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Abstract

:

The field of oncology has witnessed remarkable progress in personalized cancer therapy. Functional precision medicine has emerged as a promising avenue for achieving superior treatment outcomes by integrating omics profiling and sensitivity testing of patient-derived cancer cells. This review paper provides an in-depth analysis of the evolution of cancer-directed drugs, resistance mechanisms, and the role of functional precision medicine platforms in revolutionizing individualized treatment strategies. Using two-dimensional (2D) and three-dimensional (3D) cell cultures, patient-derived xenograft (PDX) models, and advanced functional assays has significantly improved our understanding of tumor behavior and drug response. This progress will lead to identifying more effective treatments for more patients. Considering the limited eligibility of patients based on a genome-targeted approach for receiving targeted therapy, functional precision medicine provides unprecedented opportunities for customizing medical interventions according to individual patient traits and individual drug responses. This review delineates the current landscape, explores limitations, and presents future perspectives to inspire ongoing advancements in functional precision medicine for personalized cancer therapy.
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1. Introduction


Cancer continues to be one of the leading causes of death worldwide, and it requires ongoing advancements in treatment methods. Throughout the years, cancer therapy has undergone notable progress as a result of multidisciplinary efforts. Today, cancer research continues to focus on the development of new therapeutic approaches, including the study of tumor evolution and the use of liquid biopsies to monitor clonal evolution and guide personalized therapy [1]. The development of next-generation sequencing (NGS) technologies has enabled the rapid and cost-effective analysis of a large number of genes, allowing more accurate diagnosis and treatment of cancer. In addition, the use of artificial intelligence and machine learning algorithms is being explored to improve the accuracy of cancer diagnosis and treatment.



Personalized therapy has revolutionized the field of oncology by greatly impacting cancer drug treatments. Novel targeted therapeutics, such as tyrosine kinase inhibitors (TKIs) and monoclonal antibodies, have led to more effective treatments and better outcomes. The selectivity and specificity of novel drugs have increased survival rates, reduced the side effects often associated with conventional chemotherapy and radiation, and improved patients’ quality of life during and after treatment. Immune checkpoint inhibitors have revolutionized the treatment of various cancers by stimulating the body’s own immune response to attack and kill cancer cells. Advances in omics approaches have enabled the identification of biomarkers that predict how patients will respond to specific treatments and facilitate the selection of the most effective therapies tailored to the individual patient [2]. Comprehensive genetic profiles of tumors help identify actionable mutations and enable oncologists to select the most appropriate targeted therapies. In addition, the issue of drug resistance has been tackled by personalized therapies, using combination treatments, and creating advanced inhibitors to maintain long-term effectiveness [3,4,5].



Having initially been successful in hematological cancers, targeted therapies are now being applied to a wide range of solid cancers, further enhancing their impact. Artificial intelligence and big data analytics are increasingly being used to predict treatment responses and outcomes and to refine and optimize personalized treatment plans [2]. Importantly, patients are now better informed about their treatment options and can participate in the decision-making process, resulting in more personalized care.



Despite its potential, personalized therapy still faces various challenges. These include the limited eligibility of cancer patients to receive targeted drugs and the complexity of tumor heterogeneity. Overcoming these challenges is crucial for the widespread application of personalized therapy. As a result, new efforts are being made to conduct functional screenings of drugs and their combinations for each patient to find the best treatment option. What is surprising to scientists is that some eligible patients do not respond well to specific targeted therapies. In contrast, non-eligible patients can respond positively to targeted therapies for which they do not possess the necessary biomarkers.



Functional precision medicine (FPM) combines omics profiling with sensitivity testing of patient-derived cancer cells to identify effective treatments. This approach has shown significant value in personalized therapy by maintaining primary tumor features, accurately replicating patient responses to treatments, distinguishing good responders from bad responders, and identifying treatment options for a higher percentage of patients than genotyping alone [6]. The field of FPM is dedicated to customizing medical treatment based on individual patient traits. It utilizes two-dimensional (2D) and three-dimensional (3D) cell cultures, patient-derived xenograft (PDX) models, and cancer-on-a-chip systems to investigate patient-specific reactions to therapeutic interventions. These models enable the development of personalized treatment approaches by simulating the patient’s cancer characteristics, offering insights into tumor behavior and drug response. Functional assays, such as cell viability and cytotoxicity assays, gene and protein expression analysis, and high-content screening, are pivotal in examining cell behavior, drug response, and tissue modeling in 2D and 3D patient-derived cultures.




2. The Evolution of Cancer-Directed Drugs


2.1. Conventional Therapies


Before the introduction of targeted therapies, cancer treatment was mainly based on non-specific methods such as chemotherapy and radiotherapy [7,8]. These traditional approaches have played a central role in cancer treatment for decades. However, conventional cancer therapy has undergone significant changes over the years due to advances in molecular biology and omics approaches [2]. In the early 20th century, radiation therapy emerged as a treatment option for cancer, offering a non-invasive and relatively safe way to treat localized tumors, beginning a new era in cancer treatment. By the 1940s, the first chemotherapeutic agents are developed, marking the beginning of modern oncology. These early drugs were derived from natural sources such as plants and microorganisms and were used to treat various types of cancer. Although these early drugs were not very effective, they laid the foundation for future advances. Despite their lack of specificity, chemotherapy and radiotherapy are still central to cancer treatment and often lead to significant side effects and variable effectiveness.



Chemotherapy uses drugs that target and kill rapidly dividing cells—a characteristic feature of cancer cells. However, because chemotherapy drugs are not selective, they also attack healthy cells that divide rapidly, such as those in the bone marrow, digestive tract, and hair follicles, leading to side effects such as immunosuppression, gastrointestinal problems, and hair loss [7,9]. Despite their limitations, these traditional therapies are essential in cancer treatment, especially when surgical options are limited or the cancer has spread beyond the primary site. They form the basis of cancer treatment protocols and have helped to improve survival rates for many types of cancer [8]. Chemotherapeutic agents are categorized according to their mechanisms of action and specific targets in the cell cycle. These include alkylating agents such as cyclophosphamide and cisplatin, antimetabolites such as methotrexate and 5-fluorouracil (5-FU), anti-tumor antibiotics such as doxorubicin and bleomycin, mitosis inhibitors such as paclitaxel and vincristine, and topoisomerase inhibitors such as etoposide and irinotecan [8]. Radiotherapy uses high-energy radiation to damage the DNA of cancer cells, which ultimately leads to cell death [10]. Although radiotherapy is more localized compared to chemotherapy, it can still affect surrounding healthy tissue and cause side effects such as fatigue, skin reactions, and damage to nearby organs. Radiotherapy is supported by radiosensitizers such as cisplatin and 5-FU, which make the cancer cells more susceptible to radiation, and radioprotectors such as amifostine, which protect normal tissue from the side effects of radiation [11]. The combination of chemotherapy and radiation therapy, known as chemoradiation, has been shown to be effective in treating various types of cancer, as it maximizes the tumor-killing effect while minimizing damage to healthy tissue. Drugs such as cisplatin, 5-FU, and paclitaxel are often used in combination with radiation to improve outcomes in cancers such as head and neck cancer, endometrial cancer, and lung cancer [12].




2.2. Targeted Therapies


In the 1980s, targeted therapy became a reality with the development of specific drugs for molecular targets involved in neoplastic processes [2]. This was made possible by the discovery of the molecular mechanisms underlying the development and progression of cancer. Targeted therapies have been developed to specifically destroy cancer cells while minimizing damage to healthy cells, which has led to an improvement in survival rates and quality of life for cancer patients. Thanks to advances in DNA sequencing, genomics, transcriptomics, and proteomics in the 1990s, the first effective drugs for targeted therapies became available [2]. These technologies enabled the identification of new molecular targets and the development of drugs specifically aimed at these targets.



In the early 21st century, genetic engineering studies led to the introduction of monoclonal antibodies and immune checkpoint inhibitors for the treatment of advanced or metastatic tumors for which there were previously no effective treatment options.



Over the past two decades, the development of targeted therapies has revolutionized cancer treatment by providing more precise and personalized options. The focus shifted to specific molecular targets associated with cancer growth and progression, forming the basis for the significant progress in cancer drug development.



Current challenges in cancer treatment include the absence of unique biomarkers for individual cancer patients. Only 13% of cancer patients meet the criteria for targeted therapy [13]. However, among eligible patients, the response rate to targeted therapy ranges from 60% to 80%, as indicated in Table 1. Consequently, the overall efficacy of targeted therapy in the general population of cancer patients is approximately 7%. The clinical trials that led to the approval of targeted therapeutics primarily focused on progression-free survival (PFS), with limited reporting on overall survival (OS) [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81,82,83] (Table 1). The true benefits of targeted therapy are expected to become clearer in the long term.



2.2.1. Monoclonal Antibodies


Monoclonal antibodies (mAbs) represent a groundbreaking advance in targeted therapy, offering precision and effectiveness in the treatment of various types of cancer. The mechanism of action of mAbs involves their recognition of antigens on cancer cells and their high-specificity binding to these antigens, resulting in the marking of the cells for destruction by the immune system or the disruption of vital cellular processes [84]. This targeted approach not only reduces collateral damage to healthy cells but also increases the overall therapeutic efficacy of treatments. Moreover, mAbs can be engineered to deliver cytotoxic agents, radioactive isotopes, or immunostimulatory molecules directly to the tumor, enhancing their therapeutic effect while reducing systemic toxicity. Rituximab, a pioneering mAb approved in 1997, ushered in a new era in oncology by targeting CD20 antigens on B cells in patients with non-Hodgkin’s lymphoma [85]. Its success has enabled the development of a variety of mAbs tailored to target specific cancers and their unique biomarkers. One notable example is trastuzumab, which was developed to combat HER2-positive breast cancer [86]. By selectively binding to the HER2 receptor, trastuzumab inhibits signaling pathways that promote cancer growth, leading to better treatment outcomes for patients.




2.2.2. Immune Checkpoint Inhibitors


In recent years, the development of immune checkpoint inhibitors, a type of mAb that enables the immune system to recognize and attack cancer cells, has further expanded the scope of immunotherapy in cancer treatment [87,88]. Pembrolizumab and nivolumab are examples that have achieved success in various cancers, including melanoma, lung cancer, and bladder cancer [89]. These drugs inhibit proteins such as programmed cell death protein-1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), which are used by cancer cells to evade immune recognition.




2.2.3. Tyrosine Kinase Inhibitors


Tyrosine kinase inhibitors (TKIs) are an important class of targeted therapies that have revolutionized cancer treatment by targeting the abnormal activity of tyrosine kinases, key enzymes involved in the dysregulated signaling pathways that drive cancer growth and progression [90,91]. One of the main advantages of TKIs is their ability to selectively block specific tyrosine kinases, thereby disrupting critical signaling cascades that promote cancer cell proliferation, survival, and metastasis [91]. By targeting these pathways, TKIs offer a more precise and tailored treatment approach that minimizes damage to healthy cells and tissues compared to conventional therapies.



Imatinib was an important milestone in oncology when it was approved for chronic myeloid leukemia (CML) in 2001 [90]. Its success in effectively inhibiting the BCR-ABL fusion protein, a hallmark of CML, led to significant improvements in patient outcomes and survival rates. Other BCR-ABL inhibitors, such as bosutinib, dasatinib, nilotinib, and ponatinib, have also been shown to be effective in CML and acute lymphoblastic leukemia [91]. TKIs have demonstrated efficacy not only in hematologic malignancies such as CML but also in solid tumors such as lung cancer, breast cancer, gastrointestinal stromal tumors, and renal cell carcinoma. The success of imatinib led to the discovery and approval of subsequent generations of TKIs. These newer inhibitors target different tyrosine kinase receptors that play a role in different types of cancer and are characterized by improved efficacy, selectivity, and reduced off-target effects. Erlotinib and gefitinib, for example, have significantly expanded the therapeutic landscape by specifically targeting mutations of the epidermal growth factor receptor (EGFR) in non-small cell lung cancer (NSCLC) [91,92]. Other EGFR inhibitors such as afatinib, dacomitinib, lapatinib, neratinib, osimertinib, and vandetanib are used in various cancers such as NSCLC, small cell lung cancer, and breast cancer and target EGFR mutations. Other important TKIs include ALK inhibitors such as alectinib, brigatinib, ceritinib, crizotinib, entrectinib, and lorlatinib, which are mainly used in ALK-positive NSCLC [92]. FLT3 inhibitors such as gilteritinib and midostaurin target acute myeloid leukemia with FLT3 mutations, while FGFR inhibitors such as erdafitinib are used for urothelial carcinoma [93,94]. NTRK inhibitors such as larotrectinib are effective in solid tumors with NTRK gene fusions [95]. VEGFR inhibitors such as axitinib, carbozantinib, lenvatinib, pazopanib, regorafenib, sorafenib, and sunitinib are effective against various types of cancer by inhibiting vascular endothelial growth factor receptors [91,96]. BRAF inhibitors such as dabrafenib, encorafenib, and vemurafenib focus on melanoma and NSCLC with BRAF mutations [97], while Bruton tyrosine kinase inhibitors such as acalabrutinib and ibrutinib are used for mantle cell lymphoma and chronic lymphocytic leukemia, among others [98]. MEK inhibitors such as binimetinib, cobimetinib, and trametinib are aimed at melanomas and NSCLC with BRAF mutations [99]. Finally, CDK4/6 inhibitors such as abemaciclib, palbociclib, and ribociclib are used for hormone receptor-positive breast cancer [100]. These TKIs have significantly improved the precision and efficacy of cancer therapies by focusing on specific genetic mutations and molecular targets, improving patient outcomes, and reducing side effects compared to conventional chemotherapy and radiotherapy.



In addition to their efficacy as a single therapy, TKIs have also been shown to be valuable in combination with other targeted therapies, chemotherapy, immunotherapy, or radiotherapy, highlighting their versatility and potential for synergistic effects in overcoming treatment resistance and improving overall outcomes for cancer patients [90]. Ongoing research and development of TKIs, including efforts to overcome resistance mechanisms, identify new targets, and refine treatment strategies through biomarker-driven approaches, promise further advances in personalized cancer therapy.






3. Resistance to Cancer-Directed Drugs


The effectiveness of chemotherapy in patients is often reduced by the development of drug resistance. Acquired resistance is especially problematic, as cancer cells can become resistant not only to the specific anticancer drug being used but also to other drugs with different structures and mechanisms of action [101]. Drug resistance can occur at various levels and involves different mechanisms.



One of the most significant mechanisms of drug resistance in cancer cells involves a notable reduction in intracellular drug concentration, which can occur due to decreased drug influx or increased drug efflux. As a result, the decreased drug concentration leads to reduced cytotoxicity of the drug, contributing to drug resistance in cancer treatment. The process of removing chemotherapeutic drugs from cancer cells involves the overexpression and activity of ATP-binding cassette (ABC) transporters, specifically ABCB1 (multidrug resistance protein or P-glycoprotein, MDR1/P-gp), ABCC1 (multidrug resistance-associated protein 1, MRP1), and ABCG2 (breast cancer resistance protein, BCRP) [102,103]. ABCB1 has broad substrate specificity with a large number of compounds identified as its substrates. ABCB1 regulates the efflux of various clinically important chemotherapeutics such as doxorubicin, paclitaxel, vincristine, and etoposide [104]. ABCC1 has a similar substrate specificity to ABCB1. However, ABCC1 exports substrates conjugated with glutathione (GSH). Thus, in addition to hydrophobic molecules, ABCC1 is also able to export organic anions [105]. ABCC1 extrudes many important cancer chemotherapeutics, including doxorubicin, vincristine, methotrexate, etoposide, and irinotecan [106]. ABCG2 also eliminates a wide range of chemotherapeutics, such as doxorubicin, methotrexate, and irinotecan [106].



Conversely, the changes in the mechanism by which anticancer drugs enter cancer cells lead to reduced drug influx. Copper uptake protein 1 (CTR1) plays an important role in the cellular uptake of cisplatin [107]. Consequently, CTR1 expression influences patient response to cisplatin therapy [108]. Methotrexate is predominantly taken up by cancer cells via the reduced folate carrier. Therefore, mutations in this carrier or its reduced expression lead to methotrexate resistance [109].



Drug inactivation mediated by the drug-metabolizing enzymes can reduce the amount of free drug available to bind to intracellular targets. An essential step in the inactivation of cisplatin is conjugation with GSH in a reaction mediated by the enzyme glutathione S-transferase. Consequently, higher expression and activity of glutathione S-transferase and increased intracellular GSH levels play a role in resistance to cisplatin [110,111].



Mutations in drug targets or changes in their expression levels have a significant role in developing drug resistance. Irinotecan is a potent inhibitor of DNA topoisomerase I (Topo I). Therefore, the downregulation of Topo I mRNA is correlated with resistance to irinotecan [112]. In addition, mutations in the Topo I gene impair the sensitivity of cancer cells to irinotecan [109]. Doxorubicin and etoposide target DNA topoisomerase II (Topo II). Like irinotecan, reduced Topo II levels or mutations in the Topo II gene have been associated with resistance to doxorubicin and etoposide [109]. The mitotic inhibitors paclitaxel and vincristine bind to the microtubules of the mitotic spindle and suppress their polymerization, preventing the regular course of cell division. Consequently, mutations in α- and β-tubulins, changes in the composition of β-tubulin isoforms, and alterations in microtubule dynamics influence resistance to antimicrotubule agents [113].



The ability of the cancer cell to repair DNA damage may determine sensitivity to anticancer drugs that induce DNA damage. Nucleotide excision repair (NER) is the main pathway to repair cisplatin-induced DNA damage [114]. In addition to increased DNA repair, increased tolerance to DNA damage also has a significant role in drug resistance. Various preclinical and clinical studies have shown that a lack of mismatch repair (MMR) genes confer resistance to cisplatin [114,115]. Additionally, a clinical study showed that loss of MMR is a predictive factor for response to irinotecan in colorectal cancer [116].



The tumor suppressor p53 is central in determining whether cells will arrest their growth or undergo cell death in response to chemotherapy. As a result, mutations in the TP53 gene that cause dysfunction in the p53 protein can reduce the sensitivity of cancer cells to chemotherapy [117]. Several studies have shown that loss of p53 function increases resistance to 5-FU [118]. In addition, several clinical studies have found that overexpression of TP53 protein product is associated with resistance to 5-FU chemotherapy [119,120]. Some clinical studies have also shown that ovarian tumors with mutations in TP53 have a poorer clinical outcome after cisplatin therapy [109]. Additionally, mutations in TP53 have been associated with a lack of response to doxorubicin in patients with breast cancer [121].



A precise mechanism for resistance to rituximab, a monoclonal antibody, is the loss of its target antigen CD20. This loss can result from reduced CD20 expression and deletions in the CD20 gene. In addition, another mechanism, known as “shaving”, can contribute to the loss of CD20 in rituximab-resistant malignancies. In this process, monocytes remove rituximab/CD20 complexes from the B-cell surface via the Fc receptor pathway [122]. Recently discovered molecular and cellular mechanisms behind trastuzumab resistance include immunosuppression induction, vascular mimicry, hypoxia, cancer stem cell emergence, HER2 heterogeneity and stability, alternative signaling pathways, and metabolic adaptation [123].



