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    Abstract

    

    KRAS mutations are among the most prevalent oncogenic drivers in human malignancies and are increasingly recognized as critical determinants of tumor progression, immune evasion, and therapeutic resistance. Beyond its canonical role in promoting oncogenic signaling, accumulating evidence indicates that KRAS functions as a regulator of the tumor immune microenvironment, influencing antigen presentation, inflammatory signaling, metabolic adaptation, stromal remodeling, and responsiveness to immunotherapy. This review synthesizes current knowledge regarding the biological and immunological consequences of oncogenic KRAS across major cancer types, including non-small cell lung cancer, colorectal cancer, and pancreatic ductal adenocarcinoma, with emphasis on the mechanisms by which KRAS-driven tumors establish and maintain immunosuppressive microenvironments. Recent advances in immunopeptidomics and precision immuno-oncology have identified KRAS-derived neoantigens that can be targeted through T-cell receptor-engineered therapies, bispecific antibodies, and therapeutic vaccines. Concurrently, the clinical development of direct KRAS inhibitors, including sotorasib and adagrasib, has demonstrated meaningful antitumor activity while revealing adaptive resistance mechanisms that frequently limit durable responses. Emerging evidence suggests that effective therapeutic strategies will require integrating KRAS-targeted therapies with immune checkpoint blockade and other immunomodulatory approaches to overcome tumor-intrinsic and microenvironment-mediated resistance. Collectively, current evidence supports a paradigm in which KRAS functions not only as an oncogenic driver but also as a regulator of tumor-immune interactions, shaping therapeutic responsiveness and providing opportunities for biomarker-guided and combination-based immunotherapy in KRAS-mutant cancers.
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    1. Introduction

    

    Cancer immunotherapy has transformed oncology by showing that the immune system can be stimulated to manage cancer without directly attacking tumor cells, particularly through immune checkpoint blockade. In addition to "passive" strategies, including monoclonal antibodies and adoptive cell therapies, which can elicit immediate antitumor responses and have demonstrated efficacy in hematologic malignancies and selected solid tumors, there is renewed interest in "active" immunotherapeutic approaches that aim to generate durable, tumor-specific immune responses. This concept dates to William Coley's use of bacterial preparations in the late nineteenth century. Although significant responses occur in melanoma and microsatellite-instability tumors, the majority of malignancies derive limited benefit due to primary, adaptive, and acquired resistance, as well as the challenges of safely overcoming local immune tolerance without triggering systemic autoimmunity. Optimizing dosage and scheduling is difficult because the maximal tolerable dose frequently fails to predict optimal immunologic effectiveness, and the scarcity of validated biomarkers complicates trial design. Historically, these obstacles, coupled with safety concerns, hindered acceptance; nonetheless, contemporary advancements in antibody and T-cell engineering, together with a deeper understanding of the tumor immune milieu, are augmenting the therapeutic index. The primary objective is to disrupt tolerance specifically at the tumor site, enhance efficient cytotoxic T-cell responses, and translate immunogenicity into reliable, long-lasting therapeutic benefits across various solid tumors (1-3).

    The RAS GTPases, particularly KRAS, promote tumor proliferation through hotspot missense mutations (G12, G13, Q61) that activate the RAF/ERK and PI3K signaling pathways, with KRAS serving as a clonal driver in pancreatic, colorectal, and lung adenocarcinomas; prevalent KRAS variants include G12D, G12V, G12C, and G12R. These mutations can generate HLA-presented neoantigens, prompting immunotherapies that include vaccinations, TCR-engineered T cells, affinity-enhanced TCRs (such as ImmTACs), and bispecific T-cell engagers; proof-of-concept regressions have been reported in isolated case reports (anecdotal evidence), which should be interpreted as hypothesis-generating rather than definitive evidence of clinical efficacy. Immunopeptidomics has delineated numerous class I epitopes associated with prevalent HLA alleles (particularly A*11:01 and A*03:01; fewer for A*02:01), facilitating early clinical approaches. Small-molecule G12C inhibitors (sotorasib, adagrasib) demonstrate clinically meaningful activity in selected settings, although acquired resistance commonly limits durability of response, prompting exploration of combination therapies and “haptenated peptide” targeting strategies. Significant obstacles include restricted HLA population representation (~25% for existing class I targets in PAAD/LUAD/COAD), protracted and disjointed screening (HLA typing and KRAS genotyping), antigen-processing deficiencies, diminished p-HLA density, and immune evasion (HLA loss), alongside the ambiguous direct tumor recognition by class II-restricted CD4 T cells. Nevertheless, swift progress in vaccines, adoptive T-cell therapies, bispecifics, and degraders, frequently in conjunction with KRAS inhibitors, establishes mutant KRAS as a prominent test case for converting clonal driver neoantigens into enduring, broadly applicable immuno-oncology therapeutics (4, 5).

    Although KRAS mutations share common oncogenic features, their biological and therapeutic consequences vary substantially across tumor lineages, co-occurring genomic alterations, and microenvironmental contexts. Accordingly, evidence is interpreted within the specific disease settings in which it was generated, and observations from one KRAS-driven malignancy may not generalize to others. Growing evidence indicates that KRAS functions not only as a tumor-intrinsic oncogenic driver but also as a regulator of the broader tumor ecosystem, influencing metabolic adaptation, immune surveillance, stromal remodeling, and therapeutic responsiveness. This conceptual framework underpins the discussion throughout this review.

    2. Molecular Biology and Oncogenic Functions of KRAS

    The importance of KRAS in human cancer emerged in the early 1980s through studies of transforming retroviruses carrying ras oncogenes. The viral Kirsten and Harvey sarcoma viruses led to the identification of cellular RAS proto-oncogenes, including KRAS, HRAS, and NRAS. In 1983, Der and colleagues demonstrated that an aberrant p21 RAS protein identified in human colon and lung cancer cell lines possessed transforming activity in NIH3T3 fibroblasts. These findings were corroborated by Parada, Weinberg, and others, who showed that activated KRAS oncogenes could induce cellular transformation, thereby establishing RAS signaling as a fundamental driver of human tumorigenesis. The anomalous p21 proteins generated by KRAS mutations were associated with persistent activation in malignancies. KRAS is now recognized as an upstream sensor that activates several signaling pathways from the cell surface to the nucleus, affecting differentiation, proliferation, chemotaxis, and apoptosis. KRAS remodels the cytoskeleton via these pathways, modifying cell shape, adhesion, and motility (6). KRAS, located on chromosome 12p12.1, is a member of the core RAS gene family, which includes HRAS on 11p15.5 and NRAS on 1p13.1. The role of RAS in cancer was first emphasized more than 30 years ago, when KRAS and HRAS were shown to confer the transforming activity of rat sarcoma retroviruses. It is now established that somatic mutations in the cellular KRAS, HRAS, and NRAS variants are prevalent in several human malignancies, predominantly at codons 12, 13, and 61, resulting in constitutive RAS activation. RAS mutations occur together in approximately 30% of human malignancies, with KRAS being the most frequently altered variant (7).

    Like its counterparts HRAS on 11p and NRAS on 1p, KRAS spans approximately 30 kb and includes four exons, encoding two isoforms, KRAS-4B (predominant) and KRAS-4A, which differ due to alternative splicing of exon 4. The RAS protein has a structured G domain that includes the P-loop, switch I, and switch II, along with a hypervariable region (HVR) containing a CAAX motif that directs it to membranes. KRAS is a small GTPase that cycles between inactive GDP-bound and active GTP-bound states: receptor signals (e.g., EGFR) recruit GEFs such as SOS to facilitate GTP loading, whereas GAPs such as NF1 promote GTP hydrolysis to terminate signaling. In its GTP-bound state, possibly as a monomer or dimer, KRAS interacts with downstream effectors to activate key pathways such as RAF-MEK-ERK and PI3K-AKT-mTOR, integrating inputs (growth factors, chemokines, Ca²⁺, RTKs) to modulate cell proliferation, differentiation, and survival (8).

    KRAS expression is regulated post-transcriptionally by noncoding RNAs: let-7 miRNA facilitates KRAS mRNA degradation through LCS sites (which are disrupted by the LCS6 variant), H19 lncRNA counteracts let-7 to stabilize KRAS, and additional miRNAs (such as miR-16, miR-18a specific to KRAS along with miR-622, miR-1, miR-217, and miR-143/145) also inhibit KRAS. KRAS expression alone is inadequate for tumorigenesis; KRAS requires activation either physiologically through receptor tyrosine kinases via GEF/GAP regulation of GDP/GTP cycling, or pathologically through activating mutations (common variants include G12A/C/D/S/V, G13C/D; numerous rarer variants) that typically hinder GTP hydrolysis and promote constitutive signaling (with mutation-specific distinctions). Specific mutations exert supplementary effects (e.g., KRAS G13D recruits ZNF304-DNMT1 to epigenetically repress tumor suppressors). KRAS mutations are prevalent in various cancers, with approximate frequencies of 57% in pancreatic cancer, 33% in CRC, 31% in biliary cancer, 20% in small intestine cancer, 17% in lung cancer, 14% in endometrial/ovarian cancer, 8% in prostate cancer, 7% in cervical cancer, 6% in gastric cancer, and around 5% in urinary tract, liver, and hematologic malignancies. This likely underrepresents the total activation of KRAS, as receptor tyrosine kinase-driven wild-type KRAS is not included in these figures. Both splice isoforms (KRAS4A and KRAS4B) possess carcinogenic potential. RTK networks closely interact with KRAS EGFR, which is crucial in KRAS-driven pancreatic cancer; in CRC, VEGFR2/KDR and PDGFRA are associated with codon 12/13 KRAS mutations. KRAS G12D cancers regulate a stromal program via Sonic Hedgehog, thereby increasing IGF1 and GAS6, activating IGF1R and AXL/TYRO3, and activating downstream AKT, MEK, and IRS-1. KRAS-mutant can simulate receptor tyrosine kinase (RTK) activity, frequently resulting in resistance to RTK inhibitors (IGF1R TKIs); however, vulnerabilities remain. AXL inhibition disrupts DNA damage responses and may sensitize tumors to PARP inhibitors. KRAS-driven transformation often coexists with genomic instability and modifies RTK-RAS effector signaling, thereby facilitating cancer and treatment resistance (9). Although KRAS mutations share common biochemical consequences, accumulating evidence indicates that individual KRAS variants differ in signaling output, metabolic dependencies, and interactions with the immune microenvironment. These distinctions have important implications for therapeutic responsiveness and are discussed in the following section.

    KRAS mutations predominantly occur in codons 12, 13, and 61, with infrequent alterations at codons 63, 117, 119, and 146. Structural analysis shows that these missense mutations frequently impair KRAS's intrinsic GTPase activity, though the specific consequences vary by mutation. Substitutions at glycine 12 impede GAP binding and GAP-facilitated GTP hydrolysis; alterations at codon 13 cause steric interference with the catalytic arginine, diminishing GAP interaction and hydrolysis; and mutations at glutamine 61 directly obstruct catalysis by misaligning the attacking water and destabilizing the transition state. With diminished GTPase activity, the nucleotide state of KRAS is more influenced by relative nucleotide affinities and cellular concentrations, thereby favoring GTP over GDP and increasing the active, GTP-bound fraction. Moreover, mutations at codons 12, 13, and 61 can diminish the affinity of the RAF RBD to varying degrees (10). The KRAS G12C inhibitors sotorasib and adagrasib selectively bind and stabilize KRAS G12C in its inactive GDP-bound conformation, thereby suppressing downstream oncogenic signaling (11). KRAS activity is regulated by its nucleotide-binding state: guanine nucleotide exchange factors (GEFs) promote the exchange of GDP for GTP, generating the active form of KRAS, whereas GTPase-activating proteins (GAPs) accelerate GTP hydrolysis and restore the inactive GDP-bound state. Oncogenic KRAS mutations frequently impair this regulatory cycle, resulting in persistent pathway activation and sustained proliferative signaling. Activated KRAS engages multiple downstream effectors, most notably the RAF-MEK-ERK (MAPK) pathway, the PI3K-AKT-mTOR signaling axis, and Ral guanine nucleotide exchange factor pathways, all of which contribute to tumor initiation, progression, and therapeutic resistance (12).

    TCGA studies reveal that KRAS mutations occur in approximately 11.6% of all carcinomas, with rates and patterns varying by tumor type. The highest prevalence is observed in pancreatic ductal adenocarcinoma (PDAC) (81.72%), followed by CRC (37.97%) and NSCLC (21.20%). Additional tumor types with significant KRAS mutation frequencies include cholangiocarcinoma (~12.7%), uterine endometrial carcinoma (~14.1%), testicular germ cell cancer (~11.7%), and cervical squamous cell carcinoma (~4.3%). Across malignancies, KRAS mutations primarily occur as missense variants at codon 12, with G12D (29.19%), G12V (22.97%), and G12C (13.43%) the most prevalent. In PDAC, KRAS mutations occur in >80% of cases, with G12D the predominant subtype; in CRC, G12D and G12V are the most prevalent. In lung tumors, KRAS variants account for 11.2-25.3% of mutations, with G12C representing 2.8-15%. In non-small cell lung cancer (NSCLC), G12C is the predominant KRAS subtype, accounting for around 45% of KRAS mutations, followed by G12V and G12D. The overall KRAS mutation rate in uncommon cancers is around 8.7%, with G12D, G12V, and G13D the most common variants (13).

    3. Context-Dependent Consequences of Oncogenic KRAS

    RAS oncogenes are among the most frequently mutated genes in human cancers, with KRAS the most prevalent, particularly in pancreatic cancer (>80%), colorectal cancer, cholangiocarcinoma, and lung adenocarcinoma (>30%), serving as an early driver mutation. Mutation frequencies vary significantly by cancer type, histology, and geographic region. KRAS mutations in lung adenocarcinoma are more common in Europe and North America but less frequent in Asia, whereas EGFR mutations show the opposite pattern, reflecting distinct carcinogenic mechanisms (14). NRAS mutations are most notable in melanoma (~20%), certain hematologic malignancies, and CRC, whereas HRAS mutations are relatively rare, occurring mainly in bladder and cervical cancers. KRAS mutations also exhibit tumor- and site-specific patterns, such as higher prevalence in right-sided CRC and restriction to lung adenocarcinoma rather than small cell carcinoma. At the molecular level, distinct KRAS mutation subtypes (G12D, G12V, G12C) show variable distributions across cancers, with G12D common in pancreatic cancer, G12C enriched in lung adenocarcinoma (linked to smoking-related mutational signatures), and others displaying tissue-specific patterns tied to different mutagenic processes, such as mismatch repair deficiency. These mutational signatures highlight the influence of environmental exposures and genomic instability in shaping KRAS alterations. Functionally, KRAS mutations differ in their oncogenic potency and are classified as major or minor drivers depending on their selective advantage in specific cancers. For instance, G12C is a major driver in lung cancer, while G12D and G12V may act as weaker drivers in CRC but stronger ones in endometrial tumors, highlighting that not all KRAS mutations are biologically equivalent and may have distinct roles in tumor initiation, progression, and therapeutic response (15).

    However, the functional significance of individual KRAS variants remains incompletely resolved. Observed differences may reflect not only intrinsic biochemical properties of the mutant proteins but also tissue-specific selective pressures, co-mutation patterns, and microenvironmental influences.

    3.1 KRAS in NSCLC

    A nationwide study using data from the Netherlands Cancer Registry assessed the prognostic significance of the KRAS G12C mutation relative to other KRAS variants in patients with stage IV NSCLC receiving first-line chemoimmunotherapy or immunotherapy. In a cohort of 1,185 patients with KRAS-mutant lung adenocarcinoma (494 with G12C mutations), mOS was comparable between groups (15.5 months for G12C versus 14.0 months for non-G12C), with no statistically significant difference and no independent correlation in multivariable analysis. Subgroup analyses by PD-L1 expression showed no significant survival disparities; however, the G12C cohort had a numerically higher median OS in both the 0-49% (chemoimmunotherapy) and ≥50% (monotherapy) PD-L1 categories. These findings suggest that KRAS subtype alone may have limited prognostic value in the setting of contemporary immunotherapy-based treatment, although modest subtype-specific effects cannot be excluded (16).

    A retrospective analysis of 60 patients with NSCLC possessing KRAS mutations revealed that the majority had advanced-stage adenocarcinoma with codon 12 mutations, and assessed the effect of immunotherapy on survival outcomes. The median OS for the group was 28 months, with patients receiving immunotherapy showing a numerically longer survival than those not receiving it (33 vs. 22 months), and a statistically significant association between immunotherapy administration and improved survival. The findings are consistent with a potential benefit from immunotherapy; however, interpretation is limited by the retrospective design, small sample size, and potential selection bias (17).

    Current evidence suggests that the relationship between KRAS mutations and immunotherapy responsiveness in NSCLC is more strongly shaped by co-occurring genomic alterations and immune context than by KRAS subtype alone. While some studies report favorable outcomes in specific KRAS variants, others have failed to demonstrate independent prognostic significance after accounting for clinical and molecular factors. These observations support integrating co-mutation status, PD-L1 expression, and immune profiling into biomarker strategies rather than relying on KRAS genotype alone. Notably, the prognostic and predictive significance of individual KRAS variants remains controversial. Differences in cohort composition, treatment regimens, smoking history, PD-L1 expression, and co-occurring genomic alterations may contribute to the inconsistent findings reported across studies. Prospective validation of subtype-specific associations remains limited. Overall, current evidence indicates that co-mutation status and immune context exert greater influence on immunotherapy responsiveness than KRAS subtype alone.

    3.2 KRAS in PDAC

    KRAS mutations are common in PDAC and are critical drivers of tumor proliferation and survival, making them significant targets for precision treatments. The development of KRAS inhibitors is relatively recent, yet they have demonstrated clinical efficacy, particularly in NSCLC and cancers harboring the KRAS G12C mutation. Despite the potential for resistance to these regimens, drugs such as sotorasib and adagrasib have shown response rates of around 40% and robust disease control. The KRAS G12C mutation is rare in PDAC, and inhibitors that specifically target the more prevalent KRAS mutations in this malignancy are still in the early stages of research. Despite obstacles, including the dense stromal milieu in PDAC that restricts drug infiltration, individuals with the uncommon G12C genotype have nonetheless benefited from approved targeted treatments. MRTX1133 is an emerging investigational agent that selectively targets the KRAS G12D mutation and has demonstrated significant preclinical activity, including the ability to modify the tumor immune milieu to enhance immunotherapy responses. Further G12D-targeted inhibitors are currently being studied. In addition to directly suppressing KRAS, alternative approaches target SOS1 as a comprehensive, pan-KRAS strategy. The SOS1 inhibitor BI-1701963 is currently undergoing clinical studies, often in combination therapies, and analogous medicines are anticipated to broaden therapeutic options for non-G12C KRAS mutations commonly observed in PDAC. Moreover, novel SOS1-targeting PROTACs may enhance efficacy by facilitating SOS1 degradation and more effectively inhibiting KRAS signaling (18).

    PDAC is an exceptionally aggressive cancer with few viable therapeutic options, underscoring the urgent need for innovative therapeutic approaches. The therapeutic efficacy of pharmacologic KRAS inhibition, a major oncogenic driver in PDAC, has been evaluated in numerous experimental models. In a panel of PDAC cell lines, targeting KRAS G12D with MRTX1133 produced inconsistent effects on cell proliferation and downstream gene expression in two-dimensional cultures. CRISPR-Cas9 loss-of-function screening identified ITGB1 as a candidate target to enhance sensitivity to MRTX1133. Gene-specific knockdown confirmed the role of mechanotransduction signaling and YAP/TAZ expression, and these effects were synergistic when paired with KRAS inhibition. MRTX1133 demonstrated superior efficacy in three-dimensional culture systems. In vivo, MRTX1133 therapy elicited a robust cytostatic response and effectively controlled tumor development in patient-derived xenograft models of PDAC. In syngeneic animals, suppression of KRAS G12D led to tumor regression, a phenomenon not observed in immunodeficient settings. Spatial analysis of tumor tissues showed that KRAS inhibition increased interferon-gamma (IFNγ) signaling and facilitated antigen presentation, thereby altering the tumor microenvironment (TME). Subsequent immunological evaluations using single-cell sequencing and multispectral imaging revealed that tumor regression was associated with reduced neutrophil presence and increased infiltration of effector CD8+ T cells. These data collectively suggest that both tumor-intrinsic and microenvironmental processes influence the therapeutic response to MRTX1133, supporting further evaluation of KRAS G12D inhibition as a therapeutic strategy in preclinical and early clinical settings (19).

