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Immunotherapy, notably chimeric antigen receptor (CAR) modified natural killer (NK) cell therapy, has shown exciting promise in the treatment of hematologic malignancies due to its unique advantages including fewer side effects, diverse activation mechanisms, and wide availability. However, CAR-NK cell therapies have demonstrated limited efficacy against solid tumors, primarily due to challenges posed by the solid tumor microenvironment. In contrast, radiotherapy, a well-established treatment modality, has been proven to modulate the tumor microenvironment and facilitate immune cell infiltration. With these observations, we hypothesize that a novel therapeutic strategy integrating CAR-NK cell therapy with radiotherapy could enhance the ability to treat solid tumors. This hypothesis aims to address the obstacles CAR-NK cell therapies face within the solid tumor microenvironment and explore the potential efficacy of their combination with radiotherapy. By capitalizing on the synergistic advantages of CAR-NK cell therapy and radiotherapy, we posit that this could lead to improved prognoses for patients with solid tumors.
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1 Introduction

With the rapid development of immunotherapy in recent years, people have refocused on the impact of the immune system on tumors. Adoptive cell therapy (ACT) is an important treatment approach. The previous ACT involved collecting immune cells from the patient’s body, culturing and expanding them in vitro, and reinjecting them into the body. However, it remains controversial due to its lack of specificity and limited efficacy. With the advancement of genetic engineering technology, researchers have developed an immune cell modified with the chimeric antigen receptor (CAR). This technology involves adding a specific antigen-recognition receptor on the surface of immune cells, which can recognize tumor-specific proteins and greatly enhance the targeting ability of ACT. The classical CAR mainly consists of an antigen-binding domain, a hinge domain, a transmembrane domain, and an intracellular signaling domain. Among them, the antigen-binding domain is composed of the variable region of heavy (VH) and light (VL) chains connected via a flexible linker to form a single-chain fragment variable (scFv) in the extracellular region When the CAR recognizes and binds to the antigen, its intracellular signaling domain sends a signal to activate downstream pathways and stimulate the immune cells to exert their effector functions (1, 2).

The most widely studied approach is CAR-modified T (CAR-T) cell therapy, which has exhibited remarkable efficacy in hematologic malignancies (3) and has been approved by regulatory authorities for treating such tumors. However, it has some drawbacks, including inducing severe cytokine release syndrome and neurotoxicity, a long and expensive production process, and limited therapeutic efficacy on solid tumors (4). As a result, researchers have shifted their attention to NK cells and developed CAR-NK cell therapy as a potential alternative. CAR-NK cells present several advantages over CAR-T cells, such as a lower risk of cytokine release syndrome, absence of graft-versus-host disease (GvHD), and multiple mechanisms of inducing cytotoxicity (5–7). Additionally, NK cells can be extracted from peripheral blood, cord blood, induced pluripotent stem cells, and NK cell lines. In a recent phase I/II clinical trial targeting CD19-positive B-cell lymphoma, CD19-CAR-NK cells exhibited potent anti-tumor effects (8). CAR-NK cells have been observed to have promising therapeutic effects on solid tumors in preclinical studies (9, 10), and corresponding clinical trials are currently underway, but their results have not yet been published. Nevertheless, for an effective CAR-NK cell therapy, it remains a critical challenge to overcome the immunosuppressive property of the solid tumor microenvironment (TME) that hinders the activity and function of NK cells.

Radiation therapy, as a conventional tumor treatment, has recently garnered attention due to its immunomodulatory effects. Increasing evidence suggests that it can reshape the TME and enhance immune cell infiltration (11–13). Several preclinical studies have investigated the combination of CAR-T cell therapy and radiotherapy for treating solid tumors and yielded promising outcomes (Table 1). NK cells, as a component of the innate immune system, possess distinctive activation mechanisms. Their combination with radiotherapy may alter the balance between their activation and inhibition signals, thereby augmenting the NK cell function. The combination of radiation therapy with CAR-NK cell therapy may represent a promising strategy for the treatment of solid tumors. In this review, we will focus on the mechanisms and challenges of this combination therapy.


Table 1 | Preclinical trials of CAR-T cell therapy combined with radiotherapy.






2 Mechanisms of CAR-NK cell recognizing and killing cancer cells



2.1 Intrinsic mechanism

NK cells are a subset of innate immune cells that lack specific antigen-recognition receptors. They can rapidly recognize and eliminate tumor cells and infected cells without the need for prior sensitization to antigens (18). The activation and regulation of NK cells are determined by a delicate balance between activation and inhibition signals integrated through their surface receptors. Under normal physiological conditions, the inhibitory receptors on NK cells bind to Major Histocompatibility Complex class I molecules (MHC-I) on normal cells to transmit inhibitory signals and put NK cells in an inactive state, thereby preventing normal cells from being killed. However, during tumorigenesis or infection, the downregulation of MHC-I expression in tumor and infected cells disrupts the inhibitory signals, leading to NK cells being activated through a recognition mechanism called “missing-self” (19). Moreover, there are multiple activating receptors on the surface of NK cells, enabling them to recognize and bind to overexpressed or aberrantly expressed proteins on the surface of tumor or infected cells, thereby triggering NK cell activation. The activated NK cells employ diverse mechanisms to directly eliminate target cells, including the release of perforin and granzyme. Moreover, they can induce cell apoptosis through the Fas Ligand/TNF-Related Apoptosis-Inducing Ligand (FasL/TRAIL) signaling pathway or by secreting IFN-γ and TNF-α to engage in receptor-mediated interactions with target cells. Additionally, the Fc receptor CD16 on the surface of NK cells can bind to the Fc region of antibodies and trigger antibody-dependent cell-mediated cytotoxicity (ADCC) to clear target cells (20, 21) (Figure 1).




Figure 1 | The killing mechanism of CAR-NK. 1.Intrinsic direct killing mechanism: NK cells directly kill tumor cells through the following mechanisms: Releasing perforin and granzyme B to directly induce tumor cell lysis; Secreting cytokines TNF-α and IFN-γ to induce apoptosis in tumor cells; Mediating tumor cell apoptosis through the FasL/TRAIL pathway; Exerting antibody-dependent cellular cytotoxicity (ADCC) mediated by CD16. 2. Intrinsic indirect killing mechanism NK cells have the ability to secrete chemokines, recruiting T cells, DC cells, and other immune cells to engage in collaborative cytotoxicity against tumor cells. 3. CAR dependent mechanism The CAR structure can recognize tumor-specific antigens, thereby activating NK cells to kill tumor cells by releasing perforin and granzyme B, among others. The figure is created with BioRender.com. CAR, chimeric antigen receptor; DC, dendritic cell; NK, natural killer; FasL, Fas ligand; TRAIL, TNF-related apoptosis-inducing ligand; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon-gamma.






2.2 CAR-dependent mechanism

During tumor development, tumor cells often downregulate related surface antigens or upregulate some inhibitory receptors to evade immune surveillance, making it difficult for immune cells to recognize the tumor (22). Meanwhile, specific antigens are expressed in certain tumors. These specific antigens can serve as targets for tumor therapy. Installing a chimeric antigen receptor (CAR) structure on immune cells can make them recognize specific antigens. When the CAR binds to the target antigen, the activation signal is transduced into the cell to stimulate NK cell activation and release cytotoxic substances (23) (Figure 1). CAR structures have currently been developed to the fourth generation. The first-generation molecule consists of a synthetic extracellular receptor for antigen recognition, a transmembrane domain, and an intracellular signaling domain. The second and third-generation CAR molecules have one or more intracellular co-stimulatory domains to enhance signal transduction. The fourth-generation CAR, also known as armored CAR, includes molecular payloads that endow CAR-NK cells with additional characteristics and functions. Most CARs used for CAR-NK studies have the same structures as those employed for CAR-T cell therapy because they share the same signal pathways and co-stimulatory domains. However, researchers have developed NK-specific intracellular signaling domains, such as DNAX-activating protein 10 (DAP10), DNAX-activating protein 12 (DAP12), and 2B4, to enhance their cytotoxicity and persistence (24).

Due to the dual cytotoxicity and activation mechanism of CAR-NK cell therapy, it shows greater potential in overcoming the heterogeneity of solid tumors over CAR-T cell therapy and is more effective in combination with radiotherapy for tumor treatment.





3 Challenges encountered by CAR-NK cell therapy in the treatment of solid tumors



3.1 Immune cell homing and transport

Immune cells are usually distributed in the peripheral blood and secondary lymphatic structures of the human body. When the body suffers from infectious or tumor-related diseases, a large number of inflammatory mediators like cytokines and histamines can be released to induce the migration of immune cells to the lesion site through the bloodstream. Then the immune cells adhere to the endothelial cells that line the blood vessels and permeate into the affected tissue via various cascades (25, 26). Nevertheless, solid tumors have abnormal vascular structure and function. Compared with normal blood vessels, their vasculature lacks hierarchical organization and shows a lower expression of adhesion molecules on the endothelium (27, 28), which hinders the migration of immune cells toward tumor tissues. The precise identification of tumors by CAR-NK cells and their successful migration to the tumor core through peripheral blood vessels are crucial prerequisites to ensure the efficacy of immune cell therapy.




