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Editorial on the Research Topic 


Tumor ablation and immunity


Tumor ablation techniques, which involve the localized destruction of tumors using heat, cold, or chemistry materials et al, have long been utilized as curative or palliative treatments for various cancer types, such as liver cancer, breast cancer, lung cancer, and so on. Ablation caused cell deaths could effectively exposes tumor antigen and triggers an anti-tumor immune response. The intersection of tumor ablation and immunity has emerged as a promising frontier in cancer therapy. In this editorial, we delve into the significance of this evolving field by examining several key researches, highlighting their contributions to our understanding of tumor ablation and immunity, and shedding light on the prospects of transforming cancer care.




Elevating antitumor immunity through ablation

The Study by Peng et al. exemplifies the symbiotic relationship between tumor ablation and immunity. In this study, Peng et al. present a novel tumor ablation approach known as cryo-thermal therapy. This technique, which combines freezing and heating to ablate tumors locally, not only achieves impressive rates of tumor eradication but also triggers a profound anti-tumor immune response. Cryo-thermal therapy was found to induce Th1-dominant CD4+ T cells, a specific type of immune cell that plays a crucial role in systematic antitumor immune memory. These activated CD4+ T cells were shown to directly inhibit tumor growth, enhance the activity of cytotoxic immune cells, and promote the maturation of antigen-presenting cells, all of which collectively contribute to a potent antitumor immune response.

Another study by Lou et al. also revealed the potential of tumor ablation to enhance antitumor immunity. This research focuses on myeloid-derived suppressive cells (MDSCs), a critical challenge in cancer therapy, which are considered to be suppressive and inhibit antitumor immunity. By combining cryo-thermal therapy with all-trans retinoic acid (ATRA), the study succeeded in promoting the conversion of MDSCs into potent antigen-presenting cells, shifting the immune landscape in favor of antitumor responses. This combination therapy not only disrupted the suppressive immune environment but also led to improved survival rates in preclinical models of breast cancer.





Decoding immune shifts for outcome prognosis

Decoding the immune microenvironment shifts after ablation is crucial for identifying novel biomarkers for prognosis as well as for patients selection of immunotherapy. The study from Zhang et al. examined the immune cell subsets and cytokine profiles in the peripheral blood of patients with pulmonary malignancies before and after microwave ablation. They observed a significant increase in the proportion of CD8+ T cells, while a decrease in regulatory T cells (Tregs). This reduction in Tregs correlated with improved progression-free survival, highlighting the potential of immune cell dynamics as prognostic indicators.

Zang et al. 's study delves into the complex relationship between immune dynamics and cancer recurrence after thermal ablation. The study examined tumor-associated antigen (TAA) specific T-cell responses in patients with hepatocellular carcinoma (HCC) before and after thermal ablation. Interestingly, the researchers observed a shift in T-cell responses from AFP-specific to SMNMS-specific following ablation. This shift was associated with improved survival outcomes. However, the immune response appeared to be transient, as antitumor immune response improved significantly at one-week, but the T cells exhibited a more exhausted phenotype at later time points (4-weeks post ablation). The study highlights the intricate nature of the immune response post-ablation and the ablation-induced anti-tumor immunity. These results might have the potential to inform combination strategies aimed at sustaining long-term immune-mediated tumor control.





Revolutionizing treatment strategies by combining ablation and immunotherapy

Moving from basic research to clinical application, Li et al. exemplifies the translation of novel approaches into the clinical scenario. This study combined microwave ablation with targeted therapy (apatinib) and immunotherapy (camrelizumab) in 14 patients with advanced hepatocellular carcinoma. The combination demonstrated impressive clinical activity, resulting in overall response rate (ORR) of 50.0% and 10.8 months and 19.3 months, respectively.

Shi et al. demonstrated that the combination of microwave ablation, TACE, and PD-1 inhibitor might be a favorable treatment option for HCC who are intolerant to TKIs. The combination therapy resulted in better PFS (10.0 vs. 4.7 months) and OS (17.0 vs. 8.5 months) compared to microwave ablation plus TACE. The treatment method and Child-Pugh class were identified as independent prognostic factors. While adverse events were reported, they were similar to the microwave ablation plus TACE group, suggesting the potential clinical benefit of adding PD-1 inhibitor to microwave ablation and TACE.

Another pilot study including 9 patients by Wei et al. demonstrated a promising objective response rate of 22.22% in patients with advanced solid tumors who received cryoablation and intra-arterial PD-1 inhibitors after failing previous checkpoint inhibitor therapy. The combination therapy was associated with macrophage polarization and an increase in circulating CD4+ T cells. While a majority of patients experienced progressive disease, the therapy showed potential efficacy and controllable safety for overcoming immune resistance in advanced solid cancers.





New era in cancer care

The studies featured in this editorial collectively underscore the transformative potential of decoding the interaction of tumor ablation and immunity, from inducing anti-tumor immunity and predicting outcomes to designing combined treatment regimens. As researchers and clinicians continue to explore this evolving landscape, collaboration and translational studies will be instrumental in utilizing the synergetic potential of ablation and immunotherapy, leading to a new era in cancer therapy.
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Recent studies suggest that highly activated, polyfunctional CD4+ T cells are incredibly effective in strengthening and sustaining overall host antitumor immunity, promoting tumor-specific CD4+ T-cell responses and effectively enhancing antitumor immunity by immunotherapy. Previously, we developed a novel cryo-thermal therapy for local tumor ablation and achieved long-term survival rates in several tumor models. It was discovered that cryo-thermal therapy remodeled the tumor microenvironment and induced an antigen-specific CD4+ T-cell response, which mediated stronger antitumor immunity in vivo. In this study, the phenotype of bulk T cells in spleen was analyzed by flow cytometry after cryo-thermal therapy and both CD4+ Th1 and CD8+ CTL were activated. In addition, by using T-cell depletion, isolation, and adoptive T-cell therapy, it was found that cryo-thermal therapy induced Th1-dominant CD4+ T cells that directly inhibited the growth of tumor cells, promoted the maturation of MDSCs via CD4+ T-cell-derived IFN-γ and enhanced the cytotoxic effector function of NK cells and CD8+ T cells, and promoted the maturation of APCs via cell-cell contact and CD4+ T-cell-derived IFN-γ. Considering the multiple roles of cryo-thermal-induced Th1-dominant CD4+ T cells in augmenting antitumor immune memory, we suggest that local cryo-thermal therapy is an attractive thermo-immunotherapy strategy to harness host antitumor immunity and has great potential for clinical application.




Keywords: tumor ablation, cryo-thermal therapy, antitumor immunity, CD4+ T cells, Th1, IFN-γ



Introduction

Conventional tumor therapies, such as surgery, chemotherapy and radiotherapy, can still result in poor prognosis and cause serious side effects, such as chemoresistance and rapid metastasis. Immunotherapy has been rapidly developed as a promising therapy for patients with advanced cancer. The main goals of anticancer immunotherapy include the induction of effective tumor-specific immunity for the eradication of tumors and the achievement of long-term tumor-free survival. As the most precise “killer” of tumor cells, genetically engineered T-cell receptor (TCR) or chimeric antigen receptor (CAR) T cells for adoptive cell therapies is an emerging immunotherapy that redirects T cells to specifically target cancer (1). However, tumor antigen heterogeneity and tumor microenvironment remain major challenges limiting their efficacy against solid tumors.

In general, CD8+ T cells are considered cytotoxic T-cell subsets and CD4+ T cells play a crucial role in the efficient induction of CD8+ CTL responses. Recent studies have shown that CD4+ T cells are important for anticancer responses and their significance has been increasingly emphasized (2). CD4+ T cells may drive cancer into senescence and are capable of mobilizing both the innate and adaptive immune systems (3). Moreover, CD4+ T cells can promote type 1 polarization of dendritic cells (DCs) and macrophages and counter immunosuppression induced by regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) (4–8). Preclinical studies show that CD4+ T cells mediate the crosstalk between CAR-T cells and the endogenous immune system, which is necessary for optimal CAR-T-cell efficacy to prevent tumor escape and improve long-term survival outcomes (9–11). Thus, harnessing endogenous CD4+ T cells to modulate the immune activity of the host immune system and activate the antitumor immune response is a promising strategy for the long-term control of cancer.

We developed a novel tumor cryo-thermal therapy through the alternative cooling and heating of tumor tissue in animal models (12). The long-term survival rate following the therapy has been observed in B16F10 melanoma, 4T1 breast cancer and CT26 colorectal cancer (13–15). A pilot study revealed that the therapy induced the functional maturation of dendritic cells, promoted CD4+ T cell-mediated antitumor responses, and decreased Treg cells, contributing to better therapeutic efficacy in colorectal cancer liver metastasis (CRCLM) patients (16). It was found that the innate immune system was remodeled to promote adaptive T-cell immunity (15, 17–21). More importantly, cryo-thermal-induced CD4+ T cells, especially neoantigen-specific CD4+ T cells, mediated stronger systematic antitumor immunity in the long-term (13, 14). However, the mechanism by which CD4+ T cells that are induced by cryo-thermal therapy mediate systematic antitumor immune memory remains unclear.

In this study, we further investigated the characteristics of CD4+ T cells after cryo-thermal therapy and determined their role in antitumor immune memory by tumor rechallenge and T-cell depletion. Both in vivo and in vitro experiments were performed to study the differentiation and function of other immune cells modulated by CD4+ T cells, and Th1 dominant over other CD4+ subsets to execute multiple antitumor immunologic activities in substantial reduction of accumulated MDSCs and Tregs for immunosuppression reversal. Results laid the foundation for future development of a thermo-immunotherapy strategy delivered by minimally invasive cryo-thermal therapy, to modulate the host immunological environment and prevent tumor relapse and metastases.



Materials and Methods


Cell Culture

B16F10 mouse melanoma tumour cell line was donated by Professor Weihai Yin at Med-X Research Institute, Shanghai Jiao Tong University. The murine mammary carcinoma 4T1 cell line was provided by Shanghai First People’s Hospital, China. B16F10 cells and 4T1 cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; GE Healthcare, Logan, UT) supplemented with 10% fetal bovine serum (FBS, Gemini Bio-Products, West Sacramento, CA), 100 units/mL penicillin and 100 µg/mL streptomycin at 37°C in a humidified 5% CO2 incubator.



Animal Models

The female C57BL/6 and BALB/c were obtained from the Shanghai Slaccas Experimental Animal Co., Ltd. (China) and used for experimental study at the age of 6–8 weeks. Mice were housed in isolated cages and a 12 h light/dark cycle environment, feeding with sterile food and water with pH value kept at 7.5–7.8. All animal experiments were approved by the Animal Welfare Committee of Shanghai Jiao Tong University, and experimental methods were performed in accordance with the guidelines of Shanghai Jiao Tong University Animal Care (approved by Shanghai Jiao Tong University Scientific Ethics Committee). To prepare the tumour-bearing mice, approximately 5×105 B16F10 tumor cells or 4×105 4T1 tumor cells were injected subcutaneously into the right flank of C57BL/6 or BALB/c mouse respectively.



The Cryo-Thermal Therapy Procedures

The system developed in our laboratory was composed of liquid nitrogen for cooling and radiofrequency (RF) for heating. To reduce the effect of contact thermal resistance and obtain a continuous thermal delivery during the treatment, a probe was designed with a cylinder-shaped tip of 1mm in diameter for the thermal therapy of subcutaneous tumor. Twelve days after B16F10 tumor inoculation or sixteen days after 4T1 tumor inoculation, when the tumor volume reached about 0.25 cm3, the mice were divided randomly into two groups: tumor-bearing group without the treatment (control) and the cryo-thermal group with freezing followed by RF heating on primary tumor as previously described (13). The mice were anesthetised with intraperitoneal injection (i.p.) of 1.6% pentobarbital sodium (0.5 ml/100 g, Sigma-Aldrich, St. Louis, MO, USA). The tumor site was sanitised with 75% alcohol before the treatment. All the procedures were performed aseptically.



Tumor Rechallenge

Study of tumor rechallenge with B16F10 cells was performed in survivors 14 days after cryo-thermal therapy. Mice were intravenously infused with 1 × 105 B16F10 tumor cells, and lung tumor nodules were enumerated 18 days later. One day before and four days after tumor cell infused, monoclonal antibodies were injected to deplete target cells.



Preparation of Single-Cell Suspension of Spleen and Flow Cytometry Analysis

Mice were sacrificed after the cryo-thermal therapy, and the spleens were collected (n=4 per group). Single-cell suspension of splenocytes was prepared using GentleMACS dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) and then treated with erythrocyte-lysing reagent containing 0.15 M NH4Cl, 1.0 M KHCO3, and 0.1 mM Na2EDTA to remove the red blood cells. The cells were dispersed using 70μm mesh screens and used for flow cytometry.

For cell surface staining, the cells were stained with fluorescence conjugated antibodies at room temperature for 20 min. For intracellular cytokine staining, cells were cultured in the presence of cell activation cocktail with Brefeldin A (BFA) for 4 hours. Cells were then stained with antibodies of cell surface antigen, fixed, permeabilised and incubated with antibodies of intracellular cytokines. Transcription factors staining were conducted by True-Nuclear Transcription Factor Buffer Set (Biolegend). Data was acquired using BD FACS Aria II cytometer (BD Biosciences) and analysed using FlowJo V10 software (FlowJo LLC, Ashland, OR). Fixation Buffer, Intracellular Staining Permeabilization Wash Buffer and cell activation cocktail with BFA were purchased from Biolegend (San Diego, CA). Fluorochrome-conjugated monoclonal antibodies were purchased from Biolegend, Thermo Fisher Scientific and BD Bioscience. Zombie Violet Fixable Viability Kit and Zombie Aqua™ Fixable Viability Kit were purchased from Biolegend to assess live vs. dead status of cells. Antibodies using in this article are shown in supplementary information as key resource table.



Depletion of T Cells In Vivo

For T cell depletion, the treated mice (n=6 mice per group) were injected with 250μg anti-CD4 or anti-CD8 monoclonal antibody (Biolegend), respectively. Mice were injected i.p. with 250μg monoclonal antibody (mAb), on day -1 and 4 after tumor rechallenge. The effect of mAb depletion was confirmed in vivo previously (13).



Tumor Cell Growth Inhibition

For tumor cell growth inhibition assay, tumor cells were seeded into a 96-well plate at 5,000 cells/well, and cocultured with CD4+ T cells at 8:1 of E:T ratio. Twenty-four hours later, the immune suspension cells were removed, and the viability of tumor cells was detected by Cell Counting Kit-8 (CCK-8 Kit). For CCK-8 assay, 10 μL of CCK-8 was added into each well of culturing cells, and after 1 h of incubation, the absorbance was measured at 450 nm using the microplate reader. Background reading of medium was used to normalise the result.



Cell Isolation of CD4+ T Cells, CD8+ T Cells, NK Cells, Macrophages, and DCs

Spleens from the tumor-bearing C57BL/6 mice or cryo-thermal treated mice were harvested and splenocytes were prepared using GentleMACS™ dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) and passed through a 40-μm nylon filter. CD4+ T cells were isolated by EasySep™ Mouse CD4 Positive Selection Kit II (StemCell Technologies, Vancouver, BC, Canada). CD8+ T cells were isolated by EasySep™ Mouse CD8+ T Cell Isolation Kit (StemCell Technologies, Vancouver, BC, Canada). Natural Killer (NK) cells were isolated by EasySep™ Mouse NK Cell Isolation Kit (StemCell Technologies, Vancouver, BC, Canada). CD68+ macrophages were isolated by EasySepTM PE positive selection kit (StemCell Technologies, Vancouver, BC, Canada) and CD68-PE (clone FA-11, Biolegend, San Diego, CA, USA). DCs were isolated by EasySep™ Mouse Pan-DC Enrichment Kit II (StemCell Technologies, Vancouver, BC, Canada). Cells were all isolated according to the manufacturer’s instructions. Cells with a purity of >90% were used for experiments.



Adoptive T Cell Therapy

Splenic CD4+ T cells were separated on day 21 on 4T1 model after cryo-thermal therapy by magnetic-activated cell sorting (MACS) and were adoptive transferred into nude mice (1.5 million cells in 100 μL PBS per mice, i.v.). After 24 hours, the nude mice were inoculated with 50 thousand of 4T1 cells subcutaneously. The tumor volume was measured and calculated following formula: V (cm3) = π × L (major axis) × W (minor axis) × H (vertical axis)/6.



Statistical Analysis

All data are presented as mean ± standard deviation (SD). Significance was determined using a two-sided Student’s T-test. GraphPad Prism 9.0 (La Jolla, CA) was used for all statistical analysis.




Results


Th1-Dominant CD4+ T Cells Mediated a Stronger Systematic Antitumor Immune Memory Than CD8+ T Cells After Local Cryo-Thermal Therapy

Previously, we demonstrated that CD4+ T cells were essential to mediate local antitumor immune memory, which led to better long-term survival rates upon local tumor rechallenge (14). Moreover, a further study revealed that neoantigen-specific CD4+ T cells are critical for the therapeutic efficacy of cryo-thermal therapy (13). However, how T cells mediate systematic antitumor immune memory after cryo-thermal therapy is unknown. Thus, the characteristics of splenic bulk CD4+ and CD8+ T cells on day 14 after the therapy were analyzed by flow cytometry (Figure S1). As depicted in Figure 1A, an increased percentage of CD4+ Th1 cells (interferon gamma, IFN-γ+) and a decreased percentage of Th2 cells (interleukin 4, IL-4+) and regulatory T (Treg) cells (Foxp3+) were observed. Meanwhile, the percentages of CD4+ cytotoxic T lymphocytes (CTLs) (Thpok-) and Th17 cells (IL-17+) were also increased, but the level of Th17 cells was much lower than that of CD4+ Th1 cells (Figure S2A). The percentage of T follicular helper (Tfh) cells (Bcl-6+) was significantly decreased (Figure S2A), which indicated that CD4+ T cells underwent a Th1-dominant response on day 14 after the therapy. The expression of the cytotoxic cytokines perforin and granzyme B in CD4+ T cells remained at a low level, thus suggesting that CD4+ T cells would not mediate their killing by the granzyme/perforin pathway (Figure S2B). On the other hand, the levels of IFN-γ, perforin and granzyme B in CD8+ T cells were significantly increased after cryo-thermal therapy (Figure 1B), which indicated that CD8+ T cells killed tumor cells via a perforin-dependent pathway. To further verify that cryo-thermal CD4+ or CD8+ T cells mediated systematic antitumor immune memory, mice were rechallenged with 1×105 B16F10 tumor cells i.v. on day 14 after cryo-thermal therapy. Depletion of CD4+ or CD8+ T cells were performed using anti-CD4 or anti-CD8 monoclonal antibody injection i.p. one day before and four days after tumor rechallenge, respectively (Figure 1C). Efficacy of T cell depletion was verified by flow cytometry (Figure S3A). Lung tumor nodules were quantified 18 days later. First of all, as shown in Figure 1D, cryo-thermal treated mice could completely reject tumor rechallenge after intravenous tumor injection. Clearly, depletion of CD4+ T cells or CD8+ T cells abolished the antitumor effect induced by cryo-thermal therapy, leading to tumor growth in the lung. However, depletion of CD4+ T cells resulted in many more pulmonary tumor nodules in comparison with that with CD8+ T cells depletion, indicating more severely impaired the systematic antitumor protection (Figure 1D). These results showed that CD4+ Th1 cells were predominant after cryo-thermal therapy, CD4+ T cells played a critical role in systematic antitumor immune memory.




Figure 1 | Phenotype of T cells after cryo-thermal therapy and tumor growth in rechallenge model depleted of T cells in vivo. Splenocytes of naïve, tumor bearing and cryo-thermal treated mice on day 14 after therapy were obtained to detect the phenotype of (A) CD4+ T cells; (B) CD8+ T cells by using flow cytometry. All data were shown as mean ± SD. n=4 for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data for graphs were calculated by using two-sided Student’s T-test. (C) Scheme of tumor rechallenge model. Approximately 5 × 105 B16F10 cells were injected subcutaneously into the right flank of each mouse. Twelve days later, mice were treated with cryo-thermal therapy. Tumor rechallenge was conducted 14 days later, with 1 × 105 B16F10 cells injected via tail vein. One day before and four days after tumor rechallenge, monoclonal antibodies were injected to deplete target cells or neutralize target cytokine. All mice were sacrificed on day 44 or 47 to detect tumor nodules in the lung and immune cells in the spleen. (D) Picture of tumor nodules in the lung after tumor rechallenge depleted of CD4+ T cells or CD8+ T cells. n=6 per group.





Cryo-Thermal Th1-Dominant CD4+ T Cells Mediated the Differentiation and Function of Multiple Innate and Adaptive Immune Cells In Vivo

The above results indicated that CD4+ T cells did not upregulate the expression of cytolytic molecules after cryo-thermal therapy, but CD4+ T cells could perform strong immunological memory against tumor rechallenge. How CD4+ T cells involved in the maintenance of antitumor immune memory was investigated as follows. To study the changes in immune cells in cryo-thermal treated mice after intravenous tumor rechallenge (as shown in Figure 1D), the spleens were harvested on day 18 after tumor rechallenge and the phenotypes of the immune cells analyzed. The total number of splenocytes were not altered significantly (Figure S3B). As shown in Figure 2A, the level of CD4+ T helper (Th) 1 cells in cryo-thermal treated mice was higher while the percentage of Tregs much lower than that in the control group (naive mice received tumor rechallenge). The other Th subsets, including Th2, Th17 and CTL subsets, showed no significant differences between cryo-thermal treated and controlled mice (Figure 2A and Figure S3C). These results indicated that CD4+ Th1 cells induced by cryo-thermal therapy were predominant over Tregs even after tumor rechallenge.




Figure 2 | Phenotype of immune cells in tumor rechallenge model depleted of T cells after cryo-thermal therapy in vivo. Eighteen days after tumor rechallenge, the phenotype of (A) CD4+ T cells; (B) CD8+ T cells; (C) NK cells; (D) DCs; and (E) Mφs; and (F) frequency of MDSCs in the spleen. All data were shown as mean ± SD. n=4 for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data for graphs were calculated by using two-sided Student’s T-test.



Upon depletion of CD4+ or CD8+ T cells prior to tumor rechallenge, as shown in Figure 2A and Figure S3C, the percentage of CD4+ Th1 cells was significantly decreased in cryo-thermal treated mice. On the other hand, the percentages of Tregs and Th17 cells were significantly increased by depletion of CD4+ T cells, but were not obviously changed by depletion of CD8+ T cells. However, the percentages of Th2, Tfh and CD4+ CTLs were not influenced by depletion of CD4+ T cells or CD8+ T cells. Also, the expression of perforin and granzyme B in CD4+ T cells induced by cryo-thermal therapy was not influenced by the depletion of CD4+ T or CD8+ T cells (Figure S3C). All these data suggested that the strong antitumor potential of cryo-thermal CD4+ T cells against tumor rechallenge could be attributed to CD4+ Th1-mediated antitumor immune memory. Although CD8+ T cells could modulate the differentiation of CD4+ T cells toward the Th1 phenotype, they could not affect Th1-dominant CD4+ T cell profile induced by cryo-thermal therapy.

In addition, after tumor rechallenge, the expression levels of IFN-γ, perforin, and granzyme B in CD8+ T cells in cryo-thermal treated mice were significantly increased, and they were significantly decreased with depletion of CD4+ T cells, but only perforin and granzyme B in CD8+ T cells were significantly decreased with depletion of CD8+ T cells (Figure 2B). Furthermore, the increased levels of IFN-γ, granzyme B and perforin in NK cells after cryo-thermal therapy were also significantly decreased with depletion of CD4+ T cells, while only the level of granzyme B in NK cells was significantly decreased with the depletion of CD8+ T cells (Figure 2C). All these results indicated that Th1-dominant CD4+ T cells induced by cryo-thermal therapy regulated the expression of IFN-γ in CD8+ T and NK cells and enhanced their cytotoxicity against tumor cells. CD8+ T cells slightly affected the cytotoxicity of NK cells.

After tumor rechallenge, the fraction of DCs and macrophages were not changed (Figures S3D, E). Moreover, the levels of major histocompatibility complex (MHC) class II and IL-12 in DCs and macrophages in cryo-thermal treated mice were significantly decreased with depletion of CD4+ T cells only, while the level of IL-10 in DCs and macrophages was significantly increased with depletion of CD4+ T cells or CD8+ T cells (Figure 2D), indicating that Th1-dominant CD4+ T cells induced by cryo-thermal therapy had a striking ability to promote DC maturation and M1 macrophage polarization in comparison to CD8+ T cells. After tumor rechallenge, the percentage of MDSCs was significantly increased with depletion of CD4+ T cells but not with depletion of CD8+ T cells, corresponding with the high tumor growth in lung shown in Figure 1D (Figure 2F). Collectively, these data suggested that after cryo-thermal therapy, Th1-dominant CD4+ T cells played a more extensive and principal role in regulating multiple innate and adaptive immune cell differentiation and maturation to mediate antitumor immune memory than CD8+ T cells.



Cryo-Thermal Th1-Dominant CD4+ T Cells Enhanced the Mature Phenotype of Multiple Innate Immune Cells and the Cytotoxicity of NK Cells and CD8+ T Cells In Vitro

To further identify the principal role of CD4+ T cells in regulating the differentiation and maturation of other immune cells, the phenotypes of other immune cells affected by CD4+ T cells from the tumor-bearing or cryo-thermal treated mice were studied in vitro. CD4+ T cells were isolated by MACS, and the remaining CD4- cells were also collected. The phenotypes of NK cells, CD8+ T cells, DCs, macrophages and MDSCs in CD4- splenocytes were further analyzed after coculturing with CD4+ T cells from the tumor-bearing or cryo-thermal treated mice, and comparisons made. The expression levels of IFN-γ, perforin and granzyme B in NK cells and CD8+ T cells were significantly upregulated (Figures 3A, B), and further cytotoxicity assay confirmed these results (Figures S4A, B). In addition, the percentage of MDSCs was significantly decreased after coculturing with cryo-thermal CD4+ T cells (Figure 3C). Moreover, the levels of MHC II and CD86 in MDSCs were significantly increased, suggesting that cryo-thermal CD4+ T cells could promote the maturation of MDSCs to reverse immunosuppression. Both tumor-bearing CD4+ T cells and cryo-thermal CD4+ T cells promoted the expression of CD86 in DCs and macrophages, but only cryo-thermal CD4+ T cells significantly upregulated the expression of MHC II in macrophages (Figures 3D, E). Cryo-thermal CD4+ T cells also induced high expression of IL-12 in DCs and maintained a high level of IL-12 in macrophages compared to tumor-bearing CD4+ T cells (Figures 3D, E). Overall, these in vitro studies verified that cryo-thermal Th1-dominant CD4+ T cells could enhance the cytotoxicity of NK cells and CD8+ T cells and promote the maturation of APCs, whereas they induced not only the destruction of MDSCs but also the maturation of MDSCs, leading to strong antitumor immune memory, which was similar to the in vivo results.




Figure 3 | Phenotype of immune cells cocultured with CD4+ T cells in vitro. Cryo-thermal CD4- cells were cocultured with tumor-bearing or cryo-thermal CD4+ T cells, and immune phenotype of (A) NK cells, (B) CD8+ T cells, (C) MDSCs, (D) Mφs and (E) DCs were analyzed. All data were shown as mean ± SD. n=4 for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data for graphs were calculated by using two-sided Student’s T-test.





Cryo-Thermal-Induced Th1-Dominant CD4+ T Cells Activated NK Cells and Regulated CD8+ T Cells via Cell-Cell Contact, and Promoted Maturation of Macrophages and DCs Partially via Cell-Cell Contact

As cryo-thermal Th1-dominant CD4+ T cells widely regulate other immune cells, it was further studied if such regulation had been via cell–cell contact. CD4+ T cells were isolated by using MACS, and the remaining CD4- cells were also collected. Then, cryo-thermal CD4- splenocytes were directly cocultured with cryo-thermal CD4+ T cells or separated with a transwell plate (0.4-μm pore size). As shown in Figure 4A, the expression of IFN-γ, perforin and granzyme B in NK cells was significantly decreased in transwell plates compared to normal plates, indicating that cryo-thermal CD4+ T cells activated NK cells via cell–cell contact. Meanwhile, the expression of perforin and granzyme B in CD8+ T cells was significantly decreased, but the expression of IFN-γ in CD8+ T cells was increased in the transwell plate compared to the normal plate (Figure 4B), which revealed that cryo-thermal CD4+ T cells promoted the cytotoxicity of CD8+ T cells but inhibited the production of IFN-γ via cell–cell contact. Moreover, the expression of MHC II and IL-12 in macrophages and the expression of IL-12 in DCs were significantly decreased in transwell plates compared to normal plates, suggesting that cryo-thermal CD4+ T cells could promote the maturation of APCs via cell–cell contact (Figures 4C, D). However, the levels of CD86 and MHC II in MDSCs were not significantly different in transwell plates and normal plates after coculture with cryo-thermal CD4+ T cells, revealing that cryo-thermal CD4+ T cells regulated the maturation of MDSCs through soluble factors. Overall, we discovered that cryo-thermal CD4+ T cells activated NK cells and regulated CD8+ T cells in a contact-dependent manner and promoted the maturation of macrophages and DCs partially via cell-cell contact but regulated the maturation of MDSCs through soluble factors.




Figure 4 | Phenotype of immune cells regulated by cryo-thermal CD4+ T cells is dependent on cell-cell contact in vitro. (A-E) MACS-isolated cryo-thermal CD4+ T cells were stimulated with anti-CD3 monoantibody, washed and then cocultured with cryo-thermal CD4- splenocytes together or separated with a transwell plate for 24 hours. The phenotype of (A) NK cells, (B) CD8+ T cells, (C) Mφ, (D) DCs and (E) MDSCs were analyzed by flow cytometry. All data were shown as mean ± SD. n=4 for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data for graphs were calculated by using two-sided Student’s T-test.





Cryo-Thermal CD4+ Th1 Cells Inhibited the Growth of Tumor Cells and the Differentiation of CD4+ T Cells Toward Other CD4+ Th Subsets Through CD4+ T Cell-Derived IFN-γ

The above studies demonstrated that cryo-thermal Th1-dominant CD4+ T cells mediated the differentiation and function of multiple innate and adaptive immune cells. To further reveal how cryo-thermal CD4+ T cells affected tumor cells and maintained the Th1 subset, splenic CD4+ T cells in cryo-thermal treated mice and tumor-bearing mice were isolated. Because CD4+ Th1 cells are characterized by the secretion of IFN-γ, the isolated CD4+ T cells were incubated with B16F10 tumor cells in vitro in the presence of isotype or anti-IFN-γ antibody for 24 hours, and the viability of B16F10 cells was assessed by using CCK-8. As shown in Figure 5A, the tumor cell growth inhibition induced by cryo-thermal CD4+ T cells was much stronger than that induced by tumor-bearing CD4+ T cells, but via neutralization of IFN-γ, cryo-thermal CD4+ T cells promoted the growth of tumor cells. The cell cycle of tumor cells was also analyzed, and the result showed that CD4+ T cell derived IFN-γ could induce growth arrest in tumor cells (Figures S5A, B). These data revealed that cryo-thermal CD4+ T cells could directly inhibit the growth of tumor cells in an IFN-γ-dependent manner. Furthermore, we investigated how CD4+ T cells could maintain the CD4+ Th1 subset. The isolated splenic CD4+ T cells in cryo-thermal treated mice were stimulated with anti-CD3 antibody in the presence of isotype or anti-IFN-γ antibody. Three days later, CD4+ Th subsets were analyzed by flow cytometry. Interestingly, although the proportion of Th1 subset was significantly decreased, the levels of other CD4+ Th subsets, including Th2 cells, Tregs, Th17 cells and Tfh cells, were obviously increased via neutralization of IFN-γ. The level of CD4+ CTLs was not affected by the neutralization of IFN-γ (Figure 5B). These results indicated that cryo-thermal CD4+ Th1 cells inhibited the differentiation of CD4+ T cells toward other CD4+ Th subsets through CD4+ T-cell-derived IFN-γ.




Figure 5 | Tumor growth inhibition and Th subsets of CD4+ T cells in vitro. (A)Viability of tumor cells. Tumor cells were cocultured with tumor-bearing or cryo-thermal CD4+ T cells at 8:1 of E:T ratio in the presence of 10μg/mL isotype or anti-IFN-γ antibody. Twenty-four hours later, the viability of tumor cells was detected by CCK-8 Kit. (B) Percentage of Th subsets. Cryo-thermal CD4+ T cells were stimulated by 1μg/mL anti-CD3 antibody in the presence of 10μg/mL isotype or anti-IFN-γ antibody. Three days later, Th subsets were detected by flow cytometry. All data were shown as mean ± SD. n=4 for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data for graphs were calculated.





Cryo-Thermal CD4+ Th1 Cells Regulated the Antitumor Phenotype and Function of Other Immune Cells Through CD4+ T Cell-Derived IFN-γ

As cryo-thermal CD4+ Th1 cells secrete IFN-γ to maintain polarization of the CD4+ T-cell response toward Th1 dominance, the effect of IFN-γ secreted by cryo-thermal CD4+ Th1 cells on other immune cells was also studied in vitro. CD4+ T cells were isolated by MACS, and the remaining CD4- cells were also collected. Cryo-thermal CD4- splenocytes were cocultured with cryo-thermal CD4+ T cells in the presence of isotype or anti-IFN-γ antibody. Although the level of IFN-γ in CD8+ T cells was not changed with neutralization of IFN-γ, the increased level of IFN-γ in NK cells and the levels of perforin and granzyme B in NK and CD8+ T cells were impaired with neutralization of IFN-γ compared to the isotype control (Figures 6A, B). These results suggested that cryo-thermal CD4+ Th1 cells could activate NK cells and enhance the cytotoxicity of NK and CD8+ T cells through CD4+ T-cell-derived IFN-γ. The levels of IL-12 in DCs and macrophages and MHC II in macrophages were decreased with neutralization of IFN-γ compared to the isotype control (Figures 6C, D). These data revealed that cryo-thermal CD4+ Th1 cells could promote the functional maturation of APCs (with a high level of IL-12) in a CD4+ T-cell-derived IFN-γ-dependent manner. The levels of CD86 and MHC II in MDSCs were decreased with neutralization of IFN-γ compared to the isotype control (Figure 6E). These results indicated that cryo-thermal CD4+ Th1 cells could promote the maturation of DCs, macrophages and MDSCs through CD4+ T-cell-derived IFN-γ. As depicted in Figures 4 and 6, we concluded that cryo-thermal CD4+ T cells could be involved in the regulation of endogenous immune cells via cell–cell contact and CD4+ T-cell-derived IFN-γ. Although CD4+ T-cell-derived IFN-γ can regulate NK cells and CD8+ T cells (Figures 6A, B), cell–cell contact played a more important role in their cytotoxicity (Figures 4A, B). However, the maturation of MDSCs induced by cryo-thermal CD4+ T cells was mainly dependent on CD4+ T-cell-derived IFN-γ (Figures 4E, 6E). Collectively, these data showed that cryo-thermal Th1-dominant CD4+ T cells could activate NK cells, enhance the cytotoxicity of NK and CD8+ T cells, promote the maturation of APCs through cell–cell contact and CD4+ T-cell-derived IFN-γ, and induce the maturation of MDSCs through CD4+ T-cell-derived IFN-γ.




Figure 6 | Phenotype of immune cells regulated by cryo-thermal CD4+ T cells derived IFN-γ in vitro. (A-E) MACS-isolated cryo-thermal CD4+ T cells were stimulated with anti-CD3 monoantibody, washed and then cocultured with cryo-thermal CD4- splenocytes in the presence of 10 μg/mL isotype or anti-IFN-γ antibody for 24 hours. As a control, CD4- splenocytes were cultured with 5 ng/mL recombination IFN-γ alone. The phenotype of (A) NK cells, (B) CD8+ T cells, (C) Mφ, (D) DCs and (E) MDSCs were analyzed by flow cytometry. All data were shown as mean ± SD. n =4 for each group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Data for graphs were calculated by using two-sided Student’s T-test.





Adoptive Therapy Using Cryo-Thermal CD4+ T Cells Inhibited Tumor Growth In Vivo

As the role of CD4+ T cells after cryo-thermal therapy and their function in antitumor immunity are described above, we further determined the antitumor immunity of CD4+ T cells in T-cell-deficient hosts in 4T1 model, a model for the study of late-stage triple negative breast cancer (TNBC) (22). Cryo-thermal Th1-dominant CD4+ T cells from the 4T1 model 21 days after treatment were isolated by MACS and transferred into nude mice, and 1 day later, 4T1 cells were inoculated. Tumor size was measured every 5 days (Figure 7A). As shown in Figure 7B, cryo-thermal CD4+ T cells significantly decreased the growth of tumors in vivo. This result revealed that adoptively transferred cryo-thermal Th1-dominant CD4+ T cells, as effector cells, could mediate effective tumor rejection in vivo.




Figure 7 | Adoptive therapy of cryo-thermal CD4+ T cells. (A) Scheme of study design. Splenic CD4+ T cells were separated on day 21 after cryo-thermal therapy by MACS and were adoptive transferred into nude mice (1.5 million cells in 100 μL PBS per mice, i.v.). After 24 hours, the nude mice were inoculated with 50 thousand of 4T1 cells subcutaneously. The tumor volume was measured and calculated following formula: V (cm3) = π × L (major axis) × W (minor axis) × H (vertical axis)/6. (B) Growth kinetics of a 4T1 breast cancer tumor model in nude mice as described. *p < 0.05. n=6 for each group.






Discussion

Cell-mediated immunity plays an important role in immune responses to prevent cancer. Activation of CD8+ cytotoxic T cells has long been regarded as a major antitumor mechanism of the immune system. It has become increasingly apparent that CD4+ T cells possess an extraordinary capacity to induce tumor rejection as principal effectors rather than as subsidiary helpers to cytolytic T cells. CD4+ T cells are much more effective in stimulating host immune responses to prevent tumor relapse than CD8+ T cells after immunotherapy (9–11, 23, 24). However, the role of CD4+ T cells in antitumor immune responses generated by various therapeutic strategies remains to be fully elucidated.

In this study, we demonstrated that after cryo-thermal therapy, CD4+ T cells orchestrated endogenous systematic antitumor immune memory and substantially reduced the accumulation of MDSCs and Tregs to reverse immunosuppression. CD4+ T cells can recognize peptides presented by professional APCs and differentiate into multiple subsets, such as Th1, Th2, Treg, Th17, CTL and Tfh cells (25–28). After cryo-thermal therapy, CD4+ Th1 cells dominated over other CD4+ subsets. Th1-polarized CD4+ T cells offer long-term protection against tumor rechallenge (29). CD4+ Th1 cells are characterized by the expression of the transcription Factor T-bet or signature cytokine IFN-γ, which are primarily responsible for activating and regulating the development and persistence of CTLs. In addition, Th1 cells activate APCs via costimulatory molecules (30). Our previous studies also showed that Th1-dominant CD4+ T cells mediate long-term antitumor immunity after cryo-thermal therapy (14). Tumor antigens and damage-associated molecular patterns (DAMPs) are released after local cryo-thermal therapy and induce strong neoantigen-specific Th1-dominant CD4+ T-cell antitumor immunity (13, 15). But the mechanism how CD4+ Th1 cells played the principal role in antitumor immune memory after cryo-thermal therapy were not understood. In this study, we comprehensively demonstrated that cryo-thermal induced Th1-dominant CD4+ T cells, as principal effector cells, inhibited tumor growth and exhibited multiple antitumor immunologic activities to enhance the cytotoxicity of CD8+ T and NK cells, promote the maturation of APCs and MDSCs, and decrease the levels of Tregs and MDSCs to maintain antitumor immune memory.

In this study, we suggested that the effect of Th1-dominant CD4+ T cells induced by cryo-thermal therapy could be mediated by Th1-cell-secreted soluble factors and cell-to-cell interactions. CD4+ T cells can regulate other immune cells through several contact-dependent pathways. CD40-CD40 L interactions are vital in the delivery of CD4+ T-cell help for many immune cells priming. CD4+ T cells constitutively express CD40 L and trigger DC maturation with the upregulation of MHC II and CD86 (31). The activation of macrophages by CD4+ T cells with the production of inflammatory cytokines and the generation of reactive nitrogen intermediates is dependent on CD40L (32). CD8+ T cells can receive CD4+ T cells to help directly through CD40, which is fundamental for CD8+ T-cell cytotoxic and memory generation (33, 34). In addition, CD4+ T cells can control the CD8+ T-cell response, resulting in a decrease in IFN-γ via a tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-mediated or Fas ligand (FasL)-dependent mechanism (35, 36), which would explain our in vitro results that cryo-thermal CD4+ T cells inhibited the production of IFN-γ via cell–cell contact (Figure 4B). Interestingly, depletion of CD8+ T cells showed little effect in antitumor events in vivo. We suggested that CD4+ T cells orchestrated comprehensive and diverse endogenous immune memory to inhibit tumor metastasis, including enhancing CD8+ CTL response, promoting NK cell activity and APC maturation. Thus, despite CD8+ T cells were depleted, CD4+ T cells could mobilize the other immune cells to inhibit the growth of tumor. We identified that cryo-thermal CD4+ T cells could inhibit the accumulation of MDSCs, and another study reported that activated T cells promoted MDSC apoptosis through the TRAIL–TRAILR pathway (8). We found that the interaction between CD4+ T cells and NK cells was extremely important to the activation and cytotoxicity of NK cells by CD4+ T cells; however, studies on CD4+ T-cell-to-NK-cell interactions have not been reported, and further study of the specific mechanism is needed.

Moreover, CD4+ T cells could modulate other immune cells through soluble factors. As the signature cytokine produced by CD4+ Th1 cells, IFN-γ can both directly mediate tumor rejection and recruit and activate innate and adaptive immune cells (37–41). Cryo-thermal CD4+ T cells directly inhibit the growth of tumor cells via CD4+ T-cell-derived IFN-γ, but the effect of IFN-γ alone seemed modest. It is possible that IFN-γ induced growth arrest in tumors synergistically with tumour necrosis factor-alpha (TNF-α) (3). In this study, we revealed that cell-derived IFN-γ maintained Th1-dominant CD4+ T cells induced by cryo-thermal therapy, and IFN-γ controls the expression of T-bet; at the same time, T-bet regulates IFN-γ production in an autocrine feedback loop, leading to the induction of the differentiation of the Th1 subset (42). Cryo-thermal CD4+ T cells enhanced the cytotoxicity of NK cells and CD8+ T cells and promoted the maturation of APCs and MDSCs via IFN-γ, which is in accordance with other studies (43). However, we noticed that neutralization of IFN-γ in vitro only partially abolished the effect of cryo-thermal CD4+ T cells on other immune cells, indicating that except through CD4+ T-cell-derived IFN-γ, Th1-dominant CD4+ T cells would perform antitumor immunity through other factors. IL-2 secreted by CD4+ Th1 cells also helps maintain the activation and cytotoxicity of CD8+ T cells and NK cells (44–47). Moreover, activated CD4+ Th1 cells can promote the recruitment and infiltration of CD8+ T cells, macrophages and NK cells through the chemokines C-X-C motif chemokine ligand (CXCL) 10 and CXCL9 (46, 48–51). Importantly, cryo-thermal CD4+ T cells could promote the maturation of MDSCs with upregulation of MHC II and CD86 via IFN-γ. Although some studies have shown that IFN-γ inhibits the immunosuppressive function of tumor-induced MDSCs (52), cryo-thermal CD4+ T cells regulating the maturation of MDSCs should be addressed. Additionally, although the level of CD4+ Th1 cells was decreased after depletion of CD8+ T cells when the cryo-thermal treated mice received tumor rechallenge, the level of Treg and Th17 were not influenced, which suggested that CD8+ T cells did not affect Th1 dominance in Th subsets after cryo-thermal therapy. CD8+ T cells modulate CD4+ T-cell immune responses in vivo, thus promoting their early activation and Tfh differentiation (53). However, the role of CD8+ T cells in regulating CD4+ Th1 differentiation should be further studied. Thus, the specific molecular mechanism of how cryo-thermal therapy induced Th1-dominant CD4+ T cells would be further studied in near future.

The functional status of CD4+ T cells is a critical determinant of antitumor immunity. The stimulation of the Th1 response in cancer immunotherapy is becoming increasingly important because the Th1 response can shift the direction of adaptive immune responses toward protective immunity. Polyfunctional CD4+ T cells with the ability to produce multiple Th1-type cytokines exhibit many desirable features for cancer immunotherapy. CD4+ Th1 cells exert powerful antitumor immune effects against numerous types of cancers (54–57). However, how to efficiently activate CD4+ T cells with multiple antitumor mechanisms in vivo has not been discovered, especially how to induce the differentiation of the Th1 dominant subset, which has not been defined (58, 59). Our study showed that polyfunctional Th1-dominant CD4+ T cells were induced after cryo-thermal therapy to effectively control distant tumor metastasis. The Th1 response induces epitope spreading to prevent tumor relapse due to antigen escape (60).This study highlighted that cryo-thermal Th1-dominant CD4+ T cells improved CTL generation as well as APC maturation to augment antitumor responses in the replacement of typical maturation reagents in vitro, and adoptively transferred cryo-thermal CD4+ T cells significantly decreased the growth of tumors in vivo, which suggest that cryo-thermal therapy could be further developed as a thermo-immunotherapy for clinical application. Current study is limited in B16F10 model and additional data from other qualifying murine models would be required to confirm the role of CD4+ T cells in antitumor immune memory.

In summary, Th1-dominant CD4+ T cells induced by cryo-thermal therapy orchestrated comprehensive and diverse endogenous antitumor immune memory to inhibit tumor metastasis. Th1-dominant CD4+ T cells induced by cryo-thermal therapy inhibited the tumor growth, enhanced the cytotoxicity of CD8+ T and NK cells, promoted the maturation of APCs and MDSCs, and decreased the levels of Tregs and MDSCs to maintain antitumor immune memory.
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Purpose

As a coreceptor in Wnt and HGF signaling, glypican-3 (GPC-3) promotes the progression of tumor and is associated with a poor prognosis in hepatocellular carcinoma (HCC). GPC-3 has evolved as a target molecule in various immunotherapies, including chimeric antigen receptor T cell. However, its evaluation still relies on invasive histopathologic examination. Therefore, we aimed to develop an easy-to-use and noninvasive risk score integrating preoperative gadoxetic acid–enhanced magnetic resonance imaging (EOB-MRI) and clinical indicators to predict positive GPC-3 expression in HCC.



Methods and materials

Consecutive patients with surgically-confirmed solitary HCC who underwent preoperative EOB-MRI between January 2016 and November 2021 were retrospectively included. EOB-MRI features were independently evaluated by two masked abdominal radiologists and the expression of GPC-3 was determined by two liver pathologists. On the training dataset, a predictive scoring system for GPC-3 was developed against pathology via logistical regression analysis. Model performances were characterized by computing areas under the receiver operating characteristic curve (AUCs).



Results

A total of 278 patients (training set, n=156; internal validation set, n=39; external validation set, n=83) with solitary HCC (208 [75%] with positive GPC-3 expression) were included. Serum alpha-fetoprotein >10 ng/ml (AFP, odds ratio [OR]=2.3, four points) and five EOB-MR imaging features, including tumor size >3.0cm (OR=0.5, -3 points), nonperipheral “washout” (OR=3.0, five points), infiltrative appearance (OR=9.3, 10 points), marked diffusion restriction (OR=3.3, five points), and iron sparing in solid mass (OR=0.2, -7 points) were significantly associated with positive GPC-3 expression. The optimal threshold of scoring system for predicting GPC-3 positive expression was 5.5 points, with AUC 0.726 and 0.681 on the internal and external validation sets, respectively.



Conclusion

Based on serum AFP and five EOB-MRI features, we developed an easy-to-use and noninvasive risk score which could accurately predict positive GPC-3 HCC, which may help identify potential responders for GPC-3-targeted immunotherapy.





Keywords: magnetic resonance imaging, glypican-3, hepatocellular carcinoma, immunotherapy, diagnosis



Introduction

Primary liver cancer is the sixth most commonly diagnosed cancer and the third leading cause of cancer-related death worldwide, and hepatocellular carcinoma (HCC) comprises 75% to 85% of cases (1). Immunotherapies play an increasingly central role in the management of HCC, among which chimeric antigen receptor (CAR) T cell therapy is regarded as a promising next-generation immunotherapy regimen with remarkable safety and efficacy profiles (2). However, CAR T cell therapy was shown to provide clinical benefit in limited HCC patients, possibly due to a lack of tumor specific antigens and an immunosuppressive tumor microenvironment (3). Therefore, there remains an unmet need for biomarker discovery which could help identify potential responders and direct individualized treatment decision-making.

In HCC, Wnt signaling has been reported to promote hepatocarcinogenesis, tumor growth and dissemination, while the hepatocyte growth factor (HGF) is also associated with increased hepatocarcinogenesis and metastasis. Glypican-3 (GPC-3) is a heparan sulfate glycoprotein which serves as a coreceptor in Wnt and HGF signaling. In specific, GPC-3 binds to the cell membrane and is involved in organ morphogenesis by regulating cell proliferation through modulation of Wnt signaling. Moreover, it is also involved in HCC cell migration and motility through heparan sulfate chain-mediated cooperation with the HGF/Met pathway (4, 5). Therefore, it has also been reported to promote tumor progression and associated with a poor prognosis in HCC (6–8). Currently, GPC-3 is widely used for diagnostic purposes because of it is specifically expressed in around 70–80% of HCCs (9). More recently, GPC-3 has gained much attention as a novel target molecule in immunotherapies. In specific, Shi D et al. (10) firstly published a phase I trial of CAR-GPC-3 T-cell therapy in patients with advanced HCC, and their results demonstrated the initial safety profile and early signs of antitumor activity of CAR-GPC-3 T cells. In addition, Liu et al. (5) reported that a novel human monoclonal antibody (32A9), as a GPC-3-specifc antibody which efficiently eliminated GPC3-positive HCC cells in vitro and induced HCC xenograft tumor regressions in vivo. Comparison with traditional therapies, tumor antigen-targeting antibody- and immune modulating antibody-based immunotherapies represent emerging approaches that may improve HCC treatment outcomes (11). Therefore, GPC-3 holds potential to serve as an effective biomarker for patient selection in HCC immunotherapy. However, the assessment of GPC-3 expression still mandates invasive histopathologic examination, which is sensitive to sampling errors and not routinely performed in the clinical practice.

Magnetic resonance imaging (MRI) could be used for visualization of specific target or drug delivery carrier accumulation in tumors (12, 13). Similarly, GPC-3 expression can be evaluated via noninvasive imaging techniques. For example, MRI specific superparamagnetic iron oxide (SPIO) anti-GPC-3 molecular probe has demonstrated the effectiveness for assessing GPC-3 expression in HCC tissues (14–16), and a few studies revealed the associations between GPC-3 expression with various MRI morphological features and quantitative parameters (e.g., MRI-based radiomics and iterative decomposition of water and fat with echo asymmetry and least squares estimation [IDEAL-IQ] parameters) (17–19). Despite promising results so far, existing evidence were not yet ready to be transformed into routine practice due to the limited application of SPIO and poor interpretability of quantitative techniques.

Therefore, in patients who underwent curative-intent surgery for solitary HCC, this study aimed to develop and validate a simple, noninvasive, and interpretable model to predict GPC-3 expression based on gadoxetic acid (EOB)-enhanced MRI and clinical features and to explore the model’s efficacy in stratifying postoperative survival.



Materials and methods

This retrospective study was approved by the Ethics Committee of West China Hospital, Sichuan University (Chengdu, China), and the requirements to obtain written informed consent were waived (Approved No. 2022-651).


Patients

Between January 2016 and November 2021, consecutive patients who fulfilled the following inclusion criteria were enrolled: (a) age ≥18 years;(b) underwent curative-intent liver resection; (c) with pathologically-confirmed solitary HCC; and (d) underwent EOB-MRI within 30 days prior to surgery. The exclusion criteria were as follows: (a) received any prior treatment for HCC (e.g., hepatectomy, radiofrequency ablation and transhepatic arterial chemotherapy and embolization); (b) the MR images were of insufficient quality for analysis (e.g., severe artifact); (c) with other malignant tumors than HCC (n=9); and (d) inadequate information on postoperative pathology report to determine GPC-3 expression. Detailed patient inclusion and exclusion are illustrated in Figure 1.




Figure 1 | The flowchart of the retrospective study cohort. A total of 278 participants with solitary hepatocellular carcinoma were included in this study.



Baseline clinical information, including patient demographics, causes of liver diseases, and key laboratory test results (alpha-fetoprotein [AFP], aspartate aminotransferase [AST], alanine aminotransferase [ALT] and serum total bilirubin [TBIL]) were collected from electronic medical records.



MRI acquisition and analysis

Four 3.0 T MR scanners (Discovery 750, SIGNA™ Architect, and SIGNA™ Premier, GE Healthcare; and MAGNETOM Skyra, Siemens Healthineers) and one 1.5 T MRI scanner (uMR588, United Imaging Healthcare) were used to acquire MR images. The sequences included: T2-weighted imaging, diffusion-weighted imaging with apparent diffusion coefficient maps, T1-weighted in-phase and opposed-phase imaging, and T1-weighted dynamic imaging with gadoxetic acid disodium (Primovist®, Bayer Pharma AG). Details of the MRI technique are provided in Supplementary A1 and Table S1.

Two fellowship-trained abdominal radiologists (with 8 and 6 years of experiences in liver MR imaging, respectively) who were blinded of the clinical, laboratory, histopathologic and follow-up information independently reviewed all MR images. Any discrepancy in imaging interpretation was resolved by a third radiologist who had over 20 years of experience in liver MR imaging.

The reviewers evaluated the presence/absence of a total of 37 imaging features which were reported to associate with the underlying liver disease (e.g., radiologically-evident cirrhosis), tumor burden (e.g., bilobar involvement), tumor extent (e.g., lymph node metastasis, macrovascular invasion), tumor aggressiveness (e.g., intratumoral artery, non-smooth tumor margin, peritumoral hepatobiliary phase hypointensity) and the Liver Imaging Reporting and Data System (LI-RADS) version 2018 features and categories. Definitions of the evaluated imaging features are summarized in Table S2.



Reference standard

Information on GPC-3 expression, as documented by another radiologist without knowing the patient’s imaging and clinical data, was retrieved from routine pathological reports as the reference standard in the current study.

In specific, complete HCC specimens were obtained after hepatectomy, and a standard seven-point sampling method (20) was used to assess tumor and peritumoral pathologic features. To accurately evaluate the expression of GPC-3, we adopted the scoring scale proposed by Takai et al. (21) which took into account positive cell rate, staining intensity, and staining pattern. Based on this scoring scale, the positive cell rate was graded from 0 to 3+ as 0 (<5% tumor cells positive), 1+ (5–10% tumor cells positive), 2+ (10–50% tumor cells positive), and 3+ (>50% tumor cells positive). The staining intensity was classified as weak, moderate, and strong staining. The staining pattern was graded on a scale of I–III based on whether the cell membrane manifested as incomplete (I: globally incomplete; II: generally incomplete with some complete staining) or complete circumferential staining (III: generally complete with some incomplete staining). In the current study, grade 0 positive cell rate with any staining intensity or grade 1+ positive cell rate with weak staining were regarded as GPC-3 negative.



Patient follow-up

Patients underwent routine postoperative follow-up at 1 month, every 3 months for the first 2 years and every 6 months thereafter with serum AFP and contrast-enhanced imaging modality (ultrasound, CT, or MRI). Tumor recurrence was confirmed by imaging or pathologic examinations during follow-up. Recurrence-free survival (RFS) was defined as the time from the date of surgery to that of tumor recurrence or the last follow-up date (May 1, 2022), whichever occurred first. Overall survival (OS) was defined as the time from the date of surgery to that of death by any cause, or the last follow-up date, whichever occurred first.



Statistical analysis

Differences in continuous variables were compared using either the Student’s t test or the Mann-Whitney U test, while those in categorical variables were investigated by either the chi-square test or the Fisher’s exact test, as appropriate.


Assessment for inter-rater agreement

Inter-rater agreement between the two reviewers were assessed by calculating the intraclass correlation coefficient for continuous variables, Cohen’s κ values for binary variables and weighted κ values for ordinal/categorical variables, respectively.



Development and validation of the predictive model for GPC-3

On a per-patient basis, 70% of randomly selected patients (n=195) were assigned into the training dataset, while the remaining 30% (n=83) into an independent external validation dataset.

On the training dataset, clinical and imaging predictors for GPC-3 were selected via univariable logistic regression analysis. To improve clinical utility and model simplicity, continuous variables were converted to categorical or dichotomized variables according to ranges of normality or clinical relevance (showed in Table 2). Thereafter, all predictors with P values < 0.1 were fit into a multivariable logistic regression model with backward stepwise method and 5-fold cross validation (creating the “internal validation” dataset) while controlled for patient age, gender, and HBV infection status (infected vs. non-infected). The Akaike Information Criterion was used to obtain the most parsimonious feature combination. A scoring system and nomogram was constructed based on the significant predictors at multivariable regression analysis to estimate the probability of GPC-3 expression, and the optimal threshold of the nomogram was determined by receiver operating characteristic analysis with the Youden’s index.

On the external validation dataset, the diagnostic performances of the predictive model for assessing GPC-3 expression were evaluated by computing area under the receiver operating characteristic curve (AUC), sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and accuracy. Calibration curves were plotted to investigate the model calibration by the Hosmer-Lemeshow test, and decision curve analysis was conducted to estimate the model’s clinical usefulness by quantifying the net benefits at different threshold probabilities. Survival outcomes were evaluated using the Kaplan-Meier method and compared with the log-rank test.

All statistical analyses were conducted with R software (version 3.5.1; http://www.Rproject.org) and SPSS (version 22.0). A two-sided p<0.05 was used to indicate statistically significant difference.





Results


Patients

A total of 278 eligible patients (222 male; 53.6 ± 11.6 years) were enrolled during the study period (Figure 1), 208 (74.8%) with GPC-3 positive HCC and 70 (25.2%) with GPC-3 negative HCC. In the GPC-3 positive and negative groups, the mean patient age was 52.9 ± 11.7 and 55.8 ± 11.3 years, respectively (P=0.066); male and female patients were 165 (79.3%) and 43 (20.7%) in positive group, 57 (81.4%) and 13 (18.6%) in negative group (P=0.735); the number of patients with hepatitis B was 193 (92.8%) and 60 (85.7%), respectively, the cause of liver disease was no significant difference (P=0.304); the median of serum AFP was 40.6 (range 0.98–25451) ng/mL and 6.73 (range 1.0~2484.0) ng/mL, respectively (P=0.009); serum AST was 29.0 (13.0~723.0) U/L and 35.0 (13.0~243.0) U/L, respectively (P=0.043); serum ALB was 43.1 (30.6~66.5) g/L and 41.9 (27.2~51.0) g/L, respectively (P=0.043); no significant difference in other clinical characteristics was detected between the GPC-3 positive and negative groups. (Table 1)


Table 1 | The clinical characteristics of patients with HCC.



No difference in baseline clinical features was detected between the training and validation datasets (P > 0.05 for all; Supplementary Table S3).



Correlations between EOB-MRI features and GPC-3 expression

In the groups of GPC-3 positive and negative HCC, the tumor size were 3.73 ± 2.7 cm and 4.4 ± 2.8 cm, respectively (P=0.091); the number of patients presenting nonperipheral “washout” were 182 (87.5%) and 65 (92.9%), respectively (P=0.095); the number of patients presenting “infiltrative appearance” were 28 (13.5%) and three (4.3%), respectively (P=0.046); the number of patients presenting “marked diffusion restriction” were 87 (41.8%) and 17 (24.3%), respectively (P=0.01); the number of patients presenting “iron sparing in solid mass” were 34 (16.3%) and 18 (25.7%), respectively (P=0.11). The number of patients with LI-RADS categories of 4, 5 and M were 15 (7.2%), 175 (84.1%),18 (8.7%) for patients with positive GPC-3 expressions, and three (4.3%), 64 (91.4%), three (4.3%) for patients with negative GPC-3 expressions, respectively (P=0.399); no significant difference in other EOB-MRI features was detected between the GPC-3 positive and negative groups. (Table 2)


Table 2 | The MRI features and consistency analysis between two viewers.





Development of the GPC-3 prediction model

On the training dataset, 14 clinical variables and 37 imaging features were significantly associated with GPC-3 expression at univariate analysis; while serum AFP (odds ratio [OR]=2.3, 95% confidence interval [CI]: 1.1-4.7, corresponding to four points in the GPC-3 score for >10ng/mL), tumor size (OR=0.5, 95%CI: 0.2-1.0, corresponding to -3 points in the GPC-3 score for >3.0 cm), nonperipheral “washout” (OR=3.0, 95%CI: 1.3-7.2, corresponding to five points in the GPC-3 score for its presence), infiltrative appearance (OR=9.3, 95% CI: 1.8-46.4, corresponding to 10 points in the GPC-3 score for its presence), marked diffusion restriction (OR=3.3, 95%CI: 1.5-7.4, corresponding to five points in the GPC-3 score for its presence) and iron sparing in solid mass (OR=0.2, 95% CI: 0.1-0.6, corresponding to -7 points in the GPC-3 score for its presence) were significantly associated with GPC-3 expression at multivariate logistic regression analysis (Figure 2; Table 3).




Figure 2 | Gadoxetate disodium-enhanced MRI and histopathologic images of hepatocellular carcinoma (HCC) with different glypican-3 (GPC-3) expressions. A 72-year-old male patient with GPC-3 positive expression HCC (A–F), and a 77-year-old male patient with GPC-3 negative expression HCC (G–L). Pre-contrast T1-weighted images showed a hypointense lesion (3.54cm) in the right liver (A) and a hypointense lesion (3.97cm) in the mid liver (G); T2-weighted images showed hyperintense lesions with [(B), blue arrow] and without [(H), blue arrow] “iron sparing in solid mass”; diffusion-weighted images demonstrated presence [(C), yellow arrow] and absence [(I), yellow arrow] of “marked diffusion restriction”; arterial phase images showed “nonperipheral-nonglobal arterial phase hyperenhancement” [(D), green arrow) and “global arterial phase hyperenhancement” [(J), green arrow]; portal venous phase images showed “nonperipheral washout” and infiltrative appearance [(E), orange and red arrow] and “no-washout” and smooth margin [(K), orange and red arrow]; immunohistochemical staining revealed the GPC-3 positive (F) and negative (L) expressions.




Table 3 | The relationships between GPC-3 expression with clinical and MRI features in HCC patients.



Inter-rater agreement was moderate for nonperipheral “washout” (κ=0.400, 95%CI: 0.307-0.494), infiltrative appearance (κ=0.430, 95%CI: 0.266-0.576), marked diffusion restriction (κ=0.387, 95%CI: 0.261-0.497) and iron sparing in solid mass (κ= 0.432, 95%CI: 0.293-0.561). Inter-rater agreements on the remaining imaging features are summarized in Table 2.



Validation of the GPC-3 prediction model

The AUC for the GPC-3 prediction model was 0.775 (95% CI, 0.694- 0.855), 0.726 (95% CI, 0.558- 0.894) and 0.681 (95% CI, 0.547-0.81) for the training, internal validation, and external validation datasets, respectively (Table 4).


Table 4 | The performance of predictive model for GPC-3 positive expression in HCC patients.



According to Youden’s index, the optimal threshold of scoring system for predicting GPC-3 expression was 5.5 points, and patients with the GPC-3 scores ≥5.5 points were categorized as at high-risk for positive GPC-3 expression in HCC. Based on this threshold, the sensitivity, specificity, PPV, NPV, and accuracy of the GPC-3 score on the internal validation dataset was 50.7% (95% CI, 42.3%-59%), 87.8% (95% CI, 75.2%-95.4%), 92.5% (95% CI, 84.4%-97.2%), 37.4% (95% CI, 28.5%-46.9%), and 60% (95% CI, 52.8%-66.9%), respectively. On the external validation dataset, these measures were 43.5% (95% CI, 31%-56.7%), 81.0% (95% CI, 58.1%-94.6%), 87.1% (95% CI, 70.2%-96.4%), 32.7% (95% CI, 20.3%-47.1%), and 53% (95% CI, 41.7%-64.1%), respectively.

The nomogram and decision curves revealed substantial clinical benefit of the prediction model in predicting GPC-3 expression (Figure 3). The calibration curves showed good agreement between predicted and observed probabilities of positive GPC-3 expression for both the training (P=0.895) and validation (P=0.264) datasets (Figure 4).




Figure 3 | The nomogram and decision curve to predict glypican-3 positive expression in hepatocellular carcinoma. (A) The nomogram was developed based on serum alpha-fetoprotein and five MRI features (tumor size, nonperipheral “washout”, infiltrative appearance, marked diffusion restriction, and iron sparing in solid mass). (B) Decision curve analysis of the prediction model for external validation set. Y-axis represents the net benefit, which is calculated by gaining true positives and deleting false positives. The X-axis is the probability threshold. The curve of the predictive model over the AFP and MRI features that showed the good benefit.






Figure 4 | Model calibration curves on the training (A) and validation sets (B) to predict glypican-3 positive expression in hepatocellular carcinoma.





Survival analysis

A total of 187 (62%) patients had complete RFS and OS information, thus were included in the survival analyses. Median follow-up was 668 days (95% CI: 589-734 days). Among them, 14 (7%) patients died, and 66 (35%) patients experienced tumor recurrence. Median OS was 1613 days (95% CI: 972-1973 days), while median RFS was 1548 days (95% CI: 1113-2281 days). No difference in RFS and OS was detected between patients with pathologically or model-predicted confirmed GPC-3 expressions. (P values= 0.13, 0.20, 0.52 and 0.150, respectively), despite a trend-wise longer survival in patients with GPC-3 negative HCC (Figure 5).




