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    Abstract

    

    Dysregulated mitosis is a therapeutic vulnerability in cancer, but the consequences of mitotic targeting extend beyond tumor-cell death. Chromosome missegregation, micronucleus formation, and chromatin-bridge exposure can activate cytosolic DNA sensing and alter inflammatory signaling, immune recognition, and stromal interactions within the tumor microenvironment (TME). These responses are not uniformly antitumor. Acute mitotic perturbation may enhance innate immune activation and tumor-cell susceptibility to immune elimination, whereas persistent chromosomal instability can promote inflammatory adaptation, myeloid immunosuppression, and immune escape. This distinction has important implications for combining antimitotic agents with immunotherapy. Here, we examine the molecular mechanisms linking mitotic disruption to TME remodeling, with particular emphasis on signaling through cyclic GMP–AMP synthase (cGAS) and stimulator of interferon genes (STING), immune checkpoint regulation, myeloid-cell responses, and stromal reorganization. We evaluate combination strategies involving immune checkpoint blockade, innate immune modulation, myeloid targeting, radiotherapy, and cell-death-enhancing interventions. Although preclinical studies provide mechanistic support for several approaches, clinical evidence remains uneven, and the immune consequences of individual antimitotic agents are difficult to predict across tumor types. We propose a testable framework integrating baseline chromosomal instability, p53 status, innate immune competence, and early treatment-induced biomarkers to guide therapeutic selection and scheduling. Translating this framework into clinical practice will require prospective validation, clearer separation of drug-specific effects from general mitotic stress responses, and evidence that immune remodeling improves patient outcomes.
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    1. Introduction

    

    Chromosome imbalance and defective chromosome segregation can contribute to genomic instability and tumor development (1, 2). This understanding provided part of the rationale for developing microtubule-targeting agents, including taxanes and vinca alkaloids, as anticancer therapies (3, 4). Historically, the therapeutic focus has been largely tumor cell-intrinsic, emphasizing the dependence of proliferating cancer cells on coordinated spindle assembly, chromosome segregation, and cytokinesis (5, 6). Disrupting these processes can trigger mitotic arrest, chromosome missegregation, or cell death, although the outcome depends on the extent of mitotic damage and tumor cells' capacity to adapt (7–10). More recently, research on chromosomal instability (CIN) has established that mitotic errors can generate micronuclei and chromatin bridges, providing potential sources of cytosolic DNA (11, 12). Recognition of this DNA by innate immune sensing pathways, particularly cGAS–STING, can initiate inflammatory signaling that extends beyond the affected tumor cell (13, 14). However, these responses do not uniformly promote antitumor immunity. Depending on the persistence of genomic instability and the surrounding immune context, mitotic stress may contribute to either immune activation or tumor-promoting inflammatory adaptation (15, 16). Thus, mitotic disruption should be considered not only a mechanism of tumor-cell injury but also a potential regulator of tumor microenvironment (TME) remodeling.

    Tumor mitosis often occurs under replication stress, centrosome amplification, spindle defects, altered checkpoint regulation, and pre-existing genomic instability (1, 17, 18). Genomic instability is an important feature of cancer, and patterns of chromosomal instability vary across tumors (19, 20). These observations motivate investigation of context-specific therapeutic vulnerabilities but do not establish dependence on a particular mitotic target. Chromosomal instability can drive gene amplification through chromothripsis (21), while whole-genome doubling can create distinct dependencies on mitotic machinery (22). Selected aneuploid cancer cells are vulnerable to mitotic checkpoint inhibition (23), and whole-genome duplication can also generate genetic instability during the subsequent S phase (24). These are distinct mechanisms; sensitivity to checkpoint inhibition cannot be inferred from weakened checkpoint control alone. However, these vulnerabilities are not universal, as their therapeutic significance depends on tumor lineage, the extent of pre-existing mitotic dysfunction, and the capacity of tumor cells to adapt. This vulnerability has motivated therapies targeting microtubules, Aurora kinases, PLK1, survivin, and other components of spindle assembly, chromosome segregation, and cytokinesis (3, 25–27). However, the clinical activity of many next-generation antimitotic drugs has been limited by toxicity in proliferative normal tissues, incomplete target exposure, mitotic slippage, adaptive stress responses, and intratumoral heterogeneity (25, 28–32).

    Importantly, mitotic perturbation can have consequences beyond immediate tumor-cell death. Mitotic checkpoint dysregulation and abnormal mitotic progression can generate chromosome abnormalities or polyploid states, and some affected cells remain viable (2, 33, 34). These abnormalities may alter cytosolic DNA sensing and downstream inflammatory signaling (11, 12). However, the immunological consequences are context-dependent. Acute mitotic injury may promote antitumor immune activation, whereas persistent chromosomal instability can favor chronic inflammation, myeloid immunosuppression, and immune escape (13–15, 35).

    In this Review, we use these observations to propose a unifying framework in which mitosis-targeting therapy is considered not only a cytotoxic intervention but also a potential inducer of transient tumor-state and microenvironmental change. We emphasize that 'state conversion' is an organizing concept rather than a clinically validated therapeutic category. A central, testable hypothesis is that the quality, duration, and resolution of mitotic injury determine whether the induced state becomes immune-activating, immune-suppressive, or tumor-adaptive, and therefore which combination therapy, if any, is most likely to be effective.

    This framework has important translational implications because the therapeutic consequences of mitotic perturbation depend on the immune and stromal context of the tumor microenvironment. Related evidence from G1-directed CDK4/6 inhibition shows that cell-cycle interventions can enhance antigen presentation and T-cell activation (36, 37). These findings provide a basis for comparison with mitotic targeting rather than direct evidence of its effects. CDK4/6-related signaling can regulate PD-L1 stability (38), while abemaciclib enhanced immune activation and anti-PD-L1 efficacy in preclinical models (39). Post-translational regulation is an additional layer of checkpoint control (40). YM155 has also been investigated with docetaxel in preclinical melanoma models, providing a separate example of combining a survivin-directed approach with a microtubule-targeting agent (41). Innate immune modulation, myeloid targeting, radiotherapy, and cell-death-enhancing interventions offer additional candidate partners, as discussed below. However, these approaches differ substantially in mechanistic rationale and clinical validation, and their benefits cannot be assumed across tumor types. The central question is therefore not simply whether an antimitotic drug disrupts cell division, but whether the resulting tumor and TME changes can be reliably measured, linked to therapeutic vulnerabilities, and exploited within an appropriate treatment window before adaptive resistance emerges.

    On the basis of this perspective, this Review is organized into four major sections. First, we summarize the molecular control of tumor cell division and the principal therapeutic vulnerabilities embedded within this machinery. Second, we discuss how mitosis-targeting therapies remodel the TME through CIN, cytosolic DNA sensing, inflammatory rewiring, NK cell recognition, and immune checkpoint regulation, thereby shaping antitumor immunity. Third, we outline rational combination strategies built upon these mechanisms, including integration with immune checkpoint blockade, innate immune agonism, myeloid reprogramming, and radiotherapy. Finally, we consider the key translational challenges that must be addressed, including efficacy, biomarker development, treatment scheduling, and toxicity management, if cell-division-targeting strategies are to be fully integrated into next-generation cancer immunotherapy.

    2. Tumor cell division control and therapeutic targeting of mitotic vulnerabilities

    2.1 The mitotic program as a therapeutic target

    Faithful mitosis requires coordinated mitotic entry, centrosome maturation, bipolar spindle assembly, chromosome congression, spindle-assembly checkpoint satisfaction, chromosome segregation, mitotic exit, and cytokinesis (5–8). In tumor cells, this machinery often operates under replication stress, supernumerary centrosomes, abnormal kinetochore-microtubule attachments, altered checkpoint regulation, and pre-existing genome instability (7, 18, 42, 43). Recent reviews discuss how mitotic dysregulation may create therapeutic opportunities, while emphasizing differences among targets, agents, and tumor contexts (44–46).

    This stress-dependent reliance on the mitotic machinery creates a therapeutically exploitable vulnerability. Tumor cells depend on continued cell division to sustain growth, yet many operate under structural, mechanical, and genomic constraints that reduce their tolerance to further mitotic disruption (47–49). This principle helps explain why mitotic regulators, including Aurora kinases, PLK1, spindle-assembly checkpoint components, kinesins, microtubules, and cytokinetic machinery, have long been considered attractive anticancer targets (47, 50–53). These components are not merely executors of mitosis; they also help stabilize a division program that is already functioning under substantial cellular stress (Figure 1).

    [image: Diagram of replication stress, centrosome abnormalities, spindle attachment errors, and checkpoint dysregulation converging on mitotic vulnerabilities that may be targeted in selected cancer cells.]

    Figure 1. Tumor cell division control and therapeutic targeting of mitotic vulnerabilities. The schematic illustrates major stresses that destabilize mitosis in tumor cells, including oncogene-driven replication stress, supernumerary centrosomes, aberrant kinetochore-microtubule attachments, altered checkpoint regulation, and pre-existing genome instability. Arrows indicate convergence of these stresses on stress-adapted but vulnerable mitotic machinery, creating vulnerabilities that can be exploited by therapies targeting mitotic regulators, spindle function, and cytokinesis. Created in BioRender. Yu, F. (2026) https://BioRender.com/u8bdle7. The authors reviewed the illustration for scientific accuracy. Abbreviations: CIN, chromosomal instability; SAC, spindle assembly checkpoint.

    However, the therapeutic significance of mitotic vulnerability extends beyond direct tumor cell killing. When mitotic control is disrupted, tumor cells may undergo apoptosis or enter mitotic catastrophe, which can culminate in cell death or senescence. Other cells may survive with chromosome missegregation, micronuclei, chromatin bridges, polyploidy, or persistent chromosomal instability (9, 33, 34, 54). Surviving cells can exhibit abnormal post-mitotic states (9). Reviews of genome instability and immunity describe context-dependent inflammatory and immune consequences of such abnormalities, rather than a uniform immune response (55–57). Thus, the same vulnerabilities that make mitosis an attractive cytotoxic target also create a route through which cell-division perturbation can remodel the tumor microenvironment.

    2.2 Dependence on mitotic regulatory kinases

    Mitotic kinases such as Aurora A, Aurora B, and PLK1 are central components of the regulatory network that coordinates mitotic progression and enables cells to cope with mitotic stress (5, 47, 50–52). Their dysregulation can support malignant proliferation while simultaneously creating therapeutic vulnerabilities. Importantly, however, tumor dependence on these kinases is determined not simply by expression level, but also by lineage, cellular state, and the extent of pre-existing mitotic dysfunction (44–46, 58).

    Aurora kinases occupy a central position in the mitotic regulatory network. Aurora A primarily controls centrosome maturation, spindle assembly, and mitotic entry, whereas Aurora B, as the catalytic core of the chromosomal passenger complex (CPC), governs chromosome alignment, correction of kinetochore-microtubule attachment errors, and cytokinesis (50–52). In many cancers, Aurora kinases are amplified, overexpressed, or aberrantly activated, thereby supporting proliferative fitness while simultaneously promoting chromosome segregation defects and genome instability (47, 50, 51). They are therefore both drivers of malignant growth and archetypal nodes for therapeutic mitotic targeting (47, 51).

    PLK1 likewise exerts broad influence over mitotic progression. It coordinates mitotic entry, centrosome dynamics, spindle assembly, chromosome segregation, and cytokinesis, while also participating in stress responses that extend beyond mitosis itself (53, 59, 60). Across multiple tumor types, high PLK1 expression is associated with aggressive disease, rapid growth, and poor prognosis, and PLK1 inhibition can impose substantial proliferative stress (47, 53, 59). Studies and reviews of antimitotic therapies describe heterogeneous cellular responses, including death during mitotic arrest and survival following abnormal mitotic progression (28, 49). The mechanisms underlying these outcomes require agent-specific investigation and should not be assumed to apply equally to every PLK1 inhibitor. These observations indicate that tumor dependence on mitotic kinases is not simply a matter of expression level, but a context-dependent liability shaped by lineage, cell state, and the degree of pre-existing mitotic dysfunction (48, 49). From this perspective, tumor dependence on the cell-cycle kinase network is not merely dependence on proliferative “switches”, but on an integrated support system that enables cells to complete replication and division despite chronic stress (44–46).