3.2 Inhibitory effect of TME on CAR-NK cells

TME refers to the internal environment of tumor development, including tumor cells, immune cells, stromal cells, blood vessels, and extracellular matrix components (29). Abnormal growth of tumor blood vessels can lead to the hypoxic and acidic TME and make NK cells undergo several alterations, including decreased secretion of cytokines, downregulation of activating and death receptors (30), and decreased cytotoxicity. Conversely, lactate and low pH levels can inhibit the activity of NK cells and the IFNγ release (31). TME also releases various cytokines that suppress NK cell activity, such as prostaglandin E2 (PGE2), indoleamine 2,3-dioxygenase (IDO), extracellular adenosine, transforming growth factor β (TGF-β), and soluble MICA (sMICA) (32). Among these factors, TGF-β can significantly diminish the expression levels of activating receptors NKG2D and NKp30 on the NK cell surface (33). It can further disrupt IFN-γ generation and inhibit its differentiation into type 1 innate-like lymphoid cells (ILC1) (34, 35), thereby impairing the NK cell cytotoxicity. TME has diverse immunosuppressive cells, including regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), and tumor-associated macrophages (TAMs), all of which hinder NK cell activity. Tregs can inhibit NK cell activity by interacting with membrane-bound protein TGF-β and secreting TGF-β and IL-10 (36). Furthermore, Tregs compete with NK cells to bind IL-2 and suppress NK cell activation (37). MDSCs can impede NK cell-mediated ADCC via the release of nitric oxide (NO) (38). These cytokines and immunosuppressive cells do not act independently but function in a complex interaction.





4 Current status of CAR-NK cell therapy in the treatment of solid tumors

The currently available data on the efficacy of CAR-NK cell therapy primarily comes from hematologic malignancies. It has shown anti-tumor activity in various preclinical models of solid tumors (9, 39–42), including ovarian cancer, glioblastoma, pancreatic cancer, breast cancer, lung cancer, and others. Moreover, several CAR-NK cell therapies have been approved for treating certain cancers based on their promising performance in phase I/II clinical trials. Common target antigens include PSMA, ROBO1, and NKG2D, although their specific data has not been publicly disclosed. Currently, 13 clinical trials of CAR-NK cell therapy for solid tumors have been registered on ClinicalTrials.gov (Table 2).


Table 2 | Registered clinical trials of CAR-NK cell therapy for treating solid tumors.






5 Principle of CAR-NK cell therapy combined with radiotherapy

Radiotherapy, as the cornerstone of cancer treatment, exerts its effects by releasing high-energy radiation that directly or indirectly damages cellular DNA (43–45). In addition to direct cytotoxicity towards tumor cells, it can induce a series of biological responses that have profound impacts on the immune system and TME.

In 1953, Mole proposed the abscopal effect (46), which refers to the phenomenon where non-irradiated tumor lesions shrink in addition to the irradiated tumor lesions. This phenomenon is extremely rare and unpredictable. Subsequent researchers found that, in immune-deficient mouse tumor models, the radiation dose required to achieve tumor control was often higher than that in immune-competent mice (47), suggesting that the immune system contributes to enhancing the efficacy of radiotherapy. However, this did not receive much attention at the time. It was not until 2004 that Demaria et al. (48) confirmed that the abscopal effect induced by radiotherapy is mediated by the immune system. With the continuous progress of preclinical studies, more and more mechanisms have been discovered. Firstly, radiotherapy can induce immunogenic cell death (ICD) in tumor cells, leading to the release of damage-associated molecular patterns (DAMPs) (49–51). The primary components of DAMPs include: 1. The translocation of calreticulin from the endoplasmic reticulum to the cell membrane, which activates the antigen presentation function of dendritic cells (DCs), At the same time, calreticulin can also be recognized by the NKp46 receptor of NK cells, enhancing the cytotoxicity of NK cells (52–54). 2. The release of adenosine triphosphate (ATP), which recruits DC cells, macrophages, T cells, B cells, etc., to migrate to the injury site, releases inflammatory factors, and initiates adaptive immune responses (55). 3. The release of high mobility group protein B1 (HMGB1) promotes the maturation of dendritic cells, and then activates T cells (56). On the other hand, radiotherapy can alter the phenotype of tumor cells, leading to the upregulation of cell surface molecules and increasing the presentation of antigens, making the tumor cells more susceptible to immune cell attacks (57, 58). Lastly, radiotherapy can lead to the exposure of dsDNA, which is recognized and bound by cyclic GMP-AMP synthase (cGAS), and stimulates the production of many immune and inflammatory gene products, such as Type I interferons, through the cGAS/STING signaling pathway (59, 60). These pro-inflammatory factors recruit immune cells into the tumor, thereby remolding the tumor microenvironment and converting “cold” tumors with less immune cell infiltration into “hot” tumors with immune cell infiltration (Figure 2). Though preclinical studies illustrate the mechanisms of radiotherapy-induced abscopal effects, observation of these effects in clinical practice remains a rarity when radiotherapy is administered in isolation. This scarcity may be ascribable to the inability of radiotherapy alone to adequately surmount the cancer-induced immunosuppression.




Figure 2 | Role of NK cells in radiotherapy-induced antitumor immunity. 1.Following radiotherapy, the dsDNA of tumor cells is exposed to the cytoplasm to activate the cGAS/STING pathway, initiate type I interferon response, induce the secretion of some chemotactic factors, and recruit NK cells into the tumor microenvironment. 2. Radiotherapy can upregulate the expression of several adhesion molecules like ICAM-1 and VCAM-1, which increases the adhesion of NK cells to the endothelial surface. 3. After radiotherapy, tumor cells exhibit an upregulation in stress proteins MICA/B and ULBP1-6, which can effectively activate NK cells and initiate an immune response against the tumor. 4. Radiotherapy induces ICD in tumor cells, leads to the release of DAMPs, and activates NK cells. 5. Radiotherapy plays a pivotal role in decreasing tumor burden and creating a favorable environment for NK cell infiltration. The figure is created with BioRender.com NK, natural killer; cGAS, cyclic GMP-AMP synthase; STING, stimulator of interferon genes; ICAM-1, intercellular adhesion molecule 1; VCAM-1, vascular cell adhesion molecule 1; MIC, major histocompatibility complex class I chain-related protein. ULBP, UL16-binding protein; ICD, immunogenic cell death; DAMPs, damage-associated molecular patterns.



With the emergence of immunotherapy, immune checkpoint inhibitors have been approved for clinical use, and an increasing number of abscopal effect cases have been reported. The first report came from a melanoma patient who experienced disease progression during a clinical trial of ipilimumab, but subsequently experienced tumor reduction outside of the irradiated field following radiotherapy (61). Meanwhile, a retrospective analysis of 24 cases confirmed that abscopal effects are more common in patients receiving combined radiotherapy and immunotherapy (62). The impact of radiotherapy on the immune system has regained attention. Researchers have begun to explore combinations of radiotherapy with various immunotherapies, including immune checkpoint inhibitors, adoptive cell therapy, cytokine therapy, etc. Currently, there are over hundreds of ongoing clinical trials combining radiotherapy with different immunotherapies.

It is generally believed that radiotherapy-induced antitumor immune responses are primarily mediated by T cells. A large body of research has also confirmed the crucial role of T cells in radiotherapy-induced immune responses (48, 63, 64). However, with the development of immunology, researchers have begun to pay attention to the role of NK cells in this process. We will subsequently introduce the role of NK cells in radiotherapy-induced antitumor immunity, as well as the potential mechanism of combining CAR-NK with radiotherapy.



5.1 Radiotherapy enhancing NK cell homing and transport

Compared with normal blood vessels, tumor blood vessels exhibit immature morphology, irregular distribution, and increased permeability. The effects of radiation therapy on tumor vasculature vary greatly and depend on several factors like radiation dose, fractionation schedule, tumor type, and tumor location. Typically, a single high dose exceeding 10 Gy can cause endothelial cell death, acute vascular injury, reduced blood perfusion, and cell hypoxia within hours (65). However, moderate to low doses can stimulate vascular regeneration and induce vascular normalization. Studies have reported that a radiation dose ranging from 5-10 Gy can transiently restore normal vascular function by inducing NO release and lead to tumor reoxygenation, improved blood flow, and increased tumor perfusion (66). Notably, Ganss et al. demonstrated that irradiation of the RIP1-Tag5 mice of pancreatic islet tumor with a dose of 10 Gy could normalize tumor blood vessels and enhance lymphocyte infiltration into the tumor (67). Similarly, Potiron et al. found that a fractionated radiation regimen (2 Gy per fraction, 5 fractions per week, a total dose of 20 Gy in 10 fractions) could improve tumor vascular maturity and perfusion and reduce cell hypoxia in a prostate cancer xenograft model, and it did not alter the tumor vascular morphology or density (68). Subsequent experiments have confirmed that low-dose radiation therapy can normalize tumor vasculature and enhance drug distribution within the tumor (69). Additionally, radiation therapy can increase the expression of adhesion molecules like intercellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1) on tumor endothelial cells (70, 71). These adhesion molecules facilitate the adherence of NK cells to the endothelial cells and promote extravasation into the tumor. Based on these findings, the combination of radiation therapy with CAR-NK cell therapy may enhance CAR-NK cell homing and delivery, and the vascular normalization induced by radiation therapy may reverse the inhibitory effect of hypoxia on CAR-NK cells.




