TMB as a Predictive Biomarker for ICI Response in TNBC: Current Evidence and Future Directions
Abstract
Triple-negative breast cancer (TNBC) is an aggressive subtype characterized by the absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) expression, presenting significant therapeutic challenges. Recent advances have identified immune checkpoint inhibitors (ICIs), especially anti-PD-1/PD-L1 agents, as promising treatments for TNBC. Tumor mutational burden (TMB) has emerged as a potential predictive biomarker for ICI response.
This review examines the current evidence supporting TMB as a biomarker, its relationship with ICI efficacy, and future directions in TNBC therapy. We explore the mechanisms linking high TMB to enhanced neoantigen presentation, which leads to improved immune responses and better patient outcomes with ICIs. Additionally, we discuss the role of combination therapies involving ICIs with chemotherapy or PARP inhibitors, and how TMB can guide treatment personalization in TNBC.
While TMB shows promise, further research is needed to establish standardized measurement techniques and cutoffs, enhancing its clinical utility in predicting ICI response. Future studies focusing on tumor microenvironment interactions and resistance mechanisms are crucial for advancing precision oncology in TNBC.
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1. Background
1.1. Background on Triple-Negative Breast Cancer
Triple-negative breast cancer (TNBC) is a subtype of breast cancer characterized by the absence of estrogen receptor (ER), progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2) expression (1). This subtype accounts for approximately 15% of all breast cancers (2).TNBC is known for its aggressive nature, high rates of recurrence, and poor prognosis compared to other breast cancer subtypes (3). Studies have shown that TNBC is more prevalent in certain high-risk groups, such as younger women and Black women (2).In the United States, TNBC accounted for 12% of breast cancers diagnosed between 2012 and 2016, with a 5-year survival rate 8% to 16% lower than hormone receptor-positive disease (2).
The treatment landscape for TNBC poses significant challenges due to the lack of targeted therapies like those available for hormone receptor-positive or HER2-positive breast cancers (4). TNBC is associated with preferential relapse in visceral organs, including the central nervous system, making it particularly difficult to treat (5). Neoadjuvant chemotherapy has shown higher response rates in TNBC compared to other subtypes of breast cancer, a phenomenon known as the TNBC paradox (6). However, despite this initial responsiveness to chemotherapy, TNBC remains aggressive and is linked to a poorer response to therapy, leading to inferior clinical outcomes (4).
Research has highlighted various factors associated with TNBC, including genetic predisposition. Women with TNBC have been found to have a higher prevalence of pathogenic variants, with 23% of women with triple-negative tumors showing these variants (7). Additionally, TNBC is more common in individuals with a family history of breast cancer, particularly those carrying deleterious germ-line mutations in genes like BRCA1, where approximately 57-80% of BRCA1-associated breast cancers exhibit the triple-negative phenotype (8).
Furthermore, metabolic factors like obesity and metabolic syndrome have been linked to TNBC. Metabolically activated macrophages in obese mammary adipose tissue have been identified as a source of interleukin-6 (IL-6), which promotes TNBC stemness and tumorigenesis through GP130 signaling (9). The association between metabolic syndrome and TNBC has been noted, with TNBC showing a significantly higher histological grade and a relative absence of ductal carcinoma in situ (DCIS) (10).
TNBC is also characterized by its molecular features, with studies identifying differential gene expressions associated with this subtype. For instance, the differential expression of genes like histone clusters and spindle and kinetochore associated complex subunit 3 has been linked to TNBC, providing insights into the transcriptional features of this aggressive breast cancer subtype. Additionally, the expression of certain genes like TOMM22 and T-cell receptor genes has been associated with survival in TNBC, suggesting their potential as biomarkers for understanding the etiology and progression of the disease.
1.2. Immune Checkpoint Inhibitors in TNBC
Immune checkpoint inhibitors (ICIs) have emerged as a promising treatment for TNBC, a particularly aggressive subtype with limited treatment options (11,12). ICIs, such as anti-PD-1/PD-L1 agents, work by enhancing anti-cancer immune responses and have shown efficacy in both metastatic and early-stage TNBC (13). Clinical trials, including KEYNOTE 522 and KEYNOTE 355, have led to the FDA approval of pembrolizumab in combination with chemotherapy for early-stage and metastatic TNBC (14). While ICI monotherapy has shown limited responses, combination therapies with chemotherapy, targeted agents, and radiation have demonstrated improved outcomes (12,13). However, challenges remain, including optimizing patient selection, reducing resistance, and managing immune-related adverse events (15). Ongoing research focuses on identifying biomarkers of response and exploring novel combination strategies to enhance the efficacy of ICIs in TNBC treatment (14)
Immune checkpoints are the negative regulatory components of the immune system that plays a vital role in self-tolerance (16,17). In case of clearance of “faulty” self-cells, these components must be turned off in order to activate our immune system. (ICIs) are small oligopeptides that act upon the components of immune checkpoint and transmit an array of feedback and feed-forward signals to turn off the immune regulatory checkpoint and help in activating the immune response. From this point of view, the researchers suggested that this part of the immune system might be useful in the therapeutic uses against various kind of cancers. Allison and Honjo (1990s) mainly worked on this field of enhancing the immune system’s ability to recognize and eliminate cancer cells by blocking inhibitory molecules on immune cells or tumor cells. They discovered that some proteins present on the surface of the T-cell, such as CTLA-4 and PD-1 mainly act as “brakes” in the case of T-cell activation (the negative regulation of the immune system). Applying these “brakes” can contribute to an inhibition of the clearance of the pathogens (as illustrated in Figure 1. (A) and (C)). In an effort to facilitate to block the function of these CTLA-4 and PD-1; they exploited monoclonal antibodies raised against CTLA-4 and PD-1, i.e., “anti-CTLA-4-antibody” and “anti-PD-1-antibody” (18) (as illustrated in Figure 1. (B) and (D)).
Immune checkpoint inhibitors (ICIs), particularly programmed cell death protein 1 (PD-1) and programmed death-ligand 1 (PD-L1) inhibitors, have emerged as promising therapeutic agents in triple-negative breast cancer (TNBC) (19). These inhibitors work by inhibiting immune checkpoint proteins, reactivating T immune responses against tumors, and achieving antitumor effects (20). The development of ICIs has initiated the era of immunotherapy for TNBC, offering substantial improvement in overall prognosis for TNBC patients (21). Clinical trials evaluating the use of combinations of checkpoint inhibitors to improve the response rate have shown that dual application of immune checkpoints inhibitors, such as the blockade of CTLA-4 and PD-1/PD-L1 pathways, is a promising approach in TNBC (22).
While ICIs are considered a promising strategy for TNBC patients due to their effectiveness for highly immunogenic cancers, results from initial clinical trials have shown benefits for only a minority of patients (23). Recent efforts to implement ICIs into the treatment landscape of TNBC have led to improved outcomes in a subset of patients in both early-stage and metastatic settings (24). The efficacy of ICI therapy in TNBC and BRCA-mutated breast cancer may be restrained by MYC-induced suppression of local immune cells, highlighting the complexity of the tumor microenvironment in influencing treatment outcomes.
