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Editorial on the Research Topic


Women in breast cancer: 2021



Introduction

Welcome to the first Women in Breast Cancer special edition of Frontiers in Oncology. All the articles in the edition have a woman as lead and/or last author, highlighting the tremendous contribution female doctors and scientists are making to advance our understanding of breast cancer. The articles are summarized below and include original research, literature reviews and expert opinion on a breadth of topics including pre-clinical scientific research, prevention, pathological characterization of breast cancer and biomarkers, and surgical and oncological management.



Preclinical research

Abraham et al. explored the role of Rho GTPases in invasion and metastasis by developing RhoC knockout breast cancer cell lines. The RhoC knockout cells showed increased cell-cell adhesion and barrier integrity with decreased expression of type 1 interferon-stimulated genes and a dampened response to interferon-alpha stimulation. RhoC GTPase is proposed as a potential therapeutic target in breast cancer.

Benczeet al. examined the effect of systemic desensitization of capsaicin-sensitive afferents in a triple negative mouse model of breast cancer and found an increase in early phase tumour growth accompanied by increased intratumoural vascular leakage in desensitized mice that subsided in later phases, supporting an anti-tumoural and vasoregulatory role for capsaicin-sensitive sensory nerves.

Correa et al. used miRNome profiling of breast cancer cell lines and identified 110 miRNAs common to all breast cancer subtypes. MYB and EZH2 were identified as potential targets for the breast cancer miRNome and this was confirmed in samples from breast cancer patients and in the TCGA dataset. Seven novel miRNAs were identified that act as regulators of MYB and EZH2 and have potential importance in breast cancer biology.

Harris et al. employed several advanced in vitro, ex vivo, and in vivo models, as well as over 50 human patient samples, to uncover a previously unstudied phenomenon by which platinum chemotherapy causes systemic VEGFR3-dependent lymphangiogenesis in both cancerous and healthy tissues. Their findings suggest that this lymphangiogenesis can enhance cancer cell invasion and metastasis. Additionally, they also showed that these effects can be mitigated with anti-VEGFR3 therapy, which may impact on-going efforts to clinically implement VEGFR3 inhibition.

Kraus et al. report on a novel therapeutic strategy, Sarah nanoparticles, that are multicore iron-oxide based nanoparticles that work by selective delivery of thermal energy to tumour cells following exposure to an alternating magnetic field. Therapeutic efficacy, toxicity and survival were evaluated in a 4T1 mouse model of breast cancer metastasis. The nanoparticles were found to accumulate in lung metastases and did not cause any toxicity. Treated mice had fewer lung metastases of smaller size than control mice, with a significant increase in survival. This proof-of-concept study provides a basis for development of this technology as a therapeutic approach for breast cancer.

Mahmoud et al. explored the expression pattern and the diagnostic value of the long intergenic ncRNA00511 (LINC00511) and its downstream microRNA (miR-185-3p) and the pathogenic significance of the onco-miR-301a-3p in naïve BC patients. Their analyses showed that lymph-node metastasis and advanced tumor grade were directly correlated with LINC00511, and that both LINC00511 and miR-301a-3p were positively correlated with the aggressiveness of BC.



Prevention (primary and tertiary)

Ou et al. comprehensively analyzed the health losses caused by breast cancer attributable to secondhand smoke worldwide and estimated their trends with the updated Global Burden of Disease data. The results released that secondhand smoke remains a challenge to the patients’ longevity and quality of life.

Rujchanarong et al. focused their work on understanding if combined N-glycan biosignatures in breast stroma can further help to understand normal breast tissue at risk between black women and white women. Their study lays the foundation for understanding the complexities linking socioeconomic stresses and molecular factors to their role in ancestry dependent breast cancer risk and aggressiveness in black women.

Sim et al. presented the first known retrospective study on the effect of statin use and breast cancer recurrence in an Asian population. Similar to previous international studies, statin use was associated with a risk reduction in breast cancer recurrence, especially in patients who have ER+ and HER2- invasive breast cancer.



Pathological and molecular characterization and biomarkers

Andrikopoulou et al. performed next generation sequencing to examine the mutational profile of breast cancer in women under 40 compared with older patients. PIK3CA and TP53 were the most common mutations in both groups of patients. CHEK2 and BRCA1 were the most common germline mutations identified and these were more frequently identified in younger women. No statistically significant differences were detected, however the sample size was small.

Dai et al. described the first case in literature of breast metastasis arising from rectal cancer pathologically diagnosed as a signet ring cell carcinoma and review the current literature on this rare event.

Hao et al. compared a quantitative dot-blot (QDB) method with routine immunohistochemistry for quantification of Ki67 to distinguish between luminal A and B ER-positive breast cancers. QDB is an ELISA-based test that can be performed on formalin-fixed paraffin embedded tissue. The QDB assay subtyped luminal breast cancers more effectively than Ki67 scoring by pathologists, and showed a better correlation with overall survival on multivariate analysis. The QDB-based assay provides objective and reproducible assessment of Ki67 levels and may offer an alternative to immunohistochemistry particularly in settings where gene expression-based prognostic tests for luminal breast cancer are unavailable.

Li et al. characterized the biological features of the main Triple Negative Breast Cancer histologic subtypes, comparing the clinicopathologic and genetic differences between invasive ductal carcinoma of no special type and special morphologic patterns.

Liu et al. developed a nomogram based on three daily available clinical parameters (lymphovascular invasion, axillary lymph node cortex thickness, and obliterated axillary lymph node fatty hilum), with good accuracy and clinical utility, to predict axillary lymph node metastasis.

Pernas et al. presented the findings of the AGATA study, a multi-institutional molecular screening programme in Spain (15). DNA sequencing of 74 cancer related genes was performed on FFPE samples from patients with advanced breast cancer. Somatic mutations were identified in 62.7% with recommendation for targeted therapy in 45%, although only 11% actually received the drug. The study demonstrated the feasibility of genomic testing of advanced breast cancer in a real-world setting.

Prasad et al. comprehensively profiled a large series of gynaecomastia samples for putative mammary diagnostic, predictive and prognostic markers. They found that hormone receptors, including oestrogen as well as androgen receptors were abundantly expressed within the intraductal luminal hyperplastic epithelium in gynaecomastia supporting the hormonal role in the pathogenesis and treatment. The authors concluded that Ki67 and cytokeratins can help in the differential diagnosis from histological mimics in the routine diagnostic work up.

Radziuviene et al. used hexagonal tiling analytics of digital image analysis to examine intratumoural heterogeneity and spatial aspects of the tumour microenvironment in HER2 borderline breast cancer and identified novel prognostic models based on computational intratumoural heterogeneity and immunogradient indicators of immunohistochemical biomarkers including ER, HER2 and CD8.

Saponaro et al. examined the association of NOD-like receptor protein 3 inflammasome markers and survival outcomes in invasive breast cancer and identified an association between increased expression of NLRP3 and TLR4 and worse disease-free survival. TLR4 overexpression was an independent prognostic factor for survival on multivariate analysis.

Truffi et al. looked at preoperative systemic inflammatory biomarkers and their potential role in predicting recurrence with a focus on ER-positive/HER2-negative breast cancer. They found low neutrophil-to-lymphocyte ratio, high lymphocyte-to-monocyte ratio and low platelet-to-lymphocyte ratio were all associated with improved survival outcomes. In ER-positive/HER2-negative breast cancer high platelet-to-lymphocyte ratio predicted worse outcome whereas high lymphocyte-to-monocyte ratio predicted better outcome. Inflammatory blood biomarkers are cheap and readily accessible across all health care settings and their potential value in risk stratification warrants further investigation.

Wang et al. retrieved data from the Surveillance, Epidemiology, and End-Results (SEER) database (2004-2015) to explore prognostic effect of clinicopathological features and treatment modalities on survival outcomes of primary breast signet ring cell carcinoma and mucinous breast adenocarcinoma patients. They found that primary breast signet ring cell carcinoma has unique clinical characteristics and poor prognosis compared with the mucinous breast adenocarcinoma group.



Surgery

Blundo et al. looked at the safety of primary breast conserving surgery with delayed radiotherapy in a cohort of women presenting with breast cancer during the first trimester of pregnancy (21). Pregnancy outcomes were good and there were no perioperative complications. None of the patients developed ipsilateral local recurrence in the first 5 years after diagnosis. Four women developed ipsilateral breast cancer 6 or more years after the primary diagnosis; this was not significantly different to a control group treated with primary mastectomy. Primary breast conserving surgery was deemed to be a safe option for women diagnosed with breast cancer in early pregnancy.

Zhao et al. developed a nomogram to enable the estimation of the preoperative risk of positive breast-conserving surgery margins. The nomogram they propose provides a valuable tool for identifying high-risk patients who might have to undergo a wider excision.

Zhao et al. provided extensive real-world evidence on breast surgery in China. Using data from a survey in 2015, they found that breast cancer occurs at a younger age in Chinese women, the primary type of surgical procedures was mastectomy in 2015 and there was a wide surgery cost range both across and within geographic regions.



Clinical management

Carter et al. explored the literature on the role of oncolytic viruses in treatment of breast cancer. At present, fourteen oncolytic viruses have been investigated in 18 published clinical trials, however these trials included a small number of patients, only some of whom had advanced breast cancer. Future breast cancer specific trials are required to determine the utility of this novel approach.

George et al. present a comprehensive review of the currently available Cyclin Dependent Kinase 4 and 6 inhibitors palbociclib, ribociclib and abemaciclib. Differences in their substrate selectivity and pharmacodynamics, side effect profiles, resistance mechanisms and central nervous system penetrability are described that need to be considered when initiating therapy.

Gwark et al. evaluated the effectiveness of neoadjuvant chemotherapy for avoiding axillary lymph node dissection, compare with neoadjuvant endocrine therapy in premenopausal patients with ER-positive/HER2-negative, lymph node-positive breast cancer. Neoadjuvant chemotherapy led to a significantly lower axillary lymph node dissection rate and mean number of removed and positive lymph nodes than those obtained through neoadjuvant endocrine therapy. Moreover, the axillary pathologic complete response (pCR) rate was significantly increased.

Pinilla et al. presented an overview of contemporary practice, and promising future trends in the management of early TNBC. The review presents the growing evidence for less-developed agents and predictive biomarkers and proposes a framework for the personalized management of TNBC based upon the integration of clinico-pathological and molecular features to ensure that long term outcomes are optimized.

Schettini et al. conducted a window of opportunity study looking at the effect of a short course of olaparib in patients prior to receiving standard neoadjuvant chemotherapy for locally advanced triple-negative breast cancer called the OLTRE trial, specifically comparing subgroups of g-BRCA-wild type triple negative cancer against g-BRCA-mutant HER2 negative cancer. The study identified partial clinical and radiometabolic responses in both g-BRCA-mutant and g-BRCA-wild type populations suggesting olaparib has a role in the treatment of early-stage triple negative breast cancer independent of gBRCA status.

Stucci et al. reviewed the literature on neoadjuvant and adjuvant therapy for HER2-positive breast cancer including findings of the key clinical trials. They specifically address the situation of regulatory approval in Italy for anti-HER2 therapy in the neoadjuvant and adjuvant settings, and suggest an algorithm to aid decision making based on tumour stage and nodal involvement.

Tolaney et al. conducted a phase 1b study evaluating the safety and tolerability of Abemaciclib in combination with endocrine therapy for patients with hormone-receptor positive, HER2-negative metastatic breast cancer and concluded that Abemaciclib given with endocrine therapy exhibited a manageable safety profile and promising anti-tumour activity in this population of patients.



Conclusion

The number and quality of submissions received, across the whole spectrum of topics, from basic science to prevention to treatment of early and metastatic disease, showcase how women are leading the fight against breast cancer. A second edition of women in Breast Cancer is already in progress. We hope you find the articles interesting and educational.
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Introduction

Olaparib is effective in metastatic triple negative breast cancer (TNBC) carrying germline mutations in DNA damage repair (DDR) genes BRCA1/2 (gBRCA-mut). The OLTRE window-of-opportunity trial preliminarily investigated potential pathologic, radiometabolic and immune biomarkers of early-response to olaparib in gBRCA-wild-type (wt) TNBC and, as proof-of-concept in gBRCA-mut HER2-negative BC.



Methods

Patients received olaparib for 3 weeks (3w) before standard neoadjuvant chemotherapy and underwent multiple FDG18-PET/CT scan (basal, after olaparib), clinical assessments (basal, every 3w), tumor biopsies and blood samplings (baseline, after olaparib). Clinical and radiometabolic responses were evaluated according to RECIST1.1 and PERCIST criteria.



Results

27 patients with gBRCA-wt TNBC and 8 with gBRCA-mut BC (6 TNBC, 2 HR+/HER2-negative) were enrolled. Three (11.1%) patients showed mutations in non-BRCA1/2 DDR genes and 4 (14.8%) in other genes. 3w olaparib induced 16/35 and 15/27 partial clinical and radiometabolic responses, including in 40.7% and 50.0% gBRCA-wt patients. gBRCA-mut tumors presented numerically higher tumor-infiltrating lymphocytes (TILs) levels and PD-L1 positive tumors. Clinical responders experienced a reduction in T-regs/T-eff ratio (p=0.05), B and NK lymphocytes (p=0.003 both), with an average increase in T-helpers rate (p<0.001) and CD4/CD8 ratio (p=0.02). Ki67% and TILs did not vary significantly (p=0.67 and p=0.77). A numerical increase in PD-L1 positive cases after olaparib was observed, though non-significant (p=0.134). No differences were observed according to gBRCA status and type of response.



Conclusions

Early-stage TNBC might be a target population for olaparib, irrespective of gBRCA mutations. Future trials should combine TILs, PD-L1 and gBRCA status to better identify candidates for escalated/de-escalated treatment strategies including olaparib.





Keywords: triple negative breast cancer, window of opportunity clinical trial, neoadjuvant, BRCA, olaparib (Lynparza™), TILs, PD-L1, homologous recombination deficiency



Introduction

Poly ADP-ribose polymerase (PARP) enzymes are critical for the repair of DNA single-strand breaks (SSB) and their disfunction favor SSB conversion into double-strand breaks (DSBs). If not repaired, the accumulation of DSBs can then lead to either cell death or neoplastic transformation (1, 2). The main mechanism of DSBs repair is represented by homologous recombination, though other mechanisms may intervene in dysfunctional cases (i.e. nonhomologous end joining and single-strand annealing) (1). An important cause for homologous recombination deficiency (HRD) is represented by hereditary germline mutations in the DNA repair genes BRCA1 or 2 (3). PARP-inhibitors (PARPi) are a novel drug class that proved to be effective in tumors harboring germline BRCA1/2 (gBRCA) mutations, by inhibiting PARP enzymes and trapping PARP1 on the DNA, ultimately leading to cancer cell death (1, 4).

Triple Negative breast cancer (TNBC) is a heterogenous subgroup of prognostically unfavorable breast tumors, in urgent need for new personalized therapeutic approaches, as chemotherapy still remains their mainstay of treatment, due to the lack of well-defined molecular targets (5). In this perspective, a common characteristic of TNBC is the reduced expression of DNA damage repair (DDR) genes, with BRCA1/2 being the most frequently affected (6). In fact, a mean 35% and 8% of TNBC are BRCA1 and BRCA2 mutant, respectively (7). The phase III trials OlympiAD (8) and EMBRACA (9) recently showed the superiority of the PARPi olaparib and talazoparib over standard chemotherapy in metastatic HER2-negative breast tumors (mostly TNBC) harboring germline BRCA1/2 (gBRCA) pathogenic variants, leading to their approval in this setting. While in ovarian cancer these agents demonstrated activity irrespective of the presence of a BRCA mutation (10, 11), it is still unclear if the use of PARPi could be extended to BRCA-wild type TNBC, as the few studies trying to address this question provided equivocal results (12–16). For this reason, we conducted the trial OLTRE. This study was a phase II, open label, single-center, window-of-opportunity (WoO) trial with olaparib administered as single agent for 3 weeks in locally advanced TNBC before standard neoadjuvant chemotherapy (17). Its purpose was to preliminarily detect potential pathological, radiometabolic and immune biomarkers of early response to olaparib, irrespective of gBRCA mutational status. As a proof of concept, analyses were performed also separately in a small group of gBRCA-mutant hormone receptor-positive (HR+) BC and TNBC, in which sensitivity to olaparib has already been proven (8).

Here we report the primary outcome and part of the secondary outcomes of the study.



Materials and Methods


Study Design and Eligibility Criteria

From September 2016 to July 2019, treatment-naïve patients with locally advanced BC (stage IIB-IIIC, according to the AJCC 7th edition, www.cancerstaging.org) undergoing neoadjuvant systemic therapy, with or without BRCA mutation, were enrolled at the ASST of Cremona Hospital in the OLTRE trial (Eudract 2015-000298-11) (17). Patients with HER2-positive (according to IHC and/or in-situ hybridization) BC, early-stage (TNM stage I-IIA) and metastatic tumors were excluded. Patients were divided into a subgroup of gBRCA-wild type TNBC and a subgroup of gBRCA-mutant HER2-negative BC. Patients were recruited if aged ≥18, with an Eastern Cooperative Oncology Group (ECOG) performance status <2 and with adequate baseline hematological, hepatic, renal and cardiac function. Full inclusion/exclusion criteria are reported in the study protocol (17).

The study was conducted in accordance with the Declaration of Helsinki, the Good Clinical Practice principles and all local regulations. The study obtained the approval of the ethical committee of the ASST of Cremona Hospital (IRB Approval 09/09/2015 n.21741/2015) and all participants provided written informed consent.



Study Objectives and Endpoints

The main objective of the trial was to explore the biological effects of a short course of neoadjuvant olaparib in locally advanced HER2-negative BC, with a special focus on gBRCA-wild type TNBC. Secondary objectives included treatment activity, safety, tolerability and quality of life (QoL) and other correlative biomarker analyses.

The primary endpoint was the exploratory evaluation of the early changes induced by olaparib on several biomarkers, including Ki67, tumor-infiltrating lymphocytes (TILs), PD-L1 and circulating immune cells in the overall population enrolled.

Secondary endpoints included: (i) an exploratory assessment of the clinical and radiometabolic response rates in the overall population and according to BRCA mutational status; (ii) the correlation between BRCA status and changes in the pathologic, radiometabolic and immune markers; (iii) the study of the relationship occurring between baseline mutations, gene and protein expression profile and clinical response; (iv) exploratory tumor mutations analyses, including somatic BRCA1/2 mutations, reversion mutations, loss of heterozygosity, genome landscape, transcriptional and functional measures of HRD; (v) the correlation of baseline mutations, gene and protein expression profile with PET/TC and/or clinical response after olaparib short course; (vi) the evaluation of safety and tolerability of olaparib alone assessed according to the Common Terminology Criteria for Adverse Events (CTCAE) version 4.03; (vii) the evaluation of time to deterioration of health-related quality of life by QLQ-C30 scale and the health status by QLQ-C30 scale.

QoL and gene/protein expression analyses will be documented separately.



Study Treatment and Procedures

Patients were assigned to receive olaparib orally at a dose of 300mg (BD) on a continuous dosing regimen for 3 weeks (‘window therapy’) before undergoing standard neoadjuvant chemotherapy (anthracyclines and taxanes-based) and surgery. Tumor biopsies and blood sampling were performed at baseline and after 21 days of olaparib short course. Treatment stopped earlier if objective disease progression or unacceptable toxicity was detected. Toxicities were classified according to the (CTCAE) version 4.03.

FDG18-PET/CT scan was conducted at baseline and after 3 weeks of olaparib ± 3 days; contrast-enhanced breast magnetic resonance (MRI) and mammography (MMX) were conducted at baseline and before definitive surgery. Clinical assessments were conducted at baseline and every 3 weeks ± 3 days.

Clinical responses were evaluated through physical exam with caliper (18)and assessed according to RECIST1.1 criteria (19). The same operator performed all physical examinations pre/post olaparib short course therapy. Patients were categorized in two groups according to treatment response in responders (complete response + partial response [CR/PR]) and non-responders (stable disease + progressive disease [SD/PD]). Radiometabolic responsiveness to olaparib was measured by 18FDG-PET/CT. Patients were considered responsive to olaparib when a reduction of SUVmax was evident after 21 days, and not responsive when increase or stability in SUVmax was detected after 21 days of short course treatment. SUV response was defined according to PERCIST criteria (20). The same radiologist evaluated all PET/CT responses.

A pCR was defined as the absence of invasive breast tumor in the pathology specimen after surgery, both in breast and axilla, including the case of presence of residual in situ breast cancer (ypT0/is ypN0).



Immunohistochemistry and TILs

Tissue from tumor specimens was obtained through biopsy of the breast lesion, fixed in paraffin and embedded in formalin (FFPE) for immunohistochemistry (IHC) analysis. Regions with non-invasive carcinoma, normal tissue or necrosis were excluded from the evaluation. Standard IHC was performed on FFPE for HER2, ER, PgR, and Ki67 staining using standard protocols and recommendations elsewhere described (21–23). Pathologists also scored 4–5 µm sections of FFPE tissues for the presence of stromal TILs. Tissues were scored as reported by Salgado et al (24) and, for descriptive purposes, classified into 3 categories according to their percentage, i.e. 0-10%, 10%<TILs<40% and TILs >40%-100%. Analyses were then conducted using TILs as continuous variable, as also suggested by Salgado et al (24).



PD‐L1 SP142 CDx Immunohistochemistry Testing

Detection of Programmed Death-Ligand 1 (PD-L1) was performed on pre- and post-olaparib biopsy samples in tumor-infiltrating inflammatory cells. A cut-off of 1% was adopted to define negativity and positivity.

PD‐L1 IHC testing was conducted using the VENTANA SP142 CDx assay as per manufacturer’s instructions (Supplementary Methods for details). Tumor‐infiltrating inflammatory cells consisted of lymphocytes, macrophages, dendritic cells, and granulocytes. Tumor area for the purposes of this assay was defined as tumor cells and associated peritumoral and intratumoral stroma.



Flow Cytometry Analysis

A study of circulating immune cells was performed on samples coming from the OLTRE Study. The whole blood samples before and after olaparib treatment allowed to analyze circulating lymphocytes and their changes under therapy. Flow cytometry analysis was performed with dual or triple-laser flow cytometers Becton Dickinson (BD) FACSCanto™ and BD FACSCanto II™, with BD™ Cytometer Setup and Tracking (CS&T) control, in order to make the signals reproducible and comparable regardless of the variation in environmental conditions. Acquisition of at least 1.5 x 106 events was assessed by BDFACSC Diva software. The lymphocytes subpopulations (B, NK, T with CD4 and CD8 subpopulation) were assessed with BD Multitest 6-Color TBNK kit (Becton Dickinson™). More details are reported in Supplementary Methods.



Mutational Status Analysis

All patients underwent germline genetic testing by a multi-gene panel including: (i) high-risk BC susceptibility genes such as BRCA1, BRCA2, CDH1, PALB2, PTEN, STK11, and TP53; (ii) moderate-risk BC susceptibility genes such as ATM, BARD1, BRIP1, CHEK2, NBN, RAD51C, and RAD51D; (iii) cancer predisposition genes related to other hereditary tumor syndromes such as MLH1, MSH2, MSH6, PMS2, EPCAM, APC. For this purpose, peripheral blood samples were collected from the enrolled patients; the analysis was assessed after the termination of treatment with olaparib, to be blinded to the response in the potential cohort of wild-type versus mutated patients. Genomic DNA was isolated from the peripheral blood using the DNeasy® Blood Kit (QIAGEN), quantified by Qubit® 3.0 fluorometer (Thermofisher Scientific, Waltham, MA, USA) and its quality was assessed by 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). 250 ng of DNA was used to prepare the barcoded library using Kapa Hyperplus kit (Roche). Target enrichment was performed using SeqCap EZ Choise kit (Roche) to perform a mutational screening on 19 genes involved in the risk of hereditary breast, ovarian and colorectal cancer, and other inherited tumor syndromes (ATM, BARD1, BRCA1, BRCA2, BRIP1, CDH1, CHEK2, EPCAM, MLH1, MSH2, MSH6, NBN, PALB2, PMS2, PTEN, RAD51C, RAD51D, STK11, TP53, AXIN2, GALNT12 and APC). Sequencing was performed using the Illumina Miseq (Illumina). Genetic variants detected in the analyzed genes were validated by Sanger sequencing. Further details are reported in Supplementary Methods.

The interpretation of the clinical significance of the genetic variants identified was based on the classification criteria developed from the Evidence-based Network for the Interpretation of Germline Mutant Alleles (ENIGMA) consortium (https://enigmaconsortium.org/) and according to IARC recommendations (25). For the identification and classification of genetic variants, several databases, such as ClinVar, BRCA Exchange, LOVD, were used.



Statistical Analyses

This study is exploratory and the sample size was not based on a formal statistical assumption, since no prior window study has provided data concerning olaparib short course in gBRCA wild-type TNBC and its impact on the potential biomarkers evaluated.

Continuous variables’ distribution was checked for normality with the Shapiro-Wilk test, then data were presented as mean and standard deviations (SD) if normally distributed, or median and range (minimum-maximum) if not. Parameters of interest (dimension, Ki67, SUVmax, stromal TILs, circulating T-reg, relative percentage of circulating CD3+CD4+, CD3+CD8+, CD16+CD56+ and CD19+, CD3+CD4+ count, CD3+CD8+ count, CD4/CD8 ratio, CD19+ count, CD16+CD56+ count and PD-L1 status) before and after olaparib treatment were compared using Wilcoxon matched pairs test, t-student test for paired continuous data, McNemar test or Stuart-Maxwell test for paired categorical data, where appropriate.

Relative changes (Δ) in continuous variables were calculated using the formula: (post-olaparib values - pre-olaparib values)/pre-olaparib values. Parameters changes were investigated in terms of radiological and clinical response with the use of Mann-Whitney or t-student test for independent continuous data. Associations between PD-L1, mutational status and clinical/radiological response were assessed through χ2 test or Fischer Exact test (when appropriate). Statistical software R (version 4.0.0, 2020) was used for all analyses and a p value<0.05 was deemed to be significant, although formal comparisons were only exploratory.




Results


Patients and Tumors Characteristics

A total of 35 patients were enrolled in the OLTRE trial (Figure 1). Twenty-seven patients (77.1%) carried TNBC without gBRCA mutations, while 2 (5.7%) patients carried gBRCA-mutant hormone receptor-positive (HR+)/HER2-negative BC and 6 (17.2%) gBRCA-mutant TNBC. Among BRCA-mutant patients, 7 (87.5%) presented a gBRCA1 mutation deleterious or suspected to be deleterious, while 2 (12.5%) showed a germline mutation in BRCA2. Three (11.1%) patients showed mutations of genes involved in the DDR pathways (i.e. BARD1, MSH2-3, RAD51C, PMS2 and ATM) and 4 (14.8%) carried mutations in genes other than the ones implicated in DDR (i.e. PTEN, AXIN2, APC, GALNT12), 2 of which of unknown clinical significance (Supplementary Table 1). Other 3 (11.1%) patients were not tested due to collection of inadequate quantity of germline DNA, while all other 17 (63.0%) patients did not show germline mutations detectable with the multigene panel.




Figure 1 | CONSORT diagram. TNBC, triple negative breast cancer; HR+, hormone receptor-positive; HER2neg., HER2-negative; gBRCA1/2, germline BRCA1 and BRCA2; SUV, standard uptake volume; TILs, tumor-infiltrating lymphocytes.



Median clinical primary tumor dimension was 39mm (min-max: 18 – 80mm), mean PET/CT tumor dimension was 29.8mm (SD: ± 17.4mm), with a median SUVmax of 9.3 (min-max: 1.9 – 31.0) and a median Ki67 of 50% (min-max: 10 – 90%). Median circulating T-regs were 80 (12 – 297), while CD3+CD8+ (T suppressor) were 361 (144 – 932) and mean CD3+CD4+ (T helper) were 961 (SD: ± 451) with a mean CD4/CD8 ratio of 2.90 (SD: ± 1.61) and mean T-regs/T-effectors (T-eff) of 0.07 (SD: ± 0.03). Mean CD19+ (B lymphocytes) and CD16+CD56+ (NK lymphocytes) were 226 (SD: ± 139) and 367 (SD: ± 182), respectively.

TILs and PD-L1 detection in pathological basal samples was available for 31 patients. The median level of TILs was 40 (min-max: 10 - 90). Median level of expression of PD-L1 was 3% (min-max: 0% - 30%) and 22 (71.0%) patients were considered PD-L1 positive. In gBRCA-mutant patients the median value of TILs was 90 (10-90) while in wild-type patients the median was 40 (10-90). More in detail, gBRCA-mutant patients showed a numerically higher proportion of tumors with high TILs compared to wild type tumors (5 [71.4%)] vs. 10 [41.7%]), whilst the latter presented with a higher proportion of patients with intermediate and low levels of TILs (6 [25.0%] intermediate and 8 [33.3%] low vs. 2 [28.6%] low), although non-significant (p=0.388). In mutant patients, a positive PD-L1 was observed in 6 (85.7%) specimens, while 1 (14.3%) was PD-L1 negative. Similarly, 16 (66.7%) wild type tumors were PD-L1 positive, whilst 8 (33.3%) were negative (p=0.639) (Table 1 and Figure 2).


Table 1 | Demographics at baseline.






Figure 2 | TILs and PD-L1 distribution in the overall population, gBRCA-mutant and wild-type tumors at basal assessment. TILs, tumor-infiltrating lymphocytes; gBRCA-wt, germinal BRCA1/2-wild type triple negative tumors; gBRCA-mut, germinal BRCA1/2-mutant tumors; PD-L1, PD-L1 in tumor-infiltrating inflammatory cells.



All patients’ and tumors’ characteristics according to mutational status are reported in Table 1 and Supplementary Table 2 for descriptive purposes.



Clinical and Radiometabolic Response to Olaparib, pCR, and Safety

Clinical response data were available for all 35 patients after 3 weeks of treatment with olaparib. Of these patients, none achieved a CR, 16 (45.7%) achieved a PR, whilst 17 (48.6%) had SD and 2 (5.7%) experienced PD after 3 weeks of olaparib, before starting neoadjuvant chemotherapy (Figure 3). Eight (22.8%) patients refused undergoing PET/CT after olaparib, hence only 27 radiometabolic response evaluations were available. PR was seen in 15 (42.9%) patients, whilst 9 (33.3%) had SD and 3 (23.8%) experienced PD (Figure 3). No radiometabolic CR were observed.




Figure 3 | Clinical and radiometabolic responses. Waterfall plots of clinical (A, B) and radiometabolic (C, D) responses in the overall population and according to BRCA mutational status, along with bar plots (B, D) detailing response rates according to BRCA status. PR, partial response; SD, stable disease; PD, progressive disease; WT, wild-type.



Average tumor clinical dimensions decreased from a median of 39mm at diagnosis, to a median of 20mm (p<0.001). Similarly, the average tumor dimension observed at the PET/CT scan slightly decreased from a mean 29.8mm to a mean of 25.9mm (p=0.01). Median SUVmax measure decreased from an average value of 9.3 at diagnosis to 4.8 at the end of olaparib treatment, as well (p=0.004) (Table 2).


Table 2 | Clinical and radiometabolic responses, pathologic and immunologic changes induced in the overall population by olaparib.



When we explored the clinical and radiometabolic response rates in gBRCA-mutant vs. wild-type tumors, the proportion of responders was numerically higher for the first compared to the latter group in both cases, albeit non statistically significant (62.5% vs. 40.7%, p=0.42 and 71.4% vs. 50.0%, p=0.41) (Figure 3 and Supplementary table 3). Both clinical dimension Δ in gBRCA-mutant tumors compared to wild-type TNBC (-27.8% [ ± 25.0%] vs. -24.5% [ ± 24.7%]), and SUVmax variations (-40.1% [ ± 49.4%] vs. -22.6% [ ± 50.0%]) were more accentuated for the first group, despite the lack of a statistically significant difference (p=0.74 and p=0.43, respectively).

A precise evaluation of the pCR rates was out of the scope of this study. However, at the end of the trial, pathology data after surgery were available for 30 (85.7%) patients. Seven out of 30 (23.3%) achieved a pCR (Table 2). More in detail, 2/8 (25.0%) gBRCA-mutant patients showed a pCR compared to 5/27 (18.5%) non-mutant patients. This numerical difference did not translate into a statistically significant different distribution of pCR between mutant and non-mutant patients (p=0.588). All patients had been treated with neoadjuvant chemotherapy following the 3 weeks of olaparib (26). The regimen administered was the standard combination of three-weekly epirubicin (90mg/m2) and cyclophosphamide (600mg/m2) for 4 cycles, followed by 12 cycles of weekly paclitaxel (80mg/m2).

Olaparib toxicity profile in BC has already been well established (8). No unexpected toxicities were observed. Ten out of 35 patients (28.57%) developed grade (G)1 or 2 gastrointestinal adverse reactions during treatment. The most common was nausea (4 cases, 3 of G1 and 1 of G2), followed by G1 gastric pain and constipation. No ≥G3 adverse events requiring dose reduction or treatment interruption were recorded.



Pathologic Biomarkers’ Variations Induced by Olaparib

No significant change in median Ki67 percentage was observed in the overall population after olaparib (p=0.67), along with no significant Ki67 variation induced by olaparib in gBRCA-wild-type vs. mutant cases (p=0.85) (Supplementary Tables 2 and 3).

Similarly, TILs did not differ significantly from basal after olaparib (p=0.77) and no significant variation after olaparib was also observed when comparing mutant vs. wild-type tumors (p=0.26) (Supplementary Tables 2 and 3).

PD-L1 expression was evaluable only in 20 post-olaparib specimens and biomarker variation pre/post olaparib was assessable in 19 paired samples. PD-L1 median levels did not differ before and after treatment (3% [min – max: 0% - 30%] vs. 3% [min – max: 1% - 23%], p=0.17), with PD-L1 positive immune cells (18 [90.0%]) still prevailing over PD-L1 negative (2 [10.0%]) after olaparib (p=0.13), with a slight numerical increase in the overall number of PD-L1 positive cases (p=0.134).



Clinico-Pathological and Radiometabolic Biomarkers According to Treatment Response

When we divided patients according to clinical response in responders vs. non-responders, the Δ of clinical dimension and SUVmax observed in responders vs. non-responders differed significantly (-45.9 [SD: ± 0.12] vs. -0.08 [SD: ± 0.17], p<0.001 and -0.5 [SD: ± 0.4] vs. -8.9 [SD: ± 0.5], p=0.03, respectively). Conversely, no significant differences in the pre/post olaparib variation (Δ) of Ki67 and TILs were observed between the two groups (p=0.20 and p=0.75) (Supplementary Table 4).

Similarly, when we considered radiometabolic responders vs. non-responders, the Δ for clinical dimension and SUVmax differed significantly (-0.34 [SD: ± 0.21] vs. -0.10 [SD: ± 0.27], p=0.01 and -0.62 [SD: ± 0.25] vs. 0.17 [SD: ± 0.34], p<0.001, respectively) but no differences in the Ki67 and TILs’ Δ were observed (p=0.70 and p=0.92) (Supplementary Table 4).

Despite not showing changes in TILs dynamics after olaparib therapy, clinical and radiometabolic responders showed numerically higher levels of basal TILs (90 [min – max: 10 - 90] in both cases), in comparison to clinical and radiometabolic non-responders (40 [min – max: 10 - 90] and 25 [min-max: 10-90], respectively), albeit not statistically significant (p=0.13 and p=0.07, respectively). Conversely, similar basal values of T-regs/T-eff count and % were observed between clinical and radiometabolic responders and non-responders (Supplementary Table 5).

Clinical responders, compared to non-responders, showed a numerically higher proportion of PD-L1 positive cases (13 [86.7%] vs. 9 [56.3%]), though non-significant (p=0.11). The finding was similar when observing radiometabolic responders compared to non-responders (12 [80.0%] vs. 7 [63.6%], p=0.41) (Supplementary Table 5).

PD-L1 expression did not change in both clinical and radiometabolic responders, while a similar proportion of clinical (4/13 [30.8%]) and radiometabolic (3/8 [37.5%]) non-responders experienced a change in PD-L1 expression. More specifically, in both cases, PD-L1 negative tumors became positive after treatment (4/5 [80.0%] and 3/3 [100.0%] for clinical and radiometabolic non-responders, respectively; p=0.13 and p=0.25), while no other changes were observed (Table 3).


Table 3 | PD-L1 status changes in olaparib responders and non-responders.



An assessment of PD-L1 expression status according to BRCA mutational status could not be performed, since only 2 patients with mutant tumors had PD-L1 data available.



Olaparib Effect on Immune Circulating Cells

Circulating lymphocytes subpopulations were evaluated before and after olaparib administration. No differences were observed in overall circulating T helper (p=0.76), T-regs (p=0.12) and T suppressor (p=0.10) absolute counts, although a small and marginally significant reduction in T-regs/T-eff count and % were observed (p=0.05 and p=0.04, respectively) (Figure 4 and Supplementary Table 6). At the same time a significant reduction in the absolute count of B lymphocytes (from average 226.27 cells/Ul [SD: ± 139.01] to 195.03 [SD: ± 128.39], p=0.003) and NK lymphocytes (from average 366.88 [SD: ± 182.46] to 282.18 [SD: ± 111.84], p=0.003) was observed, which translated also in an average increase of the T helpers rate (from 47.21% [SD: ± 9.49%] to 51.00% [SD: ± 9.81%], p<0.001) and CD4/CD8 ratio (from 2.90 [SD: ± 1.61] to 3.26 [SD: ± 1.89], p=0.02), accompanied by a significant decrease in the mean NK lymphocytes rate (18.73 [SD: ± 7.84] to 16.02 [SD: ± 6.44], p=0.004) (Figure 4 and Supplementary Table 6).




Figure 4 | Box plot for pre/post olaparib circulating immune cells levels in the overall population. Pre: before olaparib; Post: after 3 weeks of olaparib; Abs, absolute count. When abs not specified, the graphic is referred to %. Treg, Regulatory T lymphocytes; Teff, Effectors T Lymphocytes.



No significant differences in the variations of immune circulating cells was observed according to gBRCA mutational status (Supplementary Table 3).

When comparing all pre/post-olaparib variations in circulating immune biomarkers according to clinical and radiometabolic response status, no significant differences were observed (Supplementary Table 4).

Finally, we investigated the correlation between basal T-regs and CD4+/CD8+ ratio with PD-L1 status (positive vs. negative) but did not find any (data not shown).



Gene Mutations and Responses to Olaparib

The distribution of germline mutations detected in clinical and radiometabolic responders and non-responders was evaluated and no statistically significant differences were observed in both cases (p=0.78 and p=0.23, respectively) (Figure 5). In any case, both clinical and radiometabolic responders showed a numerically higher rate of patients detected with mutations in genes involved in DDR pathways, compared to non-responders (52.9% and 40.0% vs. 16.7% and 25.0%, respectively). Conversely, in clinical and radiometabolic non-responders prevailed a numerically higher rate of non-mutant patients, compared to responders (72.2% and 75.0% vs. 41.2% and 46.7%, respectively). Patients with mutations in genes not involved in DDR were not present among radiometabolic non-responders, but were slightly more frequent in clinical non-responders vs. responders (11.1% vs. 5.9%, respectively). When considering only gBRCA mutations, 4 (50.0%) patients were both clinical and radiometabolic responders, while 1 (12.5%) patient achieved only a clinical response and another 1 (12.5%) only achieved a radiometabolic response (Figure 5).




Figure 5 | Mutational status according to clinical and radiometabolic response status. Only mutant genes are reported.






Discussion

OLTRE was a WoO trial that aimed to assess primarily the biologic, immunologic and genetic changes that olaparib might induce in gBRCA-wild type TNBC, with a small cohort of HER2-negative gBRCA-mutant tumors as proof-of-concept. It represented also an opportunity to preliminarily assess the potential role of olaparib as an induction treatment before neoadjuvant chemotherapy.

Although the trial was not specifically powered to assess short-course olaparib activity, it is interesting to note that a significant reduction in tumor clinical dimension and SUVmax were observed, with significant differences in the Δ between clinical and radiometabolic responders vs. non-responders. Notably, a more pronounced Δ was observed in gBRCA-mutant tumors, compared to gBRCA-wild type TNBC, with respect to both clinical and radiometabolic responses, but the difference was not significant and response rates did not differ significantly between the two study arms. These results suggest that olaparib might be effective also in gBRCA-wild type TNBC, similarly to what observed in the PETREMAC phase II neoadjuvant trial, where a 56.3% of objective responses were observed in the overall unselected TNBC population (27). In fact, in our study, 40.7% of gBRCA-wild type TNBC and 62.5% of mutant tumors achieved a clinical response, with even higher rates of radiometabolic responders (71.4% and 50.0%). Importantly, while within the PETREMAC trial olaparib was administered for at least 10 weeks, without chemotherapy, our study only focused on a brief 3-weeks olaparib course. These results, taken together, suggest that olaparib might be effective in unselected TNBC, and that responses might occur quickly, already within the first 3 weeks of treatment. However, Ki67 levels did not appear to be affected by olaparib short course treatment, since no significant modifications were observed. A reduction in Ki67% levels usually suggest an antiproliferative effect (28), and several neoadjuvant trials in breast cancer have provided evidence that biomarkers representing proliferation-related processes can provide additional prognostic information over pCR (28–31). In this perspective we could not observe a direct antiproliferative effect of olaparib. It is possible that this is due to the fact that olaparib is involved in inducing tumor cell death, without directly interfering with the cell cycle (32), differently from other target agents such as CDK4/6-inhibitors (28). This is coherent with the significant tumor dimension reduction, accompanied by a reduced glucose uptake from cancer cells, as observed at the FDG18-PET/CT.

There is growing evidence highlighting the high rate of DDR response deficiency across triple negative tumors and decreased expression of DNA repair genes (6), which implies the possibility that PARP inhibitors might be effective also in in BRCA-wild type TNBC. This concept is also reinforced by growing evidence of DNA damaging agents, such as platinum salts, being particularly effective in this breast cancer subset (33). In our study, the activity of olaparib in gBRCA-wild type TNBC might be, at least in part, the result of the presence of several mutations in genes involved in DDR pathways, directly (e.g. RAD51C, BARD1, PMS2) (34, 35) or indirectly (e.g. PTEN) (36). In fact, we observed that 53% of clinical responders and 40% of radiometabolic responders carried mutations in BRCA1/2 or other DDR-involved genes. At the same time, 41% of clinical and 47% of radiometabolic responders, were wild-type TNBC, at least with respect to the mutations assessed with our gene panel. This evidence further supports the idea that olaparib might be active also in unselected TNBC, possibly due to a constitutive downregulation of DNA repair genes (6), or the presence of not yet defined genetic variants, not captured by our panel. Less clear is the role of the genetic mutations in non-DDR genes such as GALNT12, AXIN2 and APC observed in 3 patients. In fact, 2 patients harboring germline variants of GALNT12 and AXIN2 did not respond clinically, but showed a radiometabolic response. The first is a gene codifying for an enzyme catalyzing the initial reaction in O-linked oligosaccharide biosynthesis; the latter is a gene that is likely to play an important role in the beta-catenin-Wnt pathway (37–39). These genes, when impaired, have been associated to increased risk of colorectal cancer (both) and breast cancer (AXIN2) (37–39). The one patient with germline APC mutation, conversely, experienced a clinical response. APC is usually associated with the development of colorectal cancer or, when germline mutant, with the familial adenomatous polyposis (FAP) (40). It is involved in the regulation of the Wnt pathway, cell migration and adhesion processes, as well as apoptosis (40).

There are evidences supporting a potential interplay between immune system and PARP inhibitors (41). The vast majority of our patients carried TNBC, irrespective of BRCA mutational status. Therefore, as expected, median TILs levels were relatively high (42). Coherently with what elsewhere reported, gBRCA-mutant tumors seemed to be more enriched in TILs than wild-type TNBC (43). In the PETREMAC trial, TNBC responding to olaparib were characterized by high TILs and PD-L1 expression levels (27). In our study, both clinical and radiometabolic responders showed higher numerical proportion of TILs, compared to non-responders. Additionally, olaparib seemed not to have an influence on TILs levels, nor in the overall population, neither according to treatment response or BRCA mutational status. Therefore, basal TILs might be a potential biomarker of response to olaparib, especially in gBRCA-wild type TNBC, where olaparib efficacy is more questionable if mutations in DDR genes are not present or not assessable. Conversely, there is no sign of a clinical utility of TILs dynamics with respect to olaparib in non-metastatic TNBC.

Interestingly, clinical and radiometabolic responders presented with numerically higher levels of PD-L1 positive cases compared to non-responders. It is important to highlight that PD-L1 positivity was assessed through the standard diagnostic methodology currently adopted in phase III trials of immune checkpoint inhibitors in TNBC, which is also the only FDA-approved for theranostics of the anti-PD-L1 atezolizumab in metastatic TNBC (i.e. Ventana SP142). At the same time, this test does not take into account PD-L1 expression on tumor cells, which has been recently suggested to provide additional prediction of benefit from immunotherapy in TNBC in the Keynote trials, when combined to PD-L1 expression detection on immune cells (44–46). Moreover, the SP142 assay has been demonstrated to provide lower sensitivity than other PD-L1 detection assays (47).

Considering that PD-L1 has been demonstrated to predict response to immune checkpoint inhibitors in TNBC, and that, along with TILs and BRCA mutational status, seems to be correlated to better response to olaparib in this and other studies (27), further trials of experimental combinations of olaparib and anti-PD-L1 (e.g. atezolizumab or pembrolizumab) prior to standard CT are justified (48, 49). Additionally, efforts towards the definition of a more standardized and comprehensive approach for the detection of PD-L1 on both tumor cells and immune cells should be a priority for the scientific community, in order to provide the highest possible benefit from immune-checkpoint inhibitors of the PD1/PD-L1 axis to the broadest possible patients population.

Considering also that TNBC with high TILs have shown a relatively good prognosis in early stage, independently from chemotherapy administration, a proportion of selected TNBC (e.g. gBRCA-mutant, with high basal TILs and PD-L1 positive) might be candidate to chemotherapy-sparing neoadjuvant trials. In these cases, the decision to whether administer or not subsequent adjuvant chemotherapy might then be based on post-surgery pCR status, given the established prognostic role of pCR in TNBC (50).

Preclinical studies have shown the existence of a cross-talk between PARP inhibition and tumor-associated immunosuppression, with reported increase in PD-L1 expression after therapy (51, 52). Notably, we observed a similar finding, although a formal statistical comparison was impaired by the low patients’ number. These data collectively suggest that anti-PD-L1 immune-checkpoint inhibitors and olaparib might be good therapeutic partners, sequentially or in combination, since a better response to the former might be favored by the induction of an increased PD-L1 expression by the latter. However, the relationship between PD-L1 and PARP inhibition warrants further investigation in ad hoc studies.

One of the common adverse events observed with olaparib is leukopenia, with reductions in both neutrophile and lymphocyte counts. Therefore, it is not surprising that lymphocytes reduction was observed within our study. When analyzing the lymphocytes subpopulations, we observed that olaparib mostly reduced B and NK cells absolute count, while slightly increasing T-regs, a subpopulation of CD4+ T lymphocytes, so determining an increase in CD4+/CD8+ ratio. The ratio between T-regs and T-effectors seemed also to be slightly affected by olaparib, with a limited reduction. These findings are in line with preclinical evidence showing B lymphocytopenia in PARP1/2-deficient mice and, at the same time, in discordance with other studies showing also a peripheral T cell reduction in case of PARP deficiency (41). In any case, no significant differences was observed according to treatment response status, nor numerically neither statistically. This finding suggests that the dynamics of lymphocytes subpopulation, although affected by olaparib, cannot help predict treatment response, at least not as an early response biomarker. Nevertheless, a broad spectrum of immunomodulatory effects has been observed preclinically in PARP-deficient mice and the interplay between PARP enzymes and immune cell function is complex and yet to be clearly elucidated (41). Although we did not observe a clear relation between lymphocytes dynamics and response to olaparib, this does not exclude a functional effect, as suggested by important preclinical evidence (41). Further studies are needed, in this perspective.

With respect to the safety profile, 3-weeks olaparib was well tolerated without unexpected adverse events and no G3-5 toxicities. Importantly, within the brief 21-days period of olaparib administration, the observed leucopenia did not translate into clinically relevant side effects, nor required treatment suspension and/or dose modifications.

Surprisingly, the assessment of pCR rates yielded poor results, compared to what observed for TNBC and BRCA-mutant tumors in the literature (33, 50). This could be partly explained by the pathology reports missing rate (14%), however without precise data on schedules, toxicities and treatment discontinuations, it is difficult to draw any conclusion. Nevertheless, this was out of the scope of this study.

Several limitations need to be acknowledged. This study was single-center, non-randomized and open-label, with a limited number of patients. Furthermore, being a window-of-opportunity trial, it was not specifically powered to assess olaparib activity and efficacy in the neoadjuvant setting, and all statistical analyses have to be considered as exploratory. Nevertheless, it was an opportunity to preliminarily investigate olaparib activity in BRCA-wild type TNBC and to detect potentially relevant biologic changes that might merit further investigation or might be useful in the design of novel clinical trials with PARP-inhibitors and immune-checkpoint inhibitors. Reassuringly, a recently published phase II neoadjuvant trial with olaparib in about 200 unselected TNBC patients, reported some results in line with what observed within the OLTRE (27). More specifically, in both studies, high basal TILs and PD-L1 seemed to correlate with higher response rates to olaparib. Additionally, a significant percentage of responders in both studies appeared to carry germinal deficiencies in genes involved in DNA damage repair, either through homologous recombination (both studies), or mismatch repair and other genes (only in our trial) (27).

In conclusion, study results, along with current evidence, suggest that: 1) unselected TNBC or, at least, TNBC profiled with gene panels assessing DDR-pathways deficiencies beyond the mere gBRCA1/2-mutations, are a key candidate target population for olaparib (and ideally other PARP-inhibitors) studies; 2) future trials should combine basal TILs, PD-L1 and BRCA mutational status to more adequately identify candidates for escalated or de-escalated neoadjuvant approaches in TNBC patients with PARP-inhibitors; 3) future combination or sequential trials of PARP-inhibitors and immune-checkpoint inhibitors relying on PD-L1 positivity to be effective (e.g. anti-PD-L1) are warranted, since PARP-inhibitors might increase PD-L1 positivity rates; 4) the interplay between PARP inhibition and immune system needs to be more precisely assessed in both preclinical and translational studies. Gene and protein expression analysis from pre/post olaparib samples, as well as further correlative secondary biomarker studies from the OLTRE are ongoing and will hopefully help to shed a light on some of these aspects.
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Targeted therapies such as Cyclin Dependent Kinase 4 and 6 (CDK 4/6) inhibitors have improved the prognosis of metastatic hormone receptor (HR) positive breast cancer by combating the resistance seen with traditional endocrine therapy. The three approved agents currently in the market are palbociclib, ribociclib and abemaciclib. Besides the overall similarities associated with CDK4/6 inhibition, there are differences between the three approved agents that may explain the differences noted in unique clinical scenarios- monotherapy, patients with brain metastases or use in the adjuvant setting. This review article will explore the preclinical and pharmacological differences between the three agents and help understand the benefits seen with these agents in certain subgroups of patients with metastatic HR positive breast cancer.
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Introduction

The approval of Cyclin Dependent Kinase 4 and 6 (CDK 4/6) inhibitors changed the treatment landscape for patients with hormone receptor (HR) positive, human epidermal growth factor receptor 2 (HER2)-negative advanced breast cancer. Currently approved agents include palbociclib, ribociclib and abemaciclib which are all approved for concurrent use with hormonal therapy based on the randomized phase III trials PALOMA, MONALEESA and MONARCH studies (1–7) respectively. These agents have significantly improved progression free survival when combined with anti-estrogen therapy compared to monotherapy with anti-estrogen therapy. Some agents have also shown statistically significant improvement in overall survival in the metastatic setting.

Although these agents have reported comparable improvements in progression free survival (PFS) in advanced/metastatic HR positive breast cancer when given in combination with hormonal therapy, there are unique differences between these agents in their pharmacology, kinase targets, central nervous system (CNS) penetration and clinical activity as single agents. These differences may contribute to the reported differences in activity of these agents in the adjuvant treatment of early-stage breast cancer. This article will review preclinical and biological differences among the three FDA approved CDK 4/6 inhibitors that can help understand the differences in their clinical activity.



Cell Cycle Dysregulation

Cyclins and CDKs are essential in regulating the progression through the distinct phases of the cell cycle, G1, S, G2 and M phases and hence play an important role in regulating cell cycle transitions. CDKs are serine/threonine kinases which are regulated by their interactions with cyclins and CDK inhibitors. CDK activity is often dysregulated in cancer cells and hence they are an attractive target for anti-cancer therapy. In human cells, there are 20 CDKs and 29 cyclins (8). CDK1, CDK2, CDK3, CDK4, CDK6, and CDK7 directly regulate cell-cycle transitions and cell division, whereas CDK 7–11 mediate cell-cycle associated gene transcription (9–12).

Mitogenic signals from receptor tyrosine kinases and downstream signaling events such as RAS, phosphatidylinositol 3-kinase (PI3K), mitogen-activated protein kinase (MAPK), mammalian target of rapamycin (mTOR) and nuclear receptors (estrogen receptor, progesterone receptor and androgen receptor) drive the progression of the quiescent cells from G0 or G1 phase into S phase through CDK4 or CDK6 complex (10, 13, 14). CDK4 and CDK6 primarily associate with D-type cyclins (Cyclin D1, Cyclin D2 and cyclin D3) to form Cyclin-CDK complexes which regulate the progression in the cell cycle via phosphorylation of tumor suppressor protein retinoblastoma (15). (Figure 1) The phosphorylation of Rb disrupts the binding of Rb to E2F transcription factors, freeing E2F and initiating the progression of the cell through the cell cycle by the expression of genes such as cyclin E (16). CDK4/6 inhibitors block the cell cycle transition from G1 to S by inhibiting the kinase activity of the CDK/cyclin complex and hence preventing phosphorylation of Rb protein, which is a key step in the progression into the cell cycle. RB1 has to be intact for CKD4/6 inhibitors to impact cell cycle progression, and RB1-mutant cancers are resistant to CKD4/6 inhibitors. In ER+ breast cancer, they work synergistically with anti-estrogen therapies such as aromatase inhibitors, Fulvestrant and tamoxifen (1, 2, 4, 7, 17, 18).




Figure 1 | Mechanism of action of CDK 4/6 inhibitors.



Increased activity through mitogenic signaling pathways such as PI3K, mTOR, steroid receptor pathways also results in activation of cyclinD-CDK 4/6 activity. Cyclin D1 is a direct transcriptional target of ER, and estrogens promote the transit of ER-positive breast cancer cells through the cell cycle (19). Cyclin D1 can be activated through pathways dependent and independent of estrogen (20). Over-expression of cyclin D1 increases the activity of CDK4/6 (21, 22). Cyclin/CDKs are negatively regulated by cyclin-dependent kinase inhibitors (CKIs) such as p16INK4A, p15INK4B, p18INK4C and p19INK4D which primarily inhibit CDK4 and CDK6. Deletions resulting in the loss of p16INK4A or Rb expression also result in tumorigenesis (23, 24). Cyclin D‐CDK4/6–INK4–Rb pathway regulates the progression of the breast cancer cell through G1–S phases of the cell cycle.

Besides the overall similarity in terms of class activity of the approved CDK4/6 inhibitors, there are subtle differences among these agents, including differences in substrate selectivity and pharmacodynamics that can explain the varying differences seen in certain clinical settings, and will be reviewed below. No head-to-head studies have compared the approved CDK4/6 inhibitors.


Pharmacology

Although all CDK4/6 inhibitors share the same primary mechanism of action, they have considerable pharmacologic differences. Ribociclib and palbociclib have greater lipophilicity and larger binding site side chains when compared to abemaciclib (25). Abemaciclib forms a hydrogen bond to the ATP cleft with a catalytic residue that is common amongst many kinases. This is not seen in palbociclib and ribociclib. Another difference in drug binding is that abemaciclib buries two fluorine atoms against the back wall of the ATP-binding pocket, whereas palbociclib and ribociclib present much larger substituents (ribociclib’s dimethylamino group; palbociclib’s methylketone and adjacent methyl) that might be more difficult to accommodate in other kinases (26). These differences may mediate selectivity of an inhibitor with off-target kinases such as other CDK family members (26). The CDK-6-Abemaciclib complex is noted to have a water molecule bridging histidine-100 residue on the binding site and the ligand, which is not observed with palbociclib and ribociclib (26). Histidine100 is found only in CDK 4/6 and the bridging allows for favorable kinase selectivity (26).

All three CDK4/6 inhibitors undergo hepatic metabolism by cytochrome P450 3A4 (CYP3A4). Palbociclib is metabolized by both CYP3A4 and sulfotransferase enzyme (SULT2A1). Palbociclib should be dose-reduced to 75 mg daily if concomitant use of a strong CYP3A4 inhibitor is required. No dosage adjustments are required for mild or moderate hepatic impairment (Child-Pugh classes A and B) for any of the CDK4/6 inhibitors. However, for severe (Child-Pugh class C) hepatic impairment, dose adjustments are recommended for all three agents; Palbociclib should be reduced to 75mg daily, abemaciclib should be 200 mg daily (rather than twice per day), and ribociclib should be reduced to 400 mg daily (25, 27).

No dose adjustments are required for impaired renal function with any of the CDK-4/6 inhibitors (28).

In a phase 1 study of the bioavailability of palbociclib, food intake modestly increased drug absorption and decreased variability in serum drug concentration over time, as determined by the area under the curve (29). Food has not been shown to affect the bioavailability of either ribociclib or abemaciclib.

The mean half-life of palbociclib is 29 (+/- 5) hours (30), ribociclib is 32 hours (31) and abemaciclib is18.3 hours (32). Palbociclib and ribociclib have a longer half-life than abemaciclib and hence are administered once a day. Abemaciclib needs twice daily administration. (See Table 1) The difference in dosing schedules affect the serum plasma concentrations of the drugs. The longer, > 24-hour half-lives of palbociclib and ribociclib in conjunction with daily dosing may result in drug accumulation. As a result, palbociclib and ribociclib have non-continuous dosing requiring a one week break between cycles.


Table 1 | Pharmacology of the three approved CDK4/6 inhibitors.





Cyclin Dependent Kinase Selectivity

Palbociclib is a reversible small molecule CDK 4/6 inhibitor which is highly specific for CDK 4 and CDK 6 (33). Palbociclib and ribociclib are based off of a similar pyrido [2,3-d]pyrimidin-7-one scaffold that was optimized for selectivity toward CDK4/6 (16, 34). Similarly, abemaciclib, is a reversible inhibitor but developed from a 2-anilino-2,4-pyrimidine-[5-benzimidazole] scaffold (16, 35).

All three drugs inhibit CDK 4 and CDK 6 kinase activity, however abemeciclib inhibits multiple other kinases as well (35). Palbociclib has similar potency against cyclin D1/CDK4 and cyclin D2/CDK6 (36). Abemaciclib and ribociclib were noted to have greater potency against CDK4 than CDK 6 (35, 37). Abemaciclib is 14 times more potent against CDK4 than it is against CDK6 (38). Abemaciclib has five-fold more potency for CDK4 than palbociclib or ribociclib (16, 35). Unlike palbociclib and ribociclib, abemaciclib has been shown to have in-vivo inhibition of CDK1, CDK2, CDK5, CDK9, CDK14, CDKs16-18, GSK3α/β, CAMKIIγ/δ and PIM1 kinases (35, 39). Abemaciclib is 10- to 100-fold less potent against CDK2 and CDK1 than CDK4/6 (40).

CDK4/6 inhibitors induce cytostasis through cell-cycle arrest in the G1 phase, resulting in growth inhibition. However, pre-clinical models of abemaciclib demonstrated that it can induce tumor cell death and regression, rather than cell cycle arrest alone. This is evidenced by the fact that monotherapy with abemaciclib in a Phase I study was shown to decrease tumor size, rather than simply inhibit growth in solid tumors including breast cancer (41). Based on these results, abemaciclib was thought to have additional mechanisms of action outside of just inducing G1-cell cycle arrest.

Hafner et al. evaluated the phenotypic and biochemical difference by studying the transcriptional, proteomic, and phenotypic changes between the three agents (40). Abemaciclib was seen to cause cell arrest in G2 phase as well as GI phase most likely due to the inhibition of CDK 1 and CDK2, which are required for progression through S phase and mitosis (40). This causes cells to accumulate in G2 phase consistent with a cell cycle arrest independent of CDK4/6, which was not seen with palbociclib and ribociclib (40).

Hafner et al. also studied the dose response curves in 34 breast cancer cell lines to evaluate cell-cycle arrest and cell death induced by CDK4/6 inhibitors. Abemaciclib was found to be 5.5 times more potent at inducing cytostasis compared to palbociclib based on GR50 values (the dose required to decrease cell growth by 50%). At higher doses, abemaciclib is cytotoxic, even in the absence of Rb. The Rb-independent effects of abemaciclib suggest it is acting on other targets besides CDK4/6. However, palbociclib and ribociclib caused cytostasis or cell cycle arrest, at all dose levels. There was no cytotoxicity seen with either drug (40).

Cells adapt to CDK4/6 inhibition by developing mechanisms of resistance, including acquired mutations in RB1 (42). Palbociclib-adapted cells were also resistant to ribociclib, however they responded to abemaciclib (40). In a patient cell line established from a patient with metastatic breast cancer with progression of disease after ribociclib/letrozole, abemaciclib induced cell death and inhibited cell proliferation. The cell line was noted to be RB deficient suggesting again that clinical activity of abemaciclib may be in part due to targets other than CDK4/6 (40).

Multiplexed inhibitor bead mass spectrometry (MIB/MS) platform was used to compare the kinase targets of palbociclib and abemaciclib (43). MIB/MS profiling showed that unlike palbociclib, abemaciclib activates wnt signaling via inhibition of glycogen synthase kinase GSK3β and subsequent stabilization of β-catenin (43). GSK3β activity also plays an important role in the regulation of cyclin D family proteins at both the transcriptional and proteomic level such that inhibition of GSK3β is expected to increase the levels of cyclin D (43). Palbociclib and ribociclib do not impact GSK3β or WNT signaling (43).



Dosing and Side Effect Profile

The CDK 4/6 inhibitors fall into two broad categories based on their toxicity profile and the dose –delivery schedules (44). Palbociclib and ribociclib both have >24-hour half-lives and are dosed daily. Abemaciclib has a shorter half-life and is dosed twice daily. Due to their myelosuppressive effects, Palbociclib and ribociclib are dosed daily for 21 days followed by a one- week break to enable neutrophil count recovery in patients. Abemaciclib is dosed continuously without a break and is associated with lower incidence and less severe bone marrow suppression compared to the other agents (See Table 1).

Even though all three drugs have a similar mechanism of action, they have varying side effect profiles. The differential targets of these drugs, especially the relative potency of CDK4 vs CDK6 and are most likely responsible for the different dose limiting toxicities (45). Some of the pertinent side effects for each of the drugs are as follows: Neutropenia, leukopenia and fatigue for palbociclib; neutropenia, increased creatinine, hyponatremia, QTc prolongation for ribociclib; diarrhea and fatigue for abemaciclib.

All three agents have a FDA warning about rare but serious case of pneumonitis. Pneumonitis was reported for 9 (2.0%) and 17 (5.2%) abemaciclib‐treated patients in MONARCH 2 and 3, respectively, with ≤1% of cases grade ≥3 (46). In both studies, patients who had pneumonitis had history of prior radiation or lung metastases.

Bone marrow toxicity associated with abemaciclib is not as severe as the bone marrow toxicity associated with palbociclib or ribociclib. Palbociclib and ribociclib have higher rates of hematologic toxicity, primarily neutropenia. Although the risk of neutropenia was higher, the risk of neutropenic fevers were rare (47). In the pooled safety analysis of the three randomized phase II and III trials of Palbociclib, the rates of grade III and IV neutropenia were 55.3% and 10.1% in the treatment arm (48). Relatively few patients experienced febrile neutropenia (1%), and the rate of permanent treatment discontinuation associated with neutropenia were low (0.7%) (48). In the pooled safety analysis of Ribociclib across the three studies (MONALEESA-2, MONALEESA- 3 and MONALEESA-7), neutropenia and leukopenia were the most common cause of grade 3/4 adverse event (49). In the pooled analysis of MONARCH 2 and MONARCH 3, the rate of grade 3 and Grade 4 neutropenia associated with abemaciclib were 22.9% and 2.5% respectively (46). Dose reductions owing to neutropenia were 10-13% in all patients treated with abemaciclib and discontinuation in 1-3% (46). Given the risk of neutropenia, FDA mandates checking blood counts every 2 weeks for the first 2 months, monthly for the next 2 months and as clinically indicated.

With regards to GI toxicity, palbociclib and ribociclib have minimal GI toxicities in contrast to abemaciclib, which has pervasive GI toxicities such as nausea, vomiting and diarrhea. In the safety analysis of MONARCH-2, and MONARCH-3, diarrhea was the most frequently reported AE occurring in 85% of patients (46). 10-13% of patients reported grade 3 diarrhea and no patients reported grade≥4 diarrhea (46). The median time to onset for any-grade diarrhea was 6 days in MONARCH 2 and 8 days in MONARCH 3 (46). The high rates of clinically significant diarrhea was observed in the first cycles on MONARCH-2 and MONARCH- 3, with decreasing incidence in subsequent cycles (46). Dose reductions due to diarrhea occurred in 13-19% of patients and discontinuations due to diarrhea occurred in 2.3% to 2.9% in MONARCH 2 and MONARCH 3, respectively (46). Dose reductions and anti-diarrheal medications are used to manage diarrhea. The rates of diarrhea observed with palbociclib were comparable to the control arm (48).

In a systematic review evaluating the toxicities of the three approved drugs, ribociclib was noted to have higher rates of hepatic toxicity in a systematic review evaluating the adverse events associated with all three agents (50). These side effects were dose-dependent and reversible with drug withdrawal (50). Ribociclib was noted to have any- grade ALT and AST increases in 13.8% and 12.7% of patients in pooled safety analysis of MONALEESA-2, MONALEESA- 3 and MONALEESA-7 (49). In the pooled safety analysis of MONARCH-2 and MONARCH-3 trial, the rates of any grade ALT and AST rise was 15.1% and 14.2% respectively (46). Livers tests need to be monitored for patients on ribociclib and abemaciclib, at baseline and every 2 weeks for 2 months, then monthly for the next 2 months and as clinically indicated.

In the pooled safety analysis of MONALEESA 2,3 and 7, 69 patients (n=1065) in the treatment arm had prolonged QT compared to 13 patients (n=818) in the placebo group (49). Fridericia’s corrected QT interval (QTcF) >480 ms occurred in 5% of patients in the treatment arm compared to 1% of pts in the placebo arm (49). Given the risk of QTc prolongation, ribociclib is recommended only in patients with QTcF<450msec. Baseline EKG is recommended for patients on ribociclib at baseline, day 14 of cycle 1 and day 1 of cycle 2. Palbociclib was shown to have no clinically relevant effect on QTc prolongation (51). QT prolongation was not reported as an adverse event in the pooled analysis of MONARCH 2 and MONARCH 3 (46).



Clinical Activity


Monotherapy

A single arm phase II study evaluated palbociclib monotherapy in patients with metastatic breast cancer that was positive for Rb expression (all subtypes were eligible) (52). 90% of the patients had received prior chemotherapy and 78% had received prior hormonal therapy. The clinical benefit rate was 21% (7% PR, 14% SD>6months). The median PFS was 4.1 months (95% CI 2.3–7.7) for patients with ER+ HER2- metastatic breast cancer, 18.8 months (95% CI: 5.1—NE) for ER+ HER2+ patients and 1.8 months (95% CI: 0.9—NE) for patients with triple negative tumors, respectively (52).

The TREnd trial studied single agent activity of palbociclib in women with advanced breast cancer. Patients were randomized to receive palbociclib alone or in combination with ET (endocrine therapy). The CBR was similar in both arms, 54% (95% CI: 42–67%) in the combination one, and 60% (95% CI: 48–73%) with palbociclib alone (53). The trial was not powered to estimate survival endpoints, however exploratory analyses were performed, with no significant differences observed in PFS (p = 0.13) - median PFS was 10.88 months in the combination arm compared to 6.5 months with palbociclib alone. (Hazard ratio (HR) 0.69; 95% CI: 0.4–1.1, exploratory P-value = 0.12) (53).

Single agent data with Ribociclib is available in phase I studies which showed partial response in 1 patient with HR+ breast cancer (54) and stable disease was noted in another patient with heavily pre-treated breast cancer (55).

A phase I study evaluated abemaciclib in 47 patients with different subtypes of breast cancer: HR-positive (36), HR negative (9); HR-positive/HER2-positive (11) (56). The clinical benefit rate was higher in HR-positive subgroup compared to the HR-negative subgroup. The PFS was 8.8 months in HR positive patients compared to 1.1 months in HR negative subgroup (57). Abemaciclib was further studied as monotherapy in women HR+ HER2– metastatic breast cancer in the MONARCH-1 study. Patients who had progressed on prior ET and had received at least two prior chemotherapy regimens were eligible (58). The medial PFS was 6 months (95% CI 4.2–7.5). The ORR (primary endpoint) was 19.7% (95% CI, 13.3–27.5), the CBR was 42.4% (19% PR, 47.7% SD>6months), and median overall survival (OS) was 17.7 months (95% CI, 16 to not reached). Based on this study, the FDA approved abemaciclib as monotherapy in pretreated patients with HR+ HER2– metastatic breast cancer (58). Palbociclib and Ribociclib are currently not approved for monotherapy in the management of metastatic breast cancer.



Metastatic Setting

The combination of CDK4/6 inhibitors with endocrine therapy became standard of care in the metastatic setting largely based on 7 phase III studies. (See Table 2).


Table 2 | Clinical Activity of the CDK4/6 inhibitors in different clinical settings.



The PALOMA-2 trial showed that palbociclib + letrozole improved PFS compared to letrozole alone (24.8 months vs. 14.5 months, respectively) (59). PALOMA-3 confirmed improvement in median PFS (9.5 months vs. 4.6months;HR 0·46, 0·36–0·59, p<0·0001). Ribociclib was FDA approved in 2017 for pre-, post-, and peri-menopausal women either in combination with AI or in combination with fulvestrant for postmenopausal women or those who have progressed on prior endocrine therapy. MONALEESA-2, MONALEESA-3 and MONALEESA-7 were all phase III studies which showed statistically significant improvement in PFS. Abemaciclib was FDA approved in 2017 based on the MONARCH-2 study which showed statistically significant improvement in progression free survival and overall survival. In a subset analysis, there was statistically significant improvement in time to second disease progression (median, 23.1 months vs 20.6 months), time to chemotherapy (median, 50.2 months vs 22.1 months), and chemotherapy-free survival (median, 25.5 months vs 18.2 months) (60).

Five studies evaluated CDK4/6 inhibitors in de-novo metastatic patients and showed improvement in PFS (PALOMA-2, MONALEESA-2, MONALEESA-3, MONARCH-3, MONALEESA-7). (see Table 2) Overall survival data for PALOMA-2 and MONARCH-3 have not been reported. MONALEESA-3 reported statistically significant improvements in OS. MONALEESA-7 was a phase III study in pre-menopausal women which also showed improvement in overall survival (61).

Three phase 3 studies evaluated CDK4/6 inhibitors in patients who progressed on prior endocrine therapy-PALOMA-3, MONALEESA-3 and MONARCH-2. Although all studies showed improvement in PFS, only MONALEESA-3 (HR 0.686; 0.451-1.041) and MONARCH -2 showed statistically significant improvement in OS. In PALOMA-3, the overall survival (OS) was not statistically significant (34.9months vs, 28months HR: 0.81; 95% CI, 0.64 to 1.03; P=0.09). PALOMA-3 enrolled patients who had progressed on more than one line of endocrine therapy. In women who had documented sensitivity to previous endocrine therapy, there was a statistically significant improvement in overall survival. (39.7 months vs. 29.7 months HR 0.72; 95% CI, 0.55 to 0.94)).

In patients with bone-only disease, there was a marked improvement in PFS in the palbociclib arm (in PALOMA-2 trial, 36.2 versus 11.2 months, p<0.0001; in PALOMA-3, 14.3 versus 9.2 months, p=0.0394) (62). In the PALOMA trials, patients with visceral metastasis had a greater PFS with palbociclib than in the control arms (PALOMA-2: 19.3 versus 12.9 months, p<0.005; PALOMA-3: 8.0 versus 3.5 months, p=0.82) although the magnitude of benefit appears less compared to bone-only disease (62). In the pooled data from MONALEESA-3 and MONALEESA-7, there was OS benefit in the patients who had visceral disease treated with ribociclib plus endocrine therapy compared to the placebo arm. Specifically in patients who had liver metastases, OS was 36.1 in ribociclib vs 24.1 months in the placebo arm (HR 0.629 95% CI, 0.421-0.942) and in MONALEESA-7 OS was NR vs. 33.6 months in patients who had liver metastases (HR 0.531; (95% CI, 0.321-0.877) (63) The OS benefit with abemaciclib was more pronounced in patients with visceral disease compared to bone-only disease.(Visceral disease HR, 0.675; 95% CI, 0.511-0.891) compared with bone-only disease (HR,0.907; 95% CI,0.564-1.457) (60) The PFS in patients with liver metastases treated with abemaciclb plus an AI was 15.0 months versus 7.2 months for placebo plus an AI, (HR, 0.477; 0.272-0.837). In patients with bone only disease, palbocilclib should be considered over the other agents. Abemacilib and ribociclib have greater activity in patients who have visceral involvement.



Adjuvant Setting

In the PALLAS study, the addition of 2 years of palbociclib or placebo to ET was evaluated in patients with HR+/HER2 negative Stage II-III breast cancer (64). At interim analysis, the 3-year IDFS was similar in both arms (88.2% for combination arm, and 88.5% for ET alone HR 0.93, 95% confidence interval 0.76-1.15), and crossed the pre-specified futility boundary (64). Similarly, PENELOPE-B, a phase III, double blind, placebo-controlled study that evaluated 1 year of palbociclib or placebo to ET in high risk patients with HR+/HER2 negative residual invasive disease following neoadjuvant chemotherapy. At median follow up of 42.8 months, there was no improvement in iDFS (HR 0.93; 95% CI 0.74 to 1.17 p=0.525) or overall survival benefit for palbociclib. (HR 0.87; 95% CI 0.61 to 1.22; p=0.420) (65).

The MonarchE study evaluated the addition of 2 years of abemaciclib or placebo to ET in patients with high-risk HR+/HER2 negative breast cancer (66). High risk was defined as four or more positive nodes, or one to three nodes and either tumor size ≥ 5 cm, histologic grade 3, or central Ki-67 ≥ 20%. At the interim analysis, abemaciclib plus ET demonstrated a statistically significant improvement in 2-year iDFS versus ET alone (92.2% vs. 88.7% P = .01 HR, 0.75; 95% CI, 0.60 to 0.93) (66). The combination had an improvement in distant recurrence free survival (93.6% with combination compared to 90.3 with ET alone p=0.01 HR, 0.72; 95% CI, 0.56 to 0.92) (66).

It is unclear if the difference seen in these adjuvant studies of palbociclib and abemaciclib was due to differences in the study population or due to intrinsic differences between the drugs. Longer follow up of MonarchE will be need to determine if the improved iDFS is robust and maintained. Ribociclib is currently being studied in the adjuvant setting in the NATALEE study. (ClinicalTrials NCT03701334). The study was amended to include high risk patients. (Table 3)


Table 3 | Overview of the clinical trials for the approved CDK4/6 inhibitors in the metastatic setting.






CNS-Specific Efficacy

Patients with CNS metastases from breast cancer often have limited treatment options due to poor penetration of the blood-brain-barrier (BBB) by most systemic agents. Pre-clinical models have suggested that palbociclib and ribociclib may have poor CNS penetration while abemaciclib may be able to cross the BBB effectively.

Abemaciclib was noted to cross the BBB in xenograft models (35). In a study that looked at the penetration of abemaciclib and palbociclib in mouse xenograft models across the BBB, abemaciclib was found to have better penetration into the central nervous system compared to palbociclib (72). This is most likely due to the strong efflux of palbociclib out of the central nervous system compared to abemaciclib (72). The cerebrospinal fluid concentration of abemaciclib ranged from 2.2 to 14.7 nmol/L, which was beyond the dissociation constant of CDK4/cyclin D1 combination and was close to the unbound plasma concentrations (57).

A common mechanism by which drug penetration of the BBB is prevented is via the ATP-binding cassette (ABC) efflux transporters. Endothelial cells that form the BBB limit passage of solutes into the brain except by passive diffusion or uptake transport. This barrier is also fortified by efflux pumps which actively transport substrates out of the brain. Such transporters include P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) (73).

In vitro transwell assays have shown that palbociclib is a substrate of both P-gp and BCRP, and that ribociclib is a substrate of P-gp, restricting their ability to penetrate the BBB (74, 75).

In contrast, abemaciclib is both a substrate and an inhibitor of P-gp and BRCP substrate, therefore, the efficiency of efflux has been shown to be less than that seen with palbociclib (72). Tolaney et al. reported a phase II non-randomized clinical trial which evaluated the role of abemaciclib in patients with brain or leptomeningeal metastases (LM) secondary to HR+ metastatic breast cancer (76). The study showed intracranial clinical benefit rate of 24% in heavily pretreated HR+, HER2− patient cohort (76). Patients with leptomeningeal disease was noted to have median PFS of 5.9 months. Abemaciclib and its active metabolites were noted in brain metastases tissue (76). This is one of the first studies to show CNS benefit with abemacicib in heavily pre-treated patients.



Biomarkers Implicated in Resistance Mechanisms

Despite significant clinical activity of these inhibitors, both primary resistance and development of acquired resistance can occur. There is a great need to develop biomarkers of sensitivity and resistance to these agents. Multiple potential mechanisms of resistance to CDK4/6 inhibitors have been identified, including loss of RB, elevated CDK6 activity, FGFR pathway activation and Cyclin E-CDK2 activation.

Given that the primary target of CDK4/6 is RB1, loss of RB1 function, is predictive of shorter recurrence free survival times (77). Palbociclib did not have activity in cancer cells that had deletion or inactivation of RB (78–80). RB-deficient tumors tend to demonstrate extremely high expression of p16INK4A (81). In a study that looked at the activity of palbociclib in explanted breast cancers, p16ink4a-high tumors were also noted to be unresponsive to palbociclib (80).

Cell lines developed to acquire resistance to Palbociclib (through chronic exposure to the drug), have been shown to have loss of Rb expression and over-expression of Cyclin E1 (82). In-vitro studies have shown cells adapting to CDK4/6 inhibition with palbociclib or ribociclib via phosphorylation of Rb within 48 hours, thus allowing treated cells to enter the S-phase (40, 82). However, with abemaciclib, cells were shown to go for as long as 5 days without evidence of cell adaptation (40). Ribociclib resistant cell lines were resistant to abemaciclib as well and vice versa (83). Abemaciclib resistant cell lines were noted to have CDK6 upregulation, which was not seen in ribociclib resistant cell lines (83).

RBsig, a gene expression signature of Rb loss-of-function, has been associated with sensitivity to abemaciclib monotherapy in tumors derived from the neoMONARCH study (84). Tumors resistant to abemaciclib were noted to have higher expression of Cyclin E1 and Rb loss of function score, compared to abemaciclib sensitive tumors, however this was not statistically significant (85).

Due to abemaciclib’s ability to inhibit other CDKs in addition to CDK4/6, it has been shown to be effective in inhibiting cell growth even in RB deficient cell lines which are resistant to palbociclib and ribociclib (40, 44). RB-deficient cells treated with ribociclib or palbociclib had no effect on cell-cycle distribution, however treatment with abemaciclib caused cells to accumulate in G2, consistent with an abemaciclib-induced cell cycle arrest independent of CDK4/6 (40).

Cyclin E is a regulatory subunit of CDK2 which induces transition into S-phase, and it is degraded as cells progress through S phase. CDK2 is not a target of either palbociclib or ribociclib. Cyclin E overexpression renders the cells ineffective to CDK4/6 inhibition and G1 arrest. Tumor tissue analysis from patients enrolled in the PALOMA-3 trial demonstrated that patients with higher levels of Cyclin E mRNA expression were less susceptible to palbociclib. They had significantly shorter progression free survival times than tumors with low Cyclin E expression (86). Western blot analysis of palbociclib resistant cells lines showed increase in Cyclin E and phosphorylated CDK2 and were shown to be only partially resistant to abemaciclib (87).

Inhibition of CDK2/Cyclin E circumvents resistance resulting from Cyclin E amplification, which is a mechanism that has been identified in palbociclib-resistant cell lines. Abemaciclib inhibits cyclin E in preclinical cell lines. Therefore, patients whose tumors have high levels of Cyclin E expression, and who have progressed or shown no response to palbociclib, may derive some benefit from subsequent treatment with abemaciclib. Haffner et al. reported the case of a 75 year old woman with ER+/PR+/HER2 negative metastatic breast cancer who had initial response to combination therapy with fulvestrant and palbociclib (40) She then developed progression of disease with liver metastases and was switched to single agent abemaciclib (200 mg twice a day) which resulted in the decrease of the size of the liver lesion within three months of monotherapy (40). Treatment with abemaciclib maybe an option in a sub-set of patients who progress on palbociclib.

Upregulation of FGFR signaling has been identified as a mechanism of drug resistance to both ribociclib and palbociclib. Circulating tumor DNA obtained in patients enrolled in the MONALEESA-2 trial of ribociclib showed a shorter progression free survival in patients with an FGFR1 amplification compared to those with wild type FGFR1 (88). FGFR1 is part of the 8p11 amplicon, and 8p11 amplification is a known predictor of poor response to hormonal therapy in ER+ breast cancers (89). In MONALEESA-3, the PFS in tumors with FGFR1 amplification in the ribociclib plus fulvestrant arm compared to placebo plus fulvestrant arm was not statistically significant. (10.97 months vs 6.67 months HR 0.73; CI 0.37-1.43) (90). In contrast, in MONARCH 3, there was an improvement in PFS in tumors with FGFR1 mutation amplification treated with abemaciclib and aromatase inhibitors compared to aromatase inhibitors alone (32.8 months vs. 7.6 months HR 0.37; 95% CI 0.16 to 0.85) (91). This suggests that FGFR1 amplification may be a marker of resistance to palbociclib and ribociclib, but not to abemaciclib. Further studies will be needed to validate these findings.

The mechanisms of resistances between the three approved CDK4/6 inhibitors are dissimilar and more work needs to be done to understand the unique resistance mechanisms for these agents. Identification of de novo biomarkers of resistance would allow improved patient selection.




Conclusion

The approved CDK4/6 inhibitors currently on the market have been shown to improve PFS and OS when used in combination with hormonal therapy, in patients with HR+/HER2 negative metastatic breast cancer. Intriguingly only abemaciclib, the least specific inhibitor, has data supporting a role in the adjuvant setting and is the only CDK4/6 inhibitor approved as monotherapy in the metastatic setting. Although they all inhibit CDK4/6, there are differences in target specificity, dosing schedules, CNS penetration and toxicity between these agents that prescribers may need to take into consideration before initiating therapy.

Further work needs to be done to better understand unique tissue and/or serum biomarkers that may predict benefit for each of the approved CDK4/6 inhibitors to guide patient selection and optimal treatment combinations. New data showing effect of the CDK4/6 inhibitors on immune signaling, if validated, may broaden the potential utility of these inhibitors in cancer therapy.
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There is growing interest in the role of nerve-driven mechanisms in tumorigenesis and tumor growth. Capsaicin-sensitive afferents have been previously shown to possess antitumoral and immune-regulatory properties, the mechanism of which is currently poorly understood. In this study, we have assessed the role of these terminals in the triple negative 4T1 orthotopic mouse model of breast cancer. The ultrapotent capsaicin-analogue resiniferatoxin (RTX) was used for the selective, systemic desensitization of capsaicin-sensitive afferents. Growth and viability of orthotopically implanted 4T1 tumors were measured by caliper, in vivo MRI, and bioluminescence imaging, while tumor vascularity and protease enzyme activity were assessed using fluorescent in vivo imaging. The levels of the neuropeptides Calcitonin Gene-Related Peptide (CGRP), Substance P (SP), and somatostatin were measured from tumor tissue homogenates using radioimmunoassay, while tumor structure and peritumoral inflammation were evaluated by conventional use of CD31, CD45 and CD3 immunohistology. RTX-pretreated mice demonstrated facilitated tumor growth in the early phase measured using a caliper, which was coupled with increased tumor vascular leakage demonstrated using fluorescent vascular imaging. The tumor size difference dissipated by day seven. The MRI tumor volume was similar, while the intratumoral protease enzyme activity measured by fluorescence imaging was also comparable in RTX-pretreated and non-pretreated animals. Tumor viability or immunohistopathological profile was measured using CD3, CD31, and CD45 stains and did not differ significantly from the non-pretreated control group. Intratumoral somatostatin, CGRP, and SP levels were similar in both groups. Our results underscore the beneficial, antitumoral properties of capsaicin sensitive nerve terminals in this aggressive model of breast cancer, which is presumed to be due to the inhibition of tumor vascular bed disruption. The absence of any difference in intratumoral neuropeptide levels indicates non-neural sources playing a substantial part in their expression.
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Introduction

Breast cancer is the most common malignancy, and also the most frequent cause of cancer-related death among women (1). Nearly 15% of all invasive breast cancers are triple-negative breast cancers (TNBC), a very aggressive form (2, 3) in which estrogen-, progesterone, and human epidermal growth factor receptor 2 (HER2) expression is absent, which necessitates finding novel targets to tackle TNBC. Since aggressive breast cancers are highly dependent upon vascular supply and neoangiogenesis, the 4T1 TNBC model (an aggressive mouse breast cancer cell line derived from the mammary gland of the BALB/c strain) is a vascularized tumor model (4). Due to poor vascularization of rapidly growing 4T1 tumors these develop spontaneous necrosis in the center of the tumor once reaching a certain size (5).

Neural factors bear profound influence on breast cancer growth and tumor cell proliferation, as summarized by a recent comprehensive review (6). Prior studies have shown that increased sympathetic activation facilitates metastatic potential in the 66cl4 murine mammary adenocarcinoma model (7). In the 4THMpc murine model, vagotomy also facilitated distant metastasis formation without influencing growth of the primary tumor, while pharmacological activation of the vagus nerve decreases metastatic potential coupled with an increased Substance P (SP)-level in sensory nerve endings (8, 9). While several preclinical studies demonstrated inhibitory vagal effects, multiple retrospective clinical studies regarding cancer patients indicated a stimulatory response. Thus, the net effect of parasympathetic activation remains controversial (10). More recently, neural activity and presence of nerve fibers have been confirmed in vivo, in orthotopic 4T1 breast tumors, and evoked responses were demonstrated when the cervical vagus nerve was electrically stimulated, indicating a direct neural connection between the brain and the mammary tumor. Intratumoral electrical activity may likely be inhibited through the use of chemical sympathectomy (11). Thus, neural regulation of the tumor microenvironment has become an area of immense interest, as recent evidence indicates tumor cells may commandeer and even reactivate otherwise dormant nerve-driven pathways to further facilitate their own growth (6).

Capsaicin-sensitive sensory nerves are selectively activated by capsaicin, the pungent alkaloid of hot peppers. Capsaicin activates the Transient Receptor Potential Vanilloid 1 (TRPV1) receptors, which is responsible for its distinct taste (12). If frequently activated, the receptors become desensitized towards further stimuli, which has already been exploited as a therapeutical approach found in nasal spray intended to treat migraine headaches, including the topical analgesic treatment of rheumatoid arthritis and sensory neuropathy (12). Recently, the clinical applicability of capsaicin has also emerged in oncology (13). Early on, the direct effect of capsaicin was debated (14), more recent studies overwhelmingly demonstrated anticancer effects, attributed to its pro-apoptotic, cell-cycle arrest-inducing, and anti-angiogenic properties (15–18). Capsaicin can ablate TRPV1-positive sensory neurons via Ca2+ overload. By a similar mechanism, it may also kill tumor cells which express TRPV1. Nonetheless, it remains to be seen, if tumors can indeed express TRPV1 at sufficiently high concentrations to effectively enable this killing effect. However, long-lasting effects of capsaicin and its analogues exerted via desensitization of capsaicin-sensitive afferents have manifold, indirect downstream effects. It has been demonstrated that capsaicin-induced desensitization of peptidergic sensory nerve terminals induces facilitated lung metastasis formation in the 4T1 breast cancer model. This was coupled with an increased number of metastatic deposits in the heart, an otherwise uncommon site for metastasis formation in the model. Interestingly, lower, non-desensitizing doses of capsaicin were found to diminish lung metastasis formation. Comprehensively, it has been postulated, increased activation of capsaicin-sensitive afferents bears protective effects, while their defunctionalization is detrimental, by removing the homeostatic effects exerted by the neuropeptides released from them (19). As afferents, capsaicin-sensitive peptidergic nerves transmit inflammatory signals from the tumor to the central nervous system. Furthermore, they also act as efferents, via neuropeptides released locally from peripheral capsaicin-sensitive nerves and may also influence tumor growth. Since many of these neuropeptides are potently vasoactive, such as SP, Calcitonin Gene-Related Peptide (CGRP), while others are anti-inflammatory (e.g., somatostatin), the net effect of their actions can be considerably diverse. The sensory nerves in the tumor microenvironment (stroma) are also known to regulate neoangiogenesis in the tumor, and may play an important role in tumor formation and progression. Capsaicinoids demonstrate robust anti-angiogenic activity in mouse models (20). Vagal afferentation was also found relevant in tumorigenesis and tumor growth. It has been shown by several prospective clinical studies, vagotomy increases the risk of developing lung or colorectal cancers later on, and in vivo studies have demonstrated increased metastatic potential in breast cancer following vagotomy. It has also been demonstrated the sensory component of the vagal nerve also contains capsaicin-sensitive afferents (8, 9, 21).

In this study, we aimed to characterize the role of capsaicin-sensitive fibers in a mouse model of an orthotopically implanted, triple negative 4T1 breast cancer model, using functional assessment of tumor growth, in vivo imaging of tumor structure, vascularity, and inflammatory enzyme activity. This was followed by ex vivo evaluation of intratumoral levels of key neuropeptides contributing to their vaso-, and immunoregulatory actions, including conventional and immune-histopathological assessment of the tumor stroma. This is an important question from a clinical perspective too, since high-dose capsaicin patches which function by sensory desensitization are already in clinical use to relieve neuropathic pain (22). Thus, in this study we aimed to determine breast cancer progression in mice after defunctionalizing the capsaicin-sensitive peptidergic sensory nerves by pretreatment with the ultrapotent capsaicin analog resiniferatoxin (RTX), and to identify the factors which may influence tumor growth.



Materials and Methods


Animals

Six-to-eight week old female BALB/c mice were bred and kept at the Laboratory Animal House of the Department of Pharmacology and Pharmacotherapy of the University of Pécs at 24-25°C, and provided with standard rodent chow and water ad libitum under 12h dark/12h light cycles. The study was designed and conducted in full accordance to the European legislation (directive 2010/63/EU) and the Hungarian Government regulation (40/2013., II. 14.), in reference to the protection of animals used for scientific purposes. The project was approved by the Animal Welfare Committee of the University of Pécs, and the National Scientific Ethical Committee on Animal Experimentation of Hungary and licensed by the Government Office of Baranya County (license No. BA02/2000-32/2018). All efforts were made to keep the number of experimental animals involved in the study at the necessary minimum.



Sensory Desensitization by RTX Pretreatment

The involvement of capsaicin-sensitive neurons in tumor progression was investigated with their long-lasting desensitization using systemic treatment with high doses (10, 20, 70 and 100 µg/kg) of the ultrapotent capsaicin analogue RTX (Sigma Aldrich, St. Louis, MO, USA) injected subcutaneously over the span of four consecutive days) three weeks prior to the inoculation (23). Mice were simultaneously treated with a solution containing 4% terbutaline–sulfate (AstraZeneca Ltd., Hungary, 4% theophylline-ethylene diamin (Gedeon Richter Plc., Hungary) and 2% atropine–sulfate (Egis Pharmaceuticals Plc., Hungary). The supporting drug cocktail was utilized to diminish the acute respiratory side effects of RTX-pretreatment (primarily bronchoconstriction and increased mucus secretion). The supporting mixture has been shown to reduce animal loss during desensitization with high dose capsaicin and its analogs, including RTX (24, 25). RTX elicits permanent opening of the TRPV1 ion channel receptors, and the resultant intracellular cation influx induces long-lasting defunctionalization of the whole sensory nerve terminals. Thus, it acts as a selective neurotoxin, through which all TRPV1 receptor-expressing afferents are deactivated. RTX has been shown to be several magnitudes (100 to 200 fold) more potent TRPV1 receptor agonist compared to capsaicin. It was also proven that the loss of TRPV1 receptor expression in the central nervous system is not reversible following RTX-pretreatment (26, 27). As RTX-pretreated mice do not display nocifensive reactions against TRPV1 agonist irritants (e.g., capsaicin), these animals are colloquially referred to as desensitized. The success of the sensory defunctionalization was confirmed two weeks later by the absence of increased eye-wiping behavior following 10 µl, 0.1% capsaicin drop compared to its vehicle, indicating the peripheral defunctionalization of peptidergic afferents. This test is a routinely used, well-established and widely accepted technique (24, 28). In a prior study we have reported a striking difference in the number of eye wipings in RTX-pretreated mice (less than five per minute) compared to non-pretreated mice (over 30 per minute) (23). As the 0.1% capsaicin solution elicits a very profound nocifensive response in intact mice, in this study it was only administered to RTX-pretreated animals.



Tumor Model

4T1 tumor cells (29) transfected with firefly luciferase were grown in cell culture and processed for inoculation in vivo (5). The cell line was maintained in DMEM (Gibco, Invitrogen) with 10% FBS, 1 mM l-glutamine, and penicillin/streptomycin (Gibco; Invitrogen) and 0.25% trypsin/1mM EDTA (Life Technologies). Animals were anesthetized by 100 mg Ketamine/10 mg Xylazine/kg (Calypsol® 50 mg/ml, Richter Gedeon, Budapest, Hungary; CP-Xylazin 2%, Produlab Pharma, Raamsdonksveer, Netherlands) intra-peritoneally (i.p.) 1x 106 4T1 cells in 50 µl 1:1 Matrigel®-PBS (Matrigel® Basement Membrane Matrix, 354234, Corning®, NY, USA; Phosphate Buffered Saline without Calcium and Magnesium #17-516F, Lonza A. G., Basel, Switzerland) solution were subcutaneously inoculated by a 50 μl Hamilton syringe (Hamilton Company, Reno, Nevada, US). Inoculation was made orthotopically into the fourth mammary gland’s fat pad in each mouse (30). Animals with the largest, smallest or twin tumors were excluded from the study.



Tumor Size Measurements

Tumor size was measured daily using a digital caliper. Mice were held in hand while measuring all three dimensions (π/6 x length, x width and x height) of each tumor using the digital caliper with 0.01 mm precision (Mitutoyo, Kawasaki, Japan). The length was measured along the longest linear dimension on the skin and the width along the axis perpendicular to the longitudinal axis. The height was measured at the tallest point of the tumor (31).



In Vivo Bioluminescence Imaging of Tumor Growth and Viability

On days one, three and eight, following the inoculation of bioluminescent tumor cells, the animals underwent in vivo imaging using the IVIS Lumina III imaging system (PerkinElmer, Waltham, MA, USA). The transfected 4T1 tumor cells express firefly luciferase which produces bioluminescence following the addition of its substrate (luciferin). In consideration of the imaging, a 15 mg/ml solution of D−luciferin sodium salt (Gold Biotechnology, St. Louis, MO, USA) in DPBS was administered i.p. in a 150 mg/kg dose. Animals were anesthetized using ketamine-xylazine three minutes following the administration of D-luciferin, and were imaged ten minutes postinjection using the following settings: auto acquisition, F/stop = 1 and Binning = 4. Data were analyzed using the Living Image software (PerkinElmer). Regions of interest (ROI) were drawn around the luminescent tumor signal automatically using identical signal thresholds. Total radiance, a calibrated unit of the luminescence (total photon flux per second), was calculated in each ROI and used for further statistical analysis.



In Vivo Fluorescence Imaging of Protease Activity and Tumor Vascular Leakage

Increased levels of protease enzyme activity is a hallmark feature of many tumors including breast cancer. Protease enzyme activity was measured in vivo with the ProSense 680 (PerkinElmer) activable fluorescent probe using the FMT 2000 fluorescence molecular tomography system (PerkinElmer). ProSense is selectively activated by several important, disease-associated proteases, such as Cathepsin B, L, S and Plasmin, and was previously shown to be a robust tool in monitoring their activity. ProSense is a fluorophore-conjugated graft copolymer of polyethylene glycol and poly(Lys), and it is optically silent under normal conditions. Upon selective enzymatic cleavage the probe regains its fluorescent properties in the near-infrared range, thus allowing selective detection of enzymatic activity (32). ProSense was reconstituted in sterile 1xPBS. The probe was injected intravenously (IV) under anesthesia through the retroorbital venous plexus in a dose of two nmol/subject fully compliant to the manufacturer’s recommended protocol. The mice were consequently gently shaved and topically treated with hair removal cream under anesthesia in the area surrounding their torso, in order to reduce optical signal loss and scatter. Three-dimensional tomographic imaging was performed twenty-four hours postinjection using the 680 nm laser channel of the device. In the 3-dimensional volumes of interest representing the tumor tissue, the amount of fluorophore was automatically calculated through the use of TrueQuant software (PerkinElmer) of the instrument in picomoles.

Tumor vascular leakiness was assessed with the AngioSense 680EX (PerkiElmer) fluorescent blood pool imaging probe in a different set of mice. Upon IV injection, AngioSense remains localized in the vasculature under normal conditions for up to four hours, only showing accumulation in regions where vascular structure is distorted, either due to pathological vessel leakage or neoangiogenesis. The probe was injected (two nmol/subject in 1xPBS) and mice were prepared for imaging as formerly described. Imaging was performed at twenty-four hours postinjection to eliminate the biasing effect of any circulating tracer. The amount of fluorophore in the tumor tissue was quantified as described earlier.



Magnetic Resonance Imaging of Tumor Size and Internal Structure

The time course regarding tumor development was followed up with an MRI from each treatment group on the second and on the sixth days using a Bruker PharmaScan® (4.7 T) small-animal MRI instrument. The imaging protocol was performed with a fast T2-RARE (Rapid Acquisition with Relaxation Enhancement) method (Thk: 1.00 mm, TR: 4000.00 ms, TE: 40.00 ms, matrix: 256x256). Anesthesia was induced by 3% V/V of isoflurane (Medicus Partner) in a gas mixture of 33% O2 and 66% N2O via rodent facemask and maintained with 1–2% isoflurane controlled by respiratory monitoring and gating system. Data were analyzed using the 3D-Slicer open access software (33, 34).



Radioimmunoassay Measurement of Neuropeptide Concentration in the 4T1 Tumor Tissue

CGRP, SP and somatostatin concentrations were determined from homogenates of the 4T1 tumors. RIA was performed in phosphate buffer (pH 7.4, 50 mmol/L) containing sodium chloride (100 mmol/L), sodium azide (0.05% w/v) and bovine serum albumin (0.25% w/v). Polypropylene assay tubes contained samples or standard peptides, tracer, antiserum and assay buffer. Standard, tracer and antiserum were dissolved in an assay buffer. Samples measured 500 µL, whereas standard, tracer and antiserum were 100 µL each. Tubes containing standard received 500 µL SIF solution to mimic the effect of the sample solvent. Tubes were filled to 1000 µL with assay buffer. Somatostatin-14, Tyr-α-CGRP23–37 and Lys3 Substance P (Sigma-Aldrich, Hungary; Bachem, USA; and PerkinElmer, USA, respectively) were used as a standard. The tracer was produced from (Tyr1)-somatostatin-14 and Tyr-α-CGRP23–37 by incubating the peptide with Na-125I and 1, 3, 4 and 6-tetrachloro-3a and 6a-diphenyl-glycoluril. The mono-iodinated peptide was separated during the reverse phase HPLC column. Tracer dilution was adjusted to allocate 3000 cpm/100 µL. In the case of SP, 125I-Bolton Hunter labeled Lys3 Substance P was used. Antiserum was used at 1:250000, 1:190000 and 1:320000 dilution in the case of SOM, CGRP and SP, respectively. Assay tubes were incubated at 4° C for 48-72 h. Antigen-bound and free peptides were separated by adding 100 µL of a disperse system containing Norit-A (10% w/v), dextran (MW: 65-73 kDa, 1% w/v) and commercial fat-free milk powder (0.2% w/v) in distilled water. Tubes were centrifuged at 4° C, 3000 g, for twenty minutes. Pellets containing free peptides and supernatant containing antibody-bound peptides were separated and radioactivity of both was detected (Gamma NZ-310, Hungary). A standard curve was generated by plotting the ratio of the activity of pellets and the activity of supernatants of standard samples. Results are expressed as total SOM-like, CGRP-like and SP-like immunoreactivity (fmol SOM-LI, fmol GGRP-LI and fmol SP-LI) per mg tissue weight or per ml.



Histopathology and Immunohistochemistry

Procedures were performed as formerly described (35). Briefly, tumor tissue samples were fixed in 10% formalin, dehydrated and embedded in paraffin, followed up with serial sections (2.5 µm) which were cut. Sections were dewaxed and rehydrated for hematoxylin-eosin (H&E) staining and immunohistochemistry. In consideration of antigen retrieval, heating was applied for twenty minutes in Tris-EDTA (TE) buffer pH 9.0 (0.1 M Tris base and 0.01 M EDTA) using an Avair electric pressure cooker (ELLA 6 LUX(D6K2A), Bitalon Ltd., Pécs, Hungary). and twenty minutes cooling with open lid. Endogenous peroxidase blocking was performed using 3% H2O2 in methanol for fifteen minutes. Non-specific proteins were blocked for fifteen minutes in 3% bovine serum albumin (BSA, #82-100-6, Millipore, Kankakee, Illinois, USA) diluted in 0.1 M Tris- buffered saline (TBS, pH 7.4) containing 0.01% sodium azide. Sections were incubated with primary antibodies diluted in 1% BSA/TBS + TWEEN (TBST, pH 7.4) overnight (CD31), for sixty (CD45), and ninety minutes (CD3) in a humidity chamber. Peroxidase-conjugated anti-rabbit and anti-mouse IgGs (HISTOLS-MR-T, micropolymer -30011.500T, Histopathology Ltd., Pécs, Hungary) were used for forty minute incubations and the enzyme activity was revealed with three each, 3’-diaminobenzidine (DAB) chromogen/hydrogen peroxide kit (DAB Quanto-TA-060-QHDX-Thermo Fischer Scientific, Waltham, MA, USA) under microscopic control. All incubations were set to room temperature with the samples washed between incubations in TBST buffer for 2 x 5 min. H&E, CD3 (FLEX Polyclonal Rabbit Anti-Human CD3 RTU, produced by DAKO), CD31 (clone D8V9E, produced by Cell Signaling Technology) and CD45-immunostained (clone M0701, produced by DAKO) slides were digitalized by Pannoramic Digital Slide Scanner (3DHISTECH Ltd., Budapest, Hungary). Digitalized slides were evaluated in CaseViewer image-analysis software (3DHISTECH, Ltd.) with the QuantCenter-HistoQuant module. Specific CD3, CD31 and the CD45 signal was masked according to chromogene reaction intensity on the sections in the annotated area (entire tumor or inflammatory ring area). The ratio of masked and annotated area (relative mask area, rMA (%)) was used to estimate CD3, CD31 and CD45 expression. CD31 expression was evaluated in regards to the entire tumor annotated area. CD3 and CD45 expression was evaluated in the annotated area of the inflammatory ring regarding CD3 and CD45 stained slides, respectively. Inflammatory ring/tumor area ratio was calculated on CD3 stained slides.



Statistical Analysis

All data are presented as means ± SEM, and were analyzed using the statistical software package, GraphPad Prism v.7. (GraphPad Software, Inc., San Diego, CA, USA). Results were analyzed by two-way analysis of variance (ANOVA) followed by Sidak’s multiple comparison test. Fluorescence in vivo imaging (AngioSense, ProSense), RIA (CGRP, SP, and somatostatin) and immunohistopathology data were analyzed first by unpaired t-test and F-test. Due to the significantly different variance of the groups in two datasets (AngioSense, SP-levels), these were further analyzed by the modified Welch t-test. The experimental layout has been summarized in Figure 1.




Figure 1 | Summary of the experimental design and timeline including the timing of the resiniferatoxin (RTX) pretreatment, inoculation of tumor cells (4T1), tumor size measurements by caliper, MRI, as well as in vivo luminescence and fluorescence imaging by IVIS and FMT.






Results


Increased Tumor Burden in the Early Phase of Tumor Growth in Desensitized Mice

Following the orthotopic injection of the 4T1 tumor cells, rapid growth was observed, with the mean tumor volume reaching 28.58 and 31.03 mm3 by day eight in non-pretreated and RTX-pretreated animals, respectively. In the early phase of tumor growth, particularly on day three and six, larger tumor volumes were found using a digital caliper in desensitized mice when compared with those in controls (4.55 vs. 1.72 and 21.25 vs. 17.87 mm3, p=0.0204 and 0.0375 respectively, Figure 2A), and to a lesser degree, also on day seven and eight.




Figure 2 | Moderately increased tumor volume in RTX pretreated mice in the early phase postimplantation. (A) Primary 4T1 tumor volume (mm3) and growth in BALB/c mice (n = 10-14 per group, log10 scale), measured using a digital caliper. (B) Tumor size measurement (mm3) evaluated by high resolution MRI. (n = 10). (C) Representative image of tumor structure (3D volume rendering and one T2-weighted slice in the coronal plane). Tumor volumes were calculated via 3D rendering and measuring. Data were calculated with 3D-Slicer 4.10.2, *p < 0.05 vs. non-pretreated, #p < 0.05, ##p < 0.01, ###p < 0.001 vs. initial measurement of the respective group.



Direct volumetric T2-RARE MR imaging also demonstrated rapid tumor growth, with the mean tumor volume increasing from 23 and 16 mm3 to 49 and 51 mm3 in non-pretreated and desensitized mice respectively between day two and six. However, no significant difference in tumor volume could be observed between the groups on MRI (Figures 2B, C).



4T1 Tumor Cell Viability and Growth Measured by Bioluminescence Is Not Significantly Different in Desensitized Mice

Immediately twenty-four hours following the inoculation of the 4T1 cells, the in vivo luciferase bioimaging clearly demonstrated the viability of cancer cells, confirming the success of the orthotopic implantation. By day three, the bioluminescence signal strength reflecting the viable cancer cells increased significantly to nearly three to fourfold, which was followed by an additional increase, approaching tenfold, in luciferase luminescence by day eight. However, no significant difference could be observed between the desensitized and control groups (Figures 3A, B).




Figure 3 | Similar 4T1 tumor cell viability and growth measured by bioluminescence imaging in desensitized mice. (A) Tumor viability measured as the luminescence (total flux [p/s]) of luciferase transfected 4T1 tumor cells non-pretreated and RTX pretreated groups (n=10-14/group). (B) Representative in vivo bioluminescence images shown as pseudocolor representation of radiance [p/sec/cm2/sr] overlaid onto simultaneously acquired grayscale photographs of the subjects. The color scale indicates the level of luminescence corresponding to each color on the images, #p < 0.05, ###p < 0.001 vs. initial measurement of the respective group.





Similar Protease Activity, Yet Increased Tumor Vascular Leakage Measured Using Fluorescence In Vivo Imaging in RTX-Pretreated Animals

Protease activity within the 4T1 tumors was measured by the enzyme-activatable fluorescence probe ProSense on day seven following inoculation. 4T1 tumors demonstrated robust and specific enzyme activity at this point in both RTX-pretreated and control animals. The protease activity tended to be greater in desensitized mice, however, the difference was not significant (Figures 4A, C).




Figure 4 | Increased intratumoral vascular leakage in RTX pretreated animals. (A, B) Fluorescent molecular tomography (FMT) imaging of protease enzyme activity (ProSense 680) and tumor vascular leakage (AngioSense 680EX) (n = 5-7/group) measured as the amount of fluorescent tracer in the tumors (pmol) on day seven following inoculation. (C, D) Representative FMT-images shown as pseudocolor representations of the amount of fluorophore, overlaid onto grayscale silhouette images of the subjects, *p < 0.05 vs. non-pretreated.



Tumor vascularity and leakage were also measured using the AngioSense fluorescent tracer on day seven. Since the measurement was carried out 24 hours postinjection, the fluorescence signal observed at this time point is representative regarding the retained tracer due to the enhanced permeability and retention effect characteristic of malignant tumors including breast cancer. The vascular signal was significantly increased in desensitized mice compared with their non-pretreated controls (mean tracer amount in tumors 154.8 vs. 84.9 pmols, p=0.039) indicating increased tumor vessel leakage (Figures 4B, D).



No Difference in the Intratumoral Concentration of the Neuropeptides CGRP, Somatostatin and SP in Desensitized Mice

Neuropeptides measured by RIA from tumor tissue homogenates obtained at the end of the experiment revealed no significant differences in the concentration of the proinflammatory and vasoactive CGRP, and the anti-inflammatory somatostatin between desensitized mice and the non-pretreated control group (Figures 5A, B). The concentration of the predominantly proinflammatory, pronociceptive, and vasoactive neuropeptide SP was also not significantly lower in RTX-pretreated mice compared to their controls (50.9 vs. 82.2 fmol/mg tumor tissue; Figure 5C).




Figure 5 | Intratumoral concentrations of the neuropeptides Calcitonin Gene-Related Peptide (CGRP), Somatostatin, and Substance P (SP) measured by radioimmunoassay are not significantly altered by RTX-pretreatment. Intratumoral neuropeptide concentrations (fmol/mg) of (A) CGRP, (B) Somatostatin, (C) SP. The min to max values are demonstrated with all data points.





Unaltered Levels of CD31, CD3, and CD45 Immunoreactivity in the 4T1 Breast Tumor Tissue in Desensitized Mice

Considering the observed in vivo differences in intratumoral vascular leakage, CD3, CD31, and CD45 were selected as markers to further assess endothelial changes and immune-cell response (36–38). Semi-automated quantification of CD31 immunohistology within the annotated area of the tumor tissue harvested at the end of the experiment was not significantly different in RTX-pretreated and non-pretreated control animals (1.449 vs 1.599 relative mask area (rMA) (%); Figures 6A, B, D). An inflammatory ring in the area adjacent to the tumors appeared in both the non-pretreated and RTX-pretreated group following H&E staining.




Figure 6 | No significant difference observed in in CD31 and CD45 immunoreactivity of the 4T1 tumor tissue in RTX-pretreated mice. (A) Representative H&E and (B) anti-CD31 stained histopathological slides with high magnification (23x). (C) Representative anti-CD45 stained slides with high (23x) magnification. (D) CD31 expression measured by quantitative immunohistochemistry (relative mask area %). (E) CD45 expression measured by quantitative immunohistochemistry (relative mask area %).



The vast majority of inflammatory cells in the rings appeared to be small cells with round nuclei, identified as T-lymphocytes (not shown). CD45 expression analysis also showed no difference in the inflammatory ring area (23.48 vs. 17.50 rMA(%); Figures 6C, E).

A more detailed analysis performed through anti-CD3 immunohistochemistry however, revealed no difference between RTX-pretreated and non-pretreated tumors: The extent of the inflammatory rings (inflammatory ring area/tumor area: 0.49 vs. 0.42 ring/tumor area; Figures 7A, B) and quantification of CD3+ (57.04 vs. 54.60 rMA(%); Figures 7C, D) in the inflammatory rings were similar.




Figure 7 | No significant difference in the CD3 immunoreactivity-based inflammatory response in the area surrounding the 4T1 tumors after RTX-pretreatment. (A) Ratio of the inflammatory ring area to the entire tumor area (B) Representative anti-CD3 stained sections, demonstrating tumor annotation (red) and the inflammatory ring (blue) with low (1.4x) magnification. (C) CD3 expression measured by quantitative immunohistochemistry (relative mask area %). (D) Representative anti-CD3 stained slides with high (23x) magnification. The inflammatory ring is marked with blue annotation.






Discussion

In consideration of this model of 4T1 orthotopic, triple negative breast cancer, we found divergent effects of RTX-induced desensitization of the capsaicin sensitive afferents. First, we demonstrated in the early period following tumor tissue implantation, growth was accelerated in RTX-pretreated mice; however, this difference subsides in the later phase. The facilitated tumor growth is accompanied by increased intratumoral vascular leakage, while inflammatory enzyme activity does not significantly differ. Notably, tumor expansion measured through the use of bioluminescence imaging is also comparable in desensitized and control mice. CGRP, somatostatin, and SP levels measured in the tumor tissue showed no significant difference between the groups. Histological tumor tissue morphology, including CD31, CD3 and CD45 expression measured by immunohistochemistry, did not differ significantly between the groups, indicating tumor architecture itself is not directly influenced by RTX-pretreatment. The interesting discrepancy between the tumor size measured through the use of a caliper and MRI can be attributed to the fact the latter method quantified tumor volume, yet not the peritumoral edema, which is often significant in aggressive forms of breast cancer (39).

The increased early growth and vascular leakage in the orthotopically implanted 4T1 tumors of desensitized mice indicates a beneficial regulatory effect of capsaicin-sensitive sensory nerves. Many neuropeptides released from these terminals (including CGRP and SP) are amongst the most potent endogenous vasoactive mediators, and can induce vasodilation, increased vascular leakage and increased efflux of plasma proteins and leukocytes (40–42). From a practical viewpoint, the observed increased intratumoral leakage following desensitization is a Janus-faced feature. Hyperpermeability of tumor vessels can hinder effective drug delivery, yet can also facilitate leakage and accumulation of large molecule drugs which cannot readily leave normal vasculature, resulting in their selective accumulation in the tumor tissue (43). Our results are in agreement to a prior study in which pretreatment with the less potent TRPV1-agonist capsaicin facilitated the metastasis of 4T1 tumor in the lung and heart, while in lower, non-desensitizing doses, it decreased the frequency of lung metastases (19). In this experiment, growth of the primary implanted tumor was unaffected by capsaicin-induced desensitization. However, the authors did not evaluate tumor growth in the very early phase postimplantation.

Among the neuropeptides released by capsaicin-sensitive afferents, SP was shown to facilitate breast cancer growth and metastasis formation (44). In our model, SP levels did not change significantly, despite increased early phase tumor growth and vascular leakage. The unaltered CGRP, SP and somatostatin levels observed in the tumor tissue of desensitized mice indicate significant non-neural sources of these mediators. The absence of the beneficial immuno-regulatory effect of sensory neuropeptides released by sensory nerve endings had been previously suggested as a detrimental factor in cancer, since SP at low levels can increase immunoglobulin and cytokine production, facilitates B-cell differentiation and T-lymphocyte proliferation (19, 45–48). Furthermore, regarding metastatic 4T1 breast cancer, it was discovered that SP is capable of counteracting tumor-induced endothelial dysfunction (49). In a prior study regarding lung metastasis formation in breast cancer, it was shown that sensory vagal activity significantly diminishes both SP levels and the metastatic burden (8). A later study showed that drug-induced vagal activity also decreases the metastatic burden and metastasis formation in the 4THM breast cancer model (9). Therefore, it has been proposed, functional capsaicin-sensitive afferents constitute a gatekeeper mechanism which limits metastatic propagation in breast cancer via local neuropeptide release (50). Furthermore, it was found that capsaicin-induced desensitization results in a less favorable gene expression profile in breast cancer, potentially due to the diminished activation of certain genes pivoting towards inhibition of cancer growth (50–52). However, it has been shown that tumor cells also express SP, and SP levels are elevated in breast cancer due to the lacking inhibitory effect of the RE1-silencing transcription factor (REST) in SP-expression (53). Since REST is downregulated in breast cancer, this results in an increased intratumoral SP-level. Considering the antitumoral effects of SP at lower levels, it has been proposed that intact SP stimulates tumorigenesis, while its bioactive fragments resulting from enzymatic hydrolysis can suppress tumor growth (54, 55). While capsaicin-sensitive afferents are a pivotal source of CGRP, expression of this vasoactive neuropeptide was also not significantly lower in desensitized animals. However, it has been shown, breast cancer cells themselves strongly express CGRP (56). Thus, in conclusion, this non-neural source of the peptide maintains its concentration within the tumor tissue. In a similar manner, while somatostatin is released by sensory nerve endings in significant quantities, the gut and central nervous system are considered to be their primary source in rodents (57). Comprehensively, our findings indicate that intratumoral neuropeptide levels are primarily influenced by non-neural sources. Further studies using both neuropeptide gene-deficient mice and tumor cell lines are warranted to differentiate how tumoral and systemic, yet non-neural neuropeptide expression, contributes to their production and biologic action in breast cancer.

Capsaicin sensitive-sensory nerves influence tumor growth, and vascular permeability in this orthotopic model of 4T1 breast cancer. The increased vascular leakage observed within the tumors of desensitized mice is likely due to the imbalance of local neurogenic vasoregulation, which in turn, can facilitate tumor vascular bed disruption. On the other hand, intratumoral protease expression was also not significantly different in our experiment, accompanied by a maintained level of neuropeptides in the tumor tissue. Finally, as demonstrated by the histopathological analysis long-term tumor growth, cellular profile and viability were not significantly influenced by the desensitization of these nerve terminals.

Admittedly, our study has several limitations. Most importantly, only the levels of selected key neuropeptides were measured, which was dictated by the limited amount of tumor tissue available for ex vivo radioimmunoassay. Furthermore, the molecular underpinnings of the observed increased intratumoral vascular leakage in RTX-pretreated mice remain unclear. Additionally, the MRI protocol used is ill-suited for measuring the peritumoral edema, which may explain the diverging results compared to the tumor size measurements obtained through the use of a caliper.

In summary, capsaicin-sensitive sensory nerves exert important and beneficial vasoregulatory effects on the tumor tissue, which reduces pathological vascular hyperpermeability and thereby early phase tumor growth (and potentially peritumoral edema). However, systemic desensitization in itself has no direct effect on tumor structure and cellular viability. These findings, along with prior evidence underline capsaicin-sensitive afferents and functioning sensory innervation of the tumor microenvironment possess homeostatic and antitumoral properties. Therefore, caution must be maintained while pharmacologically targeting these nerve terminals (e.g., use of TRPV1 antagonist analgesic candidates), in order to avoid potential detrimental effects in facilitating tumorigenesis. On a separate note, the increased intratumoral leakage can also significantly influence effective drug delivery into the tissue and can facilitate selective accumulation of large molecule therapeutics within the tumor.
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Breast cancer is the most common malignancy occurring during gestation. In early-stage breast cancer during pregnancy (PrBC), breast-conserving surgery (BCS) with delayed RT is a rational alternative to mastectomy, for long considered the standard-of-care. Regrettably, no specific guidelines on the surgical management of these patients are available. In this study, we investigated the feasibility and safety of BCS during the first trimester of pregnancy in women with early-stage PrBC. All patients with a diagnosis of PrBC during the first trimester of pregnancy jointly managed in two PrBC-specialized Centers were included in this study. All patients underwent BCS followed by adjuvant radiotherapy to the ipsilateral breast after delivery. Histopathological features and biomarkers were first profiled on pre-surgical biopsies. The primary outcome was the isolated local recurrence (ILR). Among 168 PrBC patients, 67 (39.9%) were diagnosed during the first trimester of gestation. Of these, 30 patients (age range, 23-43 years; median=36 years; gestational age, 2-12 weeks; median=7 weeks; median follow-up time=6.5 years) met the inclusion criteria. The patients that were subjected to radical surgery (n=14) served as controls. None of the patients experienced perioperative surgical complications. No ILR were observed within three months (n=30), 1 year (n=27), and 5 years (n=18) after surgery. Among the study group, 4 (12.3%) patients experienced ILR or new carcinomas after 6-13 years, the same number (n=4) had metastatic dissemination after 3-7 years. These patients are still alive and disease-free after 14-17 years of follow-up. The rate of recurrences and metastasis in the controls were not significantly different. The findings provide evidence that BCS in the first trimester PrBC is feasible and reasonably safe for both the mother and the baby.




Keywords: breast cancer during pregnancy, pregnancy-associated breast cancer, early-onset breast cancer, early stage, breast-conserving surgery



Introduction

Breast cancer is the most common malignancy occurring in the course of gestation, with approximately 1,400 new diagnoses every year in Europe (1, 2). In the last decade, it has been observed a steady increase of breast cancer during pregnancy (PrBC) incidence (3–6). Delayed diagnosis is responsible for the worse outcome of PrBC compared to pregnancy-unrelated breast cancer, but stage-normalized survival is not different from that of age-matched non-pregnant controls (7–12). According to most guidelines, PrBC should be managed with the same protocols as breast cancer occurring in young non-pregnant women (1, 2, 13–18). However, the condition of pregnancy adds a layer of complexity to the treatment of PrBC because the benefit for the mother must not harm the fetus (2, 13, 19–22). For example, chemotherapy (CT) is contraindicated during the first trimester of gestation, while it can be safely administered in the second and third trimesters (23). Radiotherapy (RT) should be postponed until the postpartum period because of the risks associated with fetal radiation exposure (24, 25). Surgery is feasible and relatively safe at any stage of gestation, even if it might slightly increase the risk of pregnancy loss in the first trimester (1.0-2.0%) and might lead to premature birth in 1.5-2.0% of cases when performed in the second/third trimester (17, 26–28). Moreover, mastectomy is often proposed during the first trimester of pregnancy, regardless of the tumor stage, to reduce the risks of a delayed RT (14, 25, 26, 29–31). On the other hand, mastectomy is related to higher rates of post-surgical complications, psychological frailty, impairment of health-related quality of life, and increased sanitary costs (19, 30, 32–34). Regrettably, only a handful of studies on the specific outcome of PrBC patients treated with breast-conserving surgery (BCS) are currently available. Thus, the choice of the optimal surgical approach during the first trimester of pregnancy remains a matter of controversy.

In this study, we sought to provide evidence of the clinical feasibility and safety of BCS during the first trimester of pregnancy in women with early-stage PrBC.



Materials and Methods


Study Design

All patients with a diagnosis of PrBC during the first trimester of pregnancy at the European Institute of Oncology IRCCS and Fondazione IRCCS Ca’ Granda – Ospedale Maggiore Policlinico in Milan were included in this study. The first trimester was defined as 12 weeks and 6 days after the first day of the last menstruation. As for internal protocols, surgery followed the same conservative-oriented schemes applied for nonpregnant patients. Only women with early-stage PrBC treated with BCS during pregnancy followed by planned RT to the whole breast after delivery were included. The patients that were subjected to radical surgery (n=14) served as controls. Exclusion criteria for BCS were i) locally advanced disease; ii) history of breast cancer; iii) hereditary breast cancer; iv) multicentric disease; v) diffuse malignant microcalcifications on mammography; vi) inflammatory breast cancer; and vii) connective tissue disease. All cases underwent central pathological review at the Pathology Department of the European Institute of Oncology and were re-classified and re-graded following the latest World Health Organization criteria (35) and the Nottingham grading system (36). The staging was performed according to the American Joint Committee on Cancer (AJCC) Cancer Staging Manual (37). This study was approved by the local Institutional Review Board under protocol number #620_2018bis and was fully compliant with The Code of Ethics of the World Medical Association. Women were informed about the possible alternatives, including risks and benefits, and signed written informed consent.



Characteristics of the Study Population

Taken together, 67 out of 168 (39.9%) PrBC patients treated from 2000 to 2020 had a diagnosis during the first trimester of gestation but 20 (29.9%) of them were not eligible for surgery due to locally advanced tumors. Of the remaining patients, 14 (20.9%) women were treated with mastectomy, including 2 that were subjected to a wide excision following a previous mastectomy. Apart from 1 (7.1%) patient who terminated her pregnancy, these no-BCS PrBC patients (n=13) represented our controls. Among the 33 PrBC treated with BCS during the first trimester, 3 were subsequently excluded; 2 because decided to terminate the pregnancy and received RT, and 1 because was enrolled in another study investigating the efficacy of electron intraoperative radiotherapy (ELIOT) (38). Thus, the study group was composed of 30 patients (age range, 23-43 years; median=36 years; gestational age at diagnosis, 2-12 weeks; median=7 weeks; median follow-up time=6.5 years). The study flow chart is portrayed in Figure 1, while the clinicopathological features of the patients included are shown in Table 1.




Figure 1 | Study flowchart. PrBC, breast cancer during pregnancy. BCS, breast-conserving surgery; ELIOT, electron intraoperative radiotherapy; SLNB, sentinel lymph node biopsy; ALND, axillary lymph node dissection.




Table 1 | Clinicopathologic features of the patients included in this study.





Treatment, Follow-Up, and Outcome Evaluation

Before surgery, all participants were investigated with bilateral breast ultrasounds with the axillary examination. Bilateral mammography with a mediolateral-oblique view, +/- cranial-caudal investigation, was performed with fetal shielding. Standard pre-admission testing (e.g. electrocardiogram, blood pressure, laboratory blood work, chest X-ray with shielding, abdomen ultrasound) was performed 2-4 weeks before surgery. Genetic counseling and a thorough obstetrical and neonatological consultation were performed in all patients. After delivery, all patients received conventional 46-60 Gy RT to the ipsilateral breast. Owing to the potential teratogenic effects and increased miscarriage risk, patients were not given CT until the 12th week of pregnancy, when necessary. Both adjuvant endocrine therapy (ET) and target therapies (i.e. Tamoxifen, Aromatase inhibitors, gonadotropin-releasing hormone (GnRH) analogs, trastuzumab, and pertuzumab) were postponed after delivery, if appropriate. The primary outcome was the rate of isolated local recurrences (ILR) after delayed local irradiation of the breast.




Results


Delivery and Clinical Outcome

Thirteen (43.3%) BCS patients were concurrently subjected to sentinel lymph node biopsy (SLNB). Of these, 8 (26.7%) were positive and subsequent axillary lymph node dissection (ALND) was performed, while 9 (30.0%) women had clinically positive axilla and were subjected to ALND right away. Altogether, 21 (70.0%) PrBC were treated with adjuvant CT during gestation (including taxanes in 7 (33.3%) cases). The first RT dose was administered after 202-288 days from the primary surgery (median, 260 days) and after 23-101 days from the childbirth (median, 45 days). A total of 15 (50.0%) women had vaginal delivery; the median gestational age at the delivery was 36 weeks (range, 29-40 weeks). There were not reported fetal deaths nor congenital abnormalities of the newborns in both groups. The 5-year overall survival rate for all patients was 97% (n=29/30), as one patient died of metastatic disease after 33 months from the initial diagnosis.



Isolated Local Recurrence-Free Survival

None of the patients from both groups suffered perioperative surgical complications. No ILR were observed within three months (n=30), 1 year (n=27), and 5 years (n=18) after BCS, while 4 (30.8%) controls had relapses after 3-7 years. Of note, four patients treated with BCS had ILR or new carcinomas after 6-13 years; these patients are still living and disease-free with a median follow-up time of 54 months (range 36-180 months). Their clinical history is detailed below and summarized in Figure 2.




Figure 2 | Schematic representation of the clinical history of the four patients with a diagnosis of breast cancer during pregnancy that experienced a secondary event after breast-conserving surgery. The timeline depicts the weeks of gestation and the years after childbirth, as reported on the top; patients are shown as rows, according to their ID and obstetric history on the left; the type of therapy is coded based on the legend on the bottom. CHT, chemotherapy; ET, endocrine therapy; RT, radiation therapy; TTZ, trastuzumab.




Case 1

This patient (#PRBC059) was a 35-year-old Caucasian woman with no family and/or personal history of breast cancer. During the 7th week of gestation, she was diagnosed with a malignant tumor of the left breast and was subsequently subjected to BCS, SLNB (positive), and ALND. Histopathological analyses revealed the presence of a bifocal pure mucinous carcinoma (paucicellular, i.e. type A) with hormone receptors (HR)+/HER2-/Ki67 16% phenotype, with low Ki67 index. BRCA testing revealed a wild-type gene status. The two nodules measured 0.5 cm and 1.5 cm in the greatest dimensions, and the final staging was pT1c(m) pN1(mi,1/34). The surgical margins were free from tumor cells. During the pregnancy period, the patient did not receive adjuvant therapy and gave birth at 34 + 5 weeks. Adjuvant RT and ET were commenced after delivery. Eight years later, the woman received two cycles of ovarian stimulation for a total period of 6 months, resulting in an ectopic pregnancy. New breast cancer in the ipsilateral breast was diagnosed 1 month after this event (ILR-free survival=103 months, 8.6 years). Therefore, the patient underwent a nipple-sparing mastectomy of the left breast and a risk-reducing mastectomy of the right breast with plastic reconstruction. The resected tumor was HR+/HER2- poorly differentiated (G3) invasive ductal carcinoma (IDC) measuring 0.7 cm in greatest dimensions (rpT1b) and no mucinous differentiation was observed. To date, the patient is alive, free of disease, and receiving ET.



Case 2

This patient (#PBC039) was a 39-year-old Caucasian woman with no family history of breast cancer. During the 7th week of gestation, she was subjected to quadrantectomy and SLNB for a malignant tumor of the left breast. Histopathological analyses revealed the presence of a poorly differentiated (G3) HR+/HER2-/Ki67 35% IDC (pT1c pN0(sn)). The resection margins were negative. Starting from the 14th week of gestation, CT was performed up to 33 weeks. Adjuvant RT followed the delivery at 38 weeks, but the patient refused the proposed ET. After 117 months, a new tumor was discovered in the ipsilateral breast. Compared with the former neoplasm, this tumor was HER2+. After BCS, combined CT, trastuzumab, and ET were administered. At present, the patient is alive 6 years after delivery, disease-free, and receiving ET.



Case 3

This patient (#PBC015) was a 40-year-old Caucasian woman, with no family history of breast cancer, who discovered a lump in her left breast. A core biopsy showed invasive breast cancer. During the pre-operative visit, a pregnancy test resulted in positive. Ultrasounds confirmed a gestational sac corresponding to 5 weeks of amenorrhea. Subsequently, she was subjected to left quadrantectomy and ALND and histology confirmed an IDC G3+ with an extensive intraductal component, free margins, negative lymph nodes, with a maximum diameter of 2.5 cm. The tumor had a triple-negative phenotype and the Ki67 index was 35%. During pregnancy, the patient received CT up to the 24th week and had a premature delivery at the 29th gestational week. Subsequently, adjuvant RT was performed one month after delivery. No other medical therapies were performed. After 150 months, the patient developed a new ipsilateral tumor and was subjected to nipple-sparing mastectomy and contralateral reduction mammoplasty. This new tumor was a moderately differentiated triple-negative IDC. The patient has not undergone any type of adjuvant systemic therapy and is presently alive and disease-free after 17 years of follow-up.



Case 4

The patient (#PBC025) was a 39-year-old Caucasian woman with a family history of breast cancer. At the gestational age of 5 weeks, she was treated with BCS and SLNB for an IDC G1 with apocrine features measuring 3 mm in greatest dimensions, with associated ductal carcinoma in situ (DCIS) G2, and pleomorphic lobular carcinoma in situ (LCIS). The pathological staging was pT1a (is) pN0 (sn), and the tumor was a TNBC. The patient did not receive any adjuvant therapy during pregnancy. After delivery at the 36th week, mammography and bilateral breast ultrasound revealed extensive microcalcifications. In the preoperative period, the patient had not performed bilateral mammography as per protocol, and 1 month after delivery, a histological examination confirmed the presence of DCIS G2. She underwent a nipple-areola complex (NAC) sparing mastectomy with radio-immuno-guided SLNB and plastic reconstruction. The pathology examination confirmed the presence of DCIS G2. After 64 months, she underwent removal of the nipple-areola complex due to the presence of CDI G2 with micropapillary aspects and extensive lymph-vascular invasion. Interestingly, the immunophenotype of the tumor was that of luminal breast cancer, with ER 40%, PgR40%, Ki67 15%, and HER2-.





Discussion

PrBC represents an important health issue given its increasing incidence and the necessity of maintaining the balance between maternal and fetal well-being (39). The clinical management of this condition, especially in the first three months of gestation, is fairly challenging with limited therapeutic options (40). In this context, when the tumor is small, a conservative surgical approach could be employed as in the non-pregnant setting, also considering the possible complications after mastectomy, which could be particularly worrisome during pregnancy (41). Most patients received SLNB as part of the axillary investigation. The safety of 99mTechnetium radiotracer for this procedure has been investigated in a dosimetry study, showing a very low dose associated with the lymphoscintigraphy procedure (in the range of 10-100 µGy) (42). Adjuvant RT to the whole breast is avoided throughout the pregnancy due to the risk of fetal radiation exposure. The fatal dose has been estimated to be up to 50 mGy in the first trimester and even higher in the late gestational age (43). This value exceeds the dose which is deemed not to be associated with measurable increased risk of fetal damage by the International Commission of Radiological Protection addressing the biological effects of prenatal irradiation (44). When adjuvant CT is indicated, the risk of delaying RT until the completion of systemic therapy is considered negligible (45). Therefore, it is generally applied the same approach as for non-pregnant, as the standard treatment of non-pregnant patients receiving CT is postponing RT (46). For those not receiving CT, the RT start should ideally be as close as possible to the surgery, shortly after childbirth. Hence, the local disease control is inversely proportional to the RT procrastination time, with a 1.14 relative risk of recurrence per month of delay (47). In the case of BRCA mutation, conservative treatment could be a bridge treatment of a more definitive intervention when the results of the test are available.

In our study, RT, ET, and anti-HER2 treatment were postponed after delivery (48). Local recurrences/second primary tumors were observed in 4 out of 30 patients treated with BCS. Given that patient #4 did not receive postoperative RT, but an after-delivery mastectomy for preoperative diagnostic underestimation during pregnancy, this case does not represent a post-BCS recurrence. On the other hand, cases #1-3 could be considered real relapses. Two of these tumors occurred in patients who received CT during pregnancy, in which the interval between the end of systemic therapies and the onset of RT was not influenced by the pregnancy. In a single patient (not eligible for systemic treatment in pregnancy), the RT was performed with a longer interval than the usual one of the non-pregnant patients. Survival was not affected by local relapse, underlining the efficacy of salvage treatment. Based on their IRC and subsequent salvage surgery, the 4 cases presented in detail here might represent a high-risk group of patients that requires particular attention in the choice of the surgical approach. Additional analyses encompassing not only clinical criteria but also molecular information would be required to precisely identify the early-stage PrBC at increased risk of relapse. Furthermore, due to the relatively small sample size of this feasibility study, and the subsequent impossibility of building a robust multivariable risk model, attention should be paid to the interpretation of our conclusions. It should be noted, however, that this is the first study providing previously unavailable data on BCS feasibility in this extremely rare condition. A randomized controlled multi-institutional trial would be required to address this question after controlling all other factors of the management armamentarium that can have an impact on the short- and long-term outcome, including delayed CT,

Despite these limitations, our results suggest that BCS during the first trimester of pregnancy in early-stage PrBC can be considered reasonably safe, providing the identification of women with low-risk clinical and biological features.
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Metastases are the leading cause of death in cancer patients. RhoC, a member of the Rho GTPase family, has been shown to facilitate metastasis of aggressive breast cancer cells by influencing motility, invasion, and chemokine secretion, but as yet there is no integrated model of the precise mechanism of how RhoC promotes metastasis. A common phenotypic characteristic of metastatic cells influenced by these mechanisms is dysregulation of cell-cell junctions. Thus, we set out to study how RhoA- and RhoC-GTPase influence the cell-cell junctions in aggressive breast cancers. We demonstrate that CRISPR-Cas9 knockout of RhoC in SUM 149 and MDA 231 breast cancer cells results in increased normalization of junctional integrity denoted by junction protein expression/colocalization. In functional assessments of junction stability, RhoC knockout cells have increased barrier integrity and increased cell-cell adhesion compared to wild-type cells. Whole exome RNA sequencing and targeted gene expression profiling demonstrate decreased expression of Type I interferon-stimulated genes in RhoC knockout cells compared to wild-type, and subsequent treatment with interferon-alpha resulted in significant increases in adhesion and decreases in invasiveness of wild-type cells and a dampened response to interferon-alpha stimulation with respect to adhesion and invasiveness in RhoC knockout cells. We delineate a key role of RhoC-GTPase in modulation of junctions and response to interferon, which supports inhibition of RhoC as a potential anti-invasion therapeutic strategy.
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Introduction

Cancer metastases are the leading cause of death in cancer patients, and yet details of the cellular processes that drive the early metastases in aggressive cancers are not fully understood. RhoC, a member of the Rho GTPase family, has been linked to the metastatic potential of a variety of cancers including inflammatory breast cancer, pancreatic cancer, and melanoma (1–5). In breast cancer, RhoC expression correlates with increasing breast cancer stage and grade (as a histologic surrogate for aggressiveness), and higher RhoC expression was associated with higher patient mortality (6). Moreover, in this historical cohort, high RhoC was a predictor of poor response to standard chemotherapy regimens, increasing the likelihood that patients would experience metastasis and relapse (6). RhoC is overexpressed in the majority of cases of inflammatory breast cancer, the most aggressive and metastatic form of breast cancer (7). Animal and in vitro studies demonstrated that RhoC is necessary specifically for facilitating metastasis, primarily through protecting metastatic cells from apoptosis, modulating cell motility, and influencing chemokine secretion (8, 9).

