


TARGETED AND IMMUNOTHERAPEUTIC APPROACHES IN CANCER: A NARRATIVE REVIEW OF EVOLVING EVIDENCE AND CLINICAL IMPLICATIONS


ABSTRACT:
Cancer treatment has undergone a profound transformation over the past two decades, evolving from non-specific cytotoxic chemotherapy toward precision-based targeted therapies and immunotherapeutic strategies. Advances in molecular oncology have enabled the identification of oncogenic drivers, aberrant signaling pathways, and immune regulatory mechanisms that govern tumor initiation, progression, and therapeutic resistance. Targeted therapies selectively inhibit key molecular alterations, such as receptor tyrosine kinases, intracellular kinases, and cell-cycle regulators, resulting in improved efficacy and reduced systemic toxicity compared with conventional chemotherapy. Concurrently, immunotherapy has revolutionized cancer management by restoring antitumor immune surveillance through immune checkpoint inhibition, adoptive cell therapies, cancer vaccines, and cytokine-based approaches.
Despite significant clinical success, both targeted therapy and immunotherapy face critical challenges, including intrinsic and acquired resistance, limited durability of responses, immune evasion, and treatment-related toxicities. Tumor heterogeneity, adaptive signaling rewiring, and the immunosuppressive tumor microenvironment substantially contribute to therapeutic failure. Emerging evidence underscores the pivotal role of immune cell infiltration, metabolic reprogramming, and immune checkpoint pathways in shaping treatment outcomes. Biomarkers such as tumor mutational burden, mismatch repair deficiency, PD-L1 expression, and gene expression signatures have shown promise in patient stratification and therapeutic decision-making, although their predictive accuracy remains imperfect.
This narrative review comprehensively examines the molecular basis and clinical applications of targeted and immunotherapeutic approaches across multiple cancer types. A structured literature search was conducted using databases including PubMed, Scopus, and Google Scholar, focusing on peer-reviewed articles published primarily between 2010 and 2024, with emphasis on recent clinical trials and translational studies. Key mechanisms of action, landmark clinical evidence, approved agents, resistance mechanisms, and immune-related adverse events are discussed. Special emphasis is placed on rational combination strategies integrating targeted therapy with immunotherapy to enhance antitumor efficacy, overcome resistance, and improve long-term clinical outcomes. Additionally, emerging therapeutic strategies, novel biomarkers, and future directions in precision oncology are highlighted. Overall, the integration of targeted therapy and immunotherapy represents a paradigm shift in oncology, offering the potential for more durable, effective, and individualized cancer treatment.
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INTRODUCTION:
Cancer remains a leading cause of morbidity and mortality worldwide despite substantial advances in prevention, early detection, and therapeutic interventions. The disease encompasses a heterogeneous group of disorders characterized by uncontrolled cellular proliferation, genomic instability, metabolic reprogramming, immune evasion, and metastatic potential [1]. Traditional treatment modalities such as surgery, radiotherapy, and cytotoxic chemotherapy have contributed significantly to improved survival in many malignancies; however, these approaches are often limited by non-specific toxicity, narrow therapeutic indices, and the eventual development of resistance [2].
The limitations of conventional therapies have driven the evolution of oncology toward more precise, mechanism-based treatment strategies. Advances in molecular biology, genomics, and bioinformatics have enabled detailed characterization of the genetic and epigenetic alterations that underpin tumor genesis. Simultaneously, breakthroughs in tumor immunology have reshaped understanding of the dynamic interactions between cancer cells and the host immune system [3]. Together, these scientific developments have laid the foundation for targeted therapy and immunotherapy, which now represent central pillars of modern cancer management.
Targeted therapies are designed to selectively inhibit molecular pathways that are essential for tumor cell survival and proliferation. These pathways often involve oncogenic driver mutations or aberrantly activated signaling cascades that distinguish cancer cells from normal tissues [4]. By focusing on tumor-specific vulnerabilities, targeted agents aim to maximize therapeutic efficacy while minimizing systemic toxicity. In parallel, immunotherapeutic approaches seek to harness the patient’s own immune system to recognize and eliminate malignant cells by reversing tumor-induced immune suppression [5].
The clinical success of both targeted therapy and immunotherapy has transformed treatment paradigms across multiple cancer types, including melanoma, lung cancer, breast cancer, renal cell carcinoma, and hematologic malignancies [6–8]. Importantly, accumulating evidence suggests that these approaches are biologically interconnected rather than mutually exclusive. Targeted therapies can modulate the tumor microenvironment and influence immune responses, while immunotherapy outcomes may depend on tumor-specific molecular features [9]. As a result, combination strategies integrating targeted agents and immunotherapies have emerged as a promising avenue to improve response rates and durability of benefit [10].
This review critically examines the evolving evidence supporting targeted and immunotherapeutic approaches in cancer. It explores their biological rationale, major therapeutic classes, mechanisms of resistance, biomarker-driven patient selection, and clinical implications, with a focus on how these strategies are reshaping contemporary oncology practice.
This narrative review focuses primarily on targeted and immunotherapeutic agents that have received regulatory approval across major solid and hematologic malignancies, while also discussing selected investigational and emerging strategies currently under clinical evaluation to provide insight into evolving therapeutic directions [41,48,50,61–68]. The primary aim of this review is to synthesize contemporary molecular and immunologic evidence, summarize clinically relevant approved therapies, examine mechanisms of resistance, and highlight rational combination strategies that are reshaping modern oncology practice [23,41,43,54]. The discussion predominantly addresses adult malignancies, as the majority of landmark clinical trials and regulatory approvals have been established in adult populations, with pediatric malignancies discussed only where mechanistically relevant and not as the primary focus of this review [20,21,46].

