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Abstract

:

Triple-negative breast cancer (TNBC) poses a significant challenge in terms of prognosis and disease recurrence. The limited treatment options and the development of resistance to chemotherapy make it particularly difficult to manage these patients. However, recent research has been shifting its focus towards biomarker-based approaches for TNBC, with a particular emphasis on the tumor immune landscape. Immune biomarkers in TNBC are now a subject of great interest due to the presence of tumor-infiltrating lymphocytes (TILs) in these tumors. This characteristic often coincides with the presence of PD-L1 expression on both neoplastic cells and immune cells within the tumor microenvironment. Furthermore, a subset of TNBC harbor mismatch repair deficient (dMMR) TNBC, which is frequently accompanied by microsatellite instability (MSI). All of these immune biomarkers hold actionable potential for guiding patient selection in immunotherapy. To fully capitalize on these opportunities, the identification of additional or complementary biomarkers and the implementation of highly customized testing strategies are of paramount importance in TNBC. In this regard, this article aims to provide an overview of the current state of the art in immune-related biomarkers for TNBC. Specifically, it focuses on the various testing methodologies available and sheds light on the immediate future perspectives for patient selection. By delving into the advancements made in understanding the immune landscape of TNBC, this study aims to contribute to the growing body of knowledge in the field. The ultimate goal is to pave the way for the development of more personalized testing strategies, ultimately improving outcomes for TNBC patients.
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1. Introduction: Immune Actionability of TNBC


Triple-negative breast cancer (TNBC) represents a highly aggressive and heterogeneous subtype of breast cancer (BC), characterized by the absence of estrogen receptor (ER), progesterone receptor (PgR), and HER2 expression [1,2]. The management of these patients poses significant challenges, primarily due to the scarcity of effective treatment choices and the development of resistance to chemotherapy [2,3]. However, an avenue of hope lies in immunotherapy, harnessing the remarkable adaptability of the immune system, particularly in the context of TNBC, which exhibits the highest level of immunogenicity among breast-cancer subtypes [4,5]. In particular, immune-checkpoint inhibitors (ICIs) have broadened the treatment landscape of TNBC, both in the neoadjuvant and adjuvant settings [6]. This type of immunotherapy in metastatic TNBC (mTNBC) is biomarker-based [7]. Numerous immune-related biomarkers are currently approved in the clinical management of mTNBC, such as programmed death-ligand 1 (PD-L1), tumor-infiltrating lymphocytes (TILs), and mismatch repair (MMR) system [8,9,10]. Accurate pathological testing holds utmost significance in the assessment of patients with these biomarkers; however, testing strategies may differ depending on the specific diagnostic scenario, encompassing sample availability and diagnostic assays. The key to improving the outcome of TNBC lies in the harmonization and complementation of current testing strategies for actionable biomarkers. Here, we offer an updated overview of the present advancements in immune-related biomarkers for TNBC to identify personalized testing strategies.




2. PD-L1


The assessment of PD-L1 has become a routine clinical practice to predict the efficacy of ICIs in mTNBC [11,12]. Depending on the assay and scoring system used, the prevalence of PD-L1 positivity in TNBC varies between 17% and 59% [13]. Two immunotherapy compounds are currently approved for PD-L1-positive TNBC, namely, atezolizumab (an anti-PD-L1 monoclonal antibody) and pembrolizumab (an anti-PD-1). The gold standard for the evaluation of PD-L1 expression consists of immunohistochemical (IHC) staining on formalin-fixed paraffin-embedded (FFPE) sections [14]. Research conducted on mTNBC has demonstrated that the expression of PD-L1 may be observed on either tumor cells (TCs) or TILs [15,16,17]. Depending on the specific assay used for the test, different cellular compartments should be evaluated for PD-L1 expression. For this reason, various types of PD-L1 tests are available, accompanied by different scoring systems, each having distinct threshold values that determine patient eligibility for specific drugs [7,18,19,20]. In particular, a combined positive score (CPS) cut-off value of 10 is used to identify patients who are suitable for pembrolizumab treatment, while a 1% immune-cell (IC) cut-off value guides the selection for atezolizumab treatment [2,10,21,22]. There are currently four FDA-registered PD-L1 IHC assays that employ four distinct PD-L1 antibodies (22C3, 28–8, SP263, SP142) and are implemented on two different IHC platforms (i.e., Dako and Ventana). Moreover, these assays use four different scoring systems with distinct threshold values, determining the eligibility of patients for different medications [17,19,23,24,25]. The presence of multiple assays requiring diverse platforms can pose considerable technical hurdles for numerous laboratories, thereby introducing the potential for interlaboratory variability in the obtained results. Furthermore, the utilization of multiple scoring systems demands specialized training to minimize interobserver variability among pathologists. [26].



2.1. IC Score


Immune cell score (IC) is used to evaluate PD-L1 expression using the VENTANA PD-L1 (SP142) assay [17,27]. It is defined as the proportion of tumor area (the area occupied by viable tumor cells and their associated intra- and peritumoral stroma) occupied by PD-L1 stained ICs [28]. All immune cells (lymphocytes, macrophages, dendritic cells, and granulocytes) exhibiting any degree of staining, regardless of type and intensity, are considered positive for PD-L1 expression [15,29]. Tumor-cell staining may be observed, but should be disregarded. The cut-off value, making the TNBC patient eligible for atezolizumab therapy, is IC ≥ 1% [26]. From the results of the IMpassion-130 trial (NCT02425891) [11], atezolizumab has been recommended as a first-line therapy option for PD-L1-positive TNBC, either de novo or after at least 12 months since (neo)adjuvant chemotherapy, using the companion test of SP142 PD-L1 immunohistochemical assay [12]. Subsequently, using the same assay, atezolizumab plus nab-paclitaxel therapy has been approved for locally advanced breast cancer or mTNBC in cases where the tumor-associated immune cells express PD-L1 with the IC score ≥ 1% [29]. Assessment of PD-L1 expression via IC score has been demonstrated to have high validity and reproducibility when performed through the provided diagnostic kit and strictly following the manufacturer’s operating procedures and by specifically trained pathologists [30]. However, its use may present certain difficulties when evaluating suboptimal material. It could be challenging to correctly identify tumor area and peritumoral stroma on fragmented tissue samples or small biopsies. Previously, it has been highlighted that PD-L1 status assessments on biopsy specimens may not provide an accurate representation of the immunologic landscape and may differ from a surgical specimen’s results, thus depriving the patient of a treatment option [31,32]. Overall, the expression of PD-L1 in ICs has been found to be significantly higher in primary tumors compared to metastatic ones [33]. This is a common instance in routine clinical practice, where patients eligible for ICI therapy often present with advanced-stage disease and multiple comorbidities, making them unsuitable for the invasive procedures required to obtain larger tumor samples. In addition, this assay has been validated for use on lymph node metastases, where intratumoral ICs may not be easily distinguishable from the resident immune population [33,34]. Another weakness of this scoring algorithm is its sole reliance on IC positivity. It has been observed that interpathologist concordance in IC evaluation is lower with respect to tumor cell score (TC) [35,36]. This could be explained by the intrinsic difficulty in identifying ICs such as macrophages or dendritic cells within areas of closely packed tumor cells on both hematoxylin and eosin and IHC slides [14]. These data have been supported by the results of the Impassion130 study, showing that stromal TIL levels are synergistic with PD-L1 expression [37].




2.2. CPS


Combined positive score (CPS) is the scoring system developed for the 22C3 (Dako pharmDx) IHC assay. It is implemented to select patients who could benefit from pembrolizumab therapy [12,38]. CPS is calculated by summing the number of PD-L1 stained TCs and a subset of ICs (lymphocytes and macrophages) and dividing the result by the total number of viable TCs, multiplied by 100. Even though its value could theoretically exceed 100, CPS is expressed on a scale from 0 to 100 [12,26]. In TNBC, PD-L1 IHC 22C3 pharmDx is an FDA-approved diagnostic test for pembrolizumab treatment (in CPS ≥ 10) based on the results of the KEYNOTE-355 study [39,40,41]. One of the points of strength of this scoring system is that it takes into account both TCs and ICs, providing a more comprehensive assessment of the tumor microenvironment in relation to ICI status. In addition, since this assay requires only the quantitative assessment of cells and not the definition of a tumor area, it may also be used on very small or fragmented tissue samples as well as cytological samples, provided that a minimum of 100 cells can be evaluated [38]. Based on the meta-analysis of 57 studies on the accuracy of laboratory-developed PD-L1 tests, the 22C3 tests achieved the best results, with both sensitivity and specificity of 100% in eight out of nine studies [39], with good pathologists’ interobserver reproducibility [42,43]. The challenges of CPS scoring may be evoked by the spatial heterogeneity of PD-L1, potentially leading to missed scoring due to poorly circumscribed cells, misinterpretation of cytoplasmic/background staining or endogenous pigments, making the asessment of borderline cases challenging [42,44]. Some clones used for CPS (such as 28-8, 22C3) may demonstrate weak cytoplasmic staining of the tumor cells, which should be disregarded, as only membrane staining is taken into account [26]. The presence of a dense inflammatory infiltrate surrounding tumors may also complicate the assessment of cell proportions [44]. Nevertheless, Beckers et al. have demonstrated that PD-L1 expression in ICs may reflect an association with tumor-infiltrating-lymphocyte (TIL)-mediated antitumor inflammatory responses, even if not independently prognostic in TNBC alone [45,46].