5.2 Radiotherapy increasing NK cell infiltration and recognition

The infiltration degree of NK cells in tumor tissues is often positively correlated with the patient’s prognosis (72–74). Radiotherapy plays a crucial role in NK cell migration and infiltration. A study on single-cell sequencing of the paired cervical cancer samples before and after radiochemotherapy revealed a substantially increased number of CD16-NK cells in tumor tissues following treatment. Analysis of the transcriptome data on infiltrating NK cells after radiochemotherapy demonstrated an increased expression of genes associated with leukocyte migration and cytotoxicity (75). Similar results were obtained in endometrial cancer and colorectal cancer, where radiotherapy increased NK cell infiltration (76, 77). The influence of radiotherapy on NK cell migration may be attributed to the regulation of several chemokines. NK cells have many chemokine receptor proteins on their surface, such as CXCR1, CXCR2, CXCR3, CXCR6, and CCR5. These receptors facilitate the tumor cells’ perception of signal gradients of specific chemokines and guide their migration process. Moreover, radiotherapy can induce DNA damage, activate the cGAS/STING signaling pathway, trigger a type I interferon response, and promote the production of some cytokines like CXCL9, CXCL10, and CXCL11 (78–80). These cytokines bind to receptors on NK cells and enhance immune cell migration and infiltration into the tumor site (81).In addition, radiotherapy-induced production of CXCL8 with CXCL16 has been reported to be associated with NK cell migration and infiltration (82, 83).

Radiotherapy can induce the secretion of multiple chemokines, upregulate the expression of tumor-specific surface antigens, and enhance the recognition and activation of NK cells. Research has demonstrated that radiotherapy at a dose of 20 Gy can increase the expression of MICA/B and ULBP1/2 on the surface of tumor cells, and, co-culture with these tumor cells can enhance the cytotoxicity of NK cells (84). Another study analyzed the paired samples from sarcoma patients before and after radiotherapy; the post-radiotherapy tumor cells exhibited stem cell characteristics and an upregulated expression of MICA/B, making them more susceptible to NK cell-mediated cytotoxicity (85). Moreover, radiotherapy upregulates the expression of ICAM1 on cell surface, promotes the adhesion between NK and tumor cells, and enhances NK cell-mediated toxicity (86).The radiotherapy combined with adoptive NK cell therapy could significantly prolong overall survival and suppress lymph node metastasis and distant metastasis in a mouse model of triple-negative breast cancer. Besides, radiotherapy and adoptive NK cell therapy showed favorable results in canine sarcoma models by enhancing NK cell homing and NK cell-mediated cytotoxicity (87, 88).

In conclusion, these preclinical studies show that radiotherapy can enhance the infiltration ability and tumor recognition ability of NK cells in adoptive therapy (Table 3).


Table 3 | Preclinical evidence for radiotherapy combined with NK cells.






5.3 Radiation therapy reducing tumor burden and heterogeneity

Solid tumors often display significant heterogeneity, which can lead to antigen escape during CAR-NK cell therapy. Radiotherapy can effectively kill a substantial number of tumor cells and reduce tumor heterogeneity. Furthermore, it can decrease tumor burden and create a more favorable environment for immune cell infiltration. Previous literature has reported that patients with lower tumor burdens have better response rates and outcomes to CAR-T cell therapy (90).





6 Challenges faced by the combination therapy



6.1 Radiotherapy-mediated immunosuppression

Although radiotherapy and adoptive NK cell therapy have shown promising synergistic effects in clinical or preclinical experiments, the immunosuppressive effects brought by radiotherapy cannot be ignored. Radiotherapy can directly exert cytotoxic effects on immune cells. Several studies have reported reduced number and activity of NK cells in patients following radiotherapy (91, 92), indicating that NK cell therapy should be administered after radiotherapy and highlighting the significance of its initiation timing in combination treatment. Moreover, radiotherapy can recruit immunosuppressive cells from TME, such as Tregs and MDSCs. Numerous studies have shown a significantly increased number of intratumoral Tregs after radiotherapy (93–95), while Tregs can exert strong inhibitory effects on NK cells (96). The precise mechanism of radiotherapy-induced expansion of Tregs has not yet been fully elucidated. Recent research has revealed that radiotherapy at a dose of 10 Gy prioritizes stimulating proliferation of pre-existing intratumoral Tregs, rather than recruiting peripheral blood Tregs into the tumor, and this study further revealed that TGFβ and IL33 signaling pathways were irrelevant to Treg expansion (93). Furthermore, a study on a mouse model of head and neck squamous cell carcinoma demonstrated that high-dose radiotherapy induced tumor cells to secrete the chemokine CCL20, which could enhance Tregs to infiltrate into the tumor tissue via the CCR6-CCL20 axis and exert their immunosuppressive effects (97). These studies indicate that radiotherapy-induced infiltration of Tregs into tumors may involve various factors, including tumor type, radiation dose, and fractionation schedule. The effectiveness of radiotherapy combined with targeted inhibitors against Tregs has been confirmed in some preclinical studies (98). Radiation therapy can induce the release of chemokine CCL2 to recruit MDSCs, while CCL2 can activate the CCL2/CCR2 and CCL2/CCR5 signaling pathways, leading to MDSCs infiltration into the TME and immune suppression (99–101). Moreover, radiation therapy can modulate the expression of tumor-associated antigens like MHC class I molecules (58, 102), decrease the NK cell’s ability to recognize the tumor. Therefore, it is crucial to address the immunosuppressive effects induced by radiation therapy and maximize the synergistic effects of radiotherapy and CAR-NK cell therapy. Further experiments are warranted to gain deeper insights into the complex interaction between radiation therapy and immunotherapy.




6.2 Optimal radiotherapy dose and fractionation scheme

There is a lack of clinical and preclinical data supporting the therapeutic efficacy of the combination of radiotherapy with CAR-NK cell therapy, and the optimal dosage and schedule of radiotherapy remain unclear. A critical issue is whether higher ablative doses or lower doses of radiotherapy can yield better outcomes in combination therapy. Furthermore, different cancers may exhibit distinct responses to the combination therapy. The higher ablative doses of radiotherapy may promote ICD, release DAMPs, and activate immune cells (103). Nevertheless, its low dose may reverse tumor immune desertification and increase the infiltration of immune cells into tumors (104).

Numerous studies have shown an increased infiltration of NK cells into tumor tissues after administering standard radiation doses of 50-60 Gy (75, 77, 105). A preclinical investigation aimed to explore the impact of dose per fraction (DPF) and cumulative dose on the immunomodulatory capability of radiotherapy. Utilizing an AT3-OVA mouse model, it was observed that lower DPFs (3x4 Gy, 9x4 Gy, 3x8 Gy) could significantly stimulate CD8+ T cell-mediated antitumor activity compared with a single administration of a high dose fraction (1x12 Gy, 1x20 Gy). Conversely, the activation of NK cell-mediated antitumor function was found to be dependent on the cumulative dose rather than the DPF, and its remarkable enhancement was observed after surpassing a biologically effective dose of 36 Gy. These findings strongly suggest the application of conventional radiotherapy doses in combination with CAR-NK cell therapy (106). A dose threshold exceeding 7.5 Gy in the single high-dose radiation therapy has been shown to increase Treg infiltration and lead to immune suppression. Therefore, it is advised to set the radiotherapy dose below this threshold to optimize treatment outcomes and minimize immunosuppressive effects (107). Further research is required to determine the most effective dosage and fractionation schedule of radiotherapy in combination with CAR-NK cell therapy. The existing evidence suggests that ablative high-dose and low-dose radiotherapy have advantages in immunogenicity and immune activation, but their efficacies may vary depending on the specific cancer model.




6.3 Therapeutic sequence

Radiation is commonly regarded as detrimental to NK cells, leading to apoptosis and dysfunction of these cells (108). Therefore, it is recommended that radiotherapy be administered prior to CAR-NK cell infusion to prevent direct damage to the NK cells. In recent years, advancements in radiotherapy technology have allowed for greater precision in dose delivery, minimizing damage to surrounding blood vessels, lymph nodes, and normal tissues, and subsequently reducing the impact on immune cells (109). However, the timing of radiotherapy intervention within the context of combination therapy remains a critical factor. Min Zhou et al. (14) conducted a study exploring the optimal timing of radiotherapy intervention in a breast cancer mouse model treated with a CAR-T cell therapy and radiotherapy combination. Their results showed no statistically significant differences in tumor volume control and survival of mice when administering radiotherapy before or after infusion. This research is the sole study investigating the treatment sequence of adoptive immunotherapy in combination with radiotherapy.

According to previous studies, the post-radiotherapy administration of CAR-NK cells appears to be an effective approach for several reasons. Firstly, the lymphopenia resulting from radiotherapy may cultivate an optimal milieu for the proliferation of the introduced CAR-NK cells. similar to the pretreatment before CAR-T infusion (110, 111). Furthermore, lasting chemokine release is precipitated by radiotherapy enhancing the chemotaxis of these immune cell (82, 83). Also, radiotherapy mediates a significant reduction in tumoral burden, thereby improving the potential for efficient tumoral infiltration by the subsequent CAR-NK cell administration. Overall, these findings are more supportive of using CAR-NK after radiotherapy. Notably, research has indicated that a single low dose of radiation (<2Gy) can enhance the expansion and cytokine secretion function of NK cells in vitro (112, 113). Simultaneously, low-dose radiation therapy in a mouse model has been shown to increase the cytotoxic function of NK cells, consequently inhibiting the growth of experimental tumor (114, 115). Due to the limited duration of CAR-NK cells in the body (8), multiple injections are required to maintain therapeutic efficacy. The application of low-dose radiotherapy following CAR-NK cell infusion may represent a potential strategy for bolstering the functionality and durability of CAR-NK cells. Additional research and thorough investigation are crucial to validate the effectiveness of this potential therapeutic strategy (Figure 3).