Patients who initially respond to immune checkpoint inhibitors may later develop resistance, leading to disease progression [124]. This resistance occurs because the tumor cells and tumor microenvironment (TME) undergo changes after interaction with the immune system, allowing the tumor to evade immune attack [125]. The mechanisms of acquired resistance to immune checkpoint inhibitors can be summarized as tumor-mediated acquired resistance, upregulation of inhibitory immune checkpoint expression levels, and increased immunosuppressive components in the TME [126].



The alterations in the target kinases, such as gene mutations or altered protein levels, are the main mechanisms of drug resistance to TKIs. The BCR-ABL inhibitor imatinib, the first FDA-approved TKI, is currently used as first-line therapy for CML. However, imatinib cannot entirely remove the BCR-ABL-expressing leukemic cell population, and resistance often occurs [127]. Different BCR–ABL–dependent mechanisms of imatinib resistance have been discovered, including amplification of the BCR-ABL oncogene, changes in BCR-ABL localization in CML cells, and mutations in the BCR-ABL oncogene. Point mutations can occur at different BCR-ABL sites, leading to relative or absolute resistance to imatinib [128]. This problem has led to the development and clinical use of second-generation BCR-ABL inhibitors, nilotinib, dasatinib, and bosutinib, and the third-generation BCR-ABL inhibitor, ponatinib. The BCR-ABL mutation T315I also confers resistance to all second-generation BCR-ABL inhibitors, but the response to ponatinib is preserved [129].



Most activating EGFR mutations in NSCLC patients are the exon 19 deletion and the exon 21 point mutation L858R. These mutations are managed with the first- and second-generation EGFR-TKIs: erlotinib, gefitinib, and afatinib. The primary mechanism of acquired resistance to first- and second-generation EGFR-TKIs is the substitution of threonine for methionine at position 790 in exon 20 (T790M) of the EGFR gene [130]. The third-generation EGFR TKI, osimertinib, selectively inhibits EGFR carrying all three common mutations, 19del, L858R, and T790M, while sparing wild-type EGFR [131]. Other known mechanisms of resistance to first- and second-generation EGFR TKIs include MET amplification, mutations in BRAF or PIK3CA, and amplification of genes encoding ERBB2 kinases [132].



It is a well-known phenomenon that some TKIs are substrates for ABC transporters. Therefore, ABC transporters can eliminate these TKIs from the cell, leading to resistance to TKIs. It is important to emphasize that some TKIs can act as both a substrate and an inhibitor of the ABC transporter, depending on the concentration range. Namely, imatinib is a substrate for both the ABCB1 and ABCG2 transporters, but only at a low concentration, while at higher concentrations, imatinib effectively inhibits the activity of these transporters [133]. The second-generation BCR-ABL inhibitors, nilotinib, and dasatinib, interact with the ABCB1 and ABCG2 transporters similarly to imatinib.



Interestingly, bosutinib inhibits the activity of ABCB1 and ABCG2 but does not act as a substrate for these transporters in the therapeutic concentration range [134]. The first-generation EGFR inhibitors, erlotinib, and gefitinib, also interact with ABCB1 and ABCG2 transporters. These EGFR inhibitors are actively transported by ABCB1 and ABCG2 at lower concentrations, while at higher concentrations, they can act as potent inhibitors of ABCB1 and ABCG2 function [135,136].




4. Functional Precision Medicine Platforms


FPM, which combines genomic profiling with sensitivity testing of patient-derived cancer cells (Figure 1), has the potential to identify effective treatments when clinically applied therapies fail [137,138]. FPM aims to tailor medical treatment to the individual characteristics of each patient by using different platforms to study the functional responses of patient-derived samples to different therapeutic interventions. These platforms include 2D cell cultures, 3D cell cultures, and PDX models, each offering unique advantages.



4.1. 2D Cell Culture Models in Functional Precision Medicine


Two-dimensional cell culture models play a crucial role in biomedical research, particularly within FPM platforms, where they provide valuable insights into personalized treatment strategies. By utilizing cells directly from the patient, it is possible to create personalized in vitro models that accurately reflect the genetic and phenotypic characteristics of the patient’s cancer (Figure 2). In the context of FPM, 2D cultures are utilized to analyze the functional responses of patient cells to various therapeutic agents, ultimately facilitating the development of tailored treatments for individual patients [139,140,141]. Patient-derived 2D cultures are particularly useful for FPM due to their simplicity and cost-effectiveness. In these models, cells are grown on flat, two-dimensional surfaces, making them easy to handle and maintain. This simplicity enables high-throughput screening of numerous compounds and facilitates rapid assessment of therapeutic efficacy and toxicity on patient-derived cells [139]. They are well suited for high-throughput drug screening and genetic studies, and the methods are highly standardized, which facilitates reproducibility. The primary sampling methods for patient-derived cancer cells include biopsies, blood samples, and surgical resections [142,143]. A biopsy involves taking a small tissue sample from the patient’s tumor with a needle or surgical instrument to obtain a direct source of cancer cells for culture and analysis. This method is critical to obtain cells that accurately reflect the genetic and phenotypic characteristics of the patient’s cancer. Blood samples are used to isolate circulating tumor cells or other relevant biomarkers from the patient’s bloodstream that provide insight into the cancer’s metastatic potential and its response to treatment. These samples are less invasive than tissue biopsies, making them a preferred option for serial monitoring of disease progression and treatment efficacy. In surgical resection, the tumor is removed during surgery. The removed tissue is used to create primary cell cultures that closely mimic the patient’s tumor environment. This method provides a large amount of tumor material for analysis and drug testing.



Recent studies have shown significant progress in the generation of primary cancer cells from patient tissue, particularly in the development of methods for isolating and culturing primary tumor cells from various malignancies. One study reported the successful generation of primary cancer cells from 568 patient samples, including core biopsies, fine needle aspirates, pleural effusions, and resections from a range of malignancies, including colon, lung, pancreatic, breast, endometrial, and head and neck cancers [142]. In a successful primary culture, the cancer cells no longer required an irradiated fibroblast feeder layer for growth, were free of stromal fibroblasts, could be cryopreserved, thawed, and re-grown, and had the same driver mutations as the original biopsy sample. The success rate in generating a cancer cell monoculture was 26% for all cancer types. The success rate was particularly high for lung cancer: 29% of the samples yielded a finished cancer cell line, compared to only 15% for breast cancer (p < 0.01) [142]. A comparative analysis of success rates in 61 lung cancer samples showed that the method using the fibroblast feeder layer and specifically defined tumor culture media had a higher success rate compared to standard media conditions.



Despite their advantages, 2D cell cultures have their limitations in FPM. The two-dimensional environment does not accurately replicate the three-dimensional architecture and interactions in living tissues. This lack of complexity can lead to discrepancies between in vitro drug responses and clinical outcomes. For this reason, FPM platforms often combine 2D cultures with more advanced models, such as 3D cultures and PDX, to enable a more comprehensive and physiologically relevant analysis.




4.2. 3D Cell Culture Models in Functional Precision Medicine


Patient-derived 3D cell culture models such as spheroids and organoids represent a significant advance in cancer research as they provide a more physiologically relevant environment by enabling the growth of cells in three dimensions and closely mimicking the structure and function of human tissue (Figure 2).



Spheroids are spherical aggregates of cancer cells or other cell types that naturally assemble in a suspension or low-adhesion environment [144]. They mimic the 3D architecture of tumors, including the nutrient, oxygen, and metabolic product gradient from the outside to the core. This gradient is critical for studying tumor biology and treatment responses because it mimics the conditions in solid tumors where the core often becomes necrotic due to hypoxia. Patient-derived spheroids have been generated from various cancers such as lung [145], gastric [146], colorectal [147], and breast cancer [148]. Organoids are miniaturized, simplified versions of organs produced in vitro from stem cells or organ-specific progenitor cells [144,149]. They are able to self-organize into structures that resemble the morphology and function of real organs. Similar to spheroids, patient-derived organoids (PDOs) accurately reflect the patient’s unique molecular signature and provide a precise model of tumor genetic and molecular diversity, hypoxia, nutrient diffusion, and metabolism [150]. The tumor samples used for PDO generation can be obtained from solid surgical resections, punch or fine needle aspiration biopsies, or biological fluid biopsies. PDOs have been successfully created from various types of cancer, including ovarian [151], breast [152], lung [153,154], gastrointestinal [155], esophageal [156], colorectal [157], prostate [158], liver [159], pancreatic [160], glioblastoma [161], retinoblastoma [162], and bladder cancers [163].



In a 2015 study, researchers established a living organoid biobank from colorectal cancer patients, demonstrating the capability of organoid cultures to generate high-quality drug sensitivity data and uncover gene-drug connections [164]. This platform successfully recapitulated clinical observations, such as cetuximab’s effectiveness in KRAS wild-type organoids and the responsiveness of TP53 wild-type organoids to Nutlin-3a. The identification of stem cell markers in patient-derived colorectal cancer organoids, such as clusterin, has led to the development of useful markers for drug resistance, patient survival, and disease recurrence [165]. Similarly, PDOs have shown promise in modeling treatment responses for metastatic gastrointestinal cancers, mirroring patient outcomes, and enabling personalized treatment strategies [155]. In pancreatic cancer, a library of 66 PDO cultures was obtained from fine-needle biopsies, surgical resections, and rapid autopsies collected from multiple clinical institutions [166]. The library allowed researchers to correlate PDOs’ drug sensitivity profiles with patient responses, providing chemosensitivity signatures that enable better treatment determination. Furthermore, the breast cancer PDO model has been suggested as suitable for predicting patient response to neoadjuvant chemotherapy [167]. Another study demonstrated the importance of intratumor heterogeneity in drug response using liver PDOs, showing that multiple cancer biopsies are crucial since organoids from different tumor slices exhibited varying mutations and responses to drugs [168].



The greater physiological relevance of spheroids and organoids compared to conventional 2D cultures results from their ability to better mimic the spatial organization and microenvironment of real tissue. This is important to study cellular processes such as proliferation, differentiation and apoptosis in a context that closely resembles in vivo conditions. The complexity of patient-derived spheroids and organoids leads to drug responses that are more predictive of in vivo outcomes and better capture the effects of drug penetration, resistance, and metabolism than 2D cultures. For example, the dense structure of the spheroid models restricts the penetration of drugs. Multiple cell layers act as barriers that can lead to conditions such as hypoxia and acidosis, which are associated with increased chemoresistance [169]. This makes them invaluable for preclinical drug testing and for reducing dropout rates in clinical trials. In addition, spheroids and organoids enable the study of complex cell–cell and cell–matrix interactions in the tissue microenvironment, which is critical for understanding tumor growth and metastasis [170].



However, the implementation of patient-derived 3D cultures is also associated with technical difficulties. The average success rate in generating PDOs for lung cancer is reported to be only 40%, often due to the quality of the biopsy sample [153]. In addition, the spatial heterogeneity of the original tumor cannot be fully captured in a single biopsy, so multiple PDOs from different tumor regions could be required to fully evaluate the effects of drugs [171,172]. In addition, scaling up 3D cultures for high-throughput screening is challenging due to the high cost of reagents, materials, and labor, and limited automated handling and analysis compared to 2D cultures. Despite their limitations, PDOs are crucial for progress in FPM. Ongoing development and optimization of 3D culture technologies to overcome the challenges posed by technical complexity and scalability is crucial to fully exploit their potential in cancer research and clinical applications. Recent advances in this area are promising, such as a new rapid protocol for producing PDOs and predicting drug response [153].




4.3. Patient-Derived Xenograft Models in Functional Precision Medicine


PDX models represent an innovative approach to cancer research and functional precision medicine, providing a platform to study tumor biology and drug response (Figure 2). PDX models are created by implanting fresh tumor tissue from cancer patients into immunocompromised mice [149,173,174]. This process maintains the intricate structure, genetic diversity, and cellular composition of the original human tumor, ensuring that PDX models highly reflect individualized patient cancers. The development of PDX models begins with the surgical resection or biopsy of a patient’s tumor [175]. The removed tumor tissue is usually fragmented into smaller pieces and implanted subcutaneously or orthotopically into the organ of origin of immunocompromised mice such as nude or NOD/SCID mice. Once the tumor has established itself in the mouse, it can be propagated over several generations by re-implanting tumor fragments into new recipient mice [176]. This procedure ensures a continuous supply of tumor tissue for experimental studies and preserves the properties of the original tumor over time. Successful PDX models have been developed from tumor tissue of various types of cancer, such as lung [145,177], breast [178], colorectal [179,180], bladder [181], and melanoma [182]. Circulating tumor cells have also been used to create PDX models for pancreatic [183], breast [184], and prostate cancer [185].



The establishment of patient-derived xenografts from non-small cell lung cancer patients demonstrated that these models maintain primary tumor features and correlate with patient prognosis and survival, suggesting their use in predicting lung cancer aggressiveness [186]. In another study, PDX models derived from 92 patients with various solid cancer types were screened against 129 treatments, showing that PDXs conserve the genetic patterns of primary tumors and accurately replicate patient responses to oncology therapies [187]. Furthermore, endometrial cancer PDX models revealed significant genetic similarities to primary tumors and highlighted the potential of combination therapies to stabilize tumor growth in pretreated patients [188]. In a recent study, PDX models were used for high-throughput drug screening and treatment determination for 56 high-risk pediatric cancer patients. They identified treatment options for 70% of patients, which led to a change in the treatment for 53% of patients, with 29% of those patients showing clinical benefits [189]. In pancreatic cancer, PDXs were utilized for pharmacokinetic/pharmacodynamic modeling and the characterization of dexamethasone’s effects [190].



PDX models have a range of applications in cancer research, drug development, and personalized medicine. They play an important role in preclinical drug testing and represent a valuable intermediate step between in vitro studies and clinical trials [154,187,191,192,193]. By testing drugs on PDX models derived from different patient tumors, the efficacy of therapeutic agents can be evaluated in different genetic backgrounds and tumor subtypes. PDX models are also used to study the mechanisms of drug resistance and to identify possible strategies for overcoming it [194,195,196,197]. By exposing PDX models to prolonged drug treatment, the genetic and molecular changes that lead to resistance can be investigated, as well as combination therapies that can prevent or reverse resistance [198].



PDX models are also crucial for biomarker discovery because comparing the molecular profiles of responding and non-responding PDX tumors can identify predictors of treatment response [199,200,201]. These biomarkers can then be validated in clinical trials and serve as a basis for treatment decisions in the clinic. The integration of PDX models with advanced omics technologies such as genomics, transcriptomics, proteomics, and metabolomics enhances their function by enabling high-throughput sequencing and other omics approaches to characterize PDX tumors, providing insights into their genetic and molecular profiles, identifying new therapeutic targets and pathways, and improving the precision of cancer treatment [201,202].



Recent advances in the development of PDX models include the creation of humanized mouse models [203]. These models are engrafted not only with patient-derived tumors but also with human immune cells, enabling the study of tumor-immune interactions and the evaluation of immunotherapies. Humanized PDX models are particularly valuable for the investigation of immune checkpoint inhibitors and other immunotherapeutics, as they provide insights into their mechanisms of action and potential clinical efficacy [204,205,206].




4.4. Cancer-on-a-Chip Models in Functional Precision Medicine


Patient-derived cancer-on-a-chip models are an innovative approach in the field of personalized cancer research and treatment [207]. Microfluidic technology is crucial for the development of patient-derived cancer-on-a-chip models. It uses tiny channels and chambers to precisely control the microenvironment and simulate conditions in human tissue (Figure 2). This technology advances cancer-on-a-chip models by enabling precise environmental control, high-throughput capabilities, and real-time analysis, making it essential for personalized cancer research and tailored therapies to improve patient outcomes [208,209,210,211,212,213,214,215]. By using cells taken directly from a patient’s tumor, these models provide a detailed representation of the unique genetic and phenotypic characteristics of an individual’s cancer. This level of personalization allows for more relevant and reliable predictions of how a patient’s cancer might respond to different treatments, increasing the potential for tailored treatment strategies [214]. The improved biological accuracy of these models is another important advantage. Unlike traditional 2D cell cultures, the cancer-on-a-chip systems replicate the 3D structure and TME, including critical cell-cell and cell-matrix interactions [216,217]. This capability leads to a better understanding of tumor behavior and drug response, making these models an invaluable tool for preclinical testing and drug development.



A cancer-on-a-chip platform allows extensive drug screening and has shown compelling correlations between ex vivo and clinical outcomes. For example, oxaliplatin-treated spheroids created from patients with the BRCA2 mutation in 3D-printed microfluidic devices demonstrated significant reductions in viability, reflecting the clinical sensitivity to platinum drugs [218]. Similarly, the glioblastoma-on-a-chip system was used to study the immunosuppressive microenvironments of glioblastoma [219]. This approach suggests co-targeting PD-1 immunotherapy with colony-stimulating factor 1 receptor (CSF-1R) inhibitors to enhance CD8+ T-cell functionality and induce apoptosis in glioblastoma. This patient-specific system provides personalized screening of immunotherapies, revealing distinct epigenetic and immune signatures in different glioblastoma subtypes. Furthermore, a 3D microfluidic chip for head and neck cancer patients evaluates the efficacy of immunotherapy by analyzing immune cell migration and cancer cell proliferation in response to immune checkpoint inhibitors [220]. This innovative humanized chip assay predicts the efficacy of immunotherapeutic drugs, tailoring treatments to individual patient profiles. These studies highlight the potential of cancer-on-a-chip models to revolutionize personalized medicine by providing accurate, patient-specific platforms for functional diagnostics and treatment optimization.



In addition, artificial intelligence can analyze data from patient-derived cancer-on-a-chip models to develop predictive models for cancer progression and treatment outcomes, identifying patterns that are not apparent in manual analysis. The development of automated systems for cell culture and analysis is critical to overcoming scaling issues and increasing the throughput of these models.





5. Functional Assays in Personalized Cancer Medicine


Functional assays in personalized cancer medicine offer several key advantages. First, they enable tailored treatment selection by allowing ex vivo modeling of a patient’s tumor from samples obtained during medical procedures. By analyzing the biological response of tumor cells to specific treatments, these assays provide a personalized functional profile that indicates chemosensitivity or resistance and helps to select the most effective treatment for individual cancer patients [6]. Second, they improve treatment outcomes by providing insight into how a patient’s tumor cells respond to different therapies, helping oncologists make more informed treatment recommendations. This personalized approach has the potential to improve patient response to therapy. Third, functional assays improve clinical decision-making by providing valuable information that can be integrated into the clinical process. By assessing the ex vivo response of tumor cells to different treatments, clinicians can make more precise and individualized treatment decisions. Fourth, these assays have shown that they can predict the efficacy of drugs or drug combinations on a patient’s tumor with high accuracy. Finally, studies have shown that functional assays can bring clinical benefits to patients by proving effective in different cancer types and improving treatment outcomes.



Various assays are commonly used for the functional analysis of 2D patient-derived cultures in FPM. Cell viability assays such as MTT and XTT measure metabolic activity to determine the health and proliferation of cells in response to drugs [221]. Cytotoxicity assays, such as LDH release and Annexin V staining, assess cell damage or apoptosis induced by therapeutic agents and provide information on the safety and efficacy of drugs. Gene expression analysis, usually by quantitative PCR or RNA sequencing, evaluates the effects of drugs on specific genetic pathways and helps to understand molecular mechanisms and identify treatment biomarkers [221]. Protein expression and post-translational modifications are analyzed using techniques such as ELISA or immunocytochemistry and provide information on the functional effects of drugs on cellular processes. High-content screening (HCS) is an advanced technique used in 2D cultures that combines automated microscopy with image analysis. HCS enables the simultaneous assessment of multiple cellular parameters, including cell morphology, intracellular signaling pathways, protein expression and subcellular localization of proteins [140,141]. This comprehensive analysis enables a detailed understanding of the effects of drugs on cell function, helping to select the most effective therapeutics for individual patients. Furthermore, immunoassays for HTC were developed to distinguish cancer cells from stromal cells using the CK8/18 antibody cocktail and to distinguish cells with a multidrug-resistant phenotype from sensitive cells using the ABCB1, ABCC1 and ABCG2 antibodies [140,141]. The simultaneous labeling of CK8/18 with the nuclear marker enabled a clear distinction and quantification of two different cell categories: CK8/18-negative cells, representing stromal cells, and CK8/18-positive carcinoma cells, allowing accurate quantification and analysis of each cell type within the mixed culture.