    These kinases act not only as executors of cell division, but also as stabilizers of a stressed mitotic state (5, 47, 48). In some tumors, elevated kinase activity mainly sustains proliferative throughput. In others, it buffers chromosome segregation defects, replication stress, or centrosome abnormalities (7, 48, 53). This creates a form of cell-cycle kinase dependence that is highly context-dependent and not fully captured by expression analysis alone (28, 48, 49).

    2.3 Dependence on the cytoskeleton and cell cortex during mitotic progression

    The cytoskeleton provides the structural basis for mitosis: microtubules organize spindle assembly and chromosome segregation, whereas actin, myosin, and the cell cortex control mitotic rounding, cleavage-furrow formation, and cytokinesis (8, 61–63). Tumor cells frequently execute these processes under abnormal mechanical and genomic conditions, creating additional structural vulnerabilities. Microtubule-targeting agents (MTAs) remain the most clinically successful class of mitosis-related drugs. Taxanes stabilize microtubules, whereas vinca alkaloids and related agents destabilize them, but both classes ultimately disrupt spindle dynamics and impair chromosome segregation (3, 9, 10).

    Historically, their activity was often attributed to prolonged mitotic arrest. Later work, however, showed that under exposure conditions more relevant to clinical treatment, MTAs can also induce multipolar divisions, chromosome missegregation, and micronucleation. This distinction is important because it means that MTAs do not simply determine whether tumor cells live or die; they also shape the form of genome stress produced and, consequently, the downstream biological consequences of that stress (4, 64).

    The importance of cortical and cytokinetic machinery is also increasingly evident. Defects in mitotic progression or cytokinesis can produce abnormal cellular outcomes, including polyploidization, cell death, or senescence (34). Whether a particular cortical defect subsequently produces persistent genomic instability or inflammatory signaling requires direct investigation. Dependence on mitotic kinases and dependence on mitotic structures should therefore not be viewed as separate vulnerabilities. Rather, they are functionally intertwined and together determine whether mitosis can still be completed despite accumulated stress. Once this structural support system is disrupted, tumor cells may either undergo rapid death or enter a more unstable, but potentially more adaptive, abnormal state (34).

    Immunogenic cell death provides a general framework for understanding communication between injured tumor cells and the immune system (16). Separately, original studies show that selected MTAs can induce chromosome missegregation on multipolar spindles (64). Whether this mitotic mechanism produces a particular immune outcome requires additional evidence. These immune-relevant effects are context-dependent and should be distinguished from their established cytotoxic activity.

    2.4 Tumor-intrinsic consequences of mitotic targeting

    Targeting mitosis can induce a wide spectrum of tumor-intrinsic outcomes, including mitotic arrest, metabolic dysregulation, apoptosis, senescence, polyploidization and aneuploidization. Mitotic catastrophe describes a response to defective mitosis that can lead to cell death or senescence, rather than a separate terminal death modality (34). These processes and outcomes are neither mutually exclusive nor fixed in sequence. A single tumor cell may arrest in mitosis, undergo slippage, transiently survive in an abnormal ploidy state, and later progress towards delayed cell death, senescence, or continued proliferation with increased genome instability. Such variability can reflect differences in apoptotic competence, cellular context, and the nature or duration of mitotic perturbation (28, 34).

    Non-lethal outcomes of mitotic perturbation, including polyploidization and persistent chromosomal instability (CIN), should not be regarded solely as evidence of incomplete drug efficacy. These abnormal cellular states can have biological consequences beyond immediate cytotoxicity (34). In selected experimental models, drug-induced hyperploidy enhances natural killer (NK) cell recognition, whereas aneuploid senescent cells can activate NF-κB-dependent programs that promote NK-cell-mediated clearance (65, 66). Thus, failure to eliminate tumor cells immediately does not necessarily imply biological irrelevance. Instead, surviving cells may enter altered states that influence subsequent tumor evolution and immune recognition. Whether these changes ultimately favor immune-mediated elimination or tumor adaptation remains an important context-dependent question (Table 1). Immune effects are agent- and model-dependent and should not be assumed for every compound listed. Survivin vaccines are included for comparison and do not directly inhibit the mitotic machinery.

    Table 1. Representative drug classes targeting cell division and mitotic machinery, and their potential immune-microenvironmental consequences.

    
    
    
    
    
    
    
    
    
    
    	Drug class
    	Representative agents
    	Primary target / lesion
    	Tumor-cell consequence
    	Immune or TME-relevant implication
    

    
    
    
    	Microtubule-stabilizing agents
    	Paclitaxel, docetaxel, nab-paclitaxel, cabazitaxel
    	Microtubule dynamics and spindle function
    	Mitotic arrest, multipolar division, chromosome missegregation, micronuclei, apoptosis
    	Agent- and context-dependent ICD and inflammatory effects (10, 16, 67); selected taxane-containing ICB regimens have clinical evidence (68–70)
    

    
    	Microtubule-destabilizing agents
    	Vincristine, vinblastine, vinorelbine, eribulin
    	Microtubule polymerization and spindle assembly
    	Spindle defects, mitotic arrest or slippage, apoptosis; mitotic catastrophe may precede death or senescence
    	Agent-dependent vascular and immune effects; eribulin has preclinical vascular-remodeling evidence (71)
    

    
    	Aurora A-directed inhibitors
    	Alisertib (MLN8237), LY3295668, LSN3321213; ENMD-2076 (multikinase inhibitor).
    	Aurora A; ENMD-2076 also inhibits angiogenic kinases including VEGFRs and FGFRs (72).
    	Abnormal spindle formation, polyploidy, micronuclei, apoptosis or senescence.
    	Preclinical PD-L1, interferon, and myeloid effects (73–76); early clinical alisertib–ICB evidence is limited (77).
    

    
    	Aurora B / pan-Aurora inhibitors
    	Barasertib (AZD1152), danusertib, tozasertib.
    	Aurora B-dependent chromosome segregation and cytokinesis; multiple Aurora kinases for pan-inhibitors.
    	Failed cytokinesis, polyploidization, chromosome segregation errors.
    	Potential effects on DNA sensing and CIN; immune consequences require agent-specific validation (50, 51, 78).
    

    
    	PLK1 inhibitors
    	Volasertib, onvansertib, BI 2536.
    	PLK1-dependent mitotic entry, spindle assembly, and cytokinesis.
    	G2/M accumulation, spindle defects, apoptosis; sensitivity depends on tumor context.
    	Clinical combinations with chemotherapy have been studied (27, 29); immune-state-based combinations remain investigational (44).
    

    
    	MPS1/TTK inhibitors
    	BOS172722, BAY 1217389, CFI-402257, OSU13.
    	Spindle assembly checkpoint.
    	Premature mitotic progression, chromosome missegregation, aneuploidy, and cell death.
    	DNA-sensing and immunotherapy effects have been reported with decitabine followed by pulse MPS1 inhibition (79), and with OSU13 in selected preclinical models (80). Equivalent effects are not established for every listed agent.
    

    
    	Kinesin/spindle motor inhibitors
    	Filanesib (ARRY-520), ispinesib, litronesib.
    	Mitotic kinesins, particularly Eg5/KIF11.
    	Monopolar spindle formation, prolonged mitotic arrest, apoptosis or slippage.
    	Immune effects remain incompletely characterized; clinical development has encountered efficacy and tolerability limitations (48, 49).
    

    
    	Survivin-related therapies
    	YM155; survivin antisense oligonucleotides; survivin-targeted vaccines.
    	Modality-dependent: survivin depletion; survivin antigen targeting by vaccines, which do not directly inhibit mitosis; or YM155-associated SLC35F2-dependent genotoxic activity (81).
    	Survivin depletion: apoptosis sensitization and CPC-related mitotic defects; vaccines: no direct mitotic lesion.
    	YM155–docetaxel combinations have preclinical antitumor evidence (41); this study does not establish immune remodeling or cGAS–PD-L1 regulation.
    

    
    

    Abbreviations: CIN, chromosomal instability; CPC, chromosomal passenger complex; FGFR, fibroblast growth factor receptor; ICD, immunogenic cell death; ICB, immune checkpoint blockade; KIF11, kinesin family member 11; MPS1, monopolar spindle 1 kinase (TTK); PD-L1, programmed death-ligand 1; PLK1, polo-like kinase 1; SLC35F2, solute carrier family 35 member F2; TME, tumor microenvironment; VEGFR, vascular endothelial growth factor receptor.

    2.5 Why mitosis-targeting therapy often underperforms

    The limited efficacy of mitosis-targeting therapy, particularly as monotherapy, reflects both pharmacological and biological constraints. First, toxicity and pharmacological limitations can restrict effective treatment of tumor cells while sparing normal proliferative tissues (49). Second, inducing chromosome abnormalities does not necessarily eliminate affected cells; experimental checkpoint dysregulation can generate abnormalities compatible with tumor development (2). Third, tumor cells may survive prolonged arrest or abnormal mitotic progression (28, 34). Fourth, intratumoral heterogeneity can produce differences in susceptibility to mitotic disruption, while chromosome segregation errors may generate additional genomic diversity among surviving cells.

    These limitations help explain why disrupting mitosis does not consistently translate into durable therapeutic responses. Importantly, the in vivo consequences of mitosis-targeting agents are not limited to suppression of tumor-cell proliferation. Increasing evidence indicates that selected agents can modulate immune-related molecules on tumor cells. For example, Aurora A inhibition can alter PD-L1 expression, while nuclear Aurora A can regulate PD-L1 transcription (75, 82). These agent-specific findings should be distinguished from the general mechanisms of checkpoint-protein turnover discussed in reference 40. Persistent CIN can promote inflammatory adaptation and suppressive microenvironmental changes in selected tumor models (13, 15). Whether a particular antimitotic treatment generates the same persistent state requires direct assessment. Poor efficacy therefore does not always mean tumor-cell killing is simply insufficient; it may also reflect complex adaptive responses, some of which partially counteract the intended antitumor effect.

    The clinical experience with alisertib provides a representative example of the challenges associated with translating mitotic targeting into therapeutic benefit. Despite strong preclinical rationale, the TBCRC041 phase II trial in endocrine-resistant metastatic breast cancer did not show a clear advantage of alisertib plus fulvestrant over alisertib alone (83). Although this trial did not establish a benefit from adding fulvestrant to alisertib in the studied population, its findings cannot determine whether immune-directed combinations would be effective in other therapeutic settings. The result instead highlights the need to distinguish inadequate target engagement, tumor-intrinsic resistance, and treatment-induced microenvironmental adaptation before selecting combination partners. These considerations motivate testing antimitotic agents as potential modifiers of tumor and microenvironmental states, in addition to their established cytotoxic effects. Such remodeling may provide additional therapeutic value in rationally selected combination strategies, but its contribution to clinical benefit remains to be established through prospective studies incorporating mechanistic and immune-response biomarkers.

    3. Tumor microenvironment remodeling induced by mitosis-targeting therapies

    The effects of mitosis-targeting therapies extend beyond suppression of tumor-cell proliferation, as mitotic injury can alter communication between malignant cells and the surrounding tumor microenvironment (TME). Tumor cells exposed to mitotic stress may release inflammatory mediators, damage-associated signals, and chemokines that influence immune-cell recruitment, activation, and local inflammatory responses (13, 15). However, the biological consequences of these signals depend on the broader immune context, including the abundance, polarization, and functional states of macrophage populations (84–86). These responses can affect the composition and functional state of tumor-associated macrophages, neutrophils, and other myeloid populations, potentially shifting the balance between antitumor immunity and immunosuppression (87–89).