Table 1: Comparison of Conventional chemotherapy, targeted therapy and immunotherapy:
	Feature
	Conventional chemotherapy
	Targeted therapy
	Immunotherapy


	Mechanism
	Non-specific cytotoxic effect on rapidly dividing cells
	Inhibits specific molecular targets involved in tumor growth
	Activates antitumor  immune response

	Selectivity
	Low
	High
	Immune mediated tumor specificity

	Toxicity
	High systemic toxicity
	Moderate, target dependent toxicity 
	Immune related adverse events

	Resistance
	Common
	Common
	Adaptive or acquired immune resistance

	Durability
	Limited
	Moderate
	Often long standing



METHODOLOGY OF LITERATURE SEARCH:
This narrative review was conducted through a structured literature search to identify relevant studies on targeted and immunotherapeutic approaches in cancer. Electronic databases including PubMed, Scopus, and Google Scholar were systematically searched using predefined keywords such as “targeted therapy,” “immunotherapy,” “immune checkpoint inhibitors,” “precision oncology,” “DNA damage response,” “PARP inhibitors,” “tumor microenvironment,” and “combination cancer therapy.”
Peer-reviewed articles published primarily between 2010 and 2024 were included, with particular emphasis on landmark clinical trials, high-impact review articles, translational studies, and recent publications from 2022 to 2025 to capture emerging evidence and updated clinical insights. Studies were selected based on clinical relevance, methodological rigor, and contribution to understanding mechanisms of action, resistance biology, and therapeutic combinations.
Only English-language publications were considered. Conference abstracts, non-peer-reviewed sources, and articles lacking sufficient methodological clarity were excluded. As a narrative review, formal systematic review protocols (e.g., PRISMA) were not applied; however, efforts were made to ensure balanced representation of major therapeutic classes and solid and hematologic malignancies.
MECHANISMS OF TARGETED THERAPY:
Molecular Basis and Targets
Targeted therapies selectively inhibit molecules essential for cancer cell survival, proliferation, angiogenesis, or metastatic spread[61,62,66]. These include:
· Receptor tyrosine kinases (RTKs): EGFR, VEGFR, HER2
· Signal transduction intermediates: BRAF, MEK, PI3K
· Hormone receptors: estrogen and androgen receptors
· Cell cycle regulators: CDK4/6
These molecular targets represent the core drivers of oncogenic signaling across multiple solid and hematological malignancies[66-69]
By disrupting these oncogenic pathways, targeted agents minimize off-target effects and improve tolerability compared with conventional chemotherapy. Many cancers are driven by activating mutations or overexpression of receptor tyrosine kinases such as EGFR, HER2, and VEGFR, which initiate downstream signaling cascades promoting uncontrolled cell growth [6–9]. Inhibition of these receptors or their downstream mediators, including BRAF, MEK, PI3K, and CDK4/6, has led to substantial improvements in clinical outcomes [10–12].
Unlike conventional chemotherapy, targeted agents are designed to exploit tumor-specific vulnerabilities, thereby reducing off-target toxicity and improving tolerability. The clinical success of imatinib in chronic myeloid leukemia established proof-of-concept for molecularly targeted therapy and paved the way for the development of numerous kinase inhibitors across solid and hematological malignancies [6].

Table 2: Targeted therapeutic agents categorized by molecular targets and cancer type:
	Drug class
	Molecular targets
	Cancer types
	Example agents