These studies led us to postulate that a possible cellular effect of RhoC-driven metastatic progression is through modulation of cell junctions that would signal to motility and evasion of apoptosis. The Rho family GTPases regulate actin cytoskeleton organization (10), and thereby interact directly or indirectly with components of adherens junctions (AJs) and tight junctions (TJs) (11). RhoA, whose amino acid sequence is 90% homologous to RhoC (12), specifically is important for both the initial formation and the structural maintenance of AJs and TJs (13). Indeed, studies using both dominant negative and constitutively active forms of RhoA result in AJ and TJ instability (13, 14), suggesting that the stability of epithelial junctions is dependent on balanced activation of Rho GTPases.

When considering pathological settings of junction instability, the metastatic process itself is a prime example. Multiple studies of diverse cancer types demonstrate a loss of junction markers in malignant vs normal tissue; however, these studies differ on the prognostic value derived from the loss or dysregulation of junctions (15, 16). In a study of colorectal cancers, decreased E-cadherin and ZO-1 expression in primary tumors predicted which tumors went on to have liver metastases (17). In addition to the observed dysregulation of cell-cell junctions in the metastatic process, junction proteins are also known to be downregulated in settings of increased inflammatory interferon signaling (18, 19) and treating cells with interferon-alpha (IFN-α) leads to increased RhoA activation (20, 21). Furthermore, breast cancer tumors with high interferon signaling pathway expression are nearly twice as likely to metastasize compared to tumors with low levels of expression (22).

This study aims to investigate the role of RhoC in regulating cell-cell junction stability and interferon signaling in aggressive breast cancer cell lines. We assess the hypothesis that RhoC amplifies interferon signaling and thereby increases junction dysregulation, consequently promoting cancer cells’ motility and invasiveness; this work supports inhibition of RhoC as a potential therapeutic strategy in aggressive cancers.



Materials and Methods


Cell Culture and Reagents

MDA-MB 231 (MDA 231) cells were acquired from ATCC and maintained in Gibco RPMI-1640 (+) L-glutamine, 10% fetal bovine serum (FBS), 5 μg/mL gentamycin, and 1X anti-anti. VARI068 cells, sourced from a patient-derived xenograft (23), were maintained the same way. SUM 149 cells and SUM 190 cells were provided by Dr. Steve Ethier and were maintained in Gibco Ham’s F12 (+) L-glutamine, 0.5% penicillin-streptomycin, 2.5 μg/mL Amphotericin B, 5 μg/mL gentamycin, 5 μg/mL insulin, and 1 μg/mL hydrocortisone. SUM 149 cells were additionally supplemented with 5% FBS, while SUM 190 cells were supplemented with 0.1% bovine serum albumin. MCF7 cells were acquired from ATCC and maintained in DMEM, 10% FBS, 5 μg/mL gentamycin, and 1X anti-anti. MCF10A cells were acquired from ATCC and maintained in 50:50 DMEM:F12, 5% horse serum, 10 μg/mL insulin, 0.02 μg/mL epidermal growth factor, 0.5 μg/mL hydrocortisone, 0.1 μg/mL cholera toxin, 5 μg/mL gentamycin, and 1X anti-anti. All cells were maintained at 5% CO2, except for SUM 149 and SUM 190 which were maintained at 10% CO2. Interferon-alpha 2a (IFN-α) was obtained from GenScript (# Z03003-1), reconstituted in ddH2O, and used to treat cells at either 100 IU/ml or 1000 IU/ml.



Generation of CRISPR-Cas9 Knockout Cells

As described in Allen et al. (24), SUM 149, MDA 231, VARI068, MCF7, MCF10A, and SUM 190 cells were transfected with pSpCas9(BB)-2A-GFP (PX458), provided by Feng Zhang (Addgene plasmid # 48138), containing the sequence GCCCTGATAGTTTAGGTGAG targeting RhoA for RhoA knockout lines or the sequence AGGAAGACTATGATCGACTG targeting RhoC for the RhoC knockout lines. Transfection was accomplished using the Nucleofactor II system (Lonza). 48 hours post-transfection, single cells were sorted by GFP expression and seeded into 96-well plates, and clonal expansion was carried out. Genomic DNA was then harvested from clones and screened for RhoA or RhoC mutations via SURVEYOR reactions (IDT) with the primer pair Forward-GTTTTAGACCGTCTGCCATTTC and Reverse-AATCTCCACCTACCAGGTTCAA for RhoA and Forward-CTGTCTTTGCTTCATTCTCCCT and Reverse-CCAGAGCAGTCTTAGAAGCCAT for RhoC. Clones that screened positive were subsequently sequenced to characterize their RhoA or RhoC mutations and were also immunoblotted for RhoA and RhoC.



Antibodies

The following primary antibodies were used: anti-E-cadherin rabbit polyclonal antibody (ThermoFisher #PA5-32178) at 1:500 dilution, anti-β-catenin mouse monoclonal antibody (Invitrogen #MA1-300) at 1:500 dilution, anti-ZO-1 mouse monoclonal antibody (Invitrogen #33-9100) at 1:150 dilution for immunofluorescent staining and 1:200 for Western Blot, anti-Occludin rabbit polyclonal antibody (Zymed #71-1500) at 1:300 dilution for immunofluorescent staining and Western Blot, anti-p-STAT1 rabbit monoclonal antibody (CST #9167) at 1:1000 dilution, anti-STAT1 rabbit monoclonal antibody (CST #9172) at 1:1000 dilution, anti-p-STAT2 rabbit antibody (CST #4441) at 1:500 dilution, anti-STAT2 rabbit antibody (CST #4594) at 1:500 dilution, anti-IRF9 rabbit monoclonal antibody (CST #76684) at 1:500 dilution, anti-IFI27 rabbit polyclonal antibody (ThermoFisher #PA5-68038) at 1:1000 dilution, anti-IFITM1 mouse monoclonal antibody (Proteintech #60074-1-IG) at 1:20,000 dilution, anti-MX1 rabbit polyclonal antibody (Proteintech #13750-1-AP) at 1:1000, anti-ISG15 rabbit polyclonal antibody (Proteintech #15981-1-AP) at 1:1000, and anti-actin antibody (Sigma #A3854) at 1:15,000 dilution. The following secondary antibodies were used: Alexa Fluor 488-conjugated anti-mouse secondary antibody (Molecular Probes) at 1:1000 for immunofluorescent staining, Alexa Fluor 647-conjugated anti-rabbit secondary antibody (Molecular Probes) at 1:1000 for immunofluorescent staining, HRP-conjugated anti-mouse secondary antibody (Santa Cruz) at 1:4000 for Western Blot, and HRP-conjugated anti-rabbit secondary antibody (CST) at 1:2500 for Western Blot.



Immunofluorescent Staining

Cells were seeded on 4-well chamber slides and grown to a confluent monolayer. Slides were fixed in 4% paraformaldehyde for 10 minutes at room temperature, washed with 100 mM PBS-glycine for 10 minutes at room temperature, then permeabilized in 0.1% Triton X-100 in PBS for 10 minutes at 4°C. Samples were washed thrice with 100mM PBS-glycine, then incubated in blocking solution containing IF Buffer (0.2% Triton X-100, 0.05% Tween-20, 0.1% BSA, 7.7mM NaN3 in PBS) and 10% goat serum for 1.5 hr at room temperature. Subsequently, samples were incubated in a primary antibody solution overnight at 4°C. The samples were then washed four times in IF Buffer for 15 minutes each at room temperature, then incubated in a secondary antibody solution (all secondary antibodies used at 1:1000 dilution), followed by one wash with IF Buffer for 20 minutes and two washes with PBS for 10 minutes each, at room temperature. Slides were mounted in Prolonged Gold Antifade reagent with DAPI (4′,6- diamidino-2-phenylindole) for nuclear counterstaining (Molecular Probes). Images were acquired on a Nikon A1B confocal microscope at 40X magnification.



Western Blot

Protein lysates were mixed with loading dye and boiled at 95°C, then loaded into a 4-15% polyacrylamide gel and run at 130-160 V for about 90 minutes. For blotting proteins smaller than 90 kDa, gel was subsequently removed from chamber and soaked in 20% methanol at RT for 5 minutes, then transferred to a PVDF membrane using the iBlot 2 Dry Blotting System. For proteins larger than 90 kDA, gel was removed from chamber and soaked in 20% methanol transfer buffer for 5 minutes, then transferred to a PVDF membrane using a BioRad Wet Transfer chamber running at 80 V for 75 minutes. After transfer, the membrane was blocked in 5% milk/TBST at RT for 1 hr, rinsed with TBST thrice for 5 minutes each, then incubated in primary antibody solution at 4°C overnight on shaker. The next day, the membrane was again rinsed with TBST, then incubated in secondary antibody solution (in 5% milk-TBST) at RT for 1 hr. Once again, the membrane was rinsed with TBST, and then incubated in developing reagent at RT for 2 minutes. Finally the membrane was placed in a chemilluminescence reader and the blot was recorded.



FITC-Dextran Assay

Cells were seeded into Transwell plates and grown for 36 hours, until they reached confluency. FITC-Dextran solution was prepared at 1mg/ml, and 0.5ml of this solution was added to the apical chambers of the Transwells, with normal media in the basal chambers. After 24 hours, 50ul was removed from the basal chambers and transferred to a 96-well plate, then fluorescence was measured in a fluorescent plate reader. The ratio of fluorescence from the apical chamber to the basal chamber was recorded.



Centrifugation Adhesion Assay

Adapted from Weetall et al (25). V-bottom 96-well plates were seeded with 2 x 104 cells/well and left in 37°C overnight. Calcein-AM-labeled cells (2uM Calcein-DMSO solution, Invitrogen #C3100MP) were subsequently seeded at 1.5 x 104 cells/well to the plate (negative control: wells with overnight-seeded cells but no Calcein-labeled cells; positive control: empty wells with Calcein-labeled cells added). Plates were incubated at 37°C for 2 hours, then centrifuged at 75 g for 10 minutes. Nonadherent cells accumulated at the bottom of the wells and fluorescence at the bottom of the well was quantified. Log fold change in fluorescence between test wells and positive control wells was recorded. Assay was repeated with media containing 100 IU/ml IFN-α; overnight-seeded cells were treated with IFN-α for 48 hours prior to seeding in v-bottom plates, then were seeded in media with IFN-α for 24 hours, while Calcein-labeled cells were treated with IFN-α for 72 hours prior to Calcein labeling, seeding, and incubation in v-bottom plate for 2 hours (they were also seeded in media containing IFN-α).



siRNA Knockdown of Junction Proteins

siTJP1 (ZO-1) and non-targeting control siRNA were ordered from Dharmacon (siTJP1 5 nmol #L-0077-46-00-0005) and transfected in SUM 149s using 5.2 μl DharmaFECT 2/well in 6-well plates, while in MDA 231s transfection used 2 μl DharmaFECT 4/well in 6-well plates (Dharmacon). Protein was harvested from cells 2-5 days after transfection and immunoblotted for ZO-1 to confirm transient knockdown.



Transwell Invasion Assay

100,000 cells/well were seeded into Matrigel Transwell Invasion chambers (Corning #354480) in serum-free media, with serum-containing media in bottom chambers. Cells were incubated at 37°C for 24 hours, then the top chambers were scrubbed to remove cells that had not invaded. Chambers were then fixed in 70% ethanol for 10 minutes, stained in 0.2% Crystal Violet for 10 minutes, and left to dry overnight. Brightfield images of each insert were acquired at 2X magnification on an Olympus IX51, and the ImageJ Color Inspector 3D plugin was used to quantify the percent coverage of purple pixels per insert image. Assays were performed in technical triplicate and biological triplicate. Multiple comparisons ANOVA was conducted on the data in GraphPad Prism 9. For assays with siRNA-treated cells, cells were seeded into chambers 48 hours post-transfection. For assays with IFN-α-treated cells, cells were seeded into chambers either with no prior IFN-α treatment or with 48 hours pre-treatment with IFN-α, and were seeded in serum-free media containing 100 IU/ml of IFN-α.



RNAseq

In order to assess the impact of RhoC knockout on gene expression in breast cancers, a panel of cell lines was assembled: SUM 149 (triple-negative inflammatory breast cancer), MDA 231 (triple-negative non-inflammatory breast cancer), VARI068 (triple-negative non-inflammatory breast cancer), SUM 190 (hormone receptor negative, HER2 positive inflammatory breast cancer), MCF7 (estrogen receptor positive, progesterone receptor positive, HER2 negative non-inflammatory breast cancer), and MCF10A (normal-like breast epithelial cells). These cells all express varying levels of RhoC at baseline and vary in phenotype, from highly metastatic to noninvasive, and were chosen in order to assess whether RhoC knockout would induce gene expression changes that would be consistent across different cell contexts. Four biological replicates of all cell lines, wild-type and RhoC knockouts, were incubated at 37°C overnight. Normal growth media for each cell line was replaced with DMEM for 24 hrs, and RNA was harvested. RNA was sequenced via the Illumina HiSeq 4000 as paired 51bp reads to a targeted depth of 75M paired reads per sample. Read data in FASTQ format were quality assessed with FastQC/MultiQC (v.0.11.3) and contamination checked with fastq_screen (v.0.11.1). Reads were adapter-trimmed using CutAdapt (v.1.8.1) and aligned to the GRCh37 hg19 human genome using Tophat/Bowtie2 (v.2.0.13/v.2.2.1, options –b2_very_sensitive and the default max intron length of 500000). Raw read counts were extracted for each gene using HTSeq (v.0.6.0). DESeq2 (v1.14.1), run within the R (v.3.3.3) Bioconductor package (Biobase v.2.34) was used to model differential expression in genes between modeled conditions. The main factors used in the model were cell line and CRISPR knockout status (cRhoC or WT). DESeq2 utilizes generalized linear models for each gene and infers a log2 fold change between conditions using maximum likelihood estimation and (by default) a Wald test for significance. Default parameters for DESeq2 were used, specifying a standardized normal prior on the non-intercept coefficients (betaPrior=TRUE). QC plotting was performed in R using ggplot. Genes were annotated with NCBI Entrez GeneIDs and text descriptions. Data has been deposited in GEO, accession ID GSE175787.

In the crRhoC vs WT dataset comprising data from all cell lines listed above, 1293 differentially expressed genes were identified out of a total of 20,978 with detected expression based on an adjusted p-value threshold of 0.05 and a minimum absolute log2 fold change of 0.585. Gene set enrichment was performed on these data using the commercial iPathwayGuide software (Advaita Bioinformatics, Ann Arbor, MI). iPathwayGuide (iPG) scores pathways using a custom enrichment method (26–28) that is composed of two primary sub-methods: i) the over-representation of differentially expressed (DE) genes in a given pathway, and ii) the perturbation of that pathway computed by propagating the measured expression changes across the pathway topology. These two sub-methods each produce p-values (pORA and pAcc, respectively) that are combined using Fisher’s method into a pathway-specific p-value, which is then corrected for multiple comparisons using an FDR correction. The tool searched KEGG pathways (Release 90.0+/05-29, May 19) utilizing directional information in gene-relationships (29). An enrichment against GO terms (30, 31) was also performed, utilizing the ORA method (i) above.

In addition to classic enrichment, a prediction of upstream regulators was also performed by iPG based on the differentially expressed gene set and a network of regulatory (activation/inhibition) interactions from a proprietary knowledge base compiled from StringDB (32) (Version 11.0. Jan 19th, 2019) and BioGrid (33) (v3.5.171. March 25th, 2019) data. The activation/inhibition network is polled using gene expression information to consider hypotheses that upstream regulators of genes are either activated or inhibited. A z-score for each upstream regulator is computed by iterating over connected downstream genes and their incoming edges, as well as a p-value corresponding to the z-score as the one-tailed area under the probability density function for a normal distribution, N(0,1). An over-representation approach is also used to compute the statistical significance of observing at least a given number of consistent DE genes, with an associated p-value computed using the hypergeometric distribution (34). Finally, these two p-values are combined using the Fisher’s method to rank the upstream regulators and test the hypothesis that the upstream regulators are predicted as activated or inhibited in the experimental condition (crRhoC vs WT).



Targeted Gene Expression Profiling

Three biological replicates of MDA 231 and SUM 149 wild-type, RhoA knockout, and RhoC knockout cells were treated with 100 IU/ml IFN-α for 72 hours, then RNA was harvested and run on nanoString Pan Cancer Immune Profiling panels (nanoString Technologies, Inc.). The expression of 730 immune-related genes and 40 housekeeping genes was measured, and the nSolver 4.0 software (nanoString Technologies, Inc.) was used to normalize expression values and conduct differential expression analysis. Genes were considered differentially expressed between treated and untreated cells if they had FDR-adjusted p-value < 0.05. To compare the change in expression with IFN-α treatment in wild-type, RhoA knockout, and RhoC knockout cells, p-values were calculated as per Kaye et al. (35).




Results


Loss of RhoA and RhoC Expression in Breast Cancer Cells Results in Significant Morphological Changes

In order to investigate the effect of RhoC expression on cell-cell junctions, we created MDA 231 and SUM 149 cell lines where RhoA and RhoC had been independently knocked-out via CRISPR-Cas9 (cell lines denoted crRhoA and crRhoC, respectively). We found that the crRhoC cells exhibited compensatory increases in RhoA expression, while crRhoA cells had smaller magnitude increases in RhoC expression (Figure 1A). Furthermore, the crRhoA cells assumed a more spindlelike shape compared to their wild-type counterparts, and the crRhoC cells were more cuboidal compared to wild-type (Figure 1B).




Figure 1 | Rho knockout changes expression and morphology of cells. (A) Validation of CRISPR-Cas9 knockout of RhoA and RhoC via Western Blot. (B) Brightfield images of wild-type, crRhoA, and crRhoC cells. RhoA knockout markedly changes the morphology of both MDA 231 and SUM 149 cells, leading to a consistent “triangle” shape in the MDA 231s and a rounded shape in the SUM 149s. RhoC knockout changes cell morphology more subtly, leading to a consistent “crescent” shape in the MDA 231s and a more cuboidal shape in the SUM 149s. Scale bars = 200μm.





RhoA and RhoC Expression Modulate Junctional Protein Expression and Colocalization

Due to the marked changes in morphology, we sought to characterize the role of RhoC and RhoA in epithelial junctions. We assessed the junctions structurally by the expression of the tight junction proteins ZO-1 and Occludin, and the adherens junction proteins E-cadherin and β-catenin. We found that crRhoA cells demonstrated similar or decreased expression of junction proteins as compared to wild-type via Western Blot. In contrast, crRhoC cells exhibited increased junction marker expression compared to wild-type (Supplementary Figure 1). Out of the four junction markers, this pattern of Rho-modulated expression was most evident in ZO-1, both in SUM 149 and in MDA 231 cells. Immunofluorescent staining for junction proteins (Figure 2A) highlighted an increase in the amount of junction markers localizing to areas of cell-cell contact in the crRhoC cells, as well as increased colocalization of junction markers in crRhoC cells. Moreover, the SUM 149 crRhoA cells were observed to consistently assemble in loose or disordered clusters, characterized by variable spaces between cells, and had decreased tight junctions and cell-cell projections compared to both wild-type and crRhoC cells (Figures 2B, C).




Figure 2 | Rho expression changes junction marker localization to cell-cell borders. (A) Representative images of immunofluorescence staining of junction markers in wild-type, crRhoA, and crRhoC cells. White arrows point to areas of junction marker localization to cell-cell borders. Scale bars = 50 μm. Quantification from 3 fields of view per cell type of (B) adherens junction marker and (C) tight junction marker localization to cell-cell borders in wild-type, crRhoA and crRhoC cells, with area of peak intensity corresponding to areas of cell-cell border localization. Solid bars are MDA 231, striped bars are SUM 149; black bars are wild type, light grey bars are crRhoA cells, and dark grey bars are crRhoC cells. **p < 0.01; ***p < 0.001.





RhoA and RhoC Expression Modulate Cell-Cell Adhesion and Barrier Impermeability

Having observed a qualitative change in junction protein expression and localization, we sought to determine whether this change translated into functional differences in adhesion between wild-type and crRhoC cells. We measured cell-cell adhesion using a fluorometric centrifugation assay, wherein fluorescently-labeled cells were added to wells with previously-seeded cells of the same type, incubated for 2 hours, and then subjected to centrifugal shear stress in order to measure the perturbation of adhesion between different cell types. Both crRhoC SUM 149 and crRhoC MDA 231 cells had a greater reduction in fluorescent signal compared to their positive controls than did wild-type cells, suggesting a functionally stronger cell-cell adhesion when RhoC is knocked out (Figure 3A). To further assess the functional significance of the junction changes induced by reducing RhoA and RhoC expression, we undertook a FITC-Dextran barrier integrity assay to determine the effectiveness of the tight junctions in these cells. In both crRhoC SUM 149 and crRhoC MDA 231 cells, there was a significant increase in the barrier integrity of the cell monolayer compared to wild-type, and in crRhoA SUM 149 and crRhoA MDA 231 there was a significant decrease in the barrier integrity of the cell monolayer compared to wild-type (Figure 3B). These changes imply that tight junction stability increases with RhoC knockout, and decreases with RhoA knockout, which is consistent with the changes observed via immunofluorescent staining.




Figure 3 | Rho expression changes cell-cell adhesiveness and junction stability. (A) Quantification of difference in fluorescent intensity between positive control (non-adhering) and test wells in centrifugation adhesion assay (n = 3 biological replicates); decreases in fluorescent intensity correspond to increases in cell-cell adhesiveness. crRhoC cells have significantly increased adhesiveness compared to wild type. (B) Quantification of the ratio of fluorescent intensity in apical vs basal chambers in FITC-Dextran barrier permeability assay (n = 3 biological replicates); higher ratio corresponds to increased barrier integrity. crRhoA cells have decreased barrier integrity compared to wild-type, whereas crRhoC cells have increased barrier integrity. Solid bars are MDA 231, striped bars are SUM 149; black bars are wild-type, light grey bars are crRhoA, and dark grey bars are crRhoC cells. *p < 0.05; ***p < 0.001.



To investigate whether RhoA and RhoC expression affect the invasive potential of breast cancer cells, we conducted transwell invasion assays. Compared to wild-type and crRhoA cells, crRhoC cells had significantly less transwell invasion in MDA 231 cells and trended to less invasion in SUM 149 cells (Supplementary Figure 2). To assess whether transiently modulating expression of ZO-1 would contribute to invasive capability, cells were treated with ZO-1 siRNA or scrambled control siRNA for 72 hrs to achieve transient ZO-1 knockdown, following which transwell invasion was assessed. ZO-1 knockdown did not significantly change invasiveness in wild-type, crRhoA, or crRhoC cells (data not shown).



crRhoC Cells Have Altered Interferon-α Signaling Compared to Wild-Type

Seeking to understand the molecular mechanisms of Rho-driven junction regulation, we conducted whole transcriptome RNAseq analysis of SUM 149, MDA 231, VARI068, MCF7, MCF10A, and SUM 190 wild-type and crRhoC cells. Analysis detected 1,293 genes differentially expressed between crRhoC cells and wild-type at an adjusted p-value of 0.05 and a minimum log2 fold change threshold of 0.585. A number of interferon-stimulated genes (ISGs) had significantly decreased expression in crRhoC cells compared to wild-type. Inferring the upstream regulation of genes from the overall differential expression result set yielded IRF9 and STAT2 as the two leading inhibitory regulators (Supplementary Table 1), with 17 consistent genes each listed as inhibited (out of a total of 38 and 43 target genes, p-values 7.9e-11 and 3.9e-10, respectively) (Figure 4A and Supplementary Table 2). The expression of IRF9 and STAT2 themselves were not significantly differentially altered between crRhoC cells and wild-type cells.




Figure 4 | RhoC expression influences gene and protein expression of Type I interferon signaling response. (A) Type I interferon signaling pathway and the genes significantly downregulated in crRhoC knockout cells compared to wild-type, as measured in RNAseq. Genes in blue circles were downregulated in crRhoC compared to wild-type; genes in grey circles were not significantly differentially expressed between crRhoC and wild-type. (B) Western blot of interferon signaling markers in MDA 231 wild-type and crRhoC cells—crRhoC cells have increased p-STAT2 and IRF9 compared to wild type. (C) Western blot of interferon signaling markers in SUM 149 wild-type and crRhoC cells—crRhoC cells have decreased p-STAT2 and STAT2 compared to wild type. (D) Short-term and long-term signaling through type I interferon signaling pathways. Short-term interferon signaling is driven by phosphorylated STAT1 and STAT2 complexed with IRF9 that translocates to the nucleus, binds to interferon stimulated response elements (ISREs), and promotes transcription of interferon stimulated genes (ISGs); phosphorylation of STAT1 and STAT2 peak about 2 hours after treatment with a type I interferon. Long-term signaling is driven by unphosphorylated STAT1 and STAT2 complexed with IRF9, and peaks around 72 hours after treatment with type I interferons. Genes listed in order of decreasing magnitude of log fold-change.



As type I interferon signaling is known to influence junction protein expression in a context-dependent manner (18, 36), we sought to investigate specifically whether the predicted inhibition of type I interferon signaling in crRhoC cells was borne out at the protein level, and whether any changes in junctional behavior would result. SUM 149 and MDA 231 wild-type and crRhoC cells were subsequently treated with IFN-α at two doses (100 and 1000 IU/ml) for 2 hours and 72 hours, and expression of proteins in the type I interferon signaling pathway was assessed via Western Blot. In response to interferon treatment, we observed that RhoC modified the cells’ responses: MDA 231 crRhoC cells had increased p-STAT2 and IRF9 expression compared to wild type (Figure 4B), whereas SUM 149 crRhoC cells had decreased p-STAT2 and total STAT2 expression compared to wild type (Figure 4C). There were no significant differences between the two doses tested. The difference in interferon response expression between crRhoC and wild-type cells were evident at both the 2 hour and 72 hour time points, consistent with the 17 ISGs identified by RNAseq that are downstream of short-term phosphorylated STAT1-STAT2-IRF9-complex(ISGF3)-driven signaling as well as long-term unphosphorylated-ISGF3-driven signaling (37–39) (Figure 4D).



RhoC Modulation of Interferon Signaling Leads to Functional Changes in Junction Behavior and Cell Invasiveness

To assess the impact of RhoA and RhoC expression on long-term ISG expression, SUM 149 and MDA 231 wild-type, crRhoA and crRhoC cells were treated with IFN-α at 100 IU/ml for 72 hours, then RNA was harvested and a relevant array of cancer related genes was assessed by the nanoString Pan-Cancer Immune Panel. Out of the genes that were significantly differentially expressed in treated cells compared to untreated controls, the interferon-stimulated gene IFITM1 had decreased expression in both crRhoA and crRhoC cells compared to wild type, and additional interferon-stimulated genes like MX1 and ISG15 were significantly decreased in only the crRhoC cells compared to wild type. IFI27 was the only interferon-stimulated gene that had significantly increased expression in treated crRhoC cells compared to both treated crRhoA cells and treated wild-type (Figure 5A and Supplementary Figure 3A).




Figure 5 | RhoC expression modulates cells’ functional response to interferon. (A) RNA expression of interferon stimulated genes in response to 72 hours of IFN-α treatment (100 IU/ml) in MDA 231 and SUM 149 cells. Wild-type cells had larger increases in gene expression with IFN-α treatment compared to crRhoC cells. Black bars are expression in wild-type cells, dark grey bars are expression in crRhoC cells. (B) Quantification of difference in fluorescent intensity with IFN-α treatment between positive control (non-adhering) and test wells in centrifugation adhesion assay (n = 3 biological replicates); decreases in fluorescent intensity correspond to increases in cell-cell adhesiveness. Treatment with IFN-α at 100 IU/ml for 72 hours led to increased adhesion for all cells, but the increases were larger and more significant in wild-type and crRhoA cells compared to crRhoC cells. (C) Quantification of transwell invasion with IFN-α treatment (n = 3 biological replicates) in MDA 231 and in (D) SUM 149. Treatment with IFN-α led to decreased invasion for all cells; in MDA 231 wild-type and crRhoA cells had larger and more significant decreases than in crRhoC cells, whereas in SUM 149 crRhoC cells had the largest relative decrease in invasion. Downward-slanting stripes represent IFN-α treatment; black bars are wild-type, light grey bars are crRhoA cells, and dark grey bars are crRhoC cells. *p < 0.05; **p < 0.01; ***p < 0.001.



In order to determine whether these differences in mRNA expression between crRhoC cells and wild-type cells were borne out at the protein level, cells were again treated with IFN-α at 100 IU/ml for 72 hours, and protein was harvested for Western Blot of MX1, ISG15, IFITM1 and IFI27 (Supplementary Figure 3B). There was no expression of these proteins in the untreated SUM 149 cells, whereas in MDA 231 the untreated cells all expressed ISG15 and the untreated crRhoA and crRhoC cells expressed IFI27, with crRhoC cells expressing the highest amount of these two proteins at baseline. The treated cells all had similar protein expression of MX1, ISG15, and IFI27, with MDA 231 cells having slightly increased protein expression compared to SUM 149 cells. However IFN-α treatment elicited higher IFITM1 protein expression in crRhoC cells than in wild-type. SUM 149 crRhoA cells had decreased expression of IFITM1 with IFN-α treatment compared to wild-type, whereas MDA 231 crRhoA cells had increased expression of IFITM1 with IFN-α treatment compared to wild-type.

We further sought to assess the impact of RhoA and RhoC expression on functional responses to IFN-α treatment. The centrifugation adhesion assay was repeated with media containing IFN-α at 100 IU/ml. 72 hours of IFN-α treatment increased cell-cell adhesion for all cell types. However, the change in adhesion between untreated and IFN-α treated cells was greater in magnitude in wild-type cells compared to crRhoC cells (Figure 5B and Table 1). Transwell invasion assays were also repeated with media containing IFN-α at 100 IU/ml, with cells treated for 24 or 72 hours. Cells treated for 72 hours had reduced invasion compared to untreated cells and 24-hour-treated cells. In MDA 231, the magnitude of invasion reduction was greater in wild-type and crRhoA cells compared to crRhoC cells, whereas in SUM 149s the reverse was demonstrated—crRhoC cells had a larger reduction in invasion than wild-type or crRhoA cells (Figures 5C, D and Table 2). There were no significant differences in proliferation or viability between treated and untreated or between wild-type and Rho knockout cells (data not shown).


Table 1 | RhoC knockout dampens IFN-α-driven increase in cell-cell adhesion.




Table 2 | RhoC knockout modulates IFN-α-driven inhibition of cell invasion.






Discussion

In investigating the cellular and molecular basis of the impact of RhoC on metastasis, we demonstrate that RhoC affects both cell-cell junction behavior as well as IFN-α response. Knocking out RhoC results in a trend towards increased tight and adherens junction protein expression (Supplementary Figure 1) and membrane localization (Figure 2) that resembles normal junctions, while also significantly increasing the functionality of these junctions with respect to adhesiveness and impermeability (Figure 3). crRhoC cells also have decreased cell invasion (Supplementary Figure 2). Interestingly, low-dose IFN-α treatment has similar effects on wild-type cells as the effect of RhoC knockout—the increased adhesion and decreased invasion induced by 72 hours of IFN-α treatment in wild-type cells (Figures 5C, D) is comparable in magnitude to the increased adhesion and decreased invasion seen in crRhoC cells compared to wild-type. crRhoC cells treated with IFN-α exhibit dampened response in terms of changes in adhesion and invasion, compared to treated wild-type cells, but it is important to highlight that IFN-α does increase adhesion and decrease invasion in both crRhoC and wild-type cells. Taken together, these data point to IFN-α and RhoC inhibition as being capable of reducing cancer cell invasion in a cumulative fashion—a potential combination strategy that could be more effective in RhoC-driven phenotypes, such as inflammatory breast cancer, as there was clearly a larger effect on adhesion and invasion in SUM 149 crRhoC cells treated with IFN-α compared to MDA 231 crRhoC cells.

A corollary interpretation of these results is that RhoC knockout blunts cellular response to IFN-α overall. This interpretation is further supported by the smaller increase in expression of interferon-stimulated genes in crRhoC cells post-IFN-α treatment compared to wild-type cells, in which IFN-α treatment robustly increased interferon-stimulated gene expression (Figure 5A). The potential for RhoC contributing to normal IFN-α signaling is a novel finding. Expression of interferon signaling proteins IFI27 and ISG15 was higher in untreated MDA 231 crRhoC cells than in wild-type, and IFITM1 expression was higher in treated crRhoC cells than in wild-type. Expression of IFI27 in some studies is correlated with decreased proliferation and migration (40, 41), and in others with increased tumorigenesis and migration and decreased patient survival (42–44). ISG15 expression is correlated with increased invasion, induction of M2-like macrophages, and decreased patient survival (45, 46). IFITM1 is also correlated with increased tumorigenesis and invasion (47). The increased expression of these invasion-associated proteins and the overall decreased ISG expression in crRhoC cells compared to wild-type, in the context of IFN-α treatment reducing cell invasion without significantly affecting cell viability, adds complexity to the understanding of RhoC as primarily a promoter of metastasis.

Previous studies from our lab have found that macrophage-conditioned media, specifically from M2a macrophages, promotes cancer cell invasion, and that functional RhoC is necessary to achieve the full extent of macrophage-promoted invasion (24, 48). Interestingly, IFN-α treatment has been demonstrated to promote a shift in macrophage polarization from M2 to M1 (49, 50). Our current study posits that functional RhoC contributes to increased IFN signaling in cancer cells, which would conflict with the logical conclusion from previous studies that RhoC is positively associated with M2 macrophages and M2 macrophages are negatively associated with IFN-α. Further study is therefore necessary to determine why cells with functional high RhoC expression have reduced junction functionality and increased invasion in the absence of IFN-α, and the opposite effect in the presence of IFN-α.

IFN-α has been recognized as an anti-tumor compound since 1970 (51). High-dose IFN-α (>1000 IU/ml) is FDA-approved as monotherapy for Kaposi’s sarcoma, follicular non-Hodgkin lymphoma, melanoma, and hairy-cell leukemia, and for adjuvant therapy of melanoma; overall clinical response rates are modest, and high-dose IFN-α toxicity is high, thus oncological use has diminished in recent times (52). On the other hand, IFN-α is also used clinically as an anti-viral agent, and achieves sustained anti-virologic responses for significant populations of Hepatitis B and C patients (53). Some of the variation in clinical efficacy of IFN-α can be attributed to differing ISG induction at differing concentrations of IFN-α; low-dose IFN- α tends to induce anti-viral ISGs, whereas high-dose induces proliferation and inflammation-related ISGs (54). Our findings that low-dose IFN-α modulates breast cancer invasion and adhesion is notable in that it posits a potential anti-tumor clinical benefit through multiple mechanisms of action, without the morbidity of high-dose treatment.

Higher ISG expression is associated with estrogen receptor negative breast cancers (22). The cell lines we focused on in this study are both triple-negative breast cancers, and the RNAseq results of decreased ISG expression in RhoC knockout cells compared to wild-type were more significant in our triple-negative breast cancer cell lines than in other breast cancer cell lines (Supplementary Table 1). A recent study by Doherty et al. (55) also examined the effect of low-dose IFN-α on triple-negative breast cancer and found that chronic, weeks-long exposure to low-dose IFN-α led to increased epithelial morphology, decreased stemness markers, and decreased migration (55). This is consistent with our results of decreased invasion with 3 days of low-dose IFN-α treatment, and comparable to our results of both increased epithelial morphology and decreased invasion in RhoC knockout cells compared to wild-type. Previous work from our lab has identified RhoC as a modulator of stemness markers in breast cancer cells, and moreover identified RhoC as necessary for lung metastasis from orthotopic xenografts while increased stemness markers modulated the number of metastases (56). This study suggests that these previously discovered links to epithelial character, stemness and invasion in both IFN-α and RhoC may be, at least in part, related to RhoC’s contribution to IFN response.

Of note, we created crRhoA and crRhoC breast cancer cell lines and found that knocking out RhoC resulted in increased expression of RhoA while knocking out RhoA resulted in a smaller magnitude increase in RhoC expression (Figure 1A). Thus, our results in our crRhoC cells could be due to mixed effects from increases in RhoA as well as a lack of RhoC signaling. Practically speaking, however, a compensatory feedback loop of RhoA and RhoC is most likely active in vivo, so any therapeutic trials of RhoC inhibitors would need to also show benefit in the setting of increased RhoA expression. We also find that knocking out RhoC increased adhesion and junction stability to a similar extent in both MDA 231 and SUM 149 (Figure 3), but had differing effects in modifying IFN-α-driven inhibition of invasion in MDA 231 and SUM 149—transwell invasion was more inhibited by IFN-α treatment in crRhoC compared to wild-type SUM 149, while in MDA 231 IFN-α treatment inhibited transwell invasion to a greater extent in wild-type compared to crRhoC cells (Figure 5B). We propose that this differing effect on invasion but not on junction function may be due to a difference in STAT2 and pSTAT2 regulation, as we find that in SUM 149 IFN-α-treated cells RhoC knockout decreases STAT2 and pSTAT2 expression compared to wild-type while in MDA 231 IFN-α-treated cells RhoC knockout increases STAT2 and pSTAT2 expression compared to wild-type (Figures 4B, C). Thus, cells with increased STAT2 and pSTAT2 upon stimulation with IFN-α were more resistant to IFN-α-driven transwell invasion inhibition, and furthermore RhoC expression affects STAT2 and pSTAT2 expression in different ways in inflammatory and non-inflammatory breast cancer cells. Further studies are needed to validate these findings in other inflammatory and non-inflammatory breast cancer cell lines and to assess the mechanism of action by which RhoC expression may modulate STAT2 expression.

Our overall hypothesis—that RhoC amplifies interferon signaling and thereby increases junction dysregulation, consequently promoting cancer cells’ motility and invasiveness—is borne out insofar as RhoC contributes to Type I interferon cellular response and also contributes to regulation of junction behavior. However, we find that IFN-α signaling itself results in increased cell-cell adhesion and decreased invasion. Our current work supports that the role of RhoC in metastases of certain aggressive cancers appears to be a result of intrinsic modulation of the cancer cells’ junctions and invasiveness, and potential amplification of interferon signaling; other effects on the tumor microenvironment, such as a shift in macrophage population abundance, may cooperate to produce highly aggressive phenotypes. As such, via multiple mechanisms, our data indicate that the inhibition of RhoC in aggressive breast cancers could provide anti-invasion therapeutic benefit.
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Inflammasome complexes play a pivotal role in different cancer types. NOD-like receptor protein 3 (NLRP3) inflammasome is one of the most well-studied inflammasomes. Activation of the NLRP3 inflammasome induces abnormal secretion of soluble cytokines, generating advantageous inflammatory surroundings that support tumor growth. The expression levels of the NLRP3, PYCARD and TLR4 were determined by immunohistochemistry in a cohort of primary invasive breast carcinomas (BCs). We observed different NLRP3 and PYCARD expressions in non-tumor vs tumor areas (p<0.0001). All the proteins were associated to more aggressive clinicopathological characteristics (tumor size, grade, tumor proliferative activity etc.). Univariate analyses were carried out and related Kaplan-Meier curves plotted for NLRP3, PYCARD and TLR4 expression. Patients with higher NLRP3 and TLR4 expression had worse 5-year disease-free survival (DFS) compared to patients with lower NLRP3 and TLR4 expression (p =0.021 and p = 0.009, respectively). In multivariate analysis, TLR4 was confirmed as independent prognostic factors for DFS (HR = 2.03, 95% CI 1.16–3.57, p = 0.014), and high NLRP3 expression showed a slight association with DFS (HR = 1.75, 95% CI 0.98–3.15, p = 0.06). In conclusion, we showed TLR4 expression as independent prognostic factors and we highlighted for the first time that high expression of NLRP3 is linked to a poor prognosis in BC patients. These results suggest that NLRP3 and TLR4 could be two new good prognostic factor for BC patients.
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Introduction

The tumor microenvironment (TME) is the result of a multistep process characterized by reprogramming across cellular components. Different critical oncogenic processes contribute to changing the TME, such as angiogenesis, invasion/metastasis, drug resistance and chronic inflammation (1). Uncontrolled chronic inflammation has been shown to play a pivotal role in the onset and development of cancer via the up-regulation of growth factors, free radicals, prostaglandins and pro-inflammatory cytokines [interleukin (IL)-1β and IL-18] (2, 3). Tumor cells can also produce inflammatory mediators as well as fibroblasts, immune and endothelial cells (4). The inflammatory microenvironment can contribute to enhancing mutational state and mutated cell proliferation. However, the triggers and molecular signaling implicated in the inflammatory state are still poorly characterized.

The production of inflammatory interleukins is mediated by inflammasome activation. Inflammasomes are cytosolic multiprotein oligomers involved in the inflammatory state. They typically comprise a sensor of a NOD-like receptor protein (NLRP), the adaptor molecule apoptosis-associated speck-like protein containing a CARD (ASC) and a pro-caspase (5). Inflammasomes are activated by different stimuli mediated by diverse Pathogen Recognition Receptors (PRRs), including Toll-like receptors (TLRs), NOD-like receptor (NLRs), and Absent in melanoma-like receptors (ALR) (6). TLRs and NLRPs are intercellular receptors that are able to identify stimuli called pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) (7, 8).

Inflammasome components are involved in different physiological and pathological conditions, and their contribution in different cancers has been highlighted in the past few years (9–12). The role of inflammasomes in cancer is dual. On the one hand, inflammasome activation accelerates tumor progression by enhancing cancer stem cells, myeloid-derived suppressor cells (MDSCs), metastasis, epithelial mesenchymal transition (EMT) and angiogenesis and inhibiting apoptosis (13, 14). This behavior makes inflammasomes the perfect structure bridging chronic inflammation, carcinogenesis and tumor progression. On the other hand, inflammasomes can constrain tumor cell survival by supporting tumor suppressors and immune response and promoting cell death by pyroptosis (9, 15, 16). However, inflammasomes are not the only complex with a dual role and the TME, tissue type and cell type are also involved in determining oncogene and onco-suppressor behavior.

The NLRP3 inflammasome is the most well-studied inflammasome involved in cancer development. Its role in breast cancer (BC) is becoming clearer, but several aspects have yet to be analyzed. Recent papers have associated NLRP3 activation and IL-1β secretion to tumor growth, invasiveness, relapse and progression (13, 17–19). An association has also been reported between levels of TLR expression and high recurrence rates in BC patients (20), and high messenger RNA (mRNA) levels of TLR3, TLR4, and TLR9 have been observed in BC (21).

The aim of our study has been to clarify the role of some proteins of the NLRP3 inflammasome platform in a cohort of women with primary invasive BC and identify new potential prognostic biomarkers to determine a sub-group of patients who may benefit from specific treatments.



Material and Methods


Patients and Clinicopathological Characteristics

A retrospective, non-consecutive series of 374 patients with confirmed primary invasive BC from the Istituto Tumori “Giovanni Paolo II” of Bari, Italy was studied. The patients were selected based on the availability of biological material and their clinical follow-up. Patients were eligible if they had a histological diagnosis of invasive breast carcinoma of any size and no evidence of metastatic disease at diagnosis. The study was approved by the Ethics Committee of the Istituto Tumori “Giovanni Paolo II” with document no. 234/CE of 13 November 2017. Table 1 summarizes the clinicopathological characteristics of the entire cohort. One hundred and one (31.7%) were triple negative breast cancers (TNBCs). Median age was 53 years (IQR=interquartile range 46-63) and median follow-up was 67 months (range 1-199). Sixty patients (17%) had a relapse. The tumor, node, metastasis (TNM) classification, tumor size, histological grade, estrogen receptor (ER) status, progesterone receptor (PR) status, proliferative activity (Ki67 expression and human epidermal growth factor receptor 2 (HER2) status were provided by the Pathology Department of our Institute. The immunohistochemical assessment of ER status, PR status and Ki67 expression has been previously reported (22). Cases scoring 0 and 1+ were classified as negative. HER2 was considered to be positive if immunostaining was 3+ or if a score of 2+ showed gene amplification by fluorescence in situ hybridization (FISH), according to the 2007 ASCO/CAP guideline for BC (23).


Table 1 | Tumor characteristics of 352 invasive breast cancer patients.





Tissue Microarrays and Immunohistochemistry

Tissue microarrays (TMAs) were prepared, and immunohistochemistry (IHC) was performed as previously reported. Briefly, TMAs were assembled from formalin-fixed and paraffin-embedded (FFPE) tumor tissues using the Galileo Tissue MicroArrayer CK 4500 (Transgenomic, Hillington Park, Glasgow, UK). Each sample was arrayed in triplicate to minimize tissue loss and to overcome tumor heterogeneity. Consecutive sections of 4-µm thickness were cut from formalin-fixed and paraffin-embedded histological material and stained with an indirect immunoperoxidase method using the BenchMark XT automated staining instrument (Ventana Medical Systems, Tucson, AZ, USA), as previously reported (24). Deparaffinization was performed with EZ PREP solution, followed by antigen retrieval with Cell Conditioning solution 1 at 95° for NLRP3 (32 min) and TLR4 (60 min), and Cell Conditioning solution 2 at 95°C for PYCARD (32 min). The slides were then incubated at 37° for 1h with the specific primary antibody as reported in Table S1. The OptiView DAB IHC Detection Kit and OptiView Amplification Kit (Ventana Medical Systems, Tucson, AZ, USA) were used to detect NLRP3 and PYCARD protein expression. The UltraView Universal DAB detection kit (Ventana Medical Systems, Tucson, AZ, USA) was used to detect TLR4 protein expression. Finally, tissues were counterstained with hematoxylin and a bluing reagent for 8 min and 4 min respectively and were then dehydrated and mounted. Positive and negative controls were included in each staining run as indicated in the datasheet of each antibody. All the antibodies used in this study have been validated in the pre-analytic phase to guarantee a satisfactory level of reproducibility and accuracy. All the solutions were from Ventana Medical Systems unless otherwise specified.



Immunohistochemical Assessment

Cytoplasmic expression of NLRP3, PYCARD and TLR4 was considered. For all biomarkers, the best cutoff values of protein expressions were determined using the receiver operating characteristic (ROC) curve analysis to predict DFS at 5 years. For NLRP3 the best cutoff was 80%, for PYCARD and TLR4 the best cutoff was 20%. All stained specimens were independently assessed by two observers blind to the clinicopathological data. Three distinct visual fields were selected to evaluate the slides using x400 magnification in a bright field microscope (Leica, DMLB). Discordant scores were reviewed and resolved by discussion. Non tumor (NT) counterparts were also evaluated.



Follow-up and Statistical Analysis

Disease-Free Survival (DFS) was defined as the time from the date of surgery to the date of first relapse or progression of disease or to the date of a second invasive breast cancer/secondary primary cancer and/or death without evidence of breast cancer or to the date of the last follow-up. Overall Survival (OS) was defined as the time between the date of surgery and the date of death from any cause or the date of the last follow-up.

Time-to-event variables were estimated using the Kaplan-Meier method and comparisons between curves were done using the Log-rank test.

In order to identify the prognostic factors for DFS and OS, univariable and multivariable Cox regression models were used to estimate hazard ratios (HR) and their 95% Confidence Intervals (95% CI).

For the expression analysis of NT versus tumor (T) tissues two-tailed non-parametric Kruskal–Wallis and Mann–Whitney U-tests were performed. The association of baseline factors and protein expressions was evaluated with the Chi-square test, while the correlation between continuous variables was evaluated with the Spearman correlation test.

All tests were two sided and p<0.05 were considered to be statistically significant. Statistical analyses were performed using the Prism version 5.00 software package (Graph-Pad Software, San Diego, CA, USA) and SAS statistical software version 9.4 (SAS Institute Inc., Cary, NC, USA).




Results


Protein Expression Profiling of NLRP3, PYCARD and TLR4

High NLRP3, PYCARD and TLR4 expression was found in 31.8% (106/333), 38.6% (129/334) and 35.6% (115/323) of the tumor samples, respectively (Table 1).

NLRP3, PYCARD and TLR4 expression was evaluated according to their specific cut-off as described in the Material and Methods section. All the three proteins were also evaluated in the NT counterparts, if available. High NLRP3, PYCARD and TLR4 expression was found in 1.5% (1/67), 0% (0/82) and 3.8% (10/26) of the NT samples, respectively.

Figures 1A–I shows examples of the staining pattern of the proteins analyzed by immunohistochemistry.




Figure 1 | Representative images of immunohistochemical staining in Breast Cancer tissues. The panel displays the representative expression of molecular biomarkers in different areas: (A) NOD-like receptor protein 3 (NLRP3) expression in Non Tumoral (NT) area; (B) NLRP3 expression in Tumoral (T) area; (C) negative control for NLRP3 expression; (D) Apoptosis-Associated Speck-Like Protein Containing a Pyrin and CARD domain (PYCARD) expression in NT area; (E) PYCARD expression in T area; (F) negative control for PYCARD expression; (G) Toll like receptor 4 (TLR4) expression in NT area; (H) TLR4 expression in T area; (I) negative control for TLR4 expression; (original magnification, ×400). Scale bar = 20 µm.



In all the cases, comparison of NLRP3 expression in NT vs T tissues showed a statistically significant greater expression in the T areas (p<0.0001). PYCARD expression was also statistically higher in the T than in the NT areas (p<0.0001). By contrast, TLP4 expression was higher in the NT than in the T counterparts, but this difference was not statistically significant (p=0.173) (Figures 2A–C).




Figure 2 | (A) Expression levels of NOD-like receptor protein 3 (NLRP3) in Non Tumoral (NT) respect to Tumoral area; (B) Expression levels of Apoptosis-Associated Speck-Like Protein Containing a Pyrin and CARD domain (PYCARD) in Non Tumoral (NT) respect to Tumoral area; (C) Expression levels of Toll like receptor 4 (TLR4) in Non Tumoral (NT) respect to Tumoral area. Values are expressed as the median (horizontal bold line in each box), with the 5th and 95th percentiles and the furthest points that are not outliers (top and bottom of each ⊺ ⊥ bar). Dot indicates outliers. ***p < 0.001; NS, not significant.





Relationship Between Tumor Markers Expression and Clinicopathological Characteristics

Table 2 shows the relationship between NLRP3, PYCARD and TLR4 and the clinicopathological characteristics.


Table 2 | Relationship between tumor markers and clinicopathological features.



NLRP3 over-expression was observed in invasive ductal carcinoma (IDC; p = 0.020). Higher expression was related to tumor size >2 cm, a higher histological grade (G3) (p = 0.040), PR-positivity (p = 0.029) and human epidermal growth factor receptor 2 (HER2)/neu-positivity (p = 0.001). Higher PYCARD expression showed a significant association with positive node status (p = 0.006), ER-positivity (p = 0.005) and high proliferative activity (Ki67 index) (p = 0.0009). TLR4 was overexpressed in tumors with a high proliferative activity (Ki67 index) (p = 0025) and that were ER-negative (p < 0.018). These TLR4 positive tumors were also associated with a higher histological grade (G3) (p = 0.057) and with positive (HER2)/neu status (p = 0.052). The expression of NLRP3, PYCARD was higher in the non-TNBC phenotype (p=0.001 and p=0.012, respectively). While TLR4 resulted more expressed in the TNBC sub-group (p=0.040).



Association Between Protein Expressions Analyzed

The Spearman correlation test on continuous variables revealed a direct relation between TLR4 and NLRP3 (r: 0.128; p =0.024) and PYCARD expression (r: 0.157; p = 0.005) (Table 3). Analyzing the dichotomized variables using the χ2 test, a significant frequency of association between TLR4 and NLRP3 expression was found (p= 0.037), while there was no significant association between TLR4 and PYCARD (data not shown).


Table 3 | Spearman for rank-based correlations between protein expression in breast cancer patients on continuous variables.





Expression of Proteins and Patient Clinical Outcome

Univariate analyses were carried out and the related Kaplan-Meier curves considered for the expression of NLRP3, PYCARD and TLR4 and all clinicopathological characteristics, as dichotomized variables.

The patients with high NLRP3 expression had a worse disease-free survival (DFS) than did patients with low NLRP3 expression (85% vs. 89%; 95% CI, 78-92 vs 85-93; p =0.021). Patients with high TLR4 expression had a worse DFS than did patients with low TLR4 expression (84% vs. 90%; 95% CI, 77-91 vs 85-94; p = 0.009). No significant differences were observed between patients with high or low PYCARD expression. We also found a significant association between TLR4 expression and overall survival (OS) in that patients exhibiting low TLR4 expression had a better OS than patients with high TLR4 expression (96% vs 90%; 95% CI, 93-98 vs 84-96; p=0.030) (Table 4 and Figure 3).


Table 4 | Univariate analysis of DFS (disease-free survival) and OS (overall survival).






Figure 3 | Kaplan–Maier curve analysis and log-rank test. (A) Kaplan–Maier curve for disease-free survival (DFS) according to NLRP3 positive versus negative patients (85% vs. 89%; 95% CI, 78-92 vs 85-93; p = 0.021); (B) Kaplan–Maier curve for overall survival (OS) according to NLRP3 positive versus negative patients (96% vs. 93%; 95% CI, 92-100 vs 90-97; p = 0.596); (C) Kaplan–Maier curve for DFS according to PYCARD positive versus negative patients (90% vs. 86%; 95% CI, 81-91 vs 85-96; p=0.604; (D) Kaplan–Maier curve for OS according to PYCARD positive versus negative patients (96% vs. 92%; 95% CI, 93-100 vs 88-96; p = 0.102); (E) Kaplan–Maier curve for DFS according to TLR4 positive versus negative patients (84% vs. 90%; 95% CI, 77-91 vs 85-94; p = 0.009); (F) Kaplan–Maier curve for OS according to TLR4 positive versus negative patients (90% vs. 96%; 95% CI, 84-96 vs 93-98; p = 0.036).



Univariate analysis indicated a worse DFS rate for tumor size >2 cm than for tumor size ≤2 cm (81% vs. 93%; 95% CI, 75-87 vs 88-97; p = 0.001), positive compared to negative nodal status (84% vs. 89%; 95% CI, 77-90 vs 85-93; p = 0.025), high (G3) compared to low (G1–2) histological grade (80% vs. 96%; 95% CI, 74-86 vs 93-99; p < 0.0001), high compared to low Ki67 expression (83% vs. 95%; 95% CI, 77-88 vs 91-99; p =0.013). Conversely, ER and PR positivity showed a better DFS than did ER and PR negativity (92% vs. 80%; 95% CI, 88-96 vs 74-87; p = 0.006; 92% vs. 83%; 95% CI, 87-97 vs 77-88; p = 0.020 respectively). The TNBC patients had a worse disease-free survival (DFS) than no-TNBC patients (80% vs. 91%, 95% CI 72-87 vs 87-95, p=0.037). Poor OS was observed for tumor size >2 cm compared to tumor size ≤2 cm (91% vs. 96%; 95% CI, 86-96 vs 93-99; p = 0.011), high (G3) compared to low (G1-2) histological grade (90% vs. 98%; 95% CI, 86-95 vs 95-100; p = 0.002), and high compared to low Ki67 expression (90% vs. 99; 95% CI, 86-95 vs 97-100; p = 0.0004). A statistical trend was found in patients with positive PR expression who had a better OS (96 vs 91; 95% CI, 93-100 vs 87-95; p=0.052), (Table 4).

According to the Cox proportional hazard regression model, multivariate analysis showed that TLR4 is independent prognostic factors, with high expression associated to a shorter DFS (Hazard Ratio (HR) = 2.03, 95% Confidence Interval (CI) 1.16–3.57, p = 0.014) and a shorter OS (HR = 2.54, 95% CI 1.06–6.05, p = 0.036). High NLRP3 expression showed a slight, albeit not significant, association with DFS (HR = 1.75, 95% CI 0.98–3.15, p = 0.06) (Table 5).


Table 5 | Multivariate analysis of DFS (disease-free survival) and OS (overall survival).



The same investigation has been carried out in the TNBC subgroup (protein expression profiling, relationship with clinicopathological characteristics, protein association and patient clinical outcome), but not substantial relations have been found in this sub-set (Data not shown).




Discussion

Despite the great interest it has garnered over the last few years, the molecular mechanism of NLRP3 inflammasome action remains poorly understood, especially its role in cancer. Aberrant activation of the NLRP3 inflammasome has been observed in several malignancies (13). It has recently been demonstrated that up-regulation of NLRP3 inflammasome expression in human breast Cancer-Associated Fibroblasts (CAFs) is a steppingstone to cancer progression and metastasis (25). NLRP3 activation in both cancer cells and stromal components could result in a cumulative mechanism creating a tumor microenvironment favorable to cancer progression. The identification of new biomarkers linked to inflammasome action could help in the prognosis of BC and the development of new targeted BC therapies to support traditional treatments.

In this study we focused on NLRP3 inflammasome activation in the tumor counterparts to examine the activity of this complex in BC, evaluate its possible contribution to prognosis and provide indications for future combination therapies.

In our BC cohort, NLRP3 and PYCARD expression was higher in the tumor samples than in the non-cancerous counterparts, thus confirming inflammasome involvement in establishing a tumor-associated microenvironment to support cancer progression (26). More than 50% of our patients presented high tumor grade (G3) and high proliferative activity (Ki67), underlining the aggressiveness of these tumors. Clinical analysis revealed that NLRP3 and PYCARD expression was strongly associated with the presence of several more aggressive clinicopathological factors, such as tumor size, histological grade and Ki67 index and pointed to the contribution of both proteins to BC progression via their relationship with the expression of receptors and factors closely associated with tumor growth. The expression of NLRP3, PYCARD was higher in the non-TNBC phenotype. In the last years different authors have described the negative regulation of ER and PgR on NLRP3 inflammasome activation, demonstrating a hormonal modulation of inflammasome platform in different diseases (27–30).

Recent studies reported higher NLRP3 and PYCARD protein expression in cancer tissues than in adjacent normal tissues from patients with laryngeal squamous cell carcinoma (LSCC) (31) and colorectal cancer (CRC) (32). The authors also correlated NLRP3 inflammasome expression to the patients’ clinicopathological characteristics (31). The NLRP3 inflammasome appears to be involved in tumor aggressiveness, given its overexpression in the tumor areas and its association with greater tumor size, higher histological grade and positive node and receptor status. NLRP3 inflammasome activation is related to nuclear factor-kB (NF-kB) activation by TLR signaling and is a key link between inflammation and cancer (31, 33–35). We examined TLR4 expression and its interaction with NLRP3 in our BC cohort. TLR4 was associated both to tumors with high proliferative activity and TNBC phenotype, as already reported in experimental evidence showing its involvement in BC progression, invasion and drug resistance by initiating and supporting an inflammatory environment (36–39). TLR4 was directly related with NLRP3 and PYCARD demonstrated a positive synergistic correlation supporting malignant phenotypes, although the correlation factor was not strong. Reciprocal crosstalk between the NLRP3 inflammasome and TLR4 is not a surprise in other malignancies (40, 41) but for the first time, we found a direct indication of their interaction in our BC patients.

In the Kaplan-Meier survival analysis, the sub-group of patients with high NLRP3 expression had a worse 5-year survival rate than did patients with low NLRP3 expression. The same trend was also observed in patients overexpressing the TLR4 protein, as reported by other authors (42, 43).

This finding is very interesting as it indicates that the expression levels of NLRP3 inflammasome members may be a risk factor for BC progression. Inflammasomes have been described as cancer hallmarks and their suppressive activity on the immune system is well-known (14, 44). NLRP3 could also support tumor progression-related phenomena such as EMT (45–47), cancer stem cells renewal activation (48), and an increase in MDCSCs (49).

The multivariate analysis indicated that TLR4 is independent prognostic factors with high expression associated to a shorter DFS and OS in BC. This is not surprising considering that TLR4 is related to cancer aggressiveness and poor clinical outcome (20, 42, 43, 50–52). NLRP3 expression showed a slight, albeit not significant, association with DFS and this association to the clinical effects of BC is a new compelling point. Its contribution to the onset and progression of malignant phenotypes has been reported for oral squamous cell carcinoma (53) and pancreatic cancer (54). A recent study in a CRC model showed that NLRP3-positive patients had a poor prognosis, and that NLRP3 was an independent prognostic factor for the survival of patients (32).



Conclusions

In conclusion, we found that TLR4 expression is an independent prognostic factors and highlighted for the first time that high expression of NLRP3 is linked to a poor prognosis in BC patients and that it could be a good prognostic factor. The NLRP3 signaling pathway is closely related with the TLR4 and both could have a synergic role in BC progression.

Further, these results suggest that NLRP3 and TLR4 could be new targets in combination therapies to increase and enhance treatment options for BC patients. Prospective trials to validate these findings and further elucidate the clinical utility of these biomarkers will be warranted for BC patients starting new systemic treatments.
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Background

Immunohistochemistry (IHC)-based surrogate assay is the prevailing method in daily clinical practice to determine the necessity of chemotherapy for Luminal-like breast cancer patients worldwide. It relies on Ki67 scores to separate Luminal A-like from Luminal B-like breast cancer subtypes. Yet, IHC-based Ki67 assessment is known to be plagued with subjectivity and inconsistency to undermine the performance of the surrogate assay. A novel method needs to be explored to improve the clinical utility of Ki67 in daily clinical practice.



Materials and Methods

The Ki67 protein levels in a cohort of 253 specimens were assessed with IHC and quantitative dot blot (QDB) methods, respectively, and used to assign these specimens into Luminal A-like and Luminal B-like subtypes accordingly. Their performances were compared with the Kaplan–Meier, univariate, and multivariate survival analyses of the overall survival (OS) of Luminal-like patients.



Results

The surrogate assay based on absolutely quantitated Ki67 levels (cutoff at 2.31 nmol/g) subtyped the Luminal-like patients more effectively than that based on Ki67 scores (cutoff at 14%) (Log rank test, p = 0.00052 vs. p = 0.031). It is also correlated better with OS in multivariate survival analysis [hazard ratio (HR) at 6.89 (95% CI: 2.66–17.84, p = 0.0001) vs. 2.14 (95% CI: 0.89–5.11, p = 0.087)].



Conclusions

Our study showed that the performance of the surrogate assay may be improved significantly by measuring Ki67 levels absolutely, quantitatively, and objectively using the QDB method.





Keywords: surrogate assay, adjusted surrogate assay, Ki67, QDB, quantitative, FFPE



Introduction

Microarray analysis of global gene profiling (GEP) of breast cancer tissues leads to the identification of the four intrinsic subtypes: luminal, Her2-like, basal-like, and normal-like subtypes (1, 2). The Luminal-like patients are further separated into Luminal A (LumA) and Luminal B (LumB) patients. Its distinction is based on the proliferation status among Luminal-like patients (3). LumA patients are associated with better clinical outcomes than that of LumB patients.

While the benefits of endocrine therapy to Luminal-like patients have been well established, there is increased recognition that chemotherapy may not be a necessary part of adjuvant therapy for all luminal-like patients (4–7). It is well accepted now that LumA patients benefit less from chemotherapy than LumB patients (5). Thus, chemotherapy may be spared from many LumA patients, considering its strong side effects. This concept has been well accepted with several GEP-based genetic tests developed to identify Luminal subtype patients who may be spared of chemotherapy (5).

Yet, GEP-based genetic tests remain inaccessible to a lot of patients worldwide (5). As an alternative, an immuno-histochemistry (IHC)-based surrogate assay has been used extensively all over the world. Based on the 2013 St. Gallen Consensus, the patients are categorized into Luminal-like, Her2 positive (non-luminal), and Triple negative (ductal) subtypes based on IHC assessment of ER, PR, Her2, and Ki67 (5). The Luminal-like patients are further separated into LumA patients with ER+, Her2−, PR score ≥20%, and Ki67 score <14% (5). The LumB patients are composed of Her2− (LumB1) and Her2+ (LumB2) subgroups. LumB1 patients are ER+, Her2−, with Ki67 score ≥14%, or PR score <20%. LumB2 patients are ER+ and Her2+, regardless of the Ki67 and PR statuses (5). In 2015, the cutoff of Ki67 score to separate LumA from LumB was adjusted to 20% (6).

Clearly, the expression level of Ki67, the well-accepted protein biomarker of tumor progression, is the factor to consider when deciding if a Luminal-like patient may be spared of chemotherapy (5, 6). Currently, Ki67 levels are mainly assessed through IHC, a method known to be associated with subjectivity and inconsistency. Among all four biomarkers used in the surrogate assay, the standardization of Ki67 assessment may be considered most difficult. Intensive efforts have been devoted to the standardization of this biomarker; yet, there remains quite a distance away from its realization (8–12). In fact, a group of renowned oncologists in the breast cancer field [International Ki67 Work Group (IKWG)] declared that the IHC-based Ki67 “has limited value for treatment decisions due to questionable analytical validity” (13). Even the latest recommendations from IKWG has issue of applicability in daily clinical practice (14, 15). Apparently, other alternative methods need to be explored to address this challenge.

Recently, a high-throughput immunoassay, quantitative dot blot (QDB) method, was developed to measure protein levels at the tissue level objectively, quantitatively, and absolutely (16–18). In a certain sense, this method is an enzyme-linked immunosorbent assay (ELISA)-like assay for formalin-fixed paraffin-embedded (FFPE) specimens, considering ELISA is not suitable for FFPE specimens due to heavy crosslinking of tissue proteins (19).

In most cases, QDB can convert an IHC assay into a QDB assay directly utilizing the same clinically validated diagnostic antibodies for IHC. Like ELISA, various internal controls are included in the analytical process to ensure the accuracy and consistency of the assay. Admittedly, the unmatched accuracy and consistency of QDB method over those of IHC is at the loss of morphological information. Undoubtedly, these two methods need to be combined to offer a comprehensive picture of the distribution and expression of a protein biomarker in FFPE specimens.

In this study, we attempted to measure Ki67 levels absolutely, quantitatively, and objectively using the QDB method in FFPE specimens to improve the consistency and accuracy of Ki67 measurement in clinical practice. A QDB-based assay was developed using MIB1, the recommended Ki67 antibody for IHC, and a recombinant Ki67 protein (20). The specimens were separated into luminal A (LumAq) and luminal B subtypes (LumBq) based on the absolute values of Ki67 in these specimens in a retrospective study (Table 1). The prognosis of this adjusted surrogate assay was compared with that of the IHC-based surrogate assay to demonstrate the potential of objective measurement of Ki67 protein levels for subtyping of Luminal-like tumors in daily clinical practice.


Table 1 | Clinicopathological characteristics of 155 Luminal-like breast cancer specimens.





Materials and Methods


General Reagents

All general reagents used for cell culture were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA), including the cell culture media and culture dishes. The protease inhibitors were purchased from Sigma Aldrich (St. Louis, MO, USA). All other chemicals were purchased from Sinopharm Chemicals (Beijing, P. R. China). QDB plates were manufactured by Quanticision Diagnostics, Inc. (RTP, USA). Mouse anti-Ki67 antibody (clone MIB1) was purchased from ZSGB-BIO (Beijing, China). HRP-labeled Donkey Anti-Mouse IgG secondary antibody was purchased from Jackson Immunoresearch lab (Pike West Grove, PA, USA).

PCR reagents, restriction enzymes, and T4 DNA ligase were purchased from Takara Bio Inc. (Dalian, China). Competent cells Escherichia coli DH5a and BL21(DE3) were from TransGen Biotech (Beijing, China). IPTG (Isopropyl β-D-1-thiogalactopyranoside) was purchased from Solarbio (Beijing, China). Nickel-His GraviTrap affinity column was purchased from GE Healthcare.



Purification of Recombinant Ki67 Fragment

A DNA sequence corresponding to the 1162–1254AA of human MKI67 (NCBI #: NM_002417.4) was synthesized by Sangon Biotech (Shanghai, China) and was inserted into pET-32a (+) expression vector. The plasmid was verified by sequencing and expressed in BL21 (DE3) competent cells. The cells were induced with IPTG, and total bacterial lysate was extracted in 10 ml of binding buffer (20 mM sodium phosphate, 500 mM NaCl, and 20 mM imidazole, pH 7.4) before it was loaded onto a high-affinity Ni2+ column pre-equilibrated with 10 ml of binding buffer. The recombinant protein was eluted with 3 ml of elution buffer (20 mM sodium phosphate, 500 mM NaCl, and 250 mM imidazole, pH 7.4) and dialyzed in PBS (pH 7.4) at 4°C overnight. The purity of the protein was examined by a 12% SDS-PAGE gel at 80%, and the purified protein was stored at −80°C in a small aliquot with 20% glycerol.



Preparation of FFPE and Cell Lysates

To extract total protein, 2 × 15 μm FFPE slices were first de-paraffinized and then solubilized with lysis buffer (50 mM HEPES, 137 mM NaCl, 5 mM EDTA, 1 mM MgCl2, 10 mM Na2P2O7, 1% Triton X-100, and 10% glycerol). Total protein concentration was measured using Pierce BCA protein assay kit in accordance to the manufacturer’s instructions. BT474 and 293T cells were fixed in Formalin Solution for 30 mins before they were lysed in the same lysis buffer with protease inhibitors. The supernatants were collected after centrifugation and the total amount of proteins were measured using BCA protein assay kit by following the manufacturer’s instructions.



Human Subjects and Human Cell Lines

The inclusion criteria for this retrospective observational study were patients diagnosed as breast cancer patients with FFPE tissue specimen available at Yantai Affiliated Hospital of Binzhou Medical University, Yantai, P. R. China from 2008 to 2013 consecutively and non-selectively. The specimen must have more than 50% tumor tissue based on H&E staining. Follow-up data were available for 221 patients (87.4%) at the last follow-up on April 1, 2019.

All the treatments that patients received in this study were adjuvant treatments. Clinical information, including age, pathological lymph node status, pathological tumor size, histological grade, type of treatments [chemotherapy (CT), endocrine therapy (ET), or chemoendocrine therapy (CET)], and results of FISH analysis, was collected from medical records. The end point was overall survival (OS) defined as the time between breast cancer surgery and death or last follow-up. All the missing values were treated as a new category. The cases lost to follow-up were not included in the analysis. Patients still alive at last study follow-up (April 1, 2019) were censored.



IHC Analysis

IHC for ER, PR, HER2, and Ki67 was performed concurrently on serial sections with the standard streptavidin–biotin complex method with 3, 3'-diaminobenzidine as the chromogen. Staining for ER, PR, and HER2 interpretation was performed by following the Dako autostainer link 48 manual (Ft. Collins, CO). ER antibody (clone SP1) and PR antibody (clone SP2) from MXB Biotechnologies, HER2 antibody (polyclonal A0485) from Dako, and Ki67 (Clone SP6) from LBP (www.gzlbp.com) were all at 1:100 dilution after antigen retrieval in 0.05 M Tris buffer (pH 9.0) with heating to 95°C for 20 min. Biomarker expressions from IHC assays were scored by three pathologists [JMH (26), JRZ (9), and LLJ (11); the number indicated the years of professional experience] who were blinded to the clinicopathological characteristics and outcomes and who used previously established/published criteria for biomarker expression levels routinely used in daily clinical practice. Tumors were considered positive for ER if immunostaining was observed in more than 1% of tumor nuclei, as recommended by ASCO/CAP guidance. Tumors were considered positive for HER2 if either immunostaining was scored as 3+ according to HercepTest criteria or FISH test positive. Ki67 and PR were visually scored for percentage of tumor cell nuclei with positive immunostaining above the background level. The positively stained nucleus was considered a valid signal for Ki67, with the Ki67 scores determined by the average method. A panel of representative IHC images stained with Ki67 antibody was included in Supplementary Figure S1.



QDB Analysis

The QDB process was described in detail elsewhere with slight modifications (16, 19). In short, the final concentration of the FFPE tissue lysates was adjusted to 0.25 μg/μl, and 2 μl/unit was used for QDB analysis as well as a serially diluted recombinant protein in triplicate. The loaded QDB plate was dried for 1 h at RT and then blocked in 4% non-fat milk for an hour. Anti-Ki67 antibody (MIB1) was diluted at 1:1,000 in blocking buffer, and incubated with QDB plate at 100 μl/well overnight at 4°C, and incubated next with a donkey anti-mouse secondary antibody for 4 h at RT. The QDB plate was inserted into a white 96-well plate pre-filled with 100 μl/well ECL working solution for 3 mins for quantification with Tecan Infiniti 200pro Microplate reader with the option “plate with cover”.

The consistency of the experiments was ensured by including two cell lysates with known Ki67 levels (BT474 and 293T) in all the experiments. The result was considered valid when the calculated Ki67 level of BT474 and 293T was within 20% of known Ki67 level at 6.3 (5.04–7.56) nmol/g and 4.4 (3.52–5.28) nmol/g, respectively. The absolute Ki67 level was determined based on the dose curve of protein standard. Ki67 level less than 25 pg (about 1.4 nmol/g) was defined as Limit of Quantitation (LOQ), and entered as 0 for data analysis. In addition, the Limit of Blank (LOB) and Limit of Detection (LOD) were defined as 1.11 and 1.24 nmol/g from multiple experiments [14]. The signal-to-noise ratio curves were also plotted in Supplementary Figure S2.



Statistical Analysis

GraphPad 7 software (La Jolla, CA, USA) was used for common data analysis, including Pearson’s correlation coefficient analysis. The results were presented as mean ± SD. The survival analyses were done using R version 3.6.2 (http://www.r-project.org). The strength of the agreement among Ki67 IHC scores from three pathologists was assessed by Fleiss’s Kappa analysis.

The Ki67 levels measured by the QDB method or the IHC method were dichotomized for OS by using optimal cutoff values determined by the “surv_cutpoint” function of the “surviminer” R package, respectively, with optimized cutoff at 2.31 nmol/g for the QDB method and 14% for the IHC method accordingly. All the OS analyses were visualized by Kaplan–Meier method, and comparisons were performed by Log rank test.

Univariate Cox proportional hazard models and fitted OS were employed for hazard ratio (HR) and corresponding 95% confidence intervals (CIs) estimation. Multivariable Cox models were utilized to examine the association between subtypes and OS, adjusting for other clinical variables, such as age, pathological lymph node status, pathological tumor size, histological grade, and type of treatment. Residuals that are analogous to the Schoenfeld residuals in Cox models were used to check the proportionality assumption. p-values of less than.05 were considered statistically significant.




Results


Measurement of Ki67 Protein Levels With the QDB Method

A QDB-based high-throughput immunoassay for absolute quantitation of Ki67 levels in FFPE specimens was developed first by defining the linear range of total tissue lysates and recombinant Ki67 protein standards using MIB1. The total tissue lysates from four FFPE specimens with Ki67 score >70% were pooled together, and diluted serially to define the linear range of the assay (Supplementary Figure S3).

The Ki67 levels in all 253 FFPE specimens were measured using the QDB method, and Ki67 levels were found to distribute between 0 (undetectable level) to 22.21 nmol/g, with average at 3.32 ± 0.22 nmol/g (Figure 1A). Based on a recent study (22), the ductal carcinoma in situ (DCIS), normal, and stroma tissue were not excluded from the tissue slices, as long as more than 50% of invasive tumor was presented in the slice. In this study, the potential influence of tumor infiltrating lymphocytes (TIL) was also not considered.




Figure 1 | Ki67 levels in 253 FFPE specimens and their correlations with Ki67 scores from IHC analysis. Total lysate was extracted from 2 × 15 μm FFPE slices individually, and 0.5 μg/specimen was used for QDB measurement using Mouse anti-Human Ki67 monoclonal antibody (MIB1). These specimens were also assessed with IHC analysis, with each IHC-stained slide assessed by three pathologists independently. The Ki67 scores used in the study were averages of three assessments. (A) Distribution of quantitatively measured Ki67 levels among these specimens. (B) Distribution of Ki67 scores from IHC analysis among 244 specimens. (C) Correlation analysis of the results from QDB and IHC analyses using Pearson’s correlation analysis with r = 0.71, p < 0.0001. (D) These specimens were subgrouped based on their respective Ki67 scores. The subgroup averages of the Ki67 levels from QDB measurements were used for correlation analysis with Ki67 scores from IHC analysis using Pearson’s correlation analysis with r = 0.93, p < 0.0001. The results were expressed as mean ± SD.



Among 253 specimens, 244 were provided with Ki67 scores from three pathologists assessing the same set of IHC-stained slides independently. Their Ki67 score averages were used throughout the study. We found that the highest IHC score was at 75%, and the lowest at 1%, with an average at 14.18% ± 0.79% (Figure 1B). Correlation analysis was performed using results from QDB and IHC methods with r = 0.71, p < 0.0001 using Pearson’s correlation analysis (Figure 1C). In an attempt to reduce the potential interference from the subjectivity inherently associated with IHC analysis, we also subgrouped these specimens by their IHC scores. As expected, the correlation between the subgroup averages of the absolute Ki67 levels from the QDB method with IHC scores was increased to r = 0.93, p < 0.0001 using Pearson’s correlation analysis (Figure 1D).

Those specimens provided with Ki67 scores were also accompanied with IHC results for ER, PR, and Her2. For specimens with a Her2 score of 2+, results from FISH analysis were used to differentiate Her2+ from Her2− specimen. Based on these information, we assigned these 244 specimens into luminal-like subtype (n = 155), HER2-like subtype (n = 31), and Triple Negative subtype (n = 53) based on 2013 St. Gallen consensus (5). The remaining five specimens cannot be subtyped based on this consensus (Figure 2).




Figure 2 | Flow diagram of patient selection for the study.



The clinicopathological parameters of the 155 luminal-like specimens are listed in Table 1. All the treatments were adjuvant therapies. For all the qualified patients, the median OS time to censoring was 85 months, with the maximum at 132 months. These specimens can be further divided into 66 Luminal A-like and 89 B-like subtypes using Ki67 score at 14% as cutoff based on 2013 St. Gallen consensus (5), or 76 Luminal A-like and 79 Luminal B-like subtypes with Ki67 score at 20% as cutoff based on 2015 St. Gallen consensus (6).



QDB-Based Adjusted Surrogate Assay vs. IHC-Based Surrogate Assay

To evaluate the influence of objectively quantitated Ki67 levels on the prognostic effect of the surrogate assay, we subtyped luminal A-like from luminal B-like subtypes based on absolutely quantitated Ki67 levels, using an optimized cutoff at 2.31 nmol/g. We named this method the adjusted surrogate assay for simplicity (Supplementary Table S1). The 2.31 nmol/g cutoff used in the adjusted surrogate assay was obtained using the “surv_cutpoint” function of the “suvminer” R package in combination with the OS of these patients. This proposed cutoff was validated using an independent cohort of breast cancer patients (23). In addition, we also managed to split the current cohort randomly into a training set and a validate set using RAND (“table”) function with SAS 9.4 to demonstrate its effectiveness for subtyping of Luminal-like patients (Supplementary Figure S4).

We also managed to obtain the optimum cutoff for Ki67 score from IHC analysis at 2.67% using the same function. However, at this value, only a small fraction of specimens were assigned to Luminal A-like subtype (n = 26). Therefore, Ki67 scores of 14% or 20% were evaluated as IHC cutoffs respectively based on different opinions from St. Gallen consensuses at 2013 and 2015.

As shown in Figure 3, based on the adjusted surrogate assay, the luminal A-like subtype (LumAq) had 10-year survival probability (10y SP) at 91% vs. 63% for Luminal B-like subtype (LumBq), with p = 0.00052 from Log rank test. In contrast, 10y SP for luminal A-like subtype (LumAi) was 88% vs. 68% for Luminal B-like subtype (LumBi), with p = 0.031 from the surrogate assay with 14% as Ki67 cutoff. When Ki67 score of 20% was used as cutoff, 10y SP for LumAi was 84% vs. 70% for LumBi, with p = 0.10 (Supplementary Figure S5). Clearly, in this study, the surrogate assay using 14% as Ki67 cutoff performed better than that using 20%. Therefore, we chose to compare the adjusted surrogate assay with the surrogate assay using 14% as Ki67 cutoff for the rest of the studies.




Figure 3 | Overall survival analysis by surrogate assay (A) or adjusted surrogate assay (B). (A) The Ki67 score of 14% was used as cutoff in the surrogate assay based on Recommendations from 2013 St. Gallen Consensus. (B) The Ki67 level of 2.31 nmol/g was used as cutoff determined by the “surv_cutpoint” function of the “surviminer” R package in the adjusted surrogate assay. The 5-year and 10-year survival probabilities, and the p-values from Log rank test were provided for both the surrogate assay and the adjusted surrogate assay, respectively. LumA, Luminal A-like subtype; LumB, Luminal B-like subtype; LumAi and LumBi, Luminal A-like and B-like subtypes by IHC-based surrogate assay; LumAq and LumBq, Luminal A-like and B-like subtypes by QDB-based adjusted surrogate assay; CI, confidence interval.



The surrogate assay was compared next with the adjusted surrogate assay in univariate Cox regression analysis, and we found that the adjusted surrogate assay provided improved prognosis for Luminal-like breast cancers with HR at 4.39 (95% CI, 1.78–10.81, p = 0.0013) than that of the surrogate assay with HR at 2.46 (95% CI, 1.05-5.75, p = 0.0385) (Supplementary Table S2).

The prognostic values of both methods were also investigated in the multivariate Cox regression analysis to include routine clinicopathological parameters including age, treatment type, pathological lymph node status, pathological tumor size, and histological grade in the analysis. We found that while LumBi patients had 2.14-fold higher risk of death than LumAi from the surrogate assay (HR: 2.14, 95% CI, 0.89-5.11, p = 0.0873), it is not statistically significant. On the other hand, LumBq specimens had 6.89 fold higher risk of death than LumAq by adjusted surrogate assay (HR: 6.89, 95% CI, 2.66–17.84, p = 0.0001) (Supplementary Table S3). In addition, in both analyses, age and pathological lymph node status were found to be an independent prognostic factor.

Next, we tried to understand what caused this difference by comparing the luminal A-like and Luminal B-like subtypes from surrogate assay (LumAi and LumBi) with those from adjusted surrogate assay (LumAq and LumBq) in Supplementary Table S4. The specimens were named AiAq or BiBq if they were assigned to Luminal A-like or Luminal B-like subtypes by both methods. Those assigned by the surrogate assay to A-like subtype, but not by the adjusted surrogate assay, were named AiBq, and those assigned by the adjusted surrogate assay to Luminal-A like subtype, but not by the surrogate assay, were named BiAq. We found that more specimens were assigned to the Luminal A-like subtype by the adjusted surrogate assay than the surrogate assay (76 vs. 66). The overall concordance rate between the surrogate assay and the adjusted surrogate assay was 75.5%.

In Figure 4, we performed the survival analyses of these four subgroups using Kaplan–Meier survival analysis. The AiAq subgroup was found to have the best 10y SP at 91% vs. the BiBq subgroup at 59%. In addition, the 10y SP of BiAq, the subgroup assigned to the Luminal A-like subtype only by the adjusted surrogate assay, was very close to that of AiAq, at 90%.




Figure 4 | Comparison of the performance of surrogate assay with that of adjusted surrogate assay. The specimens were further subgrouped into AiAq and BiBq subgroups, representing specimens assigned as Luminal A-like subtype and Luminal B-like subtype by both assays; AiBq, representing specimens assigned as Luminal A subtype by surrogate assay, but as Luminal B subtype by adjusted surrogate assay; and BiAq, representing specimens assigned as Luminal B-like subtype by surrogate assay, but as Luminal A-like subtype by adjusted surrogate assay. The overall survival analysis was performed with these four subgroups using Kaplan–Meier survival analysis, with survival probability for each individual subgroup provided in the figure. The p-value was calculated with Log rank test.





Adjusted Surrogate Assay vs. Surrogate Assay by Various Factors

We also attempted to minimize the influence of the type of treatment on the survival probability of each subtype (Supplementary Figure S6). For this purpose, only patients receiving chemotherapy were analyzed (n = 85), as there were an insufficient number of specimens receiving other treatments. Consistent with the overall performance, the adjusted surrogate assay presented significantly better prognosis than the surrogate assay, with 10y SP at 100% for LumAq vs. 53% for LumBq, p < 0.0001, in comparison to 94% for LumAi vs. 69% for LumBi, p = 0.037 (Supplementary Figures S6A, B).

The potential influence of pathological lymph node status was also investigated in this study by dividing patients into the pN0 group (no positive lymph node detected, n = 65) and pN1 (patients with 1 to 3 positive lymph nodes, n = 56) and analyzing their 10y SP using Kaplan–Meier analysis (Supplementary Figure S7). Again, the adjusted surrogate assay showed better prognosis than the surrogate assay in both cases. For pN0 patients, 10y SP was at 97% for LumAq vs. 72% for LumBq, p = 0.023, in contrast to 93% for LumAi vs. 80% for LumBi, p = 0.31. Likewise, this number became 90% vs. 63% for LumAq vs. LumBq, p = 0.026, in contrast to 90% vs. 66% for LumAi vs. LumBi, p = 0.10 for pN1 patients. The specimen numbers for pN2 and pN3 statuses were insufficient for further survival analysis.




Discussion

In this study, by using objectively quantitated Ki67 protein levels to replace Ki67 score in the surrogate assay, we showed that inherent subjectivity and inconsistency of IHC analysis limited significantly the performance of the surrogate assay for Luminal-like breast cancer patients. A revised surrogate assay was proposed to use absolutely quantitative Ki67 levels, instead of Ki67 scores from IHC analysis, for subtyping Luminal-like patients. Upon further validation, its implementation may significantly improve the accuracy and consistency of the surrogate assay in daily clinical practice.

The standardization, or lack of standardization of Ki67 in clinical practice, is a challenge facing the whole medical community. Yet, until now, no significant progress has been made so far (10, 11, 13, 20). The significantly improved prognosis in the adjusted surrogate assay, on the other hand, suggested that QDB method may be a better option for Ki67 standardization in daily clinical practice.

One culprit underlying the lack of standardization of Ki67 scores with the IHC method is the widespread tumor heterogeneity. As the solution, the whole tissue is homogenized in the QDB method to reduce its influence to the minimum. Although the morphological features were lost in the QDB process, results from our studies suggest that the overall benefits well justify this cost in daily clinical practice.

The performance of the surrogate assay is also seriously affected by the subjectivity of the assay. We tried to overcome its influence by requesting three pathologists to judge the same set of IHC-stained slides with Ki67 independently and blindly. The IHC results from these three pathologists were analyzed with Fleiss Kappa correlation analysis with к = 0.633. The Ki67 scores from these three pathologists were also used to assign these specimens into Luminal A-like and Luminal B-like subtypes, respectively, with 14% as cutoff. We obtained p-values at 0.2, 0.018, and 0.1, respectively, with Log rank test.

Perceivably, by including more pathologists in the analysis, the subjectivity of IHC analysis should be minimized. This assumption may find its support in Figure 1D, where we showed significantly increased correlation between QDB and IHC when the subgroup averages of Ki67 levels from the QDB method were used in our correlation analysis. Nonetheless, this requirement will inevitably place unbearable burden to the pathologists worldwide.

As the solution, the QDB-based immunoassays provided objective and quantitative measurement of Ki67 levels, safeguarded with multiple controls. The adoption of this method may translate into significance improved consistency and reliability of the results in daily clinical practice, especially in resource-limiting laboratories where IHC analysis remains a technical challenge.

Caution should be warranted for this study for multiple reasons. First, this is only a pilot retrospective study aiming to evaluate the feasibility of the QDB method in daily clinical practice. The sample size is limited. It remains questionable if this conclusion can be held up with more FFPE specimens in the study. Second, we were unable to evaluate the performances of the surrogate assay and adjusted surrogate assay on the prognosis of other clinical outcomes, including recurrence of the disease, or disease-free survival (DFS) for lack of relevant data. Third, this study is based on real-world data of patients administered to a local hospital in China between 2008 and 2013. There were a large number of patients (14%) with no treatments documented on record for various reasons, including informed refusal or using traditional Chinese medicine. The treatments patients received were also not up to date, as reflected by the overwhelming number of Luminal-like patients receiving chemotherapy only. It should be noted that these treatments were largely following guidance issued by the China Anti-Cancer Association (CACA) in 2007 (21). All these factors may discount the conclusion of the current study. Clearly, a much larger-scale study, possibly prospective, should be carried out before the current adjustment can be considered for routine clinical practice. Nonetheless, our study suggested a potential approach to improve the performance of surrogate assay in daily clinical practice worldwide.

We also recognized the need to validate our proposed 2.31 nmol/g cutoff in an independent cohort. The effectiveness of this proposed cutoff was validated in an independent cohort of Luminal-like breast cancer specimens from another hospital alone, and in combination with the current cohort (23). We also managed to split the current cohort randomly into both trial and validation groups to demonstrate that 2.31 nmol/g was the optimized cutoff for both groups (Supplementary Figure S4).

Our study also hinted that the discordance between surrogate assay and genetic assays may be smaller than we expect. The discrepancy between intrinsic subtyping and surrogate assay is clearly recognized in the field (24, 25). That is also the driving force for the campaign of universal genetic testing for breast cancer patients. However, in this study, by merely improving the accuracy of Ki67 measurement in the surrogate assay, we have significantly improved the performance of the surrogate assay. Future studies are urgently needed to compare various genetic assays including PAM50 with the adjusted surrogate assay.



Conclusions

In summary, the Ki67 protein levels were measured unprecedentedly in 253 FFPE specimens absolutely, quantitatively, and objectively using the QDB method. The measured levels were used to replace the Ki67 scores from IHC analysis in the surrogate assay, using 2.31 nmol/g as cutoff, to significantly improve the prognosis of OS in Luminal-like patients. We propose QDB as a potential solution for standardization of Ki67 assessment in daily clinical practice to improve the performance of the surrogate assay for breast cancer patients.
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Breast cancer (BC) has been extensively studied, as it is one of the more commonly diagnosed cancer types worldwide. The study of miRNAs has increased what is known about the complexity of pathways and signaling and has identified potential biomarkers and therapeutic targets. Thus, miRNome profiling could provide important information regarding the molecular mechanisms involved in BC. On average, more than 430 miRNAs were identified as differentially expressed between BC cell lines and normal breast HMEC cells. From these, 110 miRNAs were common to BC subtypes. The miRNome enrichment analysis and interaction maps highlighted epigenetic-related pathways shared by all BC cell lines and revealed potential miRNA targets. Quantitative evaluation of BC patient samples and GETx/TCGA-BRCA datasets confirmed MYB and EZH2 as potential targets from BC miRNome. Moreover, overall survival was impacted by EZH2 expression. The expression of 15 miRNAs, selected according to aggressiveness of BC subtypes, was confirmed in TCGA-BRCA dataset. Of these miRNAs, miRNA-mRNA interaction prediction revealed 7 novel or underexplored miRNAs in BC: miR-1271-5p, miR-130a-5p, and miR-134 as MYB regulators and miR-138-5p, miR-455-3p, miR-487a, and miR-487b as EZH2 regulators. Herein, we report a novel molecular miRNA signature for BC and identify potential miRNA/mRNAs involved in disease subtypes.
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Introduction

Breast cancer (BC) is the most common type of cancer and the leading cause of cancer-related death among women worldwide. As a result of several etiologic factors and clinical characteristics, BCs have different prognoses and treatments. BC is classified according to the presence of receptors into 4 major molecular subtypes (1, 2): luminal A (estrogen and/or progesterone receptor positive), luminal-HER (estrogen and/or progesterone receptor positive and HER2 positive), HER2 (human epidermal receptor 2 positive or enriched) and triple-negative (negative for these receptors) (3).

The carcinogenesis of BC is complex and involves several distinct mechanisms at the cellular and molecular levels. In addition to genetic alterations and microenvironment involvement, epigenetic modifications also occur in tumor cell progression. These alterations in gene expression can be driven by different processes, such as methylation, histone modification, chromatin remodeling, and by noncoding RNAs, such as microRNAs (miRNAs) (4, 5).

MiRNAs are a class of small noncoding RNAs approximately 22 nucleotides in length that have an important role in posttranscriptional gene regulation by targeting messenger RNAs (mRNAs) with an antisense complementary sequence, thus inhibiting or inducing the translation of the mRNA by different mechanisms (6). MiRNAs can target not just one but several mRNAs due to imperfect base pairing and are key regulators in various cellular processes, including cellular growth, differentiation and apoptosis. They are also deregulated in many diseases, including cancer (7). Because of their contributions to gene regulation and their involvement in several signaling networks, these molecules can act as tumor suppressor or oncogenic miRNAs by targeting oncogenes or tumor suppressor genes, respectively.

MiRNAs have been actively studied in recent years (8), and some studies have observed aberrant expression of miRNAs in BC. Different groups have observed the overexpression of miR-21 and miRNA-221/222, which confer trastuzumab and tamoxifen resistance, respectively (9, 10). In contrast, members of the let-7 family are downregulated (11). Most of these studies focused on one or a few miRNAs, or on a specific pathway of interest, as there are many targets, elements and interactions affected by miRNA regulation.

Genomic technologies can provide information to better understand the biology and the components involved in tumorigenesis. Although BC classification provides important information regarding the underlying biology and clinical behavior of cancer, which provides insights into its prognosis and the appropriate treatment approach (12), it is still difficult to transpose transcriptomic and proteomic studies in BC; this is likely due to the differential expression of miRNAs (13, 14).

Moreover, it has become clear that the global screening of miRNAs may offer valuable information, which could be used to enhance the analysis of already existing BC data. MiRNA expression profiling has the potential to improve tumor stratification, patient diagnosis, and the assignment of patient prognoses and even has the potential to be used as a therapeutic tool. To achieve this impact, high-throughput approaches are applied to identify cancer-specific molecular-fingerprints by screening thousands of targets (15, 16).

Therefore, in the present work, we analyzed the miRNome of cellular lineages that represent the BC subtypes to identify the signaling and pathways deregulated in BC, together with potential biomarkers of the disease.



Materials And Methods


Cell Culture

In this study, cellular lineages were used to model different BC subtypes. The cell lines MCF-7, EVSA-T (luminal) and MDA-MB-231 (triple-negative) were obtained commercially from DSMZ collection, with the following catalog numbers: ACC-115, ACC-433, and ACC-732, respectively. The HCC-1954 (HER2) cell line was purchased from ATCC bioresource (ATCC® CRL-2338™). The cells were cultured in appropriate conditions using RPMI-1640 medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific), 1% glutamine (Thermo Fisher Scientific) and 1% penicillin/streptomycin (Sigma-Aldrich). The cell line used as a control, HMEC (human mammary epithelial cells), was obtained from Thermo Fisher Scientific (catalog number A10565), and the cells were maintained in the recommended culture medium (HuMec) (Thermo Fisher Scientific) according to the manufacturer’s instructions. All of the cultures were maintained at 37°C in a 5% CO2 air atmosphere.



Patient Cohort

This study was designed and conducted in accordance with the ethical principles from the Declaration of Helsinki and participants signed informed consent forms. Approval for this study was obtained by the Institutional Ethics Committee from the Brazilian National Cancer Institute – (INCA, Rio de Janeiro, Brazil) (CAAE number: 48492915.0.0000.5274). For the validation cohort, patient samples were obtained from the National Bank of Tumors and DNA (BNT) at INCA.



miRNA Enrichment and Quantification

An enriched fraction of miRNAs from the cell lines was obtained using a miRNeasy Mini kit (Qiagen), and the quantification of miRNAs was performed with a Qubit microRNA Assay Kit (Life Technologies). Reverse transcription was performed using miScript II RT (Qiagen), according to the concentration of each sample and the manufacturer’s instructions.



Human miRNome miScript™ miRNA PCR Array

The expression of miRNA was evaluated by quantitative real-time PCR (qRT-PCR) using a Human miRNome miScript™ miRNA PCR Array, which was performed on a Rotor-Gene using a detection system that involved a miScript SYBR Green PCR Kit and a total of 12 miScript miRNA PCR Array Rotor-Discs. All of the components were acquired from Qiagen. This technique allows for the expression analysis of the 1008 mature miRNA sequences from the human miRNA genome that are abundantly expressed and best characterized in miRBase (www.mirbase.org).

To perform the PCR array, a premix of cDNA, miScript Universal Primer, QuantiTect SYBR Green PCR Master Mix, and RNase-free water was prepared according to the manufacturer’s protocol, and then it was added to a miScript miRNA PCR Array Rotor-Disc using a QIAgility instrument. Each Rotor-Disc was tightly sealed with a Rotor-Disc Heat-Sealing Film and transferred to the Rotor-Gene Q to start the PCR cycles. The cycling program had an initial step of 15 minutes at 95°C to activate the HotStart Taq DNA polymerase, which was followed by 40 cycles of three-step cycling: denaturation at 94°C for 15 seconds, annealing at 55°C for 30 seconds, and extension at 70°C for 30 seconds. Each Rotor-Disc contained different housekeeping genes for normalization by arithmetic mean and different controls. A cycle threshold (CT) value of 0.02 was used to analyze the data according to the protocol. CT values were inserted into the miScript miRNA PCR Array Data Analysis Excel Template available at http://pcrdataanalysis.sabiosciences.com/mirna. This tool automatically performed relative quantification of the expression of genes of interest in MCF-7, EVSA-T, HCC-1954 and MDA-MB-231 cell lines and compared their levels with those of HMEC cells (control lineage), using the ΔΔCT method (17).



MetaCore™ and Venn Diagram Analysis

Lists containing differentially expressed (DE) miRNAs with a fold change ≥ 2 derived from each lineage were uploaded into MetaCore™ (GeneGO Inc.) for analysis. Different analyses were performed, including a pooled analysis with data from all four cell lines. The online software allowed for functional analysis and categorization of the differentially expressed miRNAs into signaling pathways and networks (occasionally MetaCore™ do not distinguish -5p and -3p isoforms), and it yields information regarding potential miRNA targets. The Venn diagram was drafted with an online tool: http://bioinformatics.psb.ugent.be/webtools/Venn/.



Real Time Quantitative PCR

Total RNA was extracted from BC cell lines, tissues from BC patients and healthy control samples using TRIzol reagent (Invitrogen) and a RNeasy mini kit (Qiagen). Total RNA was treated with a DNase Amplification Grade I Kit (Invitrogen) to remove DNA contamination. Complementary DNA synthesis was performed with Superscript-II Reverse Transcriptase (Invitrogen) following the manufacturer’s protocol. RT-qPCR was performed using SYBR Green Master Mix (Invitrogen) in a Rotor-Gene Q (Qiagen). The following forward (Fow) and reverse (Rev) primers were used: MYB - Fow 5’ AGTCTGGAAAGCGTCACTTG 3’, Rev 5’ GTTCCATTCTGTTCCACCAG 3’; EZH2 - Fow 5’ AGAAGGGACCAGTTTGTTGG 3’, Rev 5’ GTGCACAGGCTGTATCCTTC 3’; MITF - Fow 5’ TTGGGCTTGATGGATCCTGC 3’, Rev 5’ GGCAGACCTTGGTTTCCAT 3’; SIP1 - Fow 5’ CCCTTCTGCGACATAAATACGA 3’, Rev 5’ TGTGATTCATGTGCTGCGAGT 3’; and GAPDH - Fow 5’ GTCAACGGATTTGGTCGTATTG -3′, Rev 5’ TGGAAGATGGTGATGGGATTT - 3’. The PCR cycling conditions included an initial denaturation of 95°C for 10 minutes, followed by 45 cycles of 20 seconds at 95°C, 20 seconds at 60°C, and 40 seconds at 72°C. The GAPDH mRNA levels were used as a reference of expression. The fold-expression was calculated according to the ΔΔCT method (17).



mRNA and miRNA Expression Data From The Cancer Genome Atlas

A total of 1046 cases were extracted from The Cancer Genome Atlas (TCGA) breast cancer repository at the Genomic Data Commons (GDC) Data Portal (https://portal.gdc.cancer.gov) for mRNA expression analysis. The following parameter selections were adopted: Program TCGA; Project TCGA-BRCA; Disease Type Ductal and Lobular Neoplasms; Sample Type - primary tumor or solid tissue normal; Gender Female; Data Category Transcriptome Profiling; Data type Gene Expression Quantification; Experimental Strategy RNA-Seq; and Workflow Type HTSeq – FPKM.

The same strategy was used to obtain a total of 1037 cases from TCGA-BRCA for miRNA expression analysis. The following parameter selections were adopted: Program TCGA; Project TCGA-BRCA; Disease Type Ductal and Lobular Neoplasms; Sample Type - primary tumor or solid tissue normal; Gender Female; Data Category Transcriptome Profiling; Data type Isoform Expression Quantification; Experimental Strategy miRNA-Seq; and Workflow Type BCGSC miRNA Profiling (RPM).

The TCGA-BC dataset was categorized according to the BC molecular subtypes by the cBioPortal online tool (https://www.cbioportal.org/) and TCGABiolinks (R/Bioconductor package) (18). Patients with DCIS (ductal in situ), neoadjuvant therapy, prior treatment/malignancy, inconclusive classification and Normal-like subtype data, were further excluded from all our analyses, together with their paired normal solid tissue.



mRNA Expression Data From Genotype-Tissue Expression

Healthy breast tissue samples (n=179) from the public resource Genotype-Tissue Expression (GTEx) project were sampled using the UCSC Xena online tool (https://xena.ucsc.edu). mRNA expression data was obtained by RNAseq strategy (FPKM) and compared to TCGA-BRCA data with TCGABiolinsksal (R/Bioconductor package) (19).



miRNA-mRNA Target Prediction

The prediction of miRNA-mRNA interaction binding sites was performed with the following online tools: miRTAR (http://mirtar.mbc.nctu.edu.tw/human/), miRwalk (http://mirwalk.umm.uni-heidelberg.de), Targetscan (http://www.targetscan.org/vert_72/), miRnet (https://www.mirnet.ca), miRDB (http://mirdb.org), and miRror (http://www.proto.cs.huji.ac.il/mirror/search.php). Using these tools, the 5’ untranslated region (5’UTR), coding sequence (CDS) and 3’ untranslated region (3’UTR) were investigated from selected mRNAs of interest.



Statistical Analysis

RT-qPCR experiments were performed in triplicate, and the expression data were analyzed with GraphPad Prism® v.8 software (GraphPad) and presented as the mean ± SD. Patient expression data were categorized in quartiles (low - 25% downregulated; high - 25% overexpressed) and Kaplan-Meyer analysis was used to access death risk (overall survival). Data for patients who did not present complete information regarding days-to-death/days-to-follow-up or were followed fewer 30 days were removed from the study. Statistical analyses (ANOVA for expression data and Gehan-Breslow-Wilcoxon test for overall survival) were performed using GraphPad Prism® v.8 software (GraphPad). P-values (p) <0.05 were considered statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).




RESULTS


In Vitro Breast Cancer Models Exhibit a Shared miRNA Profile Based on miRNome

To obtain the miRNome profiles from the BC cell lines used in our study (MCF7, EVSA-T, HCC-1954 and MDA-MB-231), we performed a global analysis of the 1008 miRNAs in the miRNome PCR array. According to our results, the following number of miRNAs was identified as DE: 449 miRNAs in MCF7 (221 downregulated, 228 upregulated), 459 in EVSA-T (152 downregulated, 307 upregulated), 486 in HCC-1954 (461 downregulated, 25 upregulated) and 437 in MDA-MB-231 (100 downregulated, 337 upregulated). The miRNAs levels of all BC cell lines were compared to the normal cell line HMEC, which was used as a control, with a ≥ 2-fold-change as a cut-off (Figure 1A). The DE miRNAs from each cell line with their respective fold-change are listed in Tables S1–S4. To highlight the potential miRNAs involved in BC carcinogenesis, a Venn diagram was drafted. From this diagram, we identified 110 common differentially expressed miRNAs when comparing the BC cell lines analyzed in our study with the HMEC cell line. The diagram also identified miRNAs exclusive to each subtype (Figure 1B).




Figure 1 | Differentially expressed miRNAs in human breast cancer cell lines. (A) Number of miRNAs obtained as differentially expressed by RT-qPCR analysis of 1008 miRNA levels from miRNome PCR array. SnoRNAs/snRNAs were used as housekeeping genes for normalization. Positive and negative controls were also evaluated in the array. Quantification was performed by the ΔΔCT method. The results were normalized relative to the HMEC cell line. (B) A Venn diagram drafted from http://bioinformatics.psb.ugent.be/webtools/Venn, showing the total number and overlapping miRNAs identified as differentially expressed by quantitative PCR array from the following breast cancer cell lines: MCF7, EVSA-T, HCC-1954 and MDA-MB-231 (normalized relative to the HMEC cell line).



As our goal was to understand the signaling and pathways related to BC and to correlate miRNA expression with BC subtypes, we performed an in silico analysis using these 110 common DE miRNAs. Cell lines were designated with numbers (1 to 4) according to their subtypes (MCF7, EVSA-T, HCC-1954 and MDA-MB-231) to facilitate the analysis. MetaCore™ provided an overview regarding the 10 most relevant pathway maps from our data (Table 1). Some of the pathways are well-known in BC, such as TGFβ signaling and epithelial-to-mesenchymal transition (EMT), as well as pathways involved in altering cell proliferation, survival, migration and angiogenesis. Moreover, epigenetic alterations mediated by miRNAs also appeared among the top 10 altered pathways.


Table 1 | Top 10 pathway maps from 110 common miRNAs in the BC miRNome.



Particular miRNAs appeared in more than one pathway map; e.g., miRNA-200b, miRNA-497-5p and miRNA-34b-3p, confirming that they are important and the most studied miRNAs. The miRNAs that may be related to proliferation, cell survival and EMT pathways were differentially expressed in the in vitro models. As shown, we observed that miR-497-5p and miR-95 (Figure S1) were upregulated in BC, while miR-205-5p was downregulated (Figure S2). As shown in Figure S2, we observed a shift in miRNA expression; e.g., miR-200a, miR-200c, miR-141 and miR-429. These were upregulated in less aggressive cell lines and downregulated in more aggressive cell lines, implying the differential regulation of the SIP1 gene.

Interaction maps (networks) generated by MetaCore™ were also based on described and validated interactions, allowing identification of known relevant targets in BC, such as PTEN (Figure S3A). Nevertheless, the interaction map of miR-205-5p (Figure S3B) showed that this miRNA might be directly epigenetically regulated by the lncRNA LINC-ROR and indirectly regulated by EZH2, which has an important role in chromatin remodeling.



MYB and EZH2 Are Potential Targets Identified in the Breast Cancer miRNome

The miRNA targets first identified by MetaCore™ were targets commonly described in cancer studies, such as p53 and c-myc, among others. Moreover, the pathways addressed genes that are regulated and that may regulate miRNA expression. Nevertheless, when we examined these pathways more closely, we were able to address some poorly investigated (direct and indirect) targets in BC, such as SNX1. The following targets were selected based on miRNA pathway maps and networks from MetaCore™ analysis, together with chip array data (BC patients) from our previous work (data not shown) (20): MYB, EZH2, MITF, SNX1, and SIP1. Although the latter is recognized as relevant for EMT, and for this matter is relevant in BC, the ultimate question here is whether this gene may be regulated by miRNAs other the well-described ones. We performed a quantitative analysis in an independent cohort of healthy control donors (n=5) and BC molecular subtypes (total n=28). As shown in Figure 2, most of the gene profiles were upregulated in BC subtypes, suggesting that they are relevant in BC and are potential miRNA targets. Moreover, the expression of these genes was investigated using the TCGA dataset. The TCGA-BRCA consortium accounts for 1098 cases from which 1046 were extracted according to the applied filters. A total of 106 normal solid tissues (NST - adjacent tissue) were obtained and 975 primary tumors were categorized by BC molecular subtypes, as follows: 527 from LUMA, 193 from LUMB, 80 from HER2 and 175 from BASAL (TN). Healthy breast (normal breast - NB) samples from the GTEX dataset were also evaluated (n=179). As shown in Figure 3, there is a correspondence in expression levels for MYB and EZH2 among BC subtypes when compared to NST and NB. Moreover, using the same dataset, overall survival analysis from quartiles showed that MYB and EZH2 overexpression are related to survival rate (Figure 4), with the latter statistically significant, which supports their relationship in BC subtypes.




Figure 2 | Putative miRNA targets are differentially expressed in BC patients. RT-qPCR analysis of miRNA targets in BC patients. The mRNA level of (A) MYB, (B) EZH2, (C) MITF, (D) SNX1 and (E) SIP1 (ZEB2) was assessed by raw expression values normalized to GAPDH expression. Healthy donors were used as healthy controls (HC n = 5). Quantification was performed by the ΔΔCT method. Statistical differences are related to the HC group (LUM A n = 5; LUM HER2 n = 12; HER2 n = 7; TN n = 4). HC, Healthy Control; TN – Basal. *p < 0.05, **p < 0.01 and ***p < 0.001.






Figure 3 | mRNA expression from GTEx and TCGA-BRCA dataset evidenced MYB and EZH2 as miRNome targets. Histogram analysis of miRNAs targets from the GTEx/TCGA-BRCA dataset. We collected (A) MYB, (B) EZH2, (C) MITF, (D) SNX1 and (E) SIP1(ZEB2) mRNA levels (FKPM) from NB, NST, LUMA, LUMB, HER2 and BASAL subtypes. Statistical differences are related to the NB group. NB, Normal Breast; NST, Normal Solid Tissues. *p < 0.05 and ****p < 0.0001.






Figure 4 | Overall Survival analysis from miRNome targets. Kaplan-Meier curves for overall survival in the TCGA-BRCA dataset with low- and high-expression of (A) MYB, (B) EZH2, (C) MITF, (D) SNX1 and (E) SIP1(ZEB2). Expression levels from LUMA, LUMB, HER2 and BASAL subtypes were determined as low or high based on quartile analysis. Statistical differences show poor overall survival (higher risk) for patients with a specific mRNA expression. *p < 0.05.





A Set of 7 miRNAs May Be Related to MYB and EZH2 Expression in Breast Cancer

The Venn diagram pointed 110 DE miRNAs as common to all molecular subtypes and for this reason as potentially directly involved in BC tumorigenesis. However, their fold change varied among cell lines. This aspect is extremely relevant because, even though we analyzed the same miRNAs for pathway and interactome network analysis, fold change differences highlight a potential signature regarding BC subtypes. Therefore, we filtered the 110 DE miRNA list and selected those miRNAs upregulated and downregulated in all the cell lines and miRNAs whose expression shifted according to subtypes. As shown in Table S5, 8 miRNAs were upregulated in all BC models; 19 were downregulated in all BC models and 27 miRNAs presented initial (e.g., MCF7 cell line) up- or downregulation then later exhibited down- or upregulation (e.g., MDA-MB-231 cell line). The expression of these 54 miRNAs was also investigated in the TCGA dataset using a total of 97 normal solid tissues and 960 primary tumor samples. These primary tumors were also categorized by BC molecular subtypes as follow: 524 from LUMA, 189 from LUMB, 79 from HER2 and 168 from BASAL (TN). As GTEX data does not separate -5p and -3p isoforms, we did not analyze NB samples for miRNAs. As shown in Figure 5, the expression levels of 15 miRNAs corroborated with our in vitro models for all BC subtypes, regardless of upregulation, downregulation or shift in expression (Figure S4). Although only miRNA-874 exhibited significant differences in overall survival rates from low/high-expressed quartiles (Figure 6), most Kaplan-Meyer curves correlated with gene expression e.g., miR-205-5p, miR-382-5p, miR-487a (low expression - worse survival rate) and miR-497-3p (high expression - worse survival rate). These 15 miRNAs were also analyzed via in silico prediction of the potential targets evidenced by BC patient quantitative analysis - MYB, and EZH2. For this analysis, 6 online tools were used for miRNA-mRNA interaction for the investigation of validated and predicted sites. Our results showed that most predicted sites are localized in the CDS; however, sites in the 5UTR and 3UTR were also identified. At least one predicted binding site was found for 14 miRNAs; only miR-376c-3p did not present any consensus-binding site in both MYB and EZH2 transcripts (NM_001130173 and NM_004456, respectively) (Table 2). Most miRNA binding sites were predicted for mRNA sequences but validated sites were also observed in our analysis. For MYB, 4 miRNAs presented 3UTR binding sites identified by at least 2 types of software (miR-1271-5p, miR-130a-5p, miR-134 and miR-497-3p). The latter is upregulated in our study, so it does not correspond with MYB expression. For EZH2, miR-138-5p had binding sites identified in 5 software packages, and most miRNAs with 3UTR binding sites were downregulated in BC subtypes (miR-455-3p, miR-487a and miR-487b). The exception is miR-95; further, miR-497-3p levels does not correspond to EZH2 expression.




Figure 5 | miRNA expression of 15 miRNAs related to BC aggressiveness from TCGA dataset. Histogram analysis of miRNAs targets from the TCGA-BRCA dataset. (A) miRNA-1271-5p, (B) miRNA-130a-5p, (C) miRNA-134, (D) miRNA-138-5p, (E) miRNA-205-5p, (F) miRNA-376c-3p, (G) miRNA-382-5p, (H) miRNA-431-3p, (I) miRNA-455-3p, (J) miRNA-455-5p, (K) miRNA-487a, (L) miRNA-487b, (M) miRNA-497-3p, (N) miRNA-874, (O) miRNA-95. We collected miRNA expression data (RPM) of interest from NST, LUMA, LUMB, HER2 and BASAL subtypes. Statistical differences are related to NST group.  NST, Normal Solid Tissues. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.






Figure 6 | Overall Survival curves from 15 miRNAs of interest. Kaplan-Meier curves for overall survival of TCGA-BRCA dataset with low- and high-expression of 15 miRNAs of interest. (A) miRNA-1271-5p, (B) miRNA-130a-5p, (C) miRNA-134, (D) miRNA-138-5p, (E) miRNA-205-5p, (F) miRNA-376c-3p, (G) miRNA-382-5p, (H) miRNA-431-3p, (I) miRNA-455-3p, (J) miRNA-455-5p, (K) miRNA-487a, (L) miRNA-487b, (M) miRNA-497-3p, (N) miRNA-874, (O) miRNA-95. Expression levels from LUMA, LUMB, HER2 and BASAL subtypes were determined as low or high based on quartile analysis. Statistical differences show poor overall survival (higher risk) for patients with a specific miRNA expression (high or low). *p < 0.05.




Table 2 | Prediction analysis of miRNA-target interaction from MYB and EZH2 mRNAs.



Therefore, based on our results, we can suggest a set of 7 miRNAs investigated in BC that may act in balance to promote tumorigenesis through targeting MYB (miR-1271-5p, miR-130a-5p and miR-134) and EZH2 (miR-138-5p, miR-455-3p, miR-487a and miR-487b).




Discussion

The attempts to better understand the mechanisms involved in cancer initiation, progression and resistance are never-ending. The knowledge acquired so far has allowed little translation from basic research to clinical medicine; however, the information has provided improvement in patient prognosis, which leads to and motivates further understanding of cancer mechanisms, until the long sought-after goal of personalized medicine is achieved (18).

In this context, the pursuit of molecules capable of adding information to current data that are applicable as diagnostic, prognostic, disease monitoring and resistance markers is what drives large-scale studies on cancer today (21, 22). Therefore, miRNAs are highly attractive because of their role in transcriptional and translational regulation. MiRNA research implies a high level of complexity regarding the molecular biology of miRNAs, as one target can be regulated by several miRNAs and the same miRNA may regulate several targets. Because of this complexity, the major reports in the literature focus on one specific miRNA or a family of miRNAs in a given query. As a result, the global study of miRNAs or the miRNome need to be the focus of more study, especially as the understanding of global modifications in cell biology may lead to or be involved in cancer. Therefore, the aim of this study was to perform miRNome profiling of BC using in vitro models that correspond to the four major molecular subtypes to identify the signaling and pathways related to BC. In parallel, our goal was to reveal novel miRNAs (and targets) that could be associated with BC tumorigenesis.

With a PCR array approach, we identified more than 400 DE miRNAs among BC subtypes. As the amount of data was massive, we executed in silico analysis with Mecatore™ software to categorize the 110 common differentially expressed miRNAs among the cell lines to better understand their role in BC tumorigenesis. In a general analysis where DE miRNAs from each cell line were uploaded and evaluated alone, the top 10 pathway maps identified by MetaCore™ varied little among BC subtypes (data not shown). The same pathways were obtained from enrichment analysis of the 110 miRNAs, demonstrating that they were in fact associated with the identified signaling molecules and pathways.

Most of the miRNA pathway maps were previously described in colorectal and melanoma tumors, meaning that the same proposed regulation could be occurring in a BC context, but it should be validated to confirm such regulation. This finding highlights the lack of omics studies on miRNAs in BC compared to studies of other tumor types. Moreover, well-described miRNAs in cancer were identified in our study, ratifying their importance in tumorigenesis. To reveal more about the proposed regulation by MetaCore™, specific targets were selected based on previous chip array analysis (data not shown). Quantitative analysis from our targets in BC patients together with TCGA-BRCA evaluation (mRNA expression and overall survival) identified MYB and EZH2 as relevant for the investigation of miRNA-mRNA binding sites. Higher levels of EZH2 are correlated with a higher risk, which makes sense because upregulation of EZH2 was more pronounced in the basal subtype. For MYB, higher levels are seen in luminal subtypes; therefore, lower levels correspond more with higher risk (although not statistically). Although SNX1 was upregulated among BC subtypes when compared to NB, as the NST cohort also exhibited upregulation of SNX1 mRNA levels, this gene was excluded from further analysis.

Comparison of common DE miRNAs suggested that the difference in fold change, determined through in vitro models, might correspond to disease aggressiveness, an important feature in BC. In silico comparison of DE miRNAs enabled a better visualization of this difference, and fold change analysis directed our attention to 54 particular miRNAs. Again, analysis from TCGA-BRCA showed that most miRNA expression matched some particular (s) subtype (s), and they must have a biological implication for them. However, as our focus was to identify differentially expressed miRNAs among BC subtypes, we filtered 15 miRNAs whose quantitative expression corresponded with the identified ones in our in vitro models. This choice will also be beneficial for further studies, where models for functional analysis investigation will be needed. Overall survival was also investigated for these 15 miRNAs. The best approach to understand the impact on overall survival would be to perform the same analysis separating each BC subtype. However, the small amount of some subtypes (e.g., HER2), and the lack of some miRNA expression data could negatively impact with the results.

With a clear subset of miRNAs, miRNAs-mRNAs interactions were used to demonstrate potential regulation of selected genes, and together with all of the applied analyses (MetaCore™ analysis, miRNAs-mRNAs binding sites prediction analysis, miRNA expression and targets expression), miR-1271-5p, miR-130a-5p and miR-134 were highlighted as regulators of MYB. miR-138-5p, miR-455-3p, miR-487a and miR-487b were, identified as regulators of EZH2 based on our results.

In colorectal cancer, miR-1271-5p was shown to act as an OncomIR (23) by downregulating NOXA, resulting in a cell proliferation decrease and promotion of apoptosis. Nevertheless, its expression corroborates with our findings in most investigated tumors and it works as a tumor suppressor through different mechanisms and targets in hepatocellular cancer (24, 25), multiple myeloma (26, 27), ovarian cancer (28, 29) and pancreatic cancer (30). Its role in BC has not yet been addressed. A different scenario presents for miR-130a-5p. This miRNA has been recently reported in BC. Its downregulation was reported in patient plasma, and it was correlated with, among others, hormone receptors (31), corroborating our findings as lower expression of this miRNA was observed in luminal tumors. Moreover, its downregulation has been implicated by circVAPA sponging (32) in patient samples and BC cells. The same findings were obtained for other tumor types (33–35), where lncRNAs were investigated as competing endogenous RNA and therefore sponge miR-130a-5p with consequent downregulation. However, its relationship with MYB in BC still needs clarification. Of the potential regulators for MYB, miR-134 is the most studied. Its role as a tumor suppressor has been investigated in several tumors (36). In BC, it has been reported to play a role in drug response, cell proliferation, migration, and invasion (37, 38) through several targeted pathways, such as STAT5B, KRAS, BDNF/TrkB; nevertheless, MYB has not been explored as a potential target of miR-134.

As for EZH2 potential regulators, miR-138-5p was the most consistent in miRNA-mRNA prediction from all analyzed miRNAs. Indeed, this regulation has been reported recently in different contexts (39, 40), including ovarian cancer (41) and prostate cancer (42). For BC, this miRNA was also found to be downregulated by Zhao and coworkers, corroborating our findings; it inhibits cell migration/invasion by targeting RHBDD1 (43). Nevertheless, miR-455-3p has not been reported as a regulator of EZH2. There are only 3 reports for BC with distinct roles for this miRNA. Li and coworkers reported overexpression in TNBC cell lines (44); Guo (45) and Zeng (46) reported that miR-455-3p was downregulated in BC patients, corroborating with our findings. In other cancer types, this miRNA has also been described as a tumor suppressor, supporting our quantitative findings. There are 3 studies on miR-487a in BC. Again, one reports that this molecule is an OncomIR (47), and the other 2 studies described this miRNA as a tumor suppressor (48, 49), which is consistent with what was presented in our work. This highlights the need for further studies in BC, as this miRNA has also been reported to be a tumor suppressor in other solid tumors. There is one study on miR-487b in BC, and it reports the regulation of EZH2 via miR-487b by overexpressing the 3UTR region of EZH2 in BC cell lines to identify its target mRNAs (50). This finding is consistent with our data and justifies further studies to evaluate this regulation in disease.

As shown, most of these miRNAs were not reported/described in BC. They may play a role in cancer hallmarks related to BC together with well-studied ones, such as miR-200, miR-34, and miR-429 (among others), which were also identified in our study. The difficulty and complexity of studying miRNAs highlight their potential relevance and the essential need for further validation. A subset of nonreported miRNAs in BC from our data (1/3 from 110 common miRNAs) indicates the amount of effort necessary to elucidate the role of miRNA in BC. It is important to address that the proposed regulation presented in this study may be a combination of regulation by multiple miRNAs. Nevertheless, the screening of potential targets highlights the most important miRNAs as indicated by their differences in fold change among BC cell lines, which is confirmed in a larger cohort of patient samples.

The approach applied in this study presented signaling molecules and pathways involved in BC and revealed novel interactions and potential regulation regarding miRNAs in BC. Moreover, the identification of in silico targets, such as MYB and EZH2, suggests that less studied miRNAs could be potential players in BC subtypes.
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Supplementary Figure 1 | Pathway map – Role of microRNAs in cell proliferation in colorectal cancer. Pathway map generated by MetaCore™ software. The lists of DE miRNAs were uploaded into the software and compared to correlate the fold change obtained in the PCR array with disease aggressiveness. The cell lines – MCF7, EVSA-T, HCC-1954 and MDA-MB-231 – were designated with numbers 1 to 4, respectively. Up-regulated miRNAs are marked with a red thermometer and downregulated with a blue thermometer. Red arrows indicate an inhibition effect, and green arrows indicate an activation effect.

Supplementary Figure 2 | Pathway map - MicroRNA-dependent inhibition of EMT. Pathway map generated by MetaCore™ software. The lists of DE miRNAs were uploaded into the software and compared to correlate the fold change obtained in the PCR array with disease aggressiveness. The cell lines - MCF7, EVSA-T, HCC-1954 and MDA-MB-231 - were designated with numbers 1 to 4, respectively. Up-regulated miRNAs are marked with a red thermometer and downregulated with a blue thermometer. Red arrows indicate an inhibition effect, and green arrows indicate an activation effect.

Supplementary Figure 3 | Interaction maps in breast cancer miRNome. Representative interaction maps generated by MetaCore™ software in (A) PTEN network from DE miRNAs and (B) the interaction map of miR-205-5p. Up-egulated miRNAs are marked with red circles, and downregulated miRNAs are marked with blue circles. The ‘checkerboard’ color indicates mixed expression for the gene between files or between multiple tags for the same miRNA.

Supplementary Figure 4 | Heatmap of 15 differentially expressed miRNAs among BC cell lines confirmed in BC subtypes (TCGA).

Supplementary Table 1 | miRNAs differentially expressed in the MCF7 cell line.


Supplementary Table 2 | miRNAs differentially expressed in the EVSA-T cell line.


Supplementary Table 3 | miRNAs differentially expressed in the HCC-1954 cell line.


Supplementary Table 4 | miRNAs differentially expressed in the MDA-MB-231 cell line.


Supplementary Table 5 | 54 DE miRNAs according to aggressiveness among BC subtypes.
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In this study, we aimed to evaluate axillary lymph node dissection (ALND) rates and prognosis in neoadjuvant chemotherapy (NCT) compare with neoadjuvant endocrine therapy (NET) in estrogen receptor-positive (ER+)/human epidermal growth factor receptor 2-negative (HER2-), lymph node (LN)-positive, premenopausal breast cancer patients (NCT01622361). The multicenter, phase 3, randomized clinical trial enrolled 187 women from July 5, 2012, to May 30, 2017. The patients were randomly assigned (1:1) to either 24 weeks of NCT including adriamycin plus cyclophosphamide followed by intravenous docetaxel, or NET involving goserelin acetate and daily tamoxifen. ALND was performed based on the surgeon’s decision. The primary endpoint was ALND rate and surgical outcome after preoperative treatment. The secondary endpoint was long-term survival. Among the 187 randomized patients, pre- and post- neoadjuvant systemic therapy (NST) assessments were available for 170 patients. After NST, 49.4% of NCT patients and 55.4% of NET patients underwent mastectomy after treatment completion. The rate of ALND was significantly lower in the NCT group than in the NET group (55.2% vs. 69.9%, P=.046). Following surgery, the NET group showed a significantly higher mean number of removed LNs (14.96 vs. 11.74, P=.003) and positive LNs (4.84 vs. 2.92, P=.000) than the NCT group. The axillary pathologic complete response (pCR) rate was significantly higher in the NCT group (13.8% vs. 4.8%, P=.045) than in the NET group. During a median follow-up of 67.3 months, 19 patients in the NCT group and 12 patients in the NET group reported recurrence. The 5-year ARFS (97.5%vs. 100%, P=.077), DFS (77.2% vs. 84.8%, P=.166), and OS (97.5% vs. 94.7%, P=.304) rates did not differ significantly between the groups. In conclusion, although survival did not differ significantly, more NCT patients might able to avoid ALND, with fewer LNs removed with lower LN positivity.

Clinical Trial Registration: https://clinicaltrials.gov/ct2/show/NCT01622361, identifier NCT01622361. 
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Introduction

In the post-surgery management of patients with breast cancer, lymphedema is the surgical morbidity surgeons are most likely to encounter and prefer to avoid. Decision-making on axillary treatment among patients undergoing neoadjuvant systemic therapy (NST) has become increasingly complex. For patients with clinically node-negative breast cancer, the application of the American College of Surgeons Oncology Group (ACOSOG) Z0011 trial criteria (1, 2) in women undergoing upfront breast-conserving surgery (BCS) and the use of NST to downstage microscopic axillary disease are among the viable options to reduce the necessity for axillary lymph node dissection (ALND) (3–5).

Although NST is associated with the potential for axillary nodal downstaging, the rates of nodal pathologic complete response (pCR) differ substantially by tumor subtype, the rate being higher in human epidermal growth factor receptor 2 (HER2)-positive and triple-negative breast cancers (6–9). However, in patients with the estrogen receptor-positive (ER+)/HER2- subtype, the rate is relatively low (10–13). Considering these features, the American Society of Clinical Oncology (ASCO) guideline suggests that neoadjuvant chemotherapy (NCT) may be administered to ER+/HER2- patients if the tumor stage is such that chemotherapy will be administered regardless of surgical timing. In this case, the same regimen should be followed as would be considered after surgery (14, 15). Pilewskie et al. suggested different strategies to minimize the ALND rates in patients with node-negative, early-stage breast cancer with differing tumor biology (16). However, the use of such strategies for ER+/HER2-, especially for lymph node-positive (LN+) breast cancer, has not been adequately investigated, and it remains difficult to ascertain the appropriate strategies.

We conducted a clinical trial of neoadjuvant chemotherapy (NCT) versus neoadjuvant endocrine therapy (NET) in premenopausal patients with hormone-responsive, HER2-, LN+ breast cancer. As we previously reported, in a phase III trial (NEST; NCT01622361), conventional NCT yielded a significantly better response than NET in premenopausal patients with ER+/HER2-, LN+ breast cancer, supporting the ASCO and St. Gallen international consensus guidelines (15, 17, 18). The present study aimed to evaluate the surgical impact of neoadjuvant treatment and compare the ALND rates and prognosis in terms of axillary recurrence-free survival (ARFS), disease-free survival (DFS), and overall survival (OS) between patients treated with NET and NCT in the NEST trial.



Methods


Study Design and Participants

NEST was a prospective, multicenter, randomized, parallel group, comparative phase III clinical trial. Seven centers in the Korean Breast Cancer Society Group participated (KBCSG-012). The study was approved by the Korea Food and Drug Administration (KFDA). Approval was granted by the institutional review board at each trial center. The trial protocol is summarized in Supplement 1. This study followed the Consolidated Standards of Reporting Trials reporting guidelines. The detailed study protocol was published in 2020 (17).

Premenopausal women with histologically confirmed ER+/HER2-, LN+ primary breast cancer were eligible for the study. Histologically proven LN positivity was necessary before initiating treatment with core needle biopsy or fine needle aspiration. The study participants were 20–50 years in age. Premenopausal status was defined based on the following criteria: last menses occurring within 6 months prior to randomization and previous hysterectomy, estradiol levels ≥20 pg/ml, and follicle-stimulating hormone level <30 mIU/ml within 4 weeks prior to randomization.

Pathological specimens were assessed in each institutional laboratory. ER positivity was defined as an Allred score ≥3 or modified Allred score ≥4. The HER2 status was confirmed as negative if the immunohistochemistry score was 1+, or if the score was 2+ and the result of fluorescence or silver in situ hybridization for HER2 amplification was negative (19). Patients with inflammatory breast cancer, bilateral breast cancer, evidence of distant metastasis, or other malignancies were excluded. Written informed consent was obtained from all participants.



Procedures

Patients were randomly assigned (1:1) to receive either NCT or endocrine therapy for 24 weeks prior to surgery. The patients were stratified by the treatment center and clinical stage (stages II and III). Results of the treatment arm, which have been previously published, are shown in Supplement 1. Patients were randomly assigned to either receive 60 mg/m2 of adriamycin plus 600 mg/m2 of cyclophosphamide intravenously every 3 weeks for four cycles followed by 75 mg/m2 of docetaxel intravenously every 3 weeks for four cycles, or to receive goserelin acetate 3.6 mg every 4 weeks with tamoxifen 20 mg daily. Treatment continued for 24 weeks before surgery (Figure 1).




Figure 1 | Flowchart and CONSORT diagram. (A) Flowchart outlining the recrutinng of participants in the NEST trial. (B) ConSort diagram. ER, estrogen; HER, human epidermal grtoeth factor receptor 2; NCT, neoadjuvant chemotherapy; NET, neoadjuvant endocrine therapy.



All patients underwent breast magnetic resonance imaging (MRI) before the start of treatment and after the completion of treatment, prior to surgery.

Surgery was performed between weeks 24 and 26. Sentinel node biopsy (SNB) procedure was performed for all patients. For identification of the sentinel lymph node, all participating centers used radioisotope (Tc99m), blue dye, or a combination of these methods. Axillary surgery was performed as considered appropriate by each surgeon. Patients with residual positive lymph node in sentinel lymph node biopsy received either conventional ALND or axillary sampling at the discretion of the surgeon. The axillary sampling was defined as the removal of several axillary lymph nodes located near the sentinel lymph nodes without full exposure of the surrounding structures such as axillary vein, long thoracic nerve, and thoracodorsal nerve. To minimize the risk of erroneous classification of the axilla, ALND was defined according to previous studies as anatomic level I and II dissection including at least 10 lymph nodes (20–24).



Outcomes

The primary outcome measure for present surgical study was ALND rate, defined as the rate of removal of >10 axillary LNs in levels 1 and 2 after the completion of NST. Secondary outcome was survival analysis, which included ARFS, DFS, and OS.



Statistical analyses

The sample size was calculated based on the clinical response rate measured by MRI in the NCT and NET groups under the assumption that the effect of NET would be non-inferior to that of NCT. Detailed description for sample size calculation in the original study has been published previously (17). Data were analyzed from May 1 to October 31, 2020. Data were summarized based on frequency and percentage for categorical variables and mean and standard deviation for continuous variables. Differences between the NET and NCT groups were evaluated by the Student’s t-test or Mann-Whitney test for continuous variables and the chi-square or Fisher’s exact tests for categorical variables. The ALND rate between the NET and NCT groups was compared using the chi-square test. Survival rates were estimated using the Kaplan–Meier method and compared using the log-rank test. Statistical analyses were conducted using SPSS Statistics version 26.0 for Windows (IBM Corp., Armonk, NY, USA). P-value <0.05 was considered significant.




Results

A total of 194 patients from seven participating centers were enrolled between July 5, 2012 and September 24, 2014; 7 patients discontinued and 187 were randomized. Seven patients in the NCT group and five patients in the NET group withdrew their consent. One patient in the NCT group was randomized but did not receive treatment. The remaining 174 patients were randomly assigned to receive chemotherapy (n=87) or endocrine therapy (n=87). All patients completed the 24-week neoadjuvant treatment course. After completion of the randomly assigned preoperative treatment, four patients in the NET group refused to undergo surgery (3 patients showed partial response and 1 patient showed stable disease). Eventually, 170 patients were studied. Adjuvant radiotherapy was homogeneously administered in the two groups which was indicated in all BCS patients and in mastectomy patients with large tumors (5cm or larger), four or more positive lymph nodes, or positive margins. Patient and tumor characteristics are outlined in Table 1.


Table 1 | Clinicopathological characteristics of the treatment groupsa,b.



The median age was 42 years (range, 27–54 years). All patients were premenopausal. Sixty-five percent of patients had clinical T2 breast cancer. Ninety-four percent of patients had G1/2 breast cancer. Few patients (<5%) had poorly differentiated (G3) tumor. The mean Ki-67 expression did not differ between the two groups (26.3 for NCT vs. 26.7 for NET, P=.874). As shown in Table 1, 49.4% of NCT patients and 55.4% of NET patients underwent mastectomy after treatment completion and the difference was not statistically significant (p = 0.447). Seven patients (8.0%) in the NCT group and one patient (1.2%) in the NET group achieved pCR. Nine patients (10.3%) in the NCT group and one patient (1.2%) in the NET group achieved pCR in the breast. The axillary pCR rate was significantly higher in the NCT group (13.8% vs. 4.8%, P=.045). The NCT group showed a significantly lower ALND rate than the NET group (56.3% vs. 71.1%, P=.046) after neoadjuvant therapy. Furthermore, the NCT group showed fewer LNs removed (mean, 11.74 vs. 14.96, P=.003), with lower LN positivity (mean, 2.92 vs. 4.84, P=.000) compared to the NET group (Table 2). When grouped by type of surgical management, the mastectomy group demonstrated a significantly higher rate of ALND and higher mean number of removed axillary lymph nodes compared to BCS group (Supplement 2).


Table 2 | Comparison of pathological response and axillary lymph node results by treatment groupa.



During a median follow-up of 67.3 months, recurrence occurred in 19 patients in the NCT group (local, n=3; axillary, n=3; regional; internal mammary LN recurrence, n=1; distant metastasis, n=12) (Supplement 2) and 12 patients in the NET group (all distant metastasis, n=12). A Kaplan–Meier survival analysis revealed no statistically significant differences in 5-year ARFS (97.5% vs. 100%, P=.077), DFS (77.2% vs. 84.8%, P=.166) and 5-year OS (97.5% vs. 94.7%, P=.304) between the NCT and NET groups (Figure 2).




Figure 2 | Kaplan-Meier plots for axillary recur-free survival, disease free surviaval and overall survival accordibg to preoperative (preop) treatment group (NCT vs. NET). NCT, neoadjuvant chemotherapy; NET, neoadjuvant endocrine therapy.





Discussion

In the NEST trial, ALND was avoidable in a greater proportion of patients who received NCT than in those who received NET. This suggests that one of the primary purposes of NST in HR+/HER2- breast cancer, in which response to NCT is unrelated to survival, might be de-escalation of axillary surgery. To the best of our knowledge, this is the first study to compare the surgical impact of NCT and NET in premenopausal women with breast cancer. Additionally, this study is unique because all patients had ER+/HER2- tumors and pathologically proven LN+ disease.

Unlike in patients with the triple-negative or HER2-positive subtype, clinical response and pCR after NCT are not reported as surrogate end points for long-term outcomes in patients with ER+/HER2- tumors, even in those with node-positive disease (25). Breast cancer survival is relatively higher in this subtype of patients, regardless of pCR achievement. The rate of pCR was shown to be lowest in patients with ER+/HER2-tumors, and achievement of pCR may not be a prognostic factor for survival for this subtype (25–27). These findings are consistent with those from our study, in which the NCT group achieved significantly higher axillary pCR, with no difference observed in ARFS.