Figure 3 | Timing of radiotherapy intervention. 1. Low-dose radiotherapy induces NK cell expansion. 2. Low-dose radiotherapy stimulates NK cells to secrete INF-γ and TNF-α. 3. Radiotherapy reduces tumor burden and facilitates CAR-NK infiltration. 4. Radiotherapy-induced lymphopenia provides space for CAR-NK expansion. 5. Radiotherapy induces chemokine release and attracts CAR-NK to the tumor. CAR, chimeric antigen receptor; NK, natural killer; TNF-α, tumor necrosis factor alpha; IFN-γ, interferon-gamma.







7 Discussion

Based on the aforementioned preclinical research findings, a theoretical basis is provided for the combined therapy of NK cells and radiotherapy. A phase II randomized controlled trial reported favorable results from the use of autologous NK cell adoptive therapy following chemo-radiotherapy in non-small cell lung cancer (116). At present, multiple clinical trials using non-engineered NK cells combined with therapies for solid tumors, including chemo-radiotherapy, immune checkpoint inhibitors, and targeted therapies, are under way. Furthermore, an increasing number of researchers are beginning to use engineered NK cells for combination therapy. Apart from endowing NK cells with innate cytotoxicity, engineered NK cells have been given additional functionalities, potentially increasing their effectiveness in combined therapy. Though clinical data for CAR-NK therapy of solid tumors have yet to be published, and clinical trials combining it with radiotherapy have not started, we hold an optimistic view of the potential of this combination therapy. Firstly, in the case of solid tumors such as glioblastoma, pancreas and ovarian cancer, they are usually diagnosed at a late stage and generally show resistance to existing treatments, with almost no current targeted treatment options. CAR-NK cells may demonstrate a synergistic effect with standard treatments (chemotherapy, radiotherapy, targeted therapies), offering a possible treatment option for late-stage patients. The aim is to improve the targeting, endurance, chemotaxis, and safety of CAR-NK cells. current development strategies for CAR-NK therapy in solid tumors focus on identifying reliable new targets and constructing dual-targeted or multi-targeted CAR structures to enhance targeting, durability, chemotaxis, and safety. The increased exposure of neoantigens and expression of chemokines in tumor cells induced by radiotherapy may offer new avenues for CAR-NK therapy development, such as CARs targeting NKG2DL or overexpressing chemokine receptors (CXCR1, CXCR2, and CXCR4) through CAR design (117–120).




8 Conclusion

In summary, this article reviews the role and latest advancements of NK cells in radiotherapy-induced anti-tumor immunity. On the basis of this evidence, we propose that a combination of CAR-NK cell therapy and radiotherapy may be a method to overcome solid tumors. This hypothesis could provide treatment options for patients with advanced solid tumors and also offer strategies for the development of CAR-NK. However, to determine the optimal radiation dosage, fractionation scheme, and order of administration, a substantial amount of preclinical and clinical experiments is still necessary. Moreover, identifying specific biomarkers is crucial for selecting appropriate patients and minimizing potential treatment-related toxicity to the maximum extent.





Author contributions

JH: Writing – original draft. YY: Investigation, Writing – review & editing. JZ: Writing – review & editing. ZW: Writing – review & editing. HL: Writing – review & editing. LX: Conceptualization, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the Department of Science & Technology of Shandong Province (Grant No. 2021CXGC011102).





Conflict of interest

Authors JZ, ZW and HL were employed by the company Asclepius Technology Company Group.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Larson, RC, and Maus, MV. Recent advances and discoveries in the mechanisms and functions of CAR T cells. Nat Rev Cancer (2021) 21(3):145–61. doi: 10.1038/s41568-020-00323-z

2. June, CH, and Sadelain, M. Chimeric antigen receptor therapy. N Engl J Med (2018) 379(1):64–73. doi: 10.1056/NEJMra1706169

3. Neelapu, SS, Locke, FL, Bartlett, NL, Lekakis, LJ, Miklos, DB, Jacobson, CA, et al. Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma. N Engl J Med (2017) 377(26):2531–44. doi: 10.1056/NEJMoa1707447

4. Shimabukuro-Vornhagen, A, Boll, B, Schellongowski, P, Valade, S, Metaxa, V, Azoulay, E, et al. Critical care management of chimeric antigen receptor T-cell therapy recipients. CA Cancer J Clin (2022) 72(1):78–93. doi: 10.3322/caac.21702

5. Long, EO, Kim, HS, Liu, D, Peterson, ME, and Rajagopalan, S. Controlling natural killer cell responses: integration of signals for activation and inhibition. Annu Rev Immunol (2013) 31:227–58. doi: 10.1146/annurev-immunol-020711-075005

6. Zhang, C, Hu, Y, Xiao, W, and Tian, Z. Chimeric antigen receptor- and natural killer cell receptor-engineered innate killer cells in cancer immunotherapy. Cell Mol Immunol (2021) 18(9):2083–100. doi: 10.1038/s41423-021-00732-6

7. Olson, JA, Leveson-Gower, DB, Gill, S, Baker, J, Beilhack, A, and Negrin, RS. NK cells mediate reduction of GVHD by inhibiting activated, alloreactive T cells while retaining GVT effects. Blood (2010) 115(21):4293–301. doi: 10.1182/blood-2009-05-222190

8. Liu, E, Marin, D, Banerjee, P, Macapinlac, HA, Thompson, P, Basar, R, et al. Use of CAR-transduced natural killer cells in CD19-positive lymphoid tumors. N Engl J Med (2020) 382(6):545–53. doi: 10.1056/NEJMoa1910607

9. Liu, M, Huang, W, Guo, Y, Zhou, Y, Zhi, C, Chen, J, et al. CAR NK-92 cells targeting DLL3 kill effectively small cell lung cancer cells in vitro and in vivo. J Leukoc Biol (2022) 112(4):901–11. doi: 10.1002/JLB.5MA0122-467R

10. Han, J, Chu, J, Keung Chan, W, Zhang, J, Wang, Y, Cohen, JB, et al. CAR-engineered NK cells targeting wild-type EGFR and EGFRvIII enhance killing of glioblastoma and patient-derived glioblastoma stem cells. Sci Rep (2015) 5:11483. doi: 10.1038/srep11483

11. Weichselbaum, RR, Liang, H, Deng, L, and Fu, YX. Radiotherapy and immunotherapy: a beneficial liaison? Nat Rev Clin Oncol (2017) 14(6):365–79. doi: 10.1038/nrclinonc.2016.211

12. McLaughlin, M, Patin, EC, Pedersen, M, Wilkins, A, Dillon, MT, Melcher, AA, et al. Inflammatory microenvironment remodelling by tumour cells after radiotherapy. Nat Rev Cancer (2020) 20(4):203–17. doi: 10.1038/s41568-020-0246-1

13. Zhang, Z, Liu, X, Chen, D, and Yu, J. Radiotherapy combined with immunotherapy: the dawn of cancer treatment. Signal Transduct Target Ther (2022) 7(1):258. doi: 10.1038/s41392-022-01102-y

14. Zhou, M, Chen, M, Shi, B, Di, S, Sun, R, Jiang, H, et al. Radiation enhances the efficacy of EGFR-targeted CAR-T cells against triple-negative breast cancer by activating NF-kappaB/Icam1 signaling. Mol Ther (2022) 30(11):3379–93. doi: 10.1016/j.ymthe.2022.07.021

15. Weiss, T, Weller, M, Guckenberger, M, Sentman, CL, and Roth, P. NKG2D-based CAR T cells and radiotherapy exert synergistic efficacy in glioblastoma. Cancer Res (2018) 78(4):1031–43. doi: 10.1158/0008-5472.CAN-17-1788

16. Murty, S, Haile, ST, Beinat, C, Aalipour, A, Alam, IS, Murty, T, et al. Intravital imaging reveals synergistic effect of CAR T-cells and radiation therapy in a preclinical immunocompetent glioblastoma model. Oncoimmunology (2020) 9(1):1757360. doi: 10.1080/2162402X.2020.1757360

17. DeSelm, C, Palomba, ML, Yahalom, J, Hamieh, M, Eyquem, J, Rajasekhar, VK, et al. Low-dose radiation conditioning enables CAR T cells to mitigate antigen escape. Mol Ther (2018) 26(11):2542–52. doi: 10.1016/j.ymthe.2018.09.008

18. Fang, F, Xiao, W, and Tian, Z. Challenges of NK cell-based immunotherapy in the new era. Front Med (2018) 12(4):440–50. doi: 10.1007/s11684-018-0653-9

19. Ljunggren, HG, and Karre, K. In search of the ‘missing self’: MHC molecules and NK cell recognition. Immunol Today (1990) 11(7):237–44. doi: 10.1016/0167-5699(90)90097-S

