D HR Weight
Study with 95% CI (%)
Yardley 2013 —a— 0.590 [ 0.285, 0.895] 23.25
Connolly 2021 0.990[ 0.795, 1.185] 56.88
Xu 2022 0.750[ 0.420, 1.080] 19.86
Overall 0.849[ 0.702, 0.996]
Heterogeneity: I> = 60.97%, H* = 2.56
Testof 6,=6;: Q(2) =5.12, p =0.08
Testof 6 =0:z=11.32, p=0.00
0 5 1 15

Fixed-effects inverse-variance model
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HE PE Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)

Yardley 2013 61 3 56 10

3.631[ 0.951, 13.870] 68.54

Xu 2022 233 2 105 14 — @ 15533 3.468, 69.574] 31.46
Overall e 7.376 [ 2.790, 19.498]
Heterogeneity: I” = 50.54%, H* = 2.02
Test of 6, = 6: Q(1) =2.02, p=0.16
Testof 6 =0:z=4.03, p=0.00
1 4 16 64
Fixed-effects Mantel-Haenszel model
B
HE PE Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Yardley 2013 32 32 17 49 —a— 2.882[ 1.378, 6.028] 24.73
Connolly 2021 156 149 48 255 —m— 5.562[ 3.798, 8.145] 41.48
Xu 2022 154 81 23 96 — M 7.936[ 4.678, 13.463] 33.79
Overall —— 5.331[ 3.252, 8.739]
Heterogeneity: © = 0.12, I° = 61.25%, H* = 2.58
Test of 6, = 6: Q(2) = 4.78, p = 0.09
Testof 8=0:z=6.64, p=0.00
—_—
2 4 8
Random-effects REML model
Cc
HE PE Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)
Yardley 2013 22 42 4 62 @ 8.119[ 2.609, 25.262] 29.01
Connolly 2021 92 214 9 294 —l—— 14.044 [ 6.926, 28.474] 70.99
Overall ——ll—  12.325[ 6.777, 22.415]
Heterogeneity: I = -53.72%, H* = 0.65
Test of 6= 6: Q(1) = 0.65, p = 0.42
Testof 6=0:z=28.23, p=0.00
4 8 16
Fixed-effects Mantel-Haenszel model
D
HE PE Odds Ratio Weight
Study Yes No Yes No with 95% ClI (%)
Yardley 2013 7 57 1 65 - 7.982[ 0.953, 66.854] 4.16
Connolly 2021 49 256 24 279 —— 2.225[ 1.327, 3.731] 95.84
Overall - 2.465[ 1.499, 4.052]

Heterogeneity: I” = 24.52%, H” = 1.32
Testof 6, = 8: Q(1) = 1.32, p=0.25
Testof 6=0:z=3.56, p=0.00

Fixed-effects Mantel-Haenszel model
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Study Country

Yardley 2013 (19) Czech Republic, United
(ENCORE 301)  States, Russia
Jiang 2019 (20)  China

(ACE)

Connolly United States,
2021 (21) South Africa
(E2112)

Xu 2022 (26) China

Phase

Study population

Progression on NSAI
(Adjuvant ET >12 m; metastatic ET > 3 m)
Progression on > 1 line ET (adjuvant/metastatic setting)

Progression on NSAI in adjuvant (progression on or within
12 m of completion) or metastatic setting

Progression on previous ET

Menopausal
status

Post-
Post-

Pre-/post-

Pre-/post-

Prior ET

NSAI

Anti-Estrogen, Al,
Fuivestrant

NSAI, Fulvestrant,
Everolimus, CDKi

NS, Fulvestrant, CDKi

Prior CT
lines
<1

<1

<1

NS

HDACi

Entinostat

Tucidinostat

Entinostat

Entinostat

No. (HE/PE)

130
(64/66)
365
(244/121)
608
(305/303)

354
(235/119)

FU

19.5mys.
17.2m
139 m

NR

NR

Al, aromatase inhibitor; CDKi, cyclin-dependent kinase 4/6 inhibitor; CT, chemotherapy; ET, endocrine therapy; FU, follow up; HDACI, histone deacetylase inhibitor; HE, HDAG + ET; NR, not reported; NSAI, non-steroid aromatase inhibitor;

NS, not spacifiad: PE, plécebo + ET.
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505 Relevant papers
(Pubmed, Embase, Central)

496 were excluded:

102 Duplicates or conference abstracts for clinical trials

167 Reviews, letter, meta-analysis

153 Studies on imaging and clinicopathological parameters /
biomarkers, cell / animal studies
Phase | trials and trial protocols
Studies on triple negative breast cancer
HDAC inhibitors combined with other treatments rather
than endocrine therapy
Studies on other treatments or malignancies
Neoadjuvant studies

9 Studies retrieved in full-text

5 were excluded:
3 No survival data reported
1 No control group
1 Retrospective analysis for previous reported clinical trial

4 Studies included





OPS/images/fonc.2022.901152/fonc-12-901152-g002.jpg
A

HE PE Odds Ratio Weight
Study Yes No Yes No with 95% ClI (%)
Yardley 2013 4 60 3 63 - 1.400[ 0.301, 6.518] 6.72
Jiang 2019 39 205 8 113 —l— 2.687[ 1.214, 5.948] 21.80
Connolly 2021 18 287 17 286 —.— 1.055[ 0.533, 2.089] 38.93
Xu 2022 37 198 12 107 —+—B— 1.666 [ 0.834, 3.330] 32.56
Overall e 1.633[ 1.103, 2.418]
Heterogeneity: I* = 3.93%, H® = 1.04
Testof 6, = 6: Q(3) = 3.12, p = 0.37
Testof 6 =0:z=2.45,p=0.01

Fixed-effects Mantel-Haenszel model
B

HE PE Odds Ratio Weight
Study Yes No Yes No with 95% CI (%)

16.40

Yardley 2013

18 46 17 49

1.128[ 0.519, 2.449)

Jiang 2019 105 139 38 83 —l——1.650[ 1.042, 2.614] 39.45
Xu 2022 88 147 39 80 1.228 [ 0.771, 1.955] 44.15
Overall i 1.378 [ 1.020, 1.861]

Heterogeneity: I” = -84.98%, H’ = 0.54
Test of 6, = 6: Q(2) = 1.08, p = 0.58
Testof 8 =0:z=2.09, p=0.04

1 2

Fixed-effects Mantel-Haenszel model
c HR Weight
Study with 95% ClI (%)
Yardley 2013 —— 0.730[ 0.445, 1.015] 15.28
Jiang 2019 —— 0.710[ 0.495, 0.925] 26.86
Connolly 2021 —— 0.870[ 0.640, 1.100] 23.47
Xu 2022 —B— 0.740[ 0.550, 0.930] 34.39
Overall = 0.761[ 0.650, 0.872]
Heterogeneity: I> = 0.00%, H* = 0.39
Testof 6,=6: Q(3)=1.17, p=0.76
Testof 6=0:z=13.39, p=0.00

4 6 B 1 12

Fixed-effects inverse-variance model
D HR Weight
Study with 95% CI (%)
Yardley 2013 —a— 0.590 [ 0.285, 0.895] 23.25
Connolly 2021 —— 0.990[ 0.795, 1.185] 56.88
Xu 2022 —a— 0.750 [ 0.420, 1.080] 19.86
Overall o 0.849[ 0.702, 0.996]
Heterogeneity: I = 60.97%, H? = 2.56
Test of 6, = 6;: Q(2) = 5.12, p = 0.08
Testof 6=0:z=11.32, p=0.00

0 5 1 15

Fixed-effects inverse-variance model
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Study

HE
Yes No Yes

PE
No

Odds Ratio
with 95% CI

Weight
(%)

Yardley 2013 61 3 56 10 3.631[ 0.951, 13.870] 52.17
Jiang 2019 242 2 108 13 —l—— 14.565[ 3.231, 65.660] 23.89
Xu 2022 233 2 105 14 —8—— 15.533 [ 3.468, 69.574] 23.95
Overall i 9.093 [ 4.026, 20.536]
Heterogeneity: I = 25.04%, H* = 1.33
Testof 6, = 6: Q(2) =2.67, p=0.26
Testof 6=0:z=5.31, p=0.00
4 16 64

Fixed-effects Mantel-Haenszel model
B

HE PE QOdds Ratio Weight
Study Yes No Yes No with 95% ClI (%)
Yardley 2013 32 32 17 49 —— 2.882[ 1.378, 6.028] 22.10
Jiang 2019 183 61 19 102 —l— 16.105[ 9.117, 28.451] 24.84
Connolly 2021 156 149 48 255 —— 5.562[ 3.798, 8.145] 27.59
Xu 2022 154 81 23 96 — 7.936 [ 4.678, 13.463] 2547
Overall = 6.857 [ 3.523, 13.344]
Heterogeneity: 7 = 0.38, I” = 83.82%, H® = 6.18
Test of 8, = 6: Q(3) = 15.39, p = 0.00
Testof 8=0:z=5.67, p=0.00

