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While immunotherapy faces obstacles, the emergence of chimeric antigen receptor (CAR) engineered natural killer (NK) cells is paving new ways and might become a preferred option over CAR T cells very soon. CAR NK introduce diverse cytotoxic mechanisms offering novel strategies to combat tumor immunotherapy resistance. Concurrently, improvements in NK cell homing and gene-edited CAR NK cell therapy offer promising avenues for overcoming challenges in cancer immunotherapy. Our review addresses resistance mechanisms and engineering strategies to enhance CAR NK cell functionality by improving NK cell homing and migration to tumor sites, emphasizing insights from preclinical and clinical studies.
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1 Introduction

Irrespective of major developments in treatment, cancer persists as a leading cause of global morbidity and mortality. In 2025, the United States is expected to report approximately 2.0 million new cancer cases—1.05 million in males and 0.99 million in females—and an estimated 0.6 million cancer-related deaths, with 0.3 million among males and 0.29 million among females (1). A summary of global statistics for the year 2022 is depicted in Figure 1. Despite advances in conventional treatments such as surgery, chemotherapy, and radiation, many cancers, particularly solid tumors, demonstrate resistance, relapse, or metastasis. Current therapeutic options often fail to achieve durable responses in advanced-stage cancers which highlight the urgent need for more effective strategies that can improve patient outcomes while minimizing toxicity.
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Figure 1 | Summary of global cancer burden. (A) World map illustrating the age-standardized incidence and mortality rates of cancers across continents. (B) Pie chart showing the global distribution of cancer incidence among both sexes for the top cancer types. (C) Pie chart showing the global distribution of cancer-related mortality among both sexes for the top cancer types. (D) Bar chart comparing age-standardized incidence rates (ASR) between males and females across major cancer types. (E) Stacked bar chart depicting combined incidence and mortality rates for males and females across all continents. The data was retrieved from GLOBOCAN Cancer Today [Adapted and modified from (Afzal, Abbasi et al. 2)].



Currently, immunotherapy has emerged as a promising strategy which offers more durable responses compared to conventional treatments such as radiotherapy and chemotherapy (3). It is now considered the “fifth pillar” of cancer treatment, alongside chemotherapy, targeted therapy, surgery, and radiotherapy (4). Cancer immunotherapy utilizes components of the immune system to protect the host from primary tumor development or tumor escape, processes that are strictly regulated by immune checkpoints—cell surface receptors that modulate the activation or inhibition of immune responses (5).

Recent advances in immunotherapy, such as immune checkpoint inhibitors (6), tumor vaccines (7), and adoptive cell therapies (ACT) (8), have significantly transformed the cancer treatment landscape by harnessing the immune system’s ability to specifically target and eliminate cancer cells. These approaches offer durable responses and new hope for patients with cancers that were previously considered untreatable. Modern therapies include chimeric antigen receptor (CAR) T cell therapy, checkpoint blockade therapy, and ACT (9, 10).

CAR-engineered immune cells represent a promising avenue in tumor immunotherapy (11). CARs are synthetic receptors genetically introduced into immune cells and comprise several key components: (1) a single-chain variable fragment (scFv) extracellular antigen-binding domain for recognizing target antigens, (2) a hinge region for flexibility and spatial orientation, (3) a transmembrane domain for anchoring, (4) intracellular signaling domains comprising a primary activation domain (typically derived from CD3ζ of the T cell receptor), and (5) one or more costimulatory domains (such as CD28, 4-1BB, or OX40) that enhance T cell activation, proliferation, and persistence (12).

Importantly, CAR T cell therapy is a specialized form of ACT, wherein T cells are either naturally selected or genetically engineered before reinfusion into patients. Other ACT strategies include TCR-engineered T cell therapies and CAR NK cell therapies. In addition to ACT, cancer immunotherapy strategies also involve peptide-based cancer vaccines (7), oncolytic viruses (13), antigen-presenting cell (APC) therapies (14), tumor-infiltrating lymphocyte therapy (15), neoantigen-based therapies (16), and immune checkpoint blockade (17).

CAR T cell therapy has demonstrated remarkable outcomes in individuals diagnosed with B cell acute lymphoblastic leukemia and other hematologic malignancies (18). Beyond leukemia, it has shown promising therapeutic potential in various other hematologic cancers such as diffuse large B-cell lymphoma, chronic lymphocytic leukemia, and multiple myeloma (19). Furthermore, ongoing advancements are extending its application to solid tumors including glioblastoma, breast, and pancreatic cancers, although clinical responses remain variable due to the complex tumor microenvironment (TME) (20). However, its efficacy against solid tumors remains limited (21). Challenges associated with ACT include immune-related adverse events such as off-target effects, on-target/off-tumor toxicity, cytokine release syndrome (CRS), and suboptimal in vivo persistence of engineered cells (22). Moreover, the immunosuppressive TME, inadequate generation and function of tumor-specific CD8+ T cells, limited neoantigen availability due to impaired antigen processing and presentation, and epigenetic alterations further hinder effective immune responses (23, 24). Immune-related adverse events, characterized by inflammatory responses against healthy tissues, continue to pose significant challenges to the broader application of immunotherapies (5).

In addition to T cells, natural killer (NK) cells have gained attention in ACT. CAR-engineered NK cells offer distinct advantages due to their innate cytotoxic capabilities and lower risk of causing severe toxicities. NK cells, a type of innate lymphoid cell, play crucial roles in immune surveillance against solid tumors, hematologic malignancies, and metastatic dissemination (25). While there is growing interest in NK cell-based therapies (26), a recurring challenge is the lack of standardized definitions and assays for assessing NK cell cytotoxicity (27), which complicates comparative analyses across studies.

We previously reviewed the development of CAR NK cells, highlighting their evolution from natural cytotoxicity to engineered designs aimed at enhancing antitumor activity (23, 28–30). CAR NK cells offer multiple advantages: They are less likely to cause CRS (31), exhibit higher safety profiles through multiple killing mechanisms (32), and are more cost-effective than CAR T cell therapies (33). Consequently, they are more accessible to patients and show promise in treating solid tumors such as glioblastoma, a setting where CAR T cell therapies have struggled (34, 35). In this review, we explore the emerging frontiers of tumor immunotherapy, focusing on the efficacy, resistance mechanisms, and strategic innovations surrounding CAR NK cell therapy to advance future clinical applications.




2 Natural killer cells and their therapeutic potential

NK cells were first identified by Rolf Kiessling and colleagues in the early 1970s, who observed spontaneous cytotoxic activity of lymphocytes against tumor cells in murine models (36, 37). Around the same time, similar cytotoxic activity was reported in human peripheral blood lymphocytes by Jondal and Pross (38), which established the concept of ‘natural’ cytotoxicity. These discoveries laid the foundation for the characterization of NK cells as a unique subset of lymphocytes, further described by Herberman in 1976 (39, 40).