The use of ICIs in TNBC treatment has shown potential for improving patient outcomes due to the relatively high degree of immunogenicity of most TNBCs compared to other types of breast cancer (25). Additionally, the combination of CDK4/6 inhibitors with other targeted therapies like Sitravatinib has been shown to modify the immune landscape of TNBC to favour immune checkpoint blockade, indicating the potential for synergistic effects with combination therapies (26). Recent studies have identified immunotherapy targets in TNBC, such as Lgals2, suggesting new avenues for enhancing the efficacy of immune-based treatments in this subtype of breast cancer (27).
The role of immune checkpoint inhibitors in TNBC has expanded into neoadjuvant settings, with drugs like pembrolizumab and atezolizumab showing progression-free survival benefits in phase III trials (28). The identification of HLA class I-restricted immunogenic neoantigens in TNBC has provided insights into potential targets for immunotherapy, further supporting the use of ICIs in this subtype of breast cancer (29). Clinical data have demonstrated the potential of PD-1/PD-L1-based ICIs in treating TNBC, despite challenges posed by factors like tumor hypoxia, low PD-L1 expression, and immunosuppressive cells (30).
1.3. Tumor Mutation Burden
Tumor mutational burden (TMB) is defined as the number of somatic mutations per megabase of genomic sequence and has emerged as a promising biomarker for predicting response to ICIs across various cancer types (31,32).TMB can be reliably estimated using Next-generation sequencing assays, making it accessible for clinical use (31). In TNBC, higher TMB is associated with increased benefit from ICIs, both in combination with chemotherapy and as monotherapy (33). A meta-analysis of 26 studies involving 5,712 patients demonstrated that high TMB groups showed better overall survival and progression-free survival compared to low TMB groups when treated with ICIs (34). However, standardization of TMB calculation methods and cut-off values is crucial for its successful implementation as a clinical biomarker (32,33).
Tumor Mutational Burden (TMB) is a crucial biomarker in cancer that quantifies the total number of mutations present in a tumor (35). It is typically measured as the number of mutations per megabase of the tumor DNA (35). TMB holds significant importance in cancer prognosis and treatment response, particularly in the context of immunotherapy using immune checkpoint inhibitors (ICIs) (36). High TMB levels have been associated with a better response to ICIs across various cancer types (37). The rationale behind this lies in the fact that tumors with high TMB tend to have a higher number of neoantigens, which can be recognized by the immune system, leading to enhanced anti-tumor immune responses (38).
The measurement of TMB can be conducted through various methods, with panel sequencing-based estimates of TMB (psTMB) gaining prominence as a predictive biomarker for ICI therapy (39). Panel sequencing allows for the estimation of TMB by analyzing a subset of genes rather than the entire exome, providing a more practical and cost-effective approach (39). The accuracy and reliability of TMB measurements are crucial for its clinical utility, as evidenced by studies that have highlighted the impact of TMB levels on treatment outcomes (40).
In the specific context of TNBC, the assessment of TMB has shown promise in predicting responses to ICI drugs. TNBC is known for its aggressive nature and limited treatment options, making the identification of predictive biomarkers like TMB crucial for personalized therapy (41). Studies have indicated that TNBC patients with high TMB levels may exhibit improved responses to ICIs, suggesting that TMB assessment could aid in treatment decision-making for this challenging subtype of breast cancer (41).
Furthermore, the association between TMB and treatment outcomes extends beyond TNBC to other cancer types, including colorectal cancer, lung cancer, and gastric cancer (42–44). In these malignancies, high TMB has been linked to favorable responses to immunotherapy and better prognoses (42–44). The predictive power of TMB in guiding treatment strategies underscores its potential as a valuable tool in precision oncology, where therapies can be tailored based on the individual tumor's mutational landscape (45).
Moreover, the influence of factors such as age and sex on the predictive value of TMB in immunotherapy response has been explored, highlighting the need for a comprehensive understanding of the interplay between TMB and patient characteristics (46,47). These considerations are essential for optimizing the use of TMB as a predictive biomarker and ensuring its clinical relevance across diverse patient populations (46,47).
2. The Relationship Between TMB and ICI Response in TNBC
2.1. Evidence Linking TMB to ICI Efficacy
Recent studies have highlighted TMB as a promising biomarker for predicting response to ICIs across various cancer types, including triple-negative breast cancer (TNBC). Meta-analyses have shown that higher TMB levels correlate with improved overall survival and progression-free survival in patients receiving ICIs (34,48). TMB can be reliably estimated using next-generation sequencing assays, making it accessible for clinical use (31). In TNBC specifically, TMB is considered one of the most clinically relevant biomarkers for predicting ICI efficacy, alongside PD-L1 expression and tumor-infiltrating lymphocytes (49). Furthermore, the combination of TMB with other factors, such as immune gene expression profiles, has been suggested further to enhance the prediction of treatment response in TNBC patients (13). However, the relationship between TMB and ICI-related toxicity remains unclear (48). While TMB shows promise as a predictive biomarker, further validation across cancer types and immunotherapy regimens is needed to establish its clinical utility in guiding treatment decisiosns.
In TNBC specifically, high TMB levels have been observed in a subset of patients, and TMB has been evaluated as a potential biomarker to predict response to ICIs (50). Additionally, studies have highlighted the importance of immune-related factors, such as PD-L1 expression and immune cell infiltration, in conjunction with TMB levels in determining ICI treatment outcomes in TNBC (51,52). The interplay between TMB and other genomic features, such as mutational profiles, has been shown to impact overall survival and response to ICI therapy (51,53).
Moreover, the predictive value of TMB in guiding immunotherapy response has been demonstrated in various cancer types, including lung cancer, colorectal cancer, and melanoma (54–56). TMB has been linked to a stronger immune response to ICIs, potentially due to the increased likelihood of tumor cells with higher TMB being recognized by the immune system (57). Notably, TMB quantification has been associated with ICI response and has been practically feasible for clinical assessment (58).
TNBC exhibits a distinctive mutational profile and high immunogenicity compared to other breast cancer subtypes (59–61). TNBC is characterized by elevated tumor mutational burden, increased immune cell infiltrates, and higher expression of immune-related genes, including those associated with immune checkpoints and regulatory T cells (59). The immunogenic nature of TNBC has significant implications for immunotherapy, which has shown promising results in both early and metastatic stages of the disease (62,63). TP53 mutations in TNBC are associated with higher expression of immune checkpoint and cancer testis gene sets (64). While PD-L1 expression is considered predictive of response to checkpoint inhibitor therapy, challenges remain in its use as a biomarker (62). The complex interplay between immune infiltration and mutational signatures in TNBC warrants further investigation to optimize immunotherapeutic strategies (63).