20. Zitti, B, and Bryceson, YT. Natural killer cells in inflammation and autoimmunity. Cytokine Growth Factor Rev (2018) 42:37–46. doi: 10.1016/j.cytogfr.2018.08.001

21. Lanier, LL. NK cell recognition. Annu Rev Immunol (2005) 23:225–74. doi: 10.1146/annurev.immunol.23.021704.115526

22. Wu, SY, Fu, T, Jiang, YZ, and Shao, ZM. Natural killer cells in cancer biology and therapy. Mol Cancer (2020) 19(1):120. doi: 10.1158/1557-3125.HIPPO19-IA12

23. Xie, G, Dong, H, Liang, Y, Ham, JD, Rizwan, R, and Chen, J. CAR-NK cells: A promising cellular immunotherapy for cancer. EBioMedicine (2020) 59:102975. doi: 10.1016/j.ebiom.2020.102975

24. Daher, M, and Rezvani, K. Outlook for new CAR-based therapies with a focus on CAR NK cells: what lies beyond CAR-engineered T cells in the race against cancer. Cancer Discov (2021) 11(1):45–58. doi: 10.1158/2159-8290.CD-20-0556

25. Alcaide, P. Mechanisms regulating T cell-endothelial cell interactions. Cold Spring Harb Perspect Med (2022) 12(7):a041170. doi: 10.1101/cshperspect.a041170

26. Schnoor, M, Alcaide, P, Voisin, MB, and van Buul, JD. Crossing the vascular wall: common and unique mechanisms exploited by different leukocyte subsets during extravasation. Mediators Inflamm (2015) 2015:946509. doi: 10.1155/2015/946509

27. Schmidt, J, Ryschich, E, Maksan, SM, Werner, J, Gebhard, MM, Herfarth, C, et al. Reduced basal and stimulated leukocyte adherence in tumor endothelium of experimental pancreatic cancer. Int J Pancreatol (1999) 26(3):173–9. doi: 10.1385/IJGC:26:3:173

28. Schmidt, J, Ryschich, E, Daniel, V, Herzog, L, Werner, J, Herfarth, C, et al. Vascular structure and microcirculation of experimental pancreatic carcinoma in rats. Eur J Surg (2000) 166(4):328–35. doi: 10.1080/110241500750009195

29. Anderson, NM, and Simon, MC. The tumor microenvironment. Curr Biol (2020) 30(16):R921–R5. doi: 10.1016/j.cub.2020.06.081

30. Parodi, M, Raggi, F, Cangelosi, D, Manzini, C, Balsamo, M, Blengio, F, et al. Hypoxia modifies the transcriptome of human NK cells, modulates their immunoregulatory profile, and influences NK cell subset migration. Front Immunol (2018) 9:2358. doi: 10.3389/fimmu.2018.02358

31. Terren, I, Orrantia, A, Vitalle, J, Zenarruzabeitia, O, and Borrego, F. NK cell metabolism and tumor microenvironment. Front Immunol (2019) 10:2278. doi: 10.3389/fimmu.2019.02278

32. Vitale, M, Cantoni, C, Pietra, G, Mingari, MC, and Moretta, L. Effect of tumor cells and tumor microenvironment on NK-cell function. Eur J Immunol (2014) 44(6):1582–92. doi: 10.1002/eji.201344272

33. Castriconi, R, Cantoni, C, Della Chiesa, M, Vitale, M, Marcenaro, E, Conte, R, et al. Transforming growth factor beta 1 inhibits expression of NKp30 and NKG2D receptors: consequences for the NK-mediated killing of dendritic cells. Proc Natl Acad Sci USA (2003) 100(7):4120–5. doi: 10.1073/pnas.0730640100

34. Yu, J, Wei, M, Becknell, B, Trotta, R, Liu, S, Boyd, Z, et al. Pro- and antiinflammatory cytokine signaling: reciprocal antagonism regulates interferon-gamma production by human natural killer cells. Immunity (2006) 24(5):575–90. doi: 10.1016/j.immuni.2006.03.016

35. Regis, S, Dondero, A, Caliendo, F, Bottino, C, and Castriconi, R. NK cell function regulation by TGF-beta-induced epigenetic mechanisms. Front Immunol (2020) 11:311. doi: 10.3389/fimmu.2020.00311

36. Ghiringhelli, F, Menard, C, Terme, M, Flament, C, Taieb, J, Chaput, N, et al. CD4+CD25+ regulatory T cells inhibit natural killer cell functions in a transforming growth factor-beta-dependent manner. J Exp Med (2005) 202(8):1075–85. doi: 10.1084/jem.20051511

37. Ghiringhelli, F, Menard, C, Martin, F, and Zitvogel, L. The role of regulatory T cells in the control of natural killer cells: relevance during tumor progression. Immunol Rev (2006) 214:229–38. doi: 10.1111/j.1600-065X.2006.00445.x

38. Stiff, A, Trikha, P, Mundy-Bosse, B, McMichael, E, Mace, TA, Benner, B, et al. Nitric oxide production by myeloid-derived suppressor cells plays a role in impairing fc receptor-mediated natural killer cell function. Clin Cancer Res (2018) 24(8):1891–904. doi: 10.1158/1078-0432.CCR-17-0691

39. Barker, HE, Paget, JT, Khan, AA, and Harrington, KJ. The tumour microenvironment after radiotherapy: mechanisms of resistance and recurrence. Nat Rev Cancer (2015) 15(7):409–25. doi: 10.1038/nrc3958

40. Chang, YH, Connolly, J, Shimasaki, N, Mimura, K, Kono, K, and Campana, D. A chimeric receptor with NKG2D specificity enhances natural killer cell activation and killing of tumor cells. Cancer Res (2013) 73(6):1777–86. doi: 10.1158/0008-5472.CAN-12-3558

41. Schonfeld, K, Sahm, C, Zhang, C, Naundorf, S, Brendel, C, Odendahl, M, et al. Selective inhibition of tumor growth by clonal NK cells expressing an ErbB2/HER2-specific chimeric antigen receptor. Mol Ther (2015) 23(2):330–8. doi: 10.1038/mt.2014.219

42. Topfer, K, Cartellieri, M, Michen, S, Wiedemuth, R, Muller, N, Lindemann, D, et al. DAP12-based activating chimeric antigen receptor for NK cell tumor immunotherapy. J Immunol (2015) 194(7):3201–12. doi: 10.4049/jimmunol.1400330

43. Eriksson, D, and Stigbrand, T. Radiation-induced cell death mechanisms. Tumour Biol (2010) 31(4):363–72. doi: 10.1007/s13277-010-0042-8

44. Azzam, EI, Jay-Gerin, JP, and Pain, D. Ionizing radiation-induced metabolic oxidative stress and prolonged cell injury. Cancer Lett (2012) 327(1-2):48–60. doi: 10.1016/j.canlet.2011.12.012

45. Reisz, JA, Bansal, N, Qian, J, Zhao, W, and Furdui, CM. Effects of ionizing radiation on biological molecules–mechanisms of damage and emerging methods of detection. Antioxid Redox Signal (2014) 21(2):260–92. doi: 10.1089/ars.2013.5489

46. Mole, RH. Whole body irradiation; radiobiology or medicine? Br J Radiol (1953) 26(305):234–41. doi: 10.1259/0007-1285-26-305-234

47. Stone, HB, Peters, L, and Milas, L. Effect of host immune capability on radiocurability and subsequent transplantability of a murine fibrosarcoma. J Nati Cancer Inst (1979) 63(5):1229–35.

48. Demaria, S, Ng, B, Devitt, ML, Babb, JS, Kawashima, N, Liebes, L, et al. Ionizing radiation inhibition of distant untreated tumors (abscopal effect) is immune mediated. Int J Radiat Oncol Biol Phys (2004) 58(3):862–70. doi: 10.1016/j.ijrobp.2003.09.012

49. Kroemer, G, Galluzzi, L, Kepp, O, and Zitvogel, L. Immunogenic cell death in cancer therapy. Annu Rev Immunol (2013) 31:51–72. doi: 10.1146/annurev-immunol-032712-100008

50. Galluzzi, L, Buque, A, Kepp, O, Zitvogel, L, and Kroemer, G. Immunogenic cell death in cancer and infectious disease. Nat Rev Immunol (2017) 17(2):97–111. doi: 10.1038/nri.2016.107

51. Golden, EB, Frances, D, Pellicciotta, I, Demaria, S, Helen Barcellos-Hoff, M, and Formenti, SC. Radiation fosters dose-dependent and chemotherapy-induced immunogenic cell death. Oncoimmunology (2014) 3:e28518. doi: 10.4161/onci.28518

52. Obeid, M, Tesniere, A, Ghiringhelli, F, Fimia, GM, Apetoh, L, Perfettini, JL, et al. Calreticulin exposure dictates the immunogenicity of cancer cell death. Nat Med (2007) 13(1):54–61. doi: 10.1038/nm1523

53. Sen Santara, S, Lee, DJ, Crespo, A, Hu, JJ, Walker, C, Ma, X, et al. The NK cell receptor NKp46 recognizes ecto-calreticulin on ER-stressed cells. Nature (2023) 616(7956):348–56. doi: 10.1038/s41586-023-05912-0