NK cells (CD56+CD3-) exhibit innate cytotoxicity and immunoregulatory functions. They inhibit tumor initiation, proliferation, and metastasis through mechanisms resembling CD8+ cytotoxic T cells but operate independently of somatically rearranged, antigen-specific T cell receptors (TCRs) (41, 42). NK cells also produce cytokines, chemokines, and growth factors that orchestrate adaptive immune responses (43). They can be derived from peripheral blood (PB), umbilical cord blood (UCB), hematopoietic stem cells, and human pluripotent stem cells (hPSCs) (44).

NK cells, classified as group 1 innate lymphoid cells (ILC1s), share developmental pathways with T and B cells. Their differentiation involves the migration of CD34+CD45RA+ hematopoietic progenitor cells from the bone marrow to various anatomical sites such as the uterus, tonsils, liver, and spleen, where under the influence of IL-15, they mature into NK cells (45). The exact developmental trajectory—whether linear or non-linear—remains under investigation.

Unlike T and B cells, NK cells lack somatically recombined antigen receptors. Their function is regulated by a dynamic balance between activating receptors (e.g., DNAM-1, NKp44, NKp30, NKp46, and NKG2D) and inhibitory receptors (e.g., NKG2A for non-classical HLA-I molecules and killer immunoglobulin-like receptors, KIRs, for classical HLA-I molecules) (26, 43, 45–48). Tumor cells, often downregulating HLA molecules, are particularly susceptible to NK cell-mediated killing via the “missing-self” recognition mechanism (49). Upon sensing stress-induced ligands, NK cells eliminate malignant cells through direct cytotoxicity, including granule-mediated apoptosis and antibody-dependent cellular cytotoxicity (ADCC), or by secreting pro-inflammatory cytokines—a process termed the “induced self” mechanism (50, 51). Inhibitory signals, conversely, ensure self-tolerance and prevent unwanted NK cell activation against healthy tissues (26, 43, 45, 48).

NK cell infiltration within tumors correlates with improved outcomes across various cancers, such as liver (52), renal (53), melanoma (54), breast (55), and lung cancers (56).

Importantly, NK cells are considered ideal candidates for adoptive immunotherapy because they confer graft-versus-tumor effects without inducing graft-versus-host disease (GvHD). Furthermore, they are less likely to cause long-term adverse effects like malignant transformation or autoimmunity due to their low cytokine toxicity and short lifespan (57).




3 CAR NK cell therapy

Radiotherapy induces DNA damage, which upregulates the expression of NKG2D ligands on cancer cells (41). This promotes NK cell activation and enhances cytotoxicity against cancer cells. Combining local radiotherapy with CAR NK cells may offer an alternative therapeutic strategy, particularly for solid tumors. A preclinical study using CAR NK cells combined with anti-PD-1 antibodies showed enhanced cytotoxic activity in both hematologic and solid tumors (58). While the PD-1 deletion arm is still being tested, the dual therapy led to significant tumor volume reduction in xenograft models. Furthermore, PD-1 knockout CAR NK cells have been shown to improve immune cell infiltration and increase tumor cell killing in preclinical ovarian cancer models. These modified NK cells effectively suppressed tumor growth while minimizing systemic toxicity (59).

ICB using antibodies such as anti-CTLA-4 or anti-PD-1/PD-L1 has shown effective results in various solid tumors and hematologic malignancies (60). NK cells, like T cells, express immune checkpoint molecules such as TIM-3, CTLA-4, PD-1, and LAG-3, which impair their anticancer activity (41). NK cell activity can be enhanced through checkpoint blockade (41). Therefore, combining CAR NK cells with checkpoint molecule deletion via gene editing, systemic checkpoint blockade, or co-expression of checkpoint inhibitors presents a promising strategy for patients with solid tumors.

Several clinical trials are optimizing the efficacy of checkpoint inhibitors in combination with NK cells. For instance, the current management of Merkel cell carcinoma involves avelumab combined with the IL-15 superagonist N-803, which targets CD16 on haNK cells. This approach, evaluated after checkpoint inhibitor therapy, demonstrated an objective response rate of 36.4%, a median response duration of 18.9 months, and 12- and 24-month overall survival rates of 88.2% and 70.8%, respectively, despite a 30% incidence of grade 3–5 treatment-related adverse events (61). For gemcitabine-refractory biliary tract cancer, pembrolizumab (Keytruda) with allogeneic NK cells (“SMT-NK”) is under evaluation (NCT03937895). Furthermore, a phase I/II study (NCT04143711) is assessing the tolerability, pharmacokinetics, and clinical functionality of DF1001 combined with pembrolizumab in patients with metastatic solid tumors.

Another approach to enhance CAR NK cell therapy involves using antibodies to target a broad range of tumor-associated antigens (TAAs), enabling NK cells to induce tumor necrosis through ADCC (62). Administration of anti-CD20 or anti-GD2 antibodies followed by infusion of allogeneic NK cells in patients with refractory non-Hodgkin lymphoma or neuroblastoma has shown promising outcomes (63). However, activation of target cells and cytokines often downregulates CD16 expression on NK cells, impairing ADCC (64). Genetic engineering of NK cells to express a non-cleavable form of CD16 addresses this limitation (30).

FT596, a genetically modified NK cell product, overcomes tumor resistance associated with CD19 antigen loss when combined with therapeutic antibodies by exhibiting multi-antigen targeting activity. Based on promising preclinical results, FT596 is being evaluated in a phase I clinical study (NCT04245722). Sequential administration of “off-the-shelf” CAR NK cells followed by CAR T cells may offer synergistic tumor killing, durable anticancer efficacy, and reduced risks of neurotoxicity and CRS-associated with CAR T cell therapy.




4 CAR NK vs CAR T therapy

Immunotherapy—including checkpoint inhibitors, cytokines, antibody therapies, and CAR T cells—has greatly advanced cancer treatment, especially for blood cancers. CAR T cells revolutionized tumor therapy with durable clinical responses over the past 26 years (46). However, several limitations hinder their broader applicability, comprising CRS (65), immune effector cell-associated neurotoxicity syndrome (66), loss of T cell functionality and viability (67), and antigen escape due to tumor heterogeneity (68). Moreover, the manufacture of autologous T lymphocytes, including CAR T and TCR-engineered T cells (TCR-T), is technically demanding and logistically challenging for personalized therapies (69). Thus, a strong demand has emerged for novel cellular therapies such as CAR NK cells, which promise superior safety, scalability, and efficacy.

CAR NK cells when compared with CAR T cells (Table 1), address many of these shortcomings. They are associated with reduced risks of neurotoxicity, CRS, and tumor lysis syndrome, and exhibit multifaceted cytotoxic mechanisms (28, 78). Additionally, CAR NK cells can be feasibly manufactured as “off-the-shelf” products, offer enhanced infiltration into solid TMEs, overcome TME-mediated immunosuppression, and can target a broader range of tumor-associated antigens, thereby minimizing relapse risks (41, 79).


Table 1 | Key differences between CAR T and CAR NK cells.