Figure 5 | The Kaplan-Meier curves of pathologically-confirmed (A, C) and model-predicted glypican-3 expressions (B, D) in stratifying postoperative overall survival (A, B) and recurrence-free survival (B, D).






Discussion

In patients who underwent curative-intent liver resection for solitary HCC, we developed and validated a noninvasive risk score to predict GPC-3 expression based on serum AFP and five EOB-MRI features (tumor size, nonperipheral “washout”, infiltrative appearance, marked diffusion restriction, and iron sparing in solid mass). On the independent validation testing set, the prediction model demonstrated moderate diagnostic performance and gool calibration for GPC-3 expression.

Previous studies have revealed that GPC-3 is actively involved in regulating HCC tumor growth (22, 23). Shirakawa et al. (24) reported that positive GPC-3 expression is correlated with poor clinical prognosis for HCC patients, and Li et al. (25) illustrated that GPC-3 is a coreceptor with the activation of the Wnt signaling pathway. The authors considered it to be a potential target site for HCC therapy that restrains Wnt signaling. Currently, novel treatments for HCC have been explored and assessed in in vitro and in vivo experiments and clinical trials targeting GPC-3, such as CAR T cell therapy (26), immunotoxin therapy (27), and GPC-3-derived peptide vaccines (28). Therefore, it is of great significance to evaluate the expression of GPC-3 in HCC preoperatively, noninvasively and precisely. Chen et al. (19) reported that the R2* value yielded from iterative decomposition of water and fat with echo asymmetry and least squares estimation MRI could reliably predict GPC-3 expression in HCC prior to surgery. In addition, Gu et al. (18) demonstrated that the proposed MR-based radiomics signature is strongly related to GPC-3 positivity and incorporating AFP levels and radiomics signatures may noninvasively and individually predict GPC-3-positive HCC. In our study, 278 solitary patients were included who underwent hepatectomy, and postoperative pathology assessed GPC-3 expression. A total of 208 (74.8%) of the HCC lesions were GPC-3 positive, and 70 (25.2%) were negative. The results revealed that AFP>10 ng/ml, tumor size>3.0 cm, nonperipheral “washout”, infiltrative appearance, marked diffusion restriction, and iron sparing in solid mass were significantly associated with GPC-3 positive expression. Chu et al. (29) illustrated a GPC3-based immunomagnetic fluorescent system (C6/MMSN-GPC3) that showed the high-specific isolation and instant observation of HCC circulating tumor cells. But in our study, we directly assessed the GPC-3 expression in HCC tumor tissues by MRI features which no need peripheral blood and without radiation.

The liver imaging reporting and data system (LI-RADS) is supported by the American College of Radiology (https://www.acr.org) and provides standardization of liver imaging and reporting. It offers four individual imaging algorithms designed for different clinical contexts of HCC risk patients, which include ultrasound LI-RADS for surveillance, contrast-enhanced US, CT or MRI LI-RADS for diagnosis and staging, and treatment response LI-RADS to assess response to local-regional therapies. All LI-RADS algorithms are built on the foundation of standardized lexicon, technique, management, and reporting guidelines (30). LI-RADS assigns features that reflect the probability of HCC, nonHCC malignancy, or benignity (31), assesses the association between LI-RADS categories with microvascular invasion (MVI) and histologic grade of HCC (32), predicts the recurrence of HCC after primary liver transplantation within the Milan criteria (33), and evaluates the molecular alterations during hepatocarcinogenesis (34). Zhao et al. (17) enrolled 43 and 100 patients with pathologically confirmed GPC-3 negative and positive patients with contrast-enhanced MRI and diffusion-weighted imaging (DWI) to explore the potential MRI findings in predicting GPC-3 positive HCCs. The results showed that the serum AFP levels and lower 75th percentile apparent diffusion coefficient (ADC) values were helpful in differentiating GPC-3 positive HCCs. However, the 75th percentile ADC value was not included in clinical LI-RADS analysis; in addition to requiring professional software measurement, it has disadvantages such as poor interpretability and inconveniences of clinical application. Therefore, our study comprehensively analyzed the differential ability of LI-RADS MRI features and categories for GPC-3-positive HCC that has not been previously reported in the literature.

After univariate and multivariate regression analyses, AFP, tumor size, nonperipheral “washout”, infiltrative appearance, marked diffusion restriction, and iron sparing in solid mass were selected to construct the prediction model of this study. Based on the 5.5 points threshold, our model demonstrated a specificity of 87.8% in predicting positive GPC-3 expression in HCC. Therefore, considering remarkable incidence of adverse effects and high cost of HCC immunotherapy, our model may help avoid inappropriate treatment initiation, minimize unwanted adverse effect, reduce unnecessary cost, and improve individualized treatment decision-making. AFP is a progenitor cell marker that has been considered useful in the early screening and assisting diagnosis of HCC and as a biomarker helping select candidates in testing drugs in Phase III trials or evaluating curative effects (35, 36). Ye et al. illustrated that patients with high serum AFP levels and GPC-3 positive expression were associated with a poor prognosis (37). Our results showed that there was a positive association between serum AFP levels >10 ng/ml with GPC-3 positive expression.

Nonperipheral “washout” appearance is an important major imaging feature of LI-RADS, it is a visually assessed temporal reduction in enhancement of an observation relative to composite liver tissue from an earlier to a later phase resulting in hypoenhancement on the portal venous (PVP) or delayed phases (38), Kim et al. (39) revealed that nonperipheral “washout” appearance on the PVP or transitional phase is the most reliable MR imaging feature for differentiating hepatocellular carcinoma with paradoxical uptake on the hepatobiliary phase from focal nodular hyperplasia-like nodules. Additionally, our study showed that the nonperipheral “washout” feature is an independent risk factor for evaluating HCC with positive GPC-3. The infiltrative appearance may represent true infiltration of tumor cells into the liver parenchyma, which commonly indicates malignancy with a permeative growth pattern and is associated with macrovascular invasion (40), tumor metastasis and a short survival time (41), Sun et al. (42) reported that the infiltrative tumor margin has the potential to identify PD-L1-positive HCC, similarly our results demonstrated that this MR imaging feature also hints at GPC-3 positive expression. Tumor size is also included as a major feature of LI-RADS since the likelihood of malignancy in a cirrhosis-associated nodule is positively correlated with the size of the observation (43), but the tumor size exceeding 3.0 cm was considered to be more likely associated with negative GPC-3 expression in our study.

Diffusion restriction is an ancillary MR imaging feature favoring malignancy in general. The minimum apparent diffusion coefficient is a significantly independent risk factor for early HCC recurrence after surgery (44), and Joo et al. (45) showed that the diffusion restriction feature was an independent predictor to help differentiate progressed HCC from low- or high-grade nodules because the expression of GPC-3 in HCC is obviously higher than that in low- or high-grade nodules; thus, the finding may confirm our results that marked diffusion restriction is also an independent predictor for GPC-3 positive expression. Also, iron sparing in solid masses is an ancillary LI-RADS feature that usually favors liver malignancy and is defined as a paucity of iron in solid masses relative to iron-overloaded livers or in inner nodules relative to siderotic outer nodules, a paucity of iron suggests clonal expansion of a cell with iron resistance distinct from the background parenchyma (46), the results of our study showed that this LI-RADS feature strongly indicates the GPC-3 negative expression in HCC, which may indicate that malignant hepatic cells with reduced iron intake is more likely to be accompanied by GPC-3 negative expression.

In this study, during the follow-up, 14 (7%) patients died, and 66 (35%) patients experienced tumor recurrence. Despite no significant difference in RFS or OS detected between patients with pathologically or model-predicted confirmed GPC-3 expression, Kaplan–Meier survival curves still showed a trend wise longer survival in patients with GPC-3-negative HCC. The possible reason is that the follow-up time was not long enough, which led to the small number of patients with OS and RFS events, only 7% and 35%, respectively. Nevertheless, this study also suggests that GPC-3 expression is of great significance for the prognosis of HCC patients.

Several limitations in this study should be noted. First, the retrospective nature could have introduced selection biases to the study cohort, and in this predictive model was developed in patients with solitary HCCs to improve radiology-pathology correlations. However, this design also hampered the extrapolation of our findings to multiple tumors. Therefore, future studies are encouraged to explore the correlation between MRI features and GPC-3 expressions in multiple tumors while guaranteeing rigorous radiology-pathology spatial correlation. Second, the number of enrolled patients with GPC-3-negative HCC was relatively small (70 patients [25.2%]), and the imbalanced sample size may have reduced the effectiveness of model training. However, this was in part because we only analyzed data from patients with solitary HCC. This was determined to improve radiology-pathology correlation and to minimize the interference of confounding factors. Third, although CAR T cell targeting GPC-3 therapy for advanced HCC patients is considered next-generation immunotherapy, our study did not directly evaluate the efficacy of CAR T cell therapy. Nevertheless, this study constructed an easy-to-use predictive model that could be used for noninvasive assessment for GPC-3 expression in HCC, which may provide useful information regarding patient selection for future GPC-3-targeted immunotherapy. Fourth, at present, we only established the model based on the qualitative features of EOB-MRI, although it has the advantages of simple operation and strong interpretation, but it does not use any functional/molecular imaging techniques. Other molecular imaging techniques, for example, positron emission tomography-computed tomography and single-photon emission computed tomography-computed tomography, allow direct depiction for the expression of tumor-specific targets, thus may serve as promising noninvasive tools for GPC-3 expression assessment in HCC (47).

In conclusion, in patients with surgically-confirmed solitary HCC, we developed and validated an easy-to-use noninvasive prediction model which could accurately predict positive GPC-3 HCC based on serum AFP and five EOB-MR imaging features in HCC patients. Our findings may help identify potential responders for GPC-3-targeted immunotherapy and direct personalized treatment decision-making.
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Image-guided tumor ablation eliminates tumor cells by physical or chemical stimulation, which shows less invasive and more precise in local tumor treatment. Tumor ablation provides a treatment option for medically inoperable patients. Currently, clinical ablation techniques are widely used in clinical practice, including cryoablation, radiofrequency ablation (RFA), and microwave ablation (MWA). Previous clinical studies indicated that ablation treatment activated immune responses besides killing tumor cells directly, such as short-term anti-tumor response, immunosuppression reduction, specific and non-specific immune enhancement, and the reduction or disappearance of distant tumor foci. However, tumor ablation transiently induced immune response. The combination of ablation and immunotherapy is expected to achieve better therapeutic results in clinical application. In this paper, we provided a summary of the principle, clinical application status, and immune effects of tumor ablation technologies for tumor treatment. Moreover, we discussed the clinical application of different combination of ablation techniques with immunotherapy and proposed possible solutions for the challenges encountered by combined therapy. It is hoped to provide a new idea and reference for the clinical application of combinate treatment of tumor ablation and immunotherapy.
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Introduction

The cancer incidence and mortality have been rising rapidly in China, with about 4.29 million new cases and 2.81 million cancer deaths in 2015 according to China National Cancer Center (NCC) statistics (1). Malignant tumor has become a major public health problem nowadays. Radiotherapy and chemotherapy is still the predominant treatment options for advanced malignant tumors after surgery nowadays (2). Most cancer patients often suffer recurrence and distant metastasis, eventually cancer-related death, although respond to initial radiotherapy and chemotherapy. With the deep research of tumor immunity, immunotherapy is a hotspot of medicine currently, represented by immune checkpoint inhibitors (ICIs), adoptive cell transfer therapy, tumor-specific vaccines and small molecule immune drugs (3). ICIs have been widely used in cancer treatment, such as anti-PD-1/PD-L1 and anti-CTLA-4 monoclonal antibodies (mAb), whereas limited therapeutic effects in those with poor PD-L1 expression, lymphocyte deficiency, immune effector cells failed to infiltrate into tumor microenvironment (TME), insufficient host recognition of tumor antigen and so on (4). A large percentage of cancer patients still benefit little form clinical treatment, with a single-agent effective rate of only 20%-40% (5). Therefore, urgent clinical needs to explore new therapeutic strategies have addressed the aforementioned therapeutic limitations.

Ablation technology induces tumor tissue coagulative necrosis and achieves local elimination of tumor with physical and chemical methods. The ablation techniques include cryoablation, chemical ablation, laser ablation, radiofrequency ablation (RFA), microwave ablation (MWA), high-intensity focused ultrasound (HIFU), and combined technology (6). Currently, the therapeutic application of ablation technology has been widely implemented in the clinical practice, which also achieved a broad consensus and guidelines on its specific administration plans and strategies (Figure 1). As a minimally invasive treatment technology (except for high-intensity focused ultrasound), ablation treatment can effectively promote the exposure and release of tumor-related antigens, enhance the antigenicity of tumors, and eventually trigger a systemic antitumor immune response, which may eliminate distant metastatic lesions (7). Ablation techniques provide an optional choice for the patients with tumor oligolesion, especially those cannot withstand surgery, while potentially increasing the therapeutic effects of immunotherapy in clinical practice.




Figure 1 | Guidelines and consensus for the application of ablation in the clinical treatment of cancer.



In this paper, we focused the three common used ablation technologies, including cryoablation, RFA and MWA. We reviewed the literature of ablation techniques and related immune activities, and the combination treatment of ablation and immunotherapy. We would like to provide new ideas and reference for the implementation of the combination of ablation techniques and immunotherapy.



The principle of the ablation techniques

Imaging-guided ablation is a precise and minimally invasive cancer treatment technique, which cures tumors by physical or chemical energy safely. Currently, cryoablation, RFA and MWA are widely used in clinical practice (Table 1).The characteristics of tumor ablation include: ① Ablation equipment can accurately target tumor tissue with small wound, avoiding wound infection and bleeding (8–10). ② Ablation treatment shows a clear therapeutic boundary, which is generally set near the edge of tumor tissue about 1 cm (11). This range can not only effectively kill local tumor tissues, but also avoid the excessive destroy in adjacent normal tissues (12–14). ③ Ablation usually induces different degrees of autoimmune responses to inhibit tumor recurrence and metastasis (15).


Table 1 | Selected publications on the clinical application outcomes of Cryoablation, Radiofrequency ablation (RFA), and Microwave ablation (MWA).




Cryoablation

Cryoablation kills tumor cells with low temperature environment, which changes the osmotic pressure and causes tissue ischemia. The critical temperature for cell death is -20°C. Various factors influenced tumor death rate, such as freezing duration, freeze-thaw cycle and local blood flow changes (16). Cryoablation technology uses an ablation probe to introduce liquid nitrogen or argon into the tumor tissue, forming an “ice ball” near the cryoprobe, with the center temperature reaching -170°C and about 0°C in the periphery of “isotherm”. The high-pressure gas induces a freezing cycle process, in which the temperature rapidly decreases and then increases in the tumor tissue according to the Joule-Thomson principle (17). Due to the rapidly decreased temperature inside and outside cells, ice crystal leads to cell dehydration in adjacent tissues, inducing cell permeability damage and cell membrane irreversible damage, and ultimately tumor necrosis (18). Low temperature also damages the intima of microveins and arterioles in the tumor tissues. The damaged endothelial cells contact platelets to form thrombus after ice crystal thawing, which will further develop ischemia and hypoxia in the tumor tissues (19, 20).

The advantages of cryoablation are summarized as the following aspects: ① Ice crystal can be imaged by computed tomography (CT) to achieve accurate treatment area and intuitive monitoring and evaluation of the therapeutic effects during cryoablation (16). ② Cryoablation effectively reduces the recurrence rate of tumor. In SOLSTICE study, 128 post-cryoablation patients were followed up at the 12th and 24th month respectively. The local recurrence-free survival (RFS) rate after cryoablation was 85.1% and 77.2% after initial treatment. The local RFS rate of the recurrent tumor after the secondary cryoablation was even increased to 91.1% and 84.4% (21). ③Cryoablation shows significant pain alleviation effects. Previous studies indicated that cryoablation decreased the analgesics dosage in the treatment of localized tumor foci (≤4cm), which was better than RFA (22). Matthew R et al. summarized the most severe cancer pain assessment of 69 patients with bone metastasis before and after cryoablation, which found that the average score within 24 hours prior to cryoablation was 7.1/10, with a range of 4/10 to 10/10. The mean scores of 1, 4, 8, and 24 weeks after treatment decreased to 5.1/10 (p<0.001), 4.0/10 (p <0.001), 3.6/10 (p <0.001), and 1.4/10 (p <0.001) respectively. Cryoablation treatment provides sustain relief for bone metastatic pain (23). In a palliative treatment of bronchial cancer, cryoablation also effectively relieved the severe pain and hemoptysis which caused by bronchus blockage, and restored the bronchial ventilation again (24). Cryoablation has been widely used in the treatment of patients with early hepatocellular carcinoma (HCC), non-small cell lung cancer (NSCLC), pleural lesions, palliative treatment of lung metastatic foci, which achieved good clinical outcome (25, 26). A phase I clinical study enrolled 160 patients with NSCLC after cryoablation therapy. The average local tumor progression-free survival (PFS) interval was extended to 69 ± 2 months (27). Another study of cryoablation in recurrent pleural malignancy also showed a 3-year recurrence-free rate of local disease as 73.7% (28).



RFA

RFA is a physical ablation that can be performed with percutaneous puncture, laparotomy or laparoscopy (29). The radiofrequency applicator is inserted into a target lesion with imaging guidance, such as ultrasound or computed tomography (CT). The current induces ions agitation at a high frequency to generate frictional heat (90-120 ℃), which causes coagulation necrosis in tumor tissues (30). Meanwhile, RFA prevents blood supply and tumor metastasis with the blood vessels disruption. A large proportion of liver tumors are suitable for RFA treatment rather than surgery resection, because of multiple intrahepatic lesions and other extrahepatic diseases (31). RFA is an optional technique for treating primary HCCs, as well as intrahepatic metastatic foci of colorectal or gastric cancer (32).

RFA exhibits significant advantages of minimal invasion, short recovery period in clinical practice. HCC patients after RFA treatment show low recurrence and mortality rate, which achieves similar curative effect as surgery to some extent (33–36). Previous studies also supported low recurrence rate and only mild adverse reactions, including fever, neutrophils, local pain and minor thermal damage in peripheral organs (37–39).



MWA

MWA is another novel tumor ablation technology which developed from biologic thermal effects, which is mainly applied in the treatment of solid tumors in liver (40), lung (41), kidney (42), adrenal gland (43), spleen (44), thyroid (45) and breast (46). The therapeutic effects of MWA depends on the dipolar molecules (primarily water) to align and realign according to the variable electromagnetic field. The frictional heating induces tissue degeneration attributed to highly interdependent antenna–tissue interactions, which is different from RFA. So MWA is suitable for increased maximal local ablation deposition in clinical practice (47).

MWA treatment is safe and effective in local lesion treatment, which showed well tolerance for the patients. The incidence of serious complications after MWA is only 3.65%, mild complications as 8.03%, and the mortality rate is 0% according previous study (48). Both MWA and RFA are widely used in the treatment of liver tumors, while MWA is more appropriate for larger diameter liver malignancy than RFA. RFA treatment causes local tissue dehydration and carbonization to prevent heat conduction to the adjacent tumor tissues, while WMA oscillates water molecules to cause tissue heating, which expands the coagulation zone in tumor tissues (49). Medhat et al. evaluated 26 HCC patients with large lesions (5-7cm in diameter) with MWA treatment and found that 19/26 patients (73.1%) achieved complete ablation, while no ablation-related major complications or death (50).




Immune effects of different ablation technologies

Tumor ablation induces immune effects by releasing immunogenic components within the tumor. Due to different ways of ablation technologies, various types and quantities of damage-associated molecular patterns (DAMPs) are released to induce different immune effects (51). Here, the differences in immune response are reviewed among different technologies.


Immunology of cryoablation

The tumor-specific immune response caused by cryoablation is commonly known as “cryoimmune response” (52). Released tumor cell contents during ablation treatment stimulate autoimmune response, and eliminate immunosuppression effect to kill tumors. Meanwhile, the antigenicity of tumor tissue necrosis activity also stimulates immune response in vivo to cure distant tumor foci, which commonly known as “distal immune effect”. Previous studies have shown that tumor-specific immune responses contribute to spontaneous regression of distant metastases in patients received cryoablation treatment (53). Zhu et al. reported that cryoablation treatment causes DAMPs release in the center of tumor lesion by ultra-low temperature to induce tissue destruction (54), including DNA, heat shock protein (HSP), tumor antigens, cytokines and inflammatory factors (55). DAMPs phagocytosis activates NF-κB pathway to induce anti-tumor immune response of immature dendritic cells (DCs). Mature DCs translocate to lymph nodes with the help of MHC class I molecules, activating CD8+ T cells and costimulatory factor CD80/86 expression by presenting antigen. The immune system finally eliminates residual tumor lesions and distant metastases (56). Kato et al. analyzed the renal tumor samples after cryoablation treatment and found a significant increase in the proportion of T cell β receptor (TCRB) clones (defined as clones with a frequency ≥ 1% of total TCRB reads). The TCRB clones were from 27.3% ± 27.4% to 46.4% ± 31.0% after ablation (P = 0.024), the transcription levels of granase A and CD11c in CD4+ T cells were also significantly increased in tumor tissues (57). Other study also supported increased levels of interleukin-1 (IL-1), IL-6, NF-κB and tumor necrosis factor α (TNF-α) after cryoablation (30). Of note, IL-6 shows the most significant increase after cryoablation than RFA and MWA (58). The main reasons are summarized as follows: ① Thermal ablation causes protein denaturation in tumor tissues, and reduces the tumor antigen amounts. Meanwhile, tissue coagulation by thermal ablation reduces the release of intracellular content into circulatory system. ② Cryoablation treatment increases cell membrane permeability while maintains the intact cell structure. ③ Cryoablation increases the release of inflammatory intracellular fragments to activate immune cells, Systemic inflammatory response syndrome (SIRS) maybe observed in some serious cases, whereas rarely observed in thermal ablation technologies (30). Therefore, cryoablation showed a stronger immune response than the thermal ablation.



Immunology of RFA

RFA technology provides a high temperature in local tumor tissue lesions for therapeutic effects. The release of large amounts of DAMPs from necrotic tissue further affect tumor microenvironment, including RNA, DNA, HSP-70, HSP-90, High Mobility Group Protein B1 (HMGB1), C-reactive protein and uric acid, which is similar to cryoablation. Zerbini et al. found that cell fragments released from tumor tissues after RFA contributed to the maturation of antigen-presenting cells (APCs) and DCs in vivo, which further promoted the activation of the immune system (59). Increased plasma levels of IL-1, IL-6, IL-8 and TNF-α were also reported after RFA treatment (60). Dramatic morphological changes were observed in tumor tissues after RFA, which were characterized as four areas: application, central, transition, and reference tissue areas (61). High temperature from RFA induces cell necrosis and increased HSP-70 expression in the transition zone (61, 62). Elevated expression levels of HSP-70 and HSP-90 are also observed in animal tumor models after RFA treatment (63). HSP-70 plays a key role in the activation of innate and adaptive immune cells (64). Ryan Slovak et al. indicated that innate immune response in the early stage after RFA contributed a majority part in RFA related immune response, which was associated with recurrence rate (65). Increased HSP-70 expression in tumor peripheral tissues after RFA attracts NK cells infiltration and activation, constituting the innate immunity response induced by RFA (66).

The immunosuppressive microenvironment within the tumor tissue contributes to the poor prognosis of malignancy. Among them, regulatory T cells (Tregs) induce immunosuppressive effects and mitigate the function of cytotoxic T cells (CTLs) (67). RFA treatment improves the tumor immune microenvironment by increasing the infiltration of CD4+ and CD8+T cells and reducing Tregs proportion (68, 69). The proportions of Tregs in the tumor microenvironment and blood show significantly decrease in pancreatic ductal adenocarcinoma after RFA (70). RFA treatment attenuates the immunosuppressive effects in tumor microenvironment.



Immunology of MWA

Unlike cryoablation and RFA, no significant difference in HSP-70 expression after MWA treatment (51). However, the phenotype and number of T cells exhibit dramatic changes. Increased IL-12, IL-18 activates Inducible T Cell Co-stimulator (ICOS) pathway after MWA, which synergistically promotes Helper T cells (Th) differentiation into Th1 and increases IL-2 secretion, thus inducing the expansion of cytotoxic T cells (CTLs) related immune effect (71). Previous study showed increased percentage of T cells in peripheral blood at 1 week after MWA compared with surgery group (3.37 ± 30.31% vs. 19.42 ± 31.82%, p=0.033). All the studies support that WMA enhances the innate immune response (71).

The study of Zhang et al. observed decreased IL-4 and IL-10 levels after MWA, with IL-4 decreased from 0.13 ± 0.02 to 0.07 ± 0.01 pg/mL (p <0.05), and IL-10 decreased from 9.17 ± 2.97 to 3.93 ± 1.13 pg/mL (P <0.05) (72). So MWA inhibits Th2 cytokines secretion and reduces immunosuppressive factors in tumor microenvironment. Furthermore, ICOS expression on cell membrane after T cell activation also promotes antigen presentation of CD4 + T cells. Activated ICOS+ CD4+ T cells produce higher levels of interferon-γ (IFN-γ) (73). IFN-γ and other inflammatory factors contributes to the formation of Th1 type environment around tumor tissue, leading to immune response to eliminate tumor cells (74).




Combinate therapy of ablation with immunotherapy

Tumor ablation technology destroys tumor tissue with minimally invasion, which produces a large amount of tumor cell fragment within the tumor lesions. The released occult antigens activate immune system, including tumor-specific T cell response. The preclinical and clinical studies indicated a remarkable increase in T cell infiltration and activation after ablation therapy. However, the ablation-induced immune response appears to be insufficient to produce sustained antitumor effects. The combination of tumor ablation and immunotherapy has been further explored in clinical applications recently, which supports the combination strategies improved ablation-induced immune effect and achieved sustained anti-tumor immune effect (Table 2).


Table 2 | Overview of clinical trials of cryoablation, radiofrequency ablation(RFA) and microwave ablation (MWA) combined with immunotherapy.




Cryoablation and immunotherapy

Immune checkpoint inhibitors (ICIs) achieves indelible mark in the field of tumor therapy, which exhibits remarkable safety and effects in clinical practice (75). The combination of ICIs and ablation aims to increase and prolong the antitumor immune effects. Present clinical studies usually selected the combination of anti-PD-1/PD-L1 or CTLA-4 mAb with ablation, which showed feasible safety and efficacy (76). McArthur et al. evaluated the safety of combinate treatment of cryoablation and Ipilimumab (CTLA-4 inhibitor) in 19 breast cancer patients. Only 1 patient suffered grade III toxicity symptoms (maculopapular rash unrelated to Ipilimumab treatment) (77). The combined treatment of cryoablation and Ipilimumab induced higher proportion of Ki67+ T cells and ICOShi T cells in peripheral blood than those only with cryoablation (p=0.05; p=0.005). The results suggest that combination therapy may bring on auto immune reaction and synergistic antitumor effect. A cervical cancer patient received Pembrolizumab after cryoablation, which showed a significant reduction of metastatic lesions (from 7.2 cm×6.8cm to 2.9 cm×1.5 cm) after two months treatment. Then the lesion was undetectable 3 months later and maintained complete response (CR) for 7 months (78). A retrospective study of cryotherapy combined with Pembrolizumab for liver metastatic melanoma, achieves superior efficacy to cryotherapy or immunotherapy alone. Cryotherapy improves the efficacy of anti-PD-1/PD-L1 mab in the 15 enrolled metastatic melanoma patients, with 1 patient (6.7%) achieved a complete response and 3 patients (20.0%) achieved a partial response. The objective response rate (ORR) of the combination regimen was 26.7% (95%CI 4.3-49.0%) and median PFS time was 4.0 months (95%CI 2.5-5.5) (79), which were significantly higher than only Pembrolizumab treatment (2.7 months) as Tumeh et al. reported (80). Moreover, grade 3-4 adverse events (AEs) were not observed in the combine treatment (79), while grade 3-5 AEs attributed to only Pembrolizumab treatment every two or three weeks occurred in 13.3%, 10.1% of advanced melanoma patients according to Caroline Robert et al. ‘s report (81). Cryoablation combined with Pembrolizumab is safe and effective than immunotherapy only.

DCs connects innate and acquired immune responses in tumor therapy. Toll-like receptor agonists activate and maturate DCs to uptake and present specific tumor antigens in microenvironment, which enabling acquired immune response (82). So combinate Toll-like receptor agonists with ablation technology means a promising strategy for enhancing anti-tumor immune response. Gaitanis et al. studied the combination treatment of cryoablation with Imiquimod (Toll-like receptor 7 agonist) for basal cell carcinoma, and only 1 patient (n = 21) suffered relapse after at least 18 months of follow-up with a cumulative efficacy of 95% (83).

Adoptive cell immunotherapy developed rapidly these years. The combination of tumor ablation and immune cell therapy is worth expecting. The metastatic pancreatic cancer patients treated with the combination of cryoablation and DCs immunotherapy showed significantly higher median survival time than those with cryoablation alone (13 vs. 7 months, p<0.001) (84). Lin et al. evaluated the clinical efficacy of cryoablation combined with allogeneic NK cell immunotherapy in 60 renal cell carcinoma patients. The combination therapy group showed significantly lower CT values of tumor lesion and higher response rate than cryoablation alone group at 3 months post-treatment (85).



RFA and immunotherapy

Preclinical studies indicated that RFA combined with ICIs significantly reduced the tumor burthen and prolong survival time in mice models (86). Further investigation also explored their clinical application. Duffy et al. evaluated Tremelimumab (CTLA-4 inhibitor) in combination with RFA in the patients with advanced hepatocellular carcinoma (87). Definite partial remission was achieved in 5 of 19 patients (26.3%; 95%CI:9.1-51.2%), and favorable PFS and OS estimation. The median viral load was decreased from 1275 x103 IU/ml to 351 x103 IU/ml in 14 patients with quantifiable data. Besides, a metastatic squamous cell lung cancer patient received Atezolizumab (PD-L1 inhibitor) treatment following RFA in left lower lung lesions. The left lung lesion showed a definite therapeutic response, while the right upper lung lesions without RFA treatment showed poor response to Atezolizumab (88). Thus, combined RFA therapy with ICIs maybe an optional regimen when the patient showed poor response to immunotherapy.

The combination of RFA and adoptive cellular immunotherapy also achieved remarkable clinical efficacy. RFA in combination with cell immunotherapy decreased the recurrence risk and disease progression estimation, as compared with RFA alone in HCC patients (recurrence rate: 72% vs. 33%). Notably, 2-year OS rates in the combination treatment and RFA alone group were 100% and 76.6%, respectively (p<0.05) (89). Another clinical study also found that a combination of RFA and RetroNectin activated killer (RAK) cells effectively reduced recurrent the risk of HCC, and no patients suffered recurrence at 7 months follow-up in the 7 HCC patients. The proportion of CD3+/CD8+ cells showed a continuous increase after combinate RFA and RAK treatment (36.08 ± 9.44% to 48.75 ± 9.44%, p=0.03), while the ratio of CD4+/CD8+ decreased (1.14 ± 0.42% to 0.65 ± 0.26%, p=0.02) (90). Increased IFN-γ concentration in peripheral blood was observed in 5 patients (4.73 ± 2.50 pg/ml~7.64 ± 1.10 pg/mL, p=0.02). Zhao et al. followed-up HCC patients who received CIK combined with RFA after transcatheter arterial chemoembolization (TACE). The combination treatment group showed lower recurrence rate than control group (12% vs. 25.8%). Meanwhile, most patients showed decreased HBV DNA content after combined treatment, whereas only one patient decreased from 1.1×105 to less than 103 in the control group (91). Thus, RFA combined with CIK therapy or TACE provides an option to reduce recurrence rate of HCC and anti-HBV effect.



MWA and immunotherapy

ICIs are still the most common option for combination treatment with MWA. A report evaluated MWA combined with Tremelimumab (CTLA-4 inhibitor) treatment in 16 refractory biliary tract cancer patients. Two patients achieved partial remission (12.5%), 5 stable disease (31.3%), and a maximum duration of 6.2 months (92). Notably, the median PFS was 3.4 months in this study, which was higher than second-line chemotherapy as previous report (2.8 months) (93). Another study of Camrelizumab (PD-1 inhibitor) with MWA for non-small cell lung cancer also achieved an ORR of 33.3% and a DCR of 61.9% (94).

The combination of adoptive cell therapy with MWA also demonstrates efficacy and safety in tumor treatment. A phase I clinical study evaluated the safety of percutaneous MWA combined with adoptive cell immunotherapy (DCs and CTLs) in HCC patients. CIK injection was performed at 5 days after MWA, DCs and CTL at 11 days after MWA. No class III/IV serious AEs was observed during the study. Decreased percentage of CD4+CD25high Treg cells was observed after 1 month of combination therapy (2.40 ± 0.61 to 1.67 ± 0.48, p<0.05) and CD8+CD28- effector cells increased significantly (11.41 ± 6.63 to 15.13 ± 7.16, p<0.05) (95).

Staphylococcal enterotoxin C (SEC) exhibits superantigen activity to stimulate the proliferation of peripheral blood monocytes (PBMCs) and release of cytokines, such as IL-2, IFN-γ and TNF-α in a dose-dependent manner (96). Previous study indicated that SEC1 promoted the differentiation of CD4+ and CD8+ T cells to inhibit tumor growth in mice models (97). So combinate SEC with ablation is speculated to enhance antitumor effects. A phase II clinical trial evaluated MWA combined SEC intratumoral injection treatment in HCC. Totally 2000 U SEC was administrated in the edge of the tumor area after different days after MWA (24 days, 28 days, 2 months, 5 months and 7 months, respectively). Compared with the MWA treatment alone group, combined treatment group showed prolonged OS estimation (p=0.032), while no serious AEs associated with SEC injection (98).




Challenges for combining ablation and immunotherapy

Accumulated clinical studies support that the combination of ablation and immunotherapy will achieve better clinical outcome than any treatment regimen alone. However, tumor ablation and immunotherapy still exhibit deficiencies and urgent problems to be solved as a new treatment strategy.


Evaluation system for combinate ablation therapy

No unified evaluation system was established to access for the safety and efficacy of different combination strategies, in consideration of different combinations of ablation and immunotherapies. For example, RFA is considered as an effective regimen for HCC lesion less than 3cm in diameter (99). Then various combinations of RFA with anti-CTLA-4, anti-PD-1 mAb agents and DC-cytokine-induced killer (CIK) further improved a variety of survival estimation related parameters. However, we cannot provide evaluation criteria to measure the efficacy of different combination, which limits further exploration of their clinical application value.

National Health and Family Planning Commission Expert Group on tumor ablation technology management of China established an evaluation criterion in 2017, “National restricted medical technology–Expert interpretation: Standardized management and clinical application’s quality control index of tumor ablation technology” (100), which was updated in 2021 and 2022. The evaluation criteria included a variety of operational accuracy and security index and related calculation formula, such as local lesion control after tumor ablation, serious complication rate within 30 days after tumor ablation. However, no evaluation item was provided to calculate tumor immunotherapy-related indicators, even which kinds of immune responses should be included in the efficacy evaluation system. Moreover, a reasonable evaluation system for immunotherapy efficacy should include reasonable evaluation time-point, and the correlation between immune response and clinical efficacy. Ablation-based combine immunotherapy is deficient in evaluation at present, because of a late start, few clinical studies and a lack of corresponding evaluation parameters. It is suggested to add corresponding immunotherapy evaluation parameters on the basis of the evaluation criteria in tumor ablation technology quality control. Perhaps including anti-tumor immune response indicators as other combination therapies into the efficacy evaluation system. In addition, it should be reminded that the safety assessment of ablation combination therapy is also necessary for clinical application, in view of the novel therapeutic effects and adverse reactions in clinical trials. Moreover, standardized technical and management training for the medical operators will be of great value to the combination therapy evaluation.



Exploration in ablation combine strategies

Personalized treatment plan for cancer patient should not be ignored in the research of ablation combinate therapy. The ablation efficiency is affected by tumor size, location, ablation equipment, ablation duration and frequency in clinical practice, while immunotherapy efficiency is also affected by various factors, such as different forms and dosages in administration. Therefore, the influencing factors for ablation combine therapy are more complex, including the optimal timing of immunotherapy, the choice of adjuvant immunotherapy, and application order of ablation and immunotherapy (101). Previous study indicated that ICIs treatment after MWA, PBMCs showed higher T-cell activity than that of pre-MWA treatment (102). Besides, Imiquimod treatment after cryoablation resulted in better tumor clearance (10/10 vs 3/7 tumors; p=0.0147) and overall treatment efficacy (9/10 vs 2/7 relapse-free tumors; p=0.0345) than immunotherapy before cryoablation in basal cell carcinoma according to Georgios Gaitanis et al. (103). The advanced HCC patients received intravenous NK cell therapy after cryoablation also achieved therapeutic effects (104). These results support immunotherapy after cryoablation exhibits superiority in eliminating tumors and reducing recurrence. However, more clinical trials are needed to explore the specific time and regimen of immunotherapy administration. It is necessary to continuously optimize and explore combined treatment strategies and develop accurate treatment plans.

Tumor tissue destruction caused by cryoablation depends on longer freezing time and slow thawing (105), with a maximum of 15 minutes for freezing and five minutes for thawing each cycle (106). The triple freeze-thaw protocol shows remarkable advantage in time consuming and tumor ablation zones than double freeze-thaw protocol in pulmonary ablation (107). In a study of cryoablation combinate with DC-CIK, the patients with recurrent or advanced HCC received repeated cryoablation showed longer median OS than those received single treatment (106). Treatment frequency is suggested to be an important factor for combination therapy efficiency.

Researchers also attempted to add chemotherapy and targeted therapy to the ablation combine therapy for further efficacy. Aquaporin (AQP) mediates adaptation effects associated with freezing injury, which was supported by increased AQP3 expression in tumor cells at 2 hours after freezing (108). AQP3 participates in the plasma membrane permeability and intracellular water retention, which increases the critical freezing temperature to maintain cell survival advantage with cryoablation treatment. AQP inhibitors (mercuric chloride) combinate with cryoablation significantly reverses resistance and improve treatment effects (109, 110), which supported AQP inhibitors in combination with cryoablation-immunotherapy in clinical practice. Combined cryoablation with Toripalimab (anti-PD-1) and Lenvatinib (anti-angiogenic agent) in a metastatic HCC patient also achieved CR at 7 months after treatment, and PFS as 24 months (111). Compared with cryoablation-chemotherapy and cryoablation-DC-CIK cell therapy, combinate treatment of cryoablation-immunotherapy-chemotherapy showed the longest median OS estimation in metastatic NSCLC (27 months, 95%CI, 26.6-37.0, P <0.001) (112). The combination of cryoablation, NK cell therapy and Herceptin significantly prolonged the PFS of patients with recurrent HER-2 positive breast cancer (113). Moreover, most reports of ablation combine with immunotherapy focus on cryoablation, while few studies choose MWA and RFA. Further clinical trials of MWA and RFA combination therapy are still needed to develop more accurate and efficient treatment plan.



Adverse events in ablation combine therapy and treatment

Ablation related complications and side effects still bring troubles to clinical application despite of its relatively mild and low incidence rate. Among them, cryoshock (114), immunosuppression and thrombocytopenia (115) are observed in cryoablation. Cryoshock is a cytokine release syndrome with a mortality rate of 40% (114), which was corelated with dysfunction of suppressor T cells (116). Cryoshock usually occurs in the patients received cryoablation with a large tumor volume or simultaneous treatment in multiple areas (117). However, the mechanism of cryoablation induced immunosuppressive response is still unclear. Some researchers suggest its relation with cytokines release of TNF-α, IL-1 and IL-6, as well as regulatory T cell proliferation (118). Thrombocytopenia is associated with double cryo-cycle therapy (119). Otto Kollmar et al. demonstrated that aprotinin prevented platelet capture induced by cryoablation, prolonged platelet survival time (3.3 ± 0.4 vs 2.4 ± 0.2 days), and significantly reduced platelet aggregation (local platelet activity: 14.0 ± 1.7% vs 1.9 ± 1.9%; P < 0.001) (120). Moreover, cryoablation may cause skin necrosis, fracture and other complications in the treatment of bone tumors (121). Clark Chen et al. irrigated the adjacent tissues of the lesion with warm saline and filled the defect after resection with bone graft substitute, which could reduce the complication rate from 25% to 2.34% (122). Therefore, improving the accuracy of cryoablation, reducing the range of cryoablation, selecting appropriate ablation points, adjusting the parameter design of freeze-thaw cycle and combining other adjuvant therapies may be effective strategies to reduce adverse reactions of ablation and improve the safety of combined immunotherapy.

Excessive RFA and ICIs are associated with impaired liver function and immune-related adverse events (IrAEs) in liver, which will cause a variety of adverse reactions, such as fever and fatigue (123, 124). High dose corticosteroids are used to alleviate the adverse reactions in clinical practice (125), which will also decrease immune response to influence the curative effect. It is suggested that short-term corticosteroid therapy may reduce the associated adverse effects during ablation combined with immunotherapy. Inadequate RFA (iRFA) is an inevitable defect in RFA treatment alone group, which will facilize tumor proliferation, migration, invasion, epithelial-mesenchymal transformation and angiogenesis by affecting the transcriptional and epigenetic regulation of residual tumor cells, ultimately leading to tumor recurrence and metastasis (126, 127). It is speculated that iRFA may be an important factor in affecting the efficacy of RFA combined immunotherapy. Previous studies have shown that XL888 (HSP90 inhibitor) combined with RFA significantly reduces STAT3 expression and phosphorylation in tumor cells, promotes tumor cell apoptosis, and ameliorates adverse effects of iRFA effectively (128). In addition, RFA may induce arterioportal fistula in the treatment of HCC cases, which limited the therapeutic outcome (129). Xu et al. embolized the fistula between the right hepatic artery and the right portal vein with transcatheter arterial embolization (TAE) in HCC patients. AFP (alpha fetoprotein) remained at normal levels within 3 months and intrahepatic bleeding area was reduced (130), which supported that TAE can be used as a complementary therapy in ablation combine strategies.

Previous studies have shown that thermal ablation induced DAMPs release activates tumor proliferation and development related signaling pathways in the periphery of ablation site (131, 132), which will increase the recurrence risk. Erik Velez et al. selected IL-6, vascular endothelial growth factor (VEGF), and hepatocyte growth factor (HGF) to assess the recurrence risk after ablation. VEGF levels were significantly reduced in 20-W MWA (5-W MWA: 5952 ± 1068 pg/mL, 20-W MWA: 3915 ± 881 pg/mL, p<0.05) (133). Therefore, high power and short term MWA treatment will contribute to a reduced recurrence risk. Optimizing the parameters of MWA will be a new way to reduce the occurrence of adverse reactions in ablation combination therapy.




Summary and outlook

As a new local minimally invasive, safe and effective treatment method, tumor ablation technology has become a reasonable choice in the treatment of solid tumors. Ablation therapy eliminates tumor cells with physical and chemical effects. Released tumor antigen enhances anti-tumor immune response for further therapeutic effect. However, the immune response is generally non-durable. Combining ablation with immunotherapy exhibits profound synergistic effect for the treatment of tumors. In this paper, the effects of cryoablation, RFA and MWA on the immune system were thoroughly summarized. The clinical application of ablation and common immunotherapy strategy was expatiated systematically, including ICIs, small molecule immunodrugs, and adoptive cellular immunotherapy etc. (Figure 2).




Figure 2 | Ablation combined with systemic immunotherapies: (A) Administration of low dose Toll-like receptor (TLR) agonists will cause the activation and maturation of DCs. Ablation induces tumor necrosis and the release of tumor antigens into surrounding tumor microenvironment (TME), which are uptake by mature DCs in TME. The DCs present tumor antigens to naive T-cells, thereby enhancing activation and differentiation into effector T-cells to kill tumor cells. (B) Combined ablation with different immune cells for anti-tumor therapy. (C) Introduction of immune checkpoint inhibitors (anti-CTLA-4 and anti-PD-1/PDL-1) will allow the T-cells to execute tumor cell without being inhibited by the checkpoint signaling. Eventually, the effector T-cells with blocked checkpoint molecules will also migrate to the distant metastasized tumor sites, leading to the regression of metastases.



The safety and efficacy of ablation combined immunotherapy are gradually recognized with the accumulation of relevant clinical studies. However, only a few researchers focus on the standardization of the combination regimens, resulting in the lack of a systematic analysis of literature data for therapeutic evaluation, which limits its clinical application. Therefore, it is necessary to establish a long-term evaluation system to evaluate the safety and efficacy of different combination strategies.

The combination of ablation and immunotherapy is a milestone in the history of cancer treatment. However, it is necessary to develop personalized treatment plan of combination therapy according to clinical experiences and best evidences. We should invest basic research heavily to ablation combination therapy for improved efficacy.
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Objective

To explore the effectiveness of cryoablation combined with arterial perfusion with programmed cell death protein 1 inhibitors in overcoming immune resistance in advanced solid cancers.



Methods

In this pilot retrospective study, nine patients with solid cancers were treated with tumour cryoablation and arterial perfusion with programmed cell death protein 1 inhibitors, which had previously proven ineffective. The CIBERSORT software was used to estimate the levels of tumour-infiltrating immune cells in the challenged tumour. Changes in the levels of circulating T cells were assessed using flow cytometry. The primary endpoints were disease control and objective response rates, and the secondary endpoint was safety.



Results

The nine patients with advanced solid tumours received cryoablation combined with arterial perfusion with programmed cell death protein 1 inhibitors between June and December 2021. The median follow-up time was 5.8 months. We recorded an objective response rate in two patients (22.22%). The best overall responses were partial responses in two patients (22.22%) and one case (11.11%) of stable disease, while six patients (66.67%) presented progressive disease. However, the median overall survival time was not reached. The median progression-free survival was 2.4 months. Treatment-related severe adverse events included one case of abdominal infection and one case of upper gastrointestinal bleeding, which were cured after the intervention. The CIBERSORT software confirmed the importance of cryoablation in regulating tumour-infiltrating immune cells. Thus, macrophage polarisation from the M2 to the M1 phenotype in the challenged tumour and a gradual increase in the levels of circulating CD4+ T cells were observed after administration of the combination therapy.



Conclusion

Cryoablation combined with arterial perfusion with programmed cell death protein 1 inhibitors has the potential efficacy and safety to overcome immune resistance in patients with advanced solid cancers. The combination therapy leads to macrophage polarisation from the M2 to the M1 phenotype in the challenged tumour to enhance antitumour immunity.
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Introduction

Immune checkpoint inhibitors (ICIs) have revolutionised the field of cancer treatment, and a variety of ICI-based therapies, such as combination chemotherapy and combination local therapy, have brought new strategies to treat solid tumours. While classical chemotherapy and radiotherapy remain the mainstay of treatment for most solid cancers, several well-designed clinical trials have shown the potential of ICIs as a first-line treatment for a wide range of solid tumours (1–5). ICIs activate the immune system and generate antitumour immune responses predominantly by releasing suppressive brakes of T cells. However, studies have shown that although T cells are a cornerstone of ICI therapy, they also activate other innate and adaptive immune cells, all of which are involved in and coordinate the control of tumours, as well as possible tumour responses.

To date, various ICI agents, which target cytotoxic T-lymphocyte-associated protein 4, programmed cell death protein 1 (PD-1), and programmed death-ligand 1 (PD-L1), have been approved by the U.S. Food and Drug Administration to treat a variety of solid tumours, such as urothelial carcinoma, non-small cell lung cancer, hepatocellular carcinoma, and Merkel cell carcinoma. However, current evidence shows that the response rates to ICI therapy vary considerably across different cancers, with primary resistance to immunotherapy ranging from more than 80% of patients with refractory Hodgkin’s lymphoma to a much larger proportion of patients with colorectal cancer (6, 7). Furthermore, patients who initially respond to ICIs may experience tumour progression during subsequent treatment, known as acquired resistance (8). These complex resistance mechanisms limit the duration of ICI effectiveness; thus, it is critical to develop combination therapies that may allow more patients to benefit from immunotherapy after developing resistance.

Spontaneous regression of metastases from primary prostate tumours after cryoablation was reported in the 1970s, and the results suggested that this regression could be immune-mediated (9, 10). Cryoablation induces tumour cell death via osmotic shock or physical damage from ice crystals, resulting in the release of cellular contents into the extracellular space and in the activation of immune responses. Preclinical animal experiments have shown that cryoablation therapy significantly inhibits tumour recurrence and increases tumour sensitivity to ICIs (11–13). Cryoablation therapy has shown promise in the treatment of advanced breast, lung, liver, glioma, melanoma, and pancreatic cancers (14–17). However, there have been no definitive investigations to determine whether cryoablation can overcome immune resistance in solid tumours. This study aimed to investigate the safety and efficacy of a combined therapeutic strategy including cryoablation and arterial perfusion with PD-1 inhibitors in patients with solid tumours after immunotherapy failure.



Materials and methods


Patient selection

The medical records of nine consecutive patients whose advanced solid tumours had progressed and who received combined cryoablation and arterial perfusion therapy with PD-1 inhibitors at the First Affiliated Hospital of Fujian Medical University between June and December 2021 were reviewed. Treatment was determined based on the patient’s wishes and the advice of a multidisciplinary team consisting of oncologists, interventional radiologists, radiologists, and surgeons. The inclusion criteria were as follows: (a) a histological diagnosis of a malignant tumour; (b) unresectable or distant metastasis; (c) failure of previous PD-1 inhibitor therapy; (d) a score of 0 or 1 on the Eastern Cooperative Oncology Organization Performance Scale (ECOG-PS); (e) at least one measurable lesion as defined by the Response Evaluation Criteria in Solid Tumours (RECIST) version 1.1; (f) no active or documented history of autoimmune diseases; and (g) at least one course of treatment completed in the combination phase. The exclusion criteria were as follows: (a) additional treatment prior to disease progression and (b) an ECOG-PS score of ≥ 2. This study was conducted in accordance with the ethical guidelines of the 1975 Declaration of Helsinki and was approved by the Ethics Committee of the Hospital (No.: MRCTA, ECFAH of FMU (2022) 246).



Intervention

Each patient received one cycle of combination therapy as follows: on day 1, one or two lesions were completely cryoablated or incompletely cryoablated if they were larger than 5 cm, and the remaining lesions were left untreated; on day 3 (within 48 h), local arterial perfusion with a PD-1 inhibitor was performed in the ablation target organ. Local arterial perfusion with PD-1 inhibitors was subsequently recommended every 3 weeks until the occurrence of disease progression, unacceptable toxicity, or failure to follow up. Patients who were evaluated for progression for the first time could be administered a second combination therapy, if desired. Previous combination treatments, including chemotherapy and tyrosine kinase inhibitors, remained unchanged.

Cryoablation was performed using a HYG KB-II system (HYGEA Medical, Hong Kong, China). The target lesions were selected by interventional radiologists with more than 10 years of experience in percutaneous cryoablation, based on technical factors, such as the distance from major intrahepatic vessels, proximity to adjacent organs, ease of needle insertion, and patient’s symptoms, such as pain. All surgeries were performed under local anaesthesia with 2% lidocaine. A cryoprobe was inserted into the target lesion under computerised tomography (CT) guidance. The liquid-nitrogen cryogenic system was then activated, and the temperature of the tip was rapidly reduced to between −180 and −196°C to form a iceball, which was frozen for 10–15 min. A CT scan was further performed intraoperatively to confirm that the iceball covered the tumour area. An anhydrous ethanol active thawing system was then turned on to reach a temperature of 50–80°C, and active thawing was carried out for 5–15 min. The cryoablation and active thawing cycles were repeated twice. After cryoablation, a CT scan was performed again to determine whether bleeding, pneumothorax, or other complications had occurred.

Transarterial infusion of PD-1 inhibitors was performed with a 2.8-F microcatheter (Boston Scientific Corporation, Natick, MA, USA), which was superselectively placed into the feeding artery of the organ corresponding to the ablated tumour, and the artery was uniformly infused with a PD-1 inhibitor and 100 mL of normal saline for approximately 2 h (50 mL/h).



Patient follow-up

The antitumour response was evaluated according to the RECIST 1.1 guidelines (18). The first on-study radiographic examination (contrast enhanced CT or MRI, PET-CT if necessary) was conducted at week 8, and subsequent examinations were conducted every 3 weeks during the treatment course, until the occurrence of disease progression or treatment discontinuation. Complete or partial responses were further confirmed at least 4 weeks after the first response. Objective response was defined as the proportion of patients who achieved a complete response plus partial response as their best overall response, and disease control was defined as the proportion of patients who achieved a complete response plus partial response plus stable disease as their best overall response. Patients were monitored for overall survival every 30 days after disease progression or treatment discontinuation until the occurrence of death or loss to follow-up. Safety was assessed by vital signs, laboratory measurements, adverse events, serious adverse events, and adverse events of special interest. Adverse events were assessed according to the Common Terminology Criteria for Adverse Events (CTCAE), version 5.0 (19).



Evaluation of systemic immune responses in peripheral blood

During treatment, it was recommended that the blood be collected one day before cryoablation and one day after each arterial perfusion. One patient (11.1%) received continuous blood transfusions during treatment. After serum starvation for 24 h, cells were divided into two groups. One was treated with H2O2 (400 M) for 12 h to induce cell apoptosis; afterwards, 0.5–1.9 × 106 cells were collected by centrifugation and incubated with annexin V/propidium iodide using an Annexin V-FITC/PI cell apoptosis detection kit (TransGen Biotech, Beijing, China) according to the manufacturer’s instructions. After incubation for 15 min in the dark, the cells were analysed using flow cytometry. Early apoptotic cells were stained with annexin V alone, whereas necrotic and late apoptotic cells were stained with both annexin V and propidium iodide.



Transcriptome analysis

Tumour biopsy specimens were obtained from one patient (11.1%) before and after cryoablation. Biopsy specimens of the burden tumour and matched peripheral blood were collected from the patient before the start of cryoablation and after three cycles of arterial perfusion, and RNA was extracted from the biopsy tissue according to the manufacturer’s instructions (TIANGEN, Beijing, China). The RNA library for sequencing was prepared as follows: mRNA was purified from total RNA using a poly(T) oligonucleotide and then fragmented into 300–350-bp fragments; the first cDNA strand was reverse-transcribed using the fragmented RNA as a template in the presence of dNTPs (dATP, dTTP, dCTP, and dGTP), and the synthesis of the second cDNA strand was subsequently performed. The remaining overhangs of the double-stranded cDNA were converted into blunt ends using exonuclease/polymerase activity. After adenylation of the 3′ ends of the DNA fragments, sequencing adaptors were ligated to the cDNA, and the library fragments were purified. The template was amplified by polymerase chain reaction, and the products were purified to obtain the final library. The libraries were sequenced using an Illumina NovaSeq 6000 platform (paired-end, 150 bp), and the sequencing data were subjected to standard data analysis. Finally, tumour-infiltrating immune cells were quantified using the CIBERSORT software.



Statistical analysis

Overall survival was calculated from the commencement of cryotherapy to the date of the patient’s death or last follow-up. Progression-free survival was measured from the initiation of cryotherapy to the patient’s first confirmed radiological progression or death, whichever occurred first, or their last follow-up visit. Adverse events during treatment and follow-up were recorded and graded according to the CTCAE version 5.0 guidelines. Statistical analyses and graphing were performed using R version 3.6.1 (http://www.r-project.org/).




Results


Baseline characteristics of the patients

The baseline characteristics of the enrolled patients are shown in Table 1. The median age of the study population was 58 years (range: 38–75 years). Six patients had primary hepatocellular carcinoma, and the remaining three had adrenal leiomyosarcoma, gallbladder carcinoma, and pancreatic carcinoma, respectively. Eight patients (88.89%) had stage IV tumours with distant metastases. Four patients (44.44%) were subjected to complete and five (55.56%) to incomplete tumour ablation. Five patients (55.56%) had responded to prior immunotherapy, while four (44.44%) had no response.


Table 1 | Baseline characteristics.





Efficacy and safety of combined cryoablation and arterial perfusion

The best antitumour responses were a partial response in two patients, stable disease in one, and progressive disease in six (Supplementary Table). The objective response and disease control rates of the entire cohort were 22.2% and 33.3%, respectively (Table 2). The median progression-free survival time in the cohort was 3.17 (95% confidence interval, 1.25−5.09), and one patient has not progressed to date (Figure 1). The median overall survival was not reached, and the 6-month survival rate was 55.5%. The most common adverse event was pain associated with the tumour and with the ablation. Treatment-related severe adverse events included one case of abdominal infection and one case of upper gastrointestinal bleeding, which were cured after the intervention (Table 3). Rash and liver function impairment may be associated with ICI. Other side effects are mainly associated with ablation, the tumour itself, and other combined therapy.


Table 2 | Best response to treatment according to RECIST 1.1.






Figure 1 | Example of partial patient response. A 45-year-old man with ruptured hepatocellular carcinoma underwent surgical resection. Lung metastasis occurred during the follow-up, and lung metastatic cancer increased and enlarged after more than one year of treatment with tyrosine kinase inhibitor drugs combined with PD-1 inhibitors. The patient agreed to undergo cryoablation (1 cycle) combined with arterial infusion of the PD-1 inhibitor (1 cycle/3 weeks). Before the fourth cycle of arterial perfusion therapy, a partial response emerged and has remained so far.




Table 3 | Treatment-related adverse events.





Immune correlatives and transcriptome analysis results

Based on the results presented in Figure 1, changes in T-lymphocyte subsets during treatment were analysed using flow cytometry (Figure 2). The levels of CD4+ T cells increased to a peak on the second day after the combination therapy but significantly decreased before the second cycle of arterial perfusion, subsequently increasing in further cycles of treatment. To explore the relationship between tumour-infiltrating immune cells and the efficacy of combination therapy, biopsy specimens of the challenged tumour and matched peripheral blood samples collected from the patients before and after cryoablation were subjected to RNA-sequencing analysis, and tumour-infiltrating immune cells were further analysed using the CIBERSORT software. The levels of follicular T cells and antigen-presenting cells (macrophages and dendritic cells) increased after cryoablation and three cycles of arterial perfusion immunotherapy compared with those in the challenged tumour before treatment. The macrophage scores also showed an upward trend, with the levels of M2-type macrophages decreased and those of M1-type macrophages increased in the subcomponent classification, while regulatory T-cell levels decreased (Figure 3A). Peripheral blood analysis showed that the levels of regulatory T cells and M2 macrophages also decreased (Figure 3B).




Figure 2 | Immune correlative study of the combination therapy. Dynamic change of CD4+ T cells and CD8+ T cells.






Figure 3 | Challenged tumour (A) and matched peripheral blood (B) are associated with a variety of tumour-infiltrating immune cells. The related scores of eleven types of tumour-infiltrating immune cells, calculated using the CIBERSORT software, are shown in a bar plot.






Discussion

Advanced solid cancers can use multiple adaptive immune resistance mechanisms to escape the attack of the immune system (20). Several studies have explored methods to improve the efficacy of immunotherapy to overcome tumour immune resistance (21–24); however, no clinical studies have demonstrated that cryoablation can overcome immune resistance. Given the disappointing prognostic outcome and limited treatment options in this cohort, how to choose the appropriate modalities after multiple lines of standard treatment, especially immunotherapy, needs to be studied urgently. Although the cohort size is small, however, some interesting and surprising efficacy which two out of nine (22.22%) patients achieved the best response (partial response) has also been found in the present study, and we believe that the disclosure, discussion, and sharing of the inspiring result through this paper are meaningful to some extent.

Sreya et al. (8) divided immune resistance into primary, acquired, and target-missing resistance. Primary resistance is intrinsic to tumour cells, and the most used biomarker to predict their response to ICIs is the expression level of PD-L1. Patients with melanoma and non-small cell lung cancer with low levels of PD-L1 expression had a response rate of only 10% when treated with PD-1 inhibitors, while patients with high PD-L1 expression had a response rate of 40–50% (25, 26). Another well-known biomarker for predicting an ICI response is the tumour mutation burden, which is strongly associated with the anti-PD-1 response in multiple cancer indications (27–29). The mechanism of acquired drug resistance is still unclear, and mutations in JAK1 and JAK2 in the interferon-γ response pathway may be the key to unveiling it. In a small cohort of patients with melanoma who exhibited acquired pembrolizumab resistance, the tumour outgrowth occurred in two patients harbouring loss-of-function mutations in these two proteins (30).

Cryoablation, known for its ability to destroy tumours by freezing them to lethal temperatures, has a potential secondary advantage in generating an antitumour immune response triggered by natural absorption of the malignant tissue. T-cell activation occurs when the unique T-cell receptor binds to the antigen produced upon cryoablation and is presented by antigen-presenting cells, such as macrophages and dendritic cells (31–33). In this study, the levels of CD4+ T cells increased while those of regulatory T cells decreased, compared with their pretreatment levels, when antigen-presenting cells (macrophages and dendritic cells) in the challenged tumour microenvironment were activated, which may have facilitated the process by increasing the levels of follicular T cells. Tumour-associated macrophages play an important role in the development of solid tumours (34). These macrophages can polarise into classically activated M1 or alternatively activated M2 states in response to different stimuli. M1 macrophages play an important role in tumour suppression by upregulating the expression of proinflammatory mediators and inducing an inflammatory response (35). In this study, the polarisation of macrophages to the M1 phenotype after cryoablation may have been related to the overcoming of immune resistance. These changes were also observed in circulating immune cells. However, the specific mechanisms involved require further study.

Circulating CD4+ T-cell levels showed a peak and subsequent decline during the combination therapy but continued to increase in subsequent therapy cycles; this may be associated with tumour remission, which is consistent with the challenged tumour shrinkage 10 weeks after cryotherapy, as described in another article (36), and may also be a PD-1 trailing effect (37).

Although cryoablation was effective in three patients with immune drug resistance in this study, there are still limitations worth discussing. First, the study had a small sample size, and further randomised multicentre studies are needed. Second, arterial infusion was used to deliver PD-1 in this study, but its effect has previously been mentioned only in the Shen’s study (38). It is worth evaluating whether changing the drug administration mode would be more beneficial for the efficacy of PD-1. Third, there is a question whether complete ablation of the tumour has an impact on overcoming immune resistance. It is well known that incomplete thermal ablation often promotes tumour progression (39–41). In terms of treatment choice, we preferred the lesions that could achieve complete ablation, but unfortunately, there are some that advocate not to destroy the tumour completely, to leave intact the TIL (Tumour Infiltrating Lymphocytes.) but unfortunately, some patients could not achieve complete ablation technically. limited by the sample size, our study could not confirm this correlation. Progressive disease found in all patients with incomplete cryoablation in this study requires further animal experiments for confirmation. Fourth, owing to the different types of cancer in the patients, the combination therapies were different in this study, including chemotherapy and tyrosine kinase inhibitors. Different combination therapies may have also affected the patient outcomes in this study. Prospective trials are needed to confirm whether cryoablation can overcome immune resistance.



Conclusion

Cryoablation combined with arterial perfusion with programmed cell death protein 1 inhibitors has the potential to effectively and safely overcome immune resistance in patients with advanced solid cancers. The combination therapy leads to macrophage polarisation from the M2 to the M1 phenotype in the challenged tumour to enhance antitumour immunity.
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Radiation therapy (XRT) has a well-established role in cancer treatment. Given the encouraging results on immunostimulatory effects, radiation has been increasingly used with immune-check-point inhibitors in metastatic disease, especially when immunotherapy fails due to tumor immune evasion. We hypothesized that using high-dose stereotactic radiation in cycles (pulses) would increase T-cell priming and repertoire with each pulse and build immune memory in an incremental manner. To prove this hypothesis, we studied the combination of anti-CTLA-4 and Pulsed radiation therapy in our 344SQ non-small cell lung adenocarcinoma murine model. Primary and secondary tumors were bilaterally implanted in 129Sv/Ev mice. In the Pulsed XRT group, both primary and secondary tumors received 12Gyx2 radiation one week apart, and blood was collected seven days afterwards for TCR repertoire analysis. As for the delayed-Pulse group, primary tumors received 12Gyx2, and after a window of two weeks, the secondary tumors received 12Gyx2. Blood was collected seven days after the second cycle of radiation. The immunotherapy backbone for both groups was anti-CTLA-4 antibody to help with priming. Treatment with Pulsed XRT + anti-CTLA-4 led to significantly improved survival and resulted in a delayed tumor growth, where we observed enhanced antitumor efficacy at primary tumor sites beyond XRT + anti-CTLA-4 treatment group. More importantly, Pulsed XRT treatment led to increased CD4+ effector memory compared to single-cycle XRT. Pulsed XRT demonstrated superior efficacy to XRT in driving antitumor effects that were largely dependent on CD4+ T cells and partially dependent on CD8+ T cells. These results suggest that combinatorial strategies targeting multiple points of tumor immune evasion may lead to a robust and sustained antitumor response.
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Introduction

Radiation therapy is one of the critical components of cancer treatment, especially in local advanced and metastatic settings. Despite encouraging results with XRT and other local or conventional systemic strategies, disease progression is still an issue that needs further research.

The advantage of radiation was previously thought to arise entirely from reducing tumor burden and accordingly improved local control. However, further understandings regarding the role of the immune system in cancer has led to the recognition that radiation therapy is a critical component for immunogenic cell death. Radiation provokes the release of neoantigens and primes the immune system to attack cancer cells outside the radiation field. Therefore, it functions as an in-situ vaccine and augments immune-mediated tumor regression. Preclinical studies have demonstrated that radiation can expand T-cell priming and tumor-specific antigen presentation (1, 2).