54. Fucikova, J, Spisek, R, Kroemer, G, and Galluzzi, L. Calreticulin and cancer. Cell Res (2021) 31(1):5–16. doi: 10.1038/s41422-020-0383-9

55. Michaud, M, Martins, I, Sukkurwala, AQ, Adjemian, S, Ma, Y, Pellegatti, P, et al. Autophagy-dependent anticancer immune responses induced by chemotherapeutic agents in mice. Science (2011) 334(6062):1573–7. doi: 10.1126/science.1208347

56. Chen, R, Kang, R, and Tang, D. The mechanism of HMGB1 secretion and release. Exp Mol Med (2022) 54(2):91–102. doi: 10.1038/s12276-022-00736-w

57. Hellstrom, KE, Hellstrom, I, Kant, JA, and Tamerius, JD. Regression and inhibition of sarcoma growth by interference with a radiosensitive T-cell population. J Exp Med (1978) 148(3):799–804. doi: 10.1084/jem.148.3.799

58. Reits, EA, Hodge, JW, Herberts, CA, Groothuis, TA, Chakraborty, M, Wansley, EK, et al. Radiation modulates the peptide repertoire, enhances MHC class I expression, and induces successful antitumor immunotherapy. J Exp Med (2006) 203(5):1259–71. doi: 10.1084/jem.20052494

59. Woo, SR, Fuertes, MB, Corrales, L, Spranger, S, Furdyna, MJ, Leung, MY, et al. STING-dependent cytosolic DNA sensing mediates innate immune recognition of immunogenic tumors. Immunity (2014) 41(5):830–42. doi: 10.1016/j.immuni.2014.10.017

60. Barber, GN. STING-dependent cytosolic DNA sensing pathways. Trends Immunol (2014) 35(2):88–93. doi: 10.1016/j.it.2013.10.010

61. Postow, MA, Callahan, MK, Barker, CA, Yamada, Y, Yuan, J, Kitano, S, et al. Immunologic correlates of the abscopal effect in a patient with melanoma. N Engl J Med (2012) 366(10):925–31. doi: 10.1056/NEJMoa1112824

62. Dagoglu, N, Karaman, S, Caglar, HB, and Oral, EN. Abscopal effect of radiotherapy in the immunotherapy era: systematic review of reported cases. Cureus (2019) 11(2):e4103. doi: 10.7759/cureus.4103

63. Chakraborty, M, Abrams, SI, Coleman, CN, Camphausen, K, Schlom, J, and Hodge, JW. External beam radiation of tumors alters phenotype of tumor cells to render them susceptible to vaccine-mediated T-cell killing. Cancer Res (2004) 64(12):4328–37. doi: 10.1158/0008-5472.CAN-04-0073

64. Lim, JY, Gerber, SA, Murphy, SP, and Lord, EM. Type I interferons induced by radiation therapy mediate recruitment and effector function of CD8(+) T cells. Cancer Immunol Immunother (2014) 63(3):259–71. doi: 10.1007/s00262-013-1506-7

65. Song, CW, Lee, YJ, Griffin, RJ, Park, I, Koonce, NA, Hui, S, et al. Indirect tumor cell death after high-dose hypofractionated irradiation: implications for stereotactic body radiation therapy and stereotactic radiation surgery. Int J Radiat Oncol Biol Phys (2015) 93(1):166–72. doi: 10.1016/j.ijrobp.2015.05.016

66. Sonveaux, P, Brouet, A, Havaux, X, Grégoire, V, Dessy, C, Balligand, JL, et al. Irradiation-induced angiogenesis through the up-regulation of the nitric oxide pathway: implications for tumor radiotherapy. Cancer Res (2003) 63(5):1012–9.

67. Ganss, R, Ryschich, E, Klar, E, Arnold, B, and Hämmerling, GJ. Combination of T-cell therapy and trigger of inflammation induces remodeling of the vasculature and tumor eradication. Cancer Res (2002) 62(5):1462–70.

68. Potiron, VA, Abderrahmani, R, Clement-Colmou, K, Marionneau-Lambot, S, Oullier, T, Paris, F, et al. Improved functionality of the vasculature during conventionally fractionated radiation therapy of prostate cancer. PloS One (2013) 8(12):e84076. doi: 10.1371/journal.pone.0084076

69. Potiron, V, Clement-Colmou, K, Jouglar, E, Pietri, M, Chiavassa, S, Delpon, G, et al. Tumor vasculature remodeling by radiation therapy increases doxorubicin distribution and efficacy. Cancer Lett (2019) 457:1–9. doi: 10.1016/j.canlet.2019.05.005

70. Lugade, AA, Sorensen, EW, Gerber, SA, Moran, JP, Frelinger, JG, and Lord, EM. Radiation-induced IFN-gamma production within the tumor microenvironment influences antitumor immunity. J Immunol (2008) 180(5):3132–9. doi: 10.4049/jimmunol.180.5.3132

71. Behrends, U, Peter, RU, Hintermeier-Knabe, R, Eissner, G, Holler, E, Bornkamm, GW, et al. Ionizing radiation induces human intercellular adhesion molecule-1 in vitro. J Invest Dermatol (1994) 103(5):726–30. doi: 10.1111/1523-1747.ep12398607

72. Cozar, B, Greppi, M, Carpentier, S, Narni-Mancinelli, E, Chiossone, L, and Vivier, E. Tumor-infiltrating natural killer cells. Cancer Discov (2021) 11(1):34–44. doi: 10.1158/2159-8290.CD-20-0655

73. Nersesian, S, Schwartz, SL, Grantham, SR, MacLean, LK, Lee, SN, Pugh-Toole, M, et al. NK cell infiltration is associated with improved overall survival in solid cancers: A systematic review and meta-analysis. Transl Oncol (2021) 14(1):100930. doi: 10.1016/j.tranon.2020.100930

74. Zhang, S, Liu, W, Hu, B, Wang, P, Lv, X, Chen, S, et al. Prognostic significance of tumor-infiltrating natural killer cells in solid tumors: A systematic review and meta-analysis. Front Immunol (2020) 11:1242. doi: 10.3389/fimmu.2020.01242

75. Liu, C, Li, X, Huang, Q, Zhang, M, Lei, T, Wang, F, et al. Single-cell RNA-sequencing reveals radiochemotherapy-induced innate immune activation and MHC-II upregulation in cervical cancer. Signal Transduct Target Ther (2023) 8(1):44. doi: 10.1038/s41392-022-01264-9

76. Zinovkin, DA, Lyzikova, YA, Nadyrov, EA, Petrenyov, DR, Yuzugulen, J, and Pranjol, MZI. Gamma-ray irradiation modulates PGRMC1 expression and the number of CD56+ and FoxP3+ cells in the tumor microenvironment of endometrial endometrioid adenocarcinoma. Radiat Oncol J (2021) 39(4):324–33. doi: 10.3857/roj.2021.00472

77. Alderdice, M, Dunne, PD, Cole, AJ, O’Reilly, PG, McArt, DG, Bingham, V, et al. Natural killer-like signature observed post therapy in locally advanced rectal cancer is a determinant of pathological response and improved survival. Mod Pathol (2017) 30(9):1287–98. doi: 10.1038/modpathol.2017.47

78. Schaue, D, Kachikwu, EL, and McBride, WH. Cytokines in radiobiological responses: a review. Radiat Res (2012) 178(6):505–23. doi: 10.1667/RR3031.1

79. Vanpouille-Box, C, Demaria, S, Formenti, SC, and Galluzzi, L. Cytosolic DNA sensing in organismal tumor control. Cancer Cell (2018) 34(3):361–78. doi: 10.1016/j.ccell.2018.05.013

80. Yamazaki, T, Kirchmair, A, Sato, A, Buque, A, Rybstein, M, Petroni, G, et al. Mitochondrial DNA drives abscopal responses to radiation that are inhibited by autophagy. Nat Immunol (2020) 21(10):1160–71. doi: 10.1038/s41590-020-0751-0

81. Fitzgerald, AA, Wang, S, Agarwal, V, Marcisak, EF, Zuo, A, Jablonski, SA, et al. DPP inhibition alters the CXCR3 axis and enhances NK and CD8+ T cell infiltration to improve anti-PD1 efficacy in murine models of pancreatic ductal adenocarcinoma. J Immunother Cancer (2021) 9(11):e002837. doi: 10.1136/jitc-2021-002837

82. Walle, T, Kraske, JA, Liao, B, Lenoir, B, Timke, C, von Bohlen Und Halbach, E, et al. Radiotherapy orchestrates natural killer cell dependent antitumor immune responses through CXCL8. Sci Adv (2022) 8(12):eabh4050. doi: 10.1126/sciadv.abh4050

83. Yoon, MS, Pham, CT, Phan, MT, Shin, DJ, Jang, YY, Park, MH, et al. Irradiation of breast cancer cells enhances CXCL16 ligand expression and induces the migration of natural killer cells expressing the CXCR6 receptor. Cytotherapy (2016) 18(12):1532–42. doi: 10.1016/j.jcyt.2016.08.006

84. Kim, JY, Son, YO, Park, SW, Bae, JH, Chung, JS, Kim, HH, et al. Increase of NKG2D ligands and sensitivity to NK cell-mediated cytotoxicity of tumor cells by heat shock and ionizing radiation. Exp Mol Med (2006) 38(5):474–84. doi: 10.1038/emm.2006.56