Various sources are being explored for NK cell-based therapies, including autologous NK cells, allogeneic NK cells, genetically engineered NK cells, and NK cell lines derived from PB or stem cells (80). There are two major types of NK cell therapies: Autologous and allogeneic, each offering distinct advantages depending on the clinical scenario. By learning from the limitations of both CAR T and unmodified NK cell therapies, CAR NK cells are increasingly recognized as an innovative and powerful approach to improve remission rates and reduce tumor recurrence (22, 81).




5 Mechanisms of resistance to tumor immunotherapy

Beyond tumor cells, the TME consists of a complex network of immune and stromal components that significantly influence cancer progression and response to therapy. Among these, tumor-infiltrating lymphocytes (TILs) play a crucial role in antitumor immune responses. TILs include both regulatory T cells (Tregs), which suppress immune activity and contribute to tumor immune evasion, and effector T cells (Teffs), which mediate cytotoxic responses against tumor cells (82, 83). Other key elements of the TME include dendritic cells, fibroblasts, stromal cells, bone marrow-derived inflammatory cells, vascular endothelial cells, and extracellular matrix (ECM) components, along with regulatory molecules such as cytokines, hormones, and reactive oxygen species (84).

The patient’s response to immunomodulatory agents is largely shaped by dynamic interactions between tumor cells and the TME. Tumors are often classified as either “hot” or “cold” based on TIL infiltration. Hot tumors, with abundant TILs, are typically more responsive to immunotherapy due to heightened immune activation (85). In contrast, cold tumors, characterized by low TIL infiltration, frequently exhibit immune exclusion or suppression, leading to resistance against immunotherapeutic interventions (86). Factors such as paracrine signaling from fibroblasts, the immunosuppressive activity of tumor-associated macrophages, and the cytotoxic potential of TILs critically influence tumor progression and immune evasion within the TME (87).

Resistance to immunotherapy driven by the TME is multifactorial, involving both intrinsic properties of tumor cells and extrinsic environmental influences (88), as depicted in Figure 2. Two major contributors to this resistance are tumor cell heterogeneity and tumor escape mechanisms (30). Specifically, alterations within the TME—such as immune exclusion in cold tumors and the activation of suppressive signaling pathways—constitute key extrinsic mechanisms undermining antitumor immunity (82).
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Figure 2 | A summary of various therapeutic interactions in CAR NK therapy. (1) Cytokine therapy is represented as the stimulation of NK cells and subsequent activation of the adaptive immune response through the administration of cytokines. (2) Immune checkpoint inhibition showcases the blockade of inhibitory checkpoints such as PD1 and CTLA4 on NK cells, PDL1 and CD80/CD8 on cancer cells, aiming to enhance the immune response against tumors. (3) Antibody-targeted therapy is an interaction between CD16 and activating receptors on NK cells with tumor ligands, while cancer cells release tumor ligands and ligand-neutralizing antibodies to modulate this process. (4) The expression of CD16 on CAR NK cells highlight the use of synthetic receptor systems to improve the targeting specificity and cytotoxic potential of NK cells against tumor cells. (5) Genetically engineered CAR NK cells with the incorporation of kinase inhibitory domains (KIPs) and cytokine receptors, showcase advanced genetic modifications aimed at improving the efficacy and persistence of CAR NK cells in cancer therapy. (6) Additionally, allogeneic NK features the interaction between the tumor antigen receptor on cancer cells and NK cell receptors like NKG2D and CD6, demonstrating the potential of allogeneic NK cells to recognize and target cancer cells (Adapted from (89) Licensed under CC BY.).





5.1 Tumor cell heterogeneity

Tumor cell heterogeneity significantly impacts the response to immunotherapy and manifests as both intratumoral and intertumoral variability which affects immune cell infiltration and the broader TME (90).

Intratumoral heterogeneity refers to genetic and cellular diversity within a single tumor. High levels of intratumoral heterogeneity are associated with poor T cell infiltration and resistance to immune checkpoint blockade (ICB) therapies (91). Tumor cells can also form spatially organized immunosuppressive niches, particularly in regions with sparse T cell presence and a high concentration of suppressive macrophages (92). Additionally, during the development of resistance to ICBs, the expression of PD-1 and its ligands (PD-L1 and PD-L2) is upregulated by interferon-γ which enhances the production of chemokines like CXCL9 and CXCL10. This leads to a pro-apoptotic environment that adversely affects immune cell infiltration (83). Within the TME, molecules such as CX3CL1 further promote the accumulation of immunosuppressive immune cells (93). Moreover, heterogeneous expression and downregulation of MHC-I in some tumor cells impair CD8+ T cell-mediated responses, reducing the efficacy of immunotherapy (94).

Genetic diversity within the TME can also cause variable responses to immunotherapy. Clonal subpopulations within heterogeneous tumors often exhibit distinct growth patterns and unique immune escape mechanisms (95). Immunosuppressive tumor cell populations, by remodeling the TME, further contribute to immune evasion and therapeutic resistance (91).

Although tumor heterogeneity presents substantial challenges for immunotherapy, it also offers opportunities for developing targeted interventions. A deeper understanding of the mechanisms driving tumor heterogeneity is crucial for enhancing the effectiveness of future therapeutic strategies.




5.2 Tumor escape mechanisms

Tumor escape from immune surveillance involves multiple strategies that inhibit NK cell function and adaptive immune responses. Immunosuppressive factors within the TME interfere with NK cell interactions and downregulate activating receptors, while tumor cells may also trigger inhibitory NK receptors to evade immune attack (44).

The TME contains various immunosuppressive cells that, under physiological conditions, maintain self-tolerance and prevent autoimmunity, but in cancer, contribute to immune evasion. Tregs, for example, suppress effector T cells (Teffs) through multiple mechanisms: Inhibiting the maturation of APCs and MHC expression, secreting inhibitory cytokines like IL-35, IL-10, and TGF-β to limit T cell proliferation and activation, and directly killing APCs and T cells via perforin and granzyme (82).

Adaptive immune resistance further enables tumors to escape immunotherapy. In this process, T cell attacks induce IFN-γ production, which is followed by the upregulation of immune checkpoint molecules such as B7-H1 (PD-L1) within the TME, promoting local immune evasion (88). Efforts to overcome immune escape are ongoing, including the development of CAR NK cells through genetic engineering, aimed at enhancing the antitumor properties of NK cells and preventing immune evasion.





6 Strategies to overcome tumor immunotherapy resistance

Tumor resistance to immunotherapy remains a major obstacle in cancer treatment. It can be broadly categorized into primary resistance, where tumors inherently evade immune attack, and acquired resistance, where tumors develop escape mechanisms over time (96). Resistance mechanisms include loss of antigen presentation, upregulation of immunosuppressive pathways, and the establishment of an immunosuppressive TME (97).

Researchers are investigating combination strategies to enhance the efficacy of CAR NK cells. Unlike CAR T cells, CAR NK cells possess natural cytotoxicity, a lower risk of CRS and GvHD, and the ability to target tumors through multiple mechanisms (28). Despite these advantages, CAR NK cells still face challenges such as hostile TMEs, limited persistence, and tumor immune evasion (77).