    Importantly, changes in immune-cell abundance do not necessarily indicate improved antitumor function, as recruited populations may acquire distinct inflammatory or suppressive phenotypes depending on local signaling conditions. Myeloid-derived suppressor cells (MDSCs) and cancer-associated fibroblasts (CAFs) also regulate immune suppression and tissue organization, contributing to complex interactions among inflammatory signaling, stromal remodeling, and immune-cell accessibility (90–92). Selected drug formulations and microtubule-targeting agents can also alter stromal or vascular compartments, potentially modifying tissue architecture and immune-cell trafficking, although these effects need not depend on mitosis in the affected non-malignant cells (71, 93, 94).

    However, these effects vary with the therapeutic agent, drug exposure, tumor type, and pre-existing microenvironmental conditions. The timing and persistence of treatment-induced signaling may further influence whether these changes support effective immune responses or create conditions that favor adaptive resistance. Consequently, mitotic perturbation should not be assumed to produce uniformly beneficial immune remodeling, and distinguishing tumor-cell-mediated effects from direct actions on non-malignant cells remains an important challenge for combination therapy development. This distinction is particularly relevant when interpreting preclinical studies in which cytotoxicity, inflammatory activation, and stromal alterations occur simultaneously. Overall, these effects may favor immune activation, adaptive inflammation, or immunosuppression depending on the type, intensity, and persistence of the perturbation (Figure 2).

    [image: Diagram showing how mitotic perturbation may alter DNA sensing, immune recognition, and stromal interactions, producing context-dependent immune activation or tumor-promoting adaptation.]

    Figure 2. Tumor microenvironment remodeling induced by mitosis-targeting therapies. Mitotic stress can generate chromosomal instability (CIN), micronuclei, and chromatin bridges that can engage cyclic GMP–AMP synthase (cGAS)–stimulator of interferon genes (STING) signaling and associated interferon (IFN), NF-κB, cytokine, and programmed death-ligand 1 (PD-L1) responses in permissive contexts. Micronucleus formation or cGAS recruitment alone does not establish pathway activation. The green route summarizes potentially immunogenic outputs, including dendritic-cell (DC) activation, CD8+ T-cell infiltration and natural killer (NK)-cell recognition; the red route summarizes potentially immune-suppressive or tumor-adaptive outputs, including recruitment of tumor-associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) and neutrophils, cancer-associated fibroblast (CAF) remodeling and checkpoint adaptation. Green and red elements denote immune-activating and immune-suppressive consequences, respectively. Arrows summarize proposed signaling or cellular relationships and do not imply direct causality or universal responses. The acute and chronic routes are conceptual, context-dependent patterns rather than a universal temporal sequence. Changes in MHC class I have different consequences for T-cell and NK-cell recognition; increased MHC class I should not be interpreted as a general NK-activating signal. Created in BioRender. Yu, F. (2026) https://BioRender.com/2g782oa. The authors reviewed the illustration for scientific accuracy. Abbreviations: cGAMP, cyclic GMP–AMP; DAMPs, damage-associated molecular patterns; ECM, extracellular matrix; IRF3, interferon regulatory factor 3; ISGs, interferon-stimulated genes; MHC, major histocompatibility complex; NKG2D, natural killer group 2D; TAAs, tumor-associated antigens; TBK1, TANK-binding kinase 1; TCR, T-cell receptor; TME, tumor microenvironment.

    3.1 Direct action on tumor cells to remodel the tumor microenvironment

    3.1.1 CIN as a driver of non-cell-autonomous signaling

    Chromosomal instability (CIN) is increasingly recognized not only as a source of genetic diversity but also as a driver of inflammatory signaling and tumor microenvironment (TME) remodeling (13, 15). Persistent chromosome missegregation generates aneuploidy, lagging chromosomes, chromatin bridges, and micronuclei, some of which expose genomic DNA to cytosolic sensing pathways (17, 18). The cGAS–STING pathway provides a potential connection between genome abnormalities and inflammatory signaling, although its consequences depend on cellular context and pathway competence (95). However, the consequences of this signaling are not uniformly antitumor. Depending on the cellular context and duration of pathway activation, cGAS–STING signaling may promote immune surveillance or contribute to chronic inflammation, immune suppression, and tumor progression (96). These opposing outcomes have important therapeutic implications, as the effectiveness of STING-directed interventions may depend on pathway competence, cellular localization, and the pre-existing immune microenvironment (97). Recent evidence in esophageal adenocarcinoma further demonstrates that CIN can shape the TME through a cGAS–chemokine–myeloid signaling axis, providing a direct link between chromosome segregation defects and immune-cell remodeling (98). Nevertheless, whether these mechanisms operate consistently across tumor types or can be therapeutically exploited following mitosis-targeting treatment remains uncertain. CIN therefore has two separable consequences: it generates genetic diversity that can accelerate tumor evolution, and it can produce DNA structures and inflammatory cues that are sensed by immune and stromal compartments (13, 15). The net outcome is context-dependent; increased immune visibility and tumor-promoting adaptation are both documented consequences of mitotic instability.

    3.1.2 Micronuclei, chromatin bridges, and the cGAS–STING pathway

    Early studies established that cGAS can accumulate on chromatin exposed by micronuclear-envelope rupture, linking genome instability to innate immune signaling (11, 12). However, cGAS recruitment is not equivalent to enzymatic activation or productive downstream STING signaling. The relative contributions of micronuclei and chromatin bridges vary with the type of mitotic or genotoxic stress and require functional pathway assessment (99, 100). These observations extend the significance of mitotic errors beyond tumor-cell death by linking chromosome segregation defects to innate immune recognition. Recent evidence in esophageal adenocarcinoma demonstrates that CIN can reshape the tumor microenvironment through a cGAS–chemokine–myeloid signaling axis, illustrating how genomic instability can influence immune-cell composition (98). More broadly, the cGAS–cGAMP–STING pathway connects cytosolic DNA sensing to inflammatory signaling, senescence, and cancer-associated immune responses (78). Recognition of cytosolic chromatin fragments by cGAS can also promote cellular senescence, indicating that DNA sensing may influence cell fate independently of immediate immune-mediated tumor clearance (101).

    These mechanisms have stimulated interest in therapeutic modulation of STING, although pathway heterogeneity, inflammatory toxicity, and context-dependent signaling remain important translational challenges (102). Importantly, chromosome missegregation can also activate RNA-sensing pathways that enhance antitumor immunity, indicating that immune responses to mitotic errors are not restricted to cytosolic DNA sensing (103). A colorectal-cancer-focused review further illustrates the context-dependent roles of cGAS–STING signaling in cancer immunity and treatment response, but does not establish a general benefit from mitosis-targeting combinations (104). Accordingly, STING-directed strategies offer potential opportunities to enhance antitumor immunity, but their effectiveness depends on the cellular source, intensity, and duration of pathway activation (105). Together, these findings support investigating mitosis-targeting therapies as potential modulators of tumor immune recognition rather than assuming that mitotic damage necessarily produces productive antitumor immunity.

    Subsequent studies have revealed that cGAS–STING activation does not invariably promote antitumor immunity. In chromosomally unstable cancers, persistent activation of this pathway can support tumor-cell survival through IL-6-dependent inflammatory signaling, illustrating how CIN-associated innate immune responses may be redirected toward tumor-promoting adaptation (106). These findings highlight the importance of signaling duration, tumor-cell context, and downstream inflammatory programs in determining the biological consequences of mitotic instability. Thus, therapeutic strategies designed to enhance cGAS–STING signaling must account for its potential to promote tumor survival rather than assuming that increased pathway activation will improve antitumor immunity.

    An important limitation is that micronucleus formation, cGAS recruitment, STING activation, and productive antitumor immunity represent distinct biological events. Evidence for one cannot establish the others. Moreover, tumor-cell-intrinsic STING signaling may produce outcomes different from those arising in dendritic cells or other host immune populations. Studies that measure micronuclei or inflammatory transcripts without confirming pathway activation, cellular source, and immune function may therefore overestimate the immunotherapeutic significance of mitotic injury.

    3.1.3 Not all micronuclei are equally immunogenic

    Not all micronuclei have the same capacity to support innate immune signaling. Micronuclear-envelope rupture can permit cGAS access to chromatin (11, 12), but nucleosome binding can inhibit cGAS enzymatic activity (107). Functional studies further show that cGAS recruitment to micronuclei need not predict cGAMP production, and chromatin bridges can be predominant triggers under particular experimental conditions (99, 100). Micronuclei can also undergo DNA breakage and chromosome pulverization (108), emphasizing that genome remodeling and immune activation are distinct consequences. Thus, micronucleus abundance should be evaluated alongside functional DNA-sensing and immune readouts rather than used as a surrogate for pathway activation (Table 2).

    Table 2. Candidate response patterns after mitotic and related cell-cycle perturbations, and potential immunotherapeutic opportunities.

    
    
    
    
    
    
    
    
    
    
    	Observed or candidate response pattern
    	Representative inducing agents
    	Potential favorable immune outcome
    	Potential unfavorable immune outcome
    	Proposed combination strategy
    

    
    
    
    	Acute mitotic arrest followed by apoptosis
    	Taxanes, vinca alkaloids, Aurora kinase inhibitors, PLK1 inhibitors.
    	Potential ICD-related activation (16); related ploidy and HMGB1 evidence does not establish that apoptosis is immunogenic (109, 110).
    	Myelosuppression, lymphocyte depletion, and impaired immune responses with excessive drug exposure.
    	Potential immune recognition or clearance (65, 66), apoptosis-enhancing combination activity (115), and immune elimination of arrested cells (116); selective targeting of post-mitotic survivors remains unestablished.
    

    
    	Micronuclei- and cytosolic DNA-associated stress
    	Selected microtubule-targeting agents and MPS1/TTK inhibitors; Aurora B inhibitors and radiotherapy combinations, require agent- and regimen-specific validation.
    	Context-dependent cGAS–STING activation; micronuclei or cGAS recruitment alone are insufficient evidence (11, 12, 99, 100).
    	Persistent inflammatory signaling, IL-6-dependent tumor-cell survival, and immunosuppressive adaptation in selected models (13, 15, 106).
    	Investigate checkpoint blockade or STING-directed interventions according to functional pathway activity and tumor immune context; proposed pairings require direct combination evidence.
    

    
    	Checkpoint-adapted inflammatory state
    	Aurora A inhibitors; related G1-directed CDK4/6 and DNA-damage-response interventions for comparison.
    	Context-dependent interferon signaling, antigen presentation, and T-cell recruitment.
    	Context-dependent PD-L1 upregulation, inflammatory adaptation, or impaired immune function (38, 75, 111, 112).
    	Investigate PD-1/PD-L1 blockade in biomarker-selected settings; assess PD-L1, interferon-response signatures, and immune infiltration.
    

    
    	Myeloid-dominant inflammatory remodeling
    	Selected Aurora A inhibitors, mitotic kinase inhibitors, microtubule-targeting agents, and CIN-associated tumor states.
    	Activation of antigen-presenting myeloid populations in selected settings.
    	Suppressive macrophage, neutrophil, or MDSC states can emerge or persist; some Aurora A interventions instead reduce myeloid suppression (15, 73, 113).
    	Evaluate CXCR2 targeting where supported (114). CSF1R-, CCR2-, and PI3Kγ-directed combinations remain context-specific hypotheses requiring direct combination evidence.
    

    
    	Abnormal post-mitotic survivor state
    	Sublethal mitotic kinase inhibition; mitotic slippage following microtubule-targeting treatment.
    	Potential susceptibility to immune recognition and elimination in selected models (65, 66, 116).
    	Persistence of polyploid or aneuploid cells, genomic diversification, treatment resistance, and immune escape.
    	Investigate strategies targeting survival dependencies or immune vulnerabilities of residual cells; determine optimal sequencing experimentally.
    