85. Ames, E, Canter, RJ, Grossenbacher, SK, Mac, S, Smith, RC, Monjazeb, AM, et al. Enhanced targeting of stem-like solid tumor cells with radiation and natural killer cells. Oncoimmunology (2015) 4(9):e1036212. doi: 10.1080/2162402X.2015.1036212

86. Jeong, JU, Uong, TNT, Chung, WK, Nam, TK, Ahn, SJ, Song, JY, et al. Effect of irradiation-induced intercellular adhesion molecule-1 expression on natural killer cell-mediated cytotoxicity toward human cancer cells. Cytotherapy (2018) 20(5):715–27. doi: 10.1016/j.jcyt.2018.01.010

87. Kim, KW, Jeong, JU, Lee, KH, Uong, TNT, Rhee, JH, Ahn, SJ, et al. Combined NK cell therapy and radiation therapy exhibit long-term therapeutic and antimetastatic effects in a human triple negative breast cancer model. Int J Radiat Oncol Biol Phys (2020) 108(1):115–25. doi: 10.1016/j.ijrobp.2019.09.041

88. Canter, RJ, Grossenbacher, SK, Foltz, JA, Sturgill, IR, Park, JS, Luna, JI, et al. Radiotherapy enhances natural killer cell cytotoxicity and localization in pre-clinical canine sarcomas and first-in-dog clinical trial. J Immunother Cancer (2017) 5(1):98. doi: 10.1186/s40425-017-0305-7

89. Makowska, A, Lelabi, N, Nothbaum, C, Shen, L, Busson, P, Tran, TTB, et al. Radiotherapy combined with PD-1 inhibition increases NK cell cytotoxicity towards nasopharyngeal carcinoma cells. Cells (2021) 10(9):2458. doi: 10.3390/cells10092458

90. Li, M, Xue, SL, Tang, X, Xu, J, Chen, S, Han, Y, et al. The differential effects of tumor burdens on predicting the net benefits of ssCART-19 cell treatment on r/r B-ALL patients. Sci Rep (2022) 12(1):378. doi: 10.1038/s41598-021-04296-3

91. Santin, AD, Hermonat, PL, Ravaggi, A, Bellone, S, Roman, J, Pecorelli, S, et al. Effects of concurrent cisplatinum administration during radiotherapy vs. radiotherapy alone on the immune function of patients with cancer of the uterine cervix. Int J Radiat Oncol Biol Phys (2000) 48(4):997–1006. doi: 10.1016/s0360-3016(00)00769-0

92. Santin, AD, Bellone, S, Palmieri, M, Bossini, B, Dunn, D, Roman, JJ, et al. Effect of blood transfusion during radiotherapy on the immune function of patients with cancer of the uterine cervix: role of interleukin-10. Int J Radiat Oncol Biol Phys (2002) 54(5):1345–55. doi: 10.1016/S0360-3016(02)03757-4

93. Muroyama, Y, Nirschl, TR, Kochel, CM, Lopez-Bujanda, Z, Theodros, D, Mao, W, et al. Stereotactic radiotherapy increases functionally suppressive regulatory T cells in the tumor microenvironment. Cancer Immunol Res (2017) 5(11):992–1004. doi: 10.1158/2326-6066.CIR-17-0040

94. Beauford, SS, Kumari, A, and Garnett-Benson, C. Ionizing radiation modulates the phenotype and function of human CD4+ induced regulatory T cells. BMC Immunol (2020) 21(1):18. doi: 10.1186/s12865-020-00349-w

95. Kachikwu, EL, Iwamoto, KS, Liao, YP, DeMarco, JJ, Agazaryan, N, Economou, JS, et al. Radiation enhances regulatory T cell representation. Int J Radiat Oncol Biol Phys (2011) 81(4):1128–35. doi: 10.1016/j.ijrobp.2010.09.034

96. Pedroza-Pacheco, I, Madrigal, A, and Saudemont, A. Interaction between natural killer cells and regulatory T cells: perspectives for immunotherapy. Cell Mol Immunol (2013) 10(3):222–9. doi: 10.1038/cmi.2013.2

97. Rutihinda, C, Haroun, R, Saidi, NE, Ordonez, JP, Naasri, S, Levesque, D, et al. Inhibition of the CCR6-CCL20 axis prevents regulatory T cell recruitment and sensitizes head and neck squamous cell carcinoma to radiation therapy. Cancer Immunol Immunother (2023) 72(5):1089–102. doi: 10.1007/s00262-022-03313-2

98. Piper, M, Van Court, B, Mueller, A, Watanabe, S, Bickett, T, Bhatia, S, et al. Targeting treg-expressed STAT3 enhances NK-mediated surveillance of metastasis and improves therapeutic response in pancreatic adenocarcinoma. Clin Cancer Res (2022) 28(5):1013–26. doi: 10.1158/1078-0432.CCR-21-2767

99. Mondini, M, Loyher, PL, Hamon, P, Gerbe de Thore, M, Laviron, M, Berthelot, K, et al. CCR2-dependent recruitment of tregs and monocytes following radiotherapy is associated with TNFalpha-mediated resistance. Cancer Immunol Res (2019) 7(3):376–87. doi: 10.1158/2326-6066.CIR-18-0633

100. Connolly, KA, Belt, BA, Figueroa, NM, Murthy, A, Patel, A, Kim, M, et al. Increasing the efficacy of radiotherapy by modulating the CCR2/CCR5 chemokine axes. Oncotarget (2016) 7(52):86522–35. doi: 10.18632/oncotarget.13287

101. Kalbasi, A, Komar, C, Tooker, GM, Liu, M, Lee, JW, Gladney, WL, et al. Tumor-derived CCL2 mediates resistance to radiotherapy in pancreatic ductal adenocarcinoma. Clin Cancer Res (2017) 23(1):137–48. doi: 10.1158/1078-0432.CCR-16-0870

102. Santin, AD, Hermonat, PL, Hiserodt, JC, Chiriva-Internati, M, Woodliff, J, Theus, JW, et al. Effects of irradiation on the expression of major histocompatibility complex class I antigen and adhesion costimulation molecules ICAM-1 in human cervical cancer. Int J Radiat Oncol Biol Phys (1997) 39(3):737–42. doi: 10.1016/S0360-3016(97)00372-6

103. Ashrafizadeh, M, Farhood, B, Eleojo Musa, A, Taeb, S, and Najafi, M. Damage-associated molecular patterns in tumor radiotherapy. Int Immunopharmacol (2020) 86:106761. doi: 10.1016/j.intimp.2020.106761

104. Herrera, FG, Ronet, C, Ochoa de Olza, M, Barras, D, Crespo, I, Andreatta, M, et al. Low-dose radiotherapy reverses tumor immune desertification and resistance to immunotherapy. Cancer Discov (2022) 12(1):108–33. doi: 10.1158/2159-8290.CD-21-0003

105. Parikh, AR, Szabolcs, A, Allen, JN, Clark, JW, Wo, JY, Raabe, M, et al. Radiation therapy enhances immunotherapy response in microsatellite stable colorectal and pancreatic adenocarcinoma in a phase II trial. Nat Cancer (2021) 2(11):1124–35. doi: 10.1038/s43018-021-00269-7

106. Sia, J, Hagekyriakou, J, Chindris, I, Albarakati, H, Leong, T, Schlenker, R, et al. Regulatory T cells shape the differential impact of radiation dose-fractionation schedules on host innate and adaptive antitumor immune defenses. Int J Radiat Oncol Biol Phys (2021) 111(2):502–14. doi: 10.1016/j.ijrobp.2021.05.014

107. Schaue, D, Ratikan, JA, Iwamoto, KS, and McBride, WH. Maximizing tumor immunity with fractionated radiation. Int J Radiat Oncol Biol Phys (2012) 83(4):1306–10. doi: 10.1016/j.ijrobp.2011.09.049

108. Paganetti, H. A review on lymphocyte radiosensitivity and its impact on radiotherapy. Front Oncol (2023) 13:1201500. doi: 10.3389/fonc.2023.1201500

109. Citrin, DE. Recent developments in radiotherapy. N Engl J Med (2017) 377(11):1065–75. doi: 10.1056/NEJMra1608986

110. Gattinoni, L, Powell, DJ Jr., Rosenberg, SA, and Restifo, NP. Adoptive immunotherapy for cancer: building on success. Nat Rev Immunol (2006) 6(5):383–93. doi: 10.1038/nri1842

111. Dudley, ME, Yang, JC, Sherry, R, Hughes, MS, Royal, R, Kammula, U, et al. Adoptive cell therapy for patients with metastatic melanoma: evaluation of intensive myeloablative chemoradiation preparative regimens. J Clin Oncol (2008) 26(32):5233–9. doi: 10.1200/JCO.2008.16.5449

112. Yang, G, Kong, Q, Wang, G, Jin, H, Zhou, L, Yu, D, et al. Low-dose ionizing radiation induces direct activation of natural killer cells and provides a novel approach for adoptive cellular immunotherapy. Cancer Biother Radiopharm (2014) 29(10):428–34. doi: 10.1089/cbr.2014.1702

113. Sonn, CH, Choi, JR, Kim, TJ, Yu, YB, Kim, K, Shin, SC, et al. Augmentation of natural cytotoxicity by chronic low-dose ionizing radiation in murine natural killer cells primed by IL-2. J Radiat Res (2012) 53(6):823–9. doi: 10.1093/jrr/rrs037