    Oncogenic KRAS G12D is pivotal in initiating and maintaining PDAC and acts as an inhibitor of anti-tumor immunity. In genetic animal models of PDAC, conditional ablation of KRAS G12D reactivates FAS signaling, facilitating CD8+ T cell-mediated apoptosis and resulting in complete tumor remission. Removing KRAS G12D also promotes the recruitment of activated CD4+ and CD8+ T lymphocytes and augments antigen-presenting cell function. Immune evasion mediated by KRAS G12D entails epigenetic alteration of the Fas death receptor in tumor cells via promoter methylation. Furthermore, analysis of human RNA sequencing data reveals that PDAC tumors with elevated KRAS expression harbor fewer CD8+ T cells and are associated with shorter patient survival compared with tumors with lower KRAS expression. These findings support an important role for CD8+ T cells in mediating responses to KRAS inhibition, although the relative contributions of other immune populations remain incompletely defined (20).

    The oncogenic KRAS G12D mutation is a principal cause of PDAC, crucial for tumor initiation and maintenance, and facilitates immune evasion by inhibiting anti-tumor responses. Its action results in sustained signaling that promotes cancer cell proliferation, survival, metabolic reprogramming, and alteration of the TME, while concurrently diminishing CD8+ T cell infiltration. KRAS mechanistically facilitates immunosuppression through epigenetic regulation and activation of downstream pathways, including the MAPK and PI3K/AKT signaling pathways. Experimental models indicate that persistent KRAS signaling is essential for tumor progression and metastasis, and its deactivation can reverse conditions that promote tumor growth. Although direct KRAS inhibition is a significant therapeutic objective, it presents considerable challenges, underscoring the need to target its downstream pathways and to integrate these approaches with immunotherapy to enhance outcomes in PDAC (21).

    A recurring theme across these studies is that KRAS functions not only as a tumor-intrinsic driver of proliferation but also as an active regulator of immune exclusion. However, most supporting evidence still derives from preclinical systems and genetically engineered mouse models. Whether the degree of immune remodeling observed after KRAS inhibition can be reproduced in patients with advanced PDAC and translated into durable clinical benefit remains an important unanswered question. These findings position immune exclusion as a central barrier to effective immunotherapy in KRAS-driven pancreatic cancer. Collectively, these studies indicate that KRAS-mediated immune suppression in pancreatic cancer extends beyond tumor-intrinsic signaling and involves active remodeling of the surrounding immune ecosystem.

    3.3 KRAS in CRC

    A significant constraint on therapies targeting kinase signaling pathways is the emergence of secondary drug resistance. Cetuximab, a monoclonal antibody targeting the extracellular domain of the epidermal growth factor receptor (EGFR), is efficacious in a subset of KRAS-wild-type metastatic colorectal tumors. Nonetheless, despite initial responses, resistance often arises, limiting its long-term clinical efficacy. The molecular mechanisms underlying this acquired resistance have remained unclear. Molecular alterations in KRAS, predominantly point mutations, are strongly associated with the development of resistance to anti-EGFR therapy in CRC. Expression of KRAS mutant via its endogenous promoter is sufficient to confer resistance to cetuximab, while resistant cells remain sensitive to concurrent suppression of EGFR and mitogen-activated protein kinase kinase (MEK). Analyses of metastatic tumors from patients exhibiting resistance to cetuximab or panitumumab indicate KRAS amplification in certain instances and secondary KRAS mutations in a significant fraction. KRAS mutant alleles can be identified in patient blood samples months before radiographic evidence of disease progression. These findings suggest that KRAS mutations are significant contributors to acquired resistance, highlight the possibility of early non-invasive identification, and support combining MEK inhibitors with EGFR-targeted therapy to delay or overcome resistance (22).

    The role of oncogenic KRAS in tumor immune evasion remains incompletely understood; nonetheless, KRAS mutants have been recognized as pivotal mediators of immune suppression in CRC. In human CRC samples, tumors with KRAS mutations exhibit markedly reduced infiltration by cytotoxic CD8+ T lymphocytes compared with those with wild-type KRAS. This finding is corroborated by preclinical models, in which KRAS-mutant tumors show reduced responses to anti-PD-1 therapy and adoptive T-cell therapies. Tumor cells with KRAS mutations produce more lactic acid, which promotes activation-induced cell death in tumor-specific CD8+ T lymphocytes by inhibiting NF-κB signaling. This mechanism likely contributes to the decreased presence of cytotoxic T lymphocytes in the TME. The resistance of KRAS-mutant tumors to immunotherapy can be alleviated by directly targeting KRAS or by reducing lactic acid generation. These findings underscore KRAS-mediated immune regulation as a potentially actionable therapeutic vulnerability (23).

    [image: Figure comparing KRAS mutation frequency, common subtypes, and therapeutic implications across non-small cell lung cancer, colorectal cancer, pancreatic ductal adenocarcinoma, and melanoma. It emphasizes that KRAS mutations vary by cancer type and require disease-specific treatment strategies.]

    Figure 1: Cancer-specific landscape of KRAS mutations and their clinical implications across major malignancies. The figure summarizes the prevalence, dominant mutation subtypes, biological characteristics, and therapeutic relevance of KRAS alterations in non-small cell lung cancer (NSCLC), colorectal cancer (CRC), pancreatic ductal adenocarcinoma (PDAC), and melanoma. Distinct KRAS mutation patterns, including G12C enrichment in NSCLC and G12D predominance in PDAC, highlight the tissue-specific nature of KRAS-driven oncogenesis and therapeutic vulnerabilities. The schematic also illustrates how mutation subtype, tumor context, and associated signaling pathways influence disease progression, immune evasion, and responses to targeted therapies, emphasizing the growing role of precision oncology in KRAS-mutant cancers.

    The biological functions and mechanisms by which oncogenic KRAS G12D confers resistance to immune checkpoint blockade (ICB) remain poorly understood. KRAS G12D inhibits the production of interferon regulatory factor 2 (IRF2), a transcriptional repressor of CXCL3. Consequently, reduced IRF2 levels increase CXCL3 expression, which engages CXCR2 on myeloid-derived suppressor cells, thereby facilitating their recruitment into the TME. The aggregation of immunosuppressive cells fosters resistance to anti-PD-1 treatment in malignancies harboring KRAS G12D. Restoring IRF2 expression or suppressing CXCR2 can overcome this resistance. In CRC, elevated IRF2 expression correlates with improved response to anti-PD-1 therapy. The KRAS G12D-IRF2-CXCL3-CXCR2 signaling axis provides a mechanistic framework that may help explain resistance to immune checkpoint blockade in selected CRC subsets (24). Collectively, these studies indicate that KRAS-mediated immune suppression in CRC extends beyond tumor-intrinsic signaling and involves active remodeling of the surrounding immune ecosystem. However, the relative contribution of individual suppressive pathways may vary substantially across molecular subtypes and disease stages. Notably, the immunosuppressive effects attributed to KRAS in CRC appear to arise through multiple partially overlapping mechanisms, including altered cytokine signaling, metabolic reprogramming, and recruitment of suppressive myeloid populations. The relative contribution of these pathways remains incompletely defined and may vary with tumor stage, microsatellite status, and co-occurring genomic alterations. While mutation-specific biology helps explain differences in tumor behavior and therapeutic response, KRAS-driven cancers also share common downstream programs that influence metabolism, cell survival, treatment resistance, and interactions with the immune microenvironment.

    4. KRAS-Driven Hallmarks of Cancer

    4.1 Metabolic Reprogramming in KRAS-Driven Cancers

    SIRT5 functions as a tumor suppressor in PDAC. Public datasets and tissue microarrays showed that SIRT5 levels were higher in tumors with reduced tumor cell proliferation and better patient survival. Conditional Sirt5 knockout in autochthonous mouse models accelerated acinar-to-ductal metaplasia, precursor lesion formation, tumorigenesis, and shortened survival. Mechanistically, SIRT5 loss increased acetylation-mediated activation of GOT1, driving glutamine and glutathione metabolism; metabolomics and proteomics in PDAC cells and organoids supported this rewiring. A selective SIRT5 activator, MC3138, mimicked SIRT5 overexpression, reduced nucleotide pools, and showed antitumor effects while sensitizing PDAC cells, organoids, and patient-derived xenografts to gemcitabine, highlighting SIRT5 activation as a therapeutic strategy (25). Building on the discovery that glutamine metabolism influences tumor dynamics, the focus shifts to KRAS-mutant CRC, characterized by the frequent co-occurrence of APC depletion and oncogenic KRAS. Despite the difficulties associated with direct KRAS inhibition and the limited advantages of downstream pathway blocking, KRAS activation alters baseline metabolism, enhancing glutamine utilization for proliferation. In the intestinal epithelium of mice, concurrent mutations in Apc and Kras significantly alter metabolism, thereby enhancing glutamine use. The glutamine antiporter SLC7A5 is crucial for colorectal carcinogenesis in both early lesions and advanced metastatic models. SLC7A5 maintains intracellular amino acid levels post-KRAS activation via coordinated transcriptional and metabolic reprogramming, meeting the increased demand for protein synthesis that drives the rapid proliferation of KRAS-mutant cells. Simultaneously suppressing protein synthesis through a mTORC1 regulator and deleting Slc7a5 impedes the growth of established Kras-mutant tumors, identifying SLC7A5 as a potential therapeutic target in therapy-resistant KRAS-mutant CRC (26).

    KRAS is widely regarded as a major regulator of metabolic reprogramming in cancer, although the specific metabolic dependencies appear highly context-dependent across tumor types. Oncogenic KRAS enhances glycolytic flux (the “Warburg effect”) by upregulating glucose transporters and key glycolytic enzymes, while simultaneously diverting intermediates into anabolic pathways such as the pentose phosphate pathway and hexosamine biosynthesis to sustain nucleotide, lipid, and protein synthesis. Beyond glucose metabolism, KRAS-driven tumors exhibit increased dependence on glutamine metabolism, using it as a carbon and nitrogen source to replenish tricarboxylic acid (TCA) cycle intermediates and maintain redox balance, often via noncanonical pathways such as GOT1-mediated aspartate metabolism in pancreatic cancer. Additionally, KRAS signaling influences lipid metabolism by promoting de novo lipogenesis and altering fatty acid oxidation, and it modulates autophagy and macropinocytosis to scavenge extracellular nutrients, particularly in nutrient-poor TMEs. These metabolic adaptations not only fuel tumor growth but also contribute to immune evasion and therapeutic resistance, supporting continued investigation of KRAS-associated metabolic vulnerabilities as potential therapeutic targets.

    An emerging challenge is distinguishing universal KRAS-dependent metabolic liabilities from tissue-specific adaptations, as therapeutic vulnerabilities identified in one tumor type have not consistently translated across KRAS-driven malignancies. Despite extensive characterization of KRAS-associated metabolic rewiring, translating these discoveries into effective therapies has proven challenging. Many metabolic dependencies identified in experimental systems appear highly context-dependent, and metabolic plasticity may allow tumors to compensate when individual pathways are inhibited. Consequently, distinguishing broadly applicable vulnerabilities from tissue-specific adaptations remains an important priority. Collectively, these findings identify metabolic reprogramming as a central mechanism by which KRAS shapes tumor progression, immune evasion, and therapeutic resistance.

    4.2 Cell Death Regulation in KRAS-Driven Cancers

    4.2.1 Apoptotic Signaling and Survival Pathways

    MEK inhibitors often have limited efficacy against malignancies driven by the RAS-RAF-MEK pathway due to feedback compensation and dose-limiting toxicities that diminish their impact; co-administering them with other targeted therapies may enhance therapeutic efficacy. The functional dependencies among MEK, TAK1, and KRAS in colon cancer were investigated, demonstrating that simultaneous inhibition of MEK and TAK1 enhances apoptosis in KRAS-dependent cells. Pharmacologic profiling and cell-cycle analysis of a comprehensive array of colon cancer cell lines demonstrated that concurrent inhibition of MEK and TAK1 induces cell death, as measured by sub-G1 accumulation, in a specific group of models. Inhibition of TAK1 alone often resulted in G2-M arrest and polyploidy, but concurrent inhibition with MEK reduced G2-M/polyploid populations and yielded additive cytotoxic effects in KRAS/TAK1-dependent cell lines and some BRAF-mutant lines. Sensitivity to MEK/TAK1 co-inhibition can be mechanistically influenced by KRAS and BMP receptor activation, thereby enhancing NF-κB-dependent proinflammatory cytokine production that promotes tumor survival and proliferation. In TAK1/MEK-dependent cell lines, dual inhibition concurrently decreased mTOR, Wnt, and NF-κB signaling, leading to apoptosis. A Wnt/NF-κB transcriptional signature was established, categorizing primary tumors into three subtypes: Wnt-high/NF-κB-low (W), Wnt-low/NF-κB-high (N), and Wnt-high/NF-κB-high (WN), each exhibiting unique characteristics, such as the prevalence of BRAF mutations and serrated carcinoma histology in the N subtype. The N and WN groups exhibit molecular characteristics indicative of MEK and TAK1 reliance observed in cell lines, suggesting that these subtype signatures may facilitate the identification of malignancies most likely to respond to MEK/TAK1-targeted therapy (27).

    Lung malignancies are the leading cause of cancer-related death worldwide and pose a significant risk to human health. NSCLC accounts for about 80% of cases. The KRAS G12C variant is a major oncogenic driver in NSCLC, present in about 14% of patients, yet only a few targeted therapies are available, alongside other variants such as KRAS G12V/D. Building on the α-helical peptide mimic SAH-SOS1A, a shorter, more stable hydrocarbon-stapled peptide (peptide 3) was developed, showing moderate KRAS G12C binding affinity and comparable anti-tumor activity. In KRAS-mutant lung cancer cells, peptide 3 inhibited KRAS-mediated RAF/MEK/ERK signaling, leading to G2/M arrest and cell death, thereby reducing cell growth, as evidenced by genomic and proteomic analyses. The peptide exhibited significant resistance to trypsin and chymotrypsin, as well as favorable plasma and metabolic stability in human liver microsomes. Peptide 3 preserves the anti-tumor efficacy of SAH-SOS1A while enhancing stability and affinity, presenting a structurally refined strategy for KRAS G12C peptide inhibitors in cancer treatment (28).

    4.2.2 Autophagy and Cellular Stress Adaptation

    Autophagy is elevated in metastatic tumors and can promote epithelial-to-mesenchymal transition (EMT). In KRAS/LKB1 co-mutated (KL) invasive lung cancer cells, metabolomic and mechanistic analyses demonstrated that autophagy increases acetyl-CoA levels, which in turn acetylate and stabilize the EMT transcription factor Snail, thereby facilitating invasion and metastasis. This autophagy/acetyl-CoA/acetyl-Snail pathway was similarly identified in pancreatic cancer and tumor tissues. TFEB acetylation maintained pro-metastatic autophagy regardless of mTORC1 activity. In murine experimental metastatic models, inhibition of this system with CAMKK2 or ACLY inhibitors reduced lung metastases. Autophagy-derived acetyl-CoA-mediated Snail acetylation is fundamental to EMT and metastasis in KL lung carcinoma, whereas CAMKK2/ACLY inhibition presents a promising anti-metastatic approach (29).

    4.2.3 Ferroptosis and Redox Vulnerabilities

    Understanding how KRAS mutations promote PDAC may yield novel treatment strategies for KRAS-mutant conditions. In KRAS-mutant-PDAC, reduced arachidonate 15-lipoxygenase (ALOX15B) expression correlates with worse outcomes. KRAS-mutant/ERK1-mediated phosphorylation of ABHD17C promotes the depalmitoylation of ALOX15B, relocating it from membranes to the cytoplasm and promoting its proteasomal degradation via the CUL4/DDB1/DCAF10 E3 ligase complex. Methyl protodioscin (MPD), a steroidal saponin from Polygonatum sibiricum, disrupts the ABHD17C-ALOX15B interaction, restores ALOX15B S-palmitoylation and membrane localization, and subsequently inhibits the development of patient-derived KRAS-mutant-PDAC organoids and tumors by triggering ferroptosis. The data indicate that evasion of ferroptosis is a critical feature of KRAS-mutant-PDAC development and suggest the KRAS/ERK1/ABHD17C/ALOX15B pathway as a potential therapeutic target (30).

    Cancer cells rewire their metabolism to survive nutritional deprivation, and KRAS mutations, found in 35-45% of CRC, pose significant treatment challenges. Analysis of chemotherapy-naïve stage I-III CRC tissues revealed that, particularly in male patients, KRAS-mutant tumors exhibit metabolic alterations that inhibit ferroptosis, including increased glutathione production, transsulfuration, and methionine metabolism. In KRAS G13R MC38 cells, the ferroptosis inducer RSL3 altered metabolism in a manner opposite to the KRAS-mutant male tumor profile, thereby maintaining a ferroptosis-suppressed state. Validation in an independent Gene Expression Omnibus cohort also demonstrated sex- and KRAS-dependent variation in ferroptosis-related genes. In male patients, KRAS-mutant tumors were associated with worse 5-year OS than KRAS wild-type tumors, with elevated levels of GPX4, FTH1, and FTL (ferroptosis suppressors) and reduced expression of ACSL4, which is associated with adverse outcomes. KRAS-mutant CRC in men is marked by inhibition of ferroptosis and unfavorable gene expression profiles, indicating potential therapeutic avenues (31). Figure 2 highlights the role of KRAS in cancer metabolism and the regulation of cell death.
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    Figure 2: Overview of KRAS-driven metabolic reprogramming and cell death regulation in cancer. Oncogenic KRAS enhances glycolysis, glutamine utilization, lipid biosynthesis, and stress-adaptation pathways to support tumor proliferation, survival, immune evasion, and therapy resistance. In colorectal and pancreatic cancers, KRAS-associated metabolic rewiring increases dependence on glutamine transport and redox maintenance, while coordinated signaling through MEK, TAK1, NF-κB, and mTOR pathways promotes tumor survival and suppresses apoptosis. The figure also highlights emerging therapeutic strategies targeting KRAS-mutant tumors, including dual MEK/TAK1 inhibition and peptide-based KRAS G12C inhibitors in non-small cell lung cancer.

    4.3 Therapeutic Targeting of KRAS and Mechanisms of Chemoresistance

    Chemotherapeutic resistance remains a major obstacle in managing KRAS-mutant cancers. Accumulating evidence suggests that oncogenic KRAS promotes resistance through interconnected signaling networks that enhance cell survival, stress adaptation, and tolerance of DNA damage.

    KRAS-mutant lung cancers frequently exhibit poor clinical outcomes and reduced responsiveness to conventional systemic therapies. SIRT1 is activated by the KRAS-mutant-c-Myc axis and is continuously deacetylated at lysine 104, thereby enhancing KRAS-mutant activity and promoting chemoresistance. The quantity and enzymatic activity of SIRT1 are higher in KRAS-mutant cells than in EGFR-mutant, double-negative, or non-tumorigenic cells. KRAS-mutant-driven MEK-ERK signaling mechanistically enhances AP-1 transcription, increasing TGF-β1 secretion; TGF-β1 then activates Smad2/3-JNK1 in an autocrine loop, thereby increasing SIRT1 phosphorylation at S27 and S47, augmenting SIRT1 activity, promoting KRAS deacetylation, and strengthening chemoresistance. Kuwanon C (KWN-C), a natural-product small molecule, decreases SIRT1 activity, diminishes pSIRT1S27/S47 by attenuating TGF-β1-Smad2/3-JNK1 signaling, and reinstates sensitivity to cisplatin and pemetrexed in human lung cancer cells, orthotopic lung tumors, and a spontaneous KRAS-mutant lung cancer model. These findings delineate a KRAS-MEK/ERK-AP-1/TGF-β1/Smad2/3-JNK1/SIRT1 pathway that modulates SIRT1 activity and support SIRT1 inhibition as an adjunctive strategy to overcome chemoresistance in KRAS-mutant lung cancer (32).