    
    

    Response patterns may coexist. CDK4/6 and DNA-damage-response inhibitors are included as related interventions, and the proposed combinations have differing levels of evidence and require context-specific validation.

    Abbreviations: CCR2, C-C chemokine receptor 2; CDK4/6, cyclin-dependent kinases 4 and 6; CIN, chromosomal instability; CSF1R, colony-stimulating factor 1 receptor; CXCR2, C-X-C chemokine receptor 2; cGAS, cyclic GMP–AMP synthase; DC, dendritic cell; ICB, immune checkpoint blockade; ICD, immunogenic cell death; IL-6, interleukin-6; MDSCs, myeloid-derived suppressor cells; MPS1/TTK, monopolar spindle 1 kinase; NK, natural killer; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PI3Kγ, phosphoinositide 3-kinase gamma; PLK1, polo-like kinase 1; STING, stimulator of interferon genes.

    3.1.4 Inflammatory rewiring and immune checkpoint adaptation

    Mitotic perturbation can alter tumor-cell transcriptional and secretory programs, influencing communication with surrounding immune and stromal cells. Aurora A inhibition illustrates the context-dependent immunological consequences of these changes. In experimental breast cancer models, Aurora A inhibition can reduce myeloid-mediated immunosuppression and enhance responses to PD-L1 blockade (73). In colorectal cancer models, Aurora A inhibition increased tumor-cell IL-10 expression and promoted CD8+ T-cell infiltration through IL-10 receptor signaling (74). However, these effects are not uniformly immunostimulatory. Aurora A inhibition can increase tumor-cell PD-L1 expression, potentially limiting its antitumor efficacy and providing a rationale for combination therapy (75). In that study, reduced cGAS phosphorylation accompanied STING–NF-κB signaling without detectable TBK1–IRF3 activation, distinguishing this effect from a simple mitotic-error model. In small-cell lung cancer models, Aurora A inhibition has also been associated with restoration of interferon signaling and improved responses to PD-L1 blockade (76). Conversely, nuclear Aurora A can promote PD-L1-mediated immune suppression through MYC-dependent transcriptional regulation in triple-negative breast cancer (82). Together, these findings indicate that Aurora A-dependent immune regulation varies across tumor contexts and that the therapeutic consequences of Aurora A inhibition depend on the balance between immunostimulatory and immune-evasive responses.

    3.1.5 Microtubule-targeting agents as immunologically active therapies

    The immunological effects of microtubule-targeting agents (MTAs) have likely been underestimated for many years. Reviews and selected experimental studies describe immune-related effects of chemotherapy, including paclitaxel-associated inflammatory responses (16, 67, 117). The TONIC trial provides separate clinical context for induction treatment before PD-1 blockade, but did not test a taxane induction arm (118). The immunological consequences of taxane-containing regimens extend beyond direct cytotoxicity, although their contribution to clinical efficacy remains difficult to isolate. Chemotherapy-induced immunogenic cell death can promote the release of tumor antigens and immunostimulatory signals, potentially enabling cooperation with immunotherapy (117).

    More broadly, the immunogenicity of treatment-induced cell death depends on the nature of the cellular damage and the capacity of the surrounding immune microenvironment to respond (119). A commentary proposes that interferon-associated macrophage reprogramming may contribute to paclitaxel-based chemo-immunotherapy; this interpretation should be distinguished from direct experimental evidence (120). Nevertheless, the clinical benefit of taxane-containing immunotherapy regimens cannot be attributed specifically to mitotic stress-induced immune remodeling. Establishing such a contribution will require treatment-specific pharmacodynamic studies and comparative clinical evidence. The immunological consequences of MTAs may also vary with drug selection, dose, and treatment schedule, emphasizing the need to define conditions that favor productive antitumor immunity.

    3.2 Effects on myeloid, lymphoid, and stromal compartments

    3.2.1 Myeloid cells as major responders to mitotic perturbation

    Myeloid cells are important mediators of inflammatory and immunosuppressive responses within the tumor microenvironment. Tumor-associated macrophages can respond to damage-associated signals and inflammatory mediators, influencing antigen presentation, cytokine production, and T-cell activity (86, 87). Myeloid-derived suppressor cells (MDSCs) can further restrict antitumor immunity through multiple suppressive mechanisms, although their abundance and functional states vary across tumor contexts (89, 90). Consequently, inflammatory signals generated by mitotic injury may influence myeloid-cell recruitment and function, potentially promoting antitumor immunity or immunosuppressive remodeling. These responses can arise from tumor-derived signals or direct drug effects on myeloid cells, and the latter need not involve mitosis. For example, macrophage-expressed JAG1 activates NOTCH2 on ovarian cancer cells and promotes paclitaxel resistance in experimental models (113). In breast cancer models, Aurora A inhibition has been shown to reduce myeloid-mediated immunosuppression and enhance the efficacy of anti-PD-L1 therapy (73).

    Overall, the phenotypic and functional plasticity of tumor-associated myeloid cells suggests that changes in myeloid-cell states, rather than lymphocyte abundance alone, may contribute to the microenvironmental consequences of mitotic perturbation (86). Neutrophils deserve special attention in this regard. It is now well established that neutrophils are highly heterogeneous and context-dependent, with functions ranging from direct tumoricidal activity to immunosuppression, angiogenesis, and promotion of metastasis (121–123). This functional diversity makes neutrophils potential downstream mediators of treatment-associated TME remodeling, but their specific contribution after individual mitosis-targeting interventions requires direct validation (121–124). This may be especially important in tumors characterized by strong inflammatory rewiring but weak adaptive immune engagement.

    3.2.2 Lymphoid consequences and reversal of the “immune-cold” state

    The ultimate therapeutic significance of TME remodeling lies in its effects on antitumor immunity. Mitosis-targeting therapies may enhance lymphocyte engagement and antitumor immune recognition in selected tumor contexts. Aurora A inhibition has been shown to promote CD8+ T-cell infiltration through changes in tumor-cell IL-10 production (74), while combined targeting of Aurora A and Bcl-xL has been reported to remodel the immune microenvironment in experimental breast cancer models (115). In KRAS–LKB1-mutant lung cancer models, decitabine followed by pulse MPS1 inhibition restored T-cell infiltration and enhanced anti-PD-1 efficacy, illustrating a combination-dependent route to increased tumor immunogenicity (79).

    However, these findings are largely preclinical, and whether comparable immune conversion can be achieved consistently across tumor types remains uncertain. Nevertheless, increased CD8+ T-cell infiltration does not necessarily indicate restored antitumor immunity. Infiltrating lymphocytes may remain dysfunctional, spatially excluded from malignant cells, or restrained by suppressive myeloid populations. Consequently, claims of immune-cold-to-immune-hot conversion should be supported by functional T-cell measurements and tumor-control outcomes, not infiltration alone. Although these findings support the potential of mitosis-targeting strategies to enhance antitumor immune responses, the extent to which changes in lymphoid infiltration predict therapeutic benefit remains uncertain. Established immunotherapy biomarkers, including PD-L1 expression and tumor mutational burden, have context-dependent predictive value, highlighting the limitations of relying on individual immune measurements (125).

    This point is especially important in the era of cancer immunotherapy. Impaired immune entry, priming, and effector function can coexist in tumors resistant to immune checkpoint blockade. Whether mitosis-targeting treatment can overcome these barriers requires tumor- and regimen-specific evaluation. If mitosis-targeting therapies can alter this state, then an additional therapeutic value may lie in establishing a microenvironmental context in which other therapies become effective (76, 79).

    3.2.3 Stromal remodeling: CAFs, endothelial cells and extracellular matrix

    In addition to immune cells, cancer-associated fibroblasts (CAFs) are increasingly recognized as central regulators of the TME. They are no longer viewed merely as passive structural components, but rather as highly heterogeneous and functionally active stromal cells that shape extracellular matrix architecture, produce immunoregulatory cytokines, restrict T-cell infiltration, and help establish myeloid-suppressive niches (126, 127). As such, CAFs are likely to play an important role in determining how mitosis-targeting therapies influence the broader tissue environment.

    A clinical study of nab-paclitaxel plus gemcitabine, with complementary preclinical analyses, reported stromal alterations and reduced tumor stiffness in pancreatic cancer (93). The contribution of nab-paclitaxel cannot be isolated from the clinical combination alone. However, these stromal effects appear to be context-dependent, as patient-derived xenograft studies have not uniformly observed stromal depletion or increased vascular perfusion after nab-paclitaxel treatment (128). Conversely, CAF-derived matrix signals can reduce sensitivity to microtubule-directed chemotherapy, underscoring a bidirectional interaction between MTAs and the stroma (129). Thus, rather than uniformly depleting CAFs, different MTAs may remodel CAF states and matrix organization in an agent-, dose-, and context-dependent manner.

    Such stromal remodeling may have important consequences for both immune-cell trafficking and drug accessibility. The density and orientation of collagen- and fibronectin-rich stromal networks can directly constrain T-cell migration and prevent lymphocytes from entering tumor-cell nests (130). Moreover, experimental normalization of myofibroblastic CAFs can overcome CAF-mediated CD8+ T-cell exclusion and restore responsiveness to immunotherapy (131). Stromal targeting can also influence therapeutic delivery: selective accumulation of a docetaxel nanoparticle in αSMA-positive tumor-associated fibroblasts reduced stromal density and was associated with a greater than tenfold increase in tumor perfusion in pancreatic cancer models (94).

    Together, these studies provide a mechanistic basis for the idea that MTA-induced changes in CAF contractility, focal-adhesion signaling and extracellular-matrix architecture could lower physical barriers to immune-cell entry and drug penetration. Nevertheless, direct causal evidence demonstrating that MTA-induced CAF cytoskeletal remodeling itself drives improved antitumor immune infiltration remains limited. Endothelial cells provide an additional stromal route through which microtubule-directed therapy can reshape the TME. Eribulin, for example, can remodel abnormal tumor vasculature, increase perfusion, and enhance the intratumoral accumulation of liposomal therapeutics; these vascular changes were also accompanied by increased infiltration of CD11b+ immune cells, while NK-cell depletion partially reduced the antitumor activity of eribulin (71). Thus, changes in vascular organization, tissue stiffness and extracellular-matrix architecture may act in parallel to influence oxygenation, drug delivery, inflammatory gradients and immune-cell accessibility. Future studies should therefore move beyond a tumor cell–immune cell binary and incorporate a broader tissue-level framework that includes tumor cells, immune cells, fibroblasts, vasculature and extracellular matrix.

    Overall, mitotic injury can influence the TME through tumor-derived DNA and inflammatory signals, adaptive checkpoint programs, myeloid and lymphoid responses, and stromal remodeling. For MTAs in particular, emerging evidence indicates that their effects extend beyond mitotic arrest in tumor cells to include effects on fibroblast and stromal organization, extracellular-matrix architecture and tumor vasculature. The relative contribution of each layer varies across tumor types, agents, and treatment schedules, providing the mechanistic basis for the combination strategies discussed below.

    4. Rational combination strategies enabled by mitotic targeting

    Mitotic perturbation can produce diverse cellular outcomes, including prolonged mitotic arrest, mitotic slippage, and cell death, depending on checkpoint activity and the capacity of tumor cells to adapt to mitotic stress (132). However, the clinical limitations of several mitosis-targeting agents show that disrupting cell division does not necessarily translate into durable therapeutic benefit, challenging the assumption that mitotic inhibition alone is sufficient for effective cancer treatment (133). Advances in mitotic targeting have therefore emphasized alternative vulnerabilities and therapeutic strategies that account for the complexity of mitotic regulation and tumor-cell responses (134). Mechanistically, the dynamic regulation of spindle assembly checkpoint signaling helps determine whether cells maintain mitotic arrest or progress despite chromosome segregation defects (135). Building on these observations and the immune and stromal consequences discussed above, we propose tumor-state conversion as an organizing framework rather than an established clinical treatment category. In this framework, mitotic injury may transiently produce immune-activating, checkpoint-adapted, myeloid-suppressive, or residual-survival response patterns that may coexist. Identifying the predominant response and its duration may help guide the selection and timing of combination therapies.