	TKIs
	EGFR
	 Lung cancer
	Erlotinib

	
	ALK
	ALK-positive NSCLC
	Crizotinib

	
	BRAF V600E
	Melanoma
	Vemurafenib

	Monoclonal antibodies
	HER2
	HER2-Positive breast cancer
	Trastuzumab 

	
	VEGF
	Colorectal cancer
	Bevacizumab

	CDK Inhibitors
	CDK4/6
	HR-Positive breast cancer
	Palbociclib

	
	PARP
	Ovarian Cancer
	Olaparib


Tyrosine Kinase Inhibitors:
Tyrosine kinases play a central role in regulating cellular processes such as proliferation, differentiation, migration, and survival. Dysregulation of these enzymes through mutations, amplifications, or chromosomal rearrangements contributes to oncogenesis in numerous malignancies [8]. Tyrosine kinase inhibitors (TKIs) act by competitively inhibiting ATP-binding sites, thereby preventing downstream signal transduction.
The clinical success of TKIs was first demonstrated in chronic myeloid leukemia with inhibitors targeting the BCR–ABL fusion protein, leading to unprecedented improvements in survival [6]. This success validated the concept that targeting a dominant oncogenic driver could profoundly alter disease course. Subsequently, TKIs targeting EGFR, ALK, and ROS1 have demonstrated significant efficacy in molecularly selected patients with non-small cell lung cancer [9–11]. Similarly, BRAF and MEK inhibitors have improved outcomes in melanoma harboring BRAF V600 mutations [10].
Despite high initial response rates, resistance to TKIs frequently develops due to secondary mutations, activation of bypass signaling pathways, or phenotypic transformation [29]. These challenges have prompted the development of next-generation inhibitors and rational combination strategies to overcome resistance mechanisms [56].
Monoclonal Antibodies:
Monoclonal antibodies constitute another major class of targeted therapeutics. These agents are designed to recognize specific extracellular antigens expressed on tumor cells or within the tumor microenvironment. Their mechanisms of action include blockade of ligand–receptor interactions, induction of antibody-dependent cellular cytotoxicity, complement activation, and delivery of cytotoxic conjugates [7].
Antibodies targeting HER2 have dramatically improved outcomes in HER2-positive breast cancer, while agents directed against VEGF have demonstrated benefit in colorectal, lung, and renal cell carcinomas [7,13]. In addition to direct antitumor effects, monoclonal antibodies can modulate immune responses, further blurring the distinction between targeted therapy and immunotherapy [45].
Cell cycle and Intracellular signaling Inhibitors:
Loss of normal cell cycle regulation is a fundamental feature observed across multiple cancer types. Cyclin-dependent kinase (CDK) inhibitors, particularly those targeting CDK4 and CDK6, arrest tumor cells in the G1 phase of the cell cycle and have demonstrated substantial benefit in hormone receptor–positive breast cancer [12]. Inhibitors targeting intracellular signaling pathways such as PI3K, AKT, and mTOR have further expanded therapeutic options for patients with advanced malignancies [15].
Targeting the DNA damage response (DDR) pathway has emerged as an important therapeutic strategy within the broader landscape of targeted oncology. Poly(ADP-ribose) polymerase (PARP) inhibitors exploit defects in homologous recombination repair, particularly in tumors harboring BRCA1/2 mutations or homologous recombination deficiency (HRD), through the concept of synthetic lethality. By inhibiting PARP-mediated single-strand DNA repair, these agents promote accumulation of DNA damage, ultimately leading to tumor cell death. Clinical evidence supports the efficacy of PARP inhibitors such as olaparib, niraparib, talazoparib, and rucaparib in ovarian, breast, prostate, and pancreatic cancers. However, resistance mechanisms—including restoration of homologous recombination function, replication fork stabilization, and drug efflux—have increasingly been recognized as major clinical challenges. Recent comprehensive analyses further synthesize evolving clinical evidence and resistance biology, highlighting ongoing efforts to optimize patient selection and combination strategies in DDR-targeted therapy (PMID: 40426953)[69].
Table 3. Targeted therapies modulating DNA damage response pathways:
	Molecular Target
	Example Agents 
	Cancer Type

	PARP
	Olaparib
	Ovarian, Breast, Prostate

	PARP
	Niraparib
	Ovarian

	PARP
	Talazoparib
	Breast

	PARP
	Rucaparib
	Ovarian, Prostate



Although targeted therapies have significantly improved clinical outcomes, their effectiveness is often limited by tumor heterogeneity and adaptive resistance. These limitations highlight the need for integrated treatment approaches that address both tumor-intrinsic and immune-mediated mechanisms of disease progression.
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[bookmark: _GoBack]Figure 1. Mechanism of action of targeted therapies targeting key oncogenic signaling pathways in cancer cells. 
Recent innovations increasingly integrate novel molecular targets and strategies to enhance durability and overcome resistance[61,27,29]

IMMUNOTHERAPEUTIC APPROACHES IN CANCER:
Immune Surveillance and Tumor Immune Evasion:
The immune system plays a crucial role in recognizing and eliminating malignant cells through a process known as cancer immune surveillance. However, tumor cells can acquire mechanisms that allow them to evade immune detection and destruction, leading to tumor progression and metastasis [3,4,47]. These mechanisms include downregulation of tumor antigens, impairment of antigen presentation machinery, secretion of immunosuppressive cytokines, and activation of inhibitory immune checkpoint pathways [27,29]. Emerging checkpoint and combination strategies continue to expand clinical application[13-18,65-66,67].
The concept of cancer immunoediting describes the dynamic interaction between the immune system and tumor cells, encompassing phases of elimination, equilibrium, and escape. During the escape phase, tumors exploit immune regulatory pathways to suppress effective antitumor responses, thereby enabling disease progression [47,60].
Table 4. Classification of immunotherapeutic approaches in cancer:               
	Type 
	Target/mechanism
	Examples
	Approved Indications(Solid Tumors)

	Check point inhibitors
	PD-1



	Nivolumab, Pembrolizumab


	Melanoma, NSCLC, RCC, HCC, Gastric cancer, MSI-H colorectal cancer

	
	PD-L1

	Atezolizumab, Durvalumab
	NSCLC, HCC, Urothelial carcinoma

	
	CTLA-4
	Ipilimumab
	Melanoma, RCC

	CAR-T Therapy
	CD19, BCMA
	Tisagenlecleucel
	B- Cell ALL, DLBCL(Hematologic)