    Collectively, these findings identify SIRT1 as a downstream effector of KRAS-driven chemoresistance and underscore the role of adaptive signaling networks in maintaining treatment tolerance. However, the therapeutic potential of SIRT1 inhibition remains largely supported by preclinical evidence, and further studies are needed to determine whether these observations translate into clinically meaningful improvements in treatment response. Beyond chemotherapy resistance, KRAS signaling also influences responses to radiotherapy by regulating DNA repair pathways, growth factor signaling, and cellular stress responses, thereby further contributing to therapeutic resistance in KRAS-driven malignancies.

    4.4 KRAS Signaling and Radiotherapy Response

    Resistance to radiotherapy is a major therapeutic challenge in KRAS-driven cancers. Emerging evidence indicates that oncogenic KRAS can influence radiation responsiveness through multiple mechanisms, including regulation of DNA damage repair, growth factor signaling, cell survival pathways, and non-coding RNA networks.

    Differential microRNA profiling in lung cancer cells with diverse responses to ionizing radiation revealed that 27 of 328 microRNAs were differentially expressed between the NCI-H460 and NCI-H1299 cell lines. Radioresistant H1299 cells had reduced let-7g expression, whereas radio-sensitive cells (Caski, H460, ME180) displayed elevated let-7g levels compared with radio-resistant cells (A549, H1299, DLD1, HeLa), as determined by qRT-PCR. Induced expression of let-7g in H1299 inhibited KRAS translation and enhanced susceptibility to ionizing radiation. Inhibition of LIN28B, an upstream suppressor of let-7g maturation, elevated mature let-7g levels in H1299 and correspondingly increased radiosensitivity.

    These observations indicate that LIN28B influences radiation response by inhibiting let-7g processing, thereby increasing KRAS translation (33). KRAS(V12) overexpression induces radioresistance by activating autocrine EGFR signaling, thereby promoting the PI3K-AKT pathway and accelerating DNA double-strand break repair. In FaDu head-and-neck cancer cells, KRAS(V12) increased the production of EGFR ligands, particularly amphiregulin and TGF-α. Conditioned media from these cells improved post-irradiation survival and AKT activation in parental cells, benefits that were negated by an amphiregulin-neutralizing antibody. KRAS(V12) significantly increased radiation-induced phosphorylation of DNA-PKcs at S2056, which correlated with accelerated DSB repair. Inhibiting amphiregulin diminished DNA-PKcs activation. Constitutive synthesis of EGFR ligands, particularly amphiregulin, links mutant KRAS with augmented EGFR-PI3K-AKT signaling and DNA repair, establishing a molecular foundation for tumor radioresistance (34).

    Collectively, these studies suggest that KRAS contributes to radioresistance by coordinating DNA repair capacity and pro-survival signaling pathways. Notably, both the LIN28B/let-7g/KRAS axis and KRAS-dependent EGFR-PI3K-AKT signaling converge on mechanisms that enhance cellular recovery after radiation-induced damage. However, the current evidence remains largely preclinical, and the extent to which these pathways can be therapeutically exploited to improve radiosensitivity in patients with KRAS-mutant tumors remains incompletely defined.

    Table 1 summarizes landmark studies defining the biological and therapeutic consequences of KRAS signaling, whereas Figure 3 illustrates KRAS's role in treatment response, resistance mechanisms, and therapeutic targeting in the context of chemotherapy and radiotherapy.
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    Figure 3: Schematic overview of KRAS-associated mechanisms driving chemoresistance and radioresistance in cancer. In KRAS-mutant lung cancer, oncogenic KRAS activates the MEK-ERK/AP-1/TGF-β1 signaling cascade, leading to enhanced SIRT1 activation and KRAS deacetylation, which reinforces tumor survival and resistance to chemotherapy; inhibition of this pathway by Kuwanon C restores chemosensitivity. In radiotherapy resistance, reduced let-7g expression and LIN28B-mediated suppression of microRNA maturation increase KRAS translation and decrease radiosensitivity, whereas mutant KRAS also promotes EGFR-PI3K-AKT signaling and DNA damage repair through autocrine production of EGFR ligands, ultimately enhancing tumor radioresistance. Collectively, the figure highlights therapeutic strategies targeting KRAS-driven signaling and DNA repair pathways to improve treatment response.

    Beyond its effects on metabolism, cell survival, and treatment resistance, KRAS exerts profound influences on anti-tumor immunity. These immunologic consequences increasingly shape both therapeutic responsiveness and resistance mechanisms in KRAS-driven malignancies (Table 1).

    Table 1: Landmark studies defining KRAS biology and therapeutic vulnerabilities.

    
    
    
    
    
    
    
    
    
    	Study
    	Representative finding
    	Translational implication
    	Ref
    

    
    
    
    	KRAS/p53 cooperation
    	Oncogenic KRAS and p53 loss synergistically drive tumor initiation and progression.
    	Supports combined targeting of oncogenic and tumor-suppressor pathways.
    	(35)
    

    
    	SHP2 dependency
    	SHP2 sustains KRAS-MAPK signaling and contributes to adaptive resistance.
    	SHP2 inhibitors represent promising combination partners with KRAS or MEK inhibitors.
    	(36)
    

    
    	KRAS isoform-specific signaling
    	KRAS and NRAS exert distinct effects on proliferation, differentiation, and survival in colorectal cancer.
    	Highlights the need for isoform-specific therapeutic strategies.
    	(37)
    

    
    	KRAS-driven epigenetic reprogramming
    	KRAS co-opts lineage-specific enhancer networks to maintain oncogenic transcriptional states.
    	Identifies epigenetic regulators as potential therapeutic targets.
    	(38)
    

    
    	Targeted KRAS degradation
    	Selective KRAS degradation suppresses the growth of KRAS-mutant tumors.
    	Supports development of KRAS-directed proteolysis approaches.
    	(39)
    

    
    	SHP2-driven resistance mechanisms
    	SHP2 is required for sustained RAS-MAPK signaling and adaptive resistance to MEK inhibition.
    	Supports combined SHP2 and MEK targeting strategies.
    	(40)
    

    
    	Allele- and tissue-specific KRAS biology
    	KRAS mutation variants exhibit distinct tissue distributions, co-mutations, and signaling dependencies.
    	Enables allele-specific precision oncology strategies.
    	(41)
    

    
    	KRAS metabolic rewiring
    	KRAS promotes nucleotide biosynthesis through activation of the non-oxidative pentose phosphate pathway.
    	Reveals metabolic vulnerabilities in KRAS-driven cancers.
    	(42)
    

    
    	KRAS-independent adaptation
    	KRAS loss can trigger compensatory PI3K signaling and alternative.
    	Provides a potential mechanism of resistance to KRAS-targeted therapy.
    	(43)
    

    
    	KRAS(G12C) inhibition
    	Direct KRAS(G12C) blockade induces tumor regression and promotes a pro-inflammatory microenvironment.
    	Supports combination strategies with immune checkpoint blockade.
    	(44)
    

    
    	Pan-KRAS inhibition
    	Inactive-state KRAS inhibitors suppress signaling across multiple KRAS mutant variants.
    	Expands therapeutic opportunities beyond KRAS(G12C).
    	(45)
    

    
    	KRAS dosage effects
    	Increased mutant KRAS dosage promotes tumor initiation, metastasis, and aggressive phenotypes.
    	Mutant allele dosage may serve as a prognostic biomarker and therapeutic determinant.
    	(46)
    

    
    	KRAS-driven metabolic fitness
    	KRAS copy gain enhances glycolytic and antioxidant metabolism.
    	Defines metabolically targetable subsets of aggressive tumors.
    	(47)
    

    
    	Synthetic lethal vulnerabilities
    	Combined PLK1 and ROCK inhibition selectively impairs KRAS-mutant tumor growth.
    	Demonstrates a druggable synthetic lethal strategy for KRAS-driven cancers.
    	(48)
    

    
    

    5. KRAS as a Regulator of Tumor Immunity and Immunotherapy Response.

    5.1 Mechanisms of KRAS-Driven Immune Evasion and Therapeutic Vulnerabilities.

    Oncogenic KRAS diminishes antitumor immunity, and integrating KRAS inhibitors with immunotherapies has proven difficult. Elucidating the mechanisms by which KRAS facilitates immune evasion may provide strategies to enhance the responsiveness of KRAS-mutant lung tumors to immunotherapy. In vivo CRISPR-Cas9 screening in an immunogenic murine lung cancer model identified routes by which KRAS promotes immune evasion, notably through the overexpression of cyclooxygenase-2 (COX-2) in cancer cells. KRAS activation significantly increased COX-2 levels in both murine and human lung cancers, whereas KRAS inhibition reduced COX-2 expression. COX-2 mediated resistance to immune checkpoint blockade (ICB) in lung adenocarcinoma via prostaglandin E2 (PGE2). Pharmacological inhibition of the COX-2/PGE2 pathway reconfigured the TME by promoting pro-inflammatory states in myeloid cells and augmenting the infiltration of activated cytotoxic CD8+ T cells, thereby improving the effectiveness of immune checkpoint blockade. The resurgence of COX-2 expression facilitated tumor recurrence during extended KRAS inhibition. The data support further investigation of COX-2/PGE2 pathway inhibition as a strategy to augment responses to KRASG12C-targeted therapy and immune checkpoint blockade in KRAS-mutant lung cancer (49).

    KRAS mutations modify the TME to facilitate immune evasion, metastasis, and treatment resistance by altering tumor-intrinsic mechanisms and coordinating immunosuppressive cells (TAMs, MDSCs, Tregs, neutrophils). Mechanisms include PD-L1 upregulation via KRAS-MEK/ERK signaling and stabilization of PD-L1 mRNA; diminished antigen presentation through MHC I downregulation (KRAS G13D in CRC); and secretion of cytokines/chemokines (IL-10, TGF-β1, GM-CSF, CXCL3) that attract and polarize suppressive myeloid and T-cell populations. KRAS co-alterations (with MYC, TP53, STK11/LKB1) further influence PD-L1, reduce effector lymphocytes, and establish resistance niches. Clinically, about 30% of patients respond to immune checkpoint blockade (ICB), with response variability based on TME phenotype (inflamed, excluded, desert). Hence, combination strategies involving chemotherapy, radiotherapy, and antiangiogenic therapies with immune checkpoint inhibitors (ICIs) are extensively investigated and often outperform monotherapy. KRAS G12C inhibitors (sotorasib/AMG-510, adagrasib/MRTX849, ARS-853, ARS-1620, and MRTX1257) can elicit a more pro-inflammatory TME characterized by increased dendritic cells, macrophages, and CD8+ T-cell infiltration, thereby demonstrating augmented efficacy when combined with anti-PD-1 therapy.

    However, the prevalence of KRAS G12C varies by tumor type, and other KRAS variants remain an unmet medical need. KRAS-targeted immunotherapies are increasingly explored beyond checkpoint inhibition: TCR-engineered cells targeting KRAS neoantigens (G12D, G12V, particularly in specific HLA contexts) show preclinical efficacy and initial clinical tumor regressions; mRNA vaccines encoding KRAS mutant peptides stimulate antigen-specific T cells and, when combined with PD-1 inhibition, have yielded responses in preliminary studies (ELI-002 and mRNA-5671/V941 programs). KRAS-driven immune modulation, encompassing PD-L1/MHC I regulation, myeloid recruitment, and co-mutation effects, significantly impacts immune checkpoint blockade (ICB) outcomes and supports strategic combinations (ICIs with chemotherapy, radiation, antiangiogenics, or KRAS-targeted therapies) and antigen-specific strategies (TCRs, vaccines) to re-sensitize less-immunogenic tumors and enhance response durability (50).

    Oncogenic KRAS remodels the TME to promote immune evasion by activating inflammatory and immunosuppressive pathways: NF-κB, RAF/MAPK, and PI3K signaling enhance production of cytokines and chemokines (TNF-α, IL-1/6, CXCL1/2/5/8) and stimulate IL-10, TGF-β, and GM-CSF, which support Tregs, MDSCs, TAMs, and other cells that inhibit CD8+/NK cell cytotoxicity. KRAS enhances PD-L1 expression via AP-1/STAT3, ERK, PI3K-AKT-mTOR, and MEK-TTP-mediated mRNA stabilization, generally facilitating immune suppression and affecting ICI responses, with significantly stronger correlations in lung cancer than in CRC. Supplementary pathways include induction of Tregs through IL-10/TGF-β, downregulation of MHC-I to hinder antigen recognition, and recruitment of MDSCs (via GM-CSF); in CRC, KRAS-mediated suppression of IRF2 enhances CXCL3-CXCR2 signaling to attract MDSCs, whereas restoring IRF2 enhances sensitivity to anti-PD-1 therapy. Therapeutic combinations of oncogenic pathway inhibitors with immunotherapy show promise, such as the KRAS G12C inhibitor AMG-510 in conjunction with anti-PD-1, and trametinib paired with CDK4/6 inhibition, which induces RB-dependent senescence/SASP to improve drug delivery and T-cell infiltration. Co-mutations influence outcomes: KRAS in conjunction with MYC or TP53 often enhances PD-L1 expression and T-cell infiltration, generally resulting in improved outcomes with PD-1 blockade. Conversely, KRAS paired with STK11/LKB1 induces primary resistance through STING suppression, reduced type I interferon/chemokines, neutrophil skewing, and decreased PD-L1 levels. KRAS facilitates complex immune suppression while simultaneously presenting combinatorial treatment options that integrate KRAS-pathway targeting with immunomodulation (51).

    Oncogenic KRAS is increasingly recognized as a key regulator of the tumor immune landscape, necessitating a paradigm shift from viewing it solely as a proliferative driver to recognizing it as a dynamic modulator of immune evasion. Future therapeutic success may depend on moving beyond binary combinations of KRAS inhibitors and checkpoint blockade, which are often undermined by adaptive resistance mechanisms such as COX-2 rebound and myeloid suppression. Instead, precision medicine must guide combinatorial strategies tailored to co-mutation profiles, particularly distinguishing the cold microenvironments of STK11/LKB1 loss from the inflamed phenotypes of TP53 co-alterations. Emerging evidence points to promising directions, including multimodal regimens that simultaneously target oncogenic signaling, neutralize immunosuppressive metabolites such as PGE2, and deploy antigen-specific modalities, including mRNA vaccines and TCR-engineered cells. Ultimately, durable responses will require reconfiguring the TME to sustain T-cell infiltration while preventing the resurgence of evasion pathways during KRAS-targeted therapy.

    Although the mechanisms described above vary across tumor types, most KRAS-driven immune-evasion programs converge on three recurring biological themes: impaired antigen presentation, expansion of immunosuppressive myeloid populations, and establishment of cytokine networks that suppress cytotoxic lymphocyte activity. This convergence suggests that successful therapeutic strategies may require simultaneous targeting of both tumor-intrinsic KRAS signaling and the broader immunosuppressive ecosystem it creates.

    Emerging evidence suggests that KRAS-driven immune evasion should be viewed not as a collection of isolated mechanisms but as an integrated adaptive network that coordinates tumor-intrinsic signaling with microenvironmental remodeling. Across multiple tumor types, oncogenic KRAS simultaneously suppresses antigen presentation, recruits immunosuppressive myeloid populations, enhances expression of inhibitory immune checkpoints, and reprograms cytokine and metabolic circuits, collectively impairing cytotoxic lymphocyte activity. Importantly, these effects are further shaped by co-occurring genomic alterations, particularly TP53, STK11/LKB1, and KEAP1 mutations, which can profoundly influence immune composition and therapeutic responsiveness. This emerging framework helps explain why single-agent immunotherapies often yield incomplete or transient responses in KRAS-mutant malignancies and supports the development of multi-layered therapeutic strategies that combine KRAS inhibition with immune checkpoint blockade, myeloid-targeting approaches, cytokine modulation, and antigen-directed therapies to overcome adaptive resistance and restore durable antitumor immunity. Together, these observations establish KRAS-driven immune evasion as a major determinant of responsiveness to contemporary cancer immunotherapy.

    5.2 Preclinical Models for Enhancing Immunogenicity in KRAS-Mutant Tumors.

    Oncogenic mutations in KRAS and EGFR account for a significant proportion of lung malignancies. Targeted inhibitors induce tumor regression but rarely result in cures, prompting interest in combining targeted therapies with other modalities, including immunotherapy. Preclinical systems for investigating tumor-immune interactions in lung cancer are limited, largely because genetically altered mouse models often exhibit a low tumor mutational load. To address this deficiency, mouse models of KRAS-mutant lung cancer were engineered to express the human DNA cytosine deaminase APOBEC3B, with the aim of emulating human-like mutational signatures and increasing mutational load. This approach did not significantly increase clonal tumor mutational load, and spontaneous tumors continued to resist immunotherapy. By contrast, deriving clonal cell lines from these tumors enabled the establishment of an immunogenic syngeneic transplant model of KRAS-mutant lung adenocarcinoma that responded to immunotherapy. The antitumor immune response unexpectedly targeted derepressed endogenous retroviral antigens rather than traditional neoantigens. The tumor-regressing effects of KRAS G12C inhibitors were significantly enhanced by a functional adaptive immune system, underscoring the need for immunocompetent models to evaluate targeted treatments. The resulting model provides a unique framework for assessing combinations of targeted treatments and immunotherapies in immune-active lung cancer (52).

    Non-small-cell lung cancer (NSCLC), including adenocarcinoma (AD) and squamous cell carcinoma, remains a leading cause of cancer-related death. Lung adenocarcinoma (LUAD) now benefits from numerous targeted treatments and, more recently, immunotherapies. An analysis of a real-world LUAD cohort, in conjunction with TCGA-LUAD, investigated mutations in 41 genes and the expression of 94 genes associated with immunological checkpoints, inflammation, and the stromal environment. Although panel-based evaluation revealed a minimal surrogate mutational load, 31 genes exhibited substantial dysregulation in tumors compared with normal tissue. Unsupervised clustering of these genes grouped tumors into two clusters with differing rates of actionable changes, including one enriched for KRAS mutations. In silico microenvironment deconvolution (TIMER) revealed reduced B-cell infiltration in the KRAS-enriched cluster, a trend previously noted in TCGA-LUAD and corroborated by immunohistochemistry in a separate cohort. In TCGA-LUAD, decreased B-cell infiltration was associated with reduced overall survival, whereas the KRAS-enriched cluster in the real-world cohort was associated with unfavorable outcomes. KRAS-driven LUAD, often resistant to pharmacological intervention, is associated with reduced B-cell infiltration, supporting the enhancement of immunotherapeutic approaches for patients with KRAS mutations (53).

    A PDAC mouse model featuring oncogenic Kras and an exocrine-specific deletion of the Rnf43 catalytic domain (KRC) was created, confirming RNF43 as a tumor suppressor: KRC animals exhibited a higher incidence of high-grade cystic lesions and PDAC than Kras-only controls (KC) and showed markedly reduced survival. Single-cell RNA sequencing revealed that KRC tumor growth was associated with fewer macrophages and more T and B lymphocytes, alongside heightened immune-checkpoint expression and B-cell affinity maturation, in contrast to the immunological milieu observed in Kras/Tp53 (KPC) mice. CXCL5 expression was particularly reduced in KRC cancer cells via epigenetic regulation, positioning it as a potential modulator of this immunological environment. A unique RNF43-mutant PDAC ecology was identified, justifying the exploration of immunotherapy in this subgroup (54).