Recent studies utilizing high-throughput genomic data analysis have suggested that different TMB-value subsets of a TNBC patient cohort may exhibit differences in immune-cell infiltration (65). However, more comprehensive studies across large TNBC patient cohorts are necessary to definitively ascertain whether TMB levels differ between subtypes and subsequently impact prognosis or treatment responses. Such investigations would ultimately aid physicians in developing more effective treatment regimens. Lehmann et al. have reported that the TNBC subtype of breast cancer can be further categorized into seven distinct subsets based on their gene expression profiling. These subsets comprise two basal-like subtypes, namely BL1 and BL2, an immunomodulatory subtype (IM), a mesenchymal subtype (M), a mesenchymal stem-like subtype (MSL), a luminal androgen receptor subtype (LAR), and an unstable subtype (UNS) (66,67). The classification system for TNBC has undergone revisions, resulting in a reduction from to four subtypes (TNBCtype-4: BL1, BL2, M and LAR). These changes were implemented in order to enhance the precision and fidelity of the subtyping system, thereby ensuring its alignment with the authentic molecular attributes of TNBC tumors (68). Consequently, this update furnishes more accurate information for the purposes of diagnosis, prognosis, and treatment selection. The measurement of TMB is a continuous variable that has been observed to vary both across and within cancer types. While certain types of cancer, such as lung and head and neck cancers, exhibit less variability in TMB, others demonstrate greater variation. TMB can be quantified through a variety of methods (discussed in detail in 4.2), including next-generation sequencing (NGS) of formalin-fixed, paraffin-embedded (FFPE) tissue samples or the use of targeted panels such as the MSK-IMPACT panel or the Oncomine™ Tumor Mutational Load (OTML) assay. However, it is important to select an appropriate cutoff for the tumor type being tested in order to obtain a reliable and clinically meaningful TMB score that can be used to accurately define high TMB.
The presence of a significant number of non-synonymous mutations in TNBC generates neoantigens specific to tumors, activating robust anti-tumor immune responses that can be leveraged by immunotherapeutic agents like immune checkpoint inhibitors (ICIs) (69). TNBC exhibits a higher mutational burden compared to other breast cancer subtypes, rendering it the most immunogenic subtype (70).  The high expression levels of tumor-infiltrating lymphocytes (TILs), programmed death-ligand protein-1 (PD-L1), tumor mutational burden (TMB), microsatellite instability (MSI), and mismatch repair deficiency (MMR) in TNBC make it a potential candidate for immunotherapy (71).  Additionally, TNBC is associated with high levels of tumor-infiltrating lymphocytes and PD-L1 expression, supporting the investigation of immune checkpoint inhibitors in this breast cancer subtype (72). 
Basal-like TNBCs, a subtype of TNBC, are known to have a high frequency of BRCA1 and BRCA2 mutations, further contributing to genetic instability and predicting a favorable response to immunotherapy (73).  The heterogeneity of TNBC poses challenges in patient selection for immunotherapies, emphasizing the need for personalized treatment approaches (74).  The immune microenvironment of TNBC plays a crucial role in determining patient response to immunotherapy, with immune-favorable subtypes benefiting the most from such treatments (75). TNBC's high immunogenicity and the potential for eliciting a strong immune response make it a suitable candidate for immunotherapy (20).
In conclusion, TNBC's mutational landscape, characterized by high genomic instability and mutational burden, presents a double-edged sword for immunotherapy. On one hand, it poses challenges due to its complexity; on the other, it offers unique opportunities. By harnessing TNBC's distinctive immunogenic features—such as elevated levels of tumor-infiltrating lymphocytes, increased PD-L1 expression, and high mutational burden—researchers and clinicians can pave the way for potent immunotherapeutic strategies tailored to combat this notoriously aggressive breast cancer subtype.
2.2. Mechanisms of Action
Higher TMB correlates with increased neoantigen production, enhancing T cell recognition and activation (76).  Research demonstrates a strong link between TMB and the clinical efficacy of PD-1/L1 monotherapy and combination ICIs with PD-1/L1 plus CTLA-4, with high TMB tumors showing the greatest benefit (48). However, TMB is not a perfect predictor of ICI response due to intra-tumor heterogeneity, which can hinder efficient neoantigen recognition by T cells (77). Patients with high TMB exhibited improved overall survival and progression-free survival when treated with ICIs compared to chemotherapy alone, while low TMB patients did not show significant benefit (34). Future studies should aim to develop composite predictors incorporating additional variables such as MHC and T cell receptor repertoire (76).
TMB plays a significant role in modulating immune responses and enhancing the effectiveness of immune checkpoint inhibitors (ICIs). High TMB is associated with increased neoantigen production, which can be recognized by the immune system, thereby facilitating a robust anti-tumor immune response (78–80). Studies have demonstrated that tumors with elevated TMB exhibit a higher response rate to ICIs, as they tend to harbor a greater abundance of tumor-infiltrating lymphocytes, including CD8+ T cells, which are crucial for effective immunotherapy (46,81,82). Furthermore, TMB has been identified as an independent biomarker for predicting immunotherapy outcomes across various cancer types, including melanoma and lung cancer (83–85). The correlation between TMB and immune cell infiltration underscores its potential as a predictive marker for ICI efficacy, suggesting that higher TMB may enhance the immunogenicity of tumors and improve patient outcomes in immunotherapy (86,87).
Neoantigens, which arise from tumor-specific mutations, play a crucial role in T cell activation and the immune response against cancer. They are recognized by T cells when presented by major histocompatibility complex (MHC) molecules, making them promising targets for immunotherapy (88). The generation of neoantigens can be influenced by various factors, including the downregulation of specific proteins, which can enhance T cell responses (89). Studies have shown that neoantigen-loaded dendritic cell vaccines can elicit robust CD4+ and CD8+ T cell responses, indicating their potential in cancer treatment (90). Furthermore, the presence of a higher neoantigen load correlates with increased tumor-infiltrating lymphocytes and better responses to immune checkpoint blockade therapies (91). Overall, neoantigens are pivotal in shaping the adaptive immune response, providing a foundation for developing personalized cancer vaccines and immunotherapies (92).