	Cancer vaccines
	Tumor associated antigens
	Sipuleucel-T
	Prostate cancer

	Oncolytic virus
	Tumor lysis + Immune activation
	T-VEC
	 Advanced Melanoma



Immune Checkpoint Inhibitors:
Immune checkpoints are inhibitory signaling pathways that regulate T-cell activation and prevent autoimmunity. Tumors frequently exploit these checkpoints to suppress antitumor immunity. The most extensively studied immune checkpoints include cytotoxic T-lymphocyte–associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) and its ligand PD-L1 [3,4].
Checkpoint inhibitors targeting CTLA-4 (ipilimumab), PD-1 (nivolumab, pembrolizumab), and PD-L1 (atezolizumab) have demonstrated durable clinical responses across a broad spectrum of malignancies, including melanoma, non-small cell lung cancer, renal cell carcinoma, gastric cancer, colorectal cancer with microsatellite instability, and hepatocellular carcinoma [13–18,36–38]. Unlike cytotoxic chemotherapy, immune checkpoint inhibitors can produce long-lasting tumor control due to the establishment of immunological memory [41,48].
Despite these successes, only a subset of patients responds to immune checkpoint blockade, highlighting the need for predictive biomarkers and combination strategies to enhance efficacy [31–34].
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Figure 2. Mechanism of action of  immune checkpoint inhibitors in cancer immunotherapy.

Adoptive Cell Therapies and CAR-T Cells:
Adoptive cell therapy (ACT) represents another major immunotherapeutic modality involving the ex vivo expansion or genetic modification of immune cells prior to reinfusion into the patient. Chimeric antigen receptor (CAR) T-cell therapy has shown remarkable efficacy in hematological malignancies such as acute lymphoblastic leukemia and aggressive B-cell lymphomas [19–21].
CAR-T cells are genetically engineered to express synthetic receptors that recognize tumor-specific antigens independent of major histocompatibility complex (MHC) presentation, enabling potent cytotoxic activity against malignant cells [19]. However, the application of CAR-T therapy in solid tumors remains challenging due to antigen heterogeneity, limited tumor infiltration, and immunosuppressive tumor microenvironments [51,58].
Tumor-infiltrating lymphocyte (TIL) therapy has also demonstrated clinical benefit in melanoma, underscoring the therapeutic potential of harnessing naturally occurring tumor-reactive immune cells [22].
Cancer Vaccines and Emerging Immunotherapies:
Therapeutic cancer vaccines aim to stimulate immune responses against tumor-associated or tumor-specific antigens. Although early vaccine strategies produced limited clinical benefit, advances in antigen selection, delivery platforms, and immune adjuvants have renewed interest in this approach [49].
Other emerging immunotherapeutic strategies include bispecific antibodies, oncolytic viruses, and innate immune modulators. These approaches seek to broaden the scope of immunotherapy beyond checkpoint inhibition and cellular therapies, potentially benefiting patients who do not respond to existing treatments [48,50].
COMBINATION OF TARGETED THERAPY AND IMMUNOTHERAPY:
As discussed in the resistance mechanisms section, tumor-intrinsic signaling pathways, epigenetic adaptations, and immune evasion strategies contribute significantly to therapeutic failure. Building on this established biological framework, combination strategies integrating targeted therapy with immunotherapy aim to translate mechanistic insights into improved clinical efficacy, durability of response, and resistance prevention.
Clinical trials evaluating combinations of immune checkpoint inhibitors with VEGF inhibitors, BRAF/MEK inhibitors, or tyrosine kinase inhibitors have demonstrated improved response rates and progression-free survival in cancers such as melanoma, renal cell carcinoma, and hepatocellular carcinoma [26,38,42]. However, combination strategies are associated with increased toxicity, underscoring the need for careful patient selection and optimized dosing strategies [39,40]. While several combination regimens have received regulatory approval in selected malignancies, many targeted therapy–immunotherapy combinations remain investigational and are currently being evaluated in ongoing clinical trials to optimize efficacy and safety. Based on the established immunomodulatory effects of VEGF inhibition, combinations of anti-angiogenic agents with immune checkpoint inhibitors have demonstrated improved efficacy in renal cell carcinoma and hepatocellular carcinoma [26,38,42,61–65].
In addition to therapeutic outcomes, combination approaches also modulate multiple dimensions of tumor biology, including angiogenesis, metabolic adaptation, and immune evasion pathways. 
Accumulating data suggests that the timing and sequencing of targeted therapy and immunotherapy play a critical role in determining therapeutic outcomes. Preclinical and clinical studies indicate that short-term targeted therapy priming may enhance immunogenic cell death and promote durable immune memory when followed by immune checkpoint blockade [24,49,55]. However, prolonged exposure to certain targeted agents may induce immune suppression or T-cell exhaustion, highlighting the need for rational scheduling strategies [29,54].
Biomarker-driven patient selection remains essential for optimizing combination regimens. Tumor mutational burden, mismatch repair deficiency, PD-L1 expression, and immune gene expression signatures have been associated with improved responses to combination therapy, although their predictive value varies across tumor types [32–35,58]. In addition, dynamic biomarkers reflecting changes in the tumor microenvironment during treatment may offer superior guidance for therapeutic decision-making [36,57].
Despite promising advances, combination therapy poses challenges related to overlapping toxicities, immune-related adverse events, and increased treatment costs. Immune-mediated toxicities affecting the skin, gastrointestinal tract, endocrine organs, and liver have been reported at higher frequencies with combination regimens, necessitating vigilant monitoring and multidisciplinary management [41,42]. Ongoing clinical trials are focused on identifying optimal dose intensities, novel combinations, and next-generation agents with improved safety profiles [46,50,60].
Overall, the integration of targeted therapy with immunotherapy represents a pivotal strategy to overcome therapeutic resistance and enhance long-term disease control. Continued translational research and well-designed clinical trials are essential to refine combination approaches and translate mechanistic insights into personalized cancer treatment paradigms [43,47,56].
Therapeutic Sequencing and Timing Considerations:
Accumulating evidence suggests that the sequence and timing of targeted therapy and immunotherapy critically influence therapeutic efficacy and durability of response. Short-term administration of targeted agents may act as an immunologic priming strategy by enhancing tumor antigen presentation, increasing immune cell infiltration, and modulating the tumor microenvironment to favor antitumor immunity, thereby sensitizing tumors to subsequent immune checkpoint blockade [23,25,59,61–64]. In contrast, immunotherapy primarily contributes to durable disease control through immune memory and sustained immune surveillance, making it particularly effective when deployed after tumor debulking or immune priming by targeted therapy [41,48,65–67]. Importantly, prolonged exposure to certain targeted agents may induce immune suppression or T-cell exhaustion, underscoring the need for optimized sequencing rather than continuous combination approaches [29,54,60]. Emerging clinical and translational studies support adaptive and biomarker-guided sequencing strategies to maximize efficacy while minimizing toxicity and resistance [52,55,64–68].