Three-dimensional cell assays for drug screening are applied to 3D culture models, including cancer-on-a-chip models, to better mimic the cellular environment in vivo and thus more accurately assess the efficacy and toxicity of drugs [193,222]. Assessment methods typically include techniques such as measuring ATP content to assess cell viability, the use of invasion chambers to assess cell invasion, the use of colorimetric or fluorescence-based assays for metabolic activity and viability, and the use of imaging techniques to visualize cell responses in a real-time [6]. Commonly used devices include luminometers, fluorescence microscopes, plate readers, and spectrophotometers. These assays play a critical role in studying various aspects of cell behavior, drug response, and tissue modeling in 3D cultures and provide a more physiologically relevant platform for drug screening and cell analysis compared to conventional 2D cultures. Although high-content imaging techniques enable detailed analysis of cell responses in 3D cultures, there are challenges in image acquisition, analysis, and visualization of the data. Multi-parametric analyzes help to normalize the data and examine the effects of treatment on specific cell subpopulations. Advanced tools are needed for software that enables true 3D phenotypic analysis and single-cell segmentation for high-throughput screening [222].




6. Limitations of Functional Precision Medicine Platforms


The phenotype of primary cells is significantly influenced by the isolation process and in vitro culture conditions, affecting cell morphology, proliferation, and expression of markers [223]. Various methods are used for isolating and expanding target cells in vitro, leading to differences in procedures and a lack of standardized protocols [224]. Enzymatic digestion affects primary cells depending on the type of enzymes used and treatment conditions, altering cell yield, viability, population, phenotype, and gene expression patterns [224]. Media formulations also play a critical role in influencing cell growth, viability, morphology, differentiation, gene expression, and overall functionality [225].



Studying TME in the context of primary cell cultures is very important. When developing advanced tumor cell-based models, the role of the stroma should not be overlooked [224]. Although it is challenging to incorporate all stromal cell types and subtypes into in vitro tumor models, certain cells are essential as they significantly influence the microenvironment. Another challenge is differentiating between primary cell subpopulations [224]. Conventional cell separation methods rely on cell type-specific markers, which may not adequately represent the diversity within cell types. Additionally, different studies use different markers to define the same cell types, leading to discrepancies in understanding cell behavior and function [224].



Two-dimensional primary cell cultures cannot replicate the natural architecture of tumors, resulting in an inaccurate representation of crucial cell–cell and cell–extracellular matrix interactions. Such interactions are essential for various cellular functions [226,227]. Disturbed interactions with the external environment cause adherent growing cells to lose their polarity, impairing their response to various external and internal stimuli [228]. After isolation and transfer to 2D conditions, cell morphology and division mode change, resulting in a loss of diverse phenotypes [227,228]. Morphological changes affect cell function, internal organization, secretion, and signal transduction [229].



In 2D cultures, the cells have unrestricted access to nutrients, oxygen, and signaling molecules, allowing faster growth [228]. They also receive an equal amount of anticancer drugs during treatments, unlike in vivo conditions [228]. Furthermore, the 2D culture system alters DNA methylation rates, gene expression, splicing, cell topology, and biochemistry, limiting the relevance of such models in mimicking in vivo conditions of cancer cells [230,231].



Both 2D and 3D primary cell cultures face significant limitations due to the unpredictable quality of human biopsies and surgical resections as a source of starting material. The generation of heterogeneous spheroid populations in terms of volume and shape poses a substantial challenge to the standardization of experimental protocols and interpretation of data [222]. Additionally, patient-derived spheroids may develop a central necrotic core as they increase in size due to restricted diffusion of nutrients and oxygen to the inner regions of the spheroid [232]. The presence of a necrotic core significantly reduces overall cell viability in the spheroid and poses a substantial challenge for drug penetration and efficacy testing [232]. Drugs may have limited access to the inner regions of the spheroid where the necrotic core is located, which significantly affects the response to treatment [232].



The time required to generate 2D and 3D primary cell cultures, including PDOs, can vary widely and can influence drug response studies [233]. The success of PDOs depends on tumor grade, cellularity of the resected tissue, early organoid formation after seeding, the composition of the culture medium, and control of fibroblast overgrowth [234,235,236,237].



Creating PDOs that faithfully replicate the heterogeneity of tumors is indeed challenging. PDOs do not fully represent the heterogeneity of the original tumor due to clonal selection during organoid establishment and represent only a subset of tumor cells that can miss important subpopulations [238,239]. Recent drug screening studies have reported intra-patient heterogeneity of drug response in PDOs derived from different cancer lesions of the same patient [166,237,240]. Although superior to 2D primary cell culture and 3D spheroids, PDOs can still deviate from the genetic profile of the original tumor, which may compromise their utility for drug screening and therapeutic development [239].



In addition, PDOs are limited in capturing the full complexity of the TME due to the absence of key stromal components [240]. PDOs do not include essential elements such as blood vessels, leading to slower material exchange compared to the natural process through blood vessels. This can impact both tumor growth and response to drugs [241]. The TME consists of various non-tumor cells, including cancer-associated fibroblasts, endothelial cells, and different types of immune cells [242]. These stromal cells play a crucial role in the tumor and engage with tumor cells through chemokines, growth factors, enzymes, and extracellular vesicles [243]. Consequently, PDOs are unable to accurately replicate the complex interactions between tumors and the immune system [239].



The process of establishing PDX models is not only time-consuming and expensive but also comes with its own set of challenges. It involves transplanting tumor tissue from patients into immunodeficient mice and then monitoring tumor growth and response to treatment. However, this process takes several months, making it unsuitable for real-time personalized medicine [244].



The time frame and resource-intensive nature of PDX model generation pose obstacles to its widespread use and feasibility for large-scale studies [245,246,247]. Additionally, the high failure rate for transplantation of certain cancer types and phenotypes remains a major obstacle to the widespread use of PDX models. Success in establishing PDX models varies depending on tumor type and characteristics, with highly malignant tumors having a higher likelihood of successful engraftment than less aggressive tumors.



PDX models may undergo genetic changes over successive passages that lead to genetic drift and divergence from the original patient tumor, affecting tumor response to therapies [248]. They also underrepresent subclonal heterogeneity, attributed to sampling bias due to spatial heterogeneity, differing capacities of subclones to engraft and proliferate, and tumor evolution and selection during PDX passages [249]. In addition, intratumoral heterogeneity can be influenced by external factors in the microenvironment, including murine host cells [250].



While offering significant advantages for cancer research, PDX models also pose challenges for data management and analysis. Sophisticated data integration techniques, normalization standards, and tailored analysis algorithms are necessary to ensure the reliability and accuracy of results [251]. Moreover, the use of animals in research, including the generation of PDX models, raises ethical considerations regarding animal welfare and the 3Rs principles (Replacement, Reduction, and Refinement) [251].



As an alternative to animal models, cancer-on-a-chip models have been extensively developed over the last ten years as the most challenging to implement 3D models [252]. The methods for establishing and culturing cells in cancer-on-a-chip models are often created individually by users without standardized guidelines, leading to variations in both technological and biological aspects. As a result, the lack of standardization impedes the scalability of results from the microscale to potential macroscale applications [253,254].



From a technological standpoint, performing multiple processes, such as biomarker separation, detection, analysis, and information retrieval on a single chip, is challenging. Further refinements are needed to generate precise gradient flows and shear stresses to reproduce conditions in vivo accurately [254]. Another limitation of cancer-on-chip devices is that they typically only replicate essential components and disregard important chemical and physical properties of the tumor microenvironment [255].



Moreover, polydimethylsiloxane (PDMS), which is commonly used for organ-on-chip production due to its biocompatibility, transparency, and oxygen permeability, has the drawback of non-specific absorption of small hydrophobic molecules, including some anticancer drugs. New materials need to be developed to retain PDMS’s properties while minimizing drug absorption [254,256].




7. Future Perspectives


After more than 50 years of cancer research following the official declaration of the war on cancer by President Richard Nixon of the United States [257], significant progress has been made, but many challenges remain. Despite hopes placed in precision medicine and genome-targeted approaches, the overall effectiveness of identifying actionable targets through molecular profiling in unselected cancer patients has been limited [13]. As a result, the routine clinical use of multigene NGS testing has been restricted [258]. The future goal is to identify more actionable molecular targets and understand how to target complex molecular interconnections to treat cancer patients more effectively. Artificial intelligence and analysis of existing data could play a crucial role in achieving this.



The ultimate focus should be on improving the overall survival and quality of life for cancer patients. While many targeted anticancer drugs have been approved in the past two decades, understanding their appropriate use for specific patients and obtaining data on overall survival is still a work in progress [259]. Although not all cancer patients have actionable targets, other genomic changes can indicate the use of available targeted therapeutics. In the future, functional drug screenings and multigene NGS testing should be considered to guide clinical decisions.



Understanding the genetic makeup of relapsed diseases is crucial for customizing effective treatments to combat drug resistance. Ongoing research aims to pinpoint genetic markers that can predict how a patient will respond to immunotherapy [260]. Studies have revealed that the presence of diverse genetic variations within tumors is associated with worse clinical outcomes across different types of cancer. Identifying these variations at a subclonal level is essential for predicting tumor regrowth or advancement [261]. By combining data from proteomic, metabolomic, epigenetic, and microRNA-based analyses, we can better tackle the complexities of cancer. Utilizing proteogenomic approaches can help connect genetic changes to observable traits, uncovering important cancer-related developments that may not be apparent through standard genetic analysis [262].



However, there are limitations associated with functional precision medicine platforms, including the inability to identify treatment-resistant cells, differentiate between cancer cell subpopulations, sampling bias, molecular drift during primary culture, lack of representation of TME, and complex molecular data interpretation. The most challenging aspect is the lack of standardization and scalability. Despite this, these imperfections might be acceptable if empirical evidence confirms the benefits for cancer patients. While there is a long road ahead, it is encouraging that many major academic centers all over the world are opting for early and comprehensive tumor and germline genetic testing for a large proportion of cancer patients [263]. This suggests that functional drug screening may soon be implemented in clinical practice to support a genome-targeted approach in cancer patients’ treatment.







Author Contributions


Conceptualization, M.P.; Investigation, J.D., S.J.S., M.D., M.G., A.P.-R. and M.P.; Writing—original draft preparation J.D., S.J.S., M.D., M.G., A.P.-R. and M.P.; Writing—review and editing, J.D. and M.P.; Funding acquisition, M.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by the Science Fund of the Republic of Serbia, #7739737, Functional diagnostics in non-small cell lung carcinoma—a new concept for the improvement of personalized therapy in Serbian patients—TargetedResponse.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Wang, H.; Zhang, Y.; Zhang, H.; Cao, H.; Mao, J.; Chen, X.; Wang, L.; Zhang, N.; Luo, P.; Xue, J.; et al. Liquid biopsy for human cancer: Cancer screening, monitoring, and treatment. MedComm 2024, 5, e564. [Google Scholar] [CrossRef] [PubMed]

	



Falzone, L.; Salomone, S.; Libra, M. Evolution of Cancer Pharmacological Treatments at the Turn of the Third Millennium. Front. Pharmacol. 2018, 9, 1300. [Google Scholar] [CrossRef]

	



Tufail, M.; Hu, J.J.; Liang, J.; He, C.Y.; Wan, W.D.; Huang, Y.Q.; Jiang, C.H.; Wu, H.; Li, N. Predictive, preventive, and personalized medicine in breast cancer: Targeting the PI3K pathway. J. Transl. Med. 2024, 22, 15. [Google Scholar] [CrossRef]

	



Puccetti, M.; Pariano, M.; Schoubben, A.; Giovagnoli, S.; Ricci, M. Biologics, theranostics, and personalized medicine in drug delivery systems. Pharmacol. Res. 2024, 201, 107086. [Google Scholar] [CrossRef]

	



Xiang, Y.; Liu, X.; Wang, Y.; Zheng, D.; Meng, Q.; Jiang, L.; Yang, S.; Zhang, S.; Zhang, X.; Liu, Y.; et al. Mechanisms of resistance to targeted therapy and immunotherapy in non-small cell lung cancer: Promising strategies to overcoming challenges. Front. Immunol. 2024, 15, 1366260. [Google Scholar] [CrossRef] [PubMed]

	



Morand du Puch, C.B.; Vanderstraete, M.; Giraud, S.; Lautrette, C.; Christou, N.; Mathonnet, M. Benefits of functional assays in personalized cancer medicine: More than just a proof-of-concept. Theranostics 2021, 11, 9538–9556. [Google Scholar] [CrossRef]

	



Liu, Y.P.; Zheng, C.C.; Huang, Y.N.; He, M.L.; Xu, W.W.; Li, B. Molecular mechanisms of chemo- and radiotherapy resistance and the potential implications for cancer treatment. MedComm 2021, 2, 315–340. [Google Scholar] [CrossRef] [PubMed]

	



Anand, U.; Dey, A.; Chandel, A.K.S.; Sanyal, R.; Mishra, A.; Pandey, D.K.; De Falco, V.; Upadhyay, A.; Kandimalla, R.; Chaudhary, A.; et al. Cancer chemotherapy and beyond: Current status, drug candidates, associated risks and progress in targeted therapeutics. Genes. Dis. 2023, 10, 1367–1401. [Google Scholar] [CrossRef]

	



Liu, Y.Q.; Wang, X.L.; He, D.H.; Cheng, Y.X. Protection against chemotherapy- and radiotherapy-induced side effects: A review based on the mechanisms and therapeutic opportunities of phytochemicals. Phytomedicine Int. J. Phytother. Phytopharm. 2021, 80, 153402. [Google Scholar] [CrossRef]

	



Baskar, R.; Lee, K.A.; Yeo, R.; Yeoh, K.W. Cancer and radiation therapy: Current advances and future directions. Int. J. Med. Sci. 2012, 9, 193–199. [Google Scholar] [CrossRef]

	



Citrin, D.E.; Mitchell, J.B. Altering the response to radiation: Sensitizers and protectors. Semin. Oncol. 2014, 41, 848–859. [Google Scholar] [CrossRef] [PubMed]

	



Ali, R.; Aouida, M.; Alhaj Sulaiman, A.; Madhusudan, S.; Ramotar, D. Can Cisplatin Therapy Be Improved? Pathways That Can Be Targeted. Int. J. Mol. Sci. 2022, 23, 7241. [Google Scholar] [CrossRef] [PubMed]

	



Haslam, A.; Kim, M.S.; Prasad, V. Updated estimates of eligibility for and response to genome-targeted oncology drugs among US cancer patients, 2006–2020. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2021, 32, 926–932. [Google Scholar] [CrossRef]

	



Ismail, S.I.; Naffa, R.G.; Yousef, A.M.; Ghanim, M.T. Incidence of bcr-abl fusion transcripts in healthy individuals. Mol. Med. Rep. 2014, 9, 1271–1276. [Google Scholar] [CrossRef] [PubMed]

	



Roy, L.; Guilhot, J.; Krahnke, T.; Guerci-Bresler, A.; Druker, B.J.; Larson, R.A.; O’Brien, S.; So, C.; Massimini, G.; Guilhot, F. Survival advantage from imatinib compared with the combination interferon-alpha plus cytarabine in chronic-phase chronic myelogenous leukemia: Historical comparison between two phase 3 trials. Blood 2006, 108, 1478–1484. [Google Scholar] [CrossRef]

	



Kantarjian, H.; Shah, N.P.; Hochhaus, A.; Cortes, J.; Shah, S.; Ayala, M.; Moiraghi, B.; Shen, Z.; Mayer, J.; Pasquini, R.; et al. Dasatinib versus imatinib in newly diagnosed chronic-phase chronic myeloid leukemia. N. Engl. J. Med. 2010, 362, 2260–2270. [Google Scholar] [CrossRef]

	



Langerbeins, P.; Zhang, C.; Robrecht, S.; Cramer, P.; Fürstenau, M.; Al-Sawaf, O.; von Tresckow, J.; Fink, A.-M.; Kreuzer, K.-A.; Vehling-Kaiser, U.; et al. The CLL12 trial: Ibrutinib vs placebo in treatment-naïve, early-stage chronic lymphocytic leukemia. Blood 2022, 139, 177–187. [Google Scholar] [CrossRef]

	



Ghia, P.; Pluta, A.; Wach, M.; Lysak, D.; Kozak, T.; Simkovic, M.; Kaplan, P.; Kraychok, I.; Illes, A.; de la Serna, J.; et al. ASCEND: Phase III, Randomized Trial of Acalabrutinib Versus Idelalisib Plus Rituximab or Bendamustine Plus Rituximab in Relapsed or Refractory Chronic Lymphocytic Leukemia. J. Clin. Oncol. 2020, 38, 2849–2861. [Google Scholar] [CrossRef]

	



Zhang, Y.L.; Yuan, J.Q.; Wang, K.F.; Fu, X.H.; Han, X.R.; Threapleton, D.; Yang, Z.Y.; Mao, C.; Tang, J.L. The prevalence of EGFR mutation in patients with non-small cell lung cancer: A systematic review and meta-analysis. Oncotarget 2016, 7, 78985–78993. [Google Scholar] [CrossRef]

	



Shepherd, F.A.; Rodrigues Pereira, J.; Ciuleanu, T.; Tan, E.H.; Hirsh, V.; Thongprasert, S.; Campos, D.; Maoleekoonpiroj, S.; Smylie, M.; Martins, R.; et al. Erlotinib in previously treated non-small-cell lung cancer. N. Engl. J. Med. 2005, 353, 123–132. [Google Scholar] [CrossRef]

	



Rosell, R.; Carcereny, E.; Gervais, R.; Vergnenegre, A.; Massuti, B.; Felip, E.; Palmero, R.; Garcia-Gomez, R.; Pallares, C.; Sanchez, J.M.; et al. Erlotinib versus standard chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): A multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 2012, 13, 239–246. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, C.; Wu, Y.L.; Chen, G.; Feng, J.; Liu, X.Q.; Wang, C.; Zhang, S.; Wang, J.; Zhou, S.; Ren, S.; et al. Erlotinib versus chemotherapy as first-line treatment for patients with advanced EGFR mutation-positive non-small-cell lung cancer (OPTIMAL, CTONG-0802): A multicentre, open-label, randomised, phase 3 study. Lancet Oncol. 2011, 12, 735–742. [Google Scholar] [CrossRef] [PubMed]

	



Kelly, K.; Altorki, N.K.; Eberhardt, W.E.E.; O’Brien, M.E.R.; Spigel, D.R.; Crinò, L.; Tsai, C.-M.; Kim, J.-H.; Cho, E.K.; Hoffman, P.C.; et al. Adjuvant Erlotinib Versus Placebo in Patients With Stage IB-IIIA Non–Small-Cell Lung Cancer (RADIANT): A Randomized, Double-Blind, Phase III Trial. J. Clin. Oncol. 2015, 33, 4007–4014. [Google Scholar] [CrossRef] [PubMed]