114. Cheda, A, Wrembel-Wargocka, J, Lisiak, E, Nowosielska, EM, Marciniak, M, and Janiak, MK. Single low doses of X rays inhibit the development of experimental tumor metastases and trigger the activities of NK cells in mice. Radiat Res (2004) 161(3):335–40. doi: 10.1667/rr3123

115. Jin, SZ, Pan, XN, Wu, N, Jin, GH, and Liu, SZ. Whole-body low dose irradiation promotes the efficacy of conventional radiotherapy for cancer and possible mechanisms. Dose Response (2007) 5(4):349–58. doi: 10.2203/dose-response.07-020.Jin

116. Multhoff, G, Seier, S, Stangl, S, Sievert, W, Shevtsov, M, Werner, C, et al. Targeted natural killer cell-based adoptive immunotherapy for the treatment of patients with NSCLC after radiochemotherapy: A randomized phase II clinical trial. Clin Cancer Res (2020) 26(20):5368–79. doi: 10.1158/1078-0432.CCR-20-1141

117. Jin, L, Tao, H, Karachi, A, Long, Y, Hou, AY, Na, M, et al. CXCR1- or CXCR2-modified CAR T cells co-opt IL-8 for maximal antitumor efficacy in solid tumors. Nat Commun (2019) 10(1):4016. doi: 10.1038/s41467-019-11869-4

118. Ng, YY, Tay, JCK, and Wang, S. CXCR1 expression to improve anti-cancer efficacy of intravenously injected CAR-NK cells in mice with peritoneal xenografts. Mol Ther Oncolytics (2020) 16:75–85. doi: 10.1016/j.omto.2019.12.006

119. Xiao, L, Cen, D, Gan, H, Sun, Y, Huang, N, Xiong, H, et al. Adoptive transfer of NKG2D CAR mRNA-engineered natural killer cells in colorectal cancer patients. Mol Ther (2019) 27(6):1114–25. doi: 10.1016/j.ymthe.2019.03.011

120. Zhang, C, Roder, J, Scherer, A, Bodden, M, Pfeifer Serrahima, J, Bhatti, A, et al. Bispecific antibody-mediated redirection of NKG2D-CAR natural killer cells facilitates dual targeting and enhances antitumor activity. J Immunother Cancer (2021) 9(10):e002980. doi: 10.1136/jitc-2021-002980




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 He, Yan, Zhang, Wei, Li and Xing. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Synergistic treatment strategy: combining CAR-NK cell therapy and radiotherapy to combat solid tumors

      

        		

          1 Introduction

        



        		

          2 Mechanisms of CAR-NK cell recognizing and killing cancer cells

        

          		

            2.1 Intrinsic mechanism

          



          		

            2.2 CAR-dependent mechanism

          



        



        



        		

          3 Challenges encountered by CAR-NK cell therapy in the treatment of solid tumors

        

          		

            3.1 Immune cell homing and transport

          



          		

            3.2 Inhibitory effect of TME on CAR-NK cells

          



        



        



        		

          4 Current status of CAR-NK cell therapy in the treatment of solid tumors

        



        		

          5 Principle of CAR-NK cell therapy combined with radiotherapy

        

          		

            5.1 Radiotherapy enhancing NK cell homing and transport

          



          		

            5.2 Radiotherapy increasing NK cell infiltration and recognition

          



          		

            5.3 Radiation therapy reducing tumor burden and heterogeneity

          



        



        



        		

          6 Challenges faced by the combination therapy

        

          		

            6.1 Radiotherapy-mediated immunosuppression

          



          		

            6.2 Optimal radiotherapy dose and fractionation scheme

          



          		

            6.3 Therapeutic sequence

          



        



        



        		

          7 Discussion

        



        		

          8 Conclusion

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-14-1298683-g002.jpg
& Tumor cell % Dead tumor cell % INFy TNFa

@ NKcell A ICAM-1 VCAM-1 A Stress-associated proteins
(MICA/B/ULBP)

@3 Radiation Chemokines





OEBPS/Images/table2.jpg
NCT number Cancer type Trial phase  Trial status
NCT05776355 NKG2D Ovarian Cancer Phase I Recruiting
NCT05507593 DLL3 SCLC, Extensive Stage Phase 1 Recruiting
NCT05410717 CLDN6 Stage IV Ovarian Cancer; Testis Cancer; Refractory, Recurrent Endometrial Cancer Phase /1T Recruiting
NCT05213195 NKG2D Refractory, Metastatic Colorectal Cancer Phase I Recruiting
NCT05194709 5T4 Advanced Solid Tumors Phase I Recruiting
NCT04847466 PD-L1 Gastroesophageal Junction Cancer; Advanced HNSCC Phase I Recruiting
NCT05248048 NKG2D Refractory, Metastatic Colorectal Cancer Phase /1T Unknown
NCT03940820 ROBO1 Solid Tumors Phase I Recruiting
NCT05922930 TROP2 Pancreatic Cancer; Ovarian Cancer; Adenocarcinoma Phase /1T Not yet recruiting
NCT03692663 PMSA Metastatic Castration-Resistant Prostate Cancer Phase I Recruiting
NCT03692637 anti-Mesothelin Epithelial Ovarian Cancer Phase I Unknown
NCT03415100 NKG2D Solid Tumors Phase I Unknown

CAR-NK, chimeric antigen receptor-natural killer; SCLC, small-cell lung cancer; HNSCC, head and neck squamous cell carcinoma.





OEBPS/Images/table3.jpg
Radiation
Dose

Mechanism Reference

Radiation therapy
enhanced the
infiltration of NK cells

Breast Cancer 12 Gyx1 .
into tumors and

Kim et al. (87)

improved the tumor
control rate.

Radiation therapy
induced CXCL8
Pancreatic secretion and Walle
20 Gyx1
Cancer promoted the et al. (82)
infiltration of NK cells
into tumors.

Breast Cancer

Cell Lines: Radiotherapy m(‘:reased
Colorectal 20 Gyxd ICAM-1 expression Jeong
olore
th and enhanced NK et al. (86)

Cancer cell cytotoxicit
Cell Lines g Y-

Radiation therapy

enhanced CXCL16
Breast Cancer secretion and induced Yoon

. 20 Gyx1 I

Cell Lines the migration of NK et al. (83)

cells toward
tumor cells.

Radiotherapy increased
Melanoma; the expression of the
Lung Cancer; NKG2D ligand on the

Cervical Cancer 201Gyl surface of tumor cells Kb el @)
Cell Lines and the cytotoxicity of

NK cells.

Radlothera[.)y- increased Gatite
Sarcomas 9 Gyx1 the cytotoxicity and

! et al. (88)

homing of NK cells.

RT combined with

immunotherapy
Nasoph: 1 L t

aso4p anyngen 2 Gyx1 increased the auren

Carcinoma L et al. (89)

cytotoxicity of

NK cells.

NK, natural killer; R, radiotherapy; CXCL8, C-X-C motif chemokine ligand 8; CXCL16, C-
X-C motif chemokine ligand 16; ICAM-1, intercellular adhesion molecule 1; NKG2D, natural
killer group 2 member D.





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu.2023.1298683_cover.jpg
’ frontiers | Frontiers in Immunology

Synergistic treatment strategy: combining
CAR-NK cell therapy and radiotherapy to
combat solid tumors





OEBPS/Images/fimmu-14-1298683-g003.jpg
CAR-NK — RT RT — CAR-NK

£

Y
5 o0

‘ CAR-NK . Tumor '-'_:.;1_.- Chemokines

e ofe.
; Radiation Ji% L IFNy TNFa *. Dead NK cell
e ?"°





OEBPS/Images/table1.jpg
Result

Reference

Breast
cancer

Glioblastoma

Glioblastoma

Pancreatic
cancer

10 Gy

4 Gy

5 Gy

2 Gy

Radiotherapy enhanced the
infiltration and cytotoxicity of
CAR-T cells by activating the NF-
KB/ICAM-1 signaling pathway.

Radiotherapy increased the
cytotoxicity of NKG2D-CAR-T
cells against glioblastoma cells.

Radiotherapy enhanced the
infiltration of CAR-T cells into
tumors, and combination therapy
prolonged the survival time of the
model mice of glioblastoma.

Radiotherapy increased the
sensitivity of tumor cells to
TRAIL-mediated apoptosis and
enhanced the cytotoxicity of CAR-
T cells.

Zhou
et al. (14)

Weiss
et al. (15)

Murty
et al. (16)

DeSelm
etal. (17)

CAR-T, chimeric antigen receptor-modified T; RT, radiotherapy; NF-xB, nuclear factor kB;
ICAM-1, intercellular adhesion molecule 1; NKG2D, natural killer group 2 member D;
TRAIL, TNF-related apoptosis-inducing ligand.





OEBPS/Images/fimmu-14-1298683-g001.jpg
T Cell DC Cell

@ Intrinsic direct killing mechanism

TNFa
IFN-y

Tumor Cell

Perforin
Granzyme B

@ Intrinsic indirect killing mechanism

CAR

TNF-a
IFN-y

antigens ¥ Perforin

Granzyme B

@ CAR Dependent Mechanism

Tumor Cell