Table No: 5 Approved Targeted Therapy- Immunotherapy combinations, Indications, and key Toxicities:
	Combination
	Cancer Type
	Approval Status
	Key Toxicities

	Atezolizumab+ Bevacizumab
	HCC
	Approved
	Hypertension, irAEs

	Pembrolizumab+ Axitinib
	RCC
	Approved
	Hepatitis, Fatigue

	Nivolumab+ Ipilimumab
	Melanoma
	Approved
	Colitis, Endocrinopathies



TUMOR MICROENVIRONMENT AND BIOMARKERS:
Tumor Microenvironment and Immune Modulation
The tumor microenvironment (TME) is a complex ecosystem composed of cancer cells, stromal cells, immune cells, and extracellular matrix components. Immunosuppressive cell populations such as regulatory T cells, myeloid-derived suppressor cells, and tumor-associated macrophages contribute to immune evasion and resistance to therapy [27,60].
Tumor immune dynamics and host factors such as the gut microbiome influence therapeutic response and resistance[27,32,38,68].
Oncogenic signaling pathways within tumor cells can actively shape the immune landscape of the TME. For instance, aberrant activation of β-catenin signaling has been associated with immune exclusion and resistance to immune checkpoint blockade [28]. Targeted therapies that modulate these pathways may reprogram the TME to enhance immune responsiveness [25,45].
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Figure 3. Components of the tumor microenvironment contributing to immune evasion and therapy resistance.