Over the last decade, novel therapeutic approaches that drive the immune system to identify and attack cancer cells have caused a paradigm shift in the oncologic era. These therapies usually provide durable responses to multiple solid and hematologic malignancies. Immunotherapy is now a cornerstone of cancer patients’ treatment in this context.

In recent years, there has been a growing interest in using XRT and immunotherapy together as part of oncologic management. Radiation may be significant in treating immunologically ‘cold’ tumors that usually do not have an adequate response to immunotherapy (3, 4). In addition, combining XRT with immunotherapy is reasonable, considering that radiation works in synergy to enhance systemic control and improve outcomes for tumors that acquire resistance to immunotherapy after a certain duration of treatment. KEYNOTE-001 was a multicenter, phase 1 trial in which anti-PD-1 antibody pembrolizumab was evaluated in progressive locally advanced or metastatic NSCLC patients (5). In the secondary analysis of KEYNOTE-001, patients were divided into subgroups to compare those who previously received radiotherapy with patients who had not (6). In this analysis, the patients who underwent previous radiotherapy reported having more prolonged progression-free survival and overall survival with pembrolizumab treatment than patients who did not have previous radiotherapy.

The abscopal effect was described in 1953 (7) and refers to systemic (out of the radiotherapy field) antitumoral effects caused by local radiotherapy. While it was previously known as a rare phenomenon, a growing body of preclinical and clinical data supports that the abscopal effect is immune meditated; therefore, radiation and immunotherapy combinations potentiate abscopal effects (2, 8–10). In a pooled analysis of two randomised trials, pembrolizumab alone and pembrolizumab plus radiotherapy were compared in metastatic non-small cell lung cancer (11). The best abscopal response rate was 19.7% with pembrolizumab versus 41.7% with pembrolizumab plus radiotherapy (p = 0.0039), and the best abscopal disease control rate was 43.4% with pembrolizumab while it was 65.3% with pembrolizumab plus radiotherapy (p = 0.0071). Median progression-free survival (4.4 months vs. 9 months; p = 0.045) and median overall survival (8.7 months vs. 19.2 months; p = 0.0004) was also significantly longer in the combined arm.

Recent data strongly suggest that using radiation to treat as many sites as possible effectively potentiates the systemic effects of both radiation and immunotherapy (12–14). Therefore, RT in cycles may be especially advantageous for polymetastatic disease as an effective and safe way to irradiate more metastatic lesions without hindering clinical workload.

Although synergistic effects of radiation and immunotherapy have been demonstrated in preclinical models, additional studies have yet to address factors, such as the most effective administration of therapies, to overcome low response rates and acquired resistance (15). Recently, an ablative radiation dosing scheme as pulses of ten days apart was evaluated in a Mouse model and it was reported that radiation therapy dosing and scheduling is critical for tumor control, in combination with checkpoint blockade therapies (16).

The concept of ‘Pulsed-XRT’ was based on the hypothesis that using high-dose stereotactic radiation in cycles (pulses) would increase T-cell priming and repertoire with each pulse and incrementally build immune memory with or without immunotherapy (17).



Materials and methods


Cell lines and drugs

The 344SQ parental lung adenocarcinoma cell line (344SQ-P) was a generous gift from Dr. Jonathan Kurie at MD Anderson Cancer Center. All experiments involved either 344SQ parental (344SQP) lung adenocarcinoma cell line, or previously derived 344SQ anti-PD1 resistant (344SQR) cell line (18). For the current study, 344SQP and 344SQR cells were cultured in RPMI-1640 media supplemented with 10% fetal bovine serum and penicillin/streptomycin. Mouse anti-CTLA-4 IgG2b (BioXcell) was diluted in phosphate-buffered saline (PBS; pH 7.4).



Mice

The experimental mice were 129Sv/Ev syngeneic females aged 12-16 weeks. Mice were purchased from Taconic Biosciences and bred in-house at the Experimental Radiation Oncology animal facility at the University of Texas MD Anderson Cancer Center according to the Animal Care IACUC guidelines.



Tumor inoculation and treatment

A murine model of lung adenocarcinoma was developed to demonstrate the efficacy of Pulsed XRT. To establish primary tumors, 2.5x105 344SQP cells were injected subcutaneously (s.c.) into the right hind legs of 12 to 16-weeks-old female 129Sv/Ev mice. On the same day, 1x105 344SQP cells were injected s.c. into the left hind leg as secondary tumors (Figure 1A). For the resistant cell line, cell numbers were adjusted to 1x105 for the primary and 0.5x105 for the secondary tumors (Figure 1B).




Figure 1 | (A) Experimental design for Pulsed XRT (12Gy given on days 9, 10, 15, 16) and Delayed Pulsed XRT (12Gy given on days 9, 10, 22, 23) in 344SQ-Parental murine model. (B) Experimental design for Pulsed XRT (12Gy given on days 7, 8, 14, 15) and Delayed Pulsed XRT (12Gy given on days 7, 8, 21, 22) in 344SQ-Resistant model.



In XRT only and XRT+anti-CTLA-4 groups, radiation (12Gyx2) was given to the right hind leg on days 9 and 10 for the 344SQP model and days 7-8 for the 344SQR model. In addition to radiation to the primary tumors, mice in the Pulsed XRT and Pulsed XRT+anti-CTLA-4 groups receieved radiation to the secondary tumors with the same dose as the primary tumor on days 15 and 16 for the 344SQP model, and on days 14 and 15 for the 344SQR model. Mice in the Delayed Pulsed dose radiation group receeived radiation to the left hind leg on days 22-23 for 344SQP and 21-22 for 344SQR.

Anti-CTLA-4 was given intraperitoneally (i.p) as two shots (50 μg per shot) on either day 5 or 6 and day 12. For the mice in the delayed Pulsed XRT group, the second dose of anti-CTLA-4 treatment was administered on day 19 to provide the same time interval between the second injection and the second cycle of radiation with the other groups. The timeline of these treatments is shown graphically in Figures 1A, B. Primary and secondary tumors were measured twice per week using digital calipers, and volumes were calculated using the length × width2/2 formula.



Analysis of lung metastases

Lungs were harvested from tumor-bearing mice when mice were euthanized because of tumor volume. They were stored in Bouin’s fixative solution (Polysciences, Warrington, PA; Cat# 16045-1) for three days, after which metastatic lung nodules were counted. The normalized number of lung metastases was calculated by dividing the number of lung metastases by the time between inoculation and termination of that mouse.



Cell staining and flow cytometry

Spleens and peripheral blood were collected, homogenized, then red blood cells were lysed with Ammonium-Chloride-Potassium (ACK) lysis buffer for 2–3 min. All reagents were from Sigma-Aldrich. Cells were then stained with CD45 Pacific Blue, CD3 PE-Cy7, CD4 BV510, CD8 FITC, CD44 APC, CD62L APC-Fire750, CD27 Alexa700, CD19 PE-Dazzle594, and CD20 PercpCy5.5 antibodies (all from BioLegend) at 4°C for 30 min, followed by washing and resuspending in FACS buffer. Samples were collected and run on a Gallios (BD Biosciences) flow cytometer and analyzed with FlowJo 10 software.



RNA extraction

For extracting RNA from PBMCs (to be used in TCR repertoire analysis), blood was collected on day 5 (before any radiation or immunotherapy) for all groups and 7-9 days after the last radiation fraction or anti-CTLA-4 for treatment groups. According to the manufacturer’s protocol, procedures were followed by sample filtration and RNA extraction with an RNeasy Mini Kit (Cat. #74136) from Qiagen (Hilden, Germany).



Bioinformatics analysis for TCR sequencing

The raw TCR sequencing data were processed using MiXCR (19) (version 3.0.13) with default parameters. In brief, the raw reads were aligned to the Mus Musculus reference T-cell receptor genes based on the ImMunoGeneTics database (IMGT) (20). Then, the aligned reads were assembled to construct the Complementarity-determining region 3 (CDR3). Finally, MiXCR generated the clonotypes of each sample, where a unique clonotype was defined by its unique CDR3 amino acid sequence and V-J segments genes.

Further bioinformatics analysis and data visualization was performed using the Immunarch package [http://doi.org/10.5281/zenodo.3367200] in R (version 4.0.1). The clonality was defined as the Pielou’s evenness index, which was calculated using the formula: frequency/proportion of clone for a sample with a total of unique CDR3 sequences. The diversity of the repertories was measured using the Inverse Simpson index. The circlize package (21) was used to generate the circos plot of each sample regarding V-J usage.

Statistical analysis was performed using R (version 4.0.1). The comparisons of clonality and diversity among the five treatment groups were analyzed using the Kruskal–Wallis H test, followed by the post hoc Dunn’s test for pairwise comparisons. Statistical significance was considered at P-value < 0.05.



Statistical analysis

GraphPad Prism 8.0 software was used to evaluate changes in tumor growth, survival, and flow cytometric findings. Tumor growth curves were compared using the 2-way analysis of variance. Mouse survival rates were analyzed with the Kaplan-Meier method and compared with log-rank tests. The number of spontaneous lung metastases was compared using 2-tailed t-tests. Differences between conditions were deemed significant at p < 0.05.




Results


Pulsed radiation results in better survival and lower lung metastases

In the parental cell line, Pulsed XRT with anti-CTLA-4 had higher survival compared to the XRT + anti-CTLA-4 group (p < 0.01) (Figure 2A). The survival benefit of the Pulsed XRT + anti-CTLA-4 group over XRT + anti-CTLA-4 was also observed in the resistant cell line (p < 0.01) (Figure 2B). However, there was no significant survival benefit with delayed Pulsed radiation and anti-CTLA-4.




Figure 2 | The combination of Pulsed XRT and anti-CTLA-4 treatment prolonged survival in both 344SQ-Parental and 344SQ-Resistant murine models. Survival curves of various groups in the 344SQ-Parental (A) and 344SQ-Resistant (B) models respectivley. (C) Normalized lung metastasis counts in 344SQ-Parental. (D) Noramlized lung metastasis counts in 344SQ-Resistant. *p < 0.05, **p < 0.01, ***p < 0.001.



When the Pulsed XRT and the XRT only groups were evaluated without immunotherapy, survival benefit was still statistically significant in favor of Pulsed XRT (p < 0.01, for both parental and resistant cell lines).

Pulsed XRT with anti-CTLA-4 group also had significantly lower lung metastases than XRT + anti-CTLA-4 group (p = 0.0051 for parental model; p = 0.0007 for resistant model) (Figures 2C, D).



Pulsed radiation impairs primary tumor growth and controls high tumor burden

Combining anti-CTLA-4 with radiation led to partial responses in the primary tumor. Pulsed radiation in combination with anti-CTLA-4 delayed primary tumor growth to a greater extent than one cycle of XRT + anti-CTLA-4 for both parental and resistant cell lines (Parental: p < 0.0001, Resistant: p < 0.0001) (Figures 3A, B). However, the advantage of Pulsed radiation + anti-CTLA-4 over one cycle of XRT + anti-CTLA-4 group on the secondary tumor growth was not as evident as the primary tumor (Parental: p = 0.0548, Resistant: p < 0.0001) (Figures 3C, D).




Figure 3 | Pulsed radiation with anti-CTLA-4 checkpoint inhibitor generated a reverse abscopal effecton primary tumors of both 344SQ-Parental and 344SQ-Resistant models. (A) Primary tumor growth curves in the 344SQ-Parental model. (B) Primary tumor growth curves in the 344SQ-Resistant model. (C) Secondary tumor growth curves in the 344SQ-Parental model. (D) Secondary tumor growth in the 344SQ-Resisatnt model. Growth lines were compared between groups using two-way ANOVA and significance was set at p < 0.05. *p < 0.05, **p < 0.01, ***p<0.001, ****p < 0.0001.





Pulsed radiation expands memory T cells

We found that long-term memory was established in mice treated with Pulsed XRT + anti-CTLA-4. The pulsed radiation expanded tumor-specific CD4+ T cells and increased central as well as effector memory. Specifically, in the blood, the proportions of CD4+ cells increased with Pulsed XRT + anti-CTLA-4 treated mice relative to other groups (Figures 4A, B). When CD8+ cells and memory B cells were evaluated with flow cytometry, the only significant difference observed was between the Pulsed XRT and the XRT only groups. Adding a course of radiation (Pulsed XRT) increased the proportions of splenic CD8+ T cells and memory B cells (Figures 4C, D).




Figure 4 | Flow cytometry analysis of lymphocytes for immune memory in the blood and spleen of treated mice on day 26. (A) CD4+ Central memory in blood as percentage and cell count. (B) CD4+ Effector memory in blood as percentage and cell count. (C) CD8+ central memory in spleen as percentage and cell count. (D) CD27+ CD19+ memory B cells in spleen as percentage and cell count. %, percentage; #, cell number; CM, Central memory; EM, Effector memory. Statistical signficance was determined between two groups using Student’s t-test. *p < 0.05, **p < 0.01, ****p < 0.0001.





Pulsed radiation expands T cell repertoire

Finally, because T cell-mediated control of tumors is associated with changes in the TCR repertoire, we analyzed the TCR-a and TCR-b repertoires from the blood to evaluate how specific changes in the T cell receptors might occur after Pulsed radiation. Our analyses focused on the complementarity-determining region 3 (CDR3) sequence of each TCR-a and TCR-b subunit and its component VDJ segment for TCR-b and VJ for TCR-a. Occupied repertoire space was computed for control (n = 3), anti-CTLA-4 only (n = 2), XRT + anti-CTLA-4 (n = 3), Pulsed XRT + anti-CTLA-4 (n = 4), and delayed Pulsed XRT + anti-CTLA-4 (n = 2) groups (Figure 5A). Although it was not statistically significant, the proportion of clonotypes with specific counts was higher in the Pulsed XRT and anti-CTLA-4 group. Some specific clones in the TCR repertoire were also identified that might contribute to the increased antitumor response with Pulsed radiation. In this context, CAVSRNNNNRIFF (p = 0.036), CAASGTGGYKVVF (p = 0.049), and CATGGSNAKLTF (p = 0.053) clones were relatively high in the Pulsed radiation + anti-CTLA-4 group compared to control and other treatment groups (Figures 5B–D).




Figure 5 |     TCR repretoire analysis of different experimental groups. (A) Proportion of clonotypes with specific counts. The proportion of clonotypes with specific counts was higher in the pulsed XRT and anti-CTLA-4 group. DP, Delayed Pulsed XRT; P, Pulsed XRT. (B–D) Specific clones (CAVSRNNNNRIFF, p = 0.036; CAASGTGGYKVVF, p = 0.049; CATGGSNAKLTF, p = 0.053) in the T-cell receptor repertoire that were significantly high in the Pulsed XRT + α-CTLA-4 group.






Discussion

The majority of cancer patients are diagnosed with a progressive disease that requires more than local radiation or surgical resection. Although radiation treatment can elicit an abscopal response, it is rare when radiation is used as a monotherapy (22, 23). Even with combinatorial chemoradiation, long-term survival remains low for most tumor types. Immunotherapeutic targets such as CTLA-4 and PD1 have proven efficacious in clinical trials (24–35). Despite their significant potential, the majority of patients are resistant to immunotherapy. Preclinical evidence suggests radiation and immunotherapies are synergistic in treating non-small cell lung cancer and other solid tumors (36, 37). As a result, a rapidly growing body of research is looking at combinatorial therapies to enhance the effects of immunotherapy in the clinic, particularly in patients who prove resistant to monotherapy (11, 38–43).

Our current study explains how the efficacy of anti-CTLA-4 might be increased with Pulsed XRT in order to control tumor burden and generate immune memory. First, we developed parental and checkpoint-resistant murine models. Then, we demonstrated that cycles of radiation (instead of single course therapy) drove a “reverse abscopal effect” at primary sites and expanded memory T cells, resulting in better survival. The addition of Pulsed XRT resulted in enhanced effector memory T cells and improved tumor control.

It is unclear whether an additional radiation cycle may promote or harm the continuing immune response. Pulsed XRT improved survival via durable tumor-specific memory, and the antitumor effects were largely dependent on CD4+ T cells. Timmerman et al. also evaluated an ablative dosing scheme called ‘personalized ultra-fractionated stereotactic adaptive radiotherapy’ (PULSAR). They showed the efficacy of ablative radiation when it was given in pulses of 10 days apart (16). They demonstrated that CD8 depleting antibodies abolished tumor control, but there was no information regarding CD4+ T cells and their function while building immune response in PULSAR. In our experiments, there was an evident increase of both central and effector CD4+ T cell memory upon Pulsed radiation treatment, while there were no apparent shifts in the CD8+ population. It is important to note other experimental variables for these two studies. First, while one-tumor model was used in PULSAR, our experimental design included bilaterally established tumors (two-tumor model) to generate higher burden. Also, we directed the Pulsed cycle of radiation to the secondary tumors, which may explain the tumor-specific T cell distribution in the peripheral blood. In addition, different checkpoint inhibitors were utilized in PULSAR vs our current study.

Although using Pulsed radiation with anti-CTLA-4 was efficient to control both treatment sites, in our observations the tumor response in the primary tumor was more evident than the secondary tumor. In contrary to conventional abscopal settings, we prospectively irradiated the secondary site, which led to an amplified effect back on the primary tumor. However, irradiating the secondary sites in the 344SQ-Parental model compromised the antitumor efficacy at these secondary locations that we otherwise observe with abscopal treatments (XRT + anti-CTLA-4 group). The relatively weaker results in secondary tumors of pulsed groups may be associated with the negative effects of high dose radiation on newly recruited T cells to the secondary sites. On the other hand, in the 344SQ-Resistant model, secondary tumors showed significant response with Pulsed XRT + anti-CTLA-4 treatment. This is due to the higher sensitivity of 344SQR (aggressively-dividing model) to high dose XRT, despite the ablative effect on recruited T cells.

Our previous study hypothesized that several rounds of radiation (Pulsed-XRT) would likely provide more significant clinical benefits to patients with metastatic disease (17). This hypothesis was based on the concept of conventional vaccines that benefit from “booster cycles” to generate long-term memory. Therefore, in cancer settings, tumor-associated antigens may be generated with each radiation cycle to enhance cellular and humoral memory. Moreoever, we have previously developed an in-vivo model similar to our current experimental design and evaluated the T-cell stimulation and effector functions through cytokine analysis. In this context, IL-1a and IL-1b proinflammatory cytokines were significantly elevated (p = 0.04) with Pulsed XRT compared to XRT (17). IL-12 (p70) cytokine and IFN-g were also upregulated, shifting the balance towards Th1 antitumor responses. In addition, TNF-α cytokine was elevated with Pulsed XRT, which is previously shown by others to mediate abscopal responses (44) and favor M1 macrophage polarization (45). One of the most critical functions of Pulsed radiation could be attributed to its ability to release different neoantigens after irradiating different metastatic sites. Therefore, every pulse may contribute not only to TCR repertoire clonality but also to overall diversity. Our study shows that some specific clones in Pulsed radiation + anti-CTLA-4 group increased significantly, which may contribute to the antitumor response. In addition, clonality was found to be higher with Pulsed radiation, although it did not reach significance. A limitation of this study could be the fact that phenotyping and TCR repertoire results were dependent on systemic blood-draw analysis only. Correlative assessment of tumor tissues may strengthen our hypothesis and complement the blood data.

Further research is warranted to understand how various treatment parameters for Pulsed XRT may influence outcomes and modulate the immune system upon repeated antigen exposure. For example, we recommend that pulse radiation be delivered in hypofractionated fashion (i.e. SBRT), this is because prolonged fractionation will reduce/eliminate immune cells and diminish the immune memory observed herein. Another parameter is the type of beam used. It would be interesting to test pulsed XRT in context of protons instead of photons in the near future in combination with different checkpoint inhibitors, while keeping toxicity aspects in mind.

In conclusion, Pulsed XRT is a safe and feasible way to improve tumor control, acting as a vaccine to repeatedly stimulate and expand the immune response. Patients with polymetastatic disease may be the most beneficiary cohort in the clinic from Pulsed XRT treatment, due to its contribution to systemic immune memory and ease of application with existing technologies.
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Purpose

The aim of this study was to assess the safety and efficacy of microwave ablation combined with apatinib [vascular endothelial growth factor receptor-2 (VEGFR-2) inhibitor] and camrelizumab [anti-programmed death-1 (PD-1) antibody] in patients with advanced hepatocellular carcinoma (HCC).



Patients and methods

Patients (age, >18 years) with histologically confirmed HCC and refractory to at least the standard first-line therapy were enrolled from 2 September 2018 to 17 January 2022. They first received ultrasound-guided subtotal microwave ablation. Then, beginning at 7–14 days after ablation, they were given apatinib (250 mg once daily) and camrelizumab (200 mg once every 2 weeks) until unacceptable toxicity or disease progression or death. The coprimary end points were progression-free survival (PFS) and overall survival (OS).



Results

Fourteen HCC patients with Barcelona Clinic of Liver Cancer (BCLC) B and C stages were retrospectively enrolled. At data cutoff, follow-up period ranged from 3.8 to 41.3 months (median, 17.4 months), and the median (95% confidence interval) duration of exposure (DE) was 6.4 (4.0–8.9) months. The PFS and OS were 10.8 (0–23.5) months and 19.3 (2.4–36.2) months, respectively. Three (21.4%) patients achieved a confirmed complete response (CR). Confirmed partial response (PR), stable disease (SD), and progression of disease (PD) were achieved in four (28.6%), four (28.6%), and three (21.4%) patients, respectively. The objective response rate (ORR) and disease control rate (DCR) were 50.0% (20.0%-80.0%) and 78.6% (54.0%-100%), respectively. The serious treatment-related adverse events included one (7.1%) case with reactive capillary hemangiomas (grade 4), one (7.1%) with hypertension (grade 3), two (14.3%) with elevated transaminase and bilirubin (grade 4), one (7.1%) with platelet count decrease (grade 4), one (7.1%) with hepatic failure (grade 4), and two (14.3%) with gastrointestinal bleeding (grades 3 and 4).



Conclusions

Microwave ablation combined with apatinib and camrelizumab treatment in advanced HCC patients demonstrated intriguing clinical activity and resulted in durable antitumor responses and significantly improved PFS and OS. The combination therapy is well tolerated, enabling further clinical studies.





Keywords: microwave ablation, apatinib, camrelizumab, combination therapeutic strategy, advanced hepatocellular carcinoma



Introduction

Primary liver cancer was the second leading cause of cancer-related deaths worldwide in 2020 (1). Hepatocellular carcinoma (HCC), the most common type of liver cancer accounting for 75%–85% of cases, is a highly fatal tumor, with a dismal 5-year overall survival (OS) of 18% (2). Around 70%–80% of HCC patients are initially diagnosed with HCC of an already advanced stage. According to the Barcelona Clinic of Liver Cancer (BCLC) staging system, which is widely used in clinical practice for developing therapeutic strategies (3), patients with more than three recurrence lesions and distant metastasis are classified as having reached an advanced HCC stage. Although early-stage HCC could be cured by liver transplantation, surgical resection, or ablation, the high recurrence and metastasis rates (nearly 70%) following such radical treatments adversely affect the long-term prognosis (4).

For advanced HCC, the first-line targeted treatment options currently available are sorafenib and lenvatinib, and the second-line targeted treatment options include regorafenib, bosutinib, and ramucirumab. The median OS for patients on targeted treatments ranged from 6.5 to 13.6 months, while the most objective response rates (ORRs) were less than 10% (5–7). Since 2018, immune checkpoint inhibitors (ICIs), namely, programmed death-1 (PD-1) and programmed death ligand-1 (PD-L1) inhibitors, have been available as a therapy option for advanced HCC with significantly improved prognosis, almost doubling the ORR (to the 15%–20% range) (8, 9). However, since HCC has the intrinsic dual features of an immune organ with innate immune tolerance and rich blood supply, the overall treatment efficiency has remained limited. More recently, combination therapy using antiangiogenesis and ICIs showed great superiority in the treatment of HCC. For example, the IMbrave150 study showed that, compared with the standard first-line target treatment with sorafenib alone, treatment with bevacizumab plus atezolizumab improves the progression-free survival (PFS) and OS in patients with unresectable HCC (10). Additionally, the study KEYNOTE-524 reported that patients with locally advanced unresectable HCC treated with pembrolizumab plus lenvatinib achieved an ORR rate of 46.0% (11). Also, a study of first-line treatments for unresectable HCC with hepatitis B virus (HBV) infection in Chinese HCC patients by the ORIENT-32 group reported that, compared with sorafenib alone, sintilimab plus a bevacizumab biosimilar could achieve significant improvement in OS and PFS (12). However, even with an ORR in the 25%–46% range for the novel combination therapies (11–13), there are still more than 50% of patients with advanced HCC who will not benefit from these combination therapies. Thus, finding novel therapy strategies for the efficient treatment of advanced HCC remains an important medical issue.

For early-stage HCC, a variety of local ablation techniques, including radiofrequency, microwave, laser, and cryoablation, are available as curative treatment options and are widely applied with comparable clinical efficiency. Microwave ablation (MWA) has several advantages over other ablation methods, including faster heating, higher thermal efficiency, and larger tissue necrosis. Thus, MWA is increasingly the favored technique to be used for radical treatment in the early stage and for palliative tumor reduction therapy in advanced HCC (14, 15). In previous studies, thermal ablation was reported not only to immediately extinguish necrotic tumor and reduce tumor load but also to regulate the local immune microenvironment via enhancing the expression of PD-1, activating cytotoxic T lymphocytes, and inducing antigen-presenting release (16–19). Interestingly, ablation itself was shown to induce a locally ablated zone with a peripheral immune response, especially 3–8 days after treatment (20). Additionally, Duffy et al. (21) reported that tremelimumab [a Cytotoxic T Lymphocyte-Associated Antigen-4 (CTLA-4) inhibitor] combined with radiofrequency ablation, a potential novel treatment for advanced HCC, led to an accumulation of intratumoral CD8+ T cells. Moreover, combined systemic plus locoregional therapies that we previously reviewed may have synergistic effects without overlapping toxicity that can improve prognosis in advanced HCC (22).

Given the above lines of evidence, we conducted a clinical trial of MWA combined with apatinib [a vascular endothelial growth factor receptor-2 (VEGFR-2) tyrosine kinase inhibitor (TKI)] and camrelizumab (an anti-PD-1 monoclonal antibody) for the treatment of advanced HCC patients and evaluated the safety and efficacy of the combination treatment.



Patients and methods


Patients

Twenty adult (aged ≥18 years) patients with liver malignancy lesions who received MWA combined with apatinib and camrelizumab treatment were retrospectively enrolled in this study from 2 September 2018 to 17 January 2022. We used 11 more eligibility criteria, including Eastern Cooperative Oncology Group performance status (ECOG PS) score of 0–1; HCC histologically confirmed and refractory to at least the standard first-line therapy; BCLC B and C stages; Child–Pugh A or B classification (score ≤7 points); life expectancy of at least 3 months; hepatic function ≤twice the upper limit of the normal value; creatinine ≤1.5 times the upper limit of the normal value; serum albumin level >25 g/L; platelet count >50 × 109/mm3; prothrombin activity >50%; total leukocyte count >1.5 × 109/mm3; and hemoglobin level >80 g/mm3. The four main exclusion criteria were a history of interstitial lung disease, pulmonary fibrosis, autoimmune disease, and liver transplantation.

The study was approved by the Ethics Committee of the Chinese PLA General Hospital (Beijing, China) and was conducted in accordance with the Declaration of Helsinki, Good Clinical Practice, and local laws and regulatory requirements. Written informed consent was received from all patients.



Procedures

Twenty eligible patients received ultrasound-guided MWA, as previously described (14). The microwave system (KY-2000, Kangyou Medical, Nanjing, China) comprised an MW generator, flexible coaxial cable, and cooled-shaft antenna. A 2450-MHz or 915-MHz MW system was used with a typical power output of 50–60 W during MWA. For patients with advanced HCC (at BCLC B and C stages), who had larger and more lesions, even with venous thrombosis, we used an ablation planning system with three-dimensional visualization. With this system, we could display the location and spatial relationship of the tumor with the surrounding structures, quantify tumor size and volume, and predict the time-temperature profile of ablation, thereby improving its safety and effectiveness. This system also enabled the planning of the implantation route and accurate positioning of the ablation antenna. For a tumor adjacent to the vital organs (the intestine, gallbladder, biliary ducts), hydrodissection and thermal monitoring techniques were applied to protect the organs from thermal injury.

After ablation, the residual tumor was considered as the evaluated lesion. Then, apatinib (250 mg once daily) and camrelizumab (at the dose of 200 mg once every 2 weeks) were administered starting on post-ablation day 7–14 or when the laboratory tests meet the standard of systematic therapy after ablation. Interval imaging studies were performed every 8 weeks. Cases eligible for evaluation were defined as patients who had received at least two doses of camrelizumab and at least one post-baseline tumor response assessment using the modified Response Evaluation Criteria in Solid Tumors (mRECIST). The combination drug therapy was suspended or terminated upon detection of unacceptable levels of toxicity or disease progression. Apatinib or camrelizumab treatment was suspended following any adverse event (AE) of grade ≥3 until toxicity degree decreased to grade 1. If the required treatment delay was more than 4 weeks, apatinib was discontinued. Modification of camrelizumab dose was prohibited.


Assessment of treatment efficacy

Tumor response was assessed by investigators using mRECIST and reported along with the 95% confidence interval (CI). Tumors were assessed by contrast-enhanced computed tomography (CT) or magnetic resonance imaging (MRI) at baseline, then every 4 weeks until 12 weeks, and every 8 weeks thereafter. The coprimary end points were PFS and OS. PFS was the time from the first ablation included in the protocol until the first documented progression of disease (PD) or last follow-up. OS was defined as the time between the first ablation and the date of death or last follow-up. The secondary end points included disease control rate (DCR), ORR, and DE. DCR was defined as the percentage of patients whose best overall response was complete response (CR), partial response (PR), and stable disease (SD). ORR was defined as the percentage of patients whose best overall response was confirmed CR and PR. Duration of exposure (DE) was the time from the first ablation to the drug treatment termination or death or the end of follow-up.



Assessment of adverse events

Ablation-related AEs were assessed according to the Society of Interventional Radiology classification system for complications by outcome (23, 24). Drug-related AEs were reported according to the NCI Common Terminology Criteria for Adverse Events v4.0.




Statistical analysis

The Prism software (GraphPad) or SAS Version 9.4 (SAS Institute, Cary, NC, USA) was used to perform statistical analyses (all descriptive statistics). We used the Clopper–Pearson method to calculate ORR and DCR with two-sided 95% confidence intervals. We used the Kaplan–Meier method to analyze PFS and OS. P < 0.05 was considered significant.




Results


Patient characteristics

Twenty patients with liver lesions received the combination therapy. After evaluation, 14 HCC patients with advanced stage met all of the criteria and were selected (Figure 1). The baseline characteristics of the study population are summarized in Table 1. The median age of the patients was 59.5 years (range, 40–68 years); 12 patients were men. Eleven patients presented ECOG PS of 0. All 14 patients presented cirrhosis, 10 patients had hepatitis B, and all virus-positive patients were treated with antiviral medication at the time of enrollment. Eight patients were at Child–Pugh A (5–6 scores) classification, 12 patients presented with BCLC C stage, and 13 patients had elevated alpha-fetoprotein (AFP) levels (≥20  μg/ml). All patients had undergone ablation, 4 received surgery, 11 received transarterial chemoembolization (TACE) therapy, and seven had received prior sorafenib/lenvatinib therapy.




Figure 1 | Trial profile for patient selection.




Table 1 | Baseline characteristics of study population (n = 14).





Efficacy

By the end of the study follow-up period on 27 June 2022, the median (range) patient follow-up period was 17.4 (3.8–41.3) months and the median (95% CI) DE was 6.4 (4.0–8.9) months. Response to treatment data are summarized in Table 2. Three (21.4%) patients achieved a confirmed CR. Among the remaining 11 patients, PR, SD, and PD were confirmed in four (28.6%), four (28.6%), and three (21.4%), respectively. The median (95% CI) ORR and DCR were 50.0% (20.0%–80.0%) and 78.6% (54.0%–100%), respectively. Figure 2 shows the efficacy data for the study population, including radiological responses (Figure 2A) and the quality and duration of objective responses (Figure 2B) during the treatment and follow-up periods. Seven patients died during the study follow-up period because of disease progression at 12.1, 14.0, 15.3, 17.3, 17.5, 23.2, and 37.5 months, and two patients died of AEs (hepatic failure and gastrointestinal bleeding) at 2.4 and 2.5 months. The median (95% CI) PFS and OS were 10.8 (0-23.5) months and 19.3 (2.4–36.2) months, respectively (Figure 3). The clinical efficacy of PR was achieved in a case of male aged 45-year-old who diagnosed moderately differentiated HCC at BCLC C stage and received the combinational therapy (Figure 4).


Table 2 | Response to treatment (n/%).






Figure 2 | Treatment efficacy for the study population. (A) Waterfall plot of radiographic responses. (B) Swimmer plot of response status over study time.






Figure 3 | Patient survival for treatments with microwave ablation (MWA) in combination with apatinib and camrelizumab. Kaplan–Meier analysis of (A) progression-free survival (PFS) and (B) overall survival (OS).






Figure 4 | Imaging of clinical events. A man aged 45 years was diagnosed as having moderately differentiated hepatocellular carcinoma at Barcelona Clinic of Liver Cancer (BCLC) C stage, who received the combination therapy. (4-1A) The T2 phase of MRI images showing multiple lesions in the liver and abdominal cavity (yellow arrow: liver lesions; red arrow: abdominal cavity metastasis). (4-1B) The arterial phase of MRI images showing multiple ablated zone (green arrow), subtotal ablation of the lesions, and unablated lesion in the liver (white arrow) at baseline. (4-1C, D) The arterial phase of MRI images showing multiple ablated zone (green arrow) with no enhancement and the evaluated lesion shrunken with blood supply reduced (white arrow) after 6 and 12 cycles of combination therapy. The effect was evaluated as partial response (PR) by modified Response Evaluation Criteria in Solid Tumors (mRECIST). (4-2A) CT images showing multiple metastasis in the lung at baseline (red arrows). (4-2B) CT images showing lung metastasis shrunken obviously and some disappeared after six cycles of combination therapy (white arrow). The effect was evaluated as PR by mRECIST. Until now, the patient is alive with the imaging evaluated as stable disease (SD) lasting for 18 months.





Safety

The ablation-related AEs included fever (>38°C), elevated white blood cell-to-neutrophil ratio, and elevated transaminase in all patients; elevated bilirubin in seven patients; and pleural effusion without catheter drainage in four patients. All of the AEs disappeared in 2–7 days with conservative treatment. Drugs-related AEs are summarized in Table 3. Six patients experienced at least one type of AE, and the majority were grade 2 (42.9%), requiring no medical intervention. The most commonly occurring drug-related AEs were diarrhea, reactive capillary hemangiomas (25), hypertension, decreased platelet and white blood cell counts, and elevated levels of aspartate aminotransferase (AST) and alanine transaminase (ALT). All grade 4 AEs, including decreased platelet counts, elevated AST/ALT, abnormal electrocardiography (ECG), immune pneumonia, immune hepatitis, and eventual hepatic failure, were developed by the same single patient. For three (21.4%) patients, treatment was terminated after grade 3 and 4 AEs (reactive capillary hemangiomas, hepatic failure, and gastrointestinal bleeding). One of the three patients was alive at the end of the study follow-up period; two patients died of serious AEs (hepatic failure and gastrointestinal bleeding).


Table 3 | Treatment-related adverse events (n/%).






Discussion

Currently, the efficacy of monotherapy (targeted therapy or ICI immunotherapy) for advanced HCC is limited, and US Food and Drug Administration (FDA)-approved first-line combination therapies are only available in a few regions of the world. Thus, there is an urgent need for alternative efficient therapies. Although existing combination therapies using chemical agents such as TKIs, as well as ICIs and antiangiogenic inhibitors, have been shown to be effective in treating advanced HCC (26), they are associated with the occurrence of intolerable AEs, low disease response rates, low DCRs, and relatively short OS. Thus, novel and optimized therapies are urgently needed (22).

This one-center, single-arm, preliminary trial was designed to explore the safety and efficacy of MWA combined with apatinib and camrelizumab in advanced HCC. To the best of our knowledge, this is the first report on a therapy strategy that combines ablation with TKIs and ICIs in advanced HCC patients. In this study, we combined localized MWA with sequential treatment with apatinib and camrelizumab commenced 7–14 days after ablation or when laboratory tests indicated readiness for systematic drug therapy. We showed that this treatment was efficacious and had a tolerable safety profile in patients with advanced HCC who had previously received multiple treatments. As a result of this combination therapy, tumor size shrunk and arterial blood supply to the tumor tissue was reduced in contrast-enhanced imaging evaluation (mRECIST). These were common phenomena and considered as criteria for treatment effectiveness. In contrast, conventional RECIST 1.1 criteria might underestimate treatment efficacy. For instance, in the same cohort of advanced HCC patients treated with a combination of avelumab and axitinib, the ORR was 13.6% according to RECIST 1.1 but 31.8% according to mRECIST criteria (27). In comparison, we observed an ORR of 50.0% (95% CI, 20.0%–80.0%) with the combination treatment in this trial, which was superior to the ORR reported for atezolizumab–bevacizumab (27.3%, 95% CI, 22.5%–32.5%) and sorafenib (11.9%, 95% CI, 7.4%–18.0%) (13). The comparison is also favorable with sintilimab plus a bevacizumab biosimilar combination used for treating Chinese unresectable HCC patients with HBV in the ORIENT-32 study, where the ORR was 25% (95% CI, 9.8%–46.7%) (12). Our result was comparable to that of the apatinib plus camrelizumab combination treatment (95% CI, 24.7%–75.4%), which is considered the best result to date (28). Intriguingly, there were three (21.4%) patients in our study who achieved a confirmed CR (lasting for 19.5, 27.3, and 35.1 months, respectively), which contrasts with no patient with a confirmed CR reported in the above study (28). The CR ratio in our study was also superior to the 5.5% CR observed in the atezolizumab–bevacizumab study (29). The CR ratio and the lasting time reported are the best to date. Overall, our results indicate that MWA combined with sequential drug treatment could achieve better efficacy than that with a therapy using a single drug or a combination of two drugs (28–31). As in a case report literature, in four HCC patients with advanced stage treated by TATI modality (Transarterial chemoembolization, ablation, tyrosine kinase inhibitors and immunotherapy), the longest survival time with 32 months and the shortest with 17 months were achieved (32).

The DCR found in this study (78.6%) was comparable to the 73.6% in the atezolizumab–bevacizumab study but superior to the 55.3% reported for sorafenib treatment. Among the DCR patients, more patients achieved SD and PR with the atezolizumab–bevacizumab treatment, while more patients achieved CR and PR in our study. Furthermore, the lasting time we observed with MWA combined with sequential drug treatment was longer than that with atezolizumab–bevacizumab and sorafenib (11, 13, 29). However, the DCR was 86% in a phase Ib study of unresectable HCC patients treated with lenvatinib plus pembrolizumab (11), superior to the DCR of our study. These results suggest that localized ablation combined with systematic therapy might have a synergistic effect in advanced HCC patients, but the mechanism of such an effect needs to be explored.

At the data cutoff date, where the median patient follow-up period (17.4 months) and DE (6.4 months) were relatively short, remarkably long median PFS (10.8 months) and OS (19.3 months) were achieved in this study. In comparison, the median PFS was 6.8 and 4.3 months in the combination therapy of atezolizumab–bevacizumab and sorafenib alone, respectively, in a phase 3 trial of atezolizumab plus bevacizumab in unresectable HCC (13). In another trial (GO30140), the median PFS was 5.6 and 3.4 months in the atezolizumab–bevacizumab and atezolizumab-alone groups, respectively (29). The lenvatinib plus pembrolizumab combination therapy (11) achieved a PFS (9.3 months) that was shorter and an OS (22 months) that was longer than those reported here. The ORIENT-32 study (12) reported results similar to ours. The median PFS, at 4.5 months, was much shorter for the monotherapy of apatinib in advanced HCC patients (30). These results indicate that the comprehensive combination therapeutic strategies will be prominent choices for advanced HCC.

Based on the above analysis, the clinical efficiency of localized MWA combined with sequential treatment with apatinib and camrelizumab may be the current best therapeutic strategy not only in short-term (PFS) and long-term (OS) clinical effects. The underlying mechanism might be as follows: 1) ablation could reduce the tumor burden greatly, as shown in this study (80%–90% of the whole tumor was destroyed by coagulation necrosis). Tumor burden is associated with the response to systematic therapy, especially with macrovascular invasion and metastasis (33, 34). 2) The local inflammatory response induced by thermal ablation will increase vascular permeability and possibly increase the efficacy of TKIs. 3) Ablation could enhance the local lesion and whole-body immunotherapy effect through enhancing the expression of PD-1 and activating cytotoxic T lymphocytes, which were considered key objectives for the combination of ablation and anti-PD-1 inhibitor. Other studies have shown that ablation and PD-1 inhibitor therapy significantly promoted the T-cell immune response, resulting in stronger antitumor immunity and prolonged survival in liver cancer (14, 35, 36). 4) The dual anti-PD-1/VEGFR-2 therapy has a durable vessel fortification effect in HCC and could overcome treatment resistance to either treatment alone and increase long-term prognosis in both anti-PD-1 therapy-resistant and anti-PD-1 therapy-responsive HCC models (37). The above findings provided important clues for our study design. Although a remarkable clinical efficiency was achieved in this study, the interactions of the three therapy components, ablation, apatinib, and camrelizumab, need to be further investigated.

Overall, apatinib and camrelizumab combined with MWA proved tolerable, with a manageable safety profile, in advanced-stage HCC. The incidence and severity of AEs observed with the treatment were consistent with the known safety profiles previously reported for the drugs (14, 28, 31, 38). Drug-induced grade 3 and 4 AEs were detected in three patients, and two recovered with conservative treatment with subsequent apatinib and camrelizumab treatment discontinued. Although adrenocortical hormone drugs were applied, one patient died of serious immune hepatitis and pneumonia. Therefore, close observation and follow-up as well as timely drug treatment should play a crucial role in combination therapy. Because of the good tolerance for AEs, the patients benefited from longer treatment times. This might explain part of the remarkable clinical efficacy of this combination therapy.

This study has limitations. First, the preliminary study is a single-arm study with a small patient sample, limited to a single institutional experience, and to a short follow-up time. Second, the intrinsic defects of a retrospective study are well recognized. Third, the potential selection bias cannot be excluded, as TKIs and immunotherapy are expensive and the patients with good financial status could afford even the three-treatment regimens domestically administered. In the meantime, all patients also received Chinese medicine (Huaier granule) or thymalfasin injection to improve their immune status (39). Furthermore, the expression of VEGFR-2, PD-1/PD-L1, and immune parameters should be analyzed, and the underlying mechanism for the interaction among the ablation, apatinib, and camrelizumab should be explored further. Finally, multicenter controlled studies with large samples and more predictive factors tested are needed to verify these striking preliminary results.

In summary, we combined MWA with apatinib and camrelizumab therapy in advanced HCC patients and demonstrated remarkable clinical efficacy, durable antitumor responses, and significantly improved PFS and OS. The good tolerance for these combination therapies enables further clinical studies. Then, more advanced HCC patients are expected to have the benefit of improved prognosis from the novel therapeutic strategy.
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The use of cryoablation, a minimally-invasive image-guided technique to target and kill cancer cells, continues to gain traction within the medical field and with patients. This includes the use of cryoablation for the treatment of small breast cancers and focal sites of metastatic disease. In comparison to open surgical approaches, length of hospital stay and recovery time are decreased with the use of cryoablation. Research studies have also found that cryoablation may actually enhance tumor susceptibility to immunotherapy agents. Immunotherapy enhances a person’s own immune system to identify and attack cancer cells. It is proposed that after cryoablation there is increased expression of tumor specific antigens which the body can recognize as foreign invaders and with the combination of immunotherapy, result in an even more robust and efficient attack on the cancer cells. In this review we aim to highlight some of the recent advances in cryoablation which support the potential for cryoablation to induce these tumor-specific immune responses and thus supporting the use of combining cryoablation and immunotherapy for the treatment of breast cancer.




Keywords: cryoablation, immunotharapy, breast cancer, tumor specific antigen, synergistic, abscopal effect, tumor infiltrate lymphocyte, checkpoint inhibition blockade



Introduction

Continued technological innovation and advancements in the medical field has made it possible for surgeries that were once thought to require an open approach to now have more minimally invasive options. One of these less invasive options is the use of cryoablation. Cryoablation is a minimally invasive radiology technique to percutaneously target abnormal tissue and freeze them to extremely low temperatures resulting in cytotoxic effects and destruction of intracellular contents (1). Cryoablation has been used in the treatment of multiple solid malignancies, including liver, lung and renal malignancies. The use of cryoablation for the treatment of small breast cancers and focal sites of metastatic disease has continued to gain traction with patients and providers as the procedure is minimally invasive and can be performed in an outpatient setting given the procedure requires only the use of local anesthetic. Even more revolutionary is the idea that cryoablation may lead to increased expression of tumor specific antigens which the body can recognize and use to better identify and eradicate cancer cells especially when combined with immunotherapy agents (1).

The goal of immunotherapy is to flag cancer cells as foreign so that they can be recognized by the patient’s own immune system (2). The most extensively studied immunotherapy agents for treatment of breast cancer are immune checkpoint blockade agents (3). Immune checkpoint blockade removes the brake on the activated immune system resulting in continued antigen-specific recognition and response (2). Overall, studies of these immunotherapy agents for breast cancer have shown limited efficacy, likely due to low mutational burden of the tumors and lack of T cell specific peptides presented by the tumor to the T cells (4). It is hypothesized that combining a technique which can produce increased expression of tumor specific antigens, such as cryoablation, may increase the efficacy of immunotherapy for treatment of breast cancer. These immune checkpoint inhibitors include cytotoxic T-lymphocyte antigen-4 (CTLA-4), programmed cell death 1 protein (PD-1) and programmed cell death ligand 1 (PD-L1). This review aims to provide an update on ongoing trials investigating these immunotherapy agents and if the results continue to support the combination of these agents with cryoablation to increase their efficacy.



Regulation of the immune system

In order for the immune system to attack cancer cells, it needs to be able to recognize the cells as foreign. This occurs via recognition of aberrant antigenic protein or over expression of normally repressed genes by the tumor (2). To accomplish this, antigen presenting cells (APCs) must first recognize and bind the target, followed by endocytosing the target and degrading the target in order to display it on their major histocompatibility complex (MHC) for the T cells to recognize (5). After binding to the MHC of the APC, the T cell requires a second signal for activation through the B7 costimulatory molecule expressed by APCs which binds to CD28 on the T cell resulting in T cell clonal expansion.

A deactivation mechanism must also be in place to balance the activation of the immune system and prevent unregulated immune responses which could lead to autoimmunity. One way this is done is through cytotoxic T-lymphocyte associated protein 4 (CTLA-4) on the T cells binding to B7 on the APC instead of CD28, resulting in downregulation of T cell clonal expansion. The critical role that CTLA-4 plays in suppressing the immune system is what led to it being the first immune checkpoint receptor targeted for cancer immunotherapy (6). Another critical checkpoint mechanism to prevent harmful over activation of the immune system is the coinhibitory molecule, PD-1 found on the T cells, which binds to PD-L1. The binding of this molecule to its ligand results in inhibition of the immune response and promotes self tolerance.



The importance of tumor-infiltrating lymphocytes

In regard to breast cancer, studies of immunotherapy response predictors have focused on tumor PD-L1 expression, tumor mutation load and tumor infiltrating lymphocytes (TILs) (2). TILs include T cells, macrophages, Natural killer (NK) cells and dendritic cells, which infiltrate tumor tissue in varying degrees. Studies have shown that the greater the amount of TILs in breast tumors, the greater the response to neoadjuvant chemotherapy and better overall survival rates (7). Breast cancers which demonstrate a significant amount of TILs are considered lymphocyte predominant breast cancers (LPBCs) and these tumors have the most favorable response to neoadjuvant chemotherapy. Not only is having a large amount of TILs within the tumor important, the composition of the TILs also plays an important role in immune response against the tumor. Studies have shown that dendritic cells, M1 macrophages, TH1 CD4+ T cells, cytotoxic CD8+ T cells and NK cells protect against tumor growth, while M2 macrophages, myeloid-derived suppressor cells (MDSCs), neutrophils, and certain regulatory T cells (Tregs) can promote tumor growth (8).

Tumor cells can use multiple mechanisms to escape recognition by the immune system. They can decrease the amount of TILs in the tumor microenvironment, prevent the activation of TILs or even induce factors to recruit tumor favoring TILs. It makes sense that an effective approach to the treatment of breast cancer is also a multifaceted treatment approach.



Targeting checkpoint inhibition

One specific mechanism that cancer cells take advantage of to avoid the immune system is the upregulation of the amount of PD-L1 they express (9). PD-1/PD-L1 interaction functions in the effector phase of T cell activation primarily in the peripheral tissues (10). Once the T cell’s PD-1 interacts with the tumor’s PD-L1, this results in inhibited proliferation of the T-cell resulting in diminished host antitumor immune response (7, 10). CTLA-4 also has a similar inhibitory role by downregulating the priming phase of T cell response. T cells are primed in secondary lymphoid organs by establishing stable interactions with antigen presenting cells (11). Once a stable interaction is achieved, T cells can proceed onto clonal expansion and mount a robust immune response. But when CTLA-4 inhibitory mechanisms are active, T cells do not achieve a stable interaction with the APC and do not proceed to clonal expansion, or in the case of PD-1, already activated T cells are effectively turned off (10).

Continued understanding of the roles that CTLA-4 and PD-1/PD-L1 play in the immune system has led to them becoming major targets for immunologic agents. One of these agents is Ipilimumab, a fully human monoclonal antibody which blocks CTLA-4 thus promoting antitumor immunity. Ipilimumab has been found to improve survival in patients with metastatic melanoma (12). The exact mechanism by which anti-CTLA-4 antibodies induce an antitumor response is unclear but research suggests that the blockage affects the priming phase by supporting the activation and proliferation of a higher number of effector T cells (10). On the other hand, blockade of PD-1 affects the effector phase, restoring immune function to T cells in the peripheral tissues that had been turned off. Blockades of CTLA-4 and PD-1 function at different times in the immune cascade and at different locations (Figure 1), leading to the hypothesis that these therapies may have an additive or synergistic effect in the treatment of cancer (10). One key limitation in the use of immune checkpoint inhibitors is the ability for the individual patient’s immune system to recognize and react to tumor specific antigens once the blockade of the inhibitory signals has been achieved.




Figure 1 | Lymph node: Interaction between B7 found on antigen presenting cell and CTLA-4 on T cells within the lymph nodes resulting in inhibitory signal preventing clonal expansion. Tumor site: Interaction between upregulated PD-L1 on tumor cells and PD-1 on T cells resulting in inhibitory signal deactivating the T cell.





The role of cryoablation

Cryoablation is a minimally invasive image-guided procedure that is used to target abnormal tissue and freeze them to extremely low temperatures resulting in destruction of the involved cells (Figure 2). The use of cryoablation for treatment of fibroadenomas is well established with the procedure producing less pain, requiring less anesthesia and quicker restoration of normal to near-normal breast architecture than surgical excision (13). The use of cryoablation as an alternative to surgical resection of small early stage invasive ductal breast carcinoma is currently being investigated and to date results have been highly successful. The efficacy of cryoablation is based on the cytotoxic effects of cold that produce both instant and delayed destruction of cellular ultrastructure resulting in the release of intact tumor specific antigens (1). These intact tumor specific antigens can be recognized by the immune system and can activate the immune system to mount a response to the tumor (Figure 1).




Figure 2 | 89-year-old female with biopsy-proven 1.3 cm right breast invasive ductal carcinoma, Nottingham histologic grade 2, ER/PR + HER2 -, presents for cryoablation. (A) Mammographic images with digital breast tomosynthesis CC (craniocaudal, left image) and MLO (mediolateral oblique, right image) projections demonstrate a suspicious high-density spiculated mass within the right breast at 1 o’clock, posterior depth. Ultrasound-guided biopsy was subsequently performed (not pictured). (B) Digital breast tomosynthesis CC (left image) and ML (mediolateral, right image) projections demonstrate the biopsy clip centered within the mass following ultrasound-guided tissue sampling. Pathology was consistent with invasive ductal carcinoma. (C) Ultrasound demonstrates cryoablation probe placement through the target lesion before initiation of the first freeze cycle. (D) Ultrasound shows the ice ball enveloping the target lesion and the surrounding tissues at the conclusion of the procedure, immediately after the second freeze cycle. Note the ice ball long axis measures 4.9 cm. (E) Three months after cryoablation, ultrasound demonstrates expected post cryoablation changes as a mixed echogenic mass surrounding the ablated tumor. (F) Three-month post cryoablation digital breast tomosynthesis CC and MLO projections demonstrate expected post cryoablation changes with the biopsy clip centered within the ablation zone, confirming appropriate cryoablation targeting.



To achieve this, cryoablation uses two freeze-thaw cycles. During the first freeze phase, not only is there damage due to the formation and growth of ice crystals, but water also freezes in the extracellular space faster than in the intracellular space resulting in an osmotic gradient that draws fluid out of the cell (1, 2). During the thaw phase, the osmotic gradient is reversed resulting in water rapidly entering the cell and causing cell rupture, releasing previously unattainable intact tumor antigens to the circulation for APCs to recognize (1, 2). The second cycle results in an enhanced and enlarged area of tumor destruction because tissues that were injured during the first freeze phase conduct cold temperatures even more efficiently (1). Cell death occurring by the cooling injury results in coagulative necrosis which mostly involves the central tissues of the ablation zone, while the tissues at the outer zone of the cryoablation zone are not destroyed by exposure to the cold temperature, but instead they undergo delayed apoptosis due to mitochondrial injury (14, 15). Although cell death through apoptosis is considered to be immunosuppressive, it is believed that there is a complex interplay between apoptosis and necrosis which is essential to determine the immune response to antigens (16).

This complex interplay between cell death via apoptosis and necrosis may be mediated by local inflammatory responses caused by cryoablation resulting in the release of proinflammatory cytokines such as IL-1, IL-6 and TNF-alpha which activate the immune system instead of the typical immunosuppressive response seen with apoptosis alone (14). In comparison to radiofrequency ablation, microwave ablation and radiation therapy, which induce cell death by heat, cryoablation induces a greater postablative immune response (14, 15). This is likely because these heat based techniques lead to protein denaturing and damaged antigens while cryoablation results in increased amounts of undamaged antigens that get released into the circulation which can induce tumor specific immune responses. Tumor specific immune responses have also been described in reference to radiation therapy where a phenomenon known as the abscopal effect is seen, in which following radiation of the primary tumor there is regression of distant metastatic lesions (14). The theory behind this effect is that after radiation treatment, tumor specific antigens can be released for the immune system to recognize and use to stimulate a tumor specific response which reflects a systemic link to local response (17). This phenomenon has also been hypothesized to occur with cryoablation, given its ability to cause the release of tumor specific antigens. In addition to the abscopal effect, studies have shown that cryoablation can affect the TILs in the distant tumor. In a study which aimed to analyze the effects of local cryoablation on distal tumor microenvironment in mouse models, it was found that there was an increase in the number of immune effector cells in the microenvironment of distant tumors and a decrease in the number of immunosuppressive Treg cells (18).



Combined therapeutic approach

The ability for cryoablation to induce tumor specific immune responses and the ability for checkpoint inhibitors to remove the brakes from the immune system (Figure 1) has led to the belief that combining the two therapies could have a synergistic effect against tumors (2). Pilot studies have been performed to demonstrate this synergism and further evaluate the role cryoablation plays in the abscopal event. One preclinical study utilized a murine model of breast cancer to study TILs in distant tumors as a potential measure of the abscopal effect from cryoablation (17). In the study, two tumors were implanted at different sites into each mouse, where one tumor was targeted for local therapy (either surgical resection or cryoablation), followed by harvesting the other distant tumor one week later to study the systemic effect of the local treatment (17). The results of the study demonstrated increased TILs in the distant tumor with a significant increase in TILs in the cryoablation group. Another major finding from this study was that 40% of the mice in the surgical resection group developed both tumor recurrence and metastatic disease to the lung, and when those tumors were examined, they were the only tumors in the experiment that did not demonstrate increased TILs compared to the baseline control tumor. This finding points to the importance of TILs within the tumor microenvironment and that cryoablation results in a robust antitumor response both locally and systemically, thus demonstrating the abscopal effect (17).

The ability of cryoablation to create a robust antitumor response is why many studies hypothesize that its combination with immunologic agents would result in a synergistic effect against cancer cells. Studies examining the effects of antibodies against immune checkpoint molecules have only produced a modest response rate in breast cancer, which is believed to be due to a lack of preexisting recognition of the tumor by the immune system (19). This is why a more effective treatment approach would be the combination of checkpoint blockade with methods that cause increased tumor specific antigens for the immune system to recognize, which can be seen with cryoablation. In a pilot clinical study examining the safety of preoperative single dose ipilimumab (anti-CTLA-4) and/or cryoablation in 19 women with early-stage breast cancer, not only was the combination safe, favorable intratumoral and systemic immunologic effects were also noted (19). In the study, the group that received Ipilimumab and cryoablation demonstrated the highest expression of inducible costimulator (ICOS) which, in murine models, is part of the pathway for increased antitumor activity associated with anti-CTLA-4 agents. This group also demonstrated sustained proliferation of CD4 and CD8 cells. These findings help to support the potential synergy of combining cryoablation and immunologic agents.

This synergism between cryoablation and immunologic agents is presumably due to the role these treatment techniques play in de novo adaptive immune response. For an immunologic agent to achieve an optimal immune response to tumors, it should be able to facilitate four critical components of de novo adaptive immune response, including tumor antigen release, tumor antigen presentation, diminished immune suppression, and tumor antigen-specific T cell activation (20). Cryoablation is thought to play a role in tumor antigen release and presentation, while immunologic agents, like ipilimumab, play a role in diminished immune suppression and increased tumor antigen-specific T cell activation. In a pilot clinical trial involving 18 women with early-stage breast cancer who were treated preoperatively with cryoablation, single dose ipilimumab or cryoablation combined with ipilimumab, synergism was demonstrated by an increased amount and diversity of TILs. One of the aims of this study was to examine the effects of cryoablation and/or ipilimumab on intratumoral T cell density and T cell clonality. T cell clonality describes whether T cell-populations are oligo-clonal (reacting to one or a few antigens) or polyclonal (reacting to many different antigens) (20). The group that received only ipilimumab demonstrated increased T cell density. The group that received only cryoablation demonstrated decreased T cell density but an increased polyclonal shift. This latter finding is consistent with the idea that cryoablation leads to the death of both tumor and TILs in the tumor microenvironment while releasing a broader variety of tumor specific antigens for the immune system to recognize. When cryoablation and immune checkpoint inhibition were combined, there was a mixed effect on T cell density, but compared to monotherapy, there was a greater number of high-magnitude clonal expansion, suggesting that combination therapy mediates rapid proliferation of a small subset of T cell clones (20).

The findings of these studies are promising but limited by the use of animal models and by limited sample sizes of clinical studies. Multiple new ongoing clinical trials are now underway to further examine the synergism of cryoablation and immunotherapy. These include NCT02833233, NCT03546686 and NCT04249167 (ClinicalTrials.gov) (Table 1).


Table 1 | Ongoing Clinical Trials of Combined Cryoablation with Immune Checkpoint Inhibitors for the Treatment of Breast Cancer.



NCT02833233 is a trial in progress in which the safety of combining Nivolumab (anti-PD-l), Ipilimumab (anti-CTLA-4) and cryoablation is being examined for women with early stage breast cancer. The primary outcome for this study is the number of adverse events. NCT03546686 is a phase II trial looking at the impact of pre-operative cryoablation, Ipilimumab and Nivolumab on 3 year event free survival in women with triple negative breast cancer after taxane-based neoadjuvant chemotherapy. NCT04249167 is a phase I trial study examining the side effects and feasibility of cryoablation, Atezolizumab (anti-PD-L1) and Nab-paclitaxel [solvent free, albumin bound nanoparticle formation of paclitaxel which promotes assembly of tubulin into microtubules and prevents their dissociation resulting in the blockage of cell cycle progression and inhibiting the growth of cancer cells (21)] in treating patients with triple negative breast cancer that has spread to nearby tissue or lymph nodes or has spread to other sites within the body. The results of these pending trials will greatly inform the discussion regarding the role of combination therapy in the treatment of breast cancer.



Conclusions

Continued research in the field of cryoablation for the treatment of small breast cancers and the role cryoablation plays in the immune system is essential for continued development of effective breast cancer treatment regimens. Cryoablation is known to not only destroy target cells, but can also lead to the circulation of intact tumor specific antigens for the immune system to recognize and react to. With our current understanding of checkpoint inhibition and the effects of blocking PD-1/PD-L1 and CTLA-4, the potential for these agents to have a synergistic effect with cryoablation must be studied. Clinical trials examining this relationship are currently underway and their results will help evolve our understanding of how to treat not only localized small breast cancers but also nodal and distant metastatic disease.
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The preferred treatment for lung cancer is surgical resection, but a large number of patients are not suitable for surgical resection in clinic. CT-guided cryoablation and immunotherapy can play an important role in patients with advanced lung cancer who are ineligible for surgery. CT-guided cryoablation has been widely used in the clinical treatment of lung tumors due to its advantages of less trauma, fewer complications, significant efficacy and rapid recovery. Cryoablation can not only cause tumor necrosis and apoptosis, but also promote the release of tumor-derived autoantigens into the blood circulation, and stimulate the host immune system to produce a good anti-tumor immune effect against primary and metastatic tumors. Since the study of immune checkpoint inhibitors has proved that lung cancer can be an immunotherapeutic response disease, the relationship between cryoablation and immunotherapy of lung cancer has been paid more attention. Therefore, we reviewed the literature on cryoablation for lung cancer, as well as the research progress of cryoablation combined with immunotherapy.
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1 Introduction

Lung cancer is a serious threat to human health and the main cause of cancer-related death (1). About 1.59 million people worldwide die each year from lung cancer-related diseases (2). Non-small cell lung cancer (NSCLC) is one of the most common lung malignancies, and most of NSCLC is at an advanced stage at the time of diagnosis, which is not suitable for surgical resection (3). Chemotherapy and radiotherapy remain the two main treatments for patients with advanced lung cancer (4). Median overall survival (OS) was 8-12 months and 1-year survival was ~40% in patients treated with platinum-based two-drug regimen (5). Targeted therapy and immunotherapy improved survival benefit in lung cancer patients compared with chemorotherapy, but only patients with sensitive mutations or high expression of immune checkpoint proteins benefited from both treatments (6). How to improve the curative effect of immunotherapy becomes the bottleneck of further lung cancer treatment (7). Cryoablation as an alternative treatment for NSCLC that cannot be surgically resected (8). Cryoablation has been used in solid tumors such as liver cancer and pancreatic cancer with less trauma, quick recovery and good tolerability. In addition, cryoablation leads to tumor cell necrosis, which can further release antigen and increase the body’s ability to respond to antigen-antibody, thus achieving synergistic effect with immunotherapy (9, 10). This study will review the research progress of cryoablation and immunotherapy for lung cancer.



2 Cryoablation

Cryotherapy is one of the earliest minimally invasive ablation techniques in human history, which originated in the middle of the 19th century. In 1845, James Arnott, a British doctor, pioneered the modern era of cryotherapy by treating tumors with frozen saline water as low as -24°C (11). In 1993, the Joule-Thomson Principle, based on physics, was first developed in the world (12). It states that when gas is sprayed from a higher pressure area into a lower pressure area through a small hole, it will be throttled. The temperature of argon will drop after being throttled, while the temperature of helium will rise after being throttled. The Cryocare Surgical System uses high-pressure argon gas at room temperature as refrigerant and high-pressure helium gas as heat to treat tumors using the Joule-Thomson principle (13). Cryoablation has been used to treat liver tumors in the operating room setting for more than three decades (14). Currently, cryoablation has been widely used in the treatment of lung cancer, pancreatic cancer and other solid tumors (15).


2.1 Biological basis of cryoablation

The destruction of target tissues by cryoablation includes immediate and delayed effects, the former including intracellular and extracellular crystallization, and the latter including microvascular embolization and immune promotion. Under mild hypothermia, the death of target tissues mainly depends on the process of apoptosis.


2.1.1 Direct killing effect on tumor cells

In the initial cooling stage, when the tissue temperature drops to minus 20°C, extracellular crystallization is gradually generated, which increases the concentration of extracellular solute, and the resulting osmotic pressure difference promotes the flow of intracellular water to the extracellular, resulting in cell dehydration and dysfunction. When the temperature drops below -40 °C, ice crystals can form in cells and directly damage organelles such as mitochondria and endoplasmic reticulum, thereby promoting cell death (16).



2.1.2 Promoting the apoptosis of tumor cells

Apoptosis refers to the spontaneous and orderly death of cells controlled by genes in order to maintain homeostasis. Different from cell necrosis, apoptosis is not a passive process, but an active one, which involves the activation, expression and regulation of a series of genes. It is not a phenomenon of self-injury after cryoablation, but a death process that is actively fought for in order to better adapt to the living environment (17).



2.1.3 The influence on the immune function of the body

After cryoablation, the body can produce anti-tumor antibody to inhibit secondary tumor growth and metastasis. The remaining frozen tumors were surrounded by reactive granulation and new capillaries, which were rich in tumor-infiltrating lymphocytes, plasma cells, monocytes and macrophages.