2.3. Use in Precision Therapy
In order to unveil a novel, high-precision therapeutic strategy, it is a mandatory prerequisite to meticulously scrutinize the presently employed targeted therapeutic modalities for TNBC, with the ultimate objective of ascertaining their potential limitations and shortcomings. Supplementary data, Table 2 (Therapeutic avenues for TNBC) presents an assemblage of the therapeutic approaches utilized in the management of triple-negative breast cancer. Precision medicine requires the selection of suitable biomarkers to predict the efficiency of targeted therapy in specific groups of patients. In breast cancer therapy, several possible druggable mutations have been identified in breast tumors that may be utilized for therapy design. The precision-medicine strategy can identify effective biomarkers which predict the efficiency of targeted therapy in a particular patient population. Among breast cancer therapies, endocrine therapy targets the estrogen and progesterone receptors for hormone-receptor-positive breast cancer. Both of the mentioned therapies have revolutionized the treatment outcomes for breast cancer patients and are widely used to target hormone receptors that are found on breast cancer cells. The discovery of HER2 overexpression has led to the development of multiple HER2-targeted agents. As mentioned earlier, in the case of TNBC, none of these biomarkers are present, so alternative targeted therapy approaches are necessary. Combination therapy strategies in combination with appropriate single modalities may significantly improve the precision-medicine treatment of metastatic breast cancer and TNBC patients. Precision treatment strategies for breast cancer entail the refinement of our comprehension of breast subtypes and treatment biomarkers through the amalgamation of knowledge derived from various data types and evidence-based clinical trials (93). In the context of TNBC, the identification of distinct subclasses grounded on intrinsic signals and the tumor microenvironment can facilitate prognostication of response to established therapies and pinpoint nascent therapeutic targets (94). Furthermore, atypical genetic alterations have been investigated as possible indicators for the detection, prognosis, monitoring of treatment effectiveness, and prediction of breast cancer risk. This has led to the possibility of implementing epigenetic-modulatory dietary bioactives for precision medicine (95). The utilization of Dempster Shafer decision Theory (DST) in conjunction with gene expression data has shown promise in augmenting diagnostic precision for hormone receptor status in breast cancer (96). Through the integration of pivotal data acquired from gene expression and conventional diagnostics, the DST process epitomizes an elevated standard of diagnostic precision, ultimately culminating in the potential to amplify the efficacy of precision therapy for breast cancer patients. Precision medicine: This approach involves individualized, personalized treatment of a disease, taking into account the genetic makeup, lifestyle, and type of disease of each patient. It is different from the prevalent method of treatment, which is a common cure for all. Precision medicine promises a better rate of cure, with a speedier recovery, as each individual is getting a more defined treatment. The mechanism of action involves identifying the driver mutations in the cancer cells and targeting them with specific therapies. Genomic approaches: In the case of breast cancer, genomics, and precision medicine are used to identify the driver mutations in the cancer cells and target them with specific therapies. Different types of breast cancer are characterized by unique biomarkers that are targeted using various genomic approaches by clinicians and companies worldwide to achieve efficient treatment with minimal side effects. Precision medicine provides a more tailored approach, making the combination of existing therapies more precise. These approaches involve targeting the unique biomarkers of different types of cancers using various genomic techniques. The data generated from the Human Genome Project and The Cancer Genome Atlas (TCGA) along with advances in NGS and developments in multigene panel testing have further boosted the search for driver mutations and have helped in increasing drug efficacy and reducing side effects of the treatment. The mechanism of action involves identifying the driver mutations in the cancer cells and targeting them with specific therapies. Combination therapy: This approach involves combining different therapies to achieve a more precise and efficient treatment with minimal side effects. Precision medicine provides a more tailored approach, making the combination of existing therapies more precise. The mechanism of action involves targeting multiple pathways and mechanisms involved in cancer growth and spread, thus increasing the chances of successful treatment. For example, Everolimus and exemestane: Everolimus is an mTOR (mammalian target of rapamycin) inhibitor that blocks a signaling pathway involved in cancer cell growth, while exemestane is an aromatase inhibitor that blocks the production of estrogen, which can fuel the growth of some breast cancers. The combination of everolimus and exemestane has been shown to improve progression-free survival in patients with hormone receptor-positive, HER2-negative breast cancer. Precision treatment strategies for TNBC include targeted therapies and immunotherapy. Current precision treatment strategies for TNBC involve targeting the DNA damage response (DDR) pathways and cancer stem cells (CSCs) (97). Poly (ADP-ribose) polymerase (PARP) inhibitors and immune checkpoint inhibitors have been approved for TNBC treatment (98). Inhibitors of the ATR-CHK1-WEE1 pathway and PARP inhibitors have shown promise in preclinical and clinical studies (99). Next-generation sequencing, particularly somatic exome panels, offers hopes for individualized treatment plans (100). Advanced therapy using genes and nanocarriers, such as liposomes, nanoparticles, and dendrimers, show promise for the efficient delivery of siRNA and chemotherapeutics (101). Clinical trial data and recent studies have identified checkpoint inhibitors and PARP inhibitors as potential therapies for metastatic TNBC (102). Different subclasses of TNBC can be identified based on intrinsic signals and microenvironment, which can help in predicting responses to therapies and identifying novel targets (94). The use of precision medicine and next-generation sequencing to identify molecular markers is also being implemented in clinical practice and trial design (94). Furthermore, multiomics approaches have revealed actionable targets such as the PI3K-Akt-mTOR and epidermal growth factor receptor signaling pathways, which may modulate chemosensitivity and the immune system. Combinatorial trials with chemotherapy or targeted agents, as well as immunotherapy, are being explored to improve outcomes for TNBC patients. These strategies aim to optimize treatment efficacy and overcome the heterogeneity and treatment resistance observed in TNBC. TNBC is a highly aggressive subtype of breast cancer that lacks the expression of ER, PR and HER2 which are the targets of current breast cancer therapies. Therefore, the mainstay therapeutic strategy for patients with TNBC has been chemotherapy for the last several decades, but it has limited efficacy and can cause severe side effects (103). Tumor heterogeneity and sub-clonal evolution in primary and metastatic TNBC pose challenges for designing adaptive precision medicine-based treatment plans (100). TNBC has a high rate of recurrence and metastasis, which makes it difficult to treat (104,105). There is a lack of targeted therapies for TNBC, which makes it challenging to develop effective treatment strategies.
2.4. Resistance Mechanism to ICIs in TNBC
One of the intrinsic mechanisms of resistance involves alterations in key signaling pathways that regulate immune responses. For instance, mutations in the phosphatase and tensin homolog (PTEN) gene, which are prevalent in TNBC, can lead to the activation of the phosphoinositide 3-kinase (PI3K) pathway, promoting tumor growth and survival while simultaneously suppressing anti-tumor immunity (106). This aberrant signaling can diminish the efficacy of ICIs by creating an immunosuppressive microenvironment that hampers T-cell activation and function (107). Additionally, the loss of PTEN has been associated with a convergent PTEN-null phenotype that is resistant to PI3K-alpha inhibition (106).
Extrinsic factors contributing to ICI resistance include the tumor microenvironment, which is often characterized by a high presence of immunosuppressive cells such as tumor-associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs). These cells can inhibit T-cell activity and promote tumor progression by secreting immunosuppressive cytokines (108,109). The presence of TAMs has been shown to correlate with poor prognosis in TNBC, as they can facilitate tumor growth and metastasis while also contributing to immune evasion by endocytosing anti-PD-L1 antibodies, thereby neutralizing the therapeutic effects of ICIs (108,109). Moreover, high tumor purity has been associated with resistance to ICI therapy, indicating a weaker anti-cancer immune response, which is further supported by the inverse correlation between tumor purity and immune infiltration (110).
Another critical aspect of resistance mechanisms in TNBC is the role of TMB. TMB refers to the total number of mutations per megabase of the tumor genome and is considered a potential biomarker for predicting response to ICIs. A high TMB is generally associated with increased neoantigen load, which can enhance T-cell recognition of tumor cells (111,112). However, the relationship between TMB and ICI efficacy is not straightforward in TNBC. While some studies suggest that higher TMB correlates with better responses to ICIs, other research indicates that the presence of specific mutations may not always translate to improved immunogenicity or therapeutic outcomes (112,113). For instance, mutations in genes involved in DNA repair mechanisms, such as BRCA1/2, can lead to increased TMB but may also result in unique immune evasion strategies that complicate treatment responses (114).