    These studies highlight a critical bottleneck in translational KRAS research: conventional preclinical models inadequately recapitulate the human immune contexture. A key implication is that immune-mediated regression may depend on endogenous retroviral antigens rather than canonical neoantigens, suggesting that future therapeutic vaccines and adoptive cell therapies must broaden their antigenic scope beyond mutation-specific targets. Furthermore, the consistent association between KRAS mutations and reduced B-cell infiltration across lung and pancreatic models suggests that B-cell function is a neglected determinant of survival, warranting a strategic shift from an exclusive T-cell focus to a holistic engagement of the lymphoid system. Moving forward, developing genetically refined, immunocompetent models that accurately mirror human mutational burdens and specific co-alterations, such as RNF43 loss, will be essential for de-risking combination trials. Differences between experimental models and human tumors continue to complicate translation. Factors such as mutational burden, antigenic diversity, stromal architecture, and species-specific immune biology may substantially influence therapeutic responses and should be considered when interpreting preclinical findings. Ultimately, improving the translational relevance of preclinical models will likely require platforms that not only validate KRAS inhibitors but also optimize TME immunogenicity through precise genetic and immunological engineering, ensuring that preclinical efficacy translates into durable clinical benefit.

    5.3 Mucinous Lung Adenocarcinoma and Other Immunologically Cold KRAS-Mutant Subtypes.

    Approximately 10% of LUADs exhibit mucinous histology (LUADMuc), a subtype associated with minimal or no smoking and prevalent KRAS mutations. A comprehensive comparison across five institutions and TCGA-categorized tumors as mucinous LUAD versus non-mucinous LUAD examined clinicopathologic, genomic, immunologic, and transcriptomic characteristics, as well as treatment outcomes. LUADMuc constituted 9.9% of 4,082 cases and, compared with non-mucinous disease, exhibited reduced PD-L1 expression (median 0% versus 5%), a lower tumor mutation burden (6.8 versus 8.5 muts/Mb), and enrichment of mutations in KRAS, NKX2-1/TTF-1, STK11, SMARCA4, and GNAS, as well as ALK rearrangements (while TP53, EGFR, BRAF, and MET were more prevalent in non-mucinous cases). Additionally, it showed fewer intratumoral CD8⁺, PD-1⁺, CD8⁺PD-1⁺, and FOXP3⁺ cells, a higher incidence of contralateral lung metastases (55.2% versus 36.9%), and a lower occurrence of brain metastases (23.3% versus 41.9%) at stage IV. In patients with metastatic disease treated with ICIs, mucinous lung adenocarcinoma (LUADMuc) had significantly worse outcomes than non-mucinous LUAD, with a lower overall response rate (ORR) (8.4% vs 25.9%), shorter median progression-free survival (PFS) (2.6 vs 3.9 months), and reduced OS (9.9 vs 17.2 months), as well as equally suboptimal results with chemo-immunotherapy. KRAS G12C inhibitors had similar response rates in LUADMuc and non-mucinous LUAD (16.7% vs 34.9%) and PFS (4.6 vs 5.6 months), although LUADMuc had a lower OS (6.8 vs 10.8 months). LUADMuc is identified as a physiologically distinct, immune-cold subgroup of LUAD associated with worse outcomes with existing immunotherapy (55).

    ICIs are the standard treatment for advanced NSCLC, although the efficacy of monotherapy or chemo-immunotherapy depends on genetic alterations, notably in KRAS, STK11, and KEAP1. KEAP1 regulates responses to oxidative and electrophilic stress, whereas STK11 encodes a kinase that modulates growth, polarity, motility, differentiation, and metabolism; STK11 mutations are often associated with an immunologically "cold" TME. When STK11 or KEAP1 abnormalities coexist with KRAS mutations, the TME differs from that seen with each alteration alone, and retrospective trial analyses consistently indicate a worse prognosis irrespective of therapy. This subgroup, despite poorer outcomes, constitutes a significant proportion of patients with advanced NSCLC and should remain a treatment priority. Clinical findings indicate that dual ICI regimens (anti-PD-1 and anti-CTLA-4) in conjunction with chemotherapy may outperform single-agent immunotherapy or chemotherapy alone in these patients. Current data provide biological justification and clinical support for combination therapies, underscoring the need for prospective studies that specifically assess effectiveness in KRAS/STK11/KEAP1-Mutant NSCLC (56).

    5.4 Combination Immunotherapy and KRAS-Targeted Therapeutic Strategies.

    Oncolytic virus (OV) immunotherapy alone has shown limited efficacy; newly identified small-molecule inhibitors targeting KRAS G12C have significant anticancer potency. Integrating a robust OV with a KRAS G12C inhibitor is a promising approach. In vitro, KRAS G12C inhibitors (sotorasib/AMG-510, adagrasib/MRTX849, and MRTX1257) specifically eliminated KRAS G12C-mutant cancer cells while sparing KRAS-wild-type cells. In vivo, all three inhibitors inhibited KRAS G12C Lewis lung cancers but not KRAS-wild-type MC38 tumors. In two KRAS G12C models, either an IL-36γ-armed oncolytic virus or oral MRTX1257 inhibited tumor growth, but their combination was significantly more efficacious; adding PD-1 blockade further enhanced antitumor activity, resulting in complete remissions in numerous mice, despite no statistically significant difference in survival rates. Mechanistic profiling (flow cytometry, ELISpot, and immune cell depletion) showed that KRAS G12C inhibitors act as inducers of anticancer immunity and synergize with OV to elicit strong innate and adaptive, tumor-specific responses. The therapeutic advantage was driven primarily by the proliferation of tumor-specific CD8+ cytotoxic T cells, with auxiliary contributions from CD4+ T cells and NK cells. A triple combination of KRAS G12C inhibition, OV treatment, and PD-1 blockade demonstrates significant immune-mediated effectiveness in KRAS G12C malignancies (57).

    Evidence suggests that patients with KRAS mutations may benefit from immunotherapy, as shown in trials such as KEYNOTE-042, which reported higher ICI response rates than in KRAS wild-type patients. Additionally, randomized data in PD-L1-positive NSCLC showed prolonged PFS with pembrolizumab versus chemotherapy (10.3 months versus 6.0 months), although PD-L1-negative and low-positive cohorts showed less benefit. Combination strategies often outperform monotherapy: in advanced KRAS-mutant NSCLC, chemo-immunotherapy surpasses monotherapy, and FDA-endorsed evaluations support integrating chemotherapy with ICIs. However, a phase II trial in metastatic PDAC found no survival benefit from adding dual checkpoint blockade to chemotherapy, underscoring variability across disease contexts. Emerging targeted-ICI combinations include KRAS G12C inhibitors (sotorasib, adagrasib), which demonstrate efficacy, with a median OS of about 15.7 months in preliminary studies, though they are associated with significant toxicities and are limited to G12C malignancies. Further strategies under investigation include PARP inhibitor-ICI maintenance (olaparib or selumetinib combined with durvalumab in PDAC) and MEK inhibitor-based protocols. In KRAS-mutant pancreatic cancer, a trial combining pembrolizumab with trametinib and SBRT demonstrated a median OS of about 24.9 months, compared with 22.4 months with SBRT plus gemcitabine.

    In general, ICIs are advantageous in several KRAS-mutant contexts, particularly in NSCLC, with combination therapies (chemotherapy, KRAS G12C inhibitors, PARP inhibitors, or MEK inhibitors) showing further potential, though benefits vary by tumor type, mutation subtype, and safety profile (58). In K-ras-driven, PD-L1-high malignancies, gemcitabine and cisplatin have contrasting effects when combined with PD-1 inhibition. In various in vitro assays, syngeneic mouse models, and human tumor specimens, gemcitabine diminished the efficacy of anti-PD-1 antibodies by inhibiting CD8+ T-cell infiltration, whereas cisplatin enhanced the effects of PD-1 antibodies by activating the DNA-damage-cGAS-STING pathway, thereby increasing CD8+ T-cell infiltration and antitumor cytokine production. Cisplatin combined with toripalimab demonstrated efficacy in advanced KRAS-mutant lung cancer after prior treatment failures. Chemotherapy selection for immunochemotherapy should emphasize drugs that augment T-cell activity, thereby supporting cisplatin-based combinations with PD-1/PD-L1 inhibitors (59).

    Elevated ERβ/HER oncogenic signaling characterizes aggressive lung cancers. Previous research indicated that the combination of the anti-estrogen fulvestrant and the pan-HER inhibitor dacomitinib interferes with ER/HER crosstalk and produces synergistic antitumor effects in immunocompromised lung cancer models, including KRAS-mutant adenocarcinoma; however, the impact on the TME was not elucidated. The effect of the combination was evaluated in murine bone marrow-derived macrophages (BMDMs) and CD8+ T cells and examined in vivo using the KRAS-mutant syngeneic lung cancer model FVBW-17. While fulvestrant combined with dacomitinib effectively inhibited FVBW-17 cell proliferation, the treatment elicited adverse immune responses, including decreased CD8+ T-cell activity, impaired BMDM phagocytosis, and upregulation of PD-1, primarily due to dacomitinib-induced downregulation of Src family kinases and Syk in immune cells. In a subcutaneous flank model, the combination produced an inflammatory TME marked by elevated myeloid and CD8+ T-cell infiltration, along with enhanced PD-1 expression in the spleen. The contemporaneous administration of anti-PD-1 with fulvestrant/dacomitinib enhanced efficacy compared with the doublet alone, whereas the sequential introduction of anti-PD-1 after the doublet yielded a synergistic advantage, approximately doubling tumor growth suppression relative to simultaneous therapy in both flank- and lung-metastasis models. These findings support sequential triple therapy as a viable approach for lung malignancies with poor response to existing therapies, such as KRAS-mutant LUAD (60).

    Immune checkpoint inhibitors targeting PD-1/PD-L1 enhance survival in KRAS-mutant NSCLC, a cohort that has traditionally had unfavorable outcomes in the absence of effective targeted therapies, yet the relationship between KRAS mutations and antitumor immunity remains unclear. An integrated study of public datasets and clinical cohorts investigated the correlation between KRAS status and immunity-related characteristics, including PD-L1 expression, CD8+ tumor-infiltrating lymphocytes (TILs), and tumor mutational burden (TMB). Research demonstrates that KRAS mutations are linked to an inflammatory, immunogenic TME and are associated with enhanced responses to PD-1/PD-L1 blockade; a three-pool study further substantiates significant therapeutic advantages for KRAS-mutant NSCLC undergoing anti-PD-1/PD-L1 treatment. In a KRAS-mutant lung cancer murine model, anti-PD-L1 monotherapy and its combination with docetaxel were evaluated against docetaxel monotherapy; significantly, the addition of docetaxel to PD-L1 inhibition did not improve antitumor efficacy. PD-1/PD-L1 monotherapy appears to be a potentially superior approach for NSCLC with KRAS mutations (61).

    Classifying KRAS-mutant lung cancer into distinct immunological subtypes, particularly the immune-cold phenotype of mucinous adenocarcinoma and STK11/KEAP1-co-mutated tumors, challenges the notion that KRAS status alone is a uniform predictor of immunotherapy responsiveness. In my assessment, future clinical frameworks must move beyond broad stratification based solely on KRAS status and instead integrate histological and genomic profiling to identify patients who require immune-priming strategies before checkpoint blockade. Poor outcomes in mucinous subsets suggest that standard ICI regimens are insufficient for these biologically distinct entities, necessitating targeted interventions that reverse the immunosuppressive architecture driven by these co-alterations. Consequently, prioritizing biomarkers beyond PD-L1 and TMB, such as specific histological subtypes and co-mutation signatures, will be essential to prevent the misallocation of immunotherapies to patients inherently resistant to current standards of care.
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    Figure 4: Overview of KRAS-driven immune evasion and emerging immunotherapeutic strategies in cancer. Oncogenic KRAS reshapes the tumor microenvironment (TME) by promoting PD-L1 expression, suppressing antigen presentation, and stimulating immunosuppressive cytokines and myeloid-cell recruitment, thereby facilitating immune escape and resistance to immune checkpoint blockade (ICB). Targetable pathways, such as the COX-2/PGE2 axis, contribute to an immune-excluded TME, whereas KRASG12C inhibitors, combined with checkpoint inhibitors, can reprogram tumors toward a more inflamed, T-cell-rich microenvironment. The figure also highlights combination approaches integrating chemotherapy, radiotherapy, antiangiogenic agents, and oncogenic pathway inhibitors to convert “cold” tumors into “hot” tumors with improved immunotherapy responsiveness. In addition, antigen-specific therapies, including TCR-engineered cells and KRAS-targeted mRNA vaccines, together with co-mutation-guided therapeutic stratification, represent promising precision immunotherapy strategies for achieving durable responses in KRAS-mutant cancers.

    These findings underscore that effective combination strategies require more than the accumulation of therapeutic agents; they depend critically on mechanistic alignment and optimal temporal sequencing. The contrasting effects of cisplatin and gemcitabine on T-cell infiltration highlight that chemotherapy selection must be guided by immunomodulatory potential rather than cytotoxicity alone, favoring regimens that activate pathways such as cGAS-STING. Furthermore, the superior efficacy of sequential over simultaneous administration, when combined with targeted therapies, suggests that overcoming adaptive resistance requires careful timing to avoid antagonistic immunosuppression. Looking forward, the most promising avenue lies in rational triple-combination strategies, such as oncolytic viruses paired with KRAS inhibitors and ICIs, which can simultaneously target tumor cells and reconfigure the microenvironment. Future development should focus on optimizing these synergistic triads and establishing precise sequencing protocols to maximize immune engagement while minimizing toxicity (Figure 4).

    5.5 Immunotherapeutic Opportunities in KRAS-Mutant Pancreatic Cancer.

    PDAC is projected to become the second-leading cause of cancer mortality by 2030, owing to high rates of recurrence and metastasis, even after seemingly limited diagnoses. KRAS mutations, present in approximately 90-95% of PDAC cases, enhance cellular proliferation, limit apoptosis, and promote immunosuppression, prompting interest in how individual codon variants influence biological behavior and therapeutic response in the context of novel KRAS inhibitors. In a neoadjuvant/adjuvant immunotherapy platform study (NCT02451982), IL-8 levels (measured by ELISA) were evaluated alongside next-generation sequencing of KRAS status, multiplex immunohistochemistry of the TME, and clinical outcomes in 30 patients treated with GVAX alone (n=16) or GVAX in combination with anti-PD-1 (nivolumab; n=14). Twenty-six tumors harbored KRAS mutations (G12C=1, G12D=11, G12R=4, G12V=10), whereas four were classified as KRAS wild-type. The G12D subtype was associated with reduced disease-free survival (P=0.01) and showed a trend toward inferior OS across therapy groups (GVAX P=0.14; GVAX+anti-PD-1 P=0.17), which became statistically significant when the groups were aggregated (P=0.04). KRAS-mutant PDAC showed a trend toward lower CD8+ T-cell infiltration after GVAX compared with wild-type (P=0.06); in conjunction with anti-PD-1, G12D tumors had a reduced CD8+ GZMB⁺/total CD8+ ratio (P=0.005). KRAS G12D delineates a physiologically distinct subpopulation of PDAC associated with worse survival and reduced CD8+ T-cell activation after GVAX/anti-PD-1 immunotherapy (62).

    Multiple trials are investigating combination strategies to improve immune checkpoint blockade (ICB), yet effective ICB-based therapies and biomarkers remain absent in PDAC. A body of research implicates the small GTPase ARF6 and its effector AMAP1 (ASAP1/DDEF1) as often overexpressed in several malignancies, including PDAC, and as significantly associated with poor survival outcomes. The ARF6-AMAP1 pathway facilitates invasion and immune evasion by enhancing β1-integrin and PD-L1 expression and reducing E-cadherin levels following ligand-induced ARF6 activation. It also worsens PDAC-related fibrosis, which impairs ICB effectiveness. KRAS mutations, common in PDAC, induce abnormal overexpression of ARF6/AMAP1 through increased eIF4A-dependent translation of ARF6 mRNA and eIF4E-dependent translation of AMAP1 mRNA. MYC overexpression is an additional driver of malignancy; MYC mRNA is modulated by eIF4A and, like ARF6, is inhibited by the eIF4A inhibitor silvestrol.

    In a KPC mouse model (LSL-KRAS G12D/+; LSL-Trp53 R172H/+; Pdx-1-Cre), shRNA-mediated inhibition of ARF6-AMAP1 in cancer cells yielded therapeutic synergy with anti-PD-1 in vivo, whereas silvestrol enhanced the effectiveness of anti-PD-1 despite promoting tumor development as a monotherapy. Silvestrol's ability to selectively inhibit ARF6 and MYC overexpression in KRAS-mutant cells, but not in KRAS-wild-type cells, is significant given the crucial roles of ARF6 and MYC in normal cellular function. Targeting eIF4A, in conjunction with KRAS-mutant status, offers a strategy to enhance the efficacy of anti-PD-1 and related immune checkpoint blockade in PDAC, with ARF6/AMAP1 overexpression and KRAS mutations serving as potential biomarkers for identifying receptive cases; similar approaches may be applicable to other KRAS-mutant malignancies (63).

    KRAS inhibitors can elicit robust preclinical and clinical results; however, resistance develops rapidly. Researchers investigated how KRAS-targeted treatments alter the TME in a library of KRAS G12D, p53-mutant murine PDAC cell lines (KPCY) to guide the development of durable immunotherapy combinations. The combination of SOS1 and MEK inhibition (SOS1i+MEKi) reduced tumor growth in syngeneic animals and increased intratumoral CD8+ T cells, but did not achieve sustained control. Single-cell RNA sequencing revealed an increase in inflammatory cancer-associated fibroblasts (iCAFs) and M2 macrophages, accompanied by a decline in dendritic cell quality, resulting in an IL-6⁺ iCAF-mediated immunosuppressive environment. CD40 agonist treatment repolarized macrophages and mitigated the deficiency in mature antigen-presenting dendritic cells following inhibition of SOS1 and MEK, thereby enhancing OS in KPCY tumor-bearing mice. Incorporating checkpoint blockade with SOS1 and MEK inhibitors resulted in tumor-free outcomes accompanied by the development of immune memory. Inhibition of the KRAS pathway modulates myeloid maturation, thereby supporting combination strategies that integrate KRAS-targeted drugs with myeloid activation to enhance and prolong anticancer efficacy (64).

    KRAS mutations are essential oncogenic drivers, with KRAS G12V the most prevalent in solid tumors, including pancreatic and colorectal malignancies. This makes KRAS G12V-specific TCR-engineered T cells a promising therapeutic strategy. Previous research has shown that T cell receptors (TCRs) from tumor-infiltrating lymphocytes can recognize KRAS G12V neoantigens presented by specific HLA types and facilitate tumor eradication both in vitro and in vivo. However, HLA restriction, coupled with variations in HLA distribution across populations, limits their widespread applicability in Chinese patients. A KRAS G12V-specific T cell receptor (TCR) targeting the class II major histocompatibility complex (MHC) was isolated from a CRC patient. KRAS G12V-specific TCR-engineered CD4⁺ T cells demonstrated robust activity in vitro and in xenograft models, maintaining stable expression and antigen specificity during co-culture with antigen-presenting cells loaded with KRAS G12V peptides. HLA subtypes were delineated by IFN-γ secretion tests following co-culture with neoantigen-loaded antigen-presenting cells. TCR-engineered CD4⁺ T cells targeting KRAS G12V presented by HLA-DPB1*03:01 and DPB1*14:01 provide advantageous population coverage among Chinese patients and can induce tumor cytotoxicity comparable to that of CD8+ T cells, establishing this TCR as a viable candidate for precision immunotherapy in solid tumors (65).

    PDAC remains a significant contributor to cancer-related mortality, and adenosquamous carcinoma of the pancreas (ASCP), an uncommon variant accounting for about 1-10% of cases, is frequently omitted from conventional pancreatic cancer studies, resulting in unclear optimal therapeutic strategies. A 68-year-old man with metastatic ASCP harboring a KRAS G12C mutation progressed through multiple systemic treatments, including a KRAS G12C-targeted inhibitor; however, he had a remarkable response to single-agent pembrolizumab despite preserved mismatch repair proteins. The limited benefits observed with KRAS G12C inhibitors, along with the lack of viable treatments for pancreatic cancer, suggest that the strong ICI response in a tumor exhibiting squamous differentiation may reflect a uniquely immunogenic milieu in ASCP. These findings support broader exploration of ICIs in ASCP, including a current multicenter phase 2 trial dedicated to this subgroup (66).