Despite the limitations of NCT in ER+/HER2- tumors, this treatment could reduce the need for ALND in patients with negative conversion of initial metastatic LNs. Avoidance of ALND could improve the post-surgical quality of life for patients, because surgical morbidity is substantially less after sentinel node biopsy (SNB) alone than after ALND, with significantly lower rates of lymphedema, sensory changes, wound infection, and arm dysfunction reported (28–30). The technical feasibility of SNB alone after NST for LN+ breast cancer patients was established in three multicenter trials (31–33) that evaluated the identification and false-negative rates of SNB after NCT among clinically node-positive patients. The trials reported acceptable (<10%) when three or more sentinel nodes were retrieved. The ACOSOG Z1071 (Alliance) trial included 649 patients (cT0-4 cN1-2 M0) (32) and the SN FNAC study included 153 patients (cT0-3 cN1-2) (33). In both protocols, SNB and ALND were performed for all patients after NCT. The SENTINA trial was a multi-arm study including 592 patients (cN1-2), which included patients who converted to clinical N0 (determined by physical examination) after NCT and underwent SNB and ALND (31). The detection rate (identification of at least one sentinel lymph node (SLN) in these studies ranged from 80% to 93%. The rates for identification of three or more SLNs were variable, ranging from only 34% in the SENTINA trial to 57% in the Alliance trial (32), and as high as 86% in a recent cohort of 128 patients (cT0-3 cN1) from the Memorial Sloan Kettering Cancer Center (MSKCC) who converted to clinical N0 after NCT (13). Kang et al. showed that in patients with breast cancer with axillary LN conversion from clinically positive to negative status following NCT, the SNB-guided axillary operation and ALND without SNB led to similar rates of axillary and distant recurrence (34).

Although SNB has been adopted to allow the de-escalation of local therapy following NST, long-term prognostic analyses for those achieving an axillary pCR by SNB only are limited. Currently available evidence includes that from a single institution retrospective series reported by Galimberti et al., where a subgroup of 70 clinically node-positive patients treated with NCT, who converted to clinically node-negative status following treatment and underwent negative SNB, demonstrated no axillary recurrences at a median follow-up of 61 months (35). The authors noted that chest-wall and/or regional nodal radiotherapy might be particularly important in clinically node-positive patients before neoadjuvant therapy, which is currently being evaluated in two large randomized trials. The NSABP B-51/RTOG 1304 trial will confirm the oncologic safety of SNB alone in women with clinically node-positive disease, who have negative axillary staging and are randomized to regional nodal irradiation versus no further axillary therapy (36). The Alliance A11202 trial will study a population of women with positive sentinel nodal disease, evaluating whether ALND can be avoided in favor of regional nodal irradiation in this population. Both trials will help address important issues related to tailoring local treatment based on the extent of nodal disease in women undergoing neoadjuvant treatment.

Our study showed that among 170 patients with biopsy-proven nodal metastases, 37.6% (n=64) became eligible for avoiding ALND following neoadjuvant therapy, similar to the observation in the MSKCC cohort (13). The rate was higher in the NCT group (38/87, 43.7%) than the NET group (24/83, 28.9%), and axillary pCR was also significantly higher in the NCT group than the NET group (13.8% vs. 4.8%, P=.045). Therefore, NCT could be a better treatment strategy than NET to avoid LN dissection. Although, BCS rate and locoregional recur was higher in NCT group, compared to those who receive NET, this difference was not statistically significant (p = 0.447, Table 1) and neither surgical treatment nor radiotherapy was related to local recurrence (Supplement 3). In our previous report, the NCT group showed better response to neoadjuvant treatment (17), however, we presently observed no significant differences in the 5-year ARFS, DFS, and OS between the NCT and NET groups. The current findings support those of previous studies stating that better response to NST does not guarantee better prognosis, especially in the ER+/HER- tumor subtype (25–27).

Currently, limited data are available on NET in premenopausal women, because most NET studies in breast cancer have focused on postmenopausal women (37–40). Some studies have shown that NET could be effective in a cohort of well-selected premenopausal patients (41, 42). The Grupo Español de Investigación en Cáncer de Mama (GEICAM) reported the randomized phase II results of chemotherapy versus exemestane in pre- and postmenopausal women (43). Although the sample size was small, the response rate was higher for chemotherapy than for endocrine therapy in premenopausal patients, which is consistent with the findings reported in our study. In our study, the patients received 6 months of NET; however, the optimal duration of NET was not defined appropriately. Most NET studies performed previously involved 3 to 6 months of therapy. In a study by Llombart-Cussac et al. (40), 37% of patients achieved the maximal response beyond 6 months. Carpenter et al. showed that the median time to achieve BCS (in those who responded) was 7.5 months (44). Notably, 62% of panelists at St Gallen 2013 were in favor of continuing NET until a maximal response was achieved (45). If treatment was continued until maximal response was achieved, the response in our study may have been better. In this study, axillary pCR rate after NET was relatively lower than that after NCT. For those who carry residual nodal burden after NET, whether ALND should be performed is a challenging issue. Kantor et al. (46) demonstrated no differences in 5-year OS between patients with axillary pCR and those with any residual nodal disease category after NET. The results suggest that unlike NCT patients, the outcomes of NET patients mirror those of upfront surgery patients. This presents an opportunity to consider de-escalation of axillary management strategies in NET patients. Additionally, the lack of survival difference in upfront surgery trials of alternative axillary management strategies, including the Z0011 (2, 47) and AMAROS (48) trials, suggests an opportunity for the de-escalation of axillary surgery in patients treated with NET. Furthermore, unlike NCT, patients who fail to achieve axillary pCR after NET are eligible to receive adjuvant chemotherapy, which could control loco-regional and systemic recurrence (49). Thus, while further studies are needed, the adoption of axillary management strategies utilized in upfront surgery patients, rather than in NCT patients, may be more appropriate in patients receiving NET.

Our study has several limitations. First, the sample size was small and did not satisfy the predefined number. Second, although the main study is a phase 3 clinical trial, the field of investigation in this paper has a retrospective nature, as we have classified the axillary procedure according to post-op pathologic results of the patients. Third, we did not include an aromatase inhibitor as an NET treatment arm. In a study that compared the effects of neoadjuvant gonadotropin releasing hormone (GnRH) analog plus tamoxifen and GnRH analog plus anastrozole in premenopausal women, the clinical response was better in the anastrozole group (42). As we did not consider an aromatase inhibitor, the response comparison between chemotherapy versus ovarian function suppression using aromatase inhibitor in premenopausal women remains incomplete. Fourth, patients receiving NET received only a small portion of their overall course of endocrine therapy. Finally, ALND was performed based on the decision of each surgeon, since there are no unified guidelines available currently. This was highlighted in the study performed by Morrow et al. (50), in which data regarding the attitude, decision-making, or acceptance of limited axillary surgery among surgeons were reported, which were shown to vary widely. Additionally, the relatively short follow-up period for the assessment of prognosis in ER+/HER2- patients limited the statistical power of the prognostic results.

In conclusion, a greater proportion of patients who receive NCT might be able to avoid ALND, which could result in the removal of fewer LNs with lower LN positivity as well as a higher pCR achievement rate, compared to those who receive NET, especially among young women with ER-positive/HER2-negative and LN+ breast cancer. However, while further studies are needed, for patients treated with NET, especially those with residual nodal burden, the adoption of axillary management strategies utilized in upfront surgery patients rather than in NCT patients, may be more appropriate which could lead to the de-escalation of axillary surgery. Although no significant differences were observed between the two groups in terms of ARFS, DFS, and OS, further analyses with longer follow-up data are warranted to re-assess long-term survival in these patients.
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Breast cancer (BC) is the leading cause of female cancer-related mortalities. Evidence has illustrated the role of long non-coding RNAs (lncRNA) and microRNAs (miRNA) as promising pool of protein non-coding regulators, for tuning the aggressiveness of several malignancies. This research aims to unravel the expression pattern and the emphases of the diagnostic value of the long intergenic ncRNA00511 (LINC00511) and its downstream microRNA (miR-185-3p) and the pathogenic significance of the onco-miR-301a-3p in naïve BC patients. LINC00511 was chosen and validated, and its molecular binding was confirmed using bioinformatics. LINC00511 was measured in 25 controls and 70 patients using qPCR. The association between the investigated ncRNA’s expression and the BC patients’ clinicopathological features was assessed. Receiver operating characteristic (ROC) curve was blotted to weigh out their diagnostic efficacy over the classical tumor markers (TMs). Bioinformatics and Spearman correlation were used to predict the interaction between LINC00511, miR-185-3p, and miR-301a-3p altogether to patients’ features. LINC00511 and miR-301a-3p, in BC patients’ blood, were overexpressed, and their median levels increased significantly, while miR-185-3p was, in contrast, downregulated, being decreased fourfold. LINC00511 was elevated in BC early stages, when compared to late stages (p < 0.0003). LINC00511, miR-185-3p, and miR-301a-3p showed AUC superior to classical TMs, allowing us to conclude that the investigated ncRNAs, in BC patients’ liquid biopsy, are novel diagnostic molecular biomarker signatures. Lymph node metastasis (LNM) and advanced tumor grade were directly correlated with LINC00511 significantly. Additionally, both LINC00511 and miR-301a-3p were positively correlated with the aggressiveness of BC, as manifested in patients with larger tumors (>2 cm) at (p < 0.001). Therefore, these findings aid our understanding of BC pathogenesis, in the clinical setting, being related in part to the LINC00511/miR axis, which could be a future potential therapeutic target.
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Highlights

The fact that most previously identified diagnostic signatures of breast carcinoma (BC) are based on computed mammography, in addition to the classical protein-based tumor markers (TMs), whose expression levels are measurable in the advanced or late metastatic stages, with poor clinical outcome, is a crucial limitation. Therefore, the identification of molecular biomarker(s) obtained from BC patients’ liquid biopsy, with higher sensitivities than the classical TMs, is a global initiative we are working on for better earlier diagnostic results. A quantitative transcriptional analysis of protein non-coding RNAs (ncRNAs) was established to better diagnose early-stage (I/II) BC patients, in comparison to classical TMs. Hence, this would be a useful tool for BC clinical diagnosis.



Introduction

Breast cancer (BC) is a major health concern impacting women globally. BC is the second most prevalent cancer among women (16% of all cancers) (1) and is the leading cause of cancer-related death in women around the world (2). BC accounts for 29% of the total patient cases at the National Cancer Institute (NCI), Cairo, Egypt (3). BC is a heterogeneous malignant tumor that varies widely between patients as well as within each single tumor; this is influenced by phenotypic (4) and genetic changes, with/without epigenetic modifications (5), hormonal receptors (6), and alteration, and is also affected by many biological influences as well as metabolic disturbances (7). Tumor heterogeneity is often related to late diagnosis and has a critical impact on patients’ clinical behavior, disease outcome, drug resistance, and poor patient survival (8). Delayed diagnosis with no clinical signs is mostly accompanied by weak prognosis and adverse outcome (9). Therefore, continuous search for an early diagnostic marker is ongoing, where non-invasive strategies for BC early diagnosis, as well as prognosis, are of prime importance, in order to sustain health, with better outcomes and decreased mortality (Sustainable development goals #3, health goal).

Sequencing technologies have successfully obtained a milestone in terms of non-coding RNAs (ncRNA) (10) as one of the most exciting biological discoveries in the past decade. Long-non-coding RNAs (LncRNAs) are a specific type of ncRNA made up of 200 nucleotides or more, which participates in various biological processes such as apoptosis (11), posttranscriptional processing (12), differentiation (13), chromatin remodeling (14), protein degradation and cell proliferation (15). Evidence connects lncRNA, expression changes, with several types of cancers (16–18), as BC progression (19) is either pro-oncogenic or suppressive. LncRNAs could behave as competitive-endogenous RNAs (ceRNAs) via engaging with microRNAs (miRNAs; miRs), thereby preventing miRNAs’ effects on their target messenger RNA (mRNA) (20); therefore, they are tumor suppressive.

Zhang et al. (21) implemented multi-RNA seq analyses of the lncRNA expression data, using the whole-transcriptome sequencing of 33 BC samples from The Cancer Genome Atlas Database to classify BC tissue-enriched lncRNAs, depicted as a heat map. This information was found in the database (DB) of NCBI GEO (Accession number GSE71651). We chose the long intergenic ncRNA 00511 (LINC00511, known also as LCAL5 or the onco-lncRNA-12), as the target of our research, after filtration and discussion. LINC00511, is a recently discovered oncogene, with a length of 2,265 bp, located on chromosome 17q24.3 and made up of five exons. It has been documented in different DBs, such as the LncBook Database, being dysregulated in glioma (22), ovarian cancer (23), cervical cancer (24), osteosarcoma (25), and lung cancer (26). LncRNA cellular localization is the first step in its mechanism of action (27), where cytoplasmic lncRNAs can affect mRNA stability or the cell signaling cascade (28). On the other hand, nuclear lncRNAs can modulate chromatin activity together with transcriptional regulation (29).

Lu et al. (30) found that LINC00511 was mechanically present in the BC stem cells’ cytoplasm, instead of the nucleus, assuming that LINC00511 mediates its downstream effects via post-transcriptional epigenetic changes, a point to be elucidated in the current research, where the precise regulatory role of LINC00511 in BC tumorigenesis is still clinically uncertain. Another question was raised, if mutual control exists between LINC00511 and some particular miRNA(s) in BC cases or not. Xu et al. (31) identified oncogenic lncRNAs involved in regulating the immune system activation and signaling pathways, where they identified the association between LINC00511 and progressing invasive BC subtype(s). This later subtype is of special interest as invasive BC subtype(s) are prevalent in Egypt.

MiRs are small regulatory ncRNAs of around 22 nucleotides length that regulate gene expression of target mRNAs, via suppressing their translation or decaying these translated targets (32). MiRNAs control about 30% of the human genome (20) and are similar to lncRNAs, contributing to BC metastasis (33).

Again, the regulatory axis lncRNA–miRNA–mRNA is now recognized, in which lncRNAs act as ceRNAs to inhibit miRNA transcription and their downstream biological functions, via suppression of miRNA targets (34). Based on bioinformatics analysis data using EMBOSS matcher and LncRNA SNP2 platform, we found that LINC00511 included the binding sequences matching the seed region of miR-185, a miR found on chromosome 22q11.21 (10), acting as an oncogene negative regulator or a tumor suppressor in osteosarcoma (35) and non-small cell lung cancer clinicopathological study (36). The precursor pre-miR-185 stem loop would give rise into two mature miRNAs called miR-185-5p and miR-185-3p strands, being present in either the forward or the reverse positions, respectively (37). According to the miRBase website, both miR-185-3p and miR-185-5p are stable strands.

Now, we can assume that LINC00511 and miR-185-3p are implicated in the clinical BC ceRNA network setting, a hypothesis previously proven in BC stem cells (30), but needs to be checked clinically.

Another miRNA prone to modifications in cancer is miR-301a, which is localized in the first intron of the spindle and kinetochore associated complex subunit 2 (SKA2) (38). miR-301a level was elevated in many solid cancers such as pancreatic (39), gastric (40), hepatocellular (41), and colorectal (38), and now to be investigated in BC patients. Again, miR-301a-3p level, and its correlation to LINC00511 expression in relation to tumor growth, proliferation, metastasis, and hormonal signaling, will be studied. According to the miRBase website, miR-301a-3p seems to be the most abundant and the most stable functional strand.

The current study aims to compare the expression level of LINC00511, miR-185-3p, and miR-301a-3p in both control and the BC patient groups’ blood samples as non-invasive molecular biomarkers for better BC diagnosis in female Egyptian patients’ liquid biopsy, in comparison to the classical diagnostic protein TMs. Second, it aims to explore LINC00511 influence on some BC hallmarks (tumor growth, proliferation, metastasis, and hormonal signaling). Third, it aims to investigate the effect of LINC00511 on miR-185-3p and miR-301a-3p, in an attempt to unravel its mechanistic function in BC clinically.



Subjects


Sample Size and Power Study

Based on the previous study by Hu et al. (42) with standard deviation (0.5) and large effect size (1.2), if the true differences between the BC group and the control group means are 4.47 and 3.20, respectively, the study group sizes are 25 patients and 25 control subjects. This is to be able to reject the null hypothesis that the population means of the studied groups are equal with a probability (power) of 0.9. Sample size estimation was performed by G power* sample size online calculator (http://www.gpower.hhu.de/en.html), depending on two-sided confidence level 95%.



Study Participants


Ethical Approval and Consent to Participate

From October 2019 to November 2020, this case–control retrospective study was held. Ethical approvals were obtained from both the NCI, Cairo University, Ethical Committee and Ain Shams University, Faculty of Pharmacy’s review board Research Ethical Committee (REC ID 259, Date: September 9, 2019). The study was carried out according to the Declaration of Helsinki Guidelines; World Medical Association WMA Declaration of Helsinki: ethical principles for medical research involving human subjects, October 2013, revised July 2018, where all participating individuals (controls or patients) had signed a written detailed, ethically approved, informed consent.

The current retrospective cohort study included 70 female volunteer patients first diagnosed with primary BC, without any medical or surgical intervention, from the Clinical Oncology Department, NCI, Cairo University, Egypt. BC diagnosis is carried out with mammogram and MRI.

BC patients’ inclusion criteria were being an adult female, with breast invasive carcinoma of no specific type, confirmed pathologically. BC patients’ exclusion criteria were blood disease, any cancer other than BC, liver cirrhosis, and uterine and urinary bladder diseases, or metastatic BC patients who received chemo/radiotherapy, or had previous mastectomy.




BC Patients’ Clinical and Pathological Features

For all BC participants, full family disease/cancer history was recorded, as well as patients’ previous surgical procedures, other than breast surgery, that do not affect the tumor burden, such as splenectomy, tonsillectomy, cesarean birth, and plastic surgery, offspring numbers, menopausal or not, and taking hormonal contraceptives or not.

Patients’ individual current cancer status and the tumor clinical assessment, done at the NCI, using the tumor-node-metastasis (TNM) categorization (43) and the Bloom–Richardson Scale for histological grading (44), were collected from patients’ data files, after a biopsy was taken at the time of BC examination.

Twenty-five healthy controls free from any medical, psychosocial, emotional conditions, or cancer (age interval was 28–82) were included in the study as well, matched with BC patients’ group in sex and race, menopausal status, and randomly chosen from the female Egyptian population.

ELISA results of the classical protein TM levels of carcinoembryonic antigen (CEA) and cancer antigen 15-3 (CA15-3), immunohistochemistry results for the proliferation index Ki-67 (either low or high), estrogen receptor (ER), progesterone receptor (PR) status, and human epidermal growth receptor 2 (HER2/neu) (positive or negative), patients’ weight and height for body mass index (BMI) calculation (https://www.nhlbi.nih.gov/health/educational/lose_wt/BMI/bmicalc.htm), age, and complete blood count (CBC) were all collected from patients’ files and tabulated for statistical analysis.

Molecular BC subtype (45) if luminal like (ER and/or PR positive), HER-2 overexpression (ER and PR negative, HER-2 positive), or triple-negative BC (TNBC) (ER negative, PR negative, and HER-2 negative) and histological BC subtypes, if invasive ductal carcinoma (IDC) or not, were all recorded for correlation analysis. BC patients were IDC (n = 59) cases, while the remainder (n = 11) had other forms of pathological invasive carcinoma. A total of 36 and 55 cancers cases were identified with an early stage (stages I–II) and low grade (grades I–II, according to Bloom–Richardson scale), respectively. Positive LNM, ER status, PR status, and HER-2/neu status were found in 34, 38, 50, and 23 BC patients, respectively.




Methods


In Silico Analysis

The webserver StarBase v2.0 (http://starbase.sysu.edu.cn) was utilized to identify promising lncRNA–miRNA interactions. The binding interaction was spotted using the bioinformatic software EMBOSS matcher.



Blood Samples

Four milliliters of peripheral blood was withdrawn once from controls and BC patients, at the time patients were first diagnosed clinically with BC and before any medical (neo)adjuvant therapy or surgical intervention, under strict sterile conditions, following standard biosecurity and international safety procedures, into polymer gel vacutainers with a clot activator (Greiner Bio-One GmbH, Australia), left for 15 min at room temperature to clot, followed by a 10-min centrifugation at 10,000g at 4°C. Sera obtained were aliquoted into three clean Eppendorf tubes and stored at −80°C.



Free ncRNA Extraction From Serum Samples and Purification Evaluation

Total RNA was extracted from serum samples (better yield than plasma) using the miRNeasy Mini kit (Catalog # 217004, Qiagen, USA). In brief, QIAzol lysis reagent (volume ratio 5:1) was applied to serum samples; one volume of chloroform was added followed by centrifugation for 15 min at 12,000g at 4°C using a cooling centrifuge (Hettich® Universal 320/320R centrifuge). The upper aqueous phase was separated, and 1.5 volume of ice-cold absolute ethanol was added; 700 µl of the sample was pipetted into a RNeasy Mini column (Qiagen) and centrifuged for 15 s at room temperature. After washing the spin column with the washing buffer and eluting it with RNase-free water to a final volume of 30 µl, the purity and concentration of the RNA are determined using a Denovex® DS-11 spectrophotometer (Wilmington, Delaware, USA). Samples were placed in aliquots at −80°C, until analysis. [N.B. ncRNA isolated as free circulating RNA in blood, not the encapsulated RNA within exosomes].



Complementary DNA Synthesis and LINC00511 Expression Measurement Using Quantitative Real-Time Polymerase Chain Reaction

The RevertAid First Strand cDNA Synthesis Kit was used for cDNA synthesis (Thermo Scientific). As directed by the manufacturer, use a total volume of 20 µl of reverse transcription reaction components as follows: 1 µl random hexamer primer, 4 µl reaction buffer, 1 µl Ribolock RNase inhibitor, 2 µl dNTP mix, 1 µl RevertAid RT, 100 ng/ml purified lncRNA template, and RNase-free water to the final volume. The PCR carried out by Techne TC-3000G Thermal Cycler (San Diego, CA, USA) and the used protocol involved 5 min at 25°C, followed by 60 min at 42°C. The cDNA was stored at −20°C until the qPCR was performed.

In qPCR, SYBR green was used (5x HOT FIREPol® Eva Green qPCR Mix Plus Kit). Five microliters of cDNA template was combined with 4 μl of Eva Green mixture, 2 μl of forward and 2 μl of reverse specific primers, and 7 μl of H2O. GAPDH Primer Assay was used as an endogenous control to normalize expression of investigated lncRNA. The thermal profile for qPCR was as follows: 12 min at 95°C for activation, followed by 40 cycles of denaturation at 95°C for 15 s, 60°C for 20 s, and 72°C for 20 s. Step-One Plus PCR detection system (Applied BioSystems, California, USA) was used to quantify LINC00511 expression using GAPDH as reference gene.



cDNA Synthesis and miRNA Expression Measurement Using qPCR Reaction

For cDNA synthesis, the MiScript II reverse transcription kit (Cat # 218160, Qiagen) was used. A total volume of 20 µl of reverse transcription reagents was used as guided by the manufacturer protocol: 4 µl MiScript HiSpec buffer, 2 µl nucleic mixture, 2 µl MiScript RT mixture, RNase-free water (variable based on the amount of the supplied template miRNA), and pure miRNA template at a concentration of 100 ng/ml. To perform the transcription profiles, the PCR tubes were placed in a thermal cycler (Techne TC-3000G Thermal Cycler, CA, USA) for 60 min at 37°C. The cDNA was placed at −20°C until quantification.

qPCR was carried out using the MiScript primer assay (Cat number 218300, Qiagen) for miRNA-185-3p (hs-miR-185 MiScript Primer Assay, MS00008876) and miRNA-301a-3p (hs-miR-301a-3p MiScript Primer Assay, MS00009317) and the MiScript SYBR Green PCR kit (Cat number 218073, Qiagen). To normalize the expression levels of the investigated miRNAs, RNU6-2 or U6 (Hs RNU6-2_11 MiScript Primer Assay, MS00033740) was used as an endogenous control. The reaction mixture for the MiScript primer assays had a total volume of 20 µl. The thermal reaction condition was 40 cycles of 94°C for 15 s, 55°C for 30 s, and 70°C for 34 s, after an initial activation step for 15 min at 95°C. The qPCR was carried out by Step-One Plus PCR detection system (Applied BioSystems, Foster City, California, USA).

All primers are listed in Table 1A. RNA relative expression was computed and normalized as fold change using the CT cycle method (2−ΔΔCt) with GAPDH or U6 as the internal control for lncRNA and miRNA, respectively. ΔCt was determined by subtracting the Ct values of GAPDH and U6 from those of the LINC00511 and miRNAs under investigation, respectively. where ΔΔCt = ΔCt cancer samples − ΔCt control samples (46).


Table 1A | LINC00511, miR-185-3p, and miR-301a-3p primer sequences used for qPCR versus GAPDH and U6, respectively.





Statistical Analysis

Data were tested for normality by SPSS 17.0 statistical package for social studies software (IBM, Armonk, NY). Normally distributed data are presented as mean ± S.E.M. Data are presented as median (range), if not normally distributed. Student’s t-test and ANOVA were used for comparison of two or more groups, if normally distributed, respectively. Mann–Whitney (U) or Kruskal–Wallis (H) was conducted to compare between any two or more independent groups, respectively. GraphPad prism was used to plot all the data graphically. Receiver operating characteristic (ROC) curve was performed to detect the best cutoff, sensitivities, specificities, negative predictive values (NPVs), and positive predictive values (PPVs), with an AUC calculated. A ROC curve was performed using MedCalc Statistical Software version 19.2.6 (MedCalc Software by Ostend, Belgium) (https://www.medcalc.org) between BC patients and healthy control individuals to detect the sensitivities and the specificities for the protein-based TMs, lncRNA, and miRNAs investigated and their clinical efficacy. Negative likelihood ratios (LRs) in medical testing are used to interpret the diagnostic tests. Basically, the LR tells how likely a patient has a disease or condition. The higher the ratio, the more likely they have the disease or condition, confirming the obtained sensitivities and specificities from the ROC curve. Sensitivity and specificity are an alternative way to define the likelihood ratio, where negative LR = (100 – sensitivity)/specificity.

Multiple regression analyses were run to investigate the influence of age, BMI, menopausal status, BC family history, pt. surgical history, hemoglobin content, platelet count, and number of offspring (independent variables) on the ncRNA expression levels as dependent variables. Correlation between different variables was assessed by Spearman’s correlation coefficient r. Also, the expression level of LINC00511 and the “investigated miRs” were set to Spearman correlation, while point-biserial correlation was used to measure the association that exists between two variables, one continuous and one dichotomous. p-values were two-tailed and considered significant if p ≤ 0.05.




Results


Bioinformatics Analysis

MiRnet platform was used to identify miRs implicated in the BC network. GSM4700099 was the accession number for the RNA-seq data obtained from the GEO repository (BC patients). The overlap of gene sets of interest with annotated gene sets deposited in the Molecular Signatures Database (MSigDB) was computed for gene set enrichment analysis v6.0. (Broad Institute, Cambridge, Massachusetts, USA). Using the miRbase.org database (http://www.mirbase.org) and the RefSeq database (https://www.ncbi.nlm.nih.gov/nuccore/NR_033876.1), miR-185-3p, miR-301a-3p, and LINC00511 accession numbers and mature sequences were retrieved (Table 1B).


Table 1B | LINC00511, miR-185-3p, and miR-301a-3p accession number, chromosome, cytogenetic band, size bases, strand, mature sequence, and sequence size obtained from databases (DB).





Participants’ Clinical and Demographic Characteristics

The present research comprised a total of 95 participants matching the inclusion criterion. They were 70 patients with BC and 25 control group of healthy females; their mean age in years ± S.E.M. was 50.01 ± 1.46 and 49.8 ± 2.38, respectively, with no significant differences, while a significant difference was reported between the two groups regarding BMI, hemoglobin (Hb), and platelet count. Premenopausal status was reported in 40 BC cases (57.1%) and 17 (68.0%) healthy female participants, respectively. In BC patients, CEA and CA15-3 median levels were 2.39 ng/ml and 23.8 U/ml, respectively, compared to their median levels in the control group (1.4 ng/ml and 6.8 U/ml, at p = 0.155 and 0.0001, respectively) (Table 2).


Table 2 | Study participants’ clinical and demographic features and targeted ncRNA expression levels.





Expression Levels of the Investigated ncRNAs

qPCR was used to detect LINC00511, miR-185-3p, and miR-301a-3p expression levels in BC patients and control sera. LINC00511 and miR-301a-3p expression were significantly upregulated (p ≤ 0.006 and 0.0004, respectively), whereas miR-185-3p expression was significantly downregulated in BC blood samples (n = 70) in comparison to the control group (n = 25) (p ≤ 0.0001) as shown in Figure 1A.




Figure 1 | Diagnostic value of LINC00511, miR-185-3p, and miR-301a-3p. (A) Expression levels of targets in BC patients. LINC00511 and miR-301a-3p were significantly overexpressed, and on the contrary, miR-185-3p was reciprocally downregulated in BC patients, (B) receiver operating characteristic (ROC) curves for the investigated biomarkers, (C) Negative Likelihood Ratios (−LR) of the estimated markers; estimated % decrease in probability is large (45%) when −LR = 0.1, moderate (30%) when −LR = 0.1–0.2, and small (15%) when −LR = 0.2–0.5. [All values were obtained using MedCalc software (https://www.medcalc.org/calc). Data were plotted graphically using GraphPad prism software]. ****p < 0.0001. ***p < 0.001. **p < 0.01. *p < 0.05. RQ, relative expression; BC, breast cancer.



In BC patients, LINC00511 and miR-301a-3p median levels were 2.5-fold change and 3.4-fold change, respectively. These median levels of LINC00511 and miR-301a-3p in BC patients were higher by 312-fold and 14.5-fold, respectively, in comparison to the control group. On the other hand, miR-185-3p median level was 0.55-fold change, which is fourfold decreased (p = 0.0001) when compared to the healthy control group (Table 2).



Diagnostic Efficacy for the Investigated Molecular Biomarkers in Comparison to Protein-Based Conventional BC TMs

ROC curve analysis for the individual investigated markers was done to examine the diagnostic capacity/utility of the investigated molecular biomarkers in comparison with CEA and CA15-3 for better BC diagnosis, via comparing using fixed cutoff values. The AUC of the ROC curves ranged between 0.759 and 0.98. The cutoff values that discriminate between BC patients and the control individuals detected an absolute specificity of 100% with a sensitivity of 91.43% for LINC00511, a 78.57% specificity and an 85.51% sensitivity for miR-301a-3p, and a 66.67% specificity and a 95.65% sensitivity for miR-185-3p. For the classical BC protein TMs, specificities and sensitivities were 90% and 100%, and 76.47% and 60% for CEA and CA15-3, respectively. A significant increase in the diagnostic specificity (96.67%) was found, if we combine CEA and miR-185-3p, as tumor markers, with AUC 0.92 (95% CI: 0.709 to 0.993, p = 0.0183) as presented in Figure 1B and Table 3.


Table 3 | Overall sensitivities, specificities, and predictive values for the tested markers (molecular; ncRNAs and protein TMs) in BC patients (n = 70) single or combined.



Figure 1C presents the negative likelihood ratio following the rule of thumb (McGee, 2002; Sloane, 2008) where 0 to 1: decreased evidence for disease. Values closer to zero have a higher decrease in probability of disease (meaning increased marker sensitivity). This confirms that the best calculated sensitivities and specificities was for miR-185-3p, followed by LINC00511, miR301-3p, and, finally, CEA, from the best cutoff obtained for each, after the significant AUC from the ROC curve (Figure 1B).

Different significant levels were detected among the studied groups, when the cutoff values of the measured markers were considered. As shown in Table 4, the value was considered positive or negative for the marker, whether it was above or below the cutoff value. In BC patients with positive rates regarding the cutoff value, CEA, CA15-3, LINC00511, and miR-301a-3p median levels were 2.9 ng/ml, 32.4 U/ml, 2.02-fold change, and 3.9-fold, respectively, while at the cutoff value ≤1.7-fold, miR-185-3p median level in the BC patients with positive rates was 0.47-fold change.


Table 4 | Cutoff values and median levels with positive rates of classical TMs and circulating ncRNAs under investigation in control (n = 25) and BC patients’ group (n = 70).



Based on the sensitivity, specificity, PPV, and NPV obtained from the ROC curve, we discovered that LINC00511 and miRNAs were superior for BC diagnosis and, moreover, showed greater sensitivities than the classical protein TMs for BC early-stage detection, as clearly seen in Table 3.



Relations Between the Investigated Molecular Biomarkers and Patient Clinicopathological Factors

It is worth noting that there is no clear significant relation between protein-based TMs (CEA and CA15-3) and the patients’ clinicopathological features in our study. Figure 2 and Table 5 present the association between the investigated molecular biomarkers with various clinicopathological factors. There is a significant difference between LINC00511 expression with the TNM clinical stages and histological grading. The expression of LINC00511 with hormonal receptor status was significant for ER status, PR status, tumor size, LNM, and BC molecular subtypes. Also, miR-301a-3p showed significant overexpression for negative ER status, as compared to positive ER status. In addition, its median level decreased significantly in patients receiving hormonal contraceptives, while miR-185-3p reported a significant difference with histological grading as well as both tumor size and LNM, where its expression was decreased in the advanced grade cases, tumors with larger sizes, and positive LNM.




Figure 2 | Impact of clinicopathological features on LINC00511, miR-185-3p, and miR-301a-3p expression in BC patients. (A) Early and late stage (TNM, tumor node metastasis), (B) tumor grades (Bloom–Richardson scale), (C) estrogen receptors, (D) progesterone receptors, (E) hormonal contraceptive intake, (F) tumor size, (G) histological BC type, and (H) lymph node metastasis. (I) Molecular BC subtypes. [The Mann–Whitney test was performed. Data are presented as Median (Range). ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with other breast cancer (BC) subgroups using GraphPad prism software].




Table 5 | Expression levels of LINC00511, miR-185-3p, and miR-301a-3p in BC patient (n = 70) stratified group/subgroups.



The correlations within LINC00511, miR-185-3p, and miR-301a-3p and clinicopathological characteristics were evaluated as well. miR-301a-3p expression level was inversely correlated with pt. surgical history, while no significant correlations were detected between LINC00511, miR-185-3p, and miR-301a-3p expression and other clinicopathological features including age, menopausal status, tumor size, ER, PR, and HER-2/neu status in the BC patients. Detailed correlation information is provided in Supplementary Table S1. In addition, a multiple regression was run to investigate the influence of age, BMI, menopausal status, BC family history, pt. surgical history, hemoglobin content, platelets count, and number of offspring, as independent variables, on the expression levels of LINC00511, miR-185-3p, or miR-301a-3p (dependent variables). These variables were not significant predictors for either ncRNA (Supplementary Table S2).



miR-185-3p as a Target for LINC00511 in BC cells

In an attempt to investigate the relationship of LINC00511 with other ncRNAs using bioinformatic analysis, miR-185-3p was found to hit the LINC00511 525 to 543 sequence with high score = 80% (Figure 3A).




Figure 3 | The relationship between LINC00511 and miR-185-3p in BC patients (n = 70). (A) the predicted potential binding regions between LINC00511 WT (top) and miR-185-3p (bottom). (B) Spearman correlation analysis of LINC00511 and miR-185-3p. ***p < 0.001 [WT, wild type].



The Cancer Genome Atlas dataset in starBase, a bioinformatic tool, predicted a possible inverse correlation between LINC00511 and miR-185-3p expression level. Moreover, when using the EMBOSS matcher software, LINC00511 contained binding sequences complementary (13/19 bases: 74%) to miR-185-3p seed regions, as shown in Figure 3A. To validate the online prediction even more, Spearman correlation analysis was done and showed a significant inverse correlation between LINC00511 and miR-185-3p expression in the BC patients, with correlation coefficient r = −0.43 (p < 0.000; as in Figure 3B). This negative correlation is shown, as well, in different BC subgroups, as illustrated in Table 6. These data suggest that LINC00511 serves as a molecular sponge to the miR-185-3p. Therefore, the LINC00511/miR-185-3p signaling axis is useful for future BC drug designs.


Table 6 | Spearman correlation coefficient among the combined investigated ncRNAs expression in BC group and various BC subgroups.





Correlation Coefficient Between BC Classical TMs (CEA and CA15-3) and the Studied ncRNAs

The Spearman correlation coefficient among the BC patient’s cohort population is seen in Supplementary Table S3. There was a strong positive association between CEA and LINC00511 (r = 0.503, p = 0.040), but a substantial negative correlation between CA15-3 and miR-185-3p (r= −0.705, p = 0.023), with no other meaningful associations.



Correlation Between Protein-Based TMs and ncRNA Expressions in Respect to the BC Patients’ Clinicopathological Factors

The correlation between LINC00511 and miR-185-3p in respect to age > 50 years, IDC subtype, both positive ER status and negative ER status, positive or negative PR status, as well as positive HER-2/neu receptor was significantly negative. LINC00511 showed a negative correlation with miR-185-3p in BC late stages and BC patients with DM. CBC parameters were also assessed and showed significant correlation-related TLC, Hb, and platelet count. Detailed information is provided in Table 6. However, LNM, early stage, low grades I/II, other BC subtypes, family history, hormonal contraceptive intake, and CVD all were non-significant.




Discussion

It is worth noting that BC screening with mammography has been carried out for 3 years nationwide, as part of the Egyptian National Presidential Program/Campaign to promote good health and better life quality, ensuring SDG#3 of good health. This was done in an attempt to deal with one of the most devastating cancers, BC, being the second leading cause of cancer mortality in women with solid tumors (47). Invasive BC accounts for about 80% of BC (48) cases, exhibiting a high heterogeneous nature on both the clinicopathological and the molecular levels, driven by non-genetic, genetic, and/or epigenetic alterations (7). These later alterations emphasize the importance of an early better diagnostic tool/biomarker to increase patients’ survival, together with more effective therapeutic option(s).

In addition to, the difficulty encountered during collecting BC tissue samples, relying on blood biomarker(s) for BC diagnosis remains the gold standard, aiming for an early/better diagnosis (49). Unfortunately, to date, no specific serum biomarker is known particularly for “early BC detection”. Therefore, classical protein markers and novel molecular biomarkers, alone or combined together, may reveal a better picture of early-stage cancer (50). Moreover, mammography and MRI, in combination with serological protein TMs, do not seem to be adequate for cancer detection. Therefore, our study was set to delineate the role of serum protein TMs (CEA and CA15-3) in addition to LINC00511, miR-185-3p, and miR-301a-3p as molecular biomarkers for better clinical BC diagnosis and to correlate their expression levels and the patients’ clinicopathological features. This is the first study, to the best of our knowledge, that focuses on the serum expression levels of LINC00511, miR-185-3p, and miR-301a-3p in peripheral blood, pooled from BC Egyptian female patients, rather than from a cell line and/or tissue samples, to assess the clinical outcome and, as stated earlier, to evaluate their role as better diagnostic markers in BC patients, compared to classical TMs.

In this study, CEA and CA15-3 serum levels were higher in BC patients than in healthy controls at p = 0.155 and p < 0.001, respectively. The corresponding AUC for CEA and CA15-3 was 0.759 and 0.811, with p-values = 0.01 and <0.001, respectively. The cutoff values were 1.66 ng/ml and 17.2 U/ml for CEA and CA15-3, respectively, with a sensitivity of 76.47%, 60.00 and a specificity of 90.0%, 100.0, respectively (Table 3). The current cohort indicated that CEA and CA15-3 TMs combination did not achieve better diagnostic efficiency in BC patients, with AUC difference = 0.16 and a p-value of 0.13, which was not different from either TM alone in other previous studies (51–52). 


Clinical Data

The mean onset age of our population was around 50 years, with 55.7% of BC patients being below 50 years, which is slightly younger than the previously recorded/published age (53). This observation might be due to the environmental factors. In our study, only 22.9% had a family history of BC. The average tumor size was around 2 cm, and the LNM was seen in 48.6% of the BC cases. Numerous studies have shown that the delay in BC detection is related to the advanced clinical stage (54, 55). In the current research, the most prevalent BC pathological type was IDC, which is 84.2% of all BC patients. Furthermore, the majority of the participating BC population were grade I/II (78.6%), which was intentionally selected, to serve the research main aim of focusing on early diagnosed BC patients. Data from another study on Egyptian BC patients (12) revealed a reasonably stable hormonal distribution; on the contrary, our study showed 54.3% ER, 71.4% PR positive, and 67.1% exhibiting negative HER-2/neu expression, as well as a higher prevalence of TNBC patients than in the European American population (56). These results could be helpful in deciding a personalized treatment plan for an Egyptian BC patient cohort, different from the European American population. As previously recommended in clinical trials, BC patients with positive ER status are usually treated with an ER inhibitor, such as tamoxifen (TAM), with positive outcome, while patients with negative ER status have a poor prognosis and a greater risk of being hormone-insensitive and immune to TAM (52). Our findings revealed that Egyptian BC patients may have more adverse molecular tumor characteristics, where the luminal-like BC subtype (72.8%) is the most current frequent subtype, followed by HER-2/neu overexpression (22.8%), and finally, TNBC (4.4%) is the least common. This is in agreement with a previous Egyptian study (57) reporting similar percentages.

LncRNAs are a novel type of ncRNAs that are larger than 200 nucleotides long and lack a well specified open reading frame (15). They are important regulatory factors during cancer development. LncRNA dysregulation is linked to the progression of multiple cancers (15), including BC. The exact role of LINC00511 in BC tumorigenesis in vivo/clinically is still undisclosed. The current study focused on the clinical evaluation of serum LINC00511 expression levels, being linked to the BC patients’ clinicopathological features, where LINC00511 serum expression demonstrated a 312-fold overexpression in BC patients relative to the healthy controls. LINC00511 expression was positively linked to early BC stages (I/II), with a 2.5-fold rise relative to the primary localized advanced stage III cases, in approximately the same number of BC patients, emphasizing the importance of measuring LINC00511 for BC early diagnosis. It is noteworthy that LINC00511 expression levels are strongly associated with BC disease aggressiveness, being expressed more in the advanced histologic grade (III/IV), positive ER/PR, positive LNM, and tumor size > 2 cm by 2.15-, 1.70-, 1.85-, 6.31-, and 5.32-fold, respectively (Table 5). This highlights LINC00511’s significance in assessing disease aggressiveness. These in vivo clinical results are consistent with a previous in vitro study (30), suggesting that LINC00511 uses as a serum molecular biomarker for BC diagnosis, and contributing to downstream genes transcriptional regulation as well as an increased BC cell growth and expression.

ROC curve analysis revealed that LINC00511 AUC was significantly greater than any other marker, under evaluation in the current study, at 0.980 with a p-value < 0.0001. The cutoff value was 0.97-fold change, with a sensitivity of 91.43% and an absolute specificity (100%) (Table 3). As a consequence, our results encourage integrating LINC00511+CEA or LINC00511+CA15-3 use as diagnostic markers, via increasing BC diagnostic efficiency. The AUC difference was 0.23 and 0.17, respectively, which was better than either CEA or CA15-3 alone (Figure 1), with an improved significance to 0.0006 and 0.0000, respectively. To the best of our knowledge, this will be the first research to report the diagnostic efficacy of LINC00511 with CA15-3, in combination, for a better and, hopefully, early diagnosis of clinical BC. A previous study reported LINC00511 upregulation as a BC growth and metastasis contributing factor (30). Our results confirmed LINC00511 to have a major function in clinical BC incidence and proliferation.

MicroRNAs, short (20–24 nt) ncRNAs, play a critical role in post-transcriptional gene expression control in eukaryotic cells via affecting mRNA stability and translation and, therefore, play a role in various cancer types (58). miRNA expression patterns change during cancer initiation and development (59). Circulating miRNAs have emerged as a promising novel type of innovative cancer molecular biomarkers, due to their ability to regulate gene expression levels, after targeting mRNA degradation and/or suppressing mRNA translation (60). In the current study, miR-185-3p and miR-301a-3p, the tumor suppressor and the oncogenic miRNAs, respectively, were explored if they were involved in BC incidence or not, or if they could be used as small signature diagnostic biomarkers or not.

The majority of miR-185 research has focused on miR-185-5p, a tumor suppressor miR that has been linked to various forms of cancer progression such as proliferation, apoptosis escape or cell cycle, and chemoresistance (61). Moreover, miR-185-5p was found to inhibit colorectal cancer cell metastasis and invasion (62). Few studies have been performed on the role of miR-185-3p as a tumor suppressor miR first, and in BC patients, second.

According to the “ceRNA hypothesis”, lncRNAs control target gene expression by competitively binding with miRNAs at the post-transcriptional level (Figure 4), creating a massive ceRNA regulatory network. Most studies revealed a dynamic balance between ceRNAs and miRNAs; however, irregular expression of lncRNA disrupts the ceRNA network’s equilibrium, which has been linked to tumorigenesis (63), as sketched in Figure 4, where BC would be, hopefully, treated with anti-lncRNA drugs, one of the ncRNA-based cancer therapies (epi-drugs).




Figure 4 | Scheme presenting lncRNAs reversing the negative regulation exerted by miRNAs. (A) miRNAs inhibit translation by interacting with messenger RNA. (B) As lncRNAs act as a sponge for miRNAs, messenger RNA (mRNA) translation is permitted.



Note that BC is a series of biological cascades, originating from intracellular and intercellular components, and is a multifactorial disease (4). In these circumstances, an early diagnostic signature, addressing multiple molecular biomarkers, may have greater strength (50), with a promise for precise medicine implementation, via adjusting clinical diagnosis/management, according to specific molecular profiling (50). Based on the ceRNA “sponge” mechanism principle, LINC00511 was previously observed to be upregulated in cell lines (30), and our findings in BC patients’ sera supported these findings. For BC patients, there is a reciprocal expression pattern between LINC00511 and its downstream miR-185-3p (p = 0.0002; Figure 1A), in which LINC00511 high serum expression levels are associated with low miR-185-3p expression level, as shown in Figures 2B, F, H. Using Spearman correlation, a strong negative correlation was found between LINC00511 and miR-185-3p in BC patients (n = 70), with r = −0.43 (p = 0.000; Figure 3B). We speculated a 74% sequence complementary between the two sequences at position 525–543 of the annotated LINC00511 (Figure 3A), thus validating “The Sponge Theory”.

ROC curve analysis revealed that miR-185-3p had a sensitivity of 95.65% at an accuracy of 87.5%, outperforming all other examined biomarkers. As a result, our findings suggest that combining miR-185-3p and CEA improves the early diagnostic performance in BC patients, with an AUC 0.92, which was slightly higher than CEA or miR-185-3p alone (Figure 1B).

As most studies stated, miR-301a was established as an oncogenic miR (onco-miR), which is typically upregulated in cancer, suppressing the expression of potential tumor suppressor genes and ultimately contributing to cancer (40). miR-301a also exerts a significant role in both in vitro and in vivo tumor cell invasion and migration (64), cell growth or cell death inhibition (38), and chemosensitivity enhancement in BC (65).

According to the study by Ma et al. (66), miR-301a exerted its oncogenic role in BC by deactivating the phosphatase tumor suppressor gene phosphatase and tensin homolog (PTEN), further stimulating the canonical pathway of gene transcription Wingless/Integrated/cadherin-associated protein beta 1 (Wnt/β-catenin), thus establishing a connection between miR-301a expression and BC poor clinical outcome.

In the current research, we measured miR-301a-3p expression levels in serum samples from the first diagnosed 70 female Egyptian BC patients, as well as evaluated their clinicopathological and diagnostic value/utility. As proven in a prior study (64), miR-301a-3p expression elevated levels were substantially associated with BC patients relative to controls and have a positive response to larger BC tumor sizes, suggesting a closely linked correlation between miR-301a-3p expression levels and BC disease virulence.

Zheng et al. (64) revealed ER as a miR-301a-3p direct target. When miRNA expression profiles from ER-positive or ER-negative primary BC were compared, miR-301a-3p was reported to be around 1.5-fold more expressed in ER-negative patients than in ER-positive patients. ER-positive BC cells showed ectopic miR-301a-3p to reduce ER mRNA and ER protein levels, modulating ER target gene expression (64), resulting in ER independence. This could explain the high rate of drug resistance in Egyptian BC patients. Similarly, the effect of hormonal contraceptive use, particularly estrogen pills/hormonal intrauterine implants, had dramatically reduced the expression level of miR-301a-3p, suggesting that both estrogen contraceptives and miR-301a-3p share ER as a potential target.



Shortcomings (Limitations)

The study does not evaluate the reliability of ncRNAs’ diagnostic performance in BI-RADS-IV BC suspected patients, together with the moderate patient cohort.



Ongoing Studies

Our research group is currently investigating LINC00511 SNPs in a larger cohort of female Egyptian BC patients. Second, we measure the miR-185-3p transcriptional target, E2F1 mRNA, in a prospective multidisciplinary study, in relation to cancer subtypes, stage, and grade, in order to link obtained results with the clinicopathological features and the clinical outcome. Finally, exosomal ncRNAs are being studied in BC as well.



Summary

LINC00511, which was highly expressed in BC patients’ sera, is an oncogenic ncRNA. By complementarity binding with 74% matching, LINC00511 would serve as a “sponge” for the tumor suppressor miR-185-3p, to control its expression by BC cells. We believe that our current research highlighted the LINC00511/miR-185-3p axis during early BC incidence. In other words, the current research considered LINC00511 to function as a ceRNA to influence BC incidence.



Conclusion

Our study found that LINC00511 and miR-301a-3p levels were elevated in Egyptian female BC patients’ liquid biopsy (sera). Furthermore, integrating the detection of LINC00511/CA15-3, LINC00511/CEA, and miR-185-3p/CEA has a superior diagnostic efficiency in recognizing BC patients from healthy individuals than either parameter alone. Elevated serum LINC00511 expression is strongly linked to better early BC diagnosis. Serum LINC00511 and miR-301a-3p may be used as promising molecular biomarkers for better BC diagnosis, as their expression was linked to tumor size, grade, and hormonal receptor status. While LINC00511/miR-185-3p can aid in BC diagnosis/prognosis, further research is needed to calculate serial shifts in serum ncRNA levels at various time points to validate their therapeutic utility in BC.



Future Prospective

Variation in lncRNA serum expression levels or lncRNA regulatory gene(s)/protein(s) in relation to metastasis/advanced localized BC needs to be examined in relation to cancer immune system to complete the picture. Furthermore, a possible opportunity of investigating the role of the current LINC00511/miR-185-3p axis before and after a (neo)adjuvant therapy or mastectomy needs to be considered.




Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

From October 2019 to November 2020, this case-controlled retrospective study was held at the Faculty of Pharmacy, Ain Shams University, Biochemistry Department Advanced Biochemistry Research Lab (ABRL), Egypt. Ethical approvals were obtained from both the National Cancer Institute’s (NCI), Cairo University, ethical committee and Ain Shams University, Faculty of Pharmacy’s review board Research Ethical Committee approval (REC ID 259, Date: September 26, 2019). The study was carried out according to the Declaration of Helsinki Guidelines (World Medical Association WMA Declaration of Helsinki: ethical principles for medical research involving human subjects, October 2013, revised July 2018), where all participating individuals (controls or diseased) had signed a written informed consent. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

ES and MM designed the study. MM and RE collected the clinical samples. ES and MM performed statistical analysis, prepared the tables and figures, drafted the manuscript, and critically read the manuscript. NH designed and supervised the study, critically created tables and figures, curated statistical analysis, drafted, and critically revised the manuscript till submission and publication. All authors contributed to the article and approved the submitted version.



Funding

This work was minimally supported by the Biochemistry Department Faculty of Pharmacy.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2021.749753/full#supplementary-material
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Supplementary Table S2 | Multiple regression analysis for predicting the factors affecting LINC00511, miR-185-3p or miR-301a-3p expression levels as dependent variables.
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Supplementary Figure S1 | The correlation between LINC00511, miR-185-3p and miR-301a-3p expression in BC subgroups. Spearman correlation coefficient (r) was calculated using SPSS software, * Statistical significance less than 0.05. [Hb, Hemoglobin count; HER-2, Human epidermal growth factor receptor-2; TLC, Total leucocyte count].
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The host’s immune system plays a crucial role in determining the clinical outcome of many cancers, including breast cancer. Peripheral blood neutrophils and lymphocytes counts may be surrogate markers of systemic inflammation and potentially reflect survival outcomes. The aim of the present study is to assess the role of preoperative systemic inflammatory biomarkers to predict local or distant relapse in breast cancer. In particular we investigated ER+ HER2- early breast cancer, considering its challenging risk stratification. A total of 1,763 breast cancer patients treated at tertiary referral Breast Unit were reviewed. Neutrophil-to-lymphocyte (NLR), platelet-to-lymphocyte (PLR) and lymphocyte-to-monocyte (LMR) ratios were assessed from the preoperative blood counts. Multivariate analyses for 5-years locoregional recurrence-free (LRRFS), distant metastases-free (DMFS) and disease-free survivals (DFS) were performed, taking into account both blood inflammatory biomarkers and clinical-pathological variables. Low NLR and high LMR were independent predictors of longer LRRFS, DMFS and DFS, and low PLR was predictive of better LRRFS and DMFS in the study population. In 999 ER+ HER2- early breast cancers, high PLR was predictive of worse LRRFS (HR 0.42, p=0.009), while high LMR was predictive of improved LRRFS (HR 2.20, p=0.02) and DFS (HR 2.10, p=0.01). NLR was not an independent factor of 5-years survival in this patients’ subset. Inflammatory blood biomarkers and current clinical assessment of the disease were not in agreement in terms of estimate of relapse risk (K-Cohen from -0.03 to 0.02). In conclusion, preoperative lymphocyte ratios, in particular PLR and LMR, showed prognostic relevance in ER+ HER2- early breast cancer. Therefore, they may be used in risk stratification and therapy escalation/de-escalation in patients with this type of tumor.
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Introduction

Escalation and de-escalation of treatments is of paramount importance in early breast cancer (1). However, prediction of local or distant failure risk is needed to achieve a personalized medicine. Traditional clinical and pathological features (i.e. nodal status, Ki67%, grading, etc.) are not always able to actually predict disease relapse, especially in ER+ early breast cancer (2, 3). For this reason to predict the risk and address proper treatments can be challenging. Genomic assays such as EndoPredict or OncoType DX are expensive, not widely available and their role in clinical practice is still controversial (4).

In the last decades the relevance of the host’s immune system has been highlighted as crucial in determining clinical outcomes in many cancers, including breast cancer (5, 6). The host immune response has shown a remarkable impact on cancer progression (7). In particular the density and spatial localization of CD8+ infiltrate within central core and invasive margins of tumor (evaluated by the Immunescore) are becoming important prognostic predictors, playing a role in the balance between tumor immune surveillance and escape (8). Tumor-infiltrating lymphocytes (TILs) support antitumor cytotoxic response and are favorable prognostic features along with low densities of immunosuppressive elements like neutrophils and myeloid-derived suppressor cells (9, 10).

Because of their accessibility, peripheral blood neutrophils and lymphocytes counts have gained a broad interest in cancer prognostication as surrogate markers of inflammation and immune response. Easily-gettable and affordable blood-derived inflammatory biomarkers, such as the neutrophil-to-lymphocyte ratio (NLR), have recently demonstrated that the status of immunity often reflects survival outcomes (11). Some evidences suggested the role of these ratios in breast cancer too. In a recent meta-analysis, it was found that NLR has a significant prognostic effect on the overall and disease-free survival rates, suggesting that it could be a promising prognostic marker (12). Platelet-to-lymphocyte ratio (PLR) and lymphocyte-to-monocyte ratio (LMR) are less frequently studied, but they may also be prognostically informative in breast cancer (13–15).

Despite such evidences, results remain discordant, probably due to the study design. Some studies focus on a single molecular subtype or evaluate preoperative blood-derived lymphocyte ratios in presence of specific clinical-pathological characteristics or settings (16). Furthermore, the follow-up period considered in the analyses is often relatively short. This observation is crucial when considering that luminal breast cancers carry a consistent long-term risk of recurrence (17). Finally, in the last years many studies focused on the predictive role of inflammatory biomarkers in breast cancer patients treated by neoadjuvant chemotherapy and generally affected by a specific molecular subtype breast cancer (18, 19). Therefore previous studies investigated small series and highly selected cohorts of patients with breast cancer, while there is a lack of large unselected cohorts of early breast cancer patients.

In the present study we assessed the role of preoperative blood-derived lymphocyte ratios (NLR, PLR, LMR) to predict local or distant relapse in 1,763 breast cancer patients reviewed retrospectively. In particular, the prognostic relevance of lymphocyte ratios was investigated in ER+ HER2- early breast cancers where risk stratification is more challenging.



Materials and Methods


Patient Selection

Patients included in this study were retrospectively collected from the prospective database of the EUSOMA-accredited Breast Unit of Istituti Clinici Scientifici Maugeri (Pavia, Italy). Inclusion criteria were: proven diagnosis of invasive breast cancer; candidate to upfront breast surgery; age >18 years. Patients with benign lesions and patients undergoing a neoadjuvant chemotherapy were excluded from the study. Patients received adjuvant treatments (radiotherapy, chemotherapy, biological therapy, hormonal therapy) according to the standard of care. Data were obtained from a study protocol authorized by the Institutional Review Board (No. 2213/2018).



Data Collection and Follow-Up Data

Anamnestic, tumor and therapy data were collected and updated in the EUSOMA-accredited database, DataBreast. Each patient’s data are updated on a yearly basis until 5 years of follow-up are reached, at least. In order to identify the appropriate disease-free time, every type of relapse was reported with related date and localization.



Evaluation of Inflammatory Biomarkers

For all patients, laboratory data on cell blood count was exported as electronic medical record from the hospital management system (clinical electronic repositories). Only preoperative blood counts, i.e. taken within 90 days before surgery, were considered for the analysis. For each patient, blood count closer to the date of surgery were selected. Of the 1,935 patients who met the inclusion criteria, 1,763 patients (91.0%) with available data for preoperative blood counts were included in the study. Hence, the following parameters were calculated: NLR, PLR and LMR.



Study Design and Outcome Assessment

The primary endpoint of the study was to assess the prognostic role of preoperative NLR, PLR, LMR on 5-years locoregional recurrence-free survival (LRRFS), distant metastases-free survival (DMFS) and disease-free survival (DFS). First, we determined the optimal cutoff points to predict LRRFS, DMFS and DFS through time-dependent Receiver Operating Characteristic (ROC) analysis for NLR, PLR and LMR. Then these ratios were marked as “low” or “high” according to the above-mentioned cutoffs. LRR was defined as the occurrence of ipsilateral breast cancer and/or axillary relapse proven by biopsy. DM was defined as the evidence of distant lesions demonstrated by imaging (computed tomography and positron emission tomography) even if not histologically proven. Univariate and multivariate survival analyses for LRRFS, DMFS and DFS were performed, considering both blood inflammatory biomarkers and clinical-pathological variables.



Statistical Analysis

Variables were reported as means and standard deviations with relative range or as absolute numbers and percentages. Categorical variables were compared using χ2 test, while continuous variables were compared using Student’s t-test or non-parametric Wilcoxon test in case of non-normal distribution of the variable. A Cox proportional hazard regression model was performed in order to identify possible effects of each variable significantly associated with the survival events in a time-dependent setting. Five-years survival probabilities were estimated by the Kaplan-Meier method both globally and in specific subsets. Statistical significance was set at p<0.05 (two tailed). Univariate and multivariate analyses were performed to assess the prognostic role of NLR, PLR, LMR on long-term patient outcome. Age at diagnosis, pathological assessment of the tumor (pT) and the regional lymph nodes (pN), Ki67, biological portrait, grade and histological type of the tumors were selected a priori as relevant clinical variables to be included in the multivariate analysis. A time-dependent ROC analysis was performed in order to identify the optimal cutoff values for each parameter. A Cohen’s kappa (K-Cohen) was assessed for agreement calculation between inflammatory biomarkers-based estimate of the risk for survival events and traditional clinical risk assessment by the modified version of Adjuvant!Online (20). Data analysis was performed using SAS software (v. 9.4, SAS Institute Inc., Cary, USA) and R software (v. 3.5.1, © The R Foundation).




Results


Characteristics of the Study Population

1,763 breast cancer patients were included in the study and 43 patients presented with bilateral lesions, for a total of 1,806 cancer cases examined. Demographics and clinical-pathological features of the cases included in the study are presented in Table 1. The mean age at diagnosis was 62 (± 13) years and 74.6% of the patients were postmenopausal. In 1,345 cases (74.5%) a conservative surgery was performed, while 461 breast lesions (25.5%) were treated by mastectomy. Ductal and lobular tumors represented respectively 78% and 15.4% of the cases. The majority of the cases were pT1 stage (81.3%), node negative (70.4%) tumors. Biomolecular subtype was ER+ HER2- in 80.9% of the cases, ER+ HER2+ in 8.5%, ER- HER2- in 6.5% and ER- HER2+ in 4.1%. Disease recurrence occurred in 91 cases (5.4%) as LRR and in 106 cases (5.9%) as DM. Supplementary Figure 1 shows the Kaplan-Meier curves for 5-years DFS, LRRFS and DMFS of the study population.


Table 1 | Clinical and pathological characteristics of the study population (n=1806 breast lesions).





Survival Outcomes According to NLR, PLR, LMR

For the whole series, median preoperative NLR was 2.28 ± 1.25 (range 0.16-19.00), median PLR was 133.38 ± 51.9 (range 10.75-459.14) and median LMR 3.97 ± 1.52 (range 0.60-31.0). Based on the ROC analyses, the optimal cutoff values of NLR, PLR and LMR were calculated for each survival outcome (see Supplementary Table 1). Patients with a low NLR had a significantly longer 5-years LRRFS and DMFS than those with high NLR (Figures 1A, B). Similarly, the group with low PLR showed increased LRRFS and DMFS when compared to the group with high PLR (Figures 1C, D). Moreover, patients with high LMR displayed LRRFS, DMFS, and DFS longer than those with low LMR (Figure 2). No association between NLR or PLR and DFS was observed.




Figure 1 | Kaplan-Meier curves for LRRFS (A, C) and DMFS (B, D) according to low vs. high NLR (A, B) or PLR (C, D) in the study population (n=1806).






Figure 2 | Kaplan-Meier curves for LRRFS (A), DMFS (B), DFS (C) according to low vs. high LMR in the study population (n=1806).



Multivariate Cox analysis showed that high preoperative NLR was an independent predictor of worse 5-years LRRFS (HR 0.51; p=0.005), DMFS (HR 0.65; p=0.04) and DFS (HR 0.68; p=0.02). In addition high baseline values of PLR had an independent significant impact on 5-years LRRFS (HR 0.56; p=0.01) and DMFS (HR 0.62; p=0.03). High LMR values were independently associated with improved 5-years LRRFS (HR 2.36; p=0.0003), DMFS (HR 2.06; p=0.0009) and DFS (HR 1.92; p=0.0001). Other than the inflammatory blood biomarkers herein described, age at diagnosis, pT and pN status, and tumor biological subtype, especially hormone receptor status, were found main independent risk factors for recurrence. Data obtained from the multivariate analysis are shown in Table 2; results from the univariate analysis are reported as Supplementary Table 2.


Table 2 | Multivariate analysis of inflammatory and clinical characteristics in relation to 5-years LRRFS, DMFS, DFS in the study population (n=1806).





Performance of Survival Prediction by Inflammatory Blood Biomarkers vs. Clinical-Pathological Features

In order to better understand if NLR, PLR, LMR provided different and innovative information than clinical-pathological features, agreement calculation with Cohen’s kappa was assessed between clinical risk assessment and preoperative inflammatory blood biomarkers. The two different approaches were not in agreement for every biomarker (Supplementary Table 3), suggesting that the prognostic value of NLR, PLR and LMR on survival events is not covered by the current clinical assessment of the disease.



The Prognostic Role of NLR, PLR, LMR in ER+ HER2- Early Breast Cancer

From the whole patient dataset, 1,547 early breast lesions were selected and defined as pT1-2 and pN0-1 tumors. Baseline features and cutoff values of NLR, PLR, LMR in this subset were calculated and reported as Supplementary Tables 4, 5. By multivariate analysis we found that preoperative NLR, PLR and LMR were independent prognostic factors for LRRFS in early breast cancer (HR 0.57; p=0.03, HR 0.55; p=0.02, HR 1.86; p=0.02, respectively) (Supplementary Table 6).

We then focused on 999 ER+ HER2- early breast cancers, which were treated by hormonotherapy without chemotherapy. For these patients, timely risk stratification is important in order to escalate or de-escalate appropriate adjuvant therapy. Optimal cutoff values of preoperative NLR, PLR LMR for the prediction of LRRFS, DMFS, DFS in this patient population were re-calculated (Table 3). The multivariate analysis showed that high PLR was significantly predictive of worse 5-years LRRFS (HR 0.42, p=0.009), while high LMR was predictive of improved 5-years LRRFS (HR 2.20, p=0.02) and DFS (HR 2.10, p=0.01), as reported in Table 4. Conversely, NLR was not an independent factor of 5-years survival in this group of patients. Other independent variables for LRRFS were age at diagnosis and Ki67 (only in the evaluation of DFS for LMR).


Table 3 | Optimal cutoff values of preoperative NLR, PLR, LMR for prediction of 5-years LRRFS, DMFS, DFS in ER+ HER2- early breast cancers.




Table 4 | Multivariate analysis of inflammatory and clinical characteristics in relation to 5-years LRRFS, DFS in ER+ HER2- early breast cancers not treated with chemotherapy (n=999).






Discussion

This study shows that systemic lymphocyte ratios, as measured in preoperative blood samples, can be reliable and inexpensive markers of disease recurrence in an unselected cohort of breast cancer patients. In particular, patients with high NLR and PLR had a significantly shorter 5-years LRRFS and DMFS, while the ones with high LMR had longer survival outcomes. As expected, multivariate analysis associated other factors to poor prognosis: age at diagnosis, pT and pN status, and ER status. More importantly, as for ER+ HER2- early breast cancers not treated with chemotherapy, PLR and LMR were found to be independent predictors of 5-years LRRFS, and LMR predicted both LRRFS and DFS.

Lymphocyte ratios have drawn an increasing attention in different fields of medicine, as they can be easily assessable markers of inflammation and prognosis in several disorders. From a pathophysiological point of view, a state of systemic inflammation is associated to an increased tumor aggressiveness due to the pro-angiogenic oxidative state that favours the acquisition of a stem cell status as well as the impairment of DNA repair mechanisms. Multiple studies have shown that higher NLR is associated with poorer survival in metastatic breast cancer (21, 22) and a recent meta-analysis highlighted that higher NLR was associated with both worse DFS and overall survival (12). Several previous studies reported that higher NLR is also associated with more advanced and aggressive breast cancer (23, 24). For this reason, the ratios between neutrophils in blood and other leukocytes, as the NLR, have been suggested as a prognostic value in cancer (25, 26). NLR is higher in patients with a more advanced disease (24), and correlates with poor survival in many cancers (27). However, recent studies showed controversial evidences of NLR usefulness in hormone receptor-positive breast cancer (28, 29). NLR, simple and inexpensive biomarker, has been introduced as a significant prognostic factor in many tumor types (30). However, it has not been accepted in many clinical settings since neutrophilia can be the result of elevated granulopoiesis and, therefore, may not be considered as an adverse sign for cancer progression. Another reason is that neutrophilia is associated with poor clinical outcome in all cancers except for stomach cancer, in which case a high NLR is a marker of good prognosis (27).

In this study, we analyzed simultaneously NLR, PLR and LMR as potential inflammatory biomarkers, and all of them showed concordant prognostic results in terms of 5-years LRRFS in early breast cancer patients. Interestingly we did not observe any overlap between clinical risk assessment and NLR, PLR, LMR in the prediction of survival outcomes. This suggests that the information derived from inflammatory biomarkers is different and non-redundant with the clinical features of the tumor currently available. Indeed, preoperative lymphocyte ratios may be more related to the patient’s immune system rather than being associated with the tumor burden, especially in case of early breast cancers. Therefore, easy-gettable lymphocyte ratios from routine blood counts may provide precious prognostic data to be added to the standard clinical assessment of the tumor.

Regarding ER+ HER2- early breast cancer, we found that preoperative PLR and LMR are prognostic biomarkers of disease recurrence. This piece of data may be helpful in clinics, where failure of standard therapy (endocrine treatment and chemotherapy) is observed in a substantial portion of ER+ HER2- early breast cancers (31–33). Therefore, non-invasive, inexpensive and easy obtained circulating biomarkers may contribute to select those patients who will benefit from personalized and scaled-up adjuvant treatments.

The main strengths of this study are: the large cohort of patients presented, the data homogeneously collected, and the simultaneous assessment of different lymphocyte ratios. However there are some limitations and pitfalls worth mentioning. First, the time span of the registry is rather long, so cancer therapy, types, and prognosis might have changed over time. Secondly, our findings may have been biased by the retrospective nature of the study. Lastly, we did not evaluate the stromal TILs in the tumors. Literature data demonstrate a robust association between stromal TILs and better prognoses, in particular in triple negative and HER2+ breast cancers (34–36). In these breast cancer subtypes high levels of TILs are also associated with increased response to neoadjuvant and adjuvant chemotherapy (37–39). However, a defined prognostic and predictive role of TILs in luminal-like breast cancer is still debated, likely due to the biological heterogeneity of this breast cancer subtype (40, 41). As future perspective, further studies will be undertaken to quantify TILs in selected cohorts of early breast cancers, with the aim to correlate the systemic inflammatory biomarkers with the corresponding picture of the immune infiltrate in the tissue.

In conclusion, our data suggest that preoperative systemic inflammatory blood biomarkers could provide clinically relevant information regarding the risk of disease relapse in early breast cancer, especially in case of ER+ HER2- tumors generally considered as good prognosis. Further studies assessing the clinical suitability of these markers are required. Moreover, postoperative inflammatory biomarkers should also deserve attention to determine the course of some treatments, by assessing the changes occurring during treatments in appropriately designed prospective studies.
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Background

The SOLTI-1301 AGATA study aimed to assess the feasibility of a multi-institutional molecular screening program to better characterize the genomic landscape of advanced breast cancer (ABC) and to facilitate patient access to matched-targeted therapies in Spain.



Methods

DNA sequencing of 74 cancer-related genes was performed using FFPE tumor samples in three different laboratories with three different gene panels. A multidisciplinary advisory board prospectively recommended potential targeted treatments. The primary objective was to determine the success of matching somatic DNA alteration to an experimental drug/drug class.



Results

Between September 2014 and July 2017, 305 patients with ABC from 10 institutions were enrolled. Tumor sequencing was successful in 260 (85.3%) patients. Median age was 54 (29-80); most tumors were hormone receptor-positive/HER2-negative (74%), followed by triple-negative (14.5%) and HER2-positive (11.5%). Ninety-seven (37%) tumor samples analyzed proceeded from metastatic sites. Somatic mutations were identified in 163 (62.7%) patients, mostly in PIK3CA (34%), TP53 (22%), AKT1 (5%), ESR1 (3%), and ERBB2 (3%) genes. Significant enrichment of AKT1 mutation was observed in metastatic versus primary samples (9% vs. 2%; p=0.01). Genome-driven cancer therapy was recommended in 45% (n=116) of successfully screened patients, 11% (n=13) of whom finally received it. Among these patients, 46.2% had a PFS of ≥6 months on matched therapy.



Conclusions

AGATA is the first nationwide molecular screening program carried out in Spain and we proved that implementing molecular data in the management of ABC is feasible. Although these results are promising, only 11% of the patients with genome-driven cancer therapy received it.





Keywords: breast cancer, molecular genetic, DNA sequence analyses, PAM50 subtype, molecular targeted therapy



Background

The identification of genetically driven tumor dependencies and the development of targeted therapies have dramatically improved the outcome of some cancer types including advanced breast cancer (ABC) (1–4). Routine genomic profiling is already being used in the clinical management of a variety of tumors for diagnosis, prognosis information and a better selection of targeted therapies (5, 6).

Breast cancer is a group of heterogeneous diseases with different clinical courses and treatment responsiveness. Comprehensive molecular profiling of breast cancers revealed that 80.4% of tumors harbor a genomic mutation in at least one of eight pathways with potential treatment implications (7). Traditional highly sensitive DNA sequencing methods focus on known mutational hot spots (8), while next-generation sequencing (NGS) technologies can detect also other clinically relevant genomic alterations (7).

As the number of targeted drugs increases and tumor genomic sequencing technologies become more available, genome-driven cancer treatment has substantially grown as a potential strategy of precision medicine (9–11), but costs and complexity of this technologies generally limit the access of this approach to just a minority of patients in the real clinical practice.

The SOLTI-1301 AGATA study (NCT02445482) was designed as a proof-of-concept project to better characterize the genomic landscape of metastatic breast cancer and to facilitate patient access to matched-targeted therapies into clinical trials in Spain.



Methods


Study Design and Patients

AGATA SOLTI-1301 was a prospective, multicenter, pilot study that tested the feasibility of implementing a molecular screening program in Spain for patients with ABC patients. A total of 10 sites within the Spanish SOLTI network participated in this study, 3 of which performed molecular analysis developed in the project. Male or female patients aged ≥18 years were eligible if they had pathologically confirmed ABC (locally advanced or metastatic), with responding, stable or progressive disease at inclusion, and had available formalin-fixed paraffin-embedded (FFPE) tumor tissue. Tumor samples could be archival or fresh from either a primary or a metastatic site. Patients could be at any point in the treatment of the metastatic disease: about to start, be receiving or had completed treatment, in any line of therapy, either within a clinical trial or according to the healthcare framework. Additional eligibility criteria included Eastern Cooperative Oncology Group (ECOG) performance status of 0-2, and a minimum predicted life expectancy of 6 months. Exclusion criteria included organic or cardiac disfunction, other types of cancer within the last 5 years, no archival tumor tissue available, or brain or bone-only metastatic disease.

All patients provided written informed consent, and the protocol was approved by the Ethics Committees from all participating institutions and Spanish Health Authorities. The study was conducted per Good Clinical Practice principles, the Declaration of Helsinki and all local regulations.

The protocol was amended on 1st November 2015 to include gene expression analyses in a retrospective manner, to provide more comprehensive and integrative molecular profiling of tumor samples. Besides, after November 2015 amendment, no bone samples were allowed due to the low yield secondary to technical issues.

Recruiting sites sent FFPE archival or fresh tumor samples to 3 different central genomic laboratories: Vall d’Hebron Institute of Oncology (VHIO) - Barcelona, Instituto de Investigación Hospital 12 de Octubre (IMAS12) – Madrid, Medical Oncology and Hematology Laboratory (INCLIVA) - Valencia, according to geographical proximity. Each of the genomic laboratories used a different customized sequencing gene panel, as per clinical practice (see Supplementary Methods and Genomic Analyses Section below). Tumor cellularity was assessed upon arrival at each institution on a hematoxylin and eosin slide before molecular analysis in each central laboratory. Samples containing at least 20-30% of tumor cells were considered suitable for DNA extraction and genomic testing. Macrodissection was performed when recommended by the local pathologist.

Results from tumoral DNA sequencing were evaluated by a molecular advisory tumor board (MAB) comprised of medical oncologists, pathologists, and molecular biologists. The MAB meetings were held every 6 weeks or as soon as 20 cases were available, whichever came first. The MAB discussed the clinical and treatment implications of the molecular abnormalities that were identified. If an actionable molecular alteration was found, meaning that it was considered potentially responsive to targeted therapy, the MAB reviewed the anonymized medical history of the patient, in collaboration with each treating physician, and proposed matched targeted therapies. Most appropriate ongoing clinical trials for each situation were reviewed and recommended in a nation-wide network.

Patients were followed up for survival until death or loss of follow-up.



Genomic Analyses

Tumor molecular profiling by targeted NGS was performed in 3 different genomics laboratories/facilities: 1) Cancer Genomics Core at (VHIO), on the MiSeq sequencer (Illumina) covering hotspot regions of 61 genes; 2) Genomics Laboratory - (IMAS12), on the Ion Torrent (Thermo Fisher Scientific) covering 35 oncogenes, and in 3)– INCLIVA, on the Sequenom MassARRAY (Sequenom San Diego) covering 24 oncogenes. The three panels encompassed 74 different cancer-related genes. However, only 7 genes (AKT1, BRAF, EGFR, ERBB2, KIT, KRAS, PIK3CA) were common in all three panels thus not all the genes were analyzed in all the samples (Supplemental Table S1).

Methods for DNA extraction, quality assessment and NGS analysis performed in each of the genomics centers can be found in Supplementary Methods.



In Silico Datasets

Publicly available breast datasets from The Cancer Genome atlas (TCGA) and the Memorial Sloan Kettering Cancer Center (MSKCC) were interrogated from cBio Cancer Genomics Portal (http://cbioportal.org).



Gene Expression Analysis

Methods for RNA extraction, quality assessment and gene expression analysis can be found in Supplementary Methods. Intrinsic molecular subtypes were identified using the research-based PAM50 predictor as previously described (12, 13). Each tumor was classified into one of the following groups: Luminal A, Luminal B, HER2-enriched, Basal-like and Normal-like. PAM50 subtyping was done at the Translational Genomics and Targeted Therapeutics in Solid Tumors at IDIBAPS-Barcelona. Raw gene expression data can be found in GSE182852.



Endpoints and Statistical Considerations

The primary objective was to assess the program’s effectiveness in assigning patients to clinical trials with targeted therapies based on their genomic tumor profile, measured as the proportion of patients assigned to selected clinical trials. Secondary objectives included the distribution of somatic mutations, the PAM50 intrinsic subtypes, the efficacy of targeted therapies based on MAB recommendations and the determination of the logistic feasibility of the program.

Sample size determination was exploratory and based on estimated recruitment at a selected time point. Assuming a technical failure rate of 15%, the study required a sample size of 305 patients to enroll 260 patients in 24 months.

Progression-free survival on matched treatment (PFS) was defined by RECIST 1.1 as the time from study treatment initiation until disease progression or death from any cause, whichever occurred first. Progression-free survival on prior therapy (pre-PFS) was defined as the time from the start of the last previous treatment to disease progression defined by RECIST 1.1 or clinical progression.

Data were summarized by frequency (%) for categorical variables and by median (range) for continuous variables. The association between two variables was evaluated using Student’s t-test, Pearson’s χ2 test or Fisher’s exact test. The values of p have been considered at a descriptive level only. All P values were two-sided with an α of 0.05. Statistical analyses were conducted using R version 3.5.1 and AutoDiscovery 3.1 (Butler Scientifics, Barcelona, Spain).




Results


Patient’s and Tumor’s Characteristics

Between September 2014 and July 2017, 305 patients with ABC were assessed for eligibility across 10 sites in Spain. Eighteen patients were excluded due to the lack of tumor samples available or not meeting inclusion criteria (Figure 1). Genomic analyses were successfully performed in 260 out of the 287 (85.2%) patients. The causes for tumor sample failure exclusions were a low percentage of cancer cells (n=24) and poor quality of the DNA (n=3). Patient characteristics are listed in Table 1. The median age was 54 years, 95.4% had ECOG PS 0 or 1, 79.6% had received adjuvant therapy and over 76.2% of patients had received 2 or more prior therapy lines in the metastatic setting. Among the 260 tumor samples profiled, 163 (62.7%) were obtained from primary tumors and 97 (37.3%) from diverse metastatic sites: liver (25%), lymph node (23%), breast (11%), bone (9%), ovary (8%), skin (7%), chest wall (6%), lung (6%), brain (3%) and others (2%).




Figure 1 | Flow chart of the SOLTI-1301 AGATA study.




Table 1 | Patients characteristics.





Comprehensive Molecular Profile

Among all evaluated patients (n=260), at least one somatic mutation was identified in 163 patients (62.7%) and 46 out of these 163 (28.2%) had multiple genomic alterations with an average of 1.4 mutations per patient (Supplemental Table S2). No mutation was detected in 97 (37.3%) patients.

Considering the number of tumors analyzed for each alteration, most frequent alterations per patient were detected in PIK3CA (34%, n=260), TP53 (28%, n=199), AKT1 (5%, n=260), ESR1 (5%, n=158), and ERBB2 (3%, n=260). Based on tumor site, the most frequent mutations detected in primary tumors were: PIK3CA (33.1%, n=163), TP53 (29.1%, n=127) and KMT2D (13.3%, n=30). The genomic profile from the metastatic sites showed enrichment in some mutations as compared with primary tissue, such as PIK3CA (40.2% vs. 33.1%, p=NS) and AKT1 (9.3% vs. 1.8%, p=0.01) (Figure 2). Among all mutations detected, 74% were potentially actionable (74.3% in primary tissue and 78.6% in metastatic tissue).




Figure 2 | Frequency (percentage) of the genomic alterations in all patients profiled according to primary (n = 163) and metastatic tumors (n = 97).



We performed a comparison of the proportion of primary tumors with gene alterations between our study and the TCGA dataset (Supplemental Table S3). 74 of the 76 cancer-driven genes did not show a significant difference in the proportion of mutated tumors between both datasets. The only two genes with a significant difference in the proportion of mutated tumors between both datasets were ESR1 (3.1% vs. 0.4%; p =0.007) and CDH1 (1.6% vs. 6.7%; p=0.007).

To further explore the differences in the mutation frequency among the metastatic tumor samples, we compared the data from AGATA cohort with the dataset from the Memorial Sloan Kettering Cancer Center (MSKCC). Among the patients with metastatic breast cancer included in the MSKCC dataset, 73 of the 76 cancer-driven genes did not show a significant difference in the proportion of mutated tumors between both datasets (Supplemental Table S4). The only three genes with a significant difference in the proportion of mutated tumors between both datasets were AKT1 (9.3% vs. 4.3%; p=0.049), PIK3R1 (4.2% vs. 1.0%; p=0.040), and CDH1 (1.4% vs. 13.7%; p=0.003).



Primary and Efficacy Endpoints

The primary endpoint could be evaluated in all patients with genomic alterations detected since all cases were reviewed and interpreted by the MAB (n=163). Among these patients, the MAB was able to provide a treatment recommendation in 116 (71.2%). Of them, 13 patients (11.2%) were eventually treated with a matched-targeted therapy, either as single-agent or in combination with other drug (Figure 1). Overall, considering the total number of patients with suitable DNA for genomic analyses (n=260), 13 (5%) were eventually treated with a matched-targeted therapy. The MAB also recommended potential clinical trials based on real-time availability. Results from additional H&E staining and gene expression were subsequently reviewed by the MAB to reinforce or to add value to the treatment recommendation.

Genomic alterations among the 13 patients who received matched-targeted treatment included ERBB2 mutation (n=3), FGFR1 mutation (n=2), AKT1 mutation (n=2) and PIK3CA alteration (n=8) (Figure 3).




Figure 3 | Individual progression-free survival 1 (PFS1) and progression-free survival 2 (PFS2) among patients treated with genome-driven cancer therapy (n = 13).



The group of patients with MAB recommendations (n=116) and the nonmatched therapy (n=47) group had similar characteristics except for the hormone receptor (HR)-status: nonmatched therapy group included more patients with HR-negative tumors (36.2% vs. 9%) (Supplemental Table S5). The median number of prior therapies in the metastatic setting was 3 in both groups. Supplemental Table S6 summarizes the therapeutic recommendations made by the MAB according to the targeted mutations.

Among the 13 patients treated with genome-driven cancer therapy, 46.2% had a PFS of ≥6 months on matched therapy. The progression-free survival ratio (PFS/Pre-PFS1) derived from genome-driven cancer therapy when compared to the last therapy received is reported in Figure 3. In 5 out of 11 patients (45.5%), this ratio was favorable to targeted therapy. Importantly, two patients were still on treatment under the recommended targeted therapy (at the time of the database lock).



PAM50 Intrinsic Subtype Distribution

As part of the comprehensive molecular analysis planned in this study, gene expression was performed in 177 out of the 260 samples (68%). Intrinsic subtype distribution (n=177 samples) was as follows: 34% Luminal A (n=62); 21% Luminal B (n=36); 13% HER2-enriched (n=22); 19% Basal-like (n=34) and 13% Normal-like (n=23). Among these samples, 114 (64.4%) were from primary tumors and 63 (35.6%) were from metastatic sites. The distribution of the PAM50 intrinsic subtype classification differed between primary (Figures 4A, C) and metastatic tumors (Figures 4B, D): HER2-Enriched subtype was significantly more frequent in the metastatic tissue (22% vs. 7%; p=0.005).




Figure 4 | Distribution of the PAM50 intrinsic subtypes in (A) primary tumor samples (n = 114; 64.4%) (B) metastatic samples (n = 63; 35.6%) (C) in primary tumors across immunohistochemistry subtypes and (D) in metastatic tumors across immunohistochemistry subtypes.



We also analyzed the distribution of genomic alterations based on the PAM50 intrinsic subtype and tumor sample origin (Figures 5, 6). In the luminal A subtype, the most common mutation identified in primary tumors was in PIK3CA (21/113, 18.6%), whereas MAP3K1 was the most frequently found in metastatic samples (2/8, 25.0%). TP53 mutation was mostly identified in Basal-like subtype both in primary (11/83, 13.2%) and metastatic (5/47, 10.6%) tissue.




Figure 5 | Summary of biological and genomic features of the 177 gene expression profiled tumors.






Figure 6 | Percentage of patients with genomic alterations based on the PAM50 intrinsic subtype in (A) primary tumors (n = 114), (B) in metastatic tumors (n = 63).





Program Feasibility

The whole process between the first patient’s sample shipment to the lab and the MAB recommendation took a median of 64 days (range 15-459). Median turnaround time to obtain sequencing results was 14 days (3-424).

The most common causes for not getting genome-driven cancer treatment in mutated patients (n=103) were: no clinical trials available according to the MAB recommendation at that time (n=47), no progressive disease at the time of reporting results (n=13), not meeting the inclusion/exclusion criteria for recommended clinical trials (n=12), rapidly progressive disease (n=9), and physician’s or patient’s opinion (n=7).




Discussion

The AGATA SOLTI-1301 was a pilot study to implement a nationwide molecular screening platform for ABC patients, to better characterize the genomic landscape of the disease and to facilitate patient access to matched-targeted therapies in Spain. We have shown that running a multi-center molecular screening program is feasible in a real world setting, when scientific and clinical collaborative structures exist. We have achieved the sequencing of 260 tumors from ABC patients, with a screening failure rate of 15% due to technical issues, a similar value to that obtained in any clinical trial (14). From all evaluated patients, at least one somatic mutation was identified in 63%, and 28% of these patients had multiple targetable genomic alterations. Moreover, in about half of the patients a treatment recommendation according to their tumor profile was proposed, even though just 11% of them were eventually treated accordingly, mainly on a clinical trial.

The effectiveness of this pilot study to assign patients into genome matched clinical trials has been slightly lower than other reported series (15–17). In the MOSCATO-01 trial (15), a French unicentric, pan tumor screening program, 49% of patients had actionable mutations and therefore a targeted treatment recommendation could be offered, similarly to what we have observed in AGATA. However, 19% of the screened patients in that trial received a targeted therapy. Another example is the Safir01/UNICANCER trial (17), a metastatic BC multicenter study focused on PIK3CA and AKT1 pathways. In this study, a targetable alteration was identified in 46% of patients (15). However, only 13% of patients could finally be treated with targeted therapy. The authors state that the lack of access to drugs for patients may lead to this lower percentage, an explanation that we have also observed in our study. In the AGATA SOLTI-1301 study, the main reasons for not receiving the recommended targeted therapy were related to physician’s or patient’s decision, screening failure from clinical trials or to rapid progressive disease or death once the recommendation from the MAB was notified.

The results of this study showed that the distribution of molecular alterations differed between primary and metastatic tumor samples. From 260 analyzed tumor samples, only 37% proceeded from metastatic tissue, mainly from liver and lymph node metastases. Somatic mutations were found in 63% of these patients; 76% of those were potentially actionable. Those results are similar to those reported in larger molecular screening programs (15–17). In our study, PIK3CA and TP53 mutations were the most frequent mutations found both in primary and metastatic samples, however, AKT1 mutations were significantly more prevalent in metastatic samples (18). Our data suggest that it is preferable to match patients to potential therapies based on the analysis of their metastatic tumor, rather than archival material of their primary tumor, as metastatic tumors often develop new mutations during the metastatic process and treatment course (19). This finding reinforces the need to perform biopsies at metastatic sites, whenever is feasible.

Among the 13 patients treated with genome-driven cancer therapy, PFS/Pre-PFS ratio was favorable to targeted therapy in 5 out of 11 patients (45.5%) even though they had received 3 or more previous lines of treatment for metastatic disease. Two patients were still on treatment at the time of the database lock. Our results corroborate that matched therapy is a valid strategy, but we are far from hitting the ideal treatment if there are few one alteration available with a described clinical utility to address. More efforts should be made to have all available molecular information integrated when selecting treatment.

Another finding in our study is that PAM50 HER2-enriched subtype was more prevalent in metastatic tissue than in primary tumors. This subtype is characterized by having a more aggressive profile, as described in previous studies by our group (20–22). New treatment strategies for patients based on tumor molecular intrinsic subtype in the metastatic setting should be explored. This warrants molecular pre-screenings implementation in clinical trials, and identification of the molecular alteration of interest early on the natural history of patient’s disease. In line with this strategy, SOLTI is performing several trials where patients are screened and treated according to their intrinsic subtype profile (NCT04142060, NCT02448420, NCT04251169).

Our study has several limitations. First, three different genomic laboratories each with a different customized panel based on a different technology were used, and this could limit the robustness of the results. Second, most of the study population was heavily pretreated, limiting the possibility that the patients could be enrolled in clinical trials with targeted therapies either because of quick worsening of patient’s condition or even death. Third, none of the panels used in this study included genes associated with familial breast cancer nor did they determine copy number alterations, limiting potential targeted therapies that could be recommended such as PARP inhibitors or HER2 targeted therapies Fourth, no blood samples were collected at the time of the study completion, so no match plasma vs. tissue results could be analyzed in order to test liquid biopsy utility in our series (23). Finally, the turnaround time for the molecular report, as well as the time elapsed between study inclusion and the MAB report may have influenced the clinical utility of the results.

Remarkably, our study was designed to represent the reality of Spanish healthcare system considering different genomic assays between centers, different matched clinical trials and targeted therapies access in across different regions of the country. AGATA SOLTI-1301 study differs in that way from other molecular screening programs with customized panels and a more selected population, reflecting the real-world scenario. It should be noted that the different customized panels used in our study, with different number of genes analyzed (from 24 to 61 genes per sample), could limit the possibility of finding targeted therapies against other alterations. Rather, it is a situation that reflects routine clinical practice, where sequencing panels with large numbers of genes are limited mainly for cost-effective reasons, and where custom or commercial panels with fewer than 100 genes are commonly used. Moreover, all the molecular results were reviewed by a multidisciplinary expert committee that provided a therapeutic recommendation for each patient, rigorously translating data from molecular profiling into a treatment recommendation by an expert consensus. This is a relevant fact given the increase of companies that offer tumor DNA-seq services directly to patients without evaluating this information with clinical data and previously received treatments (24).

Efforts should be made to learn more about the clinical implications of differences at gene expression level and tumor protein values to integrate it with genomic mutations. Additionally, systems biology approach integrating all the information obtained at the DNA, RNA, DNA methylation and protein level is essential to develop and validate biomarker assays.

Following the steps of AGATA SOLTI-1301study, one strategy to overcome the barriers of implementing NGS in the clinic may be to promote the active participation of metastatic BC patients in the management of their disease. With this in mind, we designed HOPE (SOLTI-1903, NCT04497285), a national real-world study where patients lead their inclusion, participation and follow-up in the study through a digital tool that guides them in every step of the journey. Our objective in HOPE is empowering ABC patients and gather real-world data about the utilization of molecular information in the management of metastatic BC. Appropriate frameworks are needed to ensure that precision medicine can benefit a wider number of cancer patients and not just a minority.



Conclusion

AGATA is the first molecular screening program multicenter performed in Spain. We demonstrated the feasibility of implementing tumor genomic data in the management of advanced breast cancer patients in a real world setting. Further studies are needed to evaluate if a more comprehensive and integrated molecular profiling could improve the survival outcomes of advanced breast cancer.
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Sarah Nanoparticles (SaNPs) are unique multicore iron oxide-based nanoparticles, developed for the treatment of advanced cancer, following standard care, through the selective delivery of thermal energy to malignant cells upon exposure to an alternating magnetic field. For their therapeutic effect, SaNPs need to accumulate in the tumor. Since the potential accumulation and associated toxicity in normal tissues are an important risk consideration, biodistribution and toxicity were assessed in naïve BALB/c mice. Therapeutic efficacy and the effect on survival were investigated in the 4T1 murine model of metastatic breast cancer. Toxicity evaluation at various timepoints did not reveal any abnormal clinical signs, evidence of alterations in organ function, nor histopathologic adverse target organ toxicity, even after a follow up period of 25 weeks, confirming the safety of SaNP use. The biodistribution evaluation, following SaNP administration, indicated that SaNPs accumulate mainly in the liver and spleen. A comprehensive pharmacokinetics evaluation, demonstrated that the total percentage of SaNPs that accumulated in the blood and vital organs was ~78%, 46%, and 36% after 4, 13, and 25 weeks, respectively, suggesting a time-dependent clearance from the body. Efficacy studies in mice bearing 4T1 metastatic tumors revealed a 49.6% and 70% reduction in the number of lung metastases and their relative size, respectively, in treated vs. control mice, accompanied by a decrease in tumor cell viability in response to treatment. Moreover, SaNP treatment followed by alternating magnetic field exposure significantly improved the survival rate of treated mice compared to the controls. The median survival time was 29 ± 3.8 days in the treated group vs. 21.6 ± 4.9 days in the control, p-value 0.029. These assessments open new avenues for generating SaNPs and alternating magnetic field application as a potential novel therapeutic modality for metastatic cancer patients.
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Introduction

Cancer is a major public health problem worldwide and is the leading cause of death in the Western world with a resultant significant detrimental economic impact (1). Current therapies, particularly in the metastatic setting are limited and better treatments are needed. Recent improvement in nanomaterials and the rapid development of nanotechnology provide an opportunity for new therapeutic strategies against cancer. Nanoparticles are particularly promising due to their good biocompatibility, based on their particle size, shape, and physicochemical properties (2). A rapidly growing body of literature has provided evidence suggesting a major role for nanotechnology in cancer treatment.

A variety of nanoparticles have been investigated as drug carriers, photothermal agents, contrast agents, and radiosensitizers (3). Of particular interest are their unique chemical properties, including the ability to bind amine and thiol groups, allowing surface modification and use in biomedical applications.

Physiologically, elevated body temperature can damage and kill cancer cells with minimal injury to normal cells, thereby providing a therapeutic index which can be exploited. Hyperthermia, the process of raising the temperature of tumor-loaded tissue to 40-43°C results in the denaturation of proteins and structural damage within cancer cells (4). During the last decades, hyperthermia based-cancer treatment has been applied safely mainly as an adjuvant therapy (5).

We have developed a novel nanoparticle-based treatment termed Sarah Nanotechnology system that selectively destroys cancer cells by hyperthermia. Sarah Nanotechnology comprises of: (i) Sarah Nanoparticles (SaNPs), containing encapsulated iron oxide (IO) nanoparticles, that attach to cancer cells, and an (ii) electromagnetic induction system (EIS) that generates an alternating current magnetic field (AMF) that is converted to heat by the SaNPs due to their magnetic properties. The applied AMF heats the SaNPs to a predefined and controllable temperature, thereby offering an innovative approach to treat cancer by inducing non-ablative thermic damage (5).

SaNP consists of 25 nm IO nanoparticles, a phase change material (PCM) core, and an encapsulating hydrophilic polymer comprised of amine functionalized 6-arm-branched polyethylene glycol (PEG) 20,000, that enables flexibility, increases biocompatibility, and significantly masks the SaNP from the body’s mononuclear phagocyte system (MPS) thereby reducing uptake by phagocytic cells (6). The PCM has a high energy storage capacity (latent heat). It can absorb, store or release large latent heat over a defined temperature range while the phase change occurs from solid to liquid and vice versa. Therefore, its capability of releasing, retaining, and absorbing latent heat energy during the phase transition allows for the storage of heat energy and thermal control (7). These principles were applied in the SaNP design. SaNP synthesis is detailed elsewhere (8).

SaNPs are intravenously (IV) administered to the patient and localize on cancer cells. They accumulate on cancer tissue at higher concentrations compared to normal tissue mainly due to the enhanced permeability and retention (EPR) effect, a central mechanism for passive tumor targeting, which allows extravasation of the nanoparticles and enables the preferential retention of SaNPs in tumors due to their leaky vasculature and reduced lymphatic drainage (9, 10).

Following delivery and attachment of the SaNPs to the malignant cells, the patient undergoes regional 290 ± 10% kHz AMF application with the EIS generating a magnetic field at a range of 8-33 kA/m, the SaNPs subsequently convert the applied AMF to latent heat and retain it, and the PCM core controls and stabilizes the SaNP temperature to 50 ± 3°C, thereby using this heat to cause hyperthermic cancer cell death without harming healthy cells under a magnetic field. The main innovation of the SaNP lies in its inherent ability to control its temperature without inducing thermal ablation which occurs at temperatures above 60°C (5). Previous studies examining the PCM’s functionality and the temperature control property have demonstrated that SaNPs exposed to AMF irradiation with an amplitude of 33.4 kA/m at 300 kHz for 30 minutes stabilize at a temperature plateau between 48–52°C, in agreement with the melting phase transition temperature range of the PCM component (8). Previous studies also showed no damage to healthy cells (8).

The 4T1 triple negative mammary carcinoma is a transplantable tumor cell line that can be grown in vivo as a primary tumor in BALB/c mice (11). Its major advantage is that 4T1 cells spontaneously metastasizes in a pattern that is analogous to human mammary cancer. When intravenously injected, 4T1 cells are capable of metastasizing to different organs characteristic of breast cancer, but predominantly to the lungs thereby mimicking breast cancer lung colonization and distal metastasis (12). Although the IV model is a commonly used murine model to study breast cancer lung metastasis, it may not accurately reflect human metastatic breast cancer as it does not follow the biological steps that a primary tumor must take to produce distant metastatic tumors. However, using genome-wide gene expression microarrays, it has been reported that there are no differences between metastatic lesions produced by IV injection of 4T1 cells compared to orthotopic implantation of the same cancer cells and the lung metastases have similar genetic profiles (13). Therefore, the model fairly represents the development of distant lung metastases while offering a faster progression without the need to remove the primary tumor which is often required in an orthotopic model due to tumor burden.

The current study shows the biodistribution of SaNPs in mice and the safety of treatment. Our preclinical animal cancer model studies demonstrate the in vivo therapeutic efficacy of Sarah Nanotechnology in treating BALB/c mice bearing 4T1 breast cancer lung metastatic tumors and the effect of treatment on prolonging survival.



Materials and Methods


Materials

Commercially available chemicals and reagents included the following:

Phosphate buffered saline (PBS, pH 7.4) was purchased from Sigma Aldrich, Rehovot, Israel.

Hank’s Balanced Salt Solution (HBSS), Fetal Bovine Serum (FBS), RPMI 1640 medium, 0.25% Trypsin-EDTA solution, sodium pyruvate, glutamine, and antibiotics (penicillin, streptomycin) were all from Biological Industries, Beit-Haemek, Israel. Puromycin was from Santa Cruz Biotechnology, Inc., TX, USA.

Amine functionalized 6-arm-branched, polyethylene glycol (PEG), 20 kDa molecular weight, was purchased from SunBio, South Korea. Water for injection (WFI) was from B. Braun Medical Inc., PA, USA.



SaNP Characterization

SaNPs were characterized by dynamic light scattering (DLS) and transmission electron microscope (TEM) imaging to determine their physicochemical parameters and morphology.

Hydrodynamic size, size distribution, and zeta potential measurements were conducted using a Zetasizer Nano Series ZS (Nano-ZS, Malvern Instrument Ltd., UK) operating with a 4 mW HeNe laser (632.8 nm), a detector positioned at a scattering angle of 173°, and a temperature-controlled jacket for the cuvette. Three measurements consisting of up to 12 consecutive sub-runs were performed for each sample. Dynamic correlation functions were fitted by a second-order cumulant method to obtain the size distributions. For the zeta potential measurements, 0.8 mL of the SaNP dispersion were loaded into folded capillary zeta potential cells with integrated gold electrodes. Three measurements consisting of 12 sub-runs were performed at 25°C.

Samples for TEM were prepared by spreading 5 µl of the SaNP dispersion onto the surface of a 400-mesh carbon-coated copper grid (Electron Microscopy Sciences, USA). Uranyl acetate was used as the staining agent. The samples were air-dried at room temperature, and low-resolution TEM images were obtained using a Tecnai G2Spirit Twin T-12 electron microscope (Bar Ilan University, Israel).



Cell Culture

The 4T1 mouse mammary carcinoma cell line was obtained from the American Type Culture Collection (Rockville, MD, USA). Cells were grown in RPMI 1640 medium supplemented with 10% (v/v) FBS, 1.0 mM sodium pyruvate, 100 U/mL penicillin, and 100 μg/mL streptomycin. Cells were maintained in a humidified atmosphere containing 5% CO2 at 37°C.

For imaging purposes, modified human embryonic kidney GP2-293 cells were co-transfected with pRetroQ-mCherry-N1 Vector using the complementary Retro-X™ Universal system (Clontech, CA, USA) to generate mCherry containing viral particles. pRetroQ-mCherry-N1 retroviral particles containing supernatant were collected 48hrs after transfection. 4T1 cells were infected and mCherry positive cells were selected by Puromycin (2µg/mL) resistance.

To generate a metastatic lung cancer model, mouse 4T1 mCherry breast cancer cells were grown to 70% confluency and metastatic tumors were established by harvesting early passage 4T1 cells with 0.25% Trypsin-EDTA, centrifuged at 500×g for 5 min, and resuspended in ice cold HBSS at 2.5×104 cells/200μl solution. The cell suspension was IV injected via the lateral tail vein of BALB/c mice.



Animals

BALB/c mice, 7-8 weeks old, were purchased from Envigo (Ness Ziona, Israel). All animal experiments were reviewed and approved by an Institutional Animal Care and Use Committee (IACUC), followed officially approved procedures for the care and use of laboratory animals, and all protocols met the requirements of the local ethical committee of Bar Ilan University, Israel. The mice were fed ad libitum and allowed free access to drinking water. The temperature and relative humidity were kept constant at 20-24°C and 60%, respectively. The health status of the animals used in the experiments was examined on arrival. Only animals in good health were acclimatized to laboratory conditions for 7 days prior to each study initiation.

Animals were monitored and observed for the total duration of the experiments. Viability checks for mortality and morbidity were performed at least once daily whereas detailed clinical signs were performed twice a week. Clinical signs observations included changes in skin, fur, eyes, mucous membranes, occurrence of secretions and excretions (e.g., diarrhea) and autonomic activity (e.g., lacrimation, salivation, piloerection, pupil size, unusual respiratory pattern). Changes in gait, posture and response to handling, as well as the presence of bizarre behavior, tremors, convulsions, sleep and coma were also observed and recorded. All animals were humanely euthanized at the end of the experiments.



Sarah Nanotechnology Treatment

SaNPs at concentrations between 1.6-2.1 mg IO/mL were supplied as a dispersion in water for injection (WFI) and administered to the mice via an IV bolus injection to the lateral tail vein. The volume of the injection was decided after weighing each mouse, 10 µl NP per 1 gr of mouse, which is the maximal feasible dose in mice. All test materials were injected using an insulin syringe and a 27G needle.

Alternating current magnetic field (AMF) application was conducted using an electromagnetic induction system (EIS) comprising of 3 main components: an electromagnetic coil, an AMF generator, and a chiller. The EIS generated a magnetic field at an amplitude range of 8-33 kA/m. A polypropylene perforated housing 50-mL tube was used to hold the mouse, without anesthesia, while in the system’s inductor coil. This tube provided shield so that the mouse could not come in direct contact with the coil and kept all mice positioned in the same direction. Each mouse was inserted into the housing tube, which was then placed in the coil. The coil was powered by the generator and cooled by running water kept at 20°C by the chiller (Tek-Temp Instruments, PA, USA). AMF application commenced 2-8hrs post SaNP administration. Upon activation of the AMF at 290 ± 10% kHz, the mice were irradiated for a total of 30 min.



Biodistribution

The short-term biodistribution of SaNPs in the target organ (lungs) and blood over time, was assessed at 3 different timepoints, 2, 4, and 8hrs, following a single IV bolus injection of SaNPs (2.1 mg IO/mL) to the tail vein of 12 BALB/c female mice bearing 4T1 breast cancer metastatic tumors to determine the optimal time for AMF exposure. Five mice were weighed and assigned to each group. At termination time the lungs from each mouse were excised, weighed and stored frozen separately. Blood was collected in EDTA-tubes (Greiner Bio-One GmbH, Austria), the volumes were measured and recorded, and samples were stored at 4°C until analysis.

The IO content in the lungs and blood was determined in the specimens by superconducting quantum interference device (SQUID) analysis that measures the magnetic properties of nanoparticles and enables detection in organic samples with high sensitivity (14). This method was used in our initial studies. Magnetization measurements were collected using a Quantum Design MPMS-XL5 SQUID magnetometer at 300 K (Bar-Ilan University, Israel). Before the analysis, the lungs were homogenized using a BeadBug microtube homogenizer (Benchmark Scientific, NJ, USA). The homogenates (100 μl) were transferred into polycarbonate capsules and subjected to lyophilization. The amount of SaNPs in the lungs and blood was determined using a calibration curve built based on the quantification of magnetic moment values as a function of concentration of known SaNP dilutions. The corresponding SaNP concentration within a sample was calculated by normalizing the NP amount to the tissue (whole organ) weight or blood volume. SQUID measurements were performed for each individual mouse to demonstrate reproducibility among animals.

The long-term biodistribution and excretion of SaNP in vital organs and blood was evaluated over time. Twenty healthy BALB/c female and male mice were weighed and treated with Sarah Nanotechnology comprising of a single SaNP IV injection (1.7 mg IO/mL), followed by 30 min of AMF application (16.7 kA/m) at 8hrs post injection to examine the SaNPs’ fate within the context of the whole approach (e.g., full treatment). Each group was assigned 10 animals, 5 male and 5 female mice. The animals were sacrificed at 4 and 13 weeks post a single treatment. All animals were subjected to blood sampling and organ harvesting at their respective scheduled termination. A volume of at least 300 μl whole blood, collected into lithium heparin-coated tubes (Greiner Bio-One GmbH, Austria) was individually obtained from the mice. Blood samples were refrigerated (2-8°C) until all organs were processed following termination.

Organ collection included the following: brain, spleen, kidneys, lungs, heart, liver, mandibular and medial iliac lymph nodes, all weighed wet as soon as possible following their dissection and individually fixed in pre-labeled tubes containing 10% neutral buffered formalin (NBF). The fixed organs were cut into several sections using disposable equipment, to avoid cross-contamination. The processing of the organs was done separately for each follow up period. Each section was individually placed in a pre-weighed tube, containing the organ section, and weighed again. The samples were analyzed for the quantitation of IO content by particle electron paramagnetic resonance (pEPR), using a pEPR analyzer. The pEPR technique has been validated, is based on a low-field and low-frequency electron paramagnetic resonance, measures the magnetization of super paramagnetic iron oxide nanoparticles (SPIONs), and enables their quantitation (15). The bioanalysis of samples collected for long-term biodistribution evaluation was performed by Pepric (Leuven, Belgium). To generate a calibration curve, known SaNP dilutions were prepared and measured by pEPR to establish the limit of detection (LoD) for each set of samples. Then, all samples were measured and a magnetic signal per volume (μL) was generated for each tube. The signal was then normalized in accordance to the tissue weight or blood volume in each tube and calculated for each organ to obtain the SaNP volume in the whole organ. SaNP percentages in blood and each organ were calculated.



Toxicity

The potential toxic effects of SaNPs were assessed following a single IV bolus injection (2.1 mg IO/mL) to BALB/c healthy mice followed by AMF application (33 kA/m), to examine the toxicity of the full treatment. Thirty mice were subjected to observation and terminated at 3 different timepoints, 3, 14, and 30 days after treatment, control mice remained untreated. Five mice were weighed and assigned to each group.

A separate repeated dose chronic toxicity study was conducted in female BALB/c mice for a longer follow up period of 25 weeks. This study included 30 mice that received either vehicle control (5% glucose) or 3 IV injections of SaNPs (1.6 mg IO/mL) at an interval of one month combined with AMF application (33 kA/m) after each dosing session. Fifteen mice were weighed and assigned to each group. Five mice from the treated group were subjected to IO content evaluation by the pEPR method as described above.

Measurements post sacrifice included blood analyses (hematology, chemistry), necropsy, gross pathology, and histopathology of vital organs. Blood analyses were conducted by the American Medical Laboratories (AML), Ltd, Herzelia, Israel. Blood was collected from the orbital sinus and spun down to separate serum, the blood and serum were stored at 4°C until analysis. Indicators of liver and kidney functions such as alanine aminotransferase (ALT), aspartate transaminase (AST), total bilirubin, albumin, gamma-glutamyl transferase, alkaline phosphatase, and urea were monitored. White blood cells (WBC), red blood cells (RBC), hemoglobin, mean cell hemoglobin (MCH), mean cell volume (MCV), polymorphonuclear cells, lymphocytes, and platelets were also determined. The following tissues were collected at necropsy: heart, lung, liver, kidneys, spleen, long bone, and brain and kept in 10% NBF until sectioning.



Efficacy

The efficacy of Sarah Nanotechnology treatment was evaluated following 3 treatment cycles, in the murine 4T1 mCherry breast cancer metastatic model in BALB/c female mice that were weighed and randomly divided. Each group, control and treatment, was assigned 5 mice. The treatment cycles (SaNP injection, 1.8 mg IO/mL, followed by 30 min of continuous AMF application, 33 kA/m, at 8hrs post injection) started at day 10 post cell inoculation, and were applied within 2-days intervals between each cycle. The primary endpoint of the study was to record the number and size of metastases in the lungs. This was achieved by visual counting, determination of the metastases’ fluorescence intensity, and histopathology efficacy evaluation. At the end of the study, the animals were sacrificed, the lungs were excised and the number of metastases was visually counted followed by fluorescence ex-vivo imaging using the CRi Maestro™ multispectral imaging system (Cambridge Research & Instrumentation, Inc.). The number of tumors/nodules in the lungs was reported, expressed either as single, or multiple nodules. A two-dimensional morphometric measurement and average area quantitation (mm2) was done on the largest nodule (i.e., tumor) present in the lung sections based on the recommendations of the Fleischner Society for measuring pulmonary nodules at CT (16) which recommend to measure only the greatest dimension of the largest solid component. The morphometric evaluation was performed using the calibrated Augmentiqs system (https://www.augmentiqs.com/) as described (17).



Survival

Ten BALB/c mice bearing mCherry breast cancer metastatic tumors were randomly assigned 5 to a group, weighed, and treated with 5 cycles of Sarah Nanotechnology, to mimic a chronic treatment setting, starting at day 13 post cell inoculation, each including a single IV bolus SaNP dose (1.8 mg IO/mL) to the tail vein, followed by 30 min of AMF application (33 kA/m) at 8hrs post injection. The experiment concluded when the last mouse died. The date of each animal’s death was recorded. The primary endpoint of the study was the survival of the mice; treated vs. untreated control.



Histopathology Analysis

Histological slides were prepared by Patho-Lab Diagnostics Ltd., Ness Ziona, Israel. Tissues harvested for microscopic examination were fixed in 10% NBF for at least 24hrs. Lungs were inflated by formalin to their normal volume. Tissues were trimmed, according to the registry of industrial toxicology animal-data (RITA) standards (18), and dehydrated through a graded series of alcohols and cleared in xylene. Tissues were embedded in paraffin, sectioned at 5-6 μm, and stained with hematoxylin and eosin (H&E).

For the detection of IO nanoparticles, selected tissues (i.e., liver, lungs) were stained with Prussian blue (19). Stained slides were examined with an Olympus BX-51 microscope (Olympus, Melville, NY, USA). The evaluation was done in a blinded manner, i.e., without knowing the treatment in each group. Any histopathological findings were recorded, described and scored by a Board- certified study Pathologist, using semi-quantitative grading of five grades (0–4), taking into consideration the severity of the changes (0 = No Lesion, 1 = Minimal Change, 2 = Mild Change, 3 = Moderate Change, 4 = Marked Change) (20).



Statistical Analysis

All data are expressed as the mean ± S.D. The statistical significance of differences between groups was analyzed by Student’s t test and a p-value of < 0.05 was considered to be statistically significant. Comparison of results among groups was carried out by one-way analysis of variance (ANOVA). Kaplan-Meier statistical analyses were utilized to compare survival.




Results


Characterization of Nanoparticles

TEM imaging demonstrated that SaNPs, containing several encapsulated 25 nm IO nanoparticles, exhibit a monodisperse state and amorphous or spherical shapes. The variability in shape arises from the flexible nature of the nanoparticles. Images of SaNPs with diverse shapes captured by TEM are shown in Figures 1A–D. TEM and DLS measurements showed an average size of 135 ± 25 nm and zeta potential values of (5)-(-30) mV, respectively (Figures 1E, F). The SaNPs’ surface electric charge was measured to have a negative value of -(9.7) ± 1.2 mV at neutral pH as shown in Figure 1F.




Figure 1 | Representative TEM images of SaNPs. (A) SaNP with spherical shape. (B–D) SaNPs with amorphous (non-spherical) shape. Images were obtained using a Tecnai G2Spirit Twin T-12 electron microscope with an accelerating voltage of 120 kV. (E) Size (diameter) distribution of SaNPs (d. nm) determined by DLS. (F) Distribution of zeta potential values determined by DLS (mV).





Accumulation of SaNPs in Lungs Bearing Metastases

The purpose of the short-term biodistribution study was to examine the accumulation of SaNPs in the target organ, thereby establishing the optimal time for AMF application after SaNP administration. We assumed that due to the EPR effect, the SaNPs were preferentially retained in the lung metastases. The results indicated that the amount of SaNP that reaches the lungs was 2-fold higher and the highest at 8hrs post injection (Figure 2A) whereas the concentration in the blood was the highest at 4hrs after SaNP administration and decreased thereafter (Figure 2B). Thus, the accumulation of SaNPs in the lungs increased over time and was the highest when the concentration of SaNP in the blood decreased.




Figure 2 | Biodistribution of SaNPs in the lung metastases and blood. (A) SaNP accumulation in the lungs of BALB/c mice-bearing 4T1 metastases at 2, 4, and 8hrs post injection. (B) SaNP accumulation in the blood at 2, 4, and 8hrs post injection. Samples were analyzed by SQUID for the quantitation of IO content. Results are expressed as mean ± S.D. electromagnetic units (EMU).





SaNPs Accumulate in the Liver and Spleen

The biodistribution analysis revealed that the percentage of total residual SaNP left in the sampled organs and blood was 77.1% in female and 79.8% in male mice after 4 weeks, and 50.2% in female and 42.2% in male mice after 13 weeks. An average of 78.4% and 46.2% was found after 4 and 13 weeks, implying that 21.5% and 53.8%, were cleared from the animals’ bodies after these time periods, respectively (Figure 3). The difference between the two timepoints was statistically significant (p-value<0.0001). The results demonstrated that SaNPs were primarily accumulated in the MPS, with the liver having the highest SaNP accumulation per organ weight. This is to be attributed to the large number of resident tissue macrophages (i.e., Kupffer cells) in the liver, followed by the spleen (21).




Figure 3 | Long-term tissue biodistribution of SaNPs. (A) Residual SaNP in the organs and blood of BALB/c mice at 4 weeks after a single treatment. (B) Residual SaNP at 13 weeks after a single treatment. (C) Residual SaNP at 25 weeks after 3 repeated treatments. Samples were analyzed by pEPR for the quantitation of IO content. Results are expressed as the percentage of SaNP in the various organs and blood normalized per mg/tissue.



The percentage of total residual SaNP left in the liver after 4 weeks was 67.5 ± 4.4% in female and 71.2 ± 4.6% in male mice whereas the percentage left in the liver after 13 weeks was 41.8 ± 2.5% in female and 36.1 ± 3.2% in male mice. There was a time-dependent decrease in the total residual SaNP left in the liver, the main accumulation site, of about 38% in female and 50% in male mice between 4 and 13 weeks. The percentage of total residual SaNP left in the spleen after 4 weeks was 8.5 ± 0.9% in female and 7.6 ± 2.2% in male mice. After 13 weeks, the percentage left in the spleen was 7.8 ± 1.1% in female and 5.5 ± 1% in male mice. The spleen, the secondary accumulation site, had a time-dependent decrease of 0.7% and 2.1% in female and male mice, respectively.

Of note, the percentage of total residual SaNP left in the lungs after 4 weeks was 0.3 ± 0.3% in female and 0.4 ± 0.2% in male mice and after 13 weeks, the percentages were 0.1 ± 0.05% in female and 0.07 ± 0.05% in male. No residual SaNPs were found in the kidneys, heart, brain, lymph nodes, and blood. The individual findings for the selected organs and blood at the two timepoints, 4 and 13 weeks, are presented in Figures 3A, B, and expressed as mean percentage of SaNP (% SaNP) ± standard error of mean (SEM) in the corresponding tissue. The results are representative of two different experiments.

In a separate study, examining the SaNP biodistribution in organs and blood after 25 weeks in mice that received 3 repeated SaNP doses, to mimic a chronic treatment setting, it was found that 36.3% of the original 3 SaNP doses remained in the mouse organs after the initial SaNP injection. Thus, 63.7% of the injected SaNPs were cleared from the mice body after 25 weeks. The highest percentage of SaNPs accumulated in the liver (31.4 ± 7.6%) and spleen (4.5 ± 1.90%), consistent with the previous findings. The average percentage of SaNPs that accumulated in the lungs of female mice was relatively low, (0.07 ± 0.07%) whereas the percentage of SaNPs found in the kidneys, heart, and brain was minor and comparable (Figure 3C).



SaNPs Are Not Toxic Upon Systemic Administration

Next, we examined the potential toxic effects of Sarah Nanotechnology treatment following a single dose IV bolus injection of SaNPs to BALB/c naïve mice and AMF application at 8hrs post injection. Treated and untreated (control) mice were sacrificed at 3, 14, and 30 days after treatment. All animals were subjected to a full detailed necropsy and gross pathological examination following the respective scheduled termination. No mortality occurred in any of the animals throughout all observation periods. The mice well tolerated the SaNP dose with no clinical signs of toxicity after the injections. No significant changes in body weight were observed nor gross pathological findings were evident in any of the treated animals at their scheduled necropsy. Histopathological analysis of organs, indicated that no treatment-related changes were found in the organs examined (kidneys, spleen, heart, brain). Minimal pigment laden macrophages (i.e., Kupffer cells), which were associated with minimal inflammatory (mononuclear) cell infiltration were noted in the liver and lungs of the treated animals at all timepoints. As the changes in these organs were of minimal degree, they were not considered as adverse (22, 23). Representative images of the liver and lungs are shown in Figure 4.




Figure 4 | H&E staining of lungs and livers from naïve BALB/c treated mice. (A) Lungs’ section from a mouse at 3 days post treatment. (B) Liver section from a mouse at 3 days post treatment. (C) Lungs’ section from a mouse at 14 days post treatment. (D) Liver section from a mouse at 14 days post treatment. (E) Lungs’ section from a mouse at 30 days post treatment. (F) Liver section from a mouse at 30 days post treatment. Arrows indicate small collections of pigment laden macrophages in the liver (Kupffer cells) and in the lungs, associated with minimal mononuclear cell infiltration. Images were captured using the Augmentiqs system software (14). Results are representative of 3 different experiments.



Blood analyses showed minor changes in the blood cell counts of the treatment vs. control group that were not considered of clinical relevance and were of no concern. Changes were detected in liver enzymes, mainly in ALT and AST at the 3 days timepoint only, which were increased in the treatment compared to the control group. The complete blood analysis biochemical profile of the animals at the day 3 timepoint is shown in Table 1. The results indicate that the levels of creatinine, calcium, phosphate, glucose, urea, cholesterol, total protein, albumin, globulin, alkaline phosphatase, and electrolytes in blood (Na, K, and Chloride) were similar in the control and treatment groups. AST values at the 3 days timepoint were 5-fold higher in the treated group compared to the control mice (p-value>0.05) whereas ALT values at the same timepoint were 3.7-fold higher in the treated group compared to the control (p-value>0.05). However, while evaluating the individual parameters, the increase was due to unusually high levels of these parameters in two of the treated animals. In the rest of the treated animals, the range of the values was comparable to those seen in the control group. In one of the treated animals, the values of AST were even lower than that seen in the control group.


Table 1 | Blood analysis biochemical profile of mice at the day 3 timepoint.



No changes were detected later on, at the 14 and 30 days timepoints. The changes in ALT and AST levels at the 3 days timepoint were thought to reflect an incidental biological variation, were not related to any hepatocytic damage, and are in correlation with the pigment accumulation observed in the liver by the histopathology evaluation (Figure 4).

The results of the chronic toxicity study highlighted that 3 repeated IV doses of the SaNP followed by AMF application did not cause any adverse effects on the general health status and body weight of all treated mice compared to the controls. All animals exhibited normal body weight gain at the end of the follow up period. The average organ weights (Figure 5A) of the treatmet group were comparable to those of the control group. Statistically significant changes were not observed between the two groups. A single case of mortality occurred on day 84 in the control group, and was therefore not considered related to treatment. No noticeable clinical signs in reaction to treatment were evident throughout the entire observation period and there were no significant differences observed between the control and treated animal groups in clinical pathology parameters. Blood hematology analyses that included blood cell counts (RBC, WBC, lymphocytes, monocytes, eosinophils, basophils, platelets, neutrophils) and hematological values (hemoglobin, hematocrit, MCV, MCH, MCHC) at 25 weeks post treatment were all within normal ranges. Chemistry analysis indicated that values of creatinine, phosphate, urea, cholesterol, total protein, albumin, globulin, total bilirubin, sodium, and chloride at 25 weeks were within normal ranges as well. The levels of liver enzymes, ALT and AST were higher in animals of the control group compared to the treatment mice, probably due to two outliers in this group. These deviations were considered to be unrelated to SaNP administration and AMF application. No adverse histopathological effects related to treatment were observed in the organs at the tested dose level. The average values of the complete blood analysis results of the animals, hematology and chemistry, are shown in Tables 2, 3, respectively. Minor treatment related changes appeared only in the liver, consisting of minimal brownish pigment accumulation within the Kupffer cells (macrophages), and minimal mononuclear cell infiltration, which was not associated with any necrotic, fibrotic or hyperplastic lesions, similar to the aforementioned findings in the shorter observation periods. Moreover, the changes in the liver did not show any time-related increased severity and they consistently remained minimal with no progressive changes, and therefore not considered as adverse (Figures 5B, C). Notably, at this timepoint, no changes involving pigment accumulation nor mononuclear cell infiltration were observed in the lungs, suggesting a time-related recovery of this organ.




Figure 5 | Repeated dose chronic toxicity study. (A) Average organ weight after a follow up period of 25 weeks. (B) Representative liver section (H&E staining) from a treated mouse at 25 weeks post treatment. Green arrows indicate pigment laden macrophages in the liver (Kupffer cells) associated with minimal mononuclear cell infiltration. (C) Representative lungs’ section (H&E staining) from a treated mouse at 25 weeks post treatment. No changes were observed. Images were captured using the Augmentiqs system software (14).




Table 2 | Average values of hematology blood analysis results of mice at 25 weeks post treatment.




Table 3 | Average values of chemistry blood analysis results of mice at 25 weeks post treatment.





SaNPs Show Therapeutic Outcome

The efficacy of Sarah Nanotechnology treatment was investigated in the 4T1 mCherry breast cancer metastatic model. Control animals were injected with 5% glucose (vehicle). A significant reduction in the number of metastases was identified in BALB/c mice bearing 4T1 metastatic tumors following 3 treatment cycles of Sarah Nanotechnology within 2 days intervals (Figure 6A). The average number of metastases was 22.5 ± 10.7 in the control and 13.6 ± 4.6 in the treatment group. There was a 2-fold decrease in the treatment vs. control mice (p-value<0.05). The two-dimensional morphometric measurement on the largest nodule (i.e., tumor) present in the lung sections revealed significant differences in the mean tumor area of the treated mice. The calculated relative average area of the measured largest metastatic nodule in this group was 3.3795 ± 1.219 mm2 in the control compared to 1.0116 ± 0.602 mm2 in the treatment mice (Figure 6B), showing a ~3-fold decrease (p-value<0.05). Of note, only in the lungs of treated animals, minimal accumulation of pigment laden macrophages was noted as demonstrated by positive Prussian blue staining which indicates IO deposition (Figure 6C). Furthermore, only in the liver of treated animals, minimal accumulation of pigment laden macrophages (i.e., Kupffer cells) was observed (Figure 6C). The accumulation of the pigment was not associated with any necrosis and/or fibrosis in the lungs or liver. In the spleen, the same relative amount of Prussian blue pigmented macrophages was found in the red pulp, in the control and treated animals (results not shown), reflecting normally present hemosiderin pigmentation. In particular, the spleen was examined for any potential morphological changes according to the recent Enhanced Immunotoxicology standards used for the pathology evaluation of the immune system, and no treatment related histopathological nor abnormal changes were noted (24). Slight changes, within normal reference range, were detected in the levels of RBC, lymphocytes, neutrophils, urea, cholesterol and AST by blood and chemistry analyses. The average values of the complete blood analysis results of the animals, hematology and chemistry, are shown in Tables 4, 5, respectively. None of these changes was considered of concern. Moreover, no adverse reaction, inflammation and/or necrosis were noted in any of the organs of the treated animals.




Figure 6 | Effect of treatment on the number of lung metastases and tumor size in the 4T1 breast cancer model. (A) Number of lung metastases. Mice were sacrificed on day 17 following cancer model induction. The lungs were excised and the number of metastases was counted. *Statistically significant difference. (B) Tumor size determined by histopathology and 2-D morphometric analysis expressed as average tumor area (mm2). *Statistically significant difference. (C) Representative section of Prussian blue staining of the lungs of treated mice. Blue arrows indicate Prussian blue positive pigment laden macrophages. No inflammation was associated with the presence of pigment. (D) Representative section of Prussian blue staining of the liver of treated mice. Blue arrows indicate Prussian blue positive pigment laden macrophages (Kupffer cells). No inflammation was associated with the presence of pigment. Images were captured using the Augmentiqs system software (14).




Table 4 | Average values of hematology blood analysis results of control vs. treated mice following 3 treatment cycles with Sarah Nanotechnology system.




Table 5 | Average values of chemistry blood analysis results of control vs. treated mice following 3 treatment cycles with Sarah Nanotechnology system.



Ex-vivo imaging of the lungs was conducted using the CRi Maestro™ multispectral imaging system (Figure 7). Lung metastases of 4T1 mCherry breast cancer cells were clearly visible as demonstrated by the bright red signal shown in Figure 7B. A heat map of the viable metastases is provided in Figure 7C showing that the lungs of the control mice were more viable than those of the treated mice as indicated by the colors in the map. The total fluorescent signal (x106 phot/cm2/sec) of the lungs in the treated mice, indicative of viability, was significantly lower than that of the control mice. The distribution of the fluorescence in the lungs is shown in Figure 7D (p-value 0.0241).




Figure 7 | CRi Maestro fluorescent ex-vivo imaging of the lungs. (A) Lungs – grayscale. (B) Fluorescent imaging of mCherry metastases. (C) Heat map of viable metastases. (D) Quantitation of total fluorescent signal in the lungs per group, expressed in x106phot/cm2/sec. Each dot represents the fluorescence intensity of individual metastases. Normal lungs without mCherry expression were used as a negative control. Each pair of lungs may contain several metastases that express different fluorescence intensities. Results are representative of 3 different experiments. *Statistically significant difference.



Of note, a previous initial study aimed to establish the primary mode of action of the Sarah Nanotechnology system, examined the effects of SaNP alone (1.8 mg IO/mL), AMF alone (33 kA/m, 290 ± 10% kHz), and SaNP + AMF application at 8hrs post injection on the number of lung metastases, following 3 treatment cycles within 2 days intervals. Five mice were assigned to each group. The results presented in Figure 8, demonstrated a reduction in both the average number of metastases and the corresponding standard deviation of the full treatment (SaNP + AMF) compared to the control group.




Figure 8 | Effect of treatment on the number of lung metastases in the 4T1 breast cancer model. Treatment cycles started at day 14 after cell inoculation. Mice were sacrificed on day 21 post treatment. The lungs were excised and the number of metastases was counted.



A two-way ANOVA was conducted showing no statistically significant differences between the groups, probably due to the small number of animals (n=5/group). However, despite the lack of statistical significance, these results suggest that only the combination of SaNP injection and AMF application (full treatment) leads to a therapeutic effect involving a reduction in the number of metastatic nodules in the lungs of BALB/c mice.



SaNPs Improve the Survival of 4T1 Tumor Bearing Mice

To investigate the effects of Sarah Nanotechnology treatment on animal survival in the 4T1 lung metastasis model, the mice were treated 13 days after cancer cell inoculation. Control animals were injected with 5% glucose (vehicle). The results established that following 5 treatment cycles of Sarah Nanotechnology treatment, the survival of treatment mice was significantly improved compared to that of the control.

The median survival time of the control mice was 21.6 ± 4.9 days and 29 ± 3.8 days for the treatment group (p-value 0.029) (Figure 9A). On day 33, 40% of the animals in the treated group were still alive while all mice in the control group have died (Figure 9B). Kaplan-Meier analysis demonstrates a significant improvement in survival after treatment compared to the control group (p-value <0.005).




Figure 9 | Effect of treatment on animal survival in the 4T1 breast cancer lung metastasis model. Treatment cycles started at day 13 after cell inoculation. (A) Median survival time (days) of control vs. treatment group. (B) Kaplan-Meier survival curve. There was a significant difference in the survival rate between the two groups. The statistical analysis was performed using the log-rank test, p-value <0.005 (*).






Discussion

To preferentially target malignant cells, we have developed a novel approach that causes sub-ablative thermal damage to cancer cells to treat the lung metastases of mice bearing 4T1 metastatic tumors. Through the analysis of biodistribution, safety, toxicity, efficacy, and survival, we provide here an understanding of the effects of SaNPs and the Sarah Nanotechnology treatment on BALB/c mice.

Sarah Nanotechnology is a systemic treatment where the SaNPs are administered IV and localize on cancer cells through the use of the EPR effect that has attracted great interest, in conjunction with the further development of nanomedicine, enabling nanoparticle delivery and increased retention of the SaNPs in tumor tissues. Because of the SaNPs’ unique properties, in tumor and tumor metastases larger than 200 microns, the EPR effect is expected to be significant and the accumulation of SaNPs in the target tumor metastases will be higher than in non-tumor tissue, accordingly (25).

SaNPs have an amorphic structure and binding capability that facilitate surface attachment to the cancer cells and interaction with the cell membrane. Nanoparticle size, shape, surface functionalization, and concentration have been claimed to contribute to in vivo distribution and toxicity outcomes. Studies in mice through IV injection, examining the distribution and/or toxicity of various nanoparticles, have shown dose-dependence toxicity as well as significant accumulation in organs such as the liver and spleen. More specifically, small nanoparticles (10 nm) were shown to have a widespread distribution and found in various organs including the liver, spleen, kidney, heart, lungs, testis, brain, and thymus, whereas larger NPs (~250 nm) were mostly restricted to the liver and spleen, similar to SaNPs (135 nm) (26).

Our data showed that systemic administration of single as well as 3 repeated doses of SaNPs followed by AMF application to BALB/c mice was not associated with any significant adverse reactions nor any noticeable side effects or target organ toxicity. In particular, no necrosis was associated with the presence of SaNPs, and the observations in the liver and lungs were always sporadic and of minimal degree. The absence of inflammation and adverse reactions suggest that the SaNPs do not cause any toxicity or thermal damage, even after 3 repeated doses of SaNPs. Of note, there was a time- related recovery in the lungs and no progressive changes were observed in the liver after 25 weeks post treatment. These findings demonstrate that SaNPs at a maximal feasible dose in mice followed by AMF application, have no significant clinical or humoral acute or chronic toxicologic effects after systemic exposure.

The biodistribution studies showed that the optimal time for AMF application after IV injection of SaNP was 8hrs, at this timepoint SaNP accumulation in the lung metastases, was the highest and correlated with a low blood concentration. Animal studies with other nanoparticles have shown that immediately following IV injection, nanoparticles interact with blood components such as proteins, membranes, cells, and DNA, leading to the formation of a protein ‘corona’ on the nanoparticles thereby directing them to their ultimate sites of deposition, largely through the fixed macrophages in the liver and B cells in the spleen that are part of the MPS (27). In line with these findings, the percentage of injected SaNP that reaches the lung metastases increases over time and this phenomenon correlates with an inverse relationship that causes a decrease in the SaNP concentration in the blood. This is further supported by Maeda et al., that have claimed that the drug concentration in a tumor compared to that of the blood (T/B ratio) can be usually as high as 10–30 times, due to the EPR effect (28).

Notably, a comprehensive analysis of nanoparticle delivery to tumor cells has shown that a median of 0.7% of the injected dose (ID) can reach the tumor (29). This value was derived from 232 data sets. The median delivery efficiency has not improved in the past 10 years, suggesting that only 7 out of 1000 administered nanoparticles can actually enter a solid tumor in a mouse model. Our biodistribution studies show that the percentage of SaNPs left in the lungs after 4 weeks was ~0.35%, half of the median amount that reaches tumor cells, implying effective delivery of SaNPs to the target cells. We can assume that a small number of nanoparticles is seemingly sufficient to produce substantial, local heating leading to treatment efficacy, as supported by our data. Moreover, nanoparticles composed of inorganic materials, such as SaNPs, tend to provide a higher delivery efficiency than those made from organic materials (0.8 and 0.6% ID, respectively) (29). Sarah Nanotechnology offers high nanoparticle delivery efficiency because of its ability to accumulate at higher concentrations in the tumor tissue, with no toxicity to other organs.

As underlined by our data, in the long-term biodistribution evaluation, the majority of SaNPs were accumulated in the liver, probably due to uptake by the resident macrophages (i.e., Kupffer cells) (30). Moreover, resident macrophages of the lungs and spleen contribute to substantial particle uptake as supported by the results of the safety study and histopathology of these organs. This is consistent with the observations of other studies (31, 32). This finding is of great importance as it determines time intervals between Sarah Nanotechnology treatment schedule in patients with solid tumors receiving a chronic therapeutic regimen. However, further assessments are required in other animal models.

Our proof-of-concept breast cancer metastatic animal model studies demonstrated that Sarah Nanotechnology treatment was able to significantly inhibit tumor progression and prolong the survival of BALB/c bearing 4T1 metastatic tumors, that were treated with repeated cycles of Sarah Nanotechnology treatment. The results of several efficacy studies, showed a significant reduction in the number of metastases as well as in their size and viability, in the treated compared to the control mice following 3 treatment cycles of Sarah Nanotechnology.

Furthermore, the survival of treated mice was significantly improved compared to the control. Due to its highly aggressive nature, only few studies examining survival using the 4T1 metastatic model have been published (33). Of note, in a study conducted by Purwanti and colleagues examining the survival of 4T1 tumor bearing BALB/c mice, inoculated with 1x104 4T1 cells, mice started to die at day 17, and the median survival time was 26.2, 26.8, 25.6, and 27.6 days for the control and the treatment groups, respectively (34). There was no statistically significant difference among the groups in the survival rate. Therefore, our results are encouraging as reducing tumor burden and eventually prolonging the survival of animals bearing lung metastatic tumors has previously proven to be a challenging task.

The presented magnetic hyperthermia nanoplatform is a physical approach that is not limited by the development of resistance to treatments that occurs with all the present known systemic antineoplastic approaches (35). The lack of development of resistance to thermal therapy of tumor cells, as opposed to intrinsic or acquired drug resistance, and the low toxicity of the approach in mice suggests that this technology could be used as a tool to chronically treat advanced cancer without causing side effects. Furthermore, while chemotherapeutic agents lack specificity, the engineered SaNPs may provide a good choice for effectively overcoming the drawbacks of traditional materials in biomedical therapy, such as multidrug resistance of cancer cells (36–38), due to their unique physicochemical characteristics and the fact that they are activated only when exposed to a magnetic field.