2.3. Harmonization of PD-L1 Test


Attempts at harmonization of PD-L1 IHC antibodies and staining platforms are ongoing [23] While PD-L1 IHC can be used to predict the likelihood of response to anti-PD-1 or anti-PD-L1 therapy, a subset of patients who test negative for PD-L1 expression may still exhibit a favorable response to these treatments [47]. The comparative evaluation of CPS and IC scoring systems has generated conflicting findings and inadequate agreement across multiple studies [17,25,48,49,50]. These results indicate that different PD-L1 assays cannot be considered interchangeable or equivalent in the selection of patients affected by mTNBC who would benefit from therapy. Therefore, a careful selection of an appropriate assay is essential for effective treatment, considering the potential toxicity associated with combination therapies [49,51]. Standardized guidelines and thresholds for interpreting PD-L1 scores vary across different tumor types and specific assays used for evaluation. It is crucial to follow the specific guidelines provided by regulatory agencies, or professional organizations, to ensure consistent and accurate interpretation of PD-L1 in clinical practice [52]. Given these challenges, the identification of additional alternative biomarkers assumes critical importance in refining the selection of patients who are most likely to respond positively to specific therapies. By exploring and incorporating additional biomarkers, the precision and accuracy of patient stratification can be improved, thus enabling the administration of personalized treatments that optimize therapeutic outcomes.



The comparison of immunohistochemical companion diagnostic assays for PD-L1 assessment in TNBC are given in Table 1.





3. Tumor-Infiltrating Lymphocytes (TILs)


Tumor-infiltrating lymphocytes (TILs) comprise a heterogeneous group of immune cells, predominantly consisting of T cells, along with smaller proportions of B cells and NK cells, playing an important part in the TME [53]. The presence of TILs holds favorable prognostic significance for TNBC [54,55]. Research demonstrates, that targeting the regulation of immune checkpoints between tumor cells and T lymphocytes has the potential to enhance the prognosis of TNBC [56]. A high TIL count has been linked to favorable outcomes in terms of disease-free survival (DFS), OS, and response to neoadjuvant chemotherapy [56,57].



3.1. TIL Evaluation


Although the significance of TILs is widely acknowledged, there are certain challenges associated with their assessment, particularly for patients with recurrent breast cancer. Typically, TILs are evaluated in the primary tumor, as obtaining biopsies from recurrent lesions can be problematic [37]. Even if a biopsy from a recurrent site is obtained and evaluated, it remains uncertain whether it can be interpreted in the same manner as the primary lesion due to potential variations in the degree of TIL infiltration and the immune-cell profile concerning the metastatic organ [37]. Consequently, there is a pressing need to establish simple approaches for assessing the real-time antitumor immune response in patients with recurrent disease, such as liquid biopsies through peripheral blood sampling [58]. In routine practice, TILs are evaluated using hematoxylin-and-eosin (H&E)-stained tissue slides and classified into stromal TILs (sTILs) and intratumoral TILs (iTILs) [59]. According to original guidelines presented by Denkert et al. [60], the scoring of TILs should be performed exclusively based on the percentage of stromal areas, excluding the areas occupied by carcinoma cells from the total surface area assessed to avoid tumor growth pattern having an impact on the final score. Furthermore, scoring of TILs in regions affected by crush artifacts, necrosis, inflammation around biopsy sites, or extensive central regressive hyalinization should be avoided [60]. Biopsies displaying extent necrosis are deemed unsuitable for TIL assessments and should not be scored [60]. To enhance the consistency of TIL assessments and facilitate their integration and interpretation in clinical trials, the International Immuno-Oncology Biomarker Working Group on Breast Cancer has formulated guidelines for standardized TIL scoring in BC [61]. The level of detail provided in the methodology is comprehensive enough to establish a consistent and practical foundation for TIL assessments in future studies [62].




3.2. TILs in Breast Cancer


There is a differential immune microenvironment in advanced- compared with early stage TNBC. TILs have been detected in the stroma of up to 60% of BC cases, with the highest frequencies in HER2+ and TNBC [63]. The tumor-infiltrating lymphocyte quantity is significantly lower in metastatic disease compared with primary tumors, demonstrating prognostic significance and its potential predictive value [62,64]. Recent clinical trials have indicated a correlation between TILs and the response to multiple treatment modalities, including both cytotoxic and immune therapies, with a particular emphasis on patients with TNBC, due to their complex clinical management [63]. Emerging evidence provides support for the clinical relevance of TILs in predicting favorable responses to immunotherapy in both early and advanced TNBC cases [63]. In early BC, the presence of higher stromal TIL levels has been associated with a better response to the ICIs in numerous trials, indicating that fluctuation of TIL levels over time holds promise as a potential indicator for predicting the efficacy of ICI treatment [65,66]. In the context of metastatic spread, elevated TIL levels have been associated with an increased probability of positive response to ICI treatment, as well as improved OS and DFS in patients with TNBC [53,67,68,69]. In locally advanced TNBC, a high TIL count has demonstrated noteworthy predictive and prognostic implications. Patients with high TIL counts exhibit a remarkable response rate of 88% to neoadjuvant chemotherapy, whereas those with low TIL counts display a significantly diminished response [70]. The phase III IMpassion130 trial demonstrated that the combination of atezolizumab and nab-paclitaxel resulted in a longer PFS in TNBC patients with a TIL level of 10% or higher [37]. When TIL levels were combined with PD-L1 positivity, the difference in PFS became even more significant, indicating a stronger therapeutic effect (HR: 0.54, 95% CI = 0.39–0.75) [37]. Immunotherapy shows great promise as a viable strategy for TNBC due to its relatively higher levels of TILs and PD-L1 expression compared to other BC subtypes [71]. However, considering the retrospective nature of most available data, additional independent prospective studies are necessary to validate these findings. Of note, PD-L1 expression and TIL levels have been found to strongly correlate with each other, suggesting a surrogate of the activated host antitumor immune response [72]. Interestingly, some research provides evidence that both PD-L1 expression and TILs in TNBC are associated with better patient outcomes [45]. However, it is worth noting that high TIL levels alone have been an independent prognostic factor for breast-cancer-specific mortality [45]. Specific cell subsets composition of different TILs has been shown to impact the response to ICIs as well, where regulatory T cells seem to be a key immunosuppressive player in the TME [66,73]. A study with a continuous evaluation through baseline and on-treatment biopsies revealed that advanced TNBC patients who responded positively to nivolumab monotherapy following an immune induction phase exhibited higher levels of TILs and CD8+ T lymphocytes compared to nonresponders [74]. The prognostic value of different TIL subsets has been further explored in a study of 259 stage I–III TNBC patients, demonstrating that additionally to stromal TILs, total and intratumoral CD8+ T cells are the independent prognostic factors for DFS [75]. Detailed analyses of TIL compositions have revealed a correlation between the presence of CD8+ T cells and T regulatory cells with improved treatment outcomes in chemoimmunotherapy, as observed in various trials [74,76,77]. Notably, single-cell data have suggested a potential connection between tertiary lymphoid structures, characterized by the aggregation of lymphoid cells and the colocalization of CXCL13+ CD8+ T cells, CD4+ T cells, and CXCR5+ B cells, with the response to ICI [53]. Overall, these data indicate that the contribution of different immune-cell subsets in TME may aid to refine the prognostic model for TNBCs, where in-depth genetic studies are likely warranted and underway. A study of nine treatment-naïve TNBCs has subjected the patients to next-generation sequencing (NGS), subdividing them into TIL-high and -low groups [78]. There was no significant difference in gene expression between patient groups, except Phosphatase and Tensin Homolog (PTEN) loss in the TIL-high group simultaneously with high PD-L1 levels, suggesting PTEN loss and high expression of PD-L1 in TIL-high TNBC to be a biomarker for ICI therapy [78]. Future research endeavors aiming to uncover the clinical actionability of TILs in BC, with a particular focus on TNBC, rely on achieving a comprehensive understanding of the breast cancer pathology specifics and the significance of TIL subtyping. Considering the cost-effectiveness and robust prognostic value, TILs may become a reliable biomarker to be used in antitumor T-cell-mediated immunity assessments. Given the complex nature of clinical management in TNBC, the integration of TILs into routine clinical practice should be seriously contemplated. Furthermore, ongoing investigations on combined immunotherapy present a promising evolution towards a tailored approach to this particular patient subgroup. The overview of major clinical trials assessing immunotherapy-specific biomarkers in TNBC is represented in Table 2.





4. Mismatch Repair System (MMR)


The mismatch-repair (MMR) system serves as a natural defense mechanism against DNA base mispairing, playing a vital role in human physiology [79]. This intricate cellular process is influenced by both external factors and internal mechanisms, working together to maintain the integrity of DNA [80]. Disruptions in the MMR complex can lead to genome instability, creating a favorable environment for the development of cancer [81]. In recent years, the clinical significance of MMR alterations in TNBC has gained significant attention [82]. It not only aids in the identification of inherited conditions, but also plays a crucial role in patient prognosis, predicting the effectiveness of ICIs, and early detection of therapy resistance [83]. The presence of MMR deficiency is exceptionally rare in breast cancer, accounting for only 1 to 2% of cases, and around 6% in TNBCs [84]. The evaluation of this condition can be accomplished through the analysis of MMR protein expression or by identifying microsatellite instability (MSI), which serves as an observable outcome of deficient mismatch repair (dMMR) [71,85].