Biomarkers for patient selection
The identification of predictive biomarkers is essential for optimizing the clinical use of targeted therapy and immunotherapy. PD-L1 expression, although imperfect, has been used to predict response to PD-1/PD-L1 inhibitors in several tumor types [31,34]. Tumor mutational burden (TMB) has emerged as an additional biomarker, with higher mutational loads associated with increased neoantigen formation and improved immunotherapy response [31,32].
Mismatch repair deficiency and microsatellite instability represent robust predictive biomarkers for immune checkpoint inhibitor efficacy, particularly in colorectal and other gastrointestinal cancers [33]. Advances in genomic profiling and molecular diagnostics continue to refine patient stratification and support personalized treatment approaches [38,52].
LIMITATIONS OF BIOMARKERS IN REAL WORLD CLINICAL PRACTICE:
Despite their critical role in precision oncology, many predictive and prognostic biomarkers demonstrate limited translation from controlled clinical trials to real-world practice. One major limitation is tumor heterogeneity, where spatial and temporal genetic variability within and between tumor sites leads to inconsistent biomarker expression, reducing predictive accuracy from a single biopsy sample [24,47,56]. In addition, clonal evolution under therapeutic pressure can alter biomarker status over time, resulting in treatment resistance despite initial biomarker positivity [23,52,57].
Another significant challenge is technical and analytical variability. Differences in assay platforms, antibody clones, sequencing depth, and interpretation thresholds across laboratories contribute to inconsistent biomarker results and poor reproducibility in routine practice [30,45,58]. Pre-analytical factors such as tissue handling, fixation time, and sample quality further compromise biomarker reliability, particularly in resource-limited clinical settings [29,60].
Biomarkers validated in clinical trials often fail to account for patient-related factors encountered in real-world populations, including comorbidities, prior therapies, polypharmacy, and poor performance status, which may alter therapeutic response independent of biomarker status [38,39,61]. Furthermore, many biomarkers are developed based on single-pathway dependency models, whereas cancer progression is driven by complex, redundant signaling networks that can bypass the targeted pathway [6,8,53].
Limited clinical utility and accessibility also hinder biomarker adoption. High cost, limited availability of advanced molecular testing, long turnaround times, and lack of standardized testing guidelines restrict routine implementation, particularly in low- and middle-income settings [42,44,62]. Additionally, some biomarkers demonstrate statistical significance without sufficient clinical benefit, leading to marginal improvements that do not translate into meaningful patient outcomes [43,63].
Finally, inadequate prospective validation and lack of integration with dynamic biomarkers, such as circulating tumor DNA, immune signatures, and real-time functional assays, further limit real-world effectiveness [48–50,64–68]. Collectively, these limitations underscore the need for multi-parameter, longitudinal, and context-specific biomarker strategies to improve the real-world impact of precision oncology.
RESISTANCE MECHANISMS:
Resistance remains a major obstacle to both targeted therapy and immunotherapy. In targeted therapy, resistance often arises through secondary mutations, pathway reactivation, or activation of compensatory signaling networks [29,56]. In immunotherapy, resistance mechanisms include loss of antigen presentation, defects in interferon signaling, and immune exclusion from the tumor microenvironment [28–30].
Understanding resistance biology has informed the development of next-generation agents and rational combination strategies designed to overcome therapeutic failure [52,53].
Resistance to Targeted Therapy
Although targeted therapies often produce rapid tumor regression, resistance frequently develops through secondary mutations, pathway reactivation, or activation of compensatory signaling networks [23,56]. For example, secondary mutations in EGFR or BCR-ABL can render tumors resistant to tyrosine kinase inhibitors, necessitating next-generation inhibitors or combination regimens [6,8,56].
Tumor heterogeneity further complicates targeted therapy by enabling the selection of resistant subclones under therapeutic pressure [24].
In addition to secondary mutations, resistance to targeted therapy is frequently mediated by activation of parallel or downstream signaling pathways that bypass the inhibited target. For instance, activation of the PI3K/AKT/mTOR axis or upregulation of alternative receptor tyrosine kinases such as MET and HER3 can sustain tumor survival despite effective inhibition of the primary oncogenic driver [25,48,60]. Such adaptive rewiring of signaling networks underscores the dynamic nature of tumor cell plasticity under therapeutic pressure.
Epigenetic alterations have also emerged as important contributors to resistance, influencing gene expression without changes in the underlying DNA sequence. Alterations in chromatin remodeling, DNA methylation, and histone modification can promote drug tolerance states, allowing cancer cells to reflectively evade targeted agents and re-establish tumor growth [24,52,56]. These reversible drug-tolerant persister cells represent a major obstacle to long-term disease control.
The tumor microenvironment further plays a pivotal role in mediating resistance to targeted therapy. Stromal cells, cancer-associated fibroblasts, and immune cells can secrete growth factors and cytokines that activate compensatory survival pathways in tumor cells, thereby reducing drug sensitivity [27,45,57]. Hypoxia within the tumor microenvironment has also been shown to alter drug penetration and promote selection of more aggressive, therapy-resistant phenotypes [38,53].
Clinical evidence increasingly supports the use of combination strategies to delay or overcome resistance to targeted therapy. Dual inhibition of oncogenic pathways, such as combined BRAF and MEK inhibition, has demonstrated improved durability of response and reduced emergence of resistance compared to monotherapy [9,10,46]. Similarly, integration of targeted agents with immunotherapy has shown promise in counteracting resistance by enhancing tumor immunogenicity and immune-mediated tumor clearance [23,26,59].
Accumulating data indicates that resistance to targeted therapy is not solely driven by fixed genetic alterations but is frequently mediated by epigenetic reprogramming, which enables cancer cells to reversibly adapt to therapeutic pressure without acquiring new mutations. Epigenetic modifications, including changes in DNA methylation, histone modifications, and chromatin remodeling, can alter transcriptional programs that promote survival in the presence of targeted agents [24,52,56]. These adaptive epigenetic states allow tumor cells to downregulate dependency on the inhibited oncogenic pathway and activate alternative survival mechanisms, thereby reducing drug sensitivity. Importantly, such epigenetic alterations are often reversible, contributing to transient drug tolerance rather than permanent resistance, and highlighting their role in early treatment failure [52,58].
Lineage plasticity represents another critical mechanism of resistance, particularly in tumors exposed to prolonged targeted therapy. Under selective pressure, cancer cells may undergo phenotypic switching or transdifferentiation, adopting alternative lineage states that are less dependent on the original oncogenic driver [29,53,60]. This phenomenon has been well documented in multiple malignancies, where epithelial tumors transition toward mesenchymal or stem-like phenotypes, resulting in reduced susceptibility to kinase inhibitors [24,56]. Lineage plasticity is frequently driven by epigenetic regulators and transcriptional reprogramming rather than genomic mutations, allowing tumor cells to dynamically evade targeted therapy while maintaining proliferative capacity [58,59].
Closely related to these adaptive processes is the emergence of drug-tolerant persister (DTP) cells, a small subpopulation of cancer cells that survive initial exposure to targeted agents by entering a slow-cycling or quiescent state [52,56]. DTP cells are characterized by profound epigenetic remodeling, altered metabolic programs, and enhanced stress response pathways, enabling temporary survival under drug pressure [24,68]. Although these cells do not exhibit classical resistance mutations, they provide a reservoir from which fully resistant clones can eventually arise following prolonged therapy or additional genetic alterations [52,60]. The persistence of these cells contributes to minimal residual disease and is a major barrier to durable responses with targeted monotherapy.