Conclusion

Our results demonstrate that Sarah Nanotechnology treatment, exhibits high specificity and efficiency in damaging and destroying metastatic cancer cells. The studies presented herein prove the feasibility and effectiveness of our approach in treating this type of cancer in BALB/c mice in vivo. In addition, they provide a solid basis for the development of Sarah Nanotechnology as a novel approach and therapeutic strategy for clinical application in treating metastatic solid tumors following the failure of all standard treatments.
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Breast cancer (BC) categorized as human epidermal growth factor receptor 2 (HER2) borderline [2+ by immunohistochemistry (IHC 2+)] presents challenges for the testing, frequently obscured by intratumoral heterogeneity (ITH). This leads to difficulties in therapy decisions. We aimed to establish prognostic models of overall survival (OS) of these patients, which take into account spatial aspects of ITH and tumor microenvironment by using hexagonal tiling analytics of digital image analysis (DIA). In particular, we assessed the prognostic value of Immunogradient indicators at the tumor–stroma interface zone (IZ) as a feature of antitumor immune response. Surgical excision samples stained for estrogen receptor (ER), progesterone receptor (PR), Ki67, HER2, and CD8 from 275 patients with HER2 IHC 2+ invasive ductal BC were used in the study. DIA outputs were subsampled by HexT for ITH quantification and tumor microenvironment extraction for Immunogradient indicators. Multiple Cox regression revealed HER2 membrane completeness (HER2 MC) (HR: 0.18, p = 0.0007), its spatial entropy (HR: 0.37, p = 0.0341), and ER contrast (HR: 0.21, p = 0.0449) as independent predictors of better OS, with worse OS predicted by pT status (HR: 6.04, p = 0.0014) in the HER2 non-amplified patients. In the HER2-amplified patients, HER2 MC contrast (HR: 0.35, p = 0.0367) and CEP17 copy number (HR: 0.19, p = 0.0035) were independent predictors of better OS along with worse OS predicted by pN status (HR: 4.75, p = 0.0018). In the non-amplified tumors, three Immunogradient indicators provided the independent prognostic value: CD8 density in the tumor aspect of the IZ and CD8 center of mass were associated with better OS (HR: 0.23, p = 0.0079 and 0.14, p = 0.0014, respectively), and CD8 density variance along the tumor edge predicted worse OS (HR: 9.45, p = 0.0002). Combining these three computational indicators of the CD8 cell spatial distribution within the tumor microenvironment augmented prognostic stratification of the patients. In the HER2-amplified group, CD8 cell density in the tumor aspect of the IZ was the only independent immune response feature to predict better OS (HR: 0.22, p = 0.0047). In conclusion, we present novel prognostic models, based on computational ITH and Immunogradient indicators of the IHC biomarkers, in HER2 IHC 2+ BC patients.
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Introduction

Breast cancer (BC) is a complex and diverse disease with distinct clinical, pathological, and molecular characteristics. The multifaceted nature of the disease leads to diverse clinical outcomes and therapeutic responses. BC has been classified into several biologically distinct subtypes: luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)-enriched (HER2), basal-like, and normal-like by gene expression profiling analysis (1, 2), requiring different treatment strategies. This categorization of the BC subtypes has been adapted for clinical practice and is mainly based on immunohistochemistry (IHC) assessment of estrogen receptor (ER), progesterone receptor (PR), HER2, and Ki67 expression.

Routinely used predictive features, including clinicopathological parameters (age, tumor size, lymph node status, and histological grade) and biomarkers (ER, PR, and HER2) are insufficient for personalized clinical decisions in BC patients (3). Novel prognostic BC biomarkers have been intensively investigated as recently reviewed by Wu et al. (4). In particular, robust biomarkers are in demand for HER2-positive disease to improve selection of patients for current and emerging therapies of HER2-positive metastatic BC (5) as well as for prediction of resistance for anti-HER2 therapies, recurrence (6, 7), and particular consequences of the disease (8). Novel approaches based on pathology image analytics and machine learning methods open new perspectives for predictive modeling and clinical decision support (9, 10). Importantly, both molecular and image-based biomarkers can be explored and validated using The Cancer Genome Atlas (TCGA) Data Portal (11).

HER2 amplification and overexpression occur in approximately 15%–20% of invasive BC cases and are associated with worse patient survival as compared with non-amplified HER2 BC (12–15). A positive HER2 status predicts better effect of HER2-targeted therapies, and therefore, its accurate detection is essential for treatment decisions (16, 17).

While the majority of tumors can be categorized as either HER2-positive or HER2-negative by IHC and in situ hybridization (ISH) techniques, which are regarded as the standard methods to assess HER2 status in BC, borderline tumors do account for up to 18% of BCs (18, 19) and present challenges for patient assessment and therapy choices. In 2018, the American Society of Clinical Oncology (ASCO) and College of American Pathologists (CAP) updated the guidelines for HER2 testing with revised criteria for HER2 IHC borderline (IHC 2+) classification. This mainly focused on less common fluorescence ISH (FISH) patterns (ASCO/CAP groups 2, 3, and 4) and recommended to integrate them with a concomitant IHC review for a final HER2 result determination (20). The ambiguous FISH equivocal group (18), which poses therapeutic dilemmas, was removed, which resulted in an increased frequency of HER2-negative cases (21–24). Nevertheless, some studies report that HER2 equivocal tumors present similar clinical behaviors to the HER2-negative BC (25, 26), while others find differences in clinicopathological and prognostic aspects between these two categories (23). This suggests that the equivocal category represents an intermediate state between HER2-positive and HER2-negative tumors (27, 28).

Approximately 15%–30% of IHC 2+ cases are HER2-amplified (29), while the remaining IHC 2+ and IHC 1+ HER2 non-amplified tumors were recently designated as a relatively common “HER2-low” category, accounting for approximately 40%–55% of BC (30–32). This concept becomes important with the advent of a new generation of anti-HER2 agents. Specifically, ongoing clinical trials have demonstrated high efficacy of antibody–drug conjugates that are designed to target and deliver chemotherapy inside cancer cells in this particular subset of BC patients (33–35). The HER2-low BC group is not formally defined at present, but if treatment options will become available, the current dichotomous HER2 guidelines will have to be revised further to distinguish truly HER2-negative from HER2-low breast cancer (31).

The intratumoral heterogeneity (ITH) of HER2, at both protein expression and gene amplification levels, is a common feature of HER2-borderline tumors, which further complicates the assessment of HER2 status (36–40). In addition to the heterogeneous HER2 expression, the variable expression of hormone receptors (HRs) also contributes to the ITH and may further affect clinical outcomes and responses to treatment of BC (41, 42). Potential interactions between HR and HER2 signaling pathways, which could impact development of resistance to endocrine and anti-HER2 therapies, have been highlighted by several preclinical and clinical studies (43–48).

Current pathological IHC methods are based on the assessment of a proportion of HER2-positive tumor cells; however, ITH of HER2 expression may present a challenge in some tumors to be categorized with a single value (0, 1+, 2+, and 3+). Digital image analysis (DIA) has opened new opportunities in HER2 IHC assessment by providing biomarker quantification with increased accuracy, precision, reproducibility, and capacity (49–55). Studies have demonstrated that DIA can reliably distinguish HER2 IHC negative (0–1+) and positive (3+) cases and reduce the proportion of IHC 2+ cases (51–54). Importantly, continuous data and spatial aspects of IHC biomarker distribution can be revealed by DIA (56–58). Several diversity metrics (the Shannon entropy (59), the Simpson index (60), and Rao’s quadratic entropy (61) have been adapted for molecular, genetic, and microenvironmental heterogeneity assessments in BC) (62–65). Potts et al. examined HER2 expression ITH in BC by combining semiquantitative analysis with ecology diversity statistics (64). Both cell-level and tumor-level heterogeneities were evaluated, but the authors had doubts about the insufficient number of regions sampled to make an assessment of heterogeneity at a tumor level. Several recent studies (56–58) showed a successful assessment of ITH of IHC biomarkers in whole slide images (WSIs) based on hexagonal grid subsampling of DIA data; importantly, this methodology enabled retrieval of prognostically informative spatial heterogeneity indicators of tissue biomarker expression.

Although ITH may challenge the efficacy of therapy, it may be also associated with favorable prognostic effects, since a greater mutational load could lead to an increased tumor neo-antigen generation that attracts immune cells and stimulate antitumor immunity (66, 67). However, immunogenicity is different among BC subtypes, with generally higher mutational load, higher numbers of tumor-infiltrating lymphocytes (TILs), and higher programmed death-ligand 1 (PD-L1) expression in triple-negative and lower in HR-positive subtypes (68–71). These differences may impact the efficacy of therapy with immune checkpoint inhibitors with significant responses achieved only in patients with triple-negative BC so far (72–74).

TILs have been recognized as a potential biomarker of survival on BC patients (75, 76); however, their prognostic significance varies in BC types (70). A positive prognostic role of CD8 cells has been demonstrated in ER-negative and triple-negative BC (77–79), but its prognostic value in HR-positive BC remains unclear (70, 80). Recent studies have shown that the distance between immune cells and cancer cells is clinically and prognostically important in BC (81–84). The methods for assessing TILs and their spatial distributions have been the focus of many studies. Recently, Krijgsman et al. (85) first applied an automated deep learning approach that identifies the tumor boundary and detects CD8-positive cells in IHC images, and then they analyzed the spatial distribution of CD8 lymphocytes in ER-positive invasive BC. They found that only the SD of the CD8 density (but not the mean of CD8 density) distribution was significantly associated with better survival, hypothesizing that it reflects the contribution from local high-density areas. In another study (84), the immune scores of cell abundance and spatial heterogeneity were quantified using a combination of fully automated H&E-stained image analysis and spatial statistics. High immune spatial scores, but not the abundance scores, were associated with poor prognosis in ER positive BC. Rasmusson et al. proposed a hexagonal grid-based methodology to automatically detect the tumor–host interface zone (IZ) and compute the immune cell density profile across the interface. The computed Immunogradient indicators provided the independent prognostic value in HR-positive breast and colorectal cancer patients (86).

In our study, we investigated ITH and immune response properties of HER2 IHC 2+ borderline BC patients with regard to their prognostic value. We utilized image DIA of IHC for ER, PR, Ki67, HER2, and CD8, with subsequent hexagonal grid analytics to extract combined prognostic overall survival (OS) models in HER2 IHC 2+ FISH-negative and FISH-positive patients.



Materials and Methods


Patients and Samples

This retrospective study included 275 patients, selected from an initial set of 302 patients with invasive ductal breast carcinoma diagnosed as HER2 borderline by IHC (IHC 2+), treated at the National Cancer Institute of Lithuania and investigated at the National Center of Pathology, affiliate of the Vilnius University Hospital Santaros Klinikos, between September 2012 and March 2017. The selected patients met the following criteria: 1) patients diagnosed with invasive ductal carcinoma; and 2) HER2 IHC 2+ cases assessed by a pathologist, tested routinely by HER2 FISH and ER, PR, Ki67, and CD8 IHC slides available for DIA. The cases without paraffin blocks available for CD8 IHC staining and available follow-up data were excluded (15 and 12 cases, respectively). Clinical and pathology information was collected retrospectively from the medical records. The study was approved by the Lithuanian Bioethics Committee (reference number: 40, April 26, 2007, updated on March 18, 2013, and on July 4, 2016).



Immunohistochemistry

Formalin-fixed paraffin-embedded (FFPE) surgical excision samples tissue were cut at 3µm thickness and mounted on positively charged slides and for IHC staining by Roche Ventana BenchMark ULTRA automated slide stainer (Ventana Medical Systems, Tucson, AZ). IHC for ER, PR, and HER2 was performed using ready-to-use antibodies (SP1, 1E2, and 4B5, respectively, Ventana (Tucson, Arizona, USA); for Ki67 and CD8—MIB-1, Dako (Glostrup, Denmark; dilution 1:100) and C8/144B, Dako (Glostrup, Denmark; dilution 1:100) antibodies, respectively. Visualization of ER, PR, Ki67, HER2, and CD8 was performed with the ultraView Universal DAB Detection kit (Ventana Medical Systems, Tucson, Arizona, USA). Tissue sections were counterstained with Mayer’s hematoxylin.

HER2 expression was scored as 0 (no staining, or incomplete membrane staining that is faint or barely perceptible and within ≤10% of the invasive tumor cells); 1+ (incomplete membrane staining that is faint or barely perceptible and within >10% of the invasive tumor cells); 2+ (weak-to-moderate complete membrane staining observed in >10% of tumor cells); or 3+ (circumferential membrane staining that is complete, is intense, and in >10% of tumor cells) according to the 2018 ASCO/CAP guidelines (20). IHC 0 and IHC 1+ were defined as HER2 negative, IHC 2+ was categorized as HER2 borderline, and IHC 3+ was categorized as HER2 positive.



Fluorescence In Situ Hybridization

HER2 FISH was performed on FFPE sections using the PathVysion HER2 DNA probe kit and Paraffin pretreatment kit (Abbott-Vysis, Inc., Downers Grove, IL, USA) as described in detail previously (87). Briefly, 4 µm thick sections were mounted on positively charged slides and dried overnight at 56°C. Subsequently, deparaffinization, dehydration, and pretreatment procedures were performed. After the digestion with protease, the hybridization mixture containing two fluorescently labeled DNA probes recognizing the HER2 locus (17q11.2-q12) and the centromeric region of CEP17 (17p11.1-q11.1) was applied to the target tissue. Denaturation and hybridization were performed in a hybridizer (Dako Diagnostics, Glostrup, Denmark). Then slides were washed, counterstained with DAPI, and coverslipped (Invitrogen Corporation, Carlsbad, USA). The samples were analyzed using a fluorescence microscope (Zeiss, Axio Imager.Z2, Gottingen, Germany) equipped with single-pass filters for DAPI, HER2, and CEP17, under a 63× oil immersion objective. All tumors were tested routinely by dual-probe FISH assay for final HER2 classification according to the ASCO/CAP guidelines (20).



Digital Image Acquisition, Analysis, and Calculation of Indicators

For the analysis of ER, PR, Ki67, and HER2, sections were scanned using a ScanScope XT Slide Scanner (Leica Aperio Technologies, Vista, CA, USA) at ×20 objective magnification (0.5 μm per pixel); CD8 IHC slides were scanned using an Aperio AT2 Slide Scanner (Leica Biosystems, Buffalo Grove, IL, USA) at ×20 objective magnification (0.5 μm per pixel). The DIA was performed on the WSIs with HALO™ software (version 3.0311.174; Indica Labs, Corrales, NM, USA) by three operators (RG, RA, and GR). Initially, the tissue was classified into the tumor, stroma, and background (consisting of glass, necrosis, and artifacts) by HALO AI™ classifier. Subsequently, the HALO Multiplex IHC and Membrane algorithms (versions 1.2 and 1.4, respectively) were applied to obtain coordinates of the cells in the IHC WSI. For quality assurance, all image analysis results were approved by the breast pathologist (RG).

Positive cell percentages for ER, PR, and Ki67 and the percentages of HER2 2+ and 3+ cells along with the cell membrane completeness (MC) indicator were obtained by the HALO DIA. ITH indicators were computed by systematic subsampling of the HALO DIA data using hexagonal tiling arrays as described previously in (56). Briefly, the cells were assigned to 825-pixel-sized hexagons (hexagon side length 257 µm) according to their extracted coordinates. Hexagons containing fewer than 50 cells were regarded as insufficient sampling and were excluded from further analyses. Subsequently, the percentages of ER, PR, Ki67, and HER2-positive cells were calculated for each hexagon to be ranked into 10 intervals (0%–10%, >10%–20%, >20%–30%, >30%–40%, >40%–50%, >50%–60%, >60%–70%, >70%–80%, >80%–90%, and >90%–100%). Based on the ranks, a co-occurrence matrix was constructed to compute Haralick’s texture indicators (contrast, dissimilarity, entropy, energy, and homogeneity) (88). The intratumoral distributions of ER, PR, Ki67, and HER2 expression were assessed for bimodality by Ashman’s D indicator as described previously (57).

The automated extraction of the IZ and Immunogradient indicators is described in detail in (86). In our study, an IZ width of seven hexagon ranks (hexagon side length 65 μm) was used. CD8 cell density was calculated in both 1) the WSI stroma and tumor areas and 2) within the tumor–stroma IZ, which consists of stroma (S), tumor (T), and tumor edge (TE) aspects. Subsequently, Immunogradient indicators (center of mass (CM) and immunodrop) representing CD8 cell density profiles across the IZ were computed. The CM indicator reflects CD8 cell density increase towards the tumor within the IZ, while the immunodrop indicator reflects an abrupt decrease of CD8 cell density across the TE (IZ rank 0) from stroma (IZ rank −1) to tumor (IZ rank 1), represented by the CD8 cell density ratio between rank −1 and rank 1.



Statistical Analysis

All continuous variables were tested for normal distribution by Kolmogorov–Smirnov test and compared by two-tiled Student’s t-test (for normally distributed variables) or the Mann–Whitney U test (for non-normally distributed variables). A log-transformation was applied to normalize the asymmetric distributions of immune response variables and to meet the assumptions of parametric statistical tests; they were used in one-way ANOVA followed by Bonferroni’s post-hoc test for pairwise comparisons and a two-sided Welch’s t-test for homogeneity of variances. Fisher’s exact test was used to assess the differences in clinicopathological variables among the analyzed groups.

A factor analysis was performed using the factoring method based on principal component analysis; factors were retained based on the threshold of an eigenvalue of 1; lastly, a general orthogonal varimax rotation of the initial factors was applied.

The optimal cutoff value for each indicator was determined using Cutoff Finder (89) to test the predictions of OS. The Kaplan–Meier method was applied to estimate the OS distributions with the log-rank test to compare survival differences between the stratified groups. To assess the prognostic factors, univariate and multivariate analyses were performed using the Cox proportional-hazards models. The “best” subset of variables to be included in the multivariate Cox proportional-hazards models was identified by leave-one-out cross-validation (90). All p-values were considered significant at the <0.05 level. Statistical analyses were performed with SAS software (version 9.4; SAS Institute Inc., Cary, NC, USA); plots were generated by R (version 4.1.0).




Results


Clinicopathological and Follow-Up Characteristics

Clinicopathological and follow-up characteristics of the HER2 non-amplified and HER2-amplified groups are summarized in Table 1. The median follow-up period was 64 (range 2–102) and 52 months (range 0.7–100) in the non-amplified and amplified HER2 cohorts, respectively. Forty-two patients died during the follow-up, including 22 (13.7%) and 20 (17.1%) in the non-amplified and amplified tumor subsets, respectively.


Table 1 | Patient and tumor characteristics according to HER2 status.



Of the 275 IHC 2+ patients, 158 (57.5%) were diagnosed as HER2 non-amplified (HER2/CEP17 ratio <2.0; average HER2 copy number <4.0 signals per cell), while 117 (42.5%) were HER2-amplified (HER2/CEP17 ratio ≥2.0; average HER2 copy number ≥4.0 signals per cell) on the basis of the FISH results categorized according to 2018 ASCO/CAP guidelines (20). Fifty-nine (37.3%) FISH equivocal cases under the 2013 guidelines (18) were reclassified into HER2 non-amplified according to the 2018 guidelines (20).

The HER2-amplified group revealed significantly higher histological grade (p < 0.001) and higher frequency of increased CEP17 copy number (p = 0.0002) as compared with the HER2 non-amplified group (Table 1). Of note, 55 (34.8%) and 67 (57.3%) cases with CEP17 copy number ≥3 were detected in the HER2 non-amplified and HER2-amplified groups, respectively. No significant differences between the groups regarding the patient age, tumor stage, and node involvement were found.



Summary Statistics of Explored Indicators

Summary statistics of the variables in the HER2 non-amplified and HER2-amplified groups are presented in Supplementary Table 1; the variance plots of the significant differences are presented in Supplementary Figure 1.

In general, expression rates of ER and PR were higher, while Ki67 was lower in the HER2 non-amplified group. No significant difference in CD8 cell density distribution between tumor and stroma areas was observed in both the HER2 non-amplified (t = 1.72, p = 0.0867) and HER2-amplified (t = 1.07, p = 0.2841) groups. Also, the mean of CD8 density within the IZ was significantly higher in the S aspect than in the T aspect in both the HER2 non-amplified (t = 6.56, p < 0.001) and HER2-amplified (t = 6.17, p < 0.001) groups. The variance of CD8 cells was the highest in the S aspect, less in the TE aspect, and lowest in the T aspect of the IZ in both the HER2 non-amplified and HER2-amplified groups (p < 0.0001) (data not shown). No significant differences of CD8 cell densities neither in tumor nor stroma areas nor inside the IZ (T, TE, and S aspects) were found between the groups. ITH (higher contrast, dissimilarity, and entropy but lower energy and homogeneity) was higher only for Ki67 in the HER2-amplified group.



Factor Analysis of Immunohistochemistry, Fluorescence In Situ Hybridization, Immune Response, and Intratumoral Heterogeneity Indicators in HER2 Non-Amplified and HER2-Amplified Groups

A factor analysis was performed on the combined set of DIA IHC, FISH, immune response, and ITH data and six orthogonally independent factors in each patient group were extracted. The patterns of the factors are plotted in Supplementary Figures 2, 3, factor loadings obtained after varimax rotation are presented in Supplementary Tables 2, 3 for the HER2 non-amplified and HER2-amplified groups, respectively.

In the HER2 non-amplified BC cases, Factor 1 was characterized by positive loadings of the variables indicative of CD8 density within the IZ T, TE, and S aspects and was named CD8 density factor. Factor 2 showed positive loadings of HER2 FISH variables (HER2 copy number, HER2/CEP17 ratio, percentage of amplified cells calculated from HER2/CEP17 ratio, and percentage of amplified cells calculated by HER2 signals only) and was named the HER2 amplification factor. Factor 3 was characterized by increasing CD8 densities towards the T aspect of the IZ (strong positive loadings of the CD8 CM and its SD) and by moderate loading of CD8 density in the T aspect; therefore, it was named the CD8 density gradient. Factor 4 was represented by the Ki67% and Ki67 entropy indicators. Factor 5 was characterized by positive loadings of two Haralick’s texture indicators, namely, HER2 MC entropy and ER contrast, along with negative loading of ER%. This factor was interpreted as HER2&ER heterogeneity factor. Factor 6 was represented by PR% and PR entropy indicators.

Similarly, in HER2-amplified tumors, Factor 1 was the HER2 amplification factor, Factor 2 was the CD8 density factor, and Factor 3 (CD8 density gradient factor) was the main sources of variance. Factor 4 was characterized by strong positive loadings of Ki67% and Ki67 entropy indicators and by moderate negative loading of ER entropy. Factor 5 was represented by the percentage of both HRs along with the PR entropy. Factor 6 was characterized by strong positive loading of a single HER2 MC variable.



Prognostic Significance of Clinicopathological Parameters, Immunohistochemistry, Fluorescence In Situ Hybridization, Immune Response, and Intratumoral Heterogeneity Indicators in HER2 Non-Amplified and HER2-Amplified Patients

We explored the potential of the clinicopathological parameters, IHC, FISH, immune response, and ITH indicators for predicting OS of the patients by univariate survival analysis. Statistically significant indicators and their hazard ratios are presented in Table 2. For the HER2 non-amplified group, higher T stage, lymph node status (pN), CD8 density in the S aspect, SD of CD8 density in the S and TE aspects, immunodrop of CD8 density, and Haralick’s texture indicators reflecting homogeneity of HER2 and HER2 MC (energy, homogeneity) were associated with shorter OS. Meanwhile, higher HER2 expression, CD8 densities in the tumor area and T aspect within IZ along with its variance, CM for CD8 density and its variance, Haralick’s texture indicators reflecting heterogeneity of HER2 and HER2 MC (contrast, dissimilarity, and entropy), and ER contrast were associated with longer OS. In the HER2-amplified patients, worse OS was associated with higher T stage, pN, immunodrop of CD8 density, HER2 MC homogeneity, Ki67 entropy, and PR AshD (bimodality), while in the presence of higher CEP17 copy number, the remaining Immunogradient indicators, HER2 entropy, HER2 MC contrast, and dissimilarity were associated with better OS.


Table 2 | Univariate analysis of the impact of clinicopathological parameters, Immunogradient, IHC, FISH, and intratumoral heterogeneity indicators in HER2 non-amplified and HER2-amplified patient groups on overall survival using the log-rank test.



All the variables significantly associated with outcome at a univariate analysis (p < 0.05, Table 2) were assessed for their independent prognostic value in the multivariate Cox regression models.

To investigate any added prognostic value of the indicators, three models in each group were generated from different variable sets (Table 3). Models 1 and 4 were obtained from the pathology and IHC data, including the ITH indicators; FISH indicators were additionally used in the HER2-amplified group. In models 2 and 5, the IHC CD8 density and Immunogradient indicators were added to the variables tested in models 1 and 4. Models 3 and 6 were obtained from the pathological and CD8 indicators, without inclusion of any ER, PR, Ki67, and HER2 variables.


Table 3 | Multivariate analysis of prognostic factors associated with OS in HER2 non-amplified (models 1, 2, and 3) and HER2-amplified (models 4, 5, and 6) patient groups.



In the HER2 non-amplified group, higher values of HER2 MC, HER2 MC entropy, and ER contrast indicators were independent features of better OS, while higher tumor stage was associated with worse OS (model 1). Model 2 revealed a marked increase of prognostic power contributed by the immune response indicators in the data set (model likelihood ratio 56.1 achieved in model 2 compared with that of 27.1 in model 1); better OS was associated with higher CD8_CM and CD8_d_T cell densities, and worse OS with higher CD8_d_TE_sd. Remarkably, models 2 and 3 included the same three immune response indicators as independent prognostic factors, reflecting different properties of the local CD8 densities within tumor microenvironment: CD8_d_T (absolute density in the tumor aspect of IZ) and CD8_CM (positive IZ density gradient towards the tumor) were both associated with longer OS, while CD8_d_TE_sd (variance of the CD8 cell density along the IZ) was a feature of worse prognosis.

For the HER2-amplified group, no significant prognostic IHC (ER, PR, HER2, and Ki67 global expression levels) indicators were found by the univariate analyses; therefore, only a set of ITH and FISH indicators along with the pathological variables were used in model 4. Models 5 and 6 were built with the same sets of variables as in the HER2 non-amplified group. In model 4, higher values of HER2 MC contrast and CEP17 copy number indicators predicted better OS, while pN was associated with worse OS. The prognostic power of model 5 was increased by adding immune response indicators (likelihood ratio 29.03 of model 5 compared with 17.64 of model 4), where higher CD8 density in the tumor aspect of IZ predicted better OS. The latter indicator was also an independent factor of better OS in the context of worse OS predicted by pN status in model 6.

The Kaplan–Meier survival probability plots demonstrating an association between the prognostic factors and OS are presented for the HER2 non-amplified and HER2-amplified groups in Figures 1, 2, respectively.




Figure 1 | Kaplan–Meier survival plots representing the association of overall survival in the group of patients with HER2 non-amplified breast cancer with independent prognostic indicators identified by multiple Cox regression analysis: (A) membrane completeness (HER2 MC), (B) membrane completeness entropy (HER2 MC entropy), (C) ER contrast, (D) center of mass for CD8 density (CD8_CM), (E) mean CD8 density in the tumor aspect (CD8_d_T), (F) SD of CD8 density in the tumor edge aspect (CD8_d_TE_sd), and (G) tumor stage (T).






Figure 2 | Kaplan–Meier survival plots representing the association of overall survival in the group of patients with HER2-amplified breast cancer with independent prognostic indicators identified by multiple Cox regression analysis: (A) CEP17 copy number, (B) membrane completeness contrast (HER2 MC contrast), (C) mean CD8 density in the tumor aspect (CD8_d_T), and (D) lymph node status (pN).





Combined CD8 Immunogradient Prognostic Score in HER2 Non-Amplified Patient Group

To further assess the added prognostic value of the independent immune response features revealed by the multivariate regression analysis in the HER2 non-amplified group, a combined CD8 Immunogradient prognostic score was calculated by summing corresponding scores (0/1) for each factor (CD8_CM, CD8_d_T, and CD8_d_TE_sd), assigning the score 1 for good or 0 for poor prognosis. The combined CD8 Immunogradient prognostic score allowed stratification of patients into three prognostic groups with 5-year OS probability of 98%, 80%, and 49% for the score of 3, 2, and 1, respectively (Figure 3). Of note, there were no patients with all three indicators assigned a score of 0.




Figure 3 | Kaplan–Meier plot for the overall survival of prognostic groups obtained by combined CD8 Immunogradient prognostic score (CD8_IPS) in HER2 non-amplified group.






Discussion

In this study, we present prognostic models for patients with HER2 IHC borderline (2+) BC patients, based on the expression levels of ER, PR, Ki67, HER2, and CD8 densities in the tumor tissue assessed by DIA. These biomarkers were augmented by a set of computational indicators that quantify spatial aspects of ITH and tumor microenvironment. Importantly, the CD8 (immune response) indicators markedly strengthened the models in both the HER2 non-amplified and HER2-amplified groups. Furthermore, these latter indicators outperformed pathological variables and enabled independent prognostic stratification of the HER2 non-amplified BC patients.

DIA enables extraction of IHC data and spatial aspects from WSI with high capacity, not available by conventional IHC scoring. Additional processing of the DIA-generated data by hexagonal tiling enabled extraction of Haralick’s texture measures of ITH of the biomarkers of the prognostic value, as reported previously. In this study, we found that, of the IHC variables explored in the HER2 non-amplified group, only HER2 expression percentage and HER2 MC were significantly associated with the patient outcome (HR = 0.25, p = 0.001 and HR = 0.12, p < 0.0001, respectively). Of note, HER2 MC was a stronger indicator than the proportion of HER2-positive tumor cells (as assessed by the HALO DIA) and served as an independent prognostic factor of better OS. Remarkably, two ITH indicators—HER2 MC entropy and ER contrast—showed an independent prognostic significance in the context of tumor stage status (Table 3, models 1 and 2). Similar findings of beneficial prognostic impact of higher HER2 MC were reported recently in early HR-positive BC patients, where better prognosis of higher HER2 expression was found in a univariate analysis (58). In another study, a trend of more favorable prognosis with respect to relapse-free survival has been shown for the ER-positive, HER2 non-amplified tumors with higher levels of HER2 RNA (91).

HER2 MC status shows the status of HER2 expression, as HER2 protein is localized on the cell membrane. This means that HER2 MC entropy, which is indicative of MC spatial heterogeneity, also reveals information about the ITH of the HER2 protein expression. We observed a non-linear relationship between the HER2 MC and its spatial heterogeneity in our study (Supplementary Figure 4), represented by high ITH values in the middle range of the MC and lower ITH in the low and high ends of the MC variance. Similar dependencies between PR and Ki67 and their ITH indicators were previously reported (56–58); importantly, these studies demonstrated that the ITH indicators of Ki67 and PR expression enabled higher prognostic power than the expression rates per se. Our study extends this evidence by showing a greater prognostic value of ER ITH indicator than by the rate of its expression. Interestingly, ER contrast was the only ITH indicator of HR that provided the prognostic value in a univariate analysis (Table 2, HR = 0.21, p = 0.021) and in the multiple Cox regression models (Table 3, HR = 0.21, p = 0.0449, model 1, HR = 0.16, p = 0.0258, model 2, respectively). Haralick’s contrast (88) measures the spatial distribution of tumor cell subpopulations with different properties in the image. The associations of ER contrast with HER2 MC entropy and their inverse relation to ER expression were revealed by factor analysis (Factor 5, Supplementary Figure 2 and Supplementary Table 2). This HER2&ER heterogeneity factor reflects the higher ITH of both HER2 and ER proteins in the tumors with decreased ER expression.

A majority of the patients with HER2-amplified tumors received adjuvant trastuzumab treatment (87, 74.4%). The OS of these patients is likely to have been impacted by the targeted therapy; therefore, the prognostic models obtained in this subgroup should be taken with caution. One can speculate that any potential effect of the targeted therapy could be related to our finding of ITH of HER2 expression, represented by the HER2 MC contrast indicator as independent predictor of better OS (Table 3, HR = 0.35, p = 0.0367, Model 4 and HR = 0.243, p = 0.0077, Model 5) but not by the HER2 MC indicator. The effect on better OS caused by a higher CEP17 copy number in this group is not clear, and it may be related to various treatment modalities applied in HER2-amplified BC patients. Several studies have reported an association between CEP17 copy number gain and responsiveness to anthracycline-based chemotherapy (92–94). Also, in addition to HER2, chromosome 17 includes other genes involved in BC pathogenesis and DNA repair, such as BRCA1, TOP2A, TP53, and RAD51C (95, 96); therefore, various abnormalities of chromosome 17 may affect prognosis and treatment response.

In this study, we tested the prognostic value of CD8 cell densities quantified by DIA in the tumor and stroma compartments and applied a recently proposed method, based on hexagonal grid analytics of the DIA data to compute CD8 local density profiles (Immunogradient) across automatically detected tumor–stroma IZ (86). This method actually tests if the immune cells reveal increasing densities towards the tumor at the tumor/host interface and therefore is expected to be more sensitive to capture “spatial behavior” of TILs. Indeed, higher CD8 cell densities in the tumor compartment were associated with better OS in univariate analyses in both patient subgroups (Table 2, HR = 0.37, p = 0.017 and HR = 0.38, p = 0.024 in the HER2 non-amplified and HER2-amplified groups, respectively); however, they did not provide the independent prognostic value in our models. In contrast, three Immunogradient indicators provided the independent prognostic value in the non-amplified tumors: CD8 density in the tumor aspect of IZ (CD8_d_T) and positive IZ CD8 density gradient towards the tumor (CD8_CM) were associated with better OS, while the variance (SD) of CD8 density (CD8_d_TE_sd) along the TE predicted worse OS. A strong prognostic stratification was achieved by aggregating these three independent spatial properties of the CD8 cell distribution in the tumor microenvironment into a combined CD8 Immunogradient prognostic score; this represents an instance of computational augmentation of a single IHC biomarker (Figure 3). Remarkably, these three indicators were sufficient to predict OS independently of any other variables (Table 3, model 3) with statistical power obtained from pathology and IHC data supplemented with ITH indicators (Table 3, model 1). Finally, the prognostic power was doubled by adding the immune response indicators to the model (Table 3, model 2). Our findings are similar to the results presented in the study of Rasmusson et al. (86), where both CD8 density in the tumor aspect of IZ and CM for CD8 cell density within the IZ indicators were independent predictors of better OS in early HR-positive BC. Although several studies have reported a higher density of CD8 cells to be associated with a favorable prognosis in node-negative BC (97), or in combination with CD163 (98), other studies have shown an adverse prognostic effect of increased CD8 lymphocytes in patients with HR-positive/HER2-negative tumors (77, 99, 100) or reported no significant association between CD8 cells and patient outcome (79). These contradictory results in HR-positive BC may be related to different methodologies applied, lacking precision in the assessment of spatial aspects of TIL distributions within the tissues (100, 101). Recently, Dieci et al. (102) highlighted the need of deeper insight into the mechanisms on which the interaction between HR-positive/HER2-negative BC tumor and immune cells relies, as various factors such as menopausal status, estrogen levels, and endocrine treatments may be involved in the modulation of the tumor microenvironment (102). Therefore, methods with appropriate discriminatory spatial precision are needed to expose the prognostic role of TILs in luminal-like BC.

We did not find significant differences in CD8 cell densities between the HER2-amplified and non-amplified groups, which could be explained by the fact that the HER2-amplified group was composed of both molecular subgroups showing HER2 positivity, namely, luminal B and HER2-enriched. Previous studies reported that HER2-enriched subtype is more immunogenic than the luminal B (103). In our study, the only immune response indicator—density of CD8 in the T aspect of IZ—provided an independent association with better OS in HER2-amplified BC patients (Table 3, models 5 and 6). Extensive TIL infiltration has been associated with better outcomes (pathological complete response, event-free survival, and disease-free survival) in HER2-positive BC (70, 104, 105). However, studies evaluating the prognostic significance of CD8 TILs reported conflicting results (77, 79, 100, 106, 107), suggesting that the association between CD8 cells and prognosis depends on lymphocyte types, their tissue location, analysis methods, and other factors. Indeed, the interaction between immune system and tumor as well as prognostic effects of TILs in HER2-positive BC is impacted by various combined therapy modalities, including anti-HER2 therapy, chemotherapy, and hormonal therapy (108). Trastuzumab therapy effect depends on immune response (109), it has both cytotoxic and immunological effects on tumor cells (110–112), and better therapeutic efficacy is achieved in tumors with high TILs (113–115). However, this was not confirmed by other studies (116, 117).

Our study has limitations, related to its retrospective and monocentric design and lack of well-structured information about applied therapies and responses achieved. In particular, it is relevant to the prognostic modeling in the HER2-positive patient cohort.

In conclusion, we present prognostic OS models based on computational ITH, tumor microenvironment, and immune response indicators of the IHC biomarkers in HER2 IHC 2+ borderline BC patients. The ITH indicators (HER2 MC entropy and ER contrast in FISH-negative and HER2 MC contrast in FISH-positive tumors) provided an independent contribution to predict better OS. In FISH-negative tumors, antitumor immune response, assessed by the CD8 IZ Immunogradient indicators, provided prognostic stratification independent and superior to other pathology and IHC variables.
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Background

Primary breast signet ring cell carcinoma (SRCC) is a rare type of breast cancer with typical morphological characteristics, high aggressiveness, and poor prognosis. SRCC is different from mucinous breast adenocarcinoma (MBC). However, only a few studies have explored the clinicopathological features and prognosis of SRCC and MBC.



Methods

Data retrieved from the Surveillance, Epidemiology, and End-Results (SEER) database (2004–2015) were used to explore the prognostic effect of clinicopathological features and treatment modalities on survival outcomes of SRCC and MBC patients. Kaplan–Meier plot analysis, multivariate Cox proportional risk model, propensity score matching (PSM), and subgroup analysis were performed.



Results

A total of 167 patients with SRCC and 11,648 patients with MBC were included in the study. SRCC patients exhibited higher histological grade (p < 0.001), larger tumor volume (p < 0.001), higher rate of lymph node metastasis (p < 0.001), and higher frequency of distal metastasis (p < 0.001) compared with MBC patients. Cox proportional hazards regression analysis showed that SRCC patients had lower overall survival (OS) and breast cancer-specific survival (BCSS) compared with MBC patients. Subgroup survival analysis showed that the SRCC patients had lower OS and BCSS in subgroups including younger than 60 years old, white race, married, without chemotherapy, and received radiotherapy compared with the MBC patients in these subgroups. In addition, the SRCC patients had lower BCSS in subgroups including other races (including Asian or Pacific Islander and American Indian/Alaska Native), without surgery, and lymph node metastasis.



Conclusion

The findings showed that primary breast SRCC patients have unique clinical characteristics and worse prognosis compared with MBC patients. Notably, different treatment methods resulted in different prognosis for SRCC and MBC types; therefore, SRCC patients should be distinguished from MBC patients to improve efficacy of treatment.





Keywords: signet ring cell, breast cancer, mucinous adenocarcinoma, SEER, prognosis



Introduction

Breast cancer is the most common cancer type in the world and is associated with a high number of cancer-related deaths (1). Primary signet ring cell carcinoma (SRCC) is a rare variant of adenocarcinoma (2). SRCC was initially described as mucinous carcinoma by Saphir in 1941 (3). The classification of breast cancer groups by WHO in 2003 includes SRCC in mucinous carcinoma and other mucinous tumors (4). WHO breast tumor histological classification (Fourth Edition) changed the name of signet ring cell carcinoma to breast cancer with signet ring cell differentiation in 2012, indicating that signet ring cell differentiated breast cancer is no longer an independent category (5). Some studies report that SRCC mainly presents as high-grade lesions, and signet ring cells are associated with poor prognosis (6–8). Therefore, primary breast SRCC should be treated as an independent breast cancer type.

Mucinous breast cancer (MBC), also known as mucoid carcinoma or glial carcinoma, is a rare breast cancer subtype, accounting for 1.4%–5.2% of all breast types (9). MBC is characterized by slow and less metastasis (10). Previous studies report that MBC is a breast cancer type with good prognosis (11).

Studies initially classified SRCC as a special type of MBC (4). The two breast cancer types are characterized by mucus secretion. However, the prognosis of SRCC and MBC patients is different; thus, it is important to differentiate these subtypes. Although primary breast SRCC is highly malignant, only case reports and small sample retrospective studies have been conducted on SRCC owing to its low incidence (6–8, 10). Currently, there are no studies comparing primary breast SRCC and MBC subtypes. Therefore, the clinicopathological characteristics and prognosis of primary breast SRCC and MBC patients were compared in the current study using data retrieved from the SEER database (2004–2015). In addition, the effects of different treatment methods on the prognosis of SRCC and MBC patients were compared. Furthermore, the prognosis of SRCC and MBC patients under different subgroups was analyzed. The findings of the current study provide a basis for management and treatment of SRCC and MBC patients.



Materials and Methods


Data Resource and Study Population

All patients diagnosed with SRCC and MBC registered in the SEER database from 2004 to 2015 were included in the study. The location of primary cancer is limited to the breast (C50) according to the International Classification of Diseases for Oncology, 3rd Edition (ICD-O-3). Patients with SRCC (ICD-O-3 Code 8490/3) or MBC (ICD-O-3 Code 8480/3) were included in the current study. Patients were diagnosed through histological diagnosis, and breast cancer was their first or only cancer diagnosis. Patients lacking primary tumor and survival data were excluded. Demographic data and clinicopathological information patients in the two groups including age at diagnosis, race, marital status at diagnosis, tumor location, histological grade, tumor size, lymph node stage, metastasis status, estrogen receptor (ER) status, progesterone receptor (PR) status, surgical treatment of mastectomy or breast conserving surgery, radiotherapy, chemotherapy, cause of death, and survival (months) were retrieved. A total of 167 patients with SRCC and 11,648 patients with MBC met the inclusion criteria and were included in the study.



Statistical Analysis

Patients were assigned to the MBC group and SRCC group. Baseline characteristics of participants were analyzed using Pearson’s chi square test or Fisher’s exact test to explore differences between the two groups. Uncorrected Kaplan–Meier curve and log rank test were used to determine the relationship between OS and BCSS with different histological subtypes and to explore the association between OS and BCSS of the two groups under different treatment methods. Propensity score matching (PSM) was used to eliminate bias and to further adjust the model for potential baseline confounding factors. Multivariate Cox proportional hazards model was used to determine the hazard ratio (HR) and 95% confidence interval (95% CI) of OS and BCSS in different subgroups stratified by histological type, to explore the potential risk factors of SRCC and MBC. Furthermore, the multivariate Cox proportional hazards model was used for subgroup analysis stratified by different clinical characteristics, and the HR and 95% CI of OS and BCSS under different clinical characteristics were compared. All tests were two-sided and p < 0.05 indicated statistical significance. R statistical software version 4.0.5 was used for all statistical analyses and generation of Kaplan Meier plots (http://www.R-project.org/). The forest plot is generated through the Sangerbox 3.0 (http://vip.sangerbox.com/).




Results


Baseline Characteristics of the Study Population

A total of 11,815 patients were registered in the SEER database from 2004 to 2015, namely, 11,648 MBC patients and 167 SRCC patients. The baseline characteristics of all patients are presented in Table 1. Analysis showed no significant difference in age and sex ratio between SRCC and MBC patients (p = 0.139; p = 0.121, respectively). Patients in the SRCC group exhibited larger tumor size (>T1, 40.1% vs. 31.2%, p < 0.001) and higher frequencies of lymph node metastasis (35.4% vs. 10.1%, p < 0.001) and distal metastasis (28.1% vs. 2.0%, p < 0.001) compared with patients in the MBC group. The findings showed higher number of patients with high-grade tumor in the SRCC group compared with the number of patients with high-grade tumor in the MBC group (>I, 69.4% vs. 34.4%, p < 0.001). Expression levels of ER and PR were lower in the SRCC group compared with the expression levels in the MBC group (74.9% vs. 93.2%, p < 0.001; 52.7% vs. 83.7%, p < 0.001, respectively). The operation rate in the SRCC group was lower than that in the MBC group (62.2% vs. 93.5%, p < 0.001). Similarly, the radiotherapy rate in the SRCC group was lower than that in the MBC group (29.9% vs. 46.6%, p < 0.001). Moreover, the rate of chemotherapy in the SRCC group was higher compared with the MBC group (37.7% vs. 14.1%, p < 0.001).


Table 1 | Comparison of baseline characteristics of SRCC between MBC before PSM.





Survival Analyses of SRCC and MBC Groups

Kaplan–Meier analysis showed that OS and BCSS of patients in the SRCC group were significantly worse compared with the OS and BCSS of patients in the MBC group (Figure 1, both p < 0.001). The 5-year OS of the SRCC group and MBC group were 52.7% and 84.7%, respectively. The 5-year BCSS was 65.2% in the SRCC group and 95.9% in the MBC group. Surgery, chemotherapy, and radiotherapy are the conventional methods for systemic treatment of breast cancer; therefore, the OS and BCSS were compared in the following groups: operation group and without operation group; chemotherapy group and without chemotherapy group; radiotherapy group and without radiotherapy group. The results showed that surgery improved the OS of MBC patients and SRCC patients, respectively (both p < 0.001). In addition, the BCSS of the SRCC operation group was better than that of the without operation group (both p < 0.001), and the BCSS of the MBC operation group was also better than that of the without operation group. Interestingly, chemotherapy improved OS and BCSS in the MBC group (both p < 0.001). However, there was no significant difference in OS and BCSS between the SRCC group receiving chemotherapy and the SRCC group not receiving chemotherapy (p = 0.237 and p = 0.980, respectively). The analysis of the impact of radiotherapy on the prognosis of patients showed that the OS and BCSS of MBC patients receiving radiotherapy were better than those without radiotherapy (both p < 0.001). It should be noted that the OS and BCSS of SRCC patients receiving radiotherapy and SRCC patients not receiving radiotherapy were not statistically significant (p = 0.311 and p = 0.104, respectively). The findings on OS and BCSS are presented in Figure 2. The uneven baseline characteristics may have significantly affected survival results; therefore, a 1:1 PSM analysis was conducted to minimize baseline effects. A total of 151 MBC patients and 151 SRCC patients were matched. Analysis showed no significant difference in clinicopathological characteristics between the paired groups except for histological grade, estrogen receptor status, and progesterone receptor status characteristics between the paired groups (Table 2). Kaplan–Meier analysis showed that the clinical prognosis of SRCC patients was worse compared with the prognosis of MBC patients (Figure 3). Results for multivariable Cox proportional hazard regression models are presented in Table 3. After adjustments for age, race, T stage, N stage, and M stage, multivariable Cox proportional hazard regression analysis showed that OS was significantly worse in the SRCC group compared with the OS of the MBC group (HR = 1.320, 95% CI = 1.052–1.654, p = 0.016). In addition, the BCSS of SRCC patients was poor compared with the BCSS of the MBC group (HR = 1.931, 95% CI = 1.440–2.590, p < 0.001). After adjustments for age, race, lateral status, grade, T stage, N stage, M stage, surgery, radiation, and chemotherapy, multivariable Cox proportional hazard regression analysis also showed that patients in the SRCC group had significantly lower OS compared with the OS of the MBC patients (HR = 1.292, 95% CI = 1.028–1.625, p = 0.028). Patients in the SRCC group also showed a lower BCSS compared with MBC patients (HR = 1.671, 95% CI = 1.238–2.257, p = 0.001). The grade, ER, and PR levels were further adjusted after PSM. The findings showed a lower OS (HR = 1.842, 95% CI = 1.278–2.655, p = 0.001) and lower BCSS (HR = 3.271, 95% CI = 1.903–5.622, p < 0.001) for SRCC patients compared with the OS and BCSS for patients in the MBC group (Table 3).




Figure 1 | Kaplan–Meier curves: OS (A) and BCSS (B) among SRCC and MBC before PSM. OS, overall survival; BCSS, breast cancer-specific survival; SRCC, primary breast signet ring cell carcinoma; MBC, mucinous breast adenocarcinoma; PSM, Propensity Score Matching.






Figure 2  | Kaplan–Meier curves: OS (A) and BCSS (B) in patients with MBC and SRCC receiving operation and without operation; OS (C) and BCSS (D) in patients with MBC and SRCC receiving chemotherapy and without chemotherapy; OS (E) and BCSS (F) in patients with MBC and SRCC receiving radiotherapy and without radiotherapy. OS, overall survival; BCSS, breast cancer-specific survival; SRCC, primary breast signet ring cell carcinoma; MBC, mucinous breast adenocarcinoma; OT, operation; No OT, without operation; CT, chemotherapy; No CT, without chemotherapy; RT, radiotherapy; No RT, without radiotherapy.




Table 2 | Comparison of baseline characteristics of SRCC between MBC after PSM.




Table 3 | Prognostic factors for overall survival (OS) and breast cancer-caused specific survival (BCSS) by multivariable Cox proportional hazard model.






Figure 3 | Kaplan–Meier curves: OS (A) and BCSS (B) among SRCC and MBC after PSM. OS, overall survival; BCSS, breast cancer-specific survival; SRCC, primary breast signet ring cell carcinoma; MBC, mucinous breast adenocarcinoma; PSM, Propensity Score Matching.





Subgroup Survival Analyses Between SRCC and MBC

Patients were stratified into subgroups according to the different clinical characteristics, and subgroup analysis was performed. Multivariate Cox proportional hazards model was used to determine the HR and 95% CI of OS and BCSS of different subgroups. Subgroup survival analysis results showed that the OS of SRCC patients was lower in those younger than 60 years old, white race, married, without chemotherapy, and received radiotherapy subgroups compared with the OS of MBC patients in these subgroups. In addition, the BCSS of SRCC patients was worse compared with that of MBC patients in those younger than 60 years old, white race, other races (including Asian or Pacific Islander and American Indian/Alaska Native), married, without surgery, without chemotherapy, received radiotherapy, and lymph node metastasis subgroups. Notably, the mortality risk of SRCC patients receiving radiotherapy was higher compared with that of MBC patients receiving radiotherapy, indicating that SRCC patients are less sensitive to radiotherapy compared with MBC patients (Figures 4, 5).




Figure 4 | Subgroup multivariate Cox proportional hazards model comparing BCSS between SRCC and MBC. OS, overall survival; SRCC, primary breast signet ring cell carcinoma; MBC, mucinous breast adenocarcinoma.






Figure 5 | Subgroup multivariate Cox proportional hazards model comparing BCSS between SRCC and MBC. BCSS, breast cancer-specific survival; SRCC, primary breast signet ring cell carcinoma; MBC, mucinous breast adenocarcinoma.






Discussion

The clinicopathological features and survival outcomes of primary breast SRCC patients and MBC patients were compared in this study. Primary SRCC is a highly malignant pathological type, most common in the stomach, followed by colon, esophagus, rectum, lung, pancreas, breast, bladder, small intestine, and gallbladder (12). Analysis of data from the SEER database shows that primary breast SRCC accounts for 1.5% of all SRCC cases, and the survival rate of patients with breast SRCC is higher compared with that of patients with gastric SRCC (13). The 2003 edition of WHO breast cancer classification indicates that SRCC is a specific type of mucinous carcinoma (4). The mucus distribution of signet ring cell carcinoma under a microscope is significantly different from that of mucinous carcinoma. Most of the mucus in SRCC is located in the cytoplasm, and high amounts of mucus in the cytoplasm pushes the nucleus to one side, thus forming a crescent shape. Mucus in breast mucinous carcinoma is located in the extracellular stroma, and cells float in the “mucus lake” forming sheet and nest shapes (14). The 2012 edition of WHO tumor classification reported the concept of cancer with signet ring cell differentiation. The cancer type is characterized by rich intracellular mucus, which pushes the nucleus to one side, resulting in characteristic signet ring cell morphology. Breast cancer with signet ring cell differentiation is no longer an independent breast cancer type (5). Clinical manifestation of this type of breast cancer is a painless and unclear boundary mass located in the outer and upper quadrant of the breast. It can occur in both the left and right sides of the breast. Notably, the small mass may not be detected by examination by hand or may present as a diffuse small nodule, which can be accompanied by changes in the nipple, such as nipple enlargement, ulceration, and fluid overflow. Changes in the skin can be manifested as local dimples and orange peel-like changes (15). This type of breast cancer is characterized by a late diagnosis; thus, most cases present with regional lymph nodes, and patients are prone to systemic metastasis to the stomach, uterus, lung, liver, and bone. Clinical manifestations of the patients include high malignancy, high invasion, and high metastasis, and the clinical prognosis is extremely poor (13). MBC is a rare type of breast cancer. It has a good prognosis, low lymph node metastasis rate, and low recurrence rate (11, 15). Although SRCC has similar pathological characteristics with MBC, and SRCC has been classified as mucinous carcinoma, the prognosis of the two cancer types is significantly different. It is necessary to distinguish SRCC from MBC. Most recent studies on SRCC are case reports as it is a rare type (2, 7). In addition, comparative studies between breast SRCC and MBC are few. The SEER database comprises a high amount of patient data and strong statistical efficiency, which makes the research based on SEER database have high clinical reference value.

We first compared the different clinical features of SRCC and MBC. The findings showed no significant difference in age and sex ratio between SRCC and MBC patients. In addition, the incidence of the two types of tumors was higher in elderly patients, which is consistent with findings from other studies (15, 16). Previous studies report that high-grade tumors were more common in the SRCC group compared with the MBC group (17, 18). Our findings indicated that the SRCC group was characterized by a later stage with advanced tumor stage, and higher incidence of lymph node metastasis and distal metastasis compared with the MBC group. Wu et al. (9) conducted a study with 11 patients with primary breast SRCC and 50 patients with MBC, and the finding showed that SRCC patients had more advanced disease and more frequent lymph node metastasis compared with MBC patients. Meanwhile, our results showed that ER and PR in the SRCC group were 74.9% and 52.7% positive, respectively. Chu et al. (19) performed a study comprising 21 cases of breast SRCC and reported that ER was 81% positive in signet ring cell carcinoma. Guo et al. (20) conducted a study with 14 cases of breast SRCC and reported that the positive rates of ER and PR were 71.4% (10/14) and 64.9% (9/14), respectively. These findings are consistent with our study. Expression levels of ER and PR were lower in the SRCC group compared with the expression levels in the MBC group. Moreover, surgery and radiotherapy rates of patients in the SRCC group were lower compared with the surgery and radiotherapy rates of patients in the MBC group. Consideration was given to the possibility that patients in the SRCC group had higher stage when they were diagnosed, and the surgery and radiotherapy were not effective treatment. In addition, the proportion of SRCC patients that underwent breast conserving procedure was significantly lower compared with the number of patients who underwent breast conserving in the MBC group. These findings indicate that breast conserving surgery should be carefully considered for SRCC patients owing to high aggressiveness of this cancer type. Furthermore, the chemotherapy rate of SRCC patients was higher compared with that of MBC patients. Reports on survival in SRCC patients have not been consistent. The Yale New Haven Medical Center pathology department (18) conducted a 4-year follow-up of 24 cases of breast cancer with signet ring cell differentiation from 1960 to 1979. The result showed that 9 patients (41.7%) survived out of 23 patients receiving treatment. Wu et al. (6) retrospectively analyzed 11 cases of breast signet ring cell carcinoma and 58 cases of mucinous adenocarcinoma of the breast. The 5-year OS of SRCC patients (54.5%) was significantly lower compared with that of MBC patients (88%). Recently, Wang et al. (21) conducted a study on 24 cases of simple signet ring cell carcinoma of the breast. The 5-year overall survival rate was 73.7%, and the 5-year specific survival rate of breast cancer was 78.3%. According to the Kaplan–Meier plot, the OS and BCSS of SRCC patients were significantly lower compared with the OS and BCSS of MBC patients. The 5-year OS and 5-year BCSS were 84.7% and 95.9%, respectively, in the MBC group, whereas the 5-year OS and 5-year BCSS were 52.7% and 65.2%, respectively, in the SRCC group. These findings indicate that the prognosis of SRCC patients is worse compared with that of MBC patients. Furthermore, the OS and BCSS performance of patients in the two groups was compared under different treatment methods. The results indicated that surgery significantly improves OS and BCSS of the two groups. In addition, chemotherapy improves OS and BCSS of MBC patients; however, SRCC patients treated with chemotherapy did not show an increase in OS and BCSS. Similar findings were observed for the group that had undergone radiotherapy. Radiotherapy improved the OS and BCSS of the MBC group, but did not improve the OS and BCSS in SRCC patients. Uneven baseline characteristics may result in significant effect on survival outcomes; thus, a 1:1 PSM analysis was performed to minimize baseline effects. A total of 151 MBC patients and 151 SRCC patients were matched after PSM (Table 2). There was no significant difference between the two groups after PSM except for histological grade, ER status, and PR status. Survival analysis showed that the clinical prognosis of SRCC patients was worse compared with that of MBC patients. In addition, multivariate Cox proportional hazard regression model analysis was used to compare the prognosis of SRCC and MBC patients. After adjustment of age, race, side, T stage, N stage, M stage, and treatment methods, multivariate Cox proportional hazards regression analysis showed that the OS rate for SRCC patients was lower compared with the OS of MBC patients. Analysis of BCSS showed that SRCC patients had poor prognosis compared with MBC patients. Additional adjustment analysis was performed on the mismatched baseline factors. Analysis after adjustment showed that SRCC patients had worse prognosis compared with MBC patients (Table 3).

In addition, subgroup survival analysis showed that the SRCC patients had lower OS and BCSS in subgroups including those younger than 60 years old, white race, married, and without chemotherapy compared with the MBC patients in these subgroups. In addition, the SRCC patients had lower BCSS in subgroups including other races (including Asian or Pacific Islander and American Indian/Alaska Native), without surgery, and lymph node metastasis. Interestingly, no matter OS or BCSS, the mortality risk of SRCC patients receiving radiotherapy was higher compared with that of MBC patients receiving radiotherapy, indicating that SRCC patients were less sensitive to radiotherapy compared with MBC patients. Previous studies suggested that SRCC is not sensitive to radiation (15, 18, 21). A previous study explored two cases of prostate signet ring cells mixed with urothelial carcinoma, and the finding showed that signet ring cells dominated after radiotherapy, implying that SRCC of the bladder had a poor response to radiotherapy (22). Ling et al. (23) found that the cancer-specific survival rate of SRCC in preoperative radiotherapy group was significantly lower than that of mucinous adenocarcinoma. The prognosis of patients with SRCC was significantly poorer in the preoperative radiotherapy setting of locally advanced rectal cancer. Furthermore, the mortality risk of SRCC patients receiving chemotherapy was higher than that in MBC patients receiving chemotherapy. However, the prognosis of SRCC patients and its sensitivity to specific chemotherapy regimens are still controversial. Most studies have not determined that SRCC is sensitive to chemotherapy (24, 25), and its poor prognosis may be attributed to diagnosis at advanced stage (12). However, recent studies have shown that SRCC is sensitive to chemotherapy. Hugen et al. (26) reported that chemotherapy can improve the survival rate of patients with colorectal signet-ring cell carcinoma, which is consistent with our conclusion. Subgroup survival analysis showed no significant difference in the risk of death in SRCC patients who underwent surgery compared with MBC patients who underwent surgery, while survival curves and previous studies (6, 27) suggest that surgery significantly improves survival in both types of patients. Our study found that surgery provides a higher survival benefit for SRCC patients than for MBC patients. So far, our study explored the clinical characteristics and prognosis of primary breast signet ring cell carcinoma and mucinous breast adenocarcinoma using a large sample size and the long follow-up time. We suggest that an advanced combination therapy should be considered once breast cancer is found to contain SRCC components.

However, the study had some limitations. SEER database is a large database containing 18 cancer registries in the United States, and data entry errors and bias are inevitable in the database itself. Patient follow-up information did not include disease-free survival date. Furthermore, the database does not provide data on endocrine and targeted therapy and specific chemotherapy regimens for patients; thus, further studies should explore the effects of these treatments on SRCC and MBC types. With the expansion of SEER database, further studies can provide more comprehensive and accurate information for the prognostic factors of primary breast SRCC.



Conclusion

Primary breast SRCC patients have unique clinical characteristics and worse prognosis compared with MBC patients. Differences in survival rates were observed even after adjusting for basic demographic and clinicopathological features as well as treatment modalities. Notably, different treatment methods resulted in different prognosis for SRCC and MBC types; therefore, SRCC patients should be distinguished from MBC patients to improve efficacy of treatment.
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Breast cancer is the second most common kind of cancer worldwide and oncolytic viruses may offer a new treatment approach. There are three different types of oncolytic viruses used in clinical trials; (i) oncolytic viruses with natural anti-neoplastic properties; (ii) oncolytic viruses designed for tumor-selective replication; (iii) oncolytic viruses modified to activate the immune system. Currently, fourteen different oncolytic viruses have been investigated in eighteen published clinical trials. These trials demonstrate that oncolytic viruses are well tolerated and safe for use in patients and display clinical activity. However, these trials mainly studied a small number of patients with different advanced tumors including some with breast cancer. Future trials should focus on breast cancer and investigate optimal routes of administration, occurrence of neutralizing antibodies, viral gene expression, combinations with other antineoplastic therapies, and identify subtypes that are particularly suitable for oncolytic virotherapy.
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1 Introduction

One in eight women will be diagnosed with breast cancer in their life, and breast cancer is the most common kind of cancer in the United States. Around 90% of patients diagnosed with breast cancer and no sign of metastases survive the first five years and 86% survive the first 10 years (1, 2). Consequently, in comparison to other tumor entities, breast cancer has a relatively good prognosis. However, even decades after the primary diagnosis patients can still experience a relapse in the form of distant metastases. New therapeutic strategies such as cyclin-dependent kinase (CDK) 4/6 inhibitors, human epidermal growth factor receptor 2 (HER-2)-targeted therapy, or immunotherapy with checkpoint inhibitors can extend the survival when a patient is diagnosed with metastases (3–5). However, there is still no cure available (6, 7) and therefore a desperate need for new therapies.

Two of the main reasons for the development of a tumor are the combined changes in the genetic and epigenetic characteristics of a cell. These changes result in a higher probability of cells becoming immortal. Parallel to these changes, the evolving tumor cell produces neo-antigens which should cause the cell to be destroyed by the immune system. However, the cancer cell manages to circumvent the anti-tumor response by manipulating the body’s immune reaction. This effect is due to the decreased reaction to signals from the innate immune system, reduced expression of neo-antigens, and prevention of immune cells from infiltrating the tumor environment (8). These changes shield the tumor from the immune system but, interestingly, make it more vulnerable to the infection by viruses (9).

Oncolytic viruses represent a new approach to cancer treatment. In contrast to classic gene therapy, where replication incompetent viral vectors are used, oncolytic viruses are replication competent. Oncolytic viruses selectively infect tumor cells followed by proliferation of the viruses and destruction of infected cells, a process that is called oncolysis. The subsequent release of these additional infectious viruses causes the infection of neighbouring tumor cells (10, 11). At the same time a tumor-specific immune response is induced resulting in further enhancement of the oncolytic effects. Therefore, a combination of immunotherapies such as checkpoint inhibitors, that release the brakes on the immune system, with oncolytic viruses might be a promising therapeutic strategy; corresponding clinical trials are currently being undertaken (NCT02919449; NCT01937117).

The treatment of breast cancer with aggressive tumor biology such as triple-negative breast cancer (TNBC), defined by the absence of estrogen and progesterone receptors, as well as HER2, is challenging. Until recently, only chemotherapy was available to treat metastatic TNBC (12). A new therapeutic strategy, which has been shown to be effective in many solid tumors, is based on the inhibition of so-called immune checkpoints, specifically cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death -1 (PD-1), and programmed cell death-ligand-1 (PD-L1), which suppress the antitumor capabilities of the host immune system (13). Although historically breast cancer has been considered a non-immunogenic tumor (i.e. cold), TNBC appears more likely to respond to immunotherapy than other breast cancers because of an increased mutational burden, infiltration of the tumor microenvironment with immune cells (e.g., tumor-infiltrating lymphocytes), and higher expression of PD-L1 (14). Nevertheless, the efficacy of individual checkpoint inhibitors in TNBC is still low, and combinations of therapies are needed to overcome resistance to immunotherapy. Recently, combination with chemotherapy has been shown to be more successful (15). While some studies showed significant efficacy and led to approval of the checkpoint inhibitors pembrolizumab and atezolizumab in combination with chemotherapy for the treatment of metastatic and early TNBC, other studies have not been as successful (16–20). Although a long-lasting anti-tumor effect is seen in some patients, the vast majority of those treated do not respond to immunotherapy (21). Therefore, new strategies are needed to improve the efficacy of immunotherapy in breast cancer, which is not considered a highly immunogenic (i.e. hot) tumor compared to other entities such as melanoma or non-small cell lung cancer (22).

Novel treatment agents such as immune checkpoint inhibitors are an important milestone in response to the desperate search for novel therapeutic agents for breast cancer. However, there is still room to improve the clinical benefit for patients from this new treatment option (23). There are two potential ways of increasing the success. Firstly, subtypes of breast cancer susceptible to immune checkpoint inhibitors could be sensitized to improve the response to these therapeutic agents. Secondly, non-immunogenic tumors need to be transformed into immunogenic tumors thus making them more susceptible to immune checkpoint inhibitors. Oncolytic viruses may fulfil this role and offer a new way of improving treatment with immune checkpoint inhibitors. In particular, the activation of an immune response to the tumor cells due to viral infection may play an important part in this approach. In a Phase Ib clinical trial in advanced melanoma that combined the oncolytic virus talimogene laherparepvec with the anti-PD-1 antibody pembrolizumab researchers found that this combination enhanced the CD8+ T-cell count and elevated the PD-L1 protein expression. The authors suggest that this creates a changed tumor microenvironment, thereby potentially increasing response rates to an immune checkpoint inhibitor (24). Another study used a vesicular stomatitis virus (VSV) in combination with an anti-PD-1 checkpoint inhibitor as a therapeutic regime in experimental models of TNBC. The authors found that the recruitment of CD8+ T-cells plays an important role in enhancing the efficacy of immune checkpoint inhibitors (25). Additional laboratory studies underline the potential benefit of combining oncolytic viruses with immune checkpoint inhibitors (26, 27). The induction of an immune response to tumor cells, thereby sensitizing tumor cells to immune checkpoint inhibitors, enables oncolytic viruses to transform non-immunogenic tumors into more immunogenic tumors (28). Interestingly, because the transformation includes CD8+ T-cell recruitment, CD8-targeted positron emission tomography (PET) imaging may prove useful in future for evaluating oncolytic virotherapy in this context (29).

It is important to differentiate between oncolytic viruses with natural or intrinsic anti-neoplastic characteristics and oncolytic viruses that have been genetically modified (30). During the 20th century wild-type oncolytic viruses were used and their effects on tumor cells were investigated. In the 1990s the next step was to genetically engineer these viruses for selective replication in tumor cells (31). The hope was to increase the oncolytic potential of such viruses. Herpes simplex virus type 1 (HSV-1) was the first oncolytic virus to be genetically modified by creating a thymidine kinase-negative mutant of HSV-1 (32). Many studies followed this development resulting in a variety of viruses which were found to exhibit tumor-selective replication (31, 33). More recently, an activated immune response against tumor cells caused by oncolytic viruses is understood to be important for their action (34–36). Importantly, a large randomized clinical trial phase III trial was undertaken using talimogene laherparepvec (T-VEC; Imlgygic®) in patients with advanced melanoma (37). A therapeutic benefit was shown (38).

Selective killing of tumor cells forms the first pillar of oncolytic virotherapy (Figure 1). Specific targeting of cancer cells is a necessary pre-requisite for successful virotherapy. Indeed, many naturally occurring viruses, such as parvovirus, measles virus, reovirus and Newcastle disease virus (NDV) exhibit a natural preference for cancer cells. However other viruses, such as adenovirus, VSV, vaccinia virus (VV) and HSV need to be engineered to make them cancer specific (30, 39). Four broadly different ways have been used to engineer oncolytic viruses to selectively target tumor cells. The first of these approaches utilizes virus-specific, receptor-mediated cell targeting based on addressing cell markers that are expressed in tumor cells, such as epidermal growth factor receptor (EGFR) and HER-2 (39). The second approach is based on the rapid cell division in tumor cells, which leads to high metabolic activity and replication rate, thereby supporting increased viral replication compared to normal quiescent cells (33). Moreover, mutations in tumor drivers or other enzymes such as protein kinase R (PKR) can increase the selectivity of virus replication in tumor cells (9, 36). Thirdly, many cancer cells exhibit deficiencies in normal antiviral interferon (IFN) or tumor necrosis factor (TNF) responses (30, 33) which encourage selective virus replication (39). Fourthly, normal cells respond to viral infection by inducing apoptosis or suppressing translational, transcriptional and/or transductional targeting to prevent the lysis of cells, which may limit the propagation of the virus (39).




Figure 1 | Four different ways used to engineer oncolytic viruses to selectively target tumor cells. Selective killing of tumor cells forms the first pillar of oncolytic virotherapy and requires specific targeting of cancer cells as a necessary pre-requisite for successful virotherapy. Although many naturally occurring viruses exhibit a natural preference for cancer cells, other viruses, need to be engineered to make them cancer specific.



The second pillar of oncolytic virotherapy is based on the immune response against tumor cells (Figure 2). The infection with oncolytic viruses results in a release of cell debris and antigens which stimulate the immune system (33). Normally the oncolytic virus would trigger an immune response in the cell leading to limitation of the viral infection. A combination of several factors - viral infection, oncolysis, new antigens and an activation of pathways normally signaling cell danger - may prevent the tumor in its microenvironment from evading the immune system and, thereby resulting in an immune response (33).




Figure 2 | Triggering an immune response through infection with oncolytic viruses. The infection of tumor cells with oncolytic viruses results in viral replication and subsequent cell lysis. The debris and new antigens that are released through cell lysis result in a stimulation of the immune system.



Oncolytic viruses are promising agents for the treatment of cancer because they selectively infect and destroy cancerous tissues without harming normal tissues (9). They also offer an attractive combination of tumor-specific cell lysis and immune stimulation. The first oncolytic virus approved in the US and EU was, talimogene laherparepvec, a genetically modified, live-attenuated, HSV-1-based vector, for the treatment of advanced melanoma, and unresectable metastatic melanoma respectively (38). Many more oncolytic viruses are currently being tested in clinical trials.

In this review, we highlight recent progress that has been made with oncolytic viruses specifically in the treatment of breast cancer with a focus on published clinical trials (Figure 3 and Table 1). We have also searched unpublished clinical trials found on Clinical Trial Research: Trial Trove using oncology, breast as keywords for disease and lytic virus/virus, lytic as the keywords for therapeutic class.




Figure 3 | Clinical trials of oncolytic viruses in breast cancer. Oncolytic viruses selectively infect tumor tissue, undergo viral replication and cause tumor cell lysis. Currently, 14 different oncolytic viruses have been investigated in 18 published clinical trials. These oncolytic viruses fall into three different groups; (i) oncolytic viruses with natural anti-neoplastic properties; (ii) oncolytic viruses designed for tumor-selective replication; (iii) oncolytic viruses modified to activate the immune system. All published trials demonstrate that oncolytic viruses are well tolerated and safe for use in patients.




Table 1 | Published clinical trials with oncolytic viruses involving breast cancer patients.






2 Published Clinical Trials With Oncolytic Viruses in Breast Cancer

There have been several previous publications that have listed oncolytic viruses in ongoing or completed trials, but none of these provide a systematic review of the published clinical trials (60–63). Our review provides for the first time an in-depth systematic review of all published clinical trials with oncolytic viruses that included breast cancer patients.

In total, 14 different oncolytic viruses have been tested in 18 published clinical trials for the potential treatment of breast cancer as of 26 November 2021 (Table 1). S1 Supplementary Information provides more details on the mechanisms of the used oncolytic viruses used in the clinical trials and the results of these studies. As of 17 April 2021, there were 62 ongoing clinical trials with oncolytic viruses in patients with breast cancer (S2 Supplementary Information). The search found another 2 clinical trials with therapeutic agents not classified as oncolytic viruses.

We have divided the oncolytic viral agents into three different sections for the purpose of our review. The first section describes oncolytic viruses with natural anti-neoplastic properties. The second section focuses on oncolytic viruses that are designed for tumor-selective replication. The third section describes the clinical trials with oncolytic viruses genetically modified to activate the immune system (armed oncolytic viruses).


2.1 Oncolytic Virus With Natural Anti-Neoplastic Properties


2.1.1 Newcastle Disease Virus

Newcastle disease virus (NDV) causes Newcastle disease (also called Ranikhet disease) and is characterized by a single-stranded, negative sense, non-segmented RNA with the diameter reaching 200-300 nm. It possesses a pleomorphic envelope and the genome encodes seven essential genes, namely nucleocapsid protein, phosphoprotein, matrix protein, fusion protein, haemagglutinin-neuraminidase (HN) protein, the RNA-dependent RNA polymerase, and the V protein (64, 65).

In birds, many different avian species and manifestations of NDV have been reported (65). NDV can be differentiated into three categories. The first category is characterized by a low virulence and is therefore called lentogenic. The second category exhibiting moderate or intermediate virulence is named mesogenic. Finally, the third category of NDV is velogenic and is characterized by high virulence and is further classified according to its predilection site, i.e. whether it is neurotropic or viscerotropic (66). Only the mesogenic and the velogenic pathotype exhibit an oncolytic potential (64).

NDV is a paramyxovirus (65) and innately grows in cells with deficient interferon (IFN) signaling, like many tumor cells (67). The V protein is essential for the interaction and inhibition of IFN, thereby resulting in an increased virulence. The HN protein increases the apoptosis rate in infected tumor cells (65). PV701 is a naturally occurring NDV (55) which is both velogenic and lytic (65). It originates from an avian paramyxovirus thereby making it suitable for use in humans. A Phase I trial concluded that adverse effects (flu-like symptoms) were common and of higher intensity after the first application of PV701 (54). A following Phase I clinical trial tested the effect of a two-step desensitization with intravenous administration of PV701 on the side effects (55). Sixteen patients with incurable solid tumors including two patients with breast cancer were eligible. The treatment scheme included two cycles of six PV701 applications each over a period 15 days with a subsequent 6-day rest. The first dose was lower than the following ones. As a result, the maximum tolerated dose was not reached. The most commonly observed adverse reactions were flu-like symptoms. The intensity of these symptoms decreased with each additional application of PV701. One patient showed a partial response and four patients with progressive disease at the time of enrolment displayed disease stabilization ≥ 6 months (55).



2.1.2 Pelareorep

Pelareorep (Reolysin) is another naturally occurring oncolytic virus. Pelareorep originates from a double-stranded RNA reovirus serotype 3 Dearing strain (41). The term reovirus (respiratory enteric orphan virus) was used to describe a group of cytopathogenic viruses that have three distinct human serotypes and cause mild gastrointestinal or upper respiratory infections in humans (68). The inhibition of the cellular double-stranded RNA-activated protein kinase in tumor cells with an activated RAS-pathway causes tumor selective oncolysis (41). Moreover, there is evidence that EGFR mutations facilitate infections even of tumor cells without activated RAS (69). In a Phase I trial of patients who suffered from advanced or metastatic solid cancer that did not respond to current available treatment, different doses of pelareorep were applied intravenously every four weeks. Eighteen patients were eligible including two patients with breast cancer. No maximum tolerated dose was found and treatment was well tolerated (one patient experienced fatigue and another patient fever). One patient displayed a partial response (anthracycline and taxane refractory breast cancer), showing necrosis and viral shedding in a biopsy taken from her chest wall. The clinical benefit rate was 45%. As effectivity was higher in patients with viral shedding (in serum, saliva, stool, or urine) this may be indicative of a higher replicative activity in these patients, thereby paving the way to clinical response (41). A subsequent Phase I study investigated escalating intratumoral doses of pelareorep in patients with advanced tumors including three with breast cancer. Pelareorep was well tolerated in this study with only local grade 2 erythema and flu-like symptoms observed. There was some evidence of local target tumor response activity in 7 of 19 patients with one breast cancer patient exhibiting stable disease after six or more weeks (42).

The combination of pelareorep and paclitaxel to treat metastatic breast cancer was evaluated in a multicenter randomized Phase II trial. A total of 81 patients that had received chemotherapy for advanced disease were enrolled in the study. Seven patients were part of a safety-run. The remaining 74 patients either received a combination of paclitaxel and pelareorep (n=36) or paclitaxel mono-treatment (n=38). The primary endpoint was progression-free survival, and secondary endpoints included objective response rates, overall survival, circulating tumor cell counts and safety. Pelareorep was well tolerated. After a median follow-up of 29.5 months, progression-free survival was 3.78 months in the combination arm and therefore not significantly different as compared to 3.38 months (HR 0.8; 80% CI 0.54–2.22; p=0.87) for paclitaxel alone. Although there was also no difference in response rates, median overall survival was slightly, but not significantly better: 17.4 for the combination versus 10.4 months (HR 0.65; 80% CI 0.46–0.91; p=0.1) for paclitaxel alone (43). Currently, there are 14 ongoing clinical trials using pelareorep to treat metastatic breast cancer including three Phase III trials (S2).



2.1.3 HF10

Herpes simplex Virus (HSV) is a double-stranded DNA virus that causes a variety of diseases ranging from mild skin disorders to fatal encephalitis. HF10 is a spontaneously occurring oncolytic mutant of HSV-1 with a unique genomic structure that has non-engineered genetic deletions and insertions (70). The genomic alterations result in an incomplete UL56 gene product thereby leading to a reduced capability to invade the central nervous system which enhances safety significantly. Six patients diagnosed with breast cancer with > 10 metastases at cutaneous or subcutaneous sites were enrolled in a Phase I clinical trial. HF10 was injected into one tumor nodule and saline solution was injected into a different nodule of the same patient once daily over a period of three days. After 14 days the nodules were removed for histopathologic examination. The application of HF 10 was well tolerated. Histopathological evaluation showed that cell death occurred in 30 to 100% of malignant cells in patients injected with HF10, whereas no cell death was observed in the saline-injected nodules (56).




2.2 Oncolytic Viruses Designed for Tumor-Selective Replication


2.2.1 Vaccinia Virus

Vaccinia virus (VV) is a linear, double-stranded DNA virus belonging to the genus Orthopoxvirus of the family Poxviridae (71). Typically, VV infection produces four different virions that have different abundance, structure, location and roles in the virus life-cycle: (i) the intracellular mature virus (IMV), (ii) extracellular enveloped virus (EEV), (iii) intracellular enveloped virus (IEV), and (iv) the cell-associated enveloped virus (CEV) (71). Cell lysis results in the release of large numbers of IMV which are more stable than EEV and easily detected by the immune system. The additional membrane of EEV originating from the host cell results in enhanced immune evasion and a greater spread (72). JX-929 (vvDD) is a genetically engineered Western Reserve strain VV with two gene deletions (40, 73). Through the deletion of the thymidine kinase gene the viral DNA synthesis is dependent on thymidine triphosphate from dividing cells such as tumor cells. The deletion of the vaccinia growth factor (VGF) gene stops neighbouring cells from dividing (74). JX-929 includes a homologous recombination of the cytosine deaminase that enables infected cells to convert 5-flurocytosin to 5-flurouracil (75). It also includes the somatostatin receptor for imaging of viral spread through imaging the accumulation of radioactivity of 111In-pentetreoide in infected cells (73). Sixteen patients with tumors unresponsive to current treatments were enrolled in a Phase I clinical trial including three with breast cancer (40). The virus was injected directly into the tumor. No dose-limiting toxicity was found at the doses given in this clinical trial. The adverse effects displayed included fever, malaise and pain. These symptoms correlated with the replication of vvDD and the immune response against vvDD. Thus, Western Reserve strain oncolytic VV appears safe for use in patients and shows selective replication in injected and un-injected tumors.



2.2.2 Adenovirus

Adenoviruses (Ad) contain double-stranded linear DNA of 38 kB. Over the years more than 40 different serotypes have been discovered in humans of which serotypes 2 and 5 are the ones currently mostly being used as oncolytic adenoviruses (76). Adenoviruses express certain proteins that result in an evasion of the immune system. Additionally, the suppression of apoptosis through adenoviruses is due to proteins interacting with Fas ligand and TNF pathways. Three main mechanisms have been shown to result in cell death after adenovirus infection. Firstly, adenoviruses can directly cause cytotoxicity. Secondly, they can alter the immune response to the tumor cells through increased sensitivity to cytokines or induction of cytokine production (i.e. TNF). Thirdly, adenoviruses can increase the response to chemotherapies (77). Oncolytic adenoviruses can be classified into two groups. The first group consists of adenoviruses in which genes have been modified to reduce replication and infection in normal cells. The second group includes adenoviruses that have been modified to specifically target cancer cells (78). Currently, there are 13 ongoing clinical trials investigating adenoviruses for the treatment of breast cancer (S2).



2.2.3 ICOVIR-7

ICOVIR-7 is an adenovirus which has been genetically altered, including a deletion allowing the regulation of a gene by a tumor-specific promoter E2F-1 (79). E2F-1 regulates parts of the Rb-p16 pathway which is defective in many tumor cells (50). Moreover, this modification includes a change to the serotype 5 adenovirus with the aim of facilitating specific entry into tumor cells and improving the infection of cancerous cells. Further modifications were made to enhance transcription. A clinical trial evaluated the effects of ICOVIR 7 in patients with advanced solid tumors. A total of 21 patients were enrolled including three with breast cancer. ICOVIR 7 was applied once intratumorally in different doses. The side effects included fever, fatigue, elevated liver transaminases, chills and hyponatremia. Grade 3 anemia was diagnosed in one patient. Viral replication was indicated by circulating viral DNA in 18 patients and in 7 tissue samples 2 to 4 weeks after treatment. After treatment two stable diseases, two minor responses and one partial response occurred in 12 patients with available follow-up data. One of the patients with breast cancer exhibited a decrease or stabilization of tumor markers (50).



2.2.4 Telomelysin

Telomelysin (OBP-301) is another genetically modified adenovirus and is based on the serotype 5 adenovirus. This oncolytic virus includes a promoter for the human telomerase reverse transcript gene (hTERT) (51), which is responsible for maintaining the lengths of telomeres at the end of chromosomes. An upregulation in the telomerase pathway is seen in many cancer cells (80). A total of 16 patients were enrolled in a Phase I trial of patients with advanced solid tumors of which only one had breast cancer. Telomelysin was applied once intratumorally at three different doses. The application of telomelysin was well tolerated and only mild adverse effects were seen (such as pain and induration at the site of injection as well as fever and chills). Post-treatment biopsies of the tumors showed hTERT expression in 9 of 12 patients, thereby indicating a permissiveness of these tumors to support viral replication. One partial response and 7 stable diseases occurred at a follow-up 56 days after treatment (51).



2.2.5 ONYX-015/dl1520

The adenovirus ONYX-015/dl1520 (lontucirev) belongs to the group C of adenoviruses. A genetic modification causes a deletion of the E1B-55K and E3B region. Previous clinical trials using ONYX-015 mono-therapy rarely displayed a clinical benefit for patients although biological activity was seen (81). Research has shown that TNF-α is one of the most important cytokines in the immune response towards adenoviruses and an important pro-apoptotic factor (82, 83). Different regions in the genome of adenoviruses encode proteins to minimize the negative effect TNF-α has on cells infected through adenoviruses (84). Therefore, the deletion of these regions helps to induce apoptosis in cancerous cells when infected with this virus. Another region contains a protein that interferes with antigen presentation. Its deletion facilitates an immune response directed at infected tumor cells (85).

A Phase I trial investigated the combination of ONYX-015 together with the synthetic dimer of the human TNF-α receptor etanercept (53) in patients with solid tumors including two patients with breast cancer. Only mild side effects were seen. All patients developed mild to moderate fever 24 h after treatment with ONXY-015 and in some patients, hyponatremia and transient transaminitis were also seen. Two of the three patients that received the highest dose of ONYX-015 expressed measurable viral DNA. The quantity of the viral DNA was higher in cycle 1 than in cycle 2. As etanercept was only administrated in cycle 1, the reduced quantity could be attributed to the lack of etanercept in cycle 2. Overall, 4 of 9 patients showed a stable disease (53). A study with ONYX-015 concluded that heat shock proteins facilitate the export of viral mRNA necessary for an efficient infection of cancerous cells (86).




2.3 Armed Oncolytic Viruses


2.3.1 Serotype 5/3 Adenovirus

There are several examples of armed oncolytic adenoviruses in clinical trials that included breast cancer patients. The serotype 5/3 adenovirus has been modified to express the granulocyte-macrophage colony-stimulating factor (GMCSF) by creating the constructs Ad5/3-E2F-Δ24-GMCSF (CGTG-602) and Ad5/3-D24-GMCSF (CGTG-102) (44, 46). GMCSF has been shown to activate antigen-presenting cells with the majority being dendritic cells. Additionally, the innate immune system is activated including a sequestration of natural killer cells and neutrophils (46). A clinical trial using CGTG-602 enrolled thirteen patients with metastatic tumors including three with breast cancer (46). The adenovirus was administrated intratumorally (3 injections per patient). At least stable disease was seen in 83% of the patients. Response rate as demonstrated by positron emission tomography (including minor metabolic response) was 50% including one breast cancer patient. Post-treatment biopsies indicated an active immune response towards the tumor through increased number of infiltrating immune cells such as T cells. Additional RNA expression analyses of these biopsies suggested metabolic changes due to viral infection (46). In a subsequent study, the induction of antitumor immunity was studied in patients with solid tumors (16 with breast cancer) by comparing a single intratumoral injection of Ad5/3-D24-GMCSF (CGTG-102) with the administration of three subsequent doses 3 to 4 weeks apart (44). The results of this study provided the first data linking antiviral immunity with antitumor immunity. No analysis of efficacy according to tumor subtypes was performed in this study. In addition, a combination of Ad5/3-D24-GMCSF and low-dose cyclophosphamide was administered to 16 patients with advanced breast cancer and found to be well tolerated with evidence of tumor shrinkage in 3 of 14 imaged patients (45).



2.3.2 Serotype 5 Adenovirus

The serotype 5 adenovirus has also been engineered to express human GMCSF (Ad5-D24-GMCSF) and used to treat patients with advanced solid tumors including two patients with breast cancer. The results showed that intratumoral injections of Ad5-D24-GMCSF were well tolerated and clinical responses were frequently seen. One breast cancer patient exhibited disease stabilization and the second demonstrated a reduction of tumor markers to normal. Interestingly, this study also showed evidence of both tumor-specific and virus-specific immunity (47). Another clinical trial used the two adenoviruses Ad5-RGD-D24 and the GMCSF-encoding variant Ad5-RGD-D24-GMCSF. These viruses have been modified with arginine (R)–glycine (G)–aspartic acid (D) (RGD) - targeting integrin, which allows cell entry via alpha-v-beta-integrins often expressed in tumor cells. Moreover, GMCSF controlled by an E3 promoter was included into Ad5-RGD-D24-GMCSF (49). To further enhance cancer selectivity a 24 base-pair deletion was introduced into the region 2 of E1A to induce a cytostatic effect (49, 87). In a Phase I trial using Ad5-RGD-D24 and Ad5-RGD-D24-GMCSF 16 patients with solid tumors including breast cancer were enrolled (49). Nine patients were treated with Ad5-RGD-D24, of which two had breast cancer, and 7 patients were treated with Ad5-RGD-D24-GMCSF, of which none had breast cancer. One fifth of the dose was given intravenously and four fifths were given intratumorally. Generally, the application was well tolerated but typical side effects included mild to moderate fatigue, fever and pain at the site of injection. Ten of 13 patients with available data showed measurable viral circulation two weeks after treatment. Half of the patients treated with Ad5-RGD-D24-GMCSF showed a stable disease after one application of the virus. Additionally, two thirds of patients treated with Ad5-RGD-D24-GMCSF displayed stabilized or reduced tumor marker levels. In contrast, all patients treated with Ad5-RGD-D24 showed disease progression, while half of these patients had temporary improvements of tumor marker levels. Ad5-RGD-D24-GMCSF treated patients exhibited signs of an immune response directed towards the tumor and virus (49). Finally, a study was published that looked at the immunological effects of low doses of the alkylating agent cyclophosphamide in patients treated with the oncolytic adenoviruses Ad5-D24-GMCSF, Ad5/3-D24-GMCSF, Ad5-RGD-D24-GMCSF and ICOVIR-7 (48). A total of 43 patients with advanced solid tumors including 3 with breast cancer received intratumoral injections of one of the adenoviruses and some of these also received infusions and/or oral low-dose cyclophosphamide. All treatments were well tolerated. Antibody formation and virus replication were not affected by the administration of cyclophosphamide. Interestingly, oncolytic adenovirus administered together with metronomic cyclophosphamide (i.e. oral or oral plus intravenous regimens) increased cytotoxic T cells and induced Th1 type immunity in patients. All cyclophosphamide regimens resulted in higher rates of disease control compared to virus alone, although it was not possible to determine the specific affects in any of the three breast cancer patients or which patients received which particular adenovirus (48).



2.3.3 H103

H103 is a recombinant oncolytic serotype 2 adenovirus overexpressing heat shock protein 70 (Hsp70) (52). During oncolysis Hsp70 is released from infected tumor cells. These proteins then act as an epitope for antigens thereby stimulating a systemic immune response (52, 88). A study using a Hsp70-mediated cancer tumor vaccine resulted in a decrease of tumor sizes and metastasis (88). Therefore, agents or mutations that lead to an increase of heat shock proteins may result in an improved therapeutic response (86). A Phase I clinical trial using an oncolytic virus H103 expressing Hsp70 was initiated with 27 patients with solid tumors non-responsive to current available treatment options, of which one patient had breast cancer amongst six with other tumors (52). The virus was applied intratumorally as a single or multi-dose application. Mainly mild adverse events were seen such as fever, pain at the site of injection and a local reaction. Two patients showed severe fever and transient thrombocytopenia. Three patients showed a partial or complete response in the original tumor and another three patients also displayed response in metastases not injected with the oncolytic virus. It did not appear that the single breast cancer patients exhibited any treatment-related effects in this study (52).



2.3.4 OncoVEXGM-CSF

OncoVEXGM-CSF (other names are T-VEC and talimogene laherparepvec (Imlgygic®)) is a recombinant herpes simplex virus type 1 (HSV-1). It is a JS1 strain of HSV-1 with a deletion of ICP34.5 and ICP47 (59). A mutation in the neuro-virulence factor ICP34.5 enables greater cell killing potential selective for tumors (89). PKR is activated through stress signals such as viral infections. It results in a halting of mRNA translation of viral or cellular origin. PKR is also capable of inducing apoptosis (90). The deletion of ICP47 induces an activation of the immune system resulting in an immune response not just against the virus but also against infected cells. The systemic immune response is further intensified through the expression of the GMCSF gene which is encoded in this virus as a therapeutic transgene (38). The CMV promoter regulates the GMCSF gene and was added into the OncoVEXGM-CSF genome in the place of ICP34.5. As HSV infections and sero-positivity are common in the population it is important to note that an effective tumor treatment with OncoVEXGM-CSF is still achievable when applied intratumorally; as a result of this route of application any local preformed anti-HSV-1 immune response is overwhelmed by the huge number of locally applied infectious viral particles (up to 108 OncoVEXGM-CSF particles). Clinical studies conducted in melanoma patients indicated that there is a response to OncoVEXGM-CSF not just in injected lesions but also in distant metastases, defining a so-called abscopal effect (37, 91). Talimogene laherparevac (T-Vec) expresses GM-CSF thereby stimulating cytokine production and potentially activating the immune response, and perhaps offering itself to combinations with immune checkpoint inhibitors (92).

A Phase I clinical study of patients with advanced solid tumors included 13 patients in a single-dose group and 17 patients in a multi-dose group, of which 26 patients could be evaluated (59). Of the 30 patients enrolled in the study, 14 patients had breast cancer and 13 of these could be evaluated. Only mild side effects such as local symptoms (i.e. inflammation and erythema) and fever were seen. HSV antigen-associated tumor necrosis indicated viral replication. After treatment three patients showed stable disease, including one patient with breast cancer, six patients experienced a decrease of tumor size (injected and/or un-injected), including two with breast cancer, and four patients displayed additional inflammation in un-injected lesions. Overall, the multi-dose regime seemed more promising than single-dose application (59). OncoVEXGM-CSF was approved by the United States Food and Drug Administration (FDA) in 2015 for the treatment of melanoma, specifically for patients with lesions which are not accessible occurring after initial surgery. The European Medicines Agency’s (EMA) Committee for Medical Products for Human Use also approved OncoVEXGM-CSF in 2015 for unresectable melanoma with certain types of metastasis (38). Currently, there are nine ongoing clinical trial using OncoVEX GM-CSF (S2).





3 Conclusions

We have reviewed the different viruses that have been investigated in published clinical trials for the treatment of breast cancer (Figure 1 and Table 1). We have focused primarily on clinical trials for which results have been published in peer-reviewed journals. Although oncolytic viruses have been proposed as a future treatment option for the treatment of cancer for several years, the results of the clinical trials published so far demonstrate mixed results. There are currently 18 published clinical trials (17 Phase I studies and 1 Phase II study) with 14 different oncolytic viruses from five different viral families (VV, reovirus, adenovirus, NDV, HSV). We found that the adenovirus was the most common oncolytic virus tested in clinical studies that included patients with breast cancer (10 of 18 clinical trials). This corresponds well with a recent review describing the overall clinical landscape for oncolytic viruses in all types of cancer which highlighted that the adenovirus was the most common virus type tested in all clinical trials for cancer (93).

The oncolytic viruses used in the published clinical trials can be grouped into (i) wildtype/natural mutant viruses, (ii) viruses genetically engineered for tumor-selective replication, and (iii) viruses genetically modified to activate the immune system. The first group includes the three following viruses: pelareorep, PV701 and HF10) (41–43, 54–57). The second group includes four oncolytic viruses, namely JX-929, ICOVIR-7, telomelysin and ONYX-015). The third group includes the following seven oncolytic viruses, namely the adenoviruses Ad5/3-D24-GMCSF (CGTG-102), Ad5/3-E2F-Δ24-GMCSF (CGTG-602), Ad5-RGD-D24, Ad5-RGD-D24-GMCSF, Ad5-D24-GMCSF, H103, and talimogene laherparepvec (44, 46–49, 52, 59). The last group also includes the only oncolytic virus talimogene laherparepvec (Imlygic®) which has been licensed by both FDA and EMA for advanced stages of melanoma (38). Based on the available published clinical trials adenoviruses (double-stranded DNA virus) seem very promising because the majority of clinical trials that include breast cancer patients have been performed with this type of virus. Additionally, there has been broad research into genetic engineering of adenoviruses to activate the immune system. This makes them an ideal combination partner for immune checkpoint inhibitors. However, pelareorep (double-stranded RNA virus) appears very promising as this virus was the only one to be tested in a published Phase II clinical trial in this review. There are currently, 14 ongoing clinical trials with pelareorep including breast cancer patients (see S2 Supplementary Information). Indeed, only time will tell whether these oncolytic viruses prove the most promising, especially in combination with arising immunotherapies such as immune checkpoint inhibitors.

Overall, the results of the studies show that most oncolytic viruses were found to be safe and well tolerated with few side effects mostly limited to flu-like symptoms or local inflammation at the injection sites. One study demonstrated local reactions that dissipated with repeated dosing (54). There did not appear to be any great differences between the various oncolytic viruses with respect to tolerability with possibly the exception of H103 where 2 patients developed high-grade fever and thrombocytopenia (52).

The published reports described two different routes of administration. Eleven of the studies reported intratumoral administrations of the oncolytic virus (40, 42, 44, 46–48, 50–52, 56, 57, 59), five described intravenous injections (41, 43, 53–55), and one study used both routes of administration (49). This indicates that the best routes of administration have not been defined so far.

Four clinical studies attempted to determine whether treatment induced antibodies to the oncolytic virus and found that they could identify neutralizing anti-viral antibodies (41, 42, 48, 50). It remains to be seen what effect such anti-viral antibodies will have on subsequent treatments with the same oncolytic virus. Five trials also documented T cell responses directed to the oncolytic viruses (44, 46–48, 56, 57). Finally, only two studies demonstrated viral gene expression (51, 59), whilst seven studies measured viral shedding/DNA after treatment (41, 42, 44, 49–51, 53). Ideally, it would help virologists if parameters such as viral gene expression, viral shedding and neutralizing antibodies could be measured in a more systematic pattern as more clinical trials are performed. This will help to understand dosing and responses of the oncolytic viruses to a greater degree. Furthermore, if the field expands more towards armed oncolytic viruses that activate the immune system, future trials will need to measure the effects on the body’s innate and adaptive immune responses and potentially combine such approaches with other cancer immunotherapies.

Finally, most of the published clinical trials investigated the effects of oncolytic viruses in patients with advanced metastatic solid tumors of which only some were breast cancers. The studies were all Phase I trials except for one. Thus, it is very difficult to draw any reliable conclusions about efficacy especially with regard to breast cancer patients. Indeed, the only published randomized Phase II trial designed to show efficacy in breast cancer was one involving intravenous administration of the reovirus pelareorep in combination with paclitaxel (43). Regrettably, this study failed to show a significant difference in the primary endpoint of progression-free survival. We are therefore only at the beginning of our clinical journey with oncolytic viruses. Hopefully, many of the 62 ongoing clinical trials in breast cancer that have not yet been published will provide more information about ideal routes of administration, neutralizing anti-viral antibodies, viral shedding and combinations with immunotherapy and most importantly therapeutic effectiveness.

Finally, we have no evidence from these trials whether particular subtypes of breast cancer are particularly suitable for oncolytic virotherapy and at which stages virotherapy could be applied with an optimal outcome. Patient-derived breast cancer tissue assays may help to investigate different viruses, compare the effects of engineering tumor specificity or arming for enhanced oncolytic effects and select the optimal subtypes of breast cancer suitable for virotherapy (94). Such tissue assays would ideally include immune cells within the tumor environment to investigate interactions with the immune system or other immunotherapies. This information will allow clinicians to prioritize the testing of the most promising oncolytic viruses, investigate the best routes of administration, and choose the most effective agents to combine with oncolytic viruses in breast cancer treatment.
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Background

Around 5%–7% of breast cancer cases are diagnosed in women younger than 40, making it the leading cause of female cancer in the 25- to 39-year-old age group. Unfortunately, young age at diagnosis is linked to a more aggressive tumor biology and a worse clinical outcome. The identification of the mutational landscape of breast cancer in this age group could optimize the management.



Methods

We performed NGS analysis in paraffin blocks and blood samples of 32 young patients with breast cancer [<40 years] and 90 older patients during the period 2019 through 2021. All patients were treated in a single institution at the Oncology Department of “Alexandra” Hospital, Medical School, University of Athens, Greece.



Results

Breast tumors were characterized more frequently by HER2 overexpression [25% vs 18.9%], higher ki67 levels [75% vs 61%] and lower differentiation [71.9% vs 60%] in the younger group. PIK3CA [6/20; 30%] and TP53 [6/20; 30%] were the most frequent pathogenic somatic mutations identified in young patients, while one case of BRCA2 somatic mutation [1/20; 5%] and one case of PTEN somatic mutation [1/20; 5%] were also identified. PIK3CA mutations [16/50; 32%] and TP53 mutations [20/50; 40%] were the most common somatic mutations identified in older patients, however other somatic mutations were also reported (ATM, AKT, CHEK2, NRAS, CDKN2A, PTEN, NF1, RB1, FGFR1, ERBB2). As for germline mutations, CHEK2 [3/25; 12%] was the most common pathogenic germline mutation in younger patients followed by BRCA1 [2/25; 8%]. Of note, CHEK2 germline mutations were identified less frequently in older patients [2/61; 3%] among others [BRCA1 (2/61; 3%), ATM (2/61; 3%), APC (1/61; 1,6%) and BRCA2 (1/61; 1,6%)].



Conclusion

We here report the mutational profile identified via NGS in patients with early-onset breast cancer compared to their older counterparts. Although the sample size is small and no statistically significant differences were detected, we highlight the need of genetic testing to most patients in this subgroup.





Keywords: NGS, breast cancer, early-onset, genetic testing, young women



Introduction

Breast cancer remains the leading cause of cancer among females affecting more than 2 260 000 women worldwide in 2020 (1). Despite the recent advances in diagnosis and treatment, breast cancer remains a major disease burden accounting for 685000 deaths in both sexes and 6.8% of cancer-related mortality (1). Although breast cancer is predominantly a disease of aging, early-onset breast cancer has attracted great interest recently. Young age at diagnosis generally refers to women younger than 40, although the definition may vary between different studies (2–4). Around 5%–7% of breast cancer cases are diagnosed in women younger than 40, making it the leading cause of female cancer in the 25- to 39-year-old age group (2). Even among premenopausal women, the age group <40 years demonstrates an increased risk of breast cancer mortality (4). In the less developed regions like Africa and Middle East, this percentage rises up to 20% due to lack of effective screening. Of note, early childbearing seems to be a risk factor of breast cancer before the age of 35, mainly due to the transient increase in breast cancer risk that occurs around 2 to 7 years following pregnancy (5).

In general, young age at diagnosis is linked to a more aggressive tumor biology and a worse clinical outcome (2–6). Basal-like and HER2-positive tumors are more frequently diagnosed in young women with breast cancer [34.3% and 22% respectively] (2). Azim et al. also observed lower rates of luminal-A tumors [17.2%] compared to over 30% observed in patients aged over 40 (2). Nodal involvement [50%], multifocal disease [27%] and high tumor grade are some of the features more commonly found in younger patients (2, 3). In comparison to the older population, younger patients are diagnosed at a more advanced stage when breast symptoms are profound. These aggressive characteristics lead to an adverse prognosis and a higher mortality rate up to 1.5-fold compared to the older population (4, 7). An analysis of two trial groups, European Organization for Research and Treatment of Cancer (EORTC) and National Surgical Adjuvant Breast and Bowel Project (NSABP), indicated a higher risk of local recurrence in patients younger than 35 years (7).

Recent studies have made an important effort to assess the mutational landscape of breast cancer (8, 9). Specific mutations occur more frequently in this age group. TP53 mutation was the most common somatic mutation [33%] among young patients, followed by PIK3CA [24%] and GATA3 [~25%] somatic mutations. In addition, younger counterparts harbor BRCA1 germline mutations in a greater percentage than the general population [9.4 vs 0.2%] (10). Some studies however failed to confirm the association between the total number of somatic base substitution and the age at diagnosis (8, 9). Accordingly, Azim et al. found no significant differences in the pattern of somatic mutations between pregnant and non-pregnant patients (9). Next-generation sequencing (NGS) has enabled the detection of a broad spectrum of mutations and the characterization of the genomic profile of this population.

The identification of druggable gene mutations in patients with early-onset breast cancer could optimize treatment with novel compounds and enable genetic counselling for the remaining family members. In the era of NGS, multigene panels have become the standard testing option, even though incidental findings and variants with uncertain significance complicate conclusions (11). Apart from cascade testing of patients’ relatives, genetic testing allows the prevention of a second primary malignancy in cancer patients harboring pathogenic germline mutations. We performed NGS analysis in 32 young patients with breast cancer [<40 years] and 90 older patients. The aim of our study is to investigate the frequency and spectrum of pathogenic germline and somatic mutations using NGS in a population of young patients with breast cancer and to compare them with the mutations identified in the older counterparts.



Materials And Methods

122 women with histologically confirmed breast cancer that underwent NGS in paraffin blocks and blood samples during the period 2019 through 2021 were considered eligible for our study. All women were treated in a single institute at the Oncology Department of “Alexandra” Hospital, Medical School, University of Athens, Greece. An age cut-off of 40 years was used to divide patients into young and old age groups, as previously reported in the literature. Clinicopathological characteristics were retrospectively collected from the patients’ files including age at diagnosis, histological subtype (luminal A, luminal B, HER2-positive, TNBC), histological grade, ki67 expression and disease stage as classified by TNM classification system. Immunohistochemical (IHC) analysis was performed to quantify expression of human epidermal growth factor receptor 2 (HER2), hormone receptors (HR) and Ki67. Estrogen receptor (ER) and progesterone receptor (PR) were considered positive if tumors had more than 1% nuclear-stained cells. HER2 status was considered positive when graded as 3+, while 0 to 1+ were negative and 2+ was an inconclusive result and in situ hybridization (ISH) was performed in those cases to confirm positivity. Hormone receptor positive tumors characterized by ki67 expression of over 20% were considered as luminal B. This study was approved by the Institutional Review Board of the Alexandra General Hospital of Athens and performed in accordance with the ethical standards described in the Declaration of Helsinki. An informed consent form was obtained from each of the eligible patients.


FFPE DNA Sequencing

For breast cancer patients, formalin-fixed paraffin-embedded (FFPE) breast tissues derived from mastectomy, breast-conserving surgery or core biopsy before treatment administration and blood samples were analyzed. Paraffin-embedded breast tissues were cut at slices of 10Mm diameter. FFPE DNA was extracted with the QIAamp DNA FFPE Tissue and libraries were constructed using AmpliSeq for Illumina Comprehensive Panel v3 for the 58 targeted genes that are presented in Supplementary Table 1. The genotyping was performed using the Illumina platform (MiSeq, NextSeq500 or NovaSeq) with a median amplicon cover 500x for the 91.39% of the targeted regions. We evaluated predicted pathogenic mutations, based on combined variant characterization by IonReporter (v5.12) (Thermo Scientific) was used. An additional manual inspection was performed using data from OncomineReporter (v4.4) and relevant databases (CinVar, dbSNP, Ensemble, COSMIC, CIVIC, PharmGKB, OMIM, My Cancer Genome, Vasome etc).



Germline DNA Sequencing

Plasma blood samples were collected in Vacutainer tubes. Within 4 hours after collection, plasma was separated from whole blood samples through centrifugation for 10 min at 3000 rpm at room temperature and stored at −80°C until further use. Genomic DNA was extracted from whole blood using the QIAsymphony DSP DNA Mini Kit and used to prepare indexed libraries to target the sequence of 42 cancer predisposing genes using the Trusight Cancer Panel – Nextera DNA Flex Pre-Enrichment Library Prep (Illumina, San Diego, USA) (Supplementary Table 2). Libraries were qualitatively and quantitatively evaluated using a Fragment Analyzer (Advanced Analytical Technologies, Heidelberg, Germany) and sequenced on a MiSeq genetic analyzer (Illumina, Inc., San Diego, CA), according to the manufacturer’s protocols. Annotation was performed against the human reference genome GRCh38 using VariantStudio V.3 (Illumina). The validation of results was performed according to criteria of American College of Medical Genetics – ACMG (12) and NCCN guidelines.



Statistical Analysis

The statistical analysis was performed with STATA statistical software. Differences between age groups were examined by chi-square test and Fisher’s exact test for categorical variables. The threshold for statistical significance was set at p < 0.05.




Results


Clinicopathological Characteristics

Age at diagnosis and histopathological parameters (histological type, grade, ER/PR expression, HER2 expression, ki67, stage) in both age groups are summarized in Table 1. Mean age at diagnosis was 35.6 (SD; 4.61) in the young group and 56.94 years (SD; 9.76) in the older group. Invasive ductal carcinoma was the most frequent histologic type of tumor in both groups. Overall, there were no statistically significant differences between the two patient groups. However, tumors were characterized more frequently by HER2 overexpression [25% vs 18.9%], higher ki67 levels [75% vs 61%] and lower differentiation [71.9% vs 60%] in the younger group.


Table 1 | Clinicopathological characteristics of young (<40) and older (>40) women with breast cancer.



Table 2 summarizes the prevalence of the different molecular subtypes of breast cancer across the two groups. No statistically significant differences were reported between the two populations. Of note, luminal A subtype was more frequently identified in older women [18.75% vs 30%] compared to younger patients, while luminal B, HER2-negative subtype was more common in the younger group [43.75% vs 28.89%].


Table 2 | Intrinsic subtypes of breast cancer in younger (<40 years) and older (>40 years) women with breast cancer.





Germline Mutations

Pathogenic germline mutations were identified via NGS in 25 young and 61 old patients over 40 years of age. No statistically significant differences were identified. The most common pathogenic germline mutation in younger patients (<40 years) was CHEK2 [3/25; 12%] followed by BRCA1 germline mutation [2/25; 8%]. Other germline mutations identified in younger counterparts were BRCA2 [1/25; 4%] and TP53 mutation [1/25; 4%] (Table 3). Of note, c.470T>C was the most common CHEK2 genetic polymorphism detected (rs17879961) in two cases. All germline mutations detected by NGS in the young population are presented in Table 4.


Table 3 | Germline pathogenic mutations of young patients with breast cancer as determined by NGS analysis.




Table 4 | Somatic and germline mutations of young women (<40) with breast cancer as determined by NGS.



Pathogenic germline mutations identified in older patients are presented in Table 5. The most frequent germline mutations detected were BRCA1 [2/61; 3%], ATM [2/61; 3%] and CHEK2 [2/61; 3%] mutations. Other germline mutations detected less frequently were APC [1/61; 1,6%] and BRCA2 [1/61; 1,6%] mutations. All pathogenic and non-pathogenic germline mutations identified in the older (>40 years) population are presented in Table 6.


Table 5 | Germline pathogenic mutations of old patients (>40 years) with breast cancer as determined by NGS analysis.




Table 6 | Somatic and germline mutations of old women (>40) with breast cancer as determined by NGS.





Somatic Mutations

Pathogenic somatic mutations were identified via NGS in 20 young and 50 old patients. PIK3CA [6/20; 30%] and TP53 [6/20; 30%] were the most frequent pathogenic somatic mutations identified in young patients. Of note, the genetic variant c.3140A>G was the most common PIK3CA mutation identified (rs121913279). There was one case of BRCA2 somatic mutation [1/20; 5%] and one case of PTEN somatic mutation [1/20; 5%]. All pathogenic somatic mutations detected in the young subgroup are presented in Table 7. All somatic mutations both pathogenic and variants of unknown significance identified in young (<40 years) patients with breast cancer are presented in Table 4.


Table 7 | Somatic pathogenic mutations of young patients with breast cancer as determined by NGS analysis.



Pathogenic somatic mutations identified in older patients are presented in Table 8. No statistically significant differences were detected between the somatic mutations identified in young versus older patients. The most frequent somatic mutations include PIK3CA mutations [16/50; 32%] and TP53 mutations [20/50; 40%]. Other mutations detected by NGS include: ATM [1/50; 2%], AKT [2/50; 4%], CHEK2 [2/50; 4%], NRAS [1/50; 2%], CDKN2A [1/50; 2%], PTEN [1/50; 2%], NF1 [1/50; 2%], RB1 [1/50; 2%], FGFR1 [1/50; 2%] and ERBB2 [1/50; 2%]. The most common PIK3CA mutation in older patients was c.1633G>A p.Glu545Lys in chromosome 13 (rs104886003) [6/16], followed by c.3140A>G p.His1047Arg (rs121913279) [5/16] and c.1624G>A p.Glu542Lys (rs121913273) [2/16]. All pathogenic somatic mutations and somatic mutations of unknown significance identified in the older (>40 years) population are presented in Table 6.


Table 8 | Somatic pathogenic mutations of old patients (>40 years) with breast cancer as determined by NGS analysis.






Discussion

We here provide the mutational profile of younger patients with breast cancer below 40 years of age versus their older counterparts as determined via powerful next-generation sequencing (NGS) analysis. No statistically significant differences were observed between the histopathological characteristics and the intrinsic molecular subtypes of breast cancer between the two groups although the sample size of the entire cohort is relatively small and the data is limited. However, younger patients tended to present with HER2-overexpressing [25% vs 18.9%], highly proliferating [ki67 ≥ 20%: 75% vs 61%] and high grade [71.9% vs 60%] tumors in a higher percentage. In contrast, luminal A breast cancer was more frequently identified in older women [18.75% vs 30%] compared to younger patients. PIK3CA and TP53 were the most frequent pathogenic somatic mutations identified in both subgroups harboring around 30% of the cases analyzed. These results are in agreement with previous studies that report an incidence of PIK3CA and TP53 somatic mutations in ~25-30% of breast tumors (8, 13, 14). All of the other somatic mutations detected (ATM, AKT, CHEK2, NRAS, CDKN2A, PTEN, NF1, RB1, FGFR1, ERBB2, PTEN, BRCA2) were identified in a percentage <2% of breast tumors as previously reported in the literature (8, 14). Indeed, NGS studies have revealed that the majority of cancer genes are mutated at frequencies of less than 5 or even 2% revealing a “long tail” of rare yet recurrent breast cancer genes (14). The most common PIK3CA somatic mutation identified was c.3140A>G (rs121913279) in younger women, whereas c.1633G>A (rs104886003) was the one most frequently detected in older patients. The most common somatic PIK3CA mutations are c.1624G>A, c.1633G>A, c.3140A>G and c.3140A>T, accounting for more than 90% of all mutations (15).

As for germline mutations, the high prevalence of CHEK2 [3/25; 12%] and BRCA1/2 germline mutations [3/25; 12%] in younger patients (<40 years) is of clinical significance. It has been shown that BRCA1 mutation and CHEK2 mutations, especially the CHEK21100delC germline mutation occurs more frequently in younger patients. Approximately 2% of patients with breast cancer carry a BRCA1 mutation, but among young patients this percentage rises up to 6-7% (16, 17). In addition, BRCA1 mutation carriers tend to be diagnosed at younger ages than noncarriers (16, 17). It has been shown that CHEK2 germline mutation carriers are at increased risk of developing female breast cancer with a predisposition to ER-positive disease and colon cancer (18). CHEK2 is a tumor suppressor gene that encodes a serine/threonine kinase, the CHK2, that is involved in multiple cellular pathways such as DNA repair, cell cycle and apoptosis. Various aberrations in CHEK2 gene have been recorded, including 1100delC, I157T, R117G, I160M, G167R and G167A (19). The most common germline mutation identified in our study was c.470T>C (p.Ile157Thr). It has been shown that the I157T variant is associated with breast cancer [odds ratio (OR) 1.4; p=0.02], prostate (OR 1.7; p=0.002), kidney (OR 2.1; p=0.0006), colon (OR 2.0; p=0.001) and thyroid (OR 1.9; p=0.04) cancer (19). A two-fold risk for breast cancer in carriers of CHEK2 mutations compared with noncarriers has been reported with a lifetime risk of breast cancer of approximately 15% to 20% (20). The risk of developing breast cancer in CHEK2 mutation carriers is associated with family history and increases when the carriers have first- and second-degree relatives who are affected (21). Of note, the rate of CHEK2 germline mutations was higher in the younger population (<40) compared to the older subgroup [12% vs 3%]. Whether CHEK2 mutations could be associated with early-onset breast cancer should be further investigated.

A single case of TP53 germline mutation was detected in a patient that belonged to the young subgroup. Heterozygous germline TP53 variants are the genetic cause of Li-Fraumeni syndrome (LFS), a hereditary cancer predisposition syndrome associated with very early-onset female breast cancer, commonly occurring before 31 years. Our patient that carried the c.824G>A (rs863224451) TP53 germline mutation was diagnosed with locally advanced, non-luminal HER2-positive breast cancer at the age of 32 and had a positive family history with a mother diagnosed with uterine sarcoma and a father diagnosed with hepatocellular carcinoma. The c.824G>A pathogenic mutation located in coding exon 7 of the TP53 gene has been identified as a germline alteration in patients with LFS and has therefore been classified as pathogenic (22). In germline TP53 pathogenic variant carriers, breast cancer risk increases significantly after the second decade, rises up to 20%–30% under the age 31, reaches a peak between 25–35 years and drops after 40 years of age, while the cumulative risk reaches a plateau before 60 (23). Women who carry germline mutations in the TP53 gene have a cumulative risk of developing breast cancer of up to 85% by the age of 60, whereas approximately 5–8% of women presenting with breast cancer under 30 years old have a germline TP53 gene mutation. It has been shown that TP53 germline mutations are associated with tumors characterized by high grade, HER2 overexpression in 60%–83% of the cases and multifocality (23). Guidelines for surveillance of TP53 pathogenic variant carriers have incorporated the annual breast MRI from the age of 20 onwards, although the option of risk-reducing mastectomy may be discussed in certain cases. Overall, TP53 germline testing should systematically be applied on all patients diagnosed with invasive breast cancer or ductal carcinoma in situ (DCIS) before 31 years of age.

Two germline mutations were detected only in the older breast cancer patients but not in their younger counterparts: ATM [2/61; 3%] and APC [1/61; 1,6%] pathogenic mutations. In agreement with these results, there is evidence that ATM germline mutations are not associated with familial breast cancer or diagnosis at a younger age (24). ATM is the fifth DNA repair gene, together with BRCA1, BRCA2, TP53 and CHEK2 shown to be involved in breast cancer predisposition (25). The overall relative risk of breast cancer in carriers is estimated to be 2.23-3.9 according to previous studies and is higher (~4.9) in women under 50 years of age (25). Although the family history of breast cancer is slightly higher in ATM mutation carriers, there was no difference in the median age at diagnosis between ATM carriers (48.6 years) and patients without ATM mutation (48.9 years) (26). Indeed, in our cohort a single ATM germline mutation carrier was detected (1/86; 1.2%) that was over 40 years old. APC germline mutations account for the familial adenomatous polyposis (FAP) hereditary cancer syndrome that is characterized by the development of 100 to 1000 of colorectal adenomatous polyps. A germline APC mutation can be detected in approximately 80% of classic FAP cases, while 15% to 20% of FAP patients demonstrate de novo germline mutations. Our patient diagnosed with APC chr5: c.3920T>A (p.Ile1307Lys) germline mutation reported neither positive family history nor a co-existing colon or other GI malignancy. Indeed, one study that screened 1.462 sequential patients for multiple genes conferring inherited cancer predisposition reported incidental findings in 25 (1.7%) patients with little or no known personal or family history (27). APC germline mutations were detected in two patients with breast cancer and no family history or other malignancy resembling our results. However, the genetic polymorphism identified in our study c.3920T>A (p.Ile1307Lys) has been accused for increased risk for colorectal cancer in Ashkenazi Jewish patients (28).

Our study is characterized by certain strengths and limitations. The main strength of our study is the application of the powerful NGS analysis. NGS offers a revolutionary high-throughput method providing much shorter reads (~21 to ~400 base pairs) Instead of long reads generated from a PCR-amplified sample. This analysis enables the detection of not only high-penetrance genes with established clinical utility, but also genes with clinical significance that is less evident. The main limitation of our study is that it is confined to a single institution and thus the sample size is limited. The limited number of patients involved may account for the absence of statistical significance throughout the results reported. A multicenter study with a similar design could generate more robust scientific data. More studies with a larger sample size should be performed to confirm the above findings.

Overall, we here report the mutational profile of young females with breast cancer below 40 years of age compared to their older counterparts. No statistically significant differences were identified between the two groups, yet the sample size is relatively small to extract a safe conclusion. PIK3CA [6/20; 30%] and TP53 [6/20; 30%] were the most frequent pathogenic somatic mutations detected in this population, while CHEK2 [3/25; 12%] was the germline pathogenic mutation most frequently detected, especially the c.470T>C (rs17879961) gene polymorphism. Other common germline mutations were BRCA1/2 [3/25; 12%] and a single case of TP53 mutation [1/25; 4%]. Given the high incidence of pathogenic gene mutations, genetic testing of young patients with breast cancer could facilitate the therapeutic approach of the existing neoplasm, the prevention of secondary malignancies and the genetic counselling of their relatives.
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Background

Cyclin-dependent kinases (CDK) 4 and 6 regulate G1 to S cell cycle progression and are often altered in cancers. Abemaciclib is a selective inhibitor of CDK4 and CDK6 approved for administration on a continuous dosing schedule as monotherapy or as combination therapy with an aromatase inhibitor or fulvestrant in patients with advanced or metastatic breast cancer. This Phase 1b study evaluated the safety and tolerability, pharmacokinetics, and antitumor activity of abemaciclib in combination with endocrine therapy for metastatic breast cancer (MBC), including aromatase inhibitors (letrozole, anastrozole, or exemestane) or tamoxifen.



Patients and Methods

Women ≥18 years old with hormone receptor positive (HR+), human epidermal growth factor receptor 2 negative (HER2-) MBC were eligible for enrollment. Eligibility included measurable disease or non-measurable but evaluable bone disease by Response Evaluation Criteria in Solid Tumours (RECIST) v1.1, Eastern Cooperative Oncology Group performance status 0–1, and no prior chemotherapy for metastatic disease. Adverse events were graded by the National Cancer Institute Common Terminology Criteria for Adverse Events v4.0 and tumor response were assessed by RECIST v1.1.



Results

Sixty-seven patients were enrolled and received abemaciclib 200 mg every 12 hours in combination with letrozole (Part A, n=20), anastrozole (Part B, n=16), tamoxifen (Part C, n=16), or exemestane (Part D, n=15). The most common treatment-emergent adverse events (TEAE) were diarrhea, fatigue, nausea, and abdominal pain. Grade 4 TEAEs were reported in five patients (one each with hyperglycemia, hypertension, neutropenia, procedural hemorrhage, and sepsis). There was no effect of abemaciclib or endocrine therapy on the pharmacokinetics of any combination study drug. Across all treated patients, the median progression-free survival was 25.4 months (95% confidence interval: 18.0, 35.8). The objective response rate was 38.9% in 36 patients with measurable disease.



Conclusions

Abemaciclib in combination with multiple endocrine therapy options exhibited manageable safety and promising antitumor activity in patients with HR+, HER2- MBC.



Clinical Trial Registration

https://clinicaltrials.gov/, identifier NCT02057133
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Introduction

Endocrine therapy (ET) forms the foundation of treatment for hormone receptor positive (HR+), human epidermal growth factor receptor 2 negative (HER2-) advanced breast cancer. Resistance to this therapy often occurs, however, resulting in the need to identify strategies to improve clinical outcomes. Many HR+ breast cancers demonstrate overexpression of cyclin D1, which interacts directly with cyclin-dependent kinase (CDK) 4 and 6 in an active protein complex that promotes cell proliferation (1, 2). CDK4 and CDK6, therefore, emerged as viable therapeutic targets, and evaluation of CDK4 and 6 inhibitors in combination with other therapies is an area of active investigation that is changing the treatment landscape for HR+, HER2- advanced breast cancer.

Abemaciclib is an oral, potent, and selective small-molecule inhibitor of CDK4 and CDK6 with greater potency against CDK4 than CDK6 (3). Abemaciclib exhibited activity as monotherapy or in combination with ET or chemotherapy in preclinical studies (3–5). A Phase 1 study (NCT01394016) initially demonstrated early evidence of the clinical activity and tolerability of abemaciclib in a heavily pretreated population with refractory HR+, HER2- advanced breast cancer, either as monotherapy or in combination with fulvestrant (6). Subsequent Phase 3 studies evaluated abemaciclib in combination with nonsteroidal aromatase inhibitors (NSAI; letrozole or anastrozole) as initial therapy (MONARCH 3), or with fulvestrant after progression on ET (MONARCH 2), leading to approval of abemaciclib in combination with these ETs for the treatment of advanced or metastatic breast cancer (7–9). A Phase 2 study evaluating abemaciclib as monotherapy following ET and prior chemotherapy (MONARCH 1) also led to approval for that indication (10).

In addition to these studies, the multicenter, open-label Phase 1b study presented here evaluated the safety and tolerability, pharmacokinetics, and antitumor activity of abemaciclib when administered orally in combination with multiple ET options, including NSAI (letrozole, anastrozole) as well as a steroidal aromatase inhibitor (exemestane) or tamoxifen in patients with HR+, HER2 metastatic breast cancer (MBC).



Materials and Methods


Study Design and Objectives

This was a Phase 1b, multicenter, nonrandomized, open-label study of abemaciclib in combination with other therapies for patients with either HR+, HER2- MBC (Parts A, B, C, D, E, G, and I) or HER2+ MBC (Parts F and H). Here we report only on Parts A–D; the remaining cohorts will be reported separately. Patients were enrolled at 14 sites in the United States from March 18, 2014 to January 14, 2015.

The primary objective was to evaluate the safety and tolerability of abemaciclib when administered orally in combination with letrozole, anastrozole, tamoxifen, or exemestane in patients with HR+, HER2- MBC. The secondary objectives included assessment of the pharmacokinetics, antitumor activity, and changes in patient-reported symptom burden with abemaciclib and corresponding ET when given in combination.



Patients

Figure 1 annotates the study schema for the treatment regimens reported. Women ≥18 years of age diagnosed with HR+, HER2- MBC were eligible for enrollment in the study. Patients must have had either measurable disease or non-measurable but evaluable bone disease as defined by the Response Evaluation Criteria in Solid Tumours (RECIST) version 1.1. Additional inclusion criteria included: adequate organ function, an Eastern Cooperative Oncology Group performance status of ≤1, and an estimated life expectancy ≥12 weeks. Patients must have discontinued all previous therapies for breast cancer, except for ongoing corresponding combination therapy (Part A-letrozole; Part B-anastrozole; Part C-tamoxifen; and Part D-exemestane), and recovered from the acute effects of therapy. Prior systemic ET for metastatic disease was allowed for Part C-tamoxifen and required for Part D-exemestane (≥1 NSAI [anastrozole, letrozole] for metastatic disease); while prior systemic therapy for metastatic disease was not allowed for Parts A and B (except for ongoing letrozole in Part A or anastrozole in Part B). [Of note, prior neoadjuvant and/or adjuvant therapy was allowed.] Patients must have either been postmenopausal or premenopausal with ovarian suppression using a luteinizing hormone-releasing hormone agonist. Patients were excluded from the study if they were diagnosed with MBC with visceral crisis, lymphangitic spread, or leptomeningeal carcinomatosis; had brain metastasis without prior radiotherapy; received prior systemic chemotherapy for metastatic disease (patients may have received chemotherapy in the neoadjuvant or adjuvant setting) or prior therapy with a CDK4 and CDK6 inhibitor; or had been intolerant to the standard therapy drugs administered in the specific part of the study.




Figure 1 | Study Design: Parts A–D. Women ≥18 years of age diagnosed with hormone receptor positive, human epidermal growth factor receptor 2 negative metastatic breast cancer received abemaciclib at 200 mg orally every 12 hours and the assigned combination endocrine therapy (letrozole 2.5 mg – Part A, anastrozole 1 mg – Part B, tamoxifen 20 mg – Part C, or exemestane 25 mg – Part D once daily on days 1 to 28 of a 28-day cycle. HER2-, human epidermal growth factor receptor 2; HR+, hormone receptor positive; MBC, metastatic breast cancer; Q12H, every 12 hours.





Treatment and Dosing

Patients enrolled into Parts A–D received abemaciclib 200 mg orally every 12 hours (Q12H) and the assigned combination ET (Part A-letrozole 2.5 mg, Part B-anastrozole 1 mg, Part C-tamoxifen 20 mg, or Part D-exemestane 25 mg) once daily on days 1 to 28 of a 28-day cycle.



Pharmacokinetics

Plasma samples were collected on Cycle 1 Day 1 and Cycle 2 Day 1 at 1, 2, 4, 6, 8, and 10 hours after study drug administration. In addition, pre-dose samples were collected on Cycle 1 Day 1, Cycle 1 Day 15, and Cycle 2 Day 1. Samples were analyzed for abemaciclib (and its metabolites), letrozole, anastrozole, tamoxifen, and exemestane using liquid chromatography with tandem mass spectrometry method. Standard noncompartmental analysis using Phoenix WinNonlin 6.3 (Pharsight Corporation) was used to assess patients who received at least one dose of the study drug. The primary parameters for analysis include maximum concentration (Cmax) and area under the concentration-time curve (AUC0-tlast, AUC0-tau) using the log linear trapezoidal method.



Safety Assessments

Standard laboratory tests (e.g., chemistry and hematology panels) and serum pregnancy tests for females with child-bearing potential were performed. Adverse events (AE) were graded for severity using the National Cancer Institute Common Terminology Criteria for Adverse Events Version 4.0.



Patient-Reported Outcomes

Patient-reported data were collected at baseline, each on-study visit, and the follow-up visit using the 19-item (13 symptoms plus six interferences) MD Anderson Symptom Inventory (MDASI) instrument. MDASI uses a numeric rating scale, and response options range from 0 (not present or did not interfere) to 10 (as bad as you can imagine/interfered completely). Mean change from baseline scores for symptom and interference items (post-baseline visits) were evaluated.



Statistical Analysis

The analysis of this study was descriptive, and no hypothesis was tested. Data analyses were provided by study part and dose group. Summary statistics for continuous variables included number of patients, mean, median, standard deviation, minimum, and maximum. Categorical endpoints were summarized using number of patients, frequency, and percentages. Change in lesion data from baseline in the sum of target lesion size was listed by cycle and depicted as a waterfall plot. Overall response is derived based on investigator-assessed response using RECIST version 1.1 and summarized in terms of: objective response rate [ORR; complete response (CR) + partial response (PR)], disease control rate [DCR; CR + PR + stable disease (SD)], and clinical benefit rate (CBR; CR + PR + SD ≥24 weeks). Progression-free survival (PFS) and duration of response (DoR) were estimated by Kaplan-Meier method.



Ethics Approval Statement

The study protocol was reviewed and approved by the institutional review board at participating sites and was conducted in accordance with international ethics guidelines. This included the Declaration of Helsinki and Council for International Organizations of Medical Sciences International Ethical Guidelines, International Conference on Harmonisation Good Clinical Practices Guidelines, and other applicable laws and regulations. All patients signed the approved consent forms for the study.




Results


Patients

A total of 67 patients with HR+, HER2- MBC were enrolled in Parts A-D of the study: Part A-letrozole (n=20); Part B-anastrozole (n=16); Part C-tamoxifen (n=16); and Part D-exemestane (n=15) (Figure 1). Patients received treatment from June 26, 2014 with a data cut-off of April 2, 2018. At the time of data cut-off, 11 patients continued to receive study treatment. Baseline patient and disease characteristics are summarized in Table 1. Most patients were White (64, 95.5%) and aged <65 years (51, 76.1%), with a median age of 57 (range: 28–77). Thirty-six patients (53.7%) had measurable disease at study entry (RECIST v1.1). The median prior systemic therapies across multiple settings were three (range: 1–8). Eleven patients in Parts A, 5 patients in Part B, 7 patients in Part C, and 1 patient in Part D received letrozole, anastrozole, tamoxifen, or exemestane, respectively, in the metastatic setting prior to study enrolment (includes those who started the corresponding drug at least 30 days prior to receiving study drug).


Table 1 | Baseline Patient and Disease Characteristics.





Safety

All patients had at least one treatment-emergent AE (TEAE). The most common TEAEs of any grade, regardless of causality, were diarrhea (98.5%), fatigue (83.6%), nausea (74.6%), abdominal pain (50.7%), vomiting (44.8%), decreased appetite (40.3%), neutropenia (35.8%), alopecia (31.3%), and anemia (31.3%; Table 2). Across all parts, grade 3 TEAEs occurred in 44 patients (65.7%). The most common grade 3 TEAEs were diarrhea (35.8%), fatigue (20.9%), and neutropenia (20.9%). Grade 2/3 diarrhea most commonly occurred during the first two cycles of treatment. Grade 4 TEAEs occurred in five patients (2.9%; one each with hyperglycemia, hypertension, neutropenia, procedural hemorrhage, and sepsis). Of these, only neutropenia was considered possibly related to study treatment. No patients experienced a grade 5 TEAE.


Table 2 | Treatment-emergent Adverse Events, Regardless of Causality.



Eleven (16.4%) patients discontinued treatment due to AEs (Table 3), with diarrhea as the most commonly reported AE leading to treatment discontinuation (five patients, 7.5%). The most commonly reported SAEs, regardless of causality, were dehydration (four patients total, 6.0%; Parts B-anastrozole, C-tamoxifen, and D-exemestane), diarrhea (two patients, 3.0%; Part A-letrozole), and skin infection (two patients, 3.0%; Part B-anastrozole). Serious adverse events considered possibly related to study treatment occurred in seven patients (10.4%), and included dehydration (three patients total, 4.5%; Parts C-tamoxifen and D-exemestane), diarrhea (two patients, 3.0%; Part A-letrozole), and one patient each (1.5%) with neutropenia (Part B-anastrozole), obliterative bronchiolitis (Part B-anastrozole), and stomatitis (Part A-letrozole). No patient deaths due to AEs were reported up to the data cutoff date.


Table 3 | Patient Disposition.





Dose Adjustments

More than half of patients (68.7%) had at least 1 dose reduction (Table 4). Part B-anastrozole had the greatest incidence (87.5%) of dose reduction, and Part D-exemestane had the least (53.3%). Across Parts A–D, 31.3% of patients had one dose reduction (to 150 mg Q12H), 29.9% had two (to 100 mg Q12H), and 7.5% had three (to 50 mg Q12H). All dose reductions occurred as a result of AEs, most commonly diarrhea (55.3%), fatigue (17.1%), or neutropenia (5.3%).


Table 4 | Dose Adjustments and Omissions for Abemaciclib.



Dose omissions were reported for most patients (85.1%; Table 4) and were typically brief, lasting only one day (median; Table 4). The most common reasons for dose omissions were scheduling conflicts (55.8%) and AEs (41.5%; most commonly diarrhea [18.5%]).



Efficacy

For the 67 patients in Parts A–D (including measurable or non-measurable disease), one CR (Part D-exemestane) and 13 PR were observed, for a confirmed ORR of 20.9% (Table 5). The ORR was 10.0% in Part A-letrozole (two of 20 patients), 18.8% in Part B-anastrozole (three of 16), 18.8% in Part C-tamoxifen (three of 16) and 40.0% in Part D-exemestane (six of 15). DCR was 60% in Part A-letrozole (12 of 20 patients), 87.5% in Part B-anastrozole (14 of 16), 75.0% in Part C-tamoxifen (12 of 16), and 73.3% in Part D-exemestane (11 of 15). CBR was 40% in Part A-letrozole (8 of 20 patients), 81.3% in Part B-anastrozole (13 of 16), 75.0% in Part C-tamoxifen (12 of 16), and 60.0% in Part D-exemestane (9 of 15).


Table 5 | Best Overall Response in Patients with Measurable and Non-measurable Disease by Response Evaluation Criteria in Solid Tumours v1.1.



The ORR was 38.9% for the 36 patients across Parts A–D with measurable disease: 22.2% in Part A-letrozole, 33.3% in Part B-anastrozole, 37.5% in Part C-tamoxifen, and 60.0% in Part D-exemestane. The median PFS was: 34.3 months in Part D-exemestane (95% confidence interval [CI]: 5.6, not estimable [NE]), 32.0 months in Part B-anastrozole (95% CI: 9.7, NE), 28.5 months in Part A-letrozole (95% CI: 2.1, NE), and 18.4 months in Part C-tamoxifen (95% CI: 2.1, NE); 11 patients remained on treatment at the time of data cut-off. Time on treatment and best overall responses are displayed in Figure 2. The median time to response in Parts A–D was 3.6 months, with a median DoR of 16.6 months (95% CI: 6.5, 30.1). The longest DoR was exhibited in Part B-anastrozole, with a maximum of more than 43.3 months and median DoR not reached. The 12-month DoR rate was 100.0% for Parts A-letrozole, B-anastrozole, and C-tamoxifen and 41.7% for Part D-exemestane. These results are displayed as a waterfall plot in Figure 3.




Figure 2 | Treatment Duration and Best Overall Response. Time on treatment for patients receiving abemaciclib in combination with letrozole Part A, anastrozole Part B, tamoxifen Part C, or exemestane Part D. Best overall response is indicated as: star = complete response; filled circle = partial response; open circle = stable disease; filled triangle = progressive disease; diamond = not evaluable. The > sign indicates treatment ongoing at time of data cut-off.






Figure 3 | Change in Tumor Size for Patients with Measurable Disease. Best percent change in tumor size for 31 patients in Parts A–D with measurable disease and available post-baseline assessments, colored by response according to Response Evaluation Criteria in Solid Tumours v1.1. Change in tumor size greater than 100% is truncated at 100%. Comparison among study parts is not possible due to differences in patient and disease characteristics and because enrollment opened sequentially: Part A-letrozole and Part B- anastrozole → Part C-tamoxifen → Part D-exemestane.





Pharmacokinetics

Plasma concentration data were available from all patients who received the relevant study drug [abemaciclib and metabolites (n=67; Figure 4), letrozole (n=20; Supplementary Figure 1A), anastrozole (n=16; Supplementary Figure 1B), tamoxifen (n=16; Supplementary Figure 1C), exemestane (n=15; Supplementary Figure 1D)]. After a single 200 mg dose of abemaciclib, the mean Cmax ranged from 129 to 147 ng/mL and mean AUC(0-tlast) ranged from 608 to 770 (hr*ng/mL). Following 150 mg or 200 mg repeated doses, the steady-state, mean Cmax ranged from 185 to 332 ng/mL and AUC(0-tlast) ranged from 1280 to 2520 (hr*ng/mL).




Figure 4 | Mean Plasma Concentrations of Abemaciclib Following Single and Multiple Doses. Mean plasma concentration vs. time profiles of abemaciclib following oral administration of abemaciclib with combination therapies after a single abemaciclib dose (200 mg; (A) and on Cycle 2 Day 1 at steady state after multiple twice daily abemaciclib doses (100 to 200 mg; (B). Plasma concentration data for abemaciclib and metabolites were available from 67 patients (n=20, letrozole; n=16, anastrozole; n=16, tamoxifen; n=15, exemestane). hr, hour.





Patient-Reported Outcomes

Patient-reported MDASI items with the highest mean scores at baseline were fatigue, pain, disturbed sleep, feeling drowsy, interference with work, and interference with general activity. Overall for mean change from baseline, the greatest symptom worsening was observed in “lack of appetite” [0.70; 95% CI (0.18, 1.22)], and the greatest symptom improvement was observed for patient-reported “pain” [0.54; 95% CI (-1.06, -0.01)] (Supplementary Figures 2A, B). However, no clinically significant (1.2 points or greater) mean change from baseline was observed in the MDASI symptom or interference items (11).




Discussion

Oral highly selective inhibitors of CDK4 and CDK6, such as abemaciclib, represent an important therapeutic advancement in HR+ breast cancer (12). Early evidence of a tolerable safety profile and antitumor activity was observed in a Phase 1 study, with abemaciclib administered either as a single agent or in combination with fulvestrant evaluating the 200 mg Q12H dose. This report explores the safety and antitumor activity of abemaciclib at the 200 mg Q12H dosing level in combination with multiple oral ETs, including letrozole, anastrozole, tamoxifen, or exemestane.