The diagnosis of dMMR is typically performed through IHC on FFPE tissue sections, where the loss of nuclear immunostaining for at least one of the four routinely examined MMR proteins (MSH2, MSH6, MLH1, and PMS2) is observed. The available methods for detecting MSI include polymerase chain reaction (PCR), multiplex PCR, and next-generation sequencing (NGS). Typically, for these tests, DNA is extracted from both tumor and normal control FFPE tissue samples [85]. The presence of high-frequency microsatellite instability (MSI-H) in tumors triggers specific immune responses mediated by TILs, which possess antitumor properties. As a result, MSI-H/dMMR tumors have a higher likelihood of responding to ICI therapy [51]. Based on this evidence, the FDA approval of pembrolizumab includes all solid tumors that exhibit this specific genetic alteration [86]. Consequently, there is are increasing recommendations for the routine oncological care of patients with solid tumors to include universal screening for MMR and MSI status, regardless of the cancer’s origin [87]. The reported low percentage of dMMR breast-cancer cases may be attributed to the lack of companion diagnostics assays (CDx) and/or specific guidelines for MMR analysis in breast tumors, as well as the utilization of different testing methods, such as the direct sequencing of microsatellite markers, NGS, and IHC for the four MMR proteins. In breast cancer, the loss of MMR proteins is more frequently detected compared to MSI [87,88]. Therefore, it is important to note that IHC for MMR proteins and MSI testing cannot be used interchangeably, unlike in other tumor types [88]. One of the biggest studies involved 1084 breast-invasive-carcinoma cases from the Breast Invasive Carcinoma dataset of The Cancer Genome Atlas (TCGA) PanCancer Atlas, spanning samples using a multisample protein–protein interaction analysis tool and utilizing the RNA-sequencing data from cBioPortal in treatment-naïve patients [89]. Authors have found the highest prevalence of dMMR in the TNBC group, which also correlated with improved patient survival [89]. Owing to its rarity, MMR/MSI testing has been ambiguously discussed as an ICI biomarker in TNBC [71]. Nevertheless, the predictive value of MMR deficiency has been demonstrated in two separate studies that examined the response of mTNBC and luminal BC patients to nivolumab and pembrolizumab, respectively [71]. More recently, MMR testing has emerged as a molecular target in precision oncology for TNBC, as it has been observed to exhibit high sensitivity to immunotherapy [90]. The infrequent occurrence of MMR and MSI alterations in BC raises several questions regarding the most effective testing strategy. To enhance the understanding of MMR deficiency and provide more therapeutic options for TNBC patients, it has been studied in association with other biomarkers. The study of forty-four TNBC patients revealed four (11%) dMMR cases, three of which were PD-L1 negative and harbored high TILs [91]. These findings give rise to the suggestion that the adoption of multiple-biomarker testing (e.g., PD-L1, TILs, and MMR) may improve TNBC patients’ selection for immunotherapy eligibility [91]. On the contrary, some research data have shown no association of MMR/MSI status with PD-L1 expression in TNBC [87]. Furthermore, the study of 145 TIL-high TNBCs demonstrated the low MSI-H prevalence in this cohort, suggesting there might be no specific distribution pattern of MSI-H tumors across breast cancers at all [92]. Within this framework, the assessment of PTEN expression, a critical tumor suppressor that regulates cell growth, proliferation, and survival, and is also implicated in the MMR system and overall DNA damage response, has been proposed as a method to identify MMR-proficient (pMMR) breast tumors. Its somatic mutations were previously found more prevalent in BCs associated with MMR variant carriers, which mostly result in dMMR and have an unfavorable prognosis [93]. However, by now, the adoption of this approach has certain limitations and warrants approval [71]. One of the biggest published studies on BC aimed to identify mutational signatures in a whole-genome-sequencing (WGS) dataset consisting of 640 patients. The objective was to identify dMMR-deficient breast tumors [94]. Given that WGS may directly reflect the disruption of the MMR pathway, the authors assume it may potentially surpass existing biomarkers for detecting MMR deficiency, offering a greater level of sensitivity, which is of utmost importance, especially in dMMR-rare tumor types [94]. Although the discrepancy between MMR IHC and MSI has been demonstrated to be substantial [82], the validation of IHC and its relationship to NGS results will be important for guiding diagnostic MMR workflows in BC [89]. The molecular subtyping of the tumor-based MMR status holds significance in characterizing tumors as dMMR, thereby guiding the selection of ICIs and other targeted therapies for TNBC and BC overall [89].




5. Role of AI to Complement Immune-Biomarker Testing


To ensure optimal therapeutic care for patients, clinically actionable biomarkers for TNBC must be accurately and consistently characterized. However, there may be issues with the standard methods (as IHC, RT-PCR, and NGS) for analyzing these biomarkers, such as variability and repeatability between observers and platforms [95]. Effective remedies continue to be subtle due to the extremely complex nature of this crucial task in pathology [96,97]. From another point, the type and quantity of specimens to be tested are continuously changing in breast cancer due to the widespread use of minimally invasive/noninvasive techniques [96]. Conversely, there is an increasing need to undertake a more thorough investigation using a wider range of biomarkers in this multifaceted situation. Even the use of theoretically more objective molecular-analysis techniques is usually complicated by a number of issues [97]. Artificial intelligence (AI) has recently been offered as a new possible tool to support diagnostic algorithms in clinical practice. Machine learning (ML), deep learning (DL), and convolutional neural networks (CNNs) are a few of the many subsets or approaches of AI that may be used to extract and evaluate data [98]. The application of these tools in digital pathology could enable the mining of subvisual morphometric phenotypes, leading to advancements in patient management [97,99]. Understanding possible risk factors and improving treatment planning for precision oncology may be accomplished by making predictions about patient outcomes based on characteristics or grades generated from histopathologic tumor whole-slide images (WSI) [97]. AI-based computational pathology, in contrast to conventional image-based quantitative analysis, uses a variety of histopathologic image sources and automatic feature-calculation techniques to extract patterns and evaluate characteristics [98]. The development of computer tools and algorithms has made it feasible to estimate cancer patient outcomes using computational pathology, which is essential for modern medicine. However, it is not possible to predict clinical results using pretreatment histopathologic imaging. Huang et al. attempted this when they tested the viability of AI-based algorithms to forecast the effects of neoadjuvant chemotherapy in patients with HER2+ and TNBC using H&E and multiplex IHC (PD-L1, CD8+, and CD163+) images [100]. Although the use of AI in clinical pathology is still in its infancy, this discipline has already demonstrated tremendous promise for enhancing pathology practice in the identification/prediction of clinically actionable biomarkers, such as PD-L1, TILs, and MMR proteins. Several studies have used the WSI of PD-L1 slides and manual supervision to show that image-based scoring algorithms are highly consistent with pathologist reports [101,102,103]. For instance, Wang et al. developed a deep-learning-based AI-assisted model for PD-L1 IC scoring [104]. This study examined the function of the AI-assisted model using 109 PD-L1 (SP142) IHC-stained pictures. The consistency in grading among pathologists might be improved with this method. As a result, the suggested AI-assisted technique may aid pathologists in increasing the accuracy and concordance of the PD-L1 test IC evaluation in breast cancer [104]. In this regard, Sun et al. created a computational TIL evaluation model based on deep learning and assessed the tool’s predictive usefulness for TNBC patients. The authors suggested that pathologists can fulfill risk management and decision-making duties by employing a methodology that incorporates both visual and computational TIL evaluations [105]. They suggest that once validated in larger studies, this algorithm has the potential to serve as a valuable tool for assessing stromal TILs and evaluating prognosis in patients with TNBC. [105]. Moreover, Le et. al. developed and evaluated customized convolutional-neural-network analysis pipelines to generate combined maps of cancer regions and TILs in breast cancer WSI. These combined maps provided insight into the structural patterns and spatial distribution of lymphocytic infiltrates and facilitate improved quantification of TILs [106]. Furthermore, regarding the significant role that MSI/dMMR plays as a biomarker for determining eligibility for immune-checkpoint inhibitors in advanced diseases, some attempts are in progress to predict the MSI/dMMR status through histomorphological features on H&E slides using AI technology [107]. For instance, in the work of Park et al., the authors reported that the model with the highest performance for predicting MSI in colorectal cancer was developed by Lee et al. [108]. In their study, Inception-V3 (a DL-based algorithm) was trained on a cohort composed of images from TCGA and Saint Mary’s Hospital (SMH). When this trained model was tested on an internal validation cohort (TCGA), AUC was 0.892; however, the AUC tested on a different cohort (SMH dataset) was 0.972, which is the highest value reported in the included studies. AI is being increasingly recognized as a promising method for biomarker identification and has subsequently improved clinical management. However, to ensure its successful application, the establishment of robust and standardized computational, clinical, and laboratory practices must be achieved concurrently and validated across multiple collaborating sites. Figure 1 provides an overview of the potential applications of computational pathology in the context of currently available immune-related biomarkers.




6. Conclusions


The research on novel therapeutic approaches in TNBC is currently focusing on immunotherapy-specific biomarkers, providing new treatment opportunities for numerous TNBC patients. Although immunotherapy alone has shown limited success in a small subset of TNBC patients, combination strategies are emerging as potential ways to enhance immune responses against tumors. Currently, combining immunotherapy with conventional chemotherapy as a first-line treatment for PD-L1-positive mTNBC has demonstrated significant clinical benefits [109]. Nevertheless, the challenge of treatment resistance, whether inherent from the onset or acquired over time, persists. The tumor microenvironment, where tumor and immune cells interact, plays a crucial role in treatment outcomes. The identification of response-associated biomarkers for ICI is crucial to identify patients who are more likely to have long-lasting responses with minimal side effects. To achieve this, standardized and independently validated assays should be employed in larger prospective studies involving patients with TNBC who are receiving immunotherapy. The identification of reliable prognostic and predictive biomarkers for treatment response is a priority in clinical practice to improve patient selection.



The improvement of biomarker predictivity will be facilitated by the utilization of advanced technologies capable of providing detailed information about the tumor microenvironment, such as spatial transcriptomics/proteomics and single-cell sequencing [53]. It is probable that additional insights gained from studies on novel biomarkers in different cancer types will contribute to this advancement.