2 4 8 16
Random-effects REML model
(¢
HE PE Odds Ratio Weight

Study Yes No Yes No with 95% CI (%)

Yardley 2013

22 42

4 62

8.119[ 2.609, 25.262]

Jiang 2019 81 163 2 119 ——®——— 29,567 [ 7.128, 122.652] 16.70
Connolly 2021 92 214 9 294 —— 14.044 [ 6.926, 28.474] 59.14
Overall R 15.205[ 8.748, 26.428]
Heterogeneity: I* = 2.99%, H* = 1.03

Test of 6, = 6;: Q(2) = 2.06, p = 0.36

Testof 8=0:z=9.65, p=0.00

4 8 16 32 64

Fixed-effects Mantel-Haenszel model

D

HE PE Odds Ratio Weight

Study Yes No Yes No with 95% CI (%)
Yardley 2013 7 57 1 65 7.982[ 0.953, 66.854] 4.04
Jiang 2019 20 224 0 121 22.189[ 1.330, 370.069] 2.82
Connolly 2021 49 256 24 279 E = 2225[ 1.327, 3.731] 93.14
Overall <o 3.021[ 1.869, 4.881]
Heterogeneity: I = 50.92%, H* = 2.04

Test of 6, = 6: Q(2) =4.08, p=0.13

Testof 6=0:z=4.51, p=0.00

1 4 16 64 256

Fixed-effects Mantel-Haenszel model
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Prior lines of anti-HER2 therapy
0
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Reasons for selection of the test
Synchronous multiple primary cancers
Inaccessibility for (repeated) biopsy
HER2 discordance between primary and metastatic lesions
HER?2 discordance between different metastatic lesions
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Factors

Age (year)
<50
=250

BMI (kg/m?)
<25
225

VFA (em?)
<100
2100

ASMI (kg/m?)

257
<57

Menopausal status
Pre/peri-menopausal
Post-menopausal

History of HTN
No
Yes

History of DM
No
Yes

Surgery type
Simple mastectomy
Breast conservation
Others

Pathological type
IDC
Others

Pathological node status
Negative
Positive

Clinical tumor stage
To-1
T2
T3-T4

AJCC stage
I-11
it

Ki67 status
<14%
>14%

Molecular subtypes
HR+/HER2-
HR+/HER2+
HR-/HER2+
TNBC

Chemotherapy
No
Yes

Radiotherapy
No
Yes

No. of survival cases

1,047
1,869

2,134
782

1,707
1,209

2,415
501

1,161
1,755

2,167
749

2,683
233

1,864
1,005
47

2,130
786

2,034
882

1,448
1,098
370

1,845
1,071

914
2,002

1,793
362
391
370

1,069
1,847

1,323
1,593

No. of deaths

25

22

15

17

22

24

24

27

26

23

12
20

28

9
23

Univariate analysis for OS

HR (95% CI)

Reference

1.98 (0.85-4.57)

Reference

1.26 (0.60-2.66)

Reference

1.61 (0.81-3.23)

Reference

2.18 (1.03-4.61

Reference

1.98 (0.89-4.40)

Reference

0.97 (0.44-2.16)

Reference

2.14 (0.82-5.56)

Reference
0.50 (0.35-0.71)
0.00 (0.00-NA)

Reference

1.08 (0.50-2.34)

Reference

3.88 (1.90-7.93)

Reference
2.64 (0.99-7.03)
9.18 (3.53-23.90)

Reference

3.28 (1.58-6.80)

Reference

1.37 (0.61-3.04)

Reference
0.42 (0.05-3.21)
3.45 (1.46-8.19)
4.10 (1.77-9.48)

1 [Reference]

3.99 (1.40-11.36)

1 [Reference]

2.12 (0.98-4.58)

P

0.105

0.544

0.173

0.036

0.089

0.943

0.109

0.117

0.843

<0.001

< 0.001

0.001

0.442

0.001

0.005

0.051

Multivariate analysis for OS

HR (95% CI) P

0.049
1 [Reference]
2.13 (1.00-4.51)

0.483
1 [Reference]
1.44 (0.52-4.01)
0.026
1 [Reference]
1.61 (0.51-5.06)
475 (1.24-18.24)
0.390
1 [Reference]
1.43 (0.63-3.24)
< 0.001
1 [Reference]
0.28 (0.04-2.19)
2.44 (0.97-6.13)
2.77 (1.11-6.88)
0.395

1 [Reference]

1.67 (0.51-5.47)

BMI, body mass index; VFA; visceral fat area; ASMI, Appendicular Skeletal Muscle Mass Index; HTN, hypertension; DM, diabetes mellitus; IDC, invasive ductal carcinoma; AJCC,
American Joint Committee on Cancer; HR, hormone receptor; HER2, human epithelial growth factor-2; TNBC, triple-negative breast cancer; OS, overall survival; HR, hazard ratio; CI,

confidence interval
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Factors No. of non-recurrent cases No. of recurrent cases  Univariate analysis for Multivariate analysis for

DFS DFS
HR (95% CI) P HR (95% CI) 2
Age (year) 0.204 - -
<50 977 77 1 [Reference]
250 1,777 117 0.83 (0.62-1.11)
BMI (kg/m?) 0.224 - -
<25 2,021 135 1 [Reference]
225 733 59 1.21 (0.89-1.64)
VFA (em?) 0.043 0.010
<100 1,622 100 1 [Reference] 1 [Reference]
2100 1,132 94 1.34 (1.01-1.77) 1.46 (1.10-1.95)
ASMI (kg/m?) 0.042 0.038
>5.7 2,287 150 1 [Reference] 1 [Reference]
<5.7 467 44 1.41 (1.01-1.98) 1.44 (1.02-2.03)
Menopausal status 0.354 - -
Pre/peri-menopausal 1,086 83 1 [Reference
Post-menopausal 1,668 111 0.87 (0.66-1.16)
History of HTN 0.915 - -
No 2,046 145 1 [Reference]
Yes 708 49 0.98 (0.71-1.36)
History of DM 0.676 - -
No 2,530 180 1 [Reference]
Yes 224 14 0.89 (0.52-1.53)
Surgery type <0001 0.007
Simple mastectomy 1,742 148 1 [Reference] 1 [Reference]
Breast conservation 971 40 0.50 (0.35-0.71) 0.65 (0.45-0.94)
Others 41 6 1.55 (0.68-3.50) 221 (0.97-5.04)
Pathological type 1.168 - -
IDC 2,019 134 1 [Reference]
Others 735 60 1.24 (0.91-1.68)
Pathological node status < 0.001 0.100
Negative 1,952 94 1 [Reference| 1 [Reference]
Positive 802 100 2.56 (1.93-3.39) 1.41(0.94-2.14)
Clinical tumor stage < 0.001 < 0.001
TO-1 1,401 53 1 [Reference 1 [Reference
T2 1,034 76 1.91 (1.35-2.72) 1.50 (0.98-2.28)
T3-T4 319 65 5.13 (3.57-7.37) 3.38 (2.01-5.68)
AJCC stage < 0.001 < 0.001
1-11 1,787 69 1 [Reference] 1 [Reference]
it 967 125 3.19 (2.38-4.29) 1.99 (1.40-2.83)
Ki67 status 0.010 0.130
<14% 877 45 1 [Reference] 1 [Reference]
214% 1,877 149 1.54 (1.10-2.1) 0.74 (0.50-1.09)
Molecular subtypes <0.001 <0.001
HR+/HER2- 1,729 76 1 [Reference] 1 [Reference]
HR+/HER2+ 345 18 1.19 (0.71-1.98) 0.94 (0.55-1.60)
HR-/HER2+ 350 50 3.11 (2.17-4.44) 2.30 (1.55-3.43)
TNBC 330 50 3.34 (2.33-4.77) 2.79 (1.88-4.16)
Chemotherapy 0.002 0.117
No 1,023 50 1 [Reference] 1 [Reference]
Yes 1,731 144 1.66 (1.20-2.2) 0.73 (0.49-1.08)
Radiotherapy 0.141 - -
No 1,254 78 1 [Reference]
Yes 1,500 116 1.24 (0.93-1.65)

BMI, body mass index; VFA, visceral fat area; ASMI, Appendicular Skeletal Muscle Mass Index; HTN, hypertension; DM, diabetes mellitus; IDC, invasive ductal carcinoma; AJCC,
American Joint Committee on Cancer; HR, hormone receptor; HER2, human epithelial growth factor-2; TNBC, triple-negative breast cancer; OS, overall survival; HR, hazard ratio; CI,
confidence interval.
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Characteristics