Increasing evidence suggests that epigenetic resistance, lineage plasticity, and drug-tolerant persister states are interconnected processes rather than independent mechanisms. Together, they reflect the intrinsic phenotypic plasticity of cancer cells and underscore the limitations of targeting single oncogenic pathways [56,59]. These findings have important therapeutic implications, supporting the development of combination strategies that integrate targeted therapy with epigenetic modulators or immunotherapy to eliminate adaptive cell states and delay or prevent resistance [23,52,60]. Understanding these non-genetic resistance mechanisms is therefore essential for improving the durability of targeted treatment responses and optimizing precision oncology approaches.
Collectively, these findings highlight that resistance to targeted therapy is multifactorial, involving genetic alterations, epigenetic reprogramming, lineage plasticity, Drug- tolerant persister cells and microenvironmental mechanisms. 
Resistance to Immunotherapy
Resistance to immunotherapy can be classified as primary, adaptive, or acquired. Primary resistance may arise from lack of tumor immunogenicity or impaired antigen presentation, while acquired resistance can result from mutations affecting interferon signaling or antigen processing pathways [29,30,52].
The immunosuppressive tumor microenvironment also plays a key role in limiting immunotherapy efficacy. Overcoming resistance requires novel therapeutic targets, combination approaches, and improved biomarker-driven strategies [24,53].
Emerging evidence indicates that tumor-intrinsic signaling alterations substantially contribute to immune escape. Loss-of-function mutations in components of the antigen presentation machinery, including β2-microglobulin and major histocompatibility complex (MHC) class I molecules, can prevent effective recognition of tumor cells by cytotoxic T lymphocytes, thereby conferring resistance to immune checkpoint inhibitors [30,31,52]. Additionally, defects in interferon-γ signaling pathways impair downstream immune activation and reduce sensitivity to T-cell-mediated cytotoxicity [29,56].
The metabolic landscape of the tumor microenvironment further influences immunotherapy outcomes. Tumor-driven hypoxia, increased lactate production, and nutrient competition can suppress effector T-cell function while promoting the expansion of regulatory T cells and myeloid-derived suppressor cells [27,53,60]. These immunosuppressive conditions limit immune cell infiltration and reduce the durability of therapeutic responses, particularly in “cold” tumors characterized by low baseline immune activity [24,45].
Epigenetic reprogramming has also been implicated in resistance to immunotherapy. Alterations in chromatin remodeling and DNA methylation can silence genes involved in antigen processing and immune recognition, thereby diminishing tumor immunogenicity [58,59]. Such epigenetic changes may occur dynamically under therapeutic pressure, emphasizing the need for combinatorial strategies that incorporate epigenetic modulators alongside immunotherapeutic agents [52,53].
To address these resistance mechanisms, current research focuses on rational combination approaches integrating immune checkpoint blockade with targeted therapies, cancer vaccines, oncolytic viruses, and adoptive cell-based therapies [23,46,54]. Biomarker-guided patient stratification using tumor mutational burden, microsatellite instability, and immune gene expression signatures has shown promise in optimizing treatment selection and improving clinical outcomes [32–35,57]. Collectively, overcoming resistance to immunotherapy will require a comprehensive understanding of tumor biology, immune dynamics, and therapeutic interactions to enable personalized and durable cancer treatment strategies [55,60].
CLINICAL IMPLICATIONS AND COMBINATION STRATEGIES:
Rationale for combining Targeted Therapy and Immunotherapy:
While targeted therapies and immunotherapeutic approaches have independently transformed cancer treatment, each modality has inherent limitations. Targeted therapies often produce rapid tumor regression but are frequently associated with acquired resistance, whereas immunotherapy can generate durable responses but benefits only a subset of patients [23,29]. These complementary strengths and weaknesses provide a strong biological rationale for combining both strategies to achieve improved and sustained antitumor effects.
Targeted therapies can modulate tumor biology in ways that enhance immune recognition. Inhibition of oncogenic signaling pathways has been shown to increase tumor antigen expression, improve antigen presentation, and promote infiltration of immune effector cells into the tumor microenvironment [45,59]. Additionally, targeted agents can reduce immunosuppressive cytokine signaling and normalize tumor vasculature, thereby facilitating immune cell access to tumor sites [26].
Conversely, immunotherapy may enhance the durability of responses to targeted agents by eliminating residual tumor cells and preventing clonal escape. This bidirectional interaction underscores the potential of combination regimens to overcome resistance mechanisms that limit the efficacy of monotherapy approaches [35].
Clinical evidence supporting combination Approaches:
Clinical trials evaluating combinations of targeted therapy and immunotherapy have demonstrated encouraging results in several malignancies. In renal cell carcinoma, the combination of immune checkpoint inhibitors with anti-angiogenic agents has resulted in superior progression-free and overall survival compared with standard targeted therapy alone [26,46]. Similar benefits have been observed in hepatocellular carcinoma and non-small cell lung cancer, where anti-VEGF or kinase inhibitors combined with checkpoint blockade improved response rates and survival outcomes [38,42].
In melanoma, combining BRAF and MEK inhibitors with immune checkpoint inhibitors has shown enhanced antitumor activity; however, early studies revealed increased toxicity, highlighting the importance of optimizing treatment sequencing and dosing strategies [10,43]. These findings emphasize that while combination therapy holds significant promise, careful clinical evaluation is essential to balance efficacy and safety.
Toxicity and safety considerations:
Combination strategies frequently increase the risk of adverse events due to overlapping or synergistic toxicities. Targeted therapies are typically associated with predictable, mechanism-based side effects such as dermatologic reactions, hypertension, and metabolic disturbances, whereas immunotherapy can cause immune-related adverse events affecting multiple organ systems [39].
Immune-related toxicities may involve the skin, gastrointestinal tract, liver, endocrine organs, and lungs, and can range from mild to life-threatening. Early recognition and prompt management using immunosuppressive therapies such as corticosteroids are critical for preventing severe complications [40]. As combination regimens become more prevalent, multidisciplinary collaboration and standardized toxicity management protocols are increasingly important in clinical practice.
Implications for Personalized Care:
The integration of targeted therapy and immunotherapy has accelerated the shift toward personalized oncology. Molecular profiling, immune phenotyping, and biomarker-driven patient selection are now central to treatment decision-making [54,55]. Personalized approaches allow clinicians to identify patients most likely to benefit from specific therapies while minimizing unnecessary toxicity.
Advances in genomic sequencing, transcriptomic analysis, and computational modeling are expected to further refine treatment selection and optimize combination strategies. As understanding of tumor biology and immune regulation deepens, individualized therapeutic regimens tailored to each patient’s molecular and immunologic profile will become increasingly feasible [41].
CONCLUSION:
Targeted therapy and immunotherapy have fundamentally transformed cancer management by enabling more precise, mechanism-based treatment strategies. Despite substantial clinical success, challenges such as therapeutic resistance, tumor heterogeneity, immune evasion, and treatment-related toxicities continue to limit long-term efficacy. Increasing evidence supports the rational integration of targeted agents with immunotherapeutic approaches to enhance antitumor responses and overcome resistance mechanisms. Advances in biomarker-driven patient selection and a deeper understanding of tumor–immune interactions are expected to further optimize treatment outcomes. Overall, the continued convergence of targeted therapy and immunotherapy represents a critical step toward more effective and personalized cancer care.
In conclusion, the convergence of molecular oncology and tumor immunology has opened new avenues for cancer treatment. As evidence continues to evolve, targeted and immunotherapeutic approaches will remain central to advancing clinical outcomes and improving the quality of life for patients with cancer.