	



Sequist, L.V.; Yang, J.C.; Yamamoto, N.; O’Byrne, K.; Hirsh, V.; Mok, T.; Geater, S.L.; Orlov, S.; Tsai, C.M.; Boyer, M.; et al. Phase III study of afatinib or cisplatin plus pemetrexed in patients with metastatic lung adenocarcinoma with EGFR mutations. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2013, 31, 3327–3334. [Google Scholar] [CrossRef]

	



Yang, J.C.; Schuler, M.; Popat, S.; Miura, S.; Heeke, S.; Park, K.; Marten, A.; Kim, E.S. Afatinib for the Treatment of NSCLC Harboring Uncommon EGFR Mutations: A Database of 693 Cases. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2020, 15, 803–815. [Google Scholar] [CrossRef]

	



Mok, T.S.; Cheng, Y.; Zhou, X.; Lee, K.H.; Nakagawa, K.; Niho, S.; Chawla, A.; Rosell, R.; Corral, J.; Migliorino, M.R.; et al. Updated Overall Survival in a Randomized Study Comparing Dacomitinib with Gefitinib as First-Line Treatment in Patients with Advanced Non-Small-Cell Lung Cancer and EGFR-Activating Mutations. Drugs 2021, 81, 257–266. [Google Scholar] [CrossRef]

	



Mok, T.S.; Cheng, Y.; Zhou, X.; Lee, K.H.; Nakagawa, K.; Niho, S.; Lee, M.; Linke, R.; Rosell, R.; Corral, J.; et al. Improvement in Overall Survival in a Randomized Study That Compared Dacomitinib With Gefitinib in Patients With Advanced Non-Small-Cell Lung Cancer and EGFR-Activating Mutations. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2018, 36, 2244–2250. [Google Scholar] [CrossRef]

	



Okuma, Y.; Kubota, K.; Shimokawa, M.; Hashimoto, K.; Kawashima, Y.; Sakamoto, T.; Wakui, H.; Murakami, S.; Okishio, K.; Hayashihara, K.; et al. First-Line Osimertinib for Previously Untreated Patients With NSCLC and Uncommon EGFR Mutations: The UNICORN Phase 2 Nonrandomized Clinical Trial. JAMA Oncol. 2024, 10, 43–51. [Google Scholar] [CrossRef]

	



Planchard, D.; Janne, P.A.; Cheng, Y.; Yang, J.C.; Yanagitani, N.; Kim, S.W.; Sugawara, S.; Yu, Y.; Fan, Y.; Geater, S.L.; et al. Osimertinib with or without Chemotherapy in EGFR-Mutated Advanced NSCLC. N. Engl. J. Med. 2023, 389, 1935–1948. [Google Scholar] [CrossRef]

	



Wu, Y.L.; Tsuboi, M.; He, J.; John, T.; Grohe, C.; Majem, M.; Goldman, J.W.; Laktionov, K.; Kim, S.W.; Kato, T.; et al. Osimertinib in Resected EGFR-Mutated Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2020, 383, 1711–1723. [Google Scholar] [CrossRef]

	



Solomon, B.J.; Mok, T.; Kim, D.W.; Wu, Y.L.; Nakagawa, K.; Mekhail, T.; Felip, E.; Cappuzzo, F.; Paolini, J.; Usari, T.; et al. First-line crizotinib versus chemotherapy in ALK-positive lung cancer. N. Engl. J. Med. 2014, 371, 2167–2177. [Google Scholar] [CrossRef] [PubMed]

	



Shreenivas, A.; Janku, F.; Gouda, M.A.; Chen, H.Z.; George, B.; Kato, S.; Kurzrock, R. ALK fusions in the pan-cancer setting: Another tumor-agnostic target? NPJ Precis. Oncol. 2023, 7, 101. [Google Scholar] [CrossRef] [PubMed]

	



Blackhall, F.H.; Peters, S.; Bubendorf, L.; Dafni, U.; Kerr, K.M.; Hager, H.; Soltermann, A.; O’Byrne, K.J.; Dooms, C.; Sejda, A.; et al. Prevalence and Clinical Outcomes for Patients With ALK-Positive Resected Stage I to III Adenocarcinoma: Results From the European Thoracic Oncology Platform Lungscape Project. J. Clin. Oncol. 2014, 32, 2780–2787. [Google Scholar] [CrossRef] [PubMed]

	



Peters, S.; Camidge, D.R.; Shaw, A.T.; Gadgeel, S.; Ahn, J.S.; Kim, D.W.; Ou, S.I.; Perol, M.; Dziadziuszko, R.; Rosell, R.; et al. Alectinib versus Crizotinib in Untreated ALK-Positive Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2017, 377, 829–838. [Google Scholar] [CrossRef]

	



Wu, Y.L.; Dziadziuszko, R.; Ahn, J.S.; Barlesi, F.; Nishio, M.; Lee, D.H.; Lee, J.S.; Zhong, W.; Horinouchi, H.; Mao, W.; et al. Alectinib in Resected ALK-Positive Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2024, 390, 1265–1276. [Google Scholar] [CrossRef]

	



Shaw, A.T.; Bauer, T.M.; de Marinis, F.; Felip, E.; Goto, Y.; Liu, G.; Mazieres, J.; Kim, D.W.; Mok, T.; Polli, A.; et al. First-Line Lorlatinib or Crizotinib in Advanced ALK-Positive Lung Cancer. N. Engl. J. Med. 2020, 383, 2018–2029. [Google Scholar] [CrossRef]

	



Bergethon, K.; Shaw, A.T.; Ou, S.H.; Katayama, R.; Lovly, C.M.; McDonald, N.T.; Massion, P.P.; Siwak-Tapp, C.; Gonzalez, A.; Fang, R.; et al. ROS1 rearrangements define a unique molecular class of lung cancers. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2012, 30, 863–870. [Google Scholar] [CrossRef]

	



Fu, S.; Liang, Y.; Lin, Y.B.; Wang, F.; Huang, M.Y.; Zhang, Z.C.; Wang, J.; Cen, W.J.; Shao, J.Y. The Frequency and Clinical Implication of ROS1 and RET Rearrangements in Resected Stage IIIA-N2 Non-Small Cell Lung Cancer Patients. PLoS ONE 2015, 10, e0124354. [Google Scholar] [CrossRef]

	



Michels, S.; Massuti, B.; Schildhaus, H.U.; Franklin, J.; Sebastian, M.; Felip, E.; Grohe, C.; Rodriguez-Abreu, D.; Abdulla, D.S.Y.; Bischoff, H.; et al. Safety and Efficacy of Crizotinib in Patients With Advanced or Metastatic ROS1-Rearranged Lung Cancer (EUCROSS): A European Phase II Clinical Trial. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2019, 14, 1266–1276. [Google Scholar] [CrossRef]

	



Li, A.Y.; McCusker, M.G.; Russo, A.; Scilla, K.A.; Gittens, A.; Arensmeyer, K.; Mehra, R.; Adamo, V.; Rolfo, C. RET fusions in solid tumors. Cancer Treat. Rev. 2019, 81, 101911. [Google Scholar] [CrossRef]

	



Zhang, K.; Chen, H.; Wang, Y.; Yang, L.; Zhou, C.; Yin, W.; Wang, G.; Mao, X.; Xiang, J.; Li, B.; et al. Clinical Characteristics and Molecular Patterns of RET-Rearranged Lung Cancer in Chinese Patients. Oncol. Res. 2019, 27, 575–582. [Google Scholar] [CrossRef] [PubMed]

	



Drilon, A.; Oxnard, G.R.; Tan, D.S.W.; Loong, H.H.F.; Johnson, M.; Gainor, J.; McCoach, C.E.; Gautschi, O.; Besse, B.; Cho, B.C.; et al. Efficacy of Selpercatinib in RET Fusion-Positive Non-Small-Cell Lung Cancer. N. Engl. J. Med. 2020, 383, 813–824. [Google Scholar] [CrossRef]

	



Gainor, J.F.; Curigliano, G.; Kim, D.W.; Lee, D.H.; Besse, B.; Baik, C.S.; Doebele, R.C.; Cassier, P.A.; Lopes, G.; Tan, D.S.W.; et al. Pralsetinib for RET fusion-positive non-small-cell lung cancer (ARROW): A multi-cohort, open-label, phase 1/2 study. Lancet Oncol. 2021, 22, 959–969. [Google Scholar] [CrossRef]

	



Park, S.; Choi, Y.-L.; Sung, C.O.; An, J.; Seo, J.; Ahn, M.-J.; Ahn, J.S.; Park, K.; Shin, Y.K.; Erkin, O.C.; et al. High MET copy number and MET overexpression: Poor outcome in non-small cell lung cancer patients. Histol. Histopathol. 2012, 27, 197–207. [Google Scholar] [CrossRef] [PubMed]

	



Kris, M.G.; Johnson, B.E.; Berry, L.D.; Kwiatkowski, D.J.; Iafrate, A.J.; Wistuba, I.I.; Varella-Garcia, M.; Franklin, W.A.; Aronson, S.L.; Su, P.-F.; et al. Using multiplexed assays of oncogenic drivers in lung cancers to select targeted drugs. JAMA 2014, 311, 1998–2006. [Google Scholar] [CrossRef]

	



Reis, H.; Metzenmacher, M.; Goetz, M.; Savvidou, N.; Darwiche, K.; Aigner, C.; Herold, T.; Eberhardt, W.E.; Skiba, C.; Hense, J.; et al. MET Expression in Advanced Non-Small-Cell Lung Cancer: Effect on Clinical Outcomes of Chemotherapy, Targeted Therapy, and Immunotherapy. Clin. Lung Cancer 2018, 19, e441–e463. [Google Scholar] [CrossRef]

	



Han, Y.; Yu, Y.; Miao, D.; Zhou, M.; Zhao, J.; Shao, Z.; Jin, R.; Le, X.; Li, W.; Xia, Y. Targeting MET in NSCLC: An Ever-Expanding Territory. JTO Clin. Res. Rep. 2024, 5, 100630. [Google Scholar] [CrossRef] [PubMed]

	



Paik, P.K.; Felip, E.; Veillon, R.; Sakai, H.; Cortot, A.B.; Garassino, M.C.; Mazieres, J.; Viteri, S.; Senellart, H.; Van Meerbeeck, J.; et al. Tepotinib in Non-Small-Cell Lung Cancer with MET Exon 14 Skipping Mutations. N. Engl. J. Med. 2020, 383, 931–943. [Google Scholar] [CrossRef]

	



Reck, M.; von Pawel, J.; Zatloukal, P.; Ramlau, R.; Gorbounova, V.; Hirsh, V.; Leighl, N.; Mezger, J.; Archer, V.; Moore, N.; et al. Phase III trial of cisplatin plus gemcitabine with either placebo or bevacizumab as first-line therapy for nonsquamous non-small-cell lung cancer: AVAil. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2009, 27, 1227–1234. [Google Scholar] [CrossRef]

	



Paz-Ares, L.G.; Biesma, B.; Heigener, D.; von Pawel, J.; Eisen, T.; Bennouna, J.; Zhang, L.; Liao, M.; Sun, Y.; Gans, S.; et al. Phase III, randomized, double-blind, placebo-controlled trial of gemcitabine/cisplatin alone or with sorafenib for the first-line treatment of advanced, nonsquamous non-small-cell lung cancer. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2012, 30, 3084–3092. [Google Scholar] [CrossRef]

	



Garon, E.B.; Ciuleanu, T.-E.; Arrieta, O.; Prabhash, K.; Syrigos, K.N.; Goksel, T.; Park, K.; Gorbunova, V.; Kowalyszyn, R.D.; Pikiel, J.; et al. Ramucirumab plus docetaxel versus placebo plus docetaxel for second-line treatment of stage IV non-small-cell lung cancer after disease progression on platinum-based therapy (REVEL): A multicentre, double-blind, randomised phase 3 trial. Lancet 2014, 384, 665–673. [Google Scholar] [CrossRef] [PubMed]

	



Johnson, B.E.; Baik, C.S.; Mazieres, J.; Groen, H.J.M.; Melosky, B.; Wolf, J.; Zadeh Vosta Kolaei, F.A.; Wu, W.-H.; Knoll, S.; Ktiouet Dawson, M.; et al. Clinical Outcomes With Dabrafenib Plus Trametinib in a Clinical Trial Versus Real-World Standard of Care in Patients With BRAF-Mutated Advanced NSCLC. JTO Clin. Res. Rep. 2022, 3, 100324. [Google Scholar] [CrossRef] [PubMed]

	



Shimoi, T.; Sunami, K.; Tahara, M.; Nishiwaki, S.; Tanaka, S.; Baba, E.; Kanai, M.; Kinoshita, I.; Shirota, H.; Hayashi, H.; et al. Dabrafenib and trametinib administration in patients with BRAF V600E/R or non-V600 BRAF mutated advanced solid tumours (BELIEVE, NCCH1901): A multicentre, open-label, and single-arm phase II trial. EClinicalMedicine 2024, 69, 102447. [Google Scholar] [CrossRef] [PubMed]

	



Subbiah, V.; Gervais, R.; Riely, G.; Hollebecque, A.; Blay, J.-Y.; Felip, E.; Schuler, M.; Gonçalves, A.; Italiano, A.; Keedy, V.; et al. Efficacy of Vemurafenib in Patients with Non-Small-Cell Lung Cancer with BRAF V600 Mutation: An Open-Label, Single-Arm Cohort of the Histology-Independent VE-BASKET Study. JCO Precis. Oncol. 2019, 3, PO.18.00266. [Google Scholar] [CrossRef]

	



Planchard, D.; Besse, B.; Groen, H.J.M.; Hashemi, S.M.S.; Mazieres, J.; Kim, T.M.; Quoix, E.; Souquet, P.-J.; Barlesi, F.; Baik, C.; et al. Phase 2 Study of Dabrafenib Plus Trametinib in Patients With BRAF V600E-Mutant Metastatic NSCLC: Updated 5-Year Survival Rates and Genomic Analysis. J. Thorac. Oncol. Off. Publ. Int. Assoc. Study Lung Cancer 2022, 17, 103–115. [Google Scholar] [CrossRef]

	



Skov, B.G.; Rørvig, S.B.; Jensen, T.H.L.; Skov, T. The prevalence of programmed death ligand-1 (PD-L1) expression in non-small cell lung cancer in an unselected, consecutive population. Mod. Pathol. 2020, 33, 109–117. [Google Scholar] [CrossRef]

	



Garon, E.B.; Rizvi, N.A.; Hui, R.; Leighl, N.; Balmanoukian, A.S.; Eder, J.P.; Patnaik, A.; Aggarwal, C.; Gubens, M.; Horn, L.; et al. Pembrolizumab for the treatment of non-small-cell lung cancer. N. Engl. J. Med. 2015, 372, 2018–2028. [Google Scholar] [CrossRef]

	



Forde, P.M.; Spicer, J.; Lu, S.; Provencio, M.; Mitsudomi, T.; Awad, M.M.; Felip, E.; Broderick, S.R.; Brahmer, J.R.; Swanson, S.J.; et al. Neoadjuvant Nivolumab plus Chemotherapy in Resectable Lung Cancer. N. Engl. J. Med. 2022, 386, 1973–1985. [Google Scholar] [CrossRef]

	



Mandelblatt, J.S.; Small, B.J.; Luta, G.; Hurria, A.; Jim, H.; McDonald, B.C.; Graham, D.; Zhou, X.; Clapp, J.; Zhai, W.; et al. Cancer-Related Cognitive Outcomes Among Older Breast Cancer Survivors in the Thinking and Living With Cancer Study. J. Clin. Oncol. 2018, 36, 3211–3222. [Google Scholar] [CrossRef]

	



Li, X.; Zhao, L.; Chen, C.; Nie, J.; Jiao, B. Can EGFR be a therapeutic target in breast cancer? Biochim. Et. Biophys. Acta (BBA)—Rev. Cancer 2022, 1877, 188789. [Google Scholar] [CrossRef]

	



Cortés, J.; Dieras, V.; Ro, J.; Barriere, J.; Bachelot, T.; Hurvitz, S.; Le Rhun, E.; Espié, M.; Kim, S.-B.; Schneeweiss, A.; et al. Afatinib alone or afatinib plus vinorelbine versus investigator’s choice of treatment for HER2-positive breast cancer with progressive brain metastases after trastuzumab, lapatinib, or both (LUX-Breast 3): A randomised, open-label, multicentre, phase 2 trial. Lancet Oncol. 2015, 16, 1700–1710. [Google Scholar] [CrossRef] [PubMed]

	



Johnston, S.; Pippen, J.; Pivot, X.; Lichinitser, M.; Sadeghi, S.; Dieras, V.; Gomez, H.L.; Romieu, G.; Manikhas, A.; Kennedy, M.J.; et al. Lapatinib Combined With Letrozole Versus Letrozole and Placebo As First-Line Therapy for Postmenopausal Hormone Receptor–Positive Metastatic Breast Cancer. J. Clin. Oncol. 2009, 27, 5538–5546. [Google Scholar] [CrossRef] [PubMed]

	



Cocco, E.; Lopez, S.; Santin, A.D.; Scaltriti, M. Prevalence and role of HER2 mutations in cancer. Pharmacol. Ther. 2019, 199, 188–196. [Google Scholar] [CrossRef]

	



Yi, Z.; Rong, G.; Guan, Y.; Li, J.; Chang, L.; Li, H.; Liu, B.; Wang, W.; Guan, X.; Ouyang, Q.; et al. Molecular landscape and efficacy of HER2-targeted therapy in patients with HER2-mutated metastatic breast cancer. NPJ Breast Cancer 2020, 6, 59. [Google Scholar] [CrossRef]

	



Modi, S.; Jacot, W.; Yamashita, T.; Sohn, J.; Vidal, M.; Tokunaga, E.; Tsurutani, J.; Ueno, N.T.; Prat, A.; Chae, Y.S.; et al. Trastuzumab Deruxtecan in Previously Treated HER2-Low Advanced Breast Cancer. N. Engl. J. Med. 2022, 387, 9–20. [Google Scholar] [CrossRef] [PubMed]

	



Chuaychai, A.; Sriplung, H. A rapid rise in hormone receptor-positive and HER2-positive breast cancer subtypes in Southern Thai women: A population-based study in Songkhla. PLoS ONE 2022, 17, e0265417. [Google Scholar] [CrossRef]

	



Hortobagyi, G.N.; Stemmer, S.M.; Burris, H.A.; Yap, Y.-S.; Sonke, G.S.; Hart, L.; Campone, M.; Petrakova, K.; Winer, E.P.; Janni, W.; et al. Overall Survival with Ribociclib plus Letrozole in Advanced Breast Cancer. N. Engl. J. Med. 2022, 386, 942–950. [Google Scholar] [CrossRef]

	



Finn, R.S.; Liu, Y.; Zhu, Z.; Martin, M.; Rugo, H.S.; Diéras, V.; Im, S.-A.; Gelmon, K.A.; Harbeck, N.; Lu, D.R.; et al. Biomarker Analyses of Response to Cyclin-Dependent Kinase 4/6 Inhibition and Endocrine Therapy in Women with Treatment-Naïve Metastatic Breast Cancer. Clin. Cancer Res. 2020, 26, 110–121. [Google Scholar] [CrossRef]