Author Contributions


Conceptualization, N.F. and E.G.-R.; methodology, N.F. and E.S.; validation, N.F., E.G.-R. and M.I.; formal analysis, K.V.; resources, N.F.; data curation, F.M.P. and C.F.; writing—original draft preparation, F.M.P.; writing—review and editing, E.S., K.V., C.F., G.C., E.G.-R. and M.I.; visualization, C.F. and G.C.; supervision, N.F. and M.I.; project administration, N.F.; funding acquisition, N.F. All authors have read and agreed to the published version of the manuscript.




Funding


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




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created.




Acknowledgments


M.I. was supported by Fondazione Umberto Veronesi. K.V. was supported by Fondazione IEO—MONZINO.




Conflicts of Interest


E.G.-R. has relevant relationships (advisory fees, honoraria, travel accommodation and expenses, grants, and nonfinancial support) with AstraZeneca, Exact Sciences, GlaxoSmithKline (GSK), Novartis, Roche, and Thermo Fisher Scientific that are unrelated to the current work. G.C. reports funding from Astra Zeneca, Daichii Sankyo, and Merck; consulting fees from BMS, Roche, Pfizer, Novartis, Lilly, Astra Zeneca, Daichii Sankyo, Merck, Seagen, and Ellipsis; honoraria from Pfizer and Lilly; and support for attending meetings from Roche and Pfizer. N.F. has received honoraria for consulting, advisory roles, speaker bureaus, travel, and/or research grants from Merck Sharp & Dohme (MSD), Novartis, AstraZeneca, Roche, Menarini, Daiichi Sankyo, GlaxoSmithKline (GSK), Gilead, Diaceutics, Adicet Bio, Sermonix, Reply, and Leica Biosystems. C.C. served advisory and consultancy roles and on speaker bureaus for Roche, Pfizer, Eli Lilly, Novartis, AstraZeneca, Daiichi Sankyo, Gilead, Seagen and MSD, all outside the submitted work. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to publish the results.




References


	



Gennari, A.; André, F.; Barrios, C.H.; Cortés, J.; de Azambuja, E.; DeMichele, A.; Dent, R.; Fenlon, D.; Gligorov, J.; Hurvitz, S.A.; et al. ESMO Clinical Practice Guideline for the diagnosis, staging and treatment of patients with metastatic breast cancer☆. Ann. Oncol. 2021, 32, 1475–1495. [Google Scholar] [CrossRef] [PubMed]

	



Tsang, J.Y.; Tse, G.M. Update on triple-negative breast cancers–highlighting subtyping update and treatment implication. Histopathology 2023, 82, 17–35. [Google Scholar] [CrossRef]

	



Mo, H.; Xu, B. Progress in systemic therapy for triple-negative breast cancer. Front. Med. 2021, 15, 1–10. [Google Scholar] [CrossRef]

	



Sabatier, R.; Finetti, P.; Mamessier, E.; Adelaide, J.; Chaffanet, M.; Ali, H.R.; Viens, P.; Caldas, C.; Birnbaum, D.; Bertucci, F. Prognostic and predictive value of PDL1 expression in breast cancer. Oncotarget 2014, 6, 5449–5464. [Google Scholar] [CrossRef] [PubMed]

	



Huertas-Caro, C.A.; Ramirez, M.A.; Gonzalez-Torres, H.J.; Sanabria-Salas, M.C.; Serrano-Gómez, S.J. Immune Lymphocyte Infiltrate and its Prognostic Value in Triple-Negative Breast Cancer. Front. Oncol. 2022, 12, 910976. [Google Scholar] [CrossRef] [PubMed]

	



Valenza, C.; Rizzo, G.; Passalacqua, M.I.; Boldrini, L.; Corti, C.; Trapani, D.; Curigliano, G. Evolving treatment landscape of immunotherapy in breast cancer: Current issues and future perspectives. Ther. Adv. Med Oncol. 2023, 15, 17588359221146129. [Google Scholar] [CrossRef]

	



Jacob, S.L.; Huppert, L.A.; Rugo, H.S. Role of Immunotherapy in Breast Cancer. JCO Oncol. Pract. 2023, 19, 167–179. [Google Scholar] [CrossRef]

	



Fife, B.T.; Bluestone, J.A. Control of peripheral T-cell tolerance and autoimmunity via the CTLA-4 and PD-1 pathways. Immunol. Rev. 2008, 224, 166–182. [Google Scholar] [CrossRef]

	



Fang, J.; Chen, F.; Liu, D.; Gu, F.; Chen, Z.; Wang, Y. Prognostic value of immune checkpoint molecules in breast cancer. Biosci. Rep. 2020, 40, BSR20201054. [Google Scholar] [CrossRef]

	



Criscitiello, C.; Guerini-Rocco, E.; Viale, G.; Fumagalli, C.; Sajjadi, E.; Venetis, K.; Piciotti, R.; Invernizzi, M.; Malapelle, U.; Fusco, N. Immunotherapy in Breast Cancer Patients: A Focus on the Use of the Currently Available Biomarkers in Oncology. Anti-Cancer Agents Med. Chem. 2022, 22, 787–800. [Google Scholar] [CrossRef]

	



Schmid, P.; Adams, S.; Rugo, H.S.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Hegg, R.; Im, S.-A.; Shaw Wright, G.; et al. Atezolizumab and Nab-Paclitaxel in Advanced Triple-Negative Breast Cancer. N. Engl. J. Med. 2018, 379, 2108–2121. [Google Scholar] [CrossRef] [PubMed]

	



Cortes, J.; Cescon, D.W.; Rugo, H.S.; Nowecki, Z.; Im, S.A.; Yusof, M.M.; Gallardo, C.; Lipatov, O.; Barrios, C.H.; Holgado, E.; 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, 1817–1828. [Google Scholar] [CrossRef] [PubMed]

	



Noske, A.; Wagner, D.C.; Schwamborn, K.; Foersch, S.; Steiger, K.; Kiechle, M.; Oettler, D.; Karapetyan, S.; Hapfelmeier, A.; Roth, W.; et al. Interassay and interobserver comparability study of four programmed death-ligand 1 (PD-L1) immunohistochemistry assays in triple-negative breast cancer. Breast 2021, 60, 238–244. [Google Scholar] [CrossRef]

	



Gonzalez-Ericsson, P.I.; Stovgaard, E.S.; Sua, L.F.; Reisenbichler, E.; Kos, Z.; Carter, J.M.; Michiels, S.; Le Quesne, J.; Nielsen, T.O.; Laenkholm, A.V.; et al. The path to a better biomarker: Application of a risk management framework for the implementation of PD-L1 and TILs as immuno-oncology biomarkers in breast cancer clinical trials and daily practice. J. Pathol. 2020, 250, 667–684. [Google Scholar] [CrossRef]

	



Schwamborn, K.; Ammann, J.U.; Knüchel, R.; Hartmann, A.; Baretton, G.; Lasitschka, F.; Schirmacher, P.; Braunschweig, T.; Tauber, R.; Erlmeier, F.; et al. Multicentric analytical comparability study of programmed death-ligand 1 expression on tumor-infiltrating immune cells and tumor cells in urothelial bladder cancer using four clinically developed immunohistochemistry assays. Virchows Arch. 2019, 475, 599–608. [Google Scholar] [CrossRef] [PubMed]

	



Hirsch, F.R.; McElhinny, A.; Stanforth, D.; Ranger-Moore, J.; Jansson, M.; Kulangara, K.; Richardson, W.; Towne, P.; Hanks, D.; Vennapusa, B.; et al. PD-L1 Immunohistochemistry Assays for Lung Cancer: Results from Phase 1 of the Blueprint PD-L1 IHC Assay Comparison Project. J. Thorac. Oncol. 2017, 12, 208–222. [Google Scholar] [CrossRef] [PubMed]

	



Rugo, H.S.; Loi, S.; Adams, S.; Schmid, P.; Schneeweiss, A.; Barrios, C.H.; Iwata, H.; Diéras, V.; Winer, E.P.; Kockx, M.M.; et al. PD-L1 Immunohistochemistry Assay Comparison in Atezolizumab Plus nab-Paclitaxel–Treated Advanced Triple-Negative Breast Cancer. Gynecol. Oncol. 2021, 113, 1733–1743. [Google Scholar] [CrossRef]

	



Gong, J.; Chehrazi-Raffle, A.; Reddi, S.; Salgia, R. Development of PD-1 and PD-L1 inhibitors as a form of cancer immunotherapy: A comprehensive review of registration trials and future considerations. J. Immunother. Cancer 2018, 6, 8. [Google Scholar] [CrossRef]

	



Akhtar, M.; Rashid, S.; Al-Bozom, I.A. PD−L1 immunostaining: What pathologists need to know. Diagn. Pathol. 2021, 16, 94. [Google Scholar] [CrossRef]

	



Planes-Laine, G.; Rochigneux, P.; Bertucci, F.; Chrétien, A.-S.; Viens, P.; Sabatier, R.; Gonçalves, A. PD-1/PD-L1 Targeting in Breast Cancer: The First Clinical Evidences are Emerging—A Literature Review. Cancers 2019, 11, 1033. [Google Scholar] [CrossRef]

	



Fusco, N.; Sajjadi, E.; Venetis, K.; Ivanova, M.; Andaloro, S.; Guerini-Rocco, E.; Montagna, E.; Caldarella, P.; Veronesi, P.; Colleoni, M.; et al. Low-risk triple-negative breast cancers: Clinico-pathological and molecular features. Crit. Rev. Oncol. 2022, 172, 103643. [Google Scholar] [CrossRef]

	