Moreover, the immune landscape of TNBC is further influenced by the expression of immune checkpoint proteins, such as PD-L1. The upregulation of PD-L1 on tumor cells can inhibit T-cell activation and promote immune tolerance, thereby contributing to resistance against ICIs (115–117). The expression of PD-L1 is often used as a biomarker to predict response to ICIs; however, its presence does not guarantee therapeutic efficacy, as the tumor microenvironment's overall immunogenicity plays a crucial role in determining outcomes (115–117). Additionally, the presence of CD8+ T cells within the tumor microenvironment has been associated with improved responses to ICIs, highlighting the importance of T-cell infiltration in overcoming resistance (118,119).
The interplay between TMB and the immune microenvironment is critical in understanding the resistance mechanisms in TNBC. While a high TMB may suggest a greater likelihood of response to ICIs, the actual therapeutic benefit can be significantly influenced by the tumor's immune contexture, including the presence of immunosuppressive cells and the expression of immune checkpoints (111,112). Furthermore, the metabolic state of the tumor microenvironment can also affect immune responses, with altered metabolic pathways potentially leading to immune suppression and resistance to therapy (120,121).
In conclusion, the resistance mechanisms to ICIs in TNBC are complex and multifactorial, involving intrinsic tumor characteristics, extrinsic immune factors, and the interplay with TMB. Understanding these mechanisms is essential for developing more effective therapeutic strategies and improving patient outcomes in this challenging subtype of breast cancer. Future research should focus on elucidating the specific pathways and interactions that contribute to resistance, as well as exploring combination therapies that can enhance the efficacy of ICIs in TNBC patients.
3. Factors that Influence the Relation between TMB and ICI Response in TNBC
3.1. Epigenetic Influences on TMB and ICI Response in TNBC
Epigenetic modifications, including DNA methylation and histone modifications, are critical mechanisms that regulate gene expression without altering the underlying DNA sequence. These modifications play a significant role in various biological processes, including development, cellular differentiation, and disease progression, particularly in cancer.
DNA methylation involves adding a methyl group to cytosine residues in CpG dinucleotides, typically leading to transcriptional repression of associated genes. Abnormal DNA methylation patterns can silence tumor suppressor genes and activate oncogenes, contributing to tumorigenesis (122). In TNBC, specific gene promoter methylation—such as that of the BRCA1 gene—has been linked to a more aggressive disease phenotype and poor prognosis (123). Moreover, studies have shown that methylation status can influence TMB, which measures the number of mutations within a tumor's DNA. Higher TMB has been associated with better responses to ICIs, likely due to the increased formation of neoantigens that can be recognized by the immune system (124).
Histone modifications, including acetylation, methylation, and phosphorylation, also play a pivotal role in regulating chromatin structure and gene expression. For instance, histone acetylation is generally associated with transcriptional activation, while methylation can either activate or repress gene expression depending on the specific context and the histone residue modified (125). In TNBC, altered patterns of histone modifications have been observed, which may contribute to the aggressive nature of the disease and its resistance to conventional therapies (126). The interplay between DNA methylation and histone modifications can create a complex regulatory environment that influences TMB and the efficacy of ICIs in TNBC patients.
Recent studies have begun to explore the relationship between epigenetic modifications and the response to immunotherapy in TNBC. For example, research has indicated that specific histone modifications can affect the expression of immune-related genes, thereby influencing the tumor microenvironment and immune cell infiltration (127). This suggests that epigenetic alterations may serve as potential biomarkers for predicting responses to ICIs. Moreover, the presence of tumor-infiltrating lymphocytes (TILs), which are critical for effective anti-tumor immunity, has been shown to correlate with specific epigenetic signatures in TNBC (128). These findings highlight the potential for integrating epigenetic profiling with TMB assessment to enhance predictive accuracy for ICI responses.
In terms of TNBC-specific studies, several investigations have focused on the role of microRNAs (miRNAs) as epigenetic regulators that can modulate gene expression and influence treatment outcomes. For instance, miR-214 has been identified as an oncomiR that promotes metastasis in TNBC by targeting tumor suppressor genes (129). The expression levels of certain miRNAs have been correlated with TMB and the response to chemotherapy and immunotherapy, suggesting their utility as biomarkers for treatment stratification (130). Additionally, the epigenetic landscape of TNBC has been shown to be influenced by environmental factors, such as diet and inflammation, which can further complicate the relationship between TMB and ICI response (131).
The potential for epigenetic biomarkers to complement TMB in predicting ICI response is an area of active research. Epigenetic modifications are reversible and can be influenced by various factors, including lifestyle and therapeutic interventions, making them attractive candidates for dynamic biomarkers (132). For example, the identification of specific DNA methylation patterns or histone modification profiles associated with favourable ICI responses could guide personalized treatment approaches in TNBC patients. Furthermore, integrating epigenetic data with genomic and transcriptomic information may provide a more comprehensive understanding of tumor biology and therapeutic resistance mechanisms (133).
The interplay between epigenetic modifications, TMB, and ICI response in TNBC is intricate and rapidly evolving. Unravelling how these epigenetic changes shape tumor behaviour and immune responses may pave the way for novel biomarkers and therapeutic strategies, potentially boosting immunotherapy's efficacy in this aggressive breast cancer subtype. Future research should zero in on pinpointing specific epigenetic alterations that correlate with TMB and ICI response. Additionally, scientists should explore therapeutic interventions targeting these epigenetic modifications—a promising avenue for improving patient outcomes.
3.2. Ethnic Variations in TMB and ICI Response in TNBC
The exploration of ethnic variations in TMB and ICI therapy response in TNBC is crucial for understanding disparities in cancer outcomes and treatment efficacy. TMB, which quantifies the number of mutations within a tumor's genome, has emerged as a significant biomarker for predicting responses to ICIs. However, variations in TMB across different ethnic groups may influence these responses and necessitate tailored treatment approaches.
Recent studies have indicated that TMB levels can vary significantly among different ethnic populations. For instance, research has shown that African American women with TNBC tend to have higher TMB compared to their Caucasian counterparts (134). This finding suggests that genetic predispositions and environmental factors may contribute to these disparities. Furthermore, the prevalence of BRCA mutations, which are associated with increased TMB, also varies by ethnicity, with higher rates observed in certain populations, such as Ashkenazi Jews and individuals of North African descent (135,136). These genetic variations could play a role in the observed differences in TMB and subsequent ICI responses.
In terms of ICI response rates, studies have revealed that ethnic disparities exist in the efficacy of these therapies. For example, African American patients with TNBC have been reported to exhibit lower response rates to ICIs compared to Caucasian patients, despite having higher TMB (137). This discrepancy may be attributed to a variety of factors, including differences in tumor microenvironments, immune system responses, and the presence of specific genetic mutations that may affect treatment efficacy (138). Additionally, the expression of immune-related biomarkers, such as PD-L1, has been shown to differ across ethnic groups, further complicating the landscape of ICI response (139).