After cryoablation of the tumor, tumor antigen is activated and exposed antitumor cytotoxic antibody produces and induces cytotoxic T cell immunity, which enhances the anti-tumor immune response of patients, thereby eliminating residual or metastatic lesions, reducing or preventing recurrence (Figure 1). Therefore, theoretically cryoablation can prolong the survival of patients (18).




Figure 1 | The interaction between tumor and immune system in cryoablation. In the mechanism of cryoimmunotherapy, frozen tumor cells release tumor antigens, which are taken up by immature myeloid dendritic cells (DCs). In the case of necrotic cell death following cryoablation, dendritic cells mature and migrate to tumor-draining lymph nodes (TDLNs), where they activate tumor-specific T cells and then migrate back to the tumor site. Achieve the synergistic effect of enhancing the body’s own immune function.





2.1.4 Abscopal effect

The abscopal effect was first reported by Mole (19) in 1953. Abscopal effect refers to the phenomenon that can induce distant tumor regression after target tumor cryoablation (20). Cryoablation can promote tumor necrosis and release tumor antigen. The release of tumor antigen shows that the immune system is activated by tumor vaccine in situ. The tumor microenvironment changes from an immune desert state to an inflammatory immune infiltration state, which greatly promotes the anti-tumor immunity of the body. Even in a few cases, the abscopal effect can be observed (21). The abscopal effect makes its original local therapeutic effect play a systemic anti-tumor effect. However, the proportion of abscopal effect induced by cryoablation alone is low, which can only be seen in some case reports (22). With the advent of the era of tumor immunotherapy, especially the application of immunoassay point blockers, the abscopal effect of cryoablation has a breakthrough trend (23). But the mechanism of abscopal effect is still unclear. Theelen W et al. (24) confirmed the existence of radiation abscopal effect at the clinical level for the first time with statistically different potency. The mechanism is that the activated immune cells are mainly CD8+T cells that specifically kill distant tumor cells, leading to the occurrence of abscopal effect, and the addition of immune drugs is believed to amplify the effect.





3 Cryoablation in the treatment of lung cancer

The development of argon based cryoablation systems has greatly reduced the diameter of cryotherapy applicators (25). This makes transcutaneous application of the technique in other disease sites more feasible, as collateral damage to the skin and structure along the insertion path is minimized. Two types of percutaneous argon-based cryoablation devices are available on the market. They are Cryohit cryotherapy system and Endocare cryotherapy system (26). These systems allow the placement of 1 to 8 individual cryoprobes. The diameter of each cryoprobe is 1.5 to 2.4mm. In these systems, local tumor necrosis is usually achieved by a freeze-thawing-freeze cycle of a single probe location. The combination of multiple cryoneedles can shorten the ablation time and create a larger ablation area. A new freeze-thawing model was used during lung tumor cryoablation: 5 min freezing, 3 min thawing, 10 min freezing, 3 min thawing, 10 min freezing. This new model is used to generate interstitial fluid in adjacent lung tissue, which further forms a ball of ice into the lung, thereby increasing the ablation range of lung tumors (27).


3.1 Image guidance and range evaluation of cryoablation

CT scans are usually performed after cryoablation to measure changes in low density within the target tumor and are used to estimate the size of the ablation area. The periphery of the frozen zone may not reach cytotoxic temperature. Therefore, a margin of 3-7mm was subtracted from the diameter of the low-density ablation area to better approximate the true volume of tissue necrosis. The low-density hockey ball on CT images can be directly used to compare the relationship between the ablation area and tumor margin. This allows the operator to be more confident in treating tumor tissue adjacent to important organs or blood vessels and to measure cytotoxic ice margins. Multiple cryoablation needles must be used to treat large tumors (15, 28, 29).



3.2 Advantages and disadvantages of cryoablation for lung tumors

Compared with thermal ablation, the advantages of cryoablation include the following aspects: the combination of multiple cryoablation needles can obtain larger tumor ablation volume. The ablation area is highly visible under CT scan, which makes the ablation range more accurate and effective. Patients are well tolerated due to the analgesic effect of cryoablation. Cryoablation is a safer option for lesions near blood vessels or bronchus because it preserves collagen and cellular structures in frozen tissue. One disadvantage of cryoablation is puncture bleeding. The latest cryoablation systems allow additional radiofrequency heating of the frozen probe shaft, allowing thermal solidification of the probe prior to probe removal. Another disadvantage of cryoablation compared to thermal ablation is the longer procedure time required to produce adequate tumor coverage.



3.3 Clinical studies of cryoablation for lung tumors

Several large-scale studies have evaluated cryoablation for intrathoracic lesions, suggesting that cryoablation is an effective and safe treatment (4, 30). The potential efficacy of cryotherapy is illustrated by the following (Table 1):


Table 1 | Clinical study of cryoablation for lung tumors.




3.3.1 Cryoablation for NSCLC (T1N0M0)

Moore,W. et al. (33) retrospectively evaluated the effect of cryoablation on T1N0M0 NSCLC from 2006 to 2011. Forty-five patients were treated with cryoablation and followed up for 5 years. Local and regional recurrence rates and complications were monitored. The 5-year survival rate was 67.8%, the 5-year cancer-specific survival rate was 56.6%, and the 5-year progression-free survival rate was 87.9%. Local and regional combined recurrence rate was 36.2%. Major complications including 2 cases of hemoptysis and 1 case of mechanical sclerosis due to long-term placement of chest tubes. There were no deaths in the first 30 days after treatment.



3.3.2 Cryoablation for advanced NSCLC

Lyons, G. R. et al. (35) report on the safety and efficacy of cryoablation in patients with lung tumors. From 2012 to 2016, 42 patients were treated with cryoablation. The average diameter of the nodules was 1.6cm. 13 patients were primary lung malignancies, and 54 patients were secondary lung malignancies. The average age was 68.1 years, and the male to female ratio was 1.3 to 1. The mean radiographic follow-up was 326 days. Nineteen patients developed pneumothorax and 7 required thoracic drainage. Local tumor recurrence/residual in 6 cases. The estimated marginal probability of local recurrence at 1, 2 and 3 years after ablation was 11.4%, 11.4% and 38.1%, respectively.

Pusceddu, C. et al. (31) reported experience with cryoablation for primary and secondary lung tumors.32 cases (24 males, 8 females; mean age 67) were not suitable for surgical removal of lung cancer. All the cryoablation treatments were successfully completed. There were no surgery-related deaths. The incidence of complications was 21% pneumothorax and 3% asymptomatic minor pulmonary hemorrhage, respectively. At 1, 3 and 6-month follow-up CT scans, technical success rates for treating lesions were 82%, 97% and 91%, respectively. The technical success rate was 92%. Yashiro, H. et al. (32) reported data on percutaneous cryoablation of lung tumors. The mean maximum diameter of the lesions in 71 patients was 12.8mm. Kaplan-meier method was used to evaluate local tumor progression rate and technical efficacy. The median follow-up time was 454 days, and 50 patients developed local tumor progression. The 1-year, 2-year and 3-year local progress-free rates were 80.4%, 69.0%, 67.7%, and the technical effective rates were 91.4%, 83.0%, 83.0%, respectively. Gao, W. et al. (36) reported on percutaneous cryoablation for the treatment of advanced non-small cell lung cancer after failure of radiotherapy and chemotherapy. A total of 22 patients with stage IIIB/IV advanced NSCLC after failure of radiotherapy and chemotherapy were included. To evaluate the efficacy and follow-up after cryoablation. The main technical effective rate was 100% after 1-month follow-up. At 3 months, 4 of 31 lesions had local tumor progression. The 1-year survival rate was 81.8% and the progression-free rate was 27.8%. Das, S. K. et al. (38) reported data from a study of cryoablation for stage IIIB/IV NSCLC. Forty-five patients with lung cancer underwent cryoablation. Progression-free survival (PFS), overall survival (OS), and adverse events (AEs) were observed. PFS was 10 months. OS time was 27.5 months. The number of ablation needles and tumor size were associated with the risk of pneumothorax and intrapulmonary hemorrhage. Yang, W. et al. (40) reported on a multicenter randomized controlled trial (RCT) evaluating the efficacy and safety of cryoablation for stage III-IV NSCLC. The primary efficacy endpoints were ice hockey coverage rate (ICR) and disease control rate (DCR) at 1 month after treatment. Forty-one patients received Argon-Helium Cryoablation with ICRs of 98.66%. DCR is 95%. The complication rate was 30%.



3.3.3 Cryoablation for pulmonary ground glass nodules

Kim, K. Y., et al. (34) reported preliminary experience of cryoablation of pure GGO residue after repeated surgical resection in a patient with multiple GGO. Cryoablation of 5mm pure GGO in the left lower lobe was successful, and there was no recurrence after 6 months of follow-up. Liu, S. et al. (37) evaluated the safety and feasibility of cryoablation for pulmonary ground glass nodules. Fourteen patients with pulmonary GGO underwent cryoablation. Adverse events, lung function, and therapeutic outcomes after cryoablation were assessed. No serious complications occurred in all patients, and lung function recovered to 95% one month after cryoablation. GGO appeared to be successfully ablated in all patients at 24 months of follow-up with computed tomography.





4 Cryoimmunotherapy for lung tumors


4.1 Mechanisms of lung tumors in cryoimmunotherapy

Alteber, Z. et al. (41) reported that local administration of immature dendritic cells (DCs) enhances the immune response induced by cryoablation. The lung cancer model of murine Lewis lung cancer d122-LUC-5.5 was used. The tumor was treated with local cryotherapy combined with immunotherapy. Clinical outcomes were assessed by monitoring tumor growth, metastasis to distant organs, overall survival, and protection against tumor recurrence. The nature of the induced T cell response was analyzed. Combined cryoimmunotherapy can reduce tumor growth, reduce metastasis rate and significantly prolong survival. In addition, this treatment induced antitumor memory and protected the mice from rechallenge. The underlying mechanisms are the generation of tumor-specific Type 1 T cell response, subsequent induction of cytotoxic T lymphocytes, and the generation of systemic memory. Zhang, M. et al. (42) reported a study of dendritic cells (DCs) combined with the immune adjuvant cytidine guanidine oligodeoxynucleotide (CPG-ODN) combined with cryoablation for lung cancer. Mice with Lewis lung cancer (LLC) were cryoablated and cultured dendritic cells were injected into the peritumoral region. Subsequently, experimental animals were given CPG-ODN at 6 h, 12 h, and 24 h after DCs injection. The changes of T cell subsets were determined. The results showed that the proportion of CD4+ and CD8+ T cells in cpG-ODN group increased 12 h after DCs injection. Conclusion CpG-ODN is closely related to the efficacy of cryoablation, dendritic cell and immune adjuvant combined therapy.



4.2 Clinical studies of cryoimmunotherapy for lung tumors

Yuan Y. et al. (43) conducted a retrospective study of 21 patients with metastatic non-small cell lung cancer (NSCLC). To evaluate the efficacy of combined cryotherapy, and dendritic cell-activated cytokine induced killer cell (DC-CIK) immunotherapy. The overall survival (OS) from diagnosis of metastatic NSCLC to death was assessed during a 5-year follow-up period. Patients who received combined cryotherapy had an OS of 20 months, significantly longer than those who did not receive cryotherapy at an OS of 10 months. Lin, M. et al. (44) evaluated the safety and clinical efficacy of cryotherapy combined with exogenous NK cell immunotherapy in the treatment of advanced non-small cell lung cancer (NSCLC). Sixty NSCLC patients were enrolled and divided into two groups: the cryoablation group alone and the cryoablation combined with allogeneic NK cells group. Changes in immune function, quality of life, and clinical response were assessed. It was found that allogeneic NK cells combined with cryotherapy had a synergistic effect on advanced NSCLC, which not only enhanced the immune function and improved the quality of life of patients, but also significantly improved the response rate (RR) and disease control rate (DCR) compared with the cryotherapy group. Takaki, H. et al. (45) explored changes in peripheral blood T cells after percutaneous tumor cryoablation. A total of seven lung cancer patients were included in the study. Peripheral blood samples were collected before cryoablation and 14 days after ablation. The number of cytotoxic T cells (CTL), type 1 (Th1), type 2 helper T cells (Th2) and regulatory T cells (Treg) in peripheral blood were detected by flow cytometry. The results showed that CTL population and CTL/Treg ratio in peripheral blood increased by 28.9% and 21.3% on average. Th1/Th2 ratio remained unchanged after ablation. Feng, J. et al. (46) investigated the clinical safety and efficacy of argon helium cryoablation combined with nivolumab in the treatment of advanced NSCLC. 64 patients with advanced NSCLC were divided into 2 groups on average in a retrospective study. All patients underwent argon helium cryoablation combined with nivolumab or cryoablation alone at a single center. Short-term efficacy, adverse reactions, immune function, tumor marker cytokeratin 21-1 (CyFRA21-1), carcinoembryonic antigen (CEA), neuron specific enolase (NSE) and circulating tumor cell (CTCs) levels were compared between 2 groups. Patients in the nivolumab combining with cryoablation group showed significant improvement in immune function and short-term efficacy. The levels of CTC, tumor marker CyFRA21-1 and NSE were significantly decreased in lannierumab group (Table 2).


Table 2 | Cryoimmunotherapy for lung tumors.






5 Conclusion

Cryoablation has proven to be a successful measure of local control of primary and secondary lung cancers. In most cases, it is appropriate for patients with early-stage tumors or who are not suitable for surgery. The synergy of local ablation with systemic therapy is one of the most exciting developments in interventional oncology. In particular, it is considered that cryoablation provides the immune system with tumor-associated antigens that induce immune-specific activation against tumor cells. Further high-quality studies are needed to determine the immunological effects of percutaneous cryoablation and the efficacy of cryoablation combined with immunotherapy for lung cancer.
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Introduction

Locoregional interventional therapy including transcatheter arterial chemoembolization (TACE) and ablation are the current standard of treatment for early-to-mid-stage hepatocellular carcinoma (HCC). However, questions remain unanswered regarding the management of recurrence after locoregional treatment. PD-1 inhibitors can block inhibitory signals of T-cell activation and proliferation to reduce the recurrence. We conducted a single-arm phase 2 trial to evaluate the efficacy and safety of PD-1 inhibitors following locoregional interventional therapy in HCC patients with high recurrence risk guided by our novel scoring system.



Methods

Patients enrolled initially treated by TACE combined with ablation, then willingly joined the experimental group. One month later, they received the anti-PD-1 adjuvant therapy (intravenous injection of 200 mg), which was repeated every 3 weeks for a total of 4 or 8 cycles. Within this same period, other patients were screened into the control group to match the experimental group by 1:1 based on the propensity score matching method (PSM). The primary endpoint was relapse-free survival (RFS). Secondary endpoints included overall survival (OS) recurrence modality, safety, and quality of life.



Result

At the time of data cutoff, the median RFS of the control group was 7.0 months while the experimental group had not reached it. Moreover, the 1-year RFS rate was 73.3% in the experimental group and 46.7% in the control group, showing a significant difference (P =0.02). The rate of local tumor progression in the experimental group was clearly lower than that in the control group (P = 0.027). Benefits associated with anti-PD-1 adjuvant therapy were observed in patients with multiple tumors and tumor size ≤2cm. Univariate and multivariate analyses demonstrated that anti-PD-1 adjuvant therapy was an independent favorable prognostic factor for RFS in HCC patients. The most frequent AE observed in this study was RCCEP, and other AEs included diarrhea, hepatotoxicity, rash, pruritus, and fatigue. The incidence of GRADE ≥3 AE and withdrawal in this study was low with no deaths recorded.



Conclusions

Interim analysis from the study suggest the addition of anti-PD-1 adjuvant therapy after TACE combined with ablation could significantly prolong RFS with controllable safety for early-to-mid-stage HCC patients with high recurrence risk.





Keywords: hepatocellular carcinoma, PD-1 inhibitors, TACE, ablation, immune, recurrence



Introduction

Hepatocellular carcinoma (HCC) was the sixth most common tumor and had the third-highest cancer-related mortality worldwide in 2020 (1). Unlike other types of cancer, where surgery, radiation, and systemic therapies dominate the therapeutic landscape, in HCC loco-regional interventional treatments are the mainstay of therapeutic options (2–4). Ablation is one of the foundation options for early-stage HCC, with a 5-year survival rate of 70% (5), while transcatheter arterial chemoembolization (TACE) is the main treatment method for the intermediate stage, with an estimated survival time of over 2 years (6).

In the last decade, treatment modalities for different stages of tumors, such as targeted therapy, immunotherapy, and chemotherapy, have made tremendous progress which effectively enhances the prognosis of patients (7–10). However, questions remain unanswered regarding the management of recurrence after locoregional treatment. Some patients recurrent quite early after locoregional interventional therapies, the median time to recurrence is 20-30 months, even in patients at the early stage (11–13). Numerous scholars have devoted themselves to exploring solutions, focusing on two primary strategies. Identifying high-risk patients is one of the main approaches (14). Many factors could predict treatment failures, such as tumor size, alpha-fetoprotein (AFP), Child-Pugh score, and BCLC stages (15–18). Our team developed a novel scoring system based on gender, tumor number, AFP, Fib, and albumin-to-prealbumin ratio to stratify patients with HCC into groups with different recurrence risks (19). At one year after locoregional interventional therapy, the recurrence rate in the low and intermediate-risk groups was 4% and 23.4%, while the high-risk group was 47.3%, with an area under the curve of 0.68.

Adjuvant therapy following locoregional intervention therapies is the other potential solution to recurrence (20). The immunity role of T cells is known to play a critical role during tumorigenesis and development (21). Our team’s studies on tumor-specific T-cell immune responses in HCC patients showed that: compared with the advanced stage, HCC patients with early-stage had broad-spectrum immunity and high-intensity SMNMS (SALL4, MAGE-A3, NY-ESO-1, MAGE-A1, SSX2) specific T cell immune responses, which could delay tumor recurrence after ablation (22). Furthermore, the relapsed patients after ablation showed activation of the PD-1/PD-L1 pathway in PBMC methylation levels compared to non-relapsed patients, suggesting that the activation of PD-1/PD-L1 pathway was not conducive to the control of tumor by the immune system (unpublished data). Moreover, PD-1 inhibitors can block inhibitory signals of T-cell activation and proliferation so as to restore immune function (23).

Hence, we conducted a single-arm phase 2 trial to evaluate the efficacy and safety of PD-1 inhibitors following locoregional interventional therapy in HCC patients with high risk guided by our novel scoring system.



Patients and methods


Patients

Eligible patients were aged 18 to 75 years old and had a pathological or radiographic confirmed diagnosis of HCC that met the criteria of the American Association for the Study of Liver Diseases (24), with the goal of complete ablation which was defined as complete non-enhancement of treated tumor on contrast-enhanced computed tomography (CT). All patients classified as China liver cancer staging (CNLC) I a, I b, II a, or II b satisfied the criteria of Class A or B of the Child-Pugh classification and had an Eastern Cooperative Oncology Group (ECOG) performance status of 0 or 1. Only high relapse-risk patients were included, which was evaluated by a scoring system (19)established in our previous research.

The exclusion criteria were as follows (1): major surgery was performed within 3 weeks before treatment (2); other malignant diseases were diagnosed in the past 5 years (3); advanced HCC (4); autoimmune liver disease (5); received other therapies, such as Chinese patent medicine, drugs with immunomodulatory effects, glucocorticoid therapy or other immunosuppressive therapies (6); received anti-PD-1/PD-L1 therapy. Complete eligibility criteria are provided in the trial protocol.

The clinical trial was conducted according to the Declaration of Helsinki and the Good Clinical Practice guidelines of the International Conference of Harmonisation. The protocol and amendments were approved by the ethics committee of the Beijing You’an Hospital affiliated to Capital Medical University (Ethics approval number: 2020-118), and all patients signed written informed consent forms. This study was registered at the Chinese Clinical Trial Registry (ChiCTR2000038949).



Trial designs and treatment

Patients enrolled initially treated by TACE combined with ablation (hereinafter referred to as combination therapy) and achieved complete remission which is defined as the presence of an ablative margin of at least 5 mm around the entire tumor, no more enhancing area in the arterial phase and no more defect in the portal phase on enhanced CT scan (25, 26). Then, patients willingly joined the clinical trial (experimental group) for anti-PD-1 adjuvant therapy. Within the same period, patients were screened into the control group from patients who disagreed to receive anti-PD-1 adjuvant therapy after having received combination therapy, based on the inclusion and exclusion criteria and the scoring system. Lastly, patients in two groups were 1:1 matched on the basis of the propensity score matching method (PSM), to ensure well-balanced significant variables between groups and make the groups comparable.

The TACE procedure was performed by two interventional radiologists with five years of experience with this approach. The right femoral artery was cannulated by percutaneous puncture under local anesthesia. The hepatic tube was delivered to the hepatic artery via an ultra-slip guidewire and connected to a high-pressure syringe under DSA with a total volume of 16 ml and a flow rate of 4 ml/s to visualize the intrinsic hepatic artery, right and left hepatic arteries and branches. A highly flexible coaxial microcatheter was delivered into the tumor-supplying artery using selective/super-selective techniques, after which the doxorubicin and lipiodol mixture was injected. And the microcatheter was connected to a high-pressure syringe for imaging. Finally, embolization materials, such as gelatin sponges or polyvinyl alcohol particles, were then used to embolize until complete stasis of the blood flow in the vessels. The doses of the drug were based on patients’ white blood cell count, platelet count, and liver function. Angiography showed intratumoral vessel occlusion, embolization agent filling, and tumor staining disappearance, which was considered the endpoint of embolization.

Local ablation was performed under the guidance of CT or magnetic resonance imaging (MRI) within 2 weeks after TACE. The procedures were summarized as follows (1): the appropriate location was selected by CT or MRI to determine the ablation procedure (2); after disinfection, spreading towels, and puncture site anaesthesia, the ablation needles were inserted into the skin (3); multiple overlapping ablations should be considered based on tumor size and tumor number, then timely image scanning to track the ablation process (4); after ablation, the ablation needle was pulled out and the needle track was ablated to prevent bleeding and metastasis. Regardless of the choice of single or fractional ablation, the safe ablation range of 0.5-1.0cm should be reserved to ensure complete coverage of the tumor and achieve complete ablation.

One month after ablation, patients in the experimental group received the anti-PD-1 adjuvant therapy (intravenous injection of 200 mg) repeated every 3 weeks for 4 or 8 cycles, according to clinical guidelines. The treatment was continued until disease progression, unacceptable toxicity, consent withdrawal, investigator decision, or receiving adequate treatment cycles, whichever occurred first.

If any adverse events (AEs) occurred during the trial, the possible reasons first needed to be determined as quickly as possible by the investigator. Then, the dose was adjusted depending on the severity of the AEs occurred in the previous dosing cycle.



Endpoints and assessments

The primary endpoint was relapse-free survival (RFS) defined as the time from local interventional therapy to the time of recurrence or the follow-up deadline. The secondary endpoints included overall survival (OS), recurrence modality, safety, and quality of life. The OS is calculated from the date of initial treatment to the follow-up deadline or death.

The recurrence modality was classified as local tumor progression (LTP), intrahepatic distant recurrence (IDR), and extrahepatic metastasis (EM) based on recommendations by the International Working Group on Image-Guided Tumor Ablation (27). LTP was designated as tumor recurrence within or adjacent to the original ablation lesion (<2.0 cm from the edge of the ablation site). IDR was defined as a new tumor with typical HCC enhancement features within different liver subsegments distinct from the original ablation site. And extrahepatic metastasis (ED) was defined as metastases outside the liver.

Patients were scheduled to be followed up every 3 months. Recurrence as endpoints of interest was confirmed by contrast-enhanced CT or MRI, which were evaluated at baseline and every 3 months thereafter. Then the clinical examinations, including blood routine, liver biochemistry, AFP, coagulation test, and thyroid function tests, were recorded and laboratory assessments were undertaken before administration of each dose.

AEs were monitored and graded according to the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) Version 5.0. After treatment, patients were followed up for safety for up to 30 days and for long-term survival to monitor AE.

Patient’s quality of life was assessed with the use of the European Organization for Research and Treatment of Cancer (EORTC) quality-of-life questionnaire for cancer (EORTC QLQ-C30) (28). The time of deterioration in the quality of life was calculated from enrollment to deterioration in the quality of life. And the deterioration is defined as a decrease of 10 points or more from baseline or death, whichever occurred first.



Statistical analysis and sample size calculation

The prior sample size was calculated relative to the primary outcome achievement. All sample size calculations assumed an α of 0.05, under 2-sided hypothesis testing, and β error of 0.20 (power = 80%).

Our previous research showed that the 1-year RFS rates of high-risk patients were 52.7%. Assuming that combined anti-PD-1 adjuvant therapy, the 1-year RFS rates of high-risk patients can reach 75%. Meanwhile, assuming 24 months of planned enrollment and the longest follow-up period of 24 months, 21 subjects should be enrolled. Taking into account a dropout rate of 15%, 25 patients were required to detect this hypothesized reduction rate.

Continuous variables were expressed as mean (standard deviation [SD]) or median (IQR), while categorical variables were presented with frequency distributions (n, %). Comparisons between two groups were performed by using the independent-samples T-test, Mann-Whitney Wilcoxon test, or Pearson Chi-squared tests. RFS/OS were estimated by the Kaplan-Meier method and compared with log-rank tests. Univariate and multivariate analyses were conducted with Cox proportional hazards regression models to identify factors independently associated with RFS and OS. Subgroup analyses were performed by age, ECOG-PS, Child-Pugh score, CNLC staging, etiology, and tumor number. A Cox proportional hazards model was used to estimate the HR and 95% CIs for the group comparison.

To reduce selection bias and the effects of confounding factors, logistic regression was used to compute propensity scores and then matched the control group to the experimental group using a 1:1 ratio. Standardized mean differences below 0.2 indicate successful balance in the variables, including age, sex, Child-Pugh score, AFP, CNLC staging, ECOG-PS, recurrence risk grade, cirrhosis, ALT, and AST.

All statistical analyses were processed using SAS version9.4 software (SAS Institute, Cary, NC, USA) or R3.6.2 statistical software (R Foundation for Statistical Computing, Vienna, Austria). And all statistical tests were performed using a two-sided significance level of 0.05. In addition, the 95% confidence intervals and P values would be presented when calculating the difference in means between groups.

This analysis is a phased analysis of this trial. As of the data cut-off of December 31, 2021, a total of 15 patients were enrolled, of which 4 had relapsed. All data reported here are based on a phased analysis and have statistically meaningful results. The trial continues to accumulate long-term data.




Results


Baseline patient characteristics

Among thirty-six patients who were screened between October 11, 2020, and December 31, 2021, 15 patients were enrolled and accepted combination therapy followed by anti-PD-1 adjuvant therapy (Figure 1). Of all the patients in the experimental group, 7 patients received radiofrequency ablation and 8 patients accepted microwave ablation. Then, one-to-one PSM produced 15 matched patient pairs who also received the combined treatment, containing 9 patients who underwent radiofrequency ablation and 6 patients treated with microwave ablation.




Figure 1 | Flow chart of the patients included in the study. TACE: transcatheter arterial chemoembolization.



The baseline patient characteristics were similar between the two groups no significant differences were found in several important variables, such as age, gender, etiology, serum biochemical and AFP levels, Child-Pugh score, CNLC staging, ECOG-PS, tumor number, tumor size, recurrence risk grade and ablation modality (Table 1).


Table 1 | Baseline characteristics of patients after propensity score analysis.





Efficacy

RFS was analyzed for the two groups, and the median follow-up time was 5.6 months(range,1.3-14.2). The median RFS (mRFS) of the control group was 7.0 months (95% CI: 2.0-12.0) while the experimental group had not reached it at the time of data cutoff. Moreover, the 1-year RFS rate was 73.3% (95% CI: 44.8%-91.1%) in the experimental group and 46.7% (95% CI: 22.2% - 72.6%) in the control group, showing a significant difference (HR, 0.251; 95% CI, 0.072-0.871; P =0.02) (Figure 2). As for OS, there were no treatment-related deaths in the two groups, and neither group reached the median OS. Note that no appreciable difference in prognosis was observed between patients treated for 4 cycles and 8 cycles(P=0.127).




Figure 2 | Kaplan-Meier plots for RFS in the experimental group and control group.



The rate of LTP in the experimental group was 6.7% (95%CI: 3.5%-34.0%), which was clearly lower than that in the control group (40% with a 95%CI of 1%-75.9%, P = 0.027). And, the rate of IDR in experimental group and control group were 20% (95%CI: 5.3%-48.6%), 13.3% (95%CI: 2.3%-41.6%), respectively. EMs were not identified in either cohort (Table 2).


Table 2 | Comparison of recurrence modality between the two groups.



Waterfall plots were plotted to compare the change in serum AFP levels as a tumor marker from baseline to the last follow-up. As shown in Figure 3, serum AFP levels were decreased in 9 (60%) patients in the experimental group and 3 (20%) in the control group, with a statistically significant difference between the two groups (P=0.025).




Figure 3 | Changes in serum AFP levels from baseline to the last follow-up time. (A) Waterfall plot of changes in serum AFP levels in experimental group. (B) Waterfall plot of changes in serum AFP levels in control group. AFP, alpha-fetoprotein.



Subgroup analyses showed that anti-PD-1 adjuvant therapy provided clinical benefits in all subgroups. In particular, benefits associated with anti-PD-1 adjuvant therapy were observed in patients with multiple tumors (HR =0.209, 95%CI: 0.048-0.91, P =0.037) and tumor size ≤2cm (HR =0.118,95%CI:0.014-1.0, P =0.05) (Table 3).


Table 3 | Subgroup analysis for RFS according to patient characteristics at baseline.



Prognostic factors affecting RFS were analyzed. Univariate and multivariate analyses including age, Child-Pugh score, CNLC staging, AFP level, and methods of therapy (combination therapy followed by anti-PD-1 adjuvant therapy versus combination therapy) were conducted in all study patients (N = 30). Results showed that anti-PD-1 adjuvant therapy (adjusted HR, 0.251; 95% CI, 0.072-0.871; P =0.029) was a significant favorable predictor of RFS (Table 4).


Table 4 | Univariate and multivariate analysis of factors associated with RFS.



The quality of life of the patients in the experimental group was assessed when they received anti-PD-1 adjuvant therapy, while matched patients in the control group were followed up by telephone or outpatient to evaluate their quality of life. By December 31, 2021, all patients had completed quality-of-life assessments, and none of them experienced a deterioration in their quality of life.



Safety

As for safety, data from 15 patients in the experimental group were analyzed. The rate of any grade of treatment-related adverse events (TRAE) was 60% (9/15), including 53.3% (8/15) for grades 1-2 AE, 6.7% (1/15) for grades≥3 AE, and 6.7% (1/15) for severe AE. One patient (6.7%) discontinued due to severe adverse events, and no treatment-related deaths occurred (Table 5).


Table 5 | Adverse events related to anti-PD-1 treatment.



The most frequently grade 1-2 AE were reactive cutaneous capillary endothelial proliferation (RCCEP) (20%), fatigue (13.3%), increased AST (13.3%), and increased ALT (13.3%). Some patients experienced adverse events such as a rash (6.7%), pruritus (6.7%), increased blood bilirubin (6.7%), decreased platelet count (6.7%), and diarrhea (6.7%). The AE of grade 3 or higher that occurred was hyperthyroidism (13.3%) (Table 6).


Table 6 | Adverse events with an incidence of more than 5% in the experimental group.






Discussion

The present study was the first clinical study based on the scoring system of recurrence in HCC patients to explore the efficacy and safety of anti-PD-1 adjuvant therapy after locoregional therapy in early-to-mid-stage HCC patients with a high risk of recurrence. Interim results showed that adjuvant anti-PD-1 therapy was an effective and tolerable treatment regimen with encouraging results in RFS, quality of life, safety, and rate of LTP.

There were reports that Sorafenib was not an effective intervention in the adjuvant setting for HCC following resection or ablation (29), while our study showed encouraging outcomes, which had many success factors. First of all, our previous experimental results confirmed that ablation affected T-cell immunity which plays a role in the occurrence and development of HCC (22, 30); and demonstrated that recurrence after ablation correlates with poor immune reconstitution, which may be influenced by activation of the PD-1 signaling pathway (unpublished data). Additionally, based on our scoring system, this study accurately screened patients at high risk of recurrence. In the era of precision medicine, choosing the optimal treatment strategy for individualized treatment will also achieve early prevention of disease recurrence.

In our study, anti-PD-1 adjuvant therapy was highly effective in reducing the risk of recurrence (HR=0.251). Compared with the control group, the risk of recurrence in the experimental group was reduced by 74.9%, suggesting that anti-PD-1 adjuvant therapy can provide significant clinical benefits for RFS which also was proved in other results of this study. First, AFP, as a single biomarker for diagnosing HCC, can well monitor treatment response (31, 32). Figure 3 shows that anti-PD-1 adjuvant therapy can effectively reduce AFP in the experimental group, which could reflect the therapeutic effect of anti-PD-1 adjuvant therapy. Second, although it did not reach a significant difference in most subgroups, the benefit of anti-PD-1 adjuvant therapy showed a positive trend in RFS and could effectively decrease the relapse risk of patients with multiple tumors and tumor size ≤2cm to 79.1% and 89.2%, respectively. Finally, multivariate analysis showed that anti-PD-1 adjuvant therapy was an independent favorable prognostic factor for RFS in HCC patients.

Besides clinical factors such as tumor load or vascular invasion, studies have also proved that immunity mechanisms were related to the recurrence of HCC (33–38) The tumor immune microenvironment of the liver plays a crucial role in the recurrence of HCC after ablation. Ablation, especially radiofrequency ablation, could induce multiple mechanisms for immune protection. Because that thermal damage could promote tumor cells to release tumor antigens and upregulate inflammatory cytokines and cytotoxic T-cell subsets in the sublethal zone adjacent to the ablation (39). Relevant tumor-specific T-cell responses were enhanced within weeks after ablation, and the number of induced T-cells is associated with RFS (40). However, the effective immunogenicity induced by ablation is not sufficient to prevent a recurrence ultimately. PD-1 inhibitors could block the tumor immune escape pathway and maintain the T cells’ tumor cell-killing activity via binding to PD-1 on the surface of T cells (41, 42). As shown in Figure 2, there was a significant difference in RFS between the experimental and control groups, suggesting that combined immunotherapy after locoregional interventional therapy could enhance the anti-tumor immune response within the tumor microenvironment to reduce or prevent a recurrence, which may prove that anti-PD-1 adjuvant therapy can effectively improve the therapeutic effect, which is exactly as we expected. Based on the high-risk relapse population, local therapy combined with a systemic system, especially in combination with anti-PD-1 adjuvant therapy, should be well explored for improving the prognosis of HCC patients, proposing a promising approach for future combination therapy.

Compared with the control group, the LTP rate of the experimental group was significantly reduced. Our team’s data (22) showed that ablation therapy could improve the patient’s tumor-associated antigen (TAA)-specific T-cell immune response in the short term, accompanied by changes in PD1 expression levels. Simultaneously, PD-1 inhibitors further maintain T cell function by blocking the inhibitory signaling of PD-1 molecules on the surface of T cells (43). In addition, ablation could promote local cell infiltration and perifocal antigen release, resulting in T-cell activation (29). However, as the immune improvement caused by ablation is not lasting and is accompanied by tumor constitution; its control effect on distant lesions in the liver may not be significant (unpublished data). Further experiments are needed to determine such mechanisms.

All patients were alive by the date of the last follow-up, and longer-term follow-up is required to evaluate OS benefits associated with adjuvant anti-PD-1 therapy. At the same time, there was no deterioration in the quality of life in both groups, which may be because all patients underwent combination therapy to achieve complete recovery. Numerous studies have pointed out that TACE combined with Ablation in patients with early-stage HCC was superior to ablation alone, even in intermediate-stage HCC patients (44–47). Thus, all patients in this study received combination therapy.

The most frequent AE observed in this study were reactive cutaneous capillary endothelial proliferation (RCCEP, which is a specific AE of camrelizumab), and other AEs included gastrointestinal reactions (diarrhea), hepatotoxicity (changes in indicators of liver functions), skin reactions (rash and pruritus), and fatigue, which were consistent with the safety profile of anti-PD-1 therapy previously reported (48–50). None of the patients showed fever or infusion reactions. Several researchers reported that enhanced immune responses induced by immune checkpoint inhibitors could cause severe thyroid disorders (51–53). In our study, one patient withdrew from the trial due to severe hyperthyroidism. As the enrolled patients with early or intermediate‐stage liver cancer were in good physical condition to tolerate the toxicity caused by anti-PD-1 adjuvant therapy, the incidence of GRADE ≥3 AE and withdrawal in this study was low with no deaths recorded. Overall, anti-PD-1 adjuvant therapy was safe and well-tolerated for HCC patients in the early-intermediate stage.

Nevertheless, several limitations exist in the study. First of all, this study is a single-center study limited to an Asian population with small sample size. And it included a widely varied patient population from a Chinese institute, so selection bias is inevitable. However, the control group matched by PSM might somehow balance the selection bias, and the high RFS rate in the control group reflected these patients’ relapse risk. And our study also provides a promising idea to improve the prognosis for other populations with HCC. Another limitation of this study was that the total number of patients analyzed was relatively small, with a comparatively short follow-up period. Our previous studies showed that early recurrence often occurs in the first 2-3 years after ablation, making up about 70% of recurrence events (19). Moreover, as an interim analysis, our study is not concluded here. Follow-up will be continued and outcomes, including both relapse and long-term survival, will be reported in the future. Future studies with multicenter, large sample sizes, and long follow-up duration will be needed.



Conclusion

In summary, interim data suggest the addition of anti-PD-1 adjuvant therapy after TACE combined with ablation can significantly prolong RFS with controllable safety for early-to-mid-stage HCC patients. In a more general precision medicine context, screening high-risk recurrence patients for combination therapy can effectively augment the outcome of patients’ prognosis and long-term survival quality, gaining important clinical significance. Therefore, the combination of therapeutic regimens could inform novel treatment options for this patient population.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Ethics Committee of Capital Medical University affiliated Beijing You’an Hospital. The patients/participants provided their written informed consent to participate in this study.



Author contributions

Conceived and designed the protocol: ZYH; Collected data: SY and LBY; Analyzed data: QWY and WW; Wrote the manuscript: WQ and QWY; Critically revised and approved the final version of manuscript: LJJ and YCW; Treated and observed the patients: ZYH and HCX; All authors contributed to the article and approved the submitted version.



Funding

This study was funded by a grant Beijing Municipal Natural Science Foundation (7202069 and 7191004), Capital health development project (CFH2020-1-2182 and CFH2020-2-1153), Beijing Key Laboratory (BZ0373), Beijing Municipal Administration of Hospitals’ Ascent Plan (DFL20181701), Beijing Municipal Science & Technology Commission (Z171100001017078), Key medical professional development plan of Beijing municipal administration of hospitals (ZYLX201711), Beijing Incubating Program (PX2018059 and PX2022067), and Beijing Municipal Administration of Hospitals’ Youth Programmer (QML20211709).



Acknowledgments

The authors would like to thank Innovent Biologics (Suzhou) Co., Ltd. and Jiangsu Hengrui Pharmaceuticals Co., Ltd. for providing the free drugs (Sintilimab and Camrelizumab).



Conflict of interest

The 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. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global cancer statistics 2020: Globocan estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA: Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Couri, T, and Pillai, A. Goals and targets for personalized therapy for hcc. Hepatol Int (2019) 13(2):125–37. doi: 10.1007/s12072-018-9919-1

3. Raoul, JL, Forner, A, Bolondi, L, Cheung, TT, Kloeckner, R, and de Baere, T. Updated use of tace for hepatocellular carcinoma treatment: How and when to use it based on clinical evidence. Cancer Treat Rev (2019) 72:28–36. doi: 10.1016/j.ctrv.2018.11.002

4. Yang, JD, Hainaut, P, Gores, GJ, Amadou, A, Plymoth, A, and Roberts, LR. A global view of hepatocellular carcinoma: Trends, risk, prevention and management. Nat Rev Gastroenterol Hepatol (2019) 16(10):589–604. doi: 10.1038/s41575-019-0186-y

5. Livraghi, T, Meloni, F, Di Stasi, M, Rolle, E, Solbiati, L, Tinelli, C, et al. Sustained complete response and complications rates after radiofrequency ablation of very early hepatocellular carcinoma in cirrhosis: Is resection still the treatment of choice? Hepatol (Baltimore Md) (2008) 47(1):82–9. doi: 10.1002/hep.21933

6. Forner, A, Reig, M, and Bruix, J. Hepatocellular Carcinoma. Lancet (London, England) (2018) 39(1027):1301–14. doi: 10.1016/s0140-6736(18)30010-2

7. De Lorenzo, S, Tovoli, F, Barbera, MA, Garuti, F, Palloni, A, Frega, G, et al. Metronomic capecitabine vs. best supportive care in child-pugh b hepatocellular carcinoma: A proof of concept. Sci Rep (2018) 8(1):9997. doi: 10.1038/s41598-018-28337-6

8. Rizzo, A, Nannini, M, Novelli, M, Dalia Ricci, A, Scioscio, VD, and Pantaleo, MA. Dose reduction and discontinuation of standard-dose regorafenib associated with adverse drug events in cancer patients: A systematic review and meta-analysis. Ther Adv Med Oncol (2020) 12:1758835920936932. doi: 10.1177/1758835920936932

9. Rizzo, A, Ricci, AD, Di Federico, A, Frega, G, Palloni, A, Tavolari, S, et al. Predictive biomarkers for checkpoint inhibitor-based immunotherapy in hepatocellular carcinoma: Where do we stand? Front Oncol (2021) 11:803133. doi: 10.3389/fonc.2021.803133

10. Rizzo, A, Ricci, AD, Gadaleta-Caldarola, G, and Brandi, G. First-line immune checkpoint inhibitor-based combinations in unresectable hepatocellular carcinoma: Current management and future challenges. Expert Rev Gastroenterol Hepatol (2021) 15(11):1245–51. doi: 10.1080/17474124.2021.1973431

11. Huang, J, Huang, W, Guo, Y, Cai, M, Zhou, J, Lin, L, et al. Risk factors, patterns, and long-term survival of recurrence after radiofrequency ablation with or without transarterial chemoembolization for hepatocellular carcinoma. Front Oncol (2021) 11:638428. doi: 10.3389/fonc.2021.638428

12. Preel, A, Hermida, M, Allimant, C, Assenat, E, Guillot, C, Gozzo, C, et al. Uni-, bi- or trifocal hepatocellular carcinoma in Western patients: Recurrence and survival after percutaneous thermal ablation. Cancers (2021) 13(11):2700. doi: 10.3390/cancers13112700

13. Yi, PS, Huang, M, Zhang, M, Xu, L, and Xu, MQ. Comparison of transarterial chemoembolization combined with radiofrequency ablation therapy versus surgical resection for early hepatocellular carcinoma. Am surgeon (2018) 84(2):282–8. doi: 10.1177/000313481808400238

14. Fujiwara, N, Friedman, SL, Goossens, N, and Hoshida, Y. Risk factors and prevention of hepatocellular carcinoma in the era of precision medicine. J Hepatol (2018) 68(3):526–49. doi: 10.1016/j.jhep.2017.09.016

15. Liang, BY, Gu, J, Xiong, M, Zhang, EL, Zhang, ZY, Chen, XP, et al. Tumor size may influence the prognosis of solitary hepatocellular carcinoma patients with cirrhosis and without macrovascular invasion after hepatectomy. Sci Rep (2021) 11(1):16343. doi: 10.1038/s41598-021-95835-5

16. Reig, M, Forner, A, Rimola, J, Ferrer-Fàbrega, J, Burrel, M, Garcia-Criado, Á, et al. Bclc strategy for prognosis prediction and treatment recommendation: The 2022 update. J Hepatol (2022) 76(3):681–93. doi: 10.1016/j.jhep.2021.11.018

17. Sun, X, Mei, J, Lin, W, Yang, Z, Peng, W, Chen, J, et al. Reductions in afp and pivka-ii can predict the efficiency of anti-Pd-1 immunotherapy in hcc patients. BMC Cancer (2021) 21(1):775. doi: 10.1186/s12885-021-08428-w

18. Zhou, P, Chen, B, Miao, XY, Zhou, JJ, Xiong, L, Wen, Y, et al. Comparison of fib-4 index and child-pugh score in predicting the outcome of hepatic resection for hepatocellular carcinoma. J Gastrointestinal Surgery: Off J Soc Surg Alimentary Tract (2020) 24(4):823–31. doi: 10.1007/s11605-019-04123-1

19. Wang, Q, Ma, L, Li, J, Yuan, C, Sun, J, Li, K, et al. A novel scoring system for patients with recurrence of hepatocellular carcinoma after undergoing minimal invasive therapies. Cancer Manage Res (2019) 11:10641–9. doi: 10.2147/cmar.S224711

20. Rich, NE, Yopp, AC, and Singal, AG. Medical management of hepatocellular carcinoma. J Oncol Pract (2017) 13(6):356–64. doi: 10.1200/jop.2017.022996

21. Ribas, A. T Cells as the future of cancer therapy. Cancer Discov (2021) 11(4):798–800. doi: 10.1158/2159-8290.Cd-21-0022

22. Zang, C, Zhao, Y, Qin, L, Liu, G, Sun, J, Li, K, et al. Distinct tumour antigen-specific T-cell immune response profiles at different hepatocellular carcinoma stages. BMC Cancer (2021) 21(1):1007. doi: 10.1186/s12885-021-08720-9

23. Prieto, J, Melero, I, and Sangro, B. Immunological landscape and immunotherapy of hepatocellular carcinoma. Nat Rev Gastroenterol Hepatol (2015) 12(12):681–700. doi: 10.1038/nrgastro.2015.173

24. Pahwa, A, Beckett, K, Channual, S, Tan, N, Lu, DS, and Raman, SS. Efficacy of the American association for the study of liver disease and Barcelona criteria for the diagnosis of hepatocellular carcinoma. Abdominal Imaging (2014) 39(4):753–60. doi: 10.1007/s00261-014-0118-9

25. Nishikawa, H, Inuzuka, T, Takeda, H, Nakajima, J, Sakamoto, A, Henmi, S, et al. Percutaneous radiofrequency ablation therapy for hepatocellular carcinoma: A proposed new grading system for the ablative margin and prediction of local tumor progression and its validation. J Gastroenterol (2011) 46(12):1418–26. doi: 10.1007/s00535-011-0452-4

26. Nakazawa, T, Kokubu, S, Shibuya, A, Ono, K, Watanabe, M, Hidaka, H, et al. Radiofrequency ablation of hepatocellular carcinoma: Correlation between local tumor progression after ablation and ablative margin. AJR Am J Roentgenol (2007) 188(2):480–8. doi: 10.2214/ajr.05.2079

27. Ahmed, M, Solbiati, L, Brace, CL, Breen, DJ, Callstrom, MR, Charboneau, JW, et al. Image-guided tumor ablation: Standardization of terminology and reporting criteria–a 10-year update. Radiology (2014) 273(1):241–60. doi: 10.1148/radiol.14132958

28. Nolte, S, Liegl, G, Petersen, MA, Aaronson, NK, Costantini, A, Fayers, PM, et al. General population normative data for the eortc qlq-C30 health-related quality of life questionnaire based on 15,386 persons across 13 European countries, Canada and the unites states. Eur J Cancer (Oxford England: 1990) (2019) 107:153–63. doi: 10.1016/j.ejca.2018.11.024

29. Dromi, SA, Walsh, MP, Herby, S, Traughber, B, Xie, J, Sharma, KV, et al. Radiofrequency ablation induces antigen-presenting cell infiltration and amplification of weak tumor-induced immunity. Radiology (2009) 251(1):58–66. doi: 10.1148/radiol.2511072175

30. Zhao, Y, Li, K, Sun, J, He, N, Zhao, P, Zang, C, et al. Genomic DNA methylation profiling indicates immune response following thermal ablation treatment for hbv-associated hepatocellular carcinoma. Oncol Lett (2020) 20(1):677–84. doi: 10.3892/ol.2020.11636

31. Park, SJ, Jang, JY, Jeong, SW, Cho, YK, Lee, SH, Kim, SG, et al. Usefulness of afp, afp-L3, and pivka-ii, and their combinations in diagnosing hepatocellular carcinoma. Medicine (2017) 96(11):e5811. doi: 10.1097/md.0000000000005811

32. Yamamoto, K, Imamura, H, Matsuyama, Y, Kume, Y, Ikeda, H, Norman, GL, et al. Afp, afp-L3, dcp, and Gp73 as markers for monitoring treatment response and recurrence and as surrogate markers of clinicopathological variables of hcc. J Gastroenterol (2010) 45(12):1272–82. doi: 10.1007/s00535-010-0278-5

33. Foerster, F, Hess, M, Gerhold-Ay, A, Marquardt, JU, Becker, D, Galle, PR, et al. The immune contexture of hepatocellular carcinoma predicts clinical outcome. Sci Rep (2018) 8(1):5351. doi: 10.1038/s41598-018-21937-2

34. Gabrielson, A, Wu, Y, Wang, H, Jiang, J, Kallakury, B, Gatalica, Z, et al. Intratumoral Cd3 and Cd8 T-cell densities associated with relapse-free survival in hcc. Cancer Immunol Res (2016) 4(5):419–30. doi: 10.1158/2326-6066.Cir-15-0110

35. Gao, XH, Tian, L, Wu, J, Ma, XL, Zhang, CY, Zhou, Y, et al. Circulating Cd14(+) hla-Dr(-/Low) myeloid-derived suppressor cells predicted early recurrence of hepatocellular carcinoma after surgery. Hepatol Research: Off J Japan Soc Hepatol (2017) 47(10):1061–71. doi: 10.1111/hepr.12831

36. Liu, GM, Li, XG, and Zhang, YM. Prognostic role of pd-L1 for hcc patients after potentially curative resection: A meta-analysis. Cancer Cell Int (2019) 19:22. doi: 10.1186/s12935-019-0738-9

37. Shi, F, Shi, M, Zeng, Z, Qi, RZ, Liu, ZW, Zhang, JY, et al. Pd-1 and pd-L1 upregulation promotes Cd8(+) T-cell apoptosis and postoperative recurrence in hepatocellular carcinoma patients. Int J Cancer (2011) 128(4):887–96. doi: 10.1002/ijc.25397

38. Zhu, XD, Zhang, JB, Zhuang, PY, Zhu, HG, Zhang, W, Xiong, YQ, et al. High expression of macrophage colony-stimulating factor in peritumoral liver tissue is associated with poor survival after curative resection of hepatocellular carcinoma. J Clin Oncol: Off J Am Soc Clin Oncol (2008) 26(16):2707–16. doi: 10.1200/jco.2007.15.6521

39. Li, G, Staveley-O’Carroll, KF, and Kimchi, ET. Potential of radiofrequency ablation in combination with immunotherapy in the treatment of hepatocellular carcinoma. J Clin trials (2016) 6(2):257. doi: 10.4172/2167-0870.1000257

40. Mizukoshi, E, Yamashita, T, Arai, K, Sunagozaka, H, Ueda, T, Arihara, F, et al. Enhancement of tumor-associated antigen-specific T cell responses by radiofrequency ablation of hepatocellular carcinoma. Hepatol (Baltimore Md) (2013) 57(4):1448–57. doi: 10.1002/hep.26153

41. El-Khoueiry, AB, Sangro, B, Yau, T, Crocenzi, TS, Kudo, M, Hsu, C, et al. Nivolumab in patients with advanced hepatocellular carcinoma (Checkmate 040): An open-label, non-comparative, phase 1/2 dose escalation and expansion trial. Lancet (London England) (2017) 389(10088):2492–502. doi: 10.1016/s0140-6736(17)31046-2

42. Zhu, AX, Finn, RS, Edeline, J, Cattan, S, Ogasawara, S, Palmer, D, et al. Pembrolizumab in patients with advanced hepatocellular carcinoma previously treated with sorafenib (Keynote-224): A non-randomised, open-label phase 2 trial. Lancet Oncol (2018) 19(7):940–52. doi: 10.1016/s1470-2045(18)30351-6

43. Pardoll, DM. The blockade of immune checkpoints in cancer immunotherapy. Nat Rev Cancer (2012) 12(4):252–64. doi: 10.1038/nrc3239

44. Endo, K, Kuroda, H, Oikawa, T, Okada, Y, Fujiwara, Y, Abe, T, et al. Efficacy of combination therapy with transcatheter arterial chemoembolization and radiofrequency ablation for intermediate-stage hepatocellular carcinoma. Scandinavian J Gastroenterol (2018) 53(12):1575–83. doi: 10.1080/00365521.2018.1548645

45. Peng, ZW, Zhang, YJ, Liang, HH, Lin, XJ, Guo, RP, and Chen, MS. Recurrent hepatocellular carcinoma treated with sequential transcatheter arterial chemoembolization and Rf ablation versus Rf ablation alone: A prospective randomized trial. Radiology (2012) 262(2):689–700. doi: 10.1148/radiol.11110637

46. Wang, C, Liao, Y, Qiu, J, Yuan, Y, Zhang, Y, Li, K, et al. Transcatheter arterial chemoembolization alone or combined with ablation for recurrent intermediate-stage hepatocellular carcinoma: A propensity score matching study. J Cancer Res Clin Oncol (2020) 146(10):2669–80. doi: 10.1007/s00432-020-03254-2

47. Zhang, YJ, Chen, MS, Chen, Y, Lau, WY, and Peng, Z. Long-term outcomes of transcatheter arterial chemoembolization combined with radiofrequency ablation as an initial treatment for early-stage hepatocellular carcinoma. JAMA Network Open (2021) 4(9):e2126992. doi: 10.1001/jamanetworkopen.2021.26992

48. Jiang, FE, Zhang, HJ, Yu, CY, and Liu, AN. Efficacy and safety of regorafenib or fruquintinib plus camrelizumab in patients with microsatellite stable and/or proficient mismatch repair metastatic colorectal cancer: An observational pilot study. Neoplasma (2021) 68(4):861–6. doi: 10.4149/neo_2021_201228N1415

49. Wang, F, Qin, S, Sun, X, Ren, Z, Meng, Z, Chen, Z, et al. Reactive cutaneous capillary endothelial proliferation in advanced hepatocellular carcinoma patients treated with camrelizumab: Data derived from a multicenter phase 2 trial. J Hematol Oncol (2020) 13(1):47. doi: 10.1186/s13045-020-00886-2

50. Wang, Y, Zhou, S, Yang, F, Qi, X, Wang, X, Guan, X, et al. Treatment-related adverse events of pd-1 and pd-L1 inhibitors in clinical trials: A systematic review and meta-analysis. JAMA Oncol (2019) 5(7):1008–19. doi: 10.1001/jamaoncol.2019.0393

51. Ferrari, SM, Fallahi, P, Galetta, F, Citi, E, Benvenga, S, and Antonelli, A. Thyroid disorders induced by checkpoint inhibitors. Rev endocr Metab Disord (2018) 19(4):325–33. doi: 10.1007/s11154-018-9463-2

52. Jannin, A, Penel, N, Ladsous, M, Vantyghem, MC, and Do Cao, C. Tyrosine kinase inhibitors and immune checkpoint inhibitors-induced thyroid disorders. Crit Rev Oncol/Hematol (2019) 141:23–35. doi: 10.1016/j.critrevonc.2019.05.015

53. Wright, JJ, Powers, AC, and Johnson, DB. Endocrine toxicities of immune checkpoint inhibitors. Nat Rev Endocrinol (2021) 17(7):389–99. doi: 10.1038/s41574-021-00484-3



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 © 2022 Qiao, Wang, Hu, Zhang, Li, Sun, Yuan, Wang, Liu and Zhang. 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.




ORIGINAL RESEARCH

published: 01 November 2022

doi: 10.3389/fimmu.2022.1016776

[image: image2]


Combining all-trans retinoid acid treatment targeting myeloid-derived suppressive cells with cryo-thermal therapy enhances antitumor immunity in breast cancer


Yue Lou, Peng Peng, Shicheng Wang, Junjun Wang, Peishan Du, Zelu Zhang, Jiamin Zheng, Ping Liu * and Lisa X. Xu *


School of Biomedical Engineering and Med-X Research Institute, Shanghai Jiao Tong University, Shanghai, China




Edited by: 

Yueyong Xiao, Chinese People’s Liberation Army General Hospital, China

Reviewed by: 

Hong-Tao Hu, Henan Provincial Cancer Hospital, China

Xin Li, People’s Liberation Army General Hospital, China

Zhengyin Liao, Sichuan University, China

*Correspondence: 

Lisa X. Xu
 lisaxu@sjtu.edu.cn 

Ping Liu
 pingliu@sjtu.edu.cn

Specialty section: 
 This article was submitted to Cancer Immunity and Immunotherapy, a section of the journal Frontiers in Immunology


Received: 11 August 2022

Accepted: 13 October 2022

Published: 01 November 2022

Citation:
Lou Y, Peng P, Wang S, Wang J, Du P, Zhang Z, Zheng J, Liu P and Xu LX (2022) Combining all-trans retinoid acid treatment targeting myeloid-derived suppressive cells with cryo-thermal therapy enhances antitumor immunity in breast cancer. Front. Immunol. 13:1016776. doi: 10.3389/fimmu.2022.1016776



Targeting myeloid-derived suppressive cells (MDSCs) has been considered a potential strategy in tumor therapy. However, a single drug targeting MDSCs remains a challenge in the clinic. An increasing number of studies have shown that combination agents targeting MDSCs and immunotherapy may provide exciting new insights and avenues to explore in tumor therapy. In our previous study, a novel cryo-thermal therapy was developed for metastatic tumors that systematically activate innate and adaptive immunity. Moreover, cryo-thermal therapy was shown to dramatically decrease the levels of MDSCs and induce their differentiation toward potent antigen-presenting cells. However, the therapeutic effects of cryo-thermal therapy on the 4T1 mouse breast cancer model were still not satisfactory because of the high level of MDSCs before and after treatment. Therefore, in this study, we combined cryo-thermal therapy with all-trans retinoid acid (ATRA), a small molecule drug that can induce the inflammatory differentiation of MDSCs. We found that combination therapy notably upregulated the long-term survival rate of mice. Mechanically, combination therapy promoted the phenotype and functional maturation of MDSCs, efficiently decreasing suppressive molecule expression and inhibiting glutamine and fatty acid metabolism. Moreover, MDSCs at an early stage after combination therapy significantly decreased the proportions of Th2 and Treg subsets, which eventually resulted in Th1-dominant CD4+ T-cell differentiation, as well as enhanced cytotoxicity of CD8+ T cells and natural killer cells at the late stage. This study suggests a potential therapeutic strategy for combination ATRA treatment targeting MDSCs with cryo-thermal therapy to overcome the resistance of MDSC-induced immunosuppression in the clinic.
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Introduction

T cell-based immunotherapy has shown remarkable clinical efficacy in multiple cancer types; however, the accumulation of immunosuppressive cells limits the therapeutic efficacy (1). Myeloid-derived suppressive cells (MDSCs) are considered to be suppressive and inhibit antitumor immunity to promote tumor progression (2). The level of MDSCs in peripheral circulation or tumor tissue is highly related to poor prognosis (3–5). Thus, strategies to overcome the immune tolerances induced by MDSCs are urgently needed.

MDSCs are a highly heterogeneous group of cells that coexpress CD11b and Gr-1 in tumor-bearing mice and are the direct progenitors of dendritic cells (DCs), macrophages, and granulocytes (6). MDSCs facilitate the differentiation of immature DCs, tumor-associated macrophages, and Tregs by secreting suppressive or chronic cytokines, expressing immune checkpoint molecules, and inducing oxidative stress and nutrient depletion (7). Currently, Food and Drug Administration (FDA)-approved medicines fail to prevent the accumulation and function of MDSCs. However, combining antitumor therapies targeting MDSCs with other therapies improves the prognosis of patients (8), which may provide a new strategy for tumor therapy.

In our previous studies, a novel tumor cryo-thermal therapy was established to entirely ablate primary tumor tissue through alternating liquid nitrogen cooling and radiofrequency (RF) heating (9). Moreover, cryo-thermal therapy remodels the immunosuppressive environment by inducing durable Th1-induced antitumor immune protection and decreasing the levels of effective Tregs (10, 11). Cryo-thermal therapy significantly improved the cure rate in both the B16F10 melanoma model and the 4T1 triple-negative breast cancer model (12–14). The therapeutic effect of cryo-thermal therapy was observed in different tumor models, and approximately 50% of mice exhibited long-term survival in the 4T1 model, while more than 80% of B16F10-bearing mice were cured (12–14). To understand the different mouse survival rates after cryo-thermal therapy in the two models, immune status before treatment was analyzed. The proportion of MDSCs in the B16F10 model was significantly lower than that in the 4T1 model. Moreover, although the proportion of MDSCs was notably reduced after cryo-thermal therapy, the level of MDSCs in the 4T1 model was still higher than that in the B16F10 model. Therefore, MDSCs may be the major barrier to improving the therapeutic efficacy of cryo-thermal therapy in highly immunosuppressive tumor models.

To further improve the therapeutic efficacy of cryo-thermal therapy in the 4T1 tumor model, which has a high level of MDSCs, in this study, we combined all-trans retinoic acid (ATRA) treatment targeting MDSCs with cryo-thermal therapy. ATRA can stimulate the differentiation of MDSCs into mature DCs and macrophages (15). We found that combination therapy could significantly downregulate the suppressive function of MDSCs and prevent the differentiation of suppressive subsets of CD4+ T cells at the early phase, which ultimately resulted in Th1-dominant differentiation of CD4+ T cells at the late phase and improved the long-term survival rates of 4T1-bearing mice. Our study provides a new therapeutic strategy combining ATRA treatment targeting MDSCs with cryo-thermal therapy for highly immunosuppressive tumors.



Materials and methods


Cell cultivation and animal model

The 4T1 breast cancer cell line was provided by Shanghai First People’s Hospital, China, and the female BALB/c mice were obtained from Shanghai Slaccas Experimental Animal Co., Ltd. (Shanghai, China). Tumors were established by subcutaneous injection of 4T1 cells (4 × 105 cells in 100 μl of phosphate-buffered saline (PBS)) in the right flank of wild-type BALB/c mice as above (11). All animal experiments were approved by the Animal Welfare Committee of Shanghai Jiao Tong University, and experimental methods were performed in accordance with the guidelines of Shanghai Jiao Tong University Animal Care (approved by Shanghai Jiao Tong University Scientific Ethics Committee, Proto code 2020017).



Cryo-thermal therapy and all-trans retinoid acid treatment

The cryo-thermal therapy system was developed and maintained by Dr. Aili Zhang and Engineer Jincheng Zou in our laboratory. When the diameter of the tumor reached 10 mm (about 16 days after tumor inoculation), mice were randomly divided into tumor-bearing control or cryo-thermal group. Mice from the cryo-thermal group were anesthetized with 5% chloral hydrate (Sinopharm Chemical Reagent Co., Ltd., Shanghai, China) and treated with fast liquid N2 freezing at −20°C for 5 min followed by RF heating at 50°C for 10 min to entirely ablate the primary tumor tissue. The parameter of cryo-thermal therapy was determined according to our previous studies. The maximum power was set as 65 W, and the real-time power was adjusted according to temperature.

For ATRA treatment, 200 μg of ATRA (dissolved in corn oil) was administered daily by i.p. from the day before cryo-thermal therapy to 3 days after treatment. The single cryo-thermal therapy group was treated with the same dose of corn oil.



Flow cytometry analysis

The splenocytes were separated into single-cell suspension, and the red blood cells were removed by erythrocyte-lysing reagent (containing 0.15 M of NH4Cl, 1.0 M of KHCO3, and 0.1 mM of Na2EDTA). The dead cells were excluded by Zombie Dye staining, and then cells were stained by a cell-specific surface marker for 20 min. For transcription factors detection, cells were treated with a True-Nuclear Transcription Factor Buffer Set (BioLegend, San Diego, CA, USA) according to the manufacturer’s protocol. For intercellular staining, cells were stimulated with Cell Activation Cocktail (with Brefeldin A, 20 µg/ml, BioLegend, San Diego, CA, USA) for 4 h before Zombie Dye and surface marker staining. After that, cells were fixed and permeabilized with the fixation buffer and permeabilization wash buffer according to the manufacturer’s instructions (BioLegend, San Diego, CA, USA) and followed by intercellular cytokines staining for 20 min. For data collection, BD FACS Aria II cytometer (BD Biosciences, Franklin Lakes, NJ, USA) was used, and the data were analyzed using FlowJo software (https://www.flowjo.com accessed on 3 July 2022). All the fluorochrome-conjugated monoclonal antibodies were purchased from BioLegend (San Diego, CA, USA) and listed in Supplementary Table 1.



RNA isolation and qRT-PCR

Total RNA was isolated using TRIzol Reagent (TaKaRa, Otsu, Shiga, Japan) and was reverse transcribed to cDNA by the PrimeScript RT reagent kit (TaKaRa, Otsu, Shiga, Japan). The absorbance at 260/280 nm of samples above 1.9 was used. Quantitative real-time PCR (qRT-PCR) was performed on the ABI 7900HT sequence detection system, and SDS 2.4 software (Applied Biosystems, Waltham, MA, USA) was used for Ct value collection. The expression level of targeted genes was normalized as GAPDH (ΔΔCt method).