	



Hurwitz, H.; Fehrenbacher, L.; Novotny, W.; Cartwright, T.; Hainsworth, J.; Heim, W.; Berlin, J.; Baron, A.; Griffing, S.; Holmgren, E.; et al. Bevacizumab plus irinotecan, fluorouracil, and leucovorin for metastatic colorectal cancer. N. Engl. J. Med. 2004, 350, 2335–2342. [Google Scholar] [CrossRef]

	



Lu, Y.; Kang, J.; Luo, Z.; Song, Y.; Tian, J.; Li, Z.; Wang, X.; Liu, L.; Yang, Y.; Liu, X. The Prevalence and Prognostic Role of PD-L1 in Upper Tract Urothelial Carcinoma Patients Underwent Radical Nephroureterectomy: A Systematic Review and Meta-Analysis. Front. Oncol. 2020, 10, 1400. [Google Scholar] [CrossRef]

	



Liu, Z.; Meng, Y.; Cao, Y.; Chen, Y.; Fan, Y.; Li, S.; He, Q.; Wu, S.; Yu, W.; Jin, J. Expression and prognostic value of PD-L1 in non-schistosoma-associated urinary bladder squamous cell carcinoma. Transl. Androl. Urol. 2020, 9, 428–436. [Google Scholar] [CrossRef] [PubMed]

	



Tamalunas, A.; Aydogdu, C.; Unterrainer, L.M.; Schott, M.; Rodler, S.; Ledderose, S.; Schulz, G.B.; Stief, C.G.; Casuscelli, J. The Vanishing Clinical Value of PD-L1 Status as a Predictive Biomarker in the First-Line Treatment of Urothelial Carcinoma of the Bladder. Cancers 2024, 16, 1536. [Google Scholar] [CrossRef] [PubMed]

	



Powles, T.; Park, S.H.; Voog, E.; Caserta, C.; Valderrama, B.P.; Gurney, H.; Kalofonos, H.; Radulović, S.; Demey, W.; Ullén, A.; et al. Avelumab Maintenance Therapy for Advanced or Metastatic Urothelial Carcinoma. N. Engl. J. Med. 2020, 383, 1218–1230. [Google Scholar] [CrossRef] [PubMed]

	



Colombino, M.; Capone, M.; Lissia, A.; Cossu, A.; Rubino, C.; De Giorgi, V.; Massi, D.; Fonsatti, E.; Staibano, S.; Nappi, O.; et al. BRAF/NRAS Mutation Frequencies Among Primary Tumors and Metastases in Patients With Melanoma. J. Clin. Oncol. 2012, 30, 2522–2529. [Google Scholar] [CrossRef] [PubMed]

	



Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al. Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949–954. [Google Scholar] [CrossRef]

	



Ascierto, P.A.; Minor, D.; Ribas, A.; Lebbe, C.; O’Hagan, A.; Arya, N.; Guckert, M.; Schadendorf, D.; Kefford, R.F.; Grob, J.-J.; et al. Phase II Trial (BREAK-2) of the BRAF Inhibitor Dabrafenib (GSK2118436) in Patients With Metastatic Melanoma. J. Clin. Oncol. 2013, 31, 3205–3211. [Google Scholar] [CrossRef]

	



Nebhan, C.A.; Johnson, D.B.; Sullivan, R.J.; Amaria, R.N.; Flaherty, K.T.; Sosman, J.A.; Davies, M.A. Efficacy and Safety of Trametinib in Non-V600 BRAF Mutant Melanoma: A Phase II Study. Oncol. 2021, 26, 731-e1498. [Google Scholar] [CrossRef]

	



Mitsudomi, T.; Morita, S.; Yatabe, Y.; Negoro, S.; Okamoto, I.; Tsurutani, J.; Seto, T.; Satouchi, M.; Tada, H.; Hirashima, T.; et al. Gefitinib versus cisplatin plus docetaxel in patients with non-small-cell lung cancer harbouring mutations of the epidermal growth factor receptor (WJTOG3405): An open label, randomised phase 3 trial. Lancet. Oncol. 2010, 11, 121–128. [Google Scholar] [CrossRef]

	



Takeuchi, S.; Yanagitani, N.; Seto, T.; Hattori, Y.; Ohashi, K.; Morise, M.; Matsumoto, S.; Yoh, K.; Goto, K.; Nishio, M.; et al. Phase 1/2 study of alectinib in RET-rearranged previously-treated non-small cell lung cancer (ALL-RET). Transl. Lung Cancer Res. 2021, 10, 314–325. [Google Scholar] [CrossRef]

	



Santarpia, M.; Massafra, M.; Gebbia, V.; D’Aquino, A.; Garipoli, C.; Altavilla, G.; Rosell, R. A narrative review of MET inhibitors in non-small cell lung cancer with MET exon 14 skipping mutations. Transl. Lung Cancer Res. 2021, 10, 1536–1556. [Google Scholar] [CrossRef]

	



Dietel, M.; Savelov, N.; Salanova, R.; Micke, P.; Bigras, G.; Hida, T.; Antunez, J.; Guldhammer Skov, B.; Hutarew, G.; Sua, L.F.; et al. Real-world prevalence of programmed death ligand 1 expression in locally advanced or metastatic non-small-cell lung cancer: The global, multicenter EXPRESS study. Lung Cancer 2019, 134, 174–179. [Google Scholar] [CrossRef] [PubMed]

	



Dickler, M.N.; Cobleigh, M.A.; Miller, K.D.; Klein, P.M.; Winer, E.P. Efficacy and safety of erlotinib in patients with locally advanced or metastatic breast cancer. Breast Cancer Res. Treat. 2009, 115, 115–121. [Google Scholar] [CrossRef] [PubMed]

	



Flaherty, K.T.; Robert, C.; Hersey, P.; Nathan, P.; Garbe, C.; Milhem, M.; Demidov, L.V.; Hassel, J.C.; Rutkowski, P.; Mohr, P.; et al. Improved survival with MEK inhibition in BRAF-mutated melanoma. N. Engl. J. Med. 2012, 367, 107–114. [Google Scholar] [CrossRef] [PubMed]

	



Zahavi, D.; Weiner, L. Monoclonal Antibodies in Cancer Therapy. Antibodies 2020, 9, 34. [Google Scholar] [CrossRef]

	



Dabkowska, A.; Domka, K.; Firczuk, M. Advancements in cancer immunotherapies targeting CD20: From pioneering monoclonal antibodies to chimeric antigen receptor-modified T cells. Front. Immunol. 2024, 15, 1363102. [Google Scholar] [CrossRef]

	



Swain, S.M.; Shastry, M.; Hamilton, E. Targeting HER2-positive breast cancer: Advances and future directions. Nat. Reviews. Drug Discov. 2023, 22, 101–126. [Google Scholar] [CrossRef]

	



Stark, M.C.; Joubert, A.M.; Visagie, M.H. Molecular Farming of Pembrolizumab and Nivolumab. Int. J. Mol. Sci. 2023, 24, 45. [Google Scholar] [CrossRef]

	



Ham, A.; Lee, Y.; Kim, H.S.; Lim, T. Real-World Outcomes of Nivolumab, Pembrolizumab, and Atezolizumab Treatment Efficacy in Korean Veterans with Stage IV Non-Small-Cell Lung Cancer. Cancers 2023, 15, 4198. [Google Scholar] [CrossRef]

	



Okobi, T.J.; Uhomoibhi, T.O.; Akahara, D.E.; Odoma, V.A.; Sanusi, I.A.; Okobi, O.E.; Umana, I.; Okobi, E.; Okonkwo, C.C.; Harry, N.M. Immune Checkpoint Inhibitors as a Treatment Option for Bladder Cancer: Current Evidence. Cureus 2023, 15, e40031. [Google Scholar] [CrossRef]

	



Bhullar, K.S.; Lagaron, N.O.; McGowan, E.M.; Parmar, I.; Jha, A.; Hubbard, B.P.; Rupasinghe, H.P.V. Kinase-targeted cancer therapies: Progress, challenges and future directions. Mol. Cancer 2018, 17, 48. [Google Scholar] [CrossRef]

	



Pottier, C.; Fresnais, M.; Gilon, M.; Jerusalem, G.; Longuespee, R.; Sounni, N.E. Tyrosine Kinase Inhibitors in Cancer: Breakthrough and Challenges of Targeted Therapy. Cancers 2020, 12, 731. [Google Scholar] [CrossRef] [PubMed]

	



Planchard, D.; Popat, S.; Kerr, K.; Novello, S.; Smit, E.F.; Faivre-Finn, C.; Mok, T.S.; Reck, M.; Van Schil, P.E.; Hellmann, M.D.; et al. Metastatic non-small cell lung cancer: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2018, 29, iv192–iv237. [Google Scholar] [CrossRef] [PubMed]

	



Levis, M.; Perl, A.E. Gilteritinib: Potent targeting of FLT3 mutations in AML. Blood Adv. 2020, 4, 1178–1191. [Google Scholar] [CrossRef] [PubMed]

	



Zheng, X.; Wang, H.; Deng, J.; Yao, M.; Zou, X.; Zhang, F.; Ma, X. Safety and efficacy of the pan-FGFR inhibitor erdafitinib in advanced urothelial carcinoma and other solid tumors: A systematic review and meta-analysis. Front. Oncol. 2022, 12, 907377. [Google Scholar] [CrossRef]

	



Dunn, D.B. Larotrectinib and Entrectinib: TRK Inhibitors for the Treatment of Pediatric and Adult Patients With NTRK Gene Fusion. J. Adv. Pract. Oncol. 2020, 11, 418–423. [Google Scholar] [CrossRef]

	



Escudier, B.; Porta, C.; Schmidinger, M.; Rioux-Leclercq, N.; Bex, A.; Khoo, V.; Grunwald, V.; Gillessen, S.; Horwich, A.; ESMO Guidelines Committee. Renal cell carcinoma: ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-updagger. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2019, 30, 706–720. [Google Scholar] [CrossRef]

	



Proietti, I.; Skroza, N.; Michelini, S.; Mambrin, A.; Balduzzi, V.; Bernardini, N.; Marchesiello, A.; Tolino, E.; Volpe, S.; Maddalena, P.; et al. BRAF Inhibitors: Molecular Targeting and Immunomodulatory Actions. Cancers 2020, 12, 1823. [Google Scholar] [CrossRef]

	



Montoya, S.; Thompson, M.C. Non-Covalent Bruton’s Tyrosine Kinase Inhibitors in the Treatment of Chronic Lymphocytic Leukemia. Cancers 2023, 15, 3648. [Google Scholar] [CrossRef]

	



Garutti, M.; Bergnach, M.; Polesel, J.; Palmero, L.; Pizzichetta, M.A.; Puglisi, F. BRAF and MEK Inhibitors and Their Toxicities: A Meta-Analysis. Cancers 2022, 15, 141. [Google Scholar] [CrossRef]

	



Braal, C.L.; Jongbloed, E.M.; Wilting, S.M.; Mathijssen, R.H.J.; Koolen, S.L.W.; Jager, A. Inhibiting CDK4/6 in Breast Cancer with Palbociclib, Ribociclib, and Abemaciclib: Similarities and Differences. Drugs 2021, 81, 317–331. [Google Scholar] [CrossRef]

	



Andrei, L.; Kasas, S.; Ochoa Garrido, I.; Stankovic, T.; Suarez Korsnes, M.; Vaclavikova, R.; Assaraf, Y.G.; Pesic, M. Advanced technological tools to study multidrug resistance in cancer. Drug Resist. Updates 2020, 48, 100658. [Google Scholar] [CrossRef] [PubMed]

	



Assaraf, Y.G.; Brozovic, A.; Goncalves, A.C.; Jurkovicova, D.; Line, A.; Machuqueiro, M.; Saponara, S.; Sarmento-Ribeiro, A.B.; Xavier, C.P.R.; Vasconcelos, M.H. The multi-factorial nature of clinical multidrug resistance in cancer. Drug Resist. Updates 2019, 46, 100645. [Google Scholar] [CrossRef] [PubMed]

	



Wang, J.Q.; Yang, Y.; Cai, C.Y.; Teng, Q.X.; Cui, Q.; Lin, J.; Assaraf, Y.G.; Chen, Z.S. Multidrug resistance proteins (MRPs): Structure, function and the overcoming of cancer multidrug resistance. Drug Resist. Updates 2021, 54, 100743. [Google Scholar] [CrossRef] [PubMed]

	



Fletcher, J.I.; Williams, R.T.; Henderson, M.J.; Norris, M.D.; Haber, M. ABC transporters as mediators of drug resistance and contributors to cancer cell biology. Drug Resist. Updates 2016, 26, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Deeley, R.G.; Cole, S.P. Substrate recognition and transport by multidrug resistance protein 1 (ABCC1). FEBS Lett. 2006, 580, 1103–1111. [Google Scholar] [CrossRef]

	



He, J.; Fortunati, E.; Liu, D.X.; Li, Y. Pleiotropic Roles of ABC Transporters in Breast Cancer. Int. J. Mol. Sci. 2021, 22, 3199. [Google Scholar] [CrossRef]

	



Lai, Y.H.; Kuo, C.; Kuo, M.T.; Chen, H.H.W. Modulating Chemosensitivity of Tumors to Platinum-Based Antitumor Drugs by Transcriptional Regulation of Copper Homeostasis. Int. J. Mol. Sci. 2018, 19, 1486. [Google Scholar] [CrossRef]

	



Sun, S.; Cai, J.; Yang, Q.; Zhao, S.; Wang, Z. The association between copper transporters and the prognosis of cancer patients undergoing chemotherapy: A meta-analysis of literatures and datasets. Oncotarget 2017, 8, 16036–16051. [Google Scholar] [CrossRef]

	



Longley, D.B.; Johnston, P.G. Molecular mechanisms of drug resistance. J. Pathol. 2005, 205, 275–292. [Google Scholar] [CrossRef]

	



Cui, Q.; Wang, J.Q.; Assaraf, Y.G.; Ren, L.; Gupta, P.; Wei, L.; Ashby, C.R., Jr.; Yang, D.H.; Chen, Z.S. Modulating ROS to overcome multidrug resistance in cancer. Drug Resist. Updates 2018, 41, 1–25. [Google Scholar] [CrossRef]

	



Marin, J.J.G.; Cives-Losada, C.; Asensio, M.; Lozano, E.; Briz, O.; Macias, R.I.R. Mechanisms of Anticancer Drug Resistance in Hepatoblastoma. Cancers 2019, 11, 407. [Google Scholar] [CrossRef] [PubMed]

	



Boyer, J.; McLean, E.G.; Aroori, S.; Wilson, P.; McCulla, A.; Carey, P.D.; Longley, D.B.; Johnston, P.G. Characterization of p53 wild-type and null isogenic colorectal cancer cell lines resistant to 5-fluorouracil, oxaliplatin, and irinotecan. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2004, 10, 2158–2167. [Google Scholar] [CrossRef] [PubMed]

	



Murray, S.; Briasoulis, E.; Linardou, H.; Bafaloukos, D.; Papadimitriou, C. Taxane resistance in breast cancer: Mechanisms, predictive biomarkers and circumvention strategies. Cancer Treat. Rev. 2012, 38, 890–903. [Google Scholar] [CrossRef]

	



Basourakos, S.P.; Li, L.; Aparicio, A.M.; Corn, P.G.; Kim, J.; Thompson, T.C. Combination Platinum-based and DNA Damage Response-targeting Cancer Therapy: Evolution and Future Directions. Curr. Med. Chem. 2017, 24, 1586–1606. [Google Scholar] [CrossRef]

	



Riddell, I.A. Cisplatin and Oxaliplatin: Our Current Understanding of Their Actions. Met. Ions Life Sci. 2018, 18, 1–42. [Google Scholar] [CrossRef]

	



Fallik, D.; Borrini, F.; Boige, V.; Viguier, J.; Jacob, S.; Miquel, C.; Sabourin, J.C.; Ducreux, M.; Praz, F. Microsatellite instability is a predictive factor of the tumor response to irinotecan in patients with advanced colorectal cancer. Cancer Res. 2003, 63, 5738–5744. [Google Scholar]

	



Sabapathy, K.; Lane, D.P. Therapeutic targeting of p53: All mutants are equal, but some mutants are more equal than others. Nat. Reviews. Clin. Oncol. 2018, 15, 13–30. [Google Scholar] [CrossRef]

	



Cao, X.; Hou, J.; An, Q.; Assaraf, Y.G.; Wang, X. Towards the overcoming of anticancer drug resistance mediated by p53 mutations. Drug Resist. Updates 2020, 49, 100671. [Google Scholar] [CrossRef] [PubMed]

	



Elsaleh, H.; Powell, B.; McCaul, K.; Grieu, F.; Grant, R.; Joseph, D.; Iacopetta, B. P53 alteration and microsatellite instability have predictive value for survival benefit from chemotherapy in stage III colorectal carcinoma. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2001, 7, 1343–1349. [Google Scholar]

	



Liang, J.T.; Huang, K.C.; Cheng, Y.M.; Hsu, H.C.; Cheng, A.L.; Hsu, C.H.; Yeh, K.H.; Wang, S.M.; Chang, K.J. P53 overexpression predicts poor chemosensitivity to high-dose 5-fluorouracil plus leucovorin chemotherapy for stage IV colorectal cancers after palliative bowel resection. Int. J. Cancer 2002, 97, 451–457. [Google Scholar] [CrossRef]

	



Geisler, S.; Lonning, P.E.; Aas, T.; Johnsen, H.; Fluge, O.; Haugen, D.F.; Lillehaug, J.R.; Akslen, L.A.; Borresen-Dale, A.L. Influence of TP53 gene alterations and c-erbB-2 expression on the response to treatment with doxorubicin in locally advanced breast cancer. Cancer Res. 2001, 61, 2505–2512. [Google Scholar] [PubMed]

	



Rezvani, A.R.; Maloney, D.G. Rituximab resistance. Best. Pract. Research. Clin. Haematol. 2011, 24, 203–216. [Google Scholar] [CrossRef] [PubMed]

	



Vivekanandhan, S.; Knutson, K.L. Resistance to Trastuzumab. Cancers 2022, 14, 5115. [Google Scholar] [CrossRef] [PubMed]

	



Chen, D.S.; Mellman, I. Elements of cancer immunity and the cancer-immune set point. Nature 2017, 541, 321–330. [Google Scholar] [CrossRef]

	



Sharma, P.; Hu-Lieskovan, S.; Wargo, J.A.; Ribas, A. Primary, Adaptive, and Acquired Resistance to Cancer Immunotherapy. Cell 2017, 168, 707–723. [Google Scholar] [CrossRef]

	



Chen, X.; Zhang, W.; Yang, W.; Zhou, M.; Liu, F. Acquired resistance for immune checkpoint inhibitors in cancer immunotherapy: Challenges and prospects. Aging 2022, 14, 1048–1064. [Google Scholar] [CrossRef]

	



Druker, B.J.; Guilhot, F.; O’Brien, S.G.; Gathmann, I.; Kantarjian, H.; Gattermann, N.; Deininger, M.W.; Silver, R.T.; Goldman, J.M.; Stone, R.M.; et al. Five-year follow-up of patients receiving imatinib for chronic myeloid leukemia. N. Engl. J. Med. 2006, 355, 2408–2417. [Google Scholar] [CrossRef] [PubMed]

	