    Multiple lines of evidence indicate that NK cell-based adoptive transfer therapy in the orthotopic KPC mouse model of PDAC demonstrated significant antitumor efficacy. LNK cells exhibited elevated IFN-γ production, enhanced lysis of PDAC cells in vitro, reduced in vivo tumor growth (P=0.033), and increased MRI apparent diffusion coefficient values compared with controls, affirming its feasibility for PDAC treatment (67). A statewide Dutch real-world investigation of first-line (chemo)immunotherapy in stage IV KRAS-mutant NSCLC (2019-2020; n=1,185) revealed no OS disparity between G12C and non-G12C across PD-L1 subgroups (68).

    The codon-specific heterogeneity observed in PDAC, particularly the distinct immune-exclusion phenotype associated with KRAS G12D, compels a shift from generic KRAS-targeting strategies toward precision immuno-oncology tailored to specific mutational variants. In my view, identifying the ARF6-AMAP1 axis and eIF4A-dependent translation as druggable downstream effectors presents a critical opportunity to dismantle the fibrotic and immunosuppressive barriers that typically limit the efficacy of checkpoint inhibitors in PDAC. Future therapeutic frameworks must therefore prioritize rational combinations pairing direct KRAS pathway inhibition with myeloid-reprogramming agents, such as CD40 agonists, to correct dendritic cell defects and inflammatory fibroblast signaling that drive resistance. Furthermore, the promising responses observed with HLA-restricted TCR-engineered T cells and NK cell adoptive transfer underscore the need to develop personalized cellular therapies that account for population-specific genetics. The unexpected sensitivity of rare subtypes, such as adenosquamous carcinoma, suggests that histology-driven stratification could unlock immunotherapy benefits for broader KRAS-mutant cohorts. Ultimately, overcoming the resilience of pancreatic cancer will require integrating these codon-aware, microenvironment-focused, and cellular approaches into biomarker-enriched clinical trials.

    5.6 Neoantigen-Targeted and TCR-Based Immunotherapies.

    The RAS GTPases (KRAS/HRAS/NRAS) promote cell proliferation, and approximately 20% of adult solid tumors harbor recurrent "hotspot" missense mutations at G12, G13, or Q61 that hyperactivate the RAF-ERK and PI3K signaling pathways. KRAS is an established clonal driver in pancreatic, colorectal, and LUAD; the prevalent G12 variants (G12D/V/C/R) are ubiquitous and can generate HLA-presented neoantigens, facilitating immunological approaches (vaccines, TCRs, antibodies) targeting mutant peptide-HLA complexes. Generally, a high tumor mutational load is associated with improved responses to checkpoint blockade, although intratumor heterogeneity may hinder neoantigen targeting, rendering clonal neoantigens appealing therapeutic targets. KRAS mutations frequently initiate tumorigenesis and are rarely present in normal adult tissues, justifying selective targeting; however, single-agent KRAS G12C inhibitors (sotorasib, adagrasib) demonstrate response rates of 37-43% with approximately 6.5-6.8 months of PFS and rapid resistance, necessitating combination strategies and the advancement of next-generation/pan-KRAS inhibitors. Extensive research indicates that KRAS-mutant peptides are immunogenic: first-generation vaccinations elicited T-cell responses but showed limited clinical efficacy, whereas proof-of-concept adoptive cell treatments (TILs/TCR-T) resulted in regressions in select patients, accompanied by immune evasion via HLA loss.

    Immunopeptidomics has identified several KRAS/NRAS/HRAS mutant epitopes across various HLA alleles, except HLA-A*02:01, thereby informing contemporary efforts to harness mKRAS-specific immunity (69). Oncogenic KRAS mutations, particularly substitutions at codons 12 and 13, are prevalent in pancreatic, colorectal, and lung malignancies and are consistently expressed within tumors. A designed non-integrating lentiviral immunotherapy platform encodes a KRAS G12D peptide sequence, either independently or conjugated to antigen carriers that route it to MHC presentation pathways or provide universal CD4⁺ helper epitopes. In many mouse genetic backgrounds and models of colorectal or lung cancer, immunization with a specific vector resulted in substantial, though incomplete, suppression of tumor growth, along with increased intratumoral hematopoietic infiltrates, especially CD8+ T lymphocytes. The anticancer efficacy was consistent and synergistic with conventional chemotherapies and ICIs, supporting this approach as a viable immuno-oncological therapy for KRAS-driven cancers (70).

    KRASG12C is a prevalent oncogenic variant of KRAS, targeted by selective inhibitors (sotorasib, adagrasib) that show efficacy but frequently result in transient responses because of resistance mechanisms, including secondary KRAS mutations and amplifications; MET amplification; activating alterations in NRAS, BRAF, MAP2K1, and RET; oncogenic fusions involving ALK, RET, BRAF, RAF1, and FGFR3; loss of NF1 and PTEN; rebound activation of the MAPK pathway; and phenotypic changes such as transformation from adenocarcinoma to squamous cell carcinoma or epithelial-mesenchymal transition via PI3K activation. In response, neoantigen-based approaches capitalize on covalent KRAS G12C-drug adducts that, upon proteasomal processing, generate haptenated peptides presented by MHC class I molecules, thereby creating novel targets for engineered antibodies and bispecific T-cell engagers (BiTEs). A study used ARS1620 to produce specific epitopes (P1A4-based BiTEs were effective, yet P1A4 exhibited cross-reactivity with the free drug), while another study developed HapImmune antibodies that specifically recognize sotorasib-derived peptide-MHC complexes without interacting with the free drug, demonstrating applicability to additional covalent inhibitor-target pairs (Osimertinib-EGFR, ibrutinib-BTK). These methodologies integrate targeted therapy with immunotherapy to eliminate drug-resistant KRAS G12C cells; nonetheless, they require further preclinical and clinical validation, as well as safety evaluations, including risks of novel resistance, autoimmunity, and off-target effects (71).

    5.7 Clinical Biomarkers of Immunotherapy Response in KRAS-Mutant Cancers.

    Current guidelines recommend PD-1/PD-L1 immunotherapy for advanced KRAS-mutant tumors; however, responses vary with biological factors. Empirical data indicate comparable first-line ICI efficacy across KRAS isoforms, with nonsignificant trends toward reduced median progression-free survival (mPFS) in G12D/G12A. Enhanced ICI outcomes are observed after chemoradiotherapy, with greater benefits associated with elevated PD-L1 expression; certain studies document heightened immune activation markers in G12V/G12D. KRAS G12C inhibitors (sotorasib/AMG510, adagrasib/MRTX849) can resensitize tumors to ICIs and achieve substantial disease control in combination therapy; however, fewer than 50% of patients benefit, and resistance develops. The preclinical KRAS G12D inhibitor (MRTX1133), when combined with ICIs, stimulates FAS signaling and enhances therapeutic responses. The tumor mutational load varies among subtypes (lowest in G12D), immune cell composition fluctuates, and co-mutations significantly influence ICI efficacy: KRAS+TP53 (notably G12C) with PD-L1 ≥50% typically demonstrates improved outcomes with pembrolizumab, whereas KRAS G12C in conjunction with STK11, or KRAS with KEAP1/SMARCA4/CDKN2A, indicates adverse prognoses for ICI or KRAS inhibitor monotherapy; KRAS G12D with STK11 may also yield unfavorable results, and loss of NKX2-1/CDKN2A can promote mucinous adenocarcinoma associated with G12D. Therefore, treatment selection should incorporate PD-L1 status, KRAS subtype, TMB, and co-mutation status (72).

    Integrated multi-omic analyses of LUAD reveal that TP53 mutations, particularly when co-occurring with KRAS mutations, correlate with elevated expression of immune checkpoints, especially PD-L1, activated T-effector/IFN-γ signatures, increased PD-L1⁺/CD8A⁺ infiltration, and a higher tumor mutational burden, particularly in transversion-high tumors. Pathway alterations suggest involvement of cell-cycle, DNA replication, and DNA damage-repair genes (73). Furthermore, patients harboring TP53 or KRAS mutations, especially those with TP53/KRAS co-mutations, exhibited enhanced clinical responses to PD-1/PD-L1 blockade (73). A hypothesis-generating clinical series of NSCLC with PD-L1 ≥50% and no EGFR/ALK/ROS1/RET alterations indicated that the KRAS G12C variant, rather than KRAS mutations in general, significantly predicted longer PFS with first-line ICIs, proposing KRAS G12C as a potential predictive biomarker as targeted therapies for KRAS G12C develop (74). In addition to these data, a comprehensive NSCLC case exhibiting concurrent EGFR L858R and KRAS G12D mutations, elevated TMB, and PD-L1 positivity progressed while receiving gefitinib and pemetrexed but achieved a sustained (>17-month) partial response to camrelizumab plus bevacizumab and pemetrexed. Relapse occurred upon cessation of chemotherapy, with control restored upon its reintroduction, highlighting the potential role of immunotherapy, especially in conjunction with chemotherapy/anti-VEGF therapy, even in EGFR-mutant settings (75).

    Expanding immuno-oncology approaches to CRC, where most cases are resistant to checkpoint blockade and anti-EGFR therapy is limited to KRAS-wild-type tumors, reveals that DKK2 is upregulated and associated with lymph-node metastasis. Ex vivo DKK2 inhibition enhances CD8+ T-cell activation in human tumors and, in an APC/KRAS mutant mouse model, inhibits tumor growth, reduces angiogenesis, and extends survival, with effects that synergize with suboptimal anti-VEGFR treatment (76). Collectively, these findings support TP53/KRAS status and KRAS G12C as actionable predictive markers for ICI efficacy in NSCLC, while positioning DKK2 inhibition, either alone or in conjunction with anti-angiogenic agents, as a promising immunotherapeutic strategy in CRC. A single-center retrospective cohort study (n=80; 2020-2025) of NSCLC patients treated with ICIs indicated that KRAS G12C mutations are associated with longer OS compared to non-G12C variants (20.7 vs 6.4 months; p=0.021), while non-G12C mutations independently predicted increased mortality (HR 3.35); however, differences in PFS were not statistically significant (77). Table 2 highlights the role of KRAS in cancer immunotherapy.

    The heterogeneity of KRAS mutations necessitates a paradigm shift from viewing them as uniform drivers to recognizing them as distinct immunological entities defined by codon-specific neoantigenicity and co-mutation landscapes. In my view, the differential outcomes observed between KRAS G12C and G12D variants, which are heavily modulated by TP53 or STK11 status, indicate that current biomarker frameworks that rely solely on PD-L1 or tumor mutational burden are insufficient for patient stratification. The transient efficacy of small-molecule KRAS inhibitors underscores the inevitability of resistance, suggesting that durable control will be achieved only by coupling direct pathway inhibition with immune modalities that target clonal neoantigens before resistant subclones emerge. Consequently, the therapeutic focus must evolve toward preventing immune escape mechanisms, such as HLA loss, by employing multi-epitope vaccines or TCR-engineered cells that maintain pressure on the tumor even when signaling pathways reactivate.

    Looking ahead, the most promising frontier lies in the convergence of personalized antigen-specific therapies and precision biomarker profiling to optimize combination regimens. The innovative concept of targeting drug-adduct neoantigens offers a mechanism to eliminate resistant cells that survive initial KRAS inhibition, effectively turning the resistance mechanism itself into an immune target. Future clinical trials should therefore prioritize adaptive designs that integrate codon-specific TCR therapies with broad HLA coverage, alongside dynamic monitoring of co-mutation status to guide the sequencing of checkpoint inhibitors and targeted agents. Furthermore, extending the success observed in NSCLC to colorectal and pancreatic cancers will require overcoming tissue-specific immunosuppressive barriers, potentially through strategies such as DKK2 inhibition or anti-angiogenic combinations that remodel the microenvironment to permit T-cell infiltration. Ultimately, realizing the full potential of KRAS-targeted immunotherapy depends on synchronizing molecular targeting with immune activation in a manner that is both genetically precise and temporally optimized (Figure 5).
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    Figure 5: Schematic overview of codon-specific KRAS biology and emerging immunotherapeutic strategies in pancreatic ductal adenocarcinoma (PDAC). Distinct KRAS variants, particularly KRAS G12D, are associated with reduced CD8+ T-cell activation, immune exclusion, and poorer clinical outcomes. The figure highlights the ARF6-AMAP1 signaling axis as a key mediator of fibrosis, PD-L1 expression, and immune evasion in KRAS-mutant PDAC, while illustrating how eIF4A inhibition may enhance responsiveness to immune checkpoint blockade. It also summarizes adaptive resistance mechanisms following KRAS-targeted therapy, including remodeling of inflammatory fibroblasts and myeloid cells within the tumor microenvironment, and demonstrates how combinatorial approaches that incorporate CD40 agonists and checkpoint inhibitors can restore antitumor immunity. In addition, the figure presents KRASG12V-specific TCR-engineered cellular therapies as a promising precision immunotherapy strategy to expand immune targeting of KRAS-mutant pancreatic cancers.

    Table 2 summarizes landmark studies defining the immunological consequences of oncogenic KRAS signaling across multiple cancer types. Together, these studies highlight emerging therapeutic opportunities to enhance immunotherapy through combination strategies targeting KRAS-driven immune suppression.

    Table 2: Immune regulation and therapeutic vulnerabilities in KRAS-driven cancers.

    
    
    
    
    
    
    
    
    
    	Study
    	Representative finding
    	Translational implication
    	Ref
    

    
    
    
    	KRAS/TP53 mutation and immunotherapy response
    	KRAS/TP53 co-mutant NSCLC exhibits increased immune activation and improved response to immune checkpoint blockade.
    	Supports genotype-based immunotherapy stratification.
    	(78)
    

    
    	KRAS-CD47 innate immune evasion
    	KRAS signaling upregulates CD47 and suppresses macrophage-mediated tumor clearance.
    	Provides rationale for combining KRAS and CD47-targeted therapies.
    	(79)
    

    
    	Macrophage-tumor feedback in PDAC
    	TIMP-1/CD63 signaling sustains ERK-active tumor cells and promotes immune escape.
    	Identifies macrophage-epithelial crosstalk as a therapeutic target.
    	(80)
    

    
    	Epigenetic regulation of KRAS immunity
    	Dual BRD4/EP300 inhibition suppresses KRAS signaling and enhances CD8+ T-cell infiltration.
    	Supports epigenetic-immunotherapy combination strategies.
    	(81)
    

    
    	Type I interferon suppression
    	KRAS-mutant tumors exhibit persistent impairment of interferon signaling.
    	IFN-pathway restoration may sensitize tumors to immunotherapy.
    	(82)
    

    
    	KRAS/TP53-driven immune exclusion
    	KRAS-TP53 co-alteration promotes innate immune dominance and CD8+ T-cell exclusion.
    	Defines a high-risk immune-evasive subtype.
    	(83)
    

    
    	KRAS signaling in breast cancer immunity
    	Elevated KRAS signaling correlates with altered immune infiltration and poor survival.
    	Supports KRAS-based prognostic stratification.
    	(84)
    

    
    	Redox-mediated immune suppression
    	Glutathione promotes IgG4-mediated suppression of antitumor immunity.
    	Reveals a novel metabolic mechanism of immune evasion.
    	(85)
    

    
    	Adaptive resistance to KRAS inhibition
    	KRAS inhibition induces CD47 and CD24 expression, enabling immune escape.
    	Supports combining KRAS, CD47, and PD-L1 blockade.
    	(86)
    

    
    	KRAS-dependent immune suppression in PDAC
    	KRAS maintains tumor growth partly through suppression of antitumor immunity.
    	Targeting KRAS/BRAF/MYC may enhance immunotherapy efficacy.
    	(87)
    

    
    	Spatial immune regulation
    	Tregs constrain responses to KRAS inhibition despite increased T-cell activation.
    	Supports KRAS inhibitor, PD-1 blockade, and Treg-targeting combinations.
    	(88)
    

    
    	ARF6-AMAP1-PD-L1 axis
    	KRAS and TP53 cooperate to enhance PD-L1 recycling and immune escape.
    	Identifies translational control pathways as immunotherapeutic targets.
    	(89)
    

    
    	Metabolic immune suppression in CRC
    	KRAS-driven lactate production induces CD8+ T-cell dysfunction.
    	Supports combining KRAS or metabolic inhibitors with immunotherapy.
    	(90)
    

    
    	STK11 and TP53 co-mutation effects
    	STK11 suppresses immune surveillance, whereas TP53 enhances proliferation.
    	Highlights distinct molecular subclasses of KRAS-mutant NSCLC.
    	(91)
    

    
    	KRAS neoantigen vaccination
    	Engineered Lactococcus lactis elicits KRAS-specific mucosal immune responses.
    	Supports development of KRAS-targeted cancer vaccines.
    	(92)
    

    
    	CRC KRAS-mediated immune suppression
    	KRAS mutation suppresses IFNγ signaling and cytotoxic immune infiltration.
    	Supports molecular subtype-specific immunotherapy strategies.
    	(93)
    

    
    	IL22-STAT3 signaling
    	IL22 promotes immunosuppression, angiogenesis, and stemness in KRAS-mutant lung cancer.
    	IL22/IL22R1 represents a potential therapeutic target.
    	(94)
    

    
    	Epigenetic resistance programs
    	YAP1-driven adaptive resistance emerges following TBK1/MEK inhibition.
    	BET inhibitors may overcome acquired resistance.
    	(95)
    

    
    	KRAS signaling and TIME in TNBC
    	High KRAS signaling is associated with an inflamed microenvironment and favorable outcomes.
    	KRAS activity may serve as a biomarker beyond mutation status.
    	(96)
    

    
    	KRAS inhibition and immune remodeling
    	KRAS(G12C) inhibition increases antigen presentation and immune infiltration.
    	Rationale for combining KRAS inhibitors with PD-1 blockade.
    	(97)
    

    
    	Clinical benefit of immunotherapy
    	ICIs improve survival in KRAS-mutant NSCLC compared with chemotherapy.
    	Supports immunotherapy as a standard treatment approach.
    	(98)
    

    
    	Stromal-mediated immune exclusion
    	FAK signaling promotes CAF activation and T-cell exclusion in KRAS/LKB1 tumors.
    	FAK inhibition may convert immune-cold tumors to immune-hot.
    	(99)
    

    
    

    6. KRAS Inhibition and Cancer Immunotherapy.

    The integration of KRAS inhibition with immune checkpoint blockade (ICB) is a mechanistically compelling yet clinically complex approach in KRAS-mutant malignancies, especially LUAD, where KRAS mutations correlate with elevated tumor mutational burden and partial immunotherapy efficacy. Preclinical evidence indicates that mutant-selective KRAS inhibitors (G12C and G12D) can alter the TME by increasing CD8+ T-cell infiltration and activation, enhancing antigen presentation, stimulating interferon signaling, and promoting the formation of tertiary lymphoid structures, thereby transforming tumors into a more immunogenic state. The immune-modulatory effects seem to stem from both intrinsic tumor alterations and indirect immunological activation, perhaps involving immunogenic cell death, and are essential for sustained responses, as adaptive immunity is necessary to eradicate resistant clones. Clinical translation has been constrained by tumor heterogeneity, inconsistent baseline immune contexture, and the finding that synergistic efficacy is predominantly confined to “hot,” immunologically inflamed tumors, offering negligible benefit in “cold” tumors such as PDAC and microsatellite-stable CRC. Further complications arise from concurrent mutations (LKB1, KEAP1) that impart resistance to immunotherapy and may diminish the immune priming induced by KRAS inhibitors, necessitating customized combinatorial strategies. Preliminary clinical trials indicate potential effectiveness but also underscore considerable safety concerns, notably heightened hepatotoxicity associated with combinations such as sotorasib plus anti-PD-(L)1 treatment, possibly attributable to synergistic immune activation or off-target therapeutic effects. The toxicities, along with ambiguities regarding appropriate dose, sequencing, and drug-specific characteristics (covalent vs noncovalent inhibitors), highlight the need for improved treatment strategies, such as intermittent dosing or lead-in regimens. In summary, while KRAS inhibition may enhance immunotherapy, its efficacy will depend on accurate patient stratification, a comprehensive understanding of mechanisms of resistance and toxicity, and the tailoring of combination therapies (100).