    This framework leads to a testable combination principle: partner therapy should be selected according to the induced state and its timing rather than added empirically. The following strategies are therefore presented with different levels of evidence, from clinically established chemotherapy-ICB combinations to preclinical or hypothesis-generating approaches, and should not be interpreted as equally validated (Figure 3).

    [image: Proposed framework linking mitotic perturbation and measured tumor responses to candidate combinations with checkpoint blockade, innate immune modulation, myeloid or stromal targeting, and cell-death-enhancing therapies.]

    Figure 3. Rational combination strategies enabled by mitotic targeting. The numbered workflow depicts: (1) mitosis-targeting/antimitotic therapy and the resulting division defects; (2) tumor-state transition and tumor microenvironment (TME) remodeling, including chromosomal instability, micronuclei, inflammatory signaling, antigen release, myeloid recruitment and checkpoint adaptation; (3) assessment of the induced biological state; and (4) selection of a mechanistically matched partner, such as immune checkpoint blockade (ICB), myeloid or stromal remodeling, innate immune modulation, or effector-cell and death-enhancing strategies. Arrows indicate the proposed sequence from mitotic injury to state assessment and partner selection; colors distinguish workflow components and candidate response patterns, rather than levels of clinical evidence. The response patterns may coexist and require functional assessment. Antigen release and DNA sensing may occur in parallel, and the arrows do not establish an obligatory causal chain. Created in BioRender. Yu, F. (2026) https://BioRender.com/9ykwzwu. The authors reviewed the illustration for scientific accuracy. Abbreviations: cGAS, cyclic GMP–AMP synthase; IFN, interferon; PD-L1, programmed death-ligand 1; STING, stimulator of interferon genes.

    4.1 Combination with immune checkpoint blockade

    Once mitotic targeting is viewed as a TME-remodeling intervention, combination with immune checkpoint blockade (ICB) becomes not merely an empirical option but a mechanistically supported strategy in selected preclinical settings. Selected mitotic abnormalities can enhance tumor immune recognition, as illustrated by ploidy-associated immunosurveillance (109). Immunogenic cell death provides an additional route to immune priming, but its effectiveness depends on the relevant danger signals and host sensing pathways (110). Interferon-associated responses and changes in T-cell infiltration have also been reported in specific Aurora A- or MPS1-targeted experimental models (74, 76, 79). If these changes can be sustained and amplified in a timely manner, PD-1/PD-L1 blockade may convert transient immune activation into a more durable antitumor response (136, 137). When mitotic perturbation induces PD-L1 expression, checkpoint blockade may counteract one component of adaptive immune resistance. However, PD-L1 induction alone does not establish dependence on the PD-1/PD-L1 axis or predict clinical benefit from its inhibition. Functional immune assessment and tumor-specific validation remain necessary (111, 112, 138).

    Aurora A inhibition provides a representative example of this logic. Alisertib has shown myeloid effects and PD-L1-associated adaptive responses in selected preclinical models (73, 75). In SCLC models, the Aurora A inhibitor LSN3321213 induced mitotic accumulation and restored interferon-associated expression, supporting combination with PD-L1 blockade (76). Thus, combining Aurora A inhibition with PD-L1 blockade has a mechanistic rationale because it may counteract an adaptive immune-regulatory response elicited by Aurora A inhibition. This response can involve direct cGAS regulation as well as changes in cell-cycle state, and the contribution of mitotic disruption itself requires validation (75). Interferon signaling can regulate checkpoint expression and resistance programs (111, 112), but extension of this combination rationale to other mitosis-targeting agents requires agent-specific evidence.

    Clinical evidence supports selected chemotherapy–ICB combinations in defined patient populations, but benefit is not uniform across regimens. IMpassion130 demonstrated improved progression-free survival with atezolizumab plus nab-paclitaxel in advanced triple-negative breast cancer (68), whereas IMpassion131 did not demonstrate a progression-free-survival benefit from adding atezolizumab to paclitaxel (69). KEYNOTE-355 showed an overall-survival benefit from pembrolizumab plus chemotherapy in patients with a PD-L1 combined positive score of at least 10; its chemotherapy options included taxanes or gemcitabine–carboplatin (70). More directly related to mitotic kinase targeting, an early-phase trial of alisertib plus pembrolizumab in refractory, Rb-deficient head and neck squamous cell carcinoma reported prolonged stable disease in some patients but no objective responses (77). These studies support context-specific investigation of combinations, without establishing mitotic stress-induced immune remodeling as the mechanism of clinical benefit or a general indication for all antimitotic–ICB regimens.

    4.2 Combination with myeloid-targeted strategies

    The immunological consequences of mitotic injury may depend partly on how myeloid cells respond to tumor-derived inflammatory signals. Tumor-associated macrophages regulate inflammatory signaling and T-cell responses (86), whereas MDSCs can suppress antitumor immunity through multiple mechanisms (89). Neutrophils exhibit substantial functional plasticity, potentially supporting either antitumor immunity or tumor-promoting inflammation depending on the surrounding microenvironment (122). These observations provide a rationale for combining mitosis-targeting therapies with interventions that modulate suppressive myeloid populations. However, whether such combinations consistently enhance therapeutic efficacy remains to be established.

    This logic is particularly relevant in tumors that, following mitosis-targeting therapy, display marked chemokine rewiring, enhanced myeloid recruitment, or dominance of suppressive myeloid programs. In these settings, the failure of therapy to generate durable benefit may not reflect insufficient inflammation, but rather the fact that inflammation has been organized into an immunosuppressive tissue response. Under such circumstances, blocking selected tumor–myeloid communication pathways provides a testable combination rationale. For example, disrupting CXCR2-mediated MDSC trafficking enhanced anti-PD-1 efficacy in experimental models (114). Broader approaches to macrophage reprogramming or selective modulation of suppressive myeloid populations have additional mechanistic rationales (86, 88–90), but their benefit with specific antimitotic agents remains to be demonstrated.

    Myeloid-targeted strategies may improve the therapeutic consequences of mitotic injury by limiting immunosuppressive responses rather than simply increasing cytotoxic pressure. In tumors characterized by suppressive macrophage activity or MDSC accumulation, interventions that modify myeloid-cell recruitment and function may help restore antitumor immune responses (89, 114). However, combining mitosis-targeting agents with immunomodulatory therapies also requires careful consideration of treatment-related toxicity, with risks evaluated for the particular drugs and schedule. Reports of immune-related adverse events across kinase-targeted cancer therapies provide general safety context rather than combination-specific evidence (139). Thus, the therapeutic potential of these combinations must be evaluated alongside their safety, and whether myeloid-directed interventions consistently enhance responses to mitosis-targeting therapies remains to be established.

    4.3 Combination with innate immune pathway modulation

    The cGAS–STING pathway provides a mechanistic link between mitotic abnormalities and innate immune signaling. Chromosome missegregation, micronucleus formation, and exposure of genomic DNA to the cytosol can activate cGAS-dependent inflammatory responses, connecting mitotic injury to changes in the tumor immune microenvironment (11–13). Upon recognition of cytosolic DNA, cGAS generates cyclic GMP–AMP (cGAMP), which activates STING and downstream signaling pathways involved in type I interferon production and inflammatory gene expression (78, 140). Host STING-dependent DNA sensing supports antitumor immune priming in experimental models (141). Separately, preserving extracellular cGAMP through ENPP1 inhibition enhanced radiation-associated tumor control in mice (142). Whether these mechanisms can improve responses to mitosis-targeting agents requires direct validation.

    However, the therapeutic consequences of cGAS–STING activation are context-dependent. cGAS-mediated sensing of cytosolic chromatin can influence senescence-associated responses (101), while broader reviews describe context-dependent inflammatory and immune consequences of cGAS signaling (140). These findings do not establish that signaling duration alone determines therapeutic benefit. Extracellular cGAMP availability provides another regulatory layer: ENPP1-mediated degradation can limit its immune-stimulatory effects (142). Consequently, the efficacy of these combinations likely depends on pathway competence in both malignant cells and host immune compartments, the intensity and duration of innate immune activation, and the timing of treatment. Their therapeutic benefit requires direct experimental and clinical validation.

    Accordingly, combining mitosis-targeting therapies with innate immune modulators should aim to amplify productive DNA-sensing responses without sustaining tumor-promoting inflammation. The consequences of cGAS–STING activation depend on the cellular context and duration of signaling, making temporal assessment of pathway activation particularly important (13, 78). Persistent inflammatory signaling may also promote tumor-cell survival and adaptive resistance rather than effective immune clearance (106). A further translational concern is that pharmacological STING agonism may not reproduce the spatial and temporal patterns of endogenous DNA sensing following mitotic injury. Therapeutic outcomes may differ depending on whether signaling occurs predominantly in malignant cells, antigen-presenting cells, or stromal compartments. Combination studies should therefore assess pathway competence, cell-specific activation, and signaling duration before interpreting increased inflammatory activity as evidence of therapeutic synergy. Equally important, the biological effects of microtubule-targeting agents in patients cannot be assumed to arise predominantly from mitotic arrest, as their antitumor activity may involve additional mechanisms beyond direct disruption of mitosis (143). Consequently, future combination studies should verify mitotic target engagement and downstream DNA-sensing responses independently rather than assuming that exposure to a microtubule-targeting agent necessarily produces therapeutically relevant cGAS–STING activation.

    4.4 Combination with cell therapy

    Combining mitosis-targeting therapies with cell-based immunotherapy represents an emerging strategy based on the possibility that mitotic abnormalities can increase tumor-cell susceptibility to immune recognition. Mitotic perturbation may generate polyploid or aneuploid cells that exhibit altered stress responses and immune-recognition signals. Experimental studies have shown that drug-induced hyperploidy can stimulate NK-cell responses through NKG2D- and DNAM-1-dependent mechanisms (65). Similarly, aneuploid senescent cells can activate NF-κB-associated signaling that promotes their clearance by NK cells (66). Beyond these mechanisms, centrosome amplification can trigger PIDD1-dependent inflammatory signaling and immunosurveillance, providing another link between abnormal cell division and immune recognition (144).

    More broadly, immunosurveillance contributes to tissue homeostasis by identifying and eliminating cells with potentially harmful abnormalities (145). Consistent with this principle, experimental chromosome missegregation has been shown to generate cells with complex karyotypes that undergo cell-cycle arrest and subsequent immune-mediated elimination (116). Together, these findings suggest that selected mitotic abnormalities may create opportunities for immune-cell-mediated clearance. However, whether these responses can be reliably exploited by adoptive T-cell, NK-cell, or engineered cell therapies remains uncertain, particularly because surviving tumor cells may undergo further adaptation and selection.

    These observations support investigating whether mitotic perturbation creates a transient period of increased susceptibility to NK-cell, CAR-NK-cell, or T-cell-based interventions. Its duration and therapeutic accessibility have not been established. Tumor heterogeneity and clonal evolution can generate populations with different capacities for survival and immune evasion (146), while treatment-associated selection may favor resistant subclones (147). Prospective studies should therefore define the kinetics of stress-ligand expression, immune recognition, and residual-cell survival, while also assessing drug effects on the infused effector cells. This would permit experimental evaluation of whether cell therapy can eliminate post-mitotic survivors and which treatment sequence preserves immune-cell function.