Isolation of CD4+ T cells and myeloid-derived suppressive cells

For isolation of CD4+ T cells, single-cell suspensions of splenocytes from 4T1 tumor-bearing control mice (day 16 after inoculation) were isolated by an Easysep CD4+ T cell negative selection kit (StemCell Technologies, Vancouver, BC, Canada). For isolation of MDSCs, single-cell suspensions of splenocytes from indicated groups were firstly incubated with Gr1-PE (listed in Supplementary Table 1) and then isolated with a PE positive selection kit (StemCell Technologies, Vancouver, BC, Canada).



In vitro coculture assay

For detection of CD4+ T-cell differentiation influenced by MDSCs, splenic MDSCs separated from the indicated group of mice were cocultured with the CD4+ T cells isolated from the spleen of tumor-bearing mice before treatment (16 days after tumor inoculation) in the ratio of 1:5 for 24 h. Corresponding serums were added to mimic the cytokine environment in vivo.

For detection of the suppressive function of MDSCs on the proliferation of CD4+ T cells, splenocytes from age-paired naïve mice were labeled with carboxyfluorescein succinimidyl ester (CFSE) and then cocultured with MDSCs in the indicated E/T ratio with anti-CD3 (1 ng/ml, BioLegend, San Diego, CA, USA) added to stimulate the proliferation of T cells. After 72 h, the proliferated CD4+ T cells (CFSE−) were tested by flow cytometry.



Gene expression profiling

RNA samples from freshly isolated splenic MDSCs from tumor-bearing control, cryo-thermal therapy, or combination therapy were extracted using the mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) and constructed into libraries using TruSeq Stranded mRNA LTSample Prep Kit (Illumina, San Diego, CA, USA) following the manufacturer’s protocol. Then the libraries were sequenced on the Illumina sequencing platform (HiSeq™ 2500), and 125 bp/150 bp paired-end reads were generated. The fold change of gene expression >2.0 was considered significantly different. The principal component analysis (PCA) was performed using OECloud tools (https://cloud.oebiotech.cn accessed on 3 July 2022). The gene set enrichment analysis was performed using GSEA as described (16). The gene set LIT_MM_LAROSA_FATTY-ACID-BIOSYNTHESIS_METABOLISM_DIFF was used for fatty acid metabolism analysis (p-value <0.05).



Statistical analysis

Student’s t-test with a two-tailed distribution was used for statistical comparisons using Graph Pad Prism 7 (https://www.graphpad.com accessed on 3 July 2022). Figures denote statistical significance of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. p-values <0.05 were considered to be statistically significant.




Results


Cryo-thermal therapy facilitated the maturation and differentiation of myeloid-derived suppressive cells and induced their suppressive phenotype

In our previous study, we found that in the 4T1 model, the proportion of MDSCs in the spleen of mice was decreased within 14 days and was then slightly increased on day 21 after cryo-thermal therapy [14]. Because high levels of MDSCs contribute to tumor progression, we supposed that the increased level of MDSCs on day 21 after cryo-thermal therapy would affect the therapeutic effect of cryo-thermal therapy. To identify changes in the differentiation and proliferation of MDSCs after cryo-thermal therapy, 4T1-bearing mice were treated with cryo-thermal therapy, and on day 21 after treatment, the proportion of splenic MDSCs (marked as CD11b+Gr-1+) was examined by flow cytometry. As shown in Figure 1A, the proportion of MDSCs was notably decreased after cryo-thermal therapy compared with that in tumor-bearing mice. Moreover, the expression levels of CD86 and MHC-II were significantly upregulated, which indicated the phenotypic maturation of MDSCs (Figure 1B), and the expression levels of CD11c and F4/80 were markedly increased, which suggested the differentiation of MDSCs into functional inflammatory DCs and macrophages (Figure 1C). To further clarify the function of MDSCs, splenic MDSCs were separated by magnetic beads, and the expression levels of stimulatory and suppressive molecules were detected by qRT-PCR. Compared to those of tumor-bearing mice, the expression levels of stimulatory molecules, including CXCL10, IL-12, and IL-15, were significantly upregulated, while the expression level of IL-7 was downregulated (Figure 1D). However, the expression levels of chronic inflammatory cytokines (IL-6, IL-1β, TNF-α, IL-10, TGF-β, etc.), which contribute to the immunosuppressive function of MDSCs, and other suppressive molecules (PD-L1, VEGFR, etc.), as well as the chemokine that participates in Treg recruitment (CCL5), were increased in MDSCs after cryo-thermal therapy (Figure 1D). However, the expression levels of iNOS and Arg-1 were downregulated after cryo-thermal therapy (Figure 1D). These results suggested that immunostimulatory and suppressive markers of MDSCs were both increased after cryo-thermal therapy.




Figure 1 | The proportion and phenotype of MDSCs after cryo-thermal therapy. (A) The proportion of splenic MDSCs on day 21 after cryo-thermal therapy. (B, C) The expression levels of CD86 and MHC-II (B), CD11c, and F4/80 (C) on MDSCs from tumor-bearing control (gray) and cryo-thermal therapy (solid line) were detected by flow cytometry. (D) The expression levels of functional molecules of MDSC were detected by qRT-PCR. *p < 0.05, ***p < 0.001. n = 4 for each group. MDSCs, myeloid-derived suppressive cells.





Myeloid-derived suppressive cells promoted the proliferation of CD4+ T cells while inhibiting Th1 differentiation and increasing the proportion of Th2 cells and Tregs after cryo-thermal therapy

In our previous studies, we found that Th1-dominant differentiation of CD4+ T cells was essential for cryo-thermal-induced antitumor immune response (17). However, MDSCs can directly suppress the proliferation and cytotoxic differentiation of T cells while inducing the differentiation of Tregs (7). Considering that cryo-thermal-induced MDSCs expressed both immunosuppressive and immunostimulatory markers, splenic MDSCs were cocultured with CD4+ T cells to investigate the effect of MDSCs on the proliferation and differentiation of CD4+ T cells on day 21 after cryo-thermal therapy. The schematic of the study design is shown in Figure 2A. Splenic MDSCs from tumor-bearing mice showed a strong capacity to inhibit the proliferation of CD4+ T cells, while after cryo-thermal therapy, splenic MDSCs could promote the proliferation of CD4+ T cells at a high E/T ratio (Figure 2B). However, compared to MDSCs from the tumor-bearing control group, MDSCs in the cryo-thermal therapy group significantly decreased Th1 differentiation and inhibited the expression of granzyme B in CD4+ T cells (Figure 2C). Moreover, the proportions of Th2 cells and Tregs were increased when cocultured with MDSCs after cryo-thermal therapy compared with those from tumor-bearing mice (Figure 2C). These results indicated that after cryo-thermal therapy, the suppressive effect of MDSCs could not be entirely reversed, which mainly inhibited the differentiation of CD4+ T cells toward the Th1 subset and promoted CD4+ T suppressive subset differentiation.




Figure 2 | MDSCs after cryo-thermal therapy facilitate the proliferation of CD4+ T cells but also the immunosuppressive subset differentiation. (A) Scheme of study design. In brief, MDSCs from the spleen of tumor-bearing mice or cryo-thermal treated mice (day 21 after treatment) were separated by MACS. To detect the function of MDSCs on CD4+ T-cell proliferation, MDSCs were cocultured with the splenocytes from age-paired naïve mice in the indicated E/T ratio with anti-CD3 (1 ng/ml) added to stimulate the proliferation of T cells. The splenocytes were pre-labeled with CFSE. After 72 h, the proliferated CD4+ T cells (CFSE−) were tested by flow cytometry. To analyze the function of MDSCs on the differentiation of CD4+ T cells, MDSCs were cocultured with the splenic CD4+ T cells separated from the tumor-bearing mice before treatment (16 days after tumor inoculation) in the ratio of 1:5. The corresponding serums were added to mimic the cytokine environment in vivo. The subsets of CD4+ T cells were detected after 24 h by flow cytometry. (B, C) The proliferation (B) and subsets of CD4+ T cells (C) after coculture with MDSCs in vitro. **p < 0.01, ***p < 0.001, ****p < 0.0001. The symbol & in panel B means the comparison with tumor-bearing control, & p < 0.0001. n = 4 for each group. MDSCs, myeloid-derived suppressive cells; MACS, magnetic-activated cell sorting; CFSE, carboxyfluorescein succinimidyl ester.





Combining all-trans retinoid acid with cryo-thermal therapy decreased the differentiation of CD4+ T cells into suppressive subsets at an early stage

As stated previously, the level of MDSCs was decreased after cryo-thermal therapy; however, their suppressive function was not entirely reversed. ATRA can induce the differentiation of MDSCs into mature DCs and macrophages and inhibit the suppressive function of MDSCs. Therefore, we combined ATRA with cryo-thermal therapy (combination therapy) to further convert immunosuppressive MDSCs into immunostimulatory cells. To determine whether combination therapy could trigger the maturation of MDSCs at an early stage after treatment, 200 μg of ATRA was injected by i.p. from the day before cryo-thermal therapy to 3 days after treatment, and the phenotypes of MDSCs were analyzed on day 4 after therapy (Figure 3A). As shown in Figure 3B, ATRA treatment alone did not decrease the level of MDSCs compared with that in the tumor-bearing control group, while cryo-thermal therapy alone significantly decreased the percentage of MDSCs compared with that in the tumor-bearing control group. However, combination therapy did not further reduce the proportion of MDSCs (Figure 3B). To determine whether combination therapy could facilitate the maturation and differentiation of MDSCs, the expression level of surface markers, including CD86, MHC-II, CD11c, and F4/80 on MDSCs, was further examined. ATRA treatment alone downregulated the expression levels of CD86 and F4/80 and slightly increased the level of CD11c on MDSCs compared to those in the tumor-bearing control group, which indicated that ATRA treatment alone could not regulate the phenotypic maturation of MDSCs (Figures 3C, D). After cryo-thermal therapy, compared to that in the tumor-bearing control group, the expression level of MHC-II on MDSCs was upregulated, and the level of CD86 was downregulated (Figures 3C, D). Interestingly, combination therapy did not affect the expression of MHC-II but increased the expression level of CD86 compared to cryo-thermal therapy, which suggested that cryo-thermal therapy combined with ATRA could further promote the maturation of cryo-thermal-induced MDSCs (Figures 3C, D). The expression level of F4/80 on MDSCs in the combination therapy group was increased compared to ATRA treatment alone but was lower than that in the cryo-thermal therapy group, and the level of CD11c on MDSCs after combination therapy was not different compared to that of the other groups (Figures 3C, D). These results suggested that combination therapy mainly promoted the inflammatory activity of MDSCs.




Figure 3 | Combination therapy downregulated the suppressive function of MDSCs and promote inflammatory differentiation of CD4+ T cells. (A) Scheme of study design. In brief, 200 μg of ATRA was administered daily from the day before cryo-thermal therapy to day 3 after treatment, and the phenotype of MDSCs and the subsets of CD4+ T cells were detected on day 4 by flow cytometry. (B–D) The proportion (B), maturation phenotype (C), and transmission phenotype (D) of MDSCs. (E) The molecule expression profiles of splenic MDSCs were detected by qRT-PCR on day 4 after treatment. (F, G) MDSCs after combination therapy inhibited the differentiation of CD4+ T cells into immunosuppressive subsets. (F) Scheme of study design. In brief, MDSCs from the spleen of different groups of mice on day 4 after treatment were separated and cocultured with the splenic CD4+ T cells separated from the tumor-bearing mice before treatment (16 days after tumor inoculation) in the ratio of 1:5. The corresponding serums were added to mimic the cytokine environment in vivo. The subsets of CD4+ T cells were detected after 24 h by flow cytometry. (G) The subsets of CD4+ T cells after coculture with MDSCs in vitro. *p < 0.05, **p < 0.01, ***p < 0.001. n = 4 for each group. MDSCs, myeloid-derived suppressive cells; ATRA, all-trans retinoid acid.



To further analyze the signature of MDSCs after combination therapy, the expression levels of functional molecules in MDSCs were detected by qRT-PCR. As shown in Figure 3E, compared to those of splenic MDSCs from tumor-bearing mice, ATRA treatment alone slightly increased the expression levels of some inflammatory molecules in MDSCs, such as IL-12, IL-7, and IL-15, but the level of IL-6, which is considered a chronic inflammatory cytokine and plays a major role in MDSC-induced immunosuppression (18), was also increased. Moreover, the expression level of suppressive molecules, including CCL17, PD-L1, VEGFR, Arg-1, and iNOS, was also increased after ATRA treatment alone (Figure 3E). These results indicated that after ATRA treatment alone, MDSCs maintained a suppressive signature. Cryo-thermal therapy alone dramatically upregulated the expression profiles of MDSCs compared to tumor-bearing controls, except for the downregulation of IL-1β and an unchanged level of PD-L1. Similar expression profiles of MDSCs were observed after combination therapy; however, the expression levels of TNF-α, IL-1β, CCL5, CCL17, VEGFR, and iNOS were further downregulated after combination therapy compared to cryo-thermal therapy alone. These results indicated that combination therapy could further downregulate the expression of suppressive molecules in MDSCs while retaining the level of inflammatory molecules induced by cryo-thermal therapy.

Therefore, we hypothesized that MDSCs induced after combination therapy would affect the differentiation of CD4+ T cells. Then, an in vitro coculture experiment was performed. Splenic MDSCs were isolated from the treated mice on day 4 after therapy and sorted for coculture with CD4+ T cells from tumor-bearing mice at a ratio of 1:5, and the subsets of CD4+ T cells were analyzed after 24 h (Figure 3F). Compared to MDSCs from tumor-bearing mice, MDSCs from ATRA-treated mice slightly decreased the percentage of Tregs, and MDSCs from cryo-thermal treated mice slightly decreased the proportion of Th2 and Treg cells, while MDSCs from the combination therapy group further downregulated the proportions of Th2 cells and Tregs (Figure 3G). However, MDSCs did not promote the expansion of Th1 cells or increase cytotoxic functions (Figure 3G). These results indicated that at the early stage after combination therapy, the differentiation of suppressive CD4+ T cell subsets induced by MDSCs was impaired, but Th1 and CTL differentiation were not enhanced.



Combination therapy induced Th1-dominant CD4+ T-cell differentiation at the late stage

To further determine that combination therapy facilitates the maturation of MDSCs, which decrease the differentiation of suppressive CD4+ T subsets, in vivo subsets of CD4+ T cells at the early stage (4 days after therapy) were analyzed by flow cytometry. Compared to the tumor-bearing control, ATRA treatment alone significantly decreased the differentiation of Th2 cells and Tregs, but the expression level of perforin in CD4+ T cells was obviously decreased; furthermore, the Th1 subset showed a decreasing trend (Figure 4A). On the contrary, after cryo-thermal therapy, the percentages of CD4-CTLs and Tregs were both increased compared with those in tumor-bearing controls (Figure 4A). These suggested that these single therapies could not induce Th1-dominant differentiation of CD4+ T cells. However, combination therapy significantly increased the proportion of Th1 subsets compared to ATRA treatment alone and decreased the level of Th2 cells and Tregs compared to cryo-thermal therapy alone (Figure 4A), which suggested that combination therapy would have the ability to induce Th1-dominant differentiation of CD4+ T cells at the early stage after treatment. Furthermore, the proportion and function of other lymphocytes, including CD8+ T cells and NK cells, were also examined. After combination therapy, CD8+ T cells showed higher expression levels of IFN-γ, and the expression level of perforin was increased in NK cells than after ATRA treatment alone; however, compared to the effect of cryo-thermal therapy alone, the proportion of CD8+ T cells was decreased, and the expression level of perforin was reduced (Supplementary Figure 1). These results indicated that combination therapy mainly affects CD4+ T-cell-dominant immune response and inhibited suppressive subset differentiation at the early stage.




Figure 4 | In vivo CD4+ T-cell differentiation at early and late stages after combination therapy. (A) The subsets of CD4+ T cells were detected by flow cytometry at an early stage (day 4). (B) The subsets of CD4+ T cells were detected by flow cytometry at a late stage (day 21). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. n = 4 for each group.



Although the subsets of Th2 cells and Tregs were notably decreased by combination therapy at the early stage, the increase in Th1 cells and CD4-CTL subsets was not observed compared with the effect of cryo-thermal therapy alone. Therefore, we evaluated CD4+ T-cell subsets at the late stage after treatment (21 days after cryo-thermal therapy). Compared to those in the tumor-bearing control, ATRA treatment alone upregulated the levels of Th2 cells and Tregs (Figure 4B), which suggested that ATRA treatment alone could not enhance the CD4+ T-cell-mediated antitumor immune response but could induce immunosuppression. In the cryo-thermal therapy group, the differentiation of Th1 and CTL subsets was markedly promoted, but the level of Tregs was also increased (Figure 4B). After combination therapy, the differentiation of Th1 CD4+ T cells was further increased but did not change the percentages of CTLs or Th2 cells compared to cryo-thermal therapy alone (Figure 4B). However, after combination therapy, the proportion of Tregs maintained the same high level as compared to cryo-thermal alone. Recent studies reveal that combinatorial immunotherapies can exert an antitumor effect by promoting Treg fragility, which characterizes as impaired suppressive function and enhancing partial molecule expression of the Th1 subset, such as high expression of IFN-γ and T-bet (19). In our previous study, we also found that cryo-thermal therapy could drive the fragility of Tregs, and these Th1-like Tregs downregulated the expression of inhibitory molecules (11). After combination therapy, higher levels of T-bet and IFN-γ in Tregs were observed (Supplementary Figure 2). These results suggested that combination therapy decreased CD4+ T suppressive subsets at an early stage and promoted the Th1 antitumor immunity induced by cryo-thermal therapy at a late stage. Moreover, the proportions of CD8+ T cells and NK cells were notably increased after combination therapy compared to ATRA treatment or cryo-thermal therapy alone, and the cytotoxicity of CD8+ T cells and NK cells was also enhanced, with the increased expression level of IFN-γ in CD8+ T cells, as well as granzyme B, perforin, and IFN-γ in NK cells (Supplementary Figure 3). These results suggested that combination therapy could not only induce a Th1-dominant CD4+ T-cell-mediated antitumor immunity but also comprehensively promote CD8+ T-cell activation and enhance the cytotoxicity of NK cells at the late stage.



Combination therapy converted the transcriptional and metabolic programs of myeloid-derived suppressive cells at the late stage

To determine whether the Th1-dominant differentiation of CD4+ T cells at the late stage was attributed to the reprogramming of MDSCs after combination therapy, the phenotype of MDSCs at the late stage after combination therapy (21 days after cryo-thermal therapy) was examined by flow cytometry. The results showed that ATRA treatment alone had little impact on the proportion and phenotype of MDSCs, while cryo-thermal therapy alone significantly decreased the percentage of MDSCs and increased the expression levels of CD86, MHC-II, CD11c, and F4/80 compared to those in the tumor-bearing control (Supplementary Figure 4). However, combination therapy showed no significant difference compared to cryo-thermal therapy alone (Supplementary Figure 4).

To further understand the role of ATRA in remodeling MDSC function after combination therapy, RNA-seq analysis of splenic MDSCs was performed at the late stage. The gene expression signature of MDSCs showed an enormous difference after cryo-thermal therapy compared with that in tumor-bearing controls, in which the expression levels of 5,250 genes were changed (3,188 upregulated and 2,062 downregulated; Figures 5A, B). In addition, compared to those in MDSCs from cryo-thermal therapy and combination therapy, only 851 differentially expressed genes were obtained (706 upregulated and 145 downregulated), indicating a similar immune state after cryo-thermal or combination therapy (Figures 5A, B). Among all the different expression genes, 506 genes were changed commonly, when comparing cryo-thermal therapy with tumor-bearing control and comparing combination therapy with cryo-thermal therapy. Among these genes, the changes of most genes were opposite. PCA assessment of all genes showed that samples from two treatment groups were clustered well, and the groups were completely separated. No cross-mixing was found between the two treatment groups, which indicated that the gene expression profiles in these groups were different (Figure 5C).




Figure 5 | Gene expression profile of MDSCs. Mice were treated with single cryo-thermal therapy or combination therapy, and splenic MDSCs were isolated on day 21 through Gr-1+ magnetic bead separation. The gene expression signature of MDSCs was detected by RNA sequence. (A) Venn diagram showing the number of statistically significant genes between tumor-bearing control and cryo-thermal therapy, and between cryo-thermal therapy and combination therapy. (B) Volcano map of the different gene expressions. (C) Principal component analysis of transcriptomes. (D) Heatmap of mean fold-change of IL-10, IL-6, and TGF-β-signaling associated gene expression. (E, F) The relative expression levels of cytokines in MDSCs were detected by qRT-PCR. (G, H) The gene expression of PD-L1 and glutaminase of MDSCs. (I) Gene set enrichment analysis of the fatty acid biosynthesis metabolism of MDSCs. *p < 0.05, **p < 0.01, ***p < 0.001. n = 3 for each group. MDSCs, myeloid-derived suppressive cells.



We further studied the expression of suppressive function-related genes in MDSCs, and the IL-10, IL-6, and TGF-β signaling pathways were upregulated after cryo-thermal therapy compared with those in tumor-bearing control. The heatmap analysis showed that after cryo-thermal therapy, these signaling pathways were activated in MDSCs; however, combination therapy significantly inhibited their activation (Figure 5D). The qRT-PCR analysis also confirmed that combination therapy could effectively decrease the expression levels of IL-10, IL-6, and TGF-β (Figure 5E). In addition, compared to cryo-thermal therapy, combination therapy further reduced the expression levels of other chronic inflammatory cytokines in MDSCs, including TNF-α and IL-1β (Figure 5F). Moreover, the expression level of IL-7, a cytokine that is crucial for triggering proliferation, overcoming exhaustion, and improving effector functions of T cells (20), was further upregulated (Figure 5F). Furthermore, combination therapy reduced the expression level of PD-L1 on MDSCs (Figure 5G). These results suggested that combination therapy could impair the suppressive function of MDSCs through cytokine and checkpoint molecule expression.

Recently, some metabolic pathways of MDSCs have been highlighted for their tumorigenic functions, especially the metabolism of glutamine (21) and fatty acids (22), which have been reported to increase the suppressive functions of MDSCs through multiple pathways. To further evaluate the functional changes in MDSCs after single cryo-thermal and combination therapy, the metabolic diversity of MDSCs was analyzed after the two different therapies. As shown in Figure 5H, after cryo-thermal therapy, the expression level of glutaminase, the key enzyme responsible for the transformation of glutamine to glutamate (23), was significantly upregulated compared with that in the tumor-bearing control, but the expression level of glutaminase was downregulated after combination therapy compared to cryo-thermal therapy alone, which suggested that glutamine metabolism was significantly decreased by combination therapy. Additionally, gene set enrichment analysis showed that fatty acid biosynthesis was enriched in the cryo-thermal group but was downregulated after combination therapy (Figure 5I). These results indicated that the metabolism of MDSCs could be entirely reversed after combination therapy, which could directly attenuate the suppressive function of MDSCs.



Combination therapy improved the long-term survival rates of mice

The above results indicated that the combination of ATRA and cryo-thermal therapy could decrease the suppressive function of MDSCs, which inhibited the differentiation of suppressive CD4+ T-cell subsets at an early stage and further improved the Th1-dominant differentiation of CD4+ T cells at a late stage. To further demonstrate the therapeutic effect of combination therapy, the survival rate was analyzed after the different treatments. As shown in Figure 6, the single ATRA treatment did not improve the survival time of mice compared to that of the tumor-bearing control. The long-term survival rate of mice was approximately 50% after cryo-thermal therapy, but after combination therapy, more than 80% of mice survived for a long-term period. These results further suggested that the combination of cryo-thermal therapy and ATRA could obtain a much better therapeutic effect than cryo-thermal therapy alone.




Figure 6 | Combination therapy prolonged the long-term survival of 4T1-bearing mice. Kaplan–Meier survival curve of tumor-bearing control, single treatment of ATRA or cryo-thermal therapy, or the combination therapy. The survival curves were compared using log-rank tests. *p < 0.05, ****p < 0.0001. ns, not significant. n = 12 for each group. ATRA, all-trans retinoid acid.






Discussion

In our previous study, cryo-thermal therapy was reported to induce Th1-dominant CD4+ T-cell-mediated antitumor immunity and improve the long-term survival rates of tumor-bearing mice. However, the therapeutic effect in the 4T1 triple-negative breast cancer model was lower than that in the B16F10 melanoma model. We hypothesized that the high level of MDSCs in the 4T1 triple-negative breast cancer model was responsible for the unsatisfactory poor prognosis. To improve the long-term survival rate in the 4T1 triple-negative breast cancer model, in this study, ATRA was used in combination with the cryo-thermal therapy in the 4T1 model. Combination therapy promoted the maturation of MDSCs and reduced their suppressive function by downregulating the inhibitory cytokine pathways and the expression of immune checkpoint molecules, as well as modulating metabolism, which significantly decreased the differentiation of immunosuppressive CD4+ T subsets and further facilitated the Th1-dominant differentiation of CD4+ T cells to improve the long-term survival rate.

In breast cancer patients, MDSCs are enriched in peripheral circulation, which predicts advanced clinical stage, worse survival, and metastatic extension (24). Moreover, MDSCs participate in the self-seeding of circulating tumor cells leading to the local recurrence in breast cancer patients who received surgery and radiotherapy (25), and MDSCs contribute to the immunosuppressive tumor microenvironment and hinder the therapeutic efficacy. In our previous study, cryo-thermal therapy was administered to a 4T1 model, and approximately half of the mice were cured by cryo-thermal therapy; however, the other mice ultimately died due to tumor metastasis. Moreover, mice with tumor metastasis at the late phase always had higher levels of MDSCs than the mice that survived for a long time (data not shown). Cryo-thermal therapy reduced the proportion of MDSCs and stimulated their maturation (13); however, the level of MDSCs in the 4T1 breast cancer model after cryo-thermal therapy was still higher than that of other tumor models because of the high level of MDSCs in 4T1 model before treatment. In this study, we found that the suppressive function of MDSCs was increased, which mainly hindered Th1-dominant differentiation of CD4+ T cells after cryo-thermal therapy alone. Increasing evidence has shown that CD4+ T cells, especially the IFN-γ-Th1 subset, are the orchestrator of the antitumor immune response (26). In our previous study, the CD4+ Th1 subset increased the cytotoxicity of NK cells and CD8+ T cells and promoted the maturation of APCs and MDSCs, resulting in strong and durable antitumor immunity (17). Therefore, although the proportion of the Th1 subset was significantly increased after cryo-thermal therapy, which could be attributed to the decreased proportion of MDSCs, the increased suppressive function of MDSCs could still impair the cryo-thermal-induced antitumor immunity. Our findings indicated that the high suppressive function of MDSCs was responsible for the unsatisfactory therapeutic effects of cryo-thermal therapy in the 4T1 model, and combining cryo-thermal therapy with MDSCs targeting would efficiently improve the long-term survival rate in a high immunosuppressive tumor model.

A number of studies in mouse tumor models have reported that MDSC depletion promotes T cell-dependent antitumor responses (27, 28). In our previous studies, we found that the release of HSP70 induced by cryo-thermal therapy promoted the differentiation of MDSCs into DCs and macrophages (13). Moreover, cryo-thermal-induced M1 macrophages in early-stage therapy increased the differentiation of CD4+ Th1 subsets, resulting in the formation of long-term antitumor immune protection to inhibit tumor metastasis (10). Thus, directly depleting MDSCs at an early stage after cryo-thermal therapy could attenuate the expansion of inflammatory DCs and macrophages. Suppressive MDSCs have been reported to be converted into mature myeloid cells that are characterized by the expression of MHC-II or CD86 (29, 30). These mature MDSCs increase expression levels of proinflammatory cytokines and costimulatory molecules and decrease suppressive activity (30). Moreover, the expression of F4/80, CD11c, and MHC-II on MDSCs indicates that the differentiation of MDSCs into potent antigen-presenting cells has a strong capacity to promote Th1 differentiation, as well as enhance the cytotoxic function of CD8+ T cells, which leads to a decrease in tumor burden in a Lewis lung carcinoma (LLC) mouse lung cancer model (31). These suggested that promoting the maturation of MDSCs and reprograming their immunosuppressive function may amplify the antitumor immune response induced by cryo-thermal therapy. ATRA was first used in the treatment of acute myeloid leukemia due to its capacity to stimulate the differentiation of MDSCs into DCs and downregulate the inhibitory function of MDSCs (32). However, a single treatment of ATRA fails to prevent tumor development in clinical breast cancer (33). Recently, the combination of ATRA and other immunotherapies, such as PD-1 blockade (34), antiangiogenic therapies (35), and CAR-T (36), significantly inhibit tumor growth and promote long-term survival in a variety of solid tumor models. In this study, a combination of ATRA treatment and cryo-thermal therapy overcame the resistance of MDSC-induced immunosuppression in breast cancer models by promoting the phenotype and functional maturation of MDSCs leading to improve survival rates. Moreover, cryo-thermal therapy has been used in liver metastasis patients and achieved better therapeutic effects (37). Therefore, with the expansion of the indications of cryo-thermal therapy, we suggested that ATRA treatment targeting MDSCs with cryo-thermal therapy would provide a novel therapy for breast cancer in the future.

MDSCs mediate immune suppression through multiple mechanisms, including producing a range of tumorigenic cytokines, especially IL-6, which is a crucial regulator of tumor development and progression (18). Autocrine IL-6 helps to resist necroptosis and facilitate the accumulation of MDSCs by silencing the TNFα-RIP1 cascade (38) and promoting the suppressive capacity of MDSCs by increasing the production of Arg-1, ROS, and PD-L1 while reducing the expression of MHC-II (18). Moreover, the paracrine effect of IL-6 produced by MDSCs can directly increase the survival, proliferation, and drug resistance of tumor cells (39). MDSCs can also express IL-10 and TGF-β, which induce Treg differentiation and promote the suppressive tumor environment. In this study, although the proportion of MDSCs was significantly reduced after cryo-thermal therapy alone, the expression levels of IL-6, IL-10, and TGF-β were also upregulated, which restrain the acute immune response and impaired Th1-dominant CD4+ T-cell differentiation (40). Studies have reported that incomplete radiofrequency ablation can accelerate tumor progression and induce constant inflammation, which stimulates the function of myeloid cells (41). In our previous study, tumor lung metastases were established in a 4T1 model before cryo-thermal therapy (13, 14). Therefore, in highly immunosuppressive tumor models, cryo-thermal triggered antitumor immunity may not be strong enough to completely remodel the suppressive tumor environment, resulting in enhancement of the immunosuppressive function of MDSCs at the late stage of treatment. Although the proportion of MDSCs was similar to that after cryo-thermal therapy alone, the expression level of suppressive cytokines in MDSCs was downregulated after combination therapy, which directly inhibited the differentiation of Th2 cells and Tregs at the early stage, leading to Th1-dominant differentiation and stronger cytotoxicity of CD4+ T cells at the late stage. A high level of Th1 subsets at the late stage after treatment is characteristic of long-term antitumor immunity (7). In our previous study, we found that Th1 subsets could promote the cytotoxicity of CD8+ T and NK cells to increase tumor cell killing (17). Consistently, combination therapy significantly increased the long-term survival rates of mice compared to cryo-thermal therapy alone.

Currently, an increasing number of studies have focused on the clinical therapeutic effects of ATRA and have reported its role in downregulating the proportions of MDSCs and promoting their maturation; however, no evidence has shown that ATRA can directly reprogram the cytokine expression profiles of MDSCs. The metabolic regulation of MDSCs has emerged as a critical modulator in the suppressive tumor environment (42). ATRA can regulate amino acid and fatty acid metabolism (43). Instead of glycolysis, fatty acid oxidation is the main source of energy in tumor-related MDSCs (44). To increase the uptake of fatty acids, fatty acid transport protein 2 (FATP2) is highly expressed in MDSCs, which boosts arachidonic acid uptake and PGE2 synthesis, leading to the acquisition of immunosuppressive activity by MDSCs (45). PGE2 expressed by MDSCs can also upregulate the expression of PD-L1 on MDSCs and is involved in promoting MDSC-induced differentiation of IL-10-expressing T cells (46). Moreover, the increased rate of fatty acid oxidation leads to the upregulation of the expression levels of inhibitory cytokines in MDSCs, including IL-6 and IL-10, as well as granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factor (GM-CSF), which further accelerate the expansion of MDSCs (22). Glutamine promotes the activation of immature tumor-related myeloid cells and increases Arg-1 expression (47), which limits the proliferation of T cells through cell cycle arrest (48). Targeting glutamine metabolism triggers apoptosis in MDSCs and helps MDSCs differentiate into inflammatory macrophages (21). Moreover, targeting glutamine metabolism can decrease the expression levels of IL-6, IL-1β, iNOS, and Arg-1 in MDSCs and promote the proliferation of T cells, as well as IFN-γ expression (49). These studies suggest that metabolic reprogramming of MDSCs, especially for fatty acid and glutamine restriction, is essential for reducing their suppressive function and stimulating the accumulation and cytotoxicity of T cells. After cryo-thermal therapy, the fatty acid and glutamine metabolism of MDSCs was upregulated compared to that of tumor-bearing controls, which is consistent with the increased expression levels of suppressive cytokines in MDSCs and the promotion of the differentiation of CD4+ T immunosuppressive subsets. However, at the late stage after combination therapy, fatty acid and glutamine metabolism were significantly downregulated, and IL-6, IL-10, and TGF-β signaling in MDSCs were reduced. These results suggest that combination therapy mainly reprograms MDSC metabolism and downregulates the expression of suppressive molecules. However, we did not detect the expression level of these differential genes at the protein level, which was a defect.

In conclusion, our study indicated that the combination of ATRA and cryo-thermal therapy could remodel the metabolism of MDSCs and decrease the expression of suppressive molecules, leading to reduce differentiation of immunosuppressive CD4+ T-cell subsets, enhance Th1-dominant antitumor immunity, and facilitate long-term survival of mice. Combination therapy with ATRA could act as a new effective strategy in the treatment of tumor patients with high MDSC-induced immunosuppression.
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Introduction

Checkpoint inhibitors (CPIs) have been a revolution in cancer therapy (1), boasting unprecedented responses in many cancers deemed previously intractable (2). The first CPI was directed against cytotoxic T lymphocyte antigen 4 (CTLA4) (3, 4). CTLA4 is a competitive antagonist with the T cell co-receptor CD28, which delivers the second signal essential for full T cell activation. By binding to the same ligands as CD28, CTLA4 denies the T cell this activating signal, replacing it with an inhibitory one (5). Anti-CTLA4 (αCTLA4) binds to the extracellular region of CTLA4, preventing it from binding the B7 ligands and thereby blocking this inhibitory signal (6).

Since its approval in 2011, αCTLA4 has become a mainstay of cancer immunotherapy (7). Both as a monotherapy and in combination with αPD1, αCTLA4 has been widely used in many types of solid tumors with significant treatment benefits (8). Preclinical results demonstrated that a nonfucosylated (NF) version of αCTLA4 (NF-αCTLA4) may achieve better treatment outcomes than traditional αCTLA4 by increasing Treg depletion at the tumor site (9). The lack of a fucosyl group on the fragment crystallizable (Fc) region of the NF-αCTLA4 antibody results in this region being bound with higher affinity by the Fcγ receptor CD16, which is predominantly expressed on natural killer (NK) cells. The binding of antibodies by CD16 triggers antibody-dependent cellular cytotoxicity (ADCC), resulting in the death of any cells expressing CTLA4. As CTLA4 is predominately expressed by T regulatory cells (Tregs), this results in the preferential depletion of this immunosuppressive cell population (10, 11). Thus, NF-αCTLA4 improves upon existing αCTLA4 treatments by effectively reducing the tumor-resident Treg population (12).

More recently, immunoradiotherapy that combines stereotactic body radiation therapy (SBRT) with CPIs (both αCTLA4 and αPD1) has proven effective in treating metastatic cancers by inducing systemic and specific antitumor immune responses (13–15). To maximize the efficacy, it is crucial to promote the priming of effector cells and reduce concomitant immune suppression. NBTXR3, a hafnium oxide nanoparticle, was initially introduced as a radiation-enhancer for treating localized tumors (16). Lately, it has been discovered that NBTXR3-mediated radiotherapy can also serve as an immune enhancer that promotes antitumor activities, extending its treatment benefits to distant lesions (17–19). In preclinical models, NBTXR3 was found to facilitate the infiltration of CD8+ T cells into abscopal tumors and elevate the expression of genes that favor tumor killing. Phase I clinical data evaluating NBTXR3/RT/αPD1 in patients with advanced cancers show that intratumoral injection of NBTXR3 is feasible and well-tolerated with promising signs of efficacy (20). These findings are of great significance, as only a minority of cancer patients (<20%) respond to αPD1 treatment (21). Given the excellent treatment potential of NBTXR3 and NF-αCTLA4, we hypothesize that a novel immunoradiotherapy integrating NBTXR3, radiotherapy, NF-αCTLA4, and αPD1 would further improve the treatment outcome of αPD1-resistant lung cancer.



Materials and methods


Materials

NBTXR3 nanoparticles were kindly provided by Nanobiotix and were stored at room temperature in darkness before use. Bristol-Myers Squibb kindly provided the mouse αCTLA4, NF-αCTLA4, and αPD1 antibodies. Antibodies for flow cytometry, including αCD45:PE-Cy7 (Cat. #147704), αCD4:APC-Cy7 (Cat. #100414), αCD8:PerCP-Cy5.5 (Cat. #126610), αCD3:BV510 (Cat. #100234), αCD49b:APC (Cat. #108910), αCD19:PE/Dazzle (Cat. #115554), αFoxP3:PE (Cat. #126404), αGranzyme B:Pacific Blue (Cat. #372218), αCD45:Pacific Blue (Cat. #103126), αCD4:APC/Fire750 (Cat. #100460), αCD44:APC (Cat. #103012), αCD62L:PE-Cy7 (Cat. #104418), and αCD27:AF700 (Cat. #124240) were purchased from BioLegend.



Cell line and culture conditions

The cell line used throughout this study was αPD1-resistant lung cancer cell line 344SQR (22). It was cultured by methods described in previous reports (17, 19).



Tumor establishment and treatment

The animals used in all the experiments in this study were 8-12-week-old 129/SvEv female mice purchased from Taconic Biosciences. The 344SQR cells (5×104 in 100 µL PBS) were injected into the right leg on day 0 to create primary tumors and into the left leg on day 4 to create secondary tumors. Tumor size was monitored with digital calipers at least twice a week, and tumor volumes were calculated using the formula: tumor volume = 0.5 × width2 × length. Mice were divided into six treatment groups, with eight mice in each group: 1) control (no treatment), 2) NBTXR3+XRT, 3) XRT+αCTLA4+αPD1, 4) XRT+NF-αCTLA4+αPD1, 5) NBTXRT3+XRT+αCTLA4+αPD1, and 6) NBTXRT3+XRT+NF-αCTLA4+αPD1. NBTXR3 nanoparticles in 5% glucose with 25% of the tumor volume were intratumorally injected into the primary tumors on day 7. CPIs, including αCTLA4 (50 μg), NF-αCTLA4 (50 μg), and αPD1 (200 μg), were intraperitoneally injected into mice on days 7, 11, and 14. For experiments that evaluate the efficacy of intratumoral injection of NF-αCTLA4, the primary tumors were intratumorally delivered with 50 μg NF-αCTLA4 on day 7 (IT1) or on days 7 and 11 (IT2). Anti-PD1 treatment continued on days 21, 28, 35, and 42. The primary tumors were irradiated with three fractions of 12 Gy, each with a PXi X-Rad SmART irradiator on days 8, 9, and 10 (total dose of 36 Gy). The secondary tumors were irradiated with two fractions of 1 Gy each, also with a PXi X-Rad SmART irradiator on days 13 and 14 (total dose of 2 Gy). The dose was delivered with two opposing beams from anteroposterior and posteroanterior positions and a 15-mm circular collimator. The dosimetry and treatment planning was performed using the Advanced Treatment Planning software supplied by the vendor. Precision XRay Corporation commissioned all collimators at the time of installation. Routine output checks were done with an ion chamber to ensure that the outputs had not changed and that the treatment plans were accurate. Mice were euthanized when primary or secondary tumors reached 14 mm in any dimension. All animal procedures followed the guidelines of the Institutional Animal Care and Use Committee at The University of Texas MD Anderson Cancer Center.



Tumor rechallenge

Mice from the XRT+NF-αCTLA4+αPD1, NBTXR3+XRT+αCTLA4+αPD1, and NBTXR3+XRT+NF-αCTLA4+αPD1 groups that had survived more than 156 days past the initial tumor challenge were rechallenged with 5×104 344SQR cells in 100 μL PBS in their right flank. Five mice of similar age were also implanted with the same number of 344SQR cells and served as control. No further treatment was given. As before, mice were euthanized when the tumor reached 14 mm in cross-section. The blood samples were collected 20 days before tumor rechallenge and 7 and 21 days post tumor rechallenge for immune profiling. The lungs were also harvested at the end of the experiment to count the number of lung metastases.



Tumor processing

Primary and secondary tumors were harvested on day 16 for flow cytometric immune profiling and on day 18 for NanoString analysis. The tumor tissues were minced and digested with 250 µg/mL of Liberase (Roche, Cat. #05401127001) and 20 µg/mL DNAse (Sigma-Aldrich, Cat. #4716728001) at 37°C for 30 min. The digestion process was stopped with 1 mL fetal bovine serum (FBS), and the samples were filtered and washed with PBS (2% FBS) buffer. The cells were either stained with antibodies for flow cytometry analysis (FACS) or frozen in TRIzol for RNA extraction.



Flow cytometric analysis

The above-processed cells on day 16 were stained with αCD45:PE-Cy7, αCD4:APC-Cy7, αCD8:PerCP-Cy5.5, αCD3:BV510, αCD49b:APC, αCD19:PE/Dazzle, αFoxP3:PE, and αGranzyme B:Pacific Blue. The blood samples from the tumor rechallenge study were collected on day 21 post tumor rechallenge and were stained with αCD45:Pacific Blue, αCD4:APC/Fire 750, αCD8:PerCP-Cy5.5, αCD44:APC, αCD62L:PE-Cy7, αCD3:BV510, αCD19:PE/Dazzle, and αCD27:AF700. Samples were analyzed using a Gallios Flow Cytometer (Beckman Coulter) with the Kaluza software Version 2.1.



Counting numbers of lung metastases

The lungs collected either on day 16 or at the end of the tumor rechallenge experiment were stored in Bouin’s fixative solution (Polysciences Inc., Cat. #16045-1) for 3 days, after which the number of lung metastases was counted.



Analysis of immune-related genes in tumor immune microenvironment via Nanostring

Total RNA extracted from both primary and secondary tumors harvested on day 18 were analyzed with an nCounter PanCancer Immune Profiling Panel and an nCounter MAX Analysis System (both from NanoString Technologies, Seattle, WA, USA) by following the manufacturer’s instructions; the expression of immune-related genes was analyzed with the PanCancer Immune Profiling Advanced Analysis Module (also from NanoString Technologies).



TCR repertoire analysis

Blood was collected from 4 mice in the control group and the NBTXR3+XRT+NF-αCTLA4+αPD1 group 21 days post tumor rechallenge. Total RNA was subsequently extracted from the blood. TCR analysis was performed using a method described in the previous study (17). The raw TCR sequencing data was processed using MiXCR (version 3.0.13) with default parameters (23). In brief, the raw reads were aligned to the Mus musculus reference T cell receptor genes based on the ImMunoGeneTics database (IMGT) (24). Then, the aligned reads were assembled to construct the CDR3 (complementarity-determining region 3). Finally, the MiXCR reported the clonotypes of each sample, which the unique clonotype was defined as the unique CDR3 amino acid sequences and V-J segments genes. Further bioinformatics analysis of the TCR beta chain and data visualization was performed using the Immunarch package in R (version 4.0.1) (25). The circlize package was used to generate the circos plot of each sample regarding V-J usage (26).



Statistical analyses

All statistical analyses were performed with Prism 9.0.0 (GraphPad Software). Tumor volumes were compared by two-way ANOVA and were expressed as mean tumor volume ± standard error of the mean (SEM). Mouse survival rates were compared with the Kaplan–Meier method and log-rank tests. NanoString data were compared by one-way ANOVA or two-tailed t tests. All other data were compared with two-tailed t tests and expressed as mean value ± SEM. P values of < 0.05 were considered to indicate statistically significant differences.




Results


The combination of NBTXR3 with NF-αCTLA4 and αPD1 immunoradiotherapy leads to improved tumor control and increased survival rates

Mice were challenged with a two-tumor system, as shown in Figure 1A, to simulate a primary tumor and a secondary metastatic site. Mice were then treated with XRT supplemented with the NBTXR3 nanoparticle. Although this treatment was effective at restraining the growth of the primary tumor (Figure 1B), it did not affect the secondary tumors (Figure 1C) and, consequently, only a limited (albeit statistically significant) effect on median survival (+3 days; Figure 1D).




Figure 1 | NF-αCTLA4, combined with NBTXR3-mediated immunoradiotherapy, significantly improves treatment efficacy in αPD1-resistant lung cancer. (A) Treatment schema for combination therapies of NBTXR3, XRT, αCTLA4 or NF-αCTLA4, and αPD1. Mice were subcutaneously injected with 5 × 104 344SQR cells in the right legs on day 0 (to establish primary tumors, to be irradiated with high dose radiation) and in the left legs on day 4 (to establish secondary tumors, to be irradiated with low dose radiation). NBTXR3 was delivered to the primary tumor by intratumoral injection on day 7. Primary tumors were treated with three 12 Gy fractions on days 8, 9, and 10. Secondary tumors were irradiated with two 1 Gy fractions on days 13 and 14. αPD1 (200 μg) and anti-CTLA4 or NF-αCTLA4 (50 μg) were given by intraperitoneal injection on days 7, 11, and 14. αPD1 treatment was continued once a week from day 21 until day 42. For intratumoral injections of NF-αCTLA4, 50 μg of NF-αCTLA4 was intratumorally injected into the primary tumors on days 7 and 11. (B) Tumor volumes of the primary tumor. (C) Tumor volumes of the secondary tumor. (D) Survival rates and median survival time. (E) The number of spontaneous lung metastasis on day 16. Data are expressed as means ± SEM. P< 0.05 was considered statistically significant. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, NS, not significant.



We began by comparing the ability of αCTLA4 vs. NF-αCTLA4 to augment immunoradiotherapeutic control of tumor growth. Mice were next treated with XRT+αPD1 and either αCTLA4 or NF-αCTLA4. XRT+αCTLA4+αPD1 was no better than XRT+NBTXR3 at limiting primary tumor growth (Figure 1B), although it was significantly better at slowing secondary tumor growth (Figure 1C), conferring a significantly improved median survival and an overall survival rate of 25% (2/8 mice; Figure 1D). However, substituting NF-αCTLA4 for αCTLA4 produced better results still; not only control of the primary tumor was greater than either NBTXR3+XRT or XRT+αCTLA4+αPD1 (Figure 1B), but the growth of the secondary tumor was also significantly slower (Figure 1C), and overall survival was increased to 37.5% (3/8 mice; Figure 1D) (although the difference in median survival between the XRT+αCTLA4+αPD1 and the XRT+NF-αCTLA4+αPD1 groups was not significant).

We further amplified these two radioimmunological combinations with the NBTXR3 nanoparticle. The addition of NBTXR3 to XRT+αCTLA4+αPD1 improved primary and secondary tumor control to a level matching that achieved by XRT+NF-αCTLA4+αPD1 (Figures 1B, C) and achieved an overall survival rate of 50% (4/8 mice; Figure 1D), with a significantly longer median survival than XRT+αCTLA4+αPD1. Nevertheless, the most potent combination of all was that of NBTXR3+XRT+NF-αCTLA4+αPD1. This combination, and this combination alone, achieved 100% complete remission of the primary tumors (8/8 mice; Figure 1B, Supplementary Figure 1) and 75% complete remission of the secondary tumors (6/8 mice; Figure 1C, Supplementary Figure 1A). Both overall and median survival was highest in this group, with 75% overall survival and a median survival of >170 days. Thus, the treatment groups displayed an increasing level of tumor control, with NBTXR3 amplifying the local effects of radiation, CPI in the form of αCTLA4 and αPD1 boosting the systemic immune response against the tumors, and the substitution of αCTLA4 with NF-αCTLA4 boosting this even further. This was reflected when we examined the mice’s lungs for the presence of metastatic nodules; we found that the number of metastases was reduced roughly in proportion to the relative degree to which the primary and secondary tumors were controlled by each treatment group (Figure 1E). In addition, the treatment efficacy of intratumoral injection of NF-αCTLA4 was evaluated. As shown in Supplementary Figure 1B, intratumoral injection of NF-αCTLA4 and various combinations of XRT, NBTXR3, and αPD1 delayed the growth of both tumors and survival compared to the control group. Remarkably, compared to two times injection of NF-αCTLA4 without NBTXR3 (XRT+NF-αCTLA4(IT2)+αPD1), single time intratumoral injection of NF-αCTLA4 with NBTXR3 (NBTXR3+XRT+NF-αCTLA4(IT1)+αPD1) achieved similar primary tumor control, and significantly improved secondary tumor control and increased the survival rate from12.5% to 28.5%. Interestingly, two times injection of NF-αCTLA4 with NBTXR3 (NBTXR3+XRT+NF-αCTLA4(IT2)+αPD1 did not improve tumor control compared to (NBTXR3+XRT+NF-αCTLA4(IT1)+αPD1 but starkly increased the percentage of cured mice (28.5% to 57.1%). Remarkably, the percentage of cured mice achieved by XRT+NF-αCTLA4(IT2)+αPD1 (12.5%) was multiplied by 4.57 times when NBTXR3 was added to this combination (NBTXR3+XRT+NF-αCTLA4(IT2)+αPD1.



NBTXR3, in combination with NF-αCTLA4, reduces Tregs and activates CD8+ T cells in the tumor immune microenvironment

Next, we used flow cytometry to explore how each combination therapy affected the tumor immune microenvironment of both primary and secondary tumors. As shown in Figure 2, radiotherapy consisting of NBTXR3+XRT without CPI produced no significant alterations in any measured cell population in the primary or secondary tumor, other than a reduction in NK cells in the primary tumor. However, a trend towards a decrease in Tregs and an increase in the CD4+ population can be observed in both tumors. XRT, combined with CPI (consisting of αCTLA4+αPD1), also reduced NK cells in the primary tumor. In addition, treatment with XRT+αCTLA4+αPD1 resulted in a significant increase in the percentage of CD4+ T cells (as well as a trend to Treg increase) and a concomitant decrease in the percentage of CD8+ T cells and NK cells within the secondary tumor. Substitution of NF-αCTLA4 for αCTLA4 significantly reduced the percentage of CD4+/CD45+ and increased CD8+/CD45+ in the primary tumor. On the secondary, substituting NF-αCTLA4 for αCTLA4 significantly increases Gzm B+ CD8+/CD8+ T cells.




Figure 2 | NF-αCTLA4 and NBTXR3-mediated immunoradiotherapy significantly reduces Tregs and promotes CD8+ T cell activation in the tumor immune microenvironment. (A) Percentages of various immune cells in the primary tumor. (B) Percentages of various immune cells in the secondary tumors. The mice (n=5) were treated with various combination therapies as indicated in Figure 1A, and both primary and secondary tumors were harvested on day 16. Immune cell populations, including CD3+CD4+FoxP3+(Tregs), CD3+CD4+ T cells, CD3+CD8+ T cells, CD3-CD49b+ (NK cells), CD3-CD19+ (B cells) and the Granzyme B+ (Gzm B+) CD3+CD8+ T cells subpopulation, were analyzed by flow cytometry. Data are expressed as means ± SEM. P< 0.05 was considered statistically significant. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, NS, not significant.



Interestingly, adding NBTXR3 to either the XRT+αCTLA4+αPD1 group or XRT+NF-αCTLA4+αPD1 group led to an almost complete absence of Tregs in the primary tumor as compared to the control group. In the NBTXR3+XRT+αCTLA4+αPD1 group, this came at the cost of significantly reducing overall CD4+ T cells (as compared to the levels measured in the XRT+αCTLA4+αPD1 group). The NBTXR3+XRT+NF-αCTLA4+αPD1 group, on the other hand, achieved a reduction in Tregs equal to that of the NBTXR3+XRT+αCTLA4+αPD1 group without this cost to the CD4+/CD45+ overall population. Moreover, the secondary tumors of the NBTXR3+XRT+NF-αCTLA4+αPD1 group boasted the lowest average Treg levels while also displaying significantly higher overall CD4+ levels. This was accompanied by the highest percentage of granzyme B+ CD8+ T cells in the secondary tumors of any group. Overall, the use of NF-αCTLA4 and NBTXR3 reduced Tregs in both primary and secondary tumors, and both in tandem did so while preserving CD4+ T cell levels and increasing cytotoxic T cell levels in the secondary tumor. The quadruple therapies did not result in significant changes in B cell populations relative to the control.



NBTXR3, in combination with NF-αCTLA4, modulates immune-related gene expression that favors antitumor activity

To better understand how these combination therapies affected immune activities at the genetic level, RNA was isolated from the primary and the secondary tumors harvested on day 18. This RNA was analyzed using the NanoString PanCancer Immune Profiling Panel. As shown in Figure 3A, NBTXR3+XRT tends to enhance immune pathways in the primary tumors, but only B cell function has significantly increased. However, combination therapies, including XRT+αCTLA4+αPD1, XRT+NF-αCTLA4+αPD1, NBTXR3+ XRT+NF-αCTLA4+αPD1 involving CPI succeeded in promoting the activities of various immune pathways, such as the adaptive pathway, antigen processing, B cell function, T cell function, NK cell function, etc. Whether CTLA4 blockade was mediated by NF-αCTLA4 or conventional αCTLA4 made no significant difference in any pathways, nor did whether or not NBTXR3 was used. When directly comparing the two quadruple therapies, NBTXR3+XRT+NF-αCTLA4+αPD1 and NBTXR3+XRT+αCTLA4+αPD1 (that is, comparing NF-αCTLA4 and αCTLA4 head-to-head when all other treatment modalities were in play), we observed that the most upregulated genes fell within functional categories predominantly related to innate immune function. These functional categories included the acute phase response, chemotaxis, inflammation, and cell-cell adhesion (Supplementary Figure 2A).




Figure 3 | NBTXR3, combined with NF-αCTLA4, modulates immune-related gene expression to improve the primary tumor’s antitumor immune response. (A) Activities of immune pathways in the primary tumors. (B) The score of immune cell abundance in the primary tumor. (C) Changes in gene expression in adaptive and innate immune pathways. Mice bearing 344SQR tumors were treated with various immunoradiotherapies as indicated in Figure 1A, and the primary tumors were harvested on day 18. The RNA extracted from the tumors was analyzed by a nCounter PanCancer Immune Profiling Panel. Data are expressed as means ± SEM. P< 0.05 was considered statistically significant. *P< 0.05, **P< 0.01, ***P< 0.001, NS, not significant.



We also analyzed the primary tumor for the enrichment of genes indicative of particular immune cell types. We found that macrophage-related genes were significantly enriched in treatment groups containing NF-αCTLA4 relative to both the control group and treatment groups containing αCTLA4, suggesting superior macrophage enrichment by the NF-αCTLA4 antibody compared to conventional αCTLA4 (Figure 3B). Several other non-statistically significant trends were also visible. Overall, the XRT+αCTLA4+αPD1, XRT+NF-αCTLA4+αPD1, and NBTXR3+XRT+NF-αCTLA4+αPD1 groups tended to have higher scores in CD8+ T cells, dendritic cells (DCs), TH1 cells, CD45+ cells, Tregs, neutrophils, and macrophages than the control. Moreover, the XRT+αCTLA4+αPD1, XRT+NF-αCTLA4+αPD1, and NBTXR3+XRT+NF-αCTLA4+αPD1 groups tended to have higher scores in DCs, cytotoxic cells, TH1 cells, CD45+ cells, and macrophages than the NBTXR3+XRT group. In addition, a higher ratio of CD8 T/Treg was observed in NBTXR3+XRT+NF-αCTLA4+αPD1 as compared to NBTXR3+XRT+αCTLA4+αPD1 and XRT+NF-αCTLA4+αPD1 (Supplementary Figure 3A). Interestingly, the quadruple therapy with NF-αCTLA4 also led to more abundant total tumor-infiltrating lymphocytes than the control in the primary tumor compared to the quadruple therapy with αCTLA4 (Supplementary Figure 3A).

Examining the individual genes that were specifically altered by our treatments (Figure 3C, Supplementary Table 1), we saw that, compared to NBTXR3+XRT+αCTLA4+αPD1, NBTXR3+XRT+NF-αCTLA4+αPD1 significantly elevated the expression of several chemokine ligands and receptors (Ccl1, Ccl17, Cxcl11, Cxcl14, Cxcl3, Cxcr2) as well as a smattering of genes primarily involved in innate immunity, including: Clu, the gene for clusterin, an extracellular chaperone that promotes clearance of inflammation and injury-induced immune complexes; >Fut7, a carbohydrate involved in cell and matrix adhesion that enables leukocyte accumulation at a site of inflammation; Ifitm1, an IFN-induced antiviral protein implicated in cell adhesion and control of cell growth and migration; Lcn2, a neutrophil-secreted factor that sequesters iron-containing siderophores; and Spp1, a cytokine involved in enhancing the production of IFNγ and IL-12 and reducing the production of IL-10 (Figure 3C). NF-αCTLA4 also significantly downregulated certain genes involved in the TGFβ pathway, such as Tgfb2, Tgfb3, Rora, and Rorc (Figure 3C, Supplementary Figure 3B). Interestingly, the addition of NBTXR3 to XRT+NF-αCTLA4+αPD1 led to no increase in gene expression (Figure 3C, Supplementary Table 3) but decreased expression of Cam, Il6, Fas, Nod2, etc.

As with the primary tumors, in the secondary tumors (Figure 4A), all therapies containing CPI resulted in elevated activities in most pathways relative to groups without CPI. Once again, whether the CTLA4 blocker used was NF-αCTLA4 or αCTLA4 here made little difference, as did whether or not NBTXR3 was used. The difference between the primary and secondary tumors was that, unlike in the primary tumors, NBTXR3+XRT did not cause elevated immune activities in the secondary tumor relative to the control. Quadruple therapies had higher scores associated with immune cell populations across the board than the control group (Figure 4B). In addition, more abundant tumor-infiltrating lymphocytes were observed in mice treated with combination therapies with CPIs (Supplementary Figure 3A). As in the primary tumor, the quadruple therapy with NF-αCTLA4 resulted in a higher CD8/Treg ratio than the quadruple therapy with αCTLA4 in the secondary tumors (Supplementary Figure 3A). To our surprise, however, the quadruple therapy group involving NF-αCTLA4 had, on the whole, lower expression of immune-related genes than did the quadruple therapy involving conventional αCTLA4 (Figure 4C, Supplementary Table 2). Among the downregulated genes were, notably, those related to Treg identity and function. In particular, Foxp3 expression was significantly downregulated in the NF-αCTLA4 quadruple therapy group compared to the αCTLA4 quadruple therapy group (Figure 4C).




Figure 4 | NBTXR3, combined with NF-αCTLA4, reduces Treg abundance and promotes antitumor immune response in the secondary tumor. (A) Activities of immune pathways in the secondary tumors. (B) Score of immune cell abundance in the secondary tumor. (C) Changes in gene expression in adaptive and innate immune pathways. Mice bearing 344SQR tumors were treated with various immunoradiotherapies in Figure 1A, and the secondary tumors were harvested on day 18. The RNA extracted from the tumors was analyzed by an nCounter PanCancer Immune Profiling Panel. Data are expressed as means ± SEM. P< 0.05 was considered statistically significant. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, NS, not significant.



Contrary to what was observed in the primary tumors, using the NBTXR3 nanoparticle in concert with CPI significantly upregulated many genes (Figure 4C, Supplementary Figure 3B, Supplementary Table 4). Among the most highly upregulated groups were cytokines (Supplementary Figure 2C). These exhibited a bimodal distribution, roughly half upregulated and half downregulated (Supplementary Figure 2D). Examining the function of these genes, we found that those cytokine genes that were upregulated with quadruple therapies featuring NBTXR3 – Il1a, Csf2, Il1b, Spp1, Il12rb1, and Il1r2 – were all pro-inflammatory genes. Downregulated cytokine genes also contained pro-inflammatory genes and anti-inflammatory cytokines such as Il4ra and Tgfb3 in the secondary tumors. Also, adding NBTXR3 to XRT+NF-αCTLA4+αPD1 significantly upregulated the Gzmb in the secondary tumors.



Quadruple therapies with NBTXR3 and NF-αCTLA4 generate long-term memory and diverse TCR repertoire against lung cancer

To explore if the mice that survived the initial tumor challenge (Figure 1C) maintained long-term antitumor immune memory, these survivor mice were rechallenged with 344SQR lung cancer cells 156 days following administration of the last fraction of radiation. As shown in Figure 5A, none of the survivor mice from any combination therapies developed tumor after rechallenging, while tumor growth was observed in all the control group mice. In addition, numerous lung metastases were detected in all the control mice, but none was found in the survivor mice (Figure 5A).




Figure 5 | Immunoradiotherapies generate long-term antitumor memory immune response. (A) Tumor growth curves and the number of lung metastases of survivors after tumor rechallenge. (B) Memory immune cells populations in survivor mice. (C) Inverse Simpson index of TCRβ and representative circos plots displaying the pairings of V-J gene families of the TCRβ in survivor mice and control mice. The survivor mice cured by different immunoradiotherapies were rechallenged with 344SQR cells 156 days following their final fraction of radiation. Tumor growth was monitored, and the memory immune cells populations were profiled 21 days post tumor rechallenge. Data are expressed as means ± standard error of the mean (SEM). P< 0.05 was considered statistically significant. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, NS, not significant.



To understand the immune memory profile of the survivor mice, immune cells, including CD4+ T cells, CD8+ T cells, and B cells, were analyzed by flow cytometry. As shown in Figure 5B, the survivor mice were not significantly different from the control in terms of overall CD4+/CD45+ ratio, and the control mice had higher percentages of CD8+ T cells in their blood than the survivor mice in the XRT+NF-αCTLA4+αPD1 and NBTXR3+XRT+αCTLA4+αPD1 groups. However, all treatment groups had significantly higher percentages of CD4+ central memory cells (CD3+CD4+CD44+CD62L+), CD8+ central memory cells (CD3+CD8+CD44+CD62L+), and CD4+ effector memory cells (CD3+CD4+CD44+CD62L-) than the control (Figure 5B, Supplementary Figure 5). In addition, both NBTXR3+XRT+NF-αCTLA4+αPD1 and NBTXR3+XRT+αCTLA4+αPD1 had significantly more CD8+ effector memory cells (CD3+CD8+CD44+CD62L-) than the control (Figure 5B, Supplementary Figure 5). There was no difference in B cells, either total or memory, between the control mice and the survivors, except for the XRT+NF-αCTLA4+αPD1 group, which exhibited significantly higher total B cell levels. No group of survivor mice boasted any significant elevation in any memory population relative to the other, indicating that each therapy had successfully established a memory population in the surviving mice.

To evaluate the differences in T cell diversity between the treated mice and the control, TCR repertoires from the blood of the control mice and the survivor mice in NBTXR3+XRT+NF-αCTLA4+αPD1 were analyzed. As shown in Figure 5C, the survivor mice had a significantly lower inverse Simpson index than the control in the beta chain, indicating that the NBTXR3+NF-αCTLA4-mediated immunoradiotherapy generated a more diverse T cell repertoire.



Survivor mice in combination therapies of NBTXR3 and NF-αCTLA4 modulate immune gene expression for tumor rejection

To understand how the survivor mice responded to tumor rechallenge at the genetic level, we harvested blood from survivor mice from the NBTXR3+XRT+NF-αCTLA4+αPD1 group 20 days before tumor rechallenge and 7 and 21 days post tumor rechallenge. These blood samples were then analyzed by NanoString, with blood draws from the mice in the control group taken at the same time points for comparison. As shown in Figure 6A, 20 days before tumor rechallenge, the mice within the control and NBTXR3+XRT+NF-αCTLA4+αPD1 groups displayed high interindividual variation. Overall, mice in the NBTXR3+XRT+NF-αCTLA4+αPD1 group exhibited lower activities in the various immune pathways measured relative to the control group. However, seven days post tumor rechallenge, survivor mice from the quadruple therapy achieved comparable levels of immune pathway activities to the control. In addition, 21 days post tumor rechallenge, some of the mice in the NBTXR3+XRT+NF-αCTLA4+αPD1 group had higher activities in pathways, such as Adaptive, Chemokines & Receptors, Innate, etc. One mouse from the quadruple therapy had much lower level of activities in most of the pathways, but it had much higher activity in B cell function than the control on both day 7 and day 21.




Figure 6 | Survivor mice cured by NBTXR3 and NF-αCTLA4 mediated immunoradiotherapy upgrade immune response to prevent tumor relapse. (A) Comparison of immune pathway activities of survivor and control mice. (B) Differences in immune-related gene expression in survivor mice relative to the control. (C) Immune pathway activities in survivor mice before and post tumor rechallenge. (D) Immune cell abundance in survivor mice before and post tumor rechallenge. The survivor mice in the NBTXR3+XRT+NF-αCTLA4+αPD1 group were rechallenged with 344SQR cells 156 days post the last radiation fraction. RNA from blood harvested 20 days before, 7 and 21 days post tumor rechallenge were analyzed by NanoString.