    Small-molecule inhibitors targeting the KRAS G12C mutation, once deemed "undruggable," have emerged as revolutionary therapeutics, exemplified by sotorasib (AMG510) and adagrasib (MRTX849), which irreversibly bind the switch-II pocket of inactive, GDP-bound KRAS G12C. Sotorasib showed sustained responses in pretreated NSCLC patients (ORR approximately 32-37%, median PFS approximately 6.3-6.8 months), leading to FDA conditional approval in May 2021; however, its single-agent efficacy in CRC is limited (ORR 7.1%). Confirmatory phase 3 trials (CodeBreak 200) and combination studies are underway, and the FDA has also requested an assessment of a reduced dose (240 mg versus 960 mg). Adagrasib demonstrated comparable efficacy in NSCLC (ORR 45% in the phase 1/2 KRYSTAL-1 trial) and notable activity in CRC, particularly when combined with cetuximab (ORR 43%), prompting a phase 3 assessment (KRYSTAL-10). A multitude of next-generation KRAS G12C inhibitors are under development (LY3537982, BI 1,823,911, GDC-6036, D-1553, JDQ443), alongside innovative strategies targeting the active GTP-bound state (RM-032) or alternative KRAS variants such as G12D (MRTX1133, JAB-22000) and G12V (JAB-23000), illustrating ongoing efforts to overcome intrinsic resistance mechanisms and extend therapeutic efficacy beyond the KRAS G12C subset (101).

    The characterization of KRAS as an undruggable target was challenged by the identification of compound 12, which covalently bound to the switch II pocket of inactive, GDP-bound KRAS G12C. This breakthrough enabled the development of the first-generation KRAS G12C inhibitors, sotorasib and adagrasib, which subsequently received accelerated FDA approval for the treatment of KRAS G12C-mutant NSCLC based on promising phase 1/2 clinical trial results. However, sotorasib encountered regulatory obstacles in 2024 when it was denied full approval due to limited OS benefit in phase 3 comparisons with docetaxel. Initially, monotherapy in CRC showed limited efficacy; however, combination therapies using EGFR inhibitors such as panitumumab or cetuximab markedly improved outcomes, leading to recent expedited approval for CRC combinations and underscoring the significance of combination treatments. To overcome limitations in efficacy and resistance, second-generation KRAS G12C inhibitors, such as divarasib with improved potency, and innovative approaches like RMC-6291, which targets the active GTP-bound state through a cyclophilin A-mediated tricomplex, are being developed. The field is swiftly evolving beyond G12C to target additional common mutations, using noncovalent inhibitors such as MRTX1133 and ON-state-selective agents like RMC-9805 targeting KRAS G12D, in conjunction with pan-KRAS and pan-RAS inhibitors like RMC-6236, which exhibit broad efficacy across RAS mutants and various tumor types, including PDAC. The durability of these therapies is compromised by intricate resistance mechanisms, which are divided into primary resistance associated with co-occurring mutations such as KEAP1 and STK11, and acquired resistance caused by secondary KRAS mutations in the drug-binding pocket or novel activating alleles, thereby requiring continuous innovation in drug design and stratification to maintain clinical efficacy (102).

    The immune microenvironment of KRAS-mutant CRC is markedly immunosuppressive, with attenuated Th1-centric immune responses, reduced cytotoxic T-cell infiltration, and lower expression of interferon-γ signaling components (STAT1, CXCL10) and key immune checkpoint molecules (CTLA-4, PD-L1/PD-L2, LAG-3, TIM-3) compared with KRAS wild-type tumors. Analyses of KRAS G12C further indicate suppression of the IL-6/JAK/STAT3, complement, and IL-2/STAT5 signaling pathways. Preclinical models show that oncogenic KRAS induces de novo resistance to anti-PD-1 therapy via IRF2 suppression and CXCL3-mediated recruitment of myeloid-derived suppressor cells, supporting combining KRAS inhibitors or CXCR1/2 blockade with immunotherapy. Specifically, both sotorasib and adagrasib augment tumor-infiltrating cytotoxic T cells, MHC class I expression, and pro-inflammatory cytokines while diminishing immunosuppressive myeloid populations, yielding significant synergy with anti-PD-1 in murine CRC models. Clinical translation has faced obstacles: combining sotorasib with pembrolizumab or atezolizumab in NSCLC led to substantial hepatotoxicity, prompting exploration of low-dose lead-in strategies, while the phase 3 IMblaze370 trial of atezolizumab plus the MEK inhibitor cobimetinib did not improve OS compared with regorafenib in microsatellite-stable CRC. Concurrently, neoantigen-targeted vaccination strategies, including mRNA-5671/V941, pooled mutant KRAS peptide vaccines, and the TG02 peptide vaccine, are being evaluated in early-phase trials to stimulate T-cell responses against prevalent KRAS mutations (G12C, G12D, G12V, G13D). However, these trials have involved small patient cohorts and yielded mixed immunogenicity results, underscoring the ongoing challenge of navigating the immunosuppressive environment of KRAS-mutant CRC through strategic combinatorial and vaccine-based approaches (103).

    The development of KRAS inhibitors represents a paradigm shift in oncology, particularly in the context of cancer immunotherapy. KRAS mutations, long considered “undruggable,” are among the most prevalent oncogenic drivers across solid tumors, including lung, colorectal, and pancreatic cancers. The emergence of allele-specific inhibitors (targeting KRAS G12C) has not only demonstrated that direct pharmacologic targeting is feasible but has also revealed complex immunomodulatory consequences within the TME, including enhanced antigen presentation, altered cytokine signaling, and increased T-cell infiltration, thereby creating a more permissive context for immune checkpoint blockade. However, therapeutic responses remain heterogeneous and often transient due to adaptive resistance mechanisms, including pathway reactivation, tumor heterogeneity, and immune evasion. This has catalyzed growing interest in rational combination strategies that integrate KRAS inhibition with PD-1/PD-L1 or CTLA-4 blockade, as well as emerging modalities such as adoptive cell therapy and cancer vaccines. Moreover, preclinical and translational data suggest that KRAS signaling intersects with metabolic reprogramming and stromal interactions that shape immune suppression, implying that durable clinical benefit will likely depend on multidimensional approaches that co-target oncogenic signaling, immune checkpoints, and the TME. Consequently, the future trajectory of KRAS inhibitor development is increasingly defined not as a monotherapy endeavor but as a cornerstone component of combinatorial immuno-oncology regimens designed to convert immunologically “cold” tumors into “hot,” responsive states while overcoming resistance and achieving sustained anti-tumor immunity (Figure 6).

    Despite substantial progress, several limitations complicate the interpretation of the current literature. Much mechanistic evidence still derives from preclinical models that incompletely recapitulate human tumor-immune interactions. Clinical studies are often retrospective, involve heterogeneous treatment regimens, and vary widely in molecular annotation and biomarker assessment. Furthermore, observations from one KRAS-driven malignancy are not necessarily generalizable to others, as tissue context, co-occurring genomic alterations, and the composition of the immune microenvironment strongly influence biological behavior and therapeutic responsiveness. Addressing these limitations will be essential to translating mechanistic insights into clinically actionable strategies.
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    Figure 6: Overview of the emerging role of KRAS inhibitors in cancer immunotherapy and the evolving strategies designed to enhance durable antitumor immunity. Mutant-selective KRAS inhibitors reprogram the tumor microenvironment by increasing antigen presentation, interferon signaling, and CD8+ T-cell infiltration, thereby converting immunologically “cold” tumors into more responsive “hot” tumors and improving sensitivity to immune checkpoint blockade. The figure summarizes currently approved KRASG12C inhibitors, including sotorasib and adagrasib, as well as next-generation inhibitors targeting additional KRAS variants and active GTP-bound states. It also highlights major mechanisms of primary and acquired resistance, such as co-mutations and secondary KRAS alterations, and emphasizes rational combination approaches integrating KRAS inhibition with immunotherapy, chemotherapy, radiotherapy, and microenvironment-targeting strategies. Collectively, the figure illustrates how precision patient stratification and biology-informed combinatorial regimens may maximize the clinical benefit of KRAS-targeted immunotherapy.

    7. Clinical Translation and Future Directions.

    7.1 Epidemiology, Prognostic Significance, and Molecular Testing of KRAS.

    KRAS mutations occur in approximately 20-30% of LUAD and are infrequent in squamous tumors. They are significantly associated with tobacco exposure, as meta-analyses indicate elevated mutation rates in current and former smokers compared to never-smokers (OR approximately 3.7-4.4) and show distinct mutation spectra (G/T/G/C transversions in smokers versus G to A transitions in never-smokers). Frequencies vary by ethnicity, typically lower in Asians than in whites, though interpretation is complicated by smoking habits and EGFR prevalence; hence, neither ethnicity nor tobacco history should dictate testing, and KRAS testing has minimal significance in verified squamous histology. A PCR-based meta-analysis of 28 studies identified KRAS mutation as a negative prognostic indicator in NSCLC (overall OS HR ~1.40; adenocarcinoma HR ~1.50), although its direct clinical use is constrained (104).

    7.2 Real-World Effectiveness of Immune Checkpoint Inhibitors in KRAS-Mutant Cancers.

    A retrospective cohort study of 143 patients with stage IIIB/IV NSCLC treated with ICIs as second- or later-line therapy at Harbin Medical University (2019-2022) found that those with KRAS or TP53 mutations had higher objective response and disease control rates and significantly longer progression-free survival and OS than those with wild-type KRAS/TP53 (P < 0.05). Kaplan-Meier and Cox analyses showed that adding chemotherapy to ICIs independently predicted better outcomes, with longer PFS (HR 0.192; 95% CI 0.094-0.392; P < 0.001) and OS (HR 0.414; 95% CI 0.281-0.612; P < 0.001). In this context, KRAS or TP53 mutations were associated with improved outcomes with ICI therapy, suggesting their potential as clinical biomarkers to predict ICI effectiveness in advanced NSCLC (105).

    A retrospective review of 60 patients with KRAS-mutant NSCLC (predominantly stage IV adenocarcinoma with codon 12 mutations) found that 20% received immunotherapy. The cohort's median OS was 28 months, with survival superior among those receiving immunotherapy compared with those not receiving it (33 months versus 22 months; P=0.31). A significant correlation was observed between immunotherapy use and improved survival (P=0.007). These data indicate that KRAS-positive patients, who frequently exhibit unique co-mutation patterns, may derive significant benefits from immunotherapy across multiple treatment lines compared with traditional chemotherapy, warranting further research to validate a survival advantage.(17).

    A retrospective study conducted at Shandong Cancer Hospital assessed 122 Chinese patients with advanced KRAS-mutant NSCLC (predominantly stage IV adenocarcinoma; 57% smokers) treated from 2018 to 2022, comparing immunotherapy-based regimens (anti-PD-(L)1 ± chemotherapy; 42%) with chemotherapy alone (58%). The median OS and PFS were 22.9 and 9.4 months, respectively; patients receiving immunotherapy-based regimens had significantly longer OS than those receiving chemotherapy (45.2 vs 11.3 months; P=1.81×10⁻⁵), with no notable difference in PFS (10.5 vs 8.2 months; P=0.706). Immunotherapy demonstrated benefits when administered as first- or second-line treatment, as evidenced by improved PFS and OS. These benefits were consistent across both KRAS G12C and non-G12C subtypes and remained regardless of KRAS/TP53 co-mutation status, thereby supporting immunotherapy-based strategies over chemotherapy in this demographic (106).

    A retrospective study of the Netherlands Cancer Registry, involving 153 patients with stage IV KRAS G12C-mutated NSCLC treated with first-line ICIs with or without chemotherapy (diagnosed between January 1 and June 30, 2019), revealed that only 35% underwent baseline brain imaging. Among those imaged, over half (56%; 30 of 54) had brain metastases, representing approximately 20% of the total cohort, and 67% exhibited symptoms. Patients with brain metastases were younger, had more metastatic sites, and 30% had five or more brain metastases. Additionally, 75% received cranial radiotherapy prior to (chemo)-ICI treatment. During therapy, the 1-year intracranial progression rate was higher in patients with established baseline brain metastases (33% vs 7%; p=0.0001). Survival outcomes were comparable: mPFS was 6.6 months vs 6.7 months (p=0.80), and median OS was 15.7 months vs 17.8 months (p=0.77) for patients with brain metastases present versus absent, respectively. Baseline brain metastases are prevalent and necessitate routine brain imaging during (chemo)-immunotherapy; they did not negatively impact PFS or OS in this population (107).

    A retrospective cohort study of 143 patients with advanced NSCLC harboring KRAS mutations treated with ICIs (December 2020-July 2022) found that G12C was the predominant subtype (41%), followed by G12V (23.7%) and G12D (11.8%). G12C was also associated with a higher incidence of bone metastases (42%). ICIs were administered as monotherapy in 54.5% of cases and as first-line chemo-immunotherapy in 69%; co-mutations were prevalent (52%), notably STK11 (24%) and TP53 (29%). Among KRAS subtypes, OS and PFS showed no significant differences; the longest OS was observed in Q61 (46.5 months), 13X (31.8 months), and G12C (28.7 months).

    The highest overall response rate (ORR) was observed in G12D (73%), particularly with chemo-immunotherapy; the median duration of response (DOR) was 7.4 months overall, with the longest in G12V (10.2 months) and the shortest in G12A (about 1.5-2.6 months, depending on the regimen). STK11 co-mutation was associated with a trend toward prolonged overall survival, whereas TP53 was associated with reduced overall survival; neither finding reached statistical significance. Bone metastases were a significant negative prognostic indicator, virtually doubling the mortality risk (HR ~2.8; p<0.001) regardless of KRAS subtype or co-mutation status, highlighting the necessity for tailored therapies (108).

    7.3 KRAS Subtypes, Co-Mutations, and Biomarkers of Immunotherapy Response.

    A bioinformatics analysis of TCGA LUAD data (n=567) identified KRAS mutations in 26.3% and a KRAS/TP53 co-mutation rate of 9.7%. KRAS-mutant tumors exhibited a higher tumor mutational burden (TMB) but comparable PD-L1 expression and immune cell infiltration relative to wild-type tumors; conversely, TP53-mutant and KRAS/TP53 co-mutant cancers had higher TMB, higher PD-L1 protein levels, and greater immune cell infiltration. Subtype analysis revealed that KRAS G12C (9.9%) was the predominant variant, followed by G12V, G12D, and G12A. Notably, the KRAS G12D subtype exhibited a significantly lower TMB, particularly in the presence of a TP53 co-mutation, along with lower PD-L1 protein levels and fewer activated CD4 memory T cells, helper T cells, M1 macrophages, and NK cells.

    These characteristics indicate that the KRAS G12D/TP53 co-mutation induces an immunosuppressed phenotype and may predict a suboptimal response to anti-PD-1/PD-L1 treatment in lung cancer (109). Among 100 male patients with advanced NSCLC treated with first-line immunotherapy ± chemotherapy (66% adenocarcinoma, 34% squamous), PD-L1 expression and KRAS mutations were assessed from biopsies, with KRAS G12C the most prevalent mutation (73%). Kaplan-Meier analyses showed significantly longer OS in patients with wild-type KRAS: among those with PD-L1 >49%, KRAS-negative individuals had a median OS of 40 months compared with 9 months for KRAS-mutant cases; among adenocarcinoma patients with PD-L1 <49%, KRAS-negative individuals had an OS of 39 months versus 28 months for KRAS-mutant (both p<0.05). In this real-world first-line ICI context, KRAS mutant status independently predicted worse outcomes regardless of PD-L1 levels (110).

    In a cohort of 5,278 patients with nonsquamous NSCLC, 246 (4.7%) had KRAS mutations, predominantly G12C (32.9%), G12D (23.7%), and G12V (18.9%); G12C was more prevalent among males and smokers. In a cohort of 25 patients treated with ICIs, the G12C mutation was associated with a higher response rate (53.8% vs 8.3%) and longer PFS (4.8 months vs 2.1 months) than non-G12C mutations. In early-stage disease (n=85), G12C was associated with a shorter time to recurrence (22.8 months vs 97.7 months). In advanced-stage disease (n=143), OS varied by subtype (G12C: 7.7 months vs non-G12C: 6.0 months), with G12V showing the worst survival at 5.2 months. Multivariate analysis associated shorter OS with G12V (HR 2.47), stage IV status (HR 2.69), and NSCLC-NOS histology (HR 3.12). KRAS G12C was associated with enhanced ICI efficacy but earlier recurrence in early-stage cancer, whereas KRAS G12V was associated with reduced survival in advanced disease (111).

    A prospective, bicenter cohort of 49 patients with stage III-IV NSCLC receiving immune checkpoint therapy was analyzed using next-generation sequencing of 597 cancer genes and a custom bioinformatics classifier, which identified KRAS, LRP1B, and TP53 as significant predictors. LRP1B mutations, whether likely pathogenic or of uncertain significance, were associated with prolonged OS (p=0.041). Combinatorial analysis indicated that co-occurring KRAS and LRP1B variants were linked to markedly increased OS (p=0.003) and PFS (p=0.008), whereas the inclusion of TP53 variations (KRAS+LRP1B+TP53) further augmented both outcomes (OS p=0.026; PFS p=0.003).

    These data identify KRAS-LRP1B, particularly when combined with TP53, as a potential multi-gene biomarker panel for predicting greater ICB efficacy in NSCLC (112). A comprehensive evaluation of four trials, including 469 patients, assessed first-line anti-PD-(L)1 monotherapy in advanced NSCLC with PD-L1 ≥50% and determined that the KRAS G12C subtype is associated with improved PFS. In the two studies with hazard ratios (n=163), KRAS G12C was associated with significantly improved PFS compared with KRAS wild type (pooled HR 0.39; 95% CI 0.25-0.63) and other KRAS mutations (pooled HR 0.33; 95% CI 0.19-0.57). In summary, high-PD-L1 NSCLC with KRAS G12C demonstrates notably improved PFS on monotherapy with PD-(L)1 compared to KRAS wild-type or non-G12C KRAS variants (113).

    A meta-analysis of 24 trials (2000-2023) assessing NSCLC immunotherapy found that KRAS mutations were often linked to superior outcomes with ICIs compared with non-ICI therapies, including improved OS (HR 0.54) and PFS (HR 0.63). Among KRAS subtypes, G12C was associated with improved PFS with ICIs (HR 0.39), whereas G12D was linked to inferior OS relative to non-G12D variants (HR 1.52). Co-mutations conferred a benefit: KRAS with STK11 (HR 1.46) and KRAS with KEAP1/NFE2L2 (HR 1.89) were both associated with markedly worse overall survival. In summary, KRAS, especially KRAS G12C, can confer benefit from ICIs, but KRAS G12D and KRAS co-mutations with STK11 or KEAP1/NFE2L2 indicate diminished immunotherapy efficacy (114).

    7.4 Extra-pulmonary lesions and rare KRAS variants.

    In a cohort of 257 CRCs analyzed by multiplex immunohistochemistry (CD8, T-bet, FoxP3, CD20, CD68), elevated immune infiltration correlated with microsatellite instability, as expected. Notably, BRAF-mutant tumors exhibited greater immune cell infiltration, whereas KRAS-mutant tumors showed less infiltration, with the most pronounced differences observed in cytotoxic CD8+ and Th1 cells. This pattern was corroborated in an independent cohort of 608 patients. In both cohorts, increased CD8+ T-cell infiltration was associated with favorable outcomes across wild-type, KRAS-mutant, and BRAF-mutant CRC. Integrating MSI status, KRAS/BRAF mutations, and cytotoxic T-cell density may improve prognostic accuracy and help predict immunotherapy responses in CRC (115).