    4.5 Combination with apoptosis-enhancing and ferroptosis-enhancing strategies

    A major limitation of mitosis-targeting therapies is that disruption of mitotic progression does not invariably result in tumor-cell death. Depending on checkpoint activity and cellular stress responses, tumor cells may undergo prolonged mitotic arrest, mitotic slippage, or survival following abnormal division (132). Cells that escape mitotic death may persist with altered ploidy or chromosomal instability, potentially contributing to subsequent therapeutic resistance (33). These outcomes provide a rationale for combining mitosis-targeting agents with apoptosis-enhancing therapies to increase the likelihood of irreversible tumor-cell elimination before surviving populations undergo further adaptation.

    The combination of alisertib and the BH3 mimetic navitoclax (ABT263) illustrates an experimental strategy targeting Aurora A and anti-apoptotic survival signaling. In experimental breast cancer models, this combination has demonstrated synergistic antitumor activity accompanied by changes in the tumor immune microenvironment (115). These findings do not by themselves establish that mitotic disruption mediates the immune effects. Mechanistically, Aurora A inhibition disrupts mitotic regulation and can increase cellular vulnerability to additional therapies, supporting combination approaches designed to overcome the limitations of single-agent treatment (148). Bcl-xL inhibition may further promote apoptosis in tumor cells that would otherwise survive mitotic stress, although the extent of this effect depends on cellular context and apoptotic dependence. More broadly, researchers are investigating Aurora A-targeted combination strategies to improve therapeutic efficacy and limit adaptive resistance (149). Whether accelerated elimination of mitotically damaged cells also reduces persistent inflammatory signaling or improves subsequent antitumor immune responses remains to be established.

    A related example from broader cell-cycle and radiotherapy research illustrates how checkpoint rewiring can engage multiple death programs. In irradiated breast cancer cells, FBXW7-targeted DNAzyme-mediated stabilization of phosphorylated p53 enforced persistent G2 arrest, impaired DNA repair, and enhanced apoptosis, while simultaneously suppressing the SLC7A11–GSH–GPX4 antioxidant axis. Combined with Fe²⁺-mediated Fenton chemistry and radiation-induced ROS, this checkpoint rewiring amplified ferroptotic damage, coupling prolonged cell-cycle arrest with both apoptotic and ferroptotic cell death (150). This genotoxic-stress model illustrates coordinated apoptosis and ferroptosis during prolonged G2 arrest; it does not by itself establish a mechanism involving mitotic arrest.

    An emerging body of evidence further indicates that the relationship between mitotic or cell-cycle perturbation and ferroptosis is highly context-dependent rather than uniformly sensitizing. Ferroptosis is driven by iron-dependent peroxidation of polyunsaturated fatty-acid-containing phospholipids and is tightly controlled by cellular lipid, iron, and redox metabolism (151). A recent breast-cancer study centered on Tongguanteng injection (TGT) provides evidence connecting AURKA-related cell-cycle control to ferroptosis. TGT reduced AURKA expression and was associated with G2/M accumulation, iron accumulation, GSH depletion, and increased lipid peroxidation. AURKA knockdown or alisertib treatment also induced G2/M accumulation and ferroptotic responses. TGT disrupted the AURKA–KEAP1 interaction and promoted NRF2 nuclear translocation and HO-1-associated ferroptosis; AURKA overexpression counteracted TGT effects, while TGT combined with docetaxel enhanced ferroptosis sensitivity (152). These findings suggest that, in specific molecular contexts, targeting a mitotic regulator can simultaneously impair cell-cycle progression and create a ferroptosis-permissive state.

    However, cell-cycle arrest can also establish a ferroptosis-protected state. Cell-cycle arrest induced at different phases, including G2/M accumulation following nocodazole treatment or CDK1 deficiency, has been shown to suppress lipid peroxidation and ferroptosis (153). Mechanistically, arrested cells increase DGAT-dependent triacylglycerol synthesis and lipid-droplet formation, thereby sequestering excess PUFAs away from peroxidation-prone membrane phospholipids. Pharmacological or genetic inhibition of DGAT redirects PUFAs from TAG storage toward phospholipids and re-sensitizes arrested cells to ferroptosis (153). Notably, this mechanism also applies to slow-cycling, therapy-resistant tumor populations that accumulate lipid droplets and display increased ferroptosis resistance; combined DGAT inhibition and ferroptosis induction can overcome this protective state (153).

    A complementary ferroptosis-protective program has been identified following FOXO3 activation in experimental models including hTERT-RPE-1 cells. FOXO3-mediated p27-dependent G1 arrest contributes to resistance to ferroptosis, but the protection extends beyond cell-cycle arrest itself. FOXO3 activation lowers cellular H₂O₂, reduces intracellular iron partly by regulating TFR1, and decreases the expression of ACSL4 and PEX5, collectively limiting hydroxyl-radical generation, lipid peroxidation, and ferroptotic susceptibility (154). These observations further support the concept that cell-cycle state and ferroptosis competence are functionally coupled through metabolic and stress-response programs rather than through cell-cycle arrest alone.

    Taken together, the ferroptotic consequence of mitotic or cell-cycle perturbation appears to depend not on arrest per se, but on accompanying remodeling of PUFA partitioning, iron availability, ROS production, and antioxidant defenses. This context dependence has important implications for combination therapy. Direct ferroptosis induction may be particularly effective when mitotic perturbation increases oxidative stress or labile iron, or suppresses antioxidant defenses, whereas co-targeting adaptive lipid-storage or antioxidant programs may be necessary when arrested cells instead enter a ferroptosis-resistant state. For example, DGAT inhibition may expose PUFA pools that have been diverted into lipid droplets, thereby restoring ferroptosis sensitivity in slow-cycling or treatment-resistant populations (153).

    Future studies should therefore define the metabolic state created by individual mitotic interventions using lipid-peroxidation measurements, ferroptosis-rescue experiments, and biomarkers of PUFA-phospholipid remodeling, iron handling, and antioxidant capacity, rather than assuming that mitotic stress intrinsically sensitizes tumors to ferroptosis. The opposing effects reported across experimental systems also raise a mechanistic attribution problem. G2/M accumulation alone does not distinguish G2 arrest from mitotic arrest. Kinase inhibition, oxidative stress, and altered lipid metabolism often occur together, making it difficult to determine which event drives ferroptotic susceptibility.

    Genetic rescue experiments, orthogonal pharmacological inhibitors, and lipid-peroxidation measurements are needed to separate mitotic arrest from kinase-specific and metabolic effects. Until such evidence is available, ferroptosis-enhancing combinations should be considered context-dependent experimental strategies rather than broadly applicable extensions of antimitotic therapy. Increased ferroptotic tumor-cell death does not by itself establish improved antitumor immunity; combination studies should also assess immune-cell function and immunotherapy outcomes.

    4.6 Combination with radiotherapy and DNA-damaging therapies

    Radiotherapy and other DNA-damaging treatments intersect with mitosis-targeting therapies through their effects on genomic integrity, chromosome segregation, and innate immune signaling. DNA damage that persists into mitosis can contribute to chromosome segregation abnormalities, micronucleus formation, and subsequent exposure of genomic DNA to cytosolic sensing mechanisms (11–13). Recognition of cytosolic DNA by cGAS can activate STING-dependent inflammatory signaling, providing a mechanistic connection between genomic injury and immune responses (78). These observations support investigating whether combining DNA-damaging treatments with selected mitosis-targeting agents can increase tumor immunogenicity by coordinating DNA damage and its downstream consequences. However, greater genomic damage does not necessarily produce stronger antitumor immunity, because persistent chromosomal instability and inflammatory signaling may also promote immune suppression or tumor adaptation (13). Consequently, the therapeutic value of these combinations likely depends on treatment sequence, damage intensity, and the duration of innate immune activation rather than simply the cumulative extent of cellular injury. Agent-specific mechanisms can further alter the immune consequences of genomic damage. For example, HO-1 can redistribute cGAS and STING and blunt radiotherapy-associated immune signaling (155). Such findings reinforce the need to measure functional DNA sensing rather than infer immune activation from damage burden alone.

    A significant translational challenge in combining mitosis-targeting therapies with radiotherapy or other DNA-damaging treatments is determining how treatment intensity, sequence, and scheduling influence the balance between tumor-cell elimination and immune modulation. Experimental mitotic checkpoint dysregulation can generate chromosome abnormalities and promote tumorigenesis (2), reinforcing the need to distinguish genomic injury from effective tumor-cell elimination. Moreover, conventional chemotherapy and targeted anticancer agents can exert immunological effects that extend beyond direct cytotoxicity, with outcomes depending on the nature of treatment-induced cellular stress and its consequences for the tumor microenvironment (156).

    Evidence from chemo-immunotherapy research further emphasizes that the immunological consequences of treatment must be considered when designing combinations intended to enhance antitumor immunity (157). Conversely, tumor heterogeneity, immunoediting, and immune-evasion mechanisms may limit the durability of initially favorable immune responses (158). Together, these observations support investigating treatment schedules that generate sufficient genomic stress to promote tumor-cell elimination and productive immune activation while limiting prolonged inflammatory signaling and selection of resistant populations. Rather than pursuing maximal DNA damage, future studies should test whether a controlled, temporally restricted period of genomic stress can improve therapeutic outcomes. The optimal dose, sequence, and duration of such combinations remain to be established.

    4.7 Delivery systems and biomaterial-enabled strategies

    Precision delivery systems may help address a longstanding limitation of mitosis-targeting therapies: systemic toxicity resulting from drug exposure in normal proliferative tissues. Nanoparticle formulations offer opportunities to modify drug distribution and increase intratumoral exposure. In patients with solid tumors, a direct comparison of nanoparticle-entrapped docetaxel with conventional docetaxel demonstrated differences in intratumoral drug exposure, providing clinical evidence that formulation can influence drug delivery to tumor tissue (159). Similarly, a phase III trial comparing albumin-bound paclitaxel with conventional solvent-based paclitaxel in breast cancer showed that formulation changes can affect clinical efficacy and tolerability, although these benefits do not necessarily establish tumor-selective delivery (160).

    Beyond pharmacokinetic optimization, delivery platforms may also preserve or enhance the immunological activity of microtubule-targeting agents. In experimental tumor models, a paclitaxel-loaded nanomicelle maintained treatment-associated immune activation and improved responsiveness to PD-1 blockade, supporting the potential integration of drug delivery with immunotherapy (161). Local biomaterial-based approaches provide another strategy for coordinating cytotoxic treatment and immune stimulation. In murine hepatocellular carcinoma and breast cancer models, peritumoral administration of an alginate hydrogel containing nab-paclitaxel and the immunostimulant R837 enhanced ICD-associated and antitumor immune responses (162). In addition, researchers have developed cascade-responsive nanosystems to control drug exposure at multiple sites and improve experimental chemo-immunotherapy outcomes (163). Collectively, these findings suggest that delivery platforms may contribute to combination efficacy by influencing drug distribution, local exposure, and treatment-associated immune responses. However, further validation is needed to confirm their ability to improve the therapeutic index of mitosis-targeting immunotherapy combinations.

    More importantly, in the current therapeutic framework, delivery technology should no longer be viewed simply as a formulation-level optimization issue, but as part of the therapeutic mechanism itself. Drug delivery can influence cellular exposure, exposure kinetics, and local treatment effects. Whether these changes coordinate mitotic injury with productive immune remodeling requires formulation-specific pharmacodynamic evidence. If an additional value of mitosis-targeting therapy lies in its ability to induce local immunogenic conversion, then restricting that process as much as possible to the tumor site and coupling it spatiotemporally with immune stimulation carries clear mechanistic significance (159, 161–163). For strategies intended to be combined with immunotherapy, biomaterial platforms may also serve as co-delivery systems that enable local, coordinated release of mitotic inhibitors, innate immune agonists, checkpoint-blocking agents, or myeloid-modulating drugs. Delivery systems may therefore support coordinated combination treatment, while the proposed restoration of immunosurveillance remains a broader biological rationale (164).