Several genetic and environmental factors may contribute to the observed differences in TMB and ICI response among ethnic groups. Genetic variations, such as single nucleotide polymorphisms (SNPs) in genes related to DNA repair and immune response, can influence both TMB and the effectiveness of immunotherapy (140). For instance, certain SNPs have been associated with increased susceptibility to breast cancer and may also affect TMB levels (141). Environmental factors, including lifestyle, diet, and exposure to carcinogens, can also play a significant role in shaping the mutational landscape of tumors (142). Moreover, socioeconomic factors may impact access to healthcare and the availability of novel therapies, further exacerbating disparities in treatment outcomes (143).
The implications of these findings for clinical trial design and treatment decisions are profound. It is essential to consider ethnic diversity when designing clinical trials for TNBC treatments, including ICIs. Ensuring that trials are inclusive of various ethnic groups can help elucidate the effects of genetic and environmental factors on treatment responses (144). Moreover, stratifying patients based on ethnicity and TMB levels may allow for more personalized treatment approaches, optimizing therapeutic efficacy while minimizing adverse effects (145). Additionally, the development of targeted therapies that address the unique genetic profiles of different ethnic populations could enhance treatment outcomes for TNBC patients (123).
In conclusion, the variations in TMB and ICI response among different ethnic groups in TNBC highlight the need for a more nuanced understanding of cancer biology and treatment efficacy. Genetic and environmental factors play critical roles in shaping these disparities, necessitating tailored approaches to treatment and clinical trial design. By addressing these variations, healthcare providers can improve outcomes for diverse populations affected by TNBC.
4. Data Availability and Processing Methods
4.1. Data Sources
Description of Databases and Resources for TMB Quantification
Key databases such as The Cancer Genome Atlas (TCGA), the European Genome-phenome Archive (EGA), and the Catalogue of Somatic Mutations in Cancer (COSMIC) provide comprehensive genomic data that are essential for TMB quantification. TCGA, for instance, offers a wealth of genomic and clinical data across various cancer types, including TNBC, allowing researchers to assess TMB relating treatment outcomes (52). The EGA serves as a repository for high-throughput sequencing data, which can be utilized to derive TMB metrics from patient samples (146). COSMIC, on the other hand, catalogs somatic mutations and their associated clinical outcomes, providing a valuable resource for understanding the mutational landscape of tumors and its implications for immunotherapy (147).
These databases enable researchers to perform large-scale analyses, integrating genomic data with clinical outcomes to identify patterns that may predict ICI efficacy. For example, studies have shown that high TMB is associated with better responses to ICIs in TNBC patients, highlighting the importance of these resources in validating TMB as a predictive biomarker (50,51).
Importance of Large Patient Cohorts for Robust Analysis
The analysis of large patient cohorts is critical for establishing the clinical utility of TMB as a biomarker for ICI response. Larger sample sizes enhance the statistical power of studies, allowing for more reliable conclusions regarding the relationship between TMB and treatment outcomes. For instance, a systematic review and meta-analysis indicated that elevated TMB correlates with improved efficacy of ICIs across various cancer types, including TNBC, underscoring the need for robust datasets to substantiate these findings (34).
Moreover, the heterogeneity of tumor responses necessitates the inclusion of diverse patient populations to identify subgroups that may benefit from ICI therapy. In TNBC, where the mutational landscape can vary significantly, large cohorts facilitate the identification of specific genetic alterations that may interact with TMB to influence treatment efficacy (148). This is particularly relevant as ongoing research aims to refine patient selection criteria for ICIs, potentially leading to more personalized treatment approaches.
In summary, the integration of comprehensive genomic databases and the analysis of large patient cohorts are pivotal in elucidating the role of TMB in predicting ICI responses in TNBC patients. These efforts not only enhance our understanding of tumor biology but also pave the way for improved therapeutic strategies in the management of this aggressive cancer subtype.
4.2. Measuring the TMB value
There is an urgent need to develop a standardized, robust analytical method for measuring TMB values and defining related factors. Proper clinical validation is essential to elevate TMB from a promising biomarker to a clinically validated one.
Measurement methods of TMB include panel sequencing-based measurement (psTMB) (149), blood-based TMB (bTMB) biomarker obtained from cell-free DNA (cfDNA) (150), targeted NGS panel measuring TMB in specific cancer genes (151), and a statistical framework for estimation and classification of TMB (ecTMB) (152). psTMB measurement involves quantifying potential confounders such as panel size, germline mutation filtering, biological variance, and technical variance (153). In supplementary data, Table 1 (Methods for TMB value estimation), a diverse array of techniques for quantifying Tumor Mutational Burden has been catalogued. Targeted NGS panels measure TMB in specific cancer genes and are correlated with TMB measured by whole exome sequencing. ecTMB uses a background mutation model to predict TMB and classifies samples into TMB-high, TMB-low, and a novel TMB-extreme subtype associated with patient survival outcomes (152).
Current methods for measuring TMB include targeted sequencing using different panels, such as whole exome sequencing (WES) or commercial panels (153–157). However, there is a lack of standardization regarding genes covered, types of mutations included, bioinformatics pipelines, and cut-offs used to define high, intermediate, or low TMB, unlike the ecTMB model system described below in this section. This variability in testing methods raises concerns about the reproducibility of results among different laboratories. Additionally, the panel size is important, with panel sizes greater than 667Kb necessary to maintain adequate agreement for classifying TMB into those that belong to the high versus low categories. Filtering out pathogenic and germline variants is crucial for accurate TMB estimation, as failure to do so can result in overestimation. Calibration approaches tailored to each panel assay can reduce the spread of TMB values and achieve more consistent results. Standardization and robust analytical validation are needed to implement TMB evaluation in routine clinical practice.
In the past, TMB was determined using WES (WES of tumor tissue and non-tumor tissue and comparison made using NGS technology), which is a more expensive and time-consuming method (153). However, targeted panel sequencing is currently being explored as a more cost-effective and efficient method. In whole exome sequencing, all the protein-coding genes in the genome are sequenced, which allows for the detection of a large number of somatic variants, including single nucleotide variants (SNVs) and short insertions or deletions (INDELs). TMB is then calculated as the total number of nonsynonymous mutations per coding area of the tumor genome. While whole exome sequencing is a powerful tool for detecting somatic variants, it is not always necessary for determining TMB, and targeted panel sequencing is becoming more widely used due to its cost-effectiveness and efficiency. Targeted panel sequencing involves sequencing a specific set of genes that are known to be relevant to cancer, rather than the entire genome. The TMB is then calculated as the total number of nonsynonymous mutations per coding area of the tumor genome. The targeted panels used for TMB measurement can vary in size, ranging from 315 to over 600 genes, and can be used in combination with genomic profiling for targeted therapies (153). However, it is important to note that the results obtained by these methods should be viewed with caution if the platforms have not been clinically validated. Additionally, there is a certain degree of variability in the TMB calculation between different studies, as some consider all somatic alterations, including nonsynonymous mutations and copy number alterations, while others only consider sequence mutations.