Diarrhea (98.5%, any grade) was the most commonly reported AE, which was consistent with other studies of abemaciclib, and grade 3 diarrhea was observed in 35.8% of patients using a starting dose of abemaciclib of 200 mg Q12H. The recommended dose of abemaciclib was reduced to 150 mg Q12H in subsequent Phase 3 trials combining abemaciclib with ET—in MONARCH 3, grade 3 diarrhea was observed in only 9.5% of patients receiving abemaciclib plus NSAI (7). In this Phase 1b study, grade 3 diarrhea was most common during the first two treatment cycles and diarrhea did not frequently lead to treatment discontinuation (five patients, 7.5%). Other common AEs included fatigue (83.6%), nausea (74.6%), and abdominal pain (50.7%). This is consistent with the safety profile observed in subsequent studies; besides diarrhea, the most common AEs of any grade reported in patients receiving abemaciclib plus NSAI in MONARCH 3 included neutropenia (41.3%), fatigue (40.1%), infections (39.1%), nausea (38.5%), and abdominal pain (29.1%) (7), although the rates of fatigue, nausea, and abdominal pain were higher in this study (Parts A-D). Similar to patients in Part C of our study, the most common AEs reported for patients receiving abemaciclib plus tamoxifen in the nextMONARCH study included diarrhea (53.8%), neutropenia (41.0%), anemia (39.7%), infections (32.1%), nausea (30.8%), fatigue (29.5%), leukopenia (26.9%), and abdominal pain (26.9%) (13). In Parts A-D of this Phase 1b study, no unexpected safety signals were observed, and treatment discontinuation due to AEs was not common (11 patients, 16.4%). Grade ≥3 AEs and SAEs considered possibly related to study treatment occurred in 42 patients (62.7%) and seven patients (10.4%), respectively, and there were no deaths due to AEs. Overall, a clinically significant change in patient-reported symptom and interference scores was not observed compared to the baseline MDASI assessment.

This study also evaluated the pharmacokinetics of abemaciclib, metabolites, and the combination agents letrozole, anastrozole, tamoxifen, and exemestane. The exposures of abemaciclib and metabolites were consistent across the combinations and were comparable to observations for abemaciclib as a single agent in the previous Phase 1 study (6). Similarly, the concentrations of the combination ET were also comparable to those observed in monotherapy studies (14, 15). This indicates that abemaciclib does not impact ET exposures, and equally that ET does not affect abemaciclib pharmacokinetics. This is consistent with the known clearance routes and lack of interaction potential between abemaciclib and anastrozole, letrozole, exemestane, and tamoxifen (14–16). At a dose of 150 mg Q12H, the mean steady state exposures of abemaciclib achieved in combination with anastrozole, letrozole, tamoxifen, or exemestane were consistent with the exposure associated with target inhibition in xenograft models (5).

When given in combination with ET (letrozole, anastrozole, tamoxifen, and exemestane) in this study, abemaciclib showed evidence of antitumor activity. For patients with measurable disease, the overall ORR was 38.9% (Parts A–D) and the overall CBR was 55.6%.

Subsequent studies have evaluated the efficacy and tolerability of abemaciclib in combination with ET in patients with advanced breast cancer or MBC, including fulvestrant (MONARCH 2), NSAI (MONARCH 3), and tamoxifen (nextMONARCH) (7, 8, 13). In the MONARCH 2 trial, abemaciclib plus fulvestrant significantly improved the PFS (median 16.4 vs. 9.3 months) and ORR (48.1% vs. 21.3%) compared with placebo plus fulvestrant and exhibited a good safety profile in patients with HR+, HER2– advanced breast cancer who had progressed while receiving ET (8). Treatment with abemaciclib plus fulvestrant also resulted in a median overall survival benefit of 9.4 months compared to placebo plus fulvestrant (17). In the MONARCH 3 study, abemaciclib plus a NSAI (letrozole or anastrozole) exhibited efficacy as initial therapy for HR+, HER2- advanced breast cancer, significantly improving PFS (median 28.2 vs. 14.8 months) and ORR (61.0% vs. 45.5%) compared to placebo plus NSAI, while maintaining a tolerable safety profile (7, 18). Abemaciclib plus tamoxifen was evaluated in a subsequent study in women with HR+, HER2- MBC who had received prior chemotherapy (nextMONARCH), with a median PFS of 9.1 months and an ORR and CBR of 34.6% and 61.5%, respectively (13). nextMONARCH was restricted to a more heavily pretreated population following ET and at least two chemotherapy regimens, whereas in Part C-tamoxifen of this study prior ET was allowed, but not required, and prior chemotherapy for metastatic disease was prohibited. The current study was the first to evaluate antitumor activity in a cohort of patients receiving abemaciclib in combination with exemestane.

The results from this study supported the favorable safety profile and efficacy of abemaciclib in combination with multiple ET options for patients with HR+, HER2- MBC. The promising efficacy outcomes from this small Phase 1b study were further supported across subsequent Phase 2 and 3 clinical trials.
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Chemotherapy has been used to inhibit cancer growth for decades, but emerging evidence shows it can affect the tumor stroma, unintentionally promoting cancer malignancy. After treatment of primary tumors, remaining drugs drain via lymphatics. Though all drugs interact with the lymphatics, we know little of their impact on them. Here, we show a previously unknown effect of platinums, a widely used class of chemotherapeutics, to directly induce systemic lymphangiogenesis and activation. These changes are dose-dependent, long-lasting, and occur in healthy and cancerous tissue in multiple mouse models of breast cancer. We found similar effects in human ovarian and breast cancer patients whose treatment regimens included platinums. Carboplatin treatment of healthy mice prior to mammary tumor inoculation increased cancer metastasis as compared to no pre-treatment. These platinum-induced phenomena could be blocked by VEGFR3 inhibition. These findings have implications for cancer patients receiving platinums and may support the inclusion of anti-VEGFR3 therapy into treatment regimens or differential design of treatment regimens to alter these potential effects.




Keywords: platinum, chemotherapy, lymphangiogenesis, metastasis, breast cancer, ovarian cancer, lymphatic endothelial cells, anti-VEGFR3 therapy



Summary

Platinum chemotherapy induces VEGFR3-dependent lymphangiogenesis, priming tissues for metastasis of breast cancer. Inhibition of VEGFR3 via antibody blockade can reverse these effects.



Introduction

Over 650,000 cancer patients receive chemotherapy in the United States every year, with platinums, taxanes, and anthracyclines representing the most common classes of drugs (1). Unfortunately, many of these patients suffer recurrence. In breast cancer, the second most common cause of cancer death in women in the US, mortality results from metastasis rather than primary tumor growth (2). Ovarian cancer is similarly deadly due to dissemination of tumor rather than initial growth (3). Despite the centrality of metastasis to patient outcomes, it remains unclear why tumors that appear to be controlled or even cleared by initial chemotherapy later recur.

Emerging evidence shows that chemotherapy can have off-target effects that may alter the tissue microenvironment in cancer-promoting ways. Chemotherapy can enrich for cancer stem cell populations (4), promote invasiveness (5), and induce epithelial-to-mesenchymal transition (EMT) to encourage drug resistance (6). Stromal cells such as fibroblasts and macrophages also take up chemotherapies resulting in cellular activation and increased cytokine secretion that can contribute to tumor progression (7, 8). Thus, chemotherapy has been linked to worsening disease via multiple mechanisms, and an understanding of how this occurs is essential to better treatment planning.

The majority of cancers show lymphangiogenesis in the peritumoral spaces of the tissue stroma. Chemotherapeutic drugs enter the tumor via blood vasculature and drain through the stroma into these peritumoral lymphatics. Similarly, tumor cells can metastasize from carcinomas via the lymphatics and downstream lymph nodes (9). Thus, the lymphatics represent a point of access for both tumor cells and chemotherapies to the rest of the body. Enlargement, sprouting, and proliferation of lymphatic vessels at both the primary tumor site (10, 11) and metastatic sites (12) are associated with increased cancer growth, metastasis, and poor prognosis (13). Increased lymphangiogenesis in tumors due to induction of vascular endothelial growth factor C (VEGF-C) promotes metastatic spread in melanoma, breast carcinoma, and colorectal cancer (13–15). Treatment of lymphangiogenic tumors with inhibitors of VEGF Receptor 3 (VEGFR3) to specifically attenuate proliferation and activation of lymphatic endothelial cells (LECs) inhibits lymph node and systemic metastasis in multiple models of cancer (16, 17).

Although chemotherapies pass through lymphatics, thus interacting with these gatekeeping vessels, little information is available on how chemotherapies affect them (16, 17). Taxanes have been shown to induce lymphangiogenesis in mice (17), and can promote metastatic spread of tumor cells. While taxanes are routinely incorporated in clinical regimens, they only represent one of multiple classes of chemotherapeutic drugs used in the treatment of cancer. Here we examine how the other major classes of chemotherapy impact the lymphatics, with an emphasis on platinum chemotherapy, which has not been independently studied in the context of lymphangiogenesis, though some studies have suggested potential non-lymphangiogenic effects at low doses (18).

Platinum chemotherapy is a common standard of care for multiple cancers and has shown efficacy in reducing primary disease in patients with breast or ovarian cancer (19, 20). However, overall survival and long term outcomes are not always affected by inclusion of platinum agents in treatment regimens, especially in subsets of patients with TNBC or recurrent ovarian cancers (20, 21). Though platinum resistance is a major contributor to cancer recurrence, other promoters of metastasis and tumor regrowth have the potential to impact disease.

Here, we investigate one contributor to metastatic spread and disease recurrence, lymphangiogenesis, after platinum therapy in cancerous and normal tissues in multiple contexts, including patients, murine models, in vitro, and ex vivo systems. Specifically, we examine the impact of platinum agents on lymphatic endothelial cells in normal tissues, outside of the context of cancer, to understand how these agents may be priming or altering the tissue microenvironment. We hypothesized that these changes may contribute to worsened disease outcomes due to metastatic spread, with a focus on breast cancer.



Results


Lymphatic Endothelial Cells Respond to Platinum Chemotherapy

To assess if chemotherapeutics directly affects lymphatic endothelial cells, we treated monolayers of human LECs with low doses of docetaxel, doxorubicin, or carboplatin. Breakdown of LEC junctions is associated with vessel permeability, enhancing opportunities for tumor cells to intravasate (22). We observed dramatic morphological changes to LECs that included large gaps between cells in previously confluent monolayers after treatment with carboplatin (Figures 1A, B), as well as other platinum agents, cisplatin and oxaliplatin (Figures S1A, B), but not with doxorubicin or docetaxel (Figures S1C, D). 95% of lymphatic endothelial cells exhibited junctional gaps with platinum treatment, compared to only 15% with vehicle treatment (Figure 1C). Additionally, the severity of this junctional breakdown increased substantially, with platinum-treated LECs displaying junctional gaps nearly 7 times the size of vehicle-treated control LECs (Figure 1D). Cellular adhesion molecules on LECs facilitate immune cell trafficking but are hijacked by tumor cells entering lymphatic vessels (23). LEC monolayers treated with carboplatin displayed higher numbers of ICAM1+ cells in hotspot regions compared to vehicle (Figures 1E, F).




Figure 1 | Lymphatic endothelial cell (LEC) monolayers are activated by carboplatin. (A) Vehicle-treated human LECs in monolayer culture; VE-cadherin (magenta) and PECAM-1 (green) with DAPI (gray-blue) for nuclei (scale bar=25µm) with (i) high magnification image cell-cell junction. (B) Human LEC monolayer treated with 1µM carboplatin with (ii) high magnification image of cell-cell junction. (C) Size of gaps between cells within a single field of view; listed as percentage of the field that is comprised of intracellular gap space (n=3/group). (D) Percentage of cells within fields of view that display non-cohesive junctions (n=3/group). (E) Representative images of LECs nuclei (DAPI, gray) and ICAM1 (cyan). Scale bar=250µm. (F) Percent ICAM1+ LECs in hotspot regions (n=5/group). (G) Percent ROS+ LECs per field (n=3/group). (H) Percent dead cells per field after 48h of platinum agent (1µM) assessed by amine-based fluorescent reactive dye (n=4/group). (I) Percent proliferating cells per field by KI67 positivity after 6h in culture with platinum agents (1 µM) (n=3/group). (J) Percent proliferating cells per field by Ki67 positivity after 6h in culture with chemotherapeutic agents (1 µM) (n=3/group). Each data point/n represents one independent experiment (i.e. biological replicate). *p < 0.05, **p < 0.01.



Platinum chemotherapy induces cellular stress and can lead to production of reactive oxygen species (ROS). Further, ROS has been shown to disrupt tight junctions in endothelial cells and activate ICAM-1 and other cell adhesion molecules (24, 25). Therefore, we examined ROS production in LECs treated with or without platinum. Carboplatin led to a significant 2-fold increase in the number of ROS+ LECs compared to control (Figure 1G). ROS can have a dualistic role in cell signaling. In some contexts, ROS can trigger insurmountable oxidative stress that leads to cell death. Conversely, in other contexts, ROS can promote cell survival and even proliferation. To understand the potential implications of heightened ROS in LECs after chemotherapy, we chose to examine both cell death and proliferation in LECs treated with carboplatin. Interestingly, platinum treatment (24h) did not diminish viability (Figure 1H); in fact, it induced a 3-fold increase in LEC proliferation, a necessary precursor for in vivo lymphangiogenesis (Figures 1I, S1E–G). Platinums were the only class of chemotherapy tested that induced significant proliferation in LECs (Figure 1I). Together, these data suggest that platinum chemotherapy acts directly on LECs to induce phenotypes indicative of elements of lymphangiogenesis.

Gene set enrichment analysis of microarray data of LECs treated with the same doses of carboplatin reinforced these phenotypic changes, showing upregulation of pathways associated with proliferation, survival, and neovascularization (Table S1). Carboplatin treatment showed enrichment of the pro-survival and proliferation pathways MAPK, JAK-STAT, PI3K/AKT, RAS, and HIF1-α signaling in LECs and increased expression of genes such as MTOR, INOS, ANGPT1, CMYC, PI3K, and others. Reverse phase protein array (RPPA) and pathway analysis indicated similar pathway upregulation, pointing to signaling via VEGFR, FGFR, and EGFR families (Table S2). Other enriched pathways included those governing cellular adhesion molecules, GAP junctions, and chemokine signaling, all important in LEC activation. Pathway enrichment analysis of the top upregulated microRNAs (9 in total, >2-fold increase in expression) showed similar pathway activation (Table S3).



Carboplatin Induces Dose-Dependent and Sustained Lymphangiogenesis in Healthy Murine, Rat, and Human Tissues

Building on these in vitro data, we tested lymphangiogenesis in physiologically relevant models. First, we used ex vivo rat mesentery tissue (26) to analyze impact of treatment on lymphatics within intact vascular networks (Figure 2A). Carboplatin significantly increased sprouting of lymphatic vessels by 3.5-fold (Figures 2B–D) but had no detectable effect on blood vessels (Figures S2A–C).




Figure 2 | Carboplatin induces lymphangiogenesis in healthy tissues (A) Schematic of rat mesentery culture model. (B) Vehicle-treated lymphatic vessels from mesentery cultures stained with LYVE-1 (grey). (i) High magnification image of boxed area in (B). (C) Carboplatin-treated lymphatic vessels from mesentery cultures stained with LYVE-1 (grey). (ii) High magnification image of boxed area in (C) Scale bar=100µm. (D) Number of sprouts per lymphatic vessel area (n=3/group). (E) Lymphatic vessel density (podoplanin+ vessels per mm2 stroma) in whole mammary fat pads of healthy mice treated with systemic carboplatin (8 mg/kg/dose) or vehicle by IV(n=3-4/group). (F) Lymphatic vessel density measured in mammary fat pads of healthy mice 2 months after treatment with 3 doses of carboplatin or vehicle, (n=3/group). (G) Lymph nodes from healthy, tumor-naïve mice treated with vehicle and stained H&E. (H) LEC number in vehicle-treated and carboplatin-treated lymph nodes in vivo (n=6/group). (I) Representative images of lungs from mice treated with 3 doses of vehicle (left) and carboplatin (right). Podoplanin+ lymphatic vessels noted by arrowheads. (J) Lymphatic vessel density in stromal tissue of lungs of mice pre-treated with carboplatin (n=3/group). *p < 0.05, **p < 0.01, ****p < 0.001. Each data point represents one mouse.



The importance of lymphatics in mammary carcinoma progression is well-established. We treated healthy, non-tumor-bearing female mice with 0-3 doses of carboplatin (8 mg/kg/dose) to examine lymphangiogenesis in naïve mammary fat pads (MFP) (Figure 2E), histologically quantifying lymphatic vessel density (LVD), area, and perimeter (Figures S3A, B). Treatment doses were selected to balance a dose-dense treatment strategy with potential toxicities in mice and represent a mid-range overall treatment dose compared to other preclinical studies. Carboplatin treatment resulted in significant dose-dependent increases in LVD in the MFP stroma of both Balb/c and SCID mice (Figure 2E and Figures S3C–G), but no significant increase in vessel area or perimeter (Figures S3H, I). LVD remained elevated 8 weeks after final treatment with carboplatin comparable to that at day 3 (Figure 2F and Figures S4A, B).

The observed lymphangiogenic effect of carboplatin on healthy mesentery suggests its lymphangiogenic effect is not restricted to mammary tissue. As lymph nodes are a frequent site of cancer spread away from the primary tumor, we also examined lymph node lymphangiogenesis in healthy mice treated with carboplatin chemotherapy. Carboplatin treatment resulted in larger inguinal LNs (Figure 2G) and showed a significant increase in LEC number (Figure 2H and Figures S4C, D).

In addition to lymph nodes, we were also curious to examine the effect of platinum on lungs. Lungs are one of the most common metastatic sites in cancer. Metastatic tumor cells can induce lymphangiogenesis in metastasis-bearing lung tissue, which can then exacerbate the growth of these metastatic lesions and promote further spread to other organs (27). We examined whether a systemically-administered platinum agent could also induce lung lymphangiogenesis, even without metastatic tumor cells present in the lung tissue. Indeed, platinum treatment of healthy mice stimulated lung lymphangiogenesis, leading to a nearly 2-fold increase in lung LVD after carboplatin (Figures 2I, J).



Chemotherapy Regimens That Include Platinum Agents Are Associated With Higher LVD in Patients

We next sought to replicate this phenomenon in platinum-treated normal human tissues. However, acquisition of normal (non-cancerous) tissues that underwent chemotherapy is limited. Ultimately, we chose to quantify lymphatics in omental tissues for the following reasons: (1) platinum chemotherapy is standard of care in high-grade serous ovarian cancer (HGSOC), along with cytoreductive surgery; (2) because omentum is a frequent site of HGSOC metastasis, it is routinely removed during surgery and therefore could be acquired for research purposes; and (3) lymphatics can be readily quantified in these tissues. We analyzed lymphatics in histologically normal omentum from patients treated with neoadjuvant carboplatin and docetaxel chemotherapy prior to surgery (Table S4). All omentum samples were pathologist-identified as uninvolved and ostensibly healthy. Histologically normal omentum treated with carboplatin had 12-fold higher LVD compared to that of untreated patients (Figures 3A, B). Though we could not feasibly procure patient tissues treated with only platinum due to carbotaxol standard of care, our previous findings in animal models have demonstrated that taxanes require tumor to promote lymphangiogenesis (17). Thus, the higher LVD observed here are likely attributable to carboplatin, concordant with our results in vitro and in rodents.




Figure 3 | Platinum chemotherapy is associated with higher LVD in human cancer patients (A) Representative images of lymphatic vessels in histologically benign omentum from patients treated with no chemotherapy (left) or neoadjuvant carboplatin combination chemotherapy (right) (see Table S4) with podoplanin (brown) and hematoxylin (blue). (B) Quantified lymphatic vessel density in patient samples. Scale bar = 200 µms. N=8 patients. (C) Representative images of tissues from ovarian cancer patients treated with no chemotherapy (left) or neoadjuvant carboplatin and paclitaxel (right) in cancerous omentum with podoplanin(brown) and hematoxylin(blue). (D) Quantified lymphatic vessel density (N= 17). (E) Representative images of tissues from triple negative breast cancer patients treated with no chemotherapy (left) or neoadjuvant platinum and taxane (right) with podoplanin(brown) and hematoxylin(blue). (F) Quantified lymphatic vessel density (N=27) *p < 0.05, **p < 0.01, scale bar = 200µm. Each data point represents one patient.



In addition to our analysis of pathologically normal tissues, we quantified LVD in cancerous omental tissue from 17 ovarian cancer patients with or without carbotaxol chemotherapy prior to surgery (Figure 3C and Table S5). We again detected a significantly higher LVD in patients that received neoadjuvant platinums (Figure 3D). In addition to gynecologic malignancies, platinums are routinely used in the clinical management of triple negative breast cancer (TNBC) often as a neoadjuvant treatment prior to surgery. Similarly, in primary tumor stromal tissue from 27 TNBC patients (Figure 3E and Table S6), there was a significantly higher LVD in patients treated with platinums prior to surgical resection (Figure 3F).



Platinum Chemotherapy Induces Lymphangiogenesis in Breast Tumor Stroma

To experimentally investigate causal effects of platinum on tumor lymphangiogenesis, we employed a series of preclinical breast cancer models: orthotopic 4T1 syngeneic tumors (immune-competent); orthotopic MDAMB231 xenograft (immune-compromised); or the inducible autochthonous mammary tumor model, L-Stop-L-K-KRasG12Dp53flx/flx-L-Stop-L-Myristoylated p110α-GFP (immune-competent), which more closely mimics the malignant transformation and progression in humans (28). We chose breast cancer as a model for these studies because breast cancer preferentially metastasizes via lymphatics (9), unlike ovarian cancers that can spread through multiple mechanisms. Mice received carboplatin when tumors were palpable and were treated in the same dosing and schedule as previously discussed. There were no differences in tumor size observed (Figure S5A). Histological analysis (Figures 4A–D and Figures S5B, C) showed significantly increased LVD after three treatments of carboplatin (Figure 4E). Unlike in naïve MFP, lymphatic vessel enlargement was present, with lymphatic vessel area and perimeter significantly increased in immunocompetent mice (Figures 4F and S5D).




Figure 4 | Platinum agents induce lymphangiogenesis in the tumor stroma (A) Representative tumor-bearing mammary fat pad with podoplanin (brown) and hematoxylin (blue) from vehicle-treated transgenic KrasG120Dp53fl/flp110amyr mice. (B) Representative whole tumor-bearing mammary fat pad from carboplatin-treated transgenic mice. (C) Representative individual lymphatic vessel cross-sections from (A). (D) Isolated lymphatic vessels from (B). (E) Lymphatic vessel density (lymphatic vessels per stromal area) in tumor-bearing mammary fat pads in 3 orthotopic mouse models of breast cancer (syngeneic 4T1 N = 12, transgenic KrasG120Dp53fl/flp110amyr N = 11, and xenografted MDA-MB-231 N = 9). (F) Average area of individual lymphatic vessels (µm2) in mouse models of breast cancer as described previously. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, each data point represents one mouse.





Systemic Carboplatin Pre-Treatment Leads to Increased Lymph Node and Lung Metastasis in Murine Breast Cancer

Enlargement and remodeling of lymphatic vessels is known to increase tumor cell dissemination (11, 13, 29), with LVD and tumor spread correlating in murine and human cancers (30–32). Using a tissue engineered model of the breast cancer microenvironment, we also saw that addition of carboplatin in the presence of lymphatic endothelial cells would increase tumor cell invasion towards lymphatics (Figures S6A, B). We hypothesized that priming of healthy tissues with carboplatin creates a hospitable niche that will later promote tumor cell invasion and metastasis once the cancer disease process has started.

We treated healthy, tumor-naïve mice with systemic carboplatin to induce lymphangiogenesis (Figure 5A), followed by orthotopic implantation of 4T1 tumor cells 1 week later. Since carboplatin was allowed to clear completely prior to cancer initiation, tumors were never exposed to the drug and thus there was no significant difference in tumor size at endpoints, as expected (Figure S6C). As we previously observed that platinum increases LEC numbers in the lymph node and lung, we assessed metastasis to those organs, which are common sites of cancer spread. Tumor cell metastasis to the tumor-draining inguinal lymph node (TDLN), considered a first step in tumor cell dissemination (9), significantly increased in platinum pre-treated TDLNs compared to control (Figures 5B–D). These data suggest that the lymphatics activated and remodeled by platinums are functionally capable of promoting metastasis. We then evaluated whether platinum-priming could contribute to distant metastases, e.g. to lung. 21 days after implantation, 100% of carboplatin pre-treated mice showed gross lung metastases, compared to 50% of the vehicle. Microscopic examination of lungs showed significantly increased numbers of foci (Figures 5E, F) that were significantly larger with pretreatment (Figure 5G). Therefore, we find that systemic pre-treatment with carboplatin increases LN and lung metastasis.




Figure 5 | Systemic pre-treatment with carboplatin increases metastatic spread of 4T1 breast tumors Systemic pre-treatment with carboplatin increases metastatic spread of 4T1 breast tumors (A) Experimental timeline for carboplatin pretreatment (8 mg/kg x 3 or vehicle) followed by 4T1 tumor implant and subsequent tissue harvest. n=6/group (B) Representative images of 4T1 cells (red) in vehicle pretreated tumor-draining inguinal lymph nodes (TDLN) counterstained with podoplanin (cyan). (C) Representative images from carboplatin pretreated TDLNs. Scale bar=100µm. (D) Percentage of TDLN area covered by tumor cells as assessed by image thresholding in ImageJ. (E) Representative images of lung metastases at endpoint by H&E in vehicle (top) and carboplatin (bottom) -primed mice, denoted by arrowheads. Scale bar = 500 µm. (F) Number of metastatic foci in lung per mouse. (G) Area of macroscopic metastatic lesions in lung. *p < 0.05, ***p < 0.005 as analyzed by individual t test. Each data point represents one mouse.





VEGFR3 Blockade Mitigates Carboplatin-Induced Lymphangiogenesis and Metastasis

VEGFR3 blockade reduces metastatic spread and lymphangiogenesis in a number of tumor models, as the VEGFC : VEGFR3 signaling pathway is one of the quintessential drivers of LEC proliferation and lymphatic expansion (11). Based on the literature implicating VEGFR3 in metastatic spread in murine breast cancer models, its specificity for lymphatics, as well as the potential connection to VEGFR3 as seen in our gene set enrichment analysis (Figure 1J), we hypothesized that blockade of VEGFR3 would abrogate the effects of carboplatin on lymphatics. Thus, we examined outcomes in the presence of anti-VEGFR3 inhibition.

We used MAZ51 (3-(4-Dimethylamino-naphthalen-1-ylmethylene)-1,3-dyhydro-indol-2-one), a specific small molecule inhibitor of VEGFR3, on monolayers of LECs in vitro. MAZ51 had little effect on LEC proliferation alone, but significantly suppressed carboplatin-induced LEC proliferation (Figure 6A) and junctional disruption (Figure S7A) to resemble untreated LECs (Figure 1). Combination treatment with carboplatin and MAZ51 only modestly increased LEC death from less than 1% to ~3% (Figures S7B, C).




Figure 6 | Blockade of VEGFR3 inhibits carboplatin-induced lymphangiogenesis and metastasis (A) Percent proliferating cells per field by Ki67+ staining of human LEC monolayers treated in vitro with carboplatin (1 µM), VEGFR3 inhibitor MAZ51 (1 µM), or both for 6h (n=2-3/group; data points represent independent experiments). (B) Lymphatic vessel density in naïve, tumor-free fat pads from mice treated with vehicle/carboplatin and anti-VEGFR3/IgG (N=27; one data point per mouse). (C) Lymphatic vessel density (lymphatic vessels per stromal area) in tumor-bearing fat pad of KRasG120Dp53fl/flp110αmyr mice treated vehicle/carboplatin and anti-VEGFR3/IgG. Grayed bars represent data presented in previous figure but included here as point of reference. (N=21; one data point per mouse). (D) Experimental schematic of chemotaxis assay using digested and decellularized in vivo-treated tissues. Healthy, tumor-free mice were treated in vivo with carboplatin (8 mg/kg x 3 or vehicle) and/or anti-VEGFR3 antibody (or control IgG antibody). Lymph nodes and lungs were harvested 3 days following final treatment, digested and decellularized, and used in a 3D in vitro chemotaxis assay for 4T1 cells. (E, F) Invasion of 4T1 tumor cells towards digested and decellularized lymph node (E) and lung (F) from treated mice (n=3-4/group; each data point represents extract from one mouse, as average of 3 independent in vitro experiments). (G) Representative thresholded images and (H) quantification GFP+ tumor cells in whole inguinal lymph nodes from KRasG120Dp53fl/flp110αmyr mice treated with vehicle/carboplatin and anti-VEGFR3/IgG (n=3/group; one data point per mouse). #p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.001.



Inhibition of VEGFR3 fully attenuated LEC proliferation caused by platinums. We speculated that platinum-induced lymphangiogenesis in tumor-free tissues was also dependent on VEGFR3 signaling. Indeed, we observed the same trend in the mammary fat pads of mice treated with a clinically relevant VEGFR3 blocking antibody, where VEGFR3 inhibition reduced LVD to baseline levels (Figure 6B). In tumor-bearing tissue from our breast cancer animal models, we could reverse carboplatin-mediated increases in LVD in both 4T1 (Figure S8A) and KRasG120Dp53fl/flp110αmyr (Figure 6C) tumor-bearing fat pads. Similarly, blockade significantly reduced tumor-associated vessel area (Figures S8B, D) and perimeter (Figures S8C, E). Importantly, anti-VEGFR3 co-treatment fully reversed the platinum-induced lymphangiogenesis in murine lungs of healthy mice treated with platinums in vivo (Figure S8F). These data suggest the changes to lymphatics by platinum chemotherapy is mediated by VEGFR3 and its inhibition can reverse these phenomena.

With platinums, we observed increased activation (Figure 1) and proliferation (Figures 1, 2) of lymphatics in otherwise healthy tissues throughout the body. The lymphatic endothelium secretes a number of chemotactic factors that can promote pre-metastatic niche formation and subsequent tumor cell invasion. To understand whether factors secreted by lymphatics in the tissue milieu could enhance tumor cell chemotaxis, we treated healthy, tumor-free mice with carboplatin and anti-VEGFR3 antibody in vivo and harvested their lymph nodes and lungs three days after the final treatment (Figures 6D–F). These tissues were digested and decellularized (Figure 6D); their supernatants were then used in a chemotaxis chamber to measure invasion of murine breast cancer cells through a 3D matrix. Tumor cells invaded more to carboplatin-treated lymph node (Figure 6E) and lung (Figure 6F) digested and decellularized tissues. Further, tissue supernatants from mice that were also treated with anti-VEGFR3 antibody in vivo showed significantly attenuated platinum-induced invasion of 4T1 cells toward both tissue homogenates. These data indicate that the activating effects of platinum on lymphatics that promote tumor cell invasion are mediated through VEGFR3.

Ultimately, metastasis reduction in vivo is desired. While carboplatin treatment increased lymph node metastasis by nearly 3-fold (Figures 6G, H), alternating carboplatin with anti-VEGFR3 therapy (Figures S8G, H) resulted in reversion of metastatic spread induced by carboplatin in KRasG120Dp53fl/flp110αmyr mice (Figures 6G, H). Taken together, these data indicate that carboplatin-associated lymphangiogenesis occurs via a VEGFR3-dependent mechanism. VEGFR3 inhibition could directly revert the phenotypic effects of carboplatin seen in vitro, ex vivo, and in vivo, thereby explaining its therapeutic success.




Discussion

Here we see that platinum agents, and most specifically carboplatin, increase lymphatic expansion and proliferation across a number of models. The phenotypic changes we observed with platinums in vitro were indicative of changes in vivo. Though the pathway we ultimately targeted to reduce the phenotype, VEGFR3, is non-novel for lymphangiogenesis, the connection to carboplatin (and to a lesser degree, platinum agents in general), is. Accordingly, we observed increases in LEC numbers and LVD in vitro, ex vivo, in vivo, and in patient tissues with platinum agents. It is counterintuitive that chemotherapies would induce expansion of a cellular population and promote tumor progression; however, in fibroblasts, induction of stress responses by DNA-damaging chemotherapies can result in similar activation and compensatory proliferation (33, 34). Platinums have been shown to increase ROS (35), and ROS can lead to enhanced proliferation, survival, and inflammatory pathways (36), all of which we observed in our LECs after treatment. Interestingly, ROS, of which we see an increase, can induce oxidation of growth factor receptors and downstream phosphatases to enhance growth factor receptor signaling (37). Therefore, though we know that VEGFR3 blockade can reduce the pro-lymphangiogenic effects that we see, the full mechanism requires further exploration to determine the link between platinum agents, ROS, and lymphangiogenesis across physiological contexts.

In addition to observing platinum-induced lymphangiogenesis within mammary tissues, driving lymphatic metastasis from the primary tumor site, we also observed VEGFR3-dependent increases in LVD in the lymph nodes and lungs. Increased LVD at metastatic sites, such as the lung [in breast cancer (27)] and the liver [in colorectal cancer (31)], is also correlated with poorer prognosis. Previous studies have shown that lymphatic remodeling and lymphangiogenesis at these distant sites can exacerbate growth of metastatic colonies within the lung and promote further spread to other organs. To date, lymphangiogenesis in distant organs has been attributed to either (1) the presence of metastatic tumor cells already seeded within that organ (27), or (2) tumor-derived pro-lymphangiogenic factors secreted by the primary tumor that act on organ-residing LECs (12). Interestingly, after organ-residing LECs are activated through this mechanism, these distant LECs have been shown to secrete pro-chemotactic molecules that can recruit breast cancer cells into lymphatics, as well as VEGF that can promote lymph node angiogenesis and vascular permeability in the lungs to encourage metastatic extravasation and colonization (12). Here, we observed a previously undescribed phenomenon through which the lymphangiogenic effects of platinum occur in the lymph nodes and lungs in the absence of lung metastases (or any cancer, for that matter). Yet, regardless of the stimulus for distant lymphangiogenesis, it is conceivable that the biological implications of increased and activated LECs at these sites would be similar to what has been previously reported.

Platinum-induced lymphangiogenesis occurred in multiple tissues, such as mammary tissues, lymph nodes, lungs, and connective tissues, and was sustained long-term. Permanent increases and remodeling to lymphatics not only at the primary tumor site but also in distant tissues may prime these tissues by encouraging formation of the pre-metastatic niche, creating more potential escape routes for disseminated tumor cells. In fact, this is the case in cancers such as colorectal and breast cancer, where increased LVD in the liver and lungs, respectively, has been correlated to increased instance of metastasis in those tissues (38); indeed, we observed increased LVD in the lungs of platinum-treated mice that was VEGFR3-dependent. This is in direct contrast to lymphatic effects seen with other chemotherapeutic agents like taxanes that require the presence of a tumor to enact these changes and occur only in the local tumor microenvironment (16, 17). Differences in these mechanisms may arise from the inherent differences in drug mechanism of action between taxanes, which are not DNA damaging, and platinums, which act directly on DNA. As patients are exposed to chemotherapies on a systemic level, platinum-induced lymphangiogenesis could conceivably occur in distant tissues posing an increased risk for lymphatic metastasis to these other sites.

All therapies, anti-cancer or otherwise, eventually drain via our lymphatic system, but the majority of research has focused on the impacts of drugs on the blood vasculature, often ignoring the impact on this endothelium (39). To our knowledge, this is the first study that characterizes the effects of chemotherapy on lymphatics in healthy, cancer-free in vitro, ex vivo, and in vivo models. Indeed, more studies are emerging that suggest chemotherapy may paradoxically counteract its own efficacy through action on either the tumor cells or its associated stroma. In this study, we examined the physiological implications of platinum-induced lymphangiogenesis in the context of metastasis, illustrating potential deleterious off-target effects of a commonly used therapy. However, some off-target effects of chemotherapy can also be desirable. We did not investigate the impact of platinum-induced lymphangiogenesis on tumor immunity, which may offer positive benefits by increased immune cell migration to the tumor and metastatic sites. Platinums and other chemotherapies can generate neoantigens and activate T cells for enhanced immunological response (40, 41). Activated lymphatics can assist in immune cell trafficking to the tumor site. Through this lens, it is possible that the presence of increased tolerogenic LECs and normalized vasculature after VEGFR3 therapy could interfere with those benefits (42). Further investigation is needed into the physiologic implications of these lymphovascular changes in patients. Certainly, platinum chemotherapy has demonstrated potent cytoreductive efficacy over decades of clinical use. In TNBC, platinum agents are successful in aiding in disease remission, which has been shown across multiple clinical studies (19, 43). In metastatic disease, preliminary analyses indicate that there may be a moderate survival benefit (44). However, there are still subsets of patients who are refractory to platinum agents, especially in ovarian cancer, and thus, may be at risk for secondary effects of the therapy (45). Thus, clinical decision-making cannot be truly informed until more studies examine how these agents affect normal tissues in patients receiving platinums.

Our studies describe a previously unknown pro-lymphangiogenic action of platinum chemotherapeutics. In vivo, we selected a dose of carboplatin that would not affect tumor growth and thus reduce confounding effects of tumor size and toxicity with lymphangiogenesis, as tumor size is correlated with changes to tumor stroma including lymphatics (46, 47). In our pre-treatment animal models, we found that this led to enhanced metastasis. Use of higher doses of platinum agents, or other chemotherapies, in mouse models have shown mixed effects on metastatic spread and tumor growth (48–50). In 4T1, others have seen that with a single high dose (100 mg/kg) delivered during tumor growth, there was decreased metastasis (51). In the context of this study, we do not know if use of higher tumor-growth reducing doses would lead to similar alterations in lymphangiogenesis. However, the distribution of drugs to and within tumors is highly heterogeneous and as such, there are likely lymphatics that receive a range of therapies over different amounts of time, which may result in differential pro- or anti-lymphangiogenic effects. Other therapeutics, such as doxorubicin, delivered to lymphatics result in reduced lymphatic flows through reduced function of smooth muscle cells (52). We did not specifically examine the function of the platinum-treated lymphatics here, though this would be an interesting future study to determine effects on not only metastatic spread, but also lymphedema, which is a common clinical sequelae of treatment and can be enhanced with lymphangiogenesis (53–55). Ultimately, we see across multiple dosing schemes in multiple contexts (in vitro, ex vivo, in vivo, and clinic) indications of lymphangiogenesis in healthy and diseased tissues with platinum agents.

Platinum-induced lymphatic proliferation and expansion were dependent on VEGFR3 and supplementing chemotherapeutic regimens with anti-VEGFR3 was sufficient to prevent them. VEGFR3 inhibition has been suggested as a potential anti-metastatic treatment option in human cancers since the discovery of this pathway as a leading driver of lymphangiogenesis. It has shown successful anti-metastatic benefits in multiple murine models of cancer (10, 29, 56–59) but had mixed results in early phase clinical trial. Our data begin to suggest it may be most advantageous not as a single agent but instead in combination with a platinum chemotherapy as a preventative measure against countertherapeutic VEGFR3-dependent lymphangiogenesis in early-stage cancers that have yet to infiltrate into the lymphatics, though more in-depth pre-clinical testing of this pairing is warranted to fully understand its clinical potential.

We believe that these findings highlight our incomplete understanding of chemotherapeutic action in the tissue stroma. Our data here suggest that informed pairing of chemotherapy with targeted therapies to the tumor microenvironment may improve overall efficacy of these valuable treatments. Specifically, we believe our findings may renew interest in the clinical potential of anti-VEGFR3 therapy, such as IMC-3C5 (60), which is well-tolerated, yet stalled in clinical trials, and may show promising results when used in combination with specific chemotherapy within the proper disease context.



Materials and Methods


Cell Culture

Human lymphatic endothelial cells (HMVEC-dLy, Lonza) were cultured in Endothelial Cell Growth Medium (EBM-2 basal media, Lonza) supplemented with recommended growth supplement kit (EGM-2MV BulletKit, Lonza). Mouse mammary carcinoma cell line 4T1-luc-red (generously given by the Cross laboratory at University of Virginia) originated from ATCC and were acquired from Perkin-Elmer (BW124087V) after lentiviral transduction of Red-FLuc luciferase gene. 4T1 cells were cultured in RPMI medium supplemented with 10% FBS. MDA-MB-231 were acquired from the ATCC and cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) and supplemented with 10% fetal bovine serum (FBS). All cell lines were grown sterilely in humidified atmosphere of 5% CO2 and 95% oxygen at 37°C. All cell lines were confirmed to be mycoplasma free by PCR testing conducted in the Cell Culture Core Facility at the University of Virginia. All experiments were completed afterwards.



In Vitro Drug Treatment, Immunocytochemistry, and Live/Dead Assays

LECs were cultured on glass coverslips in complete media as described above; the LEC monolayer was treated with 1 μM carboplatin, cisplatin, oxaliplatin, docetaxel, doxorubicin, MAZ51 (61), or appropriate solvent control (referred to as ‘vehicle’) for 6 hours (phenotypic studies) or 48 hours (live/dead analysis). After treatment, coverslips were fixed with 4% paraformaldehyde (PFA) for 30 minutes at room temperature and underwent immunofluorescent staining with Ki67 to assess proliferation (Millipore, Cat. #AB9260); ICAM1 to assess cellular adhesion molecule expression (Abcam, Cat. #AB2213); VE-Cadherin (Abcam, Cat. #AB33168) and CD31 (R&D systems, Cat. #AF806) to assess cellular junctions. For live/dead analysis, amine-based fixable live/dead solutions (Life Technologies, Cat. #L23101) were added to cell media of living LECs after 48 hours of drug treatment and five random images were taken of each well; technical replicates were averaged to yield one biological replicate. Each quantification was performed with a minimum of 3 biological replicates.



CellROX Reactive Oxygen Species (ROS) Assay

Relative ROS generation was measured using CellROX Green Reagent (Thermo Fisher, Cat. # C10444). This is a DNA-binding probe that fluoresces bright green upon oxidation by ROS. The assay was conducted as recommended by the supplier. In brief, LECs were cultured in complete media as described above; the LEC monolayer was treated with 1 μM carboplatin, MAZ51 (50), 100 uM Menadione K3 (Sigma, Cat.#47775) as a positive inducer of ROS (62), 1mM N-Acetylcysteine (Sigma, Cat.# A9165) as a negative control per manufacturer’s recommendation, or appropriate solvent control (referred to as ‘vehicle’) for 6 hours. After treatment, cells were washed with PBS and incubated with 2.5 μM CellROX Green Reagent and 1.62 uM Hoescht 33342 in the dark for 30 minutes at 37°C. Afterwards samples were washed once with PBS before measuring intracellular levels of ROS with a Zeiss Axio Observer fluorescent microscope. Five random images were taken of each well using the DAPI and FITC filter. Quantification was done using ImageJ, to count the number of cellROX green positive cells with signal present in both the nucleus and mitochondria being considered. To find CellROX+ percent of cells, number of CellROX+ cells was divided by total nuclei per area. For CellROX ROS analysis, means taken from each treatment triplicate were considered a biological replicate for statistical analysis.



Microarray and Gene Set Enrichment Analysis

Human LECs were treated in vitro with 1 µM carboplatin for 4 hours. Cells were lysed with RLT buffer and RNA was isolated using the QIAGEN RNeasy Kit (Cat #74104). Microarray was performed by the UVA DNA Sciences core using the Human Affymetrix GeneChip Array ([HuGene-2_1-st] Affymetrix Human Gene 2.1 ST Array). Gene lists were generated from microarray data corresponding to genes >1.25 LogFC and <0.75 logFC were used in downstream analyses. Differential targets identified were further subjected to gene set enrichment analysis performed using the ShinyGO enrichment tool using the STRING api. The STRING database (Search Tool for the Retrieval of Interacting Genes/Proteins) is a tool for looking at functional associations between different proteins (63). Protein-protein interactions are mapped across several curated databases and functional association is mapped in interaction networks. Gene interactions are then mapped to the KEGG pathway annotations with the adjusted p values representing pathway enrichment analysis from KEGG Release 86.1. MicroRNAs upregulated by >2 LogFC after treatment were subjected to enrichment analysis by DIANA mirPath v.3 from KEGG pathways significantly enriched with the union of target genes (64).



Reverse-Phase Protein Array and Pathway Analysis

Human LECs were treated in vitro with 1 µM carboplatin for 6 hours. Cells were washed and lysed using RIPA buffer with protease and phosphatase inhibitors. RPPA was performed by the MD Anderson Functional Proteomics Core Facility as previously published (65). To assess which proteins reacted to the treatment, ratios of brightness were calculated, and the distribution was assessed. Outlier proteins, for which the ratio was more than 2 standard deviations from the mean of the ratio distribution, were taken to be most affected by the treatment. Pathway enrichment analysis for these proteins was performed using ConsensusPathDB (66) online tool and pathways enriched with statistical significance of unadjusted p-value of 0.01 were retained for further analysis.



Harvest, Treatment, and Whole Mounting of Ex Vivo Rat Mesentery Tissues

Mesentery tissues were harvested from rats as previously described by Azimi, et al. (26, 67) (Figure 2A). Briefly, mesenteric tissue was harvested from the small intestine of an adult Wistar rat and transferred into a culture dish. Tissues were arranged on permeable membranes of cell crown inserts and cultured in MEM with 20% FBS and 1% penicillin/streptomycin for five days as previously described with 1 μM carboplatin or vehicle control. Tissues were then removed from inserts, grossed, mounted to slides, and fixed with methanol to undergo immunofluorescent staining with PECAM-1/CD-31 (BD Biosciences, Cat. #555026) for blood vessels and LYVE-1 (AngioBio Co., Cat. #11-034) for lymphatic vessels. Images were taken of a minimum of five random areas of vessel remodeling for each well and quantified by counting the number of sprouts normalized to vessel area in each field.



In Vivo Animal Study Design

All methods were performed in accordance with relevant guidelines and regulations and approved by the University of Virginia Institutional Animal Care and Use Committee.


Studies in Healthy, Tumor-Naive Animals

6-week-old female Balb/c mice were treated via tail vein injection of carboplatin unless otherwise noted. Mice underwent three total treatments with 8 mg/kg carboplatin or vehicle control (saline); each treatment was three days apart and mice were euthanized CO2 inhalation three days following the final treatment. Naïve mammary fat pads and axillary lymph nodes were harvested; fat pads were post-fixed in 4% PFA for 24 hours, dehydrated, paraffin-embedded, and sectioned at 7-micron thickness to undergo immunohistrochemical staining (see Immunohistochemistry). Lungs were harvested, post-fixed in 4% PFA followed by 30% sucrose and embedded in OCT and sectioned at 12-micron thickness. For lymph node LEC analysis, carboplatin or vehicle equivalent was injected directly into the inguinal fat pad at a dose of 5 mg/kg three times over one week. Inguinal lymph nodes were harvested three days after final treatment. Lymph nodes were digested [dissociation as previously described (68)], and total LEC counts quantified (see Flow Cytometry).



Studies in 4T1 Breast Cancer Model

4T1 mouse mammary carcinoma cells were cultured as described above. 4T1 cells were suspended in 3.3 mg/ml growth-factor reduced basement membrane extract (Cultrex) in phosphate-buffered saline (PBS) and orthotopically injected in a subareolar fashion into the fourth mammary fat pad of female balb/c mice. For most experiments, 50,000 4T1 cells were injected and mice treated with either 1 or 3 doses of 8 mg/kg carboplatin or vehicle by tail vein injection staggered by one day with anti-VEGFR3 antibody (100 μg per injection x 3 total injections, I.P., eBioscience (now ThermoFisher), Control IgG: rat monoclonal IgG2a kappa Isotype Control, Cat.#16-4321-85; Anti-VEGFR3: rat monoclonal IgG2a kappa to mouse VEGFR3 (AFL4): Cat. #16-5988-85) or IgG control antibody after tumors were just palpable. Mice were euthanized by CO2 inhalation once tumors reached desired endpoints as assessed by caliper measurement. Tumor-bearing and contralateral naïve fat pads containing inguinal lymph nodes were harvested and post-fixed (24 h for naïve tissues, 48 h for tumors) in 4% PFA and processed for histology as described above; tumor-draining axillary lymph nodes were dissociated for flow cytometric analysis for LEC number.

For pre-treatment experiments, naïve mice were treated with three rounds of carboplatin as previously described and drug was allowed one week to clear (69). 10,000 4T1 cells were then injected as described above and allowed to grow until desired size endpoints were reached. Tumor-bearing fat pads were harvested and processed as described above. Lungs were removed, washed in saline, and fixed in 4% PFA for 48 h where they were then embedded in OCT and cryosectioned to undergo histological staining to examine metastasis.



Studies in Transgenic Breast Cancer Model

L-Stop-L-KRasG12Dp53flx/flxL-Stop-L-Myristoylated p110α−GFP+ mice on a C57BL/6 background were generously provided by Melanie Rutkowski, University of Virginia. Mammary tumors were initiated by intraductal injection of adenovirus-Cre in these mice as previously described (28). Tumor growth was tracked via weekly caliper measurements. Once tumor growth became palpable, mice were randomized into groups with normalization of tumor size across groups, followed by the initiation of treatment. Animals were treated with 3 doses of IV carboplatin (8 mg/kg) or vehicle staggered by one day with 3 doses of anti-VEGFR3 antibody (100 μg) or IgG control as described above once tumors were palpable. Mice were euthanized by CO2 inhalation when largest tumors reached 2 cm in any direction; tumor-bearing and contralateral naïve fat pads were collected for histology as described above.



Studies in Human Xenograft Breast Cancer Model

Human MDA-MB-231 breast cancer cells were cultured as described above. 1x106 cells were suspended in 3.3 mg/ml growth-factor reduced matrigel in phosphate-buffered saline (PBS) and orthotopically injected in a subareolar fashion into the fourth mammary fat pad of immunocompromised female mice (NOD.CB17-Prkdcscid/J). Once tumors were palpable, carboplatin was administered in three injections as described above. Mice were euthanized by CO2 inhalation one week following final treatment; tumor-bearing and contralateral naïve fat pads were processed for histology as described above.




Human Tissue Sample Acquisition

Remnant, to be discarded, surgical resections (not needed for diagnostic purposes) of omental metastatic ovarian cancer and patient-matched normal omentum and benign pelvic mass omentum for immunohistochemical staining with podoplanin were collected into a tissue and data bank by waiver of consent and approved by the University of Virginia Institutional Review Board for Health Sciences Research. The UVA Biorepository and Tissue Research Facility procured remnant samples, including all breast cancer specimens and the majority of omental specimens, under this protocol from UVA Pathology for fixed and embedded specimens in paraffin. De-identified tissues and associated clinical data were pulled from this tissue bank and used in experiments approved by UVa IRB-HSR.



Immunohistochemistry

Tumor-bearing mammary fat pads and lung tissues were dissected from mice and post-fixed in 4% PFA for 48 hours at 4°C; naïve fat pads underwent 24 hours of fixation. Fat pads were transferred to 70% ethanol for 24 hours, dehydrated, and paraffin-embedded. Tissues were sectioned at 7 μm thickness. Sections were stained with anti-podoplanin antibody (1 μg/ml, R&D Systems, Cat. # AF3244) followed by ImmPRESS HRP anti-goat IgG peroxidase/SG peroxidase detection (Vector Labs, Cat. # PI-9500-1) and nuclear counter-staining with hematoxylin (Vector Labs) was performed. Human samples were processed and stained similarly. Slides were scanned at 20X on an Aperio Scanscope. For quantification of lymphatic vessel size, a custom interactive MATLAB (MathWorks) program utilizing the Image Processing Toolbox (MathWorks) was designed to identify and analyze lymphatic vessels. First, IHC images were binarized using an intensity threshold capable of isolating vessels with high specificity. Next, a flood-fill operation was used to uniformly fill the vessel area. These regions were then extracted for analysis. Vessels not captured or incompletely captured by the automated procedure were identified by user-drawn regions of interest (n=5/cohort, minimum of 20-30 representative vessels/cohort). Centroid coordinates, perimeter, and area was computed for each vessel. For lymphatic vessel density, all lymphatic (podoplanin+) vessels in the mammary fat pad were counted and vessel number was normalized to size of stromal area for each mouse to assess lymphatic vessel density as lymphatic vessel #/mm2 stroma. Intratumoral lymphatic vessels were rare and not included in these analyses in animal models. For lymphatic metastasis, sections were stained with anti-RFP antibody (5 μg/ml, Thermo Fisher, RFP Tag Monoclonal Antibody RF5R, Cat. # MA5-15257) and whole node confocal scans were used to quantify percent metastatic area of total node via image thresholding in ImageJ. Lungs were cryopreserved and embedded in OCT following fixation, cryosectioned, and stained with hematoxylin and eosin (H&E) to detect metastasis. Macroscopic metastatic lesions were counted by eye, whereas whole 20X scans of lung tissue were taken to detect micrometastatic lesions. Area of macroscopic lesions were measured in ImageJ.



3D In Vitro Co-Culture Model

A detailed description and full protocol of this 3D in vitro co-culture model of the human breast tumor microenvironment has been published previously (70). Briefly, 10,000 LECs were allowed to adhere and grow on the underside of 8 μm pore size 96-well tissue culture inserts (Corning). After 48 h, 50 μl of a Rat Tail Collagen I (Corning)/basement membrane extract (Trevigen) (0.18 mg/ml Collagen, 0.5 mg/ml BME) containing Cell Tracker dye (ThermoFisher). Labeled human mammary fibroblasts (100,000 HMF/ml) and human breast cancer cells (660,000 TNBC cells/ml) was placed atop the inserts. After gelation, media was added to the bottom compartment and flow was applied through the top compartment overnight (~ 1 μm/s; 16-18 h), after which point carboplatin was applied via flow to the top compartment for 24 h and then flushed from the system with basal media. 48 h after drug application, gels were removed, dissociated using Liberase TM (Roche), and processed for flow cytometry. Inserts were processed for invasion analysis as described (17, 70). All experimental conditions were run as triplicate samples in individual inserts.



Invasion Assays


Tissue Engineered 3D Model of Human Breast Tumor Microenvironment

After gel was removed, tissue culture inserts were washed briefly in phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde. Inserts were stained with DAPI and visualized by fluorescence microscopy. Cancer cells (DAPI + Cell Tracker Deep Red+) were counted in five individual fields per well. Percent cancer cell invasion was calculated as previously described. Three technical replicates were averaged for each experimental run to give a single biological replicate value for statistical analysis.



Tissue Homogenates From Treated Mice

Tissues from mice treated with 3 doses of carboplatin (as described above) were perfused with saline and dissected out. These tissues were degraded using 0.1 mg/ml Liberase TM for 30 minutes at 37C and then centrifuged down. The supernatant was removed and snap frozen until use. These samples were analyzed using BCA assay (Pierce) to determine total protein content. For invasion assays, 100,000 4T1 cells were resuspended in a 1.8 mg/ml collagen I (rat tail collagen, Corning), 0.2 mg/ml basement membrane extract (reduced growth factor, Trevigen) matrix which were loaded into a 96-well tissue culture insert plate (Corning). 25 µg of supernatants were placed in the lower chamber and cells invaded for 18h before gels were removed. Membranes were fixed and stained with DAPI, and cells quantified to calculate total percent invasion based on total cells counted/total cells seeded.




Flow Cytometry on In Vivo Tissues

Cells from in vivo digested lymph nodes and lungs were dissociated as previously described and stained with live/dead reactive dye, anti-mouse CD45 PerCP-Cy5.5 (eBioscience, Cat. # 45-0451-82), anti-mouse CD31 FITC (eBioscience, Cat. # 11-0311-82), and anti-mouse gp38 PE-Cy7 (eBioscience, Cat. # 25-5381-82). Flow cytometry samples were processed using the Millipore Guava easyCyte 8HT Flow Cytometer and analyzed using InCyte software for total LEC counts per mg as well as percentage of LECs. Gating was done first on live cells, followed by CD45- populations. This subpopulation was gated for gp38 and CD31 with the following populations: CD31+gp38+ (LECs); CD31+gp38-(blood endothelial cells), and CD31-gp38+(fibroblastic reticular cells).



Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). One-way or two-way ANOVA followed by Tukey’s multiple comparison test was used for statistical analysis of unmatched groups. Two group comparisons of normally distributed data as assessed by QQ plots were performed using unpaired t tests (with Welch’s correction if standard deviations were unequal), while comparisons of non-normal data were performed using Mann-Whitney U tests. Statistical analyses were run using Graphpad Prism software. p<0.05 is considered statistically significant. All in vitro assays were performed with a minimum of three biological replicates unless otherwise noted, murine study numbers are noted in legends and by individual graphed data points. Graphs were generated using Graphpad Prism software and are shown with mean +/- standard error.



Figure Generation

Figures were generated using Adobe Creative Suite (Photoshop and Illustrator). Schematics were generated using BioRender with license to JMM.
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Background

Triple-negative breast cancer (TNBC) is refractory and heterogeneous, comprising various entities with divergent phenotype, biology, and clinical presentation. As an aggressive subtype, Chinese TNBC patients with special morphologic patterns (STs) were restricted to its incidence of 10-15% in total TNBC population.



Methods

We recruited 89 patients with TNBC at Guangdong Provincial People’s Hospital (GDPH) from October 2014 to May 2021, comprising 72 cases of invasive ductal carcinoma of no-special type (NSTs) and 17 cases of STs. The clinical data of these patients was collected and statistically analyzed. Formalin-fixed, paraffin-embedded (FFPE) tumor tissues and matched blood samples were collected for targeted next-generation sequencing (NGS) with cancer-related, 520- or 33-gene assay. Immunohistochemical analysis of FFPE tissue sections was performed using anti-programmed cell death-ligand 1(PD-L1) and anti-androgen receptor antibodies.



Results

Cases with NSTs presented with higher histologic grade and Ki-67 index rate than ST patients (NSTs to STs: grade I/II/III 1.4%, 16.7%,81.9% vs 0%, 29.4%, 58.8%; p<0.05; Ki-67 ≥30%: 83.3% vs. 58.8%, p<0.05), while androgen receptor (AR) and PD-L1 positive (combined positive score≥10) rates were lower than of STs cases (AR: 11.1% vs. 47.1%; PD-L1: 9.6% vs. 33.3%, p<0.05). The most commonly altered genes were TP53 (88.7%), PIK3CA (26.8%), MYC (18.3%) in NSTs, and TP53 (68.8%), PIK3CA (50%), JAK3 (18.8%), KMT2C (18.8%) in STs respectively. Compared with NSTs, PIK3CA and TP53 mutation frequency showed difference in STs (47.1% vs 19.4%, p=0.039; 64.7% vs 87.5%, p=0.035).



Conclusions

In TNBC patients with STs, decrease in histologic grade and ki-67 index, as well as increase in PD-L1 and AR expression were observed when compared to those with NSTs, suggesting that TNBC patients with STs may better benefit from immune checkpoint inhibitors and/or AR inhibitors. Additionally, lower TP53 and higher PIK3CA mutation rates were also found in STs patients, providing genetic evidence for deciphering at least partly potential mechanism of action.





Keywords: Chinese breast cancer, triple negative breast cancer, special type, mutation landscape, PD-L1 (22C3)



Introduction

Triple-negative breast cancer (TNBC) is a special molecular subtype of breast cancer (BC) with unique biological and clinicopathologic characteristics, defined as estrogen receptor (ER)-, progesterone receptor (PR)-, and human epidermal growth factor receptor 2 (HER-2) - negative, representing 15-20% of BC cases (1, 2). Compared to other BC subtypes, TNBC is associated with a high histologic grade and strong invasiveness, lacking the opportunity for endocrine and targeted therapy due to the lack of corresponding targets (3). Chemotherapy is currently the main treatment, but its curative effect is unsatisfactory (4). At the histologic and genetic levels, TNBC represents a group of highly heterogeneous BCs, with the highest BRCA mutation rate among BC subtypes, particularly BRCA1 (5, 6). Moreover, invasive ductal carcinoma of no-special type (NSTs) also includes some special histologic subtypes with a special morphologic pattern (STs), such as medullary carcinoma, metaplastic carcinoma, and apocrine carcinoma (7–12). Although their immunophenotypes are triple-negative, their morphology, prognosis, and response to treatment are quite different (13). In recent years, TNBC has received extensive attention from a clinical and pathologic aspect. Targeted drugs for molecular typing and multiple signaling pathways have been extensively studied. In 2011, Lehmann et al. indicated the molecular classification of TNBC by DNA microarray firstly (14). However, for STs of TNBC, there are few studies on the combination of histologic examination results with genetic information, limited to its 10-15% incidence in TNBC.

At present, molecular-level research on BC has made great progress and gradually entered the era of precision treatment. This study aimed to identify the biological characteristics of the main TNBC histologic subtypes with genomic differences constituting important prognostic factors. The genomics of NSTs were compared to that of STs, and the panel, covering 520 cancer-related genes, was analyzed using capture-based ultra-deep targeted sequencing technology. A total of 89 TNBC cases were identified. The results of the genetic changes in the patients were combined with detailed histologic examination and PD-L1, AR test results for analysis.



Materials and Methods


Patient Selection

In this study, 89 hormone receptor (HR)-/HER2- patients with various tumor stages (stages I-IV), diagnosed at Guangdong Provincial People’s Hospital (GDPH) between October 2014 and May 2021, were enrolled. ER and PR expression in BC specimens were routinely evaluated at the Department of Pathology in GDPH, following the 2010 and 2013 American Society of Clinical Oncology (ASCO)/College of American Pathologists (CAP) guidelines (15, 16). The HR status was determined as negative when immunohistochemistry (IHC) results of ER and PR were both <1%, while the HER2 status was determined as negative when IHC staining results were negative (0 to 1+) or equivocal (2+), and no amplification was identified by fluorescence in situ hybridization. This study was approved by the Ethics Committee of GDPH, and all patients provided written informed consent for translational research. Sequencing assays, blinded to the clinicopathologic parameters of the Clinical Laboratory Improvement Amendments-certified Burning Rock Biotech (Guangzhou, China), were performed.



Histologic and Clinicopathologic Criteria

In total, 89 patients’ clinicopathologic data were collected, comprising histologic subtypes, morphological features, age at diagnosis, tumor characteristics, Ki-67 index, tumor infiltrating lymphocytes (TILs), AR, and PD-L1 expression. Histological features of all available TNBC samples were centrally reviewed by the pathologists in GDPH.

According to the 2012 and 2019 World Health Organization classification, BCs were classified as invasive ductal carcinoma NSTs and STs (special morphologic patterns, including metaplastic carcinoma, apocrine carcinoma, glycogen-rich clear cell carcinoma, and medullary carcinoma) (Figure 1) (17–19), of which the predominant histologic subtype is the pattern with the highest percentage. Metaplastic carcinoma is defined as a carcinoma with squamous differentiation or spindle cell morphology (20). Apocrine carcinoma is defined as nuclear enlargement with prominent nucleoli and abundant, granular, eosinophilic cytoplasm (21). Glycogen-rich clear cell carcinoma is characterized by the presence of neoplastic cells with a glycogen-abundant clear cytoplasm (periodic acid-Schiff-positive, diastase-sensitive) (19). Medullary carcinoma always has the indistinct borders of the “pushing” type, giving the tumor a syncytial or sheet-like appearance. The tumor cells of this subtype are large and pleomorphic, with large nuclei, prominent nucleoli, and numerous mitoses. The prominent lymphoplasmacytic infiltrate at the periphery of the tumor is an important feature of medullary carcinoma (22).




Figure 1 | Invasive ductal carcinoma of no-special type and special morphologic pattern of triple negative breast cancers. (A) Invasive ductal carcinoma; (B) Apocrine carcinoma (Carcinoma with apocrine differentiation); (C) Metaplastic breast carcinoma; (D) Medullary carcinoma; (E) Glycogen-rich clear cell carcinoma; (F) Mixed type.





Immunohistochemistry

Immunohistochemical staining of formalin fixed, paraffin embedded (FFPE) tumor tissue sections were performed using anti-PD-L1 antibodies (clone 22C3, Cat#M3653, DAKO, 1:50 dilution; OrigiMed, Shanghai) and anti-AR antibodies (clone AR441, Mouse monoclonal, DAKO, 1:50 dilution, Gene Tech, Shanghai). All slides were counterstained with hematoxylin. PD-L1 expression was interpreted as a combined positive score (CPS), which was defined as the number of PD-L1-positive cells (including tumor cells, lymphocytes, and macrophages) divided by the total number of tumor cells, and then multiplied by 100. According to the 2021 National Comprehensive Cancer Network (NCCN) guidelines (23), the threshold for PD-L1 positivity was set at ≥10%. A positive AR status was defined as average of ≥1% positive tumor nuclei, which is the same cut-off follows the 2010 ASCO/CAP guidelines for ER and PR, frequently chosen by other studies.



Tumor-Infiltrating Lymphocytes Evaluation

Tumor infiltrating lymphocytes (TILs) were evaluated on hematoxylin and eosin (HE)-stained tissue sections at a magnification of ×20–40 with a ×10 ocular, according to the recommendations of an International Tumor Infiltrating Lymphocytes Working Group (24, 25). “High”TILs were defined as a tumor with 40-90% stromal TILs, presented as percentage of the stromal areas alone, and “Intermediate” TILs were defined as 10-40%, while “Low” TILs were defined as 0-10%.



Comprehensive Genomic Profiling

Next-generation sequencing library preparation and sequence data analyses were conducted according to a previous study (26, 27). Genomic profiling was performed using a panel of 520 cancer-related genes (OncoScreen Plus; Burning Rock Biotech, Guangzhou, China). Whole exons of 312 genes and critical exons, introns, and promoter regions of the remaining 208 genes were captured. Ten mL of peripheral blood was collected. Events were then classified as germline or somatic, depending on their presence in the matched normal set (white blood cells) of events.



Sequence Data Analysis

Sequence data were mapped to the human genome (hg19) using BWA aligner v.0.7.10. Local alignment optimization, variant calling, and annotation were performed using GATK v.3.2 and VarScan v.2.4.3. Variants were filtered using the VarScanfpfilter pipeline, with loci with depths less than 100 filtered out. At least five supporting reads were needed for insertions or deletions, while eight supporting reads were required for single-nucleotide variations (SNVs). According to the ExAC, 1000 Genomes, dbSNP, and ESP6500SI-V2 databases, variants with population frequencies over 0.1% were grouped as single-nucleotide polymorphisms (SNPs) and excluded from further analysis. The remaining variants were annotated using ANNOVAR and SnpEff v.3.6. DNA translocation analysis was performed using the Factera v.1.4.3.



Statistical Analysis

All data were summarized by frequency and percentage for categorical variables including mutation detection rate and distribution of mutation types. SPSS software version 26.0 (IBM Corp., Armonk, NY, USA) and R 3.5.1 (R Core Team, Vienna, Austria) were used for statistical analyses. Pearson’s chi-squared (χ2) test and Fisher’s exact test were used to test the pairwise correlation among clinicopathologic features, mutation detection rate, and distribution of mutation types. Statistical significance was set at p < 0.05.




Results


Clinicopathologic Features of the Patients

In total, tumor tissues of 89 patients with invasive TNBC were examined, which were divided into the NSTs (N=72) and STs (N=17) groups according to their histologic type (Figure 1). The clinicopathologic features of the patients are summarized in Table 1. All 89 patients were female, with a median age at diagnosis of 49 (range 22-81) years. The premenopausal status rate was 58.4% (of 52/89). The majority of patients included in this cohort presented with an early TNM stage. As shown in Table 1, the NSTs group had a higher histologic grade (NST to ST: grade I, 1.4%; grade II, 16.7%; and grade III, 81.9% vs. grade I, 0%; grade II, 29.4%; and grade III, 58.8%; p<0.05) than the ST group according to the 8th edition of the American Joint Committee on Cancer (AJCC) staging system (18). No significant association was found between age at onset, menopausal status, lymph node status, tumor size, and TNM stage between the two groups.


Table 1 | Clinicopathologic characteristics of the GDPH TNBC cohort (N=89).



Ki-67 index data were available from 88 patients, with a median Ki-67 index of approximately 65% (ranging from 5% to 95%). In the NST group, the number of patients with a high Ki-67 index (≥30%) was significantly higher than that in the ST group (83.3% vs. 58.8%, p<0.05). Meanwhile, androgen receptor (AR) expression data were available from 75 patients, showing that the number of AR-positive NSTs patients was lower than that in the STs group (11.1% vs. 47.1%, p<0.01).

Furthermore, the PD-L1 IHC results of 67 qualified tumor samples were analyzed, including 52 NST and 15 ST cases (Table 2). The percentage of PD-L1 positivity was 14.9% (10/67) in 67 patients with TNBC. Compared the expression levels of PD-L1 between the two groups, a PD-L1 score cut-off of 10 for positive was selected and found that the proportion of STs with PD-L1 CPS greater than or equal to 10 was higher than that of NSTs (33.3%; 9.6%, p=0.038). Considering PD-L1 as an immune biomarker, these results may suggest that ST TNBC patients might benefit from immunotherapy over NST TNBC patients. The stromal TILs for each case were also evaluated, and no significant differences were found between the two groups.


Table 2 | Characteristics of PD-L1 expression in the GDPH TNBC cohort (N=67).





Genomic Alteration Landscape of TNBC

A total of 794 alterations, including 513 single-nucleotide variants (SNVs), 252 copy number (CN) amplifications, five copy number (CN) deletions, 14 insertions or deletions (Indels), nine fusions, and one large genomic rearrangement were detected in 285 genes from 89 patients. As shown in Figure 2, TP53(85.1%) and PIK3CA (31%) were the top-ranked altered genes in this cohort, in which missense mutations were the predominant alterations. Further, alterations detected in the cohort included MYC (17.2%), PTEN (11.5%), and KRAS (10.3%). Besides, the vast majority of highest-frequency copy number alterations were seen in 43 patients (48.3%), including amplifications in MYC (33.3%), KRAS (17.8%), PIK3CA (15.6%), and CHD4 (11.1%). Based on the available data from 62 patients (paired white blood cells and tumor samples were sequenced using a panel consisting of 520 cancer-related genes, including 62 cancer susceptibility genes to interrogate germline and somatic alterations, respectively), the analysis revealed that 10 patients carried pathogenic germline mutations (10/62, 16.1%) for BRCA1 (5/62, 8.0%), PALB2 (3/62, 4.8%), MUTYH (1/62, 1.6%) and RAD51C (1/62, 1.6%). Except for one ST patient, all other patients carrying pathogenic germline mutations were of the NSTs subtype.




Figure 2 | The landscape of genetic alterations in TNBC. Top 50 genomic alterations are shown in the Oncoprint. Different colors denote different types of alterations and different clinicopathologic features. (A) Summary of the features of the genomic alteration of the 89 patients with TNBC. Tumor samples were grouped according to histologic types as: no-special type (NSTs, n = 72) and special type (STs, n = 17). The top bar shows the histologic type of each patient; the side bar (rows) summarizes the percentage of tumors with alterations in each gene (left) and alteration composition for each gene in the entire cohort (right). (B) Summary of the features of the genomic mutation of the 89 patients with TNBC. Tumor samples were grouped according to histologic types as: no-special type (NSTs, n = 72) and special type (STs, n = 17). The top bar shows the histologic type of each patient; the side bar (rows) summarizes the percentage of tumors with mutations in each gene (left), and the mutation composition for each gene in the entire cohort (right). (C) Summary of copy number variations and Fusion in the 45 patients with TNBC who carry copy number variations. Tumor samples were grouped according to histologic types as: no-special type (NSTs, n = 38) and special type (STs, n = 7). The top bar shows each patient’s histologic type; the side bar (rows) summarizes the percentage of tumors with variation in each gene (left) and alteration composition for each gene (right), in the entire cohort. (D) Summary of germline mutation of the 62 patients with TNBC. Tumor samples were grouped according to histologic types as: no-special type (NSTs, n = 48) and special type (STs, n = 14). The side bar (rows) summarizes the percentage of tumors with mutation in each gene (left) and alteration composition for each gene (right), in the entire cohort. TNBC, triple-negative breast cancer; NST, no-special type; ST, special type; indel, insertions or deletions; LGR, large genomic rearrangement; CN_amp, copy number amplification; CN_del, copy number deletion.





Differentially Mutated Genes Between TNBC NST and ST Patients

The differentially altered genes in TNBC NST and ST tumors were compared. As shown in Figure 3, the top five altered genes were TP53 (88.7%), PIK3CA (26.8%), MYC (18.3%), BRCA1 (11.3%), and KRAS (11.3%) in NSTs, and TP53 (68.8%), PIK3CA (50%), JAK3 (18.8%), KMT2C (18.8%) and NF1 (18.8%) in STs. Considering mutations of oncogenic genes, TP53 (87.5%), PIK3CA (19.4%), PTEN (9.7%), and BRCA1 (8.3%) were most frequently mutated in NSTs, while TP53 (64.7%), PIK3CA (47.1%), and NF1 (11.8%) were the most frequently mutated in STs. TP53 and PIK3CA were found to be differentially mutated between NSTs and STs. The mutation frequency of TP53 was higher in TNBC NSTs than in STs, while PIK3CA mutations were more frequent in STs (87.5% vs. 64.7%, p=0.035; 19.4% vs. 47.1%, p=0.039, respectively). Moreover, BRCA1 somatic mutations were only identified in six (8.3%) NST TNBC patients. Copy number variant analysis of 38 NST patients and 7 STs patients revealed that MYC (34.2%), KRAS (21.1%), and PIK3CA (15.8%) were more frequently amplified in NSTs. In STs, however, the top-ranked copy number amplification genes were JAK3 (11.8%), MYC (11.8%), and PIK3R2 (11.8%).




Figure 3 | (A) Summary of genomic features of the 72 NST cases of TNBC patients. (B) Summary of genomic features of the 17 ST cases of TNBC patients. (C) Differentially mutated genes between NSTs and STs TNBC patients. The X-axis represents the specific genes. The Y-axis represents the percentage of samples with mutations in a specific gene. * indicated p values <0.05. TNBC, triple-negative breast cancer; NST, no-special type; ST, special type.



The alteration types and mutation sites of TP53 and PIK3CA in the TNBC-NST and ST groups were compared, studied, and are illustrated in Figures 3, 4. Sixty-three NST TNBC patients (63/72, 87.5%) and 11 STs patients (11/17, 64.7%) had TP53 mutations, which occurred in several exons (exons 4-10). Missense mutations were the dominant mutation form in both groups (39/63, 61.9%; 9/11, 81.8%), followed by frameshift and nonsense mutations (13/63, 20.6%; 6/63, 9.5%; 1/11, 9.1%; 1/11, 9.1%, respectively). The mutation sites of TP53 were also different between the two groups. Among NST TNBC patients, p.R248Q/W (11/63, 17.5%), p.R213*/fs/L (5/63, 7.9%), and p.R175H (4/63, 6.3%) accounted for the highest proportion of all mutation sites, whereas p.R175H and p.S241C/Y (2/11, 18.2%) mutation sites occupied the highest proportion, without p.R248 site-related mutations in the ST group.




Figure 4 | Lollipop diagram of the TP53 and PIK3CA domains with the mutation location identified in TNBC patients. Different types of mutations were colored by different colored dots, and each colored dot represents one mutation. The length of the lollipop represents the number of patients harboring a specific variant. (A) The type and location of TP53 mutation in NST patients. (B) The type and location of TP53 mutation in ST patients. (C) The type and location of PIK3CA mutation in NST patients. (D) The type and location of PIK3CA mutation in ST patients. TNBC, triple-negative breast cancer; NST, no-special type; ST, special type.



Regarding PIK3CA, a total of 24 mutations occurred in 22 patients, including 14 NST and eight ST patients; and one patient had double mutations in each group. PIK3CA mutations occurred in exons 10, 16, and 21 in the NSTs, and in exons 10 and 21 in ST patients. In both groups, missense mutations were the primary alteration type, followed by copy number amplification. In the NST group, p.H1047R (8/14, 57.1%) mutation sites accounted for the highest proportion, followed by p.E542K (3/14, 21.4%) substitutions. In the ST group, p. E542K (4/8, 50%) and p.H1047R (3/8, 37.5%) mutation sites accounted for the highest proportion.



Mutation Pathway Analysis in NST and ST Patients

For further analysis, the molecular signatures database was used to analyze the distinct pathways that were affected by NSTs and STs. It revealed the major signaling pathways affected by genomic alterations in the ST patients as PI3K (Figure 5, 36.2% vs. 78.6%, p= 0.006). Although the presence of other signaling pathways in the two groups was diverse (cell cycle, HIPPO, TGF-beta, etc.), the statistical differences were insignificant. An in-depth pathway analysis within ST patients was performed, illustrating that patients with mixed histologic type presented lower PI3K pathway mutation levels than medullary carcinoma and apocrine carcinoma, but were still higher than NSTs. Mutations in genes involved in the PI3K pathway, detected in our cohort, included AKT2 (n=1), AKT3 (n=2), INPP4B (n=1), MTOR (n=2), PIK3CA (n=19), PIK3CB (n=1), PIK3R1 (n=3), PIK3R2 (n=3), PTEN (n=9), STK11 (n=1), and TSC2 (n=2). Alterations in AKT3 (n=2), INPP4B (n=1), MTOR (n=2), PIK3CA (n=6), PIK3CB (n=1), PIK3R1 (n=2), PIK3R2 (n=1), PTEN (n=7), and TSC2 (n=1) were detected in 58 patients with NST tumors. Five patients with NSTs had concurrent alterations in at least two genes. Meanwhile, AKT2 (n=1), PIK3CA (n=10), PIK3R1 (n=1), PIK3R2 (n=2), PTEN (n=2), STK11(n=1), and TSC2 (n=1) alterations were detected in 14 patients with ST tumors. Among these, three patients had at least two gene alterations.




Figure 5 | Kyoto Encyclopedia of Genes and Genomes analysis reveals distinct pathways in NSTs and STs tumors of TNBC. In total, 36.2% of the NSTs patients and 78.6% of the STs patients had at least one clinically relevant genomic alteration in genes involved in the PI3K-AKT signaling pathways, respectively. (A) Summary of the features of the PI3K-AKT signaling pathways genomic alteration of the 32 patients with TNBC. Tumor samples were grouped according to histologic types as: no-special type (IDC-NSTs, n=21) and special type (STs, n=11). (B) Comparison of the features of the PI3K-AKT signaling pathways genomic alteration between NSTs and STs TNBC patients. (C) Comparison of the features of the PI3K-AKT signaling pathways genomic alteration among STs TNBC patients. TNBC, triple-negative breast cancer; NST, no-special type; ST, special type; TMB, tumor mutation burden.



Collectively, these results indicate that NST and ST tumors are molecularly distinct based on the difference in the number and distribution of somatic alteration types, as well as the signaling pathways affected by these alterations.




Discussion

TNBC is clinically and molecularly heterogeneous and highly refractory and belongs to a mixed sub-category. It is a collective term for the remaining BCs after excluding ER, PR, and HER2-positive patients, accounting for 15%-20% of all BCs. In addition to the majority of invasive ductal carcinomas of NSTs, TNBC also includes a small number of STs, which have special morphological characteristics. According to the Cancer Genome Atlas (TCGA) and the Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) cohorts, STs TNBC patients had poorer prognosis than NSTs (Supplementary Figure 1). The Surveillance, Epidemiology, and End Results (SEER) database was utilized to determine the differences between TNBC-NSTs and STs, regarding survival, overall survival, and disease-specific survival rates (28). However, adjuvant therapy for TNBC NSTs and STs is indifferently represented by chemotherapy, without effective prognostic markers or therapeutic targets. To develop precision therapy, the molecular classification of TNBC is defined by DNA microarrays, gene sequence expression, mRNA expression, and IHC (29–31). This research explored the differences in clinicopathologic and molecular characteristics between the NSTs and the STs of Chinese patients with TNBC, looking for relevant markers that may be helpful in the development of precise and individualized systemic drugs for TNBC.

The 89 patients with TNBC were divided into two groups according to pathologic type for comparison. TNBC-NSTs and STs were similar in terms of the age of onset, tumor size, and TNM stage. Interestingly, the histologic grade and Ki-67 index of the NSTs were significantly higher than those of the STs. The histologic grades of invasive BCs are based on the differentiation of tumor cells, which is an important factor in predicting the prognosis of patients with BC and tumor aggressiveness. As confirmed by the NCCN guidelines, a higher histologic grade is an unfavorable factor for BC, which may require more aggressive adjuvant treatments. Ki-67 is a proliferation biomarker that is considered an independent predictive and prognostic factor for the management of BC (32, 33). BCs with high Ki-67 expression have proved to respond better to chemotherapy, and are associated with poor prognosis. Higher histologic grade and Ki-67 index of the NSTs may indicate that the prognosis of NSTs is worse than that of STs.

Immunotherapy with anti-PD-1/PD-L1 agents has emerged as a new treatment modality for TNBC in recent years (34, 35), introducing a novel therapeutic field. PD-L1 expression has been recognized as the most important biomarker for predicting the response to immunotherapy in cancers (36). Mittendorf et al. described that approximately 20%-30% of breast tumors express PD-L1, especially TNBC (37). In this study, the percentage of PD-L1 positivity was 14.9% in 67 TNBC patients. Compared with NSTs, the positive percentage of PD-L1 in STs was higher. These results suggest that ST patients may benefit more from treatment targeting the PD-L1 pathway. Besides, targeted therapy of AR has become another major hotspot in TNBC treatment. Research showed that STs patients presented significantly higher AR-positive rates than NSTs, which indicates that these patients are more likely to benefit more from AR inhibitors (38, 39). Multiple clinical studies have examined immunotherapy for TNBC. For advanced TNBC, based on the results of the Impassion130 and KEYNOTE-355 trials, Atezolizumab and Pembrolizumab have been approved in combination with chemotherapy as first-line treatments for PD-L1 positive advanced TNBC (40–42). For early TNBC, the results of KEYNOTE-522 trial set a new standard for early TNBC immunotherapy, and the combination chemotherapy of Pembrolizumab has been approved by the FDA for neoadjuvant therapy in patients with high-risk TNBC (43). Updates to the GeparNUEVO trial also confirmed the positive significance of neoadjuvant immunotherapy. To date, neither AR inhibitors (bicalutamide and enzalutamide) nor androgen biosynthetic inhibitor (abiraterone) exhibited significant anticancer activity against patients with AR positive metastatic TNBC (clinical benefit rates range from 19% to 35%) (44). Several clinical studies are under way.

For developing precision therapy, molecular information has some instructive significance. While the genomic landscape of TNBC is heterogeneous and complex, it was shown that Chinese patients with TNBC display a similar mutation spectrum to that reported in studies conducted in other countries, and TP53 (85.1%), PIK3CA (31%), and MYC (17.2%) are some of the most frequent alterations. Further studies performed to compare gene mutation profiling of NSTs to those of STs have found that the NSTs had higher frequencies of TP53 mutation than STs, while the PIK3CA mutation frequency was higher in the STs than in the NSTs. The tumor suppressor gene, TP53, is the most frequently mutated gene in human cancer (45, 46). Patients with BC with a somatic TP53 mutation have poor prognosis, which is consistent with the present research. Unfortunately, TP53 mutations are not presently targetable (47), and their predictive capacity for various therapies for BC has not been thoroughly examined. TP53 mutations are frequently found in BRCA1-associated human BCs (48–50). Except for one ST patient, six patients carrying BRCA1 mutations were found in NSTs in this study. Describing the mutation site of TP53 in the two groups separately, p.R248Q/W, p.R213*/fs/L, and p.R175H had the highest proportion in the NST group, while p.R175H and p.S241C/Y mutation sites had higher frequencies in the ST group. Although there are differences in the mutational profiling of TP53 between the two groups, the relevance of the mutation hotspots identified in the GDPH patients to the treatments for BC remains to be determined. Recently, Bert Vogelstein et al. successfully identified a bispecific single chain diabody (scDb) highly specific to the common TP53 mutations, and confirmed its mechanism of activating T cells to exert anti-tumor effects (51). Nevertheless, gene therapies, targeted tumor vaccines, and anti-cancer agents for TP53 alteration are still in the early stages of clinical trials, including APR-246, which is a targeted drug for three hot-spot mutations of the TP53 gene (R273, R175, and R248) (52, 53). Their effectiveness has not been proven in clinical trials. Therefore, authorities such as the United States Food and Drug Administration (FDA) have not approved any treatment for TP53 alteration yet. For TNBC patients who have BRCA defection or mutation, PARP inhibitors can block BRCA1/2-mediated homologous-recombinant based DNA double-strand break repair and promote tumor cell apoptosis. In the OlympiAD study, Olaparib, the PARP inhibitor had an improvement in median OS and 3-year survival rate compared with traditional chemotherapy for metastatic TNBC (54). This study led to olaparib’s approval from the FDA and EMA for the treatment of HER2-negative metastatic breast cancer patients with BRCA 1/2 mutations, opening the door to TNBC-targeted therapy. In 2021, Interim data from the OlympiA study were released, which suggesting that one-year adjuvant therapy with Olaparib alone can obviously reduce the risk of recurrence and death in HER2-negative early-stage breast cancer patients with gBRCA mutation (55). Olaparib has been accepted as the standard adjuvant therapy for high-risk HER2-negative early-stage breast cancer patients with gBRCA mutations.

From a molecular perspective, mutations in PIK3CA genes are found significantly more frequently in STs than in NSTs. Alteration types were dominated by missense mutations in both groups. Nevertheless, copy number amplification accounted for a larger proportion of NSTs than that in STs, indicating that the genome of the NSTs was unstable. Consistent with previous studies, the majority of PIK3CA mutations occurred in three hotspot sites, namely E542K and E545K, in the helical domain and H1047R, in the kinase domain (56, 57). In the NST group, p.H1047R (57.1%) mutation sites accounted for the highest proportion, while p.E542K (50%) mutation sites were the most frequently altered in the ST group. For HR-positive metastatic BC, the present study showed that the p.H1047R mutation might be a potential biomarker of sensitivity to everolimus, an mTOR inhibitor (58). Notably, the FDA-approved PI3K inhibitor, alpelisib, is highly recommended in PIK3CA-mutated HR-positive BC according to the most recently updated guidelines (23). Although the TNBC ST patients were negative for ERs and PRs, 50% of the ST patients still harbored PIK3CA mutations; thus, it is rational to assume the potential effect of alpelisib in the treatment strategy for the STs. Considering AKT as a downstream effector protein for PI3K, phase II trial LOTUS and PAKT tested highly selective oral pan-AKT inhibitors Ipatasertib and Capivasertib in combination with paclitaxel in the treatment of metastatic TNBC, with significant improvement in PFS (59, 60). In the FAIRLANE Phase II trial, adding Ipatasertib with neoadjuvant chemotherapy would significantly increase the pCR rate compared with adding placebo (61).

This study has several limitations. First, the relatively small number of cases in the two morphologic groups renders the analysis performed exploratory and hypothesis-generating. Secondly, the presence of somatic genetic alterations affecting 520 genes was surveyed. Hence, the possibility of additional differences between the NSTs and STs of TNBC being present if whole exome or whole genome sequencing was performed cannot be excluded. Incorporation of comprehensive genomic profiling into TNBC may shed light on potential therapeutic opportunities for both targeted drugs and immune checkpoint inhibitors. Additionally, prognostic data for patients with TNBC in the GDPH queue was not provided in this study. Although the higher Ki-67 index, histologic grades, and proportion of TP53 mutations suggested that the NST patients had poor prognoses, there was no reliable evidence to prove the relationship between the NSTs and STs. The STs have multiple pathological types, considering that some TNBC subtypes may exhibit different somatic cytogenetic changes. Resultantly, it is necessary to further study the genomic pattern of specific TNBC subgroups.

In conclusion, this study has shown significant differences in clinicopathologic features and gene signatures between Chinese NST and ST TNBC patients. The increased PD-L1 and AR expression, as well as elevated PIK3CA mutation frequency in the STs group implied that potential treatments might be available for these patients. Further studies with lager sample size and clinical outcomes data will be needed to explore the possibility to use immune checkpoint inhibitors, AR inhibitors and PIK3CA mutation-related treatments in TNBC patients with ST.
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Supplementary Figure 2 | Immunohistochemical staining of programmed death-ligand 1(PD-L1) in triple- negative breast cancer (Magnification 200×). (A) Negative control of PD-L1 expression by immunohistochemistry. (B) Low PD-L1 expression in triple- negative breast cancer tumor samples. (C) High PD-L1 expression in triple- negative breast cancer tumor samples.

Supplementary Figure 3 | Hematoxylin and eosin staining of tumor-infiltrating lymphocytes (TILs) in triple-negative breast cancer (Magnification 200×). (A) Low-grade TILs. (B) Intermediate-grade TILs. (C) High-grade TILs.



References

1. Stagg, J, and Allard, B. Immunotherapeutic Approaches in Triple-Negative Breast Cancer: Latest Research and Clinical Prospects. Ther Adv Med Oncol (2013) 5(3):169–81. doi: 10.1177/1758834012475152

2. Foulkes, WD, Smith, IE, and Reis-Filho, JS. Triple-Negative Breast Cancer. N Engl J Med (2010) 363(20):1938–48. doi: 10.1056/NEJMra1001389

3. Dent, R, Trudeau, M, Pritchard, KI, Hanna, WM, Kahn, HK, Sawka, CA, et al. Triple-Negative Breast Cancer: Clinical Features and Patterns of Recurrence. Clin Cancer Res (2007) 13(15 Pt 1):4429–34. doi: 10.1158/1078-0432.Ccr-06-3045

4. Bianchini, G, Balko, JM, Mayer, IA, Sanders, ME, and Gianni, L. Triple-Negative Breast Cancer: Challenges and Opportunities of a Heterogeneous Disease. Nat Rev Clin Oncol (2016) 13(11):674–90. doi: 10.1038/nrclinonc.2016.66

5. Gass, P, Lux, MP, Rauh, C, Hein, A, Bani, MR, Fiessler, C, et al. Prediction of Pathological Complete Response and Prognosis in Patients With Neoadjuvant Treatment for Triple-Negative Breast Cancer. BMC Cancer (2018) 18(1):1051. doi: 10.1186/s12885-018-4925-1

6. Caglevic, C, Anabalón, J, Soza, C, Milla, E, Gaete, F, Carrasco, AM, et al. Triple-Negative Breast Cancer: The Reality in Chile and in Latin America. Ecancermedicalscience (2019) 13:893. doi: 10.3332/ecancer.2019.893

7. Romero, P, Benhamo, V, Deniziaut, G, Fuhrmann, L, Berger, F, Manié, E, et al. Medullary Breast Carcinoma, a Triple-Negative Breast Cancer Associated With BCLG Overexpression. Am J Pathol (2018) 188(10):2378–91. doi: 10.1016/j.ajpath.2018.06.021

8. Niemeier, LA, Dabbs, DJ, Beriwal, S, Striebel, JM, and Bhargava, R. Androgen Receptor in Breast Cancer: Expression in Estrogen Receptor-Positive Tumors and in Estrogen Receptor-Negative Tumors With Apocrine Differentiation. Mod Pathol (2010) 23(2):205–12. doi: 10.1038/modpathol.2009.159

9. Budzik, MP, Patera, J, Sobol, M, Czerw, AI, Deptała, A, and Badowska-Kozakiewicz, AM. Clinicopathological Characteristics of Metaplastic Breast Cancer - Analysis of the Basic Immunohistochemical Profile and Comparison With Other Invasive Breast Cancer Types. Breast (2019) 43:135–41. doi: 10.1016/j.breast.2018.12.004

10. Tray, N, Taff, J, and Adams, S. Therapeutic Landscape of Metaplastic Breast Cancer. Cancer Treat Rev (2019) 79:101888. doi: 10.1016/j.ctrv.2019.08.004

11. Reddy, TP, Rosato, RR, Li, X, Moulder, S, Piwnica-Worms, H, and Chang, JC. A Comprehensive Overview of Metaplastic Breast Cancer: Clinical Features and Molecular Aberrations. Breast Cancer Res (2020) 22(1):121. doi: 10.1186/s13058-020-01353-z

12. Mills, AM, EG, C, MW, S, MB, C, and Atkins, KA. Pure Apocrine Carcinomas Represent a Clinicopathologically Distinct Androgen Receptor-Positive Subset of Triple-Negative Breast Cancers. Am J Surg Pathol (2016) 40(8):1109–16. doi: 10.1097/pas.0000000000000671

13. Weigelt, B, Geyer, FC, and Reis-Filho, JS. Histological Types of Breast Cancer: How Special Are They? Mol Oncol (2010) 4(3):192–208. doi: 10.1016/j.molonc.2010.04.004

14. Lehmann, BD, Bauer, JA, Chen, X, Sanders, ME, Chakravarthy, AB, Shyr, Y, et al. Identification of Human Triple-Negative Breast Cancer Subtypes and Preclinical Models for Selection of Targeted Therapies. J Clin Invest (2011) 121(7):2750–67. doi: 10.1172/jci45014

15. Hammond, ME, Hayes, DF, Dowsett, M, Allred, DC, Hagerty, KL, Badve, S, et al. American Society of Clinical Oncology/College Of American Pathologists Guideline Recommendations for Immunohistochemical Testing of Estrogen and Progesterone Receptors in Breast Cancer. J Clin Oncol (2010) 28(16):2784–95. doi: 10.1200/jco.2009.25.6529

16. Hammond, ME, Hayes, DF, Dowsett, M, Allred, DC, Hagerty, KL, Badve, S, et al. American Society of Clinical Oncology/College of American Pathologists Guideline Recommendations for Immunohistochemical Testing of Estrogen and Progesterone Receptors in Breast Cancer (Unabridged Version). Arch Pathol Lab Med (2010) 134(7):e48–72. doi: 10.5858/134.7.e48

17. Tan, PH, Ellis, I, Allison, K, Brogi, E, Fox, SB, Lakhani, S, et al. The 2019 World Health Organization Classification of Tumours of the Breast. Histopathology (2020) 77(2):181–5. doi: 10.1111/his.14091

18. Tsuda, H. General Rule Committee of the Japanese Breast Cancer S. Histological Classification of Breast Tumors in the General Rules for Clinical and Pathological Recording of Breast Cancer (18th Edition). Breast Cancer (2020) 27(3):309–21. doi: 10.1007/s12282-020-01074-3

19. Vranic, S, Skenderi, F, Beslagic, V, and Gatalica, Z. Glycogen-Rich Clear Cell Carcinoma of the Breast: A Comprehensive Review. Appl Immunohistochem Mol Morphol (2020) 28(9):655–60. doi: 10.1097/pai.0000000000000850

20. Reis-Filho, JS, Lakhani, SR, Gobbi, H, and Sneige, N. Metaplastic Carcinoma. In:  SR Lakhani, IO Ellis, SJ Schnitt, PH Tan, and MJ van de Vijver, editors. WHO Classification of Tumours of the Breast, vol. 2012 . Lyon: International Agency for Research on Cancer (IARC (2012). p. 48–52.

21. O’Malley, FE,V, and Lakhani, SR. Carcinomas With Apocrine Differentiation. In:  S Lakhani, IO Ellis, SJ Schnitt, PH Tan, and MJ van de Vijver, editors. WHO Classification of Tumours of the Breast, vol. 2012 . Lyon: International Agency for Research on Cancer (IARC (2012). p. 53–4.

22. Russo, J. Medullary Carcinoma. In: The Pathobiology of Breast Cancer. Switzerland: Springer Nature (2016). p. 96.

23. Network NCC. Breast Cancer Version 4. Clinical Partice Guidelines in Oncology (NCCN Guidelines) (2021). Available at: https://www.nccn.org/professionals/physician_gls/pdf/breast.pdf.

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

25. Salgado, R, L, S, Denkert, C, Badve, S, Demaria, S, Adams, S, et al. International Immuno-Oncology Biomarker Working Group on Breast Cancer (2018). Available at: https://wwwtilsinbreastcancerorg/.

26. Zhang, G, Wang, Y, Chen, B, Guo, L, Cao, L, Ren, C, et al. Characterization of Frequently Mutated Cancer Genes in Chinese Breast Tumors: A Comparison of Chinese and TCGA Cohorts. Ann Transl Med (2019) 7(8):179. doi: 10.21037/atm.2019.04.23

27. Xiao, W, Zhang, G, Chen, B, Chen, X, Wen, L, Lai, J, et al. Characterization of Frequently Mutated Cancer Genes and Tumor Mutation Burden in Chinese Breast Cancer. Front Oncol (2021) 11:618767. doi: 10.3389/fonc.2021.618767

28. Zhao, S, Ma, D, Xiao, Y, Jiang, YZ, and Shao, ZM. Clinicopathologic Features and Prognoses of Different Histologic Types of Triple-Negative Breast Cancer: A Large Population-Based Analysis. Eur J Surg Oncol (2018) 44(4):420–8. doi: 10.1016/j.ejso.2017.11.027

29. Burstein, MD, Tsimelzon, A, Poage, GM, Covington, KR, Contreras, A, Fuqua, SA, et al. Comprehensive Genomic Analysis Identifies Novel Subtypes and Targets of Triple-Negative Breast Cancer. Clin Cancer Res (2015) 21(7):1688–98. doi: 10.1158/1078-0432.CCR-14-0432

30. Jiang, YZ, Ma, D, Suo, C, Shi, J, Xue, M, Hu, X, et al. Genomic and Transcriptomic Landscape of Triple-Negative Breast Cancers: Subtypes and Treatment Strategies. Cancer Cell (2019) 35(3):428–40.e5. doi: 10.1016/j.ccell.2019.02.001

31. Zhao, S, Ma, D, Xiao, Y, Li, XM, Ma, JL, Zhang, H, et al. Molecular Subtyping of Triple-Negative Breast Cancers by Immunohistochemistry: Molecular Basis and Clinical Relevance. Oncologist (2020) 25(10):e1481–91. doi: 10.1634/theoncologist.2019-0982

32. Chen, L, Kong, X, Wang, Z, Wang, X, Fang, Y, and Wang, J. Pre-Treatment Systemic Immune-Inflammation Index Is a Useful Prognostic Indicator in Patients With Breast Cancer Undergoing Neoadjuvant Chemotherapy. J Cell Mol Med (2020) 24(5):2993–3021. doi: 10.1111/jcmm.14934

33. Duffy, MJ, Harbeck, N, Nap, M, Molina, R, Nicolini, A, Senkus, E, et al. Clinical Use of Biomarkers in Breast Cancer: Updated Guidelines From the European Group on Tumor Markers (EGTM). Eur J Cancer (2017) 75:284–98. doi: 10.1016/j.ejca.2017.01.017

34. Curtis, C, Shah, SP, Chin, SF, Turashvili, G, Rueda, OM, Dunning, MJ, et al. The Genomic and Transcriptomic Architecture of 2,000 Breast Tumours Reveals Novel Subgroups. Nature (2012) 486(7403):346–52. doi: 10.1038/nature10983

35. Planes-Laine, G, Rochigneux, P, Bertucci, F, Chretien, AS, Viens, P, Sabatier, R, et al. PD-1/PD-L1 Targeting in Breast Cancer: The First Clinical Evidences Are Emerging. A Literature Review. Cancers (Basel) (2019) 11(7):1033. doi: 10.3390/cancers11071033

36. Kurozumi, S, Inoue, K, Matsumoto, H, Fujii, T, Horiguchi, J, Oyama, T, et al. Clinicopathological Values of PD-L1 Expression in HER2-Positive Breast Cancer. Sci Rep (2019) 9(1):16662. doi: 10.1038/s41598-019-52944-6

37. Buisseret, L, Garaud, S, de Wind, A, Van den Eynden, G, Boisson, A, Solinas, C, et al. Tumor-Infiltrating Lymphocyte Composition, Organization and PD-1/ PD-L1 Expression Are Linked in Breast Cancer. Oncoimmunology (2017) 6(1):e1257452. doi: 10.1080/2162402X.2016.1257452

38. Lehmann, BD, and Pietenpol, JA. Identification and Use of Biomarkers in Treatment Strategies for Triple-Negative Breast Cancer Subtypes. J Pathol (2014) 232(2):142–50. doi: 10.1002/path.4280

39. Traina, TA, Miller, K, Yardley, DA, Eakle, J, Schwartzberg, LS, O'Shaughnessy, J, et al. Enzalutamide for the Treatment of Androgen Receptor-Expressing Triple-Negative Breast Cancer. J Clin Oncol (2018) 36(9):884–90. doi: 10.1200/jco.2016.71.3495

40. Reddy, SM, Carroll, E, and Nanda, R. Atezolizumab for the Treatment of Breast Cancer. Expert Rev Anticancer Ther (2020) 20(3):151–8. doi: 10.1080/14737140.2020.1732211

41. Ahmed, FS, Gaule, P, McGuire, J, Patel, K, Blenman, K, Pusztai, L, et al. PD-L1 Protein Expression on Both Tumor Cells and Macrophages Are Associated With Response to Neoadjuvant Durvalumab With Chemotherapy in Triple-Negative Breast Cancer. Clin Cancer Res (2020) 26(20):5456–61. doi: 10.1158/1078-0432.Ccr-20-1303

42. Cortes, J, Cescon, DW, Rugo, HS, Nowecki, Z, Im, SA, Yusof, MM, et al. Pembrolizumab Plus Chemotherapy Versus Placebo Plus Chemotherapy for Previously Untreated Locally Recurrent Inoperable or Metastatic Triple-Negative Breast Cancer (KEYNOTE-355): A Randomised, Placebo-Controlled, Double-Blind, Phase 3 Clinical Trial. Lancet (2020) 396(10265):1817–28. doi: 10.1016/s0140-6736(20)32531-9

43. Schmid, P, Cortes, J, Pusztai, L, McArthur, H, Kümmel, S, Bergh, J, et al. Pembrolizumab for Early Triple-Negative Breast Cancer. N Engl J Med (2020) 382(9):810–21. doi: 10.1056/NEJMoa1910549

44. Loibl, S, Untch, M, Burchardi, N, Huober, J, Sinn, BV, Blohmer, JU, et al. A Randomised Phase II Study Investigating Durvalumab in Addition to an Anthracycline Taxane-Based Neoadjuvant Therapy in Early Triple-Negative Breast Cancer: Clinical Results and Biomarker Analysis of GeparNuevo Study. Ann Oncol (2019) 30(8):1279–88. doi: 10.1093/annonc/mdz158

45. Petitjean, A, Achatz, MI, Borresen-Dale, AL, Hainaut, P, and Olivier, M. TP53 Mutations in Human Cancers: Functional Selection and Impact on Cancer Prognosis and Outcomes. Oncogene (2007) 26(15):2157–65. doi: 10.1038/sj.onc.1210302

46. Sirohi, D, Devine, P, Grenert, JP, van Ziffle, J, Simko, JP, and Stohr, BA. TP53 Structural Variants in Metastatic Prostatic Carcinoma. PloS One (2019) 14(6):e0218618. doi: 10.1371/journal.pone.0218618

47. Akahane, T, Kanomata, N, Harada, O, Yamashita, T, Kurebayashi, J, Tanimoto, A, et al. Targeted Next-Generation Sequencing Assays Using Triplet Samples of Normal Breast Tissue, Primary Breast Cancer, and Recurrent/Metastatic Lesions. BMC Cancer (2020) 20(1):944. doi: 10.1186/s12885-020-07432-w

48. Chen, B, Zhang, G, Li, X, Ren, C, Wang, Y, Li, K, et al. Comparison of BRCA Versus Non-BRCA Germline Mutations and Associated Somatic Mutation Profiles in Patients With Unselected Breast Cancer. Aging (Albany NY) (2020) 12(4):3140–55. doi: 10.18632/aging.102783

49. Holstege, H, Joosse, SA, van Oostrom, CT, Nederlof, PM, de Vries, A, and Jonkers, J. High Incidence of Protein-Truncating TP53 Mutations in BRCA1-Related Breast Cancer. Cancer Res (2009) 69(8):3625–33. doi: 10.1158/0008-5472.Can-08-3426

50. Manié, E, Vincent-Salomon, A, Lehmann-Che, J, Pierron, G, Turpin, E, Warcoin, M, et al. High Frequency of TP53 Mutation in BRCA1 and Sporadic Basal-Like Carcinomas But Not in BRCA1 Luminal Breast Tumors. Cancer Res (2009) 69(2):663–71. doi: 10.1158/0008-5472.Can-08-1560

51. Hsiue, EH, Wright, KM, Douglass, J, Hwang, MS, Mog, BJ, Pearlman, AH, et al. Targeting a Neoantigen Derived From a Common TP53 Mutation. Science (2021) 371(6533):eabc8697. doi: 10.1126/science.abc8697

52. Eriksson, SE, Ceder, S, Bykov, VJN, and Wiman, KG. P53 as a Hub in Cellular Redox Regulation and Therapeutic Target in Cancer. J Mol Cell Biol (2019) 11(4):330–41. doi: 10.1093/jmcb/mjz005

53. Shalom-Feuerstein, R, Serror, L, Aberdam, E, Müller, FJ, van Bokhoven, H, Wiman, KG, et al. Impaired Epithelial Differentiation of Induced Pluripotent Stem Cells From Ectodermal Dysplasia-Related Patients Is Rescued by the Small Compound APR-246/PRIMA-1met. Proc Natl Acad Sci USA (2013) 110(6):2152–6. doi: 10.1073/pnas.1201753109

54. Robson, ME, Tung, N, Conte, P, Im, SA, Senkus, E, Xu, B, et al. OlympiAD Final Overall Survival and Tolerability Results: Olaparib Versus Chemotherapy Treatment of Physician's Choice in Patients With a Germline BRCA Mutation and HER2-Negative Metastatic Breast Cancer. Ann Oncol (2019) 30(4):558–66. doi: 10.1093/annonc/mdz012

55. Tutt, ANJ, Garber, JE, Kaufman, B, Viale, G, Fumagalli, D, Rastogi, P, et al. Adjuvant Olaparib for Patients With BRCA1- or BRCA2-Mutated Breast Cancer. N Engl J Med (2021) 384(25):2394–405. doi: 10.1056/NEJMoa2105215

56. Azizi Tabesh, G, Izadi, P, Fereidooni, F, Emami Razavi, AN, and Tavakkoly Bazzaz, J. The High Frequency of PIK3CA Mutations in Iranian Breast Cancer Patients. Cancer Invest (2017) 35(1):36–42. doi: 10.1080/07357907.2016.1247455

57. Deng, L, Zhu, X, Sun, Y, Wang, J, Zhong, X, Li, J, et al. Prevalence and Prognostic Role of PIK3CA/AKT1 Mutations in Chinese Breast Cancer Patients. Cancer Res Treat (2019) 51(1):128–40. doi: 10.4143/crt.2017.598

58. Yi, Z, Ma, F, Liu, B, Guan, X, Li, L, Li, C, et al. Everolimus in Hormone Receptor-Positive Metastatic Breast Cancer: PIK3CA Mutation H1047R was a Potential Efficacy Biomarker in a Retrospective Study. BMC Cancer (2019) 19(1):442. doi: 10.1186/s12885-019-5668-3

59. Kim, SB, Dent, R, Im, SA, Espié, M, Blau, S, Tan, AR, et al. Ipatasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel as First-Line Therapy for Metastatic Triple-Negative Breast Cancer (LOTUS): A Multicentre, Randomised, Double-Blind, Placebo-Controlled, Phase 2 Trial. Lancet Oncol (2017) 18(10):1360–72. doi: 10.1016/s1470-2045(17)30450-3

60. Schmid, P, Abraham, J, Chan, S, Wheatley, D, Brunt, AM, Nemsadze, G, et al. Capivasertib Plus Paclitaxel Versus Placebo Plus Paclitaxel As First-Line Therapy for Metastatic Triple-Negative Breast Cancer: The PAKT Trial. J Clin Oncol (2020) 38(5):423–33. doi: 10.1200/jco.19.00368

61. Oliveira, M, Saura, C, Nuciforo, P, Calvo, I, Andersen, J, Passos-Coelho, JL, et al. FAIRLANE, a Double-Blind Placebo-Controlled Randomized Phase II Trial of Neoadjuvant Ipatasertib Plus Paclitaxel for Early Triple-Negative Breast Cancer. Ann Oncol (2019) 30(8):1289–97. doi: 10.1093/annonc/mdz177




Conflict of Interest: Authors X-FQ and YL are employed by OrigiMed Co. Ltd.

The remaining 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 Li, Chen, Lin, Zhang, Lai, Li, Lin, Guo, Xiao, Mok, Ren, Wen, Cao, Lin, Qi, Liu and Liao. 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: 29 March 2022

doi: 10.3389/fonc.2022.853038

[image: image2]


Global Trends in Death, Years of Life Lost, and Years Lived With Disability Caused by Breast Cancer Attributable to Secondhand Smoke From 1990 to 2019


Zejin Ou 1,2, Yunxia Gao 3, Diwei Jiang 4, Jiaxin Cui 5, Yixian Ren 2, Shihao Tang 2, Danping Duan 2, Danfeng Yu 6* and Zhi Wang 2*


1 Department of Central Laboratory, Guangzhou Twelfth People’s Hospital, Guangzhou, China, 2 Key Laboratory of Occupational Environment and Health, Guangzhou Twelfth People’s Hospital, Guangzhou, China, 3 School of Public Health, Guangzhou Medical University, Guangzhou, China, 4 School of Basic Medicine and Public Health, Jinan University, Guangzhou, China, 5 School of Public Health, Sun Yat-sen University, Guangzhou, China, 6 Department of Medical Intensive Care Unit (MICU), Guangdong Women and Children Hospital, Guangzhou, China




Edited by: 

Angela Toss, University of Modena and Reggio Emilia, Italy

Reviewed by: 

Ping Zeng, Xuzhou Medical University, China

Mohammad Ali, State University of New York-Binghamton, United States

*Correspondence: 

Zhi Wang
 zhi_wang@outlook.com 

Danfeng Yu
 yudanfeng007@126.com

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


Received: 12 January 2022

Accepted: 07 March 2022

Published: 29 March 2022

Citation:
Ou Z, Gao Y, Jiang D, Cui J, Ren Y, Tang S, Duan D, Yu D and Wang Z (2022) Global Trends in Death, Years of Life Lost, and Years Lived With Disability Caused by Breast Cancer Attributable to Secondhand Smoke From 1990 to 2019. Front. Oncol. 12:853038. doi: 10.3389/fonc.2022.853038




Background

Secondhand smoke is an important risk factor to breast cancer patients’ survival. This article aimed to describe the epidemiological changes of health loss caused by female breast cancer attributable to secondhand smoke from 1990 to 2019.



Methods

Data on breast cancer was derived from the Global Burden of Disease study 2019. The epidemiological status and trends were estimated using the number, age-standardized rate (ASR), and estimated annual percentage change (EAPC).



Results

In 2019, secondhand smoke-related breast cancer caused 168.33×102 death, 5242.58×102 years of life lost (YLLs), and 334.03×102 years lived with disability (YLDs) globally. The overall ASR of death and YLLs caused by breast cancer attributable to secondhand smoke presented decreasing trends from 1990 to 2019, with the respective EAPCs of −0.78 and −0.87. Meanwhile, decreasing trends occurred in most geographic regions, particularly that of YLLs in high-income North America (EAPC = −3.35). At the national level, most countries/territories had decreasing trends of death and YLLs, particularly Denmark, in which the respective EAPCs were −4.26 and −4.64. However, the ASR of YLDs showed an increasing trend globally (EAPC = 0.32). Meanwhile, increasing trends were observed in most regions and countries, particularly the Solomon Islands and Lesotho, with the respective EAPCs being 6.18 and 4.33. The changing trends were closely associated with sociodemographic development.



Conclusions

Trends in secondhand smoke-related death and YLLs caused by breast cancer declined from 1990 to 2019. However, secondhand smoke remains a challenge to the patients’ longevity and quality of life. The findings informed strategies should be strengthened the control of secondhand smoking.
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Introduction

Breast cancer is the most common malignant tumor among women, and brought a substantial challenge to global health. The Global Burden of Disease study (GBDs) 2017 showed that breast cancer was the leading cause of cancer deaths and disability-adjusted life years (DALYs) for women, accounting for 601,000 deaths and 17.4 million DALYs (1). Among the related risk factors, secondhand smoke exposure is not only a well-demonstrated risk factor to the development of breast cancer (2–4), but also is an important influence factor of survival (5, 6). Globally, secondhand smoke caused more than additional 331,000 deaths and 9.3 million DALYs in 2013 (7). In Asia, secondhand smoke was a critical risk factor to DALYs caused by breast cancer (3.5%) (8). The proportion of secondhand smoke-related DALYs caused by breast cancer accounted for 1.0% in European Union (EU), and distributed heterogeneously across countries (9).

To achieve the goal of Sustainable Development Goals 2030, tobacco control had been implemented under the World Health Organization Framework Convention on Tobacco Control (WHO FCTC) since 2003 (10, 11). In recent years, the survival patterns of breast cancer and its related smoke exposure had changed (12, 13). The global age-standardized rate of death and DALYs caused by breast cancer attributable to secondhand smoke declined 5.4% and 4.9% during 2007-2017, respectively (13). However, serval countries reported the attributable YLLs of breast cancer improved slowly, substantially for tobacco exposure (14).

The GBDs accessed and quantified the burden of diseases, injuries, and risk factors, which facilitated tracking their epidemiological status and changes over time. By now, few studies reported the secondhand smoke-related health losses caused by breast cancer from a global landscape. Therefore, present work aimed to analyze health losses caused by breast cancer attributable to secondhand smoke worldwide, and estimate their trends with the updated GBDs data.



Methods


Data Source

Secondhand smoke is also called side-stream or passive smoke exposure. According to the instruction of GBDs, the definition of secondhand smoke exposure is that non-smokers are passively exposed to average daily particulate air matter from cigarette smoke with an aerodynamic diameter of smaller than 2.5 µg (measured in µg/m³) (7). Years of life lost (YLLs) and years lived with disability (YLDs) are the critical metrics of health loss reflecting the socioeconomic status and development of the health care system, both of which together are equal to disability-Adjusted Life-Years (DALYs). Data on secondhand smoke-related breast cancer was explored from the GBD study 2019 through the Global Health Data Exchange (GHDx) query tool (http://ghdx.healthdata.org/gbd-results-tool). The burden included death, YLLs, and YLDs, which were extracted for age groups, sociodemographic index (SDI) areas, geographic regions, and countries/territories from 1990 to 2019. An overview of the cancer burden was comprehensively presented globally, including 21 geographic regions and 204 countries/territories. The GBDs groups summarized and estimated the risks and exposures from 46,749 cohort studies, randomized controlled trials, civil surveys, and other sources, and more details on methods were seen in the previous studies (7, 13).

Sociodemographic index (SDI) is a compound index reflecting the influence of social development to civil health. The SDI value ranged from 0 to 1, which means the lowest and highest level of educational opportunities, average per capita incomes, and fertility rates. In 2019, the SDI scales varied from 0.081 in Somalia to 0.929 in Switzerland. According to the SDI, these countries/territories and regions were categorized into five levels, including low, low-middle, middle, high-middle, and high, with the respective upper bound of SDI quintiles being 0.454743, 0.607679, 0.689504, 0.805129, and 1.



Statistical Analysis

The data involved different age structures in multiple populations over time, thus age-standardized is a necessary and representative index. The age-standardized rate (ASR) per 100,000 population was calculated using the following formula:

	

Where ai: the age-specific rate in the ith age group; w: the number of the weight (people) in the corresponding ith age group among the selected standard population; A: the number of age groups.

Estimated annual percentage change (EAPC) is a widely used index to describe the epidemiological trends in the burden of diseases in public health studies (15, 16). EAPC could not only quantify the changing speed of ASR, but also estimate their future trends. A regression line is fitted to the natural logarithm of ASR, where y is the natural logarithm of ASR, and x is the calendar year. Subsequently, EAPC and its 95% confidence interval (CI) are estimated using the linear regression model. The formulas are presented as follows:

	

The trends are judged as following standards: (1). if both the EAPC value and its 95% CI > 0, it is deemed to be an increasing trend of ASR; (2). if both the EAPC value and 95% CI < 0, it is deemed to be a decreasing trend of ASR; (3). others mean the ASR being stable over time. To analyze the influential factors of EAPC, the relationships between EAPCs and ASRs in 1990, and between ASRs and SDI in 2019 were calculated using a Pearson correlation analysis. The data and figures were analyzed using R v3.6.2 (Institute for Statistical Computing, Vienna, Austria). A p-value of less than 0.05 meant statistically significant.




Results


Trends of Death Caused by Breast Cancer Attributable to Secondhand Smoke

Globally, breast cancer attributable to secondhand smoke was responsible for 168.33×102 (95% uncertainty interval [UI]: 39.56×102-290.39×102) death in 2019, with an increase of 69.98% since 1990. The overall age-standardized death rate (ASDR) declined from 0.46 in 1990 to 0.39 in 2019, by an annual average decrease of 0.78% (EAPC = −0.78, 95%CI: −0.86 to −0.71) from 1990 to 2019 (Table 1; Figure 1). The age groups of 50-59 years undertook the most frequent of death cases in 2019, and all age groups had increasing percentages, particularly those aged above 80 years (145.85%) (Supplementary Table 1; Figure 2A). Regionally, the death number ranged from 0.48×102 in Australasia to 37.00×102 in East Asia in 2019. Trends of ASDR rose in five geographic regions, especially Oceania (EAPC = 0.69, 95%CI: 0.64-0.73). On the other hand, decreasing trends occurred in fifteen regions, and the most pronounced ones appeared in high-income North America (EAPC = −3.09, 95%CI: −3.29 to −2.88), followed by Australasia and tropical Latin America (Table 1; Figures 1 and 2C). Among 204 countries/territories, the burden of breast cancer attributable to secondhand smoke heterogeneously varied across countries. The ASDRs varied from 0.12 in El Salvador to 2.96 in the Solomon Islands in 2019. 1990-2019, the percentages of death number significantly increased in the Solomon Islands (1162.86%) and United Arab Emirates (872.82%), but pronouncedly decreased in Denmark (−52.03%), followed by Norway and Switzerland. Ninety-one countries undertook the increasing trends, particularly Solomon Islands and Lesotho, in which the respective EAPCs were 5.65 (95%CI: 5.02-6.29) and 4.32 (95%CI: 3.79-4.85). However, ninety-nine countries had decreasing trends, particularly Denmark and Iceland, in which the EAPCs were −4.26 (95%CI: −4.42 to −4.09) and −3.94 (95%CI: −4.14 to −3.73) (Supplementary Table 2; Figures 3A–C).


Table 1 | the characteristics and trends of death caused by breast cancer attributable to secondhand smoke in global, SDI areas and geographic regions, 1990-2019.






Figure 1 | Global trends in the ASR of death, YLLs, and YLDs caused by breast cancer attributable to secondhand smoke, and in SDI areas and geographic regions from 1990 to 2019. ASR, age-standardized rate; SDI, sociodemographic index; YLLs, years of life lost; YLDs, years lived with disability.






Figure 2 | The distribution of death caused by breast cancer attributable to secondhand smoke from 1990 to 2019. (A) was the death number in age groups; (B) was the ASDR in SDI areas; (C) was the death number in geographical regions. ASDR, age-standardized death rate; SDI, sociodemographic index.






Figure 3 | The distribution of ASRs, percentages, and EAPCs of death caused by breast cancer attributable to secondhand smoke at the national level. (A) was the ASDR in 2019; (B) was the percentage changes in death number between 2000 and 2019; (C) was the EAPCs of death, respectively. Countries/territories with an extreme value were annotated. ASDR, age-standardized death rate; EAPC, estimated annual percentage change.





Trends of YLLs Caused by Breast Cancer Attributable to Secondhand Smoke

In 2019, an estimated 5242.58×102 (95%UI: 1234.61×102-9029.02×102) YLLs number of breast cancer was attributable to secondhand smoke globally, and increased 60.83% since 1990. The overall ASR of YLLs presented a decreasing trend from 1990 to 2019, in which the EAPC was −0.87 (95%CI: −0.96 to −0.78) (Table 2; Figure 1). Those aged 50-54 years had the largest YLLs number (889.80×102), and the percentages increased in all age groups, especially the patients above 80 years (135.52%) (Supplementary Table 1; Supplementary Figure 1A). Among 21 regions, the YLLs number ranged from 13.44×102 in Australasia to 1214.48×102 in South Asia in 2019. Decreasing trends in the ASR of YLLs occurred in 15 regions, and the largest one occurred in high-income North America (EAPC = −3.35, 95%CI: −3.58 to −3.13). Conversely, four regions showed increasing trends, including Oceania and Central Sub-Saharan Africa (Table 2; Figure 1 and Supplementary Figure 1C). Nationally, the ASRs of YLLs caused by breast cancer attributable to secondhand smoke were heterogeneous across countries, ranging from 3.79 in El Salvador to 104.76 in Solomon Islands in 2019. 1990-2019, the percentage of YLLs number drastically increased in the Solomon Islands (1256.97%), but pronouncedly decreased in Denmark (−59.19%) and Norway (−48.16%). 107 countries/territories presented decreasing trends in the ASR of YLLs from 1990-2019, and Denmark had the most pronounced one (EAPC = −4.64, 95%CI: −4.82 to −4.46), followed by Norway and Myanmar. However, seventy-six countries showed increasing trends, particularly the Solomon Islands and Lesotho, in which the respective EAPCs were 6.01 (95%CI: 5.32-6.70) and 4.42 (95%CI: 3.85-4.99) (Supplementary Table 3; Figure 3B and Supplementary Figures 2A–C).


Table 2 | the characteristics and trends of YLLs and YLDs caused by breast cancer attributable to secondhand smoke in global, SDI areas and geographic regions, 1990-2019.





Trends of YLDs Caused by Breast Cancer Attributable to Secondhand Smoke

Globally, the number of YLDs caused by breast cancer attributable to secondhand smoke was 334.03×102 (95%UI: 74.04×102-602.13×102) in 2019, by an increasing percentage of 123.26% since 1990. The global ASR of YLDs increased with an annual average 0.32% from 1990 to 2019 (EAPC = 0.32, 95%CI: 0.28-0.36) (Table 2; Figure 1). The highest YLDs number was seen in those aged 50-54 years in 2019 (51.56×102), and the largest increasing percentages occurred in the people above 80 years (155.79%) (Supplementary Table 1; Supplementary Figure 3A). Among 21 geographic regions, the YLDs number ranged from 0.73×102 in Andean Latin America to 104.36×102 in East Asia in 2019. Fourteen regions appeared increasing trends in the ASR of YLDs, and East Asia had the largest one (EAPC = 2.33, 95%CI: 2.25-2.40), followed by North Africa and Middle East and Southeast Asia. Whereas six regions had decreasing trends, particularly high-income North America (EAPC = −2.27, 95%CI: −2.46 to −2.07) (Table 2; Figure 1 and Supplementary Figure 3C). Among 204 countries/territories, the ASR of YLDs ranged from 0.11 in Ethiopia to 3.01 in Solomon Islands in 2019. 1990-2019, pronounced increasing percentages were seen in Solomon Islands (1424.03%) and United Arab Emirates (1351.36%). Whereas Denmark had the largest decreasing one (−22.79%), followed by Ukraine and Georgia. 145 countries/territories showed increasing trends in ASR of YLDs caused by breast cancer attributable to secondhand smoke over the past three decades, and the Solomon Islands had the most pronounced ones (EAPC = 6.18, 95%CI: 5.66-6.70), followed by Lesotho and Saudi Arabia. On the other hand, only forty-eight countries had decreasing trends, particularly Iceland and Myanmar, in which the respective EAPCs were −2.56 (95%CI: −2.70 to −2.42) and −2.46 (95%CI: −2.71 to −2.21) (Supplementary Table 4; Supplementary Figures 4A–C).



The Burden of Breast Cancer Attributable to Secondhand Smoke-Related With SDI

Among five SDI areas, the middle SDI area had the largest health loss caused by breast cancer attributable to secondhand smoke, followed by low-middle and high-middle areas. The ASDR ranged from 0.23 in the high SDI area to 0.47 in the low-middle one.1990-2019, decreasing trends in the ASR of death and YLLs caused by breast cancer attributable to secondhand smoke occurred in most SDI areas, particularly high SDI one, with the respective EAPCs being −2.31 (95%CI: −2.43 to −2.20) and −2.48 (95%CI:−2.61 to −2.36). However, increasing trends of death and YLLs appeared in the low SDI area. On the other hand, increasing trends of YLDs occurred in most SDI areas, except the high SDI one (EAPC = −0.86, 95%CI: −0.97 to −0.75). The most pronounced increasing one was seen in the middle SDI area (EAPC = 1.60, 95%CI: 1.56 to 1.63), followed by low and low-middle SDI ones. (Tables 1, 2; Figures 1, 2B). Negative correlations were found between ASRs of death and YLLs and SDI among regions in 2019. Whereas positive correlation was found between ASRs of YLDs and SDI (ρ = −0.15, p < 0.001; ρ = −0.17, p < 0.001; ρ = 0.67, p < 0.001, respectively; Figures 4A–C).




Figure 4 | Correlation analysis between ASRs and SDI in 2019 among regions. The ASRs of death (A) and YLLs (B) negatively related with SDI, but that of YLDs (C) positively related with SDI. The correlations were calculated with Pearson correlation analysis. ASR, age-standardized rate; SDI, socio-demographic index; YLLs, years of life lost; YLDs, years lived with disability.



The ASRs in 1990 is considered as the disease reservoir at baseline. EAPCs of death, YLLs and YLDs had negative relationships with their corresponding ASRs in 1990 at the national level (ρ = −0.14, p = 0.04; ρ = −0.14, p = 0.043; ρ = −0.48, p < 0.001, respectively; Figures 5A–C).




Figure 5 | Correlation analysis between EAPCs and ASRs in 1990 among countries. The ASRs of death (A), YLLs (B), and YLDs (C) had negative correlations with ASR, respectively. The correlations were calculated with Pearson correlation analysis. The symbols were the countries/territories in the corresponding regions. ASR, age-standardized rate; YLLs, years of life lost; YLDs, years lived with disability.






Discussion

Secondhand smoke is an important risk factor to the development and survival of breast cancer. Based on the pooled analysis, both passive and active smoking were demonstrated to equally elevate the risk of breast cancer for women (17). It was estimated that passive smoke exposure caused two-fold breast cancer mortality among never smokers (Hazard ratios = 2.12, 95% CI = 1.24-3.63) (6). The potential mechanisms included the changes in DNA methylation (18), hormone-receptor status (19), genetic susceptibility (20), and hormone levels (particularly premenopausal) (21). Meanwhile, passive smoke exposure probably stimulated the malignant performance of cancer, including cell malignancy, tumor angiogenesis, and metastatic activity (22–25).

Despite the overall incidence of breast cancer growing steadily, improvements in the survival of the patients had been achieved over the past decades (12, 26). The findings in the present work showed the decreasing trend in the death and YLLs caused by breast cancer attributable to secondhand smoke during the period 1990-2019. The achievements benefited from the early screening, improved regimens and healthcare systems, and the management of related risk factors (1, 12, 27). Meanwhile, a large reduction in the prevalence of daily smoke exposure had been achieved globally (28, 29), particularly cost-effective smoke-free policies for reducing secondhand smoke exposure under the forced measures of WHO FCTC (30, 31). Additionally, decreasing trends in secondhand smoke exposure were observed during 2011-2018 (32), and it was estimated that 1 in 14 breast cancer cases could be prevented without secondhand smoke exposure (33). Sociodemographic status strongly influenced the prevalence of smoking and second-hand smoke exposure (34). The upward trends of YLDs caused by breast cancer attributable to secondhand smoke were seen globally, and in most regions and countries. The improved patients’ survival could prolong the lifespan with disability. Passive smoke had a high risk of early-onset breast cancer, probably related to genetic polymorphisms (35).

Among SDI quintiles, the middle and high-middle SDI areas undertook the largest burden caused by breast cancer attributable to secondhand smoke, mainly related with the huge population size, and rapid population growth and aging (1, 7). Meanwhile, several low-income and middle-income countries faced the challenge of worsening smoke epidemics (36). Because of poor policy guidance and health awareness, cigarette consumption remains to be unfavorable in low- and middle-income countries (37). Furthermore, the poor medical resource and healthcare system drove the increasing trends in the low SDI area (38). At the national level, downward trends of death and YLLs commonly occurred in the high SDI countries, particularly the high-income North America and Western Europe, where existed sound health systems, early disease screening, and strict tobacco control policies. In high-income North America, the implementation of home smoking bans had significantly reduced the exposure of secondhand smoke at home (39). Denmark, Iceland, and Norway presented the most pronounced decreasing trends, were the highest score of the implementation of tobacco control policies (40). On the other hand, increasing trends were mostly seen in the south Pacific and sub-Saharan Africa countries, where the new diagnosed cases of breast cancer were much more than in the past, lack of cancer prevention and control programs (41, 42), low awareness of cancer risk, and weak implementation of smoke-free policies in public places (43, 44).

Several limitations should be interpreted in this work. First, the GBD estimations of passive smoking exposure were mainly based on the data from multiple sources, including cross-sectional survey, self-reported data, history recall, and so on. The potential bias was inevitable, including underreported cases, incomplete testing, and the technology varied across countries over time (7, 13, 38). Second, data on the intensity of secondhand smoke exposure could not be quantified and categorized, thus analysis on the association between the exposure and health loss. Third, individual heterogeneity was prone to different subtypes of breast cancer, including genetic background, hormone, and physiological status (pre/postmenopausal). However, the lack of related data failed to explain the findings further. Fourth, several countries lack vital registration data, but the GBD collaborators applied multi statistical models to estimate the settings with sparse data. Last but not least, age is an important factor in breast cancer. However, due to the limitation of ASR estimates, the trends were demonstrated only using the percentage changes in the absolute number in age groups.



Conclusions

1990-2019, trends of secondhand smoke-related death and YLLs due to breast cancer declined worldwide, and in most regions and countries, highlighting that the advance in the current management and treatment of the disease. Healthcare systems need to be improved to cope with the increasing trends in disability caused by the disease. Meanwhile, disparities and inequities of health care existed among regions and countries, suggesting global efforts need to be taken to promote health equity. Secondhand smoke exposure is a modifiable risk factor, and governments should adopt cost-effective measures to reduce the related burden through the implementation of enhanced smoke-free policies in public places.
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Introduction

Statins, HMG-CoA reductase inhibitors, are commonly used cholesterol-lowering medications which are also increasingly recognized to have anti-cancer properties for various cancers, including breast cancer. Most clinical evidence supports a protective effect of statin on reducing breast cancer recurrence, particularly in hormone-receptor positive breast cancers.This study seeks to study the impact of statin use on breast cancer recurrence in an Asian population.



Methods

This is a retrospective study of patients diagnosed with breast cancer at the National Cancer Centre and Singapore General Hospital from 2005-2015. Statin use was defined as use after surgery. Associations between statin use, breast cancer recurrence and overall survival were estimated using Cox proportional hazards regression with adjustment for age, TNM stage, grade, ER/HER2 status, and co-morbidities. Associations between statin-use and disease-specific survival were estimated using competing risks regression.



Results

A total of 7858 females with breast cancer were studied, 1353(17.2%) were statin users, 6505(82.8%) were non-statin users, with a median follow-up of 8.67 years. Distribution of cancer stage, histology, molecular subtypes and grades were similar in both groups. Estrogen receptor(ER) positive (HR 0.57,95%CI 0.43-0.76,p<0.001) and HER2 negative (HR 0.74,95%CI 0.57-0.96,p=0.026) invasive cancers had a lower risk of recurrence in statin users. Statin users trended towards a long term recurrence-risk reduction (all subtypes,HR 0.48,p=0.002; ER-, HR 0.34,p=0.036; HER2+,HR 0.10,p=0.002). The risk-reduction benefit is not appreciated in statin users with DCIS, possibly due to small recurrence event numbers. Disease-specific survival benefit was seen in statin users with ER+ cancers (adjusted SHR 0.71,95%CI 0.53-0.96,p=0.027), especially ER+ invasive cancers (adjusted SHR 0.72, 95%CI 0.53-0.97,p=0.028), but with no statistically significant benefit in overall survival for statin users (all subtypes).



Conclusion

This is the first known retrospective study on the effect of statin use and breast cancer recurrence in an Asian population. Similar to previous international studies, statin use is associated with a risk reduction in breast cancer recurrence. This is especially beneficial in patients who have ER+ and HER2- invasive breast cancer. Statin use is also associated with a reduced risk of breast cancer recurrence in all subtypes of breast cancer in the long term (>6 years post diagnosis).





Keywords: statin, HMG-CoA reductase inhibitor, breast cancer, recurrence, Asia



Introduction

Breast cancer is the most commonly occurring cancer in women, and is generally subtyped according to its expression of three receptors - estrogen (ER), progesterone (PR) and HER2 receptors. The majority (67-80%) of breast cancer cells express the estrogen and/or progesterone hormone receptors (ER and PR) (1, 2). With increased screening, improved surgery and adjuvant treatment modalities (i.e. a combination of hormonal, chemo-, targeted and radiation- therapies), the long-term survival rate after the diagnosis of breast cancer is rising steadily. Each breast cancer survivor has a life-long risk (5-41%) of developing a breast cancer recurrence (3–5), and with an increasing number of breast cancer survivors, this translates to an important public health issue. Recurrence can be local, i.e. developing in or near the original site of cancer; regional, i.e. presenting as nodal involvement in the axillary, or supraclavicular anatomic locations; or distant, i.e. metastatic, commonly appearing in the bones, lung, liver, or brain.

Statins are 3-hydroxy-3-methylglutaryl–coenzyme A (HMG-CoA) reductase inhibitors and decrease cholesterol synthesis. They are commonly used as a cholesterol-lowering medication to reduce the risks of heart attacks and strokes. Statins have also been shown to have anti-cancer properties for various cancers, including breast cancer (6–11). Statin users showed a risk reduction in developing breast cancer (12), and breast cancer patients who used cholesterol lowering medicines had more favorable tumour characteristics and improved outcomes compared with nonusers (13). Most clinical evidence supports a protective effect of statins on reducing breast cancer recurrence (14–19).

This benefit appears to be strongest in younger patients (18) and early stage breast cancer (14, 18), suggesting a longitudinal influence of statin therapy (14, 16, 18). Some studies suggest the benefit of statins with hormone receptor positive breast cancers (18, 20), and not with the triple negative breast cancer (TNBC) cohort, i.e. breast cancer cells which do not express the estrogen, progesterone and HER2 receptors (21, 22). There is some suggestion of the lipophilic statins (such as simvastatin) being more effective at reducing breast cancer recurrence than the hydrophilic statins (15, 17, 19). To date, multiple meta-analyses yield conflicting results. Whilst some studies do not show an effect of statins on cancer incidence or survival (23–25), the majority of the meta-analyses support the finding that statins reduce the risk of breast cancer recurrence and breast cancer related mortality (17, 19, 26, 27), particularly during shorter term follow-up (27).

To date, most studies are performed in the Western population, hence there is an importance to perform this study in our local Asian population. The demographics of breast cancer in the East differ from the West, with a peak age of incidence of breast cancer in the East being 10 years younger than the West (28). There are also racial differences in the response to statins, due to genetic determinants and pharmacokinetic differences (29). Therefore, the aim of this study is to retrospectively review and explore the impact of statin use on breast cancer recurrence in the Asian population of Singapore.



Methods and Materials

This is a retrospective study of patients who were diagnosed with breast cancer at the National Cancer Centre Singapore and Singapore General Hospital from 2005 to 2015, inclusive. The data was extracted from the Joint Breast Cancer Registry (JBCR) and merged with the electronic drug prescriptions platform used by the public health institutions within the SingHealth cluster, which include the primary care physician clinics. This was done with approval by the SingHealth institutional ethics board (CIRB 2019/2419). Breast cancer patients with ductal carcinoma in situ (DCIS), Stage I to Stage III invasive cancers were included. Patients whose diagnosis date was before 1 Jan 2005, cancers which were stage IV or unknown/incomplete, and patients who did not undergo surgery were excluded. Patients who had recurrence or died or whose last follow-up date within a year from surgery were excluded (Figure 1). For patients who had synchronous bilateral cancers, the following criteria were used to select the side to be included in the analysis in this order: 1) higher TNM stage, 2) higher T stage, 3) more aggressive tumour biology (eg. HER2 positive or TNBC), 4) higher grade, 5) larger tumour size, 6) earlier diagnosis date. If all these 6 criteria were all identical, the left breast was selected by default.




Figure 1 | CONSOT Diagram to summarize the number of patients included and excluded in this study. NCCS, National Cancer Centre Singapore; SGH, Singapore General Hospital; TNM, Tumor Nodal Metastasis staging.



Statin use was defined as use after surgery, as represented by their prescription date. Patients who were on statins pre-surgery were excluded. Patients who developed a recurrence before their start date of statins were counted as statin non-users. The median duration from surgery to start of statins was 22.7 months (IQR 0.36-64.2).

Follow-up started 1 year from breast cancer surgery. Maximum length of follow-up was set to 10 years (or 11 years from surgery). Breast cancer recurrence was defined as any local, regional or distant recurrence, or contralateral breast cancer. Patients who did not have recurrence were censored at death, last follow-up, or when 10 years of follow-up was reached (whichever came first).


Statistical Methods

Patient and tumour characteristics were tabulated by statin use. Differences in characteristics between statin users and non-users were tested using Pearson’s chi-squared test or Fisher’s exact test (for variables with category frequencies of less than 5). Associations between statin use and breast cancer recurrence and overall survival were estimated using univariable and multivariable Cox proportional hazards regression models. Associations between statin use and disease-specific survival were estimated using univariable and multivariable competing risks regression models as described by Fine and Gray (30). Multivariable models were adjusted for age at diagnosis, TNM stage, histological grade, ER status, HER2 status, aspirin use (pre- and post-diagnosis) and the presence of the following co-morbidities at diagnosis: diabetes, hypertension, cardiac disease, neurological (CNS) disease, hyperlipidemia and renal disease. Statin and aspirin use were fitted as time-varying variables lagged by 1 year, i.e. patients only joined the statin group 1 year after they started on statins. Once started, these drugs were assumed to be taken for life. The proportional hazards assumption was tested using Schoenfeld residuals for Cox regression, and time-varying covariates for competing risks regression. Variables which were significantly non-proportional were modeled using a time-dependent interaction term which allowed the hazard ratio to change after 5 years. The hazard ratio for 6 to 10 years was obtained by multiplying the hazard ratio for 1 to 5 years by this interaction term.