    Another retrospective analysis examined 240 patients with advanced NSCLC harboring KRAS mutations treated at Shanghai Chest Hospital from 2018 to 2021, comparing outcomes between uncommon KRAS variants (G13C, G13D, Q61H) and typical variants. The overall median survival was 9.7 months, with a median follow-up of 36.5 months. Among patients receiving chemotherapy, those with uncommon KRAS mutations had worse outcomes than those with conventional KRAS (PFS 3.4 vs 4.1 months, P=0.047; OS 5.2 vs 7.1 months, P=0.02). Conversely, ICI-based treatment, administered to 45.8% of patients, improved outcomes for uncommon KRAS mutations (PFS 7.3 vs 3.4 months; OS 13.3 vs 5.2 months; both P<0.001), yielding survival rates comparable to those observed with conventional KRAS after immunotherapy. In the cohort with PD-L1 data (n=72), elevated PD-L1 expression (≥50%) was associated with prolonged PFS and OS. Conclusion: uncommon KRAS-mutant NSCLC has worse outcomes with chemotherapy but gains a significant advantage from ICIs, particularly in cases of elevated PD-L1 expression (116).

    7.5 Immunotherapy Outcomes and Co-Mutational Context in KRAS-Mutant NSCLC

    Analysis of MSK-IMPACT (10,336 patients undergoing systemic treatment) and MSK-TMB (1,661 patients receiving ICIs) revealed KRAS/STK11 co-mutations in 1.5% and 2.8% of patients, respectively, primarily in NSCLC (83-85%). In NSCLC, STK11 mutation was associated with inferior OS with systemic therapy (HR 1.90, 95% CI 1.36-2.65) but not with ICI therapy (HR 1.44, 95% CI 0.88-2.37). Additionally, the KRAS/STK11 co-mutation did not independently correlate with outcomes in either group (HR 0.93 and 1.09). A high tumor mutational load predicted improved outcomes in individuals treated with ICIs. In pan-cancer analysis excluding NSCLC, STK11 mutations and elevated TMB demonstrated predictive significance for ICI effectiveness, whereas the KRAS/STK11 co-mutation did not. The KRAS/STK11 co-mutation is prevalent in NSCLC; however, it is not an independent predictive biomarker for ICI response, warranting further exploration of STK11's role in immunotherapy (117).

    The predictive value of KRAS/STK11 co-mutation remains incompletely resolved. While several cohorts report profound resistance to immune checkpoint blockade, other studies have failed to confirm independent predictive effects after adjusting for clinical and molecular variables, suggesting substantial context dependence. A retrospective study at a single institution of 199 patients with advanced/metastatic KRAS-mutant NSCLC, diagnosed between March 2016 and December 2021 during the immunotherapy era, revealed a dismal prognosis, with a median OS of 10.7 months (95% CI, 8.5-12.9) and no variation in OS among KRAS mutation subtypes. Among 134 patients receiving first-line treatment, the median OS was 12.2 months (95% CI, 8.3-16.1), whereas the median PFS was 5.6 months (95% CI, 4.5-6.6). In multivariable analyses, only an ECOG performance status of 2 independently predicted reduced PFS and OS, whereas KRAS subtype and co-mutations were not associated with outcomes, highlighting a consistently unfavorable prognosis despite treatment (118).

    In a cohort of 220 patients with stage III-IV NSCLC undergoing first- or second-line non-targeted therapy, KRAS-mutant tumors, predominantly G12C, G12D, and G12V, often accompanied by co-mutations in TP53, STK11, and KMT2C, exhibited enhanced sensitivity to immunotherapy compared to KRAS-wild-type tumors: ORR 65% and DCR 80%. Survival on ICIs was improved relative to non-KRAS tumors (median OS 18.1 vs 12.2 months, p=0.0032; PFS 7.9 vs 3.6 months, p=0.01) and to chemotherapy within the KRAS-mutant cohort (OS 18.1 vs 12.3 months, p=0.039; PFS 7.9 vs 4.1 months, p=0.001). KRAS G12C was associated with improved outcomes with immunotherapy compared to chemotherapy; however, this difference was not statistically significant (OS p=0.26; PFS p=0.055). Co-mutations in TP53 or KMT2C may augment the response to ICIs. KRAS mutation status was associated with better immunotherapy outcomes (119).

    In a cohort of 93 NSCLC patients with KRAS mutations (median age 66; 23.7% female; 22.6% never-smokers), G12C was the predominant mutation (36.6%). Of the 47 individuals with PD-L1 testing, 66% were PD-L1-positive, and PD-L1 levels ≥50% were more common among ever-smokers (P=0.038). Among 23 patients who received ICIs, those with PD-L1 expression ≥50% had a response rate of 45.5%. ICI treatment markedly improved OS compared with no ICI (35.6 vs 9.8 months; P=0.002), with a substantial advantage in PD-L1 ≥50% (median OS not attained vs 8.4 months; P=0.008). Survival was not significantly affected by KRAS subtype (P=0.666). In summary, ICIs improved outcomes in KRAS-mutant NSCLC, especially among patients with PD-L1 expression ≥50%, and a significant minority of cases were observed among never-smokers (120).

    A prospective examination of advanced NSCLC patients screened with plasma NGS before treatment (VISION/Guardant360® and MAGIC/Myriapod 56G; January 2017-October 2019) included a non-ICI control group. Among 103 patients treated with ICIs, the median OS was 20.8 months, and the immune-related PFS was 4.2 months. TP53 mutations detected in plasma were associated with worse OS in both the ICI-treated and control groups (P=0.001 and P=0.009), indicating prognostic significance. STK11 mutations (n=9) were associated with a trend toward reduced OS exclusively among recipients of ICIs. Significantly, KRAS/STK11 and KRAS/STK11/TP53 co-mutations predicted markedly worse OS among patients treated with ICIs (HR 10.94, P=0.002; HR 17.61, P<0.001), indicating diminished immunotherapy efficacy (121). In this retrospective cohort study of 95 patients with KRAS-mutant advanced NSCLC, ICIs demonstrated superior efficacy compared with chemotherapy: first-line ICI combined with platinum chemotherapy improved PFS (7.4 vs 4.5 months; P=0.035) and OS (24.1 vs 13.2 months; P=0.007) compared with platinum chemotherapy alone, while second-line ICI monotherapy surpassed chemotherapy monotherapy in PFS (4.8 vs 3.0 months; P=0.043) and OS (18.0 vs 13.8 months; P=0.013). Among patients treated with ICI, outcomes were comparable between KRAS-mutant and KRAS-wild-type groups (PFS 5.27 vs 6.73 months; OS 19.93 vs 20.93 months) and between KRAS G12C and non-G12C subtypes (PFS 8.1 vs 4.8 months; OS 21.3 vs 21.8 months). KRAS-mutant NSCLC benefits from ICIs, with no significant differences in efficacy across KRAS subtypes (122).

    In a clinical cohort (n=74) and in murine models, KRAS G12D-mutant NSCLC showed a diminished response to ICIs. Mechanistically, KRAS G12D decreased PD-L1 levels and attenuated CXCL10/CXCL11 production, thereby reducing CD8+ tumor-infiltrating lymphocytes and fostering an immunosuppressive TME. In cellular systems, KRAS G12D inhibited PD-L1 via the P70S6K/PI3K/AKT pathway and reduced CXCL10/CXCL11 by down-regulating HMGA2. Paclitaxel elevated HMGA2, reinstated CXCL10/CXCL11, and, in conjunction with PD-L1 inhibition, augmented CD8+ T-cell recruitment and more effectively suppressed KRAS G12D lung cancer proliferation than PD-L1 monotherapy. In accordance with these findings, patients with KRAS G12D-mutant NSCLC derived greater benefit from chemo-immunotherapy than from ICI monotherapy, supporting combination therapy as the superior approach (123).

    A retrospective study of 22 patients with stage IV NSCLC receiving immunotherapy examined the correlation between KRAS G12C status, identified by Idylla liquid biopsy, and patient outcomes. Patients were categorized by line of therapy. In first-line immunotherapy, KRAS-mutant patients showed no benefit in PFS (20 vs 14.5 months; HR 1.31; p=0.76) or OS (21 months; HR 1; p>0.99). In second-line therapy, patients with KRAS G12C mutations had a longer mPFS than non-mutants (23 months versus 5 months; reported hazard ratio, 3.28; p=0.03). However, the authors ultimately conclude that there is no definitive, consistent correlation between KRAS G12C and immunotherapy response, and the mechanisms within the TME remain unclear (124).

    In a single-center cohort of 78 advanced NSCLC patients with PD-L1 ≥50% treated with first-line single-agent PD-1/PD-L1 inhibitors, KRAS status (assessed by sequencing) did not significantly influence outcomes: among non-squamous cases assessed for KRAS, 51% were KRAS-mutant, predominantly G12C (19%), G12V (15%), and G12D (13%), and median overall survival (mOS) was comparable for KRAS-mutant versus wild-type (12.9 vs 19.3 months; p=0.879). Multivariable analysis indicated no correlation between KRAS mutation and mOS (HR 0.901; p=0.791). A non-significant trend toward worse mOS was observed for KRAS G12C (11.4 months) compared with non-G12C (44.9 months) and KRAS wild-type (WT) (19.3 months) (p=0.772). ECOG ≥2 independently predicted reduced survival (HR 2.853; p=0.014), while the incidence of immune-related adverse events was similar in KRAS-mutant and wild-type cohorts (48% vs 52%; p=1.000) (125).

    This multi-center retrospective cohort study from the CARMA-BROS registry examined 102 Canadian patients with KRAS G12C-positive advanced NSCLC (diagnosed between 2015 and 2021) to elucidate real-world treatment sequencing and outcomes after ICI therapy. Patients (median age 66; 58% female; 99% with tobacco exposure; 59% PD-L1 ≥50%) often received ICIs initially, followed by diverse systemic therapies, including chemotherapy and targeted therapies. Among patients treated after ICI, the mOS was 12.6 months, and the real-world progression-free survival (rwPFS) was 4.7 months. Use of a KRAS G12C-selective targeted therapy (sotorasib; n=20) was associated with longer rwPFS than single-agent chemotherapy (adjusted HR 0.39, p=0.012). The findings underscore the diversity of post-ICI sequencing and advocate for more research to establish appropriate procedures as KRAS G12C-targeted alternatives proliferate (126). Figure 7 highlights current clinical development, some limitations, and future perspectives.
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    Figure 7: Overview of the clinical translation and real-world therapeutic implications of KRAS mutations in non-small cell lung cancer (NSCLC). KRAS mutations are common in lung adenocarcinoma and are associated with smoking exposure, molecular heterogeneity, and generally poorer prognosis, supporting the need for universal KRAS testing in non-squamous NSCLC. Real-world clinical studies demonstrate that immune checkpoint inhibitor (ICI)-based strategies, particularly chemo-immunotherapy combinations, improve response rates and survival outcomes across multiple KRAS subtypes and co-mutation backgrounds. The figure also highlights subtype-specific differences in treatment response, the clinical significance of brain metastases in KRAS G12C disease, and the influence of co-mutations such as TP53 and STK11 on immunotherapy efficacy. Collectively, these findings emphasize that KRAS-mutant NSCLC is a biologically diverse yet increasingly targetable disease in which precision biomarker profiling and tailored immunotherapeutic strategies are critical to optimizing patient outcomes.

    Table 3 summarizes representative clinical studies evaluating KRAS-associated biomarkers for predicting immunotherapy response across multiple cancer types. Collectively, these findings highlight the opportunities and limitations of genomic and immune biomarkers for patient stratification and precision immunotherapy in KRAS-mutant malignancies.

    Table 3: Studies evaluating immunotherapy biomarkers and outcomes in KRAS-mutant cancers.

    
    
    
    
    
    
    
    
    
    	Biomarker Clinical Settings
    	Representative Finding
    	Clinical Implication
    	Ref
    

    
    
    
    	KRAS/STK11 and KRAS/STK11/TP53 co-mutations
    	Co-mutations associate with markedly worse outcomes following immune checkpoint blockade.
    	Supports plasma-based genomic stratification for immunotherapy.
    	(121)
    

    
    	PD-L1 expression in KRAS-mutant NSCLC
    	PD-L1 ≥50% predicts superior response and survival with immunotherapy.
    	Reinforces PD-L1 as a key predictive biomarker.
    	(120)
    

    
    	KRAS mutation and immunotherapy efficacy
    	KRAS-mutant NSCLC demonstrates improved outcomes with ICIs compared with chemotherapy and KRAS-wild-type disease.
    	Supports immunotherapy as a preferred treatment strategy.
    	(119)
    

    
    	KRAS subtype heterogeneity
    	Survival outcomes are broadly similar across KRAS variants, although response rates may vary.
    	KRAS subtype alone is insufficient for treatment selection.
    	(108)
    

    
    	Immunotherapy benefit in KRAS-mutant NSCLC
    	Immunotherapy is associated with prolonged OS across treatment lines.
    	Confirms clinical activity of ICIs in KRAS-mutant disease.
    	(17)
    

    
    	KRAS/LRP1B molecular signature
    	KRAS-LRP1B co-mutation, particularly with TP53 alterations, predicts improved ICB outcomes.
    	Multi-gene signatures may outperform single-gene biomarkers.
    	(112)
    

    
    	KRAS G12C and immunotherapy response
    	KRAS G12C exhibits higher response rates and longer PFS than non-G12C variants.
    	Suggests subtype-specific differences in immunotherapy sensitivity.
    	(113)
    

    
    	Prognostic significance of KRAS subtypes
    	KRAS subtype does not consistently influence survival in advanced disease.
    	Clinical outcomes may depend more on host and disease factors than KRAS variant.
    	(118)
    

    
    	KRAS mutations and immune infiltration in CRC
    	KRAS-mutant CRC exhibits reduced CD8+ T-cell and Th1-cell infiltration.
    	Supports combining molecular and immune biomarkers for prognosis.
    	(115)
    

    
    	KRAS status and first-line immunotherapy
    	KRAS mutations may be associated with inferior survival despite immunotherapy.
    	Highlights conflicting evidence regarding KRAS as a predictive biomarker.
    	(110)
    

    
    	KRAS/STK11 co-mutation across cancers
    	KRAS/STK11 is not consistently predictive of ICI benefit across large pan-cancer cohorts.
    	Suggests context-dependent biomarker utility.
    	(117)
    

    
    	KRAS and TP53 mutations as predictive biomarkers
    	KRAS and TP53 alterations correlate with improved response and survival following later-line immunotherapy.
    	Supports incorporation of genomic profiling into treatment selection.
    	(105)
    

    
    

    7.6 KRAS and Cancer Immunotherapy.

    The rationale for combining RAS inhibitors with immune checkpoint blockade (ICB) stems from KRAS inhibition's ability to reverse oncogene-driven immunosuppression and remodel the TME, potentially converting immunologically "cold" tumors into "hot" ones susceptible to durable ICB-mediated responses. Preclinical evidence in lung and CRC models supports this synergy, showing that KRAS-G12C inhibitors combined with anti-PD-1 therapy can induce long-term cures dependent on adaptive immune memory and cancer cell-intrinsic IFNγ signaling, although this benefit is largely restricted to models with baseline immunogenicity rather than immune-desert phenotypes. Translating these findings to the clinic, NSCLC trials have yielded mixed safety profiles; while the adagrasib-pembrolizumab combination demonstrated manageable toxicity and high response rates in ICB-naive patients, sotorasib combined with anti-PD-L1 agents resulted in severe hepatotoxicity and high discontinuation rates, potentially driven by compound-specific metabolism, high dosing, or covalent binding that creates protein-drug conjugates targeted by the reinvigorated immune system. In pancreatic adenocarcinoma, where KRAS G12D mutations are dominant, early preclinical studies with inhibitors such as MRTX1133 indicate T-cell-dependent synergy with ICB in orthotopic models, yet the inherently immunosuppressive nature of pancreatic tumors suggests that non-immunotherapeutic combinations may be preferred initially. Ultimately, the success of these orthogonal strategies hinges on resolving challenges related to off-target toxicities, optimizing dosing to avoid impairing immune cell proliferation, stratifying patients based on co-mutations like LKB1 or KEAP1, and using more representative preclinical models to predict which subsets of patients can safely benefit from the profound TME remodeling induced by KRAS inhibition (127). KRAS G12C inhibitors have demonstrated clinically meaningful activity and are now incorporated into standard treatment paradigms in NSCLC.

    A hypothesis-generating pilot study examined the potential of the KRAS G12C variant as a predictive biomarker for ICI efficacy in patients with advanced NSCLC who have high PD-L1 expression (≥50%) and lack actionable alterations in EGFR, ALK, ROS1, or RET. Researchers analyzed genomic and tissue data from 44 patients treated with ICIs using next-generation sequencing, fluorescence in situ hybridization, and immunohistochemistry. They found that the 11 patients with the KRAS G12C mutation had markedly prolonged PFS in both univariate and multivariate analyses (p = 0.03), and Kaplan-Meier curves corroborated delayed disease progression in this subgroup. This PFS advantage was observed only with the G12C variant and was not evident when all KRAS mutations were compared with wild-type patients. Despite acknowledging constraints associated with the limited sample size and exploratory design, the authors cautiously suggest that KRAS G12C status be assessed as a potential predictive biomarker for extended response to first-line ICIs in PD-L1-high NSCLC, a conclusion of notable significance as targeted anti-KRAS G12C therapies become more prevalent in the NSCLC treatment paradigm (128).

    A retrospective study examined the natural history and treatment outcomes of 199 consecutive patients with advanced or metastatic KRAS-positive NSCLC diagnosed at a single academic institution from March 2016 to December 2021, with the objective of characterizing the real-world efficacy of first-line therapies in the immunotherapy era across various KRAS mutation subtypes and co-mutation profiles. The cohort had a dismal prognosis, with a median OS of 10.7 months (95% CI, 8.5-12.9 months), which did not substantially vary by individual KRAS mutant subtype. Among 134 patients receiving first-line therapy, the median OS was 12.2 months (95% CI, 8.3-16.1 months), and the mPFS was 5.6 months (95% CI, 4.5-6.6 months). Multivariate analysis revealed that only an Eastern Cooperative Oncology Group performance status of 2 was substantially correlated with reduced PFS and overall survival, although neither KRAS subtype nor co-mutation status independently affected survival outcomes. The authors conclude that although immunotherapy is available, KRAS-positive advanced NSCLC continues to have poor outcomes, and survival does not appear to correlate with individual KRAS mutant subtypes in this real-world context (129).

    A study presents the first human application of an "off-the-shelf" mRNA vaccine targeting the shared KRAS G12V neoantigen, combined with the PD-1 inhibitor pembrolizumab, in two patients with terminal, unresectable malignancies, locally advanced PDAC and metastatic NSCLC, both harboring the KRAS G12V mutation and the HLA-A11:01 allele. Although personalized neoantigen mRNA vaccines show promise in postsurgical, low-tumor-burden settings, their lengthy manufacturing time (8-12 weeks) limits use in advanced disease; this study addresses that limitation by targeting a prevalent driver mutation (KRAS G12V) associated with a high-frequency HLA subtype (A11:01, found in 20-60% of Asian populations) to develop an immediately deployable therapeutic. Mass spectrometry preclinically validated presentation of KRAS G12V peptides by HLA-A*11:01, and murine models showed vaccine-induced proliferation of antigen-specific, polyfunctional CD8+ T cells that effectively inhibited tumor development. Clinically, both patients achieved partial responses per RECIST 1.1 with tolerable side effects (mostly transient fever), and immunological surveillance revealed de novo or enhanced KRAS G12V-specific T-cell responses, clonal TCR expansion, and functional confirmation of neoepitope identification. Despite constraints imposed by the small sample size and exploratory design, these findings indicate that focusing on a validated driver-mutation neoantigen in conjunction with a prevalent HLA allele may enable efficient, prompt immunotherapy for advanced cancer patients with limited treatment options, potentially broadening the applicability of mRNA vaccines beyond personalized, postsurgical scenarios; however, larger clinical trials are imperative to validate efficacy, refine combination strategies, and identify additional neoantigen-HLA pairs suitable for broader population coverage (130).