    4.8 Biomarkers and patient stratification

    For clinical translation, biomarker development should prioritize a limited set of mechanistically informative variables rather than an unrestricted panel of candidate markers. As a testable baseline framework, we propose three complementary measurements: chromosomal instability (CIN) burden, p53 status, and cGAS–STING pathway competence. CIN refers to ongoing numerical or structural chromosome changes. Candidate assays should distinguish direct measurements of segregation errors or evolving single-cell heterogeneity from static proxies such as aneuploidy, copy-number burden, or whole-genome doubling. The selected CIN-related measure reflects pre-existing chromosome-segregation abnormalities or genomic heterogeneity and has emerged as a potential variable for therapeutic stratification, although its predictive value remains dependent on tumor context and treatment modality (165). p53 status provides information about cellular responses to mitotic stress, including checkpoint regulation, cell-cycle arrest, and survival following abnormal division. Experimental evidence that paclitaxel can induce p53- and p21-associated cell-cycle responses rather than mitotic arrest in a cell-type-dependent manner illustrates the importance of this context (166). Nevertheless, low-dose paclitaxel can also induce a p53-dependent arrest in the subsequent cell cycle (167).

    These studies motivate considering p53 pathway status, but do not validate it as a predictor in the proposed clinical framework. The third variable, cGAS–STING competence in malignant cells and relevant host immune compartments, may be particularly relevant when mitosis-targeting therapies are intended to enhance antitumor immunity. In KRAS–LKB1-mutant lung cancer models, decitabine-mediated STING derepression followed by pulse MPS1 inhibition restored immune infiltration and enhanced anti-PD-1 efficacy (79). This result supports assessing both pathway competence and treatment-induced functional signaling. However, the presence of micronuclei or chromosomal abnormalities does not necessarily establish productive cGAS–STING signaling. Functional pathway assessment may therefore be needed to distinguish tumors capable of mounting an innate immune response from those with impaired downstream signaling. Together, these three variables provide a hypothesis-driven framework for patient stratification that requires prospective validation before clinical implementation.

    Early on-treatment assessment could focus on four complementary features: micronucleus and chromatin-bridge frequency, a compact interferon-stimulated-gene (ISG) score, changes in PD-L1 expression, and shifts in myeloid versus CD8+ T-cell populations. Micronucleus formation and chromatin-bridge accumulation provide morphological indicators of chromosome-segregation abnormalities following mitotic perturbation (11, 12). However, these abnormalities should not be interpreted as direct evidence of functional cGAS activation. Experimental studies have demonstrated that chromatin bridges, rather than micronuclei, can be the predominant triggers of cGAS activation following drug-induced mitotic errors (99). More recent measurements further indicate that cGAS recruitment to micronuclei does not necessarily predict downstream cGAMP production, emphasizing the need for functional pathway assessment (100).

    A compact ISG score could therefore provide a complementary transcriptional readout of inflammatory pathway activation. Paclitaxel-induced micronucleation has been associated with cGAS–STING-dependent inflammatory signaling (168), while TTK inhibition has been shown to activate tumor STING and enhance experimental immunotherapy responses (80). An IFN-γ-related mRNA signature has shown associations with response to PD-1 blockade (169), supporting a role for transcriptional immune monitoring. However, this type II interferon-related signature should not be treated as a validated type I interferon or cGAS–STING-specific assay. In parallel, increased PD-L1 expression may indicate an adaptive checkpoint response following mitotic perturbation, as observed in experimental studies of Aurora A inhibition (75). Finally, changes in myeloid and CD8+ T-cell populations may help distinguish potentially productive immune activation from chronic chromosomal instability-associated immunosuppressive remodeling (15). Together, these measurements provide a hypothesis-driven approach to evaluating whether mitosis-targeting treatment induces an immune-activating, checkpoint-adapted, or myeloid-suppressive tumor state.

    This two-stage biomarker panel is proposed as a testable framework, not a validated clinical assay. Baseline markers could inform patient stratification, whereas early on-treatment measurements could help determine whether mitosis-targeting therapy induces an immune-activating, checkpoint-adapted, or myeloid-suppressive tumor state. Prospective studies will be required to establish the predictive value of these measurements and their utility for guiding treatment selection and timing. Additional exploratory measurements, including direct cGAMP or pathway-activation readouts, can be layered onto this core panel in mechanistic studies, but should not obscure the variables most directly linked to treatment selection and timing. The proposed biomarker panel also faces substantial analytical and biological limitations. Chromosomal instability varies spatially within tumors, p53 mutation status does not fully capture pathway function, and cGAS–STING expression does not necessarily indicate signaling competence. Similarly, interferon signatures and PD-L1 expression can arise through mechanisms unrelated to mitotic perturbation. Prospective studies should establish assay reproducibility, tumor-specific thresholds, sampling intervals, and the incremental predictive value of combined markers before clinical implementation.

    The clinical value of this framework will ultimately depend on prospective validation of predefined assay thresholds and sampling windows, particularly because both CIN and treatment-induced immune responses are dynamic and context-dependent (165, 170). When repeated tumor biopsies are impractical, longitudinal blood-based biomarkers could complement tissue-based measurements to capture systemic treatment responses, while recognizing that liquid biopsy does not fully reproduce the spatial information provided by tumor tissue (170, 171).

    5. Challenges and future perspectives

    5.1 Defining immune-activating versus immune-suppressive mitotic stress

    A central challenge in this field is that mitotic stress is neither uniformly tumor suppressive nor consistently immunostimulatory. Chromosome segregation errors can generate micronuclei that expose genomic DNA to cytosolic sensing mechanisms (11, 12). Under appropriate cellular conditions, activation of the cGAS–STING pathway can induce type I interferon signaling and potentially enhance antitumor immune responses (78). In contrast, persistent chromosomal instability can promote chronic inflammatory signaling and, in certain tumor contexts, contribute to metastatic progression and immune evasion (13, 18). However, the biological consequences of aneuploidy are heterogeneous and depend on cellular context, the extent of genomic imbalance, and the capacity of tumor cells to adapt to chromosomal abnormalities (172). Therefore, the therapeutic objective should not be to maximize mitotic damage indiscriminately, but to induce sufficient tumor-cell vulnerability while limiting the emergence of persistent genomic instability and adaptive survival programs.

    This distinction requires assessment of the biological consequences of mitotic errors rather than their frequency alone. Micronuclei and chromatin bridges can differ in their capacity to expose genomic DNA to cytosolic sensing mechanisms (11, 12). Aneuploidy and polyploidy may produce additional consequences involving altered gene dosage, cellular stress responses, and changes in proliferative capacity (173). Moreover, cells that survive chromosome missegregation can undergo cell-cycle arrest or elimination, illustrating that similar mitotic abnormalities do not necessarily produce equivalent cellular outcomes (116). The immunological consequences of these alterations are likely to depend on DNA accessibility, cGAS–STING competence, inflammatory signaling dynamics, cell-death responses, and interactions with the surrounding microenvironment. Thus, the central question is not simply whether mitotic damage has occurred, but which abnormalities arise, how long they persist, and whether their downstream consequences favor antitumor immunity or tumor adaptation. A useful conceptual framework is to distinguish mitotic stress according to its downstream immune consequences. Cytoplasmic chromatin can engage inflammatory signaling in senescence and cancer (14), and the cGAS–STING pathway provides a broader connection between DNA sensing and cancer-associated immune responses (78).

    These observations support investigating, rather than assuming, an immunogenic consequence of mitotic stress. Evidence of micronucleus formation or inflammatory gene expression should therefore be interpreted alongside functional measurements of DNA sensing, immune-cell activity, and tumor control. In contrast, persistent chromosomal instability may sustain inflammatory signaling and promote tumor adaptation through NF-κB-associated pathways and immunosuppressive microenvironmental changes (13, 18, 43). These immune-activating and immune-suppressive response patterns should be regarded as context-dependent, potentially overlapping outcomes rather than mutually exclusive biological categories. Their assessment should also distinguish signaling within malignant cells from responses in immune and stromal compartments, because a similar molecular readout may have different implications across these populations. Longitudinal sampling could help determine whether an initially favorable response persists, resolves, or becomes accompanied by adaptive resistance. Such measurements would provide a basis for testing whether particular combinations or treatment sequences improve immune-mediated tumor control, rather than selecting partners solely from the presence of inflammatory markers. Establishing measurable criteria to distinguish these responses will be important for developing rational combinations of mitosis-targeting therapies and cancer immunotherapy (Figure 4).

    [image: Conceptual framework comparing potential immune-activating and adaptive responses to mitotic stress, with proposed monitoring strategies and treatment timing that require experimental and clinical validation.]

    Figure 4. Challenges and future perspectives for translating mitotic stress into immunotherapy. (A) Immune-activating versus adaptive or immune-suppressive responses: acute, efficiently resolved damage may favor functional DNA-sensing responses associated with mitotic injury, type I interferon responses and T/NK-cell activation, whereas persistent stress may support NF-κB/IL-6 signaling, myeloid-derived suppressor cell (MDSC) and tumor-associated macrophage (TAM) accumulation, programmed death-ligand 1 (PD-L1) upregulation and immune escape. (B) Temporal dynamics and therapeutic window: the conceptual green and red curves illustrate potentially immune-activating and adaptive or immune-suppressive response patterns, respectively, and a candidate intervention window. They do not represent measured data or a validated universal time course. (C) Dynamic biomarkers: micronucleus frequency, cytosolic DNA, type I interferon signaling, PD-L1 expression, and immune-cell composition are monitored over time. (D) Future clinical strategy: biomarker-guided stratification, rational combination therapy, and precision timing/scheduling are proposed as steps toward durable antitumor immunity. Green and red distinguish potentially immune-activating and tumor-adaptive or immune-suppressive patterns; the other colors organize panels and candidate measurements. Arrows indicate temporal progression or proposed therapeutic sequence. Created in BioRender. Yu, F. (2026) https://BioRender.com/0v81uaq. The authors reviewed the illustration for scientific accuracy. Abbreviations: CIN, chromosomal instability; cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes; IFN, interferon; IL-6, interleukin-6; ISGs, interferon-stimulated genes; NK, natural killer.

    5.2 Acute versus chronic mitotic dysregulation

    The distinction between acute and chronic mitotic dysregulation may influence therapeutic outcome, but timing alone does not determine whether a response is antitumor or immune-suppressive. Acute chromosome-segregation errors can generate micronuclei and expose genomic DNA to cytosolic sensing mechanisms (11, 12). When downstream cGAS–STING signaling remains functional, these events may promote inflammatory responses that increase tumor immunogenicity and potentially facilitate immune-mediated clearance (78). However, the consequences of mitotic injury can change when damaged tumor cells survive and develop persistent chromosomal instability. Chronic instability may contribute to inflammatory adaptation, tumor progression, and immune evasion in certain cellular contexts (13, 18). Moreover, aneuploidy can affect tumor-cell fitness and survival in heterogeneous ways, suggesting that the consequences of sustained chromosomal abnormalities depend on individual tumors' capacity to tolerate genomic imbalance (172). This distinction has direct implications for treatment scheduling. Continuous or excessive inhibition of mitotic regulators may not always be optimal. Experimental links between checkpoint dysregulation and tumorigenesis (2), uncertainties about the mechanisms of microtubule-targeting agents in patient tumors (143), and the immunological effects of anticancer treatment (156) motivate investigation of alternative schedules. Whether intermittent dosing reduces persistent CIN-bearing residual populations remains unproven. In other words, the goal may not be persistent suppression of cell division, but creating a controlled, time-limited stress state that can be rapidly converted into cell death or productive immunity.