The risk is evaluated according to time from enrolment. For statin users, they are in the nonuser group before statin use initiation and move to the statin group 1 year after statin initiation. The Cox model evaluates hazard rate at each timepoint, which is the risk of failure given the subject has survived up to that timepoint, hence the comparison is between statin users and nonusers who have survived for the same amount of time, and who have been on statins for at least 1 year (for the statin users). All statistical analyses were performed in Stata 16.1 (Statacorp, College Station, Texas). Two-sided p-values less than 0.05 were taken as significant.




Results

In this study, there were a total of 7858 females with breast cancer were studied, 1353 (17.2%) were statin users, 6505 (82.8%) were non-statin users (Figure 1). The majority of the patients were prescribed a lipophilic statin (n=1303, 96.3%), with simvastatin and atorvastatin being the most common statins used. Hydrophilic statins contributed to a marked minority (n=50, 3.7%), with rosuvastatin being the most common hydrophilic statin used (n=47). The demographics and tumor characteristics of the study population is summarized in Table 1. The majority of the women in the statin group were postmenopausal. This is expected as the average age in the statin user group was higher, a reflection of statin prescription for cardiac protection in the older population. Nonetheless, the distribution of the cancer stage, histology, tumour molecular subtypes and grade are similar in both groups. As such the use of chemotherapy and hormone therapy are also similar in both groups. In terms of surgery, slightly more women in the statin group chose a mastectomy compared to the non-statin group (65.6 vs 55.6%, p<0.001), and hence the uptake of radiotherapy (which is coupled with breast conserving surgery) was lower in statin group (54.4% vs 61.5%, p<0.001). The median age in the mastectomy group was also higher (54 years, IQR 47-61), as compared to the median age in breast conserving surgery group (50 years, IQR 44-57), p<0.001; also a reflection of statin users being older on average.


Table 1 | Patient and tumour characteristics by statin use.



Patients were followed up for a median of 8.74 years, with a 95% confidence interval of 8.59 to 8.88 years. Table 2 shows the unadjusted and adjusted hazard ratios for breast cancer recurrence by statin use in different subsets of patients.



Table 2 | Unadjusted and adjusted hazard ratios for breast cancer recurrence by statin use in different subsets of patients.



Comparing the statin user and non-user groups, when adjusted for age, and stage, statin users had similar risk of recurrence compared to non-statin users in the first 5 years of follow up (HR 0.98, 95%CI, 0.77-1.26). However, after 5 years, the risk of recurrence decreased significantly amongst statin users, with the hazard ratio estimated to be 0.48 after 5 years, p=0.002. This beneficial trend was seen in statin users with invasive cancers, beyond 6 years (HR 0.48, p= 0.002), but not so for statin users who had DCIS (HR 1.24, p=0.525).

ER positive cancers (DCIS inclusive) had a lower risk of recurrence in statin users (HR 0.59, 95%CI 0.45-0.78, p<0.001). On the contrary, there appeared to be an increased risk of recurrence in statin users who had ER negative cancers in the first 6 years post surgery (HR 2.03, p<0.001), but this risk of recurrence in statin users decreased significantly beyond the first 6 years (HR =0.65, p=0.003). It is uncertain if this increased risk was due to statin use itself, but it was more likely associated with the statin user not being accounted for in the model.

The benefit of statins in ER positive cancers was different between the in-situ and invasive groups. In the invasive cancer group, statin use was associated with a reduced risk of recurrence in the ER positive cancers (HR 0.57, 95%CI 0.43-0.76, p<0.001), and this is observed in both ER+ HER2-invasive cancers (HR 0.59, 95%CI 0.43-0.80,p=0.001) and ER+ HER2+ invasive cancers (HR 0.46, 95%CI 0.22-0.95, p=0.037). There appeared to be no statistically significant influence of statin in both the ER+ and ER- DCIS cancers.

Although there was no risk reduction benefit of statins on the ER- and HER2+ invasive cancers in the first 6 years, the risk of recurrence in both these ER- and HER2+ groups decreased significantly beyond the sixth year of diagnosis (HR 0.66, p=0.007 and HR 0.10, p=0.002 respectively).There was also an overall risk reduction benefit of statin in HER2- breast cancers, HR 0.74, p=0.026.

For disease-specific survival (Table 3), there was a benefit for statin users who were ER positive (adjusted SHR 0.71, 95%CI 0.53-0.96,p=.0.027), especially the ER+ invasive cancers (adjusted SHR 0.72, 95%CI 0.53-0.97, p=0.028) and ER+ HER2- invasive cancers (adjusted SHR 0.69, 95% CI 0.49-0.97, p=0.035). There was a suggestion of an improved overall survival in statin users who had ER+ cancers (HR=0.81) and ER+ invasive cancers (HR 0.79), but there was no statistically significant difference, albeit close (p=0.087 and p=0.061 respectively) There was no significant benefit in improved overall survival (Table 4) in all subtypes of breast cancer patients.


Table 3 | Unadjusted and adjusted subhazard ratios for disease-specific survival by statin use in different subsets of patients.




Table 4 | Unadjusted and adjusted hazard ratios for overall survival by statin use in different subsets of patients.





Discussion

To the best of our knowledge, this is the first retrospective study of the impact of statins on the risk of breast cancer recurrence in an Asian population. The results from this study demonstrate that statin use after the diagnosis of breast cancer can potentially reduce the risk of breast cancer recurrence. This is observed in patients who had invasive cancers which either expressed the estrogen receptor (ER) and/or who are HER2 negative. This is similar to previous studies done in Europe and in the US, that showed the beneficial effect of statins in reducing the risk of recurrence in Stage I-III invasive breast cancers (14, 15, 31–35), and the beneficial effect of statins in reducing the risk of recurrence in ER positive patients (13, 15, 35).

There are a few possibilities to explain this interesting phenomenon. One theory is the direct reduction of estrogen production, through the statin induced reduction of cholesterol (precursor of estrogen hormones). Although lipid concentrations (which are also decreased by statins) do not seem to have an impact on breast cancer risk overall (36), cholesterol levels may still modulate the action of estrogen receptors (37).

Another possibility is the synergism between statins and the adjuvant hormonal therapy (tamoxifen or aromatase inhibitor) which is also administered to ER+ breast cancer patients in the first 5 years post surgery (35). This is assuming patients with ER positive cancers (which are similar in proportion in both statin and non-statin groups) are compliant to adjuvant hormonal therapy as they are with their statin use. There are in vitro studies that demonstrate how statins attenuate the growth of ER+ breast cancer cell lines (MCF-7) (38–43), as well as the synergistic effect of statins with tamoxifen (44) or exemestane (an aromatase inhibitor) (45) to induce cell apoptosis, through the downregulation of the expression of suvivin proteins (43, 44).

Another theory is the direct impact of statins on the mevalonate pathway, which produces cholesterol, steroid hormones, and non-steroid isoprenoids, which are necessary for cell survival (46). HMGCR (3-hydroxy-3-methylglutaryl–coenzyme A reductase) is differentially expressed among breast cancers, with higher expression in the tumour cells (vs normal epithelial cells) (47), but the correlation with its expression and breast cancer prognosis and survival is controversial. One study (48) showed that HMGCR moderate/strong expression was associated with prognostically adverse tumour characteristics (higher histological grade, high Ki67, and ER negativity) and that neither HMGCR expression nor statin use was associated with breast cancer mortality (48). This was also seen in a Korean cohort study (49) which showed that a higher tumour expression of HMGCR was associated with poor disease free survival, particularly in the TNBC group. Yet, some studies showed that a stronger expression of HMGCR was associated with a less aggressive tumour profile (low histological grade, a small tumour size, oestrogen receptor (ER) positivity, and low proliferation) (50, 51), and HMGCR-positive cancers had longer recurrence-free survival, which was more pronounced in patients with ER-positive tumours (48, 51).

Interestingly, we also observed that statins appear to reduce the risk of recurrence in all patients with invasive breast cancer beyond the sixth year of diagnosis (HR 0.48, overall p=0.002). This is also observed in those with ER- (HR 0.66, overall p=0.007) and HER2+ (HR 0.10, overall p=0.002) invasive breast cancers. This is also supported by in vitro studies, where statins can also attenuate the growth of triple negative breast cell lines (MDA-MB231) (38–40, 52), and reduce breast cancer cell migration (42, 53, 54). These suggest more complex pathway(s) in which statins contribute to cancer risk reduction, beyond their direct impact on the ER receptor and its pathway.

A possible explanation for this long term benefit of statins is that the triple negative (i.e. ER- PR-HER2-) breast cancers are generally more aggressive, have fewer available adjuvant systemic therapies, and have a higher risk of cancer recurrence within the first 5 years. This is opposed to ER positive cancers which tend to have a better prognosis, but longer periods of dormancy (55). Therefore, the beneficial effect of statins in reducing cancer recurrence in the longer-term may be attributed to their role in cancer dormancy. Tumour dormancy is a clinical phenomenon in which disseminated tumour cells remain occult, asymptomatic, and undetectable over a prolonged period of time. Tumour dormancy contributes to local recurrence or distal metastasis, up to years or decades after treatment (56). This may also explain why the protective role of statins in our DCIS population is not appreciated. DCIS refers to the proliferation of neoplastic epithelial cells within the tubulolobular system of the breast. Although DCIS shares morphological features of invasive breast carcinoma, they are confined by the myoepithelial cells and basement membrane of the ducts, without invasion of the stroma, lymphatic or blood vessels. DCIS, by definition is pre-invasive (Stage 0), and has a much lower risk of recurrence than invasive cancer.

This is further supported by the popular theory of the anti-inflammatory properties of statins, particularly on cytokines, in the tumour microenvironment. Statins have also been demonstrated in vitro to decrease interleukin-6 (IL6) production in breast cancer cell lines (57–60) and non-breast cancer cell lines (61–63). Lipophilic statins can also suppress the common cluster of genes (Hippo, Notch and Wnt pathways) governing the epithelial mesenchymal transition (EMT) process (64) - an important step in tumour dormancy, recurrence and metastasis. Other proposed anti-carcinogenic effects of statins include apoptosis (65–67) and inhibition of inflammation (66, 68, 69), proliferation, migration (39, 70, 71) and angiogenesis (72).

Majority of studies support an improvement in disease-specific survival (6, 16, 19, 24, 33, 73), but were without tumour subtype analysis. The findings in this study demonstrated a disease-specific survival benefit for statin users who were ER positive (HR 0.69, p=.0.023).This is appreciated in the ER+ invasive cancers (HR 0.70, p=0.024) and ER+ HER2- invasive cancers (HR 0.68, p=0.036), and is a reflection of the risk reduction benefit of statins on cancer recurrence in these ER+ invasive cancers. However, the benefit of statins reducing disease-specific survival in all breast cancer patients was not appreciated in this study, which may be in part due to small event numbers or an inadequately long enough follow-up (i.e.>10 years). There was a suggestion of an improved overall survival in statin users who had ER+ cancers (HR=0.81) and ER+ invasive cancers (HR 0.79), but there was no statistically significant difference, albeit close (p=0.087 and p=0.061 respectively). It is possible that the true benefit on overall survival may be better appreciated with a longer followup (i.e. > 10 years).

Similar to other studies (23, 33), there was no significant benefit in improved overall survival (Table 4) in all subtypes of breast cancer patients. This may be in part due to close surveillance and screening of breast cancer survivors, in picking up recurrence(s), if any, early, and the improved modality of systemic treatment. Also, statin users are also more likely to be older and have more comorbidities, which in themselves pose a risk of earlier mortality. Hence, after adjusting for these variables, there are no significant differences for overall and disease-specific survival between statin and non-statin users.

In this study, we chose to focus only on the post-diagnostic statin users, which is similar to most studies (14, 15, 22, 31–33, 74). This helps remove the confounders of statin use duration, and the bias that statin use in itself may reduce breast cancer risk (12, 31), and may have more favorable tumor characteristics and hence improved outcomes compared with statin nonusers (13).

The main limitation of this study is that it is a retrospective study in a single healthcare cluster. Nonetheless, SingHealth is the largest public healthcare cluster in Singapore. A large majority of our patients have long term follow up, with a median of 8.674 years, with a 95% confidence interval of 8.59 to 8.88 years. As such, the possible biases that might have been introduced due to a loss of follow-up is small. The probability of patients who were lost to follow up and had a greater proportion of statin users and recurrence than the rest of the patients who completed the study is also low.

Another assumption for this study is that the first electronic prescription of statins is the patients’ index prescription and hence the start date of statins. As the largest public healthcare cluster, we have a good electronic prescription record that also links up with the primary care physicians clinics within the cluster. All patients who undergo oncological surgery in hospital will have at least one record of their prescriptions on the day of their surgery when they are admitted, and hence any patients who are already on existing statin prescription will be detected and excluded from this study. Therefore, it is reasonable to assume that any prescription after the date of surgery will accurately represent the start of statins post surgery. We acknowledge that there may be a group of patients who are prescribed statins by their private practitioners or through another healthcare group post-diagnosis and this group of patients may contribute to a misclassification bias. This group is estimated to be small as the majority of patients tend to be followed up with the SingHealth primary health care, and/or have their usual prescriptions topped up during their oncologist visits. More importantly, patients who had a recurrence, and hence included in this study, would have been worked up in the treating institution at the point of recurrence, and have their electronic prescriptions reviewed, hence minimizing the chances of the misclassification bias. In addition, we have no reason to believe that the proportion of statin users erroneously classified would be too dissimilar in both outcome groups—those who recurred and those who remained free of disease. In that sense, misclassification errors should be non-differential and generally this tend to bias the study toward null hypothesis, not against it.

Another assumption of this study is the compliance of statins once the patient is started on it. We can only assume that a prescription represents compliance to consuming the medication, and that the patient complies life-long with this cardioprotective cholesterol-lowering statin. We can infer this through top-up prescriptions, but acknowledge that patients may also get their top-up prescription through other healthcare providers. There is also the assumption that patients who are more compliant with their medications, especially chronic medications, are more likely to be healthier and adherent to other prescribed drugs, such as the adjuvant hormonal therapeutic agents with tamoxifen or aromatase inhibitors. If this were the case, then a selection bias might have also played a role in this study.

Also, the vast majority of the patients in this study were prescribed a lipophilic statin (96.3%), with simvastatin and atorvastatin being the most common statins used. With this skewed preference for lipophilic statins in this population, a comparison between hydrophilic vs lipophilic statins and their impact on breast cancer recurrence was not feasible.

Another potential limitation of our study is that we could not adjust for body mass index and other lifestyle variables, such as smoking and alcohol use because the data collection for this was incomplete. A previously published study in an overlapping population showed that body mass index was associated only with distant breast cancer recurrences (75). Nonetheless, this paper has its strengths. It has a large number of patients (n=7858) with long follow-up median of 8.59 years. We were also able to analyze and compare the different subtypes of breast cancer - comparing the DCIS vs invasive breast cancers, as well as the different immunohistochemical subtypes of invasive breast cancer. Despite possible genetic differences in Asian breast cancer, pharmacokinetic differences in statin metabolism and lifestyle difference, we have demonstrated that, similar to previous international studies, statin use can help reduce a risk of breast cancer recurrence. This is especially beneficial in patients who have ER+ invasive breast cancer. We have demonstrated that statin use can potentially reduce breast cancer recurrence in all subtypes of breast cancer in the long term (> 6 years post diagnosis). The underlying mechanisms of its beneficial action is still yet to be fully elucidated.

We look forward to prospective clinical trials (such as NCT04601116, NCT03971019, NCT04705909, NCT00914017 and NCT02958852, and not exhaustive), to enlighten us on the true effects of statins in preventing breast cancer risk and recurrence; and if it outweighs the small, but known side effects, such as statin-associated muscle symptoms (SAMS) (76, 77), effect on glucose homeostasis and hepatic toxicity (77). Further in vitro and translation studies are also needed to understand the pathways in which statins exerts its anti-carcinogenic effects.



Conclusion

This is the first retrospective study in Asian population to study the effect of statin use and breast cancer recurrence. Despite possible genetic differences in Asian breast cancer, pharmacokinetic differences in statin metabolism and lifestyle difference, we have demonstrated that, similar to previous international studies, statin use can help reduce a risk of breast cancer recurrence. This is especially beneficial in patients who have ER+ and/or HER2- invasive breast cancer. We have also demonstrated that statin use potentially reduce breast cancer recurrence in all subtypes of breast cancer in the long term (> 6 years post diagnosis). This risk reducing effects of statins on breast cancer recurrence, coupled with their cardioprotective effect, demonstrate the underlying complexity in cancer pathways and metabolism, and may open up new potential anti-cancer targets for future therapeutics.
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Background

Metastatic rectal cancer (mRC) of the breast is an extremely rare clinical situation. There are few reported cases in domestic or foreign literature. The clinicopathologic characteristics along with the diagnostic and therapeutic strategies of such cases remain relatively unclear. Here, we would like to provide our comprehensive insights into this rare entity.



Methods

We present a case that till now is the first reported breast metastasis from rectal cancer pathologically diagnosed as a signet-ring cell carcinoma, and we review the current literature on this rare event. The detailed clinical data, histopathology, management, and follow-up aspects were gathered for analysis.



Results

A total of 15 cases were collected including the current case. Breast metastases from rectal cancer present at an average age of 47.7 years (range, 28 to 69 years) and appear with an average interval of 28.4 months (range, 5 months to 18 years) following primary tumor diagnoses. Of the 15 cases, 8 and 5 are pathologically diagnosed as adenocarcinomas and mucinous adenocarcinomas, respectively. Most cases (11/15) are accompanied by extramammary metastases. About half of the breast metastases (7/15) were to the left. In all cases, the main complaints were palpable mass. The average maximum diameter of the metastatic mass is 2.7 cm (range, 1–11 cm). The majority (8/12) of cases with accessible therapy information exclude the option of local surgery.



Conclusion

Previous cancer history and accurate immunohistochemistry data play critical roles to distinguish mammary metastasis from a primary neoplasm of the breast. Mastectomy and molecular-targeted drugs should be considered with priority if systemic condition supports them.





Keywords: breast metastasis, rectal cancer, signet-ring cell carcinoma, breast cancer, case report



Introduction

The breast is rarely the site of metastatic disease. Of mammary malignancies, extramammary metastases account for only 0.43% (1). Among them, the primary lesions are derived mainly from the contralateral breast, and metastatic rectal cancer (mRC) forms a very small subset (2). Colorectal signet-ring cell carcinoma (SRCC) is also a rare entity, accounting for nearly 1% of all colorectal carcinomas (3). To our knowledge, this is the first case of breast metastasis arising from rectal cancer pathologically diagnosed as SRCC.



Methods

The entire process of the diagnosis, management, and prognosis of this new case of mRC to the breast was reported to illustrate our thoughts about this rare disease.

In addition, we searched PubMed and Web of Science to identify all articles published in the English language, pertaining to breast metastases from rectal carcinoma. Only 15 cases including the present case have been reported to date (Table 1). Here we report a new case and review the cases (4–17) based on the current literature.


Table 1 | Summary of cases; breast metastases from rectal cancer.





Case Report

A 45-year-old woman presented to us with a palpable mass in her left breast for 2 months. She had a history of rectal carcinoma for which she had undergone a Miles’ resection and subsequent systemic therapy 3 years previously. In her physical examination, a 6 * 6 cm firm lump with no pain or nipple discharge was palpated in the upper outer quadrant of the left breast. No axial lymph nodes were palpable. The ultrasound examination revealed 2 abnormal-echoic lesions in the left breast and 1 abnormal-echoic lesion in the right breast. Thereinto, the smaller one with multiple punctate echogenic foci in the left breast measuring 16 * 10 mm and the nodule of 10 * 9 mm in size in the right breast were both classified as BI-RADS 4A (Figure 1). The ultrasound-directed core needle biopsy was then performed on these two nodules. The cytological analysis demonstrated the nodule in the right breast as a benign lesion, while the nodule in the left breast was SRCC of intestinal origin, considering the patient’s history and immunohistochemistry (IHC) results. Routine blood investigations were unremarkable including carcinoembryonic antigen (CEA) and CA19‐9 levels. Positron emission tomography-CT (PET‐CT) indicated no evidence of malignancy or metastatic disease (Figure 2). Modified radical mastectomy was performed. The pathology of the resected specimen (Figure 3) reported an SRCC from the gastrointestinal tract in view of the IHC and the previous history. In IHC studies (Figure 4), estrogen receptor (ER)(−) and progesterone receptor (PR)(−) were reported. Cytokeratin (CK) expression with a pattern that is characteristic of colorectal tumors—CK20(+), CDX-2(+), Villin(+), and SATB-2(+)—were identified. Ki-67 index was 50%–60%. The postoperative recovery period was uneventful. Then the patient completed 6 cycles of the same chemotherapy containing calcium folinate, 5‐fluorouracil, and oxaliplatin (FOLFOX) as she received subsequent to the Miles’ resection. After 6 months of follow-up, a scan of the chest showed multiple solid lung nodules as evidence of lung metastasis. Therefore, the chemotherapy procedure was changed. Irinotecan was administered in combination with targeted therapies including angiogenesis inhibitor bevacizumab and epidermal growth factor receptor (EGFR) inhibitor cetuximab. Her systemic therapy is still ongoing, and there are no other distant metastases except those in the breast and lung after 18 months of follow-up.




Figure 1 | The ultrasound revealed 2 abnormal-echoic lesions in the left (A) and right (B) breast on which core needle biopsy was subsequently performed.






Figure 2 | Positron emission tomography imaging demonstrated a tumor in the breast (A), no relapse in the corresponding site of the rectum (B) or the colostomy site (C), and no metastasis in the abdomen (D), lung (E), or head (F).






Figure 3 | Pathological examination of breast specimen revealed diffuse infiltration of signet-ring cells (A, H&E stain, ×400) and intracytoplasmic lumens (B, PAS staining, ×400).






Figure 4 | Immunohistochemical staining revealed that the breast tumor cells were positive for CK20 (A ×400), CDX-2 (B ×400), Villin (C ×400), and SATB-2 (D ×400) and were negative for estrogen receptor (ER) (E ×400) and progesterone receptor (PR) (F ×400).





Results

Breast metastases originating from rectal cancer present at an average age of 47.7 years (range, 28 to 69 years), which is younger than the average of a primary colorectal cancer diagnosis at 72 years (18). On average, breast metastasis is reported to appear 28.4 months following rectal carcinoma diagnosis, while the interval varies between 5 months and 18 years.

Eight of fifteen cases are pathologically diagnosed as adenocarcinomas. Five are mucinous adenocarcinoma, of which two cases show features of signet-ring cell differentiation. However, there was insufficient evidence for these two cases to confirm clear diagnoses, making our case the first accurate diagnosed SRCC.

Eleven of fifteen cases have extramammary metastases before or after breast metastasis. On account of the short follow-up time of the rest of the cases, the probability of metastases to another organ besides the breast needs to be assessed more, resulting in a naturally poor prognosis. Williams et al. (2) demonstrated that metastases to the breast usually indicate disseminated disease, with a median survival of 10 months from the time of diagnosis of the breast metastasis. Thus, a systemic examination is strongly recommended. It is commonly the lung, liver, and brain where extramammary metastases were found.

Interestingly, based on the review of 19 cases of colorectal carcinoma metastasizing to the breast, Schaekelford et al. (10) reported that breast metastasis favors the left side. In accordance with the previous result, we demonstrate that half of the cases were to the left breast. This laterality may suggest the possibility of the presence of lymphatic preponderance instead of hematologic routes while both of them are common pathways for extramammary neoplasms to spread via (19, 20). Left lymphatic routes remind us of left supraclavicular lymph nodes, namely, Virchow’s nodes, which take their supply from lymph vessels in the abdominopelvic cavity. Furthermore, the features of lymphatic metastases have been reported for breast metastases originating from gastric and ovarian carcinomas (19). Taken together, the lymphatic pathway cannot be ruled out as an underlying mechanism of breast metastasis from rectal cancer. However, we could not find any relation between this preference and other clinicopathologic features. More study and observation about this phenomenon is necessary.

The clinical manifestations of all rectal cancer breast metastases reported in the literature are palpable mass consistently. Compared with that during primary breast cancer, the size of the metastatic mass (average 2.7 cm; range, 1–11 cm) is larger when initially diagnosed. The absence of carcinogenesis from carcinoma in situ to an invasive one is considered a vital reason. On the other hand, the exclusion of breast ultrasound from routine follow-up examinations of rectal cancer is also a contributing factor.

It is imperative to distinguish mRC to the breast from primary mammary malignancies, as the management is completely different. Fortunately, the combination of the previous history and the IHC results in the vast majority of cases are always able to give clues. As mentioned in the previous review (10), colorectal carcinoma is positive for CK20 and CDX2 and negative for breast markers ER and PR in greater than 90% of cases. In addition, subsequent studies (21–24) suggest that Villin and SATB2 can also be used as important complementary tools for the differential diagnosis of carcinoma of unknown primary origin. Here in our case, being positive for CK20, CDX-2, Villin, and SATB-2 strongly supports the rectal origin, as well as being negative for ER and PR.

In terms of management, eight of twelve cases with accessible therapy information chose palliative chemotherapy and/or radiotherapy without local surgery. Except for our case, there are only three cases in whom excisions were performed, where two cases were misdiagnosed as having primary breast cancer to undergo surgeries. This relatively conservative inclination is legitimate because of the exceedingly poor prognosis.

Nonetheless, due to the special pathological type of SRCC in the current case, we carefully thought over the individual strategy. Studies have shown that SRCC of the colorectum responds poorly to current cytotoxic treatments, and surgical management has a key role in the treatment of localized tumors (3). Metastatectomies have been increasingly performed for colorectal liver and lung metastases, as these have clearly improved the survival of patients whose primary disease has been controlled (9). Taking into consideration the histopathology and her good general condition at the time, modified radical mastectomy was finally performed followed by adjuvant chemotherapy of FOLFOX.

With the introduction of molecular-targeted drugs such as anti-EGFR monoclonal antibody therapies and angiogenesis inhibitors, treatment options for patients with metastatic colorectal cancer have changed considerably. As reported (25), with the assistance of targeted therapies, the median overall survival of metastatic colorectal cancer now reaches approximately 30 months instead of less than 1 year previously. In the current case, bevacizumab and cetuximab provide an additional 1 year of survival after lung metastasis was detected.



Conclusion

mRC to the breast is an extremely rare clinical entity. By reviewing all reported cases, breast metastases from rectal carcinoma commonly 1) present as a palpable mass, 2) favor the left breast, 3) are accompanied by extramammary metastases, and 4) have a poor prognosis. A comprehensive reference to previous history and IHC data is crucially significant to establish a correct diagnosis. In patients with metastatic disease limited to the breast, or with minimal disease burden elsewhere, surgery intervention of breast metastases may be considered after a thorough systemic assessment, especially under the condition of a metastatic SRCC. Furthermore, molecular-targeted drugs should be administered aggressively as a promising therapeutic possibility.
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Purposes

We aimed to clarify the real-world status of breast cancer surgery and the cost in China.



Methods

This cross-sectional survey relied on data obtained from the hospitalization summary reports (HSRs) in 77 top-ranked (grade 3A) hospitals in China to analyze breast cancer patients who underwent surgery between January 2015 and December 2015. The surgery and cost were mainly evaluated.



Results

Overall, 31,900 breast cancer patients underwent surgeries in 77 hospitals. The mean age in our study was 51.5 years (SD, 11.7 years). The primary types of surgical procedures were mastectomy (n = 24,629, 77.2%) and breast-conserving surgery (6,210, 19.5%). The rate of mastectomy was the highest at age band 50–65 years (n = 10,861, 82.1%) and in non-first-tier cities (n = 7,651, 88.4%) as well as in Northeast China (n = 3,107, 93.2%). The rate of breast-conserving surgery was less than 10% in non-first-tier cities (9.8%), Southwest China (6.1%), and Northeast China (5.8%). The median cost was $3,352.4 (interquartile range (IQR), $2,492.6–4,588.0). Mastectomy cost was significantly higher than breast-conserving surgery cost in both different city tiers and regional distribution except Northeast China (p < 0.001).



Conclusions

This study demonstrated that the main breast cancer surgery in Chinese 3A hospitals was mastectomy and that the cost varied both across and within geographic regions and city tiers. This information helps describe the real-world status of breast surgery and the cost in China.





Keywords: breast neoplasms, China, cross-sectional studies, cost of illness, real-world study, surgery



Introduction

Breast cancer is the most common female cancer all over the world (1). Although the incidence and mortality rates of breast cancer in China are relatively low, they are both on the rise. Due to the large population base, the incidence and death of breast cancer in China rank the first in the world (2, 3).

Compared with other countries, for example, the United States, in which the median diagnosed age of breast cancer is more than 60 years (4), in China, breast cancer occurs at a younger age in women, with the median age at diagnosis of 48–50 years (5–7). Breast cancer in China is with more frequent advanced-stage presentation (6), and there are regional variations in incidence (8). The average total treatment cost for each new case in China is the lowest in the world, but as the largest low-income or middle-income country, breast cancer carries a heavy burden on Chinese patients (9). Another characteristic of Chinese women is their smaller breast size (10). All of these would affect Chinese patients’ and surgeons’ choice of treatment.

Surgery is one of the main methods in the treatment of breast cancer and influences patients’ quality of life. Breast-conserving surgery (BCS) is a standard treatment of early-stage breast carcinoma (11), while findings from a Chinese nationwide survey from 1999 to 2008 showed that mastectomy continues to be the main operation, accounting for 88.8% for primary breast cancer. By contrast, the incidence of mastectomy was 36% in the United States (12). In addition to mastectomy and BCS, oncoplastic surgery could be an option (13, 14), which has developed at a rapid pace and is being performed all over the world (15). However, the oncoplastic rate in China remains low, and most hospitals do not possess this type of surgery.

Most of the aforementioned data were published before 2010 and are therefore relatively old, so it is necessary to review the status quo of surgical treatment of breast cancer in China. Using data from a survey in 2015, we aimed to clarify the current real-world breast surgery in a Chinese population and to provide a reference for the formulation of strategies.



Methods


Data Source

Data were obtained from the hospitalization summary reports (HSRs) in 77 top-ranked (grade 3A) hospitals in China from January 2015 to December 2015. Hospitals in China are classified into three grades. Grade 3A hospitals are with the highest rank.

The HSRs are electronically submitted to the Beijing Municipal Health Bureau, containing information on hospitals, demographics, dates of admission and discharge, diagnoses (pre- and post-hospitalization), treatments, and hospitalization costs. Post-hospitalization diagnoses were coded by the International Classification of Diseases, 10th Revision (ICD-10) codes, and surgical operations were coded by International Classification of Diseases, 9th Revision, Clinical Modification (ICD-9-CM) codes.

This article was considered exempt from ethics review because it used data collected for administrative purposes without any personal identifiers. Patients who underwent surgery for primary breast malignancy were identified.



Study Population

In the present study, patients with breast cancer were identified from the database using the ICD-10 codes C50 (the first listed diagnosis). Then 85.2000x001, 85.2000x002, 85.3600x001, 85.8100, 85.9x200x001, and 85.9200 items were deleted, as those codes represent surgical management of surgical complications. For example, 85.2000x001 represents “Breast skin and subcutaneous necrotic tissue excision and debridement.” Patients who had undergone surgery were identified using the ICD-9-CM codes 85.2–85.9. To avoid the omission, all surgery and disposal items were contacted, and the Chinese terms of “surgery” were applied to identify additional eligible patients. The main surgery was identified in a logical way. For example, if a patient’s surgery codes included “mastectomy” and “BCS,” the main code should be “mastectomy” rather than “BCS,” as she should not be qualified for BCS and should undergo mastectomy immediately.



Statistical Analysis

All data were analyzed through Statistical Package for the Social Sciences (SPSS) V.26. Ages were categorized into four groups: <35, 35–49, 50–65, and >65. Hospitals were categorized into 7 regions (North China, South China, Southwest China, Northeast China, East China, Central China, and Northwest China) according to geographical distribution and 2 city tiers (first tier and non-first tier, according to official list). Categorical variables are reported as a proportion (%), and numerical data are reported as mean ± SD or median and corresponding 25th and 75th percentiles (interquartile range (IQR)). ANOVA, independent t-test, Mann–Whitney U test, and chi-squared (χ2) test were performed as appropriate for statistical analysis. All p-values were considered statistically significant at two-tailed p < 0.05.




Results


Characteristics of Patients

A total of 31,900 patients who underwent breast cancer surgery were identified from the database. Demographics and pathologic characteristics, surgery, cost, city level, and regions are summarized in Table 1.


Table 1 | Characteristics of patients.



The mean age in our study was 51.5 years (SD, 11.7 years). Most patients were in the 35–65 age range (81.9%), and 46.7% of the patients were diagnosed before 50 years of age. The primary types of surgical procedure were mastectomy and BCS. Nearly four-fifths of the patients (n = 24,629, 77.2%) underwent mastectomy, and less than one-fifth (n = 6,210, 19.5%) underwent BCS. The rate of reconstruction was low (n = 787, 3.7%), and the main reconstruction surgery was implant (n = 561, 1.8%). In our study, 26 patients (0.1%) was male. Of the patients, 72.9% (n = 23,241) were from first-tier cities (first-tier cities cover 19 cities), and more than half of the patients came from East (n = 11,022, 34.6%) or North China (n = 7,225, 22.6%). There were less patients from Southwest (n = 1,786, 5.6%), Northwest (n = 1,999, 6.3%), and South China (n = 2,439, 7.6%).

Only 7,668 patients had available pathological information. Invasive cancer accounted for 96.3% (n = 7,381), and carcinoma in situ accounted for 3.5% (n = 268). The median cost was $3,352.4 (IQR, $2,492.6–4,588.0). More than a quarter of the patients (n = 8,184, 25.7%) used traditional Chinese medicine (TCM) during the hospital stay, and the median cost was $90.9 (IQR, $26.6–199.0).



Age Distribution of City Tiers and Regions

Patients in first-tier cities tended to be younger than in non-first-tier cities (mean (SD), 50.9 years (11.2 years) vs. 51.8 years (11.8 years), p < 0.001). Patients younger than 50 years were 45.7% in first-tier cities and 49.1% in non-first-cities.

Age distributions were different among regions (p < 0.001). The oldest populations were located in North China [mean (SD), 53.1 years (12.1 years)] (Table 2).


Table 2 | Age (years) distribution of city tiers and regions.





Breast Surgery and the Cost

There were significant age, city tiers, regions, and cost differences across surgical groups (p < 0.001). The mean age of the patients who underwent reconstruction was younger than 50 years (lattisimus dorsi flap, 43.5 years (SD, 9.4 years); transverse rectus abdominis myocutaneous flap, 45.6 years (SD, 9.1 years); free flaps, 46.7 years (SD, 12.0 years); implant, 40.1 years (SD, 8.8 years); other reconstruction, 45.4 years (SD, 9.6 years)). The rate of mastectomy was the highest at age band 50–65 (n = 10,861, 82.1%), and the rate of BCS was the highest at age band <35 (n = 551, 28.1%).

The rate of BCS was 23.1% in first-tier cities; however, it was less than 10% (9.8%) in non-first-tier cities. In terms of geographic division, the highest rate of mastectomy was in Northeast China (93.2%, n = 3,107), ranking no. 1, and the lowest rate of mastectomy was in South China (69.4%, n = 1,692) and North China (69.6%, n = 5,026). Reconstruction rates were low in all regions. Reconstruction expended more, and the first was free flap (median, $7,185.5; IQR, $4,083.3–8,601.3) (Table 3).


Table 3 | Breast surgery distribution of age, city tiers, regions, and the total cost.



In addition, mastectomy cost was significantly higher than BCS cost in both different city tiers and regional distribution (p < 0.001) except in Northeast China (p = 0.881) (Figure 1 and Supplementary Table 1).




Figure 1 | The median cost of mastectomy and BCS of different city tiers (A) and regions (B). BCS, breast-conserving surgery.






Discussion

Although our study only included part of Chinese breast cancer patients who underwent surgery from grade 3A hospitals, accounting for about one-tenth of the total incidence in 2015 (16), it is still the largest study to reflect the latest surgery status of breast cancer in China. The age characteristics of the newly diagnosed cases in our study are consistent with previous reports (5–7). Younger age and higher density are a great challenge for the Chinese government in developing screening strategies, as the benefit of mammography remains controversial in women younger than 50 years (17), and half of the Chinese patients are within this range. However, the best recommendations of the age range for mammography screening are based on European and US trials, and China lacks large analogous trials. It is necessary to carry out corresponding research to better guide our clinical practice.

Compared with the United States (less than 40%) (12, 18), in China, mastectomy accounts for 77.2% of surgery for primary breast cancer in our study. South China and North China showed a low rate of mastectomy across the country. It may be due to these two regions containing hospitals from Beijing and Shanghai, which represent higher Chinese medical levels. It is consistent with the rate in first-tier cities. Notably, the rate in South China and North China was high at 70%, but our study only contains large 3A hospitals, so the real results might be worse. There are five possible reasons.

The first reason may be the high percentage of advanced stage at presentation. A previous study (6) revealed that Chinese patients were diagnosed 60.6% at stage I/II and 21.1% at stage III/IV disease, but disease presentations at stage III/IV (visit to oncologist firstly) might be substantially underestimated because most data on the stage at diagnosis are mainly collected from surgical departments. A business survey found that nearly two-thirds of Chinese breast cancer patients were diagnosed with advanced disease (9).

The second influence factor is small breast size. BCS is not suitable when the tumor–breast size ratio exceeds a certain value, which is common in China (6, 19). The third reason is that the development of breast reconstruction in China is less than ideal. Breast reconstruction can help patients achieve disease control and aesthetic appearance. However, the reconstruction rate in China is low, and only several hospitals meet the surgical qualification. A 2019 Chinese study (20) showed that the rate of implant-based breast reconstruction in all the patients who received mastectomy was only 7.06% (4,296/60,877).

The fourth reason is Chinese patients’ misunderstanding of breast surgery. Most of the patients have doubts about “less is more” and tend to regard breast conservation as disease residual. At the same time, they consider reconstruction as major surgery, which means complications, and they fear surgical complications (21). Patient education may help change this situation.

The average total treatment cost of a new case of breast cancer in China ranks low as compared with other countries (9). However, breast cancer is one of the leading causes of catastrophic medical expenditure in China and can rapidly impoverish families (9, 22). The cost of radiotherapy after breast conservation is a heavy burden (23). This may be the fifth reason for the low rate of breast conservation. However, the psychological effects of mastectomy could be higher than the cost of radiotherapy, and this problem could be managed with insurance facilities. Additionally, there is a wide range of variation both across and within geographic regions in the treatment and nursing cost, and it is hard to discern whether higher fees mean better service or survival. With the advancement of the diagnosis-related group (DRG) system in China (24), the gap in breast cancer treatment costs between and within regions would be greatly decreased. Also, based on our data, the median cost of BCS ($2,775.4) is lower than that of mastectomy ($3,454.6). In other words, BCS means more profit for surgeons. Maybe the implementation of the DRG system would encourage surgeons to promote breast-conserving surgery.

About 25% of breast cancer patients in our study have used TCM. The widespread use of traditional medicine is related to beliefs that it can alleviate toxic effects, promote recovery, and improve immune function and quality of life (25). It is different from modern medicine, based on the holistic approach and the Chinese materia medica to diagnose and treat the disease. TCM is an empirical science based on over 2,000 years of accumulated knowledge and practice (26). TCM is usually regarded as a complementary or “alternative” treatment of modern Western medicine in other countries (27). It is regarded the same in most hospitals in China except TCM hospitals. The limitation of TCM applications is mainly due to its lack of evidence-based features (28). The integration of scientific principles and techniques with traditional medicine will serve modern medicine well (29).

Our study has important limitations. Firstly, some patients received both surgery and chemotherapy during the same hospital stay, leading to the cost being not comparable to some extent. On the other hand, the cost in our study is the total cost, including medical insurance reimbursement, rather than patients’ own expense. So the cost in our study cannot reflect the personal medical expenditure. Secondly, our study lacks breast cancer stage; some of our inferences (for example, “this may be due to advanced stage”) are based on other studies rather than our data. More importantly, although we figured out that the data of breast cancer stage at present may be imprecise in China, we are unable to provide relevant data. Thirdly, the hospitals in our study are all at the 3A level, representing a high medical level in China. The data we present could not reflect the reality of breast cancer surgery and the cost. Fourthly, HSR data are still subject to some incomplete or inaccurately recorded information, for example, wrong ICD coding order in the medical records room. However, we checked the logical order, and errors in the data may have been reduced. Finally, the data we provided were a bit outdated (2015); however, they were the most current and large-scale datasets to date.



Conclusion

Our study found that the main breast cancer operation in China in 2015 is mastectomy and that there is a wide cost range of variation both across and within geographic regions and city tiers. There are gaps in breast cancer surgery treatment in comparison to other countries. The Chinese government needs to take measures to improve the quality of treatment for breast cancer patients in China.
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Background

The chances of second surgery due to positive margins in patients receiving breast-conversing surgery (BCS) were about 20-40%. This study aims to develop and validate a nomogram to predict the status of breast-conserving margins.



Methods

The database identified patients with core needle biopsy-proven ductal carcinoma in situ (DCIS) or invasive breast carcinoma who underwent BCS in Shanxi Bethune Hospital between January 1, 2015 and December 31, 2021 (n = 573). The patients were divided into two models: (1) The first model consists of 398 patients who underwent BCS between 2015 and 2019; (2) The validation model consists of 175 patients who underwent BCS between 2020 and 2021. The development of the nomogram was based on the findings of multivariate logistic regression analysis. Discrimination was assessed by computing the C-index. The Hosmer-Lemeshow goodness-of-fit test was used to validate the calibration performance.



Results

The final multivariate regression model was developed as a nomogram, including blood flow signals (OR = 2.88, p = 0.001), grade (OR = 2.46, p = 0.002), microcalcifications (OR = 2.39, p = 0.003), tumor size in ultrasound (OR = 2.12, p = 0.011) and cerbB-2 status (OR = 1.99, p = 0.042). C-indices were calculated of 0.71 (95% CI: 0.64-0.78) and 0.68 (95% CI: 0.59-0.78) for the modeling and the validation group, respectively. The calibration of the model was considered adequate in the validation group (p > 0.05).



Conclusion

We developed a nomogram that enables the estimation of the preoperative risk of positive BCS margins. Our nomogram provides a valuable tool for identifying high-risk patients who might have to undergo a wider excision.





Keywords: breast cancer, breast-conserving surgery, excision margin, nomogram, decision making



Introduction

Women with early-stage breast cancer are typically treated with breast-conserving surgery (BCS). In BCS, clean surgical margins prevent recurrence (1). However, according to the literature, a positive margin status after BCS increases the risk of reoperation by 20-40% (2). It is very well established that secondary operations are associated with financial, health, and psychological implications (3–6). The intraoperative margin can be evaluated using various techniques, such as gross analysis, fluorescent techniques, cytology, frozen section procedure, high-frequency ultrasound, and radiofrequency spectroscopy (7, 8). The extent of its use depends on the preferences of the treating center. According to evidence, the frozen section technique is highly accurate for evaluating the intraoperative margin of BCS (9) and reducing reoperation rates (3, 10). However, its complexity, time-consuming nature, and heavy workload limit its universal acceptance (7, 10).

The literature recommends a wider excision for patients with high-risk positive margins to reduce re-excision during or after the surgery. The recent evidence indicates that factors such as age, tumor type, tumor size, multifocal disease, tumor grade, extensive intraductal component (EIC), lymphovascular invasion (LVI), microcalcifications on mammography and lymph node stage are potentially associated with margin status (11, 12). However, information about some factors can only be obtained after BCS on paraffin-embedded specimens. For example, accurate axillary nodal stage relays on pathological methods and is only obtained after surgery. Several nomograms exist that can predict the breast-conserving margins using preoperative massage (13–18), however, most nomograms are based on the prior definition of “positive margin” that was revised in 2014 (19). Therefore, this study aims to identify the preoperative predictors of margin status to develop a nomogram for predicting operative margins. Hence, the outcome of this study will facilitate surgeon and patient decision-making on wider excision ahead of BCS.



Patients and Methods


Patients

The institutional review board of Shanxi Bethune Hospital approved the study protocols. Data were obtained from the Shanxi Bethune Hospital from January 1, 2015 and December 31, 2021, which included patients with ductal carcinoma in situ (DCIS) or invasive breast cancer with confirmed malignancy by core needle biopsy and who underwent BCS (n= 616). Out of 616, 43 patients were excluded because of neoadjuvant therapy or the absence of key information about margin status, which cannot be determined from the database. Data from the remaining 573 patients were analyzed, out of which, 398 patients who received BCS (2015 – 2019) were used to develop a nomogram. For model validation, data from 175 patients who underwent BCS (2020- 2021) were used. The outcome variable was the status of permanent margin. The number of outcomes in our modeling cohort was 74, and 5 predictors were selected. The sample size was adequate based on the events per variable principle (20).



Clinicopathological Information

In addition to the information available in databases (age, BMI), we gathered information about palpability, tumor location, imaging features, and margin status from electronic medical records. Imaging features were obtained from ultrasonography, mammography, and breast magnetic resonance imaging (MRI) reports routinely performed before a breast-conserving operation. Ultrasound reports were used to determine the maximum diameter of tumors and features of malignancy such as spicules, crab signs, and blood flow. Diameter of tumors was treated as a categorical variable and the cutoff value was 2cm. Mammography mainly detects microcalcifications, asymmetric density, and distorted structure. Since MRI is a highly sensitive process, it primarily evaluated multiple lesions. A core needle biopsy was performed on all patients and examined by immunohistochemistry, reporting estrogen receptor (ER) status, progesterone receptor (PR) status, Her2/neu receptor status, histological grade, lymphovascular invasion (LVI) and Ki67. ER and PR positivity was defined as >1% positive tumor cells with nuclear staining. HER2/neu status was positive in the case of Her-2/neu 3+ or Her-2/neu 2+ with positive fluorescence in situ hybridization (FISH). Ki67 was treated as a categorical variable and the cutoff value was 30% (21).



Surgical Procedure

In this study, all breast lumps were evaluated by pathological examination of the intraoperative frozen section. After receiving the tissue in the laboratory, it was immediately “annotated” to represent the in vivo position correctly. The sections for margin evaluation were taken perpendicularly to the inked surface. Microscopic measurements can be made to determine the distance of the carcinoma from the inked margin. The positive definition is in accordance with the current guideline (19, 22): on inked margins for invasive cancer and margins less than 2 mm for DCIS. The positive margins were re-excised and the new margin was analyzed by intraoperative frozen section analysis. For permanent results, all samples were paraffin-embedded and tested after BCS. Reoperation was recommended if the permanent margin was unclear (except for a positive frozen margin with re-excision). The outcome of our study was permanent positive margins and all the data were from the pathology reports.



Statistical Analysis

The modeling and validation cohorts for missing values were initially performed before analysis. The proportion of missing data was less than 5% among the predictors. Multiple imputations were used for the missing data [predictive mean matching is embedded with the cases (k = 5 default)]. Univariate analyses were used to compare margin status in the modeling cohort. Fisher’s exact test was utilized for categorical variables. Variables with a p-value < 0.1 on the univariate test were included in multivariate logistic regression analysis. In addition, their clinical relevance and ability to improve model accuracy were considered. The C-index calculated discrimination in two cohorts. Calibration was assessed graphically by plotting the actual proportions against the predicted probabilities. The model’s overall fit was evaluated using the Hosmer-Lemeshow goodness-of-fit test. Statistical analyses were performed using IBM SPSS statistics version 26.0 software (IBM Corp., Armonk, USA) and the R software (version 4.0.0). Two-sided P-value < 0.05 was considered statistically significant. Our study followed the TRIPOD (transparent reporting of a multivariable prediction model for individual prognosis or diagnosis) statement (23).




Results

Patients and tumor characteristics of the modeling and the validation group are listed in Table 1. A total of 119 (20.8%) patients had positive margins, 18.6% (74 of 398) in the modeling group, and 25.7% (45 of 175) in the validation group, respectively.


Table 1 | Patient demographics and clinicopathologic characteristics in the study and validation cohort.




Development of Nomogram

Predictors of the modeling group are listed in Table 2. The predictors for positive and negative margins with a p value < 0.1 include palpability (p = 0.060), tumor size on ultrasound (p = 0.018), increased blood flow (p = 0.001), microcalcifications (p = 0.002), cerbB-2 status (p = 0.053), and grade (p = 0.008). Later, the inclusion of palpability in the Logistic model was not considered necessary since it did not enhance the model’s accuracy.


Table 2 | Comparison of variables with clear and positive resection margins in the study cohort.



The final model is presented in Table 3. The best discriminators between positive and negative margins were blood flow signals (OR = 2.88, p = 0.001), grade (OR = 2.46, p = 0.002), microcalcifications (OR = 2.39, p = 0.003), tumor size in ultrasound (OR = 2.12, p = 0.011) and cerbB-2 status (OR = 1.99, p = 0.042). A graphical nomogram was developed based on the results of logistic regression, Figure 1.


Table 3 | Multivariate logistic regression model for positive resection margins in the modeling cohort.






Figure 1 | Nomogram for predicting positive resection margins in breast-conserving surgery.





Evaluation of the Model

A discrimination assessment was conducted for the modeling and validation group (Figure 2). The C-index was 0.71 (95% CI: 0.64-0.78) in the modeling group and 0.68 (95% CI: 0.59-0.78) in the validation group. Calibration was evaluated using an independent validation cohort and considered acceptable (Hosmer–Lemeshow goodness-of-fit, p = 0.058) (Figure 3).




Figure 2 | Receiver–operating characteristic curve for the prediction model in the development (green line) and validation cohort (red line). The AUC (area under the curve) indicated the discriminative power of the nomogram. The modeling group has a value of 0.71 (95%CI: 0.64-0.78) and the validation group has a value of 0.68 (95%CI: 0.59-0.78).






Figure 3 | Calibration plot of the nomogram using the validation cohort.





Instruction of the Model

The values were marked, read off, and individual scores were summed for each of the five predictors. The total score was marked on the axis at the bottom of the graph and the corresponding estimated probability of positive resection margins was read. Our model provides the user with a patient-tailored estimation of the preoperative risk of positive margins, stratified as low (< 10%), intermediate (10-30%), or high (> 30%) risk.




Discussion

The low breast-conserving rate in China has been partially attributed to the psychological resistance of patients to have a second surgery (24). In China, many institutions assess intraoperative frozen margin as it is a reliable method of reducing the rate of reoperation. However, this method consumes a significant amount of time and workforce. In patients with positive frozen margins, re-excision is usually required intraoperatively, followed by waiting for the second margin. Omitting intraoperative assessment for patients with a low probability of having a positive frozen margin and recommending high-risk patients to receive oncoplastic surgery with wider margins may be a solution. Thus, the objective of our study is to create a model to identify patients at low and high risks with positive margins.

Previous studies have reported several models (13–18) (Table 4). However, most previous models were based on the definition of a positive margin proposed earlier than 2014. In 2014, the definition of “positive margin” for invasive cancer was updated to “no ink on tumor”. Recent evidence shows that the updated standard is associated with a low incidence of ipsilateral breast tumors recurrence (IBTR). Furthermore, it can decrease re-excision rates, improve cosmetic outcomes, and decrease health care costs (25). To ensure consistency of results we selected patients after 2015.


Table 4 | Comparison with previous model predicting likelihood of positive margin in BCS patients.



To date, only two models have been constructed using the revised definition (13, 18). However, the conclusion obtained from Ellbrant’s study may be not applicable to Chinese patients because breast density and size varies from foreign to Chinese women (26). Pan’s study, implemented in China, differs from ours as their primary outcome was frozen status and included neoadjuvant chemotherapy (NAC) patients. The evidence shows that the imaging is significantly different and complex after preoperative treatment (27, 28). As a result, the model including those patients would inevitably have limitations when applied to the general population. In light of the authors’ recommendation, intraoperative frozen margin evaluation can be avoided if the positive probability is less than 10%. In contrast, a larger resection or oncoplastic surgery could be recommended if the probability of intraoperative positive margin is more than 30%. The rate of secondary operations could rise to 20-40% without interoperation assessment (3). These cutoff levels may be reasonable for both surgeons and patients. Similarly, our results indicate that intraoperative assessment can be excluded when the score is less than eight. In addition, the surgeon may attempt a wider excision or recommend plastic surgery if the score is higher than 21. Using our model, clinicians can advise patients on avoiding interoperation assessment, the likelihood of requiring interoperation, re-excision, or reoperation, allowing a more patient-centered approach. Our pragmatic and simple model is based on five preoperative factors: microcalcifications on mammography, blood flow signals on ultrasound, HER-2 status, tumor diameter, and grade. These factors partially overlap with those of other margin positivity prediction models.

One of the novel findings of our study was that tumors with increased blood flow signals are a significant predictor of margin status. Abundant blood flow is one prominent feature of malignancy (29) and can be easily measured in clinical practice. Our findings suggest that this indicator could be considered in a future model development to improve model precision. This study did not collect information about intraductal components in the puncture sample, largely because it was inaccurate. According to previous studies, the false-negative rate could be as high as 32% and 46% (30, 31). Moreover, the clinical status of the lymph nodes before surgery was not included in the model for the same reason.

Our model shows good discrimination in the modeling and validation sets with acceptable calibrations. However, external multicentric validation is needed to test its generalization. Furthermore, breast density was not considered in this study, which correlates well in some models but is not regularly reported by our institution. Multivariate analysis failed to detect any association between multiple lesions, margin status, and the possibility of improving the model’s accuracy. Since MRI is not available at many institutions, it might not be feasible to include it in the model. Hence, suspicion of multifocality was excluded from the nomogram. Another limitation of this study is the retrospective design. Further prospective studies are needed to test the clinical benefits of this model.



Conclusion

The clinicopathological variables in our nomogram were used to predict the probability of positive margins after lumpectomy. Furthermore, we assessed the risk of bias and the model’s applicability using PROBAST (Prediction model Risk of Bias Assessment Tool) (32). Our nomogram can assist surgeons in identifying high- and low-risk patients and facilitate decision-making by surgeons and patients before BCS.
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Background

This study aimed at constructing a nomogram to predict axillary lymph node metastasis (ALNM) based on axillary ultrasound and tumor clinicopathological features.



Methods

A retrospective analysis of 281 patients with pathologically confirmed breast cancer was performed between January 2015 and March 2018. All patients were randomly divided into a training cohort (n = 197) and a validation cohort (n = 84). Univariate and multivariable logistic regression analyses were performed to identify the clinically important predictors of ALNM when developin1 g the nomogram. The area under the curve (AUC), calibration plots, and decision curve analysis (DCA) were used to assess the discrimination, calibration, and clinical utility of the nomogram.



Results

In univariate and multivariate analyses, lymphovascular invasion (LVI), axillary lymph node (ALN) cortex thickness, and an obliterated ALN fatty hilum were identified as independent predictors and integrated to develop a nomogram for predicting ALNM. The nomogram showed favorable sensitivity for ALNM with AUCs of 0.87 (95% confidence interval (CI), 0.81–0.92) and 0.84 (95% CI, 0.73–0.92) in the training and validation cohorts, respectively. The calibration plots of the nomogram showed good agreement between the nomogram prediction and actual ALNM diagnosis (P > 0.05). Decision curve analysis (DCA) revealed the net benefit of the nomogram.



Conclusions

This study developed a nomogram based on three daily available clinical parameters, with good accuracy and clinical utility, which may help the radiologist in decision-making for ultrasound-guided fine needle aspiration cytology/biopsy (US-FNAC/B) according to the nomogram score.





Keywords: breast cancer, axillary lymph node metastasis, ultrasound features, lymphovascular invasion, nomogram



Introduction

Breast cancer is the most common cancer among women worldwide and the second leading cause of cancer-related death (1). A preoperative assessment of the axillary lymph node state is an essential issue in treatment decision-making. In patients with a clinically negative axilla, traditional staging by axillary lymph node dissection (ALND) has been replaced by surgical sentinel lymph node biopsy (SLNB) since the end of the 90s, due to the complications and morbidities of ALND (2). However, although SLNB is a less invasive method than ALND, the intraoperative pathological examination of SLNs significantly prolongs the operation time and increases costs (3, 4). Moreover, even in patients with positive SLNs, 56%–71% have no metastatic non-sentinel lymph nodes (5).

Ultrasonography (US) of the axilla is the method of choice for the assessment of the axillary nodal status in all patients with highly suspicious lesions or with a known breast cancer (6). US imaging shows acceptable accuracy for differentiating between benign and malignant breast tumors, but the accuracy of identifying positive lymph nodes varies (7, 8). Compared to conventional ultrasound, ultrasound elastography provides additional qualitative and quantitative information on tissue stiffness. Increased tissue stiffness of the primary tumor is associated with axillary lymph node metastasis (ALNM) in patients with breast cancer (9). Elastography features, including the elasticity imaging score and virtual touch tissue imaging quantification (VTIQ), have been used to supplement conventional ultrasound and predict ALNM in patients with breast cancers (10).

Currently, a nomogram is considered a precise tool that includes various characteristics of the disease to reflect the contribution of predictive variables to the outcome visually and directly. Several nomograms have been developed to predict ALNM in patients with breast cancer (5, 11–14). However, almost all the available nomograms were developed based only on clinical and pathological data, lacking US features (5, 11, 12, 14), or small sample sizes without validation (13).

Therefore, the aim of this study was to determine the axillary ultrasound features and tumor clinicopathological variables correlating with ALNM and develop a nomogram based on daily available parameters to predict ALNM in patients with breast cancer.



Materials and Methods


Ethics Statement

The study received hospital ethics committee approval (No. B2021-190-01), and written informed consent was obtained from each patient prior to data collection. The study was conducted in accordance with the Declaration of Helsinki to protect personal data. Patients who had received surgery, neoadjuvant chemoradiotherapy, or hormonal therapy were excluded.



Study Population

Two hundred eighty-one patients with pathologically confirmed breast cancer between January 2015 and March 2018 were finally enrolled and randomly divided into two datasets at a ratio of 7:3. Majority of patients underwent sentinel node biopsy. If SLNB was positive, a complete ALND was performed. In addition, several early cases received direct complete axillary node dissection because of strong clinical suspects and patient preferences. The definition of negativity of ALN is negative SLN or negative ALN after direct ALND. Clinicopathological variables including age, BMI, menopausal status, tumor size, tumor location, presence of multifocal disease, histological type, histological grade, LVI, estrogen receptor (ER) status, progesterone receptor (PR) status, androgen receptor (AR) status, and the Ki-67 proliferative index as well as the results of a fluorescence in situ hybridization (FISH)-based analysis of HER2 gene amplification were collected via an electric medical record system. Several ultrasound and shear wave elastography (SWE) parameters, including node cortical thickening, fatty hilum presence, and VTIQ, were collected via the imaging system. The primary endpoint of this study was ALNM.



Statistical Analysis

All patients were randomly divided into a training cohort and validation cohort at a 7:3 ratio with the “caret” package of R software (version 3.4.1; https://www.r-project.org/). Continuous variables were compared between the two groups using two independent sample t test or Mann–Whitney U tests, as appropriate, and categorical variables were analyzed using the χ2 test or Fisher’s exact test, as appropriate. The nomogram was constructed using data from the training cohort as described below: first, a univariate logistic regression analysis was performed to assess the ability of every variable to predict ALNM. Then, variables that reached statistical significance in the univariate analysis were fitted in the multivariate logistic regression analysis. Notably, ER and PR statuses, which were quantified as two of the most important drivers of breast cancer development, progression, and metastasis, showed no significant relationship with ALNM in the univariate analysis, while Ki-67, an alternative marker of cell proliferation, also had no correlation with ALNM in the univariate analysis. Given their important roles in breast cancer, the ER status, PR status, and Ki-67 level were further analyzed using the multivariate model. The backward selection procedure with the Akaike information criterion (AIC) score was introduced for variable selection to determine the independent variables that strikingly contribute to the patient prognosis. Hazard ratios (HRs) are presented with corresponding 95% confidence intervals (CIs). Finally, these final variables were incorporated to develop the nomogram with the rms package in R software. The performance of the nomogram was evaluated by assessing discrimination and calibration in both the training cohort and the validation cohort. Calibration was assessed graphically by plotting the relationship between actual probabilities and predicted probabilities and tested using Hosmer goodness of fit. DCA was applied to assess the clinical application of the nomogram. All tests were two sided, and P < 0.05 was deemed significant. The analyses were performed with SPSS for Windows (version 24.0, SPSS Inc., Chicago, IL, USA) and R software version 3.5.1.




Results


Baseline Patient Characteristics

The sample comprised 281 patients with a median age of 48 years, and 60% were postmenopausal. The final pathological results for lymph nodes after surgery were negative in 185 (65.8%) patients and positive in 96 (34.2%) patients, while 43 (15.3%) had ≥3 positive ALNs. ALNM positivity was 35.5% and 31% in the training and validation cohorts, respectively. No significant differences in baseline characteristics were observed between the training and internal validation cohorts. The detailed characteristics of patients with breast cancer in the training and validation cohorts are listed in Table 1.


Table 1 | Characteristics of patients with breast cancer in the training and validation cohorts.





Independent Predictors of ALNM

Table 2 summarizes the results of univariate and multivariate logistic regression analyses for ALNM in the training cohort. In the univariate analysis, tumor size, tumor orientation, LVI, ALN cortex thickness (≥3 mm), obliterated ALN fatty hilum, and VTIQ were significantly associated with ALNM and subsequently were subjected to multivariate analysis. Finally, three factors with the lowest AIC values, including LVI (P < 0.001), ALN cortex thickness ≥3 mm (P < 0.001), and obliterated ALN fatty hilum (P = 0.05) were identified as independent prognostic factors for ALNM.


Table 2 | Univariate and multivariate analyses of ALNM in the training cohort.





Nomogram Development and Validation

The nomogram for predictors of ALNM was developed based on the results of the multivariate analysis, as shown in Figure 1. The AUC of the model to discriminate ALNM is described in Table 3. The calibration curves revealed good agreement between the nomogram prediction and observation in both cohorts (Figure 2). DCA was used to evaluate the clinical utility of the nomogram. As shown in Figure 3, the nomogram showed great positive net benefits across wide ranges of ALNM risk in both cohorts, indicating its favorable clinical utility in predicting ALNM. Moreover, the combined model (model A) added more benefit in predicting ALNM than the image-only model (model B) at any set threshold probability.




Figure 1 | Nomogram for the prediction of ALNM in patients with breast cancer.




Table 3 | The AUC of the combined model and image-only model.






Figure 2 | The calibration curves of the nomogram for the probability of ALNM.






Figure 3 | Results of decision curve analysis. Model A = combined model, model B = image-only model. Net benefit in relation to threshold probability for ALNM.






Discussion

This study combined routine axillary US features and tumor clinicopathological characteristics to explore the predictors of ALNM. In the present study, three independent variables were identified in univariate and multivariate analyses: LVI, ALN cortex thickness, and obliterated ALN fatty hilum, which are readily available in daily clinical practice. The nomogram exhibited excellent predictive performance for ALNM, and its findings were also validated in the internal cohort, as indicated by the AUC, calibration, and DCA. According to our nomogram, if a patient achieves a score of 160 or higher, the probability of ALNM is >75%. This result should highly encourage the radiologist to perform a FNAC or FNAB on suspect lymph nodes, in order to obviate the need for SLNB during surgery or to address the patient to the more appropriate preoperative treatment. Because these three variables are routinely available even in basic hospitals or medically underdeveloped areas, this model may be widely applied.

Lymphovascular invasion (LVI) is a crucial step in the invasion-metastasis cascade that denotes the presence of tumor cells within lymphatic spaces, blood vessels, or both, at the peritumoral area and is identified morphologically by a microscopic examination of the primary tumor with or without endothelial-specific markers (15). Lauria et al. reported that LVI correlates with breast cancer lymph node metastases and a poor prognosis (16). A recent meta-analysis of 15 studies with 21,704 patients indicated that patients with early-stage breast cancer presenting LVI experience shorter overall survival, disease-free survival, breast cancer-specific survival, and more frequent local recurrence and distant metastases than those without LVI (17). In addition, LVI has been found to be the strongest independent predictor of ALNM (9, 18), which was also confirmed in the present study. As shown in the nomogram, LVI had the largest contribution to ALNM. As LVI can only be assessed using an invasive method and cannot always be evaluated in a fine needle aspiration biopsy, we compared the combined model and image-only model in the evaluation of ALNM. The performance of the combined model outperformed the image-only model (AUC of 0.84 vs. 0.75 for ALNM). In addition, DCA showed that the combined model provided a greater benefit in predicting ALNM than the image-only model at any set threshold probability, indicating the important role of LVI in the process of ALNM.

Ultrasonography is a non-invasive procedure used to evaluate metastatic disease and has good resolution for the detection of small nodes. The imaging characteristics of abnormal lymph nodes include cortical thickness ≥3 mm, prominent eccentric lobulation, and loss of the fatty hilum (19, 20). Here, two well-described features were used to define a lymph node as suspicious in our hospital: node cortical thickening (≥3 mm) and absence of the fatty hilum. The eccentric lobulation manifests focal cortical thickening, which is classified as abnormal cortical thickening in our institution. If either of the features was present, the lymph node was classified as suspicious (21, 22). Lymph nodal size was not evaluated in the present study, because enlarged lymph nodes can be caused by many non-cancerous causes such as bacterial, viral, or fungal infections. Some studies showed no relationship between nodal size and the presence of metastases (23, 24). In univariate and multivariate analyses, ALN cortex thickness (≥3 mm) and obliterated ALN fatty hilum were identified as significant predictors of ALNM, suggesting that ALN cortex thickness (≥3 mm) and obliterated ALN fatty hilum have a substantial predictive ability for ALNM.

Tumor size, tumor orientation, and VTIQ were associated with ALNM in the univariate analysis but not in the multivariate model. The ER status, PR status, and Ki-67 level, which are important drivers of breast cancer development, progression, and metastasis, showed no significant relationships with ALNM in the univariate analysis. Although the ER status, PR status, and Ki-67 level were further analyzed in multivariate analysis, no significant differences were identified. These variables were not significant in the multivariate analysis, possibly because of the powerful contribution of LVI to the ALNM model, as well as the characteristic change in node shape. In addition, collinearity and correlations of some of these factors among themselves may have played a role, along with the sample size.

Prior studies have reported several models for the prediction of ALNM. Dihge et al. (11) developed a prediction model that incorporated five parameters: age, mode of detection, tumor size, multifocality, and vascular invasion. The model showed an AUC of 0.74 for ALNM. Teixeira et al. (13) retrospectively analyzed the demographic, biochemical, and ultrasound characteristics of 74 patients. They reported that lymph node cortical thickness, presurgical tumor size, menopausal status, histological type, and tumor location were independent predictors of ALNM. A model consisting of these five variables was developed and produced an AUC of 0.848. Mittendorf et al. (5) constructed a nomogram based on eight variables: positive non-SLNs, number of SLNs identified, number of positive SLNs, SLN metastasis size, extranodal extension, tumor size, LVI, and histology, providing an AUC of 0.80 in the training cohort and 0.74 in the external cohort. Compared to these studies, our model only included three easily available parameters but showed comparable or better performance. For clinical application, the assessment of risk factors must be as convenient as possible. We propose that fewer variables indicate the better repeatability and operability of the model.

Additionally, an increasing number of studies have assessed the ALNM with the artificial intelligence (AI) technique. According to Zhou et al. (25), a deep learning algorithm-based approach performs better than experienced radiologists in the prediction of ALNM with an AUC of 0.89. Zheng et al. (26) reported that deep learning radiomics based on conventional ultrasound and shear wave elastography of breast tumor datasets shows an excellent discrimination of ALNM with an AUC of 0.902 in test cohorts. Guo et al. (27) developed a multicenter deep learning radiomics of the ultrasonography model to predict the risk of SLN and NSLN metastasis with the AUC of 0.86 in the training set and 0.81 in the test set. Sun et al. reported an AUC of 0.72 (SD ± 0.08) in predicting ALNM from US images using a deep learning technique in the test dataset (28). However, practical applications of AI are still being implemented in daily radiology practice (29). The limitations include lack of reproducibility, adaptivity, integration, and quality controls (30). Although the performance of our model is slightly worse than some models constructed using the AI technique, our model utilizes readily available clinical information, and the performance of the model including only three common factors is still good.

Some limitations should be acknowledged. First, this study was conducted at a single center, which is not fully representative of the entire population. However, our study was conducted in a tertiary medical hospital and included eligible patients treated in recent years without any other restriction. Second, some bias may inevitably exist due to its retrospective nature. However, the ultrasound data were acquired prospectively as part of our daily clinical practice and recorded before pathological results were known. Third, external validation in independent cohorts remains necessary before this nomogram is applied in other centers. However, the ultrasound examination of the patients in this study was performed by doctors with different levels of experience. All patients were randomly divided into a training cohort and a validation cohort.



Conclusions

The present study developed a nomogram based on three routinely available parameters for predicting ALNM with good performance. Our nomogram may serve as an acceptable and adoptable clinical tool in the evaluation of ALNM, which may help radiologists to perform image-guided lymph node interventions. However, the model still requires further prospective study and external validation.
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The management of human epidermal growth factor receptor 2 (HER2)-positive early-stage breast cancer (BC) has changed in recent years thanks to the introduction of anti-HER2 agents in clinical practice as standard of care in the neoadjuvant setting. In this scenario, we probed the issue of which HER2-positive BC patients are eligible for neoadjuvant or for adjuvant treatment, since these therapeutic strategies seem to be mutually exclusive in clinical practice according to an Italian drug surveillance system. We reviewed both alternatives to establish which is more suitable, considering the anti-HER2 drugs available in Italy. Randomized clinical trials demonstrated a similar clinical benefit for chemotherapy administered as neoadjuvant therapy or adjuvant therapy. A meta-analysis, including 11,955 patients treated with neoadjuvant therapy, demonstrated an improvement in event-free survival (EFS) and overall survival (OS). Moreover, the recent APHINITY trial, analyzed at 6 years follow-up, demonstrated the superiority of the combination pertuzumab–trastuzumab versus trastuzumab–placebo in previously untreated patients. A greater benefit was found in patients with positive lymph nodes treated in the adjuvant setting. Our analysis underlines the need for a therapeutic decision-making algorithm, which is still unavailable, to support clinicians in identifying patients suitable for neoadjuvant or adjuvant therapy. Further prospective clinical trials should be performed in collaboration with other Italian Breast Cancer Centers to establish the best strategy to be adopted in early HER2+ BC.
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Introduction

HER2 overexpression is present in 15%–20% of breast cancers (BCs), inducing an aggressive phenotype and poor patient outcomes (1). The introduction of anti-HER2 drugs has dramatically changed the prognosis for these patients. The addition to chemotherapy of trastuzumab, a humanized monoclonal antibody that binds to the extracellular domain of HER2 receptors, significantly improved survival in patients with early-stage HER2-positive BC (2), but despite the improvement in both disease-free survival (DFS) and overall survival (OS) in early HER2-positive BC, long-term follow-up data indicate that approximately 25% of patients still develop disease recurrence (3). Further therapeutic strategies have therefore been explored (4), using other anti-HER2 drugs such as pertuzumab, a monoclonal antibody that blocks another extracellular subdomain of the HER2 receptor, the antibody–drug conjugate trastuzumab–emtansine (T-DM1), and the irreversible pan-HER2 inhibitor neratinib in the neoadjuvant or adjuvant setting for the management of early HER2-positive BC (5).

In Italy, trastuzumab is approved in neoadjuvant treatment for tumors >1 cm or node-positive BC patients and, in cases of a complete pathologic response, as adjuvant therapy. T-DM1 is approved and reimbursed for residual disease after neoadjuvant treatment with trastuzumab, whereas the double blockade with pertuzumab and trastuzumab is approved and reimbursed in the adjuvant setting in Italy only for high-risk HER2+ BC patients (6, 7).

For this reason, two different strategies could be reserved to high-risk early HER2+ BC patients, namely, both neoadjuvant or pre-surgery treatment and adjuvant or post-surgery treatment. These options have different goals, but both are aimed at improving the long-term clinical outcome in these patients.

Neoadjuvant HER2-based therapy is typically used in locally advanced BC (Stage IIb with T3 disease or Stage III) or in patients with an earlier stage HER2+ disease who desire breast-conserving therapy, those who have limited axillary nodal involvement (N1) (which may convert to node-negative disease and thus resulting in sentinel lymph node biopsy), or those whose surgery has been postponed (due to a variety of reasons). Adjuvant chemotherapy is given to patients with HER2+ disease, i.e., node-positive or node-negative disease with tumors >1 cm in size.

The goals of neoadjuvant therapy are mainly to assess in vivo complete tumor response [pathologic complete response (pCR)], the potential for less radical surgical treatment, and to evaluate the opportunity of delivering targeted therapies in the residual disease setting. We know that pCR is associated with BC prognosis, and the presence of residual disease after the neoadjuvant therapeutic approach suggests biological resistance, identifying a subgroup population at risk of relapse.

The goals of adjuvant treatment are to improve OS, frequently assessed as 5- and 10-year survival, and to prolong the disease-free interval in patients with early BC.

According to Italian drug regulatory bodies, particularly in node-positive HER2+ BC, we can adopt both neoadjuvant and adjuvant therapy strategies. Therefore, trastuzumab could be used before surgery and trastuzumab or TDM1 in the adjuvant setting in cases of both a complete response and a residual tumor, as well as double blockade of HER2 receptors with pertuzumab and trastuzumab directly in the post-surgery setting in high-risk (node positive) HER2+ untreated BC patients.

However, no criteria are yet available to support the selection of which patients to treat with neoadjuvant or adjuvant treatment, particularly in high-risk (or node-positive) HER2+ BC patients. Moreover, despite the current improved therapeutic options, the emergence of treatment resistance remains a problem, especially in the advanced-stage disease setting. Thus, planning the optimal strategy at an earlier stage could be essential to define the ideal sequence of systemic therapies to be applied in local and advanced disease.


Neoadjuvant Therapy of HER2+ BC: State of the Art

Neoadjuvant treatment was long reserved for patients with inoperable, locally advanced or inflammatory BC, with the aim of making the tumor operable and also of improving the surgical rates and quality. Furthermore, one of the key objectives of neoadjuvant chemotherapy was the clinical and pathological downstaging of positive axillary lymph nodes. Randomized clinical trials performed in the 1980s and 1990s demonstrated the same survival benefit for chemotherapy administered as neoadjuvant therapy or as adjuvant therapy. Since then, the approach to neoadjuvant treatment has changed and treatment decisions are currently based on the tumor biology and tumor stage. In the context of operable disease, most patients with HER2-positive tumors measuring >1 cm and/or node-positive disease undergo neoadjuvant treatment (4, 8–11). In Italy, the main indications for neoadjuvant chemotherapy currently include the following: locally advanced BC (stages IIB–IIIC), since in most cases these are not susceptible to conservative surgery and because of the higher risk of relapse; early-stage BC (stages I–IIA) if conservative surgery is not feasible, for example, due to a high tumor–breast ratio or if the expected cosmetic outcome is suboptimal due to the particular tumor location.

The main objective of neoadjuvant therapy in BC is to achieve complete response (pCR). By pCR, we mean the absence of residual invasive disease in the breast and the absence of measurable disease in any axillary lymph node (ypT0 ypN0). Since the possible persistence of carcinoma in situ does not affect the risk of relapse, the exclusive presence of residual intraductal tumor cells still corresponds to the definition of pCR (ypT0/Tis ypN0). The pCR rate at the time of surgery is associated with a more favorable prognosis and provides information on the reactivity of the tumor to systemic therapy. A pooled analysis defined pCR as the strongest discriminator of long-term outcomes for patients in the neoadjuvant setting (12). In 2014, a meta-analysis including 11,955 patients from 12 randomized clinical trials of neoadjuvant therapy was conducted; at 3-year follow-up (CTNeoBC), eradication of breast and lymph node cancer was associated with an improved EFS (HR 0.48; 95% CI 0.43–0.54) and OS (HR 0.36; 95% CI 0.31–0.42). The association between pCR and long-term outcome was observed in all subtypes of BC (TBNC, HR+/HER2+, and HR-/HER2+). In particular, the pCR rate was higher in rapidly growing tumors, including triple-negative BC (EFS: HR 0.24, 95% CI 0.18–0.33; OS: HR 0.16, 95% CI 0.11–0.25) and HER2-positive BC (EFS: HR 0.39, 95% CI 0.31–0.50; OS: HR 0.34, 95% CI 0.24–0.47). The response to neoadjuvant treatment in HER2-positive BC depends on the state of the hormone receptors. A pCR rate of 30.9% was observed in patients with HER2-positive hormone receptor-positive BC treated with an anti-HER2 agent, as compared with 18.3% treated with chemotherapy alone (HR 0.58; 95% CI 0.42–0.829), and the pCR rate was 50.3% in patients with hormone receptor negative HER2-positive BC treated with an anti-HER2 agent versus 30.2% without a neoadjuvant anti-HER2 agent (HR 0.25; 95% CI 0.18–0.34) (13). The main drugs with an anti-HER2 action include trastuzumab, a humanized monoclonal antibody targeted against the extracellular portion of HER2; lapatinib, an orally bioavailable double tyrosine kinase inhibitor (TKI) specific for HER2 and EGFR/HER1; pertuzumab, a humanized monoclonal antibody that binds to the extracellular dimerization subdomain II of HER2; ado-trastuzumab emtasine (T-DM1), an antibody–drug conjugate of trastuzumab and the cytotoxic agent emtansine (DM1); and neratinib, an oral, irreversible inhibitor of the human epidermal growth factor receptors HER1 (EGFR), HER2, and HER4. In patients with operable HER2-positive tumors, a randomized phase II trial evaluated the addition of trastuzumab to paclitaxel chemotherapy for 4 cycles and FE(75)C for 4 cycles. The study was prematurely closed after enrolling only 42 randomized patients due to the finding of a significant increase in the pCR rate with trastuzumab (65% vs. 26%) (14). Another randomized phase III trial (NOAH trial) compared neoadjuvant chemotherapy plus trastuzumab, followed by 1 year of trastuzumab, with neoadjuvant chemotherapy alone in patients with locally advanced or inflammatory HER2-positive BC. This study demonstrated a statistically significant improvement in total pCR (38 vs. 19%; p = 0.001), a 5-year event-free survival (EFS) of 58 vs. 43% (HR 0.64; 95% CI 0.44–0.93; p = 0.016) and a non-significant improvement in OS (74 vs. 63%; HR 0.66; p = 0.055). Trastuzumab also resulted in a 40% reduction in the risk of relapse, progression, or death compared to chemotherapy alone (15). Further updated data at a median follow-up of 5 years (of trastuzumab-containing neoadjuvant therapy followed by adjuvant trastuzumab) in patients with locally advanced or inflammatory BC highlight the association between a complete response and long-term outcomes of patients with HER2+ disease.

In the neoadjuvant setting, other studies have considered combinations of trastuzumab with lapatinib or pertuzumab. The international randomized Phase III NeoALLTO trial compared lapatinib alone, trastuzumab, or the combination of both, together with paclitaxel (16). Results showed that the combination of trastuzumab and lapatinib plus paclitaxel achieved a pCR of 51.3% versus 29.5% in the trastuzumab plus paclitaxel group and 24.7% in the lapatinib plus paclitaxel group (p = 0.0001). However, lapatinib caused worse side effects, mainly rash and diarrhea. Furthermore, the NSABP B-41 study did not show any significant differences between the combination of trastuzumab and lapatinib compared with monotherapy (17). In conclusion, lapatinib as a single agent or in combination with trastuzumab appears to be ineffective and more toxic. NEOSPHERE, a multicenter, international, randomized, controlled phase II study on pertuzumab, was conducted in 417 adult female patients with newly diagnosed, early-stage, inflammatory, or locally advanced HER2-positive (T2-4d; primary tumors >2 cm in diameter), not previously treated with trastuzumab, chemotherapy, or radiotherapy. The primary endpoint was pCR, and the results were as follows: 45.8% pCR for trastuzumab, pertuzumab, and docetaxel; 29.0% pCR for trastuzumab and docetaxel; 24.0% pCR for pertuzumab and docetaxel; and 16.8% pCR for trastuzumab and pertuzumab. The different pCR rate obtained in the patient group treated with pertuzumab + trastuzumab and docetaxel as compared to those treated with trastuzumab and docetaxel likely results in a clinically significant difference in long-term outcomes and is supported by the positive PFS trend (HR 0.69, 95% CI 0.34–1.40) and DFS (HR 0.60, 95% CI 0.28–1.27). The pCR rates and the extent of benefit obtained with pertuzumab were lower in the subgroup of patients with hormone receptor-positive BC (6% difference in pCR) compared to patients with hormone receptor-negative tumors (26.4% difference in pCR) (18). Cardiotoxicity is the most important adverse effect deriving from treatment with anti-HER2 agents and is worse when combined with anthracyclines. Importantly, the addition of pertuzumab did not produce any significant reduction in cardiac function. To foster the use of less cytotoxic regimens in selected patients (stages II–III), some studies have evaluated treatment with pertuzumab and trastuzumab alone (chemotherapy-free regimen). The WGS-ADAPT study observed that neoadjuvant therapy with TDM-1 is more effective in HER2-positive and HR-positive BC, whether or not associated with endocrine therapy, than treatment with trastuzumab plus endocrine therapy. However, the KRISTINE trial showed that TDM-1 + pertuzumab did not perform better than conventional chemotherapy (TCHP) (19, 20). In the phase II NA-PHER2 study, patients with HR-positive and HER2-positive BC were treated every 3 weeks with intravenous trastuzumab and pertuzumab for 6 cycles, plus oral palbociclib and intramuscular fulvestrant every 4 weeks for 5 cycles. Co-primary endpoints were a change from baseline in Ki67 expression at 2 weeks of treatment and surgery (16 weeks post-treatment) and changes in apoptosis from baseline to surgery. Secondary endpoints were the clinical objective response according to RECIST response assessment criteria in solid tumors, and complete response. The combination of palbociclib, fulvestrant, trastuzumab, and pertuzumab had a significant effect on Ki67 expression at 2 weeks and on surgery. At surgery, 8 patients (27%) had a complete response in the mammary and axillary lymph nodes (21). PALTAN [NCT02907918] is an ongoing phase II neoadjuvant trial of palbociclib in combination with letrozole (plus goserelin if premenopausal) and trastuzumab in women with stage II–III ER+ HER2+ BC; results are expected shortly.



Update on Adjuvant Therapy of HER2+ BC

In HER2-positive BC, trastuzumab has been the standard of care in the adjuvant setting, administered with taxane and maintained for 1 year. The HERA trial (22) established the role of trastuzumab, demonstrating that 1 year of trastuzumab sequentially introduced after adjuvant chemotherapy significantly improved progression-free survival (PFS) (HR 0.54; 95% CI, 0.43–0.67, p < 0.0001). Another study, conducted by Ramond et al., compared the use of trastuzumab with adjuvant chemotherapy against chemotherapy alone, showing higher 3-year DFS rates (87.1% versus 75.4%; HR 0.48; 95% CI, 0.39–0.59, p < 0.0001) and higher OS, despite an increased incidence of class III and IV congestive heart failure (23). Trastuzumab yielded great benefit among HER2-positive patients. Various de-escalation strategies were tested through the years, reducing either the trastuzumab duration or dosage. Many studies have been carried out to demonstrate the non-inferiority of de-escalation strategies (24–29), evaluating the use of trastuzumab for a shorter period of time. Only the PHERSEPHONE trial demonstrated a non-inferiority of 6 months of trastuzumab compared to 12 months of trastuzumab (HR 1.07; 95% CI, 0.93–1.24, p = 0.011). However, 53% of patients in this study did not receive trastuzumab concurrently with chemotherapy, and those who did receive concurrent trastuzumab showed a greater benefit from 1 year of trastuzumab (HR 1.53; 95% CI, 1.16–2.01, p = 0.001) (30). In recent years, a new anti-HER2 agent, pertuzumab, has been evaluated in many studies. Pertuzumab has proven to be a valuable therapeutic option in early-stage HER2-positive BC. The use of pertuzumab has been studied in combination with trastuzumab in both adjuvant and neoadjuvant settings with favorable results, demonstrating the superiority of a double anti-HER2 strategy as compared to trastuzumab as a single-agent anti-HER2 therapy.

The APHINITY trial (31) demonstrated the superiority of the combination pertuzumab–trastuzumab versus trastuzumab–placebo in the adjuvant setting, showing higher rates of 3-year invasive disease-free survival (IDFS) in the arm receiving the double anti-HER2 therapy (HR 0.81; 95% CI, 0.66–1.00; p = 0.045). A greater benefit was highlighted particularly in the subset of patients with positive lymph nodes (3-year DFS 92% versus 90.2%; HR 1.13; 95% CI, 0.68–1.86; p = 0.02). No significant difference in mortality rates was found at the first interim analysis (HR 0.89; 95% CI, 0.66–1.21, p = 0.47), as well as no significant increase in cardiotoxicity rates. This trial presented pertuzumab as a valuable and effective additional drug, not burdened by a significant increase in side effects. Based on these results, pertuzumab was approved by the EMA in 2018 in association with chemotherapy and trastuzumab in the adjuvant setting for high-risk HER2-positive BC. More recently, pertuzumab was approved in Italy for patients with high-risk HER2-positive early BC in association with trastuzumab and chemotherapy.

The phase III KATHERINE trial (32) was designed with the objective of identifying the optimal therapeutic strategy in HER2-positive BC among patients who did not achieve pCR after neoadjuvant therapy. The primary endpoint was IDFS, and patients were randomized to receive either T-DM1 or trastuzumab in the adjuvant setting. The arm treated with T-DM1 showed a lower incidence of recurrent invasive disease (12.2% versus 22.2%) and a higher OS (HR 0.5; 95% CI, 0.39–0.64, p < 0.001). Consistent benefit was observed among all subgroups of patients receiving T-DM1, independently of previous neoadjuvant anti-HER2 targeted therapy. In the subset treated with neoadjuvant chemotherapy and trastuzumab, invasive disease events occurred in 78 patients in the T-DM1 arm versus 141 patients receiving adjuvant trastuzumab (HR 0.49; 95% CI, 0.37–0.65). Among patients treated with double anti-HER2 agents, invasive disease events occurred in 13 patients in the T-DM1 group versus 24 patients in the trastuzumab arm (HR 0.54; 95% CI, 0.27–1.06). Of the trial participants, 19.5% had been previously treated with double anti-HER2 neoadjuvant therapy, and among these, the combination of pertuzumab and trastuzumab was the preferred strategy (93.8%). As regards safety, 12.7% of patients in the T-DM1 arm suffered serious adverse effects versus 8.1% in the trastuzumab arm, while adverse events of any grade were more common in the T-DM1 arm (98.8% versus 93.3%). Although this trial seems to show a greater efficacy of T-DM1 versus trastuzumab, no comparison has been made between T-DM1 and trastuzumab–pertuzumab in the adjuvant setting.

In Italian practice, T-DM1 has been approved in patients who did not obtain pCR after neoadjuvant trastuzumab. Other adjuvant strategies have been studied in HER2-positive BC, particularly TKIs (neratinib and lapatinib). In the ExtraNet trial (33), 1 year of neratinib was administered after 1 year of adjuvant trastuzumab, improving DFS in ER+/HER2+ patients, while no benefit was observed in ER− patients. In ER+ patients, neratinib was combined with endocrine therapy. The use of lapatinib, another TKI, was investigated in the ALTTO trial (34), alone and in combination with trastuzumab, but did not show any significant improvement of 5-year DFS or OS.




Discussion

Several studies have demonstrated the efficacy of trastuzumab in improving EFS, pCR, and OS, resulting in a strong correlation between complete response and long-term outcomes of patients with HER2+ disease (15, 35). Despite these encouraging results, 15% of patients still relapse after therapy with trastuzumab due to resistance to trastuzumab (36, 37). Pertuzumab is a drug that has been investigated in patients with HER2+ BC to overcome the resistance. It is a monoclonal antibody that binds to subdomain II of the HER2 receptor and thereby blocks heterodimerization with HER3, subsequently inhibiting downstream signaling. The addition of pertuzumab to trastuzumab in the neoadjuvant setting was assessed in the NEOSPHERE Trial, demonstrating that pertuzumab enhances locoregional responses in patients with locally advanced, inflammatory, or early-stage HER2+ invasive BC (size >2 cm or node-positive disease) (18). Nevertheless, these results, the small sample size, the lack of a blinded pathology review, and the chosen chemotherapy backbone limited the use of pertuzumab in Italy, which is approved but not reimbursed in the neoadjuvant setting. Indeed, based on published results, the APHINITY trial was performed to explore the role of anti-HER2 combination treatment with pertuzumab and trastuzumab in the adjuvant setting. In the Phase III APHINITY trial (31), the addition of pertuzumab to herceptin and chemotherapy led to an improved 3-year DFS (94.1 versus 93.2%; HR 0.81, 95% CI 0.66–1.00); subgroup analysis showed a greater improvement in patients with node-positive disease (92 vs. 90.2%; HR 0.77, 95% CI 0.62–0.96) but no difference in those with node-negative disease. Dual anti-HER2-directed therapy is recommended, approved, and reimbursed for high-risk disease (node-positive or node-negative, tumor size >2 cm) in the adjuvant setting.

Therefore, combination therapy with pertuzumab and trastuzumab in untreated high-risk HER2-positive BC in an early setting may be preferred for various reasons:

	1) The effect of neoadjuvant therapy in node-positive HER2+ BC: one of the clinical response criteria in the NOAH trial was complete response (in breast tissue and axillary nodes), obtained in 38% of patients treated with trastuzumab versus placebo; this concept was reinforced in the Neosphere trial, which provided new insights into the association between total pCR and long-term outcomes. The 5-year PFS rates were 85% for patients who achieved pCR compared with 76% in patients who did not achieve pCR (HR 0.54). Thus, the response to neoadjuvant therapy with anti-HER2 agents, evaluating breast tissue and nodes, is more predictive of clinical benefit than evaluating response only on primitive breast tumors. Thus, nevertheless, pertuzumab is more effective in inducing tpCR than trastuzumab in monotherapy; in Italy, this option is not available because it is not reimbursable.

	2) Potential loss of HER2 expression after neoadjuvant therapy (NACT): Mittendorf et al. reported a 32% loss of HER2 amplification after NACT plus trastuzumab and Guarneri et al. reported a loss of HER2 expression in 40% of patients after NACT alone and in 14.7% of patients after NACT plus trastuzumab. In both studies, patients with HER2+ tumors at diagnosis but no HER2 amplification/overexpression in residual disease had a worse DFS compared to those who maintained HER2+ residual disease (38, 39).

	3) The risk of underestimation of clinical tumor staging after NACT: For clinically axillary lymph node (ALN)-negative patients, the HER2-positive subtype is found to have a high node-negative rate at pathology, and sentinel lymph node biopsy (SLNB) is recommended after NACT. For patients with positive ALNs that convert to negative, the false-negative rate is high. Moreover, in patients with positive ALNs that convert to node-negative after NACT, whether SLNB can replace ALN dissection or not remains controversial (40). In this scenario, there is a risk of underestimating clinical and pathological staging of initial node-positive HER2+ BC. Even though APHINITY trial showed positive results, it is important to outline that the addition of pertuzumab portends only a small benefit in the overall population and a more significant benefit in high-risk, lymph node-positive patients, and should therefore be advised in this group of patients only. For now, there are still no clear guidelines for the use of adjuvant pertuzumab after neoadjuvant use, especially in patients who achieved pCR. The majority of neoadjuvant pertuzumab trials consisted of the single-agent trastuzumab in the adjuvant setting (31).



In node-negative HER2+ BC patients, we know that the addition of trastuzumab to adjuvant chemotherapy reduces the risk of recurrence by approximately 40% and the risk of death by up to 30% (41). According to meta-analyses, the benefits of trastuzumab are independent of age, T and N stage, and hormone receptor status. Importantly, real-world data confirmed a similar benefit (42–44). Despite the significant impact on outcomes of trastuzumab introduction in the adjuvant setting, after a follow-up of 8–11 years, 15%–24% of patients experienced disease recurrence. Moreover, as demonstrated by the randomized phase III KATHERINE trial (32), HER2-positive patients with residual disease after neoadjuvant taxane-containing chemotherapy and trastuzumab could benefit from receiving 14 cycles of T-DM1, leading to an improvement of IDFS (88 vs. 77%; HR 0.50; 95% CI 0.39–0.64).

Nevertheless, in Italy, the management of early HER2+ BC is based both on results from clinical trials and on criteria of regulatory bodies, as presented in Figure 1.




Figure 1 | Management of early HER2-positive BC in Italy.



Despite the improvements in HER2-positive early BC treatment (Table 1), many questions remain unanswered. Molecular heterogeneity within HER2-positive BC requires further investigation in order to develop valid biomarkers that may better define different risk subgroups of patients who might benefit from different treatment strategies at an early stage, translating to a better survival also in advanced disease. This approach is particularly valid after the introduction of other therapeutic arms in advanced disease such as trastuzumab deruxtecan or tucatinib, which are already under evaluation in earlier treatment settings.


Table 1 | Summary of the principal clinical trials involving anti-HER2 agents for early-stage HER2-positive BC.





Conclusions and Potential Clinical Implications

In summary, in Italy, trastuzumab is approved in neoadjuvant treatment for tumors >1 cm or node-positive BC patients and, in case of complete pathological response, in adjuvant therapy (NOAH trial); T-DM1 is approved and reimbursed as adjuvant therapy for residual disease after neoadjuvant treatment with trastuzumab (KATHERINE trial), whereas the double blockade with pertuzumab and trastuzumab is approved and reimbursed in Italy only in adjuvant setting for untreated high-risk (node-positive) HER2+ BC patients (APHINITY trial).

Nevertheless, the encouraging results from the NEOSPHERE trial, the limited number of patient recruitment, the absence of a blinded and centralized pathology analysis, and the chosen chemotherapy backbone prompted the Italian regulatory bodies to approve but not grant the reimbursability of pertuzumab plus trastuzumab in the neoadjuvant setting of therapy.

The European Commission approved the use of pertuzumab and trastuzumab in the neoadjuvant setting for HER2-positive BC, thus making the Perjeta regimen available to appropriate patients in the EU as early as possible. Neoadjuvant pertuzumab indication was approved in Europe in 2015 and, from an economic perspective, it received different recommendations from reference Health Technology Assessment (HTA) bodies. The National Institute for Health and Care Excellence (NICE) in the UK positively recommended the use of pertuzumab for NeoT, but received a negative recommendation from the National Centre for Pharmacoeconomics (NCPE) in Ireland. Innovative treatment access is critical to deliver high-quality healthcare, but sustainability must be considered, suggesting the importance of establishing a cost-effectiveness profile of pertuzumab in neoadjuvant therapy for early HER2-positive BC (45).

After the approval of a new therapeutic arm waiting for the reimbursement, the clinicians have to discuss with great care these treatments with patients, even if they always cannot offer them in public. Perhaps, the best strategy should be to tell all the possibilities in a truthful way. Oncologists should be able to handle difficult conversations like these in a way that balances principles of truth telling and transparency with a responsibility to avoid adding unnecessary distress to the patients.

Based on these lines of evidence, we have to discuss in Italy how we can ideally manage the early stage of HER2-positive BC according to approved and reimbursed drugs and the new drugs available in advanced disease. We can make decisions regarding initial therapy with HER2-targeting agents for early-stage disease based on the patient’s risk category and individual characteristics, along with considerations of potential therapy options in the setting of early-stage disease that also targets HER2 for women with later-stage disease. We use the most effective therapies for management of early-stage disease. We should not hold off on therapy in order to reserve it until patients develop metastatic BC. HER2-BC is highly curable because of the availability of these HER2-targeted therapies, so we treat patients fairly aggressively upfront to reduce the risk of them experiencing a stage IV recurrence. We consider factors such as hormone receptor co-expression, lymph node status, grade of the tumor, comorbidities, how healthy and functional an individual patient is, and whether the patient has pre-existing heart disease or any risk of heart disease. All of these factors are part of the decision regarding which regimen to recommend for a patient who is sitting before us with curable early-stage BC. Moreover, Italian oncologists to date do not have standard criteria to decide the best treatment to reserve to patients with higher-risk or node-positive HER+ BC. What are the criteria in selecting node-positive patients who will be treated with neoadjuvant treatment with trastuzumab or with adjuvant pertuzumab/trastuzumab? A survey involving the Italian oncology community is desired in order to conduct an analysis that explores the management of a single center of early node-positive HER2+ BC with the aim of having a report describing the likely discrepancy or uniformity in patient care. We do not forget that the Italian health system is inspired by the principles of universality, equality, and equity in access to care.
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Introduction

Gynaecomastia is the commonest male breast condition accounting for approximately 85% of male breast lesions. There is minimal information on the immunohistochemical profile of gynaecomastia. We aimed to comprehensively profile a large series of gynaecomastia samples for putative mammary diagnostic, predictive and prognostic markers.



Methods

A total of 156 samples, were histologically reviewed, assembled onto tissue microarrays, and stained for oestrogen receptors (ERα, ERβ1, ERß2), progesterone receptors (total PR, PRα), androgen receptor (AR), basal & luminal cytokeratins (CK5/6, CK14, CK8/18) and the proliferation marker Ki67. Relevant cut offs for marker positivity were defined based on existing literature: AR (10%), ERα and PR (Allred score >3/8), ERß (10% and 20%), cytokeratins (10%) and Ki67 (10% and 20%).



Results

108 samples from 86 patients aged 13-75 years were available for immunohistochemical assessment. 73.1% of the lesions were AR positive, compared to 99% for ERα and 100% for both ERß1 and ERß2. 98% of samples were positive for total PR and 97.1% for PRα. 69.8% expressed CK5/6 whilst 57% were CK14 positive. A tri-layered pattern of cytokeratin expression was also observed. Ki67 positivity was low with 17.1% and 6.7% classified as Ki67 positive using 10% and 20% cut off values respectively. A significant negative correlation was found between ERα expression and patient age (rs = -0.221, p=0.023). Bivariate correlations were produced, and comparisons made with previously published data regarding the immunohistochemical status in normal female breast tissue, proliferative and neoplastic breast diseases of the female and male breast.



Conclusions

Hormone receptors, including oestrogen receptor α and ß isoforms as well as androgen receptors were abundantly expressed within the intraductal luminal hyperplastic epithelium in gynaecomastia supporting the hormonal role in the pathogenesis and treatment. ERα, ERβ1 and ERβ2 were expressed in a higher proportion of cells compared with their expression in the female breast benign lesions which further characterises gynaecomastia biology. The identification of a low Ki67 proliferative index and the mixed cytokeratin profile in gynaecomastia differentiates this benign condition from male breast cancer. Therefore, Ki67 and cytokeratins can help in the differential diagnosis from histological mimics in the routine diagnostic work up.





Keywords: gynaecomastia, male breast, immunohistochemistry, breast cancer, male breast cancer



Introduction

Gynaecomastia is a benign, non-neoplastic proliferative condition and is the most common lesion in the male breast. Pseudogynaecomastia, or lipomastia, refers to the accumulation of adipose tissue in the male breast without glandular hyperplasia (1). True gynaecomastia can be differentiated from pseudogynaecomastia by the presence of dense subareolar ductal tissue and fibrosis. There are several aetiological factors for true gynaecomastia including physiological causes, such as neonatal, adolescent, and elderly gynaecomastia, resulting from an imbalance between oestrogen stimulation and androgen inhibition (2). Pathological causes of gynaecomastia include Klinefelter’s syndrome, where hypogonadism causes an increased oestradiol-to-testosterone ratio leading to the genesis of gynaecomastia (3). Drugs, obesity, and relative oestrogen excess (e.g., due to liver cirrhosis or prostate cancer) are amongst other causes of gynaecomastia. However, most gynaecomastia cases are regarded as idiopathic with no apparent cause. There is no proven link between gynaecomastia and the development of male breast cancer (4, 5).

The histological features of gynaecomastia are well documented. Microscopically, the early stage of gynaecomastia (florid phase) is characterised by proliferative branching ducts with epithelial and stromal hyperplasia, and the late stage (fibrous phase) is characterised by collagenous stroma, less epithelial proliferation, and decreased vascularity (4).

Little is known about the immunohistochemical profile of male gynaecomastia and how it compares to the female breast due to the lack of large studies to date analysing the expression of putative diagnostic and prognostic markers within this lesion. Therefore, the aim of this study was to analyze the expression of several relevant proteins, including hormone receptors, cytokeratins (luminal and basal types) and proliferation markers in a large, well characterised cohort of surgically resected gynaecomastia specimens.



Materials and Methods

Ethical approval was sought and granted from the Leeds (East) Research Ethics Committee (reference number 06/Q1205/156). Male patients who had undergone surgical excision for gynaecomastia at the Leeds Teaching Hospitals NHS Trust, during the period between 2000 to early 2011 were identified from the pathology database. Histological sections of those patients were collected and reviewed by two investigators (AB, AMS) to confirm the diagnosis, identify the morphological appearances, classify into early or late stage, and mark representative areas for tissue microarray (TMA) construction. Comprehensive clinical details were collected including patient age, presentation, laterality, history of previous medications, history of previous cancer and family history where available.


Full Face Immunohistochemistry

Prior to the construction of TMAs, representative full sections for 10% of the gynaecomastia cases studied were randomly selected and immunohistochemically stained for the complete panel to assess for staining heterogeneity. Staining was overall uniform across sections and tissue microarrays were deemed a suitable method for analysing the large sample numbers.



TMA Construction

Representative tissue cores from the donor blocks were assembled onto tissue microarrays.

Tissue microarrays (TMAs) were constructed using a manual tissue arrayer (Beecher Instruments, Inc., Sun Prairie, W1, USA) using representative 0.6mm tissue cores from representative marked areas. For each case, 4 cores, arranged in duplicates, were included. TMAs were sectioned at 3 microns and stained with the panel of immunohistochemical biomarkers. Cores of various other human tissues including female breast carcinoma, prostatic carcinoma, normal prostate, endometrium and appendix were assembled in the TMAs in an orderly fashion to serve as positive controls and also for orientation as previously described (6). For AR, ERα, total PR, CK5/6, CK8/18, CK14 and Ki67 optimised immunohistochemical protocols on Dako Autostainer Link 48 routinely used within the Leeds Teaching Hospitals NHS Trust diagnostic histopathology department and approved by United Kingdom National External Quality Assurance Scheme (NEQAS) were followed in accordance with standard operating procedures.

The initial immunohistochemical stage incorporated slide pre-treatment, whereby the formalin-fixed paraffin embedded tissue sections underwent deparaffinisation, hydration and heat-induced epitope retrieval (HIER) by immersion in the automated DAKO Envision Flex High pH Link solution system. During this timeframe refrigerated (4°C), commercial concentrated monoclonal mouse antibodies raised against human AR, ERα, total PR, CK5/6, CK8/18, CK14 and Ki67 tissue proteins were diluted in accordance with pre-determined, optimised dilution ratios (Table 1) and placed within defined Dako reagent bottles. These diluted primary antibodies and ready-to-use reagents supplied within the DAKO Envision HRP/DAB+ Flex Plus High detection kit were placed within the Dako reagent racks. After completion of HIER, slides were washed in Envision Flex wash buffer. Slides and reagent racks were loaded onto the DAKO Autostainer Link 48 for integrated, automated section staining for tissue antigen visualisation using the Dako Autostainer Link 48, following manufacturer’s instructions.


Table 1 | Details of the studied antibodies.



For ERβ1, ERβ2 and PRα a manual staining protocol using a Shandon sequenza rack was performed as previously described (7). Positive controls were included in each batch of staining (Table 1). All sections were counterstained with Mayer’s haematoxylin and Scott’s tap water substitute.

The immunohistochemically stained TMA slides were scanned and assessed using Aperio ScanScope XT Scanner and Aperio ImageScope Software (Aperio Technologies) for manual computer-based tissue core analysis at high resolution. For all biomarkers, the percentage of positively stained glandular luminal cells was semi-quantified. For the hormonal biomarkers, the staining intensity was also evaluated and recorded. Relevant cut offs for marker positivity were chosen based on those most used in existing literature: AR (10%) (8), ERα (Allred score >3/8) (9), ERß (10% and 20%) (7, 10, 11), PR (Allred score >3/8) (9),CKs (10%) (12), and Ki67 (10% and 20%) (13).



Statistical Analysis

Data analysis was done using IBM SPSS Statistics version 27 programme. The percentages of samples positive for each receptor and combination of receptors were calculated. Correlations were two sided and considered as statistically significant when p ≤0.05 and highly significant when p <0.001. Pearson correlations were calculated between biomarkers, and between biomarkers and age. The non-parametric Mann-Whitney U test was used to assess the relation between age as a continuous variable and the presence/absence of hyperplasia.




Results


Patient Characteristics

A total of 118 patients fulfilled the inclusion criteria, of whom 38 had bilateral gynaecomastia. For the latter, tissues from each breast were reviewed and representative blocks selected. Cases diagnosed as gynaecomastia on core biopsy only without a surgical specimen over the 11 years search period were excluded.

Following histological review, surgical specimens comprising predominantly fatty tissue with little/no glandular elements were excluded from the immunohistochemical part of the study. Therefore, a total of 156 gynaecomastia samples were used for TMA construction and immunohistochemical analysis.

After excluding non-representative and missing cores, immunohistochemical data was available for 108 samples from 86 patients. 24 of these patients had bilateral samples taken. 48 samples were taken from the right breast, 59 samples were taken from the left breast. Laterality was not known for one sample. Patients’ age ranged from 13-75 years, with a mean of 28.07 years ( ± SD:14.97).

Data of previous therapies were not available for 50% of patients. 30.6% had not received any previous therapies. 5.6% had a history of the selective oestrogen receptor modulator Tamoxifen, 3.7% had received Danazol therapy. One patient had Docetaxel therapy and another 2.8% received previous Casodex therapy, both of which were indicated for metastatic prostate cancer. Only one patient had a family history of breast cancer. 5.6% of patients had a history of illicit drug use (cannabis and cocaine) and one patient had previously used steroid body building supplements.



Morphological Appearances

All cases were examined for the characteristic morphological appearances of gynaecomastia on H&E sections. A total of 93 samples (86.1%) showed active (early) gynaecomastia with associated epithelial hyperplasia. There was no significant correlation between age and the histological appearance of gynaecomastia (Mann-Whitney U, p=0.306). Active gynaecomastia was characterised by hyperplastic branching ducts within epithelial proliferation and periductal stromal oedema (Figure 1A). The stroma was generally cellular with increased vascularity. Patchy lymphocytic infiltrate, inspissated secretions, pseudo-angiomatous stromal hyperplasia (PASH) and hyalinisation were occasionally noted. Morphologically distinct latent phase gynaecomastia was observed in the remaining smaller proportion of gynaecomastia cases. This latter phase of dormancy was characterised by stromal fibrosis and sparse glandular elements (Figure 1B). No periductal oedema or prominent stromal vascularity was noted. While mammary lobules were not generally described as a feature of the male breast, examples of mammary lobules resembling those identified in the female breast were seen in a small proportion of cases (Figure 1C).




Figure 1 | Morphological appearances of the male breast gynaecomastia cases. (A) Florid gynaecomastia showing a mammary duct with micropapillary epithelial hyperplasia. The surrounding stroma is cellular and oedematous. (B) Late (fibrous) gynaecomastia: mammary ducts with minimal hyperplasia within a fibrosed stroma. (C) Well-developed mammary lobules were occasionally observed.





Hormone Receptor Expression in Gynaecomastia

All hormone receptors analyzed, including ERß and PR isoforms, were highly expressed in gynaecomastia lesions (Table 2). Percentages were calculated from the core samples that had available data. For ERß isoforms, both cut off values used in the literature (10% and 20%)7 yielded identical results. Luminal cytokeratins were positive in all cases examined whereas basal cytokeratins CK5/6 and CK14 were expressed in 69.8% and 57% of the cases respectively (Figures 2A–L). The tri-layered pattern of basal cytokeratin expression enclosing a luminal layer has been identified in a patchy fashion (Figures 2J, K). The Ki67 proliferation index was low (Table 3).


Table 2 | Details of immunohistochemical expression of the studied markers in gynaecomastia lesions.






Figure 2 | Immunohistochemical expression of hormone receptors, Ki67 and cytokeratins in tissue microarray cores of gynaecomastia. Insets are higher power views of the cellular expression. (A–C) Androgen receptor staining showing strong patchy (A) and uniform (B) nuclear staining. (C) shows occasional AR weakly stained cells. (D) ERα strong nuclear staining in the majority of nuclei of the hyperplastic ducts. ERβ1 (E) and ERβ2 (F) showed strong nuclear expression within both the epithelial and stromal cells. Total PR (G) and PRα (H) exhibited strong nuclear staining in most of epithelial cell nuclei. The Ki67 proliferation index was low within the hyperplasic ducts (I). CK5/6 (J) and CK14 (K) were positive within the mammary ducts that showed a tri-layered pattern of cytokeratin staining. The inner and outer layers were CK5/6 and CK14 positive while the middle layer was negative. CK8/18 showed strong and uniform membranous staining of the epithelial cells (L).




Table 3 | Luminal and basal cytokeratins and Ki67 expression in gynaecomastia lesions.



10.5% of samples showed 100% ERα expression. 23.1% of samples showed no (0%) AR expression and 4.6% showed 100% AR expression. The majority of samples (41.7%) showed moderate staining of AR in the luminal cells.

When co-expression of hormone receptors was analyses, 66.7% of samples were positive for AR, ERα and PR. 68.5% were positive for AR, ERß1 and PR, compared to 66.7% for AR, ERß2 and PR (Table 4).


Table 4 | Number and proportion of samples positive for combination of hormone receptors (n = 108).



The correlations between age and expression of each biomarker were also studied. There was a significant negative correlation between ERα expression and age (rs= -0.221 p=0.023); a feature opposite to that seen in the female breast. ERα was the only biomarker to show a significant correlation with age. ERα also showed a highly significant positive correlation with AR (0.499, p<0.001), PR (0.305, p=0.002), PRα (0.340, p<0.001), and significantly correlated with CK8/18 (0.219, p=0.025). High ERß1 significantly correlated with lower CK14 expression (-0.224, p=0.025). ERß2 showed a significant positive correlation with PRα (0.272, p=0.006). Highly significant correlations were noted between AR and both PR (0.281, p=0.005) and PRα (0.340, p<0.001). Ki67 showed no significant correlation with any of the studied markers. The correlations between percentage expression of the studied biomarkers are shown in Table 5.


Table 5 | Correlation between biomarkers’ expression.






Discussion

Research into male breast lesions has been limited compared with the female breast. Previous, generally small scale, studies on immunohistochemistry of gynaecomastia yielded conflicting results. Here, we detail the immunohistochemical profile of a large series of male breast gynaecomastia lesions represented on TMAs and the association between different protein markers.

Hormones have long been implicated in the pathogenesis of gynaecomastia and endocrine treatment, including androgens, anti-oestrogens, and aromatase inhibitors are currently in use for the medical management of those lesions (14, 15). When gynaecomastia persists after a period of reassurance and observation and/or discontinuation of exposure, Tamoxifen (a selective Estrogen receptor modulator, SERM) is the first medical treatment option (14). Tamoxifen is known to reduce pain and size of gynaecomastia. Examples of lesions that have completely resolved following Tamoxifen treatment have also been reported (16). Danazol, a weak androgen, has been also used but is less effective than Tamoxifen and may indeed exacerbate gynaecomastia due to its conversion to oestrogen and/or the resultant weight gain (17).

We report a predominance of various types of nuclear steroid receptors in gynaecomastia with over two thirds of the lesions expressing androgen receptor. A previous small study reported 80% AR positivity in those lesions (18). An earlier study reported AR positivity in 100% of gynaecomastia samples, compared to 87% positivity in male breast carcinoma (19). A strong correlation between ERα and AR was noted in this study (0.499, p<0.001), which is similar to a previously recorded close association noted between the two markers (p<0.01) (19).

AR immunoreactivity has been shown to range between 38% and 81% in MBC (20) and the presence of it has shown to correlate with better overall survival in MBC (21). The AR expression shown in this study supports the use of non-aromatising androgen therapies, such as dihydrotestosterone, which has shown good response rates in patients with prolonged pubertal gynaecomastia (22).

One intriguing finding in our study is the inverse correlation between ERα expression and age with a decrease in its expression with the increase in patient’s age. To our knowledge, this is a novel finding and is different from the female breast where ERα expression has been shown to increase in mammary epithelium of post-menopausal women, likely a response to decreased circulating levels of oestrogen and increased sensitivity of the receptors (23, 24). The reason for this finding in the male breast awaits further studies but may be due to the relative increase of serum estradiol relative to androgen in elderly men or disturbances in the local breast tissue response to estrogen due to the decreased inhibitory effect of androgen as a result of aging. Table 6 summarises the expression of hormone receptors in non-neoplastic and malignant breast lesions in men and women as reported in the literature.


Table 6 | Comparative expression of hormone receptors in gynecomastia and male and female breast cancer.



Within our current study, 99% of samples were deemed ERα positive. High percentages of ERα positivity have been documented in both gynaecomastia and MBC at 100% and 87% expression respectively (30). Cases of MBC are often found to have a high percentage of ERα expression compared to female breast cancer (83% and 68% respectively) (30).

Another novel finding is the high expression of ERß isoforms, ERß1 and ERß2, in all the gynaecomastia lesions examined. In addition to the localisation in the lesional epithelial cells, ERß isoforms were also expressed in the stromal cells suggesting a role of ERß in the pathogenesis of gynaecomastia. Nicoletti et al. confirmed high levels of ERß RNA expression in primary cultured cells from 50 examples of male pubertal gynaecomastia including in stromal cells (31). They concluded that the data support a role of ERß in the pathophysiology of pubertal gynaecomastia. However, that same study noted a significant inverse correlation between AR and ERα (p<0.01) in carcinoma (31). An inverse correlation was also noted between AR and PR (p<0.01) in carcinoma cases. In contrast, our study noted a significant positive correlation between AR and PR (0.281, p=0.005), indicating that the relationship between biomarkers within gynaecomastia is distinctly different from malignant male breast lesions.

Little information is available on the basal and luminal cytokeratin expression in gynaecomastia. Here, we confirm the previously reported tri-layered pattern of expression of outer and inner positive basal cells enclosing a middle luminal layer. Within this tri-layer epithelium of gynaecomastia lesions, CK5/6 and CK14 are commonly expressed, 67% and 21% respectively in the inner luminal layer, 6% and 1% respectively in the intermediate luminal layer, and 84% and 99% respectively in the outer myoepithelial layer2. Our study showed similar results of 68.9% expression of CK5/6 and 57% expression of CK14 within glandular epithelium. Basal cytokeratins therefore can be used in the diagnostic setting to confirm hyperplasia. In the female usual ductal hyperplasia, the expression of basal cytokeratins occurs in a heterogeneous/mosaic fashion with positive basal like cells admixed with negative luminal cells (4). Awareness of the different patterns of the immunohistochemical expression of CK5/6 and CK14 in the male and female hyperplastic lesions is important to avoid mistaking the tri-layered pattern in male breast for Pagetoid spread/atypia. It is of note that, in male breast cancer, a basal profile is extremely uncommon (5, 32, 33).

In conclusion, we report on the morphological and immunohistochemical features of a large cohort of male breast gynaecomastia lesions received in a large single institution over 11 year period. The majority of the lesions showed hyperplasia, exhibited high levels of oestrogen and progesterone receptors as well as androgen receptors. We confirm, for the first time, the abundance of ERß isoforms, both in the epithelial and stromal elements, and the negative association between ERα and age. The findings suggest a major role of hormonal factors in the pathogenesis of gynaecomastia and the value of anti-hormonal therapy in the medical management of this common condition. Using hormone receptors basal cytokeratins and ki67 can help differentiate florid examples of hyperplastic male breast lesions from the malignant mimics.
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A primary difference between black women (BW) and white women (WW) diagnosed with breast cancer is aggressiveness of the tumor. Black women have higher mortalities with similar incidence of breast cancer compared to other race/ethnicities, and they are diagnosed at a younger age with more advanced tumors with double the rate of lethal, triple negative breast cancers. One hypothesis is that chronic social and economic stressors result in ancestry-dependent molecular responses that create a tumor permissive tissue microenvironment in normal breast tissue. Altered regulation of N-glycosylation of proteins, a glucose metabolism-linked post-translational modification attached to an asparagine (N) residue, has been associated with two strong independent risk factors for breast cancer: increased breast density and body mass index (BMI). Interestingly, high body mass index (BMI) levels have been reported to associate with increases of cancer-associated N-glycan signatures. In this study, we used matrix assisted laser desorption/ionization (MALDI) imaging mass spectrometry (IMS) to investigate molecular pattern changes of N-glycosylation in ancestry defined normal breast tissue from BW and WW with significant 5-year risk of breast cancer by Gail score. N-glycosylation was tested against social stressors including marital status, single, education, economic status (income), personal reproductive history, the risk factors BMI and age. Normal breast tissue microarrays from the Susan G. Komen tissue bank (BW=43; WW= 43) were used to evaluate glycosylation against socioeconomic stress and risk factors. One specific N-glycan (2158 m/z) appeared dependent on ancestry with high sensitivity and specificity (AUC 0.77, Brown/Wilson p-value<0.0001). Application of a linear regression model with ancestry as group variable and socioeconomic covariates as predictors identified a specific N-glycan signature associated with different socioeconomic stresses. For WW, household income was strongly associated to certain N-glycans, while for BW, marital status (married and single) was strongly associated with the same N-glycan signature. Current work focuses on understanding if combined N-glycan biosignatures can further help understand normal breast tissue at risk. This study lays the foundation for understanding the complexities linking socioeconomic stresses and molecular factors to their role in ancestry dependent breast cancer risk.




Keywords: breast cancer risk, N-glycosylation, body mass index (BMI), glycomics mass spectrometry, ancestry, breast cancer disparities



Introduction

A primary difference between Black women (BW) and White women (WW) diagnosed with breast cancer is the aggressiveness of the tumor (1–5). Not only do BW have higher mortalities with similar incidence of breast cancer compared to other genetic ancestries, but they are also diagnosed at younger ages with more advanced tumors including double the rates of lethal, triple negative breast cancers (TNBC) (2, 4–8). Contributing factors to this discrepancy include, but are not limited to, disparities in income, barriers to screening opportunities, differences in the quality of treatment, higher stages of disease at diagnosis and elevated incidence of TNBC (1, 5, 6, 8–12). Additionally, these factors can also contribute to BW experiencing an unequal burden of co-morbid diseases (e.g. obesity, diabetes and hypertension) that correlate overall differences in lifestyles as well as barriers to medical services (4, 11–13).

A study assessing prioritization of breast cancer risk factors determined that body mass index (BMI) and weight gain was listed as second only to Gail Model parameters [quantitative breast density, free estradiol, parity (yes/no), and age of menopause] in importance (14–16). Unfortunately, BW have the highest rates of overweight and obese BMI categories relative to other genetic ancestries in the United States (4, 11, 13, 17); compared to non-Hispanic whites, BW are about 50% more likely to be obese (9, 17). This is problematic as obesity and/or elevated BMI are associated with poorer breast cancer prognosis and/or increased mortality in both premenopausal and postmenopausal women (14, 18). In obese postmenopausal women, adipose tissue can act as the main source of estrogen biosynthesis (19); the higher the amount of adipose tissue the higher the levels of estrogen, thus the higher the risk for breast cancer (14, 20). Additionally, the increase in adipose tissue can also lead to a pro-inflammatory microenvironment that is activated and sustained by the nuclear factor kappa B (NF-kB) pathway (14, 19, 21, 22). NF-kB is constitutively active in many cancers and aids in the secretion of leptin, pro-inflammatory cells and cytokines like interleukins-1β (IL-1β) and interleukin 6 (IL-6) (22). In endothelial cells, a pro-inflammatory microenvironment can help accelerate cell proliferation, inhibit apoptosis, promote cell migration and invasion, and induce changes in cell-surface protein N-glycosylation, a glucose metabolism-linked post-translational modification (22–26).

Glycoproteins are abundant on cell surfaces and serve as one of the initial points of contact in orchestrated interactions that mediate cell-cell, cell-matrix and cell-molecule cross-talk in normal and cancerous tissue (24, 25, 27, 28). N-glycans play important roles in cell mobility, cell growth, intracellular signaling, metastatic capacity, and cellular immune properties (27, 29–31). Previous studies have demonstrated the importance of studying glycosylation and its regulation in breast cancer progression, as systemic changes in glycosylation are nonrandom and represent a hallmark of cancer progression (24, 29–37). However, equally important is understanding their implications in breast cancer control including risk, early detection, prognosis and therapeutic targets.

Aberrant alteration of N-glycosylation plays a significant role throughout breast cancer progression and influences clinical outcome (33, 38–47). Over many cancer types, changes to N-glycan sugar residue composition and branching structure contributes to processes including stroma-cell adhesive interactions, migration, immune recruitment, and malignant conversion (27, 29, 31, 33, 48). Increases in branching, outer arm fucosylation, and sialylation have all been associated with clinical cases of breast cancer and link to breast cancer subtypes (40–42, 49). In breast cancer, modifications of cell surface 2,6-sialylation alters cell-cell and cell-extracellular matrix (ECM) adhesion (50); loss of adhesive interactions is one of the first steps in metastatic pathways (31, 51). In advanced breast cancer, N-glycan complexity increases; N-acetyllactosamines have been associated with advanced HER2+ and triple negative breast cancer (43, 45). Additionally, a separate study found a core-fucosylated tetra-antennary glycan containing a single N-acetyllactosamine was associated with poor clinical outcomes in breast cancer (38). Throughout progression to metastasis, multiple genes along the N-glycan synthesis pathways are predictive of breast cancer diagnosis and indicators of breast cancer outcomes (33, 41, 52, 53). Notably although decades of research have pointed to contributions of glycosylation in breast cancer, studies evaluating breast tissue from donors at risk for breast cancer are rare. A single study reported that increases in breast density by mammography were associated with increases in biantennary digalactosylated glycans and decreases in trisialylated or outer-arm fucosylated glycans (49). Interestingly, this same study reported that high BMI increases cancer-like N-glycan features, trisialylated, triantennary, and outer-arm fucosylated glycans (49), suggesting links between lifestyle and N-glycan expression patterns. However, very little remains known regarding the specific glycosylation alterations that are present in breast cancer risk.

While there is a clear and strong association between Black ancestry and poor breast cancer prognosis (1–3), the underlying molecular factors remain to be elucidated. There is ongoing debate regarding whether the underlying cause of higher mortality is related to healthcare inequalities or due to ancestry dependent molecular features found in normal breast tissue that facilitate differences in breast cancer outcomes (2, 12). In this study, we hypothesize that lifestyle and socioeconomic stresses influence metabolism to result in altered N-glycosylation associated with breast cancer risk. To test this, we investigate N-glycan profiles from normal breast tissue with significant 5-year risk of breast cancer based on Gail score. Comparisons are made based on genetic ancestry, body mass index (BMI), and socioeconomic factors including marital status, income and education status. A main finding is that obese BW have a specifically altered set of N-glycans that involves fucosylation. Initial tests to investigate socioeconomic factors link increases in specific N-glycans to different stressors based on generic ancestry. These studies increase our understanding of the molecular foundations of breast cancer risk towards halting cancer and decreasing the impact of cancer on the individual, family and community.



Methods


Materials

High‐performance liquid chromatography–grade acetonitrile, ethanol, methanol, xylene, and water were obtained from Fisher Scientific (Pittsburg, PA, USA). Citraconic anhydride for antigen retrieval was obtained from Thermo Scientific (Bellefonte, PA, USA). Alpha‐cyano‐4‐hydroxycinnamic acid (CHCA) and Trifluoroacetic acid (TFA) were obtained from Sigma‐Aldrich (St. Louis, MO, USA). Recombinant PNGaseF PRIME™ was obtained from N‐Zyme Scientifics (Doylestown, PA, USA). Hematoxylin and Eosin (H&E) stains were obtained from Cancer Diagnostics (Durham, NC, USA).



Human Tissues

Archived normal breast tissue samples [BW n=43; WW n=43] were obtained from The Susan G. Komen for the Cure Tissue Bank at the IU Simon Cancer Center. A commercial breast cancer progression TMA was obtained from US Biomax, Inc. Use for the study was approved as exemption 4 status by the Medical University of South Carolina Institutional Review Board.



Tissue Preparation

After H&E staining, tissues were de-stained and processed for N-glycan analysis (54–59). For de-staining, the tissues underwent a series of xylene, ethanol and Carnoy’s solution washes before the tissue was prepped for imaging. Antigen retrieval was then performed using citraconic anhydride buffer [25 µL citraconic anhydride (Thermo Fisher Scientific, Waltham, MA) 2 µL 12M HCl, 50 mL HPLC grade water, pH 3.0-3.5]. N-glycans were then released using PNGase PRIME™ (N-Zyme Scientifics, Doylestown, PA) applied using an HTX M3 TMSprayer (HTX Technologies LLC, Chapel Hill, NC) with the following parameters: 25 µL/min, 15 passes, 45°C, 1200 mm/min velocity, and 0 mm offset. Slides were incubated at 37°C in humidity chambers for 2 hours and briefly dried under vacuum. Once dry, 7mg/mL of CHCA (Sigma Aldrich, St. Louis, MO) matrix in 50% acetonitrile, 0.1% TFA was applied using the same TMSprayer set to 0.1 mL/min for 10 passes at 78°C with a velocity of 1300 mm/min and a 1 mm offset.



N-Glycan Analysis Using MALDI-FT IMS

A Solarix dual source 7T FT-ICR mass spectrometer (Bruker Daltonik, Bremen, Germany) containing a SmartBeam II laser operating at 2000 Hz was used for analysis of released N-glycan ions. Ions were detected with a laser spot size of 25 µm using 200 laser shots per pixel with a stepsize of 100 µm. N-glycans were measured in positive ion mode with a 1.2059 s transient over mass range 700-5000. Data was analyzed using FlexImaging 5.0 and SCiLS Lab 2019c (Bruker Daltonik) normalized to total ion current. Exported peak intensities were transformed using natural log prior to statistical testing. Glycans annotated by accurate mass were assigned by hexose content. Putative structures are described using databases from previous imaging studies on human tissues using GlycoWorkbench (58, 60–67). Compositional accuracy of the glycan structures defined herein was determined based on accurate mass and prior structural characterizations by MALDI-FTICR MS, MALDI-TOF MS and LC-MS/MS (43, 45, 68).



Statistical Analysis

GraphPad version 9.02 was utilized for receiver operating characteristics (ROC) curve analysis and Mann-Whitney U test analyses. A ROC curve is a plot of Sensitivity versus 1-Specificity which generates an area under the curve (AUC) used as an effective measure of accuracy (69). The Mann-Whitney U test is a nonparametric test used to compare medians between two populations (70). To investigate how the associations between N-Glycan and socioeconomic covariates (e.g., Gail score, age, BMI, Household income, College, Graduate, Single and Married indicators) differ across white and black groups, we applied a groupwise envelope model which is a multivariate linear regression model identifying the material part of the responses to the estimation of the regression coefficients and removing the immaterial part to make the estimation more efficient (71). Using R version 4.1.2, a Box’s M-test was conducted to test the homogeneity of covariance matrices between races. The covariance matrices between white and black groups are not significantly homogeneous (p-value= 9.752e-07). We fit a linear regression using a groupwise envelope model of the logarithm of N-glycans for 21 genes selected by Mass. All variables were standardized and the heatmaps of regression coefficients for each group were displayed to see the relationship. In all statistical analyses, p-values <0.05 were reported as significant.




Results


Patient Cohort Characteristics Show Black Women and White Women Differ in BMI and Gail Scores

The patient cohort was comprised of Black women (BW, n=43) and white women (WW, n=43) with high risk of breast cancer. Stroma rich normal breast tissue microarrays (TMAs) from BW and WW with mapped ancestry were used for glycomics mass spectrometry analysis (Supplementary Figure 1, 2; Supplementary Table 1, 2). One sample from the BW cohort and one sample from the WW cohort were removed in future analysis because of missing ancestry data. The two groups were compared based on age, body mass index (BMI), education level, Gail score, household income and marital status (Tables 1,  2). A total of 13 BW samples and 13 WW samples did not have age, body mass index (BMI), education level, Gail score, household income and marital status information and were removed when assessing these factors between BW versus WW. Most of the factors being investigated were not significantly different between the two cohorts, with the exceptions of BMI [BW, n=30 Median BMI 32.2, 95% CI (29.63, 36.65); WW, n=30 Median BMI 24.45, 95% CI (24.45, 29.17); p-value = 0.002] and Gail scores [BW, n=30 Median Gail 9.40, 95% CI (8.43, 9.41); WW, n=30 Median Gail 10.35, 95% CI (9.91, 12.17); p-value<0.0001]. Further investigations and analysis in this study will be focused on BMI and Gail scores as important lifestyle factors to consider for racial disparities associated with breast cancer risk.


Table 1 | Patient cohort characteristics. Median and confidence intervals [CIs] for age.




Table 2 | Education level, household income, and marital status scoring categories.





N-Glycan Imaging of Normal Breast TMAs Reveal Distinct N-Glycan Peak Intensity Patterns

N-glycans are constantly regulated based on environmental and molecular factors (27). In order to understand the N-glycan alterations that may contribute to a breast cancer risk, the distribution of N-glycans were defined in normal breast tissues from BW and WW donors. A total of 53 N-glycans were identified using MALDI FT-ICR imaging mass spectrometry analysis on TMAs from BW and WW cohorts (Figure 1). A hierarchal cluster heat map of the total N-glycans demonstrates differential N-glycan peak intensity among all patients (Figure 1A). Receiver operating characteristics (ROC) curve analysis highlights 23 out of 53 N-glycans generated significant area under the curve (AUC) values when looking at BW versus WW (p-value <0.005) (Supplementary Table 3). ROC curve analysis between BW and WW revealed that out of all the glycans with a determined composition N-glycan 2158.777 m/z, Hex5dHex2HexNAc5 (2158 m/z) had the highest AUC (AUC 0.77; p-value <0.0001). Further analysis will focus on doubly-fucosylated N-glycan 2158 m/z and its variations that differ in the numbers of fucose (146 m/z) residues. In addition to 2158 m/z, ROC curve analysis between BW and WW had significant AUC values (p-value < 0.005) for N-glycans 1866.661 m/z, Hex5HexNAc5 (1866 m/z; AUC 0.70) and 2012.719 m/z, Hex5dHex1HexNAc5 (2012 m/z; AUC 0.71) (Figure 1B). Differential peak intensity patterns were observed in specific N-glycans 1866 m/z, 2012 m/z, and 2158 m/z that correspond to a non-fucosylated, singly-fucosylated, and doubly-fucosylated bianntenary N-glycans, respectively (Figure 1C). Overall, specific N-glycan intensity patterns are observed among women at risk for breast cancer.




Figure 1 | Specific N- Glycan patterns are observed among women at risk for breast cancer. (A) Hierarchal cluster heat map of 53 N-glycan from all patient samples with black boxes highlighting differences between Black women and white women. (B) Receiver operating curve (ROC) analysis of peaks 1866 m/z, 2012 m/z, and 2158 m/z showed area under the curve (AUC) values of 0.70, 0.71 and 0.77, respectively (p- value <0.005). (C) Peak intensity box plots of peaks 1866 m/z (HexHexNAc5), 2012 m/z (Hex5dHex1HexNAc5), and 2158 m/z (Hex5dHexHexNAc5)corresponding to a non-fucosylated, singly- fucosylated biantennary N-glycans.





Unique N-Glycan Peak Intensity Patterns Are Associated With Specific Socioeconomic Stresses in an Ancestry Dependent Manner

Ancestry has been shown to influence breast cancer risk (6, 72–77), however, less is known about ancestry-dependent changes in N-glycan regulation. To determine if differential N-glycan profile patterns observed in women are influenced by genetic ancestry, the same 53 N-glycans were further assessed between BW and WW. The mass spectra demonstrate slight differences in N-glycan peak intensities between BW and WW (Supplementary Figure 3). When looking at the three biantennary N-glycans, 2012 m/z demonstrated significantly higher intensity compared to 1866 m/z and 2158 m/z in both cohorts of women (p-value < 0.0001) (Figure 2A).




Figure 2 | Unique N-Glycan peak intensity patterns are associated with Black women and white women. (A) Peak intensities of N-glycans 1866 m/z, 2012 m/z and 2158 m/z analyzed from Black and White women. Each data point represents a patient (Black n=42 and White n=42). (B) Comparison of N-glycan peak intensifies show white women have higher intensifies compared to Black women for peaks 1866 m/z (p= 0.0009), 2012 m/z (p=0.0005) and 2158 m/z (p < 0.001) (C) Linear regression model with ancestry as group variable & socioeconomic covariates as predictors (p <0.0001). The numbers 400 (Strong Negative Association) on the color bar indicate the values of the regression coefficients.



When comparing N-glycan peak intensities between BW and WW, 2012 m/z was significantly upregulated in WW versus BW (Figure 2B). This trend of upregulated N-glycan peak intensities in WW relative to BW was maintained among the non-fucosylated 1866 m/z and doubly fucosylated 2158 m/z N-glycan peaks (p-value < 0.001; Figure 2B). The data suggests that women with high risk of breast cancer have distinct biantennary N-glycan expression patterns with potential ancestry-dependent influences.

Fitting a linear regression called a groupwise envelope model of N-Glycan on socioeconomic covariates with ancestry as group variables, N-glycan patterns were examined in relation to social and economic stresses by ancestry (p-value = 9.752E-7). Certain N-glycans were strongly associated with household income for WW, while the same N-glycans were strongly associated with marital status for BW (Figure 2C). The data suggests that metabolic patterns linked to socioeconomic stresses may contribute to ancestry-dependent breast cancer risk.



Differential N-Glycan Peak Intensities Are Observed Based on Ancestry and BMI

An important contributing factor of breast cancer risk that must be considered is a patient’s body mass index (BMI), as obesity affects specific genetic ancestry groups more than others (4, 11, 13, 17, 19, 78). While changes in glycosylation have been implicated in cancer progression, the relationship between BMI, glycosylation regulation and metabolomics has yet to be studied with respect to breast cancer risk. In order to further analyze potential contributing factors associated with the differential N-glycan profile intensities between BW and WW, the impact of BMI was explored.

Based on our patient cohort, BW had an overall higher BMI average compared to WW (p-value = 0.002; Figure 3A). BW and WW were categorized based on BMI groups for clinical relevance (Figure 3B). The BMI categories included Normal/Healthy (BMI: 18.5 – 24.9; BW = 4, WW = 17), Overweight (BMI: 25.0 – 29.9; BW = 8, WW = 5), and Obese (BMI: ≥ 30; BW = 18, WW = 8). The same N-glycan peaks (1866 m/z, 2021 m/z, and 2158 m/z) were analyzed based on the BMI categories. Regardless of ancestry, peak intensity for 2012 m/z was significantly lower in the Obese compared to the Normal BMI group (Figure 3C). Additionally, the 2158 m/z N-glycan peak intensity was significantly lower in the Obese BMI group compared to both Normal and Overweight BMI groups. BMI categories were then compared between the BW and WW cohorts. N-glycan peaks 1866 m/z and 2158 m/z showed differential regulation only within the Obese group; Obese WW had significantly higher intensities of both N-glycans compared to the Obese BW (p-value <0.01; Figure 3D). These data suggest that the differential N-glycan patterns observed between the two cohorts may be influenced by ancestry and/or BMI.




Figure 3 | N-Glycan peak intensify analysis based on BMI (Normal, Overweight and Obese) of all patients. (A) Distribution of patient BMIs between Black women and White women cohorts. (B) Distribution of Black women and White patients based on BMI categories: Normal (18.5 – 24.9). Overweight (25.0 – 24.9), and Obese (≥30.0). (C) Comparing peak intensifies between BMI categories for N-glycans 1866 m/z and 2158 m/z based on BMI categories.





N-Glycan Intensity Peak Patterns Differ by Ancestry Even While Controlling for BMI, Gail Score and Menopausal Status

To determine if the observed differential N-glycan peak intensities are BMI dependent, N-glycan profiles of BW (n=25) and WW (n=25) with similar BMI distributions were analyzed (Supplementary Figure 4; Supplementary Table 4, 5). Five BW from the Obese group and five WW from the Normal/Healthy group were removed to create a data subset of women with similar BMI distributions (p-value = 0.145; Supplementary Figure 5A). After controlling for BMI, BW and WW were again categorized based on BMI groups for clinical relevance (Supplementary Figure 5B). Patient specific peak intensities for 1866 m/z, 2012 m/z and 2158 m/z show consistent trends as the original data where the intensity for 2012 m/z is significantly higher compared to 1866 m/z and 2158 m/z (Figure 4A). Comparing the three N-glycan intensities by ancestry shows that WW have higher N-glycan intensities for 1866 m/z, 2012 m/z and 2158 m/z relative to BW N-glycan intensities (Figure 4B). ROC curve analysis reveals high AUC values for N-glycans 1866 m/z (AUC 0.66; p-value 0.055), 2012 m/z (AUC 0.67; p-value 0.035) and 2158 m/z (AUC 0.72; p-value 0.008) in the subgroup of patients with same BMI distributions (Figure 4C). Within the Obese group, N-glycans 2158 m/z (p-value 0.0016) and 1866 m/z (p-value 0.0111) remained significantly different between BW and WW even when controlling for BMI (Figure 4D). This data suggests that the significant differential peak expression observed between the Obese BW and WW may be ancestry-dependent.