Venetis, K.; Sajjadi, E.; Ivanova, M.; Andaloro, S.; Pessina, S.; Zanetti, C.; Ranghiero, A.; Citelli, G.; Rossi, C.; Lucioni, M.; et al. The molecular landscape of breast mucoepidermoid carcinoma. Cancer Med. 2023, 12, 10725–10737. [Google Scholar] [CrossRef] [PubMed]

	



Ancevski Hunter, K.; Socinski, M.A.; Villaruz, L.C. PD-L1 Testing in Guiding Patient Selection for PD-1/PD-L1 Inhibitor Therapy in Lung Cancer. Mol. Diagn. Ther. 2018, 22, 1–10. [Google Scholar] [CrossRef]

	



Cerbelli, B.; Girolami, I.; Eccher, A.; Costarelli, L.; Taccogna, S.; Scialpi, R.; Benevolo, M.; Lucante, T.; Alò, P.L.; Stella, F.; et al. Evaluating programmed death-ligand 1 (PD-L1) in head and neck squamous cell carcinoma: Concordance between the 22C3 PharmDx assay and the SP263 assay on whole sections from a multicentre study. Histopathology 2022, 80, 397–406. [Google Scholar] [CrossRef] [PubMed]

	



Noske, A.; Ammann, J.U.; Wagner, D.; Denkert, C.; Lebeau, A.; Sinn, P.; Kreipe, H.; Sommer, U.; Baretton, G.; Steiger, K.; et al. A multicentre analytical comparison study of inter-reader and inter-assay agreement of four programmed death-ligand 1 immunohistochemistry assays for scoring in triple-negative breast cancer. Histopathology 2021, 78, 567–577. [Google Scholar] [CrossRef]

	



Paver, E.C.; Cooper, W.A.; Colebatch, A.J.; Ferguson, P.M.; Hill, S.K.; Lum, T.; Shin, J.-S.; O’Toole, S.; Anderson, L.; Scolyer, R.A.; et al. Programmed death ligand-1 (PD-L1) as a predictive marker for immunotherapy in solid tumours: A guide to immunohistochemistry implementation and interpretation. Pathology 2021, 53, 141–156. [Google Scholar] [CrossRef]

	



Dobritoiu, F.; Baltan, A.; Chefani, A.; Billingham, K.F.; Chenard, M.-P.; Vaziri, R.M.; Lacroix-Triki, M.; Waydelich, A.; Erb, G.; Andersson, E.; et al. Tissue Selection for PD-L1 Testing in Triple Negative Breast Cancer (TNBC). Appl. Immunohistochem. Mol. Morphol. 2022, 30, 549–556. [Google Scholar] [CrossRef] [PubMed]

	



Ademuyiwa, F.O.; Gao, F.; Street, C.R.; Chen, I.; Northfelt, D.W.; Wesolowski, R.; Arora, M.; Brufsky, A.; Dees, E.C.; Santa-Maria, C.A.; et al. A randomized phase 2 study of neoadjuvant carboplatin and paclitaxel with or without atezolizumab in triple negative breast cancer (TNBC)—NCI 10013. NPJ Breast Cancer 2022, 8, 134. [Google Scholar] [CrossRef]

	



Erber, R.; Hartmann, A. Understanding PD-L1 Testing in Breast Cancer: A Practical Approach. Breast Care 2020, 15, 481–490. [Google Scholar] [CrossRef]

	



Vennapusa, B.; Baker, B.; Kowanetz, M.; Boone, J.; Menzl, I.; Bruey, J.M.; Fine, G.; Mariathasan, S.; McCaffery, I.; Mocci, S.; et al. Development of a PD-L1 Complementary Diagnostic Immunohistochemistry Assay (SP142) for Atezolizumab. Appl. Immunohistochem. Mol. Morphol. 2019, 27, 92–100. [Google Scholar] [CrossRef]

	



Patel, S.P.; Kurzrock, R. PD-L1 expression as a predictive biomarker in cancer immunotherapy. Mol. Cancer Ther. 2015, 14, 847–856. [Google Scholar] [CrossRef] [PubMed]

	



Kitazono, S.; Fujiwara, Y.; Tsuta, K.; Utsumi, H.; Kanda, S.; Horinouchi, H.; Nokihara, H.; Yamamoto, N.; Sasada, S.; Watanabe, S.-i.; et al. Reliability of Small Biopsy Samples Compared with Resected Specimens for the Determination of Programmed Death-Ligand 1 Expression in Non--Small-Cell Lung Cancer. Clin. Lung Cancer 2015, 16, 385–390. [Google Scholar] [CrossRef] [PubMed]

	



Peg, V.; López-García, M.; Comerma, L.; Peiró, G.; García-Caballero, T.; López, C.; Suárez-Gauthier, A.; Ruiz, I.; Rojo, F. PD-L1 testing based on the SP142 antibody in metastatic triple-negative breast cancer: Summary of an expert round-table discussion. Future Oncol. 2020, 17, 1209–1218. [Google Scholar] [CrossRef] [PubMed]

	



Xu, H.; Chen, X.; Lin, D.; Zhang, J.; Li, C.; Zhang, D.; Zhang, X. Conformance Assessment of PD-L1 Expression between Primary Tumour and Nodal Metastases in Non-Small-Cell Lung Cancer. Onco Targets Ther. 2019, 12, 11541–11547. [Google Scholar] [CrossRef] [PubMed]

	



Tsao, M.S.; Kerr, K.M.; Kockx, M.; Beasley, M.-B.; Borczuk, A.C.; Botling, J.; Bubendorf, L.; Chirieac, L.; Chen, G.; Chou, T.-Y.; et al. PD-L1 Immunohistochemistry Comparability Study in Real-Life Clinical Samples: Results of Blueprint Phase 2 Project. J. Thorac. Oncol. 2018, 13, 1302–1311. [Google Scholar] [CrossRef]

	



Reisenbichler, E.S.; Han, G.; Bellizzi, A.; Bossuyt, V.; Brock, J.; Cole, K.; Fadare, O.; Hameed, O.; Hanley, K.; Harrison, B.T.; et al. Prospective multi-institutional evaluation of pathologist assessment of PD-L1 assays for patient selection in triple negative breast cancer. Mod. Pathol. 2020, 33, 1746–1752. [Google Scholar] [CrossRef]

	



Emens, L.; Molinero, L.; Loi, S.; Rugo, H.S.; Schneeweiss, A.; Diéras, V.; Iwata, H.; Barrios, C.H.; Nechaeva, M.; Duc, A.N.; et al. Atezolizumab and nab-Paclitaxel in Advanced Triple-Negative Breast Cancer: Biomarker Evaluation of the IMpassion130 Study. JNCI J. Natl. Cancer Inst. 2021, 113, 1005–1016. [Google Scholar] [CrossRef]

	



Kulangara, K.; Zhang, N.; Corigliano, E.; Guerrero, L.; Waldroup, S.; Jaiswal, D.; Jansson, M.; Shah, S.; Hanks, D.; Wang, J.; et al. Clinical Utility of the Combined Positive Score for Programmed Death Ligand-1 Expression and the Approval of Pembrolizumab for Treatment of Gastric Cancer. Arch. Pathol. Lab. Med. 2019, 143, 330–337. [Google Scholar] [CrossRef]

	



Torlakovic, E.; Lim, H.J.; Adam, J.; Barnes, P.; Bigras, G.; Chan, A.W.H.; Cheung, C.C.; Chung, J.-H.; Couture, C.; Fiset, P.O.; et al. “Interchangeability” of PD-L1 immunohistochemistry assays: A meta-analysis of diagnostic accuracy. Mod. Pathol. 2020, 33, 4–17. [Google Scholar] [CrossRef]

	



Badve, S.S.; Penault-Llorca, F.; Reis-Filho, J.S.; Deurloo, R.; D’Arrigo, C.; Viale, G. Determining PD-L1 Status in Patients with Triple-Negative Breast Cancer: Lessons Learned from IMpassion130. JNCI J. Natl. Cancer Inst. 2022, 114, 664–675. [Google Scholar] [CrossRef]

	



Cortes, J.; Cescon, D.W.; Rugo, H.S. KEYNOTE-355: Randomized, double-blind, phase III study of pembrolizumab + chemotherapy versus placebo + chemotherapy for previously untreated locally recurrent inoperable or metastatic triple-negative breast cancer. J. Clin. Oncol. 2020, 38 (Suppl. 15), 1000. [Google Scholar] [CrossRef]

	



Cooper, W.A.; Russell, P.A.; Cherian, M.; Duhig, E.E.; Godbolt, D.; Jessup, P.J.; Khoo, C.; Leslie, C.; Mahar, A.; Moffat, D.F.; et al. Intra- and Interobserver Reproducibility Assessment of PD-L1 Biomarker in Non–Small Cell Lung Cancer. Clin. Cancer Res. 2017, 23, 4569–4577. [Google Scholar] [CrossRef] [PubMed]

	



Kulangara, K.; Watts, B.; Vilardo, M.; La Placa, C.; Frederick, J.; Tabuena-Frolli, S.; Jansson, M.; Kersch, K. PD-L1 IHC 22C3 pharmdx demonstrates precision and reproducibility in detecting PD-L1 expression in triple negative breast cancer. J. Clin. Oncol. 2020, 38, e13104. [Google Scholar] [CrossRef]

	



Humphries, M.P.; McQuaid, S.; Craig, S.; Bingham, V.; Maxwell, P.; Maurya, M.; McLean, F.; Sampson, J.; Higgins, P.; Greene, C.; et al. Critical Appraisal of Programmed Death Ligand 1 Reflex Diagnostic Testing: Current Standards and Future Opportunities. J. Thorac. Oncol. 2018, 14, 45–53. [Google Scholar] [CrossRef]