Milojkovic, D.; Apperley, J. Mechanisms of Resistance to Imatinib and Second-Generation Tyrosine Inhibitors in Chronic Myeloid Leukemia. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2009, 15, 7519–7527. [Google Scholar] [CrossRef]

	



Ernst, T.; La Rosee, P.; Muller, M.C.; Hochhaus, A. BCR-ABL mutations in chronic myeloid leukemia. Hematol./Oncol. Clin. North. Am. 2011, 25, 997–1008. [Google Scholar] [CrossRef]

	



Tartarone, A.; Lerose, R. Clinical approaches to treat patients with non-small cell lung cancer and epidermal growth factor receptor tyrosine kinase inhibitor acquired resistance. Ther. Adv. Respir. Dis. 2015, 9, 242–250. [Google Scholar] [CrossRef]

	



Lim, S.M.; Syn, N.L.; Cho, B.C.; Soo, R.A. Acquired resistance to EGFR targeted therapy in non-small cell lung cancer: Mechanisms and therapeutic strategies. Cancer Treat. Rev. 2018, 65, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Morgillo, F.; Della Corte, C.M.; Fasano, M.; Ciardiello, F. Mechanisms of resistance to EGFR-targeted drugs: Lung cancer. ESMO Open 2016, 1, e000060. [Google Scholar] [CrossRef] [PubMed]

	



Dohse, M.; Scharenberg, C.; Shukla, S.; Robey, R.W.; Volkmann, T.; Deeken, J.F.; Brendel, C.; Ambudkar, S.V.; Neubauer, A.; Bates, S.E. Comparison of ATP-binding cassette transporter interactions with the tyrosine kinase inhibitors imatinib, nilotinib, and dasatinib. Drug Metab. Dispos. Biol. Fate Chem. 2010, 38, 1371–1380. [Google Scholar] [CrossRef]

	



Hegedus, C.; Ozvegy-Laczka, C.; Apati, A.; Magocsi, M.; Nemet, K.; Orfi, L.; Keri, G.; Katona, M.; Takats, Z.; Varadi, A.; et al. Interaction of nilotinib, dasatinib and bosutinib with ABCB1 and ABCG2: Implications for altered anti-cancer effects and pharmacological properties. Br. J. Pharmacol. 2009, 158, 1153–1164. [Google Scholar] [CrossRef]

	



Barbuti, A.M.; Zhang, G.-N.; Gupta, P.; Narayanan, S.; Chen, Z.-S. Chapter 1—EGFR and HER2 Inhibitors as Sensitizing Agents for Cancer Chemotherapy. In Protein Kinase Inhibitors as Sensitizing Agents for Chemotherapy; Chen, Z.-S., Yang, D.-H., Eds.; Academic Press: Cambridge, MA, USA, 2019; Volume 4, pp. 1–11. [Google Scholar]

	



Leggas, M.; Panetta, J.C.; Zhuang, Y.; Schuetz, J.D.; Johnston, B.; Bai, F.; Sorrentino, B.; Zhou, S.; Houghton, P.J.; Stewart, C.F. Gefitinib modulates the function of multiple ATP-binding cassette transporters in vivo. Cancer Res. 2006, 66, 4802–4807. [Google Scholar] [CrossRef]

	



Letai, A.; Bhola, P.; Welm, A.L. Functional precision oncology: Testing tumors with drugs to identify vulnerabilities and novel combinations. Cancer Cell 2022, 40, 26–35. [Google Scholar] [CrossRef]

	



Acanda De La Rocha, A.M.; Berlow, N.E.; Fader, M.; Coats, E.R.; Saghira, C.; Espinal, P.S.; Galano, J.; Khatib, Z.; Abdella, H.; Maher, O.M.; et al. Feasibility of functional precision medicine for guiding treatment of relapsed or refractory pediatric cancers. Nat. Med. 2024, 30, 990–1000. [Google Scholar] [CrossRef] [PubMed]

	



Foglizzo, V.; Cocco, E.; Marchio, S. Advanced Cellular Models for Preclinical Drug Testing: From 2D Cultures to Organ-on-a-Chip Technology. Cancers 2022, 14, 3692. [Google Scholar] [CrossRef]

	



Dinic, J.; Podolski-Renic, A.; Dragoj, M.; Jovanovic Stojanov, S.; Stepanovic, A.; Lupsic, E.; Pajovic, M.; Jovanovic, M.; Petrovic Rodic, D.; Maric, D.; et al. Immunofluorescence-Based Assay for High-Throughput Analysis of Multidrug Resistance Markers in Non-Small Cell Lung Carcinoma Patient-Derived Cells. Diagnostics 2023, 13, 3617. [Google Scholar] [CrossRef]

	



Dinic, J.; Dragoj, M.; Jovanovic Stojanov, S.; Stepanovic, A.; Lupsic, E.; Pajovic, M.; Mohr, T.; Glumac, S.; Maric, D.; Ercegovac, M.; et al. Multidrug-Resistant Profiles in Non-Small Cell Lung Carcinoma Patient-Derived Cells: Implications for Personalized Approaches with Tyrosine Kinase Inhibitors. Cancers 2024, 16, 1984. [Google Scholar] [CrossRef]

	



Kodack, D.P.; Farago, A.F.; Dastur, A.; Held, M.A.; Dardaei, L.; Friboulet, L.; von Flotow, F.; Damon, L.J.; Lee, D.; Parks, M.; et al. Primary Patient-Derived Cancer Cells and Their Potential for Personalized Cancer Patient Care. Cell Rep. 2017, 21, 3298–3309. [Google Scholar] [CrossRef] [PubMed]

	



Idrisova, K.F.; Simon, H.U.; Gomzikova, M.O. Role of Patient-Derived Models of Cancer in Translational Oncology. Cancers 2022, 15, 139. [Google Scholar] [CrossRef] [PubMed]

	



El Harane, S.; Zidi, B.; El Harane, N.; Krause, K.H.; Matthes, T.; Preynat-Seauve, O. Cancer Spheroids and Organoids as Novel Tools for Research and Therapy: State of the Art and Challenges to Guide Precision Medicine. Cells 2023, 12, 1. [Google Scholar] [CrossRef]

	



Ivanova, E.; Kuraguchi, M.; Xu, M.; Portell, A.J.; Taus, L.; Diala, I.; Lalani, A.S.; Choi, J.; Chambers, E.S.; Li, S.; et al. Use of Ex Vivo Patient-Derived Tumor Organotypic Spheroids to Identify Combination Therapies for HER2 Mutant Non-Small Cell Lung Cancer. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2020, 26, 2393–2403. [Google Scholar] [CrossRef]

	



Zhang, H.; Qin, Y.; Jia, M.; Li, L.; Zhang, W.; Li, L.; Zhang, Z.; Liu, Y. A gastric cancer patient-derived three-dimensional cell spheroid culture model. Am. J. Cancer Res. 2023, 13, 964–975. [Google Scholar] [PubMed]

	



Coppo, R.; Kondo, J.; Iida, K.; Okada, M.; Onuma, K.; Tanaka, Y.; Kamada, M.; Ohue, M.; Kawada, K.; Obama, K.; et al. Distinct but interchangeable subpopulations of colorectal cancer cells with different growth fates and drug sensitivity. iScience 2023, 26, 105962. [Google Scholar] [CrossRef]

	



Hofmann, S.; Cohen-Harazi, R.; Maizels, Y.; Koman, I. Patient-derived tumor spheroid cultures as a promising tool to assist personalized therapeutic decisions in breast cancer. Transl. Cancer Res. 2022, 11, 134–147. [Google Scholar] [CrossRef]

	



Meijer, T.G.; Naipal, K.A.; Jager, A.; van Gent, D.C. Ex vivo tumor culture systems for functional drug testing and therapy response prediction. Future Sci. OA 2017, 3, FSO190. [Google Scholar] [CrossRef]

	



Liu, L.; Yu, L.; Li, Z.; Li, W.; Huang, W. Patient-derived organoid (PDO) platforms to facilitate clinical decision making. J. Transl. Med. 2021, 19, 40. [Google Scholar] [CrossRef]

	



Kopper, O.; de Witte, C.J.; Lohmussaar, K.; Valle-Inclan, J.E.; Hami, N.; Kester, L.; Balgobind, A.V.; Korving, J.; Proost, N.; Begthel, H.; et al. An organoid platform for ovarian cancer captures intra- and interpatient heterogeneity. Nat. Med. 2019, 25, 838–849. [Google Scholar] [CrossRef]

	



Chen, P.; Zhang, X.; Ding, R.; Yang, L.; Lyu, X.; Zeng, J.; Lei, J.H.; Wang, L.; Bi, J.; Shao, N.; et al. Patient-Derived Organoids Can Guide Personalized-Therapies for Patients with Advanced Breast Cancer. Adv. Sci. 2021, 8, e2101176. [Google Scholar] [CrossRef] [PubMed]

	



Hu, Y.; Sui, X.; Song, F.; Li, Y.; Li, K.; Chen, Z.; Yang, F.; Chen, X.; Zhang, Y.; Wang, X.; et al. Lung cancer organoids analyzed on microwell arrays predict drug responses of patients within a week. Nat. Commun. 2021, 12, 2581. [Google Scholar] [CrossRef] [PubMed]

	



Kim, M.; Mun, H.; Sung, C.O.; Cho, E.J.; Jeon, H.J.; Chun, S.M.; Jung, D.J.; Shin, T.H.; Jeong, G.S.; Kim, D.K.; et al. Patient-derived lung cancer organoids as in vitro cancer models for therapeutic screening. Nat. Commun. 2019, 10, 3991. [Google Scholar] [CrossRef] [PubMed]

	



Vlachogiannis, G.; Hedayat, S.; Vatsiou, A.; Jamin, Y.; Fernandez-Mateos, J.; Khan, K.; Lampis, A.; Eason, K.; Huntingford, I.; Burke, R.; et al. Patient-derived organoids model treatment response of metastatic gastrointestinal cancers. Science 2018, 359, 920–926. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.; Zhang, C.; Hu, Y.; Li, T.; Yang, G.; Wang, G.; Zhu, J.; Shao, C.; Hou, H.; Zhou, N.; et al. Anlotinib Combined with Toripalimab as Second-Line Therapy for Advanced, Relapsed Gastric or Gastroesophageal Junction Carcinoma. Oncology 2022, 27, e856–e869. [Google Scholar] [CrossRef]

	



Zeng, L.; Liao, Q.; Zhao, Q.; Jiang, S.; Yang, X.; Tang, H.; He, Q.; Yang, X.; Fang, S.; He, J.; et al. Raltitrexed as a synergistic hyperthermia chemotherapy drug screened in patient-derived colorectal cancer organoids. Cancer Biol. Med. 2021, 18, 750–762. [Google Scholar] [CrossRef]

	



Servant, R.; Garioni, M.; Vlajnic, T.; Blind, M.; Pueschel, H.; Muller, D.C.; Zellweger, T.; Templeton, A.J.; Garofoli, A.; Maletti, S.; et al. Prostate cancer patient-derived organoids: Detailed outcome from a prospective cohort of 81 clinical specimens. J. Pathol. 2021, 254, 543–555. [Google Scholar] [CrossRef]

	



Broutier, L.; Mastrogiovanni, G.; Verstegen, M.M.; Francies, H.E.; Gavarro, L.M.; Bradshaw, C.R.; Allen, G.E.; Arnes-Benito, R.; Sidorova, O.; Gaspersz, M.P.; et al. Human primary liver cancer-derived organoid cultures for disease modeling and drug screening. Nat. Med. 2017, 23, 1424–1435. [Google Scholar] [CrossRef]

	



Lai Benjamin, F.L.; Lu Rick, X.; Hu, Y.; Davenport, H.L.; Dou, W.; Wang, E.Y.; Radulovich, N.; Tsao, M.S.; Sun, Y.; Radisic, M. Recapitulating pancreatic tumor microenvironment through synergistic use of patient organoids and organ-on-a-chip vasculature. Adv. Funct. Mater. 2020, 30, 2000545. [Google Scholar] [CrossRef]

	



Hubert, C.G.; Rivera, M.; Spangler, L.C.; Wu, Q.; Mack, S.C.; Prager, B.C.; Couce, M.; McLendon, R.E.; Sloan, A.E.; Rich, J.N. A Three-Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo. Cancer Res. 2016, 76, 2465–2477. [Google Scholar] [CrossRef]

	



Saengwimol, D.; Rojanaporn, D.; Chaitankar, V.; Chittavanich, P.; Aroonroch, R.; Boontawon, T.; Thammachote, W.; Jinawath, N.; Hongeng, S.; Kaewkhaw, R. A three-dimensional organoid model recapitulates tumorigenic aspects and drug responses of advanced human retinoblastoma. Sci. Rep. 2018, 8, 15664. [Google Scholar] [CrossRef] [PubMed]

	



Lee, S.H.; Hu, W.; Matulay, J.T.; Silva, M.V.; Owczarek, T.B.; Kim, K.; Chua, C.W.; Barlow, L.J.; Kandoth, C.; Williams, A.B.; et al. Tumor Evolution and Drug Response in Patient-Derived Organoid Models of Bladder Cancer. Cell 2018, 173, 515–528.e517. [Google Scholar] [CrossRef] [PubMed]

	



van de Wetering, M.; Francies, H.E.; Francis, J.M.; Bounova, G.; Iorio, F.; Pronk, A.; van Houdt, W.; van Gorp, J.; Taylor-Weiner, A.; Kester, L.; et al. Prospective derivation of a living organoid biobank of colorectal cancer patients. Cell 2015, 161, 933–945. [Google Scholar] [CrossRef]

	



Engel, R.M.; Chan, W.H.; Nickless, D.; Hlavca, S.; Richards, E.; Kerr, G.; Oliva, K.; McMurrick, P.J.; Jarde, T.; Abud, H.E. Patient-Derived Colorectal Cancer Organoids Upregulate Revival Stem Cell Marker Genes following Chemotherapeutic Treatment. J. Clin. Med. 2020, 9, 128. [Google Scholar] [CrossRef]

	



Tiriac, H.; Belleau, P.; Engle, D.D.; Plenker, D.; Deschenes, A.; Somerville, T.D.D.; Froeling, F.E.M.; Burkhart, R.A.; Denroche, R.E.; Jang, G.H.; et al. Organoid Profiling Identifies Common Responders to Chemotherapy in Pancreatic Cancer. Cancer Discov. 2018, 8, 1112–1129. [Google Scholar] [CrossRef]

	



Shu, D.; Shen, M.; Li, K.; Han, X.; Li, H.; Tan, Z.; Wang, Y.; Peng, Y.; Tang, Z.; Qu, C.; et al. Organoids from patient biopsy samples can predict the response of BC patients to neoadjuvant chemotherapy. Ann. Med. 2022, 54, 2581–2597. [Google Scholar] [CrossRef]

	



Li, L.; Knutsdottir, H.; Hui, K.; Weiss, M.J.; He, J.; Philosophe, B.; Cameron, A.M.; Wolfgang, C.L.; Pawlik, T.M.; Ghiaur, G.; et al. Human primary liver cancer organoids reveal intratumor and interpatient drug response heterogeneity. JCI Insight 2019, 4, e121490. [Google Scholar] [CrossRef] [PubMed]

	



Daster, S.; Amatruda, N.; Calabrese, D.; Ivanek, R.; Turrini, E.; Droeser, R.A.; Zajac, P.; Fimognari, C.; Spagnoli, G.C.; Iezzi, G.; et al. Induction of hypoxia and necrosis in multicellular tumor spheroids is associated with resistance to chemotherapy treatment. Oncotarget 2017, 8, 1725–1736. [Google Scholar] [CrossRef]

	



Xu, R.; Zhou, X.; Wang, S.; Trinkle, C. Tumor organoid models in precision medicine and investigating cancer-stromal interactions. Pharmacol. Ther. 2021, 218, 107668. [Google Scholar] [CrossRef]

	



Jacob, F.; Salinas, R.D.; Zhang, D.Y.; Nguyen, P.T.T.; Schnoll, J.G.; Wong, S.Z.H.; Thokala, R.; Sheikh, S.; Saxena, D.; Prokop, S.; et al. A Patient-Derived Glioblastoma Organoid Model and Biobank Recapitulates Inter- and Intra-tumoral Heterogeneity. Cell 2020, 180, 188–204.e122. [Google Scholar] [CrossRef]

	



Yang, H.; Zhang, N.; Liu, Y.C. An organoids biobank for recapitulating tumor heterogeneity and personalized medicine. Chin. J. Cancer Res. = Chung-Kuo Yen Cheng Yen Chiu 2020, 32, 408–413. [Google Scholar] [CrossRef] [PubMed]

	



Lai, Y.; Wei, X.; Lin, S.; Qin, L.; Cheng, L.; Li, P. Current status and perspectives of patient-derived xenograft models in cancer research. J. Hematol. Oncol. 2017, 10, 106. [Google Scholar] [CrossRef]

	



Liu, Y.; Wu, W.; Cai, C.; Zhang, H.; Shen, H.; Han, Y. Patient-derived xenograft models in cancer therapy: Technologies and applications. Signal Transduct. Target. Ther. 2023, 8, 160. [Google Scholar] [CrossRef] [PubMed]

	



Hidalgo, M.; Amant, F.; Biankin, A.V.; Budinska, E.; Byrne, A.T.; Caldas, C.; Clarke, R.B.; de Jong, S.; Jonkers, J.; Maelandsmo, G.M.; et al. Patient-derived xenograft models: An emerging platform for translational cancer research. Cancer Discov. 2014, 4, 998–1013. [Google Scholar] [CrossRef]

	



Risbridger, G.P.; Clark, A.K.; Porter, L.H.; Toivanen, R.; Bakshi, A.; Lister, N.L.; Pook, D.; Pezaro, C.J.; Sandhu, S.; Keerthikumar, S.; et al. The MURAL collection of prostate cancer patient-derived xenografts enables discovery through preclinical models of uro-oncology. Nat. Commun. 2021, 12, 5049. [Google Scholar] [CrossRef]

	



Jiang, Y.; Zhao, J.; Zhang, Y.; Li, K.; Li, T.; Chen, X.; Zhao, S.; Zhao, S.; Liu, K.; Dong, Z. Establishment of lung cancer patient-derived xenograft models and primary cell lines for lung cancer study. J. Transl. Med. 2018, 16, 138. [Google Scholar] [CrossRef] [PubMed]

	



Georgopoulou, D.; Callari, M.; Rueda, O.M.; Shea, A.; Martin, A.; Giovannetti, A.; Qosaj, F.; Dariush, A.; Chin, S.F.; Carnevalli, L.S.; et al. Landscapes of cellular phenotypic diversity in breast cancer xenografts and their impact on drug response. Nat. Commun. 2021, 12, 1998. [Google Scholar] [CrossRef]

	



Sveen, A.; Bruun, J.; Eide, P.W.; Eilertsen, I.A.; Ramirez, L.; Murumagi, A.; Arjama, M.; Danielsen, S.A.; Kryeziu, K.; Elez, E.; et al. Colorectal Cancer Consensus Molecular Subtypes Translated to Preclinical Models Uncover Potentially Targetable Cancer Cell Dependencies. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2018, 24, 794–806. [Google Scholar] [CrossRef]

	



Wang, J.; Xing, B.; Liu, W.; Li, J.; Wang, X.; Li, J.; Yang, J.; Ji, C.; Li, Z.; Dong, B.; et al. Molecularly annotation of mouse avatar models derived from patients with colorectal cancer liver metastasis. Theranostics 2019, 9, 3485–3500. [Google Scholar] [CrossRef]