Age (year)
<50
250

BMI (kg/m?)
<25
225

VFA (cm?)
<100
2100

ASMI (kg/m?)
<5.7
25.7

Menopausal status
Pre/peri-menopausal
Post-menopausal

History of HTN
No
Yes

History of DM
No
Yes

Surgery type
Simple mastectomy
Breast conservation
Others

Pathological type
IDC
Others

Pathological node status
Negative
Positive

Clinical tumor stage
TO-1
T2
T3-T4

AJCC stage
I-11
it

Ki67 status
<14%

214%

Molecular subtypes
HR+/HER2-
HR+/HER2+
HR-/HER2+
TNBC

Chemotherapy
No
Yes

Radiotherapy
No
Yes

All patients,
number (%)

1,054 (35.8)
1,894 (64.2)

2,156 (73.1)
792 (26.9)

1,722 (58.4)
1,226 (41.6)

511 (17.3)
2,437 (82.7)

1,169 (39.7)
1,779 (60.3)

2,191 (74.3)
757 (25.7)

2,710 (91.9)
238 (8.1)

1,890 (64.1)
1,011 (34.3)
47 (16)

2,153 (73.0)
795 (27.0)

2,046 (69.4)
902 (30.6)

1,454 (49.3)
1,110 (37.7)
384 (13.0)

1,556 (63.0)
1,092 (37.0)

922 (31.3)
2,026 (68.7)

1,805 (61.2)
363 (12.3)
400 (13.6)
380 (12.9)

1,073 (36.4)
1,875 (63.6)

1333 (45.2)
1,615 (54.8)

< 100, number (%) = 100, number (%)

773 (44.9)
949 (55.1)

1,658 (96.3)
64 (3.7)

389 (22.6)
1,333 (77.4)

829 (48.1)
893 (51.9)

1,414 (82.1)
308 (17.9)

1,616 (93.8)
106 (6.2)

1,132 (65.7)
561 (32.6)
29 (1.7)

1,264 (73.4)
458 (26.6)

1,189 (69.0)
533 (31.0)

888 (51.6)
615 (35.7)
219 (12.7)

1,084 (63.0)
638 (37.0)

528 (30.7)
1,194 (69.3)

1,016 (59.0)
236 (13.7)
236 (13.7)
234 (13.6)

622 (36.1)
1,100 (63.9)

796 (46.2)
926 (53.8)

VFA (cm?)

281 (22.9)
945 (77.1)

498 (40.6)
728 (59.4)

122 (10.0)
1,104 (90.0)

340 (27.7)
886 (72.3)

777 (63.4)
449 (36.6)

1,094 (89.2)
132 (10.8)

758 (61.8)
450 (36.7)
18 (1.5)

889 (72.5)
337 (27.5)

857 (69.9)
369 (30.1)

566 (46.1)
495 (40.4)
165 (13.5)

772 (63.0)
454 (37.0)

394 (32.1)
832 (67.9)

789 (64.3)
127 (10.4)
164 (13.4)
146 (11.9)

451 (36.8)
775 (63.2)

537 (43.8)
689 (56.2)

P

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.065

0.591

0.620

0.013

0.992

0.395

0.009

0.711

0.192

< 5.7, number (%) = 5.7, number (%)

197 (18.7)
314 (813)

499 (97.7)
12 (2.3)

389 (76.1)
122 (23.9)

205 (40.1)
306 (59.9)

406 (79.5)
105 (20.5)

481 (94.1)
30 (5.9)

345 (67.5)
163 (31.9)
3(0.6)

357 (69.9)
154 (30.1)

357 (69.9)
154 (30.1)

264 (51.7)
183 (35.8)
64 (12.5)

312 (61.1)
199 (38.9)

156 (30.5)
355 (69.5)

300 (58.7)
56 (11.0)
86 (16.8)
69 (13.5)

200 (39.1)
311 (60.9)

248 (48.5)
263 (51.5)

ASMI (kg/m®)

857 (16.6)
1,580 (83.4)

1,657 (68.0)
780 (32.0)

1,333 (54.7)
1,104 (45.3)

64 (39.6)
1,473 (60.4)

1,785 (73.2)
652 (26.8)

2,229 (91.5)
208 (8.5)

1,545 (63.4)
848 (34.8)
44 (1.8)

1,796 (73.7)
641 (26.3)

1,689 (69.3)
748 (30.7)

1,190 (48.8)
927 (38.0)
320 (13.2)

1,544 (63.4)
893 (36.6)

766 (31.4)
1,671 (68.6)

1,505 (61.7)
307 (12.6)
314 (12.9)
311 (12.8)

873 (35.8)
1,564 (64.2)

1,085 (44.5)
1,352 (55.5)

P

0.147

< 0.001

< 0.001

0.814

0.004

0.044

0.048

0.076

0.804

0.506

0.328

0.689

0.086

0.157

0.098

BMI, body mass index; VFA, visceral fat area; ASMI, Appendicular Skeletal Muscle Mass Index; HTN, hypertension; DM, diabetes mellitus; IDC, invasive ductal carcinoma; AJCC,

American Joint Committee on Cancer; HR, hormone receptor; HER2, human epithelial growth factor-

'NBC, triple-negative breast cancer.
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3. Female
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Exclusion criteria

1. Incomplete variables records
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4. Follow up < 3 months

5. Distant metastasis
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Treatment Follow-up ICD-DCIS HCG HPL CK HER2 ER PR P53 Reference

1 1981 55 L 25 . Lung Operation Died + + / / / 7 Iy / )
2 1990 71 R 25 | 20m1 Lymph nodes Mastectomy, ETX DFS Mucoid + / 1 / 1ot / )
3 1999 38 R I 4444 Multiple organ Operation Died + + / / - - - / ©)
4 2001 50 R 7 0720 - Operation & + + - + - + | - 1 @
5 2002 3 R 25 06 - Mastectomy, CTX, RTX DFS + + + + + - - + ®)
6 9 R 16 - / Mastectomy Lost + + + + = = [ = =
7 58 R 4 2ne - Mastectomy, CTX, RTX DFS + + + + - + | - +
8 59 R 25 | ang ! Mastectomy, CTX, RTX Lost - + + + + - - -
9 2004 38 R 5 / Multiple organ Operation Died - + / + / - - / ©
10 54 R 10 - Multiple organ | Neo CTX, MRM, CTX, RTX Died + + / + - - | = /
u 2006 R 35 - - MRM DFS + + / + / - / an
2 2008 50 R 1 019 = Operation DFs + + / + - - - + (0
13 5 L 35 0o - Operation DFS + + / / + - - -
1o 200 31 L / / / Neo CTX, MRM £ + + / + - - - / (2)
15 20m a R 3 / Multiple organ crx Died - + / / / vl / (3)
16 2013 56 R 35 - - MRM DFS + + / + / - |+ / (14
7 201 E) L 32 - Lungkidney Mastectomy, CTX DFS - + / + - - - / as)
18 202 49 L 85 - Lymph nodesLung Neo CTX, MRM DFS + + / / / - |- ! 16)
19 Present 55 L 1 123 - Mastectomy, CTX DFS + + + + + _ - +

+. positive; -, negatives/, unknown; L, centers R, right; LN, lymph node status; M, metastasis status; MRM, modified radical mastectomy; DS, disease-frec survival; CTX, chemotherapy: RTX, radiotherapy; ETX, endorine therapy; Neo CTX, neoadjuvant chemotherapy.
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Docetaxel Liposome

No. (%) No. (%)
All patients 13/55 (23.6) 6/42 (143) 7/47 (14.9) 4/20 (20.0) 0597
HR+/HER2~ 3/25 (12.0) 0/19 (0.0) 1/31 (3.2) 0/7 (0.0) 0353
HR+/HER2+ 1/10 (10.0) 1/8 (12.5) 2/7 (28.6) 1/2 (50.0) 0481
HR-/HER2+ 2/6 (33.3) 4/8 (50.0) 3/4 (75.0) 2/5 (40.0) 0.659
HR-/HER2- 7/14 (50.0) 1/7 (14.3) 1/5 (20.0) 1/6 (16.7) 0337

PCR, pathological complete response, no invasive tumor residue in breast and no invasive or non-invasive tumor residue in axillary lymph nodes (ypT0/is ypN0); HR, hormone receptor; HER2,
human epidermal growth factor receptor 2; 8V1, the volume change rate of EC treatment; 8V2, the volume change rate of T(H) treatment; nab-P, nanoparticle albumin-bound paclitaxel; sb-P, solvent-
based paclitaxel; Liposome, Liposome paclitaxel for Injection.
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Timeline