Analysis of individual gene expression in adaptive, innate, and T cell functional pathways revealed that, prior to tumor rechallenge, survivor mice treated with quadruple therapy had significantly altered expression of only five genes: Cd28, which was increased, and Anxa1, Cd27, Ifitm1, and Il1rap, which were all downregulated (Figure 6B). Seven days post tumor rechallenge, mice in the quadruple therapy group exhibited several significantly downregulated genes, including Irf7, Irak, Stat1, Cd40, Isg15, Itga1, etc. However, 21 days post-rechallenge, the combination therapy group had downregulated genes such as C3ar1, Cd8a, Cklf, Ccr3, Casp8, Sell, etc. upregulated genes, such as Cxcr3, Ccl5, Isg15, Camp, Thbs1, Mavs, etc. as compared to the control. By tracking the expression of immune-related genes over time (Figures 6C, D), it was found that the survivor mice in the NBTXR3+XRT+NF-αCTLA4+αPD1 group markedly upregulated the activities of immune pathways and increased the abundance of immune cells for coping with the recurring cancer cells.




Discussion

Thanks to the advances in precision radiotherapy and immune checkpoint blockade, immunoradiotherapy has been increasingly used to treat various types of cancers, particularly metastatic ones (27). A successful immunoradiotherapeutic regimen needs to address two critical problems: one is to induce tumor antigen release and subsequent cytotoxic T cell activation; the other is to minimize the immunosuppressive rebound that typically follows the initial inflammatory insult caused by the radiation. Radiotherapy can effectively kill local tumors, releasing tumor antigen and adjuvant signals, thereby priming the immune system for antitumor activity, essentially converting the tumor into an in situ vaccine (28). This process can be further enhanced by NBTXR3, a hafnium oxide nanoparticle (29). NBTXR3 initially developed as a radiation enhancer, has been recently utilized for immune priming (17, 18). NBTXR3-mediated radiotherapy not only leads to enhanced direct tumor destruction (29–31), but also can activate the cGAS-STING pathway in cancer cells (32), improve the immunogenic cell death and modulate the immunopeptidome for promoting antitumor immunity (33).

To address immune suppression, CPI is typically used (34). We previously demonstrated that the combination of NBTXR3+XRT+αCTLA4+αPD1 could potently eradicate both local tumors and metastases, resulting in significantly extend survival (19). However, the application of conventional αCTLA4 is limited due to its side effects in patients (35). Encouragingly, a safer and more efficacious version of αCTLA4, called NF-αCTLA4, has been developed and is now undergoing clinical trials (NCT03110107, NCT04785287) (36). This study shows that NF-αCTLA4 is far more effective at promoting antitumor immunity in combination with XRT and curing mice (50% increase) than αCTLA4. Nevertheless, these treatment results are less effective in the absence of NBTXR3. In fact, the addition of NBTXR3 to αCTLA4 or NF-αCTLA4 markedly improved the efficacy of immunoradiotherapy. The addition of NBTXR3 to αCTLA4+XRT+αPD1 or NF-αCTLA4+XRT+αPD1 significantly improved the control of both primary and secondary tumors. In both cases, NBTXR3 addition allowed to increase by 100% the number of cured mice and significantly increased median survival, compared to the same treatment without NBTXR3 (i.e., improvement of survival rate from 37.5% to 75% when combined with NF-αCTLA4 and αPD1). These results demonstrate the strong immunomodulatory potential of NBTXR3.

As shown in our previous studies, NBTXR3 directly enhances the tumoricidal properties of XRT. This has the added effect of promoting antitumor immunity through the upregulation of antitumor immune genes and facilitating intratumoral cytotoxic T cell infiltration (17). The significant upregulation of Gzmb, Il1a, Il1b, and Cxcl2, Ccl1, etc., by NBTXR3, suggests this nanoparticle activates cytotoxic effector cells but also may aid their infiltration into tumors by favorably regulating chemokines.

It is worth noting that NBTXR3+XRT alone did not promote immune activities in the secondary tumor, demonstrating that the addition of CPIs is essential for creating effective antitumor immunes. Profiling of immune populations within the tumors via FACS revealed that both αCTLA4 and NF-αCTLA4 markedly reduced the number of Tregs in both primary and secondary tumors. The significantly lower Treg score from the NanoString in the NBTXR3+XRT+NF-αCTLA4+αPD1 group relative to the NBTXR3+XRT+αCTLA4+αPD1 group demonstrates that NF-αCTLA4 is more efficacious in depleting Tregs. This is a great significance, as Tregs are one of the primary immune suppression populations (37). The reduction in Treg abundance may increase the activation of CD8+ T cells observed in the FACS data. In addition, significant downregulation of potent inhibitory genes such as Foxp3, Ctla4, Lag3, Tgfb1, Il10, and Vegfa, etc. by NF-αCTLA4 compared to αCTLA4 implies that this second generation αCTLA4 can reduce immune suppression by inhibiting a wide range of immune suppressor genes (38–40). The significantly higher percentages of Gzm B+CD8+ T cells in the secondary tumors of mice treated with NBTXR3+XRT+NF-αCTLA4+αPD1 compared to those treated with NBTXR3+XRT+αCTLA4+αPD1 demonstrate that NF-αCTLA4 is more effective than conventional αCTLA4 in improving activation of CD8 T cells.

The efficacy of immunoradiotherapy lies not just in its ability to effectively eradicate existing tumors but also in preventing the relapse of cancers. Our data demonstrate that adding NBTXR3 to NF-αCTLA4-mediated immunoradiotherapy can significantly extend survival and initiate long-term immunological memory that effectively inoculates against tumor reoccurrence. This immunity manifests as elevated levels of memory T cells, including central and effector memory cells of CD4+ and CD8+ lineages. Also of note is that the survivor mice in the NBTXR3+NF-αCTLA4 quadruple therapy exhibited a significantly more diverse T cell repertoire than the untreated mice. Although further testing would be needed to confirm, we speculate that this results from epitope spreading, with tumor neoepitopes being exposed as a result of the combined therapy, prompting the expansion of T cells of multiple specificities.



Conclusion

In conclusion, the combination of NBTXR3 nanoparticle-enhanced XRT with NF-αCTLA4+αPD1 CPI improved the control of local tumors and metastases, resulting in a statistically significantly higher mice survival rate. The addition of XRT-activated NBTXR3 to NF-αCTLA4+αPD1 therapy was able to significantly promote the activities of a wide range of immune pathways and downregulate the activity of Treg for improved antitumor immune response. In addition, all mice cured by this combination therapy were immunized to prevent tumor re-growth by maintaining a durable and sustained antitumor memory response and a more diverse TCR repertoire. These data cast an encouraging light on future clinical trials exploring NBTXR3 with multiple CPIs.
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Supplementary Figure 1 | (A) Individual curves of primary and secondary tumors treated with various combination therapies. (B) Tumor growth curves and survival rates of mice treated with various combination therapies, in which NF-αCTLA4 was intratumorally injected on day 7 (IT1) or days 7 and 11 (IT2) into the primary tumors.

Supplementary Figure 2 | Alteration of immune pathway function by NF-αCTLA4 and NBTXR3. Raw transcript abundance was determined using the nCounter MAX Analysis System, as described in the methods. The average log2 fold-change of each gene was determined in , . Genes significantly up- or downregulated were manually assigned to the functional group. (A) Functional groups of genes significantly up- or downregulated within primary tumors between NBTXR3+XRT+NF-αCTLA4+αPD1 and NBTXR3+XRT+αCTLA4+αPD1. (B) Functional groups of genes significantly up- or downregulated within secondary tumors between treatment groups containing NF-αCTLA4 and those without. (C) Functional groups of genes significantly up- or downregulated within secondary tumors between NBTXR3+XRT+NF-αCTLA4+αPD1 and XRT+NF-αCTLA4+αPD1. (D) Genes coding for cytokines or their respective receptors that were significantly up- or downregulated within secondary tumors between treatment groups containing NBTXR3 and those without.

Supplementary Figure 3 | NBTXR3, in combination with NF-αCTLA4, alters immune-related gene expression in primary tumors. (A) Relative immune cells score in the primary tumors. (B) Changes in the expression of immune-related genes induced by NF-αCTLA4 or NBTXR3. Mice bearing 344SQR tumors were treated with various immunoradiotherapies in , and the primary tumors were harvested on day 18. The RNA extracted from the tumors was analyzed by a nCounter PanCancer Immune Profiling Panel.

Supplementary Figure 4 | NBTXR3, in combination with NF-αCTLA4, alters immune-related gene expression in secondary tumors. (A) Relative immune cells score in the secondary tumors. (B) Changes in the expression of immune-related genes induced by NF-αCTLA4 or NBTXR3. Mice bearing 344SQR tumors were treated with various immunoradiotherapies in , and the secondary tumors were harvested on day 18. The RNA extracted from the tumors was analyzed by a nCounter PanCancer Immune Profiling Panel.

Supplementary Figure 5 | Representative flow cytometry graphs of memory T cells in the blood. Memory T cells populations 21 days post tumor rechallenge were profiled. The survivor mice cured by different immunoradiotherapies were rechallenged with 344SQR cells 156 days following their final fraction of radiation. Naïve mice were also challenged with the same number of 344SQR cells and served as control.
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Purpose

To investigate the risk factors for recurrence in patients with early-stage hepatocellular carcinoma (HCC) after minimally invasive treatment with curative intent, then to construct a prediction model based on Lasso-Cox regression and visualize the model built.



Methods

Clinical data were collected from 547 patients that received minimally invasive treatment in our hospital from January 1, 2012, to December 31, 2016. Lasso regression was used to screen risk factors for recurrence. Then we established Cox proportional hazard regression model and random survival forest model including several parameters screened by Lasso regression. An optimal model was selected by comparing the values of C-index, then the model was visualized and the nomogram was finally plotted.



Results

The variables screened by Lasso regression including age, gender, cirrhosis, tumor number, tumor size, platelet-albumin-bilirubin index (PALBI), and viral load were incorporated in the Cox model and random survival forest model (P<0.05). The C-index of these two models in the training sets was 0.729 and 0.708, and was 0.726 and 0.700 in the validation sets, respectively. So we finally chose Lasso-Cox regression model, and the calibration curve in the validation set performed well, indicating that the model built has a better predictive ability. And then a nomogram was plotted based on the model chosen to visualize the results.



Conclusions

The present study established a nomogram for predicting recurrence in patients with early-stage HCC based on the Lasso-Cox regression model. This nomogram was of some guiding significance for screening populations at high risk of recurrence after treatment, by which doctors can formulate individualized follow-up strategies or treatment protocols according to the predicted risk of relapse for patients to improve the long-term prognosis.
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Introduction

Hepatocellular carcinoma (HCC) has the sixth-highest incidence and the third-highest mortality, with an estimated 910,000 new cases and 830,000 deaths worldwide in 2020. In China, there are 410,000 new cases and 390,000 deaths, accounting for approximately 50% of the global total (1). Hence, HCC is still a major worldwide health problem to be addressed urgently. With the development of imaging technology, more and more patients with early-stage HCC have been diagnosed, which can be treated with liver resection, local ablation, or liver transplantation. However, the high 5-year recurrence rate of about 70% leads to shorter overall survival in HCC patients (2, 3). Despite advances in these treatments, there is no effective adjuvant therapy to prevent HCC recurrence, making it crucial to improve the prognosis of HCC patients by successfully identifying and timely treating individuals at high risk of recurrence (4).

To date, several studies have published risk scoring systems combining some demographic and clinical data (5–7). Nevertheless, most of the screening processes of parameters are based on univariate and multivariate analyses, which has some limitations in dealing with multicollinearity between variables. Lasso regression with not a widely use in HCC field could build a more refined model by constructing penalty functions (8). And beyond that, few studies have performed models on account of Lasso-Cox method. In this study, Lasso regression and Cox regression are combined. The former can effectively screen variables, while the latter can be modeled and visualized for straightforward interpretation.

Therefore, this study aims to establish a new prediction model for HCC recurrence based on the Lasso-Cox method to improve the individualized prediction of recurrence risk in HCC patients at the early stage after treatment, which could identify individuals with high recurrence risk, provide a reference for the formulation of personalized diagnosis and treatment plans for HCC patients. This would be a step not to be ignored towards precision medicine.



Materials and methods


Patients enrolled

The study included 547 patients aged 18-75 years old who were admitted with Beijing You’an Hospital affiliated to Capital Medical University from January 1, 2012, to December 31, 2016 and diagnosed with early-stage HCC by alpha-fetoprotein (AFP), enhanced imaging technology, or histological examination (diagnostic criteria recommended by AASLD) (9). Early-stage HCC was defined as a single tumor smaller than 5cm or no more than three tumors with a tumor diameter of less than 3cm. All of patients enrolled received minimally invasive treatment, namely transarterial chemoembolization (TACE) combined with locoregional ablation (hereinafter referred to as combination therapy), and achieved complete response. Patients are excluded if they met any of the following criteria:(1) secondary liver cancer; (2) Child-Pugh class C; (3) coagulation function disorders, or serious diseases of the heart, brain, lung and kidney; (4) incomplete ablation. The definition of complete ablation was that the CT scan immediately after ablation showed a safe margin of 0.5-1cm of the adjacent non-tumor tissue in the ablation area was ablated.

In 38 of the 547 patients, important data such as AFP or viral load were missing, while prognostic data were not lacking and were therefore included in the analysis of outcomes but excluded in modeling. In order to establish a more reliable and robust model, the patients included were randomly divided into a training set (N1 = 254) and a validation set (N2 = 255) in a 1:1 ratio, and the demographic characteristics, laboratory data and prognosis of patients in the two groups were compared.

Informed consent was exempted by the ethics committee because it was a minimum-risk study. The study has been approved by the ethics committee of the Beijing You’an Hospital affiliated with Capital Medical University.



Clinicopathological data collection

Demographic and clinicopathological data within seven days before ablation were collected. Demographic data included age, gender, and history of smoking, drinking, antiviral, hypertension and diabetes mellitus. Clinicopathological data included following: (1) etiology: hepatitis B virus (HBV), hepatitis C virus (HCV), co-infection, and others; (2) tumor information: number, size, and AFP; (3) Liver function indicators: Child-Pugh class and cirrhosis; (4) laboratory parameters: neutrophils, platelets (PLT), lymphocytes, alanine aminotransferase (ALT), aspartate aminotransferase (AST), total bilirubin (TBIL), albumin (ALB), γ-glutamyl transpeptidase (γ-GT), alkaline phosphatase (ALP), international normalized ratio (INR), and viral load (the number of copies of HBV-DNA or HCV-RNA quantified in serum); (5) treatment-related factors: ablation modality and the number of ablation.

Few studies have demonstrated the prognostic value of platelet-albumin-bilirubin index (PALBI) in early-stage HCC patients receiving combination therapy. Therefore, PALBI was included in this study to increase the robustness of the proposed model. The calculation formula was as follows: PALBI=(2.02*log10TBIL)+[-0.37*(log10TBIL)2]+(-0.04*ALB)+(-3.48*log10PLT)+[1.01*(logPLT)2]. PALBI were classified into three grades: PALBI-1≤-2.53, -2.53<PALBI-2≤-2.09, and PALBI-3>-2.09.



Treatment received

All included patients received TACE combined with locoregional ablation. The ablation modalities, such as radiofrequency ablation (RFA), microwave ablation (MWA), or argon-helium cryoablation (AHC), were performed 1-2 weeks after the TACE. Ablation in two or more sessions may be considered for patients with multiple tumors. Detailed treatment procedures have been described in previous studies and will not be described in this study.



Follow-up

All patients were followed up in the outpatient clinic. Physical, laboratory examinations including AFP, and ultrasound were performed every 3-6 months. Contrast‐enhanced computed tomography (CT) or magnetic resonance imaging (MRI) scan was routinely implemented every six months. When the patient relapsed, TACE and/or ablation were performed depending on the tumor conditions. Recurrence was defined as the presence of new lesions next to the original lesion or at intra-/extra-hepatic sites, which showed arterial contrast enhancement and portal phase washout on contrast-enhanced images. Recurrence-free survival (RFS) was regarded as the time span from diagnosis to the first recurrence or last follow-up. And overall survival (OS) was considered as the time span from diagnosis to death or last follow-up. Statistical analysis was performed using data available before July 1, 2020.



Statistical analysis

Continuous variables were expressed as means ± standard deviation, and differences between groups were compared using Student’s t-test. The Chi‐square test was used to perform the difference comparison of categorical variables which were reported as frequency and percentages. Lasso regression was used to screen for the risk factors. Two prediction models including parameters screened by Lasso regression were established based on Cox regression and random survival forest (RSF). The prediction abilities of the two models were compared by C-index. The hazard ratio (HR) values were calculated using a backward stepwise regression method in Cox model, which could be regarded as a weight to obtain the risk score for predicting prognosis. However, RSF was like a “black box” because it could not produce regression coefficients and, therefore, could not explain the results intuitively. We could measure the importance of each predictor in the RSF model utilizing the variable importance (VIMP) method (10). The C-index and calibration curve were used to evaluate the discrimination and consistency of the model, respectively. The K-M method was used to assess clinical applicability. All statistical analyses were performed with R software v3.6.0 (R Foundation for Statistical Computing, Vienna, Austria; random Forest SRC, party, partykit, and VIM packages).




Results


Characteristics of patients

A total of 547 patients with early-stage HCC who received TACE combined locoregional ablation at Beijing You’an Hospital affiliated with Capital Medical University from January 1, 2012, to December 31, 2016, were enrolled, including 444 (81.2%) males and 103 (18.8%) females. 448 (81.9%), 56 (10.2%), 25 (4.6%), and 18 (3.3%) patients had HBV-related, HCV-related, coinfection-related, and other HCC. 130 (23.8%) individuals were diagnosed with hypertension and 103 (18.8%) with diabetes mellitus. Among the 547 patients, 242 (44.2%) had a history of smoking, and 193 (35.3%) had a history of drinking. There were 464 (84.8%) patients with cirrhosis. 400 (73.1%) were Child-Pugh class A, and 147 (26.9%) were Child-Pugh class B.



Prognostic data

The median follow-up was 59.3 months. By the end of follow-up, 397 had relapsed and 189 had died. The median RFS was 26.0 months, and the median OS had not been reached. The cumulative 1-, 3-, and 5-year recurrence rates were 26.0% (142/547), 57.8% (316/547), and 68.2% (373/547), and the cumulative OS rates of 1, 3, and 5 years were 98.9% (541/547), 86.8% (475/547), and 74.4% (407/547), respectively. A time-dependent recurrence curve based on the K-M method was plotted to understand whether relapse predicted patients’ poor outcomes. As shown in Supplementary Figure S1, compared with patients without relapse, patients who relapsed had a shorter OS, making it necessary to establish a prognostic model for predicting recurrence, so as to screen populations with a high risk of recurrence and take timely interventions for them.



Prediction model built based on Lasso-Cox regression

The patients were randomly divided into the training set and the validation set in a 1:1 ratio. The training set was used to establish the model, and the validation set was used to test the model established. There were no statistically significant differences in all variables included between the two groups (p>0.05), which showed that the data grouping was random and reasonable (Table 1). Lasso regression was used to screen parameters, and the variation characteristics of the coefficient of these variables were shown in Figure 1A. The 10-fold cross-validation method was applied to the iterative analysis, and a model with excellent performance but minimum number of variables was obtained when λ was 0.063 (Log λ=-1.20) (Figure 1B). The screened variables included age, gender, liver cirrhosis, tumor number, tumor size, PALBI score, and viral load. Cox regression model was further established based on parameters screened by Lasso regression (Table 2). The C-index of the training set was 0.729 and 0.726 in the validation set.


Table 1 | Comparison of clinical data between training set and validation set.






Figure 1 | Screening of variables based on Lasso regression. (A) The variation characteristics of the coefficient of variables; (B) the selection process of the optimum value of the parameter λ in the Lasso regression model by cross-validation method.




Table 2 | Cox proportional hazards regression to predict recurrence based on Lasso regression.





Prediction model built based on random survival forest

Similarly, the variables selected by Lasso regression were used to build an RSF model in the training set (Figure 2A). Through parameter debugging, when ntree was 400, the error rate of the model tended to stabilize. The C-index of the training set was 0.708, and that of the validation set was 0.700. As shown in Figure 2B, the importance of variables was ranked according to the VIMP method, in the order of tumor number, tumor size, PALBI score, viral load, age, cirrhosis, and gender.




Figure 2 | The recurrence risk analysis of HCC based on random survival forest. (A) Error rate of random survival forest; (B) out-of-bag variable importance ranking. HCC: hepatocellular carcinoma.





Calibration and clinical application of Lasso-Cox regression

As the C-index of the Cox regression model was slightly higher than that of the RSF model, the Lasso-Cox regression model was finally used in this study to predict the recurrence of early-stage HCC patients. The calibration curves of the model built for predicting recurrence of 1, 3, and 5 years indicated a good consistency between the predicted and observed results in both the training set and validation set (Figure 3). The risk classes were generated in line with tertiles of predicted 1-, 3-, and 5-year recurrence rates and the K-M curves of recurrence were plotted based on the risk classes in the validation set. The results have showed that the model could well stratify patients according to tertiles, whether predicted 1-, 3-, or 5-year recurrence (Figures 4A–C). For comparison, the corresponding K-M curves of RSF model, whose performance was indeed not as good as the Cox regression model, made it reasonable to support the present results (Figures 4D–F).




Figure 3 | Calibration plots of predicted 1-, 3-, and 5-year RFS based on Cox regression modeling in the training set and validation set. (A–C) training set; (D–F) validation set. RFS, recurrence-free survival.






Figure 4 | The Kaplan-Meier curves by tertiles of predicted 1-, 3, and 5-year RFS according to the two modeling approaches in validation set. (A–C) Cox regression modeling; (D–F) random survival forest. RFS, recurrence-free survival.





Nomogram as a tool for visualization

From what has been discussed above, we finally chose the Lasso-Cox regression model to predict the recurrence risk in early-stage HCC patients after treatment. To facilitate the clinical service, we converted the complex mathematical model into a nomogram (Figure 5). It was necessary to sum the scores of variables included in the model. And then a vertical line at the total score was drawn and making it intersect with the three lines representing the predicted RFS. The corresponding values of the point of intersection were the predicted 1-, 3-, and 5-year RFS of individuals. For example, a 75-year-old female patient with a history of cirrhosis, single tumor with tumor diameter more than 3cm, PALBI grade 2, and viral load less than1000 IU/mL, had about a total score of 202, with a 1-year RFS of 77%, a 3-year RFS of 48%, and 5-year RFS of 33%, respectively (Table 3). It could be seen that nomogram was more convenient to use in clinical practice than mathematical formulas.




Figure 5 | Nomogram used to predict time-related recurrence in patients with early-stage HCC. HCC, hepatocellular carcinoma.




Table 3 | Predicted RFS of a specific patient based on nomogram.






Discussion

As one of the most common malignant tumors in the world, HCC has posed a serious threat to human health. HCC patients in the early stage can be effectively treated with surgical resection, ablation, and liver transplantation. The 5-year OS of patients with early-stage HCC in our hospital who received TACE combined with ablation and achieved complete remission is about 75%. However, it cannot be ignored that the recurrence rate is as high as 70% after radical locoregional treatment, which is consistent with our results (2, 3). Therefore, it is necessary to analyze the risk factors affecting the recurrence of early-stage HCC patients and establish a prognostic model to make the individualized prediction of recurrence risk.

This study including 509 patients established a nomogram based on several variables screened by the Lasso regression. The model established involved seven clinically used indicators representing tumor burden (number and size of the tumor), viral replication strength (viral load), liver function status (cirrhosis and PALBI score), and demographic data (gender and age). A wide range of indicators could be used to comprehensively evaluate the specific situation of individuals, so as to well predict the risk of relapse. Variables were scored according to their contribution to the outcome, and the scores of these indicators included were summed. A vertical line at the position of the corresponding total scores was drawn to make it intersect with the three lines representing the predicted risk of recurrence. The values displayed at the intersection point were the predicted 1-, 3-, and 5-year RFS.

The established prediction model based on Lasso-Cox regression performed well in predicting relapse at both 3 and 5 years, and was able to clearly stratify patients into three groups according to personalized recurrence risk. However, as shown in Figure 4A, the model did not perform well in predicting 1-year recurrence and could only screen out patients at high risk of recurrence. But overall, this model still had large predictive advantages. To validate our result again, OS survival curves were plotted to explore whether patients with different predicted recurrence risks had different outcomes (Supplementary Figure S2). As we suspected, a high risk of relapse did predict a poor prognosis, which in turn confirmed the robustness of our model.

ALBI score, which included serum ALB and TBIL that represented synthetic and metabolic functions of the liver, was first proposed by Johnson et al. in 2015 (11). In the same year, Roayaie et al. improved on this basis by adding PLT indicating the degree of portal vein hypertension, namely the PALBI score (12). The PALBI and ALBI scores were initially used to assess the degree of liver decompensation in HCC patients. Both scoring systems, having higher accuracy of prediction than Child-Pugh classification and MELD score, could predict the prognosis of HCC patients undergoing surgery, ablation, or TACE and perform risk stratification, among which PALBI score was the best in predicting the survival of patients with poor liver function and patients receiving different treatments (13–15). In 2019, Ni et al. confirmed that the PALBI score had better predictive value than the ALBI score or Child-Pugh classification for HCC patients with large tumors receiving TACE combined with MWA (16). Similarly, Zhong et al. in 2021 also demonstrated that the PALBI score could better predict the risk of postoperative liver failure for patients undergoing hepatectomy (17). However, few studies discussed the predictive abilities of the PALBI score for early recurrence of HCC patients after radical minimally-invasive treatment, for which we took the PALBI score into consideration and confirmed its outstanding value in predicting recurrence.

The number and size of tumors suggested strong tumor aggressiveness and poor prognosis of HCC, which was currently uncontroversial and needed not be described here. Liver function impairment in patients with cirrhosis was a major risk factor for the occurrence of HCC. Even after radical treatment, the presence of unimproved liver tissue would still rise to recurrences. The International Liver Cancer Association has pointed out that cirrhosis was the only risk factor for the recurrence of HCC patients who survived more than 2 years after surgery, which indicated the adverse effect of liver cirrhosis on the prognosis of HCC (18). Some studies have shown that the elderly have decreased liver weight and blood flow velocity of portal vein, which together resulted in weaker liver repairability than that of young patients (19, 20). In addition, due to the low immunity of the elderly, the tumor progression after treatment was faster than in young patients, leading to a higher recurrence rate and poor prognosis. The present study also demonstrated that male patients had a higher recurrence rate compared to female patients, which might be due to discrepancies in biological, environmental, and behavioral factors between different genders. For example, estrogen might have a potential protective effect on HCC (21, 22). Long-term smoking and alcohol consumption in men often led to impaired liver function, which in turn contributed to a worse prognosis. It was well known that the risk factors of HCC recurrence included advanced age, maleness, tumor number, tumor size, cirrhosis, and the presence of microvascular invasion, all of which were irreversible. However, viral load was the only reversible parameter reflecting the level of viral replication, which was the key driver of liver injury and hepatocarcinogenesis (23). A high level of viral load was a potential adverse factor for prognosis, for which it was essential to take antiviral drugs for HCC patients with active viral replication.

Lasso regression, with an advantage over univariate analysis, could address the problem of multicollinearity among variables. And it was confirmed in the present study that compared with the Cox regression, the random survival forest did not have a better C-index. Therefore, a nomogram based on the Lasso-Cox regression model was established, which possessed a particular reference value for medical workers to analyze the individual risk of recurrence intuitively and had instructive significance for screening high-risk patients with relapse after locoregional treatment. In order to reduce the rate of recurrence and prolong overall survival, the decision maker could formulate individualized follow-up strategies or treatment plans according to the predicted recurrence risk. Although this study had a large sample size and external validation, the generalization ability of the model established was slightly weak since the data was from the same hospital. Therefore, a multi-center study with a large sample size was required for verification in the future.



Conclusion

The present study established a nomogram for predicting recurrence in patients with early-stage HCC based on the Lasso-Cox regression model. This nomogram was of some guiding significance for screening populations at high risk of recurrence after treatment, by which doctors could formulate individualized follow-up strategies or treatment protocols according to the predicted risk of relapse for patients to improve the long-term prognosis.
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Hepatocellular carcinoma (HCC) is the leading cause of cancer-related death worldwide. Local ablation, such as radiofrequency ablation, microwave ablation, cryoablation and irreversible electroporation, etc., are well established in elimination and control of HCC. However, high recurrence rate after local ablation remains the biggest challenge for HCC management. Novel and effective therapeutic strategies to improve long-term survival are urgently needed. Accumulating studies have reported the role of ablation in modulating the tumor signaling pathway and the immune microenvironment to both eliminate residual/metastatic tumor and promote tumor progression. Ablation has been shown to elicit tumor-specific immune responses by inducing massive cell death and releasing tumor antigen. Immunotherapies that unleash the immune system have the potential to enhance the anti-tumor immunity induced by ablation. Multiple combinatory strategies have been explored in preclinical and clinical studies. In this review, we comprehensively summarize the latest progress on different mechanisms underlying the effects of ablation on tumor cells and tumor microenvironment. We further analyze the clinical trials testing the combination of ablation and immunotherapies, and discuss the possible role of immunomodulation to boost the anti-tumor effects of ablation and prevent HCC recurrence.
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Introduction

Liver cancers rank as the sixth most common cancers and the fourth leading cause of cancer-related death, and remain to be one of the few human malignancies still trending upwards worldwide (1, 2). Nevertheless, with the advance of screening technology and increased awareness of cancer surveillance, more and more HCC could be detected at early stage, rendering curative therapeutics applicable. In the 2022 update of BCLC strategy for HCC management, local ablation still plays leading part among the recommended curative treatments for early-stage HCC (3). A vast range of percutaneous ablation techniques have changed over the past decades, enabling improved local control efficacy for more and more HCC patients. Study showed that approximately 10% of HCC tumors ≤ 2 cm developed intrahepatic metastasis, and about 27% of these tumors developed microvascular invasion, which leads to repeated recurrence in many HCC patients (4). Thus, adjuvant therapies that could prevent HCC recurrence after curative treatment could dramatically improve the prognosis. Of note, in the era of immunotherapy, ablative techniques are gaining more and more attention for their capability of boosting local and systemic immune effects, which makes combination strategy a promising weapon for HCC treatment. Herein, we summarized the current status and progress of various ablation and immunotherapy for HCC, discussed the rationale for their synergistic anti-tumor effects, and conceived the current trends and future prospects of their combination, hoping to shed light on future studies for ablative immunotherapy to yield a promising new era of HCC management.

Copious ablation therapeutics are feasible in clinic practice, among which radiofrequency ablation (RFA) remains the backbone of local ablation for early-stage HCC. Other ablative techniques including microwave ablation (MWA), cryoablation and irreversible electroporation (IRE) are also available for various HCC cases. However, more data is needed for other ablation choices to become the mainstay treatments of HCC. By and large, two indications for these ablative therapies are referred by guidelines, as first pick for single, very early tumors < 2 cm or as a substitute to resection in early-stage single tumors ≤ 4 cm, or 2–3 tumors ≤ 3 cm (5, 6). Typically, ablation destroys tumor by chemical, electrical or thermal technologies. RFA, MWA, laser and high intensity focused ultrasound (HIFU) ablation deliver focal hyper thermic injury to tumor cells (7, 8). Cryoablation (CRA) causes hypo thermic damage to ablated cells while IRE is a non-thermal ablative technique that destroys cell by changing cell permeability (8). Chemical ablations mostly use ethanol and acetic acid injections (9).



Effects of ablation on HCC

This section presents a brief retrospect of traditional ablative therapies for HCC, as well as newly emerging ablative techniques, and discusses their traditional anti-cancer effects.


Radiofrequency ablation

RFA is the most widely adopted local ablation therapies for HCC because of its superiority to other ablative treatment in objective response rates and overall survival (10, 11). Moreover, survival rate of RFA is comparable to that of surgical resection in stratified patients (12). Being repeatable, more cost-effective, and less invasive, RFA has been recommended as the first-line therapy for early-stage HCC by AASLD and EASL guidelines (5, 6). Complete response rates range from 70% to 90% and a median overall survival of ~60 months have been reported (13, 14). Percutaneous RFA is performed by direct insert of electrodes into the tumor tissue under the guidance of ultrasound, computed tomography (CT) or magnetic resonance. High-frequency alternating current at 375–480 kHz from the electrodes generates temperatures between 60°C and 100°C to yield tumor necrosis (15). Traditional monopolar RFA is limited in tumors ≤ 2–3 cm or near vessels (16). Cytotoxic temperatures are hard to maintain when the ablated tumor is near large blood vessels because flowing blood would adsorb the heat energy, which is called heat sink effect6. Innovative techniques including multibipolar RFA are developed to improve ablation efficacy.

RFA destructs HCC cells by inducing hyperthermic injury, which causes rapid protein denaturation, cell membrane integrity loss, mitochondrial dysfunction, and inhibition of DNA replication (17, 18). In addition, indirect or delayed cellular damage play important parts in tumor damage after thermal ablation. Potential mechanisms includes induction of apoptosis, ischemia after vascular damage, ischemia–reperfusion injury, and release of lysosomal contents and cytokines from tumor cells and intruding inflammatory cells to stimulate further immune response (17).

However, high recurrence of HCC after RFA has been reported, with a 5-year recurrence rate of 50–70%, for which insufficient RFA (iRFA) is mainly to blame1. During RFA, three zones could be detected in heat-ablated lesions: central zone suffers from coagulative necrosis with temperature ≥ 50°C; transitional zone is exposed to sublethal heat stress and induces reversible cell damage; the surrounding liver tissue that is unaffected by sublethal heat6. iRFA endows HCC with a more malignant phenotype, leading to drug resistance and worse prognosis. Several mechanisms have been reported involved in HCC recurrence after iRFA. Activation of b-catenin, Akt, ERK1/2, HIF-1a/BNIP3, MAPK, and NF-kB signaling pathways as well as inhibition of STAT3 signaling pathways have been demonstrated to promote HCC progression after iRFA (19–25). Besides, ceRNA-mediated mechanisms including ASMTL-AS1/miR-342-3p/NLK/YAP axis and GAS6-AS2/miR-3619-5p/ARL2 axis are also uncovered (26, 27). Kuang’s team recently reported transcription and translation regulatory mechanisms working in HCC cells after iRFA. The sublethal heat treatment increased the level of stress-induced phosphoprotein 1 (STIP1) and heat shock protein 90 (HSP90), and promoted the formation of STIP1-HSP90 complex, which transferred epithelial transcription suppressor Snail1 into nucleus to modulate mesenchymal gene transcription (28). In addition, sublethal heat stress increased the m6A epigenetic modification of epidermal factor growth receptor (EGFR) and promoted its binding with YTHDF1, which enhanced the translation of EGFR mRNA, leading to the migration and invasion of HCC cells (29).

Endeavors to combat iRFA have been devoted recent years. Nanotechnology and artificial intelligence (AI) based radiomics have advanced greatly to counter iRFA. Deep learning radiomics improve the accuracy of imaging guided identification of ablation tumor boundaries and the accurate preoperative prediction of prognosis for RFA and surgery, facilitating the optimized decision making between them for HCC patients in early stage. Liu et al. retrospectively enrolled 419 patients examined by contrast-enhanced ultrasound (CEUS) within 1 week before RFA or surgical resection. The nomograms incorporating radiomics signatures and clinical variables for progression-free survival (PFS) prediction were built. The proposed radiomics models and nomograms yielded accurate preoperative prediction of PFS for RFA and liver resection (30). Jiang et al. designed a nanobubble conjugated with colony-stimulating factor 1 receptor (CSF-1R), called NBCSF-1R, for HCC margin detection, facilitating the determination of ablation margin (31). Further, the combination of systemic or immunotherapy would be a promising sally port to overwhelm HCC recurrence after iRFA.



Microwave ablation

MWA generates heat through electromagnetic waves with higher frequency (900–2,450 MHz), endowing it with several advantages over RFA, including higher temperature for larger ablation zone, shorter ablation time, and a lower susceptibility to heat-sink effects (32). MWA created electromagnetic field to force the polar molecules with intrinsic dipoles including predominantly water within the tissue to keep realigning with the oscillating electric field (32). MWA also destroy tumor cells via the aforementioned heat-ablated mechanisms of direct hyperthermic damage. However, MWA-induced pro-inflammatory cytokines including IL-1 and IL-6 is less compared with that from the other ablative technologies (33). Several trials found comparable treatment efficacy of MWA to RFA by reporting similar primary endpoint and local tumor progression at 2 years (33). However, phase III data is needed for recommending this treatment in early-stage HCC with high level of evidence.



Irreversible electroporation

IRE works through non-thermal manner. It delivers short electric pulses of high-voltage field current between two inserted electrodes and punches the cellular bilipid membrane to induce cell apoptosis (34). Its non-thermal mechanism lowers the risk of heat injury to the adjacent tissue. For this, heat sink effect poses little influence on the efficacy of IRE ablation. Therefore, IRE is better suitable for HCC located at risk anatomical position. Jean-Charles Nault et al. treated 58 patients with IRE and reported a complete ablation rate of 92%, and 70% of the cases got tumor progression-free survival at one year (35). In general, IRE could be an alternative for HCC not suitable for thermal ablation. Similar as WMA, large cohorts of patients with longer follow-up are needed to evaluate the long-range treatment efficacy of IRE.



Other ablative techniques

Real world data is limited for other ablative techniques to date, including cryoablation, laser ablation and phototherapy. A multi-center RCT comparing RFA and CRA observed comparable results in overall survival and tumor-free survival while a retrospective study with large cohort reported greater advantage of CRA in HCC-specific survival in comparison to RFA (36, 37). Phototherapy including photodynamic therapy (PDT) and photothermal therapy (PTT) is a novel and promising cancer therapy. Phototherapy destroys tumor cells through photochemical or photophysical effects (38). Nevertheless, these techniques are way far from recommendation in daily clinical practice.




Effects of ablation on tumor immune microenvironment

Accumulating studies have demonstrated the effect of ablation in shaping the immune microenvironment. Tumor neoantigen, cytokines and danger-associated molecular patterns (DAMPs) induced by ablative therapies are recognized as the source of immune activation (7, 39). Besides, ablation will also trigger physiological wound healing response that regulates and maintains immunological tolerance towards the damaged tissue (39). Different ablative therapies triggered various immune responses in the tumor immune microenvironment.


Immune responses induced by RFA

Among all the ablation therapies, RFA has been the most widely used percutaneous ablation in early-stage HCC. To investigate the dynamic changes of systemic immunity in HCC patients after RFA treatment, Rochigneux et al. collected PMBCs of 80 patients on the day before (D0), day after (D1) and month after RFA, and detected the frequencies and phenotypes of different immune cells. They found that an early dynamic (D0/D1) of activated NKp30+ natural killer (NK) cells was associated with decreased recurrence, while a late dynamic (D1/M1) of immature CD56bright NK cells and altered PD-L1+myeloid-derived dendritic cells (DCs) correlated with increased recurrence (40). Another study also showed that RFA treatment stimulated NK cell activation and differentiation, and the number of NK cells with high level of activatory NK receptors and enhanced cytotoxicity were significantly increased in peripheral blood of HCC patients after RFA treatment (41). In addition, CD4+ and CD8+ T cell response induced by ablation correlated with clinical outcomes (42, 43). Although RFA could enhance various tumor-associated antigens (TAA) -specific T cell responses which contributed to improved recurrence-free survival, this effect was not sufficient to prevent HCC recurrence completely due to the short lifetime of TAA-specific T cells (44, 45). In addition, the number of TAA-specific T cells was inversely correlated with the frequency of CD14+HLA-DR-/low monocytic myeloid-derived suppressor cells (M-MDSCs), suggesting the immunosuppression in tumor immune microenvironment (44). Similarly, another study showed that in post-RFA recurrent HCC, polymorphonuclear myeloid-derived suppressor cells (PMN-MDSCs) were accumulated in the tumor microenvironment to suppressed CD8+T cells, providing the immunosuppressive soil for tumor progression (46). Mechanistically, RFA-mediated heat treatment-induced methyltransferase 1 (METTL1) overexpression, which subsequently translationally upregulated transforming growth factor-beta 2 (TGF-β2) to induced PMN-MDSCs and suppressed CD8+T cell proliferation (46).

In addition to cytotoxic lymphocytes, accumulating studies have shown that ablation treatment could induce DC infiltration in tumor and activate DCs to evoke anti-tumor immune responses (47–49). Increased serum levels of tumor necrosis factor-alpha (TNF-α), interleukin-1β (IL-1β), interferon-gamma (IFN-γ), and IL-2 were also observed, while the levels of Th2 cytokines including IL-4, IL-6 and IL-10 were markedly decreased (50, 51).

Vascular endothelial growth factor (VEGF) is an angiogenic factor that regulates angiogenesis by inducing proliferation, migration and permeability of endothelial cells. It has been reported that VEGF was increased in HCC patients after RFA treatment (52). VEGF also play a immunoregulatory role in tumor microenvironment by inducing MDSCs, regulatory T cells (Tregs), and mast cells, and inhibiting T cell function, differentiation and activation of DCs (53, 54).



Immune responses induced by other ablation therapies

As for other ablation therapies, cryoablation could induce inflammatory and coagulative responses in liver (55). Interestingly, study also found that elevation of circulating PD-L1/PD-1 in hepatitis B (HBV)-associated HCC patients after cryoablation correlated with poor prognosis (56). MWA significantly increased CD3+T cells, CD4+T cells and IL-2 in peripheral blood of HCC patients one month after treatment. In addition, IL-4 and IL-10 levels were decreased after MWA, indicating that MWA relieved immunosuppression in HCC patients (57). Besides, MWA increased T helper 17 cells (Th17) in HCC patients, and high frequency of circulating Th17 cells was associated with tumor recurrence (58). Study also found that the tumor-specific T cell response against TAAs was more frequent in patients with a long-time remission (> 1 year) after MWA compared to patients suffering from an early relapse, and correlated with improved PFS (59). Irreversible electroporation not only effectively eliminated HCC but also prevented tumor recurrence (60). On the one hand, IRE induced tumor cell necrosis and release of DAMPs including adenosine triphosphate (ATP), high mobility group box 1 (HMGB1) and calreticulin to stimulate anti-tumor immunity. On the other hand, IRE also alleviated immunosuppression by reducing Tregs and PD-1+ T cells (60).

Substantial evidence phenotypically showed that ablation induced immune cell changes and differential inflammatory cytokines and chemokines expression in peripheral blood or tumor microenvironment. In addition, ablation induces both protective anti-tumor immune response and immune tolerance. However, most studies have not yet explored the underlying mechanisms. It’s conceivable that DAMPs or inflammatory cytokines or chemokines induced by ablation may play the pivotal role in reshaping the immune microenvironment. Indeed, a few mechanistic studies reported that ablation affects the immune microenvironment indirectly through the regulation of cytokines or chemokines expression by residual tumor cells (46, 60). However, the complex regulatory network by ablation awaits further investigation in the future. Currently, efforts have been focused on developing adjuvant immunotherapy to synergistically shift the equilibrium out of inhibitory immune modulation and elicit sustainable immune response against tumor.




Combination of ablation and immunotherapy

All ablation modalities generate tumor debris in situ, which provides antigen depot also known as cancer vaccine to stimulate immature DCs and naïve T cells that evoke antitumor immunity (7, 39). However, immune responses induced by ablative treatment are incapable of evoking robust sustainable immune effects. In addition, tumors evolved to create an immunosuppressive tumor immune microenvironment favorable for tumor progression. Developing approaches that counteract the immunosuppressive microenvironment potentially boost ablation-induced anti-tumor immune response (39).

Immunotherapy, either unleashes the own immune system or adoptively transfers cytotoxic cells to fight cancers provides the rationale for combination therapy. Different immune strategies have been tested in many studies, including adoptive cell therapy, immune checkpoint inhibitors (ICI), cytokines, etc. Currently, immunotherapies have been mostly used in advanced diseases, it’s also reasonable to use them in curative and adjuvant setting. Many clinical trials have been launched to investigate the safety and efficacy of combination of ablation and immunotherapy in HCC (Table 1).


Table 1 | Clinical trials evaluating the combination of ablation and immunotherapy in HCC.




Adoptive cell therapy

Adoptive cell therapy is an immunotherapy that uses autologous immune cells which are modified or activated to evoke anti-tumor immunity and eliminate tumor cells. Cytokine-induced killer cells (CIK), tumor-infiltrating lymphocytes (TIL), chimeric antigen receptors (CAR)-T cells, DC vaccines are common forms of adoptive cell therapy.

CIK cells are a heterogeneous population of effector T cells, which come from patients’ peripheral blood mononuclear cells and can be expanded in vitro. CIK alone has been developed as cancer immunotherapy as it exhibits major histocompatibility complex (MHC)-unrestricted, safe, and effective anti-tumor activity (61). In the recent years, CIK has also been investigated as adjuvant therapy in treatment of HCC. Adjuvant therapy using cytokine-induced killer cells are derived from peripheral blood mononuclear cells (PBMCs) of HCC patients and activated by IL-2 and anti-CD3 antibody. To test the safety and feasibility of combination of RFA and adjuvant autologous RetroNectin activated killer (RAK) cells, 7 HCC patients were recruited in the trial. RAK cells were transfused to primary HCC patients intravenously after RFA. During a seven-month follow-up, no severe adverse events, recurrences or deaths were observed, suggesting the feasibility and safety of the combined therapeutic strategy to prevent HCC recurrence (62). In 2008, Weng et al. launched a clinical trial which recruited 85 HCC patients after transcatheter arterial chemoembolization and RFA. Autologous CIK cells were transfused to patients via hepatic artery. After infusion, CD3+, CD4+, CD56+, CD3+CD56+ cells, and CD4+/CD8+ ratio were significantly increased, resulting in a reduction of HCC recurrence (63). A study in Korea recruited 230 patients with HCC treated by surgical resection, radiofrequency ablation, or percutaneous ethanol injection, and patients were administered with control or CIK therapy respectively. The median time of recurrence-free survival was significantly improved from 30.0 months to 44 months (64). In another clinical trial, 62 patients diagnosed with HCC were treated with RFA alone or combined with CIK. The combination of sequential CIK with RFA improved progression-free survival, and reduced Hepatitis C (HCV) viral load in some patients (65). Consistently, a similar clinical trial also showed that autologous CIK cells after RFA treatment prolonged the RFS of HCC patients (66). These positive clinical results suggested the potential of this combined treatment in prevention of HCC recurrence (65).

The DC and T cell adoptive transfer have also been studied in HCC. In a phase II clinical trial, Peng et al. investigated the combination of neoantigen-based DC vaccination and adoptive T-cell transfer as adjuvant therapy after RFA or surgical resection of HCC patients. This combination therapy successfully induced neoantigen-specific immunity and prolonged disease-free survival in responders without severe side effects, indicating that neoantigen-based combination immunotherapy is feasible, safe, and has the potential to reduce HCC recurrence after curative treatment (67).



Immune checkpoint inhibitor

The development of ICIs has revolutionized the treatment of cancers and provides unprecedented extension of patient survival. Immune checkpoints are common part of the immune system which regulate T cell activity. ICIs achieved great success in treating various types of solid and liquid malignancies. ICIs work by releasing the inhibitory brakes of T cells and also activating other innate and adaptive immune cells, which orchestrate an effective immunity to eliminate tumors (68). Many studies have reported the positive results of ICIs as the first-line treatment in advanced cancers. And increasing studies have been investigating the efficacy of ICIs as combination with curative treatment (listed in Table 1).

In some trials, positive clinical results have been observed in advanced HCC patients who received cytotoxic T-lymphocyte-associated protein 4 (CTLA4) blockade (Tremelimumab) combined with RFA, accompanied by remarkably reduced HCV viral load. In addition, the combined treatment increased CD8+T cells infiltration in tumor (69). However, some of these patients also received cryoablation and/or transarterial chemoembolization (TACE). In another study, it showed that RFA induced anti-tumor immune response which was strongly enhanced by CTLA4 blockade, contributing to long-lasting tumor protection (70). For advanced HCC patients, anti-PD-1 (programmed cell death protein 1) antibody is one of the second-line therapies after sorafenib failure. Lyu et al. found that additional ablation increased response rate with tolerable toxicity and improved survival in these patients (71). Many trials are still under investigation and results of these trials will be public within the next few years.

In preclinical model, Huang et al. reported that the combination of MWA and anti-PD-1 antibody significantly ameliorated distant tumor growth and elevated Th1 cytokines in peripheral blood in mouse HCC model (72).



Other immunotherapies

Multiple studies also investigated the efficacy of other adjuvant immunotherapies after ablation. CpG B oligonucleotides, a toll like receptor 9 agonists, has been tested in a rabbit VX2 hepatoma model. It showed that RFA alone could induce the secretion of Th1 cytokines, while CpG treatment increased IL-8 and IL-10 levels. In addition, the combination of CpG and RFA significantly reduced tumor burden and even prevented subsequent tumor metastasis, and thus improved survival (73).

Several chemokines were also used in cancer treatment for their ability to attract immune cells such as DC and cytotoxic T cells to augment anti-tumor immunity. It was reported that RFA alone could not only eradicate the treated ipsilateral tumors, but also inhibited the growth of contralateral non-RFA-treated tumors with increased T-cell infiltration. Additional injection of ECI301 (an active variant of CC chemokine ligand 3) after RFA significantly augmented RFA-induced anti-tumor immune responses and increased CCR1-expressing CD11c+ cells in peripheral blood and tumors. Deficiency of CCR1 impaired the accumulation of CD11C+, CD4+ and CD8+ cells in tumors, indicating that ECI301 augmented tumor-specific immune responses through CCR1-mediated DC accumulation in tumor (74).




Perspective/conclusive remarks

The therapeutic strategies of HCC are evolving rapidly. The rationale for combination of ablation and immunotherapy is sound. Ablation promotes production of proinflammatory cytokines and antigens, which activated anti-tumor immunity. Tyrosine kinase inhibitors (TKIs) or immunotherapies, which modulates the tumor microenvironment by increasing effector T cell infiltration and decreasing immunosuppressive cells, further enhances anti-tumor immune response.

However, some issues need to be further investigated, including the timing of ICB administration, biomarkers that could predict therapeutic effects and management of adverse events. Immune profiling after ablation is essential for development of combination therapies that boost anti-tumor immunity (75).

In the recent years, various types of immunotherapies have come to the stage of HCC treatment, such as Lymphocyte-activation gene 3 (LAG-3), T cell Ig and ITIM domain (TIGIT) or T cell immunoglobulin domain and mucin domain-3 (TIM-3) blockade, chimeric antigen receptor T cell (CAR-T) therapy, adoptive cell therapies using NK cells, NKT cells, or γδ T cells, oncolytic virotherapy, cancer vaccines, etc (76, 77). These novel therapeutic strategies also show great potential to synergize with ablation in the treatment of primary and metastatic HCC. Increasing clinical trials are actively underway and may offer a paradigm shift in the management of HCC.
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Background

Conversion therapy is feasible in patients with oncologically unresectable hepatocellular carcinoma (HCC). However, it is challenging to prospectively identify patients who are more likely to achieve successful conversion before initiating systemic therapy, either alone or combined with locoregional therapy.



Methods

Criteria for identifying potentially resectable patients with initially oncologically unresectable HCC before treatment with lenvatinib plus an anti-PD-1 antibody were proposed based on real-world evidence. Multivariate Firth logistic regression was used to validate the proposed criteria in a retrospective cohort of consecutive patients with advanced HCC, who received combination therapy with lenvatinib plus an anti-PD-1 antibody between September 2018 and September 2021.



Results

The proposed criteria were as follows: (1) Eastern Cooperative Oncology Group performance status of 0 or 1; (2) Child-Pugh class A; (3) intrahepatic tumors confined to one lobe (left, right, or middle lobe), or present in one lobe alongside a single tumor with diameter ≤5 cm or up to three tumors each with diameter ≤3 cm in the remaining lobes, with R0 resection achievable by hemihepatectomy, alone or combined with locoregional therapy to the remaining lobes during surgery; and (4) no portal vein tumor thrombus involving the contralateral liver lobe or reaching the superior mesenteric vein, no hepatic vein tumor thrombus involving more than two major hepatic vein branches on the tumor side, and no tumor thrombus of the inferior vena cava reaching the atrium. Firth logistic regression confirmed the criteria were an independent predictor of surgery following conversion therapy with lenvatinib plus an anti-PD-1 antibody.



Conclusions

This study proposed and validated criteria for identifying patients with initially oncologically unresectable HCC who are potentially resectable when treated with combination therapy with lenvatinib plus an anti-PD-1 antibody. The proposed criteria could help standardize conversion therapy studies in advanced HCC.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors and one of the leading causes of cancer-related death, both worldwide and in China (1, 2). Most patients with HCC are diagnosed at an advanced stage, when radical surgery is not possible and treatment options are limited (3). HCC can be deemed unresectable for surgical or oncologic reasons (4). Patients with HCC who cannot undergo hepatectomy safely due to poor general condition, inadequate liver function reserve, or insufficient future liver remnant volume (FLRV) are considered surgically unresectable, whereas those in whom surgery is not expected to provide superior outcomes compared with non-surgical treatments are considered oncologically unresectable. However, criteria for defining oncologically unresectable HCC are not so well-established as those for surgically unresectable HCC (5, 6).

Some patients with initially oncologically unresectable HCC can undergo surgery after downstaging (i.e. conversion) therapy. For example, locoregional treatments, such as transarterial chemo- or radioembolization, have been shown to downstage the tumor and thereby enable surgical excision (7, 8). Following remarkable recent progress in targeted therapy and immunotherapy for HCC, which provides improved objective response rates (ORRs), a range of studies have reported that systemic therapy with or without locoregional therapy is a feasible conversion strategy for patients with initially unresectable and advanced HCC (6, 9–15). However, differences in patient selection, criteria for surgical resection, and conversion therapy regimens have led to discordance in reported conversion rates and hamper comparisons between studies. Therefore, in the setting of conversion therapy for initially oncologically unresectable HCC patients, criteria for identifying ‘potentially resectable’ patients, criteria for successful downstaging, and the optimal treatment approach to maximize successful conversion are critical issues on which a consensus should be reached (4).

For patients with oncologically unresectable HCC, successful conversion therapy requires selection of patients with a suitable tumor burden and administration of effective pre-operative anti-tumor therapy. Since ORRs with current systemic therapies for advanced HCC are unlikely to show substantial improvement in the near future, optimizing the identification of patients with suitable tumor burden (i.e. potentially resectable patients) is a key strategy for increasing conversion rates. Meanwhile, patients who are less likely to achieve resectability may benefit from alternative treatment strategies associated with higher ORRs, such as systemic therapy plus locoregional therapy.

Combination therapy with lenvatinib plus pembrolizumab for the first-line treatment in advanced HCC showed a promising ORR of 36% per Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 in the phase Ib KEYNOTE-524 study, with promising progression-free survival (PFS) and overall survival (OS) (16). Similar ORRs have been reported for lenvatinib in combination with a range of different PD-1 antibodies (17). Although LEAP-002 study (lenvatinib plus pembrolizumab vs. lenvatinib as first-line therapy for advanced HCC, NCT03713593) is a negative trial in terms of PFS and OS, it is also noted that ORR was much higher in the combination arm than the lenvatinib monotherapy arm (18), which implies there may be a role of this combination therapy in neoadjuvant therapy. Indeed, preliminary investigation suggested a great value of this combination treatment in either conversion therapy or neoadjuvant therapy settings (11, 14, 19). A multicenter prospective clinical trial has been initiated in China to further investigate the efficacy of this combination in neoadjuvant setting (NCT05389527).

In this study, we used data from a real-world cohort of patients with initially oncologically unresectable HCC, who received combination therapy with lenvatinib plus an anti-programmed death-1 (anti-PD-1) antibody, to propose and validate criteria for identifying patients who are potentially resectable when treated with this regimen.



Material and methods


Cohort for criteria validation

Data from consecutive patients with unresectable or advanced HCC, who received combination therapy with lenvatinib plus an anti-PD-1 antibody between September 2018 and September 2021 at Zhongshan Hospital, Fudan University, Shanghai, China, were retrospectively collected.

Patients with China liver cancer (CNLC) stage IIb, IIIa or IIIb disease (20) (i.e. HCC unresectable mainly for oncologic reasons, Barcelona Clinic Liver Cancer stage B or C disease), and at least one tumor response assessment after initiating combination therapy were eligible. Patients with incomplete clinicopathologic data or additional anti-tumor treatment after the initiation of combination therapy were excluded.

All patients received combination therapy with lenvatinib (8 mg/day, orally) plus an anti-PD-1 antibody. The interval between initiation of lenvatinib and an anti-PD-1 antibody was within one week. One of the following anti-PD-1 antibodies was intravenously administered: nivolumab 3 mg/kg (21), or camrelizumab 200 mg (22) every 2 weeks; or pembrolizumab 200 mg (23), sintilimab 200 mg (24), toripalimab 240 mg (25), or tislelizumab 200 mg (26) every 3 weeks. Similar ORRs have been reported for lenvatinib in combination with a range of different anti-PD-1 antibodies (17). Tumor response was assessed every 2 months (± 2 weeks) via computed tomography or magnetic resonance imaging according to RECIST v1.1 and modified RECIST (mRECIST), and summarized as best overall response. After treatment, patients were assessed for eligibility for liver resection according to previously published criteria (11). Briefly, patients were classified as having resectable HCC after combination therapy if (1) R0 resection could be achieved with sufficient remnant liver volume and function (2), intrahepatic lesions were evaluated as partial response or stable disease for at least 2 months (3), no severe or persistent adverse effects occurred from systemic therapy, and (4) no contraindications for hepatectomy existed.

The study protocol was approved by the Zhongshan Hospital Research Ethics Committee (Approval Number: B2020-177R). All patients provided written informed consent before initiating combination therapy. The study was conducted in accordance with the principles of the Declaration of Helsinki.



Follow-up

Patients were followed every 60 days (± 7 days) after initiation of combination therapy. OS was calculated from the date of first dose of drug to death from any cause, or censored on the last follow-up. Event-free survival (EFS) was calculated from the date of first dose of drug to the first documented disease progression, recurrence or death from any cause.



Statistical analysis

Categorical variables were expressed as counts and percentages, and compared using Pearson’s χ2 test, Fisher’s exact test, or the Mann-Whitney U test, as appropriate. Continuous variables were expressed as means (± standard deviations) or medians (interquartile ranges [IQR]) and were compared using Student’s t-test or the Mann-Whitney U test, as appropriate. Firth logistic regression was used to identify independent predictors of surgery (27, 28). Clinicopathologic features with a P value of <0.2 in univariate analyses were included in multivariate analyses. Survival curves were calculated using the Kaplane-Meier method and compared using the log-rank test. A P value of <0.05 was considered statistically significant. All statistical analyses were performed using R software (version 4.1.2; R Project for Statistical Computing).




Results


Patient characteristics

Of 203 patients included, 187 had CNLC stage IIb, IIIa or IIIb disease and were eligible for validation of our proposed criteria. Baseline demographic and disease characteristics are shown in Table 1. Twenty-nine patients (15.5%) underwent R0 hepatectomy, indicating a conversion rate which was consistent with our previous study (11).


Table 1 | Clinicopathologic features and response in patients who did or did not undergo surgery.





Surgery following combination therapy provided survival benefit

As the data cutoff on April 22, 2022, median follow-up was 11.3 (IQR: 7.1–19.8) months. Patients in the surgery group were associated with a significantly longer median OS or median EFS than those in the non-surgery group (median OS: not evaluable (NE) [95% CI: NE–NE] months vs. 13.5 [95% CI: 10.7–18.0] months, hazard ratio [HR] [95% CI]: 0.125 [0.046–0.341], P < 0.001; median EFS: 18.5 [95% CI: 10.5–NE] months vs. 7.4 [95% CI: 6.0–9.1] months, HR [95% CI]: 0.378 [0.217–0.660], P < 0.001; Figure 1), which indicated that surgery following conversion therapy can provide a survival benefit.




Figure 1 | Overall survival (A) and event-free survival (B) plots after combination therapy initiation for patients who underwent or did not undergo conversion surgery. CI, confidence interval; HR, hazard ratio; NE, not evaluable.





Routine clinicopathologic features at baseline were not associated with surgery

We first compared clinicopathologic features before combination therapy and tumor responses after combination therapy between patients who did or did not undergo surgery (Table 1). Individual routine clinicopathologic features at baseline were not correlated with surgery and could not therefore be used to identify potentially resectable patients who were initially oncologically unresectable before treatment. Although patients who underwent surgery achieved better tumor response, response variables are not useful for prospective identification of potentially resectable patients at baseline. Therefore, we used this real-world dataset to develop criteria for identifying potentially resectable patients before initiation of combination therapy.



Criteria for identifying potentially resectable advanced HCC before combination therapy

First, to ensure the safety of hepatectomy, patients should have an Eastern Cooperative Oncology Group performance status 0 or 1 and Child-Pugh class A. These criteria were met by all patients in the validation cohort who underwent surgery (Table 1).

To ensure R0 resection, we next proposed an ‘intrahepatic tumor criterion’ based on the number, location and/or size of intrahepatic tumors. To be considered potentially resectable, intrahepatic tumors should either be confined to a single lobe (left, right, or middle lobe), or be present in one lobe alongside a single tumor with diameter ≤5 cm or up to three tumors each with diameter ≤3 cm in the remaining lobes. Furthermore, R0 resection should be achievable with hemihepatectomy, alone or combined with locoregional therapy to the remaining lobes, such as local hepatectomy or radiofrequency ablation. To ensure a safe hepatectomy, FLRV should be >30% in non-cirrhotic patients and >40% cirrhotic patients. In our dataset, patients who met the intrahepatic tumor criterion had a significantly higher rate of surgery than those who did not (45.6% vs 2.3%, P < 0.001; Supplementary Table 1).

To assess whether patients with macrovascular invasion should be considered for conversion therapy, we compared clinicopathologic features and tumor responses between patients with or without this feature (Table 2). Although macrovascular invasion was not correlated with surgery in the overall population, patients with macrovascular invasion had higher hepatitis B virus DNA copy number, higher α-fetoprotein, higher protein induced by vitamin K absence or antagonist-II, larger intrahepatic tumor diameter, but similar tumor response than patients without macrovascular invasion. Although there was no significant difference in the tumor response and surgery rate between patients with and without macrovascular invasion, patients with macrovascular invasion had higher tumor burden at baseline, which may indicate the similar surgery rate between the two groups may be attributed to the different tumor burden. Therefore, if the two groups had similar tumor burden, patients with macrovascular invasion might achieve higher tumor response and higher surgery rate, which indicated that a subset of patients with macrovascular invasion are more likely to undergo surgery following conversion therapy. However, surgery was not associated with portal vein tumor thrombosis (PVTT) classification (Vp classification, P = 0.615; Cheng’s classification, P = 0.551) or hepatic vein tumor thrombosis (HVTT) classification (Vv classification, P = 0.728; Supplementary Table 2).


Table 2 | Clinicopathologic features and response in patients with or without macrovascular invasion.



Therefore, we proposed the following tumor thrombosis criterion which might help identify potentially resectable patients with macrovascular invasion: PVTT should not involve the contralateral liver lobe and not reach the superior mesenteric vein, while HVTT should involve no more than two major hepatic vein branches on the tumor side, and any tumor thrombus of the inferior vena cava should not reach the atrium. Patients without tumor thrombosis are considered to meet this criterion. Patients who met the tumor thrombosis criterion had a higher surgery rate than patients who did not (17.5% vs 0%, P = 0.049; Supplementary Table 3). Furthermore, sensitivity analysis in patients with macrovascular invasion showed that meeting the tumor thrombosis criterion was associated with a marginally higher surgery rate in this patient subgroup (15.0% vs 0%, P = 0.067; Supplementary Table 4).

Since patients with and without extrahepatic metastases had a similar probability of undergoing surgery (13.3% vs 17.0%, respectively; P = 0.641; Supplementary Table 5), patients with extrahepatic metastases at baseline were not excluded from the potentially resectable population.

The proposed comprehensive criteria for identifying initially oncologically unresectable patients who are potentially resectable before initiating combination therapy are summarized in Table 3. The criteria define the upper limit of the potentially resectable population, beyond which the population is less likely to achieve successful conversion. Patients who meet the criteria are more likely, but not guaranteed, to achieve resectability.


Table 3 | Proposed criteria for patients with potentially resectable HCC before lenvatinib plus anti-PD-1 therapy.





Proposed criteria as an independent predictor of surgery

A comparison of clinicopathologic features and tumor responses between patients who did (i.e. potentially resectable patients) and those who did not meet the proposed criteria before combination therapy with lenvatinib plus an anti-PD-1 antibody is summarized in Table 4. Of 187 patients, 56 (29.9%) met the criteria and were therefore considered potentially resectable. Patients who met the criteria had better liver function, earlier treatment lines, better tumor response, and higher surgery rate (46.4% vs 2.3%, P < 0.001) than those who did not meet the criteria. Furthermore, multivariate Firth logistic regression confirmed that meeting the criteria was an independent predictor of surgery, whether the multivariate model included a covariate for objective response per RECIST v1.1 (odds ratio [OR], 31.613; 95% CI, 10.119–136.382, P < 0.001) or mRECIST (OR, 28.826; 95% CI, 8.783–131.873, P < 0.001) (Table 5).


Table 4 | Clinicopathologic features and response according to attainment of potentially resectable criteria.




Table 5 | Univariate and multivariate Firth logistic regression analysis for predictors of surgery.






Discussion

In this study, we proposed criteria for identifying potentially resectable patients with initially oncologically unresectable HCC based on real-world evidence from a cohort of patients who received lenvatinib plus an anti-PD-1 antibody. We further confirmed our criteria were independent predictors of surgery in this cohort. To our knowledge, this is the first study to define clearly the clinicopathologic features of potentially resectable patients with initially oncologically unresectable HCC.