This section discusses key strategies to improve CAR NK cell therapy. These include combination approaches integrating chemotherapy, radiotherapy (98), and ICB (99) to modulate the TME and enhance tumor targeting. Preclinical models and early clinical data have demonstrated that radiotherapy can enhance NK cell infiltration and antigen presentation, thereby overcoming immunotherapy resistance in tumors like small cell lung cancer (100). Similarly, the application of ICB in tandem with CAR NK cells reinvigorates exhausted NK cells and boosts their persistence in immune-suppressive TMEs, particularly in metastatic breast and lung cancers (30).

Furthermore, antibody-dependent cellular cytotoxicity (ADCC), targeting of novel tumor antigens, and advanced CAR designs—such as those encoding cytokines or checkpoint-modulating domains—have been shown to enhance NK cell cytotoxicity and survival (101). These strategies have already shown efficacy in hematologic malignancies, and emerging trials suggest applicability to solid tumors. Collectively, these combinatorial and next-generation approaches hold substantial promise in addressing tumor heterogeneity, immune evasion, and resistance mechanisms, thereby broadening the clinical success of CAR NK cell therapies.



6.1 Combination therapies

Single-agent immunotherapies demonstrate potential efficacy but often result in relatively low response rates. In contrast, combination therapies with targeted agents, chemotherapy, and radiotherapy achieve higher effectiveness. It is important to assess how chemotherapy or radiation can enhance antigen presentation, promote inflammation within the TME, and facilitate NK cell infiltration.




6.2 Case applications

Doxorubicin, a topoisomerase II inhibitor, induces immunogenic cell death, releasing tumor-associated antigens and damage-associated molecular patterns that activate immune responses (102). Chemotherapy enhances antitumor immunity by increasing tumor-specific antigens, promoting dendritic cell maturation, and improving CD8+ T cell activation through efficient antigen presentation (103, 104).

Chemotherapy can also promote inflammation within the TME, potentially contributing to tumor progression. This inflammation results from complex interactions involving signaling pathways and inflammatory mediators that reshape TME dynamics. Pro-inflammatory cytokines such as IL-1β and TNF-α are stimulated through pathways like TLR4 signaling and inflammasome activation (105). Chemotherapy can trigger a senescence-associated secretory phenotype, releasing inflammatory factors that support tumor growth and metastasis (105). Moreover, tumor-associated macrophages, particularly the M2 phenotype, are recruited and polarized, promoting immunosuppression and chemoresistance (106). Elevated inflammation, driven by enzymes like COX-2, can induce epithelial-to-mesenchymal transition, enhancing cancer cell invasion and metastasis (107). Prolonged inflammation establishes a supportive environment for tumor survival and relapse, complicating treatment outcomes (105).

Interestingly, chemotherapy enhances NK cell infiltration into tumors by modulating the TME and immune responses. Immunogenic cell death triggered by chemotherapy upregulates NK cell-activating ligands on cancer cells, facilitating their recognition and destruction (108). Chemotherapy also promotes the release of cytokines such as IL-2 and IFN-γ, which activate NK cells and support their migration into tumors (109). Certain chemotherapeutic agents restore NK cell functionality by increasing tumor cell susceptibility to NK cell-mediated killing (110).

Clinically, these mechanisms translate into improved outcomes. For instance, in breast cancer patients receiving neoadjuvant chemotherapy, heightened peripheral NK cell activity correlates with lymph node metastasis eradication (111). In metastatic melanoma, chemotherapy has been shown to restore NK cell functionality, potentially synergizing with immunotherapies (110). However, variability in patient responses underscores the need for personalized treatment strategies to optimize therapeutic success.

Immunotherapeutic agents combined with other anticancer therapies demonstrate synergistic effects due to differences in timing, localization, and complementary targeting of distinct immune checkpoint pathways. Chemoradiotherapy, for instance, enhances cancer cell immunogenicity through rapid release of tumor-specific antigens, promoting antigen presentation, inflammation within the TME, lymphocyte infiltration, and tumor lysis. Additionally, combination therapy modulates gene expression linked to tumor cell proliferation and chemokine production (46, 47, 112).

In small cell lung cancer immunotherapy, combining anti-CTLA agents with anti-PD-1 or anti-PD-L1 drugs shows potential synergistic effects. In breast cancer, Akt-targeted chemotherapy combined with anti-PD-1 immunotherapy demonstrates promising results in suppressing metastasis (46, 47, 112) (Figure 3).
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Figure 3 | Dynamic interactions between tumors and NK cells. Tumor cells exhibit heterogeneity influenced by interferon-γ (IFN-γ) signaling, leading to increased chemokine secretion (e.g., CCL5, CXCL9) and upregulation of immune checkpoint molecules PD-L1 and PD-L2. Natural killer (NK) cells are recruited toward the tumor mass but face inhibition through PD-L1/PD-L2-mediated immune evasion. Gene vector therapy targets both tumor and NK cells to downregulate checkpoint molecule expression and upregulate NK cell-activating receptors, aiming to enhance anti-tumor immunity.



Lymphodepleting chemotherapy, most commonly involving fludarabine and cyclophosphamide, is regularly administered before introducing allogeneic NK cells to preferentially eliminate lymphoid cells and prevent NK cell rejection by the recipient’s immune system (41). Lymphodepleting chemotherapy also helps reprogram the immunosuppressive TME by depleting regulatory T cells and myeloid-derived suppressor cells, generating a cytokine milieu that supports NK cell expansion and antitumor activity (41, 113). Intensive chemotherapy can further reduce tumor burden and improve the effector-to-target ratio before NK cell infusion (41).

For CAR NK cell therapy, chemotherapy can serve as an adjuvant therapeutic approach. Radiation therapy remains a prevalent palliative and curative treatment for various cancers. Stereotactic body radiotherapy (SBRT) has been shown to synergize with immunotherapies, including anti-CTLA4 and anti-PD-1 antibodies (114). Preclinical studies propose several mechanisms underlying this synergy. Radiation releases danger signals and immunostimulatory cytokines, increases tumor antigen availability, and destroys stromal cells that support cancer growth (115). These changes promote the recruitment and activation of APCs, subsequently stimulating a tumor-specific immune response (116).

Combination strategies integrating chemotherapy, radiotherapy, and immunotherapy can enhance CAR NK cell efficacy via remodeling the TME, promoting immune infiltration, and restoring NK cell functionality. However, optimizing dosing schedules, minimizing pro-tumor inflammation, and improving NK cell persistence remain critical avenues for future exploration.




6.3 Targeting novel antigens

CAR NK cells exhibit cytotoxic effects through both CAR-independent and CAR-dependent mechanisms. It is possible to design CAR constructs without costimulatory domains. CAR NK cells mainly exert antitumor responses through their inherent cytotoxicity, with direct CAR-mediated killing playing a secondary role. NK cells can be genetically modified to express non-signaling CARs, which enhance homing and adhesion to target cells without initiating direct killing signals. This modification enables selective cytotoxicity against tumor cells while minimizing damage to normal cells.