1998 = first cancer episode Relapse

Brextinfitrating ductal 2016= anastrozole (12 months)
carcinoma 2017= palbociclib + letrozole (12months)
2018= everolimus+exemestane (9months)
Lumpectomy 2019= weekly paclitaxdd (6 months)
+radiotherapy +tamoxifen 2020 =capecitabine (7 months)
(Syears) 2021=eribuline ( 3 months)

2004 =second cancer episode
Brexst infitrating ductal carcinoma
Mastectomy

+ chemotherapy
+ letrozol

August 2021 == November 2021

RADIUM-223
= 3 ¢ydes

Thoraco-sbdominal
Computed tomography
= No visceral metastases

December 2021 ==> February 2022 February 2022

RADIUM-223 Start of chemotherapy
= 2 ¢ydies Cisplatin + gemcitabin

PETCT
Decrease in #'FDG uptaskein all bone
metastatic lesions
New mestastic lesions in liver
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Classifier SEN SPE PRE GM FPR F1 ACC AUC

LR Training Dataset 0.3043 0.9459 0.5344 0.7143 0.0541 0.3867 0.8358 0.7773
Testing Dataset 0.9149 0.3333 0.8776 0.5522 0.6667 0.8958 0.8214 0.7069
RF Training Dataset 0.1217 1.0000 1.0000 0.5958 0 0.2156 0.8493 0.8722
Testing Dataset 0.1111 1.0000 1.0000 0.3333 0 0.2000 0.8571 0.7979
NB Training Dataset 0.3217 0.9027 0.4068 0.7057 0.0973 0.3576 0.8030 0.7451
Testing Dataset 0.8723 0.3333 0.8723 0.5392 0.6667 0.8723 0.7857 0.6809
SVM Training Dataset 0.1565 1.0000 1.0000 0.6069 0 0.2691 0.8552 0.8743
Testing Dataset 1.0000 0.2222 0.8704 04714 0.7778 0.9307 0.8750 0.7778
XGBoost Training Dataset 0.4000 0.9730 0.7555 0.7669 0.027 0.5210 0.8746 0.9260
Testing Dataset 0.9362 0.4444 0.8980 0.6450 0.5556 0.9167 0.8571 0.9031

LR, Logistic Regression; RE, Random Forest; NB, Naive Bayes; SVM, Support Vector Machine; XGBoost, eXtreme Gradient Boosting; SEN, sensitivity; SPE, specificity; PRE, precision; GM,
geometric mean; FPR, false positive rate; ACC, accuracy; AUC. area under ROC.
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Patients

Therapeutic response

No. (%)

0.66 < 3V1 < 0.80 21 ‘ 5(238) 0727
8V1 < 5V2 subgroup 12 (57.1) ‘ 4(333) 0338
8V1 > 5V2 subgroup 9 (42.9) ‘ 1(1L1)

SV1 2 0.80 65 ‘ 18 (27.7)
8V1 < 3V2 subgroup 23 (35.4) ‘ 10 (43.5) 0.035*
V1 > 3V2 subgroup 42 (646) | 8 (19.)

PCR, pathological complete response, no invasive tumor residue in breast and no invasive or non-invasive tumor residue in axillary lymph nodes (ypT0/is ypN0); 0.66, the mean value of $V1; 0.8, 0.80,
the threshold value of 8V1; 8V1, the volume change rate of EC treatment; 3V2, the volume change rate of T(H) treatment; *, pCR rate compared with the 8V1 > 3V2 subgroup.





OPS/images/fonc.2022.964605/table3.jpg
Classifier

LR Training Dataset
Testing Dataset
RF Training Dataset
Testing Dataset
NB Training Dataset
Testing Dataset
SVM Training Dataset
Testing Dataset
XGBoost Training Dataset
Testing Dataset

SEN

0.5000
0.8462
0.3667
0.2941
0.3833
0.8718
0.3667
0.8974
0.5167
0.7949

SPE

0.7926
0.3529
0.9704
0.9744
0.8296
0.3529
0.8963
04118
09185
0.6471

PRE

0.5232
0.7500
0.9449
0.8333
0.5958
0.7556
0.8269
0.7778
0.7972
0.8378

0.5744
0.5465
0.5782
0.5353
0.5338
0.5547
0.5580
0.6079
0.6341
0.7172

FPR

0.2074
0.6471
0.0296
0.0256
0.1704
0.6471
0.1037
0.5882
0.0815
0.3529

F1

0.5067
0.7952
0.5105
0.4348
0.4308
0.8095
0.4563
0.8333
0.6049
0.8158

ACC

0.7026
0.6964
0.7862
0.7679
0.6923
0.7143
0.7333
0.7500
0.7949
0.7500

AUC

0.7068
0.7029
0.8065
0.8054
0.6932
0.7164
0.7883
0.7617
0.7988
0.7459

RF, Random Forest; NB, Naive Bayes; SVM, Support Vector Machine; XGBoost, eXtreme Gradient Boosting; SEN, sensitivity ;SPE, specificity; PRE, precision; GM, geometric mean; FPR,

false positive rate; ACC, accuracy; AUC, area under ROC.

LR, Logistic Regression.
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SL 3V

Therapeutic response  Patients No. (%)  pCR No. (%) Therapeutic response  Patients No. (%)  pCR No. (%)

All patients 164 (100) 30 (183) All patients 164 (100) 30 (183)

8L1<0.33 92 (56.1) 9(98) 0.001° | V1< 0.66 78 (47.6) 7(9.0) 0.003°
L1 < 8L2 subgroup 55 (59.8) 7 (127) 0423 8V1 < 8V2 subgroup 54 (69.2) 5(9.3) 1.000
L1 2 8L2 subgroup 37 (40.2) 2(54) 8V1 2 8V2 subgroup 24 (30.8) 2(83)

8112033 72 (43.9) 21 (292) 8V1 2 0.66 86 (52.4) 23 (267)
L1 < L2 subgroup 33 (45.8) 13 (39.4) 0.079 8V1 < §V2 subgroup 35 (40.7) 14 (40.0) 0.021¢
L1 > 8L2 subgroup 39 (54.2) 8(205) 8V1 = V2 subgroup 51 (59.3) 9 (17.6)

PCR, pathological complete response, no invasive tumor residue in breast and no invasive or non-invasive tumor residue in axillary lymph nodes (ypT0/is ypN0); HER2, human epidermal growth
factor receptor 2; 0.33, the mean value of 8L1; 0.66, the mean value of 8V1; 8L1, the longest diameter change rate of EC treatment; 8L2, the longest diameter change rate of T(H) treatment; §V1, the
volume change rate of EC treatment; 8V2, the volume change rate of T(H) treatment; *, pCR rate compared with the SL1 > 0.33 group; ®, pCR rate compared with the 3V1 > 0.66 group; <, pCR rate
compared with the 8V1 > 8V2 subgroup; ¢, pCR rate compared with the 8V1 > V2 subgroup.
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Classifier SEN SPE PRE GM FPR F1 ACC AUC

LR Training Dataset 0.7524 0.7052 0.7293 0.7311 0.2948 0.7383 0.7282 0.7926
Testing Dataset 0.5556 0.7241 0.6522 0.6343 0.2759 0.6343 0.6429 0.7126
RF Training Dataset 0.8808 0.5895 0.6953 0.7163 0.4105 0.7759 0.7384 0.8523
Testing Dataset 0.7931 0.4815 0.6216 0.6180 0.5185 0.6180 0.6429 0.7708
NB Training Dataset 0.8907 0.4421 0.6277 0.6294 0.5579 0.7359 0.6717 0.7884
Testing Dataset 0.3333 0.8276 0.6429 0.5252 0.1724 0.5252 0.5893 0.7139
SVM Training Dataset 0.8427 0.6842 0.7422 0.7571 0.3158 0.7863 0.7641 0.8626
Testing Dataset 0.5926 0.7931 0.7273 0.6856 0.2069 0.6856 0.6964 0.7420
XGBoost Training Dataset 0.9571 0.5895 0.7139 0.7520 0.4105 0.8223 0.7846 0.9242
Testing Dataset 0.7524 0.6542 0.8524 0.7016 0.3458 0.6086 0.6964 0.8282

LR, Logistic Regression; RE, Random Forest; NB, Naive Bayes, SVM, Support Vector Machine; XGBoost, eXtreme Gradient Boosting; SEN, sensitivity; SPE, specificity, PRE, precision; GM,
geometric mean; FPR, false positive rate; ACC, accuracy; AUC, area under ROC.
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oL oV

Molecular Therapeutic Patients Therapeutic Patients No.
subtype response No.(%) response (%)
All patients 8L1 < 8L2 88 (53.7) 20 (227) 0.114  8VI<dV2 89 (54.3) 19 (21.3) 0270
(n=164)

8L1 2 8L2 76 (46.3) 10 (132) V128V 75 (45.7) 11 (147)
HER2+ patients 8L1 < 8L2 33 (66.0) 12 (36.4) 0357 8VI< V2 36 (72.0) 12 (33.3) 1.000
(n = 50)