TMB is measured using NGS techniques, which allow for the detection of somatic variants in the tumor genome. The methods employed for determining TMB can vary between studies, but generally involve, DNA extraction: Tumor DNA is extracted from a biopsy or surgical specimen; Library preparation: The DNA is fragmented and adapters are added to the ends of the fragments to enable sequencing; Sequencing: The DNA fragments are sequenced using NGS technology, which generates millions of short reads that are aligned to a reference genome; Variant calling: Bioinformatic pipelines are used to identify somatic variants, including SNVs and INDELs, in the tumor genome; TMB calculation: The TMB is calculated as the total number of nonsynonymous mutations per coding area of the tumor genome. As indicated earlier, this methodology has been replaced by the targeted panel sequencing due to its cost-effectiveness and efficiency.
Factors that can impact the measurement of TMB include sample size and DNA amount, varying testing platforms, varying bioinformatic pipelines, and the definition of the cut-off value. Standardization of the method of TMB measurement is needed to ensure reliability, reproducibility, and clinical utility.
Targeted panel sequencing has the potential to overestimate TMB due to the presence of inherent biases in panel design. However, various filtering strategies have been employed to align TMB estimates with WES. Such strategies include utilizing COSMIC and incorporating synonymous mutations (158).
One of the most challenging parts is in estimating the TMB cut-off values as in representatives for high and low TMB subgroups, such as 10–20 per Mb or top 10–20% quantile. Although these thresholds were enough to illustrate the predictive value of TMB as a biomarker, an adaptive TMB cutoff derived from relevant studies or clinical trials is still needed for robust performance as pointed out by Yao et al. (152). In 2020 Lijing Yao and associates proposed a novel method in estimating the TMB values in a more defined way than ever before and classifying the samples in clinically significant sub-sets. They presented a statistical framework called ecTMB for predicting and classifying TMB subtypes. The ecTMB framework uses pre-defined parameters to calculate the assignment score for each component of a given new sample's log-transformed TMB. The framework improves the correlation coefficients with WES-based TMB and reduces errors while keeping the slope close to 1. The study concludes that ecTMB can help facilitate the adoption of TMB as a biomarker in clinical diagnostics and can classify TMB subtypes using Gaussian mixture models. The classification accuracy of ecTMB is found to be better than the counting method (152).
4.3. Functional Analyses Establishing the Link Between TMB and ICI Treatment Prediction
Experimental designs in cancer research have evolved significantly, particularly with the advent of three-dimensional (3D) co-culture models. These models are crucial for mimicking the tumor microenvironment (TME) more accurately than traditional two-dimensional (2D) cultures. The complexity of tumors necessitates the use of co-culture systems that incorporate various cell types, including cancer cells, stromal cells, and immune cells, to better reflect the interactions and dynamics present in vivo (159,160).
One notable advancement is the development of 3D co-culture spheroidal models, which enhance the representation of tumor complexity and allow for dual analysis of tumor growth and angiogenesis (161). These models facilitate the study of T cell infiltration and the efficacy of anti-tumoral compounds, providing insights into the immune response to cancer therapies (162). The integration of immune cells, such as T lymphocytes, into these models is particularly relevant for assessing immune checkpoint inhibitors (ICIs), which are designed to enhance the immune system's ability to target and destroy cancer cells (160,163).
In the context of TNBC, the relationship between tumor mutational burden (TMB) and ICI therapy responses is of significant interest. TMB is a biomarker that reflects the number of mutations within a tumor's genome, which can influence the effectiveness of ICIs. High TMB is often associated with better responses to immunotherapy, as it may lead to the production of more neoantigens that can be recognized by the immune system (163,164).
Techniques for assessing ICI-mediated treatment responses in 3D co-culture models include immunohistochemistry (IHC) and single-cell RNA sequencing. IHC allows for the visualization of specific immune cell populations and their interactions with tumor cells within the 3D architecture, while single-cell RNA sequencing provides a comprehensive view of the cellular and molecular landscape, revealing how TMB correlates with immune cell activation and response to therapy (165).
Moreover, the use of organoid models has emerged as a promising approach for studying the TME and evaluating treatment responses. Organoids can be derived from patient tumors and maintained in culture, allowing for personalized assessments of how specific mutations influence ICI efficacy (164,166). This personalized approach is particularly valuable in TNBC, where heterogeneity in TMB and immune landscape can significantly affect treatment outcomes.
The integration of 3D co-culture models and cutting-edge immune response assessment techniques offers a powerful framework for unravelling the complex interplay between TMB and ICI therapy in TNBC. These sophisticated models not only bolster the predictive value of preclinical studies but also blaze a trail toward more tailored, effective cancer therapies. By closely mimicking the tumor microenvironment, they provide invaluable insights that bridge the gap between laboratory findings and clinical applications, potentially revolutionizing personalized treatment strategies for TNBC patients.
5. Future?
5.1. Limitations of Current Research
TMB is emerging as a promising biomarker for immunotherapy response, but its clinical implementation faces several challenges. Variability in TMB measurement methods across assays and centers necessitates standardization (167). While whole exome sequencing is the gold standard, targeted gene panels are more practical for clinical use (168). However, panel-based TMB quantification is influenced by factors such as panel size, composition, and bioinformatic parameters (169). Preanalytical factors, including DNA quality and tumor purity, can affect TMB estimation (170). The lack of harmonization in panel-based TMB quantification and robust predictive cutoffs limits its adoption in clinical practice (168). Integration with other biomarkers may enhance TMB's predictive capabilities (169). Ongoing efforts by organizations like Friends of Cancer Research and Quality Assurance Initiative Pathology aim to establish consistent TMB assessment methods across platforms (167).
The relationship between TMB and the response to immune checkpoint inhibitors (ICIs) has garnered significant attention in recent years. However, current research reveals several limitations in accurately assessing this relationship, particularly concerning the variability in TMB measurement and the challenges in standardizing TMB cut-off values for patient stratification.
One of the primary limitations of TMB research is the variability in measurement techniques. Different next-generation sequencing (NGS) panels can yield divergent TMB results, complicating the interpretation of TMB as a biomarker for ICI response. For instance, a study highlighted that the assessment of TMB using various targeted sequencing panels demonstrated significant discrepancies, indicating that correlation alone is insufficient for comparing these panels (171). This variability can lead to inconsistent clinical decisions, as the same tumor may be classified differently depending on the sequencing method employed (154). Furthermore, the harmonization of TMB assessment across different platforms remains a challenge, as evidenced by the Friends of Cancer Research TMB Harmonization Project, which aimed to establish guidelines for TMB quantification but revealed substantial variation in results across diagnostic platforms (172).
In addition to measurement variability, the establishment of standardized TMB cut-off values poses another significant challenge. Current research indicates that the predictive power of TMB as a biomarker for ICI response is still under investigation, with no universally accepted cut-off values for patient stratification (173). Studies have suggested that higher TMB cut-offs may better identify patients who are exceptional responders to ICIs, yet the reproducibility of these cut-offs across different cancer types has not been thoroughly validated (174,175). The continuous nature of TMB as a numeric variable further complicates the establishment of discrete cut-off values, as it necessitates a nuanced understanding of how varying levels of TMB correlate with treatment outcomes (176).