A variety of antigens with high expression on tumors and low expression on normal tissues have been identified as targets for CAR NK cell therapy, including mesothelin, HER2, CD19, and EGFR (117). Multiple clinical trials are underway targeting antigens such as PSMA, EpCAM, EGFR, BCMA, CD7, CD33, CD19, CD138, CD22, CD276, CS1, FLT3, IL13Rα, HER2, and Mucin-1 across various hematologic malignancies and solid tumors (43, 118). CD19 remains the most common target for B cell malignancies, while HER2 is frequently targeted in solid tumors like breast cancer.

Clinical trials are planned for EGFR- and IL13Rα-targeted CAR NK cell therapy in glioblastoma. HER2-targeted CAR NK cell therapy for locally progressive solid tumors is under recruitment (NCT04050709). Similarly, PSMA-targeted CAR NK cell therapy for prostate cancer is being evaluated (NCT03692663). Mesothelin, highly expressed in lung cancer and several other solid tumors, is also considered a potential target (118) as shown in Table 2.


Table 2 | The proposed mechanisms of action for the treatment.







7 Genetic engineering of NK cells to enhance functionality

Genetic engineering techniques have played a pivotal role in enhancing NK cell efficacy. Strategies include constitutive expression of IL-2 or IL-15 to improve proliferation and persistence, promoting an activated receptor phenotype to augment cytotoxicity, and addressing the immunosuppressive TME. Retroviral transduction of NK-92 cells with IL-2 and membrane-bound IL-15 has demonstrated improved anticancer efficacy in both in vivo and in vitro models, along with enhanced persistence and proliferation (119).

Several approaches have been developed to increase NK cell numbers and function, such as using antibodies and cytokines to enhance NK activity (120), establishing homogeneous NK cell lines from healthy and cancer donors (121), adoptive transfer of allogeneic or autologous ex vivo expanded NK cells (122), and deriving NK cells from induced pluripotent stem cells (iPSCs) (123).

CAR expression using nonviral methods typically results in transient expression compared to stable gene expression via viral vectors. Recent innovations highlight the adaptability of lipid nanoparticles for delivering various RNA types, facilitating transient CAR generation with minimal toxicity. Preclinical findings suggest lipid nanoparticles as a promising alternative, warranting further evaluation in clinical trials (124).

Retroviral and lentiviral vectors integrate into the genome, offering long-term expression, whereas adenoviral vectors remain episomal and support only transient expression. Long-term CAR expression can also be achieved using transposon-based integration systems (42, 46).

Advancements in CAR NK cell research have highlighted genetic modifications that improve activation, persistence, and tumor killing efficacy. Strategies focus on costimulatory molecules, checkpoint modulation, and resistance to tumor-induced stressors, each contributing to the optimization of CAR NK cells for clinical use.

Key costimulatory molecules, such as DAP10, DAP12, CD80, and CD86, play crucial roles in enhancing NK cell functions. DAP10, an adaptor protein linked to NKG2D signaling, boosts cytotoxicity and metabolic fitness, leading to superior antitumor responses (125). Similarly, DAP12 strengthens activation and proliferation when incorporated into CAR engineering (125). CD80 and CD86 increase tumor cell susceptibility to NK-mediated lysis, serving as effective costimulatory signals (126). Nevertheless, challenges such as off-target effects and the complexity of targeting a diverse TME require careful optimization.

Checkpoint modulation remains a critical focus area. Immune checkpoints, such as PD-1, inhibit NK cell function, often through tumor-mediated acquisition, leading to diminished cytotoxicity (127). Disruption of checkpoints using CRISPR/Cas9, including NKG2A deletion, has shown promise in improving CAR NK cell activity (128). Integrating checkpoint inhibitors into CAR NK therapies, such as PD-L1-specific CARs, enhances cytotoxicity and cytokine production against both PD-L1-positive and negative tumors (129). Combining CAR NK therapy with dual-checkpoint inhibition, targeting PD-1 and CTLA-4, offers synergistic therapeutic benefits currently under investigation in clinical trials (130).

Recent efforts to overcome the hostile TME have included genetic modifications that bolster CAR NK cell survival and functionality. The constitutively active IL-7 receptor complex (C7R) improves survival and effector function by sustaining STAT5 activity independently of exogenous cytokines (131). Catalase engineering enables CAR NK cells to decompose hydrogen peroxide, mitigating oxidative stress and hypoxia in the TME, as demonstrated in triple-negative breast cancer models (132). Nonviral genome engineering techniques that silence inhibitory receptors further alleviate tumor-induced immunosuppression and restore cytotoxicity (133).

Despite significant progress, challenges persist in achieving consistent efficacy across various tumor types and managing patient-specific responses. Future research should prioritize refining genetic modifications, ensuring safety, and personalizing therapies. Overall, integrating costimulatory molecules, checkpoint modulation, and stress resistance mechanisms provides a strong foundation for advancing CAR NK cell-based cancer therapies.



7.1 Transduction of NK cells

Viral vectors play a critical role in gene editing techniques by enabling the repair of mutated or defective genes. Gene replacement strategies often depend on the in vivo administration of gene-bearing adeno-associated viruses. Compared to nonviral vectors, viral vectors are generally more efficient at inserting CAR-based genes into immune cells. Among viral vectors, lentiviral and retroviral vectors have proven to be the most effective for NK cell transduction due to their ability to integrate genetic material into the host genome, ensuring stable and long-term gene expression (134).

A recent clinical study focused on treating CD19+ non-Hodgkin’s lymphoma and chronic lymphocytic leukemia through the infusion of retrovirus-transduced anti-CD19 CAR cord blood NK cells. Approximately 73% of the patients responded positively to the treatment, with seven out of eight achieving complete remission. The study also observed prompt and consistent responses within a 30-day timeframe across all dosage levels. After one year of follow-up, enlarged C4 copies of the CAR NK vector per microgram of genomic DNA (63). These findings provide the first demonstration of long-term in vivo persistence of retrovirally transduced CAR NK cells.

Genetic engineering of NK cells to express specific chemokine receptors has significantly enhanced their migration toward tumor-associated chemokines, an essential mechanism for effective antitumor activity. This strategy exploits chemokine signaling pathways that regulate cell trafficking within the body, enabling NK cells to home more efficiently to tumor sites and lymphoid tissues where they exert cytotoxic effects. These modifications have improved the ability of NK cells to target and infiltrate tumors, overcoming one of the major limitations of natural NK cell trafficking in cancer therapy (135).

The development of scalable and efficient gene delivery methods has further facilitated these advancements. One such method, mRNA electroporation, has emerged as a robust technique for transiently expressing transgenes in NK cells (136). This technique introduces synthetic mRNA encoding the desired chemokine receptors into NK cells by temporarily permeabilizing the cell membrane through electroporation. Importantly, mRNA electroporation preserves NK cell viability and function while enabling rapid receptor expression. Studies using this method have consistently demonstrated improved NK cell homing capabilities, establishing it as a valuable tool for enhancing NK cell-based therapies (137).