8L1 2 8L2 17 (34.0) 4(23.5) 3V125V2 14 (28.0) 4(28.6)
HER2- patients L1 < 8L2 55 (48.2) 8 (14.5) 0477 | 8V1<8V2 53 (46.5) 7(132) 0779
(n=114)

8L1 2 8L2 59 (51.8) 6(10.2) V12§V 61 (535) 7(115)

PCR, pathological complete response, no invasive tumor residue in breast and no invasive or non-invasive tumor residue in axillary lymph nodes (ypT0/is ypNO); HER2, human epidermal growth
factor receptor 2; 8L1, the longest diameter change rate of EC treatment; 82, the longest diameter change rate of T(H) treatment; V1, the volume change rate of EC treatment; V2, the volume

change rate of T(H) treatment.
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Characteristics

Age (year) (mean + sd)
Menstrual status
menopause
no menopause
Tumor size (mm) (mean + sd)
Tumor histological grade
I
1I
III
TIC type
I
II
III
Axillary lymph node metastases
yes
no
Molecular subtype
Category 1
Luminal (A+B)
Non-luminal
Category 2
HER2-overexpressed
Non-HER2-overexpressed
Category 3
Triple-negative type

Non-triple-negative type

TIC, Time Intensity Curve.

No. of breast cancers (n = 190)

48.67 + 10.03

77 (40.53)
113 (59.47)
3529 £ 24.23 mm

51 (26.84)
95 (50.00)
44 (23.16)

2 (1.05)
68 (35.79)
120 (63.16)

113 (59.47)

77 (40.53)

99 (52.11)

91 (47.89)

59 (31.05)
131 (68.95)

32 (16.84)
158 (83.16)
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Characteristics No.

Included patients 164
Age (years) 51.1 + 10.1

Menstrual status

Premenopausal 72 439

Postmenopausal 92 56.1

Molecular subtypes

HR+/HER2—- 82 50.0
HR+/HER2+ 27 16.5
HR-/HER2+ 23 14.0
HR-/HER2- 32 19:5

cT at diagnosis

cT1 8 49
cT2 122 74.4
¢l3 34 20.7

cN at diagnosis

cNO 66 40.2

cN+ 98 59.8
Surgeries

Breast-conserving surgery 13 7.9

Modified radical mastectomy 151 92.1

Pathological response to NST

pCR 30 183
pPR 97 59.1
pSD 34 20.7
pPD 3 |18

HR, hormone receptor; HER2, human epidermal growth factor receptor 2; cT, clinically assessed
tumor stage; cN, clinically assessed axillary node stage; NST, neoadjuvant systemic therapy; pCR,
pathological complete response, no invasive tumor residue in breast and no invasive or non-
invasive tumor residue in axillary lymph nodes (ypT0/is ypNO); pPR, pathological partial
response; pSD, pathological stable disease; pPD, pathological progressive disease.
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Patients who received NST with
EC-T(H) regimen from April 2015
to December 2020 were enrolled
(n=316)

Exclusion:
17 patients did not receive
complete NST at our center

Patients who received complete
NST at our center (n=299)

Exclusion:
64 patients did not complete
all three MRI measurements

Patients who completed all three
MRI tests before, during and after
NST (n=235)

Exclusion:

71 patients with unclear
information

Patients who completed all three
MRI tests before, during and after
NST (n=164)
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Sites of distant metastasis Univariate analysis Multivariate analysis* P-value

HR (95%Cl) HR (95%Cl)

Bone

Luminal A 1.00 | [ 1.00 |

Luminal B 1.17 (0.97-1.43) 0.109 1.06 (0.84-1.35) 0.628

HER2-enriched 0.99 (0.78-1.26) 0.968 0.94 (0.70-1.27) 0.686

Triple Negative 1.14 (0.89-1.46) 0.295 1.29 (0.96-1.73) 0.094

Liver

Luminal A 1.00 1.00

Luminal B 1.66 (1.24-2.23) 0.001 1.40 (1.01-1.96) 0.047

HER2-enriched 2.27 (1.65-3.14) 0256 2.14 (1.47-3.12) <0.001

Triple Negative 1.30 (0.63-2.67) 0478 1.18 (0.90-1.53) 0.225

Lung

Luminal A 1.00 1.00

Luminal B 1.74 (1.33-2.29) <0.001 1.63 (1.18-2.24) 0.003

HER2-enriched 2.76 (2.07-3.68) <0.001 2.46 (1.74-3.47) <0.001

Triple Negative 2.65 (1.96-3.57) <0.001 2.65 (1.86-3.78) <0.001

Viscus**

Luminal A 1.00 1.00

Luminal B 1.35 (1.16-1.57) <0.001 1.23 (1.02-1.48) 0.032

HER2-enriched 1.54 (1.29-1.83) <0.001 1.46 (1.18-1.80) 0.001

Triple Negative 1.82 (1.53-2.16) <0.001 1.87 (1.51-2.30) <0.001
| Brain 7

Luminal A 1.00 1.00

Luminal B 1.87 (0.76-4.58) 0.171 1.72 (0.64-4.62) 0.285

HER2-enriched 3.00 (1.18-7.63) 0.021 1.94 (0.64-5.87) 0.242

Triple Negative 3.99 (1.58-10.12) 0.004 3.07 (1.04-9.07) 0.042

* Adjusted for age at diagnosis, tumor size, number of lymph node metastasis, menstrual status, education and family history.
** including liver, lung, brain, adrenal gland and ovary, etc.
Bold text in this manuscript indicates statistical significance.
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P53

Ki-67

\[@ BLBC

Positive 42 (60.9%) 42 (87.5%)
9.914 0.002
Negative 27 (39.1%) 7 (12.5%)
Positive 51 (73.9%) 45 (93.8%)
7.564 0.006
18 (26.1%) 3 (6.3%)

Negative
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Number of cases VEGF (number of cases)

Positive Negative
CNC Positive 58 39.000 19.000 0.166 0.173
Negative 11 5.000 6.000
BLBC Positive 28 18.000 10.000 0374 0.009
Negative 20 7.000 13.000

Control group Positive 19 16.000 3.000 0.501 0.002

Negative 17 6.000 11.000
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Number of cases

VEGF (number of cases)

Positive Negative
CNC Positive 32 15.000 17.000 -0.327 0.006
Negative 37 29.000 8.000
BLBC Positive 19 6.000 13.000 -0.332 0.021
Negative 29 19.000 10.000
Control group Positive 26 13.000 13.000 -0.368 0.027
Negative 10 9.000 1.000
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Groups

CNC
BLBC

Control group

Number of cases

Positive
69 44 (63.8%)
48 25 (52.1%)
36 22 (61.1%)

CNC, centrally necrotizing carcinoma of the breast.

BLBC, basal-like breast cancer.

VEGF expression

Negative

25 (36.2%)
23 (47.9%)

14 (38.9%)

1597

0.072

0.206

0.789
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CNC, centrally necrotizing carcinoma of the breast.
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Number of cases BRCA1 expression

Positive Negative
CNC 69 32 (46.4%) 37 (53.6%) - -
BLBC 48 19 (39.6%) 29 (60.4%) 0531 v 0.466
Control group 36 ' 26 (72.2%) 10 (27.8%) 6391 v 0.011

CNC, centrally necrotizing carcinoma of the breast.
BLBC, basal-like breast cancer.
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Features of cancer stroma Number of CNC Number of BLBC Control group

group (%) group (%) (%)

Ductal carcinoma in situ 16 (23.19) 2 (4.17) 10.153 0.001 0 (0.00) ‘ 9.849 0.002

Lymphocyte infiltration in the 39 (56.52) 18 (37.5) 1151 0.283 8(22.22) 12.183 <0.001
cancer stroma

Myxoid tumor stroma 14 (20.29) [ 1 (2.08) 8.395 0.004 1(2.78) j 5.925 0.015

Invasive micropapillary carcinoma 3 (4.35) 0 (0.00) 2.881 0.090 0 (0.00) 2.170 0.141

Calcification 13 (18.84) 3 (6.25) 3.801 0.059 6 (16.66) 0.075 0.784

Intravascular cancer embolus 4 (5.80) 2 (4.17) 0.135 0713 2(5.56) 0.476 0.490

Nerve invasion 1(145) 1(2.08) 0068 0795 1(278) 0223 0636
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Clinicopathological pa Number of CNC group (%) Number of BLBC group (%)

Age (year)
<50 27 (39.1) 22 (45.8) 0523 0470
>50 42 (60.9) 26 (54.2)

T stage
<2.cm 28 (40.6) 17 (35.4) 2.644 0.260
2-5cm 41 (59.4) 29 (60.4)
>5 cm 0 (0.0) 2(42)

Histological grading
Gl1+G2 6(8.7) 3(63) 0238 0735
G3 63 (91.3) 45 (93.8)

Lymph node status

Metastasis 25 (36.2) 21 (43.8) 0.671 0413
Nonmetastasis 44 (63.8) 27 (56.3)

Clinical stage
1 24 (34.8) 11 (22.9) 1.991 0.370
i 27 (39.1) 21 (43.8)
biil 18 (26.1) 16 (333)

Pathological stage

1 29 (42.0) 11 (22.9) 4.600 0.100
i 23 (33.3) 21 (43.8)
il 17 (24.6) 16 (333)

ER
Negative 48 (69.6) 47 (97.9) 14.903 <0.001
Positive 21 (30.4) 1(2.1)

PR
Negative 53 (76.8) 47 (97.9) 10.153 0.001
Positive 16 (23.2) 1(21)

HER-2
Negative 51 (73.9) 45 (93.8) 7.564 0.006

Positive 18 (26.1) 3(63)
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Patient’s age
Neutrophil
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Radiomics_score

OR odds ratio; CI confidence interval.