FUTURE DIRECTIONS
Emerging Trends and future perspectives:
The future of cancer therapy lies in continued integration of targeted and immunotherapeutic approaches with emerging technologies. Novel immune checkpoints, next-generation targeted inhibitors, and advanced cellular therapies are under active investigation and may expand the range of treatable malignancies [48,50].
Continued advancements including next-generation agents, biomarkers, and personalized vaccines are poised to further improve outcomes[65,66,67].
Beyond expanding the spectrum of treatable malignancies, precision oncology is increasingly centered on individualized treatment strategies driven by molecular profiling and immune characterization. Comprehensive genomic sequencing, transcriptomic analysis, and immune phenotyping are enabling more accurate stratification of patients, thereby facilitating tailored therapeutic interventions and improving clinical outcomes [41,42,54].
Personalized cancer vaccines, developed using patient-specific neoantigens, have demonstrated the potential to induce robust and durable antitumor immune responses by enhancing immune specificity and minimizing off-target effects [49,55]. In parallel, adoptive cell therapies, including engineered T-cell receptor and chimeric antigen receptor (CAR)based approaches, are being refined to improve efficacy, persistence, and safety across both hematologic and solid malignancies [46,57].
Additionally, growing evidence highlights the role of the tumor microenvironment, host microbiome, and metabolic reprogramming in modulating therapeutic response. Targeting these factors may further enhance the effectiveness of immunotherapy and targeted agents while mitigating resistance mechanisms [45,52]. Advances in artificial intelligence and machine learning are also being increasingly applied to integrate multidimensional datasets, enabling the identification of predictive biomarkers, optimization of treatment sequencing, and real-time adaptation of therapeutic strategies [44,58].
Collectively, these emerging approaches underscore a paradigm shift toward fully personalized cancer care. Continued translational research, biomarker-driven clinical trials, and interdisciplinary collaboration will be essential to translate these innovations into routine clinical practice and extend the benefits of targeted therapy and immunotherapy to a broader patient population [50,59,60].
Personalized cancer vaccines, designed using patient-specific neoantigens, represent a promising strategy to enhance immune specificity and efficacy [49]. Additionally, modulation of the tumor microbiome and metabolic pathways has emerged as a potential means of improving immunotherapy response [52]. Advances in artificial intelligence and machine learning are also being leveraged to identify predictive biomarkers and optimize treatment sequencing [44].
Ongoing research efforts aim to overcome resistance, reduce toxicity, and extend the benefits of immunotherapy and targeted therapy to a broader patient population. Rational trial design and real-world evidence will play a crucial role in translating these innovations into routine clinical practice.
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Figure 1. Mechanism of action of targeted therapies targeting key oncogenic signaling
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Figure 3. Tumor microenvironment and its impact on immune evasion.