In conclusion, advancements in gene therapy, including viral vector-based transduction and mRNA electroporation, have significantly enhanced the ability of NK cells to express tailored chemokine receptors and CAR constructs. Table 3 summarizes the advantages and limitations of lentiviral, retroviral, CRISPR-Cas9, and nonviral methods for NK cell therapy based on factors such as efficiency, specificity, safety, cost, and scalability. These developments have improved tumor homing, sustained persistence, and effective antitumor activity in both preclinical and clinical settings.


Table 3 | Comparison to understand the pros and cons of each gene editing approach for NK cell therapy.






7.2 Transfection of NK cells

Lipofection, electroporation, and nucleofection are among the most commonly used nonviral methods for engineering NK cells (134). Transfection can be achieved using either naked plasmid DNA or mRNA, typically through electroporation (117). Lipofection, a strategy based on liposome encapsulation, is a well-established method for gene transfer. In this technique, liposomes containing the desired genes or proteins fuse with the target cell membrane and release their cargo into the cell (133).

Lipofection has been employed to transfer a plasmid encoding murine IL-2 into primary NK cells, using 1,2-dimyristyloxy-propyl-3-dimethyl-hydroxyethyl ammonium bromide/dioleoyl phosphatidylethanolamine (DMRIE/DOPE) as the reagent (133, 134). IL-2 enhances NK cell proliferation and cytotoxicity. Modified NK cells demonstrated a notable increase in granzyme A activity when used to treat melanoma xenografts. Furthermore, NK-92 cells transfected with stem cell factor cDNA via lipofection showed significantly increased proliferation and enhanced cytotoxicity compared to unmodified NK-92 cells, suggesting their potential in targeting various cancers (133).

Introduction of the microRNA miR-486-5p into primary NK cells via lipofection resulted in enhanced cytotoxicity, along with upregulated perforin and NKG2D expression. miR-486-5p targets and downregulates the insulin-like growth factor-1 receptor (IGF-1R), a key regulator of hepatocellular carcinoma progression. Lipofectamine 2000 has been utilized to transfect primary NK cells with an activating CAR targeting HER2 (138). According to Regis et al., miR-27a-5p negatively regulates CX3CR1, a chemokine receptor involved in guiding NK cells to peripheral organs and tumor sites. Using Lipofectamine 3000, a transfection efficiency of approximately 30% was achieved when primary NK cells were transfected with a miR-27a-5p inhibitor (133).

Electroporation relies on generating electrical pulses that create transient pores in the cell membrane, allowing charged molecules, DNA, RNA, and proteins to enter the cells (117, 134). When appropriate instruments and conditions are used, electroporation can achieve higher transfection efficiency compared to lipofection. However, the success of electroporation depends on the specific cell type. The viability of transfected cells is influenced by the nature and size of the delivered cargo. In NK cells, cytokines are necessary to facilitate transfection. Nevertheless, the low viability of many primary immune cells, including NK cells, limits transfection rates and efficiency (134).

Nucleofection techniques enable efficient gene transfer directly into the nucleus, independent of cell division (133). Electroporation and nucleofection hold potential for therapeutic applications and are often considered superior to lipofection (134). For electroporation, cells need to be in the exponential growth phase to allow optimal nuclear access (139). Several studies have demonstrated the potential of (140, 141), offering transient gene expression and reduced risk of genomic integration.

Nanoparticles have emerged as an alternative nonviral transfection strategy to overcome the limitations of lipofection and electroporation. Various types of nanoparticles, including polymer-based, lipid-based, and inorganic nanoparticles, have been developed to protect genetic material and enhance cellular uptake (30, 142). Iron oxide core magnetic nanoparticles (MNPs) have been used to transfect NK-92 cells, resulting in MNP-modified NK cells with improved tumor targeting capabilities (143). These nanoparticles can attach to the cell surface, enhancing transfection efficiency in primary NK cells. However, the toxicity associated with high doses of nanoparticles remains a major limitation.

Transposons offer a stable, nonviral method for gene delivery (144). As repetitive DNA sequences capable of mobilization within the genome, transposons provide an alternative to viral vectors for engineering human cells. They are currently being used in clinical trials for stable gene transfer in transposon-engineered T cells and iPSCs (145–147).

The system produces a complex through the pairing of tracer RNA with palindromic sequences and the assembly of crRNA, tracer RNA, and Cas9 protein. RNase III cleaves the complex, enabling crRNA to guide Cas9 for site-specific double-strand breaks (134). CRISPR-Cas9 precisely edits genes at specific loci with the help of guide RNAs that direct Cas9 to the target site. The system can simultaneously edit multiple genes using multiple single-guide RNAs (148).

Gene silencing through shRNA and siRNA is another well-established approach, used to downregulate target gene expression and enhance NK cell cytotoxicity in therapeutic applications. Lentiviral transduction and electroporation have been utilized for this purpose. siRNA strategies have improved the anticancer potential of NK cells by overcoming NK cell exhaustion and suppressing the inhibitory receptor NKG2A in cancer immunotherapy.





8 Improving NK cell homing and migration to tumor site

The migration and localization of NK cells are governed by cell-extrinsic elements (including signals from sphingosine-1-phosphate, cytokines, chemokines, selectins, integrins, and associated receptors), cell-intrinsic elements, and the microenvironment (149).

Integrins are transmembrane receptors composed of 18 α subunits and eight β subunits that form heterodimers. These heterodimers bind various extracellular ligands, including selectins, cell adhesion molecules, and more than 20 ECM components (150). NK cells express diverse integrins critical for motility and tissue residency and also serve as phenotypic markers distinguishing resident from non-resident subsets (151). The structural and functional adaptability of integrins allows cells to regulate migration speed and direction (152).

β1 integrins, widely expressed beyond leukocytes, contribute to target cell cytotoxicity and tissue infiltration. NK cells frequently express markers such as α4/β1, αL/β2, α5/β1, α2/β1, αM/β2, and α1/β1, enabling interactions with molecules including MAdCAM-1, vitronectin, fibronectin, connective tissue proteins, basement membrane components, epithelial cadherin, and vascular adhesion molecule-1 (153). β2 integrins support adhesion and immunological synapse formation during tumor cell lysis and facilitate NK cell trafficking between tissues and blood (43). Specific β2 integrins—αDβ2, αX/β2, αM/β2, and αL/β2—interact with CAM family proteins like MAdCAM, ICAM, and VCAM in lymphoid and non-lymphoid environments (151).

Within the bone marrow, NK cells reside in both sinusoids and parenchyma. During egression, they move from the parenchyma into sinusoids and subsequently into circulation. Immature subsets, including NKPs and iNKs, tend to remain in the parenchyma, characterized by high CXCR4 expression. As NK cells mature, CXCR4 levels decline, enabling migration to peripheral tissues. Conversely, increased CXCR4 levels promote retention within the bone marrow (43). After exiting bone marrow sinusoids and circulating via the bloodstream, NK cells migrate to peripheral and secondary lymphoid tissues, guided by SIP5 and CX3CR1 (154).