OR

0.81
18.9
0.11
2.96

Multivariate analysis

95%CI

0.74, 0.87
395,123
0.02, 0.72
2.18, 4.30

p value

<0.001
<0.001
0.023

<0.001
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Different models Training cohort (n=254) Validation cohort (n=80)

Sensitivity ~ Specificity  Accuracy AUC Sensitivity ~Specificity ~ Accuracy AUC

GSUS radiomics signature 0.861 +0.109  0.640 £0.120  0.766 + 0.046  0.804 £ 0.053 0913 £ 0.087 0312 +0.138  0.613 + 0.075  0.590 + 0.127
CEUS radiomics signature 0.698 +0.163  0.808 £0.152  0.766 £ 0.049  0.818 £0.051  0.775 £ 0.125  0.663 + 0.138  0.725 + 0.100  0.797 + 0.101
GSCEUS radiomics signature 0.756 + 0.198  0.804 £ 0.188  0.798 £ 0.046  0.876 £ 0.040  0.675 = 0.150 ~ 0.838 + 0.113  0.763 + 0.088  0.796 + 0.102

GSCEUS radiomics-based model ~ 0.891 +0.093  0.884 £0.092  0.898 £0.032  0.962 + 0.019  0.888 £ 0.088  0.750 + 0.125  0.819 + 0.081  0.891 + 0.081
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wavelet. LLH_glrlm_LongRunEmphasis
wavelet. HLL_firstorder_Energy
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GSCEUS radiomics signature

wavelet. LLL_glem_DifferenceEntropy(GSUS feature)
original_shape_MajorAxisLength (CEUS feature)
original_firstorder_Energy(CEUS feature)
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Variables

Age (years)
Maximal diameter of lesions
Number of lesions
Single
Multiple (2)
WBC (x10°/L)
<9.5
>9.5
Monocytes (x10°/L)
<0.6
>0.6
Neutrophil (x10°/L)
<6.3
>6.3
Pausimenia
No
Yes
Family history
No
Yes

WBC, white blood cell.

Training cohort (n=254)

PDM/DE (n=129)

33.49 + 6.98
36.18 + 16.08

84 (65.12)
45 (34.88)

95 (73.64)
34 (26.36)

115 (89.15)
14 (10.85)

83 (64.34)
46 (35.66)

123 (95.35)
6 (4.65)

128 (99.22)
1(0.78)

IDC (n=125)

50.59 + 13.37
26.25 + 12.69

98 (78.40)
27 (21.60)

117 (93.60)
8 (6.40)

118 (94.40)
7 (5.60)

116 (92.80)
9 (7.20)

67 (53.60)
58 (46.40)

118 (94.40)
7 (5.60)

p value

< 0.001
< 0.001
0.019

<0.001

0.129

<0.001

<0.001

0.0655

Validation cohort (n=80)

PDM/DE (n= 40)

33.95 + 7.46
31.88 + 11.99

21 (52.50)
19 (47.50)

29 (72.50)
11 (27.50)

34 (85.00)
6 (15.00)

23 (57.50)
17 (42.50)

38 (95.00)
2 (5.00)

40 (100.00)
0 (0.00)

IDC (n=40)

49.80 + 11.19
26.18 + 11.29

32 (80.00)
8(20.00)

37 (92.50)
3 (7.50)

40 (100.00)
0 (0.00)

35 (87.50)
5 (12.50)

19 (47.50)
21 (52.50)

38 (95.00)
2 (5.00)

p value

<0.001
0.0251
0.009

0.019

0.034

0.003

<0.001

0.4739
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Variables ints

Age >=85 40
70-77 0
78-84 19
Race Black ‘ 28
‘ Other 0
‘White ‘ 17
Grade 1 0
s 30
11 63
v 66
T stage . Il 0
. T2 41
T3 62
T4 68
N stage . No 0
N1 32
N2 63
N3 ‘ 86
Local_therapy ‘ BCS 30
BCS+Radiation 0
Mastectomy 26
Mastectomy+Radiation 16
No 100
Radiation 48
Subtype HR-/HER2- 47
HR-/HER2+ 28
HR+/HER2- 0
HR+/HER2+ 9
Not 2010+ 19

BCS, Breast conserving surgery; HR, Hormone receptor; HER2, Human epidermal growth factor receptor 2.
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Variables Univariate analysis Multivariate analysis

95%Cl 95%Cl P-value
Age
>=85 Reference Reference
70-77 0.459 (0.373-0.564) 0.000 0.507 (0.422-0.609) 0.000
78-84 0.618 (0.498-0.768) 0.000 0.692 (0.570-0.842) 0.000
Race
Black Reference Reference
Other 0.492 (0.370-0.653) 0.000 0.625 (0.477-0.818) 0.001
White 0.601 (0.522-0.692) 0.000 0.819 (0.709-0.947) 0.007
Laterality
Left Reference
Right 0916 (0.826-1.015) 0.094
Marital
No Reference Reference
Yes 0.724 (0.657-0.797) 0.000 0.931 (0.846-1.024) 0.141
Grade
1 Reference Reference
1T 1915 (1.512-2.424) 0.000 1451 (1.131-1.860) 0.003
I 3.802 (3.065-4.716) 0.000 2.263 (1.812-2.828) 0.000
w 4.34 (3.193-5.901) 0.000 2.832 (2.069-3.878) 0.000
T stage
1 Reference Reference
T2 291 (2.588-3.272) 0.000 1.739 (1.533-1.973) 0.000
T3 6.748 (5.645-8.066) 0.000 2.586 (2.093-3.197) 0.000
T4 8.542 (7.421-9.833) 0.000 2.687 (2.280-3.165) 0.000
N stage
NO Reference Reference
N1 2.046 (1.848-2.266) 0.000 1516 (1.386-1.657) 0.000
N2 4.606 (4.120-5.150) 0.000 2.630 (2.372-2.916) 0.000
N3 8.271 (7.335-9.327) 0.000 3779 (3.363-4.246) 0.000

Local_therapy

BCS Reference Reference

BCS+Radiation 0.561 (0.477-0.660) 0.000 0.631 (0.538-0.742) 0.000
Mastectomy 1.456 (1.239-1.711) 0.000 1.136 (0.951-1.356) 0.160
Mastectomy+Radiation 2.846 (2.444-3.314) 0.000 1.015 (0.850-1.213) 0.867
Radiation 6.079 (3.187-1.594) 0.000 2270 (1.187-4.342) 0.013
No 6.292 (4.879-8.116) 0.000 3.714 (2.850-4.839) 0.000
Subtype

HR-/HER2- Reference Reference

HR-/HER2+ 0.961 (0.783-1.180) 0.705 0.786 (0.643-0.962) 0.019
HR+/HER2- 0.351 (0.278-0.443) 0.000 0.562 (0.454-0.696) 0.000
HR+/HER2+ 0.533 (0.448-0.635) 0.000 0.528 (0.447-0.623) 0.000
Not 2010+ 0.424 (0.379-0.475) 0.000 0.620 (0.556-0.692) 0.000

BCS, Breast conserving surgery; HR, Hormone receptor; HER2, Human epidermal growth factor receptor 2; HR*, hazard ratio; CI, confidence interval.
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Unmatched IPTW Matched