Figure 4 | N-Glycan peak intensify analysis based on BMI (Normal, Overweight and Obese) of patient cohort with similar BMIs. (A) Comparing peak intensifies between N-glycans 1866 m/z, 2012 m/z from Black and White cohorts with similar BMIs. (B) Comparison of N-glycan peak intensifies show WW have higher intensifies compared to BW for peaks 1866 m/z (p = 0.0548), 2012 m/z (p = 0.0348) and 2158 m/z (p = 0.0076) (C) Receiver operating curve (ROC) analysis of peaks 1866 m/z, 2012m/z, and 2158m/z of patient cohort with similar BMIs show area under the curve (AUC) values of 0.66 (p-value = 0.055),0.67 (p-value = 0.035), and 0.72 (p-value = 0.008), respectively. (D) Comparing Black and White women peak intensifies of N-glycans 1866 m/z, 2012 m/z and 2158 m/z based on BMI categories.



To assess if the observed differential N-glycan intensities are dependent on Gail Score, BW (n=26) and WW (n=10) with similar Gail Scores (p-value = 0.840) were created as a subgroup (Supplementary Figures 6, 7; Supplementary Tables 6, 7). The three biantennary N-glycans did not show differential expression between the BW and WW when controlling for Gail Score (Supplementary Figure 6C).

Lastly, the menopausal status for each woman was included and showed that majority of the women were pre-menopausal (BW = 38, WW = 35) compared to post-menopausal (BW = 4, WW = 5). N-glycans 1866 m/z, 2012 m/z and 2158 m/z were then compared between BW and WW based on their menopausal status (Supplementary Figure 8). In the pre-menopausal group, WW had significantly higher relative peak intensities relative to BW for 1866 m/z (p = 0.0048), 2012 m/z (p = 0.0012) and 2158 m/z (p <0.0001) while no significant differences were observed in the post-menopausal group. On average, BW reach menopause about two years earlier (49 years) than the national median age (51 years) (79). It is also important to note that basal cell-like subtypes of breast cancer are more common in young pre-menopausal BW compared to post-menopausal BW and WW (80, 81).



Similar N-Glycan Peak Glycan Trends in Breast Cancer Risk Are Detected in Breast Cancer Progression TMAs

To better understand the implications of N-glycans in the context of breast cancer risk, analysis was done on breast cancer progression TMAs that range from hyperplasia, benign and inflammation to metastatic lymph nodes (Supplementary Figure 9A). N-glycan peak intensity patterns were assessed in the context of breast cancer progression and differential peak intensities can be observed in a hierarchical clustering heat map (Supplementary Figure 9b). Specific N-glycan peaks show distinct intensity patterns based on breast cancer progression TMAs (Supplementary Figure 10). More specifically, N-glycan 2012 m/z appears to have a higher peak intensity in the non-malignant TMAs [Normal, Hyperplasia, Benign, Inflammation, Normal Adjacent to the Tumor (NAT) and Adjacent to the Tumor (AT)] relative to the non-metastatic malignant TMAs (Stage 0 – III) (Figure 5A). When statistically comparing the peak intensities of N-glycan 2012 m/z, NAT cores had significantly higher intensity compared to non-metastatic malignant cores (p-value <0.01) (Figure 5B). ROC curve analysis for peak 2012 m/z comparing the breast cancer stages I-III to NAT shows significant ROC AUC values when comparing NAT vs. Stage I (AUC 0.84; p-value: 0.0192), NAT vs. Stage II (AUC 0.82; p-value: 0.005) and NAT vs. Stage III (AUC 0.84; p-value: 0.009) (Figure 5C). When comparing the peak intensity for 2012 m/z between malignant breast cancer stages, Stage 0 had significantly higher peak intensity compared to Stage II and Stage III (p-value <0.01) (Figure 5D). No significant difference was observed between Stage 0 and Stage I for 2012 m/z peak intensity. ROC curve analysis for peak 2012 m/z comparing the breast cancer stages 0-III show only significant ROC AUC values when comparing Stage 0 vs. Stage II (AUC 0.71; p-value: 0.007) and Stage 0 vs. Stage III (AUC 0.75; p-value: 0.009) (Figure 5E). When comparing Stage I vs. II, Stage I vs. III and Stage II vs. III, the ROC AUC values were not significant (Supplementary Figure 11). Similar peak intensity comparison and ROC curve analysis were done for N-glycans 1866 m/z (Supplementary Figure 12) and 2158 m/z (Supplementary Figure 13).




Figure 5 | N-glycan 2012 m/z has specific intensify patterns in breast cancer progression. (A) Imaging peak intensify heat map of breast cancer progression TMAS for 2012 m/z in Benign, Inflammation, Hyperplasia, normal adjacent to the tumor (NAT), Adjacent to the tumor (AT), Stages 0-III, and Metastatic Lymp TMA cores. (B) Mann Whitney analysis of N-glycan peak 2012 m/z comparing intensifies between Normal Adjacent to the Tumor (NAT) and malignant cores Stages 0-III (* = p-value<0.05; ** =p-value <0.01). (C) ROC curve analysis for peak. 2012 m/z looking at NAT vs Stage IIIA/B (ROC AUC 0.847, p-value 0.009). (D) Mann Whitney analysis of N-glycan peak 2012 m/z comparing intensifies between Stages 0-III (** = p- value <0.01). (E) ROC curve analysis for peak 2012 m/z looking at Stage 0 vs stage IA/B (ROC AUC 0.71, p- value 0.069), Stage 0 vs Stage IIA/b (ROC AUC 0.75, p-value 0.009). NS, Not Statistically Significant.



Interestingly, in addition to high intensity in non-malignant cores, the high 2012 m/z peak intensity is returned in the metastatic lymph TMAs (Figure 5A). Comparative analysis reveals that 1866 m/z, 2012 m/z and 2158 m/z have distinctive patterns in metastatic lymph node TMAs (Supplementary Figure 14). All three N-glycans were upregulated in metastatic lymph cores relative to non-metastatic malignant and non-malignant cores (Supplementary Figures 14 A–C). More specifically, peaks 1866 m/z and 2012 m/z showed significant upregulation of peak intensity in metastatic lymph cores compared to non-metastatic breast malignant cores, Stages I-III. Peak 2158 m/z, however, showed significant peak intensity elevation compared to the non-malignant benign breast cores in addition to Stages II-III cores. ROC curve analysis was conducted for peaks 1866 m/z, 2012 m/z and 2158 m/z (Supplementary Figures 14 D–F). Further analysis must be done to determine if the observed differences are driven by different tissue type, N-glycosylation regulation during cancer progression or due to changes in glycoprotein carriers.




Discussion

Current U.S. statistics show that Black women have higher rates of overweight/obese body mass indexes (BMIs) relative to white women (82, 83) and this is also shown in our data. BMI disparity is important to note because BMI and weight gain have been recognized as an important risk factor for breast cancer (11, 14, 16, 17, 19, 78, 84–86). One study found that a 5 kg/m2 increase in BMI corresponded to a 2% increase in breast cancer risk (78). Specifically in BW, obesity has been linked to increased incidence of a specific and more aggressive type of breast cancer, triple negative breast cancer (TNBC) (11, 80, 87). Black women not only experience an unequal burden of obesity (13, 17), but are diagnosed with breast cancer at younger ages and at higher rates of aggressive breast cancer types relative to WW (2, 4, 5, 11).

In the current study, we report that certain glycans show lower ancestry-dependent expression levels in normal breast within the obese groups when stratifying by BMI. We further detected a specific singly-fucosylated N-glycan structure (m/z = 2012) decreased in BW. We showed that in breast cancer progression, the same specific singly-fucosylated N-glycan structure (m/z = 2012) was decreased in malignant breast cores (stages I-III) compared to non-malignant breast samples (hyperplasia, inflammation, normal adjacent and normal). This suggests that glycosylation patterns from WW follow non-malignant breast tissue patterns, while BW follow glycosylation patterns more similar to tumor. Differences in baseline glycosylation in normal breast tissue may be contributing to specific differences in breast stromal biology disproportionally affecting BW. While previous studies have shown that increased fucosylation is associated with malignancy (38, 41, 88–90), one study found that a specific fucosylated glycan structure had been shown to be relatively higher in normal breast compared to breast tumors, both from breast cancer patients (91). Based on the previous findings and our current study, it may not be appropriate to generalize fucosylation patterns in breast tissue as distinct fucosylated structures may have distinct associations in normal versus malignant tissue. To our knowledge, this is the first study to look at the specific fucosylation structures (e.g. 2012 m/z) in normal breast tissue from women without cancer. Thus, the fucosylated N-glycan 2012 m/z observed here may be more closely associated with non-malignant breast tissue relative to malignant breast cancer. Overall, specific ancestry-dependent glycosylation patterns in BW normal breast tissue fall within glycosylation trends detected in early to late breast cancer progression.

Fucosylation is a well-known glycosylation modification that has been well characterized in cancers (32, 35, 38, 48, 49, 92, 93). Variations in fucosylation linkages such as outer-arm fucosylation and core-fucosylation have distinct implications for cancer biology (27, 28, 32, 35, 38, 42, 92). In fact, increased fucosylation, both core and branched segments, have been observed in malignant transformation in many cancers such as breast (38, 41), liver (66), pancreatic (94), prostate (61) and colorectal cancers (95). One study reported a single core-fucosylated polylactosamine glycan was associated with poor clinical outcomes in breast cancer (38). Further, epithelial to mesenchymal transformation (EMT) relies on core-fucosylation (88, 90, 96). In normal tissue converting to malignancies, it is possible that the pattern of emergence involves changes from branched to core fucosylation. There are very few reports on glycosylation in normal breast and breast tissue at risk for cancer. However, a serum study reported that higher BMI was associated with increases in branching and outer-arm fucosylation; and that decreases in core-fucosylation were detected in normal breast and breast cancer patients with increasing BMI (49). Additionally, the same study found that higher mammographic density was associated with decreases in outer-arm fucosylated tri- and tetra-antennary glycans (49). Mammographic density and BMI, both important breast cancer risk factors (49, 84, 97, 98), were observed to have inverse trends of outer-arm fucosylation (49). Studies looking at the relationship between BMI and mammographic density have shown conflicting results (77, 84, 99); however, one study found that the association between mammographic density and breast cancer risk appeared to be the strongest in obese African American women relative to other ancestries (77).

It is important to note that the current data does not determine whether it is the breast epithelium or the stroma driving the observed glycosylation patterns as the sampling strategy did not allow for cellular annotation. Our current studies on normal breast at risk focus on identifying the cellular source of these N-glycans to assess their functional roles in the normal breast tissue microenvironment. Because the samples are stroma rich TMAs, it is possible that specific stroma composition may play a role in breast cancer outcomes that is additionally altered by BMI status. For instance, obesity has been linked to an increased incidence of TNBC in premenopausal and postmenopausal African American women (80). Further, changes in BMI are associated with both metabolic and immune response pathways (100) and immune profiles have been seen to differ by ancestry (101). Thus, the differences in fucosylation observed in WW relative to BW with high risk of breast cancer may contribute to the disparity in tumor aggressiveness. Additionally, changes in N-linked glycoproteins such as HER2 receptors (43) and epidermal growth factor receptors (EGFR) (89) that have been observed in breast cancer progression could be differentially glycosylated between BW and WW. Based on current literature and our findings, it is possible that in normal tissue, changes in fucose patterns may be contributing to a tumor-permissive microenvironment associated with more severe breast cancers influenced by genetic ancestry and BMI. A limitation of this exploratory study on BMI is that multiple comparisons among the limited number of women may increase the false discovery rate of the findings. Work is in progress to investigate ancestry-dependent patterns of core versus outer-arm fucosylated N-glycans in normal breast tissue with high risk of breast cancer.

Finally, our initial studies using linear regression data revealed distinct N-glycans associated with specific socioeconomic factors by ancestry. Previous literature supports the link between socioeconomic factors and their effects on health (102–107). One study found that maternal education level, compared to paternal education level, may be less important in influencing the risk of low birthweights, a positive association for breast cancer risk (108), in black families (106). Additionally, childhood socioeconomic status may also contribute to health outcome in adulthood (102) implying intergenerational socioeconomic stresses can contribute to epigenetic modifications and poor health. The relationship between socioeconomic stresses and health impact is not a novel concept; generally, distinct biological alterations could be considered to be a reflection of different socioeconomic conditions (109–111). However, the affect socioeconomic status has on specific biological factors, processes and modifications contributing to development of disease such as breast cancer is poorly understood. Our results suggest that from a subset of N-glycans significantly altered by ancestry, certain N-glycans were strongly associated with household income for WW, while the same N-glycans were strongly associated with marital status for BW. This may imply that immune responses triggered by specific lifestyle stressors are different throughout WW and BW; future studies should look at glycosylation changes associated with immune components. This research is promising towards linking molecular markers to socioeconomic stress. However, more research needs to be done to identify specific N-glycan biomarkers associated with socioeconomic stresses like household income and marriage in order to determine which glycan signatures are associated with increased breast cancer risk. This broadens our understanding of glycosylation regulation and the possibility that such regulation may be influenced by socioeconomic stressors. To our knowledge, this is the first study to investigate N-glycan patterns associated with socioeconomic stresses that may differ by ancestry. This is important because it contributes to the understanding of the complexities linking socioeconomic stresses and molecular factors to breast cancer risk and aggressiveness in black women. Additional factors to consider include family size, childhood socioeconomic status, and educational quality as these are factors that can also play a role in the ongoing health disparities BW face.

In summary, breast cancer is now the leading cause of cancer death among women and disproportionately affects BW at significantly higher rates than WW. Thus, there is great need to close this gap and lower the overall breast cancer related death rates. Improving breast cancer prognosis and death rates requires a research focus on cancer control and prevention. Our study focused on ancestry-dependent glycosylation patterns in normal breast tissues from women at risk for breast cancer. We demonstrated that unique N-glycosylation patterns in normal breast tissues can differentiate BW from WW with high risk of breast cancer. More specifically, we revealed that in tissue at risk for breast cancer, decreases in specific fucosylated glycans in BW relative to WW may contribute to differences in breast stroma biology that could account in part for differences in breast cancer subtypes. Future studies should aim to investigate cell-specific N-glycan molecular signatures in breast tissue and immune cells and their roles in creating a tumor-permissive tissue microenvironment.
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Personalised approaches to the management of all solid tumours are increasing rapidly, along with wider accessibility for clinicians. Advances in tumour characterisation and targeted therapies have placed triple-negative breast cancers (TNBC) at the forefront of this approach. TNBC is a highly heterogeneous disease with various histopathological features and is driven by distinct molecular alterations. The ability to tailor individualised and effective treatments for each patient is of particular importance in this group due to the high risk of distant recurrence and death. The mainstay of treatment across all subtypes of TNBC has historically been cytotoxic chemotherapy, which is often associated with off-target tissue toxicity and drug resistance. Neoadjuvant chemotherapy is commonly used as it allows close monitoring of early treatment response and provides valuable prognostic information. Patients who achieve a complete pathological response after neoadjuvant chemotherapy are known to have significantly improved long-term outcomes. Conversely, poor responders face a higher risk of relapse and death. The identification of those subgroups that are more likely to benefit from breakthroughs in the personalised approach is a challenge of the current era where several targeted therapies are available. This review presents an overview of contemporary practice, and promising future trends in the management of early TNBC. Platinum chemotherapy, DNA damage response (DDR) inhibitors, immune checkpoint inhibitors, inhibitors of the PI3K-AKT-mTOR, and androgen receptor (AR) pathways are some of the increasingly studied therapies which will be reviewed. We will also discuss the growing evidence for less-developed agents and predictive biomarkers that are likely to contribute to the forthcoming advances in this field. Finally, we will propose a framework for the personalised management of TNBC based upon the integration of clinico-pathological and molecular features to ensure that long-term outcomes are optimised.
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1. Introduction

Breast cancer (BC) is the most common cancer affecting women and is the leading cause of cancer-related death in women worldwide (1). Triple-negative breast cancer (TNBC), a highly heterogeneous subtype, represents approximately 15% of all breast cancers (2). TNBC behaves aggressively, has a poorer prognosis, and a higher risk of distant relapse and death relative to other BC subtypes (2). Genomic and transcriptomic data have enhanced our ability to understand the TNBC taxonomy and have enabled the identification of new therapeutic targets. The development of new therapeutic options and optimisation of personalised management strategies is critical in improving outcomes for affected patients.

This review provides an overview of contemporary practice in the treatment of early-stage TNBC and highlights promising future directions. We will discuss the growing evidence for newer therapies predicted to contribute to forthcoming advances in this field, and propose a framework for the personalisedmanagement of TNBC based upon the integration of clinical and molecular features.



2. Diagnosis and Clinical Presentation

TNBC is characterised by the absence of oestrogen (ER) and progesterone (PR) receptor expression, in addition to the absence of HER2 amplification as measured by immunohistochemistry or fluorescence in situ hybridisation. TNBC is disproportionately seen in younger women, as well as in Hispanic and African American populations (3). Disease-free intervals following primary treatment of early-stage (I–III) TNBCs are often short. The recurrence rate is 25%, with the highest risk of recurrence in the first three years after diagnosis and a median time to relapse after surgery of 18.8 months (4). Metastatic TNBC (mTNBC) exhibits a more aggressive phenotype than other BC subtypes, as demonstrated by a shorter chemotherapy response duration, and a shorter overall survival (OS) (median 13.3 months) (5).



3. TNBC Heterogeneity

TNBC is a heterogeneous disease with significant inter- and intra-tumour heterogeneity (6–8). Multiple efforts have focused on adequately addressing this biological complexity to enable the tailoring of therapeutic options to individual tumour characteristics.


3.1. Histological Subtypes

The current clinical definition of TNBC encompasses multiple histological subtypes. Approximately 85% of TNBCs are morphologically defined as invasive carcinoma of no special type (IC-NST). The remaining TNBCs are less common tumours of a special type, which are collectively associated with a poor prognosis (9). Individual special types display distinct pathological and molecular characteristics and prognoses. Tumours of indolent course include adenoid cystic, secretory and tubular carcinomas. Medullary histology is associated with a good prognosis and high response rates to chemotherapy, whereas metaplastic tumours show differentiation towards squamous epithelium with mesenchymal components and are frequently chemoresistant (10). An accurate histological examination marks the first step towards the identification of key mechanistic features that could be exploited for direct treatment (Table 1).


Table 1 | Histological special subtypes of TNBC.





3.2. Molecular Subtypes

Numerous efforts to build upon the molecular classification of TNBCs have been proposed (Table 2). Here we review the most recognised classifiers that utilise genomic and transcriptomic data and summarise their predictive value when tested in early TNBC clinical cohorts. Many other classification approaches have been proposed (Table S1), with the absence of clinical evidence for treatment response limiting their use.


Table 2 | Common TNBC Classification Methods.




3.2.1. Intrinsic Subtypes

Breast cancers can be classified into six intrinsic molecular subtypes by gene expression (GE) profiling (17, 24) as follows: Luminal A, Luminal B, Her2 enriched, normal-like, basal-like, and Claudin low. Each subtype is identified within the TNBC group as defined by immunohistochemistry. Basal-like tumours are most frequent (50–75%). However, they are not exclusive to the TNBC phenotype (24). The claudin-low subtype represents 25–40% of TNBC and was more recently introduced (25).

Basal-like tumours are characterised by the presence of cytokeratins typically expressed by the basal layer of the skin, widespread genomic instability, high proliferation markers, loss of function of BRCA1, and dysregulation of MYC and RB1 pathways (24). Claudin-low tumours have several features in common with basal-like tumours but are uniquely characterised by low levels of cell adhesion proteins, the enrichment of mesenchymal traits and stem cell features (26). Luminal tumours overexpress a ‘luminal signature’ containing ESR1, GATA3, FOXA1, XBP1, and MYB. Her2 amplification concomitantly with overexpression of HER2-amplicon-associated genes defines the Her2 enriched subtype (24).

Intrinsic subtypes provide independent predictive information regarding the response to neoadjuvant chemotherapy (NACT) when considering all subtypes of breast cancer, although not consistently for the TNBC cohort when viewed in isolation. Claudin-low tumours are associated with lower pathological complete response (pCR) rates compared to basal-like subtypes (27). In a subgroup analysis of the BrighTNess trial, pCR rates were higher for basal-like vs. non-basal tumours (52.3% vs 35.4%, p=0.003) (27). In contrast, no difference in pCR rate was observed with the addition of carboplatin for patients with basal-like TNBC vs non-basal TNBC in the CALGB40603 study (28). These results illustrate that the predictive value often linked to the basal-like subtypes has not always been reproduced in the early setting of TNBC, making intrinsic subtypes less reliable biomarkers of response within this group.



3.2.2. Lehmann/Pietenpol Subtypes

Lehmann et al. selected clustering analyses to identify six TNBC subtypes displaying unique GE patterns and ontologies. Each subtype is characterised by the activation of specific signalling pathways that lead to a selective response to targeted therapies in vivo (18). Additional histopathological quantification and laser-capture microdissection prompted a refined classification with only four tumour-specific subtypes (TNBCtype-4). The original immunomodulatory and mesenchymal stem-like subtypes were deemed to originate from infiltrating lymphocytes and tumour-associated stromal cells, therefore excluding the impact of these elements from the classification. The new approach demonstrated differences in clinical baseline characteristics and both local and distant disease progression (29). Basal-like 1 (BL1) revealed increased markers of proliferation and elevated expression of the DNA damage response (DDR) genes. Basal-like 2 (BL2) is characterised by features of basal/myoepithelial origin and activation of growth factor pathways such as EGF, NGF, MET, Wnt/β-catenin, and IGF1R. The mesenchymal (M) subtype displays activation of pathways involved in epithelial–mesenchymal transition (EMT), cellular differentiation, and growth pathways. Luminal androgen receptor (LAR) tumours are characterised by high expression of androgen receptor (AR) and downstream AR targets, and enrichment of pathways involved in steroid synthesis, porphyrin metabolism, and androgen/oestrogen metabolism (18).

A retrospective analysis from the validation cohort of the TNBC subtype classification presented by Masuda et al. showed that the likelihood of pCR with NACT was subtype dependent. BL1 had the highest pCR rate; BL2 and LAR had the lowest. TNBC subtypes demonstrated improved pCR predictions compared to intrinsic subtypes (basal-like vs. non-basal) (30). In a retrospective analysis of clinically annotated microarray datasets of BC patients, TNBC type-4 subtyping was not associated with significant differences in pCR in the TNBC subgroup. However, the overall incidence of pCR for the subtypes demonstrates trends similar to those observed in previous studies. BL1 displayed the greatest pCR rate (41%), and LAR and BL2 displayed the lowest (29 and 18%, respectively). BL1 patients had significantly higher pCR rates compared with other subtypes (49% vs. 31%, p = 0.04) (29). Santonja et al. explored the performance of Lehmann subtypes and their association with pCR in 125 TNBC patients treated with neoadjuvant anthracyclines and/or taxanes with and without carboplatin, and their results agreed with previous reports (31). The pCR rate for carboplatin containing regimens was highest for BL1 tumours (80% vs 23%, p = 0.027). LAR tumours had the lowest pCR rate for all treatments (14.3% vs 42.7%, p = 0.045).



3.2.3. Burstein Subtypes

Burstein and colleagues applied non-negative matrix factorisation clustering to identify four distinct TNBC subtypes characterised by key molecular features and prognosis: LAR, mesenchymal, basal-like immunosuppressed (BLIS), and basal-like immune-activated (BLIA). BLIS and BLIA had the best and worst clinical outcomes, respectively. LAR and mesenchymal subtypes revealed significant overlap with Lehmman’s classification. Burstein’s subtypes based on immune signalling (BLIA, BLIS) revealed a combination of BL1 and BL2 subtypes (19).



3.2.4. FUSCC Classification

Liu et al. developed a classification system based on the transcriptome profiles of both messenger RNAs and long non-coding RNAs to divide TNBC into four distinct clusters. Cluster A: immunomodulatory subtype, Cluster B: luminal androgen receptor subtype (LAR), Cluster C: mesenchymal-like subtype, and Cluster D: basal-like and immune-suppressed (BLIS) subtype. No significant difference in prognosis was found between the four subtypes. Tumours classified as the BLIS subtype experienced poorer relapse-free survival (RFS) compared with all other subtypes (20, 32). Further classification of BLIS tumours based on their homologous recombination deficiency (HRD) status (33) showed that high-HRD BLIS TNBCs and low-HRD BLIS TNBCs exhibited distinctive genomic characteristics and prognoses. Patients with tumours defined as low-HRD had a worse prognosis than those in the high-HRD subgroup (5-year RFS of 73 and 95%, respectively, p = 0.002) (32).



3.2.5. Integrative Clusters

Combining GE and DNA copy number analysis within the METABRIC dataset further expanded the taxonomy of breast cancer (22). Eleven Integrative Clusters (IntClust) with distinctive copy number profiles and clinical outcomes were identified. TNBCs are most frequently classified as IntClust 4ER- or IntClust 10. Rueda et al. showed that patients with tumours classified as IntClust 10 (n = 222) have a low probability of late relapse (five years after diagnosis), while those classified as IntClust4ER- (n = 73) show a persistent and increasing risk of relapse or cancer-related death after 5 years. Classification by immunohistochemistry or intrinsic subtypes did not show this risk (21). The predictive value of IntClust to define response to NACT is yet to be fully established.



3.2.6. Prado-Vasquez Classification

Prado-Vasquez et al. developed a probabilistic graphical model to classify the cellular components of tumours into four groups based on the ‘stem cell hypothesis,’ defined based on the grade of development of the cells from which they derived luminal (LAR), basal, claudin-high (CLDN-high), and claudin-low (CLDN-low). The sparse k-means method was used to define high or low immune activity and to classify the tumour as immune metanode positive or negative. Immune metanode activity was prognostic overall, and particularly in the luminal group defined by the cellular classification and TNBC type4-LAR (23).

Combining molecular knowledge with patient management is an increasingly accepted technique across tumour types. In early TNBC, lack of reproducibility and the absence of a unified approach have led to the continuous use of unselected clinical strategies that remain insufficient. Stable commonalities among the classification methods of molecular subtyping in TNBC suggest the presence of clear biological groups suitable for personalised therapeutic interventions. For instance, luminal-like and mesenchymal tumours are consistently identified across the methods with decent overlap and reproducible outcome data. Moreover, most methods include a measurement of the interaction between tumours and the immune response, highlighting the importance of considering this element as a key component of the TNBC taxonomy. Overall, these efforts provide the basis for understand how the molecular complexity of TNBC influences outcomes. Considering the treatment response due to dynamic network interaction, rather than focusing on individual static components, is likely to have more predictive power. But even with reproducible and reliable classification, delivering this in a clinical timeframe suitable for neoadjuvant therapy decision-making remains a challenge.





4. Overall Approach to the Treatment of Early Stage TNBC

Therapeutic options for early TNBC have traditionally been limited to cytotoxic chemotherapy, surgery, and radiotherapy. Significant advances in basic and clinical research have led to tangible improvements in the current therapeutic arsenal. The FDA has now approved pembrolizumab immunotherapy for use along with chemotherapy for high-risk early-stage TNBC following survival data from the KEYNOTE-522 trial (34). This has established immunotherapy as a new standard of care in the United States, and it is anticipated to reach clinical practise in other countries in the near future. Similarly, the recent FDA approval of Olaparib for the adjuvant treatment of high-risk germline BRCA (gBRCA) carriers following results of the OlympiA trial is expected to reshape clinical practice (35). These encouraging developments highlight the importance of a personalised treatment approach and focus attention on the unresolved challenges of appropriate patient selection and derived toxicity.

Closing the gap between preclinical advances and the clinical setting remains a prolonged and challenging process.


4.1. (Neo)adjuvant Chemotherapy

The effect of polychemotherapy compared with no chemotherapy across all BC subtypes was assessed as part of the 2012 Early Breast Cancer Trialists’ Collaborative Group (EBCTCG) meta-analysis of 32,000 patients. This resulted in a ~50% reduction in 2-year recurrence and a 20–25% decrease in BC (36). Chemotherapy is particularly important in managing TNBC as these tumours demonstrate a better response compared to other subtypes of BC and the importance of achieving and optimising the early treatment response in these tumours is well recognised.


4.1.1. Anthracyclines

Anthracyclines target cell proliferation pathways by interacting with DNA gyrase and leading to DNA double-strand breaks (DSBs). The ABC trials proved that the addition of an anthracycline to taxane and cyclophosphamide improved patient outcomes, with the greatest benefit in high-risk patients, those with lymph node involvement or hormone-negative disease (37). More recently, a large meta-analysis by Braybrooke et al. found an 18% reduction in the 10-year recurrence risk with the addition of anthracycline to taxane chemotherapy, as compared to taxane alone (38). There are multiple anthracycline-taxane-based regimens now in use, with evidence to support one “optimal” standard of care regimen for TNBC lacking (39).

Anthracycline-free chemotherapy regimens are considered when cardiotoxicity is a concern, and routine use of such regimens for treatment de-escalation is an area of increasing interest (40) (see Table 3). Evidence regarding efficacy as a standard treatment for TNBC is conflicting, although a recent meta-analysis has established anthracycline-free chemotherapy to be acceptable for lower risk, early-stage HER2-negative BC (39).


Table 3 | Major clinical trials evaluating adjuvant anthracycline-free chemotherapy regimens for patients. with stage I-III TNBC.





4.1.2. Microtubule Targeting Agents

Taxanes inhibit cell division by stabilising microtubules, preventing depolymerisation, spindle formation, and progression through the cell cycle. Paclitaxel and docetaxel are regularly used to treat early-stage TNBC. An EBCTCG meta-analysis showed that the addition of taxane to anthracycline resulted in a proportional reduction in mortality rates of 15–20% (36). The European Cooperative Trial in Operable Breast Cancer (ECTO) also demonstrated significant improvements in RFS and distant RFS (45). Although this evidence is not unique to TNBC, these studies provide the strongest evidence to support taxane use in this cohort. BL1 and BL2 tumours appear to derive an increased benefit from this drug class (46).

There are several novel alternatives to traditional taxanes under investigation. Nab-paclitaxel is a solvent-free albumin-bound nanoparticle formulation of paclitaxel. It potentially enables higher intra-tumoural taxane concentrations, better efficacy, and improved tolerability. The GeparSepto (47) and ETNA trials (48) showed conflicting results with a significant difference in pCR rates seen only in GeparSepto (Table S2), which may reflect the relative dose intensities used.

Epothilones are promising alternatives to taxanes in development. These novel potent microtubule stabilisers can bypass common resistance mechanisms seen with taxanes, such as drug efflux pumps and β-tubulin. In the early setting, the phase 3 TITAN trial has shown similar efficacy and reduced rates of peripheral neuropathy, dose modifications, and discontinuation with Ixabepilone comparised with paclitaxel (49).



4.1.3. Platinum Salts

The clinical activity of platinum agents has been significantly associated with a DDR vulnerability in both sporadic and gBRCA-associated TNBC. Carboplatin is increasingly used in neoadjuvant regimens, improving both pCR and long-term outcomes (50). Please see section DNA Damage Response (DDR).



4.1.4. Capecitabine

Capecitabine is an oral prodrug of the antimetabolite 5-fluorouracil. Capecitabine is not currently recommended in clinical guidelines for the neoadjuvant or adjuvant treatment of TNBC, though it is selectively used as a post-neoadjuvant treatment for residual TNBC. Insights for use in the adjuvant setting are accumulating (Table 4), but in most cases, studies have not incorporated the molecular features of the TNBC cohort into the planned analysis for response assessment. The recent phase 3 CBCSG-010 trial for unselected patients with TNBC with concomitant use of capecitabine 1,000 mg/m2 and standard anthracycline-taxane adjuvant chemotherapy (ACT) established a significant 5-year disease free survival (DFS) benefit (53). This is supported by the FINXX trial (54) and the Ye et al. meta-analysis, which demonstrated improved DFS and OS with a tolerable increase in toxicity (56).


Table 4 | Major clinical trials evaluating capecitabine in patients with stage I–III TNBC.






4.2. Bone Modifying Agents

Adjuvant bisphosphonates are recommended for breast cancer patients with low-oestrogen status at high risk of relapse to decrease skeletal metastases and improve OS and DFS, as evidenced by the AZURE trial and the EBCTCG meta-analysis, both of which included patients of all BC subtypes (57, 58). While most of the evidence for bone modifying agents in TNBC comes from studies of patients receiving ACT, benefit is also probably derived in the neoadjuvant setting (59). A subgroup analysis of patients receiving neoadjuvant ZA alongside NACT in the AZURE trial led to improved pCR rates (60). The role of RANK-L remains under investigation. The D-CARE trial of adjuvant denosumab showed no improvement in bone metastasis free survival, invasive disease free survival (iDFS), or OS in high-risk early breast cancer. This suggests that the mechanisms by which bisphosphonates act against the metastatic potential of BC cells are broader and more sustained than the known effects on bone cell function (61).



4.3. Treatment Schedule


4.3.1. Neoadjuvant vs. Adjuvant Chemotherapy

Chemotherapy can be delivered in an adjuvant or neoadjuvant setting with no significant difference in long-term outcomes, as illustrated by the NSABP B-18, EORTC 10902, and IBBGS trials (62–64). More recently, an EBCTCG meta-analysis demonstrated no significant difference in distant recurrence or death between NACT and ACT but a more frequent local recurrence rate (65). A TNBC-specific meta-analysis suggested that NACT is associated with a comparable DFS but worse OS than ACT (66), perhaps explained by patients with higher disease burden being more likely to receive NACT. In this meta-analysis, patients who achieved pCR had superior OS and DFS compared to those treated with ACT. This evidence does not support the suggestion that NACT promotes cancer cell dissemination (67).

Advantages of NACT include downstaging tumours, resulting in increased rates of breast-conserving surgery and associated improved cosmesis and reductions in postoperative lymphoedema. Additionally, it allows the assessment of treatment response, provides valuable prognostic information (68), guide choice of post-surgical treatment and allows for ineffective treatment to be ceased to avoid unnecessary toxicity. NACT also provides an ideal platform for translational research, assessment of biomarkers, and genetic testing (69).

The same anthracycline/taxane-based regimens are typically used in NACT and ACT. Whether the scheduling of these combinations has any effect on efficacy has been the subject of extensive research. It is been shown that using taxanes and anthracyclines sequentially increases efficacy and decreases toxicity (70). Some evidence suggest that administration of taxane chemotherapy before anthracyclines is associated with improved pCR rates (71).



4.3.2. Dose-Dense and Metronomic Chemotherapy

There has been an increasing interest in personalising the treatment timetables to take patient and tumour characteristics into account. Dose-dense NACT is now a widely accepted treatment strategy for high-risk TNBC in order to prevent cancer cell repopulation (72). It has been consistently shown to improve the rates of pCR, breast-conserving surgery, and recurrence in hormone-low BC (73, 74). Although this regimen has not translated into a significant survival benefit (74), this approach should be considered in selected patients with a high disease burden. Dose-dense ACT improves DFS and OS rates in patients with low hormone receptor levels, although this is accompanied by increased toxicity and patients need to be selected carefully (75).

At the other end of the spectrum, metronomic chemotherapy is given at a minimum biologically effective dose either continuously or with minimal extended breaks from treatment to reduce severe toxicity. It is thought to have angiogenic, stroma-targeting, and immunostimulatory effects (76). It has been investigated as a single approach and is being used in combination to intensify standard chemotherapy. It may have a role as a maintenance therapy for high-risk patients or for use by patients who would not otherwise be able to tolerate the adverse effects of standard treatments. The SYSUCC-001 study showed significant improvement in 5-year DFS with 1 year of maintenance capecitabine (55). The IBCSG 22-00 trial confirmed a 7.9% reduction in the absolute risk of relapse in patients with node-positive TNBC (77) after 1 year of low-dose capecitabine and methotrexate maintenance treatment, although no improvement in DFS was observed.




4.4. Assessing Response to NACT

Residual Cancer Burden (RCB) classifies tumour response to chemotherapy using a numeric score based on four characteristics of surgical outcome: primary tumour bed dimensions; cellularity fraction of invasive cancer; size of largest metastasis; and number of positive lymph nodes (68). Four prognostic categories were established (Table 5). It has been shown that NACT achieves a pCR in slightly over a third of patients with TNBC, and these patients enjoy excellent long-term survival outcomes (78, 79). Higher rates of pCR following NACT are seen in TNBC as compared to other subtypes, despite the high rate of disease relapse in this cohort. This is believed to derive from poor outcomes in patients with residual chemotherapy-resistant disease (80). RCB after NACT can accurately predict both event-free survival (EFS) and DFS and is commonly used as a surrogate outcome in clinical trials (79).


Table 5 | Residual cancer burden categories.



Liquid biopsies for circulating tumour DNA (ctDNA) measurement are a promising dynamic approach to assess residual disease and predict treatment response in real-time (81). Fragments of DNA released by apoptosed or necrosed tumour cells can be longitudinally measured in the blood samples of patients. Detection of high ctDNA levels at the time of surgery has been associated with reduced DFS and OS rates, and clearance of ctDNA during NACT has been associated with improved outcomes across all BC subtypes (82). Clinical trials that incorporate this approach for patient selection are imminent.



4.5. Post Neoadjuvant Treatments

Patients with residual disease after surgery are often considered for further systemic therapy. Current treatment options in this setting following NACT include capecitabine and poly ADP-ribose polymerase inhibitors (PARPi) for gBRCA carriers.

The Create-X trial demonstrated that six to eight cycles of capecitabine improved 5-year DFS and OS compared to no further therapy, especially in the TNBC cohort (51). In contrast, the GEICAM/2003-11_CIBOMA/2004-01 trial failed to show a statistically significant increase in DFS with the use of eight cycles of adjuvant capecitabine. Of note, a pre-planned analysis of this study showed that the non-basal TNBC cohort derived the most benefit from receiving capecitabine (52). Significant differences in study populations limit direct comparisons between these two studies. Create-X enrolled an Asian population who are highly efficient metabolizers of fluoropyrimidines, all of whom had high-risk pathologically-assessed residual disease. In contrast, GEICAM/CIBOMA accrued patients from Europe and South America, only 80% of whom had residual disease. Meta-analyses on the topic have concluded upon an overall improvement in DFS and OS with capecitabine (83) and opinions from the St. Gallen International Conference found 87% of experts would offer capecitabine to patients with residual TNBC in the post-neoadjuvant setting (84). Differences in outcomes at a population level and issues with toxicity have led to capecitabine being offered on a case-specific basis rather than as a standard of care (85). The GEICAM/CIBOMA data indicate that more detailed investigation is needed into exactly which TNBC sub-types would benefit from capecitabine.

The OlympiA trial recruited 1,836 patients with HER2-negative cancers, 82% classified as TNBC, and showed that 52 weeks of adjuvant olaparib was associated with a significant DFS improvement in patients with gBRCA1/2 mutations (3-year iDFS of 85.9% for olaparib vs 77.1% for placebo) (35). A 32% reduction in the risk of death versus placebo (HR = 0.68; 95% CI 0.50–0.91; p = 0.0091) led to the recent FDA approval for olaparib in this setting.

The optimal treatment for residual disease after NACT remains a matter of debate, particularly for gBRCA carriers with high-risk TNBC. A direct comparison between adjuvant olaparib and capecitabine is unavailable. The theoretical advantage for olaparib use includes targeting a known tumour susceptibility in a selected population, leading to an improved response and improved tolerability compared to standard cytotoxics. Interestingly, a phase 2 trial that assessed the value of molecularly targeted postneoadjuvant treatment vs choice of clinician in TNBC patients with residual disease did not demonstrate the superiority of this approach (86). Despite the limitations with regard to the primary outcome, an example was set for biomarker-driven clinical trials and the use of ctDNA in optimising the selection of biomarker-treatment partners. Patient preference and financial issues clearly need to be considered in this setting.




5. Targetable Molecular Pathways

Much progress has been made in defining and treating TNBC according to aberrations on the molecular level, although the derivation and use of biomarkers to select patients for specific treatments has been somewhat lacking. To make further progress, the identification of predictive biomarkers must be a central focus of our research and, once secured, used to guide and to select patients most likely to derive benefit from targeted treatments.

Tables S3–S5 summarise ongoing trials contributing to the use of molecularly targeted treatments for early TNBC.


5.1. DNA Damage Response (DDR)

TNBCs are frequently deficient in DDR pathways and exhibit high chromosomal instability (7, 87). The repair of DNA double-strand breaks (DSBs) relies on the homologous recombination (HR) pathway. Dysfunctional activity of genes involved in this process compromises the ability of cells to mend DSBs, thereby inducing Homologous Recombination Deficiency (HRD) (88).

HRD can occur via numerous mechanisms, all resulting in similar phenotypic and genotypic features to those of BRCA mutant tumours, an observation termed ‘BRCA-ness’. Phenotypic and molecular similarities between BRCA-associated BC and sporadic TNBC have led to the application of similar therapeutic interventions in both groups. In patients with BRCA mutations and BRCAness features, a compromised DDR pathway facilitates increased sensitivity to drugs such as platinum and PARPi, based on the concept of synthetic lethality (89).

Approximately 10–20% of TNBC harbour gBRCA mutations, and 70% of gBRCA1 and 16% of gBRCA2-associated tumours are classified as TNBC (90). Somatic BRCA mutations are uncommon in sporadic TNBCs (6, 24, 32). BRCA1 and 2 mutations, and hypermethylation of the BRCA1 promoter, only account for some TNBCs that exhibit functional evidence of HRD. In total, around 40% of BCs are identifiable as HRD in the absence of these changes (91). Dysfunctional BRCA pathways are frequently enabled by other mechanisms; for example, RAD51 and PALB2 mutations can confer a BRCA-ness phenotype (91).


5.1.1. Therapeutic Approaches


5.1.1.1. Platinum Agents

The cytotoxic activity of platinum is mediated by the formation of platinum–DNA adducts that interfere with DNA replication and transcription, activating DNA-damage recognition and repair, cell-cycle arrest, and apoptosis.

Platinum-containing regimens have not been regarded as the standard of care for treating TNBC in most guidelines to date. Several trials have investigated the addition of platinum agents to standard chemotherapy for this subgroup based on the potential-increased susceptibility of TNBC to DNA-damaging compounds (30) (Table 6). Improved pCR rates with the addition of carboplatin have been a consistent finding, with confirmed EFS benefit in two large randomised studies, GeparSixto and BrighTNess (92–95, 101–103). These results have led to the inclusion of carboplatin within neoadjuvant regimens for high-risk TNBC in the American Society of Clinical Oncology guidelines.


Table 6 | Major clinical trials involving platinum agents in patients with stage I–III TNBC.



Combining carboplatin with anthracycline/taxane NACT increases haematological and gastrointestinal toxicity, which in turn has implications for patient selection. Predictive biomarkers to identify those patients deriving the most benefit from the addition of platinum, for example, gBRCA mutations, have been investigated. Single-agent cisplatin has shown conflicting results for BRCA carriers (96). The PARTNER (NCT03150576) trial includes a cohort of gBRCA-mutated patients (100) and will help elucidate the effect of platinum and PARPi in this subgroup.

There is currently no routine indication for platinum agents in the post-neoadjuvant setting. The EA1131 study (NCT02445391) was closed early as neither cisplatin nor carboplatin was able to demonstrate non-inferiority or superiority over capecitabine, and toxicity rates were higher (97).



5.1.1.2. PARP Inhibition

Poly ADP-ribose polymerase (PARP) activity is crucial for maintaining the correct fork speed and fidelity of DNA synthesis. PARP1 is involved in the response to single-strand DNA (ssDNA) damage and maintains genome integrity via base excision repair. PARP1 is also a critical early event for DNA DSB repair activation and regulation of resection (104). PARP inhibition causes replication stress, induces ssDNA breaks and affects the normal regulation of p53 and its downstream effectors (105). In tumours that have deficiencies in the HR pathway, the accumulation of DSBs originating from primary ssDNA breaks leads to cell cycle arrest and death (106).

Robust evidence now supports the efficacy of single-agent PARPi in BC patients with gBRCA mutations who have received prior chemotherapy (107, 108). A variety of PARPi and combinations have now been explored in both patients with gBRCA mutations and sporadic (non-BRCA) TNBC in the early setting.

Evidence to date for the use of olaparib is promising, both as monotherapy and in combination with chemotherapy, immunotherapy, or radiotherapy. In the neoadjuvant setting, olaparib was given as monotherapy in 32 patients with unselected TNBC for up to 10 weeks before chemotherapy (109) with an overall objective response rate of 56.3% vs 51.9% among patients not harbouring gBRCA1/2 or germline PALB2 mutations. A numerical enrichment of somatic HR mutations and BRCA1 methylation in the responding group suggests favourable activity of olaparib here. Other trials in the neoadjuvant setting combine olaparib with chemotherapy. GeparOLA included patients with HER2-negative BC and HRD, received paclitaxel with olaparib or carboplatin followed by epirubicin and cyclophosphamide (110). No formal testing between the arms was planned but increased benefit from olaparib was observed in young (<40 years) and HR-positive patients. In the TNBC subgroup, the pCR rate was 56.0% with olaparib and 59.3% with carboplatin. PARTNER is a phase 3 trial that assesses the addition of olaparib to neoadjuvant platinum-based chemotherapy in the treatment of TNBC and gBRCA-derived tumours. Preliminary safety results show that the combination of olaparib and platinum has an acceptable and manageable toxicity profile (111). In the I-SPY2 trial, research arm patients received olaparib and Durvalumab with paclitaxel, then doxorubicin and cyclophosphamide (112), which increased pCR in the TNBC group (27–47%). Immune-rich tumours had greater sensitivity to this treatment. The adjuvant phase 1 RadioPARP trial for patients with inflammatory, locoregionally advanced or mTNBC, or patients with residual disease after surgery for TNBC, sought to evaluate safety and dosing for olaparib in combination with radiotherapy (113). Olaparib was escalated to the maximum target dose of 200 mg twice daily with no dose-limiting toxicity.

Talazoparib has been reviewed in the neoadjuvant setting as monotherapy and along with chemotherapy. TALA was a pilot study that recruited 20 patients with operable BC and a BRCA mutation to receive talazoparib monotherapy for 6 months (114). Despite the small sample size, this trial showed an encouraging pCR rate of 53% and RCB-0/I of 63%, with a manageable safety profile. In the I-SPY2 trial, talazoparib combined with irinotecan for HER2-negative patients had limited activity beyond that seen with standard treatment (115).

Veliparib has also been evaluated in the neoadjuvant setting in the I-SPY2 trial (116). The addition of veliparib to carboplatin-containing chemotherapy increased the pCR rate in the TNBC group from 26 to 51%. This combination was further assessed in the phase 3 BrighTNess trial in 634 patients with TNBC (94), where no additional benefit for veliparib above that achieved by adding carboplatin, regardless of BRCA mutation status, was found. A key limitation of this study is the low dose of veliparib, less than half of that used in the BROCADE-3 study in the advanced disease setting (117). Veliparib has been combined with radiotherapy for inflammatory or locoregionally recurrent TNBC, which results in significant local toxicity (118).

Both talazoparib and olaparib are effective as monotherapies in patients carrying gBRCA mutations. Given the low dose of velaparib used in the BrighTNess trial, and considering individual PARPi differences in PARP trapping capacity, the potential summative benefit from the addition of platinum to PARPi cannot be excluded. This encourages further investigation into the role of other PARPi such as olaparib and talazoparib and the great potential for combination therapy, as demonstrated by the ongoing trials in Table S3.



5.1.1.3. Other DDR Agents

The ATR inhibitor Ceralasertib (AZD6738) is being investigated as monotherapy in chemotherapy-resistant TNBC as part of a pre-surgical window of opportunity and post-surgical biomarker study (NCT03740893, PHOENIX), reviewing the change in mean proliferation index between baseline and post-treatment. PARTNERING is a phase 2 sub-study for the PARTNER trial that offers durvalumab along with AZD6738 to patients with evidence of residual disease after completion of NACT and before surgery. WEE 1 inhibitors have not yet been reviewed in the early TNBC setting.

Table S3 summarises the major incomplete clinical trials involving DDR agents in patients with stage I–III TNBC.




5.1.2. Predictive Biomarkers of DDR Agents Response


5.1.2.1. BRCA Mutations

The predictive value of both gBRCA and somatic BRCA mutations for response to platinum and PARPi has been validated in large clinical trials that included patients with ovarian and metastatic BC (108, 114). The role of BRCA status as an independent predictive biomarker for the TNBC population in the neoadjuvant setting is still unclear, with studies showing conflicting results. In a secondary analysis of the GeparSixto trial (n = 50) (119), gBRCA mutations were predictive of higher pCR rates and carboplatin did not increase this further. In the CALGB 40603 trial, pCR rates in patients with gBRCA mutations were similar to the overall population, and this outcome was not altered by the addition of carboplatin (120).

BRCA1/2 mutation carriers with the TNBC subtype in the I-SPY 2 trial were significantly more likely to achieve a pCR than non-BRCA TNBC (predicted pCR of 75% vs. 29%) (121) and a greater response was seen for patients with a BRCA-ness signature (116). Subgroup analysis of the BrighTNess trial did not show a difference in pCR rate based on BRCA status (93). However, in the GeparOcto trial (122) gBRCA mutation carriers gained greater benefit from platinum (68.1% vs 45.7%, p = 0.005), particularly in the TNBC subgroup (74.3% vs 47%, p = 0.005).

In the PETREMAC trial, in which patients received olaparib monotherapy before chemotherapy, pathogenic mutations (germline or somatic) in the HR pathways and/or BRCA1 promoter methylation were associated with olaparib and its overall response (OR) of 88.9% (109). Although pCR rates in the GeparOLA trial for gBRCA1/2 carriers were significantly higher than those in non-carriers (62.7% vs 41.3%, P = 0.047), exploratory analysis revealed no difference between treatment arms if somatic or germline BRCA1/2 mutations were detected (110).



5.1.2.2. HRD by Gene Set Analysis and Functional Assays

Several attempts to simplify and systematically identify common molecular changes associated with defective HR have been published. The evaluation of DNA damage repair-related genes by either gene expression or by the presence of mutations has shown a positive association with response. Confirmation of the predictive value of these individual efforts has not always been accomplished given the underlying heterogeneity of some of these variations (Table 7).


Table 7 | HRD related biomarkers and its association with treatment response.





5.1.2.3. HRD by Genomic Scars and Mutational Signatures

The detection of mutational signatures that uniquely identify patterns of defective HR repair has been the subject of several studies. Vollebergh et al. assessed whether array comparative genomic hybridisation patterns could predict the benefit of intensified carboplatin-based chemotherapy (126). An HRD score defined by an unweighted sum of loss of heterozygosity, telomeric allelic imbalance, large-scale transition, and BRCA1/2 mutations has been tested in TNBC treated with platinum, and used to aid patient selection in PARPi trials (128, 129). In the absence of gBRCA mutations, a high HRD score was associated with higher pCR rates irrespective of the use of carboplatin. The microhomology-mediated indels, HRD index, single base substitution signature 3, rearrangement signatures 3 and 5, and genomic instability markers of HRD are aggregated into the HRDetect score (91). The prognostic value of HRDetect has been demonstrated in two retrospective clinical cohorts, and further evaluation of its predictive power in randomised clinical trials is awaited.

HRD has yet to be used to guide the clinical management of TNBC despite its theoretical significance. The absence of a standardised definition of HRD beyond gBRCA mutation and the lack of prospective clinical trial data currently limits its clinical utility.



5.1.2.4. Tumour Mutational Burden

More tumour mutations could be correlated with an enhanced response to drugs causing DNA damage. For example, somatic hypermutation was shown to be an independent factor for estimating the risk of platinum sensitivity in high-grade serous ovarian cancer (OR = 3.616, p = 0.002) (132). A higher tumour mutational burden (TMB) has been observed in BCs that harbour DDR gene mutations (133), although the correlation with response to platinum is not yet established. In the PETREMAC trial, no difference in TMB was observed between responders and non-responders, or BRCA carriers versus non-carriers (109).





5.2. Immune Response

Although BC is largely considered an immune-quiescent cancer type (134), increasing evidence suggests that a range of tumour immunogenicity is present. TNBC is characterised by increased immune activation and wide immune heterogeneity compared to other BC subtypes (135).


5.2.1. Therapeutic Approaches

Tumours evade detection and eradication by the immune system through the dysregulation of pathways controlled by immune checkpoints. Immunotherapy harnesses the immune system of the patient to target malignant cells using immune checkpoint inhibitors (ICI), chimeric antigen receptor T cells, or cancer vaccines. ICIs release the immune system from tumour-induced inhibitory signals, allowing an effective anti-tumour response. They include monoclonal antibodies (mAbs) against cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), programmed cell death-1 (PD-1), and programmed cell death ligand-1 (PD-L1).


5.2.1.1. Monoclonal Antibodies Against PD-1

Pembrolizumab is the most well-established and successful anti-PD-1 ICI in operable TNBC. The addition of pembrolizumab to NACT has shown increases in pCR rates across several RCTs, including the KEYNOTE-173 and I-SPY 2 trials (136, 137). These successes led to the landmark phase 3 KEYNOTE-522 trial, which has culminated in the FDA approval for use of pembrolizumab in high-risk early-stage TNBC, the first regulatory approval for an immunotherapy agent in this setting. Pembrolizumab is now considered a standard of care treatment in the United States for patients fitting trial eligibility criteria.

KEYNOTE-522 evaluated neoadjuvant pembrolizumab along with carboplatin/paclitaxel and anthracycline-based NACT, and then adjuvantly as monotherapy, in high-risk early TNBC. The pCR rate improved by 7.5% (95% CI: 1.6 to 13.4%) with the addition of pembrolizumab, and after a median follow-up of 39.1 months, 36-month EFS improved from 77 to 85% (HR: 0.63; 95% CI, 0.48 to 0.82; P <0.001). OS data remains immature at the time of analysis (34). High-risk patients derived the greatest benefit, with higher absolute improvements in pCR in stage III and node-positive disease. There are some limitations to this study. With this trial design, it is not possible to elucidate the relative contributions of the neoadjuvant and adjuvant treatment phases to these EFS results. Concern has been raised at the rate of serious adverse events (77% incidence of grade ≥3 events in the immunotherapy group) and immunotherapy-related adverse effects (irAE) (affecting 33.5% of patients on this trial) due to their protracted nature. It is therefore imperative to detect predictive biomarkers to facilitate the selection of patients likely to derive the most benefit from immunotherapy and treatment de-escalation strategies. No predictive biomarkers were identified in this trial. Improvement in pCR rate was seen regardless of PD-L1 status (138). Patients on the pembrolizumab arm that achieved pCR derived a modest survival benefit (approximately 2%), as compared to 10% in the cohort of patients with residual disease at surgery. This suggests that the value of adjuvant pembrolizumab as a monotherapy may be small in the group that achieved pCR. Removal of the adjuvant portion of treatment based on response to surgery could represent a potential treatment de-escalation strategy that requires further exploration.



5.2.1.2. Monoclonal Antibodies Against PD-L1

Atezolizumab, durvalumab, and avelumab are the most established anti-PD-L1 ICIrs being investigated in operable TNBC, although results from trials have been inconsistent. The pCR rate improved from 41 to 58% with the addition of atezolizumab to anthracycline/taxane-based chemotherapy in Impassion031 (139). Secondary endpoints (EFS, DFS, and OS) are expected later this year. However, this trial is not powered to show survival differences. The phase 3 NeoTRIPaPDL1 trial failed to show a significant pCR advantage with the addition of atezolizumab to neoadjuvant carboplatin and nab-paclitaxel (140), although EFS was the primary endpoint and this data is not yet available. These incongruent results are likely to reflect the higher-risk patient population in NeoTRIPaPDL1 and the difference in the chemotherapy backbone. Results from the TONIC trial suggest anthracycline chemotherapy, used in Impassion031, leads to a potentiation of the effects of immunotherapy (141). These insights should inform the choice of chemotherapy backbone in the design of future immunotherapy trials.

GeparNUEVO assessed Durvalumab in addition to anthracycline/taxane-based NACT. This showed a non-significant 9% improvement in pCR rate. Improvements in 3-year iDFS and 3-year OS were also seen, though this trial was not powered to definitively assess long-term survival differences. An underpowered subgroup analysis showed a particular benefit in patients who received durvalumab alone for two weeks prior to NACT, suggesting immunological interactions with priming in this window phase (142, 143). While the small patient cohort included in GeparNUEVO has resulted in statistically non-significant pCR and iDFS benefits, the results are similar to those from KEYNOTE-522. This is despite lacking a platinum agent and an adjuvant treatment phase. These represent potential treatment de-escalation avenues that could benefit from further exploration. Discrepancy between the magnitud of benefit for pCR rate and survival seen across both trials suggest the value of pCR as a marker for long term survival in immunotherapy trials requires further exploration. Published and ongoing trials of ICI have been summarised in Tables 8, 9.


Table 8 | Major neoadjuvant trials that include immune checkpoint inhibitors in patients with stage I–III TNBC.




Table 9 | Major adjuvant trials that include immune checkpoint inhibitors in patients with stage I–III TNBC.



The use of ICIs in TNBC is an area of active research, although it is at an early stage, and long-term outcome data remain immature for the majority of the neoadjuvant trials. Concern regarding the use of pCR as a primary endpoint upon which to grant regulatory approval for neoadjuvant pembrolizumab was cited by the FDA, and long-term survival data is of particular interest (147). There is a paucity of data available to guide use of pembrolizumab in the adjuvant or post-neoadjuvant setting, particularly in combination with agents such as capecitabine or olaparib, used in more contemporary practice. This represents a challenge when adopting pembrolizumab as the standard of care treatment, and the results of trials investigating these issues are highly anticipated.



5.2.1.3. Cancer Vaccines

Cancer vaccines use tumour associated antigens to stimulate CD4+ and CD8+ T cells, inducing the immune system of the patient to target cancer cells that were previously successfully evading immune suppression. They have yet to show success in late-stage clinical trials or to receive regulatory approval for TNBC. Clinical trials evaluating cancer vaccines in non-metastatic TNBCs are listed in Table S4.




5.2.2. Predictive Biomarkers of ICI Response


5.2.2.1. PD-L1

PD-L1 expression is higher in TNBCs compared with non-TNBCs (135) and quantification is currently performed using five distinct FDA-approved companion diagnostic tests across tumour types. The variety in assays, scoring systems, and cut-off values renders the interpretation of its predictive value challenging (148). Increased pCR rate in PD-L1+ early-stage TNBC is seen, but rather confusingly, ICI benefit independent of PD-L1 status has been consistently described (138, 139, 143). In the GeparNUEVO trial, pCR rate was increased in PD-L1+ tumours in all therapy groups, but PD-L1 did not predict ICI response (143). Similar results were observed in the KEYNOTE-522 and Impassion 031 trials.



5.2.2.2. Tumour Mutational Burden

High tumour mutational burden precipitates enhanced immunogenicity by increasing the number of tumour antigenic peptides or neoantigens that can be recognised by T cells (149). Based on this hypothesis, high TMB has been correlated with an increased response to ICI (150, 151) independently of PD-L1 expression (152). The FDA granted accelerated approval of pembrolizumab as monotherapy for advanced tumours that exhibit high TMB (defined as ≥10 mut/Mb) in 2020 (153). More recently, it has been shown that the association of TMB with response to ICI relies on a positive correlation between CD8+ T-cell level and neoantigen load and differs across tumour types (154).

Due to limited data availability and differences among TMB quantification methods, the role of mutational load as an independent predictive biomarker of ICI response is yet to be defined in TNBC. In the GeparNUEVO trial, TMB was higher in patients with pCR (median 1.87 versus 1.39 mut/MB), and both continuous TMB and the immune GE profile independently predicted pCR (155). In comparison, no difference in pCR rate was observed in patients with high TMB who received ICI compared with other targeted therapies in the ARTEMIS trial (NCT02276443) (156).



5.2.2.3. Tumour Infiltrating Lymphocytes (TILs)

Both intra-tumoural TILs (iTILS) and stromal TILs (sTILs) have prognostic and predictive roles for treating early TNBC and have also been evaluated in this setting as biomarkers of immunotherapy response. In the GeparNUEVO trial (142), sTILs before therapy predicted a higher pCR rate overall and in both therapy groups, but were not predictive of durvalumab response. The increase in iTILs in post-window samples compared with pre-therapeutic samples was predictive of pCR, yet the treatment interaction test did not reach significance (P = 0.085). High TILs were significantly associated with the olaparib response in the PETREMACT trial (109). Criscitiello et al. used the LASSO penalised regression model to develop a 4-gene signature to predict high and low TILs after NACT. A high TIL signature was associated with improved long-term outcomes independent of pCR (157). Overall, increased TILs are associated with a more favourable response to NACT and improved long-term outcomes (158, 159).



5.2.2.4. Immune Signatures

GE immune signatures have been extensively used to describe profiles of immune infiltration and immune cell types that impact on the prognosis of many tumour types, including TNBC (160–163). Few studies have tested the value of GE immune signatures in the prediction of chemotherapy response in the early setting of TNBC. In the SWOG 9313 trial, Sharma et al. (164) evaluated the performance of a DNA damage immune response signature and sTILs as prognostic markers in patients with TNBC treated with adjuvant doxorubicin and cyclophosphamide. DDIR was associated with improved OS and DFS and was moderately correlated with sTILs density (≥20% v, <20%). Using network analysis, Lv et al. identified CXCL9 and CXCL13 as prognostic biomarkers in TNBC. Further testing in two neoadjuvant data sets confirmed its predictive value in the response to chemotherapy (165). An exploratory analysis of the GeparNUEVO trial revealed that predefined TIL and IFN-gamma signatures were associated with an increased pCR rate, without specificity for durvalumab response. The expression of six genes required for immune cell function was significantly correlated with pCR and showed a positive test for interaction with durvalumab plus NACT (166). Further evaluation of the interactions between the tumour and the immune system, as well as its architectural heterogeneity, will provide a more accurate estimation of the individual predictive potential to be derived from immune signatures.



5.2.2.5. Microsatellite Instability Status

Pembrolizumab monotherapy received FDA approval in 2017 for treating advanced mismatch repair deficient solid tumours (167). Although only a small proportion of breast cancers are defined as microsatellite instable, (168) tumours with defects in the mismatch repair pathways are known to have highly upregulated expression of multiple immune checkpoints and increased sensitivity to ICI (169). The introduction of new strategies to facilitate the identification of this biomarker in a low-frequency cohort like TNBC remains a challenge.





5.3. PIK3CA/AKT1/PTEN Pathway

Dysregulation of the PI3K/AKT/mTOR pathway is often observed in TNBC (24, 32), and remains a promising target for the future treatment of this BC subtype. Pathway activation is predominantly via PIK3CA mutations (~9–18%), loss of PTEN (~35%), or INPP4B (~30%), and amplification of PIK3CA (~43%). The frequency of PI3K/AKT/mTOR pathway activation and its spectrum varies by TNBC subtype (24, 32), and is strongly associated with the LAR subtype across classifiers.


5.3.1. Alpha-Specific PI3K Inhibitors

In unselected TNBC, response to PIK3CA inhibitors remains low. The BELLE-4 study evaluated the efficacy of buparlisib in the locally advanced setting for patients with HER2-negative BC along with paclitaxel versus placebo and observed no benefit from PIK3CA inhibition. Worse outcomes were observed in the TNBC cohort treated with the PIK3CA inhibitor, and the lack of benefit was independent of PIK3CA mutation or PTEN loss by immunohistochemistry (170). Shorter treatment duration in the buparlisib arm due to adverse events and longer progression-free survival (PFS) in the placebo arm than anticipated are possible explanations for the worse outcomes in this subgroup. The global lack of activity is possibly due to inadequate patient selection and the absence of an accurate biomarker. Parallel pathway activation could also explain a resistance mechanism that requires addressing.



5.3.2. AKT Inhibitors

Ipatasertib was reviewed in the neoadjuvant setting along with paclitaxel for TNBC patients in the FAIRLANE trial (171). Adding ipatasertib did not significantly increase the pCR rate compared with paclitaxel alone, and this effect was independent of PIK3CA/AKT1/PTEN or PTEN low status. A complete clinical response was absent in the placebo-treated group in patients with tumours defined as the LAR subtype, but was observed in 50% of those treated with ipatasertib. This difference was not evident in pCR rates. Elevated immune scores were more strongly associated with improved outcomes in paclitaxel-treated compared with ipatasertib-treated patients, highlighting the key interaction with the immune system. All ipatasertib-treated patients with low immune scores and complete clinical response had PIK3CA/AKT1/PTEN-altered tumours. MK2206 has been trialled in the neoadjuvant setting in the I-SPY2 trial for stage 2–3 BC of any subtype (172). Patients received paclitaxel chemotherapy with or without MK2206, then AC. pCR for the TNBC group was 40.2% with MK2206 vs. 22.4% without. Following assessment of biomarkers in the AKT pathway in the TNBC subgroup, higher levels of phosphorylated AKT and its substrates were paradoxically associated with a reduced response to MK-2206.



5.3.3. MTOR Inhibitors

Everolimus has been reviewed in the neoadjuvant setting for patients with TNBC along with cisplatin and paclitaxel (173), and along with docetaxel, 5-fluorouracil, epirubicin, and cyclophosphamide (174). No improvement in the response rate has been demonstrated.

The exact contribution of drugs targeting the PIK3CA/AKT1/PTEN pathway in early TNBC has not yet been defined. The complexity of the immune microenvironment and parallel molecular alterations can obscure accurate estimation of clinical benefit if they are not in some way accounted for. It is important to try these therapies in a way that reduces these confounders and separates the TNBC subtypes to determine their individual responses. Current approaches include combining alpelisib with nab-paclitaxel in the neoadjuvant setting (NCT04216472) for anthracycline refractory TNBC with PIK3CA or PTEN alterations, with exploratory objectives to assess biomarkers of response and resistance to alpelisib and nab-paclitaxel combination.

Table S5 summarises ongoing trials that target this pathway in early TNBC.




5.4. AR Pathway

AR expression is found in approximately 10–35% of TNBCs as detected by immunohistochemistry (175, 176). The LAR molecular subtype derived from GE accounts for 20–40% of TNBC and is characterised by the activation of AR, ER, prolactin, and ErbB4 signalling. Tumours defined as the LAR subtype typically contain a higher number of PIK3CA mutations, and the pCR rate following NACT is significantly lower compared to other subtypes. (18–20).

There is a paucity of data for drugs targeting the AR pathway in the early TNBC setting. Enzalutamide has been trialled as monotherapy (177), and along with PIK3CAi in the advanced setting with modest benefit (178). Other AR pathway targeted drugs, for example, abiraterone and bicalutamide, have been reviewed in the advanced setting with modest results (179, 180). Although the overall benefit remains limited, it is unclear if this derives from inadequate patient selection or analogous pathway activation. Results from four trials in the early TNBC setting are highly anticipated.

Table S5 summarises ongoing trials that target this pathway in early TNBC.



5.5. Receptor Tyrosine Kinase Family


5.5.1. HER2

Approximately 35% of TNBCs as defined by immunohistochemistry could be classified as HER2-low (181). Somatic ERBB2 mutations occur in approximately 3% of TNBC (6), and a subset of TNBC tumours are classified as HER2-enriched by gene expression. This biological heterogeneity has expanded therapeutic opportunities in this population of patients. In an exploratory analysis of a cohort of the I-SPY2 trial, activation of HER2-EGFR was identified as a positive predictor of pCR in 49 TNBC patients treated with a pan-HER inhibitor (182). A significant correlation between the response to HER2 inhibition and HER2 pathway activation has been demonstrated in TNBC cell lines (183).

Neratinib has been investigated in the neoadjuvant setting for high-risk clinical stage II or III BC. The pCR rate overall in the I-SPY 2 trial was 37.5% in the neratinib arm, and among patients demonstrating the phosphorylation of HER2 or EGFR (i.e., biomarker-positive for EGFR Y1173 or ERBB2 Y1248), it rose to 63% (184). Encouraging results in the HER2-low–expressing refractory BC setting with Trastuzumab Deruxtecan (OR 37%) (185) and Trastuzumab Duocarmazine (OR 40%) (186) now require translation into the early setting. These trials illustrate the importance of identifying patients categorised as TNBC who are more accurately defined as HER2 low (Table S5).



5.5.2. VEGF

VEGF promotes angiogenesis, invasion, and increases vascular permeability and is an essential element in TNBC formation, progression, and metastasis. VEGF-A expression is higher in TNBC compared with other BC subtypes (187), and enhanced angiogenic potential is associated with poor prognosis in BC (188). Targeting of VEGF has been extensively tested in TNBC, but no clear predictive biomarkers of treatment response have been identified.

Trials targeting VEGF in the neoadjuvant TNBC setting have shown disappointing results to date, with no difference in DFS or OS. The addition of bevacizumab significantly increased the rate of pCR among patients with Her2-negative disease in some studies (103, 189–191). The ARTemis and GeparQuinto trials reported increased benefits primarily in the TNBC subgroup. In the adjuvant setting, the BEATRICE trial added bevacizumab to anthracycline and/or taxane-based chemotherapy (192), and no difference in iDFS or OS between treatment groups was found. The underlying reason for the lack of treatment effects with these drugs is poorly understood. It is possible that a fundamental flaw in either the drug or the signalling pathway is being overlooked. Attempts to overcome drug resistance using novel agents and combinations are ongoing (Table S5).



5.5.3. FGFR

The fibroblast growth factor receptor family includes FGFR1–4. Signalling through this pathway regulates cell survival, proliferation, and differentiation. Genes that encode for these receptors are amplified in ~10% of BC (24). Although FGFR1 is the most frequent genomic alteration in all subtypes of BC, amplification and overexpression of FGFR2 are more frequently observed among TNBCs (~4%). Basal BC with elevated MET and FGFR1 signatures is associated with poor relapse-free survival (193). The interplay between MET and FGFR regulates cancer stem cells in mesenchymal subtypes (194).

Trial data in this setting is limited to a few studies that do not select for TNBC but in which some response to this target has been seen. It seems likely that the correct biomarker has not yet been identified. Ongoing trials for this target in the neoadjuvant setting include a window of opportunity trial combining lenvatinib and pembrolizumab (NCT04427293).



5.5.4. EGFR

EGFR dysregulation is frequently reported in TNBC (195) and enrichment for this pathway signalling is predominantly observed in BL2 tumours (196). In contrast to EGFR mutations, EGFR amplification is a relatively frequent event (11% vs 23%, respectively) (24, 197) and is considered an independent prognostic factor for poor disease-free survival (198). Several attempts to target this pathway with tyrosine kinase inhibitors and mAbs in the context of mTNBC have been pursued without success. A limited number of trials have used these therapies in the early setting.

Trials are underway in the locallyCetuximab has been trialled along with neoadjuvant docetaxel in a pilot phase two study, including stage II–IIIA TNBC (199). The pCR rate was 24% [95% CI: 7.3–40.7] and the pre-therapy ratio between CD8+ and FOXP3+ TILs equal or higher than 2.75 was predictive of pCR (43% versus 0%). In addition, panitumumab and the EGFR/HER2 inhibitor lapatinib failed to demonstrate additional benefit in the advanced setting independent of EGFR activation (200, 201). The paucity of accurate biomarkers predictive of sensitive patients has led to unsatisfactory outcomes and limited clinical utility despite increasing evidence for EGFR as the driver of tumorigenesis in some TNBC.

Table S5 summarises ongoing trials that target these pathways in early TNBC.




5.6. Other Oncogenic Targets

Inter-chromosomal rearrangements causing NTRK gene fusions can result in constitutive activation of TRK proteins, which act as oncogenic drivers through activation of cellular growth pathways. Results from early phase trials that included advanced NTRK fusion-positive solid tumours support the use of larotrectinib and entrectinib in this subgroup (202, 203). NTRK gene fusions occur at low frequency (~0.3%) among all solid tumours (203). However, a high prevalence is observed in a subgroup of TNBC (16). The ETV6-NTRK3 gene fusion is frequently found in human secretory breast carcinoma (16), and although the vast majority of these breast tumours are treated with local treatments, targeting TRK signalling remains an option for cases of locally advanced disease.

Trop-2/TACSTD2 is a calcium signal transducer with extracellular, transmembrane, and intracellular domains, and is overexpressed in many epithelial cancers, including TNBC. It stimulates cancer cell growth and is implicated in various metabolic pathways. TROP-2 has also been found in stem cells of various tissues, particularly in basal cells (204). Sacituzumab govitecan, a humanised mAb that targets TROP2, has shown a PFS and OS benefit in mTNBC (205). Trials are upcoming in the neoadjuvant setting (NeoSTAR, NCT04230109), and recruiting in the adjuvant setting (GBG102-SASCIA NCT04595565 as monotherapy and ASPRIA NCT04434040 along with immunotherapy) for patients with residual invasive disease after NACT.

Dysregulation of the NOTCH pathway leads to aberrant self-renewal and transformation of mammary cancer stem cells, resulting in tumourigenesis (206). Inhibition of NOTCH signalling is an attractive strategy for treating TNBC given its role in promoting EMT and cancer stem cell maintenance (207). Preclinical and clinical studies involving γ-secretase inhibitors and mAbs against NOTCH receptors have explored its potential utility with encouraging results, but toxicity has been limiting (208). The subgroup of TNBCs achieving the best response to the targeting of this pathway remains undefined.

Activation of RAS/MAPK signalling is more frequent in TNBCs compared to other BC subtypes, and it is typically associated with shorter survival (209, 210). Although canonical aberrations in the RAS, RAF, MEK, or ERK genes are not found frequently in TNBC, amplification or mutations in these genes are described in approximately 6% of BC overall (24). Other mechanisms for RAS/MAK activation have also been described (211). MEK inhibitors have been trialled in unselected mTNBCs with modest results (212, 213). Trials are underway in the locally advanced setting that select for hyperactivation of ERK (NCT04494958) and RAS pathway mutations (NCT05111561).

Dysregulation of the JAK/STAT3, cyclinD–CDK4/6–INK4–Rb–E2F, TGF-β, and WNT/B-catenin pathways appears critical in TNBC development and progression. Clinical testing of the inhibition of these pathways in TNBC is still immature.

Table S5 summarises ongoing trials that target the above pathways in early TNBC.




Discussion

Improved understanding of tumour genomics, transcriptomics, epigenetics, and their interaction with the tumour microenvironment has allowed a greater insight into the true diversity of TNBCs. Additionally, numerous advances in both preclinical and clinical research have directed the treatment of TNBC towards a more personalised approach. Despite the introduction of an increasing number of novel strategies in the clinical setting, approximately one-third of patients diagnosed with early stage disease will have limited response to primary treatment and face a poor long-term outcome. The underlying complexity of TNBC and the challenges in translating experimental science into the clinic could explain why current management approaches remain insufficient. The current therapeutic landscape for early TNBC is severely limited compared to the large number of compounds in development. Figure 1 shows the spectrum of agents with known or potential activity in TNBC. Only a small proportion of these reach patient care, and the pace at which these agents enter the early BC setting remains frustratingly slow. Immunotherapy and DDR agents lead the field with encouraging results.




Figure 1 | Current therapeutics strategies in early TNBC. (A). Treatment spectrum (B). Treatment modalities for escalation and de-escalation.



Predictive biomarkers are not routinely used in the clinical management of early sporadic TNBC. The use of gBRCA mutations to select patients who could benefit from platinum-based chemotherapy and PARPi demonstrates how a molecular alteration can aid patient selection for treatment. As yet, there is no definitive evidence to either support or refute the use of PARPi in the non-gBRCA TNBC population. An ongoing neoadjuvant study (NCT03150576) that includes both sporadic TNBC and BRCA-associated tumours will help elucidate the value of gBRCA mutations in predicting the response to the addition of PARPi to platinum-based chemotherapy (100). Furthermore, no biomarker was predicted for benefit from Pembrolizumab in the KEYNOTE-522 trial, despite the encouraging response rates shown. The expected role of PD-L1 as a biomarker of response has not been proven in the early setting (138, 139). Substantial differences between the clonal architecture and the microenvironment of primary and metastatic tumours (214, 215) suggest that the role of a given biomarker should be evaluated separately in both early and advanced settings.

A single biomarker strategy is unlikely to be successful for such a heterogeneous disease, considering the large number of treatment strategies already tested and the increasing evidence of molecular complexity in TBNC. Figure 2 illustrates the variety of molecular components currently being explored as potential biomarkers of response and resistance. Several interactions across components also contribute to the challenge. As an example, to adequately characterise the relationship between host immunity and tumour, a single determination of the extent of immune activation is expected to be insufficient. Understanding how the immune response modulates the intrinsic genomic architecture of the tumour and the spatial and cellular distribution of immune cells in response to treatment appears to be crucial. Similarly, multiple pathway signalling, a common finding in TNBC tumours, could result in the activation of compensatory feedback loops that explain some mechanisms of tumour evasion and resistance when a single pathway inhibition is applied (216). An integrative approach including tumour architecture, microenvironment, and pathway activation is more likely to succeed. A pragmatic example of how an immune-molecular profile directed approach could be implemented is shown in Figure 3. Tumours could be classed as ‘hot’ (high immune activation) or ‘cold’ (low immune activation) as well as ‘high-burden’ (high mutational/clonal burden) or ‘low-burden’ (low mutational/clonal burden). Hot-high burden tumours are frequently highly proliferative and more likely to exhibit high chromosomal instability. Increased response to cytotoxic and immunotherapy agents is anticipated in this subgroup. The hot-low burden group represents a subgroup in which clonal selection has been enforced by an active immune system. This good-prognosis subgroup is likely to require less intensive therapies with treatments focused on targeting key drivers. In sharp contrast, cold tumours require more comprehensive approaches that often include treatment escalation strategies. It is possible that due to quiescent mechanisms of tumourigenesis, cold tumours remain invisible to the immune system. Therefore, sequential strategies that aim to enhance the effect of the immune system are essential in this group. In cold-low burden tumours, targeted pathway inactivation followed by immune checkpoint inhibition could potentially result in an augmented immune response, achieving long-lasting control of the disease. Cold-high burden tumours constitute a poor prognosis group with patent mechanisms of immune evasion. Sequential strategies that include immunotherapy followed by either chemotherapy, pathway-specific targeted agents, or radiotherapy-targeted agent combinations are plausible options.




Figure 2 | Biomarker landscape in TNBC.






Figure 3 | Proposed framework for the personalised treatment of early. TNBC.



Response to NACT, measured as the amount of residual disease found at surgery, has recently been used as a primary endpoint to test novel agents in the early setting. RCB is widely considered a prognostic factor and is frequently used as a surrogate endpoint for long-term outcomes, particularly in this BC subgroup. Although it is clear from recent meta-analyses that RCB is a better endpoint than pCR, the identification of the molecular characteristics that explain why some tumours do not follow the predicted outcomes (recurrences after excellent responses or long-lasting EFS after residual disease) continues to be a challenge. Robust evidence supports the association between RCB score and long-term outcome in patients twho have received NACT (79). Conversely, evidence for the predictive value of RCB in the context of targeted therapy is limited and requires further investigation. Multiple other methodologies to aid the identification of patients with higher disease relapse risk are currently being explored. The post neoadjuvant and adjuvant settings are an excellent opportunity to evaluate the contribution of dynamic biomarkers (e.g., RCB, TILs) to enable an accurate selection of patients who may benefit from escalating treatment strategies. Pre- and post-treatment assessment of ctDNA and TME plus integration of traditional transcriptomic and genomic signatures or classifications are some of the more promising approaches. Alternatively, innovative adaptive trial designs that enable early response assessment and facilitate an early change in management could minimise overtreatment and appropriately de-escalate or escalate therapy when appropriate.

Several molecular predictors of response that incorporate various ‘omic’ data to aid clinical decisions have been developed. Limited clinical impact has been derived due to lack of reproducibility, lengthy timeline of results, and expense. The real-time delivery of genomic and transcriptomic results will facilitate the implementation of adaptive trial designs and permit the investigation of novel and existing biomarkers. There are multiple pan-cancer studies assessing the implementation of genomics and transcriptomics into clinical care, for example, the UK 100,000 Genomes Project (217), the Dutch national Centre for Personalised Cancer Treatment (CPCT) study (218), and the Personalised Onco-Genomics (POG) Programme (219). The Personalised Breast Cancer Programme (PBCP) (220) is a tumour-specific precision medicine project that implements whole-genome sequencing data into the real-time treatment of early and advanced breast cancer patients. This programme ensures the delivery of high-quality annotated genomic data to patients and clinicians while promoting hypothesis testing and tumour-specific analysis. These large-scale sequencing studies will add considerably to our understanding and enable better optimisation of trial design, response prediction, and biomarker discovery. These efforts, combined with the promising potential of novel agents and treatment combinations, provide us with the exciting prospect of a tailored treatment pathway for each patient diagnosed with early-stage TNBC.

The ultimate aim is that every patient diagnosed with early-stage TNBC has a bespoke treatment pathway developed that fits their TNBC. The individualised use of preclinical models such as patient-derived organoids or xenografts (221), and the implementation of advanced radiodiagnostic techniques (222) are pivotal to achieving this goal. This type of integrated approach requires open and clear communication and collaboration between basic scientists, clinicians, and other scientific disciplines, for example, bioinformatics, mathematics, and physics, which will maximise the chance of success and ultimately enhance patient benefit.

In conclusion, advances in tumour characterisation, real-time biomarker/genomic testing, trial design, and drug development provide the foundation for an era of precision treatment in early TNBC. The development of complex strategies that integrate multi-modal data to derive individualised care plans, should consider the holistic needs of each patient to achieve a truly personalised approach.



 Summary Box 1—Biological and clinical features of TNBC

	–TNBC is characterised by the absence of ER, PR and HER2 expression and is associated with high early response rates to treatment and poor prognosis.

	–TNBC is a heterogeneous disease with a high level of inter and intra tumour heterogeneity.

	–Multiple TNBC classifications that split TNBC tumours based on unique molecular features have been described but have yet to be incorporated into routine clinical practice.






 Summary Box 2—Standard of care treatments in TNBC

	−Sequential anthracycline-taxane based regimens are considered standard of care.

	−Anthracycline-free chemotherapies are considered for lower risk tumours or in patients where cardiotoxicity is a concern.

	−Taxane-free chemotherapy or use of an alternative microtubule stabiliser is considered in patients with peripheral neuropathy or taxane hypersensitivity reactions.

	−Bisphosphonates are recommended for the treatment of operable breast cancer of all subtypes in patients with low oestrogen states, whether natural or induced. They should particularly be considered in patients at high risk of relapse or treatment-related bone loss.






 Summary Box 3—Key concepts in the current treatment of TNBC

	−Chemotherapy can be given in the adjuvant or neoadjuvant setting and the same regimens are typically used. Long-term survival outcomes are similar.

	−Advantages of NACT include a rapid evaluation of tumour response, prognostication using RCB scoring, and improved surgical outcomes.

	−RCB is strongly associated with long-term outcomes in TNBC.

	−Patients with TNBC who are at increased risk of relapse after chemotherapy in the neoadjuvant setting benefit from adjuvant capecitabine. Patients in the gBRCA subgroup benefit from PARP inhibitors.

	−Sequential liquid biopsies to assess ctDNA levels represent a possibility for monitoring treatment response in real-time.






 Summary Box 4—DNA damage response: treatment strategies

	−There is strong evidence to support the addition of platinum agents to NACT to improve patient outcomes, especially in high-risk and gBRCA carriers.

	−Improvements in pCR and EFS rates with platinum chemotherapy combinations need to be balanced against additive chemotherapy toxicities.

	−PARP inhibition causes replication stress, induces ssDNA breaks and affects the normal regulation of p53 and its downstream effectors.

	−Encouraging evidence supports the efficacy of single agent PARPi in BC patients with gBRCA mutations who have no prior chemotherapy exposure.

	−The group of patients with TNBC most likely to benefit from PARP inhibition in the neoadjuvant setting is yet to be established.

	−Olaparib improves DFS in gBRCA carriers with high-risk HER2 negative disease following neoadjuvant or adjuvant chemotherapy.






 Summary Box 5—DNA damage response: Biomarkers

	−The role of BRCA status as an independent predictive biomarker among the TNBC population in the neoadjuvant setting is unclear.

	−Overall, alterations in DNA damage repair-related genes by either gene expression or presence of mutations has shown a positive association with response to NACT and/or PARPi.

	−Mutational signatures predictive of BRCA1/BRCA2 deficiency or a `BRCA-ness status` have shown a trend to positive association with response to platinum chemotherapy. However, these results are signature specific and should be considered preliminary. Data from randomised clinical trials that prospectively assess the value of these biomarkers is awaited.

	−Higher TMB has been observed in BC tumours that harbour DDR gene mutations. Correlation with response to platinum agents is not yet established.






 Summary Box 6—Immune response: Treatment strategies

	−Immunotherapy is of particular interest in TNBC due to the higher degree of immune activation seen in comparison to other BC types.

	−TNBC is a heterogeneous disease that exhibits various degrees of immunogenicity.

	−Several early stage BC trials have established PD-1 and PD-L1 ICIs as a promising treatment option in combination with chemotherapy.

	−Pembrolizumab has been granted FDA approval in the neoadjuvant setting for high-risk early-stage TNBC in combination with chemotherapy and to continue as monotherapy in the adjuvant setting (KEYNOTE-522).






 Summary Box 7—Immune response: Biomarkers

	–Response to ICIs appears to be independent of PD-L1 status in early TNBC.

	–High TMB has been correlated with an increased likelihood of response to ICI, particularly in tumours where CD8+ T-cell levels are positively correlated with neoantigen load.

	–The role of mutational load as an independent predictive biomarker of ICI response is yet to be defined in TNBC.

	–Increased TILs are associated with a more favourable response to NACT and long-term outcomes.

	–Modest positive association of GE immune signatures with ICI response has been reported.

	–The interaction between TMB and GE immune signatures has been shown to be a promising independent predictor of pCR.

	–The dynamics of immune activation after treatment are strongly associated with long term outcome, independently of response rate.

	–Tumours with defects in the mismatch repair pathways are known to have highly upregulated expression of multiple immune checkpoints and increased sensitivity to ICI.






 Summary Box 8—Other pathways: Treatment strategies

	–Targeted therapies should be guided by a biomarker to best determine efficacy in the TNBC population most likely to derive benefit.

	–Dysregulation of the PI3K/AKT/mTOR pathway is often observed in TNBC. Efforts to target this pathway have inconsistently shown a modest benefit.

	–Targeting AR has shown some clinical benefit, and several trials are ongoing to further evaluate this. A standardised method to determine AR pathway activation is lacking.

	–Overall benefit of targeting the EGFR, VEGF, and FGFR pathways remains modest. The lack of predictive biomarkers that identify sensitive patients has limited the clinical utility of these drugs.

	–Treatment directed towards HER2-low TNBC has provided new therapeutic opportunities in a proportion of patients, with encouraging results from trials to date.

	–Sacituzumab govitecan, a humanised mAb that targets TROP2, has shown a PFS and OS benefit in mTNBC. It remains to be seen if this success can be translated into the early TNBC setting.
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0.69 0.26-1.82 0.45 0.62 0.24-1.61 0.32 0.63 0.30-1.33 0.22
Ref. Ref. Ref.
1.22 0.64-2.32 0.55 0.94 0.56-1.59 0.82 1.0 0.68-1.62 0.83
Ref. Ref. Ref.
0.95 0.50-1.80 0.86 1.12 0.66-1.93 0.67 1.056 0.68-1.63 0.83
0.85 0.31-2.36 0.75 0.57 0.18-1.83 0.34 0.63 0.28-1.44 0.27
Ref. Ref. Ref.
2.36 1.49-83.75 0.0003 2.06 1.35-3.16 0.0009 1.92 1.37-2.68 0.0001
Ref. Ref. Ref.
1.02 1.01-1.04 0.01 1.01 1.00-1.08 0.10 1.02 1.01-1.08 0.002
0.72 0.42-1.23 0.23 0.48 0.30-0.75 0.001 0.59 0.41-0.86 0.006
Ref. Ref. Ref.
0.93 0.50-1.72 0.82 0.29 0.19-0.45 <0.0001 0.49 0.33-0.72 0.0002
Ref. Ref. Ref.
0.61 0.36-1.04 0.07 0.75 0.47-1.21 0.24 0.68 0.47-0.99 0.05
Ref. Ref. Ref.
0.29 0.14-0.62 0.001 0.33 0.16-0.67 0.002 0.36 0.20-0.62 0.0003
0.26 0.08-0.83 0.02 0.53 0.23-1.21 0.18 0.44 0.21-0.90 0.03
0.63 0.24-1.66 0.35 0.59 0.23-1.55 0.29 0.61 0.29-1.29 0.19
Ref. Ref. Ref.
1.32 0.69-2.51 0.40 0.96 0.57-1.62 0.88 1.09 0.71-1.69 0.69
Ref. Ref. Ref.
1.00 0.53-1.90 1.00 1.15 0.67-1.98 061 1.08 0.69-1.68 0.73
0.88 0.32-2.43 0.80 0.56 0.18-1.81 0.34 0.66 0.29-1.51 0.32
Ref. Ref. Ref.
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LRRFS DMFS DFS

NLR PLR LMR NLR PLR LMR NLR PLR LMR

AUC 0.52 0.55 0.55 0.54 0.51 0.55 0.51 0.51 0.54
Cutoff 2.01 136.64 3.75 222 119.80 3.61 2.01 119.87 3.75
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Variables LRRFS Variables LRRFS DFS

HR 95%Cl P HR 95%Cl P HR 95%Cl P
PLR LMR
Low 0.42 0.22-0.81 0.009 Low 220 1.11-4.37 0.02 2.10 1.17-3.74 0.01
High Ref. High Ref. Ref.
Age 1.03 1.01-1.06 0.01 Age 1.03 1.00-1.06 0.03 1.04 1.01-1.06 0.002
pT pT
pT1 1.16 0.38-3.57 0.80 pT1 1.14 0.38-3.48 0.81 0.82 0.37-1.79 0.61
pT2 Ref. pT2 Ref. Ref.
pN pN
pNO 0.76 0.33-1.75 0.52 pNO 0.77 0.34-1.77 0.54 0.62 0.33-1.18 0.14
pN1 Ref. pN1 Ref. Ref.
Ki67 Ki67
<14% 0.49 0.23-1.05 0.07 <14% 0.58 0.27-1.23 0.16 0.48 0.26-0.88 0.01
>14% Ref. >14% Ref. Ref.
Grade Grade
G1/2 1.13 0.36-3.55 0.83 G172 1.02 0.32-3.21 0.98 0.90 0.39-2.07 0.80
G3 Ref. G3 Ref. Ref.
Histological type Histological type
Lobular 0.60 0.23-1.58 0.30 Lobular 0.65 0.25-1.71 0.38 0.61 0.27-1.38 0.24
Others 1.10 0.33-3.72 0.87 Others 1.14 0.34-3.83 0.83 0.78 0.24-2.56 0.68
Ductal Ref. Ductal Ref. Ref.
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Variable BC (n = 1806) Variable BC (n = 1806)
Age at diagnosis (years) 62 + 13 [26-95] pN

BMI 26.7 + 25.5 [14.2-46.1] 0 1204 (70.2%)
Hormonal Status 1 360 (21%)
Fertile 439 (24.3%) 2 88 (5.1%)
Pregnancy 2(0.1%) 3 63 (3.7%)
Menopause 1347 (74.6%) Biological portrait

Replacement therapy 8 (1%) ER+/HER2- 1368 (80.9%)
Type of surgery ER+/HER2+ 144 (8.5%)
Conservative surgery 1345 (74.5%) ER-/HER2+ 69 (4.1%)
Mastectomy 461 (25.5%) ER-/HER2- 110 (6.5%)
Axillary dissection PG

No 1180 (65.3%) Negative 384 (21.3%)
Yes 626 (34.7%) Positive 1422 (78.7%)
LNS biopsy Ki67

No 316 (17.5%) <14% 1177 (65.2%)
Yes 1490 (82.5%) > 14% 629 (34.8%)
Type of breast cancer Radiotherapy

Microinvasive 27 (1.5%) No 504 (28.1%)
Invasive 1779 (98.5%) Yes 1288 (71.9%)
Histological type Chemotherapy

Ductal 1409 (78%) No 1218 (68.2%)
Lobular 278 (15.4%) Yes 567 (31.8%)
Others 119 (6.6%) Biological therapy

Grading No 1487 (89.6%)
| 190 (10.6%) Yes 173 (10.4%)
I 1133 (63.2%) Hormonal therapy

1] 469 (26.2%) No 307 (17.2%)

Lymphovascular invasion

No

Yes

Tumor dimension (mm)
pT

X

1
2
3
4

1053 (58.6%)
744 (41.4%)
15 +9[0-100]

7 (0.4%)

1468 (81.3%)

305 (16.9%)
12 (0.6%)
14 (0.8%)

Yes

Exitus

No

Yes

DM

No

Yes

Time to DM (months)
LRR

No

Yes

Time to LRR (months)

1476 (82.8%)

1779 (98.0%)
37 (2.0%)

1700 (94.1%)
106 (5.9%)
25 + 25 [0-60]

1715 (92.6%)
91 (7.4%)
25 + 25 [0-60]

BC, breast cancer; BMI, body mass index; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; PG, progesterone receptor; DM, distant metastasis;

LRR, locoregional recurrence.

Data are expressed as mean + standard deviation or total numbers; range and frequency distribution are shown within square and round parentheses, respectively.
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Study Population Rate of positive margins Variables in model OR 95% CI AUC

model validation

Shin et al. (14) Patients with invasive 14.6%(151/1034) Microcalcifications on mammogram 157 1.04-239 0.82 0.85
or in situ palpable and Breast density on mammogram
non-palpable breast cancer Type 2 1.69 0.53-4.81
Type 3 161 0.56-4.62
Type 4 452  157-
12.95
>0.5 cm difference MRI e ultrasound 100  6.50-
15.39
DCIS present on needle biopsy 1.568 1.01-2.45
Lobular component on needle biopsy 3.99 1.31-
12.12
Pleijhuis et al. (15) Patients with T1e2 palpable 19.7%(233/1185) Suspicion of multifocal disease 2.81 1.30-6.06 0.70 0.69
and non-palpable breast Preoperative MRI-scan absent 1.80 1.02-3.18
cancer Positive preoperative N-stage 1.78 0.97-3.07
Non-palpable tumour 1.51 1.07-2.13
Microcalcifications on mammogram 1.37  0.95-2.00
Preoperative T2-stage 1.33 0.87-2.02
Breast density on mammogram 122 1.00-1.49
Presence of DCIS component 311 2.19-4.42
Lobular histology 290 1.71-491
ER positive 1.80 1.04-3.13
Elston Il grade 1.44 0.96-2.16
Barentsz et al. (16)  Patients with non-palpable 12.0%(69/576) Microcalcifications on mammogram 214 1.22-377 0.70 0.69
breast cancer Invasive tumour size 175 1.20-2.56
Presence of DCIS component on biopsy 261 1.41-482
Bloom and Richardson grade 2/3 1.82 1.05-3.14
Caudeal location within breast 240 1.35-4.27
Pan et al. (13) Patients with invasive 19.4%(232/1193) Preoperative tumor size 0.72 0.69
or in situ palpable 2-5¢cm 1.57 1.12-2.20
and non-palpable Unknown 1.50 0.93-2.42
breast cancer Positive preoperative N stage 6.83 4.83-9.66
HR-positive 2.04 1.23-3.37
Positive HER2 1.99 1.41-2.82
Suspicion of multifocality 1.83 1.04-3.21
Ellbrant et al. (18) Patients with invasive 17.8%(77/432) Visible on mammography 2.33 0.73-7.60 0.80 0.75
or in situ ILC on needle biopsy 5.59 2.71-
breast cancer 11.50
DCIS on needle biopsy 4.44 2.00-9.83
Distance from nipple-areola complex > 2.96 1.63-5.40
5cm
Oncoplastic surgery 225 1.17-432
Mammographic calcification 1.52 0,80-2.89
Present study Patients with invasive 18.6%(74/398) Tumor size in ultrasound <2cm 212 1.19-380 0.71 0.68
(2022) or in situ palpable Increased blood flow 2.88 1.55-5.35
and non-palpable Microcalcifications 2.39 1.37-4.17
breast cancer Positive cerbB-2 status 199 1.02-3.85

Grade 1/2 246 1.37-4.44
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Variables

OR 95%Cl P
Tumor size in ultrasound (<2cm vs. >2cm) 212 1.19-3.80 0.011
Increased blood flow(yes vs. no) 2.88 1.65-5.35 0.001
Microcalcifications(yes vs. no) 2.39 1.37-4.17 0.003
cerbB-2 status(positive vs. negative) 1.99 1.02-3.85 0.042
Grade(G1/2 vs. G3) 2.46 1.37-4.44 0.002
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Positive margins (n=74) Clear margins (n=324) OR (95% CI) P

Age (years) 1.11 (0.67-1.85) 0.675
<50 35 (47.3%) 162 (50.0%)
>50 39 (62.7%) 162 (50.0%)

Tumor location 1.00 (0.60-1.68) 1.000
Outer upper quadrant 29 (39.2%) 127 (39.2%)
Other quadrant 45 (60.8%) 197 (60.8%)

Palpability 0.47 (0.21-1.03) 0.060
no 10 (13.5%) 22 (6.8%)
yes 64 (86.5%) 302 (93.2%)

Multiple lesions 1.59 (0.61-4.19) 0.345
no 68 (91.9%) 307 (94.8%)
yes 6 (8.1%) 17 (5.2%)

Tumor size in ultrasound 0.51 (0.30-0.89) 0.018
<2cm 53 (71.6%) 183 (66.5%)
>2cm 21 (28.4%) 141 (43.5%)

Spiculated margin 1.16 (0.69-1.94) 0.585
no 45 (60.8%) 208 (64.2%)
yes 29 (39.2%) 116 (35.8%)

Crab sign 1.06 (0.60-1.87) 0.846
no 54 (73.0%) 240 (74.1%)
yes 20 (27.0%) 84 (25.9%)

Increased blood flow 2.59 (1.45-4.63) 0.001
no 51 (68.9%) 276 (85.2%)
yes 23 (31.1%) 48 (14.8%)

Distorted structure 2.59 (0.74-9.08) 0.138
no 70 (94.6%) 317 (97.8%)
yes 4 (5.4%) 7 (2.2%)

Asymmetric density 1.20 (0.50-2.87) 0.687
no 67 (90.5%) 298 (92.0%)
yes 7 (9.5%) 26 (8.0%)

Microcalcifications 2.25(1.33-3.80) 0.002
no 42 (56.8%) 242 (74.7%)
yes 32 (43.2%) 82 (25.3%)

ER status 1.02 (0.57-1.82) 0.948
positive 55 (74.3%) 242 (74.7%)
negative 9 (25.7%) 82 (25.3%)

PR status 0.96 (0.56-1.65) 0.882
positive 50 (67.6%) 216 (66.7%)
negative 24 (32.4%) 108 (33.3%)

cerbB-2 status 0.55 (0.30-1.01) 0.053
positive 19 (25.7%) 52 (16.0%)
negative 55 (74.3%) 272 (84.0%)

Ki67 1.34 (0.81-2.22) 0.261
<30% 33 (44.6%) 168 (51.9%)
>30% 41 (55.4%) 156 (48.1%)

LVI 1.09 (0.62-1.94) 0.760
no 54 (73.0%) 242 (74.7%)
yes 20 (27.0%) 82 (25.3%)

Grade 0.48 (0.28-0.83) 0.008
1-2 53 (71.6%) 177 (54.6%)
3 21 (28.4%) 147 (45.4%)

ER, estrogen receptor: PR, progesterone receptor; LV, lymphovascular invasion.
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Study cohort (n=398)

Validation cohort (n=175)

Period
Positive margins
Age, years (median, range)
BMI (median, range)
Tumor location
Outer upper quadrant
Palpability
Muitiple lesions
Ultrasonographic features
Tumor size

<=2cm

>2cm
Spiculated margin
Crab sign
Increased blood flow
mammographic features
Distorted structure
Asymmetric density
Microcalcifications
ER positive
PR positive
cerbB-2 positive
Ki-67

Ki67 <= 30%

Ki67 > 30%
LvI
Grade

1-2

3

2015.1-2019.12
74 (18.6%)
51 (25-63)

24.8 (17.0-38.6)

156 (39.2%)
366 (92.0%)
23 (5.8%)

236 (59.3%)
162 (40.7%)
145 (36.4%)

04 (26.1%)
71 (17.8%)

1 (2.8%)
3 (8.3%)
1 14 (28.6%)
207 (74.6%)
266 (66.8%)
71 (17.8%)

201 (50.5%)
197 (49.5%)
97 (24.4%)

230 (57.8%)
168 (42.2%)

2020.1-2021.12
45 (25.7%)
55 (26-93)

25.1(16.8-35.9)

75 (42.9%)
154 (88.0%)
15 (8.6%)

95 (54.3%)
80 (45.7%)
67 (38.3%)
57 (382.6%)
44 (25.1%)

7 (4.0%)
10 (6.7%)
58 (33.1%)
137 (78.3%)
111 (63.4%)
37 21.1%)

96 (54.9%)
79 (45.1%)
28 (16.0%)

98 (56.0%)
77 (44.0%)

BMI, Body Mass Index; ER, estrogen receptor: PR, progesterone receptor; LVI, lymphovascular invasion.
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Evaluable patients (n = 260)

Sex
Female 259 (99.6%)
Male 1(0.4%)
Age (years) at inclusion
Median (range) 54 (29-80)
<50 95 (36.5%)
>50 165 (63.5%)
Histological type
Ductal Carcinoma 227 (87.3%)
Lobular Carcinoma 19 (7.3%)
Medular Carcinoma 2 (0.8%)
Papillary Carcinoma 2 (0.8%)
Others 8 (3.8%)
ECOG performance status
0 120 (46.2%)
1 128 (49.2%)
2 6 (2.3%)
Immunohistochemistry receptor status
Triple Negative 46 (17.7%)
HR-negative/HER2-positive 8 (3.1%)
HR-positive/HER2-positive 22 (8.5%)
HR-positive/HER2-negative 184 (70.8%)
Therapy in early disease
Neo/adjuvant chemotherapy 194 (74.6%)
Neo/Adjuvant endocrine therapy 144 (55.4%)
Neo/Adjuvant anti HER2 therapy 19 (7.3%)
No adjuvant treatment 58 (20.4%)
Prior lines in the metastatic setting at inclusion
Median (min-max) 3(0-18)
0 12 (4.6%)
1 50 (19.2%)
2-3 78 (30%)

>3 120 (46.2%)
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NCT (%) NET (%)

Complete pCR 7 (8.0) 1(1.2)
Breast pCR 9(10.3) 1(1.2)
Axillary pCR 12 (13.8) 4(4.8%)
Number of removed axillary LNs

<10 (SNB only or AS) 38 (43.7) 24 (28.9)

>10 (ALNDP) 49 (56.3) 59 (71.1)
Mean number of removed axillary LNs (SD) 11.74 £ 6.6 1496 +7.2
Mean number of positive axillary LNs (SD) 292 +39 484 +£47

.064
.018
.045

.046

.003
.000

Unless otherwise indicated, data are expressed as number (percentage or standard deviation, SD) of patients.
bAxillary lymph node dissection: Number of removed axillary lymph nodes =10 in levels 1 and 2.

AS, axillary sampling; NCT, neoadjuvant chemotherapy; NET, neoadjuvant endocrine therapy; LNs, lymph nodes; pCR, pathologic complete response; SNB, sentinel lymph node biopsy.





OPS/images/fonc.2021.749753/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.749753/fonc-11-749753-g001.jpg
g
g

c
Variables |-LR | P-value
miR-301a-3p | 0.184 | <0.0001
miR-1853p | 0.065 | <0.0001
LINCO0511 | 0.085 | <0.0001
cA1s3 04 [oo01s -
CEA 026 | 00121

= e
—
fen—

Univariate Model

AR S S
P Sy





OPS/images/fonc.2021.749753/fonc-11-749753-g002.jpg





OPS/images/fonc.2021.741120/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.741120/fonc-11-741120-g001.jpg
A

Flowchart outlining the recruiting of participants in the NEST trial

Eligibility:

20 years < age < 50 years
Premenopausal
ER-positive, HER2-negative
LN positive

187 randomized

95 randomized to receive NCT 92 randomized to receive NET i
Adriamycin and cyclophosphamide (60 mg/m? adriamycin plus Goserelin acetate 3.6 mg every 4 weeks with ‘
600 mg/m? cyclophosphamide intravenously) every 3 weeks tamoxifen 20 mg daily |
for four cycles followed by taxol (75 mg/m? docetaxel

intravenously) every 3 weeks for four cycles

CONSORT diagram
187 patients enrolled and randomized
I ¥
Randomized to receive NCT, n=95 Randomized to receive NET, n=92 ‘
» Withdrew consent, n=7 > Withdrew consent, n=5 ‘
> Follow-up loss, n=1

> Received allocated treatment, n=87 ‘

> Received allocated treatment, n=87
— Completed treatment, n=87 ‘

Completed treatment, n=87 " 5
Did not receive surgery, n=4 ‘

Surgery, n=87 Surgery, n=83
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Variable

Age at diagnosis, years

Mean (SD)
20-29
30-39
40-49
50-55
Histology
Ductal
Lobular
Other®
Clinical T stage
cTt
cT2
cT3
cT4
Grade
G1/2
G3
N/A
PR status®
Positive
Negative
Ki67 expression
<20
>20%
Breast surgery
BCS
Mastectomy

Unless otherwise indicated, data are expressed as number (percentage) of patients.

bClinical N stage was excluded due to the heterogeneous assessment of patients during physical examination.
“Other histologies include invasive micropapillary (n = 4), mucinous (n = 10), and invasive tubular (n = 1) carcinomas.
IAll patients were ER-positive.

NCT (n = 87)

425+ 5.6

2(23)
20 (23.0)
60 (69.0)

5(5.7)

18 (20.7)
54 (62.1)
14 (16.1)
1(1.1)

65 (75.6)
5(6.8)
16 (18.6)

77 88.5)
10(11.5)

32 (37.6)
53 (62.4)

44 (50.6)
43 (49.4)

NET (n =83)

417+57
1(1.2)

29 (34.9)

51 (61.4)
2(25)

76 (91.6)
6(7.2)
1(1.2)

.366

.590

.906

.961

911

.874

447

BCS, breast-conserving surgery: cT1, clinical T1; cT2, clinical T2: ¢T3, clinical T3; NCT, neoadjuvant chemotherapy; NET, neoadjuvant endocrine therapy; PR, progesterone receptor.
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Groups T™Ms ncRNAs (Fold Change)

CEA (ng/ml) CA15-3 (U/ml) LINC00511 miR-185-3p miR-301a-3p
Cutoff >1.66 Median >17.2 Median >0.97 Median <17 Median >0.59 Median
Control 2 (8%) 1.7(1.6-1.8)  0(0%) = 0 (0%) - 4 (16%) 0.67 (0.5-0.79) 3 (12%) 0.67 (0.591-1.6)
BC 53 (75.7%) 2.9 (1.6-6.6) 49 (70%) 32.4(20.3-90.6) 64 (91.4%) 2.02(1.07-8.6) 64(91.4%) 0.47(0.01-1.6) 60 (85.7%) 3.9 (0.6-20.6)

All data are presented as median (range) and the positivity rates are presented as (n, %).
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Characteristics BC patients LINCO00511 miR-185-3p miR-301a-3p

n % Median (range) Median (range) Median (range)
Age (years)
<50 39 56.7 2.36 (0.01-21.48) 0.48 (0.01-2.76) 2.98 (0.14-20.4)
>50 31 443 3.16 (0.65-21.78) 0.62 (0.03-1.74) 3.75 (0.46-20.6)
p-value NS NS NS
No. of offspring
<2 38 54.3 2.75 (0.65-20.11) 0.4 (0.02-1.74) 3.75 (0.14-20.4)
>2 32 45.7 2.19(0.01-21.78) 0.63 (0.01-2.76) 3.37 (0.14-20.6)
p-value NS NS NS
Non-Communicable Diseases
CVv.D 32 457 2.18 (0.01-21.78) 0.618 (0.0166-2.769) 3.152 (0.444-20.62)
DM 9 129 2.33 (1.559-11.26) 0.303 (0.0718-1.74) 3.361 (0.149-20.46)
None 29 414 2.69 (0.41-21.48) 0.323 (0.0166-2.769) 3.756 (0.149-20.48)
p-value NS NS NS
BC Family History
No 54 774 2.31 (0.65-21.78) 0.5682 (0.0166-2.769) 3.338 (0.149-20.62)
Yes 16 229 417 (0.018-21.48) 0.3009 (0.0166-2.769) 5.434 (0.323-20.62)
p-value NS NS NS
Pt. Surgical History
No 40 571 251(0.018-21.78) 0.5566 (0.0219-2.769) 3.432 (0.149-20.62)
Yes 30 429 2.65 (0.41-21.48) 0.5689 (0.0166-2.128) 3.559 (0.323-19.69)
p-value NS NS NS
Hormonal Contraceptive intake
No 53 75.7 259 (0.018-21.78) 05701 (0.0349-2.769) 4.225 (0.149-20.62)
Yes 17 243 2.33 (1.22-20.04) 0.3207 (0.0166-1.197) 1.027 (0.149-6.273)
p-value NS NS U=232; P= 0.0023"
TNM Stage
I (early stage) 36 514 4.79 (0.73-21.78) 0.474 (0.034-2.12) 3.75 (0.154-20.62)
Il (late stage®) 34 486 1.92 (0.018-17.16) 0.576 (0.0166-2.76) 3.15 (0.14-20.48)
p-value U = 313; p = 0.0003* NS NS
Tumor Size (cm)
<2 35 50 1.792 (0.018-12.73) 0.747 (0.0166-2.76) 1.39 (0.149-10.4)
>2 35 50 9.52 (0.41-21.78) 0.251 (0.016-2.76) 5.09 (0.46-20.62)
p-value U = 188; P< 0.0001* U =381; p=0.0062" U =339; p =0.0011*
Grade (Bloom-Richardson scale)
7 55 786 2.29(0.018-21.78) 0.623 (0.02-2.76) 3.75 (0.15-20.62)
v 15 214 4.93 (1.97-17.16) 0.188 (0.01-1.19) 2.9 (0.149-20.48)
p-value U =2683; p=0.031" U =222; p = 0.0056* NS
LNM
No 36 514 1.65(0.417-11.26) 0.727 (0.0166-2.76) 3.33 (0.32-20.48)
Yes 34 48.6 10.41 (0.018-21.78) 0.25 (0.0166-2.769) 3.99 (0.14-20.62)
p-value U =82; p <0.0001* U =373; p = 0.0045* NS
istological BC type
IDC 59 84.2 2.363 (0.018-21.78) 0.57 (0.01-2.76) 3.75 (0.14-20.62)
Other types 1" 16.8 3.033 (1.23-20.04) 0.32 (0.03-0.87) 2.18 (0.32-20.11)
p-value NS NS NS
BC Molecular subtype
Luminal like 51 7238 3.03 (0.66-21.78) 0.4828 (0.0166-2.128) 3.361 (0.149-20.62)
HER-2 overexpression 16 228 1.59 (0.018-15.43) 0.5761 (0.0166-2.769) 6.023 (0.444-20.46)
TNBC 3 4.4 4.93 (1.65-17.16) 0.6549 (0.054-0.9009) 3.315 (0.641-20.48)
p-value H=9.2; p = 0.0098" NS NS
ER status
Positive 38 543 3.27 (0.66-21.48) 0.47 (0.03-2.12) 3.36 (0.14-10.4)
Negative 32 457 1.94 (0.018-21.78) 0.57 (0.01-2.76) 4.42 (0.32-20.62)
p-value U =428; p = 0.0337* NS U=423;p=0.0417*
PR status
Positive 50 1.4 3.02 (0.66-21.78) 0.486 (0.016-2.12) 3.39 (0.14-20.62)
Negative 20 286 1,63 (0.018-17.16) 0.576 (0.01-2.76) 4,76 (0.149-20.48)
p-value U =317; p = 0.0039* NS NS
HER-2/neu status
Positive 23 329 2.01(0.018-21.78) 0.566 (0.016-2.12) 3.36 (0.149-20.62)
Negative 47 67.1 2,69 (0.655-20.04) 0.323 (0.0219-2.76) 3.75 (0.323-20.62)
p-value NS NS NS
Ki-67 status
High 10 14.2 2.865 (1.19-21.48) 0.23 (0.04-1.08) 2.98(0.46-7.3)
Low 3 4.3 17.16 (1.65-20.04) 0.65 (0.46-0.9) 1.02 (0.64-3.31)
N.A 57 81.5 - = =
p-value NS NS NS
CEA (ng/ml)
Cutoff <1.66 17 24.3 4.38 (0.41-21.78) 0.30 (0.016-2.76) 4.75 (0.14-20.62)
Cutoff >1.66 53 75.7 2.36 (0.018-20.11) 0.62 (0.03-0.9) 3.31(0.1-20.6)
p-value NS NS NS
CA15-3 (U/ml)
Cutoff <17.2 21 30 2.59 (1.47-16.87) 0.57 (0.016-2.12) 4,75 (0.32-20.62)
Cutoff >17.2 49 70 2.42 (0.01-21.78) 0.48 (0.01-2.71) 3.43 (0.14-20.6)
p-value NS NS NS

All data were expressed as median (range) and comparison was assessed using Mann-Whitney test (U) for comparison of two non-parametric groups and Kruskal-Wallis one-way ANOVA
(H) for more than two non-parametric groups on GraphPad prism software. *Significant statistical difference less than 0.05, P statistical difference between BC subgroups, late localized
advanced stage [CVD, coronary vascular diseases; DM, diabetes meliitus; ER, estrogen receptor; HER-2, human epidermal growth factor receptor-2; IDC, invasive ductal carcinoma;
LNM, lymph node metastasis; Ki-67, proliferative index; PR, progesterone receptor; TNBC:; triple-negative breast cancer; TNM, tumor node metastasis; NS, Non Significant].
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Subgrouping Characteris- n % Correlation Coeffi- LINC00511 and miR-185-  LINC00511 and miR-301a- miR-185-3p and miR-301a-

tics cient 3p 3p 3p
Breast Cancer 70 100 Spearman -0.438* 0.034 -0.01
p-value 0.000 0.779 0.93
Age >50 years 31 443 Spearman -0.369" 0.025 -0.231
p-value 0.041 0.895 0.210
IDC subtype 59 84.2 Spearman -0.412" 0.115 -0.017
p-value 0.001 0.388 0.900
+ve ER 38 54.3 Spearman -0.483" 0.056 -0.046
p-value 0.002 0.739 0.784
-ve ER 32 45.7 Spearman -0.480" 0.127 0.040
p-value 0.005 0.487 0.828
+ve PR 50 71.4 Spearman -0.344* 0.169 -0.035
p-value 0.014 0.242 0811
-ve PR 20 28.6 Spearman -0.706" -0.123 0.015
p-value 0.001 0.607 0.95
High Ki-67 10 14.2 Spearman -0.385 0.209 -0.291
p-value 0.194 0.494 0.334
+ve HER-2/neu 23 329 Spearman -0.599" 0.079 -0.069
p-value 0.0001 0.653 0.692
Localized stage Il 34 48.6 Spearman -0.648" -0.087 -0.005
p-value 0.0001 0.627 0.980
+ve Pt. Surgical History 30 429 Spearman -0.352* -0.237 0.028
p-value 0.05 0.208 0.882
Luminal like subtype 51 72.8 Spearman -0.341* 0.153 0.022
p-value 0.014 0.282 0.879
D.M 9 129 Spearman -0.667* -0.367 -0.033
p-value 0.050 0.332 0.932
TLC > 5 x 10° cell/pl 45  64.3 Spearman -0.420" 0.124 -0.220
p-value 0.004 0.416 0.147
Hb > 10 g/di 16 22,9 Spearman -0.421* -0.034 -0.027
p-value 0.002 0.810 0.844
Platelet > 150 x 10° cell/pl 58 82.8 Spearman -0.437* 0.080 -0.126
p-value 0.001** 0.553 0.345
CEA >1.66 ng/ml 53 757 Spearman -0.50 0.022 -0.167
p-value 0.001** 0.887 0.272
CA15-3 > 17.2 U/ml 49 70 Spearman -0.524 0.011 0.076
p-value 0.0001** 0.93 0.596

All data were expressed as (n, %) and Spearman correlation coefficient (r) was calculated using SPSS software, *Significant statistical difference less than 0.05, **Significant statistical
difference less than or equal 0.001. [D.M, Diabetes mellitus; ER, Estrogen receptor; Hb, Hemoglobin count; HER-2, Human epidermal growth factor receptor-2; IDC, Invasive ductal
carcinoma; Ki-67, Proliferative index; PR, Progesterone receptor: TLC, Total leucocyte count].
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Target ID
LINC00511
GAPDH
miR-185-3p
miR-301a-3p

ue

nt, nucleotides; N.A., not available to researchers, Intellectual property of Qiagen Co.

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Location

121141
319-338
165-173
220-202
1-20

1-22

1-28

Amplicon size
178 nt
66 nt
N.A.
N.A.

70 nt

Sequence (5 to 3)

5-CTGTTTGGACGTGGTGAGGA-3'
5-CCCTTCAGTTCATGACGCCT-3
5-AGCCACATCGCTCAGACAC-3
5-GCCCAATACGACCAAATCC-3'
5-GGGGCTGGCTTTCCTCTGG-3'

N.A.
5-CAGTGCAATAGTATTGTCAAA-3
N.A.
5-ATTGGAACGATACAGAGAAGATT-3
5-GGAACGCTTCACGAATTTG-3'
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RNA Gene DB ID Accession number/Chromosome; Cytogenetic band Pre-ncRNA Size bases/Strand Mature Sequence (5 to 3)/Size

LINC00511 URS00001710A5_9606 350,382 72,290,091~
AAGGGGCGAUGCGCCCCGGAGGGGGA//
CAGAUUCUGAUGCUCGGUGGACAGU-72,640,472

Chr17;17g24.3 Reverse (-) 2,265
miR-185-3p MIMAT0004611 82 50 - AGGGGCUGGCUUUCCUCUGGUC - 71
Chr22; 22g11.21 Forward (+) 21
miR-301a-3p MIMATO000688 86 51-CAGUGCAAUAGUAUUGUCAAAGC-73
Chr17; 1722 Reverse (-) 22

miRGene DB was used for both miR-185-3p and miR-301a-3p, and RefSeq DB was used for LINCO0511.
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Groups (n)/Characteristics (Unit)

Control (25)

BC patients (70)

Statistics

Age (years)
<50 (n, %)
>50 (n, %)
BMI (kg/m?)
<25 (n, %)
=25 (n, %)
N.A (1, %)
No. of offspring
<2 (n, %)
>2 (n, %)
TLC (x10° cell/pl)
<5 (n, %)
>5 (n, %)
Hemoglobin (gm/dl)
<10 (n, %)
>10 (n, %)
Platelet count (x10%cell/pl)
<150 (n, %)
>150 (n, %)
Menopause
Pre (n, %)
Post (n, %)
Non-Communicable Diseases
CV.D. (0, %)
D.M. (n, %)
None (n, %)
BC Family History
No (n, %)
Yes (n, %)
Pt. Surgical History
No (n, %)
Yes (n, %)
Hormonal Contraceptive Intake
No (n, %)
Yes (n, %)
CEA (ng/ml)
CA15-3 (U/ml)
LINCO00511 (Fold change)
miR-185-3p (Fold change)
miR-301a-3p (Fold change)

(10, 40%)
(15, 60%)

(20, 80%)
(5, 20%)
(0, 0%)

(17, 68%)
@, 32%)

(20, 80%)
(5, 20%)

(1, 4%)
(24, 96%)

(2, 8%)
(23, 92%)

(17, 68%)
(8, 32%)

0, 0%)
0, 0%)
(25, 100%)

(25, 100%)
(0, 0%)

(25, 100%)
(0, 0%)

(25, 100%)
0, 0%)

1.4 (0.99-1.87)
6.8 (4.3-17.2)
0.008 (0.0002-0.97)
214 (0.53-3.04)
0.24 (0.01-1.66)

(39, 55.7%)
(31, 44.3%)

(3, 4.3%)
(32, 45.7%)
(35, 50%)

(38, 54.3%)
(32, 45.7%)

(25, 35.7%)
(45, 64.3%)

(54, 77.1%)
(16, 22.9%)

(12, 17.2%)
(58, 82.8%)

(40, 57.1%)
(30, 42.9%)

(32, 45.7%)
©, 12.9%)
(29, 41.4%)

(54, 77.1%)
(16, 22.9%)

(40, 57.1%)
(30, 42.9%)

(53, 75.7%)
(17, 24.3%)
2.39 (0.3-6.6)
23.8 (6.3-90.6)
2.5 (0.018-21.77)
055 (0.01-2.76)
3.4 (0.14-20.6)

7 =1821,p1 =0.244

NA

7 =142,p1=0233

22 =0.904, p1 = 0.341

NA

NA

NA

NS
p2 < 0.0001*
p2 =0.006*

p2 =0.0001*
p2 = 0.0004*

Data shown as mean + S.E.M. or median (range) or (n, %), Statistics were computed using GraphPad prism software using Chi square test x2 (dichotomous parameters), Student's t-test
(parametric data), or Mann-Whitney test (non-parametric data), p1 indicates comparison between number of populations in control and BC groups using Chi-square test, while p2
indicates comparison between mean or median of population in control and BC groups, *Statistical significance p-value < 0.05. [BMI, body mass index; C.V.D., cardiovascular diseases;

D.M., diabetes mellitus; TLC, total leucocyte count; N.A., not applicable/not available; NS, non-significant].
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Single Combined

Markers (Units) CEA (ng/ml) CA15-3 (U/ml) LINCO00511 (Fold Change) miR-185-3p (Fold Change) miR-301a-3p (Fold Change) CEA + miR-185-3p

Cutoff value >1.66 >17.2 >0.97 <174 >0.59 -
AUC 0.759 0.810 0.980 0.838 0.899 0.92
S.E.M. 0.103 0.0999 0.0114 0.0641 0.0399 0.0589
p-value 0.01* 0.00" 0.000" 0.000" 0.000* 0.0183*
95% CI 0.557-0.901 0.575-0.948 0.925-0.998 0.740-0.911 0.813-0.954 0.709-0.993
Sensitivity % 76.47 60.00 91.43 95.65 85.51 73.19
Specificity % 9 100 100.00 66.67 78.57 96.67
PPV 60 100 100 36.01 43.9 0.145
NPV 95.12 92.7 98.34 98.73 96.5 4.72
Accuracy 0.886 0.795 0.943 0.875 0.784 92.82

Data were obtained from the ROC curve analysis using MedCalc software. [AUC, area under the curve; PPV, positive predictive value; NPV, negative predictive value, *Statistically
significant p-value < 0.05].
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Training cohort

Validation cohort

AUC 95% CI AUC 95% CI
Predict ALNM
Combined 0.87 0.81-0.92 0.84 0.73-0.92
Image-only 0.81 0.70-0.89 0.75 0.65-0.86

ALNM, axillary lymph node metastasis; AUC, area under the curve; Cl, confidence interval.
Combined model (image-only model+ lymphovascular invasion).
Image-only model (ALN cortex thickness and obliterated ALN fatty hilum).





OPS/images/fonc.2022.845334/table2.jpg
Characteristic

w
No
Yes
ALN cortex thickness
<3 mm
>3 mm
ALN fatty hilum
Preserved
Obliterated
Tumor size (cm)
Tumor orientation
Parallel
No-parallel
vTIQ

Univariate analysis

HR

Ref
7.73

Ref
8.03

Ref
11.46
1.07

Ref
21
1.27

95% Cl

3.99-14.95

4.08-15.80

3.71-35.34
1.08-1.12

1.12-3.88
1.07-1.50

P value

<0.001

<0.001

<0.001

0.002
0.02

0.005

Multivariate analysis

HR

Ref

9.03

Ref
5.84

3.85

95% CI P value
<0.001
4.14-19.69
<0.001
2.40-14.24
0.05
0.98-15.09

ALN, axillary lymph node; LVI, lymphovascular invasion; HR, hazard ratio; Cl, confidence interval: VTIQ, Virtual Touch Tissue Imaging Quantification; Ref, reference.
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Characteristics Total cohort (N = 281) Training cohort (N = 197) Validation cohort (N = 84) P* value
Age (y) 48(43-58) 48 (42-57) 50 (43-60) 0.822
BMI (kg/m?) 0.256
<25 208 (74%) 142 (72.1%) 66 (78.6%)
>05 73 (26%) 55 (27.9%) 18 (21.4%)
Postmenopausal 0.392
No 113 (40.2%) 76 (38.6%) 37 (44%)
Yes 168 (59.8%) 121 (61.4%) 47 (56%)
Tumor size (mm) 16.5 (12-21) 17 (12-21) 16 (12-21) 0.805
Tumor orientation 0.220
Parallel 109 (38.8%) 81 (41.1%) 28 (33.3%)
No-parallel 172 (61.2%) 116 (58.9%) 56 (66.7%)
Multifocality 0.379
No 260 (92.5%) 185 (93.9%) 75 (89.3%)
Yes 21 (7.5%) 12 (6.1%) 9(10.7%)
Histological grade 0.430
| 7 (2.5%) 6 (3.0%) 1(1.2%)
I 131 (46.6%) 87 (44.2%) 44 (52.4%)
n 127 (45.2%) 91 (46.2%) 36 (42.9%)
Missing 16 (6.7%) 13 (6.6%) 3 (3.6%)
Histology 0.476
IDC 241 (85.8%) 171 (86.8) 70 (83.3%)
ILC 31 (11.0%) 19 (9.6%) 2 (14.3%)
Other 9(3.2%) 7 (3.6%) 2 (2.4%)
LvI 0.385
No 178 (63.3%) 128 (65.0%) 50 (59.5%)
Yes 103 (36.7%) 69 (35.0%) 34 (40.5%)
ER 0.976
Positive (>1%) 73 (26%) 145 (73.6%) 62 (73.8%)
Negative (<1%) 207 (73.6%) 51 (25.9%) 22 (26.2%)
Missing 1 (0.4%) 1(0.5%) 0
PR 0.639
Positive (>1%) 108 (38.4%) 116 (568.9%) 53 (63.1%)
Negative (<1%) 169 (60.1%) 77 (39.1%) 31 (36.9%)
Missing 4 (1.5%) 4 (2.0%) 0
AR 0.863
Positive (>10%) 47 (16.7%) 32 (16.2%) 15 (17.9%))
Negative (<10%) 207 (73.7%) 145 (73.6%) 62 (73.8%
Missing 27 (9.6%) 20 (10.2%) 7 (8.3%)
HER-2 status 0.647
Positive 82 (29.2%) 59 (29.9%) 23 (27.4%)
Negative 198 (70.5%) 137 (69.5%) 61 (72.6%)
Missing 1(0.3%) 1 (05%) 0
Ki-67 0.641
Low (<20%) 82 (29.2%) 56 (28.4%) 26 (31%)
High (=20%) 197 (70.1%) 139 (70.6%) 58 (69%)
Missing 2 (0.7%) 2 (1.0%) 0
Number of LN removed 14.5 +10.5 14.4+11.0 147 £9.2 0.859
LN cortex thickness 0.76
<3 mm 191 (68%) 135 (68.5%) 56 (66.7%)
>3 mm 90 (32%) 62 (31.5%) 28 (33.3%)
LN fatty hilum 0.253
Preserved 252 (89.7%) 174 (88.3%) 78 (92.9%)
Obliterated 29 (10.3%) 23 (11.7%) 6 (7.1%)
vTIQ 5.48 (4.34-6.69) 5.52 (4.56-7.00) 5.38 (4.05-6.54) 0.189

BMI, body mass index; IDC, invasive ductal carcinoma; ILC, invasive lobular carcinoma; LV, lymphovascular invasion; ER, estrogen receptor; PR, progesterone receptor; AR, androgen
receptor; HER-2, HER2/neu; LN, lymph node; VTIQ, virtual touch tissue imaging quantification.
*Comparison between training and validation cohorts.
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Anti-HER2
agents

Trastuzumab

Pertuzumab

Pertuzumab
3
Trastuzumab

Lapatinib

Neratinib

Trastuzumab
emtansine

Setting

Adjuvant

Adjuvant

Neoadjuvant

Neoadjuvant

Adjuvant

Neoadjuvant

Neoadjuvant

Adjuvant

Adjuvant

Neoadjuvant

Trial name

HERA

APHINITY

NeoSphere

WSG-TP-II
ALTTO

NeoALTTO

NSABP BAl

ExteNET

KATHERINE

KRISTINE

Patient characteristics

HER2-positive; node-positive disease
(irrespective of pathological tumor size) or
node-negative disease if tumor size >1 cm on
pathological examination (n = 5102)
HER2-positive; node-positive or node-
negative disease with tumor >1 cm (n =
4,805)

HER2-positive; operable (T2-3, NO-1, MO),
locally advanced (T2-3, N2-3, MO or T4a—c,
any N, M), or inflammatory (T4d, any N, MO)
BC with primary tumors larger than 2 cm in
diameter (n = 417)

HER2-positive, HR+, cTlc-T4a-c (n = 207)

HER2-positive; node-positive disease or
node-negative disease with pathologic tumor
sizes 1 cm (n = 8,381)

HER2-positive; tumor size greater than 2 cm
(n = 455)

HER2-positive, operable (n = 529)

HER2-positive; stage 1 to 3¢ who completed
neoadjuvant or adjuvant chemotherapy
plustrastuzumab (n = 2840)

HER2-positive; residual invasive disease in
breast or axilla at surgery after neoadjuvant
therapy with taxane and trastuzumab (0 =
1,486)

HER2-positive; stage I-lIl cT2-4 (>2 cm)/
GNO-3/cMO (>2 cm) (0 = 444)

Adjuvant regimen

Chemo; 12 or 24
months T g3 vs.
not

Chemotherapy +
PH or
Chemotherapy +
Placebo/H

H + docetaxel

PH + docetaxel
PH without
chemotherapy

P + docetaxel

ET + PH Pac + PH

1 year of adjuvant
therapy with T, L,
their sequence (T-
H), or their
combination (L + T)
Lapatinib
Trastuzumab
Lapatinib +
Trastuzumab

AC  paclitaxel with
LorTorL+T

Neratinib or
placebo for 1 year

T-DM1 or
trastuzumab for 14
cycles

TDM-I/P x 6 Doc/
Cb/PH x 6

Primary
endpoint

DFS

iDFS

PCR

PCR
DFsS

pCR

PCR

iDFS

iDFS

pPCR

Results

2 years of adjuvant T did not improve
DFS compared with 1 year of T (HR
1.02, 95% Cl 0.89-1.17)

91% 6-year IDFS for the pertuzumab
group and 88% for the placebo group
(HR 0.76, 95% Cl, 0.64-0.91)

29.0% (95% Cl 20.6-38.5) 45.8% (95%
Cl 36.1-55.7) 16.8% (95% Cl 10.3-25.3)
24.0% (95% Cl 15.8-33.7)

24% (95% Cl 16-34) 57% (95% Cl 47—
67)

16% reduction in the DFS hazard rate
with L + T compared with T (HR, 0.84;
97.5% Cl, 0.7-1.02) and 4% reduction
with TAL compared with T (HR, 0.96;
97.5% Cl, 0.80-1.15)

87% 93% 91%

T+ L: 62% (95% Cl 54.3-68.8); L:
53.2% (95% Cl 45.4-60.3); T: 52.5%
(95% Cl 44.9-59.5)

5.1% 5-year iDFS benefit of neratinib
versus placebo in HR+/1-year population
(HR 0.73; 95% Cl 0.57-0.92)

3-year iDSF 88.3% in the T-DM1 group
and 77.0% in the trastuzumab group (HR
0.50; 95% Cl 0.39-0.64)

44.4%
55.7%
(95% Cl —=20.5-2.0)
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Group

Control

Treatment

T Total.

Average
STDEV
Average
STDEV

Cale
mg/di

7.79
3.98

10.97
111

Phos
mg/di

719
3.78
9.40
1.56

Glucose
mg/di

65.58
26.32
82.00
20.88

mg/di

72.48

49.69
45.08
2.00

Chol
mg/di

68.55
34.30
106.67
16.77

T Protein
a/di

4.10
222
5.37
0.16

Alb
g/

284
1.43
3.53
030

Glob
g/di

131
0.69
173
0.10

T Bilirubin
mg/di

0.05
0.02
0.04
0.04

Alk Phos AST
/L /L

220.76 912.93
88.93 477.09
278.00 1282.67
68.79 706.64

/L

433.60
312.47
534.25
290.00

Na
mmol/L

122,14

64.18

161.76
7.68

K
mmol/L

Chlor
mmol/L

82.30
41.04

102.50
10.50
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Group

WBC RBC HGB Hematocrit Mcv MCH MCHC Neut Lymph Platel

10*3/pl 10*6/pl g/di % fL Pg g/di % % 10*3/pl

Control Average 6.27 6.33 10.86 32.91 42.29 14.16 27.00 35.44 47.44 212.03
STDEV 3.43 415 6.78 21.40 22.86 8.36 15.56 23.07 28.09 190.95

Treatment Average 6.94 10.00 14.78 51.56 51.56 14.78 28.64 29.40 70.60 201.49
STDEV 1.86 0.44 0.62 1.87 1.44 0.11 0.68 7.20 7.20 14.90
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 Cancer Vaccines

* PARP inhibitors: Olaparib,
Talazoparib, Veliparib,
Niraparib, Rucaparib,
Fluzoparib

* ATR inhibitors: Ceralasertib

* Weel inhibitors:

Adavosertib

* NACT/ACT: Sequential
anthracycline-taxane,
Platinum, dose dense
regimens.

® Post-NACT: Capecitabine

DNA
CETHET-CY
Chemotherapy response

4 &

Combinations

Combination therapies
+  Platinum containing
regimens

High burden of disease

PPl ©  Local treatments

Monotherapy

*  Low burden of
disease

Other
pathways

Immune
Therapies

* mA against PD1:
Pembrolizumab

* mA against PDL1:
Atezolizumab,
Durvalumab, Avelumab

Anlotinib

Binimetinib

* PIK3CA/AKT1/PTEN/MTOR : Apelisib, Buparlisb,
Taselisib/Ipatasertib, MK220/ Everolimus.
* AR: Enzalutamide, Abiraterone, Rezvilutamide. ~ *

* HER2: Neratinib, Trastuzumab Deruxtecan.
Trastuzumab Duocarmazine

* EGFR: Panitumumab, Cetuximab, Lapatinib.
* VEGF: Bevacizumab, Apatinib, Famitinib,

* RAS/MAPK : Cobimetinib, Selumetinib,

NOTCH: Gamma secretase inhibitor
PF-03084014, AL101.

FGFR: Lenvatibin, Pemigatinib.
JAK2/STAT3: Ruxolitinib

TROP2: Sacituzumab govitecan
TGF/Smad : Bintrafusp alfa,
Metformin

CDK4/6 : Palbociclib, Abemaciclib ,
Trilaciclib
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Group Creatinine Phos Glucose Urea Chol TProtein Alb Glob T Bilirubin AST ALT Na Chlor

mg/dl mg/dl mg/dl mg/dl  mg/dl g/dl g/dl g/dl mg/dl /L IU/L  mmol/L mmol/L

Control Average 0.22 7.09 263.18  46.40 69.36 4.20 286 1.33 0.04 702.36 38545  148.36 113.64
STDEV 0.04 2.67 45.97 8.64 18.35 1.00 074 041 0.02 1220.62 718.65 8.52 4.76

Treatment Average 0.25 7.30 254.67 4483  74.08 4.36 301 135 0.06 28275 141.33  143.50 113.42
STDEV 0.06 172 69.14 7.40 16.64 0.81 049 035 0.03 42455  220.66 19.84 27

T. Total.
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Group WBC RBC HGB Hematocrit Mcv MCH MCHC Neut Lymph  Mono Eos Baso Platel
10%3/ul  10%6/ul  g/dl % L pg g/di % % % % % 10*3/l

Control Average 5.36 9.04 13.62 40.95 45.53 15.10 33.19 15.46 81.62 2.31 0.62 0.00 657.85
STDEV 2.31 1.98 2.87 8.43 1.89 0.562 1.06 7.15 6.99 3.35 0.96 0.00 403.88

Treatment  Average 5.79 9.52 14.09 42.62 44.84 14.78 33.03 16.00 81.08 1.69 1.23 0.72 788.08
STDEV 3.66 1.63 242 7.08 1.38 0.17 117 8.21 8.31 1.97 1.74 261 262.53
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Education Level

Less than High School

high Scholl graduate or GED

Vocation or techinical school
Associate's Degree

Bachelor's Degree

Graduate Degree (Masters or Doctorate)
Professional School (MD or Lawyer)
Other (some college, certificate program, apprenticeship)
Household Income

Under 20, 000

20,.001- to 50,000

50,001 to 100,000

More than 100,000

Prefer not to answer

Marital Status

Single

Married

Divorced

Widowed

O D WN = O ~NO D WN —

oD By ik
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Group Animal No.