Although conversion therapy with systemic therapy, with or without locoregional therapy, is a feasible strategy for patients with initially unresectable or advanced HCC, prior studies included different populations and did not clearly define criteria for potential resectability and successful downstaging, leading to variability in reported conversion rates and outcomes (Table 6). Furthermore, while conversion therapy is feasible, the successful conversion rate is generally low. Therefore, identification of the population most likely to benefit from a conversion strategy is an important clinical priority. For oncologically unresectable patients, both suitable tumor burden and effective preoperative anti-tumor therapy are prerequisites for successful conversion. Since ORRs with currently available systemic therapy for advanced HCC (30–40%) are unlikely to be improved in the short term, identification of patients with appropriate tumor burden (i.e. potentially resectable patients) is a key strategy for improving the successful conversion rate.


Table 6 | Studies reporting surgery rates following systemic (± locoregional) therapy in initially unresectable HCC.



Our proposed criteria might define the upper limit of the potentially resectable population. Patients who met the criteria were significantly more likely to undergo surgery following combination therapy with lenvatinib plus an anti-PD-1 antibody, and meeting the criteria was an independent predictor of surgery, with an odds ratio of ~30 (Table 5). Objective response was also an independent predictor for conversion in the multivariate analysis, underscoring the importance of achieving objective response or greater depth of tumor response for successful conversion. For patients who do not meet our criteria, alternative treatment strategies with higher ORRs, such as systemic therapy plus locoregional therapy, should be considered to improve the probability of resection. However, as patients who do not meet our criteria may have poorer liver function, greater tumor burden and poorer tolerance to anti-tumor treatment, the safety of combination of systemic therapy plus locoregional therapy must be considered. Multivariate analysis also indicated that patients with extrahepatic metastases were less likely to undergo surgery than those without extrahepatic metastases, with ORs in the range of 0.2–0.3. This result is expected given that patients with extrahepatic metastases require anti-tumor efficacy not only in intrahepatic tumors, but also in extrahepatic lesions. In our study, 22 of 75 patients (29.3%) with extrahepatic metastases met the proposed criteria (which do not themselves account for extrahepatic metastases). Of these, 9 (40.9%) underwent surgery, which is a slightly lower proportion compared with patients without extrahepatic metastases (17 of 34, 50.0%).

Patients with initially oncologically unresectable HCC may achieve successful conversion after systemic therapy, but some of them might not receive conversion surgery due to some reasons. In this study, two initially oncologically unresectable patients, who met the potentially resectable criteria at baseline, achieved successful conversion after combination therapy, but they refused to undergo surgical resection for personal reasons. One patient was 83 years old; he and his family refused surgery because of his advanced age. The other patient refused surgery for financial reasons. If these two patients underwent conversion surgery, patients who met the proposed potentially resectable criteria would have a higher surgery rate of 50.0% (28 of 56), which was 46.4% (26 of 56) in the real-world situation (Table 4).

In addition to supporting the identification of potentially resectable patients, adoption of the proposed criteria could also facilitate comparisons between future studies of conversion therapy for HCC. The criteria could serve as a basis for patient inclusion in clinical trials investigating conversion therapy in this setting.

Study limitations include the use of a single-center, retrospective cohort with a modest sample size for validation of the proposed criteria. Prospective, multicenter data are warranted for further validation. In addition, our cohort included only patients who received combination therapy with lenvatinib plus an anti-PD-1 antibody. Further studies including patients treated with different conversion regimens are required.

In conclusion, we proposed and validated criteria for identifying patients with initially oncologically unresectable HCC who are potentially resectable following combination therapy with lenvatinib plus an anti-PD-1 antibody. The proposed criteria could be used to standardize conversion therapy research in advanced HCC.
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Introduction

In situ tumor ablation releases a unique repertoire of antigens from a heterogeneous population of tumor cells. High-intensity focused ultrasound (HIFU) is a completely noninvasive ablation therapy that can be used to ablate tumors either by heating (thermal (T)-HIFU) or by mechanical disruption (mechanical (M)-HIFU). How different HIFU ablation techniques compare with respect to their antigen release profile, their activation of responder T cells, and their ability to synergize with immune stimuli remains to be elucidated.



Methods and results

Here, we compare the immunomodulatory effects of T-HIFU and M-HIFU ablation with or without the TLR9 agonist CpG in the ovalbumin-expressing lymphoma model EG7. M-HIFU ablation alone, but much less so T-HIFU, significantly increased dendritic cell (DC) activation in draining lymph nodes (LNs). Administration of CpG following T- or M-HIFU ablation increased DC activation in draining LNs to a similar extend. Interestingly, ex vivo co-cultures of draining LN suspensions from HIFU plus CpG treated mice with CD8+ OT-I T cells demonstrate that LN cells from M-HIFU treated mice most potently induced OT-I proliferation. To delineate the mechanism for the enhanced anti-tumor immune response induced by M-HIFU, we characterized the RNA, DNA and protein content of tumor debris generated by both HIFU methods. M-HIFU induced a uniquely altered RNA, DNA and protein profile, all showing clear signs of fragmentation, whereas T-HIFU did not. Moreover, western blot analysis showed decreased levels of the immunosuppressive cytokines IL-10 and TGF-β in M-HIFU generated tumor debris compared to untreated tumor tissue or T-HIFU.



Conclusion

Collectively, these results imply that M-HIFU induces a unique context of the ablated tumor material, enhancing DC-mediated T cell responses when combined with CpG.
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Introduction

In interventional oncology, in situ tumor ablation techniques, such as radiotherapy, cryoablation and high-intensity focused ultrasound (HIFU), are successfully applied for the treatment of an array of malignancies. HIFU is a completely noninvasive ablation therapy, which uses a multi-element ultrasound transducer to focus high intensity ultrasound beams to a small focal zone. The convergence of acoustic waves results in delivery of acoustic energy to a well-defined region without damaging pre- and post-focal tissue structures. Depending on how the ultrasound is applied, ultrasound energy deposition has either thermal or mechanical effects. Thermal HIFU (T-HIFU) elevates tissue temperature at the focal zone to 60-85°C, resulting in protein denaturation and local coagulative necrosis. Heat diffusion leads to a temperature gradient outside the focal area, where cells are exposed to sublethal temperatures and either undergo apoptotic cell death or recover from reversible injury (1). Mechanical (M)-HIFU generates mechanical damage as result of acoustic cavitation (2–4). The high-pressure waves produce changes in the gaseous components in tissues, as gas bubbles will start to oscillate and burst, causing mechanical damage at a subcellular level (5). Previously, murine studies have demonstrated that M-HIFU can produce completely fragmented tumor lesions with only minor temperature increases (<6°C) (1, 6). The created lesion is homogeneous, with no visible cellular components, and has a sharp demarcated border between damaged and vital tumor tissue (1). Image guidance is used to plan, monitor and evaluate ablation therapy ensuring accurate ablation of tumors while nearby healthy tissues are spared (7). Ideally, magnetic resonance (MR) imaging guidance is used because of its excellent soft-tissue contrast multiplanar imaging, thermometry and motion compensation strategies (7, 8).

Despite their differences, T-HIFU and M-HIFU both create availability of ablated tumor material in situ. Tumor debris is a potential tumor antigen source for the induction of anti-tumor immunity (9). Dendritic cells (DCs), the most potent antigen-presenting cells, are able to scavenge tumor debris and present tumor antigens to T cells in draining lymph nodes (LNs). Alternatively, tumor antigens are transported to LNs through lymphatic drainage and presented by LN-resident DCs. Importantly, the context in which DCs capture tumor antigens, such as the cytokine and chemokine environment as well as other endogenous signals, is crucial for initiation and direction of adaptive immunity (10). Tumor ablation releases various bioactive molecules, including danger-associated molecular patterns (DAMPs), contributing to DC maturation (11). Although many studies describe the release of DAMPs or other immunological mediators after HIFU ablation [as reviewed in (12)], the exact immunological correlates that help building strong anti-tumor immune responses are poorly defined. Next to the immunostimulatory effects, a wound healing response is initiated, maintaining immunological tolerance toward the damaged tissue. The presence of immunosuppressive cytokines, such as transforming growth factor (TGF)-β and interleukin (IL)-10, impairs DC functionality and can easily overshadow the ablation-induced immune activating signals (13–15). It is currently unknown how different HIFU ablation strategies influence the (immunological) contexture of the antigen depot.

Although preliminary data suggest that immunomodulating effects occur after HIFU ablation (16–19), no potent tumor-specific immunity has yet been convincingly demonstrated (12). In general, anti-tumor immune responses following in situ tumor ablation remain weak without co-exposure to potent immune stimulatory signals. This strengthens the notion that ablation should be combined with immunomodulatory adjuvants to boost anti-tumor immunity (12, 20, 21). For cryoablation, it has been reported that adjuvant administration [in these studies TLR9 agonist cytidyl guanosyl (CpG)] immediately after ablation improved anti-tumor T cell responses (22, 23). Adjuvant administration increased the involvement of mature LN DCs actively scavenging and cross-presenting antigens from the tumor depot (24). It is currently unknown if HIFU conditions exist that induce robust T cell responses, and to what extend they synergize with immune stimulating therapies, such as adjuvants.

In this study, we investigated the immunological effects of MR-guided T- and M-HIFU ablation using the murine ovalbumin-expressing lymphoma model EG7 and explored the potential of HIFU ablation plus CpG adjuvant administration. We report that M-HIFU monotherapy enhanced DC maturation in the tumor-draining LN (TdLN). Administration of CpG following both T- and M-HIFU ablation increased DC maturation in TdLNs relative to mock treatment plus CpG administration to a similar extent. Interestingly, only ex vivo co-cultures using TdLN cells from M-HIFU plus CpG treated mice potently induced OT-I T cell proliferation. In search for the potential underlying mechanisms causing this effect, we characterized tumor debris generated by both HIFU methods. M-HIFU debris displayed clear signs of RNA, DNA and protein fragmentation. In addition, western blot analysis showed that protein levels of the immunosuppressive cytokines of TGF-β and IL-10 were significantly reduced. Collectively, these results suggest that M-HIFU ablation induces a unique molecular contexture of the ablated tumor material, resulting in enhanced T cell responses when combined with CpG.



Materials and methods


Animal and tumor models

Female C57BL/6NCrl and B6.SJL-PtprcaPepcb/BoyJ (8-12 weeks old) mice were purchased from Charles River (respectively from Salzburg, Germany and Calco, Italy). The B6.SJL-PtprcaPepcb/BoyJ mouse strain carries the differential pan-leukocyte marker CD45.1. C57Bl/6 OT-I × CD90.1+ (Thy-1.1) mice that produce CD90.1+CD8+ T cells with a transgenic T cell receptor specific for the chicken ovalbumin (OVA) epitope SIINFEKL (OVA257-264) presented on MHCI H-2kb were bred and held in the Nijmegen animal facility. Drinking water and standard laboratory food pellets were provided ad libitum and mice were allowed to settle for at least 1 week before the start of the experiment. All mice were maintained under specific pathogen-free barrier conditions at the Central Animal Laboratory (Radboudumc, Nijmegen, The Netherlands). All experiments were approved by the Animal Experiment Committee of the Radboud University Medical Center (Radboudumc, Nijmegen, The Netherlands) and performed according to institutional, national and European guidelines.

The EG.7-OVA lymphoma cell line (EG7) is derived from transfection of EL4 cells with a plasmid carrying OVA and G418 resistance gene. EG7 cells were cultured in RPMI medium, supplemented with 10% heat-inactivated fetal bovine serum (FBS, Greiner Bio-One), 2 mM L-glutamine (Lonza, Walkersville, MD), 1% antibiotic–antimycotic solution (100 U/mL penicillin G sodium and 100 μg/mL streptomycin, Gibco) and 50 μM β-mercaptoethanol supplemented with 0,5 mg/ml G418 (Gibco). For tumor cell injection, cells were suspended in phosphate buffered saline (PBS) and injected subcutaneously at the right femur (0.5 × 106 cells). Viability of tumor cells before injection exceeded 95% (determined by trypan blue staining). Tumor growth was evaluated daily with calipers. When the tumor reached 7-9 mm in diameter (after 9-12 days), the mice were randomized and HIFU ablation was performed as described below.



Adjuvants, reagents and antibodies

CpG-ODN 1668 (‘5-TCCATGACGTTCCTGATGCT-3’) with total phosphorothioate-modified backbone was purchased from Sigma Genosys (Haverhill, UK). OVA257-264 (SIINFEKL) was obtained from AnaSpec Inc. (San Jose, CA). The dye carboxyfluorescein succinimidyl ester (CFSE) was purchased from Thermo Scientific. Nancy-520 was obtained from Sigma-Aldrich. For western blot the following antibodies were used: polyclonal anti-TGF-β from Cell Signaling Technology, polyclonal anti-IL-10 from R&D systems and anti-actin (AC-40) from Sigma-Aldrich. For flow cytometry experiments the following antibodies conjugated to various fluorophores were used: anti-Ly6G-FITC (1A8), anti-B220-FITC (RA3-6B2), were purchased from Antibodychain and anti-CD86-PE (GL1) from eBioscience, Inc. (San Diego, CA). Anti-MHCII-BV510 (M5/114.15.2) and anti-CD90.1-APCCy7 (OX-7) were purchased from Biolegend. Purified anti-CD16/CD32 (2.42 G), anti-CD11c-BUV395 (N418), anti-CD80-BV785 (16-10A1), anti-PD-L1-APC (MIH5), anti-CD8α-BV450 (53-6.7) were purchased from BD Biosciences (BD Pharmingen).



HIFU ablation treatment set-up and protocol

The treatment and imaging set-up employed in this study was extensively described elsewhere (1, 25). Minor adjustments have been made to the existing HIFU system to adapt the system to a smaller bore size due to a different gradient insert (114 mm bore) in the MR magnet. A detailed overview of the HIFU set-up is provided in Figure S1.

Mice were anesthetized by 3% isoflurane gas inhalation and maintained by 1–2% isoflurane during treatment to keep the breathing frequency between 30 and 60 per minute. For acoustic coupling, the tumor area was shaven and, if necessary, remaining hair was removed with standard hair removal cream. Breathing rate and body temperature were monitored during the entire procedure with, respectively, a pneumatic balloon and an optical rectal thermometer. Body temperature was controlled with warm air. The mouse was positioned in a right lateral position with the tumor facing downwards inside a degassed water bath on top of the MR compatible animal HIFU system (Image Guided Therapy (IGT), Pessac, France). A 3 MHz HIFU transducer (16 channels annular array cylindrical transducer, diameter 48 mm, 86.58° aperture, adjustable focus depth 30–80 mm) with a full-width-half maximum focal spot of 0.5 × 0.5 × 2.0 mm was used for treatment. Trajectory planning software (Thermoguide, IGT, Pessac, France) was used for treatment planning and guidance.

The mice were randomized at initiation of the experiment and were divided into three groups: 1) non-HIFU treated controls (mock), 2) thermal HIFU (T-HIFU) or 3) mechanical HIFU (M-HIFU). Mock animals were anesthetized and positioned in the HIFU system for MR imaging, without acoustic output by the transducer. Potential confounding was minimized by performing HIFU and mock treatments in a random order, also mice from different treatment groups were randomly co-housed. All animal experiments were conducted in a non-blinded fashion. Mice with tumor ulceration were excluded from the analysis.

The M-HIFU settings used for treatment of the tumors is similar as previously described (1). A custom ablation trajectory was designed to limit local temperature rise: each focal spot received one pulse (5 ms with an acoustic output power of 155–160 W, total acoustic dose 77.5-80 J per sonication), with a pause of 495 ms before moving to the next spot. After each spot received one pulse, the trajectory was repeated for a total of 100 pulses per focal spot. Median 23 (range 13 – 50) focal spots were applied per tumor, 1 mm apart. Animals of the T-HIFU group were treated with 4 s continuous wave sonication, with an acoustic output of 35-37 W (total acoustic dose 140-148 J per sonication). Due to thermal diffusion a slightly larger area was affected per sonication. Therefore, median 17 (range 6 – 25) focal spots were applied per tumor, 1.5 mm apart, with a 40 s cooling time in between sonication. Focal spots were applied in one or two planes, depending on the thickness of the tumor. We aimed to treat a similar percentage of the tumor (approximately 20-30%) with T-HIFU and M-HIFU. The HIFU set-up was positioned in a 7T small animal MR system (ClinScan, Bruker Biospin, Ettlingen, Germany) for treatment planning, evaluation and real-time thermometry.



MR imaging

MR imaging was performed on a 7T small animal MR system using a homebuilt transmit-receive surface coil (diameter 42 mm). Before and immediately after treatment, a series of T2-weighted MR images was acquired (Turbo Spin Echo (TSE) sequence, repetition time (TR) = 2500 ms, echo time (TE) = 25 ms, Field Of View (FOV) = 45 mm, matrix = 256 × 256, Slice Thickness (ST) = 1 mm, 16 slices), in three orthogonal planes (sagittal, transversal and coronal). For real-time MR thermometry guidance, a T1 weighted Echo Planar Imaging (T1w-EPI) sequence based on a proton resonance frequency shift method was used (TR = 20.91 ms, TE = 4.50 ms, Flip Angle (FA) = 15, FOV = 35 mm, matrix = 64 × 60, ST = 1 mm, 3 slices and total acquisition time (TA) = 1.8 s for T-HIFU and 6 slices and TA = 4.6 s for M-HIFU). Detailed parameters of the MR sequences have been described previously (1). Difussion weighted (DW) imaging was acquired with a DW EPI sequence (TR = 2000 ms, TE = 41 ms, FOV = 45 mm, matrix = 184 × 184, ST = 1 mm, 16 slices, 4 b-values of 0, 100, 500 and 1000 s/mm2).



Tumor debris characterization

RNA isolation. Total RNA was isolated from tumor debris using TRIzol reagent (Invitrogen Life Technologies) according to the manufacturer’s instructions, with minor modifications. RNA quantity was determined on a NanoDrop spectrophotometer and 1.5 µg of RNA was loaded on a 1% agarose gel, and after gel electrophoresis stained with Nancy-520. Gel images were acquired and analyzed with the ChemiDoc XRS system (Biorad).

DNA isolation. Total DNA was isolated from tumor debris using the NucleoSpin Tissue kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions. Tumor pieces were lysed in 2 hours, while tumor debris lysates and cell lines were lysed in 15 min. DNA quantity was determined on a NanoDrop spectrophotometer and 1 µg of DNA was loaded. DNA gel electrophoresis was performed using 1.5% agarose gel. Following Nancy-520 staining, images of the gel were captured with the ChemiDoc XRS system.

Protein isolation for Coomassie blue staining. Protein extraction using TRIzol reagent proceeded according to the manufacturer’s instruction. Pellets were resuspended in lysis buffer consisting of 1% SDS and 62.5 mM Tris (pH 6.8) plus protease inhibitor cocktail (PIC, cOmplete, Roche) and heated to 50°C. Subsequently, sample buffer (4x concentrated mix: 20% glycerol, 6% sodium dodecyl sulfate (SDS), 125 mM Tris-HCL (pH 6.8), 0.1 mg/ml bromophenol blue (Santa Cruz) and 10% β-mercaptoethanol (Sigma)) was added to samples (1x final concentration) and the suspension was heated to 95°C. Next, equal volume of protein sample was loaded on a 10% bis-acrylamide SDS-PAGE gel. The separated proteins were visualized by Coomassie Brilliant Blue (Bio-Rad) staining.

Protein isolation for Western Blot. Control tissue and tumor debris were resuspended in lysis buffer containing 1% SDS and 62.5 mM Tris (pH 6.8) plus PIC and 1 mM phenylmethylsulfonyl fluoride (PMSF, Sigma). Samples were 10-15 times passed through a 25G needle (BD) to homogenize lysates. Afterwards, samples were centrifuged at 20.000 × g for 20 min. Protein concentrations were normalized using a bicinchonic assay (BCA, Thermofisher Scientific) to 100 µg/lane or 150 µg/lane, depending on the blot. Lysates were mixed with sample buffer, heated at 95°C for 5 min; and then cooled on ice. Proteins were separated with a 12% bis-acrylamide SDS-PAGE gel. Proteins were transferred to Amersham Protran Nitrocellulose membranes (Sigma). Equal protein loading and transfer on the membrane was checked using a Ponceaus S staining (Sigma). To prevent nonspecific protein binding, the membranes were incubated with 5% milk in Tris-buffered saline (TBS) supplied with 0.1% tween (TBS-T) for 1 h (TGF-β and actin) or 2 h (IL-10). The membranes were then washed 3 times 5 min using TBS-T and subsequently incubated with primary antibody (anti-TGF-β 1:1000, anti-IL-10 0,1 µg/ml, anti-actin 1:5000) overnight at 4°C. Next, the membranes were washed 3 times 5 min using TBS-T, followed by incubation with secondary antibodies (Goat-anti-Rabbit IRD 680RD, Donkey-anti-Rabbit IRD 680RD or Donkey-anti-Goat IRD 800 CW (Licor) all 1:5000) for 1h at RT. All membranes were then washed three times 5 min in TBS-T. After staining, the membranes were scanned using the Oddysey CLx (Licor) to visualize the proteins. Quantification of western blot bands was performed using Image Studio Software (Licor).



Read-outs

DC maturation experiment. CD45.1+ mice were subjected to mock, T-HIFU or M-HIFU treatment as described above. Mice subjected to HIFU treatment plus immune activation were injected with 50 µg CpG 1668 in 50 µL PBS within 30 minutes after HIFU ablation, divided over two injections in the peri-tumoral area. Mice subjected to HIFU treatment without immune activation received 50 µL PBS. Two days after HIFU treatment, mice were sacrificed by cervical dislocation followed by excision of both TdLNs and non-draining inguinal LNs. LN were processed into single cells suspension. Hereto, murine LNs were incubated in serum-free RPMI medium containing 1 mg/mL collagenase Type III (Worthington) and 30 μg/mL DNAse type I (Roche) for 30 min at 37°C. EDTA was added to a final concentration of 1 mM and single-cell suspensions were made by passing the cells over a 100 μm cell strainers (Corning). Single cell suspensions were incubated with anti-Fc receptor antibody (clone 2.4G2, BD Biosciences) for 10 minutes on ice. For extracellular staining, the cells were stained with the specific antibodies in PBA (1× PBS, 1% BSA, and 0.02% sodium azide) for 30 minutes in the dark on ice. Cells were washed twice with PBA and measured on a Cytoflex LX Flow cytometer (Beckman Coulter, Fullerton, CA) and data were analyzed using FlowJo software (Tree Star Inc., Ashland, OR). Gating strategy for migratory and resident DCs in LNs is provided in Figure S2.

Ex vivo OT-I co-culture experiment. Mice were subjected to mock, T-HIFU or M-HIFU treatment as described above. Within 30 minutes after the HIFU treatment, the mice received a peritumoral injection of 50 µg of CpG in 50 µL PBS, divided over two injections in the peri-tumoral area. 16-24 hours after HIFU treatment, mice were sacrificed by cervical dislocation followed by excision of inguinal LNs. LN were processed into single cells suspension using incubation in serum-free RPMI medium containing 1 mg/mL collagenase Type III and 30 μg/mL DNAse type I for 30 min at 37°C. EDTA was added to a final concentration of 1 mM and cell suspension was passed over a 100 μm cell strainer. Concurrently, spleens were harvested from OT-I × CD90.1+ mice and mashed over a 100 µM filter to obtain a single cell suspension. CD8+ OT-I cells were isolated with EasySep Mouse CD8+ T cell isolation kit (StemCell Technologies) and CFSE-labeled according to manufacturer’s protocol (3 μM, Thermo Scientific). Subsequently, 0.75 × 106 LN cells from mock and HIFU treated mice were co-cultured with 0.5 × 105 CFSE-labeled CD8+ OT-I T cells for 72 h. As positive control, LN cells were pulsed with 5 ng/mL OVA Kb peptide. For the readout of OT-I proliferation, cells were stained extracellularly for CD90.1 and CD8α. CFSE dilution of CD8α+CD90.1+ cells was measured on a FACSCanto™ II system (BD Biosciences) and data were analyzed using FlowJo software.

Tumor debris characterization. Immediately after treatment, mice were sacrificed by cervical dislocation for tumor debris extraction. M-HIFU tumor debris was extracted using a 20G needle (BD) which was inserted into the tumor to aspirate tumor debris. Thermally ablated tumors were excised from mice and the ablated area, visible as white tissue, was cut out using a scalpel (Dahlhausen). Tumor samples were snap-frozen in liquid nitrogen immediately after extraction to allow batch processing. RNA, DNA and protein content was isolated and characterized as described in ‘tumor debris characterization’.



Statistical analysis

Statistical analyses were performed using Prism 9 software (GraphPad Software Inc.). Sample sizes were calculated using previously published ablation data on DC maturation and T cell activation as primary outcome measures (24, 26). Differences in DC surface expression of activation markers and in OT-I proliferation between treatments were analyzed using an ordinary two-way ANOVA followed by Tukey’s multiple comparison test. Differences between LNs were analyzed using repeated measures two-way ANOVA followed by Bonferroni’s multiple comparison test. Differences in protein level/intensity on western blot were analyzed using repeated measures two-way ANOVA using Bonferroni’s multiple comparison test. Differences were considered significant when P values were smaller than 0.05. In all figures, results are expressed as mean values with standard deviation (SD), while the following symbols were used: p < 0.05 *, p < 0.01 **, p < 0.001 ***, p < 0.0001 ****.




Results


MR-guided thermal and mechanical HIFU treatment

Previously we established optimal conditions for HIFU ablation of EL4 thymoma tumors, growing subcutaneously at the hind leg of mice, by either M-HIFU (100 pulses of 5 ms per focal spot) or T-HIFU (4 s continuous wave) (6). In this study, these settings were used for M-HIFU and T-HIFU treatment of EG7 tumors to investigate the immunomodulatory effects following HIFU. Hereto, mice carrying a tumor of 7-9 mm in diameter were treated with T-HIFU or M-HIFU ablation. HIFU treatment was successful in all animals and they recovered well from anesthesia following HIFU ablation. After M-HIFU treatment, no damage was detected in surrounding tissues, while after T-HIFU treatment minor complications occurred (i.e. difficulty in using the tumor bearing leg n = 3/13, and redness of the skin n = 2/13). MR thermometry showed peak temperatures during treatment of 78.8°C (SD. 6.4) and 40.7°C (SD. 0.8) for T-HIFU and M-HIFU, respectively, as previously reported (Figure 1A) (25). T2w MR imaging revealed a clear hyper-intense region, which correlated with the planned treatment area (Figure 1B). As an alternative approach, we investigated the ability of diffusion weighted (DW) imaging for HIFU treatment evaluation. Immediately after M-HIFU treatment, DW images revealed a clear hyper-intense area, which correlated with the T2w MR images (Figure 1C). For T-HIFU, limited signal changes were visible on T2w MR imaging as well as DW imaging immediately after treatment (Figures 1B, C).




Figure 1 | MR imaging of T-HIFU and M-HIFU ablation. Coronal MR images of EG7 tumors during (A) and immediately after (B, C) thermal (T-) and mechanical (M-)HIFU ablation (tumor, depicted by black arrowhead, is surrounded by water and a gelpad). (A) T1 weighted image with temperature map overlay during T-HIFU (left) or M-HIFU (right) ablation. Temperature map shows high temperature increase during T-HIFU ablation. (B) Coronal T2 weighted MR images and (C) DW images recorded immediately after T-HIFU (left) or M-HIFU (right) treatment. Both T2 weighted and DW images reveal a hyper-intense lesion after M-HIFU treatment (indicated with white arrowhead). DW: diffusion weighted; HIFU, high intensity focused ultrasound; MR, magnetic resonance; T2w, T2 weighted.





M-HIFU increases maturation and activation of TdLN dendritic cells

The tumor debris generated by tumor ablation comprises of tumor antigens that can be scavenged by immune cells, like professional antigen-presenting DCs, to mount anti-tumor immune responses. As previously shown, cryoablation results in increased maturation of DCs (24). Here, we set out to explore the effect of HIFU ablation methods on LN DC activation and functionality. Mice bearing EG7 tumors were treated with mock, T-HIFU or M-HIFU and two days following HIFU treatment, DC maturation in LNs was assessed. We observed that M-HIFU significantly increased the expression of the co-stimulatory molecule CD86 as well as the activation marker PD-L1 on CD11c+MHCIIhigh migratory DCs in the TdLN compared to mock mice (Figure 2A). In contrast, T-HIFU slightly, but not significantly, increased the expression of CD86 and PD-L1 on migratory DCs in the TdLN compared to mock treated mice (Figure 2A). Expression of CD80 was not altered upon M-HIFU or T-HIFU ablation (Figure 2A). No difference in activation marker expression was observed in non-draining LN (NdLN) DCs upon HIFU ablation (Figure 2). In general, maturation markers were more evidently increased on CD11c+MHCIIhigh migratory DCs compared to CD11c+MHCIIint resident DCs (Figure S3).




Figure 2 | Migratory DC maturation following HIFU ablation. (A, B) Mice bearing EG7 tumors were treated with mock, T-HIFU or M-HIFU ablation (A). Mice subjected to HIFU treatment plus immune activation (B) were injected peritumorally with 50 µg CpG within 30 minutes after HIFU ablation. Two days after HIFU treatment, inguinal LNs were excised and analyzed for DC maturation using flow cytometry. Bar graphs show geometric mean fluorescent intensity (gMFI) ± SD of CD80 (left), CD86 (middle) and PD-L1 (right) on CD11c+MHCIIhigh migratory LN DCs without (A) or with CpG administration (B). Statistical significance was calculated using an ordinary two-way ANOVA followed by Tukey’s multiple comparison tests (mock minus CpG n = 2, other groups n = 3 animals per group). CpG, cytidyl guanosyl; DC, dendritic cell; gMFI, geometric mean fluorescent intensity; M-HIFU, mechanical-high intensity focused ultrasound; NdLN, non-draining lymph node; PD-L1, programmed death-ligand 1; T-HIFU, thermal-high intensity focused ultrasound; TdLN, tumor-draining lymph node. p < 0.05 *, p < 0.001 ***, p < 0.0001 ****.



DC maturation was also assessed after peritumoral injection of the TLR9 agonist CpG. CpG is an adjuvant that potently induces DC maturation including the upregulation of co-stimulatory molecules and was previously shown to act synergistically with cryoablation to enhance the maturation state of TdLN DCs (24). CpG injection alone increased expression of CD80 (geometric mean fluorescent intensity (gMFI) 1.23-fold), CD86 (gMFI 1.71-fold) and PD-L1 (gMFI 2.41-fold) on migratory DCs in TdLNs (Figure 2). T-HIFU with CpG co-administration significantly enhanced expression of CD80, CD86 and PD-L1 on CD11c+MHCIIhigh migratory DCs compared to mock plus CpG administration (Figure 2B). M-HIFU ablation combined with CpG also significantly augmented CD86 and PD-L1 expression on migratory DCs compared to mock treatment. The same trend was observed for CD80 expression following M-HIFU and CpG treatment, but the increase was much less as compared to T-HIFU treatment with CpG (Figure 2B). Altogether, these results indicate that M-HIFU alone enhanced DC maturation in TdLNs. CpG administration further increased DC maturation following M-HIFU as well as T-HIFU ablation.



M-HIFU plus CpG administration enhances dendritic cell-induced T cell activation ex vivo

To assess DC function following HIFU ablation plus CpG administration, we determined the ability of DCs to cross-prime OVA-specific CD8+ OT-I T cells. To this end, mice bearing OVA expressing EG7 tumors were mock-treated or treated with T-HIFU or M-HIFU and injected with CpG peritumorally within 30 min after ablation. One day after ablation, inguinal TdLN and NdLN were harvested, processed into single cells suspension, and subsequently co-cultured with CD8+ OT-I T cells (Figure 3A). There was no significant difference in the proliferation of OT-I T cells when comparing TdLN and NdLN cells in co-cultures derived from mock or T-HIFU mice co-treated with CpG (Figure 3B). However, a significant increase in OT-I proliferation was found in co-cultures with TdLN cells compared to NdLN cells derived from M-HIFU treated mice receiving CpG (Figure 3B). Besides, the percentage of proliferated OT-I T cells co-cultured with TdLN cells from M-HIFU treated mice was slightly elevated in comparison to T-HIFU treated mice. These results indicate that TdLN cells derived from M-HIFU, rather than T-HIFU, most effectively cross-present antigen to CD8+ OT-I T cells ex vivo.




Figure 3 | Ex vivo OT-I proliferation following T-HIFU or M-HIFU. (A) Diagram shows the treatment schedule for assessing OT-I proliferation following HIFU ablation. Mice bearing EG7 tumors were treated with mock, T-HIFU or M-HIFU ablation and received a peritumoral injection of 50 µg CpG within 30 minutes after HIFU ablation, divided over two injections. 16-24 hours after HIFU treatment, inguinal LNs were excised and single cell LN suspensions (0.75 × 106 cells) were co-cultured with 0.5 × 105 CFSE labelled CD8+ OT-I T cells for 72 h. (B) Graph shows OT-I proliferation upon co-culture of NdLN and TdLN cells following mock, T-HIFU and M-HIFU treatment plus CpG administration. Differences in OT-I proliferation between treatments were analyzed using ordinary two-way ANOVA followed by Tukey’s multiple comparison test. Differences between LNs were analyzed using repeated measures two-way ANOVA followed by Bonferroni’s multiple comparison test (control n = 7, T-HIFU n = 7, M-HIFU n = 7 animals). Shown are pooled results from three independent experiments. CFSE, carboxyfluorescein succinimidyl ester; CpG, cytidyl guanosyl; LN, lymph node; M-HIFU, mechanical-high intensity focused ultrasound; NdLN, non-draining lymph node; T-HIFU, thermal-high intensity focused ultrasound; TdLN, tumor-draining lymph node.





M-HIFU creates unique tumor debris and reduces immunosuppressive factors

T- and M-HIFU ablation in combination with CpG administration both resulted in migratory DC maturation. However, only the combination of M-HIFU ablation plus CpG administration potently induced antigen-specific T cell proliferation ex vivo. Both HIFU ablation methods led to in situ tumor destruction, but the different pulse regimens resulted in completely different local temperatures and ways of cell fragmentation. This prompted us to characterize the tumor debris generated by T-HIFU and M-HIFU on a molecular level by analyzing its RNA, DNA and protein content. Mice treated with T-HIFU or M-HIFU were sacrificed immediately after HIFU treatment and treated tumor tissue (referred to as debris) was extracted as well as tumor tissue from outside the ablation area (referred to as control). Alongside the untreated EG7 tumor tissue, the EG7 cell line was included as an additional control. In these control samples, as well as in the T-HIFU tumor debris, intact 28S and 18S ribosomal RNA (rRNA) bands were readily detected (Figure 4A). Interestingly, intact rRNA bands were not observed in the M-HIFU tumor debris; instead, the loaded RNA appeared as an RNA-smear in the low molecular weight range (Figure 4A). A similar pattern was observed for DNA content, where only M-HIFU tumor debris showed clearly fragmented DNA with a smeared appearance indicative of random DNA breaks (Figure 4B). A typical ladder-like pattern of degraded DNA products, a characteristic of apoptosis, was also observed on agarose gel electrophoresis. This apoptotic ladder was most pronounced in the T-HIFU derived tumor debris (Figure 4B). Protein content analysis also revealed an altered protein pattern, indicative of protein fragmentation, specifically in the M-HIFU tumor debris (Figure 4C). Together, these results show that M-HIFU uniquely induced a fragmented RNA, DNA and protein profile in tumor debris.




Figure 4 | T-HIFU and M-HIFU tumor debris characterization. Mice bearing EG7 tumors were treated with T-HIFU or M-HIFU ablation and immediately after treatment tumor debris was extracted. Tumor debris was characterized for RNA (A), DNA (B) and protein content (C). Each lane represents tumor debris and matched control sample obtained from an individual mouse. Western blot analysis (D) and quantification (E) of TGF-β, IL-10 and actin in tumor debris and corresponding surrounding control tissue. Each lane represents tumor debris and matched control sample obtained from an individual mouse. Statistical significance was calculated using a repeated measures two-way ANOVA followed by Bonferroni’s multiple comparison tests (T-HIFU n = 2, M-HIFU n = 7). IL-10: Interleukin-10; M-HIFU: mechanical-high intensity focused ultrasound; T-HIFU: thermal-high intensity focused ultrasound; TGF-β: transforming growth factor-beta. p < 0.01 **, p < 0.001 ***.



Tumor debris not only consist of tumor (neo)antigens, but also contains immune stimulatory and inhibitory components of the treated tumor. Especially the latter has received attention as blocking immune inhibitory checkpoints or immunosuppressive cytokines have been particularly effective and revolutionized cancer treatment. Our observation that the tumor debris content following M-HIFU is strongly fragmented, prompted us to investigate the effect of M-HIFU and T-HIFU treatment on the levels of the immunosuppressive factors TGF-β and IL-10 in the resulting tumor debris. Hereto, equal amounts of protein as determined by a BCA assay were loaded for western blot analysis. Visualization of total protein using Ponceau S staining confirmed equal protein loading (data not shown). Strikingly, M-HIFU debris contained severely diminished absolute protein levels of TGF-β and IL-10 as compared to untreated control tumor tissue. No decreased TGF-β or IL-10 protein levels were observed in T-HIFU treated areas when compared to control tissue (Figures 4D, E). Of note, we observed an increased amount of the cytoskeletal protein actin in control T-HIFU samples compared to T-HIFU debris and the EG7 cell line, which is most likely explained by the small temperature rise in the control tissue adjacent to the treated T-HIFU area (Figures 4D, E). Altogether, these data indicate that the fragmented tumor debris generated by M-HIFU ablation is different from the debris following T-HIFU ablation in that it contains a unique molecular contexture. Moreover, M-HIFU lowers the local presence of immunosuppressive factors in the tumor debris and thereby the context in which the immune response is elicited.




Discussion

In this study we investigated the effects of MR-guided M-HIFU and T-HIFU ablation on tumor destruction and immune cell activation with or without co-administration of CpG. Our results show that M-HIFU ablation alone significantly increased DC activation in TdLN. CpG administration within 30 min following M-HIFU or T-HIFU ablation increased DC activation in TdLNs to a similar extend compared to mock plus CpG treatment. Remarkably, although both HIFU ablation modalities increased DC activation to a similar degree in presence of CpG, only co-cultures with TdLN cells from M-HIFU treated mice potently induced OT-I CD8+ T cell proliferation ex vivo. Molecular characterization of the tumor debris resulting from the two types of HIFU showed that only M-HIFU uniquely induced a fragmented RNA, DNA and protein profile in tumor debris, reducing the presence of immunosuppressive factors TGF-β and IL-10.

Both HIFU ablation methods effectively destroy tumor tissue and result in a depot of tumor material which remains in situ. This antigen depot contains antigens in a (partially) denatured or non-denatured state, depending on the temperature reached in the focal area. The fragmented content of the M-HIFU tumor debris is most likely due to fragmentation by the pulsed high-intensity focused ultrasound waves. However, it is difficult to fully exclude that DNAses, RNAses or proteases participated in this effect. In contrast, we observed an increase in apoptotic DNA fragmentation in T-HIFU debris compared to adjacent tissue, whereas the RNA and protein profile appeared largely unaltered. These results indicate that the molecular contexture of M-HIFU and T-HIFU debris is different.

The context in which DCs take up tumor antigens is crucial for engaging protective adaptive immunity. Our data indicate that M-HIFU ablation attenuates the anti-inflammatory cytokines TGF-β and IL-10 within the tumor debris. The degradation of these anti-inflammatory cytokines likely shifts the tumor debris to a less immunosuppressive contexture. It will be interesting to investigate the effect of M-HIFU on other factors present in the debris, such as endogenous danger signals, immune stimulatory molecules and other immune inhibitory molecules. Very different from M-HIFU, T-HIFU debris consisted of denatured and coagulated tumor tissue. Similar levels of TGF-β and IL-10 were observed in T-HIFU control tissue and debris, but actin levels were elevated in control T-HIFU lysates compared to T-HIFU debris and the EG7 cell line. This increase is possibly prompted by T-HIFU-induced heat diffusion resulting in hyperthermia, which has previously been shown to modulate actin dynamics (27). No difference was observed in the actin levels after M-HIFU ablation. Identification and further understanding of the unique antigenic “fingerprint” induced by various in situ tumor ablation techniques, including its immunogenicity, will be crucial to link the tumor antigen depot to the induced immune response, and will help further optimizing in situ tumor ablation (immunocombination) therapies.

Tumor debris remaining in situ after tumor destruction provides the immune system with an antigen source for the induction of anti-tumor immunity. The primary goal is to obtain tumor antigen-loaded DCs in the TdLN that are properly activated so that they can initiate T cell-mediated immunity. Analysis of the maturation state of DCs following HIFU revealed that CD11c+MHCIIhigh migratory DCs in the TdLN expressed significantly higher levels of the maturation and activation markers CD86 and PD-L1 upon M-HIFU ablation, whereas T-HIFU did not significantly alter the expression of these markers on DCs. Although PD-L1 is most known for its dampening effect on anti-tumor immune responses through its interaction with PD-1 on T cells, PD-L1 is also a marker of immune activation and important for proper DC functioning. Interestingly, it was recently reported that cDC1s, which are particularly important for the priming and activation of CD8+ T cells, upregulate PD-L1 expression upon antigen uptake (28). The underlying mechanism(s) for the upregulation of activation markers on DCs following M-HIFU, and not T-HIFU, remains to be elucidated, but is likely related to endogenous mediators that are produced upon the diverse HIFU ablation modalities. Although various studies reported the release of danger signals that results in DCs activation following HIFU ablation (11, 29), the immunostimulatory potential of these signals appears to be impaired by protein denaturation due to T-HIFU ablation. Furthermore, the balance between immune stimulatory and immune inhibitory molecules determines immune activation. The immunosuppressive mediators can potentially overshadow the ablation-induced immune activating signals. Interestingly, this is exactly what we observed as M-HIFU alone, but not T-HIFU alone, induced DC maturation. Further, our data showed that M-HIFU creates a unique molecular context of ablated tumor material and reduces immunosuppressive molecules, which may partly explain M-HIFU-induced DC-mediated T cell activation.

M-HIFU alone significantly increased DC maturation in TdLNs. In this study we report that CpG administration following HIFU ablation further increased the activation of migratory DCs in TdLNs. In line with these findings, several other studies have reported promising preclinical results of the therapeutic potential of HIFU and immunotherapy combination therapy (30–34). Interestingly, in our study both T-HIFU and M-HIFU significantly increased activation of migratory DCs relative to mock plus CpG treatment, but only co-cultures with TdLN cells from M-HIFU treated mice potently induced OT-I CD8+ T cell proliferation ex vivo. These results suggest that M-HIFU ablation generates tumor antigens that allow for more effective presentation by LN cells and priming of tumor antigen specific T cells, which are in part also related to improved drainage of the liquified tumor debris towards TdLNs. It remains to be investigated, however, if M-HIFU plus CpG will induce strong anti-tumor (memory) responses capable of rejecting a tumor rechallenge or can induce an abscopal effect. A previous study demonstrated that amputation of the B16-F10 tumor-bearing leg 2 days after thermal or mechanical HIFU ablation resulted in a decreased metastasis incidence rate (19).

The inability to ablate complete tumors using our HIFU system is a potential limitation of our study. Notably, for radiofrequency ablation it has been observed that complete tumor ablation is crucial for synergy with anti-PD1 immunotherapy (35). On the other hand, Eranki et al. showed that partial M-HIFU ablation in a more immunogenic neuroblastoma tumor model synergized with checkpoint inhibitors (anti-PD-L1 plus anti-CTLA4) and significantly prolonged survival (36). This discrepancy possibly depends on the nature and immunogenicity of the antigens released and/or the immune stimulatory capabilities of the in situ tumor destruction technique applied. Information on complete or partial ablation is important to compare ablation strategies from an immunological point of view but also provides crucial insights about additional (immuno)therapy effects that influence the immunological outcome.

Tumor ablation techniques allow for direct in situ (neo)-antigen loading of DCs without prior knowledge of tumor antigens or epitopes. The challenge within the field of interventional oncology is to create an in situ vaccine that drives systemic immune responses following tumor ablation, robust enough to cause a broad and effective systemic anti-tumor immune response. The results described here imply that especially M-HIFU ablation creates a unique antigen depot and enhances DC-mediated CD8+ T cell immunity in combination with CpG. M-HIFU ablation is currently clinically tested (NCT04572633). A better understanding of how HIFU ablation influences anti-tumor immunity will lead to more effective in situ vaccination strategies.
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Introduction

To investigate immunogenic changes after percutaneous microwave ablation (MWA) in pulmonary malignancies.



Methods

Twenty-two consecutive patients with pulmonary malignancies who underwent percutaneous lung tumor MWA were prospectively enrolled in this study. Peripheral blood samples were collected on the day before (D0) and one month (M1) after MWA. Changes in immune cell subsets (CD3+, CD4+, and CD8+ T cells, and B, natural killer, regulatory T (Treg), and CD3-CD20+ cells) and cytokines (interleukin [IL]-2, 4, 6, 10, 17A, tumor necrosis factor [TNF]-α, and interferon-γ) were noted and compared. Progression-free survival (PFS) and potentially related factors were analyzed.



Results

The proportion of CD8+ T cells increased from 22.95 ± 7.38% (D0) to 25.95 ± 9.16% (M1) (p = 0.031). The proportion of Treg cells decreased from 10.82 ± 4.52% (D0) to 8.77 ± 2.05% (M1) (p = 0.049). The IL-2 concentration was also decreased from 1.58 ± 0.46 pg/mL (D0) to 1.26 ± 0.60 pg/mL (M1) (p = 0.028). The reduction in Treg cells predicted PFS independently of clinical prognostic features in multivariate analysis (hazard ratio = 4.97, 95% confidence interval: 1.32–18.66, p = 0.018). A reduction in the proportion of Treg cells was observed in 15 patients (68.2%) and the average of the reduction was 2.05 ± 4.60%. Those patients with a reduction in the proportion of Treg cells that was more than average showed a significantly longer median PFS time than those with a reduction that was less than average (16 months vs. 8.5 months, p = 0.025).



Discussion

Percutaneous MWA of pulmonary malignancies leads to immunogenic changes. The reduction in the proportion of Treg cells was independently associated with PFS.





Keywords: CD8+ T cell, IL-2, percutaneous microwave ablation, pulmonary malignancies, regulatory T cells, immune system



Introduction

Thermal ablation has been widely used for the local ablation of solid tumors, with the advantages of high treatment efficacies and low complication risks (1–4). An increasing number of studies have demonstrated that thermal ablation not only destroys the tumor locally, but also leads to a change in systemic anti-tumor immunity (5–7). Such a change in immunity has been shown to predict the prognosis of patients (8, 9).

Although the mechanism of how thermal ablation can activate anti-tumor immunity has not been fully elucidated, recent studies have suggested that thermal ablation could modulate systemic anti-tumor immunity by activating various steps in the cancer immunity cycle, including: release of neoantigen and danger signals (10, 11); upregulation of immune cells in peripheral blood (12, 13); increased tumor-infiltrating lymphocytes (14, 15); elevation of interferon-gamma (IFN-γ) and other pro-inflammatory cytokines (16, 17), and a reduction in immunosuppressive regulatory T (Treg) cells (18).

In recent years, thermal ablation of primary and metastatic lung malignancies has gained in popularity for patients whose tumors are not suitable for surgical resection (19–22). However, previous studies regarding the immunity change caused by thermal ablation mainly focused on hepatocellular carcinoma (HCC), and breast, renal cell, and prostate cancers. Few to no studies have investigated immunity changes after thermal ablation of pulmonary malignancies (23). Thus, in the present study, immune cell subsets and cytokines were determined in the peripheral blood of patients, and compared before and after the percutaneous microwave ablation (MWA) of pulmonary malignancies. The aim of the study was to investigate immunogenic change after percutaneous lung MWA and its relationship with the prognosis of patients.



Methods


Study design

This monocentric prospective study was performed at our institution from January 2020 to December 2020. This study was approved by the local Institutional Review Board and informed consent was obtained from all eligible patients. After a multidisciplinary meeting that included surgeons, interventional radiologists, pathologists and oncologists, 104 consecutive patients who were recommended to receive MWA for pulmonary malignancies were assessed. Patients aged > 18 years, with a diagnosis of primary and metastatic lung malignancies by pathology, with less than five lesions, and with tumors that had a maximum diameter ≤5cm were included. Exclusion criteria included: 1) those with contraindications of MWA; 2) received chemotherapy, immunotherapy, radiotherapy or MWA within three months before enrollment in the study or within one month after MWA; 3) experienced severe complications from MWA such as infections or massive bleeding; 4) received glucocorticoid treatment or immunosuppressive therapy; 5) declined to participate in the study.

The day when MWA was performed was defined as D1. Patients’ peripheral blood samples were collected on the day before (D0) and one month (M1) after MWA, and were used to measure changes in immune cell subsets and cytokines. All patients received a clinical follow-up (Figure 1).




Figure 1 | Flowchart of the study. D0, day before MWA; D1, day of MWA; M1, one month after MWA; MWA, percutaneous microwave ablation.





Percutaneous microwave ablation

Percutaneous MWA was performed by an experienced interventional radiologist under the guidance of a dual-source computed tomography (CT) system (SOMATOM Force, Siemens Healthcare, Forchheim, Germany) with local anesthesia (lidocaine). The MWA system (MTC-3C, Vison-China Medical Devices R&D Center, Nanjing, China) consisted of a 2450 ± 50MHz generator generating a maximum of 100 W and a water-cooled antenna (outer diameter was 16G or 18G and effective length was 150 mm or 180 mm).

Tumors with a maximal diameter less than 3 cm were treated with a single applicator that was placed in the center of the tumor. To ensure the ablation range completely covered the tumors and 0.5 cm around each tumor, tumors with a diameter larger than 3 cm were treated using two to three different sites based on tumor size and shape. A second or even third ablation was performed for those with a progression in ablation lesions.

A tumor treated according to the protocol and with a patient who was completely recovered as determined at the time of the procedure was deemed a “technical success”.

All patients received a chest CT scan the next day after MWA to assess for pneumothorax or hemorrhage. Analgesics and antipyretics were prescribed if necessary.



Measurement of immune cell subsets and cytokines

Peripheral blood samples were collected from patients on D0 and M1. T cells (CD3+), CD4+ T cells (CD3+CD4+), CD8+ T cells (CD3+CD8+), B cells (CD3-CD19+), natural killer (NK) cells (CD3-CD16+CD56+), CD20+ B cells (CD45+CD3-CD20+), and Treg cells (CD3+CD4+CD25+CD127-) were analyzed by flow cytometry (BD FACSCalibur, BD Biosciences, Sparks, MD, USA) using BD Multi-TEST IMK Kits (BD Biosciences, Shanghai, China). Levels of cytokines: interleukin-2 (IL-2), IL-4, IL-6, IL-10, IL-17A, tumor necrosis factor-alpha (TNF-α), and IFN-γ were determined by a Luminex 200 analyzer (Shanghai Tellgen Life Science Co. Ltd, Shanghai, China) using cytokine detection kits (Bio-Rad, Hercules, CA, USA).



Treatments after MWA

For primary lung malignancies, patients with sensitive mutations were treated with epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) or anaplastic lymphoma (ALK) kinase inhibitors. For those without mutations, platinum-based chemotherapy was administered. For patients with metastatic lung malignancies, systematic chemotherapy was administered according to the pathology of the primary tumor. For all patients, if local therapy (such as radiotherapy, a second thermal ablation, transhepatic arterial chemotherapy, and embolization) or immunotherapy was necessary, such treatments were administered one month after MWA.



Complications and follow-up

Treatment-related complications were noted within 30 days after ablation, and were classified in accordance with the Common Terminology Criteria for Adverse Events version 4.0 (24). Patients with major complications were excluded from the study.

Patient follow-up was conducted at 1 month and every 3 months thereafter until death or the last follow-up. Follow-up evaluation included physical examination, laboratory testing, and contrast-enhanced imaging (ultrasound, CT, magnetic resonance imaging, or positron emission tomography).

Technique efficacy referred to a defined prospective time point when “complete ablation” of the macroscopic tumor was achieved as noted on follow-up imaging. Complete ablation was defined as lesion disappearance, complete cavitation formation, fibrotic progression or scar formation, solid nodule involution or no change, and/or atelectasis presenting as no contrast-enhanced signs on follow-up CT images. Incomplete ablation was indicated by incomplete cavernous formation with several remaining solid or liquid components; partial fibrosis or fibrotic lesions with solid residues; and/or solid nodules with unchanged or increased size displaying irregular peripheral or internal enhancement signs on follow-up CT images.

Treatment response was evaluated according to the Response Evaluation of Criteria in Solid Tumors version 4.0 (25). Progression-free survival (PFS), was defined as the interval between initial treatment and disease progression or death.



Statistical analysis

Statistical software (SPSS version 19.0; SPSS, Chicago, IL, USA) was used for analysis. Continuous variables were presented as mean ± standard deviation and compared by paired sample t test. Categorical variables were presented as frequencies and compared using the chi-square test. Univariate and multivariate analyses were used to identify factors associated with PFS. Progression-free survival was analyzed using Kaplan–Meier curves and a log-rank test. A Cox proportional hazards model was used to examine risk factors associated with PFS. Variables with a p value less than 0.1 were entered into the multivariate model. The relationship among those variables was analyzed by using spearman correlation coefficients. A p value less than 0.05 indicated a significant difference.




Results


Characteristics of study population

Between January 2020 and December 2020, 104 consecutive patients were assessed. A total of 24 eligible patients were enrolled in the study. Technical success was achieved in all 24 patients. One patient was excluded due to experiencing pneumonia after MWA. Another patient was excluded due to a lack of M1 blood sample. Finally, 22 patients finished the study. Table 1 summarizes the main characteristics of the studied population.


Table 1 | Characteristics of study population.





Variation in immune cell subsets and cytokines after MWA

The variations in immune cell subsets and cytokines after MWA are shown in Table 2 and Figures 2A, B. The proportion of CD8+ T cells increased from 22.95 ± 7.38% (D0) to 25.95 ± 9.16% (M1) (p = 0.031). An increase in the proportion of CD8+ T cells was observed in 15 (68.2%) patients. The proportion of Treg cells decreased from 10.82 ± 4.52% (D0) to 8.77 ± 2.05% (M1) (p = 0.049). A decrease in proportion of Treg cells was observed in 15 (68.2%) patients. The IL-2 concentration at M1 was significantly lower than that at D0 (1.26 ± 0.60 pg/mL vs. 1.58 ± 0.46 pg/mL, p = 0.028). A decrease in the IL-2 concentration was observed in 13 (59.1%) patients. Other immune cell subsets and cytokines showed no significant difference between D0 and M1.


Table 2 | Variations in immune cell subsets and cytokines after MWA.






Figure 2 | Variations in immune cell subsets (A) and cytokines (B) after MWA on a per-patient basis. IL, interleukin; MWA, percutaneous microwave ablation; NK, natural killer; TNF, tumor necrosis factor.





Follow-up analysis

No major post-treatment complications occurred in all patients after MWA. The average follow-up interval was 12.68 ± 7.56 (3 – 24) months. Technical efficacy was achieved in 16 patients (72.7%) during follow-up. One patient was lost to follow-up 15 months after MWA without disease progression. During the follow-up, a total of 16 patients (72.7%) showed disease progression.

In a Cox regression analysis of variables potentially associated with PFS (Table 3), gender (hazard ratio [HR] = 0.22, 95% confidence interval [CI]: 0.06–0.82), stage (HR = 4.26, 95% CI: 0.88–20.71), PS (HR = 1.98, 95% CI: 1.15–3.42), technical efficacy (HR = 0.31, 95% CI: 0.10–0.97), and a reduction in the proportion of Treg cells (HR = 3.30, 95% CI: 1.06–10.25) were significantly associated with PFS in univariate analysis. No linear correlation was found among the variables that entered into the multivariate model according to spearman correlation analysis (all p > 0.05). In multivariate analysis, a reduction in the proportion of Treg cells (HR = 4.97, 95% CI: 1.32–18.67, p = 0.018) was independently associated with PFS.


Table 3 | Univariate and multivariate Cox regression analyses of variables potentially associated with PFS.



Patients with an absolute percentage decrease in the proportion of Treg cells over the average showed longer PFS (median PFS: 16.0 months) than patients with an absolute percentage decrease below the average (median PFS: 8.5 months) (Figure 3A, log-rank test: p = 0.025. Figure 3B, showed a case of a reduction in proportion of Treg cells predict PFS).




Figure 3 | The reduction in the proportion of Treg cells is associated with PFS. (A) PFS according to a reduction in the proportion of Treg cells between D0 and M1. (B) A case showing that a reduction in proportion of Treg cells predict PFS. A 49-year-old female was diagnosed with pulmonary oligometastasis of urothelial carcinoma and underwent MWA (upper row: arrow indicated the change of treated lesion at different time point). One month after ablation of the index tumor, an abscopal effect was observed: untreated tumor regression (lower row: arrow indicated the change of untreated lesion at different time point). At M1, the proportion of CD8+ T cells increased from 39% (D0) to 53% (M1). However, the proportion of Treg cells also increased from 8.1% (D0) to 9.7% (M1). Finally, tumor progression was observed 4 months after MWA. The patient’s overall survival time was 10 months. D0, day before MWA; M1, one month after MWA; MWA, percutaneous microwave ablation; PFS, progression-free survival; Treg, regulatory T cell.






Discussion

The present prospective study investigated immunogenic changes after percutaneous lung MWA and analyzed potentially related factors associated with patients’ prognosis. Our data indicated that percutaneous MWA of pulmonary malignancies leads to an immunogenic change, including an increase in the proportion of CD8+ T cells and a decrease in the proportion of Treg cells and IL-2 concentration. The reduction in the proportion of Treg cells was independently associated with PFS.

Several studies have investigated the relationship between thermal ablation of lung tumors and systemic anti-tumor immunity. Fietta et al. (13) reported that 30 days after radiofrequency ablation (RFA) of lung tumor, a significant reduction in Treg cells count with an increase in CD4+ T cell proliferation and number of IFN-γ–secreting cells was observed. The reduction in Treg cells lasted up to 90 days after treatment. Schneider et al. (26) showed that treatment of patients with RFA led to an activated and highly T-cell–stimulatory phenotype in dendritic cells, and that the RFA-induced necrotic tumor debris can serve as an in-situ antigen source to induce an autologous anti-tumor immune response. Wang et al. (27) reported that after RFA, the level of Th1 and Th1/Th2 cells increased, whereas levels of Th2, Th17, and Treg cells declined, indicating an improvement in anti-tumor immunity. Our data reinforce current evidence that a thermal ablation of lung tumor can trigger systemic immunological effects.

Preclinical studies have shown that lymphocytes that infiltrate the tumor as a result of thermal ablation are predominantly CD4+ and CD8+ T cells (15, 28). However, an increase in T-cell subsets was not very marked in peripheral blood samples. Zhou et al. (29) reported that levels of circulating T-cell subsets, except for Th17 cells, were relatively stable after MWA in patients with HCC. In the present study, only the proportion of CD8+ T cells increased after MWA. The amount of CD8+ T cells was not increased significantly, indicating that the change in T-cell subsets induced by MWA may be mild or transient. Other studies (18, 30) also reported that NK cell and macrophage infiltration appears to increase with thermal ablation. However, in our study, a significant change in NK and B cells was not detected. A decline in Treg cells post-ablation has been reported in several studies (13, 27). Treg cells could facilitate tumor progression by suppressing the antitumor immune response, and was reported negatively correlated with survival (31, 32). A higher number of CD4+ and CD8+ T cells and a lower number of Treg cells post-thermal ablation have been shown to have a positive effect on tumor progression and survival (33, 34). In the present study, the reduction in Treg cells was the only feature that predicted PFS independently in multivariate analysis, indicating that the MWA-induced reduction of Treg cells plays an essential role in the enhancement of systemic anti-tumor immunity.

Changes in cytokines after thermal ablation have also been reported in several studies. Elevated IFN-γ levels post-ablation has been shown to be associated with tumor-infiltrating lymphocytes (35, 36). The pro-inflammatory cytokines, IL-1β, IL-6, and IL-8, have also been noted to be elevated post-thermal ablation (17, 37). These cytokines have been shown to assist with T-cell proliferation and trafficking (38). However, in the present study, only a decrease in IL-2 concentration was found. Interleukin-2 plays an important role in the immune system by binding to the IL-2 receptor (IL-2R) on the surface of lymphocytes. It has the ability to activate CD8+ T and NK cells, and promote their proliferation. However, IL-2 can also activate Treg cells, which inhibits the anti-tumor immune response of T cells (39). The IL-2R is another key point in the process; high affinity IL-2R (complex of α/β/γ) is expressed on Treg cells, while low affinity IL-2R (complex of β/γ) is expressed on CD8+T and NK cells. Therefore, the trimer high affinity complex on Treg cells consumes a large amount of IL-2, which requires a higher dose of IL-2 to achieve cytotoxic T lymphocyte (CTL)–mediated anti-tumor immunity (40, 41). Today, research on IL-2 therapy focuses on how to enhance the activation of IL-2 on CTLs and reduce or block the activation of Treg cells (42, 43). In the present study, an increase in proportion of CD8+ T cells and a decrease in proportion of Treg cells and IL-2 concentration were observed at the same. Thus, it is postulated that MWA may induce a change in IL-2 bias; that is, IL-2 may selectively bind IL-2R on effector T cells, and reduce the binding of IL-2R on Treg cells. This hypothesis is worthy of further investigation in order to explore the potential of the combination of MWA and IL-2 therapy. Previous studies have shown that the combination of radiotherapy or PD-L1 blockade and IL-2 therapy potently stimulates systemic anti-tumor immunity (44, 45).

Several limitations exist in the present study. First, the study population was strictly selected and quite small. It may give rise to bias in statistical analysis, and the reliability of study result needs to be confirmed by further research. Second, only changes in immune cells and cytokines on D0 and M1 were analyzed. Further time points, such as an early (Day 1, Day 7) change and long term (M3, M6) change of immunity should be further investigated. Third, the mechanism of how MWA regulated immune cells and cytokines was not investigated in the present study; however, it is worthwhile to further explore the regimen in order to amplify the anti-tumor immunity induced by thermal ablation. Fourth, as the only biological material studied was blood, it is not possible to know if the observed variations were due to tumor infiltration or solely due to blood dynamics. Finally, only PFS and potentially related factors were analyzed in this study. In a further study, long-term follow-up should be conducted and overall survival should also be analyzed.

In conclusion, our study demonstrated that percutaneous MWA of pulmonary malignancies leads to immunogenic changes. The reduction found in the proportion of Treg cells was independently associated with PFS.
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Introduction

Although intratumoral chemoablation can obtain an impressive therapeutic effect, there is still incomplete ablation and tumor recurrence in some patients. This could be due to the short retention time of the drug in the tumor, the limited distribution of intratumoral drugs, and, beyond that, the immunotolerance caused by the tumor microenvironment (TME). There is still an urgent need to find an optimal drug sustained-release carrier and figure out the impact of regional injection to TME.



Methods

In this study, we supposed to use polyethylene glycol (PEG) hydrogel as a drug carrier to improve the retention time of the drug to extend the exposure of tumor cells and investigate the feasibility of combination local Epirubicin injection with anti-PD-L1. 



Results

The results revealed obvious tumor suppression based on the tumor volume and the inhibition time of tumor growth in the A549 lung cancer mouse model after local injection. Furthermore, the enhanced antitumor effects of the combination of systematic anti- programmed death ligand 1 (PD-L1) therapy with local chemoablation (EPI-GEL/PD-L1) for abscopal tumor reduction in the 4T1 breast model were also observed. Flow cytometry analysis of the tumor and blood samples showed significant variations in the proportions of PD-L1+ and CD3+CD8+PD-1+ cells before and after anti-PD-L1 therapy. On day 4 after local injection of the EPI gel, the expression of PD-L1 in abscopal tumors was upregulated, while the expression of PD-L1 in bilateral tumors in mice was significantly reduced after anti-PD-L1 treatment. The proportion of CD3+CD8+PD-1+ cells in the tumor and circulating blood in the EPI-GEL/PD-L1 group was decreased compared with that in the EPI-GEL (single injection of epirubicin) group.



Discussion

The combination of local injection of the chemoablation agent with anti-PD-L1 monoclonal antibody (mAb) therapy may strengthen the antitumor activity, and the use of PEG hydrogel as the drug carrier can extend the retention time of the chemoablation agent around the tumor, maintaining a long-term tumor-killing activity.





Keywords: chemoablation, percutaneous injection, epirubicin (EPI), drug sustained release, tumor microenvironment, immunotherapy, immune checkpoint inhibitor (ICI)



Introduction

Chemical ablation is defined as the percutaneous injection of an ablation agent into a solid tumor with fine needles under imaging guidance. These agents inactivate tumor cells while remodeling the tumor microenvironment (TME) to produce a series of immunochemical reactions in order to achieve the goals of treatment; hereinafter, this is referred to as immunochemical ablation. The previously used ablation agents such as anhydrous alcohol and glacial acetic acid have been administered by local injection to rapidly dehydrate tumor cells, directly destroy cell membranes, and induce coagulation necrosis of tumor cells (1–3). However, because the speed and the scope of dispersion are not easy to control, and local pain stimulation is severe, the clinical application of these agents has been limited. To increase the traceability and stability of the ablation agent within the tumor and further enhance the antitumor cytotoxicity and remodeling of the immune TME, our team attempted to use chemotherapeutic drugs and iodized oil mixtures as chemoablation agents due to the advantage of the poor fluidity of iodized oils to prolong the contact time between the drug and the tumor and obtain preliminary efficacy verification.