    Research examined the potential of activating KRAS and pathogenic TP53 mutations as supplementary predictive biomarkers of ICI effectiveness in advanced lung cancer, given the inadequate sensitivity and specificity of existing markers. Analyzing a cohort of 713 consecutive immunotherapy-treated patients without actionable genetic alterations, alongside validation immunotherapy and surgical cohorts, researchers found that KRAS/TP53 co-mutation was significantly associated with improved OS in both univariate (HR = 0.56, p = 0.0044) and multivariate (HR = 0.53, p = 0.0021) analyses. Co-mutated tumors derived stronger benefit from ICIs (HR = 0.71, 95% CI 0.55-0.92). Notably, this survival advantage was confirmed in immunotherapy-treated cohorts but absent in surgical cohorts, suggesting a treatment-specific predictive effect. Molecular characterization using TCGA data demonstrated that TP53-mutant tumors exhibited elevated tumor mutational burden, proliferation signatures, and PD-L1 mRNA expression independent of KRAS status. Genome-wide expression analysis identified 64 genes, including CX3CL1 (fractalkine), as a unique transcriptomic signature of KRAS-mutant/TP53mut tumors. The authors assert that KRAS/TP53 co-mutation serves as a clinically actionable predictive biomarker for ICI efficacy in advanced LUAD, linked to distinct immunogenic and molecular tumor characteristics, and that mutation testing can be seamlessly incorporated into standard practice using small, economical next-generation sequencing panels (131).

    A study examined the impact of specific KRAS mutations on the TME and clinical outcomes in PDAC, a condition anticipated to rank as the second leading cause of cancer-related mortality by 2030. KRAS alterations are found in 90-95% of cases and facilitate tumor proliferation, resistance to apoptosis, and immunosuppression. In a study of 30 patients with resectable PDAC participating in the NCT02451982 trial, subjects received either the allogeneic whole-cell vaccine GVAX alone (n=16) or GVAX plus anti-PD-1 (nivolumab; n=14). Researchers examined the correlation between KRAS mutation status, ascertained by next-generation sequencing, and interleukin-8 levels and immune cell infiltration, evaluated via multiplex immunohistochemistry, as well as survival outcomes. In a cohort of 26 KRAS-mutant tumors (G12D: 11, G12V: 10, G12R: 4, G12C: 1) and 4 wild-type cases, KRAS G12D was the predominant variant, correlating with a statistically significant reduction in disease-free survival (P=0.01) and a trend toward diminished overall survival that reached statistical significance when both treatment arms were combined (P=0.04). Immune profiling indicated that KRAS-mutant PDAC showed a tendency toward diminished CD8+ T-cell infiltration post-GVAX treatment (P=0.06). Furthermore, patients with KRAS G12D mutations undergoing the GVAX/anti-PD-1 combination exhibited a significantly reduced ratio of granzyme B-positive (activated) CD8+ T cells to total CD8+ T cells (P=0.005), suggesting compromised cytotoxic T-cell activation. The authors assert that KRAS G12D delineates a unique PDAC subtype associated with inferior survival and a less immunogenic TME following vaccine immunotherapy, indicating that this codon mutation may confer resistance to existing immunotherapies and underscoring the necessity for mutation-targeted therapeutic strategies in PDAC (132).

    A critical consideration in KRAS-targeted combination strategies is the emergence of intrinsic and acquired resistance mechanisms that limit therapeutic durability. Tumors harboring KRAS mutations often exhibit significant molecular heterogeneity, enabling adaptive bypass signaling through parallel pathways such as PI3K-AKT-mTOR or reactivation of RAF-MEK-ERK despite initial pathway inhibition. In addition, secondary mutations in KRAS itself or in downstream effectors can reduce drug binding or restore oncogenic signaling. From an immunological perspective, KRAS-driven tumors frequently establish an immunosuppressive TME, characterized by increased regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and inhibitory cytokines such as TGF-β and IL-10. While combination strategies with ICIs aim to overcome this, compensatory upregulation of alternative immune checkpoints (TIM-3, LAG-3) and impaired antigen presentation can still facilitate immune evasion and treatment failure.

    Moreover, combining KRAS inhibitors with immunotherapy increases the risk of immune-related adverse events (irAEs), which may limit clinical applicability. Enhanced immune activation can exacerbate systemic inflammation, leading to toxicities such as pneumonitis, colitis, and hepatitis, particularly when overlapping toxicities from targeted agents are considered. KRAS inhibition may also modulate immune cell function in ways not yet fully understood, potentially amplifying off-target immune effects. Additionally, the timing, sequencing, and dosing of combination regimens remain critical variables; suboptimal scheduling may blunt antitumor immunity or increase toxicity without added benefit. Therefore, a deeper mechanistic understanding of tumor-immune interactions, alongside biomarker-driven patient stratification, is essential for optimizing therapeutic windows and mitigating resistance and toxicity in KRAS-directed immunotherapy combinations.

    Clinical biomarker analyses indicate that the therapeutic efficacy of ICIs in KRAS-mutant NSCLC is fundamentally governed by the tumor immune microenvironment and specific co-mutation landscapes. While KRAS mutations generally correlate with an elevated tumor mutational burden (TMB), concurrent genetic alterations significantly modulate immune infiltration and PD-L1 expression. For instance, KRAS/TP53 co-mutations are mechanistically linked to higher PD-L1 protein levels and increased infiltration of activated CD4+ T cells, M1 macrophages, and NK cells, which predict superior ICI responses. In contrast, co-mutations with STK11 or KEAP1/NFE2L2 induce a distinct immunosuppressive phenotype characterized by diminished T-cell recruitment and significantly reduced OS on immunotherapy. Furthermore, subtype heterogeneity drives differential outcomes: KRAS G12C variants typically exhibit favorable ICI efficacy, whereas KRAS G12D variants show lower TMB, reduced PD-L1 expression, and decreased immune cell infiltration, suggesting a suboptimal response to anti-PD-1/PD-L1 monotherapy.

    At the molecular signaling level, specific pathways have been identified that drive primary resistance and inform the clinical rationale for combination strategies, particularly for resistant subtypes such as KRAS G12D. Mechanistic evaluations reveal that KRAS G12D mutations can suppress PD-L1 levels and attenuate CXCL10/CXCL11 chemokine production via the P70S6K/PI3K/AKT pathway and by downregulating HMGA2, thereby reducing CD8+ tumor-infiltrating lymphocytes. This biological insight supports clinical observations that chemo-immunotherapy outperforms ICI monotherapy in patients with G12D, as chemotherapy agents such as paclitaxel can elevate HMGA2, reinstate chemokine production, and augment T-cell recruitment to overcome immunosuppression. Additionally, clinical mechanisms of resistance extend to metastatic patterns, where bone metastases serve as a significant negative prognostic indicator that virtually doubles mortality risk regardless of KRAS subtype, necessitating tailored therapeutic approaches that account for both molecular signaling and disease burden. Combination strategies integrating KRAS inhibitors with ICIs show encouraging activity; however, toxicity profiles and the lack of definitive phase III validation currently limit routine clinical adoption. Associations between KRAS co-mutations (TP53, STK11, KEAP1) and immunotherapy outcomes are largely derived from retrospective cohorts and registry analyses and should not be interpreted as definitive predictive biomarkers. Neoantigen-directed strategies, including TCR-engineered cells and KRAS-targeted vaccines, have shown proof-of-concept activity but remain in early clinical or preclinical development. A key limitation in the current literature is the heterogeneity in evidence quality, spanning preclinical studies, retrospective analyses, and early-phase trials. Direct comparisons across these levels may lead to overinterpretation of preliminary findings. Future work should prioritize prospective validation and biomarker-driven trial designs to clarify the clinical utility of KRAS subtypes and co-mutation patterns.

    
    8. Discussion

    

    Despite substantial progress in clarifying the relationship between oncogenic KRAS signaling and anti-tumor immunity, several critical questions remain. A central challenge is understanding the striking tissue-specific heterogeneity in immunotherapy responsiveness across KRAS-mutant cancers. While KRAS-mutant NSCLC often responds to immune checkpoint blockade, PDAC and colorectal cancer generally show profound resistance. Determining whether these differences are driven primarily by tissue-intrinsic epithelial programs, stromal architecture, metabolic constraints, or distinct immune-editing pressures will be essential for developing broadly effective immunotherapeutic strategies.

    Another major area of investigation concerns how co-occurring genomic alterations influence the immune landscape of KRAS-driven tumors. Mutations in genes such as STK11/LKB1, KEAP1, and TP53 substantially alter cytokine signaling, antigen presentation, and immune cell recruitment, thereby shaping therapeutic responsiveness. A deeper mechanistic understanding of how these alterations interact with oncogenic KRAS and whether their immunosuppressive effects can be pharmacologically reversed may enable more precise patient stratification and rational combination strategies. Similarly, defining the optimal integration of direct KRAS inhibitors with immunomodulatory therapies remains an important clinical priority. Although early studies combining KRAS G12C inhibitors with PD-1/PD-L1 blockade have demonstrated encouraging efficacy, treatment-associated toxicities highlight the need to identify therapeutic schedules that maximize immune activation while minimizing adverse events.

    Future research must also address the biological diversity of KRAS mutations and the mechanisms underlying therapeutic resistance. Most current targeted therapies focus on KRAS G12C, yet variants such as G12D, G12V, and G13D predominate across several malignancies and may have distinct effects on tumor immunogenicity, neoantigen generation, and T-cell recognition. Furthermore, adaptive resistance to KRAS-targeted therapies frequently emerges through pathway reactivation, lineage plasticity, or histologic transformation. Understanding how these evolutionary processes remodel the tumor-immune interface, including changes in immune checkpoint expression, antigen presentation, and T-cell exhaustion, will require longitudinal multi-omic analyses of patient samples collected before and after treatment.

    Additional questions concern the broader ecological context of KRAS-driven cancers. Emerging evidence suggests that the gut microbiome may influence immunotherapy efficacy, raising the possibility that microbiome-targeted interventions could enhance anti-tumor immunity in selected KRAS-mutant populations. Likewise, the extensive spatial heterogeneity observed in many KRAS-driven tumors complicates biomarker development and therapeutic decision-making. Integrating spatial transcriptomics, multiplex imaging, and liquid biopsy technologies may improve characterization of the dynamic interactions between KRAS-mutant clones and immune effector populations. Addressing these challenges will require multidisciplinary collaboration, advanced experimental models that more accurately recapitulate human tumor-immune ecology, and carefully designed clinical trials with robust translational endpoints. Such efforts will be essential to realizing the full potential of precision immunotherapy in KRAS-mutant malignancies.

    Oncogenic KRAS is a central hub in cancer biology, orchestrating tumor initiation, progression, and immune escape through multifaceted molecular mechanisms. Its role extends beyond direct oncogenic signaling, as KRAS mutations profoundly reshape the TME, metabolic networks, and immune landscape. By influencing pathways such as RAF-MEK-ERK and PI3K-AKT-mTOR, KRAS mutations promote sustained proliferation, resistance to apoptosis, and metabolic reprogramming. These mutations also foster immune evasion by downregulating antigen presentation, modulating cytokine secretion, and reshaping stromal interactions, collectively diminishing the efficacy of immune-based therapies. As such, the study of KRAS has shifted from a narrow focus on oncogenic signaling to a holistic understanding of its role in driving tumor-immune dynamics and therapeutic resistance. Therapeutically, the emergence of KRAS inhibitors such as sotorasib and adagrasib has marked a landmark achievement after decades of being deemed “undruggable.” However, the transient nature of responses and the rapid evolution of resistance underscore the complexity of targeting KRAS-driven malignancies. Mechanistic studies reveal that adaptive resistance arises through pathway reactivation, metabolic compensation, or lineage plasticity. Combination approaches, including dual targeting of KRAS and downstream effectors or pairing with ICIs, are showing promise in overcoming these adaptive mechanisms. Furthermore, immunotherapeutic strategies targeting KRAS-derived neoantigens through vaccines, bispecific antibodies, or TCR-engineered cells have revitalized the concept of personalized immuno-oncology, despite challenges posed by HLA restriction and antigen processing.

    Bibliometric analysis integrated into this review shows that KRAS research has matured into a multidisciplinary field spanning molecular oncology, immunology, and bioinformatics. The exponential rise in publications over the past two decades reflects global scientific engagement, with major contributions from the United States, China, Japan, and Italy. This scholarly expansion parallels the clinical translation of KRAS-targeted therapies and marks a paradigm shift from descriptive biology to precision medicine and immunoengineering. These trends not only demonstrate the scientific community’s recognition of KRAS as a pivotal therapeutic target but also underscore the collaborative nature of innovation in cancer research. KRAS-driven cancers epitomize the intersection of oncogenic signaling, metabolic adaptation, and immune regulation. Continued progress depends on integrating structural biology, systems immunology, and clinical oncology to unravel KRAS’s multifaceted influence on tumor behavior. The future of KRAS research lies in exploiting its vulnerabilities through rationally designed combination therapies, predictive biomarker frameworks, and global collaboration to translate mechanistic insights into durable clinical benefit. By bridging molecular mechanisms with therapeutic innovation, KRAS may ultimately transform from a symbol of therapeutic resistance into a cornerstone of precision immuno-oncology.

    Recent evidence indicates that KRAS mutations are not functionally equivalent in their effects on immune microenvironment remodeling and instead display allele-specific immunobiological features. Among the most prevalent variants, KRAS G12C has been consistently associated with a relatively inflamed TME, characterized by higher tumor mutational burden, increased CD8+ T-cell infiltration, and enhanced sensitivity to interferon-γ signaling, collectively contributing to elevated PD-L1 expression. In contrast, KRAS G12D is more frequently linked to an immunosuppressive phenotype, with enrichment of MDSCs, reduced antigen presentation, and activation of cytokine programs such as IL-10 and TGF-β that dampen effective anti-tumor immunity. KRAS G13D appears to occupy an intermediate or context-dependent position, with some studies reporting modest immune activation but less consistent PD-L1 upregulation than with G12C. These differences are partly mediated by differential engagement of downstream signaling pathways, including the MAPK and PI3K-AKT axes, which influence both tumor-intrinsic transcriptional programs and the composition of the surrounding immune milieu. Importantly, the immunological consequences of KRAS mutations are further shaped by co-occurring genomic alterations that modulate response to ICB. For example, co-mutation with TP53 is generally associated with a more inflamed phenotype and improved responsiveness to PD-1/PD-L1 inhibitors, whereas concurrent alterations in STK11 or KEAP1 are linked to immune exclusion, impaired STING signaling, and resistance to ICB, regardless of KRAS allele subtype. Notably, KRAS G12C tumors harboring TP53 mutations tend to exhibit the most favorable immunotherapy responses, while KRAS G12D/STK11 or KRAS G12D/KEAP1 combinations are often refractory. These observations underscore the need to consider both KRAS mutation subtype and co-mutation context when stratifying patients and predicting immunotherapy outcomes, as allele-specific signaling and genomic background jointly define tumor-immune interactions.

    Oncogenic activation of KRAS in cancer drives a multifaceted program of immune modulation that promotes tumor immune evasion through both cell-intrinsic and microenvironmental mechanisms. KRAS-mutant tumors constitutively signal through downstream pathways such as the MAPK/ERK and PI3K-AKT-mTOR pathways, leading to transcriptional reprogramming that upregulates immunosuppressive cytokines, including IL-10 and TGF-β, while enhancing secretion of chemokines such as CXCL8 that recruit MDSCs and TAMs into the TME. Concurrently, KRAS activation suppresses antigen presentation by downregulating MHC-I expression, thereby impairing recognition by cytotoxic CD8+ T cells, and can increase expression of immune checkpoint ligands such as PD-L1, further attenuating T cell activity via PD-1 engagement. KRAS-driven tumors also exhibit metabolic rewiring, characterized by increased glycolysis and lactate production, which acidifies the microenvironment and inhibits effector T-cell and NK-cell function while favoring Treg expansion. Additionally, KRAS signaling can induce expression of factors such as GM-CSF that skew hematopoiesis toward immune suppressive lineages, and activate transcription factors such as MYC and HIF-1α that further reinforce immune exclusion and tolerance. Collectively, these processes establish an immunologically “cold” TME that resists immune surveillance and reduces responsiveness to immunotherapies, making KRAS not only a driver of oncogenesis but also a central orchestrator of tumor-immune system interactions.

    Recent efforts to stratify KRAS-mutant tumors by allelic variant (G12C vs. G12D/V) and co-mutation patterns have generated important biological hypotheses, but their clinical interpretation requires caution. Much of the available evidence comes from retrospective, relatively small cohorts with limited statistical power and potential selection bias, which constrains the strength of subtype-specific conclusions. KRAS G12C is enriched in smoking-associated NSCLC and frequently co-occurs with higher tumor mutational burden (TMB), a factor independently associated with improved responsiveness to ICIs. This confounding relationship complicates the direct attribution of observed immunotherapy benefit to the KRAS variant itself rather than to the broader genomic context. Moreover, emerging data suggest that differences between KRAS subtypes may be more quantitative than qualitative, and that their clinical relevance may vary with tumor type, co-mutation landscape, and treatment modality, underscoring the need for prospective validation in biomarker-enriched populations. Similarly, the clinical impact of common co-mutations such as TP53, STK11, KEAP1, and LRP1B should not be interpreted as uniformly predictive of immunotherapy response. STK11 and KEAP1 alterations are consistently associated with poorer outcomes; however, accumulating evidence indicates that these effects are at least partly prognostic rather than purely predictive of ICI resistance, reflecting aggressive tumor biology and immune-cold microenvironments. In contrast, TP53 co-mutation has been linked in some cohorts to more inflamed phenotypes and higher PD-L1 expression, yet this association is not consistently predictive across studies. Importantly, these relationships are highly context-dependent and may differ by line of therapy, PD-L1 expression level, and whether patients receive ICI monotherapy versus chemo-immunotherapy combinations. These considerations highlight that KRAS mutation subtypes and co-alterations should be viewed as components of a broader, multifactorial biomarker framework rather than deterministic predictors of therapeutic response, reinforcing the need for integrative and prospective approaches to patient stratification.

    Despite these advances, most KRAS-driven malignancies remain difficult to treat, and durable clinical responses remain the exception rather than the rule. Although KRAS G12C inhibitors have shown meaningful activity in selected settings, particularly in NSCLC, responses are often transient and limited by the emergence of resistance through diverse adaptive mechanisms. Similarly, although ICIs have improved outcomes in subsets of KRAS-mutant tumors, their efficacy remains highly heterogeneous and is not uniformly predictable across codon variants, co-mutation patterns, or tumor types. Notably, PDAC and most CRC continue to exhibit profound resistance to both immunotherapy and KRAS-targeted strategies, highlighting a major unmet clinical need. Furthermore, combination approaches integrating KRAS inhibition with immunotherapy, while promising, are not yet standardized and remain constrained by toxicity, incomplete validation, and uncertainty about optimal sequencing and patient selection.

    In parallel, efforts to develop codon-specific and co-mutation-informed precision immunotherapy remain in early stages, and many proposed biomarkers lack prospective validation or harmonization across studies. Variability in assay platforms, cutoff definitions, and clinical contexts continues to limit the reproducibility and clinical applicability of biomarkers such as PD-L1, tumor mutational burden, and co-mutation signatures. As a result, much of the current biomarker landscape remains hypothesis-generating rather than practice-defining. Moving forward, the field will require rigorously designed, prospective trials with integrated translational endpoints to clarify the predictive versus prognostic roles of KRAS-associated features. Addressing these challenges will be essential to transitioning from descriptive and associative frameworks to a standardized, clinically actionable model that reliably guides treatment decisions and improves long-term outcomes in KRAS-driven cancers. Notably, the single-patient case reports discussed herein are explicitly identified as anecdotal evidence and should be interpreted with caution, serving primarily as hypothesis-generating observations rather than conclusive clinical evidence.
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