	



Beckers, R.K.; Selinger, C.I.; Vilain, R.; Madore, J.; Wilmott, J.S.; Harvey, K.; Holliday, A.; Cooper, C.L.; Robbins, E.; Gillett, D.; et al. Programmed death ligand 1 expression in triple-negative breast cancer is associated with tumour-infiltrating lymphocytes and improved outcome. Histopathology 2016, 69, 25–34. [Google Scholar] [CrossRef]

	



Nicolini, A.; Ferrari, P.; Carpi, A. Immune Checkpoint Inhibitors and Other Immune Therapies in Breast Cancer: A New Paradigm for Prolonged Adjuvant Immunotherapy. Biomedicines 2022, 10, 2511. [Google Scholar] [CrossRef]

	



Zerdan, M.B.; Ghorayeb, T.; Saliba, F.; Allam, S.; Zerdan, M.B.; Yaghi, M.; Bilani, N.; Jaafar, R.; Nahleh, Z. Triple Negative Breast Cancer: Updates on Classification and Treatment in 2021. Cancers 2022, 14, 1253. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.E.; Park, H.Y.; Lim, S.D.; Han, H.S.; Yoo, Y.B.; Kim, W.S. Concordance of Programmed Death-Ligand 1 Expression between SP142 and 22C3/SP263 Assays in Triple-Negative Breast Cancer. J. Breast Cancer 2020, 23, 303–313. [Google Scholar] [CrossRef] [PubMed]

	



Giugliano, F.; Antonarelli, G.; Tarantino, P.; Cortes, J.; Rugo, H.S.; Curigliano, G. Harmonizing PD-L1 testing in metastatic triple negative breast cancer. Expert Opin. Biol. Ther. 2021, 22, 345–348. [Google Scholar] [CrossRef]

	



Ahn, S.; Woo, J.W.; Lee, K.; Park, S.Y. HER2 status in breast cancer: Changes in guidelines and complicating factors for interpretation. J. Pathol. Transl. Med. 2020, 54, 34–44. [Google Scholar] [CrossRef]

	



Li, L.; Zhang, F.; Liu, Z.; Fan, Z. Immunotherapy for Triple-Negative Breast Cancer: Combination Strategies to Improve Outcome. Cancers 2023, 15, 321. [Google Scholar] [CrossRef] [PubMed]

	



Chung, C.; Yeung, V.T.; Wong, K.C. Prognostic and predictive biomarkers with therapeutic targets in breast cancer: A 2022 update on current developments, evidence, and recommendations. J. Oncol. Pharm. Pract. 2022. [Google Scholar] [CrossRef]

	



Wang, X.; Collet, L.; Rediti, M.; Debien, V.; De Caluwé, A.; Venet, D.; Romano, E.; Rothé, F.; Sotiriou, C.; Buisseret, L. Predictive Biomarkers for Response to Immunotherapy in Triple Negative Breast Cancer: Promises and Challenges. J. Clin. Med. 2023, 12, 953. [Google Scholar] [CrossRef] [PubMed]

	



Göker, M.; Deblaere, S.; Denys, H.; Vergauwen, G.; Naert, E.; Veldeman, L.; Monten, C.; Broecke, R.V.D.; Van Dorpe, J.; Braems, G.; et al. Tumor-Infiltrating Lymphocytes and PD-L1 Expression in Pleomorphic Lobular Breast Carcinoma. Cancers 2023, 15, 2894. [Google Scholar] [CrossRef]

	



Quintana, Á.; Arenas, E.J.; Bernadó, C.; Navarro, J.F.; González, J.; Esteve-Codina, A.; Moliné, T.; Marti, M.; Curigliano, G.; Schmid, P.; et al. Evaluation of triple negative breast cancer with heterogeneous immune infiltration. Front. Immunol. 2023, 14, 1149747. [Google Scholar] [CrossRef]

	



Tomioka, N.; Azuma, M.; Ikarashi, M.; Yamamoto, M.; Sato, M.; Watanabe, K.-I.; Yamashiro, K.; Takahashi, M. The therapeutic candidate for immune checkpoint inhibitors elucidated by the status of tumor-infiltrating lymphocytes (TILs) and programmed death ligand 1 (PD-L1) expression in triple negative breast cancer (TNBC). Breast Cancer 2018, 25, 34–42. [Google Scholar] [CrossRef]

	



Denkert, C.; von Minckwitz, G.; Brase, J.C.; Sinn, B.V.; Gade, S.; Kronenwett, R.; Pfitzner, B.M.; Salat, C.; Loi, S.; Schmitt, W.D.; et al. Tumor-Infiltrating Lymphocytes and Response to Neoadjuvant Chemotherapy with or without Carboplatin in Human Epidermal Growth Factor Receptor 2–Positive and Triple-Negative Primary Breast Cancers. J. Clin. Oncol. 2015, 33, 983–991. [Google Scholar] [CrossRef]

	



Onagi, H.; Horimoto, Y.; Sakaguchi, A.; Ikarashi, D.; Yanagisawa, N.; Nakayama, T.; Nakatsura, T.; Ishizuka, Y.; Sasaki, R.; Watanabe, J.; et al. High platelet-to-lymphocyte ratios in triple-negative breast cancer associates with immunosuppressive status of TILs. Breast Cancer Res. 2022, 24, 67. [Google Scholar] [CrossRef]

	



Savas, P.; Salgado, R.; Denkert, C.; Sotiriou, C.; Darcy, P.K.; Smyth, M.J.; Loi, S. Clinical relevance of host immunity in breast cancer: From TILs to the clinic. Nat. Rev. Clin. Oncol. 2016, 13, 228–241. [Google Scholar] [CrossRef]

	



Denkert, C.; Loibl, S.; Noske, A.; Roller, M.; Müller, B.M.; Komor, M.; Budczies, J.; Darb-Esfahani, S.; Kronenwett, R.; Hanusch, C.; et al. Tumor-associated lymphocytes as an independent predictor of response to neoadjuvant chemotherapy in breast cancer. J. Clin. Oncol. 2010, 28, 105–113. [Google Scholar] [CrossRef]

	



Kos, Z.; Roblin, E.; Kim, R.S.; Michiels, S.; Gallas, B.D.; Chen, W.; van de Vijver, K.K.; Goel, S.; Adams, S.; Demaria, S.; et al. Pitfalls in assessing stromal tumor infiltrating lymphocytes (sTILs) in breast cancer. NPJ Breast Cancer 2020, 6, 17. [Google Scholar] [CrossRef] [PubMed]

	



Salgado, R.; Denkert, C.; Demaria, S.; Sirtaine, N.; Klauschen, F.; Pruneri, G.; Wienert, S.; Van den Eynden, G.; Baehner, F.L.; Penault-Llorca, F.; et al. The evaluation of tumor-infiltrating lymphocytes (TILs) in breast cancer: Recommendations by an International TILs Working Group 2014. Ann. Oncol. 2015, 26, 259–271. [Google Scholar] [CrossRef] [PubMed]

	



El Bairi, K.; Haynes, H.R.; Blackley, E.; Fineberg, S.; Shear, J.; Turner, S.; de Freitas, J.R.; Sur, D.; Amendola, L.C.; Gharib, M.; et al. The tale of TILs in breast cancer: A report from The International Immuno-Oncology Biomarker Working Group. NPJ Breast Cancer 2021, 7, 150. [Google Scholar] [CrossRef] [PubMed]

	



Adams, S.; Gray, R.J.; Demaria, S.; Goldstein, L.; Perez, E.A.; Shulman, L.N.; Martino, S.; Wang, M.; Jones, V.E.; Saphner, T.J.; et al. Prognostic value of tumor-infiltrating lymphocytes in triple-negative breast cancers from two phase III randomized adjuvant breast cancer trials: ECOG 2197 and ECOG 1199. J. Clin. Oncol. 2014, 32, 2959–2966. [Google Scholar] [CrossRef]

	



Loibl, S.; Untch, M.; Burchardi, N.; Huober, J.; Sinn, B.V.; Blohmer, J.U.; Grischke, E.M.; Furlanetto, J.; Tesch, H.; Hanusch, C.; 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, 1279–1288. [Google Scholar] [CrossRef] [PubMed]

	



Rapoport, B.L.; Nayler, S.; Mlecnik, B.; Smit, T.; Heyman, L.; Bouquet, I.; Martel, M.; Galon, J.; Benn, C.A.; Anderson, R. Tumor-Infiltrating Lymphocytes (TILs) in Early Breast Cancer Patients: High CD3+, CD8+, and Immunoscore Are Associated with a Pathological Complete Response. Cancers 2022, 14, 2525. [Google Scholar] [CrossRef]

	



Doroshow, D.B.; Bhalla, S.; Beasley, M.B.; Sholl, L.M.; Kerr, K.M.; Gnjatic, S.; Wistuba, I.I.; Rimm, D.L.; Tsao, M.S.; Hirsch, F.R. PD-L1 as a biomarker of response to immune-checkpoint inhibitors. Nat. Rev. Clin. Oncol. 2021, 18, 345–362. [Google Scholar] [CrossRef]

	



Du, X.; Zhou, Z.; Shao, Y.; Qian, K.; Wu, Y.; Zhang, J.; Cui, M.; Wang, J.; Wang, S.; Tai, Y. Immunoarchitectural patterns as potential prognostic factors for invasive ductal breast cancer. NPJ Breast Cancer 2022, 8, 26. [Google Scholar] [CrossRef]

	



Agostinetto, E.; Losurdo, A.; Nader-Marta, G.; Santoro, A.; Punie, K.; Barroso, R.; Popovic, L.; Solinas, C.; Kok, M.; de Azambuja, E.; et al. Progress and pitfalls in the use of immunotherapy for patients with triple negative breast cancer. Expert Opin. Investig. Drugs 2022, 31, 567–591. [Google Scholar] [CrossRef]