Variables No/Unknown Yes No/Unknown Yes
N=120755 (%) N=21782 (%) P-value N=17544.9 (%) N=17747.9 (%)
Age
70-77 60443 (50.1) [ 17019 (78.1) 0.000 13008.3 (74.1) 13307.9 (75.0) 0.020
78-84 40587 (33.6) 4077 (18.7) 3828.1 (21.8) 37614 (21.2)
>=85 19725 (16.3) 686 (3.15) 708.6 (4.0) 6785 (3.8)
Race
Black [ 8342 (6.91) [ 2333 (10.7) | 0.000 1812.5 (10.3) [ 1793.6 (10.1) 0.007
Other 7153 (5.92) 1411 (6.48) 11104 (6.3) 1130.8 (6.4)
White 105260 (87.2) 18038 (82.8) 14622.0 (83.3) 14823.4 (83.5)
Marital
No 71242 (59.0) 11067 (50.8) 0.000 9199.8 (52.4) 9223.7 (52.0) 0.009
Yes 49513 (41.0) 10715 (49.2) 8345.1 (47.6) 8524.2 (48.0)
Laterality
Left 61207 (50.7) 11297 (51.9) 0.001 9036.3 (51.5) 9149.6 (51.6) 0.001
Right 59548 (49.3) 10485 (48.1) 8508.6 (48.5) 8598.3 (48.4)
Grade
1 32655 (27.0) 1577 (7.24) 0.000 1474.6 (8.4) 1551.5 (8.7) 0.022
his 57871 (47.9) 7393 (33.9) 6540.2 (37.3) 6746.8 (38.0)
I 29494 (24.4) 12576 (57.7) 9340.1 (53.2) 9260.9 (52.2)
v 735 (0.61) 236 (1.08) 190.0 (1.1) 188.6 (1.1)
Stage
1 78634 (65.1) 5328 (24.5) 0.000 5107.3 (29.1) 5268.3 (29.7) 0013
il 34917 (28.9) 10586 (48.6) 8897.0 (50.7) 8914.1 (50.2)
g 7204 (5.97) 5868 (26.9) 3540.6 (20.2) 3565.4 (20.1)
T stage
Tl 88328 (73.1) 9572 (43.9) 0.000 8523.6 (48.6) 8677.1 (48.9) 0.008
T2 27328 (22.6) 9346 (42.9) 7177.8 (40.9) 7237.0 (40.8)
T3 2607 (2.16) 1362 (6.25) 908.9 (5.2) 896.6 (5.1)
T4 2492 (2.06) 1502 (6.90) 934.6 (5.3) 937.1 (5.3)
N stage
No 98727 (81.8) 9663 (44.4) 0.000 8834.4 (50.4) 9028.5 (50.9) 0011
N1 17296 (14.3) 7584 (34.8) 6047.1 (34.5) 6029.6 (34.0)
N2 3256 (2.70) 2907 (13.3) 1789.1 (10.2) 18113 (102)
N3 1476 (1.22) 1628 (7.47) 874.3 (5.0) 8785 (4.9)

Local_therapy

BCS 26206 (21.7) 2569 (11.8) 0.000 2232.6 (12.7) 2283.8 (12.9) 0.025
BCS+Radiation 46644 (38.6) 7629 (35.0) 6400.9 (36.5) 6657.3 (37.5)

Mastectomy 40675 (33.7) 7108 (32.6) 6397.8 (36.5) 6292.1 (35.5)
Mastectomy+Radiation 3414 (2.83) 3737 (17.2) 1949.5 (11.1) 1963.4 (11.1)

Radiation 32 (0.03) 31 (0.14) 14.3 (0.1) 13.7 (0.1)

No 3784 (3.13) 708 (3.25) 549.8 (3.1) 537.5 (3.0)

Subtype

HR-/HER2- 3399 (2.81) 2542 (11.7) 0.000 1610.9 (9.2) 1628.3 (9.2) 0.009
HR-/HER2+ 957 (0.79) 1114 (5.11) 582.4 (3.3) 582.6 (3.3)

HR+HER2- 40380 (33.4) 4194 (19.3) 3739.0 (21.3) 38485 (21.7)

HR+/HER2+ 2717 (2.25) 2103 (9.65) 1300.3 (7.4) 1318.2 (7.4)

Not 2010+ 73302 (60.7) 11829 (54.3) 10312.3 (58.8) 10370.1 (58.4)

BCS, Breast conserving surgery; HR, Hormone receptor; HER2, Human epidermal growth factor receptor 2; IPTW, Inverse probability of treatment weighting: SMD, Standardized mean differences.
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to November 2021
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January 2018 to December 2020
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Radiotherapy Non-radiotherapy

variable N=5529(%) N=16689(%) P
Age,y <0001
<40 1174 (21.2) 2125 (12.7)
40-60 3481 (63.0) 11198 (67.1)
>60 874 (15.8) 3366 (20.2)
Race <0.001
White 4404 (79.7) 13741 (82.3)
Black 712 (12.9) 1533 (9.2)
Other® 413 (7.5) 1415 (8.5)
Marital _status 0.074
Married 3787 (68.5) 11646 (69.8)
Not married” 1742 (31.5) 5043 (30.2)
Histologic_type <0001
Ductal 4042 (73.1) 12548 (75.2)
Ductal/lobular 394 (7.1) 1104 (6.6)
Lobular 713 (12.9) 1580 (9.5)
Other 380 (6.9) 1457 (8.7)
Grade <0.001
I 529 (9.6) 3364 (20.2)
11 2476 (44.8) 7513 (45.0)
it 2512 (45.4) 5759 (34.5)
v 12 (0.2) 53 (0.3)
T <0.001
T1 1370 (24.8) 10083(60.4)
T2 2500 (45.2) 5687 (34.1)
T3 1389 (25.1) 759 (4.5)
T4 270 (4.9) 160 (1.0)
N <0.001
NO 985 (17.8) 12108 (72.6)
N1 2924 (52.9) 3838 (23.0)
N2 1070 (19.4) 498 (3.0)
N3 550 (9.9) 245 (1.5)
M <0.001
Mo 5404 (97.7) 16544 (99.1)
M1 125 (23) 145 (0.9)
Subtype <0001
HR+/HER2+ 878 (15.9) 2203 (13.2)
HR+/HER2- 3639 (65.8) 11710 (70.2)
HR-/HER2+ 359 (6.5) 925 (5.5)
Triple negative 653 (11.8) 1851 (11.1)
Reconstruction 0421
Autologous 1927 (34.9) 5970(35.8)
Implant 2706 (48.9) 8013 (48.0)
Combined 896 (16.2) 2706 (16.2)

“Other: American Indian/AK Native, Asian/Pacific Islander.
bNot married: single (never married), separated, divorced, widowed, or domestic partner.
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HDAC:I + ET(N = 848) Placebo + ET(N = 609) p-value
ECOG performance score
0 439 (51.8%) 321 (62.7%) 0.763
1 409 (48.2%) 288 (47.3%)
Visceral diseases
Yes 521 (61.4%) 367 (60.3%) 0.690
No 327 (38.6%) 242 (39.7%)
Sensitive to previous ET 0.963
Yes 366 (67.4%) 205 (67.0%)
No 177 (32.6%) 101 (33.0%)
Prior chemotherapy 0.846
Yes 554 (65.3%) 394 (64.7%)
No 294 (34.7%) 215 (35.3%)
Prior CDKi 0.494
Yes 128 (23.7%) 109 (25.8%)
No 412 (76.3%) 313 (74.2%)
Prior fulvestrant 0.380
Yes 169 (21.6%) 129 (23.8%)
No 615(78.4%) 414 (76.2%)

HDACI, histone deacetylase inhibitor; ECOG, Eastern Cooperative Oncology Group; ET, endocrine therapy; CDKi, cyclin-dependent kinase 4/6 inhibitor.
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Variable Score of PBC Score of CBC Total score(range) Cutoft value of total score DR stage

T stage (1.00-3.00) PR stage
T1/T1 1 1 =I*Wpt+1*Wet 1.00~1.50 1
T1/T2 1 2 =1*Wpt+2*Wet 1.51~2.00 2
T1/T3-T4 1 3 =I*Wpt+3*Wet 2.01~2.50 3
T2/T1 2 1 =2*Wpt+1*Wct 2.51~3.00 4
T2/T2 2 2 =2*Wpt+2*Wet

T2/T3-T4 2 3 =2*Wpt+3*Wet

T3-T4/TI 3 1 =3*Wpt+1*Wct

T3-T4/T2 3 =FWpt+2*Wct

T3-T4/T3-T4 3 3 =3*Wpt+3*Wct

N stage (1.00-3.00) NPR stage
N1/N1 1 1 =1"Wpn+1*Wcen 1.00~1.50 1
N1/N2 1 2 =1*Wpn+2*Wcn 1.51~2.00 2
N1/N3-N4 1 3 =1"Wpn+3*Wcn 2.01~2.50 3
N2/N1 2 1 =2*Wpn+1*Wen 2.51~3.00 4
N2/N2 2 2 =2"Wpn+2*Wcn