Control

LIV

Average

Treatment 6

Average
STDEV

NA Not available; T, Total.

Creatinine
mg/dl

NA
0.16
0.18
0.12

0.15
0.03
0.09
013
0.26
0.26
031
0.21
0.09

Ccale
mg/di

9.05
92

8.72
8.75

893
023
6.67
747
5.55
7.86
7.03
6.92
0.89

Phos

mg/di

109
4.8
125
5.6
8.45
3.82
7
6.9
136
6.7
17.2
10.28
4.85

Glucose

mg/di

196
269
242
231
234.50
30.23
260
280
214
338
200
258.40
56.20

Urea
mg/di

62.5
39.8
401
309

43.33
13.48
46.9
485
50.8
448
53.1

3.25

Chol
mg/dl

72
7
67
66
69.00
294
72
69
57
81
65
68.80
8.84

T Protein
o/dl

4.86
431
43

4.37
4.46
0.27
3.99
401
3.54
434
421
4.02
0.30

Glob
ol

1.46
1.21
15
117
1.34
0.17
1.09
1.01
1.14
1.04
131
112
0.12

T Bilirubin
mg/dl

<0.146
0.05
0.04
0.08

0.06
0.02
0.06
0.02
0.03
0.05
001
0.03
0.02

Alk Phos
L

169
157
154
197

166.75
20.27
186
152
13
116
130
139.40
30.26

AST
/L

136
238
127

239.75
153.96
363
218
2613
17
2672
1196.60
1322.98

ALT
1w

170
a7
47
64

82.00
59.21
223
120
714
66
422
309.00
264.08

Na
mmol/L

153
149
151

K
mmol/L

Chlor
mmol/L

115
112
115
115

114.25
1.50
11
14
11
11
110
111.40
1.52
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Characteristics Black Women White Woman P- value

(n=30) (n=30)
Age (Years) 42,5 [41.57 - 46.70] 42.0[41.6347.91] 0.92
Body Mass Index (BMI) 32.20 [29.63 -36.65] 24.45 [24.45-29.17) 0.002
Education Level 5.0 [4.55 -5.92] 5.0 [4.63-5.57] 0.582
Gail Score 9.40 [8.43 -9.41] 10.35 [9.91- 12.17] <0.001
Household Income 3.0 [2.69 -3.31] 3.0 [2.89- 3.30] 0.764
Marital Status 2.0[1.71-2.29] 2.0[1.87-2.26] 0.489

Body Mass Index (BM), Education level, Gail score. Household Income and Marital Status for Black women (n=30) and white woman (n=30). Education level scoring; less than high School
(1); High school graduate or GED (2); Vocation or Technical school (3); Associate’s Degree (4); Bachelor's Degree (5); Graduate Degree (6); Professional School (7); or Other (9). Household
income scoring; < $20,000 (1); 20,001 - 50,000 (2); $50,001 - 100,000 (3); >$100, 000; Prefer not to answer (9). Marital status scoring: Single (1); Married (2); Divorced (3); Widowed (4).
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Condition

% expression of hormone receptor (range) References
AR ERo ERB1 ERB2 PR PRa
Female normal 20 (5-31) 20-28.22 88.5- 97 78 29 (10-30) 10-20 (8, 10, 23, 25-28)
Gynaecomastia 54 79 99 92 57 56 Current study
Female epithelial hyperplasia na 30.27 - 57 67.50 - 80.50 46.7 70 4.3 Allred score (10, 23, 27, 29)
Male breast cancer 95 80 61 81 7 76 1)
Female breast cancer 92 68 92 77 72 48 1)

N/A, not applicable.





OPS/images/fonc.2022.875839/table5.jpg
VariableCorrelation (p AR ERo ERB1 ERB2 PR PRo CK5/6 CK14 CKs/18 Ki67
value)

AR 0.034 0.051 0.281 0.340 -0.167 0115 0.181 -0.105

(0.731) 0.613) (0.005  (<0.001)* (0.091) (0.246) (0.061) (0.285)

ERo. 0.180 0.098 0.305 0315 -0.098 -0.099 0.219 -0.068

(0.338) (0.002)* (0.001)** (0.328) (0.327) (0.025)* (0.495)

ERB1 0.102 0197  -0.009(0929) 0077 -0.224 0.008 0.047

(0.051) (0.447) (0.025)* (0.932) (0.640)

ERB2 -0.030 0272 0.138 -0.003 0.103 0.041

(0.006) * (0.181) (0.977) (0.306) (0.688)

PR 0537 -0.059 0013 0.053 0.084

o (0.565) (0.901) (0.604) (0.406)

PRo: -0.035 -0.067 0.085 -0.123

(0.505) (0.389) (0.217)

CK5/6 0.283 -0.093 -0.002

(0.350) (0.980)

CK14 -0.157 0.005

(0.964)

CKe/18 -0.147
Ki67

*Significant p value (<0.05).
**Highly significant p value (<0.001).
Bold values are significant or highly significant values.
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Marker CK5/6 CK14 CK8/18 Ki67

Number 106 107 108 105
Mean ( + SD) 19.01 (+ 17.934) 15.14 (£ 16.143) 98.935 ( + 4.689) 4.371 (+ 6.420)
Percentage positive 69.8 57 100 17.1 (10% cut-off)

6.7% (20% cut-off)
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Marker

AR

ERa

ERB1 ERp2 PR PRo.
Number 108 108 105 100 100 104
Mean % ( + SD) 53.62 79.48 (+ 18.604) 98.76 ( + 3.847) 91.60 ( + 8.873) 56.70 ( + 23.881) 56.44 ( + 21.8895)

( +38.246)

Minimum 0 0 80 50 0 0
Maximum 100 100 100 100 95 90
Percentage Positivity 731 99 100 100 98 97
Staining intensity
Number 108 106 105 100 100 104
Negative 26 (24.1) 2(1.9) 1(0.95) 0 2@ 329
Weak 10 (9.3) 21 (20) 1(0.95) 1(1) 16 (16) 9(8.7)
Moderate 45 (41.7) 55 (52.4) 94 (89.5) 96 (96) 68 (68) 87 (83.7)
Strong 27 (25) 28 (26.7) 10 (9.5) 3(3) 14 (14) 5(4.8)
Cytoplasmic positivity
Positive NA NA 105 99 NA 27
Negative NA NA 0 1 NA 73
Stromal positivity
Positive 57 4 103 100 0 0
Negative 51 104 3 8 108 104

N/A, not applicable.
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Antibody

AR
ERo.
Total PR

PRa.

ERB1
ERB2
CK5/6
CK14
CKe/18

Ki67

Supplier

Dako
Novocastra
Dako

Novocastra

Serotec
Serotec
Dako
Novocastra
Novocastra

Dako

Clone

M3562
6F11
PgR 636

PGR/312

PPG5/10
57/3
D5/16
B4
LLO02
5D3
MIB-1

Host

Mouse
Mouse
Mouse

Mouse

Mouse
Mouse
Mouse
Mouse
Mouse

Mouse

Dilution

1:800
1:200
1:800

Pre-diluted

152

1:100
1:100
1:100
1:200

1:300

Positive control

Prostate

Breast carcinoma/ Endometrium
Breast carcinoma/
Endometrium
Breast carcinoma/
Endometrium
Breast carcinoma/
Endometrium
Prostate

Prostate
Appendix

Tonsil

Localisation

Nuclear
Nuclear
Nuclear

Nuclear

Nuclear
Nuclear
Cytoplasmic
Cytoplasmic
Cytoplasmic

Nuclear
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Outcomes SRCC HR (95% CI)

Overall survival

Adjust | 1.320 (1.052, 1.654)
Adjust I 1.292 (1.028, 1.625)
PSM adjusted 1.842 (1.278, 2.655)
Breast cancer-specific survival

Adjust | 1.931 (1.440, 2.590)
Adjust Il 1,671 (1.238, 2.257)
PSM adjusted | 3.271 (1.908, 5.622)

p-value

0.016
0.028
0.001

<0.001
0.001
<0.001

SRCC, primary breast signet ring cell carcinoma; HR, hazard ratio; 95% Cl, 95% confidence interval; PSM, propensity score matching. Adjusted | model adjusts for age, race, T stage, N stage,
and M stage. Adjusted Il model adjusts for age, race, laterality, grade, T stage, N stage, M stage, surgery, radiation, and chemotherapy. PSM-adjusted model adjusts for grade, ER, and PR.
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Characteristics

Age (years)
<60

>60

Sex

Female
Male

Race
Black

White
Others
Unknown
Marital status
Married
Unmarried
Unknown
Laterality
Left

Right

Other
Grade

T4

Unknown

N stage

NO

N1

N2

N3

Unknown

M

MO

M1

Unknown
ER status
Positive
Negative
Unknown
PR status
Positive
Negative
Unknown
Surgery

No surgery
Lumpectomy
Mastectomy
Unknown
Radiation
Yes
No/Unknown
Chemotherapy
Yes
No/Unknown

Patients, No. (%)

MBC

46 (30.5)
105 (69.5)

150 (99.3)
1(0.7)

16 (10.6)
115 (76.2)
17 (11.3)
3(2.0)

112 (74.2)
29(19.2)
10(6.6)

64 (42.4)
78(61.7)
9(6.0)

24(15.9)
66 (43.7)
22 (14.6)
1(0.7)
38(25.2)
48(31.8)
40 (26.5)
1(7.3)
3(20)
49 (32.5)

78(51.7)
23(152)
6(4.0
11(7.3)
33(219)

116 (76.8)
21(13.9)
14(9.3)

128 (84.8)
6(4.0)
17 (119)

101 (66.9)
28(18.5)
22(14.6)

9 (28.5)

68 (45.0)

44(29.1)
0(0.0)

49 (32.5)
102 (67.5)

53 (35.1)
98 (64.9)

SRCC

40 (26.5)
111 (73.5)

149 (98.7)
2(13)

9(6.0)
133 (88.1)
8(5.9)
107)

121 (80.1)
23 (15.2)
7(4.6)

76 (50.3)
65 (43.0)
10 (6.6)

43 (28.5)
47 (31.1)
12(7.9)
8(5.9)
41(27.2)

76 (50.3)
28 (18.5)
1(7.9)
6(10.6)
20 (13.2)

113 (74.8)
32(21.2)
6 (4.0

115 (76.2)
26 (17.2)
10 (6.6)

86 (57.0)
50 (33.1)
15 (9.9)

49 (32.5)
102 (67.5)

49 (32.5)
102 (67.5)

p-value

0.444

1.000

0.057

0.456

0.323

0.001

0.425

0.192

0.063

0.001

0.013

0.223

1.000

0.626

SRCC, primary breast signet ring cell carcinoma; MBC, mucinous breast adenocarcinoma. PSM, propensity score matching.
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Characteristics Patients, No. (%) p-value

MBC SRCC
Age (years) 0.139
<60 3,621 (31.1) 43 (25.7)
>60 8,027 (68.9) 124 (74.3)
Sex 0.121
Female 11,600 (99.6) 165 (98.8)
Male 48 (0.4) 2(1.2)
Race 0.004
Black 1,303 (11.2) 9(5.4)
White 8,946 (76.8) 149 (88.6)
Others 1,313 (11.3) 9 (5.4)
Unknown 86 (0.7) 1(0.6)
Marital status 0.945
Married 9,365 (80.4) 136 (81.4)
Unmarried 1,698 (14.6) 23 (13.8)
Unknown 585 (5.0) 8(4.8)
Laterality <0.001
Left 5,997 (61.5) 78 (46.7)
Right 5,622 (48.3) 73 (43.7)
Other 29 (0.2) 16 (9.6)
Grade <0.001
| 6,105 (52.4) 8(4.9)
1 3,544 (30.4) 64 (38.3)
i 443 (3.8) 49 (29.3)
\% 22(0.2) 3(1.8
Unknown 1,534 (13.2) 43 (25.7)
T stage <0.001
T1 7,259 (62.3) 43 (25.7)
T2 2,969 (25.5) 47 (28.1)
3 508 (4.4) 12(7.2)
T4 147 (1.3) 8(4.9)
Unknown 765 (6.6) 57 (34.1)
N stage <0.001
NO 9,884 (84.9) 81 (48.5)
N1 911 (7.8) 28 (16.8)
N2 155 (1.3) 12(7.2)
N3 117 (1.0) 19 (11.4)
Unknown 581 (5.0) 27 (16.2)
M <0.001
MO 11,167 (95.9) 114 (68.3)
M1 228 (2.0) 47 (28.1)
Unknown 253 (2.2) 6 (3.6)
ER status <0.001
Positive 10,851 (93.2) 125 (74.9)
Negative 199 (1.7) 28 (16.8)
Unknown 598 (6.1) 14 (8.4)
PR status <0.001
Positive 9,748 (83.7) 88 (52.7)
Negative 1,164 (10.0) 57 (34.1)
Unknown 736 (6.3) 22 (18.2)
Surgery <0.001
No surgery 732 (6.3) 2 (37.1)
Lumpectomy 7,218 (62.0) 53 (31.7)
Mastectomy 3,671 (31.5) 51 (30.5)
Unknown 270 (0.2) 1(0.6)
Radiation <0.001
Yes 5,431 (46.6) 50 (29.9)
No/Unknown 6,217 (53.4) 117 (70.1)
Chemotherapy <0.001
Yes 1,641 (14.1) 63 (37.7)
No/Unknown 10,007 (85.9) 104 (62.3)

SRCC, primary breast signet ring cell carcinoma; MBC, mucinous breast adenocarcinoma; PSM, reliability score matching.
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Adjuvant Trials

Trial Phase Disease Setting Estimated Treatment Primary Results
Sample endpoint
size
IMpassion030 3 Adjuvant treatment of stage II-IIl TNBC 2300 Atezolizumab vs. placebo in combination with iDFS
adjuvant anthracycline/taxane-based Pending
chemotherapy
SWOG S1418/ 3 Adjuvant treatment of stage II-lll TNBC with residual 11565 1 year of pembrolizumab vs. observation iDFS Pending
NRG BR-006 disease or postive lymph nodes following NACT
A-Brave 3 Adjuvant treatment of high risk TNBC following 474 1-year avelumab vs. observation DFS Pending
NACT
MIRINAE 2 Adjuvant treatment of TNBC with residual 284 Atezolizumab with capecitabine vs capecitabine 5yiDFS  Pending
disease following NACT alone

Ongoing trials evaluating PARP inhibitors in combination with immunotherapy can be found in Supplementary Table 3.
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Neoadjuvant Trials

Trial Phase Disease Setting Sample Treatment Primary Results Ref.
size endpoint
(TNBC
where
available)
Pembrolizumab
KEYNOTE-522 3 Neoadjuvant/adjuvant 1174 Pembrolizumab vs. placebo in pCR PCR 63 vs 56%
treatment of stage Il or Ill combination with paclitaxel and EFS 3y EFS 84.5 % vs 76.8% (34,
TNBC carboplatin, and followed by AC/EC (95% Cl = 72.2-80.7%) 138)
chemotherapy. Patients also underwent
adjuvant treatment with pembrolizumab
or placebo
ISPY-2 2 Neoadjuvant treatment of 114 Paclitaxel +/- pembrolizumab followed by pCR PCR 60% vs 22%
high-risk stage Il to Il HER2 adjuvant doxorubicin + EFS in patients with pCR 93%  (136)
negative breast cancer cyclophosphamide (AC) EFS in patients without pCR
70%
KEYNOTE-173 1b  Neoadjuvant treatment of 60 (10 Pembrolizumab in combination with a Safety Overall pCR 60% (137)
high-risk, early-stage TNBC per taxane with or without carboplatin, and
cohort)  followed by doxorubicin and RP2D
cyclophosphamide.
6 regimens were evaluated. 1y EFS in patients with pCR
100% 1yr EFS in patients
without pCR 88%
1y OS 80-100%
NeoPACT 2 Neoadjuvant treatment of 121 Carboplatin & docetaxel plus pCR Pending
stage |-l TNBC pembrolizumab
Neolmmunoboost 2 Neoadjuvant treatment of non- 53 Pembrolizumab in combination with nab-  pCR Pending
metastatic TNBC paclitaxel followed by EC
PELICAN-IPC 2 Neoadjuvant treatment of non- 81 Pembrolizumab in combination with EC-  pCR Pending
2015-016 metastastic HER2- BC paclitaxel
Atezolizumab
NCT02883062 2 Neoadjuvant treatment of 72 Carboplatin and paclitaxel +/- TIL % PCR 55.6% vs 18.8% (144)
stage Il - Il TNBC atezolizumab followed by adjuvant AC p-value 0.018
pCR
Impassion031 3 Neoadjuvant treatment of 383 Atezolizumab vs placebo in combination ~ pCR pCR 58% vs 41% (P=0.004)  (139)
stage II-Ill TNBC with nab-paciitaxel followed by AC PD-L1-positive cohort 69%
(95% Cl: 57-79)
PD-L1
status
NeoTRIPaPDL1 3 Neoadjuvant treatment of 278 Carboplatin and nab-paclitaxel +/- EFS PCR 43.5% vs 40.8% (p = (140)
early, high-risk, locally atezolizumab 0.066)
advanced TNBC
NCT02530489 2 Neoadjuvant treatment of 37 Atezolizumab and nab-paclitaxel pCR PCR 30%( 95% Cl: 16-49%) (145)
stage I-lll operable TNBC who (Historical controls 5%)
were non-responders to initial
anthracycline and
Cyclophosphamide
chemotherapy
GeparDouze 3 Neoadjuvant/adjuvant 1520 Neoadjuvant Atezolizumab vs. placeboin  EFS Pending
treatment of high-risk TNBC combination with paclitaxel and pCR
carboplatin followed by AC. 6 months of
adjuvant atezolizumab or placebo.
Durvalumab
GeparNUEVO 2 Neoadjuvant treatment of early 174 Durvalumab vs placebo in addition to pCR PCR 53.4% vs 44.2% p 0.287
TNBC anthracycline/taxane based neoadjuvant 3y iDFS 84.9 vs 76.9 (HR (142,
chemotherapy 0.48, 95% Cl 0.24-0.97) 143)
3y DDFS 91.4 vs 79.5 (HR
0.31, 95% CI 0.13-0.74)
8y 0S 95.1 vs. 83.1 (HR 0.24,
95% Cl0.08-0.72)
B-IMMUNE 1b/2  Neoadjuvant treatment of 57 Durvalumab in addition to paclitaxel SAEs Pending
HER2 negative and TNBC followed by ddEC pCR
NCT02489448 1/2  Neoadjuvant treatment of 69 Durvalumab in addition to nab-paclitaxel ~ pCR Overall pCR 44% (95% Cl: (146)

stage I-HIl TNBC

followed by ddAC

30-57%) PD-L1 positive
subgroup 55% (95% ClI: 0.38—
0.71) PD-L1 negative
subgroup 32% (95% Cl: 0.12—
0.56)
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Clinical cohort Biomarker Type of response association Ref.
Gene sets and functional assays
Prat et al. Cell cycle-related genes (CCNE1, CHEK1, High gene expression - increased response (123)
(2014) CNB1, and FANCA)
Five Endocrine response (PGR, FOXA1, CCND1, Low gene expression - increased response
independent and /IL6)
cohorts EMT (TWIST1 and ZEBT) High gene expression - lack of response
n= 1,055
Severson et al.  77- gene signature - BRCA-ness’ BRCA-ness signature positively associated with response (OR = 3.2, p = 0.03) in the (116)
I-SPY trial Velaparib-carboplatin arm.
n=116 Significant Biomarker * treatment interaction (p=0.025)
Graeser et al. RADS51 focus formation by immunofluorescence  Low RAD51 score was strongly predictive of response (33% vs 3%, p = 0.01) (124)
(2010)
n=68
Eikesdal et al. Low RAD51 scores positively associated with Olaparib response. (109)
(2021)
n=32
Eikesdal etal.  ATRX, BRCA1/2, EMSY, Mutations more frequent in responders (p = 0.011) (109)
(2021) MSHS6, PARP10, PPM1D)
n=232 PIK3CA, AKT1, KRAS, IGF2R, Mutations are more frequent in non-responders.
NF2 and TGFBR2
Peng et al. 230 gene HRD signature Predictive of PARP inhibition sensitivity in cell lines. (125)
(2014) Association with overall survival in the BC patient cohort.
n = 295
Genomic scars and mutational signatures
Vollebergh et al. BRCA-like signature' by array comparative Better OS and PFS (HR 0.19, 95% ClI: 0.08 to 0.48). (126)
(2014) genomic hybridisation (@CGH) patterns No association with OR to carboplatin based - NACT
n =249
Eikesdal et al. HRD by MLPA analysis of CNV No significant association with response to Olaparib (p=0.07) (109)
(2020)
PETREMAC
trial
n=32
Telli et al. HRD -LOH and HRD-LST score Mean HRD-LOH scores higher in responders vs nonresponders (P = .02) . Subgroup of (127)
(2015) BRCA1/2 germline mutations carriers excluded association remained significant (P = .021)
PrECOG 0105
trial
n =80
Loibl et al. HRD score >42: unweighted sum of HRD-LOH, HRD high vs HRD low pCR (55.9% vs 29.8%, p=0.001). Greater pCR rates when HRD high (128,
(2018) HRD-TAI, HRD-LST and BRCA1/2 mutations tumours were treated with platinum (64.9% vs 45.2%, p=0.025). 129)
GeparSixto trial Patients with no gBRCA mutations: high HRD associated with higher pCR rate (49.4% vs
n=588 30.9%, p=0.050) irrespective of the use of carboplatin.
Fasching et al. In the paclitaxel Olaparib arm, a pCR rate of 55.1% (30% Cl 44.5% to 65.3%) (110
(2020)
GeparOLA trial
n=107
Staaf et al. HRDetect: : microhomology-mediated indels, HRDetect-high associated with better DFS outcomes compared to HRDetect-low (HR 0.31, (130,
(2019) SCAN-B  HRD index,SBS3, RS3, and RS5 95% Cl = 0.13-0.76) 131)
trial
n=144
Chopra et al. HRDetect score >0.7 not associated with Ki67 change after PARP inhibitor treatment.
(2020)
RIO trial

n=27
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HER2 non-amplified group

HER2-amplified group

HR 95% Cl p-Value HR 95% Cl p-Value
Model 1 (LR: 27.1, p < 0.0001) Model 4 (LR: 17.64, p = 0.0005)
pT stage (pT1-2 vs. pT3-4) 6.04 2.31-33.04 0.0014 pN stage (PNO vs. pN1-3) 4.75 1.77-12.62 0.0018
HER2 MC 0.18 0.07-0.48 0.0007 HER2_MC_contrast 0.35 0.13-0.94 0.0367
HER2 MC entropy 0.37 0.15-0.98 0.0341 CEP17 copy number 0.191 0.06-0.58 0.0035
ER contrast 0.21 0.05-0.97 0.0449
Model 2 (LR: 56.05, p < 0.0001) Model 5 (LR: 29.03, p < 0.0001)
pT stage (pT1-2 vs. pT3-4) 13.65 3.05-61.03 0.0006 pN stage (pNO vs. pN1-3) 7.985 2.7-23.63 0.0002
HER2 MC 0.17 0.05-0.66 0.0102 HER2_MC_contrast 0.243 0.09-0.69 0.0077
HER2 MC entropy 0.33 0.13-0.88 0.0263 CEP17 copy number 0.135 0.04-0.44 0.0008
ER contrast 0.16 0.03-0.80 0.0258 CD8_d_T 0.117 0.04-0.37 0.0002
CD8_CM 0.223 0.08-0.64 0.0053
CD8_d_T 0.147 0.05-0.47 0.0013
CD8_d_TE_sd 7.82 2.63-23.28 0.0002
Model 3 (LR: 28.26, p < 0.0001) Model 6 (LR: 12.52, p = 0.0019)
CD8_CM 0.14 0.04-0.47 0.0014 pN stage (PNO vs. pN1-3) 4.55 1.72-12.06 0.0023
CD8_d_T 0.23 0.08-0.68 0.0079 CD8_d_T 0.22 0.08-0.63 0.0047
CD8_d_TE_sd 9.45 29-30.78 0.0002

CEP17, centromere enumeration probe for chromosome 17; CM, center of mass; d_T, density in the tumor aspect of interface zone (12); d_TE_sd, SD in the tumor edge aspect of IZ; HR,
hazard ratio; LR, likelihood ratio; MC, membrane completeness; OS, overall survival.
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Trial

CALGB 40603

BrighTNess

GeparSixto

Byrski et al.

INFORM

ECOG-ACRIN
EA1131

PATTERN
NCT03301350

PARTNER

NCT03876886

NCT04664972

NCT03168880

Phase

2/3

Disease Setting TNBC
sample

size

Neoadjuvant - Stage Il to 443

Il TNBC

Neoadjuvant -Stage Il o 634

I TNBC

Neoadjuvant- Stage Il to 315

Il HER+ and TNBC

Neoadjuvant - BRCA1 107

associated BC

Neoadjuvant - Stage | — 118

Il BRCA carriers/ HER2

negative BC

Adjuvant/Post NACT - 562

Residual disease, stage

II-ll basal-like TNBC

Adjuvant - TNBC 647

Neoadjuvant - TNBC 29

Neoadjuvant - TNBC 527

and/or gBRCA

associated Her2 neg BC.

Adjuvant- High-risk 200

node-negative or node-

positive TNBC with HRD

Neoadjuvant -Operable 166

TNBC

Neoadjuvant - Large 720

Operable or Locally
Advanced TNBC

Treatment

Addition of carboplatin and/or bevacizumab to
neoadjuvant paclitaxel followed by dose dense
doxorubicin/cyclophosphamide (ddAC)
Addition of carboplatin and/or veliparib to
neoadjuvant paclitaxel followed by doxorubicin/
cyclophosphamide (AC)

Paclitaxel, doxorubicin, and bevacizumab with or
without carboplatin

Single-agent cisplatin

Single-agent cisplatin vs doxorubicin-
cyclophosphamide (AC)

Platinum vs capecitabine vs observation

Carboplatin and paclitaxel vs cyclophosphamide,
epirubicin, and fluorouracil followed by docetaxel
Carboplatin/paclitaxel followed by dose-dense
doxorubicin/cyclophosphamide
Paclitaxel/carboplatin with or without olaparib
followed by anthracycline-based chemotherapy

Dose-dense AC-Tvs TP

Docetaxel/cisplatin (TP) vs docetaxel/
doxorubicin/cyclophosphamide (TAC)

Paclitaxel with or without carboplatin followed by
anthracycline-based chemotherapy

Primary
endpoint

pCR

PCR

pCR

PCR

pCR

iDFS

DFS
pCR

Safety
pCR

3y DFS

PCR

DFS
0os

Results

PCR 54% vs 41%. (p = 0.0029)
No EFS or OS benefit

Carboplatin Arm - pCR 58% vs
31%. (p = 0.0001).EFS (HR: 0.67
€l 0.36-0.91, p = 0.018)
Veliparib+carboplatin Arm pCR
53% vs. 31%: EFS (HR 0.63 CI
0.43-0.92)

PCR 53.2% vs 36.9%( p 0.005)
DFS (HR 0.56 CI 0.34-0.96; p =
0.022)

No OS benefit

pCR 61%

PCR 23% vs 29% (RR of 0.70,
90% Cl, 0.39 to 1.2)

RCBO0/1 36% vs 47% (RR, 0.73;
90% Cl, 0.50 to 1.1)

3y IDFS - 42% vs 49% (1.06
(95% RCI, 0.62 to 1.81).

DFS 86.5% vs 80.3% (HR 0.39
(95% Cl, 0.15-0.99; P =.04)
PCR = 33%

Pending

Pending

Pending

Pending

Ref.

©2)

(©3)

©4)

(95)

(©6)

©7)

(©8)
(©9)

(100)
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HER2 non-amplified group

HER2-amplified group

Variables and indicators

pT stage (pT1-2 vs. pT3-4)

pN stage (pNO vs. pN1-3)
HER2%

HER2_MC

CcD8_T

CD8_CM

CD8_CM_sd
CD8_d_S
CD8_d_S_sd
CD8_d_TE_sd
CD8_d_T
CD8_d_T_sd

CD8_ID
HER2_contrast
HER2_dissimilarity
HER2_entropy
HER2_energy
HER2_homogeneity
HER2_MC_contrast
HER2_MC_dissimilarity
HER2_MC_entropy
HER2_MC_energy
HER2_MC_homogeneity
ER_contrast

HR

4.41
32
0.26
0.12
0.37
0.2
0.36
322
265
281
0.3
0.35
349
0.22
021
0.23
4.28
295
0.37
0.36
0.31
3.25
29
0.21

95% Cl

1.30-14.97
1.30-7.86
0.11-0.62
0.05-0.32
0.16-0.87
0.08-0.49
0.15-0.84
0.94-11.05
1.08-6.51
1.21-6.54
0.13-0.71
0.14-0.85
1.51-8.06
0.09-0.52
0.08-0.55
0.10-0.56
1.81-10.08
1.26-6.90
0.14-0.94
0.14-0.92
0.13-0.72
1.36-7.79
1.18-7.13
0.05-0.91

p-Value

0.0173
0.0111
0.001
<0.0001
0.017
<0.0001
0.013
0.049
0.027
0.012
0.003
0.016
0.002
0.0002
0.0005
0.0004
0.0003
0.009
0.029
0.025
0.004
0.005
0.015
0.021

Variables and indicators

pT stage (pT1-2 vs. pT3-4)
pN stage (PNO vs. pN1-3)
CEP17 copy number
cD8_T

CD8_CM

CD8_d_TE

CcD8_d_T

CD8_d_T_sd

CD8_Ib

HER2_entropy
HER2_MC_contrast
HER2_MC_dissimilarity
HER2_MC_homogeneity
Ki67_entropy

PR_AshD

HR

3.49
3.2
0.25
0.38
0.41
0.37
0.34
0.35
3.05
0.4
0.32
0.35
2.49
2.39
3.72

95% ClI

1.01-12.05
1.31-7.83
0.09-0.68
0.16-0.91
0.17-0.99
0.15-0.89
0.13-0.89
0.14-0.89
1.24-7.48
0.16-1.02
0.12-0.85
0.14-0.88
0.99-6.27
0.99-5.77
1.356-10.26

p-Value

0.049
0.011
0.003
0.024
0.041
0.021
0.021
0.022
0.01

0.047
0.016
0.019
0.044
0.044
0.006

AshD, Ashman's D; CEP17, centromere enumeration probe for chromosome 17; CM, center of mass; CM_sd, SD for center of mass; ID, immunodrop; d_S, density in the stroma aspect
of interface zone (12); d_S_sd, SD in the stroma aspect of IZ; d_T, density in the tumor aspect of IZ; d_T_sd, SD in the tumor aspect of IZ; d_TE, density in the tumor edge aspect of IZ;
d_TE_sd, SD in the tumor edge aspect of IZ: HR, hazard ratio; MC, membrane completeness; T, tumor area; IHC, immunohistochemistry; FISH, fluorescence in situ hybridization.
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RCB-0 ‘Pathological complete response (pCR)’ defined by the absence of
tumour cells in breast and axilla

RCB-I  ‘Minimal residual disease’
RCB-Il  ‘Moderate residual disease’
RCB-Ill ‘Extensive residual disease





OPS/images/fonc.2021.774088/table1.jpg
Characteristic

Number of patients
Median age, years (range)
Median follow up, months (range)
Deceased
Histological grade (G), n (%)
1
2
3
Tumor invasion (pT), n (%)
T
T2
T3
T4
Lymph node metastasis (pN), n (%)
NO
N1
N2
N3

Total (n = 275)

275
60 (29-92)
58 (0.7-102)
42

22
153
100

129
129

165
66
30
14

HER2 non-amplified, n (%)

158 (57.5)

59 (33-86)

64 (2-102)
22 (18.7)

18 (11.4)
99 (62.7)
41 (25.5)

v
73
4
4

SN
moo

5)
2.5)

96 (60.8)
41 (26)
6(10.1)
5(32)

HER2-amplified status, n (%)

117 (42.5)
63 (29-92)
52 (0.7-100)
20 (17.1)

p-Value*

0.2247

<0.0001*

0.7678

0.3225

HER2, human epidermal growth factor receptor 2.

*n-Value < 0.05 is considered significant.





OPS/images/fonc.2022.866889/table4.jpg
Trial

CREATE-X

GEICAM/
2003-
11_CIBOMA/
2004-01

CBCSG-010

FinXX Trial

SYSUCC-001

Phase

Disease Setting

Adjuvant treatment of residual HE2 negative
early-stage BC following Taxane &/or

anthracycline based NACT

Neoadjuvant or adjuvant treatment of early-
stage TNBC following Taxane &/or
anthracycline based NACT/ACT

Adjuvant treatment of early stage TNBC

Adjuvant treatment of early stage breast

cancer

Adjuvant treatment of early-stage TNBC
following standard adjuvant therapy

TNBC
sample
size

286

876

585

202

434

Treatment

6-8 cycles of capecitabine vs control

8 cycles of extended capecitabine after
standard chemotherapy vs. observation

standard anthracycline-taxane
chemotherapy with or without 3 cycles

of capecitabine
Docetaxel, Epirubicin, and

Cyclophosphamide chemotherapy with
or without 3 cycles of capecitabine
1 year of capecitabine vs observation

Primary
endpoint

DFS

DFs

5y DFS

RFS

DFS

Results
(TNBC cohort)

Sy DFS: 70% vs 56%
(0.58; 95% Cl, 0.39 to
0.87)
5y OS: 79% vs. 70%
(0.52; 95% Cl, 0.30 to
0.90)

Sy DFS: 80% vs 77%
(HR, 0.82; 95% Cl, 0.63
to0 1.06; P = .136)
5y OS: 86.2% vs 85.9
(HR, 0.92; 95% Cl, 0.66
to 1.28; P = .623)
86.3% v 80.4%; HR
0.66; 95% Cl, 0.44 to
0.99; P = .044
HR, 0.53; 95% Cl, 0.31—
0.92; P=.02

5y DFS: 83% vs 73%
(HR 0.64 95% CI, 0.42—
0.95 P =.03)

Ref.

1)

(62)

69)

(54)

(55)
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Trial Phase Disease Setting TNBC Treatment Primary Results (ITT population) Ref.

sample endpoint
size
ABC - joint analysis:(USOR 3 Adjuvant treatment of HER2— 31% of Docetaxel/ iDFS 4y IDFS (37)
06-090, NSABP B-46-I/ negative breast cancer patients  cyclophosphamide (TC) ITT Population
USOR 07132, and) NSABP n= vs 88.2% vs 90.7% (P = .04)
B-4) 4,156)  doxorubicin/ TNBC
cyclophosphamide/taxane Node negative 87% vs. 89.5%
(TaxAC) (HR 1.31 95% Cl 0.86-1.99)
1-3 positive nodes. 74.6% vs
85.5% (HR 1.58 95% Cl 0.90-
2.79)
>=4 positive nodes 60.8% vs.
71.8% (HR 1.34 0.62-2.91)
MASTER 3 Adjuvant Treatment of high-risk 120 Docetaxel/ DFS 5-year DFS (41)
HER2-negative operable breast cyclophosphamide (TC) CEF-T versus EC-P, 85.1% vs.
cancer Vs 85.9% (HR = 0.99 90% Cl:
cyclophosphamide/ 0.75-1.30, non-inferior P =
epirubicin/fluorouracil 0.045).
followed by docetaxel (CEF- TC versus EC-P
mn 85% vs 85.9% (HR 1.05 90%
Vs Cl 0.79-1.39, non-inferior P =
epirubicin and 0.048

cyclophosphamide followed
by paclitaxel (EC-P)

DBCG 07-READ 3 Adjuvant treatment in high risk 459 Epirubicin/cyclophosphamide DFS S5y DFS 87.9% vs. 88.3% (HR,  (42)
TOP2A-normal breast cancer followed by docetaxel (EC-T) 1.00 95% Cl, 0.78-1.28)
Vs
docetaxel/
cyclophosphamide (TC)
HORG 3 Adjuvant treatment of HER2- 74 Dose-dense epirubicin/s- DFS 3y DFS: 89.5% vs 91.1% (HR 43)
negative invasive BC and at least fluorouracil/ 1.147, p=0.568)
one positive axillary lymph node cyclophosphamide followed
by docetaxel (FEC-D)
Vs
docetaxel/
cyclophosphamide (TC)
WGS Plan B + Success C 3 Adjuvant Not Docetaxel/ DFS ITT DFS HR = 1.04 (95% Cl: (44)
Pooled Analysis available  cyclophosphamide (TC) 0.85-1.19, p = 0.96)
Vs PN2-3 patients HR 0.69 (95%-
epirubicin/cyclophosphamide Cl0.48-0.98, p = 0.04)
followed by docetaxel (EC-T) TNBC DFS HR = 0.99( 95% Cl
or epirubicin/5-fluorouracil/ 0.76 - 1.30, p = 0.95)

cyclophosphamide followed
by docetaxel (FEC-D)
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Subtype Main molecular characteristics Biomarker Ref.

value
Classifier : Intrinsic subtypes*/ Hierarchical clustering , n = 825
Basal-like Expression of cytokeratin 5,6,17 typically expressed by the basal layer of the skin or airways. Very low level of expression of ~ Prognostic 17)
luminal-related genes. High frequency of TP53 and PIK3CA pathway activation (~9%) — via PTEN INPP4B. Cyclin E1 and
amplification and BRCAT1 loss of function. Deregulation of the RB1 pathway, hyperactivation of FOXM1, MYC and HIF1- predictive
alpha/ARNT network hubs
Claudin Low Low levels of cell adhesion proteins (claudin 3, 4, 7 and E-cadherin). Enrichment of mesenchymal traits and stem cell
features Low to absent expression of luminal differentiation markers. High expression of stromal-specific and lymphocyte- or
granulocyte-specific gene signatures
Lehmann et al. TNBCtype4/ k-means and consensus clustering , n = 2,347
Basal-like 1 (BL1) Elevated cell cycle and DNA damage response (CHEK1, FANCA, FANCG, RAD54BP, RAD51, NBN, EXO1, MSH2, MCM10, Prognostic (18)
and RAD21) and
Basal-like 2 (BL2) Enriched in growth factor signalling (EGF, NGF, MET, Wnt/B-catenin, and IGF1R pathways) and myoepithelial markers (TP63  predictive (in
and MME) vivo- clinical)

Immunomodulatory  Overexpression of genes encoding immune antigens and cytokine and core immune signal transduction pathways

(M)

Mesenchymal (M) Enriched in GE for EMT; cell motility (Rac1/Rho), ECM receptor interaction, and cell differentiation pathways (Wnt/B-catenin,
ALK, and TGF-B).

Luminal androgen Activated androgen receptor (AR) signaliing (DHCR24, ALCAM, FASN, FKBP5, APOD, PIP, SPDEF, and CLDN8)

receptor (LAR)

Burstein et. al/Non-negative matrix factorization clustering , n = 198

Luminal androgen  Activation of AR, ER, prolactin, and ErbB4 signalling. RNA expression of ESR7 and other oestrogen-regulated genes (PGR, ~ Prognostic 19

receptor (LAR) FOXA, XBP1, and GATA3) in the absence of ER positivity by IHC. Focal gains on CCND1, FGF family and MDGAZ2 and
losses of 6g. MUCT1 overexpression

Mesenchymal (MES) Dysregulated expression of genes involved in the cell cycle, mismatch repair, DDR networks, and hereditary BC signalling
pathways. High expression of OGN, ADIPOQ, PLINT and IGF1.

Basal-like Low expression of molecules that control antigen presentation, immune cell differentiation, and innate and adaptive immune

immunosuppressed  cell communication. High expression of SOX family transcription factors and VTCN1.

(BLIS)

Basal-like immune-  Upregulation of genes controliing B cell, T cell, and natural killer cell immune-regulating pathways, as well as activation of

activated (BLIA) pathways mediated by STAT genes. CDK1 amplification and overexpression of CTL4

FUSCC subtypes / k- means and consensus clustering , n =165

Immunomodulatory  High immune cell signalling and cytokine signalling gene expression. Activation of the adaptive immune system and INFg- Prognostic ~ (20)
(IM) related pathways. Overexpression of ID07 and

Luminal androgen AR signalling. Low chromosomal instability. Increased frequency of ERBB2 mutations. Enriched with Chr9p21 loss, predictive

receptor (LAR) decreased expression of CDKN2A and E2F3. Lower frequency of RBT losses/deletions and CCND1 and E2F3 gains/ (cell lines)

amplifications.
Mesenchymal-like Enriched in mammary stem cell pathways. Higher expression of JAK/STAT3 activation

(MES)
Basal-like and Upregulation of cell cycle, activation of DNA repair, and downregulation of immune response genes. High-HRD BLIS shows
immune- higher HRD scores irrespective of gBRCA status, higher proportion of Chr9p23 amp and Chr13g34 amp. Low-HRD BLIS is

suppressed (BLIS) more likely to exhibit whole genome doubling.
Integrative Clusters/Integrative clustering framework (iCluster), n = 2,000

IntClust 4- Flat copy number landscape and extensive lymphocytic infiltration. Strong immune and inflammation signature involving the  Prognostic (21,
antigen presentation pathway, OX40 signalling, and cytotoxic T-lymphocyte-mediated apoptosis. Genomic copy number 22)
loss at TCR loci

IntClust 10 Enriched within basal-like tumours. High-genomic instability, cis-acting alterations (5 loss/8q gain/10p gain/12p gain)

Prado-Vasquez Classification, n = 494

Cellular classification Luminal (LAR): Lower activity in the nodes related to cell adhesion, G1/S transition of mitotic cell cycle and chemokine Pronostic (23)
activity. (IM) and
Basal: Higher activity in cell adhesion and regulation of the actin cytoskeleton nodes. predictive
Claudin-High (CLDN-high): Poor response to neoadjuvant chemotherapy. Higher activity in the chemokine activity functional ~ (CLDN-high)
node.

Claudin Low (CLDN-Low): Higher activity in the haptoglobin binding functional node and PPAR signaling pathway.
Immune Immune metanode (IM) positive
classification Immune metanode (IM) negative

*Most prevalent intrinsic subtypes in TNBC listed.
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TNBC histopathological subtype

Key molecular features

Ref.

Lobular

Metaplastic
Medullary

Apocrine

Adenoid cystic

Secretory carcinoma

Loss of E-cadherin expression and CDH1 alterations.

Enriched AR activity co-regulation and FOXA 1 network. Overexpression of genes under the control of ESRT and PPARG.

Frequent alterations in the PI3K network and ERBB2.
Recurrent ESRRA hotspot mutations.

Lower Ki67 index and lower expression of basal markers (CK5/6, EGFR, and SOX10) compared to IC- NST.
Increased frequency of mutations in the PIK3CA/AKT1/PTEN pathway compared to IC-NST. WTN pathway activation
Predominant basal-like phenotype
High frequency in germline BRCA1 (gBRCAT1) but rare in germline BRCA2 (gBRCA2) mutation carriers.

Prominent lymphoplasmacytic cell infiltrate in the tumour stroma and extensive intratumoural CD8+ TIL infiltration.
Lower frequency of TP53 mutations (25%) and MYC gains (0%) compared with IC-NST.

High frequency of mutations in PIK3CA and other genes related to the PI3K signalling pathway (75%).

1 (6,9)(q22-23;p23- 24). Fusion MYB-NFIB

MYBLT1 rearrangements.

Low mutation rate.

Lack of high-level amplifications or homozygous deletions but recurrent 17g21-g25.1 gains and 12g12-g14.1 losses.
Lack of TP53, PIK3CA mutations. Recurrent mutations in TLN2, MYB, and BRAF

t(12,15) (ETV6; NTRK3)

Simple genomes with few CNA. Recurrent 8q, 1q, 16pg, and 12p gains, as well as 22q losses

(11)

(16)
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Half-life

Primary site of
metabolism

Cell Cycle Arrest
Targets

Dosing

Myelosuppression
Gl toxicity

LFT abnormalities
Pneumonitis

Palbociclib

29 (+/-5) hours
Hepatic

G1 phase
CDK4 and CDK6

125mg once daily for 21 days followed by 7
days off

++

+

+ (rare)

Ribociclib

32 hours
Hepatic

G1 Phase
CDK4 and CDK6

600mg one daily for 21
days

++

¥

¥

+ (rare)

Abemaciclib

18.3 hours
Hepatic

G1, G2 phase

CDK1, CDK2, CDK4, CDK5 CDK®6, CDK 9, CDK14,
CDKs16-18

150mg twice day continuously

+
++

¥

+ (rare)
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Monotherapy
CNS activity

Adjuvant Setting

Palbociclib

Not approved

No Benefit

3-y IDFS 88.2% vs. 88.5%
HR 0.93; 95% Cl 0.76-1.15
(PALLAS)

By-IDFS 82.1% vs. 77.7%

HR 0.93; 95% Cl 0.74 to 1.17
p=0.525

(PENELOPE-B)

Ribociclib

Not approved

Study Ongoing
(NATALEE)

Abemaciclib

FDA approved for monotherapy
+*

Shown to have benefit

2y-IDFS 92.2% vs. 88.7%

HR 0.75; 95% Cl, 0.60 t0 0.93, P = .01.
(MonarchE)
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Name of the
studies

Palbociclib
PALOMA-1

PALOMA-2

PALOMA-3

Ribociclib
MONALEESA-2

MONALEESA-3

MONALEESA-7

Abemaciclib
MONARCH-1
MONARCH-2

MONARCH-3

Phase

Line of
therapy

First line
First line

Second line

First line

First and 2nd
line

First line

Later lines
Second line

First line

Treatment arms

Palbociclib/Letrozole vs. Letrozole
Palbociclib/Letrozole vs. Letrozole

Palbociclib/Fulvestrant vs. Fulvestrant

Ribociclib/Letrozole vs. Letrozole

Ribociclib/Fulvestrant vs. Fulvestrant

Ribociclib/OFS/Al or tamoxifen vs. OFS/Al
or tamoxifen

Abemaciclib
Abemaciclio/Fulvestrant vs. Fulvestrant

Abemaciclio/Al vs. Abemaciclio

Sample
size

165
666

521

668

725

672

132
669

493

PFS

20.2months vs. 10.2 months
(HR 0.488, 0.319-0.748; p=0.0004) (66)
27.6mo vs. 14.5mo

(HR 0.563; 0.461-0.687 p<0.0001) (1)
9.5 months vs. 4.6 months

(HR 046, 0:-36-0-59, p<0-0001) (68)

25.3 months versus 16 months

(HR 0.568; 0.457-0.704; P = 9.63 x 10-8) (69)
20.5 months versus 12.8 months.

(HR 0.593; 0.480 t0 0.732; P < .001)

23.8 months versus 13 months
(HR 0-55; 0-44-0-69; p<0-0001) (6)

6 months (58)
16.4 months versus 9.3 months
(HR 0.553; 0.449 10 0.681; P < .001) (7)

28.18 versus 14.76 months; (HR 0.540; 0.418-0.698;
p =.000002) (5)

Median OS

Not significant
37.5v534.5 o (HR 0.897 95% Cl 0.623-1.294) (67)
Pending

Not significant
34.9 months vs. 28 months (HR 0.81; 95% C10.64 -
1.03)(3)

Not reached vs. 33 mo (HR 0.746; Cl 0.517-1.078) (69)

Statistically significant

Not reached vs. 40.0 mo (HR=0.74; 95% CI, 0.568-
0.924; P=.00455) (70)

Statistically significant

Not Reached vs 40.9 mo (HR, 0.712, 0.54-0.95;

p =0.00973) (17)

17.7 mo (58)

Statistically significant.

46.7 vs. 37.3 mo (HR=0.757; 95% Cl, 0.606- 0.945;
P=.0137) (71)

Pending
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PD-L1 Status Pre/Post Olaparib

Clinical Responses

Metabolic Responses

Responders Non-Responders P Responders Non-Responders P
Positive to Negative 0 0 0.13 0 0 0.25
Negative to Positive 0 4 0 3
Negative to Negative 1 1 1 0
Positive to Positive & 8 7 5
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Best Overall Response? Letrozole Part A,  Anastrozole Part B, Tamoxifen Part C, Exemestane Part D, Parts A-D

n (%) n (%) n (%) n (%) n (%)
All patients (N) 20 16 16 15 67
CR 0(0.0) 0(0.0) 0(0.0) 1(6.7) 1(1.5)
PR 2 (10.0) 3(18.8) 3(18.8) 5(33.3) 13(19.4)
sD 10 (50.0) 11 (68.8) 9(56.3) 5(33.3) 35(52.2)
Progressive disease 2(10.0) 1(6.3) 3(18.8) 2(13.3) 8(119)
Not assessed 6(30.0) 1(6.3) 1(6.3) 2(18.3) 10(14.9)
Objective response rate (CR + PR) 2 (10.0 3(18.8) 3(18.8) 6 (40.0) 14 (20.9)
Disease control rate (CR + PR + SD) 12 (60.0) 14 (87.5) 12 (75.0) 11(73.3) 49 (73.1)
Clinical benefit rate (CR + PR + SD>24 weeks) 8 (40.0) 13 (81.3) 12 (75.0) 9 (60.0) 42 (62.7)
Measurable disease (N) 9 9 8 10 36
CR 0(0.0) 0(0.0 0(0.0) 1(10.0) 128)
PR 2 (22.2) 3(33.3) 3(37.5) 5 (50.0) 13(36.1)
sD 4 (44.4) 4 (44.4) 2(25.0) 1(10.0) 11 (30.6)
Progressive disease 2(22.2) 1(11.1) 3(37.5) 1(10.0) 7(19.4)
Not assessed 1(11.1) 1(11.1) 0(0.0) 2(20.0) 4(11.1)
Objective response rate (CR + PR) 2(22.2) 3(33.3 3(37.5) 6 (60.0) 14 (38.9)
Disease control rate (CR + PR + SD) 6 (66.7) 7(77.8) 5(62.5) 7 (70.0) 25 (69.4)
Clinical benefit rate (CR + PR + SD>24 weeks) 3(33.3 6 (66.7) 5(62.5) 6 (60.0) 20 (55.6)
PFS [at 6 months, % (95% Cl)] 76.2 (42.7, 91.7) 86.7 (56.4, 96.5) 73.3 (43.6, 89.1) 75.2 (40.7, 91.4) 77.9 (64.3, 86.8)
Median PFS, months (95% Cl) 28.5 (2.1, NE) 32.0 (9.7, N 18.4 (2.1, NE) 34.3 (5.6, NE) 25.4 (18.0, 35.8)

Cl, confidence interval; CR, complete response; N, number of patients in population; n, number of patients in the category; NE, not estimable; PFS, progression free survival; PR, partial
response; SD, stable disease.
AResponse according to Response Evaluation Criteria in Solid Tumours version 1.1.
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n (%)

Patients with >1 dose adjustment or
omission
Patients with dose reduction
1 dose reduction
2 dose reductions
>3 dose reductions
Total dose reductions
Reason for dose reduction
Adverse event®
Diarrhea
Fatigue
Neutropenia
Patients with dose omission
Total dose omissions
Dose omission duration (days); median
(range)
Reason for dose omission
Adverse event®
Diarrhea
Other®
Missing

Letrozole Part A
(N=20)

16 (80.0)

12 (60.0)
4(20.0)
7(35.0)
1(5.0)
21

21 (100.0)
15 (71.4)
5(23.8)
NR
16 (80.0)
130
1.0 (1-14)

50 (38.5)
24 (18.5)
77 (59.2)
323

Anastrozole Part B
(N=16)

16 (100.0)

14 (87.5)
5(31.3)
7(43.8)
2(125)
25

25 (100.0
11 (44.0)
3(12.0)
3(12.0)
16 (100.0)
127
0 (1-29)

50 (39.4)

12 (9.4)

77 (60.6)
0

Tamoxifen Part C
(N=16)

4 (87.5)

12 (75.0)
8(50.0)
3(18.8)
163
17
17 (100.0)
8 (47.1)
4(235)
NR
14 (87.5)
9%
1.0 (1-20)

o= s
- oo b
™ ®

G
LMoo

ook

Exemestane Part D
(N=15)

1(73.9)

8(53.3)
4(26.7)
3(20.0)
16.7)
13

3(100.0)
8(61.5)
1(7.7)
1(7.7)
1(73.3)
9%
1.0 (1-21)

Parts A-D
(N=67)

57 (85.1)

76 (100.0)
42 (55.3)
13 (17.1)
453
57 (85.1)
448
1.0 (1-29)

186 (41.5)
83 (18.5)
256 (57.1)
6(1.3)

“Adverse events of 210% incidence in at least one part of the study are listed.

bOther includes scheduling confiict or treatment availability.

NR, not reported.
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n (%)

On treatment

Discontinued treatment

Reason for treatment discontinuation
Adverse event®

Diarrhea

Death

Non-compliance with study drug
Physician decision

Progressive disease

Withdrawal by subject

AAdverse events of >10% incidence in at least one part of the study are listed.

Letrozole
Part A (N=20)

1(5.0
19 (95.0)

6(30.0)
4(20.0)
0(0.0)
0(0.0)
2(10.0)
8(40.0)
3(15.0)

Anastrozole
Part B (N=16)

5(31.8)
11 (68.8)

3(18.8)
0(0.0)
0(0.0)
0(0.0)
0(0.0)

7 (43.8)
163

Tamoxifen
Part C (N=16)

8(50.0)
2(12.5)

Exemestane
Part D (N=15)

2(18.3)
13 (86.7)

16.7)
16.7)
0(0.0)
16.7)

16.7)
8(53.3)
2(13.3)

Parts A-D
N=67

11 (16.4)
56 (83.6)

11(16.4)
5(7.5)
0(0.0)
1(15)
5(7.5)

31 (46.3)

8(11.9
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Adverse Letrozole Part A Anastrozole Part B Tamoxifen Part C Exemestane Part D Parts A-D

Event® (N=20) (N=16) (N=16) (N=15) (N=67)

Any Graden Grade >3n Any Graden Grade >3n Any Graden Grade >3n Any Graden Grade >3n Any Graden Grade >3n

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

Any adverse 20 (100.0) 14 (70.0) 16 (100.0) 15 (93.8) 16 (100.0) 12 (75.0) 15 (100.0) 8(63.3) 67 (100.0) 49 (73.1)
event
Diarrhea 20 (100.0) 10(60.0) 16 (100.0) 5(31.8) 16 (100.0) 5(31.9) 14 (93.3) 4(26.7) 66 (98.5) 24 (35.8)
Fatigue 18 (90.0) 4(20.0) 13 (81.3) 3(18.8) 13 (81.3) 5(31.3) 12 (80.0) 2(13.3) 56 (83.6) 14 (20.9)
Nausea 15 (75.0) 3(15.0) 14 (87.5) 0(0.0) 11 (68.8) 1(6.3) 10 (66.7) 0(0.0) 50 (74.6) 4(6.0)
Abdominal pain 7(35.0) 1(5.0) 8 (50.0) 0(0.0) 10 (62.5) 0(0.0) 9(60.0) 3(20.0) 34 (50.7) 4(6.0)
Vomiting 9 (45.0) 2(10.0) 7(43.8) 1(6.3) 7(43.8) 0(0.0) 7 (46.7) 0(0.0) 30 (44.8) 3(4.5)
Decreased 10 (50.0) 1(5.0 8 (50.0) 0(0.0 5(31.3) 0(0.0 4(26.7) 0(0.0) 27 (40.3) 1(1.5)
appetite
Neutropenia 9 (45.0) 4(20.0) 9 (66.3) 6 (37.5) 2(12.5) 2(12.5) 4(26.7) 3(20.0 24 (35.8) 15 (22.4)
Alopecia 5(25.0) 0(0.0 6 (37.5) 0(0.0 5(31.3) 0(0.0 5(33.3) 0(0.0) 21(31.3) 0(0.0)
Anemia 5(25.0) 0(0.0 5(31.3) 0(0.0 8 (50.0) 163 3(20.0) 0(0.0 21(31.3 1(1.5)
Arthralgia 3(15.0) 0(0.0) 8(50.0) 1(6.3) 4(25.0) 0(0.0) 5(33.3) 0(0.0) 20 (29.9) 1(1.5)
Cough 5 (25.0) 0(0.0) 5(31.9) 0(0.0) 4(25.0) 0(0.0) 6 (40.0) 0(0.0) 20 (29.9) 0(0.0)
Dehydration 3(15.0) 0(0.0) 6(37.5) 1(6.3) 4 (25.0) 2(12.5) 3(20.0) 1(6.7) 16 (23.9) 4(6.0)
Headache 2(10.0) 0(0.0) 4(25.0) 1(6.3) 4(25.0) 0(0.0) 5(33.3) 0(0.0) 15 (22.4) 1(1.5)
Dyspnea 2(10.0) 0(0.0) 4(25.0) 0(0.0) 3(18.8) 0(0.0) 5(33.3) 0(0.0) 14(20.9) 0(0.0)
Flatulence 2(10.0) 0(0.0) 3(18.8) 0(0.0) 3(18.8) 0(0.0) 6 (40.0) 0(0.0) 14(20.9) 0(0.0)

*Treatment-emergent adverse events that occurred in >20% of patients in at least one part of the study are listed. There were no grade 4 or 5 events reported in these categories except
grade 4 neutropenia reported for one patient in Part B.
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Letrozole Part A Anastrozole Part B Tamoxifen Part C Exemestane Part D Parts A-D
(N=20) (N=16) (N=16) (N=15) (N=67)

Age in years, median (range) 59.0 (33-73) 55.5 (28-72) 59.5 (46-77) 52.0 (40-73) 57.0 (28-77)
>65, n (%) 6(30.0) 3(18.8) 3(18.8) 4(26.7) 16 (23.9)
Race, n (%)
White 20 (100.0) 14 (87.5) 16 (100.0) 14 (93.3) 64 (95.5)
All other 0.0 2(12.5) 0(0.0 1(6.7) 3 (4.5
Eastern Cooperative Oncology Group performance status, n (%)
0 16 (80.0) 13(81.3) 12 (75.0) 12 (80.0) 53 (79.1)
1 3(15.0) 3(18.8) 4(25.0) 3(20.0) 13 (19.4)
2 1(6.0) 0(0.0) 0(0.0) 0(0.0) 1(1.5)
Visceral disease n (%) (lung, liver and/or 5(25.0) 6 (37.5) 5(31.3) 6 (40.0) 22(32.8)
brain)
Number of metastatic sites, n (%)
1 6(30.0) 4(25.0) 3(18.8) 2(13.3) 15 (22.4)
2 8(40.0) 3(18.8) 3(18.8) 5(33.3) 19 (28.4)
>3 6(30.0) 9 (66.3) 10 (62.5) 8(53.3) 33 (49.3)
Prior systemic therapies, median (range)* 2 (1-4) 3(1-8) 3(1-8) 4 (1-6) 3(1-8)
Measurable disease, n (%) 9 (45.0) 9 (66.3) 8 (50.0) 10 (66.7) 36 (53.7)

Includes chemotherapy, endocrine therapy, adjuvant therapies, neoadjuvant therapies, and metastatic therapies.
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Means with standard deviation are reported when the variable distribution was normal according to a Shapiro-Wilk test for normality, otherwise median values with minimum-maximum
range are reported; SD, standard deviation; TILs, tumor-infiltrating lymphocytes; SUV, standard uptake volume; PD-L1, PD-L1 in tumor-infiltrating inflammatory cells; gBRCA-wt, germinal

BRCA1/2-wild type triple negative tumors; gBRCA-mut, germinal BRCA1/2-mutant tumors.
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chr3: ¢.1633G>A p.Glu545Lys
chr3: ¢.1624G>A p.Glu542Lys
chr3: ¢.1633G>A p.Glu545Lys
chr3: ¢.1633G>A p.Glus45Lys
chr3: ¢.1633G>A p.Glu545Lys
exon10: ¢.1636C>A p.GIn546Lys
chr3: ¢.3140A>G p.His1047Arg
chr3: ¢.1624G>A p.Glu542Lys
chr3: ¢.1357G>A p.Glu453Lys
chr3: ¢.3140A>G p.His1047Arg
chr3: ¢.3140A>G p.His1047Arg
chr3: ¢.1633G>A p.Glu545Lys
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chr3: ¢.1633G>A p.Glu545Lys)
chr3: ¢.3140A>G p.His1047Arg)
chr3: ¢.3140A>G p.His1047Arg
chr11: c.494T>G p.Leu165*
chr14 ¢.49G>A p.Glu17Lys
chr14: c.49G>A p.Glu17Lys
chr9: ¢.219_235del p.Gly74Serfs*81
chr22: c.470T>C p.lle157Thr
exon4: ¢.470T>C p.lle157Thr)
chr17: c.824G>A p.Cys275Tyr
chr17: c.536A>G p.His179Arg
chr17: c.797G>A p.Gly266Glu
chr17: ¢.722C>T p.Ser241Phe
exon8: ¢.853G>A p.Glu285Lys
exon7: ¢.742C>T p.Arg248Trp)
exon8: ¢.817C>T p.Arg273Cys
exon7: ¢.743G>A p.Arg248Gin
exon7: ¢.714_715insT p.Asn239Ter
exon7: ¢.743G>A p.Arg248Gin

exon3: ¢.85_86del p.Asn29GInfsTer13

exon6: ¢.638G>T p.Arg213Leu
chr17: c.559+1G>A

exon5: ¢.455C>T p.Pro152Leu
exon8: ¢.818G>T p.Arg273Leu
exon7: ¢.681_682insT p.Asp228Ter

exonB: ¢.626_627del p.Arg209LysfsTer6

exon7: ¢.742C>T p.Arg248Trp
chr17: c.614A>G p.Tyr205Cys
chr17: ¢.824G>A p.Cys275Tyr
chr10: ¢.853dup p.Glu285Glyfs*13
chrl: c.178G>A p.Gly60Arg

exon43: ¢.6590_6591del p.Phe2197fs
exon11: ¢.1064_1065del p.Arg355fs

exon19: ¢.2264T>C p.Leu755Ser
exon13: ¢.1731C>G p.Asn577Lys)

NCBI Genomes Browser

rs104886003
rs121913273
rs104886003
rs104886003
rs104886003

rs121913279
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rs121913279

121913279

rs104886003

rs104886003
rs121913279
rs121913279

rs121434592
Rs121434592
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rs1131691042

rs1057520007
rs863224451

rs1557982817

Clinical Significance

Pathogenic

Pathogenic
Pathogenic

Pathogenic
Pathogenic

Pathogenic

Frequency

16

20





OPS/images/fonc.2021.797505/table7.jpg
Gene mutation Genetic polymorphism NCBI genomes browser Clinical significance Frequency

PIK3CA ©.1624G>A p.Glus42Lys rs121913273 Pathogenic 6
©.3140A>G p.His1047Arg rs121913279
¢.1090G>A p.Gly364Arg rs1576935161
¢.3140A>G p.His1047Arg rs121913279 rs121913279
¢.3140A>G p.His1047Arg rs121913279) rs121913279
¢.3140A>T p.His1047Leu rs121913279
¢.1637A>G p.GIn546Arg -
TP53 ©.424_433del p.Pro142Cysfs*25 = Pathogenic 6
¢.488A>G p.Tyr163Cys rs148924904
¢.586C>T p.Arg196* rs397516435
C.743G>A p.Arg248GIn rs11540652
C.824G>A p.Cys275Tyr rs863224451
¢.990del p.GIn331Argfs*14 -
BRCA2 €.9290_9297del p.Cys3097Phefs*11 - Pathogenic 1

PTEN €.99_100ins p.Ala34fs - Pathogenic 1
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Somatic pathogenic mutations

ATM (chri1: c.494T>G p.Leut65')

AKTA (chr14 ¢.49G>A p.Glu17Lys rs121434592)

NR
PIK3CA (chr3: ¢.1633G>A p.Glu545Lys
rs104886003)

NR

NR
NR

NR
NR

CDKN2A (chr: ¢.219_235de p.Gly74Serfs'81)

NR

PIK3CA (chr3: ¢.1624G>A p.Glus42Lys
rs121913273)

CHEK2 (chr22: ¢.470T>C p.lle157Thr
rs17879961)

NR

NR

NR

NR

NR

NR

NR

NR
NR
NR
PIK3CA (exon10: c.1633G>A p.Glus45Lys)

NR
NR
NR
NR

NR
NR
NR

NR
TP53 (chr17: ¢.824G>A p.Cys275Tyr
15863224451)

TP53 (chr17: ¢.536A>G p.His179Arg
r51057519991)

PIK3CA (chrd: ¢.1633G>A p.Glus45Lys
15104886003)

TP53 (chr17: ¢.797G>A p.Gly266Giu
15193920774)

PTEN (chr10: c.853dup p.Glu285Glyfs™13)
PIK3CA (ohr3: ¢.1633G>A p.GIUS45Lys
15104886003)

TP53 (chr17: ¢.722C>T p.Ser241Phe
1528934573)

NRAS (chr1: ¢.178G>A p.Gly60Arg
151557982817)

TP53 (exon8: ¢.853G>A p.Glu285Lys)

NF1 (exon43: ¢.6590_6591del p.Phe2197fs)
RB1 (exon11: ¢.1064_1065del p.Arg355fs)
TP53 (exon7: ¢.742C>T p.Arg248Trp)

PIK3CA (exon10: ¢.1636C>A p.GIng46Lys)

NR
TP53 (exon8: ¢.817C>T p.Arg273Cys)

NR
NR

PIK3CA (exon21: ¢.3140A>G p.His1047Arg)
TP53 (exon7: ¢.743G>A p.Arg248Gin)
PIK3CA (exon10: ¢.1624G>A p.Glus42Lys)
TP53 (exon7: ¢.714_715insT p.Asn239Ter)

TP53 (exon7: 0.743G>A p.Arg248Gin)
TPS53 (exon3: ¢.85_86del p.Asn29GinfsTer13)

PIK3CA (chr3: ¢.1357G>A p.Glu453Lys
rs1057519925)

NR

NR

NR

NR

PIK3CA (exon21: ¢.3140A>G p.His1047Arg)
NR

PIK3CA (exon21: ¢.3140A>G p.His1047Arg)
ERBB2 (exon19: ¢.2264T>C p.Leu755Ser)

PIK3CA (chr3: ¢.1633G>A p.GIu545Lys
15104886003)

TP53 (chr17: ¢.559+1G>A rs1131691042)
TP53 (exon6: ¢.638G>T p.Arg213Leu)

TP53 (exons: ¢.455C>T p.Pro152Leu)

PIK3CA (exon2: c.115G>A p.Glu3dlys)
TP53 (exon8: ¢.818G>T p.Arg273Leu)
TP53 (exon7: 0.681_682insT p.Asp226Ter)

FGFR1 (x0n13: ¢.1731C>G p.Asn677Lys)

NR
NR
TPS53 (exon6: ¢.626_627del p.Arg209LysfsTer6)

PIK3CA (exon10 ¢.1633G>A p.Glu545LYs)

NR

NR
CHEK2 (exond: ¢.470T>C p.lle157Thr)

PIK3CA (exon21: ¢.3140A>G p.His1047Arg)
TP53 (exon7: ¢.742C>T p.Arg248Trp)

AKT1 (chr14: C.A9G>A p.Glui7Lys
Rs121434592)

TP53 (chr17: 0.824G>A p.Cys275Tyr
15863224451)

TP53 (chr17: ¢.614A5G p.Tyr205Cys
1$1057520007)

PIK3CA (chr3: ¢.3140A5G p His1047Arg
15121913279)

NR, Not Reported.

‘Somatic VUS mutations

FGFR1 (chiB: ¢.2192_"del
p.Lys731_Arg7321s"159)
NR

NR

ATM (chri1:
1587780625)

PTEN (chr10: c.481A>G p.Arg161Gly)
RADS0 (chr: ¢.443A>G p.Lys148Arg)
NR

NR

BRCA2 (chri3: ¢.3073A>G p.Glu1025Lys
1580358550)

PDGFRA (chrd: C.632C>T p.Th211lle)
KMT2C (chi7: ¢.5976A>T p.Glu1992Asp)
MTOR (chr1: c.5554G>A p.Glu1852Lys
15745409542)

NR

.482A>C p.GIn161Pro

NR
NR

NR
NR

TP53 (chr17: ¢.815T>C p.Val272Ala rs28934573)
PIK3CA (chr3: ¢.312_323del
p.Val105_Arg108del)

FGFR3 (chrd: .1936G>A p.Asp646Asn
rs56266857)

NR

ATM (chr11: ¢.2057T>A p.Leu686His
r$1239416977)

NOTCH1 (chr9: ¢.6184G>A p.Glu2062Lys)

NR
NR
NR
NR
NR
NR

NR

NR
NR

NR

BRCA2 (exon22: ¢.8808G>C p.Leu2936Phe)
ERBB4 (exon7: ¢.751A>T p.Asn251Tyr)

KIT (exon11: c.1688T>A p.leS63Lys)

NR

NR

NR

NR

ATM (exon56: ¢.8187A>C p.GIn2729His
1587781946)

ROS1 (exon5: ¢.433A>C p.Thr145Pro)

JUN (exon1: ¢.872A5G p.Asn291Ser)

ROS1 (exons: ¢.433A>C p.Thr145Pro)
NOTCH1 (exon34: ¢.7487_7489del
p.Asn2496del)

BRCA2 (exon26: c.9578C>T p.Thi3193lle)
ATM (exond1: ¢.6067G>A p.Giy2023Arg)
ESR1 (exon5: ¢.975del: p.le326fs)

NR

KMT2C (chr7: ¢.7826G>A p.Ag2609Gin
rs746659124)

RB1 (chr13: c.1988A>G p.Asn663Ser
151007286459)

NOTCH1 (chr9: ¢.2453T>C p.LeuB18Pro)
ROS1 (chr6: ¢.6584C>G p.Thr2196Ser
15140284927)

TP53 (chr17: ¢.847C>T p.Arg283Cys
1$149633775)

MSH2 (chr2: n.1717G>A p.Glus61Lys
163750328)

NOTCH1 (chr9: C.1816G>A p.GIUB0BLYS)

BRCA2 (¢.3478A>G p Arg1160Gly)

BRCA2 (¢.3476G>A p.Cys1159Tyr)

CDKN2A (c.28C>T p.Arg10Trp)

RET (c.2302G>A p.GIu768Lys)

NF1 (c.7454C>G p.Ala2485Gly)

STK11 (0.1222G>A p.Gly408Ser rs749463771)
STK11 (c.196G>A p.Val66Met)

NF1 (exond: ¢.304A>G p.Met102Val)

ROS1 (exons: ¢.433A>C p.Thr145Pro)

TP53 (exon7: ¢.683_686del p.Asp228fs)

AR (exon1: ¢.1481A>C p.Glu494Ala)
ERBB2 (exon12: ¢.1460G>A p.Arg487Gln)
NF1 (exon50: ¢.7395T>A p.Asp2465GIu)
ROS1 (ex0n6: ¢.500G>A p.Arg167Gin)
CHEK2 (exon2: ¢.32A>C p.Gin11Pro)
RADS0 (ex0n7: ¢.980G>A p Arg327His)
ROS1 (x0n6: ¢.500G>A p.Arg167GIn)
NF1 (exon58: ¢.8383G>A p.Asp2795Asn)
NR

ROS1 (ex0n36: ¢.5824C>T p.Arg1942Trm)
KMT2C (exon52: c.13231G>C p.Gly4411Arg)
NR

NR
ROS1 (ex0n6: ¢.500G>A p.Arg167GIn)

RADS0 (exon16: ¢.2604T>G p.Asn868Lys)
ROS1 (x0n42: ¢.6733G>A p.Gly2245Ser)
ROS1 (exons: ¢.433A>C p.Thr145Pro)
ROS1 (ex0n6: ¢.500G>A p.Arg167GIn)
KMT2C (ex0n25: ¢.3875G>A p.Arg1292Gin)
BRCA2 (ex0n27: ¢.9867T>G p.Phe328Leu)
ROS1 (x0n5: ¢.433A>C p.Thr145Pr0)

NR
NR

RADS0 (chr: ¢.3929AG pAsn1310Ser
15753468016)

PIK3CA (chr3: ¢.1259_1264del
P.Cys420_Pro421del)

NR

MYC (exon2: ¢.77A>G p.Asn26Ser)

NOTCHT1 (exon23: ¢.3741G>C p.GIn1247His)
NR

NR

ALK (exon9: ¢.1787T>C p.Met596Thr)
RADS0 (exon7: ¢.980G>A p.Arg327His)
TP53 (exond: ¢.304A>T p.Thr102Ser)
NF1 (exon21: 6.2573C>G p.Ser858Cys)

KDR (exon13: ¢.1875G>C p.Leu625Phe)
CDK4 (exon7: ¢.793G>A p.Glu265Lys)
CDK4 (exon7: ¢.792G>A p.Met264lle)
ROS1 (x0n5: ¢.433A>C p.Thr145Pr0)
MET (exon21: ¢.4144C>T p.Pro1382Ser)
KMT2C (ex0n38: ¢.8075A>C p.ASp2692A%2)
MYC (exon2: ¢.77A>G p.Asn26Ser)

MTOR (ex0n40: ¢.5687G>A p.Arg1896Gin)
ROS1 (exon42: ¢.6733G>A p.Gly2245Ser)
KMT2C (exon10: ¢.1315A>G p.lle439Val)
IDH2 (exon1: ¢.68C>A p.Pro23Gin)

KDR (exon19: ¢.2695G>T p.Val899Phe)
RADSO0 (exon7: 6.980G>A p.Arg327His)
ROS1 (exons: ¢.433A>C p.Thr145Pro)

NR

NR

PIK3CA (exons: c.1316G>C p.Gly439Ala)
CDKG (exond: ¢.269G>C p.Arg90Thr)
JAK2 (exon23: ¢.3070G>A p.Glu1024Lys)
PALB2 (exond: ¢.1544A>G p.Lys515Arg)
CHEK2 (exon15: ¢.1556G>T p.Arg519Leu)
EGFR (x0n3: ¢.368C>T p.Ser123Phe)

NR

NR

CCNEH (exon9: ¢.779A>T p.Asn260lle)
IDH2 (exon11: ¢.1321A>G p.iled41Val)
CCNEH (exon9: ¢.779A>T p.Asn260lle)
ERBB4 (exon9: c.1088A>T p.Asn363lle)
CCND1 (exont: ¢.189G>C p.Trp630ys)

TP53 (chr17: ¢.377A>G p.Tyr126Cys
13587780625)

CDKN2A (chr9: ¢.323C>T p.Ala108Va))
RADS0 (chr5: c.3778C>T p.Arg1260Cys
151381323366)

MET (chr7: ¢.2096A>C p.Glug99Ala)

Germline Pathogenic mutations

‘CHEK2 (chr22: ¢.470T>C p.lle157Thr rs17879961)

‘CHEK2 (chr22: ¢.499G>A p.Gly167Arg
1$72552322)

NR

BRCAT (chr17: ¢.5467G>A p.Ala1823Thr
rs80357212)

ATM (chr11: ¢.368del p.Tyr123Leufs'6
rs730881296)

BRCA2 (chri3: ¢.5110_5113del p.Arg1704*
rs879254123)

APC (chrs: ¢.3920T>A p.le1307Lys
Rs1801155)

NR

NR

NR

NR

NR

NR

NR

NR
NR

NR

NR

BRCA1 (chr17: ¢.3157dup p.Glu1053Glyfs'7
Rs397509042)
NR

NR
NR

NR

NR

NR

NR

NR

NR

ATM (chr11: ¢.368del p.Tyr123Leufs's
15730881296)

NR

NR
NR

NR

NR

Germline VUS mutations

CHEK2 (chr22: ¢.190G>A p.GluB4Lys
rs141568342)

NR

PMS2 (chr7: c.1999G>A p.GIu667Lys
Rs587780045)

RADS51D (chr17: ¢.270T>A p.Asp90Glu
151567728766)

RADS1C (chr17: ¢.80T>C p.Leu27Pro
Rs587781309)

BRCA1 (chri7: c.1881C>G p.Val627=
1580356838)

ATM (chri1: 0.2057T>A p.Leu86His
151239416977)

ATM (chri1: ¢.5329G>A p.Val1777lle
151064794192)

ATM (chri1: c.8187A>C p.GIn2729His
rs587781946)

NR

TP53 (chr17: ¢847C>T p.Arg283Cys
15149633775)

PMS2 (chi7: ¢.566A>C p.His189Pro
1s876660330)
NR

NR

NR

NR
NR

NR

BRCA2 (chr13: ¢.710A>G p.Asp237Gly
Rs780881506)

NR
NR

BRCA2 (chr13: ¢.9867T>G p.Phe3289Leu)

NR

MSHS (chr2: ¢.3104G>A p.Arg1035Gin
15730881801)
NR

NR

NR
NR
NR

NR

NR

NR

NR

NR

NR

NR

NR
NR

NR

NR
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BRCA1 chr17: ¢.6467G>A p.Ala1823Thr rs80357212 Pathogenic 2
chr17: ¢.3157dup p.Glu1053Glyfs'7 rs397509042

CHEK2 chr22: ¢.470T>C p.lle157Thr 1517879961 Pathogenic 2
chr22: ¢.499G>A p.Gly167Arg rs72662322

ATM chr11: ¢.368del p.Tyr123Leufs*6 rs730881296 Pathogenic 2
chr11: ¢.368del p.Tyr123Leufs'6 rs730881296

BRCA2 chr13: ¢.5110_5113del p.Arg1704" rs879254123 rs879254123 Pathogenic 1

APC chr5: ¢.3920T>A p.lle1307Lys rs1801155 Pathogenic 1
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Somatic pathogenic mutations

PIK3CA (c.1624G>A p.Glu542Lys
1s121913273)

TP53 (c.424_433dél p.Pro142Cysfs'25)
Chr17: 7578497_7578506dke!

NR
NR

PIK3CA (c.3140A>G p.His1047Arg)
Rs121913279

PIK3CA (c.1090G>A p.Gly364Arg
Rs1576935161)

PIK3CA (c.3140A>G p.His1047Arg
rs121913279)
NR

NR

NR

PIK3CA (c.3140A>G p.His1047Arg
rs121913279)

BRCA2 (c.9290_9297del p.Cys3097Phefs*11)
TP53 (chr17: ¢.488A>G p.Tyr163Cys
rs148924904)

PIK3CA (chr3: ¢.3140A>T p.His1047Leu
Rs121913279)

TP53 (chr17: ¢.586C>T p.Arg196* rs397516435)
TP53 (chr17: ¢.743G>A p.Arg248Gin
rs11540652)

TP53 (exon8: ¢.824G>A p.Cys275Tyr)

TP53 (chr17: ¢.990del p.GIn331Argfs*14)

NR
NR
NR

PTEN (exon2: ¢.99_100ins p.Ala34fs)

NR

NR

NR

PIK3CA (c.1637A>G p.GIn546Arg)

NR

NR, Not Reported.

Somatic VUS mutations

NF1 (c.7301T>C p.Leu2434Pro
Rs1565536128)

BRCA2 (c.9613_9614delinsCT
p.Ala3205Leu
15276174926)

NR
NR

BRCAT1 (c.3743C>T p.A1248V)
TP53 (c.622G>A p.D208N)

MYC (c.1302G>T:p.(Leud34Phe
rs145561065)

JAK2 (c.1777-5del)
ERBB4(c.308G>A p.Arg103His
rs754487821)PIK3CA(c.3155C>A
p.Thr1052Lys)

RB1 (c.43G>A p.Ala15Thr)

NR

NR

NR

AR (c.1520G>A p.Gly507Asp
Rs768030110)

JAK2 (c.779A>T p.Asn260lle rs774355597)
RADS50 (chr5: ¢.1094G>A p.Arg365GIn
rs146370443)

TP53 (chr17: ¢.562_564delinsAA
p.Leu188Lysfs*59)

CCND1 (chr11: ¢.724-2A>C)

TP53 (chr17: ¢.815T>C p.Val272Ala
1528934573)

IDH1 (chr2: ¢.949C>T p.R317C
rs754290687)

CTNNBH1 (chr3: c.1206del
p.Thr404Leufs*11)

KMT2C (chr7: ¢.35621A>G p.GIn1174Arg
rs771444390)

KMT2C (chr7:c.4873G>A p.Glu1625Lys)

ROS1 (exon5: ¢.433A>C p.Thr145Pro)
RET (exon9: ¢.1684A>T p.Thr562Ser)
MET (c.4090C>T p.Pro1364Ser
rs765332671)

NF1 (c.563C>A p.Ala188Glu)

NR

NR

NR

FGFR3 (exon17: ¢.2272G>A p.Asp758Asn)
ROS1 (exon10: ¢.1135C>G p.GIn379Glu)
BRAF (exon9: ¢.1159G>A p.Gly387Arg)
TP53 (exon7: ¢.691del p.Thr231ProfsTer16)
NR

NR

NR

NR

NR

Germline Pathogenic
mutations

NR
NR

NR

NR

BRCA2 (¢.9290_9297del
p.Cys3097Phefs*11)

NR

NR

TP53 (c.824G>A p.Cys275Tyr
rs863224451)

CHEK2 (c.1232G>A
p.Trp411* rs371418985)
CHEK2 (c.470T>C p.lle157Thr
rs17879961)

BRCAT1 (c.3700_3704del
p.Val1234GInfs*8 rs80357609)
CHEK?2 (c.470T>C p.lle157Thr
rs17879961)

BRCAT1 (chr17: ¢.3157dup
p.Glu1053Glyfs*7
Rs397509042)

NR

Germline VUS
mutations
NR
NR
NR

CHEK2 (c.480A>G
p.lle160Met
Rs575910805

BRCA2
(c.9613_9614delinsCT
p.Ala3205Leu
rs276174926
RAD51D (c.412A>C
p.Asn138His
Rs141690729

BRCA2 (c.1342C>T
p.Arg448Cys
Rs80358422)

NR

BRIP1 (c.2285G>A
p.Arg762His
Rs200960251)
BRCAT1 (c.3649T>C
p.Ser1217Pro
rs273900712)
BRCA2 (c.8386C>T
p.Pro2796Ser
Rs146120136)

NR

NR

ATM (c.7475T>G
p.Leu2492Arg
rs56399857)

NR

|

BRCA2 (c.352C>T
pArg118Cys
rs375125172)

CHEK2 (c.1175C>T
p.Ala392Val
rs373073383)

NR
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CHEK2  c.470T>C p.le157Thr rs17879961  Pathogenic 3
¢.470T>C p.lle157Thr rs17879961
€.1232G>A p.Trp411*  rs371418985

BRCA1 chr17: ¢.3157dup rs397509042  Pathogenic 2
p.Glu1053Glyfs*7
©.3700_3704del rs80357609
p.Val1234Ginfs*8

BRCA2  ¢.9290_9297del Pathogenic 1
p.Cys3097Phefs*11

TP53 C.824G>A rs863224451  Pathogenic 1

p.Cys275Tyr
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Molecular Subtypes

TNBC
Luminal A
Luminal B, HER2 (-)

Young Women
N=32 (N, %)

4 (12.5%)
6 (18.75%)
14 (43.75%)

Older Women
N=90 (N, %)

20 (22.2%)
27 (30%)
26 (28.89%)

P=0.305
P=0.254
P=0.132
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Characteristic Young women Older women Chi-
N=32 (N, %) N=90 (N,%)  square

p-value

Mean age at diagnosis, years 35.6 56.94
@.61) (9.76)

Stage at diagnosis p=0.101
A 5 (15.62%) 22 (24.44%)
B 0 (0%) 1(1.11%)
JIA 6 (18.75%) 17 (18.89%)
1B 5 (15.62%) 10 (11.11%)
/A 8 (25%) 10 (11.11%)
B 0 (0%) 6 (6.67%)
nc 6 (18.75%) 7 (7.78%)
vV 2 (6.25%) 17 (18.89%)
Histology p =1.000
Invasive Ductal Carcinoma 31 (96.9%) 84 (93.3%)
Invasive Lobular Carcinoma 1(3.1%) 5 (5.6%)
Other 0 (0.0%) 1(1.1%)
Hormone status p =0.493
Positive 25 (78.1%) 63 (70%)
Negative 7 (21.9%) 27 (30%)
ER status p=0.653
Positive 24 (75%) 62 (68.9%)
Negative 8 (25%) 28 (31.1%)
PR status p=0516
Positive 23 (71.88%) 57 (63.3%)
Negative 9 (28.12%) 33(36.7%)
HER2 status p =0.456
Positive 8 (25%) 17 (18.9%)
Negative 24 (75%) 73 (81.1%)
Grade
G1 1(3.1%) 8 (8.9%) p =0.456
G2 8 (25%) 28 (31.1%)
G3 23 (71.9%) 54 (60%)
Ki67 p=0.198
<20% 8 (25%) 35 (38.9%)

> 20% 24 (75%) 55 (61.1%)
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Variables TNBC No-special

N=67 No. (%) N=52 No. (%)
PD-L1(cut-off=10)
Negative (<10) 57 85.1 47 90.4
Positive (=10) 10 14.9 5 9.6

p-value was calculated using the Pearson ¥2 test and Fisher’s exact test; #, p-value<0.05.

N=15

Special

No. (%)

66.7
33.3

0.038*
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Variables TNBC No-special Type Special Type )

N=89 No. (%) N=72 No. (%) N=17 No. (%)
Age 0813
[median, range] 49 [22-81] 49 [23-75] 46 [22-81]
<50 years 52 58.4 43 59.7 9 52.9
>50 years 37 41.6 29 40.3 8 471
Menopausal status 1
Pre-menopause 49 55.1 40 55.6 9 529
Post-menopause 40 449 32 44.4 8 471
T-stage 0.428
™ 39 43.8 33 45.8 6 35.3
T2 40 44.9 30 1.7 10 58.8
T3 6 6.7 6 8.3 0 0.0
T4 4 4.5 3 4.2 1 59
N-stage 0.604
NO 48 53.9 39 54.2 9 52.9
N1 22 24.7 16 22.2 6 35.3
N2 13 14.6 1" 16.3 2 1.8
N3 6 6.7 6 8.3 0 0.0
M-stage 1
MO 88 98.9 7 98.6 17 100.0
M1 1 11 1 1.4 0 1.0
Pathologic stage 0.621
| 27 30.3 22 30.6 5 29.4
Il 42 47.2 32 44.4 10 58.8
n 19 21.3 17 23.6 2 1.8
\% 1 11 1 14 0 0.0
Histologic grade 0.022*
| 1 11 1 14 0 0.0
I 17 19.1 12 16.7 5 29.4
n 69 775 59 81.9 10 58.8
NA 2 22 0 0.0 2 1.8
Ki-67(%) 0.040*
[median, range] 65 [5-95] 70 [10-95] 50 [5-90]
<14% T 7.9 3 4.2 4 235
>14% 81 91.0 68 94.4 13 76.5
<30% 18 20.2 1" 16.3 7 41.2 0.048*
>30% 70 78.7 60 83.3 10 58.8
NA 1 1.1 1 1.4 0 0.0
AR 0.002*
Positive (>1%) 16 18.0 8 1.1 8 474
Negative (<1%) 59 66.3 50 69.4 9 52.9
NA 14 16.7 14 19.4 0 0.0
TlLs 0.092
Low (0-10%) 36 40.4 27 37.5 9 52.9
Intermediate (10-40%) 14 16.7 14 21.5 0 0.0
High (40-90%) 32 36.0 24 33.3 8 471
NA e 79 7 9.7 0 0
Histologic type <0.001"
IDC 72 81.0 72 100.0 0 0.0
Mixed 6 6.7 0 0.0 6 35.3
AC 5 5.6 0 0.0 5 29.4
MC 4 4.5 0 0.0 4 235
MBC 1 11 0 0.0 1 5.9
GRCC 1 11 0 0.0 1 5.9

The p-value was calculated using the Pearson x2 test and Fisher's exact test; #, p-value<0.05. TNBC, triple-negative breast cancer; TiLs, tumor-infiltrating lymphocyte; AR, androgen
receptor; IDC, infiltrating ductal carcinoma; Mixed, mixed histologic; AC, apocrine Carcinoma; MC, medullary carcinoma; MBC, metaplastic breast carcinoma.
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NLRP3 PYCARD

r p-value r p-value

TLR4 0.128 0.024 0.157 0.005

Spearman correlation coefficient r (Rho) and p-Value. Bold values indicate significance.
NLRP3, NOD-like receptor protein 3; PYCARD, Apoptosis-Associated Speck-Like Protein
Containing a Pyrin and CARD domain; TLR4, Toll-like receptor 4.
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DFS os

Characteristic N.pts  N.events  5-yrs % DFS (95% CI) p HR (95% CI) p N.events  5-yrs % OS (95% Cl) p HR (95% Cl) P
Overall 352 60 87 (83-91) - - - 24 94 (91-96) - - -
Age (years)

<53 182 37 84 (78-90) 1.00 13 92 (88-97) 1.00

>53 170 23 90 (85-95) 0159 0.69(041-1.16)  0.161 11 95 (92-99) 0828 091 (0.41-2.04) 0828
Histotype

IDC 315 53 87 (84-90) 1.00 0787 21 94 (91-97) 1.00 0.822

[} 21 5 80 (60-100) 1.38 (0.54-3.50) 2 85 (66-100) 1.58 (0.37-6.76)

Other 14 2 92 (78-100) 0787 0.90(0.22:371) 1 92 (78-100) 0819 1.14 (0.15-8.50)
Tumor size (cm)

<20 178 18 93 (88-97) 1.00 6 96 (93-99) 1.00

>20 169 42 81 (75-87) 0001  245(1.41-4.26)  0.001 18 91 (86-96) 0011 3.11(1.23-7.85) 0016
Node

Negative 208 28 89 (85-93) 1.00 12 94 (90-97) 1.00

Positive 141 31 84 (77-90) 0025  1.78(1.07-297)  0.027 12 93 (88-98) 0284 1.54 (0.69-3.44) 0288
Grade

12 150 10 96 (93-99) 1.00 3 98 (95-100) 1.00

3 199 49 80 (74-86) <0.0001 3.65 (1.84-7.24) 0.0002 21 90 (86-95) 0.002 5.29 (1.58-17.76) 0.007
ER (%)

<10 147 37 80 (74-87) 1.00 15 90 (86-95) 1.00

>10 204 22 92 (88-96) 0006  0.48(028-082)  0.007 9 96 (93-99) 0079 0.48(0:21-1.11) 0.085
PgR (%)

<10 185 42 83 (77-88) 1.00 18 91 (87-95) 1.00

>10 166 17 92 (87-97) 0.020 0.51(0.29-0.91) 0.023 6 96 (93-100) 0.052 0.41 (0.16-1.04) 0.060
Ki67 (%)

<20 141 13 95 (91-99) 1.00 1 99 (97-100) 1.00

>20 207 44 83 (77-88) 0013 2.16(1.16-4.02)  0.015 23 90 (86-95) 00004 14.79 (2.00-109.58) 0.008
HER2

Negative 289 46 87 (83-91) 1.00 18 94 (91-97) 1.00

Positive 58 10 87 (78-96) 0471 129(065-255 0472 6 92 (85-100) 0471 1.89 (0.75-4.76) 0179
TNBC

No 237 29 91 (87-95) 1.00 13 95 (92-98) 1.00

Yes 110 27 80 (72-87) 0037 1.75(1.03-299)  0.040 11 90 (84-96) 0232 1.63(0.73-365) 0286
NLRP3

Negative 227 31 89 (85-93) 1.00 16 93 (90-97) 1.00

Positive 106 2 85 (78-92) 0021  1.83(1.09824) 0023 6 96 (92-100) 0596  078(0.80-198) 0597
PYCARD

Negative 205 a7 86 (81-91) 1.00 18 92 (88-96) 1.00

Positive 129 19 90 (85-96) 0604  0.86(050-1.50)  0.604 5 96 (93-100) 0102 045(0.17-120 0112
TLR4

Negative 208 2 90 (86-94) 1.00 10 96 (93-98) 1.00

Positive 115 28 84 (77-91) 0009  201(1.18343 0010 13 90 (84-96) 0030  241(1.06551) 0036

Median follow-up: 67 months (range 1-199).
Bold values indicate significance. HR, Hazard-atio; IDC, Invasive ductal carcinoma; ILC, Invasive lobuar carcinoma; ER, Estrogen receptor; PR, Progesterone receptor; HER2/neu, Human epidermal growth factor receptor 2; NLRPS, NOD-
e recepitor protein 3: PYCARD, Apoplosis-Associated Speck-Like Protein Containing a Pyrin and CARD domain; TLR4, Tol-lke receptor 4: TNBC, triol negative breast caricer.
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DFS

os

HR (95% CI)

% PYCARD
Negative (<20 cutoff) 1.00
Positive (>20) 0.78 (0.43-1.41)
% TLR4
Negative (<20 cutoff) 1.00
Positive (>20) 2.03 (1.16-3.57)
% NLRP3
Negative (<80 cutoff) 1.00
Positive (=80) 1.75 (0.98-3.15)

p

0.414

0.014

0.060

HR (95% CI)

1.00
0.51(0.18-1.40)

1.00
2,54 (1.06-6.05)

1.00
0.79 (0.30-2.09)

0.190

0.036

0.640

Bold values indicate significance. HR, Hazard-ratio; NLRP3, NOD-like receptor protein 3;
PYCARD, Apoptosis-Associated Speck-Like Protein Containing a Pyrin and CARD

domain; TLR4, Toll-like receptor 4.





OPS/images/fonc.2021.737781/crossmark.jpg
©

2

i

|





OPS/images/fonc.2021.705331/table1.jpg
N. (%)

Age (years): median value (range, IQR) 53 (29-80, 46-63)
<53 182 (51.7)
>53 170 (48.3)
Histotype
IDC 315 (90.0)
(e} 21 (6.0)
Other 14 (4.0)
unknown 2
Tumor size (cm)
<20 178 (51.3)
>2.0 169 (48.7)
Unknown 5
Node
Negative 208 (59.6)
Positive 141 (40.4)
unknown 3
Grade
1 13(3.7)
2 137 (39.9)
3 199 (57.0)
unknown 3
ER (%)
<10 147 (41.9)
>10 204 (58.1)
unknown 1
PgR (%)
<10 185 (52.7)
>10 166 (47.3)
unknown 1
Ki67 (%)
<20 141 (40.5)
>20 207 (59.5)
unknown 4
HER2
Negative 289 (83.3)
Positive 58 (16.7)
unknown 5
TNBC
No 237 (68.3)
Yes 110 (31.7)
NLRP3
Negative (<80%) 227 (68.2)
Positive (>80%) 106 (31.8)
unknown 19
PYCARD
Negative (<20%) 205 (61.4)
Positive (>20%) 129 (38.6)
unknown 18
TLR4
Negative (<20%) 208 (64.4)
Positive (>20%) 115 (35.6)
Unknown 29

IQR, interquartile range; IDC, Invasive ductal carcinoma; ILC, Invasive lobular carcinoma;
ER, Estrogen receptor; PR, Progesterone receptor; HER2/neu, Human epidermal growth
factor receptor 2; NLRP3, NOD-like receptor protein 3; PYCARD, Apoptosis-Associated
Speck-Like Protein Containing a Pyrin and CARD domain; TLR4, Toll-like receptor 4;
TNBC, triple negative breast cancer.
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Age
<53
>53

Histotype
IDC

ILC

Other
Tumor size
(cm)

<20

>2.0
Node

Negative

Positive
Grade

1-2

3
ER (%)

<10

>10
PgR (%)

<10

>10
Ki67 (%)

<20

>20
HER2

Negative

Positive
TNBC

No

Yes

Negative
N (%)

119 (52.4)
108 (47.6)
197 (87.6)
7(7.5)
149
126 (56.5)

o7 (43.5)

140 (62.2)
85 (37.8)

105 (46.9)
119 (53.1)

100 (44.2)
126 (55.8)

127 (56.2)
99 (43.8)

94 (41.8)
131 (58.2)

197 (87.6)
28 (12.4)

143 (63.6)
82 (36.4)

NLRP3
Positive
N (%)
53 (50.0)
53 (50.0)
103
©7.2)

2(19)
109

4138.7)
65 (61.3)

57 (63.8)
49 (46.2)

37 (34.9)
69 (65.1)

38 (35.1)
68 (64.2)

46 (43.4)
60 (56.6)

37 (35.6)
67 (64.4)

75 (72.8)
28 (27.2)

84 (81.5)
19 (18.5)

0.680

0.020

0.002

0.144

0.040

0.148

0.029

0.285

0.001

0.001

Negative
N (%)

108 (51.7)
99 (48.3)
178 (87.7)
3(6.4)
12 (5.9)
104 (51.0)

100 (49.0)

131 (64.9)
71(36.1)

86 (42.6)
116 (57.4)

95 (46.6)
109 (53.4)

114 (55.9)
90 (44.1)

68 (33.5)
135 (66.5)

169 (83.7)
33(16.3)

131 (64.9)
71 (35.1)

PYCARD

Positive
N (%)

66 (51.2)
63 (48.8)

121
(93.8)
6(4.7)
2(15)

64 (50.4)
63 (49.6)

64 (49.6)
65 (50.4)

56 (43.4)
73 (56.6)

40 (31.0)
89 (69.0)

59 (45.7)
70 (54.9)

66 (52.0)
61(48.0)

102
(80.3)
25(19.7)

99 (78.0)
28 (22.0)

0.923

0.116

0917

0.006

0.881

0.005

0.071

0.0009

0.438

0.012

Negative
N (%)

101 (48.6)
107 (51.4)
187 (90.8)
12 (5.8)
7(3.4)
109 (52.9)

97 (47.1)

128 (62.1)
78 (37.9)

93 (45.1)
113 (54.9)

78(37.7)
129 (62.3)

103 (49.8)
104 (50.2)

90 (44.1)
114 (55.9)

175 (85.8)
29 (14.2)

148 (72.6)
56 (27.4)

TLR4

Positive
N (%)

51 (44.7)
63 (55.9)

59 (51.8)
55 (48.2)

39 (34.2)
75 (65.8)

59 (51.3)
56 (48.7)

68 (59.1)
47 (40.9)

36 (31.3)
79 (68.7)

88 (77.2)
26 (22.8)

70 (61.4)
44 (38.6)

0.095

0.463

0.161

0.071

0.057

0.018

0.106

0.025

0.052

0.040

p-value of Chi-squared test for the independence of categorical variables. Bold values indicate significance. IDC, Invasive ductal carcinoma; ILC, Invasive lobular carcinoma; ER, Estrogen
receptor; PR, Progesterone receptor; HER2/neu, Human epidermal growth factor receptor 2; NLRP3, NOD-like receptor protein 3; PYCARD, Apoptosis-Associated Speck-Like Protein
Containing a Pyrin and CARD domain; TLR4, Toll-like receptor 4; TNBC, triple negative breast cancer.
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miRTAR miRwalk Targetscan miRnet miRDB miRor

CMYB

hsa-miR-1271-5p CDs 3UTR X

hsa-miR-130a-5p 3UTR X
hsa-miR-134 3UTR 3UTR, CDS

hsa-miR-138-5p X
hsa-miR-205-5p CDS

hsa-miR-376c-3p

hsa-miR-382-5p CDS

hsa-miR-431-3p 3UTR, CDS

hsa-miR-455-3p 3UTR, CDS

hsa-miR-455-5p

hsa-miR-487a CDS

hsa-miR-487b

hsa-miR-497-3p CDS 3UTR X X
hsa-miR-874 CDS CDs

hsa-miR-95 CDs 3UTR

EZH2

hsa-miR-1271-5p CDS

hsa-miR-130a-5p CDS

hsa-miR-134 S5UTR

hsa-miR-138-5p CDS 3UTR X X X
hsa-miR-205-5p CDS

hsa-miR-376¢c-3p
hsa-miR-382-5p

hsa-miR-431-3p CDS

hsa-miR-455-3p 3UTR CDs

hsa-miR-455-5p CDS

hsa-miR-487a 3UTR CDs

hsa-miR-487b 3UTR CDS

hsa-miR-497-3p CDS

hsa-miR-874 CDs 5UTR

hsa-miR-95 3UTR X

(x) - online tool where the miRNA-mRNA interaction was found.
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Characteristics Number of Cases (%)

Age
<50 69 (44.52)
>50 86 (55.48)
Treatment Type
Endo’ 2(1.29)
Chemo? 90 (58.06)
Endo&Chemo® 41 (26.45)
Other* 22 (14.19)
Pathological Lymph Node Status, pN
pNO 75 (48.39)
pN1 56 (36.13)
pN2 10 (6.45)
pN3 8(5.16)
Unknown 6 (3.87)
Pathological Tumor Size, pT
pT1 54 (34.84)
pT2 91 (58.71)
pT3 7 (4.52)
Unknown 3(1.94)
Histological Grade
1 83 (53.55)
i 52 (33.55)
Not applicable 20 (12.9)
Surrogate Assay (14% Ki67 cutoff)
LumaAy 66 (42.58)
LumB; 89 (57.42)
LumB;; 70 (45.16)
LumBy; 19 (12.26)
Surrogate Assay (20% Ki67 cutoff)
LumAy 76 (49.03)
LumB; 79 (50.97)
LumB;; 60 (38.71)
LumBy; 19 (12.26)

The treatment plan was developed by physicians by following the guidance issued by the
Chinese Anti-Cancer Association (CACA) in 2007 (21) at physician's discretion. 1:
Tamoxifen or toremifene citrate tablet; 2: CAF (cyclophosphamide, doxorubicin
hydrochloride, and fluorouracil) or CMF (cyclophosphamide, methotrexate, and
fluorouracil) or TAC (Doxorubicin Hydrochloride and cyclophosphamide with or followed
by Docetaxel); 3: one regimen from 2 followed by one regimen from 1; 4: non-standard
treatments including Chinese traditional medicine or informed refusal by patients.
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Mean (SD) <35 35-49 50-65 >65 P

City tiers <0.001

First-tier cities 51.8 (11.8) 1,472 (6.3) 9,167 (39.4) 9,678 (41.6) 2,924 (12.6)

Non-first-tier cities 509 (11.2) 490 (5.7) 3,761 (43.4) 3,543 (40.9) 865 (10.0)
Regions <0.001

North China 53.1(12.1) 400 (5.5) 2,565 (35.5) 3,159 (43.7) 1,101 (16.2)

South China 49.3 (11.4) 219(9.0) 1,109 (45.5) 901 (36.9) 210 (8.6)

Southwest China 50.2 (10.9) 88 (4.9) 888 (49.7) 647 (36.2) 163 (9.1)

Northeast China 51.7 (11.0) 164 (4.9) 1,309 (39.3) 1,504 (45.1) 357 (10.7)

East China 52.1 (12.0) 692 (6.3) 4,225 (38.3) 4,672 (42.4) 1,433 (13.0)

Central China 49.3 (10.5) 273 (6.7) 2,003 (48.9) 1,540 (37.6) 279 (6.8)

Northwest China 51.4 (11.8) 126 (6.3) 829 (41.5) 798 (39.9) 246 (12.3)
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Age (years)
Mean (SD)
<35
35-49
50-65
>65
Surgical method
Mastectomy
BCS
Reconstruction
Autogenous reconstruction
Pedicled flaps
LADO
TRAM
Free flaps
Implant
Other reconstruction
Palliative surgery
Others
Male breast cancer
City tiers
First-tier cities
Non-first-tier cities
Regions
North China
South China
Southwest China
Northeast China
East China
Central China
Northwest China
Pathological type
Invasive carcinomas
Invasive ductal carcinomas
Invasive lobular carcinoma
Mucinous carcinoma
Other types
Carcinoma in situ
DCIS
Paget disease
Other types
The total cost ($)
Median (IQR)
Traditional Chinese medicine($)
The number of users
Median (IQR)

515 (11.7)
1,962
12,928
13,221
3,789

24,629
6,210
787
138
123
104
19
15
561
88
16
258
26

23,241
8,659

7,225
2,439
1,786
3,334
11,022
4,095
1,999
7,668
7,381
5,694
216
100
1,371
268
174
94
19

3,352.4 (2,492.6-4,588.0)

8,184
90.9 (26.6-199.0)

25.7

BCS breast-conserving surgery; LADO, lattisimus dorsi flap; TRAM, transverse rectus
abdominis myocutaneous flap; DCIS, ductal carcinoma in situ; IQR, interquartile range.
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Author/year  Sex/ Primary rectal cancer Breast metastasis
age
. Pathology Sites of organ Laterality Complaint  Size  Metastasis Management Prognosis
metastasis (cm) time
1 Lal, R.L/1999 F/69 Moderately differentiated Skin, liver, lung, Left Mass NS 1 year Surgery + Deceased
(4) mucinous adenocarcinoma  brain chemotherapy 4 months
2 David, 0./2002 F/42 Small cell undifferentiated Posterior Bilateral Mass NS 2 years NS NS
5) carcinoma cervical lymph
node
3 Mihai, R./2004 F/53 Poorly differentiated Lung, skin Left Mass il 5 years Chemotherapy Observed 4
©®) adenocarcinoma months
4 Hisham, R. B/ F/32 Poorly differentiated Spine, eye, and  Left Mass NS 10 months  Radiotherapy Deceased
2006 (7) mucinous adenocarcinoma  orbit 2 months
5 Wakeham, N. F/45 Adenocarcinoma Liver, lung Bilateral Mass 2-2.2 2 years NS NS
R./2008 (8)
6 L, H.C./2009 F/54 Poorly differentiated Brain Right Mass 37 5 months Chemotherapy Deceased
©) adenocarcinoma 7 months
7 Shackelford, R. F/44 Poorly differentiated Brain, lung Left Mass 11*8 7 years NS NS
E./2011 (10) adenocarcinoma
8 Wang, T/2011 M/ Mucinous carcinoma Liver Right Mass 62746, 7 years Chemotherapy + Deceased
1) 38 surgery 6 months
9 Makhdoomi, F/28 Mucinous adenocarcinoma  None Bilateral  Mass 3*2/2* 9 months Chemotherapy Observed 2
R./2013 (12) it months
10 Ahmad, S. S/  F/43 Poorly differentiated None Right Mass 2.6 NS Chemotherapy + NS
2019 (13) adenocarcinoma targeted therapy
11 Cheng, X/ M/ Low-grade adenocarcinoma None Right Mass 39*3 8 months Chemotherapy Deceased
2020 (14) 57 2 months
12 Gur, E. O/ M/ Mucinous adenocarcinoma  None Bilateral Mass 1.5*1.2/ 2years Surgery + Observed 6
2020 (15) 47 19*09 chemotherapy months
13 Hasegawa, H./ F/67 Adenocarcinoma Lung Left Mass ilE*5 1 year Chemotherapy + Observed 5
2020 (16) targeted therapy months
14 Ye, Y.Y./2020 F/49 Poorly differentiated Lung, liver, Left Mass 25*2 18 years Radiotherapy + Deceased
a7 adenocarcinoma bone targeted therapy 3 months
15 Current case F/45  Poorly differentiated signet-  Lung Left Mass 1.6*1 3 years Surgery + Observed
ring cell carcinoma chemotherapy + 18 months
targeted therapy

Metastasis time: interval between rectal cancer and breast metastasis. Prognosis: prognosis after the diagnosis of breast metastasis. NS, not stated.
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Mastectomy

Age (years)

Mean (SD) 52.2 (11.3)
<35 1,191 (60.7)
35-49 9,587 (74.2)
50-65 10,861 (82.1)
>65 2,990 (78.9)

City tiers
First-tier cities 16,978 (73.1)
Non-first-tier cities 7,651 (88.4)

Regions
North China 5,026 (69.6)
South China 1,692 (69.4)

Southwest China 1,596 (89.4)

Northeast China 3,107 (93.2)

East China 8,306 (75.4)

Central China 3,181 (77.7)

Northwest China 1,721 (86.1)

The total cost ($)

Median (IQR) 3,454.6
(2,601.9-
4,682.5)

BCS, breast-conserving surgery; LADO, lattisimus dorsi flaps; TRAM, transverse rectus abdominis myocutaneous flaps.

BCS

502 (12.7)
551 (28.1)
2,782 (21.5)
2,112 (16.0)
765 (20.2)

5,363 (23.1)
847 (9.8)

1,969 (27.9)
668 (27.4)
109 (6.1)
195 (5.8)

2,187 (19.8)
848 (20.7)
234 (11.7)

2,775.4
(1,953.2-
3,995.1)

Reconstruction Palliative
surgery
Autogenous reconstruction Implant Other
reconstruction
Pedicled flaps Free flaps
LADO TRAM
43.5(94) 45.6 (9.1) 46.7 (12.0) 40.1 (8.8) 45.4 (9.6) 57.8 (14.4)
17 3 3 166 9 0
61 10 5 320 54 5
25 6 6 7 22 8
1 0 1 4 3 3
79 17 18 492 59 156
25 2 2 69 29 1
17 1 4 122 11 0
7 6 1 54 3 0
7 0 0 53 19 0
1 1 0 19 6 0
62 1 9 261 43 16
1 0 1 34 1 1
9 0 0 18 5 0
4,064.3 4,377.4 7,185.5 4,411.5 4,199.6 1,992.7
(3,389.2- (3,785.4— (4,083.3- (3,091.8- (3,366.8- (1,185.7-
5,299.3) 6,943.3) 8,601.3) 6,632.6) 5,113.5) 2,431.5)

Others

50.1 (11.1)
22
104
110
22

225
33

75
8
2,
5

128

28

12

2,139.0
(1,428.7-
3,621.1)

P

<0.001

<0.001

<0.001

<0.001

<0.001
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Age at diagnosis (Median + SD)
pT, N (%)
1
2
Multifocal
PN, n (%)
0
1
2
3
Histological subtype, n (%)
NST (ductal)
Special types
Grade, n (%)
1
2
3
LVI, n (%)
Yes
No
Subgroup, n (%)
ER+, HER2-
HER2+
ER-, HER2-
Ki67 status, n (%)
High
Low

Patients (n=30)

36+4.8

21 (70.0)
6(20.0)
3(10.0)

16 (53.3)
9(30.0)
2(6.7)
3(10.0)

25(83.3)
5(16.7)

4(133)
9(30.0)
17 (56.7)

13 (43.3)
17 (56.6)

17 (56.6)
3(10.0)
10(33.3)

20 (66.6)
10(33.3)

All cases were re-classified, re-graded, and re-assessed for hormone receptor, Ki67, and
HER2 status according to the latest guidelines. SD, standard deviation; ER, estrogen
receptor; HER2, human epidermal growth factor receptor 2; NST, no special type; LVI,

lymphovascular invasion.
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No. of events (person-years) Unadjusted hazard ratio (95% Cl) p-value Adjusted hazard ratio (95% CI)* p-value

All patients

Nonusers 834 (46884) Reference Reference

Statin users 172 (6254) 1.50 (1.27 - 1.77) <0.001 1.03 (0.84 - 1.25) 0.801
Al ER +

Nonusers 575 (33824) Reference Reference

Statin users 112 (4487) 1.34 (1.10 - 1.65) 0.005 0.81(0.64 - 1.03) 0.087
Al ER -

Nonusers 228 (10286) Reference Reference

Statin users 52 (1445) 1.80 (1.32 - 2.44) <0.001 1.71(1.22 - 2.40) 0.002
DCIS

Nonusers 32 (7177) Reference Reference

Statin users 11 (893) 2.52 (1.25 - 5.08) 0.009 1.21 (0.51 - 2.91) 0.665
DCIS, ER+

Nonusers 20 (4669) Reference Reference

Statin users 6 (553) 2.16 (0.85 - 5.50) 0.107 1.13(0.40 - 3.23) 0.819
DCIS, ER-

Nonusers 6(1018) Reference Reference

Statin users 3(182) 2.90 (0.71 - 11.90) 0.139 1.81 (0.41 - 8.06) 0.438
Stage I-1ll

Nonusers 802 (39707) Reference Reference

Statin users 161 (6362) 144 (1.21-1.71) <0.001 1.01 (0.83 - 1.23) 0918
Stage I-1ll, ER+

Nonusers 555 (29155) Reference Reference

Statin users 106 (3933) 1.30 (1.06 - 1.61) 0.014 0.79 (0.62 - 1.01) 0.061
Stage I-ll, ER-

Nonusers 222 (9268) Reference Reference

Statin users 49 (1264) 1.79 (1.31 - 2.44) <0.001 1.70 (1.21 - 2.40) 0.002
Stage I-1ll, HER2+

Nonusers 186 (9638) Reference Reference

Statin users 39 (1353) 1.48 (1.04 -2.09) 0.029 1.10(0.75-1.63) 0.622
Stage I-lll, HER2-

Nonusers 561 (27433) Reference Reference

Statin users 108 (3667) 1.38(1.12-1.70) 0.002 1.00 (0.79 - 1.25) 0.968
Stage I-1ll, ER+HER-

Nonusers 426 (22706) Reference Reference

Statin users 81 (3134) 1.26 (0.99 - 1.60) 0.058 0.83 (0.63 - 1.08) 0.163
Stage I-lll, ER+HER2+

Nonusers 105 (5349) Reference Reference

Statin users 16 (662) 1.14 (0.67 - 1.93) 0.636 0.70 (0.38 - 1.28) 0.249
Stage I-lll, ER-HER2+

Nonusers 81 (4268) Reference Reference

Statin users 23 (683) 1.94 (1.21 -3.10) 0.006 1.70 (1.01 - 2.88) 0.048
Stage I-lll, TNBC

Nonusers 107 (3672) Reference Reference

Statin users 25 (453) 2.06 (1.32 - 3.19) 0.001 1.94 (1.20 - 3.16) 0.007

ER, Estrogen Receptor; DCIS, Ductal Carcinoma in Situ; HER2, Human Epidermal Growth Factor Receptor 2; TNBC, Triple Negative Breast Cancer.

AWhere possible, models were adjusted for age at diagnosis, TNM stage, histological grade, ER status, HER2 status, aspirin use (ves or no; time-varying, lagged by 1 year) and the
presence of the abovestated co-morbidities at diagnosis. Variables which were significantly non-proportional were modeled using a time-dependent coefficient which allowed the hazard
ratio to change after 5 years.
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No. of events (person-years) Unadjusted subhazard ratio (95% CI) p-value Adjusted subhazard ratio (95% Cl)* p-value

All patients

Nonusers 623 (46768) Reference Reference

Statin users 100 (6244) 1.17(0.94 - 1.45) 0.151 1.05 (0.83 - 1.33) 0.702
All ER positive

Nonusers 422 (33737) Reference Reference

Statin users 56 (4477) 0.91(0.68 - 1.20) 0.498 0.71 (0.583 - 0.96) 0.027
All ER negative

Nonusers 181 (10259) Reference Reference

Statin users 41 (1445) 1.84(1.31 - 2.59) <0.001 2.18(1.51-3.15) <0.001
DCIs

Nonusers 9 (7173) Reference Reference

Statin users 1(889) 0.72 (0.08 -6.05) 0.759 Not estimable (no events)
Stage I-1ll

Nonusers 614 (39596) Reference Reference

Statin users 99 (56355) 1.16(0.93 - 1.44) 0.180 1.05 (0.83 - 1.34) 0.675
Stage I-ll, ER+

Nonusers 415 (29072) Reference Reference

Statin users 56 (3927) 0.91(0.68 - 1.21) 0.508 0.72 (0.53 - 0.97) 0.028
Stage I-lll, ER -

Nonusers 180 (9241) Reference Reference

Statin users 41 (1264) 1.91(1.36 - 2.69) <0.001 2.18 (1.51 - 3.15) <0.001
Stage I-lll, HER2 +

Nonusers 144 (9604) Reference Reference

Statin users 31 (1351) 1.55(1.04 - 2.30) 0.032 1.34 (0.86 - 2.08) 0.199
Stage I-lll, HER2 -

Nonusers 431 (27358) Reference Reference

Statin users 62 (3662) 1.03(0.79 - 1.35) 0.819 0.97 (0.73 - 1.30) 0.861
Stage I-lll, ER+HER2-

Nonusers 320 (22650) Reference Reference

Statin users 40 (3129) 0.82(0.59 - 1.14) 0.233 0.69 (0.49 - 0.97) 0.035
Stage I-lll, ER+HER2+

Nonusers 80 (5323) Reference Reference

Statin users 12 (660) 1.12(0.60 - 2.08) 0719 0.80 (0.41 - 1.56) 0.503
Stage I-Ill,ER-HER2+

Nonusers 64 (4259) Reference Reference

Statin users 19 (683) 2.13(1.26 - 3.58) 0.005 2.01 (1.11 - 3.64) 0.022
Stage I-ll, TNBC

Nonusers 87 (3654) Reference Reference

Statin users 21 (453) 222 (1.40 - 3.54) 0.001 2.43 (1.48 - 4.00) <0.001

ER, Estrogen Receptor; DCIS, Ductal Carcinoma in Situ; HER2, Human Epidermal Growth Factor Receptor 2; TNBC, Triple negative Breast Cancer.

AWhere possible, models were adjusted for age at diagnosis, TNM stage, histological grade, ER status, HERZ status, aspirin use (yes or no; time-varying, lagged by 1 year) and the
presence of the abovestated co-morbidities at diagnosis. Variables which were significantly non-proportional were modeled using a time-dependent coefficient which allowed the hazard
ratio to change after 5 years.
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No. of events (person-years) Unadjusted hazard ratio (95% Cl) p-value Adjusted hazard ratio (95% CI)*~ p-value~

All patients

Nonusers 1158 (43845) Reference Reference

Statin users (1-5 years) 77 (3066) 0.90(0.71-1.13) 0.361 0.98 (0.77 - 1.26) 0.898

Statin users (6-10 years) 30 (2771) 0.54 [0.61 (0.39 - 0.95)] [0.028] 0.48 [0.49 (0.30 - 0.80)] [0.005]

Overall p-value for statin users 0.002 0.002
Al ER +

Nonusers 836 (31570) Reference Reference

Statin users 67 (4216) 0.63 (0.49 - 0.81) <0.001 0.59 (0.45 - 0.78) <0.001
Al ER -

Nonusers 289 (9624) Reference Reference

Statin users (1-5 years) 31 (668) 154 (1.06 - 2.25) 0.024 2,03 (1.37 - 3.02) <0.001

Statin users (6-10 years) 7 (637) 0.61[0.40 (0.17 - 0.95)] [0.038] 0.65 [0.32 (0.12 - 0.86)] [0.025)

Overall p-value for statin users 0.044 0.003
DCIs

Nonusers 96 (6815) Reference Reference

Statin users 14 (818) 1.830(0.73 - 2.29) 0.371 1.24 (0.64 - 2.40) 0.525
Stage I-1ll

Nonusers 1062 (37030) Reference Reference

Statin users (1-5 years) 70 (2685) 0.86 (0.67 - 1.09) 0.215 0.94 (0.72 -1.21) 0.620

Statin users (6-10 years) 23 (2334) 0.46 [0.53 (0.33 - 0.88)] [0.013] 0.48[0.51 (0.31 - 0.84)] [0.009]

Overall p-value for statin users <0.001 0.002
Stage I-1ll, ER+

Nonusers 773 (27135) Reference Reference

Statin users 59 (3706) 0.59 (0.45 - 0.76) <0.001 0.57 (0.43 - 0.76) <0.001
Stage I-ll, ER-

Nonusers 269 (8669) Reference Reference

Statin users (1-5 years) 29 (592) 1.56 (1.06 - 2.30) 0.026 1.95 (1.30 - 2.93) 0.001

Statin users (6-10 years) 5 (556) 0.51[0.33 (0.12 - 0.89)] [0.029] 0.66 [0.34 (0.12 - 0.93)] [0.036]

Overall p-value for statin users 0.031 0.007
Stage I-lll, ER+HER2-

Nonusers 600 (21151) Reference Reference

Statin users 48 (2944) 0.60 (0.44 - 0.80) 0.001 0.59 (0.43 - 0.80) 0.001
Stage I-lll, ER+HER2+

Nonusers 143 (4979) Reference Reference

Statin users 10 (637) 0.60 (0.31 - 1.14) 0.119 0.46 (0.22 - 0.95° 0.037
Stage I-lll, ER-HER2+

Nonusers 98 (4020) Reference Reference

Statin users (1-5 years) 14 (320) 1.68 (0.95 - 2.98) 0.073 2.00 (1.10 - 3.64) 0.023

Statin users (6-10 years) 1(305) 0.30 [0.18 (0.02 - 1.48)] [0.111] 0.37 [0.13 (0.02 - 1.12)] [0.064]

Overall p-value for statin users 0.094 0.031
Stage I-1ll, TNBC

Nonusers 127 (3445) Reference Reference

Statin users 18 (398) 1.51(0.92 - 2.48) 0.106 1.83 (1.07 - 3.13) 0.026

~Hazard ratios, 95% Cls and p values in square brackets are for the time dependent term which allowed the hazard ratio for statin use to change after 5 years. The hazard ratio for 6-10
years was obtained by multiplying the hazard ratio for 1-5 years by this term. ®Statin use was significantly non proportional in this model. However, the time dependent term could not be
fitted as there were no events amongst statin users after 5 years.
ER, Estrogen Receptor; DCIS, Ductal Carcinoma in Situ; HER2, Human Epidermal Growth Factor Receptor 2; TNBC, Triple negative breast cancer.
AWhere possible, models were adjusted for age at diagnosis, TNM stage, histological grade, ER status, HER2 status, aspirin use (yes or no; time-varying, lagged by 1 year) and the
presence of the abovestated co-morbidities at diagnosis. Variables which were significantly non-proportional were modeled using a time-dependent coefficient which allowed the hazard

ratio to change after 5 years.
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All
Age at diagnosis, years

Menopausal status

Stage

Histology

Grade

ER status

HER2 status (Stage I-1ll only)

Molecular subtype(Stage I-11l only)

Type of surgery

Chemotherapy

Hormone therapy

Radiotherapy

Comorbidities at diagnosis

<39

40-49
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70-79

>80
Premenopausal
Postmenopausal
Unknown
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Il
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Infiltrative ductal
Infiltrative lobular
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Unknown

ER positive

ER negative
Unknown

HER2 positive
HER2 negative
Equivocal/Unknown
HR+/HER2-
HR+/HER2+
HR-/HER2+
HR-/HER2-
Unknown

Breast conservation surgery
Mastectomy
Others
Unknown

Yes

No

Unknown

Yes

No

Unknown

Yes

No

Unknown
Aspirin use, pre and post
Diabetes mellitus
Hypertension
Cardiac disease
Peripheral vascular disease
CNS disease
Hyperlipidemia
Renal disease

Statin users, No. (%)

1353 (100)
8(06)
209 (15.4)
474 (35.0)
485 (35.8)
155 (11.5)

22(16)
234 (17.9)
898 (66.4)
221 (16.9)
197 (14.6)
415 (30.7)
486 (35.9)
255 (18.8)
197 (14.5)
1044 (77.2)

57 (4.2)
55 (4.1)
203 (15.0
520 (38.4)
596 (44.1)
34 (25)
981 (72.5)
306 (22.6)
6 (4.9)
281 (24.9)
805 (69.6)
70 (6.1)
698 (60.4)
153 (13.2)
127 (11.0)
106 (9.2)
72(6.2)
423 (31.3)
838 (65.6)
302
39 (29)
684 (50.6)

00 (37.0)
169 (12.5)
910 (67.9)
443 (32.7)

000
736 (54.4)
419 (31.0)
198 (14.6)
(
(

EQAAA

@

200 (14.8)
181 (13.4)
165 (12.2)
403)
000
8(06)
112 (8.9)
165 (12.2)

Nonusers, No. (%)

6505 (100)
790 (12.1)
2204 (33.9)
2162 (33.2)
998 (15.9)
287 (4.4)
64(1.0)
2816 (43.3)
2500 (38.4)
1189 (18.3)
920 (14.1)
2006 (30.8)
2331 (35.8)
1248 (19.2)
921 (14.1)
4955 (76.2)
291 (4.5)
338 (5.2)
962 (14.8)
2442 (37.5)
2866 (44.1)
235 (3.6)
4713 (72.5)
1464 (22.5)
328 (5.0)
1406 (25.2)
3835 (68.7)
344 (6.2)
3276 (58.7)
873 (15.6)
531 (9.5)
559 (10.0)
346 (6.2)
2567 (39.5)
3618 (55.6)
16 (0.2)
304 (4.7)
3270 (50.3)
2411 37.1)
824 (12.7)
4447 (68.4)
2057 (31.6)
1(0.02)
4001 (61.5)
1606 (24.7)
898 (13.8)
114 (1.8)
391 (6.0)
402 (6.2)
9(0.1)
000
8(0.1)
186 (2.9)
406 (6.2)

p-value

<0.001

< 0.001

0.975

0.347

0.937

0.954

0518

0.074

< 0.001

0.894

0.423

<0.001

<0.001
< 0.001
< 0.001
0.258
NA
0.003
<0.001
< 0.001

DCIS, Ductal Carcinoma in Situ; ER, Estrogen Receptor; HER2, Human Epidermal Growth Factor Receptor 2; HR, Hormone Receptor (i.e. Estrogen and/or progesterone receptors); CNS,

central nervous system; NA, not applicable.
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Characteristics YLLs YLDs
2019 1990-2019 2019 1990-2019
Numberx10? ASR/100,000 Percentage EAPC Numberx10? ASR/100,000 Percentage EAPC
(95% UI) (95% UI) (%) (95%Cl) (95% UI) (95% UI) (%) (95%Cl)
Global 5242.58 12.28 60.83 -0.87 334.03 0.78 123.26 0.32
(1234.61-9020.02)  (2.89-21.14) (-0.96- (74.04-602.13) 0.17-1.41) (0.28-0.36)
-0.78)
SDI
Low 390.17 11.48 161.40 0.29 10.18 0.31 226.28 1.05
(90.65-692.44) (2.64-20.27) (0.19-0.39) (2.34-19) (0.07-0.58) (0.98-1.13)
Low-middle 1193.14 14.99 120.20 -0.17 40.88 0.52 216.27 1.07
(266.32-2063.49) (3.35-25.89) (-0.30- (9.37-75.75) (0.12-0.96) (0.96-1.19)
-0.04)
Middle 1914.45 13.76 101.78 -0.48 110.61 0.80 261.14 1.60
(469.83-3297.88) (3.38-23.68) (-0.53- (24.3-200.67) (0.18-1.45) (1.56-1.63)
-0.42)
High-middle 1213.73 11.94 25.45 -1.47 101.72 1.00 113.14 0.65
(294.18-2099.64) (2.90-20.63) (-1.60- (22.47-184.5) (0.22-1.81) (0.58-0.72)
-1.39)
High 526.99 7.09 -18.96 -2.48 70.46 0.92 27.79 -0.86
(129.86-903.45) (1.75-12.24) (-2.61- (15.31-130.46) (0.20-1.72) (-0.97-
-2.36) -0.75)
Regions
East Asia 1103.57 10.29 70.24 -1.02 104.36 0.98 305.77 2.33
(266.85-1960.46) (2.48-18.3) (-1.11- (22.86-193.17) (0.21-1.81) (2.25-2.40)
-0.92)
South Asia 1214.48 15.10 154.26 0.02 38.34 0.48 255.43 1.14
(288.49-2148.51) (3.58-26.7) (-0.14-0.18)  (8.91-70.88) (0.11-0.89) (0.99-1.28)
Southeast Asia 923.26 24.96 106.51 -0.28 36.97 1.01 219.73 1.26
(208.25-1625.36) (5.63-43.9) (-0.29- (8.59-69.19) (0.23-1.89) (1.22-1.29)
-0.16)
Central Asia 71.67 14.96 2917 -1.06 3.60 0.76 69.32 -0.01
(17.13-123.55) (3.6-25.76) (-1.17- (0.80-6.65) (0.17-1.41) (-0.05-0.03)
-0.93)
High-income Asia 97.45 6.52 8.87 -0.97 16.42 0.98 82.39 0.89
Pacific (23.58-165.61) (1.59-11.01) (-1.10- (3.55-29.13) (0.23-1.86) (0.75-1.03)
-0.85)
Oceania 28.48 58.02 206.12 0.73 0.76 1.59 24474 1.06
(7.04-51.62) (14.07-105.51) (0.68-0.78) (0.17-1.45) (0.36-3.02) (1.02-1.11)
Australasia 13.44 6.63 -12.33 -2.78 1.90 0.92 48.62 -0.98
(3.3-23.57) (1.61-11.63) (-2.95- (0.41-3.58) (0.19-1.73) (-1.09-
-2.62) -0.87)
Eastern Europe 245.76 14.21 -12.30 -1.59 17.66 1.02 31.24 0.26
(59.23-446.97) (3.44-25.78) (-1.95- (3.9-33.37) (0.23-1.9) (0.10-0.41)
-1.23)
Western Europe 284.60 8.30 -34.36 -2.82 37.75 1.09 12.61 -0.79
(70.58-490.9) (2.07-14.39) (-2.92- (8.12-70.2) (0.24-2.04) (-0.94-
-2.79) -064)
Central Europe 117.66 1217 -9.82 -1.28 9.37 097 42.53 0.49
(28.28-209.62) (2.93-21.72) (-1.37- (2.08-17.39) (0.21-1.81) (0.37-0.6)
-1.19)
High-income North 144.73 5.47 -28.67 -3.35 21.13 0.77 0.69 -2.27
America (85.04-251.18) (1.32-9.52) (-3.68- (4.24-40.13) (0.15-1.47) (-2.46-
-3.13) -2.07)
Andean Latin America 15.25 4.93 86.87 -1.50 0.73 0.24 234.25 0.48
(3.59-28.02) (1.16-9.06) (-1.69- (0.16-1.4) (0.05-0.46) (0.32-0.64)
-1.31)
Central Latin America 98.99 7.40 99.02 -1.10 6.02 0.45 22712 041
(23.93-174.6) (1.79-13.07) (-1.25- (1.36-11.47) (0.1-0.86) (0.27-0.55)
-0.95)
Caribbean 24.22 9.09 49.11 -0.89 1.40 0.52 90.42 -0.09
(5.70-44.03) (2.14-16.56) (-0.96- (0.31-2.58) (0.11-0.96) (-0.13-
-0.81) -0.06)
Tropical Latin America 105.04 7.82 42.65 -1.87 5.77 0.43 127.98 -0.38
(23.89-184.41) (1.78-13.7) (-2.08- (1.31-10.93) (0.10-0.81) (-0.60-
-1.71) -0.16)
Southern Latin 57.86 13.62 10.83 -1.78 3.82 0.89 73.33 -0.23
America (13.71-100.98) (3.23-23.7) (-1.88- (0.80-7.32) (0.19-1.72) (-0.33-
~1.67) -0.12)
Eastern Sub-Saharan 95.16 8.28 142.92 0.03 2.40 0.22 199.99 071
Africa (22.67-171.11) (1.95-14.89) (-0.07-0.14) (0.54-4.60) (0.05-0.41) (0.62-0.81)
Southern Sub-Saharan 56.12 15.69 68.29 -0.32 1.87 0.53 103.56 028
Africa (13.38-99.37) 8.77-27.7) (-0.46- (0.43-3.49) (0.12-0.99) (0.17-0.39)
-0.17)
Western Sub-Saharan 123.35 9.30 176.59 0.19 3.32 0.26 238.93 095
Africa (27.15-223.57) (2.05-16.72) 0.12-0.27) (0.72-6.46) (0.06-0.51) (0.89-1.01)
North Africa and 389.44 14.70 173.73 0.23 20.68 0.79 360.23 21
Middle East (92.71-689) (3.5-25.93) (0.14-0.31) (4.66-38.67) (0.18-1.48) (2.04-2.18)
Central Sub-Saharan 32.056 8.27 201.79 0.61 0.76 0.20 260.33 1.20
Africa (6.71-60.26) (1.74-15.63) (0.561-0.71) (0.17-1.51) (0.05-0.40) (1.06-1.33)

EAPC, estimated annual percentage change; ASR, age-standardized rate; Cl, confidence interval; Ul, uncertainty interval; SDI, socio-demographic index; YLLs, years of life lost; YLDs,

years lived with disability.
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Characteristics 1990 2019 1990-2019
Numberx10? (95% ASR/100,000 (95% Numberx10? (95% ASR/100,000 (95% Percentage EAPC (95%
ul) ()] u) u) (%) ()]
Global 99.03 0.46 168.33 0.39 69.98 -0.78
(23.57-169.46) (0.11-0.79) (39.56-290.39) (0.09-0.67) (-0.86--0.71)
SDI
Low 4.18 0.31 11.08 0.37 164.97 0.35
(1.02-7.38) (0.08-0.55) (2.54-19.59) (0.08-0.65) (0.26-0.45)
Low-middle 15.26 0.46 35.80 0.47 134.60 -0.09
(3.68-26.48) (0.11-0.80) (8-61.94) (0.11-0.82) (-0.20-0.03)
Middle 27.16 0.47 59.12 0.44 117.64 -0.39
(6.41-46.65) (0.11-0.81) (14.48-102.13) (0.11-0.76) (~0.44--0.35)
High-middle 30.82 0.58 42.50 0.40 37.90 -1.26
(7.38-52.86) (0.13-0.90) (10.26-73.46) (0.10-0.69) (-1.39--1.13)
High 2155 0.41 19.72 0.23 -8.49 -2.31
(5.12-37.10) (0.10-0.71) (4.83-33.76) (0.06-0.39) (-2.43--2.20)
Regions
East Asia 18.95 0.40 37.00 0.34 95.23 -0.69
(4.48-33.22) (0.09-0.69) (9.03-66.03) (0.08-0.61) (-0.76--0.63)
South Asia 13.65 0.45 36.52 0.48 167.52 -0.08
(3.3-23.90) (0.11-0.79) (8.64-64.29) (0.11-0.85) (-0.23-0.08)
Southeast Asia 12.12 077 26.63 0.75 119.83 -0.19
(2.76-20.94) 0.17-1.33) (5.99-46.72) 0.17-1.32) (-0.25--0.12)
Central Asia 168 0.61 2.21 0.49 31.57 -0.67
(0.41-2.87) (0.15-1.04) (0.53-3.82) (0.12-0.85) (~0.78--0.56)
High-income Asia Pacific 2.68 0.25 3.69 0.20 37.84 -0.70
(0.63-4.57) (0.06-0.42) (0.88-6.37) (0.05-0.35) (~0.80--0.60)
Oceania 0.25 1.41 0.76 1.72 203.16 0.69
(0.06-0.45) (0.33-2.54) (0.18-1.38) (0.41-3.14) (0.64-0.73)
Australasia 0.49 0.42 0.48 0.21 -1.30 -2.61
(0.12-0.84) (0.10-0.73) (0.12-0.83) (0.05-0.37) (-2.77--2.45)
Eastern Europe 8.92 0.55 8.60 0.45 -3.62 -1.32
(2.22-15.27) (0.14-0.95) (2.06-15.65) (0.11-0.83) (~1.67--0.96)
Western Europe 14.92 0.54 11.29 0.27 -24.33 -2.60
(3.58-25.66) (0.13-0.93) (2.76-19.59) (0.07-0.47) (-2.69--2.51)
Central Europe 4.52 0.57 497 0.45 9.96 -0.92
(1.10-7.73) (0.14-0.98) (1.19-8.77) (0.11-0.79) (-1.02--0.83)
High-income North America 6.67 0.39 5.45 0.18 -18.35 -3.09
(1.6-11.59) (0.09-0.68) (1.31-9.41) (0.04-0.31) (-3.29--2.88)
Andean Latin America 0.24 0.20 0.48 0.16 103.51 -1.37
(0.05-0.42) (0.05-0.36) (0.11-0.88) (0.04-0.29) (-1.57--1.18)
Central Latin America 147 0.31 317 0.24 11477 -1.11
(0.36-2.53) (0.08-0.53) (0.77-5.59) (0.06-0.43) (~1.26--0.95)
Caribbean 051 0.37 0.82 0.30 59.77 -0.83
(0.12-0.89) (0.09-0.65) (0.20-1.47) (0.07-0.54) (~0.90--0.76)
Tropical Latin America 229 0.45 3.56 0.27 55.18 -1.89
(0.54-3.96) (0.11-0.77) (0.82-6.24) (0.06-0.47) (-2.06--1.72)
Southern Latin America 1.94 0.78 2.42 0.53 24.82 -1.62
(0.46-3.35) (0.18-1.34) (0.57-4.21) (0.12-0.92) (-1.74--1.51)
Eastern Sub-Saharan Africa 1.08 0.25 2.68 0.27 148.34 0.19
(0.25-1.90) (0.06-0.43) (0.63-4.81) (0.06-0.48) (0.10-0.29)
Southern Sub-Saharan 1.02 0.63 1.86 0.56 81.12 -0.28
Africa (0.25-1.79) 0.16-1.11) (0.45-3.29) (0.14-0.99) (-0.36--0.11)
Western Sub-Saharan 1.30 0.28 3.58 0.31 170.66 0.31
Africa (0.33-2.40) (0.07-0.51) (0.78-6.34) (0.07-0.55) (0.24-0.37)
North Africa and Middle 4.02 0.42 11.38 0.47 181.51 0.38
East (0.95-7.04) (0.10-0.73) (2.70-19.92) (0.11-0.82) (0.30-0.46)
Central Sub-Saharan Africa 0.29 0.21 0.90 0.26 204.78 0.62
(0.07-0.55) (0.05-0.40) (0.19-1.69) (0.06-0.5) (0.51-0.74)

EAPC, estimated annual percentage change; ASR, age-standardized rate; Cl, confidence interval: Ul, uncertainty interval: SDI, socio-demographic index.
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