	



Amaral, R.; Zimmermann, M.; Ma, A.H.; Zhang, H.; Swiech, K.; Pan, C.X. A Simple Three-Dimensional In Vitro Culture Mimicking the In Vivo-Like Cell Behavior of Bladder Patient-Derived Xenograft Models. Cancers 2020, 12, 1304. [Google Scholar] [CrossRef]

	



Ice, R.J.; Chen, M.; Sidorov, M.; Le Ho, T.; Woo, R.W.L.; Rodriguez-Brotons, A.; Luu, T.; Jian, D.; Kim, K.B.; Leong, S.P.; et al. Drug responses are conserved across patient-derived xenograft models of melanoma leading to identification of novel drug combination therapies. Br. J. Cancer 2020, 122, 648–657. [Google Scholar] [CrossRef] [PubMed]

	



Torphy, R.J.; Tignanelli, C.J.; Kamande, J.W.; Moffitt, R.A.; Herrera Loeza, S.G.; Soper, S.A.; Yeh, J.J. Circulating tumor cells as a biomarker of response to treatment in patient-derived xenograft mouse models of pancreatic adenocarcinoma. PLoS ONE 2014, 9, e89474. [Google Scholar] [CrossRef] [PubMed]

	



Giuliano, M.; Herrera, S.; Christiny, P.; Shaw, C.; Creighton, C.J.; Mitchell, T.; Bhat, R.; Zhang, X.; Mao, S.; Dobrolecki, L.E.; et al. Circulating and disseminated tumor cells from breast cancer patient-derived xenograft-bearing mice as a novel model to study metastasis. Breast Cancer Res. BCR 2015, 17, 3. [Google Scholar] [CrossRef] [PubMed]

	



Williams, E.S.; Rodriguez-Bravo, V.; Chippada-Venkata, U.; De Ia Iglesia-Vicente, J.; Gong, Y.; Galsky, M.; Oh, W.; Cordon-Cardo, C.; Domingo-Domenech, J. Generation of Prostate Cancer Patient Derived Xenograft Models from Circulating Tumor Cells. J. Vis. Exp. JoVE 2015, 53182. [Google Scholar] [CrossRef]

	



Moro, M.; Bertolini, G.; Caserini, R.; Borzi, C.; Boeri, M.; Fabbri, A.; Leone, G.; Gasparini, P.; Galeone, C.; Pelosi, G.; et al. Establishment of patient derived xenografts as functional testing of lung cancer aggressiveness. Sci. Rep. 2017, 7, 6689. [Google Scholar] [CrossRef]

	



Izumchenko, E.; Paz, K.; Ciznadija, D.; Sloma, I.; Katz, A.; Vasquez-Dunddel, D.; Ben-Zvi, I.; Stebbing, J.; McGuire, W.; Harris, W.; et al. Patient-derived xenografts effectively capture responses to oncology therapy in a heterogeneous cohort of patients with solid tumors. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2017, 28, 2595–2605. [Google Scholar] [CrossRef]

	



Depreeuw, J.; Hermans, E.; Schrauwen, S.; Annibali, D.; Coenegrachts, L.; Thomas, D.; Luyckx, M.; Gutierrez-Roelens, I.; Debruyne, D.; Konings, K.; et al. Characterization of patient-derived tumor xenograft models of endometrial cancer for preclinical evaluation of targeted therapies. Gynecol. Oncol. 2015, 139, 118–126. [Google Scholar] [CrossRef]

	



Lau, L.M.S.; Mayoh, C.; Xie, J.; Barahona, P.; MacKenzie, K.L.; Wong, M.; Kamili, A.; Tsoli, M.; Failes, T.W.; Kumar, A.; et al. In vitro and in vivo drug screens of tumor cells identify novel therapies for high-risk child cancer. EMBO Mol. Med. 2022, 14, e14608. [Google Scholar] [CrossRef]

	



Yao, Y.; Yao, Q.; Fu, Y.; Tian, X.; An, Q.; Yang, L.; Su, H.; Lu, W.; Hao, C.; Zhou, T. Pharmacokinetic/Pharmacodynamic Modeling of the Anti-Cancer Effect of Dexamethasone in Pancreatic Cancer Xenografts and Anticipation of Human Efficacious Doses. J. Pharm. Sci. 2020, 109, 1169–1177. [Google Scholar] [CrossRef]

	



Abdolahi, S.; Ghazvinian, Z.; Muhammadnejad, S.; Saleh, M.; Asadzadeh Aghdaei, H.; Baghaei, K. Patient-derived xenograft (PDX) models, applications and challenges in cancer research. J. Transl. Med. 2022, 20, 206. [Google Scholar] [CrossRef]

	



Kissel, M.; Berndt, S.; Fiebig, L.; Kling, S.; Ji, Q.; Gu, Q.; Lang, T.; Hafner, F.T.; Teufel, M.; Zopf, D. Antitumor effects of regorafenib and sorafenib in preclinical models of hepatocellular carcinoma. Oncotarget 2017, 8, 107096–107108. [Google Scholar] [CrossRef] [PubMed]

	



Gao, H.; Korn, J.M.; Ferretti, S.; Monahan, J.E.; Wang, Y.; Singh, M.; Zhang, C.; Schnell, C.; Yang, G.; Zhang, Y.; et al. High-throughput screening using patient-derived tumor xenografts to predict clinical trial drug response. Nat. Med. 2015, 21, 1318–1325. [Google Scholar] [CrossRef] [PubMed]

	



Maru, Y.; Hippo, Y. Current Status of Patient-Derived Ovarian Cancer Models. Cells 2019, 8, 505. [Google Scholar] [CrossRef] [PubMed]

	



Groeneweg, J.W.; DiGloria, C.M.; Yuan, J.; Richardson, W.S.; Growdon, W.B.; Sathyanarayanan, S.; Foster, R.; Rueda, B.R. Inhibition of notch signaling in combination with Paclitaxel reduces platinum-resistant ovarian tumor growth. Front. Oncol. 2014, 4, 171. [Google Scholar] [CrossRef]

	



Bertotti, A.; Migliardi, G.; Galimi, F.; Sassi, F.; Torti, D.; Isella, C.; Cora, D.; Di Nicolantonio, F.; Buscarino, M.; Petti, C.; et al. A molecularly annotated platform of patient-derived xenografts (“xenopatients”) identifies HER2 as an effective therapeutic target in cetuximab-resistant colorectal cancer. Cancer Discov. 2011, 1, 508–523. [Google Scholar] [CrossRef]

	



Ryu, J.S.; Sim, S.H.; Park, I.H.; Lee, E.G.; Lee, E.S.; Kim, Y.H.; Kwon, Y.; Kong, S.Y.; Lee, K.S. Integrative In Vivo Drug Testing Using Gene Expression Signature and Patient-Derived Xenografts from Treatment-Refractory HER2 Positive and Triple-Negative Subtypes of Breast Cancer. Cancers 2019, 11, 574. [Google Scholar] [CrossRef]

	



Yao, Y.M.; Donoho, G.P.; Iversen, P.W.; Zhang, Y.; Van Horn, R.D.; Forest, A.; Novosiadly, R.D.; Webster, Y.W.; Ebert, P.; Bray, S.; et al. Mouse PDX Trial Suggests Synergy of Concurrent Inhibition of RAF and EGFR in Colorectal Cancer with BRAF or KRAS Mutations. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2017, 23, 5547–5560. [Google Scholar] [CrossRef]

	



Kim, Y.; Kim, D.; Cao, B.; Carvajal, R.; Kim, M. PDXGEM: Patient-derived tumor xenograft-based gene expression model for predicting clinical response to anticancer therapy in cancer patients. BMC Bioinform. 2020, 21, 288. [Google Scholar] [CrossRef]

	



Mer, A.S.; Ba-Alawi, W.; Smirnov, P.; Wang, Y.X.; Brew, B.; Ortmann, J.; Tsao, M.S.; Cescon, D.W.; Goldenberg, A.; Haibe-Kains, B. Integrative Pharmacogenomics Analysis of Patient-Derived Xenografts. Cancer Res. 2019, 79, 4539–4550. [Google Scholar] [CrossRef] [PubMed]

	



Schutte, M.; Risch, T.; Abdavi-Azar, N.; Boehnke, K.; Schumacher, D.; Keil, M.; Yildiriman, R.; Jandrasits, C.; Borodina, T.; Amstislavskiy, V.; et al. Molecular dissection of colorectal cancer in pre-clinical models identifies biomarkers predicting sensitivity to EGFR inhibitors. Nat. Commun. 2017, 8, 14262. [Google Scholar] [CrossRef]

	



Yao, Y.; Wang, Y.; Chen, L.; Tian, Z.; Yang, G.; Wang, R.; Wang, C.; Wu, Q.; Wu, Y.; Gao, J.; et al. Clinical utility of PDX cohorts to reveal biomarkers of intrinsic resistance and clonal architecture changes underlying acquired resistance to cetuximab in HNSCC. Signal Transduct. Target. Ther. 2022, 7, 73. [Google Scholar] [CrossRef] [PubMed]

	



Choi, Y.; Lee, S.; Kim, K.; Kim, S.H.; Chung, Y.J.; Lee, C. Studying cancer immunotherapy using patient-derived xenografts (PDXs) in humanized mice. Exp. Mol. Med. 2018, 50, 1–9. [Google Scholar] [CrossRef]

	



Zhao, Y.; Shuen, T.W.H.; Toh, T.B.; Chan, X.Y.; Liu, M.; Tan, S.Y.; Fan, Y.; Yang, H.; Lyer, S.G.; Bonney, G.K.; et al. Development of a new patient-derived xenograft humanised mouse model to study human-specific tumour microenvironment and immunotherapy. Gut 2018, 67, 1845–1854. [Google Scholar] [CrossRef] [PubMed]

	



Helleday, T. Using personalized immune-humanized xenograft mouse models to predict immune checkpoint responses in malignant melanoma: Potential and hurdles. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2020, 31, 167–168. [Google Scholar] [CrossRef] [PubMed]

	



Sanmamed, M.F.; Rodriguez, I.; Schalper, K.A.; Onate, C.; Azpilikueta, A.; Rodriguez-Ruiz, M.E.; Morales-Kastresana, A.; Labiano, S.; Perez-Gracia, J.L.; Martin-Algarra, S.; et al. Nivolumab and Urelumab Enhance Antitumor Activity of Human T Lymphocytes Engrafted in Rag2-/-IL2Rgammanull Immunodeficient Mice. Cancer Res. 2015, 75, 3466–3478. [Google Scholar] [CrossRef]

	



Seaman, K.; Sun, Y.; You, L. Recent advances in cancer-on-a-chip tissue models to dissect the tumour microenvironment. Med-X 2023, 1, 1–28. [Google Scholar] [CrossRef]

	



Sontheimer-Phelps, A.; Hassell, B.A.; Ingber, D.E. Modelling cancer in microfluidic human organs-on-chips. Nat. Reviews. Cancer 2019, 19, 65–81. [Google Scholar] [CrossRef]

	



Trujillo-de Santiago, G.; Flores-Garza, B.G.; Tavares-Negrete, J.A.; Lara-Mayorga, I.M.; Gonzalez-Gamboa, I.; Zhang, Y.S.; Rojas-Martinez, A.; Ortiz-Lopez, R.; Alvarez, M.M. The Tumor-on-Chip: Recent Advances in the Development of Microfluidic Systems to Recapitulate the Physiology of Solid Tumors. Materials 2019, 12, 2945. [Google Scholar] [CrossRef]

	



Aref, A.R.; Campisi, M.; Ivanova, E.; Portell, A.; Larios, D.; Piel, B.P.; Mathur, N.; Zhou, C.; Coakley, R.V.; Bartels, A.; et al. 3D microfluidic ex vivo culture of organotypic tumor spheroids to model immune checkpoint blockade. Lab. A Chip 2018, 18, 3129–3143. [Google Scholar] [CrossRef]

	



Shirure, V.S.; Bi, Y.; Curtis, M.B.; Lezia, A.; Goedegebuure, M.M.; Goedegebuure, S.P.; Aft, R.; Fields, R.C.; George, S.C. Tumor-on-a-chip platform to investigate progression and drug sensitivity in cell lines and patient-derived organoids. Lab. A Chip 2018, 18, 3687–3702. [Google Scholar] [CrossRef]

	



Hayward, K.L.; Kouthouridis, S.; Zhang, B. Organ-on-a-Chip Systems for Modeling Pathological Tissue Morphogenesis Associated with Fibrosis and Cancer. ACS Biomater. Sci. Eng. 2021, 7, 2900–2925. [Google Scholar] [CrossRef] [PubMed]

	



Yi, H.G.; Jeong, Y.H.; Kim, Y.; Choi, Y.J.; Moon, H.E.; Park, S.H.; Kang, K.S.; Bae, M.; Jang, J.; Youn, H.; et al. A bioprinted human-glioblastoma-on-a-chip for the identification of patient-specific responses to chemoradiotherapy. Nat. Biomed. Eng. 2019, 3, 509–519. [Google Scholar] [CrossRef] [PubMed]

	



Ong, L.J.Y.; Chia, S.; Wong, S.Q.R.; Zhang, X.; Chua, H.; Loo, J.M.; Chua, W.Y.; Chua, C.; Tan, E.; Hentze, H.; et al. A comparative study of tumour-on-chip models with patient-derived xenografts for predicting chemotherapy efficacy in colorectal cancer patients. Front. Bioeng. Biotechnol. 2022, 10, 952726. [Google Scholar] [CrossRef]

	



Jenkins, R.W.; Aref, A.R.; Lizotte, P.H.; Ivanova, E.; Stinson, S.; Zhou, C.W.; Bowden, M.; Deng, J.; Liu, H.; Miao, D.; et al. Ex Vivo Profiling of PD-1 Blockade Using Organotypic Tumor Spheroids. Cancer Discov. 2018, 8, 196–215. [Google Scholar] [CrossRef]

	



Imparato, G.; Urciuolo, F.; Netti, P.A. Organ on Chip Technology to Model Cancer Growth and Metastasis. Bioengineering 2022, 9, 28. [Google Scholar] [CrossRef]

	



Haque, M.R.; Wessel, C.R.; Leary, D.D.; Wang, C.; Bhushan, A.; Bishehsari, F. Patient-derived pancreatic cancer-on-a-chip recapitulates the tumor microenvironment. Microsyst. Nanoeng. 2022, 8, 36. [Google Scholar] [CrossRef]

	



Steinberg, E.; Friedman, R.; Goldstein, Y.; Friedman, N.; Beharier, O.; Demma, J.A.; Zamir, G.; Hubert, A.; Benny, O. A fully 3D-printed versatile tumor-on-a-chip allows multi-drug screening and correlation with clinical outcomes for personalized medicine. Commun. Biol. 2023, 6, 1157. [Google Scholar] [CrossRef] [PubMed]

	



Cui, X.; Ma, C.; Vasudevaraja, V.; Serrano, J.; Tong, J.; Peng, Y.; Delorenzo, M.; Shen, G.; Frenster, J.; Morales, R.T.; et al. Dissecting the immunosuppressive tumor microenvironments in Glioblastoma-on-a-Chip for optimized PD-1 immunotherapy. eLife 2020, 9, e52253. [Google Scholar] [CrossRef]

	



Al-Samadi, A.; Poor, B.; Tuomainen, K.; Liu, V.; Hyytiainen, A.; Suleymanova, I.; Mesimaki, K.; Wilkman, T.; Makitie, A.; Saavalainen, P.; et al. In vitro humanized 3D microfluidic chip for testing personalized immunotherapeutics for head and neck cancer patients. Exp. Cell Res. 2019, 383, 111508. [Google Scholar] [CrossRef]

	



Sanjai, C.; Hakkimane, S.S.; Guru, B.R.; Gaonkar, S.L. A comprehensive review on anticancer evaluation techniques. Bioorg Chem. 2024, 142, 106973. [Google Scholar] [CrossRef]

	



Booij, T.H.; Price, L.S.; Danen, E.H.J. 3D Cell-Based Assays for Drug Screens: Challenges in Imaging, Image Analysis, and High-Content Analysis. SLAS Discov. Adv. Life Sci. R. D 2019, 24, 615–627. [Google Scholar] [CrossRef] [PubMed]

	



Nichols, A.E.C.; Muscat, S.N.; Miller, S.E.; Green, L.J.; Richards, M.S.; Loiselle, A.E. Impact of isolation method on cellular activation and presence of specific tendon cell subpopulations during in vitro culture. FASEB J. Off. Publ. Fed. Am. Soc. Exp. Biol. 2021, 35, e21733. [Google Scholar] [CrossRef] [PubMed]

	



Mun, S.; Lee, H.J.; Kim, P. Rebuilding the microenvironment of primary tumors in humans: A focus on stroma. Exp. Mol. Med. 2024, 56, 527–548. [Google Scholar] [CrossRef] [PubMed]

	



Lee, J.K.; Bloom, J.; Zubeldia-Plazaola, A.; Garbe, J.C.; Stampfer, M.R.; LaBarge, M.A. Different culture media modulate growth, heterogeneity, and senescence in human mammary epithelial cell cultures. PLoS ONE 2018, 13, e0204645. [Google Scholar] [CrossRef]

	



Hickman, J.A.; Graeser, R.; de Hoogt, R.; Vidic, S.; Brito, C.; Gutekunst, M.; van der Kuip, H.; Consortium, I.P. Three-dimensional models of cancer for pharmacology and cancer cell biology: Capturing tumor complexity in vitro/ex vivo. Biotechnol. J. 2014, 9, 1115–1128. [Google Scholar] [CrossRef]

	



Kapalczynska, M.; Kolenda, T.; Przybyla, W.; Zajaczkowska, M.; Teresiak, A.; Filas, V.; Ibbs, M.; Blizniak, R.; Luczewski, L.; Lamperska, K. 2D and 3D cell cultures—A comparison of different types of cancer cell cultures. Arch. Med. Sci. AMS 2018, 14, 910–919. [Google Scholar] [CrossRef]

	



Abbas, Z.N.; Al-Saffar, A.Z.; Jasim, S.M.; Sulaiman, G.M. Comparative analysis between 2D and 3D colorectal cancer culture models for insights into cellular morphological and transcriptomic variations. Sci. Rep. 2023, 13, 18380. [Google Scholar] [CrossRef] [PubMed]

	



Nelson, C.M.; Bissell, M.J. Of extracellular matrix, scaffolds, and signaling: Tissue architecture regulates development, homeostasis, and cancer. Annu. Rev. Cell Dev. Biol. 2006, 22, 287–309. [Google Scholar] [CrossRef]

	



DesRochers, T.M.; Shamis, Y.; Alt-Holland, A.; Kudo, Y.; Takata, T.; Wang, G.; Jackson-Grusby, L.; Garlick, J.A. The 3D tissue microenvironment modulates DNA methylation and E-cadherin expression in squamous cell carcinoma. Epigenetics 2012, 7, 34–46. [Google Scholar] [CrossRef]

	



Edmondson, R.; Adcock, A.F.; Yang, L. Influence of Matrices on 3D-Cultured Prostate Cancer Cells’ Drug Response and Expression of Drug-Action Associated Proteins. PLoS ONE 2016, 11, e0158116. [Google Scholar] [CrossRef]

	