    This view challenges the traditional maximum tolerated dose paradigm. For mitosis-targeting therapy, dose and schedule are not merely pharmacological variables; they are biological determinants of immune outcome. A regimen that maximizes cytotoxicity may not be the same as one that maximizes immunogenic conversion. Future studies should therefore consider concepts such as immune-effective dose, state-converting dose, or combination-priming schedule, in addition to conventional toxicity and response metrics. These are investigational concepts rather than established dosing recommendations. They may help identify regimens that induce immune susceptibility while limiting persistent immune-suppressive or tumor-adaptive signaling.

    5.3 Context dependence and tumor heterogeneity

    Tumors differ substantially in their dependence on mitotic regulators, tolerance of chromosome missegregation, apoptotic competence, p53 status, innate immune signaling, and baseline tumor microenvironment composition. The biological consequences of aneuploidy depend on cellular context and the capacity of tumor cells to tolerate genomic imbalance (172). Furthermore, intratumoral heterogeneity and adaptive resistance mechanisms can contribute to divergent therapeutic responses, even among tumors of the same histological type (147). These differences support investigating why similar mitosis-targeting interventions produce distinct cellular and immunological outcomes across tumor models.

    Intratumoral heterogeneity further complicates therapeutic responses to mitosis-targeting agents. Within a single tumor, genetically and phenotypically distinct subclones may differ in their susceptibility to treatment-induced stress, apoptotic responses, and capacity to develop resistance (147). Mitotic perturbation may introduce additional chromosome segregation abnormalities, potentially increasing genomic diversity among surviving tumor cells (13). However, the consequences of these abnormalities depend on cellular context, because aneuploidy can impair cellular fitness while also providing opportunities for adaptation and clonal selection (172). Consequently, treatment may eliminate susceptible tumor populations while favoring the persistence or expansion of subclones that tolerate genomic instability. Whether these surviving populations also acquire enhanced immune-evasive properties requires further investigation.

    This context dependence indicates that mitosis-targeting therapies cannot be optimized solely based on target expression. Aurora A, Aurora B, and PLK1 are central regulators of mitotic progression, and their dysregulation can contribute to malignant proliferation and therapeutic vulnerability (47, 50). However, expression of these regulators does not necessarily establish functional dependence or predict sensitivity to their inhibition. The biological consequences of mitotic targeting depend on checkpoint integrity, apoptotic competence, and the capacity of tumor cells to survive abnormal division (134). Furthermore, the therapeutic potential of targeting cell-cycle regulators depends on tumor-specific molecular vulnerabilities and the broader regulatory context (174). For combinations intended to enhance antitumor immunity, patient stratification should therefore incorporate both tumor-intrinsic characteristics and immune-related variables, including CIN burden, cGAS–STING competence, inflammatory responses, and tumor microenvironment composition. The predictive value of such an integrated approach remains to be established prospectively.

    5.4 Dynamic biomarkers for tumor-state conversion

    A pragmatic longitudinal strategy could build on the baseline and early on-treatment panel in Section 4.8, without treating individual markers as validated predictors. Sampling should distinguish ongoing chromosome missegregation from static aneuploidy-related states (172, 173), evaluate p53 pathway function as appropriate, and resolve DNA-sensing responses in malignant and host immune cells. The immediate priorities are assay reproducibility, informative sampling intervals, and whether longitudinal changes predict functional immune responses or clinical benefit beyond baseline measurements.

    Serial tumor biopsies provide spatial and cell-resolved information on mitotic damage and tumor-microenvironmental remodeling, but their invasiveness and susceptibility to sampling heterogeneity limit repeated assessment (175). Blood-based approaches offer complementary opportunities for longitudinal monitoring of tumor and immune responses (171). Circulating tumor DNA (ctDNA) can be sampled serially to assess changes in tumor burden and tumor-derived molecular alterations, potentially providing insights into clonal dynamics during treatment (176). Peripheral immune profiling, including cellular and molecular measurements, may additionally reveal changes in circulating immune populations and treatment-associated immune responses (177). However, blood-based measurements cannot fully reproduce the spatial organization and cellular interactions within the tumor microenvironment (175). Integrating strategically timed tumor biopsies with more frequent ctDNA and peripheral immune assessments may therefore provide a practical framework for investigating the magnitude, kinetics, and durability of therapy-induced tumor-state conversion.

    5.5 Clinical trial design for state-converting therapies

    If mitosis-targeting agents are used to prime tumors for immunotherapy, early-phase trials could incorporate mechanism-informed pharmacodynamic endpoints alongside conventional safety and efficacy measures. Clinical evidence from a defined chemotherapy–checkpoint inhibitor regimen (68), along with broader evidence on the immunological effects of anticancer agents (156), supports investigating mechanism-informed combinations. Neither source establishes optimal biomarkers for mitotic kinase inhibitor regimens. The immediate objective would be to determine whether treatment induces the intended tumor and immune changes, rather than assuming that these changes necessarily predict clinical benefit. Candidate endpoints could include the baseline and early on-treatment biomarkers described above, supplemented by measures of stromal accessibility or NK-cell activation when supported by the proposed mechanism. Paired tumor biopsies and longitudinal blood sampling could then be evaluated for their ability to capture these changes reproducibly and feasibly in prospective trials. Treatment timing and sequence should be evaluated as biological variables rather than determined solely by conventional dosing schedules. For example, treatment-induced PD-L1 expression could provide a rationale for investigating the timing of checkpoint blockade (75, 76), whereas increased recruitment of suppressive myeloid populations could motivate evaluation of complementary myeloid-targeted interventions (114). These approaches represent hypotheses for prospective testing rather than established scheduling recommendations. Patient selection based solely on mitotic-target expression is unlikely to capture the complexity of treatment-induced tumor and immune responses. Future stratification strategies could therefore integrate a limited set of baseline biomarkers with early pharmacodynamic measurements, including changes in mitotic damage, innate immune signaling, and tumor microenvironment composition. Such panels should remain sufficiently focused to permit analytical validation and prospective evaluation of their predictive value.

    An essential design requirement is to distinguish pharmacodynamic evidence of tumor-state alteration from evidence of therapeutic benefit. Early-phase trials should incorporate predefined biological endpoints but should not substitute these measurements for objective response, progression-free survival, or other clinically meaningful outcomes. Randomized comparisons, where feasible, will be necessary to establish whether biomarker-guided sequencing improves efficacy beyond conventional combination treatment. Negative trials should also evaluate whether failure reflects inadequate drug exposure, absent pathway competence, inappropriate treatment timing, or biological resistance.

    5.6 Toxicity and therapeutic window

    Toxicity remains a major barrier for therapies targeting cell division. Normal proliferative tissues, including bone marrow, gastrointestinal epithelium and hair follicles, depend on many of the same cell-cycle and mitotic programs as tumor cells. This shared dependence limits the therapeutic window of antimitotic drugs and has contributed to the clinical challenges faced by several next-generation mitotic inhibitors (3, 49). Combination therapy can further intensify this problem. Adding immune checkpoint blockade, innate immune agonists, radiotherapy, myeloid-targeted therapy, or apoptosis-enhancing agents may improve efficacy, but may also increase hematologic toxicity, inflammatory toxicity, tissue injury, or immune-related adverse events (49, 139, 178). Therefore, the goal should not be simply to add more therapies, but to design combinations in which each component has a defined mechanistic role and can be delivered at a biologically effective, tolerable dose.

    Several strategies warrant investigation to improve the therapeutic window of mitosis-targeting therapies. Pulse or intermittent dosing may reduce cumulative toxicity and allow recovery of normal proliferative tissues, although the optimal schedule depends on the agent and its pharmacological properties (49, 179). Dose and sequence optimization may also influence treatment-induced antitumor immunity, as demonstrated in studies of immunogenic chemotherapy, but these findings require validation for specific mitosis-targeting regimens (180, 181). Tumor-directed drug delivery and localized release systems offer additional approaches for modifying intratumoral drug exposure and potentially reducing systemic toxicity (159, 162). Early pharmacodynamic and safety measurements could support evaluation of candidate doses and schedules (182). Patient-specific dose adaptation would require separate prospective validation. Importantly, toxicity management should be integrated with therapeutic objectives rather than considered solely a constraint on dose escalation. In selected settings, a biologically effective dose that produces the intended tumor or immune response without unacceptable toxicity may be preferable to pursuing the maximum tolerated dose (182). Whether this approach improves clinical outcomes in mitosis-targeting immunotherapy combinations remains to be established.

    5.7 Translational scope of the proposed framework

    The proposed state-conversion framework seeks to connect established mitotic biology with measurable immune and stromal consequences. It does not imply that all antimitotic agents function as immunotherapies or that a given degree of chromosomal instability produces equivalent immune outcomes across tumor types. Its translational utility should therefore be evaluated prospectively by examining three linked variables: the type of mitotic injury induced, the resulting tumor and microenvironmental responses, and whether a mechanistically matched combination therapy improves clinical outcomes within an acceptable therapeutic window. Across the available literature, a major limitation is the predominance of mechanistic studies conducted in selected cell lines, engineered systems, and immunocompetent mouse models. These systems provide valuable causal evidence but do not fully capture human tumor heterogeneity, prior treatment exposure, immune dysfunction, and clinical dosing constraints. Furthermore, studies often differ in drug concentration, exposure duration, tumor lineage, and methods for assessing immune activation, limiting direct comparison. Resolving these inconsistencies will require coordinated studies in patient-derived systems and prospective clinical cohorts, with standardized measurements linking mitotic injury to functional immune responses and treatment outcomes.

    
    Discussion

    

    Mitotic vulnerability remains a fundamental feature of cancer, but targeting cell division extends beyond immediate cytotoxicity. Mitotic perturbation can trigger DNA-sensing, inflammatory, checkpoint, and stromal responses that may promote immune-mediated tumor clearance or facilitate adaptive survival, depending on the magnitude, duration, and cellular context of mitotic stress. These effects can also be agent-specific. For example, selected microtubule-targeting drugs can remodel tumor vasculature through pericyte phenotype switching, potentially improving tumor perfusion, T-cell infiltration, and responsiveness to immunotherapy (183). A major translational priority is therefore to distinguish immune-activating from immune-suppressive responses to mitotic stress using focused baseline and early on-treatment biomarkers and to prospectively determine the optimal timing and sequence of combination therapies.

    Resistance represents another important challenge for mitosis-targeting immunotherapy combinations. Under sustained therapeutic and immune pressure, immunoediting may favor the survival of tumor clones with reduced antigenicity or impaired antigen presentation (158). Defective antigen processing and presentation represent established mechanisms of tumor immune escape (184). Moreover, acquired resistance to PD-1 blockade has been associated with alterations affecting antigen presentation and interferon signaling in melanoma, illustrating how tumor-intrinsic changes can undermine initially effective antitumor immunity (185). Persistent chromosomal instability can also promote inflammatory adaptation and immune-evasive phenotypes (13). Notably, cGAS–STING signaling can support IL-6-dependent survival in chromosomally unstable cancer cells, showing that activating innate DNA-sensing pathways does not necessarily produce effective antitumor immunity (106).

    These adaptive responses may coexist with changes in the tumor microenvironment that favor suppressive myeloid populations (15). Because resistance mechanisms may evolve during treatment, longitudinal assessment of tumor and immune states will be important for determining whether an initially favorable response is sustained or replaced by adaptive resistance. The immunological importance of stromal barriers is further supported by evidence that TGF-β-associated stromal signaling can restrict T-cell infiltration and attenuate responses to PD-L1 blockade (186). Although this finding was not established specifically in the context of mitosis-targeting therapy, it highlights a potential mechanism through which stromal remodeling could influence the efficacy of immunotherapy combinations.

    The central hypothesis of this Review is therefore testable: the therapeutic value of mitotic targeting in immunotherapy combinations should depend not simply on the extent of mitotic disruption, but on whether a defined mitotic lesion generates a measurable, temporally constrained and therapeutically actionable immune state. Establishing this relationship in mechanistically informed models and prospective clinical studies will be essential for translating mitotic-immune interactions into rational patient selection, treatment scheduling and resistance-management strategies.
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