NK cells more readily infiltrate hematopoietic malignancies compared to solid tumors. Infiltration of solid tumors presents additional challenges which requires extravasation followed by navigation through the ECM and tumor stroma (155). NK cells employ several mechanisms to traverse this barrier, including degradation of ECM components by enzymes such as serine dipeptidyl peptidase IV, matrix urokinase plasminogen activator, and metalloproteinases. Chemokines, selectins, and integrins support this process by directing NK cells toward tumor sites (156). Upon receptor-ligand interactions—such as CCL5-CCR5, CCL27-CCR10, and CX3CL1-CX3CR1—NK cells engage other immune cells and initiate anticancer responses via ADCC, degranulation, and apoptosis through FASL or TRAIL pathways (157). These chemokine axes have been implicated in NK cell recruitment to the TME in both humans and mice (157).

The cytotoxic activity of NK cells can be impaired by direct cell–cell contact or soluble inhibitory factors within the TME. Cancer and stromal cells release factors that reprogram NK cells, promoting tumor angiogenesis and facilitating immune evasion. This transformation shifts the immune balance toward a pro-tumor state (82). Once inside the TME, NK cells exhibit altered phenotypes and metabolic profiles, including increased expression of exhaustion markers such as CD96, PD-1, TIGIT, and Tim3, along with decreased expression of activating receptors like NKp80, CD16, DNAM1, and NKp30 (158). Soluble factors such as IDO, IL-10, PGE2, and TGF-β, secreted by carcinoma-associated fibroblasts, tumor cells, Tregs, and others, further suppress NK cell effector functions (148). Additionally, receptor-ligand interactions—such as 2B4-CD48 and NKG2A-HLAE—between NK cells and various immunosuppressive cells, including tumor cells, Tregs, and myeloid-derived suppressor cells, contribute to functional inhibition (158).




9 Gene editing techniques to improve CAR NK cell therapy

Gene editing technologies, including CRISPR/Cas9, TALENs, and zinc finger nucleases, have transformed cancer immunotherapy by allowing precise genetic alterations that enhance immune cell function. Although T cell engineering has shown substantial clinical success, modifying NK cells genetically has faced obstacles due to poor transfection efficiency, a tendency toward apoptosis, and challenges in maintaining stable gene expression.

Recent developments in gene editing have enhanced NK cell cytotoxicity, durability, and tumor targeting capacity. CRISPR/Cas9 has enabled the knockout of inhibitory receptors such as cytokine-inducible SH2-containing protein (CISH) to increase NK cell responsiveness (159). It has also supported the insertion of CAR constructs (160), cytokine-related genes like IL-15 (161), and chemokine receptors such as CXCR4 (162) to improve NK cell homing to tumors.

Gene editing can also reinforce resistance to the suppressive tumor microenvironment by disrupting checkpoint regulators like PD-1, TIGIT, and TGF-β receptors, limiting tumor-mediated inhibition of NK cells. Transposon-based platforms, including Sleeping Beauty and PiggyBac, offer nonviral strategies for stable gene integration, reducing the risks tied to viral vectors (163). These approaches aim to produce CAR NK cell therapies with greater stability, specificity, and antitumor performance across both hematologic and solid malignancies.




10 Preclinical studies on CAR NK cell therapy

Preclinical strategies to enhance NK cell-mediated tumor elimination include the incorporation of CARs to redirect cytotoxicity, suppression of inhibitory receptors such as NKG2A to improve tumor specificity, and stimulation of NK cell persistence in vivo through autocrine cytokine signaling with IL-2 and IL-15 (22). The introduction of CAR constructs into NK cells has received considerable attention, prompting extensive investigation over the past decade. These efforts have included in vitro experiments and in vivo studies using murine xenograft models. Research has focused on various NK cell sources, methods for cell expansion, genetic modification, and different plasmid constructs and vector systems (26).

Allogeneic haploidentical NK cells offer advantages over CAR T cells due to their distinct biological attributes. A key advantage of CAR NK cells is their favorable safety profile. CAR T therapies are commonly associated with toxicities such as neurotoxicity and CRS, which can present as hypoxia, hypotension, sinus tachycardia, hyperpyrexia, cardiac dysfunction, and multiorgan failure (72, 79). These toxicities are mainly driven by pro-inflammatory cytokines, including IL-1, IL-6, and TNFα, whereas CAR NK cells primarily release cytokines such as GM-CSF and IFN-γ (41). CAR T cells, whether autologous or allogeneic, carry a risk of GvHD due to HLA incompatibility. In contrast, NK cells can trigger early graft-versus-leukemia effects and potentially suppress GvHD by targeting recipient cytotoxic T lymphocytes and APCs (72).

CAR NK cells demonstrate enhanced antitumor activity compared to CAR T cells by leveraging both innate and engineered cytotoxic mechanisms. CAR integration can augment NK cell specificity and potency against tumor antigens. Unlike CAR T cells, CAR NK cells retain their intrinsic ability to kill even when tumor antigen expression is reduced (28). CAR NK cells are easier to produce than CAR T cells due to lower GvHD risk and broader donor compatibility, including HLA-matched or mismatched sources. This enables standardized, off-the-shelf therapies. Ongoing clinical trials are assessing their safety and efficacy in both hematologic and solid tumors, using diverse NK sources (e.g., cord blood, iPSCs) and targeting antigens like CD19, BCMA, and PD-L1. Many protocols incorporate lymphodepletion to boost cell persistence. These foundational studies set the stage for the clinical advancements discussed later.




11 Clinical studies on CAR NK cell therapy

The ongoing trials (Table 4) differ in design, phase, and recruitment status, reflecting the early developmental stage of CAR NK therapies but also highlighting growing interest in their clinical application. For example, FT596, an off-the-shelf, IL-15–enhanced CAR NK cell targeting CD19, has shown good tolerability and early clinical responses in relapsed B-cell lymphoma (NCT04245722). PD-1–deleted CAR NK cells targeting mesothelin are under evaluation in solid tumors like ovarian and pancreatic cancers, with early results showing enhanced persistence and no severe CRS (NCT05732948). CYNK-001, derived from placental NK cells, is being tested in AML with manageable side effects and promising off-the-shelf applicability (NCT04310592). In glioblastoma, CAR NK92 cells targeting HER2 were found to be safe and associated with disease stabilization (NCT03383978). Finally, CD7-targeted CAR NK cells are being explored in T-cell malignancies with encouraging results including rapid expansion and cytotoxicity without NK fratricide (NCT05020678). Compared to CAR T cells, CAR NK cells have shown a more favorable safety profile in these trials, with minimal reports of CRS or neurotoxicity, supporting their potential as a safer and scalable alternative for cancer immunotherapy.


Table 4 | Current progress of ongoing clinical trials of CAR NK cells.






12 Future directions and challenges

CAR NK cells are considered promising agents in tumor immunotherapy. However, several limitations hinder their effectiveness, including antigen loss, inefficient trafficking to tumor sites, tumor heterogeneity, low persistence, and the immunosuppressive nature of the TME (Figure 4). NK cells display heightened sensitivity to freezing and thawing compared to T lymphocytes and other human cell types (26, 72). This vulnerability, along with limited expansion and persistence, poses logistical challenges for the scalable and timely distribution of NK cells. Consequently, the clinical use of engineered NK cell products remains largely confined to adoptive immunotherapy. Developing optimized cryopreservation protocols is essential for improving freezing and banking strategies.