	



Herrero-Vicent, C.; Guerrero, A.; Gavilá, J.; Gozalbo, F.; Hernandez, A.; Sandiego, S.; Algarra, M.A.; Calatrava, A.; Guillem-Porta, V.; Ruiz-Simón, A. Predictive and prognostic impact of tumour-infiltrating lymphocytes in triple-negative breast cancer treated with neoadjuvant chemotherapy. Ecancermedicalscience 2017, 11, 759. [Google Scholar] [CrossRef]

	



Carlino, F.; Diana, A.; Piccolo, A.; Ventriglia, A.; Bruno, V.; De Santo, I.; Letizia, O.; De Vita, F.; Daniele, B.; Ciardiello, F.; et al. Immune-Based Therapy in Triple-Negative Breast Cancer: From Molecular Biology to Clinical Practice. Cancers 2022, 14, 2102. [Google Scholar] [CrossRef] [PubMed]

	



Kitano, A.; Ono, M.; Yoshida, M.; Noguchi, E.; Shimomura, A.; Shimoi, T.; Kodaira, M.; Yunokawa, M.; Yonemori, K.; Shimizu, C.; et al. Tumour-infiltrating lymphocytes are correlated with higher expression levels of PD-1 and PD-L1 in early breast cancer. ESMO Open 2017, 2, e000150. [Google Scholar] [CrossRef] [PubMed]

	



Kazemi, M.H.; Sadri, M.; Najafi, A.; Rahimi, A.; Baghernejadan, Z.; Khorramdelazad, H.; Falak, R. Tumor-infiltrating lymphocytes for treatment of solid tumors: It takes two to tango? Front. Immunol. 2022, 13, 1018962. [Google Scholar] [CrossRef]

	



Voorwerk, L.; Slagter, M.; Horlings, H.M.; Sikorska, K.; van de Vijver, K.K.; de Maaker, M.; Nederlof, I.; Kluin, R.J.C.; Warren, S.; Ong, S.; et al. Immune induction strategies in metastatic triple-negative breast cancer to enhance the sensitivity to PD-1 blockade: The TONIC trial. Nat. Med. 2019, 25, 920–928. [Google Scholar] [CrossRef]

	



Sun, G.Y.; Zhang, J.; Wang, B.Z.; Jing, H.; Fang, H.; Tang, Y.; Song, Y.W.; Jin, J.; Liu, Y.P.; Tang, Y.; et al. The prognostic value of tumour-infiltrating lymphocytes, programmed cell death protein-1 and programmed cell death ligand-1 in Stage I–III triple-negative breast cancer. Br. J. Cancer 2023, 128, 2044–2053. [Google Scholar] [CrossRef]

	



Adams, S.; Loi, S.; Toppmeyer, D.; Cescon, D.W.; De Laurentiis, M.; Nanda, R.; Winer, E.P.; Mukai, H.; Tamura, K.; Armstrong, A.; et al. Pembrolizumab monotherapy for previously untreated, PD-L1-positive, metastatic triple-negative breast cancer: Cohort B of the phase II KEYNOTE-086 study. Ann. Oncol. 2019, 30, 405–411. [Google Scholar] [CrossRef]

	



Wang, H.; Yee, D. I-SPY 2: A Neoadjuvant Adaptive Clinical Trial Designed to Improve Outcomes in High-Risk Breast Cancer. Curr. Breast Cancer Rep. 2019, 11, 303–310. [Google Scholar] [CrossRef]

	



Sasaki, R.; Horimoto, Y.; Yanai, Y.; Kurisaki-Arakawa, A.; Arakawa, A.; Nakai, K.; Saito, M.; Saito, T. Molecular Characteristics of Lymphocyte-predominant Triple-negative Breast Cancer. Anticancer. Res. 2021, 41, 2133–2140. [Google Scholar] [CrossRef]

	



Olave, M.C.; Graham, R.P. Mismatch repair deficiency: The what, how and why it is important. Genes Chromosomes Cancer 2021, 61, 314–321. [Google Scholar] [CrossRef]

	



Lopez, G.; Venetis, K.; Sajjadi, E.; Fusco, N. Mismatch Repair System Genomic Scars in Gastroesophageal Cancers: Biology and Clinical Testing. Gastrointest. Disord. 2020, 2, 341–352. [Google Scholar] [CrossRef]

	



Yoshioka, K.-I.; Kusumoto-Matsuo, R.; Matsuno, Y.; Ishiai, M. Genomic Instability and Cancer Risk Associated with Erroneous DNA Repair. Int. J. Mol. Sci. 2021, 22, 12254. [Google Scholar] [CrossRef] [PubMed]

	



Fusco, N.; Lopez, G.; Corti, C.; Pesenti, C.; Colapietro, P.; Ercoli, G.; Gaudioso, G.; Faversani, A.; Gambini, D.; Michelotti, A.; et al. Mismatch Repair Protein Loss as a Prognostic and Predictive Biomarker in Breast Cancers Regardless of Microsatellite Instability. JNCI Cancer Spectr. 2018, 2, pky056. [Google Scholar] [CrossRef]

	



Corti, C.; Sajjadi, E.; Fusco, N. Determination of Mismatch Repair Status in Human Cancer and Its Clinical Significance: Does One Size Fit All? Adv. Anat. Pathol. 2019, 26, 270–279. [Google Scholar] [CrossRef] [PubMed]

	



Hou, Y.; Nitta, H.; Parwani, A.V.; Li, Z. PD-L1 and CD8 are associated with deficient mismatch repair status in triple-negative and HER2-positive breast cancers. Hum. Pathol. 2019, 86, 108–114. [Google Scholar] [CrossRef]

	



Schöniger, S.; Rüschoff, J. Mismatch Repair Deficiency and Microsatellite Instability. Encyclopedia 2022, 2, 1559–1576. [Google Scholar] [CrossRef]

	



Marcus, L.; Lemery, S.J.; Keegan, P.; Pazdur, R. FDA Approval Summary: Pembrolizumab for the Treatment of Microsatellite Instability-High Solid Tumors. Clin. Cancer Res. 2019, 25, 3753–3758. [Google Scholar] [CrossRef] [PubMed]

	



Ren, X.-Y.; Song, Y.; Wang, J.; Chen, L.-Y.; Pang, J.-Y.; Zhou, L.-R.; Shen, S.-J.; Cao, X.; Wang, Y.-X.; Shao, M.-M.; et al. Mismatch Repair Deficiency and Microsatellite Instability in Triple-Negative Breast Cancer: A Retrospective Study of 440 Patients. Front. Oncol. 2021, 11, 570623. [Google Scholar] [CrossRef]

	



Venetis, K.; Sajjadi, E.; Haricharan, S.; Fusco, N. Mismatch repair testing in breast cancer: The path to tumor-specific immuno-oncology biomarkers. Transl. Cancer Res. 2020, 9, 4060–4064. [Google Scholar] [CrossRef]

	



Hacking, S.; Chou, C.; Baykara, Y.; Wang, Y.; Uzun, A.; Gamsiz Uzun, E.D. MMR Deficiency Defines Distinct Molecular Subtype of Breast Cancer with Unique Proteomic Networks and Variable Clinical Significance. Int. J. Mol. Sci. 2023, 24, 5327. [Google Scholar] [CrossRef]

	



Bianchini, G.; De Angelis, C.; Licata, L.; Gianni, L. Treatment landscape of triple-negative breast cancer-expanded options, evolving needs. Nat. Rev. Clin. Oncol. 2022, 19, 91–113. [Google Scholar] [CrossRef]

	



Özcan, D.; Lade-Keller, J.; Tramm, T. Can evaluation of mismatch repair defect and TILs increase the number of triple-negative breast cancer patients eligible for immunotherapy? Pathol. Res. Pract. 2021, 226, 153606. [Google Scholar] [CrossRef] [PubMed]

	



Horimoto, Y.; Hlaing, M.T.; Saeki, H.; Kitano, S.; Nakai, K.; Sasaki, R.; Kurisaki-Arakawa, A.; Arakawa, A.; Otsuji, N.; Matsuoka, S.; et al. Microsatellite instability and mismatch repair protein expressions in lymphocyte-predominant breast cancer. Cancer Sci. 2020, 111, 2647–2654. [Google Scholar] [CrossRef] [PubMed]

	



Hu, L.; Sun, J.; Li, Z.; Qu, Z.; Liu, Y.; Wan, Q.; Liu, J.; Ding, X.; Zang, F.; Zhang, J.; et al. Clinical relevance of pathogenic germline variants in mismatch repair genes in Chinese breast cancer patients. npj Breast Cancer 2022, 8, 52. [Google Scholar] [CrossRef] [PubMed]

	



Davies, H.; Morganella, S.; Purdie, C.A.; Jang, S.J.; Borgen, E.; Russnes, H.; Glodzik, D.; Zou, X.; Viari, A.; Richardson, A.L.; et al. Whole-Genome Sequencing Reveals Breast Cancers with Mismatch Repair Deficiency. Cancer Res. 2017, 77, 4755–4762. [Google Scholar] [CrossRef] [PubMed]

	



Couture, H.D. Deep Learning-Based Prediction of Molecular Tumor Biomarkers from H&E: A Practical Review. J. Pers. Med. 2022, 12, 2022. [Google Scholar] [CrossRef]

	



Pisapia, P.; L’imperio, V.; Galuppini, F.; Sajjadi, E.; Russo, A.; Cerbelli, B.; Fraggetta, F.; D’amati, G.; Troncone, G.; Fassan, M.; et al. The evolving landscape of anatomic pathology. Crit. Rev. Oncol. 2022, 178, 103776. [Google Scholar] [CrossRef]