The clinical implications of TMB cut-off values are profound, directly influencing patient eligibility for ICI therapies. The lack of consensus on optimal thresholds can lead to either over-treatment or under-treatment. Some patients with lower TMB may respond favorably to ICIs, while others with high TMB may not benefit (177). This inconsistency highlights the urgent need for large-scale studies to validate TMB thresholds and enhance the robustness of risk stratification systems (178).
5.2. Future Research Directions
Recent research underscores both the promise and challenges of using TMB as a biomarker for immunotherapy response in TNBC. While TMB correlates with neoantigen burden and T cell infiltration in many solid tumors, its role in breast cancer remains ambiguous (179). Standardizing TMB assessment across tumor types and platforms is vital for consistency (177). Combining TMB with other biomarkers, such as PD-L1 expression and tumor-infiltrating lymphocytes, could boost its predictive power (49). Future studies should prioritize establishing optimal TMB cutoffs and developing robust genomic tools for its determination (179). Moreover, precision medicine approaches—including molecular subtyping and genomic profiling—show promise for TNBC treatment but face hurdles due to tumor heterogeneity and clonal evolution (100). Ongoing collaborative efforts in research and clinical validation are crucial to fully harness TMB's potential as a biomarker in TNBC (177).
Future research directions regarding TMB in TNBC should focus on several key areas to elucidate its role as a predictive biomarker for immunotherapy. First, prospective clinical trials are essential to validate TMB as a reliable biomarker in TNBC, particularly in the context of immune checkpoint inhibitors (ICIs). These studies should aim to establish standardized TMB cut-off values specific to TNBC, as current thresholds are often derived from other cancer types and may not be applicable (177,179).
Additionally, integrating TMB into clinical trials alongside other biomarkers, such as PD-L1 expression, could enhance patient stratification and treatment personalization. Research has shown that combining TMB with other genomic features can improve predictive accuracy for ICI response (180). Furthermore, the exploration of TMB in conjunction with other molecular characteristics, such as copy number alterations (CNA), may provide deeper insights into the tumor microenvironment and its influence on treatment outcomes (181).
Finally, the development of robust bioinformatics tools and harmonization of TMB assessment methods across different platforms will be crucial for the widespread clinical application of TMB as a biomarker in precision medicine (170,182). This will ensure that TMB can be effectively utilized in clinical settings, ultimately improving therapeutic strategies for patients with TNBC.
5.3. Combination Therapies and TMB in TNBC
The exploration of combination therapies in the treatment of TNBC has gained significant attention, particularly with the advent of ICIs and their potential synergistic effects when combined with other therapeutic modalities such as chemotherapy and PARP inhibitors. TNBC, characterized by the absence of estrogen receptors, progesterone receptors, and HER2 expression, presents unique challenges in treatment due to its aggressive nature and higher recurrence rates compared to other breast cancer subtypes (183). The integration of ICIs into treatment regimens aims to enhance the immune response against tumor cells, thereby improving patient outcomes.
Recent studies have demonstrated that combining ICIs with chemotherapy can lead to improved efficacy in various malignancies, including TNBC. For instance, the combination of PD-1/PD-L1 inhibitors with chemotherapy has been shown to enhance overall survival (OS) and progression-free survival (PFS) in patients with advanced non-small cell lung cancer (NSCLC) (184,185). This approach is particularly relevant for TNBC, where traditional chemotherapy remains a cornerstone of treatment. The synergistic effect of chemotherapy may enhance the immunogenicity of tumor cells, thereby making them more susceptible to ICI therapy (135). Furthermore, the addition of ICIs to chemotherapy regimens has been associated with a favorable safety profile, although the incidence of immune-related adverse events (irAEs) can increase (186,187).
PARP inhibitors have also emerged as a promising therapeutic option for TNBC, especially in patients with BRCA1/2 mutations or homologous recombination deficiency (HRD). The mechanism of action of PARP inhibitors involves the induction of synthetic lethality in cancer cells with defective DNA repair pathways (188). When combined with ICIs, PARP inhibitors may enhance the immune response by modulating the tumor microenvironment (TME) and promoting T cell infiltration into tumors. This combination strategy is supported by evidence suggesting that PARP inhibitors can increase the expression of PD-L1 on tumor cells, potentially enhancing the efficacy of ICIs (189).
The role of TMB as a predictive biomarker in the context of combination therapies is gaining traction. TMB, which quantifies the number of mutations within a tumor's genome, has been associated with improved responses to ICIs across various cancer types, including lung cancer and melanoma (111,114). In TNBC, a higher TMB may correlate with better outcomes when treated with ICIs, particularly in combination with chemotherapy or PARP inhibitors (114). This relationship underscores the importance of TMB as a potential stratification tool for selecting patients who are most likely to benefit from combination therapies.
Moreover, the interplay between TMB and the efficacy of combination therapies raises intriguing possibilities for personalized medicine in TNBC. Patients with high TMB may experience enhanced benefits from ICIs due to the increased likelihood of neoantigen formation, which can elicit a robust immune response (114). Conversely, those with low TMB may require alternative strategies or additional therapeutic agents to achieve similar outcomes. This necessitates further research to elucidate the optimal combinations and treatment sequences based on TMB and other molecular characteristics.
The safety profile of combination therapies involving ICIs, chemotherapy, and PARP inhibitors is an essential consideration in clinical practice. While the combination of ICIs with chemotherapy has shown improved efficacy, it is also associated with an increased risk of irAEs, which can range from mild to severe (135,187). The management of these adverse events is crucial to ensure that patients can continue their treatment without significant interruptions. Additionally, the combination of PARP inhibitors with ICIs may also present unique safety challenges, necessitating careful monitoring and management strategies (190).
6. Conclusion
In conclusion, the identification and validation of tumor mutational burden (TMB) as a predictive biomarker for immune checkpoint inhibitor (ICI) response in triple-negative breast cancer (TNBC) marks a significant advance in precision oncology. Current research underscores TMB's potential to stratify patients for immunotherapy, capitalizing on its association with higher neoantigen loads and enhanced immune activation. However, despite these promising findings, implementing TMB in clinical practice faces several hurdles. These challenges include variability in TMB measurement methods, a lack of standardized cut-off values, and the intricate interplay between TMB, the tumor microenvironment, and other biomarkers such as PD-L1 and tumor-infiltrating lymphocytes (TILs). Furthermore, TNBC's inherent heterogeneity complicates the interpretation of TMB and its utility as a universal biomarker across all patient subtypes.
While high TMB correlates with better ICI responses, the relationship is complex. Factors like immune evasion mechanisms, intratumoral heterogeneity, and ICI resistance influence treatment outcomes. Combining ICIs with chemotherapy and PARP inhibitors offers promising avenues to enhance efficacy in TNBC. Future research should refine TMB measurement techniques, explore epigenetic and genetic factors affecting ICI response, and develop comprehensive biomarker panels integrating TMB with other molecular features. As we unravel TNBC's immunogenic complexities, personalized treatment strategies tailored to individual tumor profiles become crucial. By optimizing TMB use and deepening our understanding of TNBC biology, we can improve patient outcomes and offer more effective, targeted treatments for this aggressive breast cancer subtype.
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