N2/N3-N4 2 3 =2*Wpn+3*Wcn

N3/N1 3 1 =3*Wpn+1*Wcn

N3/N2 3 =3*Wpn+2*Wcn

N3/N3-N4 3 3 =3*Wpn+3*Wcen

Grade (1.00~2.00) Grade™®
[-T1/1-1T 1 1 =1*Wpg+1*Wcg 1.00~1.50 1
[-TI/ITI-TV. 1 2 =1*Wpg+2*Wcg 1.51~2.00 2
MI-TV/I-T 2 1 =2*Wpg+1*Weg

HI-IV/II-TV 2 2 =2*Wpg+2*Weg

ER status (1.00~2.00) ERPR status
+/+ 1 1 =1"Wpe+1*Wce 1.00~1.50 1

+/- 1 2 =1*Wpe+2*Wce 1.51~2.00 2

1+ 2 1 =2*Wpe+1*Wce

/- 2 2 =2*Wpe+2*Wee

DR, dimension reduction; Wpt, weight of PBC’s T stage for prognostic prediction; Wet, weight of CBC’s T stage for prognostic prediction; Wpn, weight of PBC’s N stage for prognostic
prediction; Wet, weight of CBC’s N stage for prognostic prediction; Wpg, weight of PBC’s grade for prognostic prediction; Weg, weight of CBC’s grade for prognostic prediction; Wpe,
weight of PBC’s ER status for prognostic prediction; Wce, weight of CBC’s ER status for prognostic prediction.
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Variable No.of % Univariate analysis Multivariate analysis

patients P- Sub-distri- 95% CI  95% CI P-  Sub-distribution 95% CI  95% CI
value bution HR low upp value HR low upp

Age at diagnosis of CBC (years)

<= 40 411 3.09 Ref Ref

41-50 1493 1122 < 0.001 0.66 0.55 0.80 0.229 0.76 049 119
51-60 2739 20.59 < 0.001 0.49 0.41 0.58 0.688 0.92 0.60 140
> 60 8661 65.10 < 0.001 0.36 0.30 0.42 0.738 0.93 0.61 142

Interval time (years)

Continuous Variable 13304 < 0.001 0.93 0.92 0.94 < 0.001 0.92 0.89 0.95
form

<=7 7551 56.76 Ref

>7 5753 4324 <0.001 0.56 0.51 0.61

Race

White, non-Hispanic 10731 80.68 Ref Ref

Black, non-Hispanic 1308 9.83 < 0.001 1.63 1.45 1.84 0.383 0.88 0.67 117
Other, mixed 1261 9.48 0.542 0.95 0.82 111 0.198 122 0.90 1.65

Marital status

Non-P/Non-P 4371 3520  Ref Ref

Non-P/With-P 382 3.08 0.489 0.91 0.71 1.18 0.732 0.91 0.55 153
With-P/Non-P 1304 10.50  0.017 0.83 0.71 0.97 0.240 0.78 0.52 118
With-P/With-P 6359 5122 0.004 0.88 0.80 0.96 0.181 0.88 0.72 1.06
T stage

TI/T1 6069 51,55 Ref Ref

T1/T2 1438 1222 < 0.001 241 2.09 2.77 < 0.001 223 1.67 2.99
T1/T3-T4 285 242 <0.001 6.03 4.89 7.43 < 0.001 4.70 3.01 7.35
T2/T1 2169 1843 < 0.001 1.92 1.68 2.19 0.001 1.65 124 2.20
T2/T2 757 643 < 0.001 340 2.89 3.99 < 0.001 3.06 2.23 4.19
T2/T3-T4 237 201 <0.001 8.98 7.16 11.25 < 0.001 5.19 2.99 8.99
T3-T4/TI 437 371 <0.001 323 2.63 3.96 0.001 2.28 142 3.67
T3-T4/T2 197 1.67 < 0.001 6.55 5.12 8.38 <0.001 3.30 2.03 537
T3-T4/T3-T4 183 1.55 < 0.001 1524 1221 19.02 < 0.001 4.25 2.38 7.57
N stage

NO/NO 6740 57.22 Ref Ref

NO/N1 1236 1049 < 0.001 228 1.96 2.65 <.001 1.76 1.29 2.40
NO/N2-N3 499 424 <0.001 5.74 4.88 6.75 <.001 3.60 249 5.21
N1/NO 1620 13.75 < 0.001 173 1.49 2.01 0.006 151 L13 2.03
N1/N1 404 343 < 0.001 4.00 3.28 4.87 <.001 3.46 242 4.94
N1/N2-N3 230 195 < 0.001 9.41 7.75 11.43 <.001 4.58 3.07 6.84
N2-N3/NO 615 522 <0.001 359 3.03 4.25 <.001 3.24 224 4.68
N2-N3/N1 194 1.65 < 0.001 6.29 4.97 7.97 <.001 4.10 245 6.87
N2-N3/N2-N3 241 205 <0.001 14,51 12.09 17.41 <.001 6.14 3.82 9.88

Tumor grade

[-TI/I-11 4738 45.58 Ref Ref

[-T/TIT-TV 1562 15.03 < 0.001 2.05 1.78 2.35 0.032 1.34 1.02 1.76
[I-TV/I-1T 1998 1922 <0.001 1.32 114 1.52 0.338 115 0.86 155
MI-TV/II-IV 2098 20.18 < 0.001 2.80 2.49 3.15 0.001 1.63 123 2.16
Pathological type

IDC/IDC 6841 5142 Ref Ref

IDC/ILC 825 620 0727 0.97 0.81 L16 0.813 0.95 0.61 1.48
IDC/Other 1686 1267  0.384 1.06 0.93 1.20 0.356 115 0.86 1.54
ILC/IDC 536 4.03 0477 0.93 0.75 L15 0.860 1.05 0.60 1.86
ILC/ILC 278 209 <0.001 1.74 1.38 2.19 0.220 141 0.81 245
ILC/Other 177 133 0133 1.26 0.93 1.70 0.717 113 0.59 2.15
Other/IDC 1909 1435 0.731 1.02 0.91 L15 0.011 1.40 1.08 1.81
Other/ILC 313 235 0785 1.04 0.79 1.38 0.257 1.35 0.81 2.25
Other/Other 739 555  0.158 113 0.95 1.35 0.187 1.30 0.88 1.90

Surgery method

BCM/BCM 2699 4224 Ref Ref

BCM/SM 814 12.74  0.520 1.09 0.83 143 0.630 0.92 0.66 1.28
BCM/RM 541 847 <0.001 225 1.80 2.83 0.708 0.94 0.69 129
SM/BCM 124 194  0.073 1.59 0.96 2.65 0.902 0.95 0.45 2.03
SM/SM 332 520 0353 0.81 0.52 1.26 0.015 0.48 0.27 0.87
SM/RM 154 241 <001 241 167 349 0.922 0.98 0.60 1.60
RM/BCM 330 517 <001 2.09 1.56 2.78 0.685 0.92 0.60 1.41
RM/SM 619 9.69  <.001 1.59 123 2.06 0.580 091 0.64 1.28
RM/RM 776 1215  <.001 2.87 238 3.46 0.456 0.90 0.68 L19
ER status

++ 6286 61.02 Ref Ref

+/- 1279 1242 <001 173 151 198 0.060 129 0.99 1.68
I+ 1480 1437 0.685 0.97 0.83 113 0.006 0.64 0.46 0.88
/- 1256 12.19 <001 2.19 1.93 2.50 0.103 1.28 0.95 172
PR status

++ 4290 43.49 Ref

+/- 2213 2244 <001 1.69 149 1.91

-[+ 1592 16.14  0.738 0.97 0.82 L15

-/- 1769 1793 <.001 207 1.82 236

HER2 status

+/+ 23 4.83 Ref

+- 26 546  <.001 0.00 0.00 0.00

-I+ 54 1134 0.309 0.38 0.06 242

[ 373 7836 0454 0.57 0.13 2.46

MBBC, metachronous bilateral breast cancer; No., number; sub-distribution HR, subdistribution hazard ratio; CI, confidence interval; low, lower bound of confidence interval; upp, upper bound
of confidence interval; CBC, contralateral breast cancer; Ref, reference; Non-P, without partner at diagnosis (single, divorced, widowed, or separated); With-P, with partner at diagnosis (married,
unmarried or domestic partner, or same sex or opposite sex partner); T, tumor; N, node; IDG, invasive ductal carcinoma; ILC, invasive lobular carcinoma; BCS, breast-conserving surgery; SM,
simple mastectomy; RM, radical mastectomy; ER, estrogen receptor; PR, progesterone receptor; HER2, human epidermal growth factor receptor 2; +, positive; -, negative. The meaning of symbol
“<=" was “less than or equal to”. The meaning of symbol “<” was “less than”. The meaning of symbol “>” was “more than”. The meaning of the bold values means these p values were less than 0.05
and considered as having statistical significance.
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