	



Bera, K.; Schalper, K.A.; Rimm, D.L.; Velcheti, V.; Madabhushi, A. Artificial intelligence in digital pathology—New tools for diagnosis and precision oncology. Nat. Rev. Clin. Oncol. 2019, 16, 703–715. [Google Scholar] [CrossRef]

	



Abels, E.; Pantanowitz, L.; Aeffner, F.; Zarella, M.D.; Laak, J.; Bui, M.M.; Vemuri, V.N.; Parwani, A.V.; Gibbs, J.; Agosto-Arroyo, E.; et al. Computational pathology definitions, best practices, and recommendations for regulatory guidance: A white paper from the Digital Pathology Association. J. Pathol. 2019, 249, 286–294. [Google Scholar] [CrossRef]

	



Aeffner, F.; Zarella, M.D.; Buchbinder, N.; Bui, M.M.; Goodman, M.R.; Hartman, D.J.; Lujan, G.M.; Molani, M.A.; Parwani, A.V.; Lillard, K.; et al. Introduction to Digital Image Analysis in Whole-slide Imaging: A White Paper from the Digital Pathology Association. J. Pathol. Informatics 2019, 10, 9. [Google Scholar] [CrossRef]

	



Huang, Z.; Shao, W.; Han, Z.; Alkashash, A.M.; De la Sancha, C.; Parwani, A.V.; Nitta, H.; Hou, Y.; Wang, T.; Salama, P.; et al. Artificial intelligence reveals features associated with breast cancer neoadjuvant chemotherapy responses from multi-stain histopathologic images. npj Precis. Oncol. 2023, 7, 14. [Google Scholar] [CrossRef]

	



Koelzer, V.H.; Gisler, A.; Hanhart, J.C.; Griss, J.; Wagner, S.N.; Willi, N.; Cathomas, G.; Sachs, M.; Kempf, W.; Thommen, D.; et al. Digital image analysis improves precision of PD-L1 scoring in cutaneous melanoma. Histopathology 2018, 73, 397–406. [Google Scholar] [CrossRef] [PubMed]

	



Kapil, A.; Meier, A.; Zuraw, A.; Steele, K.E.; Rebelatto, M.C.; Schmidt, G.; Brieu, N. Deep Semi Supervised Generative Learning for Automated Tumor Proportion Scoring on NSCLC Tissue Needle Biopsies. Sci. Rep. 2018, 8, 17343. [Google Scholar] [CrossRef] [PubMed]

	



Taylor, C.R.; Jadhav, A.P.; Gholap, A.; Kamble, G.; Huang, J.; Gown, A.; Doshi, I.; Rimm, D.L. A Multi-Institutional Study to Evaluate Automated Whole Slide Scoring of Immunohistochemistry for Assessment of Programmed Death-Ligand 1 (PD-L1) Expression in Non-Small Cell Lung Cancer. Appl. Immunohistochem. Mol. Morphol. 2019, 27, 263–269. [Google Scholar] [CrossRef] [PubMed]

	



Wang, X.; Wang, L.; Bu, H.; Zhang, N.; Yue, M.; Jia, Z.; Cai, L.; He, J.; Wang, Y.; Xu, X.; et al. How can artificial intelligence models assist PD-L1 expression scoring in breast cancer: Results of multi-institutional ring studies. npj Breast Cancer 2021, 7, 61. [Google Scholar] [CrossRef] [PubMed]

	



Sun, P.; He, J.; Chao, X.; Chen, K.; Xu, Y.; Huang, Q.; Yun, J.; Li, M.; Luo, R.; Kuang, J.; et al. A Computational Tumor-Infiltrating Lymphocyte Assessment Method Comparable with Visual Reporting Guidelines for Triple-Negative Breast Cancer. Ebiomedicine 2021, 70, 103492. [Google Scholar] [CrossRef]

	



Le, H.; Gupta, R.; Hou, L.; Abousamra, S.; Fassler, D.; Torre-Healy, L.; Moffitt, R.A.; Kurc, T.; Samaras, D.; Batiste, R.; et al. Utilizing Automated Breast Cancer Detection to Identify Spatial Distributions of Tumor-Infiltrating Lymphocytes in Invasive Breast Cancer. Am. J. Pathol. 2020, 190, 1491–1504. [Google Scholar] [CrossRef]

	



Park, J.H.; Kim, E.Y.; Luchini, C.; Eccher, A.; Tizaoui, K.; Shin, J.I.; Lim, B.J. Artificial Intelligence for Predicting Microsatellite Instability Based on Tumor Histomorphology: A Systematic Review. Int. J. Mol. Sci. 2022, 23, 2462. [Google Scholar] [CrossRef]

	



Lee, S.H.; Song, I.H.; Jang, H. Feasibility of deep learning-based fully automated classification of microsatellite instability in tissue slides of colorectal cancer. Int. J. Cancer 2021, 149, 728–740. [Google Scholar] [CrossRef]

	



Geurts, V.; Kok, M. Immunotherapy for Metastatic Triple Negative Breast Cancer: Current Paradigm and Future Approaches. Curr. Treat Options Oncol. 2023, 24, 628–643. [Google Scholar] [CrossRef]








[image: Jpm 13 01176 g001 550] 





Figure 1. Overview and applications of digital and computational pathology to enhance testing of immune-related biomarkers in TNBC. PD-L1 (CPS): programmed death-1 ligand (combined positive score); PD-L1 (IC): programmed death-1 ligand (immune cell score); TILs: tumor-infiltrating lymphocytes; MMR: mismatch repair; MSI: microsatellite instability. 
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Table 1. Comparison of immunohistochemical companion diagnostic assays for PD-L1 assessment in TNBC.
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	Assay
	VENTANA PD-L1 (SP142)
	PD-L1 IHC 22C3 pharmDx



	Manufacturer
	Roche Diagnostics
	Agilent (Dako)



	Scoring system
	IC
	CPS



	Cut-off value
	≥1%
	≥10



	Evaluation
	Area occupied by PD-L1 stained immune cells (lymphocytes, macrophages, dendritic cells, and granulocytes) as a percentage of the whole tumor area
	Summing up PD-L1 stained tumor cells and PD-L1 stained immune cells (lymphocytes and macrophages), divided by the total number of viable tumor cells, and multiplied by 100



	Immune checkpoint inhibitor
	Atezolizumab (Tecentriq©)
	Pembrolizumab (Keytruda©)







IC: immune-cell score; CPS: combined positive score.
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Table 2. Overview of major clinical trials assessing immunotherapy-specific biomarkers in TNBC.
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Study/NCT

	
Phase

	
Tumor Type

	
Drug

	
Number of Patients

	
Status






	
Observational

	
PERCEPTION (NCT04068623)

	
-

	
TNBC

	
-

	
90

	
Recruiting




	
NCT03165487

	
-

	
TNBC

	
-

	
30

	
Recruiting




	
TNBCbrazil

(NCT03539965)

	
-

	
TNBC

	
-

	
239

	
Completed




	
NCT05230186

	
-

	
Multiple solid tumors

	
-

	
200

	
Recruiting




	
TIP (NCT05831553)

	
-

	
TNBC

	
-

	
100

	
Recruiting




	
Interventional

	
TILS001

(NCT05451784)

	
I/II

	
Advanced TNBC

	
NUMARZU-001

	
20

	
Not yet recruiting




	
Pembro/IORT

(NCT02977468)

	
I

	
TNBC

	
Pembrolizumab

	
15

	
Recruiting




	
NCT04331067

	
I/II

	
Localized TNBC

	
Nivolumab

	
15

	
Active, not recruiting




	
NCT05556200

	
II

	
Early stage TNBC

	
Camrelizumab

	
58

	
Recruiting




	
NCT03449108

	
II

	
Multiple solid tumors

	
Autologous tumor infiltrating lymphocytes LN-145

	
95

	
Recruiting




	
IMpALA

(NCT04188119)

	
II

	
TNBC

	
Avelumab

	
42

	
Not yet recruiting




	
NIB (NCT03289819)

	
II

	
TNBC

	
Pembrolizumab

	
53

	
Completed




	
START (NCT05492682)

	
I

	
Multiple solid tumors

	
PeptiCRAd-1

	
15

	
Recruiting




	
NCT03911453

	
I

	
TNBC

	
Rucaparib

	
20

	
Active, not recruiting




	
ASTEROID (NCT05082259)

	
I

	
TNBC

	
Pembrolizumab

	
48

	
Recruiting




	
NCT02276443

	
-

	
TNBC

	
Chemotherapy

Immunotherapy

	
1000

	
Recruiting




	
NCT03106415

	
I/II

	
Advanced TNBC

	
Binimetinib

	
38

	
Active, not recruiting




	
NCT02981303

	
II

	
Advanced TNBC

	
Pembrolizumab

	
64

	
Completed




	
PAveMenT

(NCT04360941)

	
I

	
Metastatic TNBC

	
Palbociclib, Avelumab

	
45

	
Recruiting




	
NCT05929768

	
III

	
Early TNBC

	
Cyclophosphamide

	
2400

	
Not yet recruiting




	
NCT03606967

	
II

	
Metastatic TNBC

	
Carboplatin

	
70

	
Recruiting




	
GeparSixto

(NCT01426880)

	
II/III

	
Early TNBC

	
Carboplatin

	
595

	
Completed




	
ATRC-101 (NCT04244552)

	
I

	
Multiple solid tumors

	
ATRC-101, Pembrolizumab

	
240

	
Recruiting








TNBC: triple-negative breast cancer.
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