Zanoni, M.; Piccinini, F.; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; Tesei, A. 3D tumor spheroid models for in vitro therapeutic screening: A systematic approach to enhance the biological relevance of data obtained. Sci. Rep. 2016, 6, 19103. [Google Scholar] [CrossRef] [PubMed]

	



Sharick, J.T.; Walsh, C.M.; Sprackling, C.M.; Pasch, C.A.; Pham, D.L.; Esbona, K.; Choudhary, A.; Garcia-Valera, R.; Burkard, M.E.; McGregor, S.M.; et al. Metabolic Heterogeneity in Patient Tumor-Derived Organoids by Primary Site and Drug Treatment. Front. Oncol. 2020, 10, 553. [Google Scholar] [CrossRef]

	



Bae, J.; Choi, Y.S.; Cho, G.; Jang, S.J. The Patient-Derived Cancer Organoids: Promises and Challenges as Platforms for Cancer Discovery. Cancers 2022, 14, 2144. [Google Scholar] [CrossRef]

	



Yan, H.H.N.; Siu, H.C.; Law, S.; Ho, S.L.; Yue, S.S.K.; Tsui, W.Y.; Chan, D.; Chan, A.S.; Ma, S.; Lam, K.O.; et al. A Comprehensive Human Gastric Cancer Organoid Biobank Captures Tumor Subtype Heterogeneity and Enables Therapeutic Screening. Cell Stem Cell 2018, 23, 882–897.e811. [Google Scholar] [CrossRef]

	



Dijkstra, K.K.; Monkhorst, K.; Schipper, L.J.; Hartemink, K.J.; Smit, E.F.; Kaing, S.; de Groot, R.; Wolkers, M.C.; Clevers, H.; Cuppen, E.; et al. Challenges in Establishing Pure Lung Cancer Organoids Limit Their Utility for Personalized Medicine. Cell Rep. 2020, 31, 107588. [Google Scholar] [CrossRef] [PubMed]

	



Ooft, S.N.; Weeber, F.; Dijkstra, K.K.; McLean, C.M.; Kaing, S.; van Werkhoven, E.; Schipper, L.; Hoes, L.; Vis, D.J.; van de Haar, J.; et al. Patient-derived organoids can predict response to chemotherapy in metastatic colorectal cancer patients. Sci. Transl. Med. 2019, 11, eaay2574. [Google Scholar] [CrossRef] [PubMed]

	



Atanasova, V.S.; de Jesus Cardona, C.; Hejret, V.; Tiefenbacher, A.; Mair, T.; Tran, L.; Pfneissl, J.; Draganic, K.; Binder, C.; Kabiljo, J.; et al. Mimicking Tumor Cell Heterogeneity of Colorectal Cancer in a Patient-derived Organoid-Fibroblast Model. Cell Mol. Gastroenterol. Hepatol. 2023, 15, 1391–1419. [Google Scholar] [CrossRef]

	



Xu, S.; Tan, S.; Guo, L. Patient-Derived Organoids as a Promising Tool for Multimodal Management of Sarcomas. Cancers 2023, 15, 4339. [Google Scholar] [CrossRef]

	



Wensink, G.E.; Elias, S.G.; Mullenders, J.; Koopman, M.; Boj, S.F.; Kranenburg, O.W.; Roodhart, J.M.L. Patient-derived organoids as a predictive biomarker for treatment response in cancer patients. NPJ Precis. Oncol. 2021, 5, 30. [Google Scholar] [CrossRef]

	



Yang, H.; Sun, L.; Liu, M.; Mao, Y. Patient-derived organoids: A promising model for personalized cancer treatment. Gastroenterol. Rep. 2018, 6, 243–245. [Google Scholar] [CrossRef]

	



Maman, S.; Witz, I.P. A history of exploring cancer in context. Nat. Rev. Cancer 2018, 18, 359–376. [Google Scholar] [CrossRef] [PubMed]

	



Ramamonjisoa, N.; Ackerstaff, E. Characterization of the Tumor Microenvironment and Tumor-Stroma Interaction by Non-invasive Preclinical Imaging. Front. Oncol. 2017, 7, 3. [Google Scholar] [CrossRef] [PubMed]

	



Yoshida, G.J. Applications of patient-derived tumor xenograft models and tumor organoids. J. Hematol. Oncol. 2020, 13, 4. [Google Scholar] [CrossRef] [PubMed]

	



Pizzi, M.; Inghirami, G. Patient-derived tumor xenografts of lymphoproliferative disorders: Are they surrogates for the human disease? Curr. Opin. Hematol. 2017, 24, 384–392. [Google Scholar] [CrossRef]

	



Zhang, F.; Wang, W.; Long, Y.; Liu, H.; Cheng, J.; Guo, L.; Li, R.; Meng, C.; Yu, S.; Zhao, Q.; et al. Characterization of drug responses of mini patient-derived xenografts in mice for predicting cancer patient clinical therapeutic response. Cancer Commun. 2018, 38, 60. [Google Scholar] [CrossRef]

	



Hou, X.; Du, C.; Lu, L.; Yuan, S.; Zhan, M.; You, P.; Du, H. Opportunities and challenges of patient-derived models in cancer research: Patient-derived xenografts, patient-derived organoid and patient-derived cells. World J. Surg. Oncol. 2022, 20, 37. [Google Scholar] [CrossRef]

	



Ben-David, U.; Ha, G.; Tseng, Y.Y.; Greenwald, N.F.; Oh, C.; Shih, J.; McFarland, J.M.; Wong, B.; Boehm, J.S.; Beroukhim, R.; et al. Patient-derived xenografts undergo mouse-specific tumor evolution. Nat. Genet. 2017, 49, 1567–1575. [Google Scholar] [CrossRef]

	



Dang, H.X.; Krasnick, B.A.; White, B.S.; Grossman, J.G.; Strand, M.S.; Zhang, J.; Cabanski, C.R.; Miller, C.A.; Fulton, R.S.; Goedegebuure, S.P.; et al. The clonal evolution of metastatic colorectal cancer. Sci. Adv. 2020, 6, eaay9691. [Google Scholar] [CrossRef]

	



Wang, C.C.; Bajikar, S.S.; Jamal, L.; Atkins, K.A.; Janes, K.A. A time- and matrix-dependent TGFBR3-JUND-KRT5 regulatory circuit in single breast epithelial cells and basal-like premalignancies. Nat. Cell Biol. 2014, 16, 345–356. [Google Scholar] [CrossRef]

	



Byrne, A.T.; Alferez, D.G.; Amant, F.; Annibali, D.; Arribas, J.; Biankin, A.V.; Bruna, A.; Budinska, E.; Caldas, C.; Chang, D.K.; et al. Interrogating open issues in cancer medicine with patient-derived xenografts. Nat. Rev. Cancer 2017, 17, 632. [Google Scholar] [CrossRef]

	



Bassi, G.; Grimaudo, M.A.; Panseri, S.; Montesi, M. Advanced Multi-Dimensional Cellular Models as Emerging Reality to Reproduce In Vitro the Human Body Complexity. Int. J. Mol. Sci. 2021, 22, 1195. [Google Scholar] [CrossRef] [PubMed]

	



Ko, J.; Park, D.; Lee, S.; Gumuscu, B.; Jeon, N.L. Engineering Organ-on-a-Chip to Accelerate Translational Research. Micromachines 2022, 13, 1200. [Google Scholar] [CrossRef] [PubMed]

	



Cauli, E.; Polidoro, M.A.; Marzorati, S.; Bernardi, C.; Rasponi, M.; Lleo, A. Cancer-on-chip: A 3D model for the study of the tumor microenvironment. J. Biol. Eng. 2023, 17, 53. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Yang, Q.; Zhang, H.; Han, S.; Liu, N.; Ren, H.; Guo, H.; Xu, F. Construction of cancer-on-a-chip for drug screening. Drug Discov. Today 2021, 26, 1875–1890. [Google Scholar] [CrossRef]

	



Lin, L.; Chung, C.K. PDMS Microfabrication and Design for Microfluidics and Sustainable Energy Application: Review. Micromachines 2021, 12, 1350. [Google Scholar] [CrossRef]

	



Surh, Y.J. The 50-Year War on Cancer Revisited: Should We Continue to Fight the Enemy Within? J. Cancer Prev. 2021, 26, 219–223. [Google Scholar] [CrossRef]

	



Riedl, J.M.; Moik, F.; Esterl, T.; Kostmann, S.M.; Gerger, A.; Jost, P.J. Molecular diagnostics tailoring personalized cancer therapy-an oncologist’s view. Virchows Arch. Int. J. Pathol. 2024, 484, 169–179. [Google Scholar] [CrossRef]

	



Haslam, A.; Kim, M.S.; Prasad, V. Overall survival for oncology drugs approved for genomic indications. Eur. J. Cancer 2022, 160, 175–179. [Google Scholar] [CrossRef]

	



Pilard, C.; Ancion, M.; Delvenne, P.; Jerusalem, G.; Hubert, P.; Herfs, M. Cancer immunotherapy: It’s time to better predict patients’ response. Br. J. Cancer 2021, 125, 927–938. [Google Scholar] [CrossRef]

	



Dentro, S.C.; Leshchiner, I.; Haase, K.; Tarabichi, M.; Wintersinger, J.; Deshwar, A.G.; Yu, K.; Rubanova, Y.; Macintyre, G.; Demeulemeester, J.; et al. Characterizing genetic intra-tumor heterogeneity across 2,658 human cancer genomes. Cell 2021, 184, 2239–2254.e2239. [Google Scholar] [CrossRef]

	



Aldea, M.; Friboulet, L.; Apcher, S.; Jaulin, F.; Mosele, F.; Sourisseau, T.; Soria, J.C.; Nikolaev, S.; Andre, F. Precision medicine in the era of multi-omics: Can the data tsunami guide rational treatment decision? ESMO Open 2023, 8, 101642. [Google Scholar] [CrossRef] [PubMed]

	



Subbiah, V.; Kurzrock, R. Universal Germline and Tumor Genomic Testing Needed to Win the War Against Cancer: Genomics Is the Diagnosis. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2023, 41, 3100–3103. [Google Scholar] [CrossRef] [PubMed]








[image: Life 14 01142 g001] 





Figure 1. Functional precision medicine in cancer treatment. Functional precision medicine integrates genomic profiling with drug sensitivity testing of patient-derived cancer cells to identify personalized treatments and improve patient response to therapy. This Figure was created using images adapted from Servier Medical Art (Servier, smart.servier.com (accessed on 28 June 2024), licensed under a Creative Commons Attribution 3.0 Unported License). 
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Figure 2. Platforms used in precision medicine. Cancer patient-derived models are developed from tumor samples collected through biopsy, blood samples, or surgical resection. The Figure illustrates different cancer patient-derived models used for studying functional responses to different therapeutics, including 2D cell cultures, spheroids, organoids, xenografts, and cancer-on-a-chip models. The figure also outlines the advantages and limitations of each model. This figure was created using images adapted from Servier Medical Art (Servier, smart.servier.com (accessed on 28 June 2024), licensed under a Creative Commons Attribution 3.0 Unported License). 
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Table 1. The effectiveness of targeted therapies for cancer patients eligible based on identified biomarkers.
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Tumor Type

	
Biomarker

	
Eligible Cancer Patients

	
Targeted Therapy and Corresponding Clinical Trials

	
Response Rate of Eligible Patients






	
Chronic myeloid leukemia (CML)

	
BCR-ABL fusion

	
>90% [14]

	
Imatinib

approved in 2006 by the FDA



IRIS clinical trial

Improved PFS compared to IFN/Ara-C [15]

	
No data reported




	
Dasatinib

approved in 2006 by the FDA



DASISION clinical trial

Higher and faster rates of response compared to imatinib [16]

	
No data reported




	
Chronic lymphocytic leukemia (CLL)

	
Bruton tyrosine kinase

	
No data reported

	
Ibrutinib

approved in 2014 by the FDA



CLL12 clinical trial

Better PFS than placebo in early-stage CLL

Cardiotoxicity issues—not approved [17]

	
No data reported




	
Acalabrutinib

approved in 2017 by the FDA



ASCEND clinical trial

Improved PFS with a tolerable safety profile in these patients [18]

	
No data reported




	
NSCLC

	
EGFR

	
14.1–38.4% [19]

	
Erlotinib

approved in 2013 by the FDA



BR.21 clinical trial

First-line and second-line therapy

Better response in patients with EGFR overexpression [20]



EURTAC clinical trial

and

OPTIMAL clinical trial

Increased PFS compared to standard chemotherapy

[21,22]



RADIANT clinical trial

Increased PFS but without a final conclusion [23]

	
77% * [13]




	
Gefitinib

approved in 2005 by the FDA



WJTOG3405 clinical trial

Increased PFS compared to standard chemotherapy [78]




	
Afatinib

approved in 2013 by the FDA



LUX-Lung 3 clinical trial

Increased PFS compared to standard chemotherapy [24]



Metadata study

Increased PFS for major uncommon EGFR mutations (G719X, L861Q, and S768I, excluding T790M or exon 20 insertions) [25]




	
Dacomitinib

Approved in 2018 by the FDA



ARCHER clinical trial

Increased PFS compared to gefitinib [26,27]




	
Osimertinib

Approved in 2015 by the FDA



UNICORN clinical trial

Increased PFS for uncommon EGFR mutations [28]



FLAURA 2 clinical trial

Increased PFS and ORR in combination with chemotherapy than when applied alone [29]



ADAURA clinical trial

Increased PFS for all EGFR mutations compared to placebo [30]




	
ALK

	
2–7% [32,33]

	
Crizotinib

approved in 2011 by the FDA



PROFILE 1014 clinical trial

Increased PFS compared to standard pemetrexed-plus-platinum chemotherapy [31]

	
79% * [13]




	
Alectinib

approved in 2015 by the FDA



ALEX clinical trial

Increased PFS compared to crizotinib with fewer side effects [34]



ALINA clinical trial

Increased PFS compared to platinum-based chemotherapy [35]




	
Lorlatinib

approved in 2018 by the FDA



CROWN clinical trial

Increased PFS compared to crizotinib but with more adverse effects [36]




	
ROS1

	
0.9–2.6% [37,38]

	
Crizotinib

approved in 2016 by the FDA



EUCROSS clinical trial

Increased PFS and ORR; worse response with TP53 co-mutation [39]

	
66% * [13]




	
RET

	
1–2% [40,41,79]

	
Selpercatinib

approved in 2020 by the FDA



LIBRETTO-001 clinical trial

Durable efficacy after treatment with platinum-based chemotherapy and alone; showed intracranial activity [42]

	
64% * [13]




	
Pralsetinib

approved in 2020 by the FDA



ARROW clinical trial

Response, regardless of previous therapy; showed intracranial activity [43]




	
MET

	
MET overexpression 15–70% [44]



MET amplification

0.7–21% [45]



MET Exon 14 Alterations 2–4% [46,47]

	
Capmatinib

Approved in 2020 by the FDA



GEOMETRY mono-1 clinical trial

(MET exon 14 skipping mutation/MET amplification)

Improved PFS in previously untreated patients compared to treated [80]

	
68% * [13]




	
Tepotinib

approved in 2024 by the FDA



VISION clinical trial

(MET exon 14 skipping mutation/MET amplification)

Rapid and durable in patients whose MET alterations were identified by either solid or liquid biopsies [48]




	
VEGFR

	
No data reported

	
Bevacizumab

approved in 2004 by the FDA



AVAil clinical trial

Increased PFS and ORR in combination with cisplatin/gemcitabine compared to chemotherapy alone [49]

	
No data reported




	
Sorafenib

approved in 2005 by the FDA



NCT00449033 clinical trial

No improvement in combination with cisplatin/gemcitabine compared to chemotherapy alone [50]




	
Ramucirumab

approved in 2020 by the FDA



REVEL clinical trial

Improved PFS and OS in combination with docetaxel compared to docetaxel alone [51]




	
BRAF

	
2–5% [52,53]

	
Vemurafenib

approved in 2011 by the FDA



VE-BASKET clinical trial

Durable response in BRAF V600-mutant NSCLC [54]

	
63% * [13]




	
Dabrafenib

approved in 2013 by the FDA



NCT01336634 clinical trial

Durable response in combination with trametinib with a manageable safety profile in BRAF V600E-mutant NSCLC, regardless of prior treatment [55]




	
PD-L1

	
 ≥1–53–63%

[56,57,81]

	
Nivolumab

approved in 2017 by the FDA



CheckMate 816 clinical trial

Increased PFS and ORR in neoadjuvant treatment with platinum-based chemotherapy [58]

	
No data reported




	
Pembrolizumab

approved in 2020 by the FDA



KEYNOTE-024 clinical trial

(PD-L1 score ≥50%)

Increased OS compared to platinum-based chemotherapy [59]




	
Breast cancer

	
EGFR

	
2.6–11.4% [60]

	
Erlotinib

emerging evidence, not yet approved



NCT00024219 clinical trial

Minimal activity in unselected previously treated advanced-stage breast cancer [82]

	
No data reported




	
Afatinib

emerging evidence, not yet approved



Lux-Breast 3 clinical trial

Similar benefits compared to other treatments but with frequent adverse events and low tolerance [61]




	
EGFR/HER2

	
No data reported

	
Lapatinib

approved in 2007 by the FDA



NCT00073528 clinical trial

(HER2+ and HR+ metastatic breast cancer)

In combination with letrozole significantly enhances PFS and ORR [62]

	
No data reported




	
HER2

	
2–5%

[63,64]

	
Trastuzumab deruxtecan

approved in 2019 by the FDA



DESTINY-Breast04 clinical trial

(HER2-low metastatic breast cancer)

Increased PFS and OS compared to chemotherapy [65]

	
60% * [13]




	
CDK4/6

	
ER+/HER2− ≈ 60% [66]

	
Ribociclib

approved in 2017 by the FDA



MONALEESA-2 clinical trial

(HER2-negative advanced breast cancer)

In combination with letrozole significantly improved PFS compared to letrozole alone [67]

	
No data reported




	
Palbociclib

approved 2015 by FDA



PALOMA-2 clinical trial

(HR+/HER2− breast cancer)

palbociclib plus letrozole demonstrated consistent PFS gains versus placebo plus letrozole [68]




	
Gastrointestinal stromal tumors

	
VEGFR

	
No data reported

	
Bevacizumab

approved in 2004 by the FDA



In combination with irinotecan-fluorouracil-leucovorin chemotherapy significantly improved PFS and OS in metastatic colorectal cancer [69]

	
No data reported




	
Urothelial carcinoma

	
PD-L1

	
15–44% [70,71,72]

	
Avelumab

approved 2020 by FDA



JAVELIN Bladder 100 clinical trial

(PD-L1–positive and negative population)

Improved OS and following platinum-based chemotherapy regardless of PD-L1 score [73]

	
No data reported




	
Melanoma

	
BRAF

	
43–66% [74,75]

	
Dabrafenib

approved in 2013 by the FDA



BREAK-2 clinical trial

(BRAFV600E/K mut+ metastatic melanoma)

Well tolerated and clinically active [76]

	
70% * [13]




	
MAPK

	
No data reported

	
Trametinib

approved in 2013 by the FDA



METRIC clinical trial

(BRAFV600E/K mut+ metastatic melanoma)

Improved PFS and OS [83]



NCT02296112 clinical trial

(non-V600 BRAF mutations/BRAF fusions)

Considerable clinical activity [77]

	
No data reported








* Estimates of absolute response rate in USA patients in 2020 [13].
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