[image: ]

Figure 4 | Multifaceted challenges associated with CAR NK cell immunotherapy. (1) The TME poses a significant barrier, with hypoxic, necrotic and normoxic regions, promoting immune evasion and angiogenesis and reducing CAR NK cell adaptability. (2) Trafficking and infiltration barriers limit CAR NK cell access to solid tumors due to the dense TME; and (3) Functional optimization strategies, including enhanced persistence, checkpoint inhibition mitigation, and bispecific antigen CARs, aim to improve therapeutic efficacy and adaptability in complex TMEs.



Various strategies have been implemented to overcome trafficking barriers in solid tumors. These include intraperitoneal and local administration, as well as ultrasound-guided delivery systems (164). Nevertheless, regional delivery may result in suboptimal therapeutic dosing (28). Inhibitory receptors also contribute to NK cell dysfunction. These include cytokine checkpoints (e.g., CISH), C-type lectin receptors (e.g., NKG2A), and immune checkpoints (e.g., CTLA-1, PD-1, TIGIT) (25). Additionally, immunosuppressive factors present in the TME, such as indoleamine 2,3-dioxygenase, adenosine, IL-10, arginase, and TGF-β, impair CAR NK cell functionality (25, 28, 72).

TGF-β inhibition strategies have demonstrated potential in preserving NK cell cytotoxicity and receptor expression. Co-administering NK cells with TGF-β kinase inhibitors helps maintain CD16 and NKG2D expression (28). Similarly, agents such as alisertib (a TGF-βRI inhibitor) and fresolimumab (a neutralizing antibody against TGF-β) have shown promise in solid tumors (165).

The TME is characterized by nutrient deficiency, hypoxia, and acidosis, which suppress immune responses (166). Hypoxia disrupts metabolic balance and upregulates tumor-promoting factors and angiogenesis. It also reduces the expression of activating receptors on NK cells, including NKp44, NKp30, NKG2D, and NKp46 (28). Arginase, activated under hypoxic conditions through CD73, further diminishes NK cell activity. Augmented homing of NKG2D-CAR NK cells has enhanced antitumor efficacy in lung cancer models (28). Hybrid CARs incorporating TGF-β receptor domains have similarly improved NK-92 cell activity (167).

Immune checkpoints naturally regulate NK cell responses to prevent overactivation and autoimmunity. Tumor cells exploit this mechanism by upregulating checkpoint ligands, thereby inhibiting NK cell function. Genetic deletion or blockade of these checkpoints enhances CAR NK cell activity and accelerates tumor clearance. For instance, TIGIT suppresses NK cytotoxicity by countering CD226 (28). Knocking down SMAD3, a TGF-β downstream effector, has also improved NK cytotoxic potential (18). Dominant-negative TGF-β receptors allow UCB-NK cells to maintain IFN-γ secretion and glioblastoma cell killing. Despite tumor hypoxia, entinostat increases NKG2D in NK cells and MICA in tumor cells, improving recognition and killing.

Engineering CAR NK cells to enhance functionality and therapeutic potential is vital. Cytokines such as IL-2, IL-12, and IL-15 support NK cell expansion, persistence, and cytotoxicity in both innate and adoptive contexts. IL-2 supplementation can restore the functionality of cryopreserved NK cells. Genetic strategies that involve deleting inhibitory genes and incorporating cytokine-encoding constructs offer promising avenues. The integration of suicide genes into CAR NK cells provides an important safety measure to counteract excessive cytokine release. The activation of the iC9 suicide gene has enabled the effective elimination of C9/CAR.19/IL-15 CB-NK cells in both preclinical and clinical settings (63).

In lymphoma models, CD19 UCB-derived CAR NK cells engineered to secrete IL-15 and lacking CISH have shown improved metabolic fitness and antitumor activity (26). Most TAAs are not exclusive to tumor cells and are also expressed on healthy tissues, complicating target specificity and increasing the risk of ‘on-target, off-tumor’ toxicity. Therefore, CARs must be designed to recognize highly expressed, tumor-specific antigens (52). Intra-tumoral heterogeneity and clonal evolution further decrease uniform TAA expression, necessitating the development of bispecific CARs that can recognize multiple targets simultaneously.

Genetic modification of NK cells to express CARs and auxiliary genes has given rise to multifunctional constructs such as “armored” CAR NK cells or “NK cell pharmacies” (168). These constructs have demonstrated susceptibility to pharmacological elimination via iC9 suicide gene activation in both preclinical and clinical studies (63). NK cell potency can be enhanced by monoclonal antibodies, ICB, and cytokines in adoptive immunotherapy protocols (72). Radiotherapy has also been shown to upregulate NKG2D ligands through DNA methylation, further enhancing CAR NK cell cytotoxicity. Pre-infusion lymphodepletion through chemotherapy or radiation improves the effector-to-target ratio and reduces tumor burden, thereby enhancing the overall effectiveness of CAR NK therapy.

Current expansion techniques remain limited, as only a few methods yield sufficient NK cell numbers for clinical use (103). Feeder cell-based expansion, often involving cancer cell lines, carries a risk of contamination. Additionally, NK cells exhibit lower transduction and transfection efficiencies compared to other immune cells, complicating consistent genetic engineering outcomes. Despite these limitations, NK cells possess innate cytotoxic abilities independent of CAR signaling. Enhancing homing and targeting efficiency can be achieved by modifying non-signaling CAR regions to include adhesion molecules and chemokine receptors, rather than relying solely on antigen recognition. This approach may be particularly effective in hematologic malignancies such as lymphoma, where the tumor site is more accessible.

The “missing-self” recognition mechanism offers a safety advantage, as NK cells can discriminate between healthy and malignant cells, minimizing off-target effects. Selecting tumor-specific TAAs is critical to avoid cytotoxicity toward normal tissues. T cell and myeloid malignancies often share antigens with healthy cells, increasing toxicity risk (169). NKG2D has emerged as a promising target, and its safety has been demonstrated in the treatment of multiple myeloma and myelodysplastic Syndromes/Acute Myeloid Leukemia using NKG2D-based CAR NK cells.




13 Conclusion

Despite promising outcomes in both preclinical and clinical studies, NK cell-based tumor immunotherapy continues to encounter several critical challenges. These include immune evasion by tumors, a suppressive tumor microenvironment, tumor heterogeneity, reduced cytotoxic function, low expression of TAAs, and poor trafficking to tumor sites, all of which compromise in vivo persistence. The short lifespan and limited curative efficacy of adoptively transferred NK cells remain major barriers to effective cancer treatment. Although CAR NK cell therapy has shown encouraging results, it is still in the early stages of development compared to CAR T cell therapy. Optimizing gene constructs, refining delivery systems, and improving methods for generating engineered NK cells are areas under active investigation. Addressing these limitations is essential for advancing NK cell-based cancer immunotherapy toward broader clinical application.
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