Epirubicin (EPI) hydrochloride is one of the anthracycline anticancer drugs with a wide range of tumor-destroying effects and is currently a widely used ablation agent. Recent studies on anthracycline drugs have found that, apart from effectively killing tumor cells, they not only could enhance the effect of chemotherapy by stimulating the host immune system but also activate the host immune system to directly kill tumors, obtaining clinical benefits (4–10). Although intratumoral chemoablation can obtain effective tumor suppression, for some patients, there is still incomplete ablation and tumor recurrence of some parts of the tumor. The main reasons for this could be as follows: i) the degradation rate of iodide oils is slow, and the direct mixing of the EPI powder with iodized oil impedes the release of the drug; ii) it is difficult to achieve heterogeneous mixing of oil-wrapped powdered drugs; and iii) the TME causes immunotolerance to immune checkpoint inhibitors (ICIs). Therefore, in this study, we attempted to use polyethylene glycol (PEG) hydrogel as a drug carrier for tumor-wrapped injections to inhibit tumor growth through the sustained release of the drug (11, 12). In the past, the injection approach for chemoablation was intratumoral single-point or multipoint injections, through which the drug fills the entire tumor depending on the ability of the agent to spread. Due to the heterogeneity of tumors and the role of the TME, it was difficult for the intratumoral agent to spread uniformly on the entire tumor, resulting in the incomplete exposure of tumor cells to the drug and, consequently, tumor recurrence. Therefore, in this study, we intended to take advantage of the gelatinization of the hydrogel for the injection of an agent that coats the tumor completely in order to achieve sufficient exposure of the tumor to the drug (Figure 1A). The antitumor effect was examined by recording the tumor growth rate. In addition, as EPI induces immunogenic cell death (ICD), it may perform a key role in promoting the body’s immunogenicity. In this study, we used local chemoablation combined with systemic immunotherapy to preliminarily observe the changes in the TME from local chemoablation (13–20).




Figure 1 | (A) The chemoablation agent was injected using the multipoint injection method through a dual-channel syringe to wrap the tumor with the epirubicin (EPI) gel. (B) EPI-loaded hydrogel sustained-release experiment showing that, with the influence of the slow release, the killing effect at the same drug concentration of EPI gel on tumor cells was not as obvious as that of the EPI solution, but the exertion of continuous inactivation of tumor cells was still evident.





Results


EPI-loaded hydrogel sustained-release experiment

The in vitro tumoricidal activity of different concentrations of the EPI solution and EPI gel showed that the EPI gel could inactivate tumor cells through the sustained release of EPI, proving that PEG hydrogel can be used as an EPI drug carrier and does not affect the pharmacokinetics of EPI. Due to the influence of the slow-release rate, the killing effect of the same drug concentration of EPI gel on tumor cells was not as obvious as that of the EPI solution, but the exertion of a continuous inactivation of tumor cells was still observed (Figure 1B).



A549 tumor-bearing mice

Compared with the control group, after local injection of the EPI gel, the tumor grew significantly more slowly. Pathological results showed distinct necrosis visible in the tumor after EPI gel injection, and a lot of hyperplasia fibroadipose tissues can be found around the tumor (Figures 2A–C). The durations of inhibition of tumor growth in the group given a single injection of EPI gel (EPI-GEL group), the group administered sequential injections of EPI gel (EPI-GEL/SEQ group), and the group given EPI powder mixed with iodinated oil (IOD-EPI group) after local injection were 8.63 ± 1.5, 11.50 ± 1.5, and 6.88 ± 0.8 days, respectively (p < 0.0001), of which the tumor inhibition time of the sequential treatment was the most obvious and the control time of the IOD-EPI group on the tumor was shorter than that of the EPI-GEL group (Figure 3A). There were also differences in the inhibition of tumor volume using the three EPI injection methods, and the inhibition of tumor growth was significant when compared with the control group. The tumor volume eventually increased over time in the three groups, but the difference between the EPI-GEL and IOD-EPI groups was not significant (Figure 3B). CT images after local drug injection showed that the drug retention in the IOD-EPI group was worse compared with that in the EPI-GEL group (Figures 4A, B), and the drug dispersion area (product of the maximum length and the short diameter) of the EPI-GEL vs. the IOD-EPI group immediately after injection was 150.3 ± 12.6 vs. 355.6 ± 86.7 (p < 0.0001) (Figure 4C). It was shown that the EPI gel can maintain the peritumor drug in reserve, increase the local utilization of the drug, and reduce the toxicity of the tumoricidal drug to normal tissue.




Figure 2 | Representative hematoxylin and eosin (H&E) staining of tissue sections (right tumor of 4T1 mice) with obvious necrosis (A), control tumor cells (B), and peritumoral adipose tissue hyperplasia (C) after 3 days of epirubicin (EPI) gel injection.






Figure 3 | Tumor-bearing mice were monitored for tumor growth and tumor inhibition time (two successive measurements of tumor volume larger than before) after local injection. *p < 0.0332, **p < 0.0021,***p < 0.0002, ****p < 0.0001 (one-/two-way ANOVA with Tukey’s test). Data shown are the mean + SEM of the tumor inhibition time (A) and tumor volume (B). n = 8/group.






Figure 4 | (A, B) Immediate post-injection CT scans showing the distribution of 400 μl epirubicin (EPI) with iodized oil as carrier (arrowhead) (A) and with polyethylene glycol (PEG) hydrogel as carrier (arrow) (B). (C) The drug dispersion area (product of the maximum length and the short diameter) of the IOD-EPI (EPI powder mixed with iodinated oil) group immediately after injection was significantly larger than that of the EPI-GEL (single injection of EPI gel) group. ****p < 0.0001 (Student’s t-test).





4T1 tumor-bearing mice

Compared with the control group, the therapeutic modalities in the EPI-GEL group and the combination of systematic anti-programmed death ligand 1 (PD-L1) therapy with local chemoablation (EPI-GEL/PD-L1) led to marked tumor suppression, while the PD-L1 group did not show any difference from the control group (Figure 5A). None of the left tumors in the three groups were given any local interventions, but the growth of the left tumor in mice was inhibited. Over time, the growth of the tumors in the EPI-GEL and EPI-GEL/PD-L1 groups was slower than that in the control group, while the tumor growth in the EPI-GEL/PD-L1 group was slower than that in the PD-L1 group; the difference between the EPI-GEL and EPI-GEL/PD-L1 groups was significant. All of these suggest that local injection of the EPI gel into the right tumor may stimulate immunogenicity systemically (Figure 5B). The tumor growth in the PD-L1 group was slower than that in the control group, but there was no significant difference and no obvious tumor growth inhibition effect was shown. In the EPI-GEL and EPI-GEL/PD-L1 groups, the EPI gel was injected into the right tumor of mice. The growth of the right tumor in the mice of these two groups was significantly slower than that of mice in the control and PD-L1 groups, but there was no significant difference between the two groups. Although the tumor growth in the PD-L1 group was slower than that in the control group, no significant difference from the control group was observed (Figure 5B). In order to investigate the impact of local drug injection on the TME, we performed flow cytometry on tumors and the peripheral blood of mice. The results showed that 3 days after local injection of the EPI gel, the PD-L1 expression of the left tumor increased, while that in bilateral tumors in the EPI-GEL/PD-L1 group was significantly reduced (Figure 6A). The proportion of CD3+CD8+PD-1+ cells in the right tumor and circulating blood in the EPI-GEL/PD-L1 group was reduced compared with that in the EPI-GEL group (Figure 6B). After local injection of the EPI gel, the intratumoral proportion of CD4+CD25+Fox3+ cells (regulatory T cells, Tregs) in the right tumor was increased, but that in the left tumor was decreased; moreover, the CD3+CD8+ T lymphocytes in the right tumor were slightly reduced, but with no significant difference (Supplementary Figures S1, S2).




Figure 5 | In vivo and ex vivo bilateral tumors of 4T1 mice. After injection of the epirubicin (EPI) gel, the right tumors in both the EPI-GEL (single injection of EPI gel) and EPI-GEL/PD-L1 (combined chemoablation and anti-programmed death ligand 1 therapy) groups were smaller than those in the PD-L1 and control groups. (A) After the degradation of the EPI gel, the right tumor shrunk (arrow) and was surrounded by inflammatory hyperplasia tissue (arrowhead). (B, C) Bilateral tumor growth post-injection of the EPI gel or anti-PD-L1. ns, not significant. *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001 (two-way ANOVA with Tukey’s test).






Figure 6 | Representative flow cytometry analysis of PD-L1+ (A) and CD3+CD8+PD-1+ (B) cell infiltration in bilateral tumors and blood from mice treated with epirubicin (EPI) gel alone or in combination with anti-programmed death ligand 1 (PD-L1). ns, not significant. *p < 0.0332, **p < 0.0021, ***p < 0.0002, ****p < 0.0001 (one-way ANOVA with Tukey’s test/ unpaired t test).






Discussion

The incidence and mortality of malignant tumors are steadily increasing. The mechanisms of the TME play a significant role in drug tolerance. At the same time, the TME is also one of the important players in the resistance of tumor cells to ICIs (21–23). A low tumor mutation load, lack of tumor antigen and T-cell homing chemokine, and the immunosuppressive expression of programmed cell death 1 (PD-1)/PD-L1 will lead to immune tolerance (24, 25). In the self-growth process of solid tumors, the dense arrangement of tumor cells, the lack of a complete lymphatic system, and the malformation of supply vessels, among others, make it difficult for intravenous antitumor drugs to overcome the excessive hydrostatic pressure between tumor cells in order to reach the tumor. Combined with the influence of the extracellular matrix (ECM), certain cells, and growth factors in the TME, tumor cells build a natural “barrier” for self-protection, enhancing their resistance to chemotherapy. Although various attempts have been made by researchers, including changing the size of the drug molecules and binding to nanocarriers in order to increase the permeability of drugs in the blood vessels of tumor tissues while reducing exudation in normal tissues and the concomitant drug toxicity, the results have been less than satisfactory. Therefore, by reshaping the TME, extending the direct exposure time between tumor cells and chemotherapeutic drugs, and increasing the drug concentration, it is possible to improve the bioavailability of the drug and overcome the resistance of tumors to chemotherapeutic drugs and ICIs.

As EPI induces ICD, it has the effect of triggering the body’s immunogenicity in addition to its tumor-killing effect. Its main mechanisms of action include the following: i) it can trigger the intracellular calreticulin to move to the cell surface in order to promote antigen presentation and induce the surrounding immune cells to attack tumor cells; ii) anthracyclines stimulate the tumor cells to rapidly produce a large amount of type I interferon (IFN-1) by activating intracellular Toll-like receptor 3 (TLR3), promote the release of chemokine 10 (CXCL10), and participate in immunomodulation; and iii) anthracyclines can also induce small cell lung cancer to produce urokinase, interleukin 8 (IL-8), and monocyte chemoattractant protein 1 (MCP-1). These chemokines are the main chemical inducers of neutrophils and monocytes/macrophages (4, 26). Because of these functions, anthracyclines can induce inflammation and the interaction between immune and tumor cells, remodel the TME, and affect the biological characteristics of tumor cells in many ways. Low-dose, multi-frequency administration of anthracyclines is generally utilized to induce antitumor immunity because intravenous administration of high concentrations of drugs often causes damage to the body’s immune cells at the same time and inhibits the effect of immunotherapy. Intratumoral administration avoids damage to systemic immune cells caused by the excessive absorption of chemotherapeutic drugs into the bloodstream. A lot of studies have shown that the intratumoral injection of higher concentrations of chemotherapeutic drugs and immunoreagents is a safe and effective method (26–30). The advantages of chemoablation include the following: i) it can overcome the pressure of the tumor ECM and can percutaneously inject the drug directly into the tumor; ii) it is less traumatic with the use of fine needles to puncture the tumor percutaneously; iii) the intratumoral injection of drugs reduces the risk of systemic toxic side effects caused by the absorption of cytotoxic drugs into the blood; and iv) the flow of the ablation agent is relatively limited into the tumor, especially for lesions with capsules (27). When the agent surrounds the lesion, damage to the surrounding tissues will be avoided. Therefore, chemoablation is more suitable for tumors situated close to important organs and blood vessels and for patients with a declining performance status.

To overcome the excessive fluidity of the ablation agent, the insufficient exposure time of the tumor, and the uneven intratumoral drug distribution, we proposed using PEG hydrogel as the drug carrier for local injection. The structure of PEG hydrogel is similar to that of soft tissue, which allows nutrient diffusion, and it has good biocompatibility. Based on the reactions of the four-arm PEG amine (4-arm PEG-NH2) and the four-arm PEG succinimidyl succinate (4-arm PEG-SS), the four-arm PEG gel, a type of in situ hydrogel, is suitable for drug embedding. Its three-dimensional porous reticular structure is conducive to drug release, and, combined with its non-cytotoxicity and non-antigenicity, PEG gel is suitable for local injection as a carrier of chemoablation agents (11, 12). Previously, gels have been used by a number of researchers as a drug carrier (e.g., cisplatin or doxorubicin) for intratumoral injection and achieved expired therapeutic effects, which showed that the growth of the tumor was inhibited, but the concentration of the drug in the peritumoral tissue and bloodstream was only modest (31–34). Although a series of drug–gel delivery systems have been used in clinical trials for the treatment of head, neck, breast, and liver tumors, which indicated their effectiveness[>50% of complete and partial response (CR+PR) in head and neck region injection and >47% of objective response in recurrent or metastatic breast cancer] and safety, most of the carriers used in previous studies were thermosensitive gels (33, 35). Moreover, there are limitations to their use, including complex agent dispensation, long degradation time (>30 days or even up to 49 days as a graft), uneven distribution, are affected by ambient temperature, and the probability of reactions of the drug and reagents (31, 34). The PEG hydrogel used in this study is easy to mix, and the gelation time is not affected by external factors. In addition, compared with the previously used doxorubicin, the EPI used in this study has equal or even higher antitumor activity, but with lower toxicity and fewer side effects. Suitable gel degradation can release EPI in appropriate concentrations and cause the apoptosis of tumor cells within 48 h. It is worth mentioning that no mice died from EPI drug toxicity in this study. There are only a few investigations on a locally injectable EPI–PEG delivery system for the treatment of either lung or breast cancer, and even fewer on the combination of anti-PD-L1 treatment and EPI local injection.

The hydrogel used in this study was injected in the liquid phase through a dual-channel mixer. The mixture gelatinized in and around the tumor within 30 s, immobilized. The in situ gelatinization enables the drug-coated colloid to completely wrap around the tumor as much as possible, which increases the exposure time of tumor cells to the drug. This wraparound action of the ablation agent avoids the uneven distribution of intratumoral drugs due to tumor heterogeneity and may contribute to preventing tumors from invading the periphery. In this study, the hydrogel sustained-release experiment was performed to confirm that the PEG hydrogel would not affect the pharmacokinetics of EPI. The CT scan performed immediately after local injection showed that the drug was mostly immobilized in peritumor and still in situ after 24 h. When iodized oil is used as the drug carrier, the injection pressure diffuses the agent rapidly into the hypodermic space of the mice, and the dispersion range increases with time under the influence of the movements of mice. This may therefore limit the interaction time between the drug and the tumor cells, resulting in the waste of the drug and instead increasing the contact area between the chemotherapeutic drug and the surrounding normal tissue and, consequently, the toxic side effects.

The size of the tumors in this study was measured using a Vernier caliper. After the local injection of the EPI gel, and the swelling effect of the PEG hydrogel, the local volume of the tumor gradually increased and then shrunk with time. The injection of an ablation agent may cause local inflammation, resulting in local tissue hyperplasia and affecting the measurement of the tumor size in vivo. Although the bulge was always seen in the inoculation area of the mice, the macroscopic and pathological examination of the excised tumor showed reduction and necrosis. Evaluation of the treatment efficacy based on the tumor volume alone may not be accurate. Therefore, we plotted a tumor growth curve to observe the inhibition trend of the tumor growth using different treatment modalities. Both single and sequential injections of the EPI gel can inhibit tumor cell growth, with the size of the tumors being almost five times smaller than those of the control group at the end point of observation in this study. However, a single local injection of the agent may result in the incomplete inactivation of tumor cells as the EPI gel will degrade within 48 h and will cause local recurrence of the tumor over time. Sequential injections are equivalent to secondary consolidation therapy, reducing the probability of local recurrence. However, it should be noted that the concentration and the volume of the drug injected in a sequence should be able to inactivate most tumor cells; otherwise, recurrence of the tumor occurs. In individual cases, the large volume of the tumor or excessive drug leakage during subcutaneous injection will cause incomplete drug coating, resulting in insufficient tumor suppression. Therefore, we speculate that the tumor volume and the drug concentration, as well as the integrity of the looped agent, are important factors that directly impact the efficacy of tumor chemoablation. The specific correlation will be further studied in subsequent studies.

As a drug carrier, iodized oil can deliver the drug to tumor cells. But for larger tumors, its inhibitory effect is less marked than that of the EPI gel due to the extensive diffusion area of the oil-coated drug and the lower local effective utilization rate. Hence, we considered that the inhibition of tumor growth is more vulnerable to tumor size when iodized oil is used as a drug carrier. The correlation between the drug concentration, agent dose, and tumor size still needs to be determined, and specific data will be reported in our subsequent articles.

The 4T1 cell line is often used as a human stage IV breast cancer model and is inherently ineffective for immunotherapy (36). Considering the immune-boosting effect of anthracyclines, we initially attempted the combination of local EPI gel injection with anti-PD-L1 monoclonal antibody (mAb) therapy for the treatment of 4T1-bearing mice. The results showed that the local injection of the EPI gel alone and the combination of EPI gel with anti-PD-L1 therapy had significant tumor-suppressive effects, but there was no obvious difference between the two treatments. This might be related to the dose of the locally injected drug; that is, the drug dose of a single injection can have a significant tumoricidal effect, so the effect of immunotherapy in combination with the anti-PD-L1 treatment of the EPI gel-injected tumor is covered. Although the tumor growth of mice was slowed down by simple abdominal injection of the anti-PD-L1 mAb, there was no significant difference compared with the control group. There was significant inhibition of the growth of the left (non-intervention) tumors after local injection of the EPI gel and the combined EPI gel and anti-PD-L1 treatment. In addition, the flow cytometry results showed that, on day 4 after local injection of the EPI gel, the expression of PD-L1 in the left tumor was upregulated, while that in bilateral tumors in mice was significantly reduced after anti-PD-L1 treatment, suggesting that local injection of the EPI gel may have promoted immunotherapy through the exposure of more PD-L1 to the anti-PD-L1 mAb. Furthermore, we also found that the proportion of CD3+CD8+PD-1+ cells in the right tumor and circulating blood in the EPI-GEL/PD-L1 group was decreased compared with that in the EPI-GEL group (Figures 5B, C). Combined with the previously mentioned results of tumor growth inhibition in mice, we speculate that 4T1 cells may have obvious T-cell exhaustion, making them insensitive to anti-PD-L1 treatment alone; therefore, the application of anti-PD-L1 therapy alone still will not have a lasting inhibitory effect on 4T1 tumors (37, 38). When the tumor is attacked by the immune system after local EPI gel injection, the cells are regulated by the TME to improve the expression of PD-L1 (remarkable in the left tumor) as an attempt to suppress systemic immunity. However, the addition of the anti-PD-L1 agent blocks its binding pathway and improves the tumor-killing effect. As might be expected, in this study, we also observed that the proportion of CD4+CD25+Fox3+ cells (Tregs) in the right tumor was increased after local injection of the EPI gel, while CD3+CD8+ T lymphocytes were slightly reduced. The high concentration of a locally administered chemotherapeutic drug might destroy local immune cells in addition to killing the tumor cells, resulting in a decrease in the proportion of immune cells in the tumor environment. Therefore, combined with these preliminary results, we considered that the injection of a local chemoablation agent plays a certain role in promoting the PD-L1 expression of both in situ and abscopal tumors, but a part of this was transiently suppressed by the high concentration of the chemotherapeutic drug in the in situ tumor. Naturally, the drug leakage during the injection and the subcutaneous absorption of EPI into the blood may also affect the experimental results to a certain extent. Further research is still needed regarding the appropriate drug concentration and the frequency and timing of drug administration. Furthermore, we believe that the immune activation mechanism of the local injection of anthracyclines is not limited to upregulating the expression of PD-L1, which also needs to be further explored for the combination of pattern recognition receptor agonists such as TLR, stimulator of IFN-induced genes (STING), and retinoic-inducible gene I (RIG-I)-like receptor agonists.



Materials and methods


Hydrogel sustained-release experiment

To verify that the hydrogel does not affect the anticancer cytotoxicity after its binding to EPI, we conducted a sensitivity experiment of the gelatinized drugs in vitro. Different concentrations of EPI solutions (Pfizer Inc., New York, NY, USA) and loversol injections (Liebel-Flarsheim Canada Inc., Pointe-Claire, Canada) were proportionally mixed with 4-arm PEG-SS and 4-arm PEG-NH2 (Sinopeg, Xiamen, China) and then quiescently gelatinized (EPI gel; dissolved within 40–48 h). A549 and 4T1 cells were inoculated in 48- to 96-well plates, 60,000 per well for A549 and 80,000 per well for 4T1. The next day, EPI was added into the wells according to content gradients of 100, 200, 400, and 800 nM and 1.6, 3.2, 6.4, and 12.8 μM. The above steps were repeated and then 0.01 g EPI gel was added (with EPI contents of 100, 200, 400, and 800 nM and 1.6, 3.2, 6.4, and 12.8 μM) to the wells. After the addition of the EPI gel, three wells of cells were taken per concentration per day to examine the cell titers and record the cell activity values.



Animal experiments

All experiments were approved by the Animal Ethics Committee of the Chinese PLA General Hospital. The tumor cells and BALB/c and NVSG mice were purchased from Beijing Viewsolid Biotechnology Co., Ltd. (Beijing, China).

The 4T1 and A549 tumor cells were cultured in vitro in 1640 RPMI medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin–streptomycin at 37°C. Cells were collected for tumor studies after reaching exponential growth during the week of culture. Subsequently, 4T1 and A549 tumor cells (2 × 105) were subcutaneously injected into the bilateral flank of BALB/c mice and the right flank of NVSG mice. Female mice were used at 8–12 weeks of age and housed under specific pathogen-free conditions. When tumor volumes of 70–100 mm3 (A549) and 140–200 mm3 (4T1) were reached, the mice were randomized into different treatment groups depending on the experiment.



A549-bearing mice

The mice were anesthetized by intraperitoneal injection of 1% sodium pentobarbital solution (60–80 mg/kg); consequently, baseline CT scans were performed. EPI was made into a solution at a concentration of 1 mg/ml. In the hydrogel group, 500 μl of the EPI solution with 4-arm PEG-SS, 200 μl of iohexol, and 300 μl of sterilized water with 4-arm PEG-NH2 were mixed for injection. The tumor was completely wrapped by multipoint injection using a dual-channel syringe (Figure 1A) of a single injection of 400 μl (200 μg EPI) (EPI-GEL group) or sequential injections of 200 μl every 3 days (EPI-GEL-SEQ group) (a total of two injections); the drug diffusion was observed by performing CT scans immediately after. In the iodinated oil group (IOD-EPI group), the EPI powder (containing 10 mg of EPI) was divided into 10 equal parts by weight. One part was mixed with 2 ml of iodinated oil (Guerbet, Villepinte, France) and stirred at uniform speed for 60 s. Thereafter, 400 μl of the agent was injected using a 1-ml syringe by multipoint injection, and the diffusion area was recorded in the CT scans. The control group did not undergo any treatment. From day 0 to day 16, the tumor size was measured daily and CT scans were performed every 3 days.



4T1-bearing mice

The chemoablation agent was prepared in the same way as the A549 group. In the EPI-GEL/PD-L1 group, 400 μl (200 μg EPI) of the EPI agent was unilaterally injected into the tumor (right) through a dual-channel syringe, without intervention on the left side. Thereafter, an intraperitoneal injection of 200 μl of the anti-PD-L1 mAb (10F.9G2; Bio X Cell, Lebanon, NH, USA) every 4 days was started on the second day after EPI gel injection, for a total of four injections. The EPI-GEL group received a single injection of 400 μl (200 μg EPI) of EPI gel injected into the tumor (right side) without intervention on the left side. The PD-L1 group received anti-PD-L1 antibody injected intraperitoneally every 4 days for a total of four injections. The control group did not undergo any treatment. From day 0 to day 16, the bilateral tumor size was measured daily and CT scans were performed every 3 days.



Flow cytometry

The following mAbs and reagents were obtained from BioLegend (San Diego, CA, USA) and BD Biosciences (Franklin Lakes, NJ, USA): PE anti-mouse CD274 (B7-H1, PD-L1), APC anti-mouse CD25, PerCP/Cyanine5.5 anti-mouse CD3, FITC anti-mouse CD4, APC/Cyanine7 anti-mouse CD8a, and Brilliant Violet 421™ anti-mouse FOXP3.

On day 4 after the local injection of the EPI gel, the mice were sacrificed and the tumor and circulating blood were taken for flow cytometry analysis. The tumor was mixed with 3 ml of PBS and gently ground with a grinding rod until the tissue was broken down. Subsequently, the mixture was filtered through a 200-mesh strainer into a clean tube, centrifuged for 5 min (500 × g), and the supernatant discarded for later use. Then, 2 ml of erythrocyte lysate was added to the mouse peripheral blood sample. After 10 min of incubation, the sample was taken out for centrifugation for 5 min and then the supernatant was removed. Of each of the above antibodies, 2 μl was added into the tubes and the reagents were mixed at room temperature and incubated for 20 min away from light. Subsequently, 2 ml of PBS was added into the tubes, centrifuged for 5 min (500 × g), and the supernatant was removed. Finally, 400 μl of PBS was added into each tube for flow cytometry analysis (ACEA NovoCyte, San Diego, CA, USA).
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Supplementary Figure 1 | Representative flow cytometry analysis of CD4+CD25+Foxp3+ cell infiltration in bilateral tumors of mice treated with epirubicin (EPI) gel. ns, not significant. (one-way ANOVA with Tukey’s test).

Supplementary Figure 2 | Representative flow cytometry analysis of CD3+CD8+ cell infiltration in the right tumor of mice treated with epirubicin (EPI) gel. ns, not significant. (Unpaired t test).
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Background

Ablative therapy is a recommended treatment for hepatocellular carcinoma (HCC) not only for its effective eradication of tumors, but also for its induction of host immunity. However, the high 5-year recurrence rate after ablation underlines the poor understanding of the antitumor immunity response. Here, we investigated the effects of thermal ablation on antitumor immunity.



Methods

We analyzed the dynamics of tumor-associated antigen (TAA)-specific immune responses and changes in peripheral blood mononuclear cell phenotype in patients with HCC before and after tumor ablation. We used the IFN-γ ELISPOT assay and immunophenotyping by flow cytometry to evaluate the effects of ablation on host immunity. The correlation between the T cell response and disease outcome was explored to uncover the efficacy of the immune response in inhibiting HCC recurrence.



Results

Different TAA-specific T cell responses were identified among patients before and after ablation. One week after ablation, there was an improved immune state, with a switch from the dominance of an AFP-specific T cell response to that of a SMNMS-specific T cell response, which was correlated with better survival. Furthermore, an improvement in immune status was accompanied by a lower level of PD1+ and Tim3+ T cells in CD8+ T cells. Although this functional state was not durable, there was a higher degree of AFP-specific T cell responses at 4-weeks post-ablation. Furthermore, T cells presented a more exhausted phenotype at 4-weeks post-ablation than at the 1-week timepoint.



Conclusions

Ablation elicits a transient antitumor immune response in patients with HCC by changing the profile of the T cell response and the expression of immune checkpoint molecules, which correlated with longer recurrence-free survival of patients with HCC.
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Introduction

As the sixth most common neoplasm and the third leading cause of cancer death, hepatocellular carcinoma (HCC) is a disease that seriously threatens human health (1). Currently, ablative therapy has been recommended as the first-line treatment for HCC of Barcelona Clinic Liver Cancer (BCLC) stage 0/A according to the EASL Clinical Guidelines (2). At the same time, due to the obvious advantages of ablative therapy, its application is also gradually broadening (3). More interestingly, the abscopal effect after ablation indicates the induction of anti-tumor immunity by the destruction of tumours (4). Previous studies have also suggested that there is an increase in systemic antitumor immunity following ablation (5–9), including both in terms of innate immunity (10, 11) and adaptive immunity (6, 7, 12). However, in some patients with HCC, early recurrence after ablation leads to a dismal 5-year survival rate (1), which also indicates that understanding of this immune induction is insufficient.

The T-cell response plays an important role in the control of tumor progression by preventing or controlling tumor growth (13, 14). Flecken et al. showed that TAA-specific CD8+ T cell responses were associated with prolonged progression-free survival in patients with HCC (15). Our previous study found that broader and stronger SALL4, MAGE-A1, NY-ESO-1, MAGE-A3, and SSX2 (SMNMS)-specific T cell responses correlated with early-stage HCC, while a single T cell response, especially that of α-fetoprotein (AFP)-specific T cells, emerged mainly in the advanced stages (14). Furthermore, patients with a higher SMNMS-specific T cell response achieved a better 1-year recurrence-free survival (RFS).

Although encouraging data have been reported (3, 13), tumor recurrence in patients with HCC who have undergone complete ablation is still inevitable. To what extent can ablative therapy alter the HCC-specific T cell response? Furthermore, how long can the ablation-induced HCC-specific T cell response last? To address these issues, we studied the dynamics of tumor-specific T cells induced by ablative therapy during a specific follow-up period post-ablation using SALL4, MAGE-A1, MAGE-A3, NY-ESO-1, SSX2 and AFP to stimulate the antitumor T cell response. We analyzed the correlation between tumor-associated antigen (TAA)-specific T cell response and the recurrence of HCC after ablation.



Methods


Subjects of study

A total of 174 HCC samples were initially included from 2017/7 to 2021/7 in Beijing YouAn Hospital in this study. The diagnosis of HCC was histological confirmed or based on typical hypervascular tumour staining on angiography in addition to typical findings, which showed hyperattenuated areas in the early phase and hypoattenuation in the late phase on dynamic computed tomography (CT) or magnetic resonance imaging (MRI) (2). The following inclusion criteria were used: 1) liver biopsy or film degree exam diagnosed as HCC; 2) age from 18 to 75 years; 3) liver cirrhosis classified as Child−Pugh class A or B; 4) no other malignancies that may affect the prognosis. The exclusion criteria were as follows: 1) subjects who have received immune-related treatment; 2) with coexistent hematological disorders, serious or active infection before treatment; 3) combinations with other types of cancer or autoimmune disease; 4) secondary liver cancer; 5) serious treatment-related complications developed; 6) patients who developed tumor thrombus or metastasis; 7) tumours were not necrotic completely when assessed 4 weeks post-ablation. Therefore, during the course of our project, 174 samples were collected, including 79 baseline samples and 95 postoperative samples. After exclusion according to the standard, there were 57 preoperative samples and 80 postoperative samples. Next, we divided all the samples into three time points: 57 samples at before treatment (BF), 49 samples at 1 week (1W) and 31 samples at 4 weeks (4W) after treatment. In the following analysis, we compared changes in the T-cell immune response before and after treatment in each patient, for example, BF:1W, BF:4W, 1W:4W, and BF:1W:4W matched data, and there were 28, 23, 22, and 16 patients, respectively. The study design is outlined in Figure 1.




Figure 1 | Patient cohort and study design. 174 HCC PBMCs were initially included in this study. Among them, 79 samples were before treatment (BF), and 95 samples were that had received ablation treatment (AF). In consideration of the disease condition and the effect of treatment, samples from patients with vascular invasion/metastasis and without curative therapy were excluded. Thus, there were 57 samples at BF and 80 samples at AF. In the AF group, there were 49 samples were enrolled at 1-week (1W) and 39 samples at 4-week (4W). Paired cases were analyzed in 28 samples at BF and 1W, in 23 samples at BF and 4W, in 22 samples at 1W and 4W, two timepoints, and 16 samples at BF, 1W and 4W, three timepoints. Clinical data were collected from the database.



All subjects had undergone abdominal CT or abdominal MRI before and after thermal ablation (thereafter referred to as ablation). All patients gave written informed consent to participate in the study in accordance with the Helsinki declaration, and this study was approved by The Ethics Committee of Beijing YouAn Hospital, Capital Medical University.



Interventional treatments

All candidates enrolled in the study were performed combination therapy with transcatheter arterial chemoembolization (TACE) and thermal ablation (radiofrequency ablation or microwave ablation according to the assessment of tumour conditions). In the TACE procedure, the microcatheter was selectively/super-selectively placed in the tumour-feeding artery. A mixture of doxorubicin (Pfizer Inc., NY, USA) and lipiodol (Guerbet, Villepinte, France) was injected, and Gelfoam was used for embolization. Occlusions of the feeding artery and disappearance of the vessel stain were identified as the endpoint of embolization. Local thermal ablation was performed within 1 week after TACE. With the guidance of CT or MRI, the ablative position and modality were determined. Multiple sites, overlapping ablation, and repeated ablation were considered according to the tumour number and size to achieve the best clinical effect. For patients undergoing curative treatment, a safety margin of 0.5–1.0 cm of the adjacent non-neoplastic tissue was ablated to ensure complete coverage. The aforementioned treatments were performed by an interventional radiologist with >5 years of experience.



Samples collection

A total of 10 ml whole−blood samples were collected before (BF) or after (AF) treatment. Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density gradient within 6 hours after peripheral blood collection, then were resuspended cell cryopreservation fluid containing 90% fetal calf serum and 10% dimethyl sulfoxide and stored in liquid nitrogen until use.



Synthetic peptides for T-cell analysis

A total of 334 overlapping peptides (18-mers overlapping by 10 amino acids) spanning the complete amino acid sequence of SALL4, MAGE-A1, MAGE-A3, NY-ESO-1, SSX2 and AFP were utilized. Their purities were determined to be >90% by analytical high-performance liquid chromatography. Peptides were dissolved in dimethylsulfoxide (Sigma, Haverhill, Suffolk, UK) and diluted with RPMI 1640 before being combined into nine pools with 23-45 peptides per pool (Table 1).


Table 1 | The sequences of the overlapping peptides for each of the six antigens and their position within the protein sequence are shown.





Human IFN-γ ELISPOT assay

IFN-γ ELISPOT assay were performed as described (14). A total of 250,000 PBMCs with 8 μg/mL peptide per well containing RPMI 1640 medium with 10% FCS were used in a standard human IFN-γ ELISPOT assay. In brief, assays were carried out in 96-well MultiScreen filter plates (Millipore) coated with 15 mg/mL anti–IFN-γ mAb (1-DIK; Mabtech). Phytohaemagglutinin (10 μg/mL) was used as a positive control. Plates were incubated for 16–18 h. The plate was washed 5 times, and biotin-conjugated anti-human IFN-γ Ab (Mabtech, Nacka, Sweden) was added and reacted for 2 h. After washing the plate 5 times, streptavidin-ALP (Mabtech, Nacka, Sweden) was added and reacted for 1 h. Finally, newly prepared NBT/BCIP solution (Bio-Rad, Hercules, CA) was added for colour development after washing. The reaction was stopped by washing with distilled water, and the plate was dried at room temperature. Spot enumeration was performed with a CTL ELISPOT reader system (Cellular Technology Ltd, S6 Universal, America). The number of specific spots was determined by subtracting the number of spots in the absence of antigen from the number in its presence, and the results were expressed as spot-forming units (SFUs) per 106 PBMCs. Responses were regarded as positive if the results were at least three times the mean of the negative control wells and above 25 SFUs/106 PBMCs. If background wells were 25 SFUs/106 PBMCs or positive control wells were negative, the results were excluded from further analysis.



Generation of tumour antigen specific T-cell lines

Totally, 57 antigen-specific T cell lines from 42 subjects were generated. Cells stimulated by peptides were collected after culturation for 16-18 hours in the ELISPOT assay, and then were used for the generation of T cell lines. The cells were grown in 96-well plates. Short-term T cell lines were grown for 10-14 days in AIM-V + 10% human AB serum (Invitrogen, Carlsbad, CA) supplemented with 100 μg/mL (final concentration) interleukin (IL)-2 (R&D Systems, Minneapolis, MN).



Flow cytometry

The generated short-term T cell lines were stimulated with mixed TAAs for 4 hours and cells without stimulation were used as negative controls. Then, cells were stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) and surface markers, including CD3-AF700 (Bio Legend), CD4-FITC (BD Biosciences), CD8-APC-H7 (BD Biosciences), PD1-BV650 (BD Biosciences), and Tim3-BV421 (Bio Legend), fixed with 1 × CellFix solution (BD Biosciences) and acquired immediately on a BD LSR Fortessa. Fluorescence minus one (FMO) controls were applied accordingly in order to properly position gates.

In the validation cohort, 60 samples from 26 HCC patients were thawed and rested overnight. These cells were stained with LIVE/DEAD Fixable Aqua Dead Cell Stain Kit (Thermo Fisher Scientific) and surface markers, including CD3-BV786 (Bio Legend), CD4-BV711 (Bio Legend), CD8-Percp-cy5.5 (BD Biosciences), and CD39-PE-CF594 (Bio Legend), fixed with 1 × CellFix solution (BD Biosciences), and acquired immediately on a BD LSR Fortessa. Flow data were analyzed by FlowJo V.10.0.



Statistical analysis

Continuous variables are expressed as the mean ± standard deviation (SD). Statistical analysis of the data was performed using the χ2 test for constituent ratio analysis. Two-tailed Student’s t tests were used to compare parametric continuous data, and the Mann-Whitney U test was used when data were not normally distributed. Statistical significance was set at P < 0.05. Analyses were performed with SPSS software v25 (IBM, New York, USA), and graphs were constructed with GraphPad Prism 8.0 (GraphPad software Inc).




Results


Patient characteristics

The epidemiological, pathological, and clinical parameters of the enrolled patients in the present study are summarized in Table 2. The demographic and oncological characteristics between the patients at baseline (BF), and at 1 week (1W), and after 4 weeks (4W) did not show significant difference. At 1W, values of indexes of liver injury and inflammation increased, including those of the white blood cell count (WBC), glutamic-pyruvic transaminase (ALT), and glutamic oxalacetic transaminase (AST). Indicators of the basic status of the patient decreased, including hemoglobin (HGB) and albumin (ALB). At 4W, the levels of tumor biomarkers were lower than those of patients at BF (Table 2A).


Table 2A | Characteristics of enrolled individuals without VI/M and achieved curative therapy before and after ablation.



Among the 28 patients who were enrolled in the matching analysis, two patients were classified as BCLC-0, 23 as BCLC-A, and 3 as BCLC-B stage. Similarly, the level of WBC, ALT, AST, and prothrombin time (PT) increased, and the level of HGB, ALB and prothrombin activity (PTA) decreased significantly 1W after ablation Table 2B. In the matched analysis of the 1W:4W cohort, most patients had BCLC-A grade HCC (18/22, 81.82%), and there were 2 patients each with stage 0 and stage B HCC. Four weeks after ablation, the transformation from BF to 1W was reversed, and the level of protein induced by vitamin K absence or antagonist-II (PIVKA-II) was significantly reduced Table 2C.


Table 2B | Characteristics of patients in the BF and 1W cohort.




Table 2C | Characteristics of patients in the 1W and 4W cohort.





Dynamic response of TAA-specific T cells in patients at BF, 1W and 4W after ablation

All ex vivo samples underwent direct testing using the IFN-γ ELISPOT assay. As shown in Figure 2A, the distribution of the specific T cell immune response against each TAA was depicted. A positive TAA-specific T cell response was observed in 84.21% (48/57), 63.27% (31/49), and 80.65% (25/31) of HCC patients at BF, 1W, and 4W, respectively. No significant changes were observed between these patients.




Figure 2 | The detection of TAA-specific T cell responses in HCC patients at before (BF), 1week (1W) and 4 weeks (4W) after ablation by IFN-γ ELISPOT assay. (A) The distribution of TAA-specific T cell responses specific to AFP (purple), SALL4 (red), MAGE-A3 (grey), MAGE-A1 (orange), NY-ESO-1 (blue) and SSX2 (green) in HCC patients at BF (n=57), 1W (n=49), and 4W (n=31). The magnitude of T cell response was evaluated with SFUs/106 PBMCs in vertical coordinates (y axis), and the groups were labelled in horizontal ordinate (x axis). (B) The TAA-specific T cell response magnitude was analyzed between patients at BF (n=57), 1W (n=49), and 4W (n=31). Values were compared by Mann-Whitney U-test. (C) The matching analysis of TAA-specific T cell response magnitude between BF and 1W (n=28). Values were compared by paired non-parametric test. (D) The matching analysis of TAA-specific T cell response magnitude between 1W and 4W (n=22). Values were compared by paired non-parametric test. (E) The TAA-specific T cell immune response frequency and the appearance of the immune profile at BF (n=57), 1W (n=49), and 4W (n=31). Values were compared by chi-squared test. (F) The alteration (newly-induced and disappeared) of TAA-specific T cell immune response frequency and the appearance of the immune profile from BF to 1W (n=28). (G) The alteration (newly-induced and disappeared) of TAA-specific T cell immune response frequency and the appearance of the immune profile from 1W to 4W (n=22).



The magnitude of the TAA-specific T cell responses was determined by the frequency of T cells. The response magnitudes in patients at BF, 1W, and 4W are shown in Figure 2B. Among these TAA-specific T cell responses, only MAGE-A1 and AFP-specific T cell response magnitude in the 1W group was lower than that of patients in the BF group (MAGE-A1: 18.33 ± 4.6 vs. 2.835 ± 1.648 SFUs/106 cells, P=0.0046; AFP: 87.53 ± 27.6 vs. 40.89 ± 10.73 SFUs/106 cells, P=0.0276). In addition, the magnitude of the AFP-specific T cell response of patients in the 4W group (103.9 ± 35.06 SFUs/106 cells) was stronger than that of patients in the 1W group (40.89 ± 10.73 SFUs/106 cells) (P=0.0157). Furthermore, most TAA-specific T cell numbers did not show significant differences between patients at the three time points. To further examine the effect of ablation on TAA-specific T cells, an analysis was performed in matching patients at BF:1W and 1W: 4W data. Similarly, no significant alteration was found (Figures 2C, D).

The T cell response frequency against each TAA was analyzed and compared in terms of the presence of two distinct TAA-specific immune response profiles in HCC (14). In patients at BF, the AFP-specific T cell response frequency was 59.65% (34/57), which was similar to the SMNMS-specific T cell response, 64.91% (37/57), P=0.562. Interestingly, for patients at 1W post-ablation, the SMNMS-specific T cell response frequency (51.02%, 25/49) showed a tendency to be higher than that of the AFP-specific T cell response (32.65%, 16/49) (P=0.065). However, after 4W, the frequency of the AFP-specific T cell response was higher than the frequency of the SMNMS-specific T cell response (Figure 2E).

Furthermore, on comparing ablation-treated patients with matched BF samples, interesting results were obtained. Comparing the BF to the 1W response, none of the patients presented a newly induced AFP-specific T cell response, however all the patients with newly induced T-cell immune response achieved a SMNMS-specific T cell response, ranging from 7.69% (2/26) to 15.38% (4/26). For patients whose AFP-specific T cell response disappeared 1W after ablation accounted for 42.86% (12/28), with the highest frequency (Figure 2F). However, from 1W to 4W, patients with newly induced TAA-specific T cell response was the highest against AFP, 31.82% (7/22), followed by the SMNMS-specific T cell response: SALL4, MAGE-A1, SSX2, MAGE-A3, and NY-ESO-1. Also, among the patients with T cell response that disappeared, the frequency of AFP-specific T cell response (9.09%, 2/22) was low relative to the SMNMS-specific T cell response (22.73%, 5/22).

Taken together, the magnitude of TAA-specific T cell response was not significantly affected by ablation treatment, although the immune response profile improved 1W after ablation, this immune response profile was absent after 4W.



Effect of the transformation of the TAA-specific T cell response after ablation on the prognosis of patients

To examine the effects of the transformation of the TAA-specific T cell response after ablation on the prognosis of patients with HCC, we analyzed the relationship between the immune response and recurrence-free survival (RFS) of patients with HCC after ablation. First, we divided patients into two groups with high (above median) and low (below median) specific spots detected by the IFN-γ ELISPOT assay in patients with a positive SMNMS-specific T cell response at 1W. We found that a high number of SMNMS-specific T cells after HCC treatment correlated with the RFS (P=0.049) (Figure 3A). Conversely, a marked difference between the groups was emphasized when patients were divided according to the presence or absence of an AFP-specific T cell response (P=0.031) (Figure 3B). As shown in Figures 2E, F, there was a difference in the TAA-specific T cell response profile between the BF, 1W and 4W groups. In the 1W post-ablation group, the presence of this TAA-specific T cell response profile was advantageous for patients (14). Furthermore, we found that patients with “SMNMS+ AFP-” specific T cell response achieved a significantly higher RFS than those with “SMNMS- AFP+” specific T cell response at 1W (P=0.001) (Figure 3C). Unfortunately, as shown in Figure 2G, this improved TAA-specific T cell response profile observed at 1W could not be maintained until week-4. The frequency of patients whose AFP-specific T cell immune response disappeared at 4W after ablation was relatively low. Unfortunately, the presence of an AFP-specific T cell response at 4W post-ablation indicated a rapid tumor progression (P=0.009, Figure 3D).




Figure 3 | Kaplan-Meier curves of HCC recurrence-free survival. (A) Kaplan-Meier curves indicating the relationship between month after ablation and HCC recurrence-free survival rate were grouped by the median number of SMNMS-specific T cells detected by IFN-γ ELISPOT assay in patients with positive SMNMS-specific T cell response at 1W. (B) Kaplan-Meier curves indicating the relationship between month after ablation and HCC recurrence-free survival rate were grouped by the presence of AFP-specific T cell response detected by IFN-γ ELISPOT assay at 1W. (C) Kaplan-Meier curves indicating the relationship between month after ablation and HCC recurrence-free survival rate were depicted between patients with “SMNMS+ AFP-” specific T cell response and patients with “SMNMS- AFP+” specific T cell detected by IFN-γ ELISPOT assay at 1W. (D) Kaplan-Meier curves indicating the relationship between month after ablation and HCC recurrence-free survival rate were grouped by the presence of AFP-specific T cell response detected by IFN-γ ELISPOT assay from 1W to 4W.





Phenotypic analysis of TAA-specific T cells before and after ablation

Since T cell function is restricted by immune checkpoints, to identify the relationship between TAA-specific T cell response and HCC recurrence, we examined the expression of the exhaustion markers represented by PD1 and Tim3 on TAA-specific CD8+ T cells. Comparing pre-ablation status BF with the 1W after ablation, the percentage of CD8+PD1+ T cells decreased from 4.6 ± 0.84 to 2.49 ± 0.49, with an evident decreasing trend (P=0.0771). Furthermore, there was a significant decrease in the percentage of CD8+Tim3+ T cells at 1W (5.78 ± 0.51) compared to BF (10.14 ± 1.32) (P=0.0093) (Figure 4A). These results indicated that these T cells were in a more powerful functional state at 1W. However, in the analysis of immune checkpoint expression between 1W and 4W, the percentage of CD8+PD1+ specific T cells increased from 1.70 ± 0.31 to 5.63 ± 1.89 (P=0.0137) and CD8+Tim3+ specific T cells increased from 5.81 ± 0.46 to 9.12 ± 2.12 (P=0.0645) (Figure 4B), indicating a restriction of the antitumor capacity of these T cells. Interestingly, we confirmed these results in the dynamic cohort of patients at three time points at BF, 1W and 4W after receiving ablative therapy (Figure 4C). The characteristics of these patients are shown in (Table 2D).




Figure 4 | Phenotypic analysis of the TAA-specific T cells at BF, 1W and 4W. (A) The BF: 1W matching analysis of the PD1+ and Tim3+ T cells in TAA-specific CD8+ T cells using the culturation of T cell (n=12). (B) The 1W: 4W matching analysis of the PD1+ and Tim3+ T cells in TAA-specific CD8+ T cells using the culturation of T cell (n=10). (C) The BF: 1W: 4W matching analysis of the PD1+ and Tim3+ T cells in TAA-specific CD8+ T cells using the culturation of T cell (n=10). Values were compared by paired non-parametric test.




Table 2D | Characteristics of patients in the BF, 1W, and 4W cohort.





Analysis of tumor-specific T cells in the peripheral circulation defined by CD8+CD39+ T cells

To further confirm the above findings in TAA-specific T cells, specific T cells defined by CD8+CD39+ T cells from PBMC samples (Figure 5A) from 26 patients (Table 3) were isolated and detected by flow cytometry. At 1W after ablation, double positive CD8+CD39+ T cells showed an increasing trend (Figure 5B), although there was no significant difference compared to the proportion at BF. However, in patients whose CD8+CD39+ T cells increased at 1W, 62.5% (10/16) patients were free of recurrence 1 year after ablation, while only 20% (2/10) patients did not relapse 1 year after ablation were patients whose CD8+CD39+ T cells did not increase at 1W (P=0.051) (Figure 5C). Furthermore, patients with increased CD8+CD39+ T cells at 1W had better survival than those without increased CD8+CD39+ T cells at 1W post-ablation (P=0.016) (Figure 5D). Unfortunately, the mildly increased CD8+CD39+ T cells at 1W (0.66 ± 0.58%) decreased significantly at 4W after ablation (0.22 ± 0.47%) (P=0.0078) (Figure 5E). These findings suggest that, as indicated by CD8+CD39+ T cells, ablation could trigger a transient induction of anti-tumour specific T cell immunity.




Figure 5 | Analysis of tumor-specific T cells in peripheral circulation defined by CD8+CD39+ T cells. (A) The gating strategy of CD8+CD39+ T cells in flowcytometry analysis. (B) The compared BF: 1W matching analysis of the CD8+CD39+ T cells (n=26). (C) The changes of CD8+CD39+ T cells at 1W were compared with those at BF according to the prognosis of patients one year after ablation (n=26). (D) Kaplan-Meier curves indicating the relationship between month after ablation and HCC recurrence-free survival rate were grouped by the changes of CD8+CD39+ T cells from BF to 1W (n=26). (E) The BF: 1W: 4W matching analysis of the CD8+CD39+ T cells (n=8). Values were compared by paired non-parametric test.




Table 3A | Characteristics of patients who was detected the BF:1W matched CD8+CD39+ T cells.






Table 3B | Characteristics of patients who was detected the BF:1W:4W matched CD8+CD39+ T cells.







Discussion

As a first-line treatment for HCC, the immunostimulatory effect of ablation has been examined in both patients and animal models. However, 70% of patients still inevitably relapse after ablation treatment, indicating that immune-related mechanisms deserve more detailed investigation.

This study showed that the immune responses of T cells were distinct at different time points of therapy, before and after ablation. Using of a variety of TAAs viewing as a whole to detect specific T cells, we determined that the magnitude of the T cell response, the frequency proportion of T-cell recognition, as well as the T cell response profile showed an obvious difference in the TAA-specific T cell response between patients before and after ablation, indicating that TAA-specific T cell responses were significantly affected by the ablation treatment.

We then further analyzed the data of the patients at different time points after ablation therapy. Data one week post-ablation showed that the magnitude of TAA-specific T cell responses had a decreasing trend with respect to the pre-ablation timepoint. The profile of TAA-specific T cell response changes to that dominated by SMNMS-specific T cell response. As our previous study highlighted, the immunodominance of the SMNMS-specific T cell response was a symbol of early stage immune-responsive HCC and could protect HCC from recurrence (14). Furthermore, additional analysis showed that patients with “SMNMS+ AFP-” specific T cell response one week after ablation had a longer RFS from HCC recurrence.

Interestingly, the AFP-specific T cell response was not elicited in any of the patients at one week after ablation. Indeed, the AFP-specific T cell immune response disappeared in almost half of the patients (42.86%) one week after ablation. In our previous study (14), the immune response of AFP-specific T cells was found to be associated with tumor progression, whereas the immune response of SMNMS-specific T cells had a protective effect in patients with early onset HCC. The change in the immune response profile suggested that the immune response of T cells switched toward a direction conducive to tumor control after ablation. In fact, the survival of patients with a negative AFP-specific T cell immune response was significantly better than that of patients with a positive AFP-specific T cell immune response. Furthermore, patients with a high SMNMS-specific T cell immune response achieved a longer survival than patients with a low T cell immune response.

Furthermore, to better analyze the status of T cells, we detected the phenotypic status of specific T cells before and after ablation as represented by the expression of the phenotypic markers PD1 (15) and Tim3 (16), which are commonly used to assess T cell exhaustion. The percentage of CD8+PD1+ and CD8+Tim3+ T cells decreased significantly at one week after ablation, indicating that T cell exhaustion was significantly reduced and that potentially active T cells was enhanced at this time, reflecting the improvement effect of ablation therapy on T cell immunity. Briefly, the specific antitumor ability of T cells can be revitalized by thermal ablation. Prognostic analysis revealed that the patients had already developed immunological downstaging at the time of one week.

However, this immune response was not durable. Four weeks after ablation, the proportion of patients who developed an AFP-specific T cell immune response was the highest than any other type of T cell immune response, and the proportion of patients who had lost the AFP-specific T cell immune response was very small. Moreover, the cell levels of CD8+PD1+ and CD8+Tim3+ T cells increased significantly after 4W. These results suggested that the antitumor T cell immune evoked by ablation was transient within a month period.

Furthermore, CD39, which is defined as a marker of tumor-specific CD8+ T cells in the tumor microenvironment (17), and an effective peptide-induced antitumor response has been reported to be related to activation of CD39+CD8+ T cells in PBMCs of patients with HCC (18). Therefore, changes of CD8+CD39+ T cells and be an approach to validate the immunoenhancement effect induced by ablation. Interestingly, although there was only an increasing trend of CD8+CD39+ T cells from BF to 1W, these increased CD8+CD39+ T cells at 1W improved the post-ablation prognosis. This suggested that the antitumor immune response improved significantly at 1W. However, mildly increased CD8+CD39+ T cells at 1W decreased significantly by 4W. Overall, these results confirmed that the ablation-induced antitumor immune response could not be auto-sustained.

Clinically, ablation is not sufficient to prevent tumor recurrence, suggesting that the duration and function of induced tumor-specific T cells are inadequate. Therefore, besides immune escape (19), the weak induction of long-lived T cells (5), but also the inadequate stimulatory effect of ablation itself, and what is the most important is that the patients are still exposed to de novo carcinogenesis on their internal microenvironments and external living environments that may contribute to tumor recurrence after ‘curative’ treatment (3). Therefore, although the immune stimulation effect of ablation therapy is beneficial (5, 20), it is not durable and cannot be maintained effectively for the extended time needed to eliminate tumor recurrence in cancer candidates. Previous animal studies have also shown that ablative therapy can only stimulate the immune response to play an antitumor protective role in the short term (8), and our results further confirm this view. Furthermore, the effect of ablation on T cell immunity varies greatly between individuals, and the immunological characteristics of populations that can stimulate effective and sustained antitumor immunity deserve further study.

Together with these results, the present study suggests that HCC ablation induced transient functional activation of specific T cells, and the changes in TAA-specific T cells induced by thermal ablation should be further enhanced using additional immunological treatment approaches. In recent studies of immunology-related measures, immunomodulatory antibodies such as anti-PD1 (8, 21–23) have been considered to reactivate T cell function. This study also suggests that this approach may also be a promising option.

In conclusion, the results of this study show that ablation therapy of HCC can improve TAA-specific T cell responses and that the induced change is associated with a short-term improvement in RFS. To sustain ablation-induced TAA-specific T cell responses and improve the immunological effects on HCC, additional combined treatment with immune checkpoint inhibitors may be useful.
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Cancer immunotherapy has gained significant attention in recent years and has revolutionized the modern approach to cancer therapy. However, cancer immunotherapy is still limited in its full potential due to various tumor immune-avoidance behaviors and delivery barriers, and this is seen in the low objective response rates of most cancers to immunotherapy. A novel approach to immunotherapy utilizes image-guided administration of immunotherapeutic agents directly into a tumor site; this technique offers several advantages, including avoidance of potent toxicity, bypassing the tumor immunosuppressive microenvironment, and higher therapeutic bioavailability relative to systemic drug administration. This review presents the biological rationale for locoregional image-guided immunotherapy administration, summarizes the existing interventional oncology approaches to immunotherapy, and discusses emerging technological advances in biomaterials and drug delivery that could further advance the field of interventional oncology.
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Introduction

Immunotherapy with immune checkpoint inhibitors has revolutionized cancer care by stimulating the body’s adaptive immune system to detect, engage, and eliminate cancerous cells (1). Recent advances in basic science have identified immunosuppressive immune checkpoints such as Cytotoxic T-lymphocyte–Associated Protein 4 (CTLA-4), Programmed Cell Death Protein 1 (PD-1), and Programmed Cell Death Ligand 1 (PD-L1), enabling the development of clinically viable immunotherapy strategies by blocking or bypassing these inhibitory signals (2). Several immunotherapy-based regimens have received FDA approval for applications across the cancer spectrum including multiple myeloma, melanoma, colorectal cancer, endometrial carcinoma, and diffuse large B-cell lymphoma (3). However, cancer immunotherapy is still limited in its clinical applications due to several factors including the immunosuppressive tumor microenvironment, poor intratumoral infiltration of therapeutics, and T cell exhaustion, along with systemic toxicity and poor drug accumulation in tumor sites (4). Indeed, the overall response rate for the majority of cancer types remains less than 40% (5).

The field of interventional radiology is well-poised to drive innovation in cancer immunotherapy. Image-guided interventions have already been used to establish several novel and minimally invasive approaches to cancer treatment, including radiofrequency/thermal tumor ablation, trans-arterial chemoembolization, and targeted delivery of yttrium-90 (Y-90) emitting microspheres (6). These treatments often have fewer systemic side effects than conventional chemotherapeutics with similar tumor reduction potential due to their targeted delivery to tumor cells, and it stands to reason that highly precise immunotherapy delivery can similarly be enabled with image-guided approaches. Recent preclinical studies have established the therapeutic viability of locoregional immunotherapy delivery, demonstrating significant potential to revolutionize the modern approach to cancer treatment (7). Furthermore, complementary advances in biomaterials and targeted drug delivery technologies can further increase the selectivity and localization of immunotherapy to cancerous tissue. Engineered methods such as nanoparticle encapsulation of therapeutics, magnetic resonance targeting, and clustered regularly interspaced short palindromic repeats (CRISPR) – CRIPSR associated protein 9 (Cas9) multiplex editing systems can be combined with image-guided injections for robust and highly precise administration of cancer therapeutics. This review summarizes the biological underpinnings of cancer immunotherapy, presents existing approaches by the field of interventional oncology in this space, and discusses translational technologies that will play an important role in future treatment strategies.


Cancer immunotherapy

The basis of cancer immunotherapy lies in transforming the adaptive immune system to be able to recognize and eliminate previously unrecognizable tumor tissue, resulting in sustained antitumor activity from the body’s natural immune mechanisms. Current approaches utilize immunotherapy alone as well as in conjunction with conventional chemotherapeutics/radiation depending on the type and stage of tumor (1). In a typical immune response from diseased tissue, damage-associated molecular patterns (DAMPs) are released from dying cells in the form of proteins, cytokines, or other biological molecules. These are detected by pattern recognition receptors (PRRs) on dendritic cells (also known as antigen presenting cells or APCs), which then activate cytotoxic T lymphocytes (CTLs) with the CD8+ surface marker. The main effector cell of the adaptive immune system, CD8+ T cells are specifically aimed at the antigen conveyed by the dendritic cells and will eliminate cells around the body expressing it with a combination of membrane perforation and protease activity (8).

A significant barrier to this natural process is the ability of tumor cells to evade detection by the immune system and downregulate the cellular immune response. Various mechanisms are utilized by cancers to prevent immunogenicity, ranging from intrinsic regions of hypoxia and elevated lactate levels to production of immunosuppressive cytokines that directly deactivate T cell responses (9). Additionally, if APCs are unable to phagocytose tumor antigens, then T cell remain inactivated; tumors can take advantage of this fact by producing neoantigens that are unable to be efficiently processed by the APCs. Certain protein-protein interactions between APCs and T cells known as immune checkpoints are also used to physiologically suppress immune activation; well-known examples of protein receptors on T cells include CTLA-4 and PD-1/PD-L1 (10). Many modern immunotherapy approaches revolve around bypassing these suppressive mechanisms with strategies such as inducing cancer cell apoptosis to generate immune-recognizable DAMPs or blocking immune checkpoint inhibitors to prevent immune downregulation (11). Chimeric antigen receptor (CAR) therapy, a technique which involves re-engineering an individual’s T cells with a cancer targeting receptor, has also successfully been employed against certain leukemias and lymphomas (12). These therapies are far from perfect – ongoing clinical data shows limited response to cancers and only in a certain populations, and the metabolic toxicity associated with immunotherapy continues to remain high. T cell localization and penetration in larger or avascular cancers can also be difficult to achieve, and the immunosuppressive microenvironment continues to limit the clinical efficacy of these therapies (4).




Existing interventional oncology immunotherapy approaches


Rationale for locoregional immunotherapy

Locoregional delivery of immunotherapy utilizing interventional oncology approaches can avoid many of the obstacles associated with current immunotherapy approaches. Using image guidance from X-ray fluoroscopy, ultrasound, magnetic resonance imaging, or computed tomography, an interventional radiologist can utilize a vascular or percutaneous approach to a tumor site and selectively administer immunotherapy directly within a tumor. One significant benefit to this approach is limited off-target effects/systemic toxicity as the therapeutic remains localized within the tumor site. This also allows for lower therapeutic doses to be delivered while concurrently achieving a higher drug concentration within tumors. Another major advantage is the ability to effectively handle metastatic lesions by individual targeting of tumors and immune system potentiation, potentially sparing the patient from systemic effects (13). The objective response rates to certain systematically administered immunotherapy continue to remain low, highlighting the need for the specific and potent response that locoregional immune modulation can provide (14). Despite the low overall response rates seen with the current use of intratumoral administration of immunotherapy, early trials for combination and monotherapy treatments point to promising outcomes in terms of patient survival. For example, phase 1 trials for glioblastoma treated with a TLR agonist administered intratumorally resulted in a medial overall survival of 7.2 months (15). Another phase 1 trial of a combination therapy of a TLR agonist with an anti-PD-1 antibody used to treat unresectable malignant melanoma saw a 12 month progression-free survival of 88% with an overall survival rate of 89% (16). It must be emphasized that phase 1 trial results cannot be generalized to clinical success (clinically translated intratumoral immunotherapy still has low response rates as mentioned earlier), but these early results are indicative of the exciting potential that intratumoral immunotherapy administration holds. Figure 1 provides a visual depiction of the mechanism of intratumoral immunotherapy.




Figure 1 | Illustration of the mechanism underlying intratumoral cancer immunotherapy. Reproduced without change from Senders et. al. (17) (HIT-IT = human intratumoral immunotherapy, Ag, antigen).





Tumor microenvironment modulation

As previously described, the immunosuppressive tumor microenvironment poses a significant challenge to both traditional anticancer and novel immunotherapy approaches, so the key goal of immuno-oncology remains to induce the immune system despite these barriers. Tumor ablation and the resulting immune activation from the necrosis-associated DAMPs has proven to be a viable mechanism for this strategy and several techniques are already widely utilized in clinical practice by interventional radiologists to cause tumor immunogenic cell death. Endovascular therapies such as trans-arterial chemoembolization (TACE) and trans-arterial radioembolization (TARE), percutaneous methods including radiofrequency ablation (RFA) and cryoablation, and stereotactic laser-guided approaches have demonstrated tumor volume reduction with consequent immune activation, and immunotherapy can be utilized similarly alongside these techniques for synergistic therapeutic effects (18).



Oncolytic viruses

Oncolytic virotherapy is a novel technique that re-engineers human viruses for cancer destruction and DAMP production. The drug talimogene laherparepvec (TVEC, trade name Imlygic) is the first and at present only FDA approved intratumoral immunotherapy and is used to treat advanced melanoma. TVEC utilizes an attenuated herpes simplex virus, type 1 (HSV-1) which has been engineered to produce granulocyte-monocyte colony stimulating factor (GM-CSF); the double stranded DNA virus can directly and preferentially lyse tumor cells, producing DAMPs and activating the previously latent adaptive immune system. TVEC has demonstrated a well-tolerated and durable response rate in a 2015 Phase III clinical trial, although 5-year survival remained low with monotherapy (19). Clinical trials are currently ongoing that are examining combination therapies of TVEC with checkpoint inhibitors, kinase inhibitors, and conventional chemoradiation therapy for melanoma and non-melanoma malignancies (NCT04068181, NCT04330430) (20, 21).

Additionally, several other viruses have been identified to have oncolytic properties, including adenovirus, poliovirus, measles virus, and coxsackievirus; though these therapeutics are still in early clinical trials, they have demonstrated oncolytic ability in preclinical models and could open up new therapeutic avenues against a wide range of malignancies (22). Notably, researchers at Duke University are conducting a Phase II clinical trial (NCT01491893) with a recombinant poliovirus/rhinovirus for use against malignant gliomas. The virus, delivered intratumorally using an intracerebral catheter into the enhancing portions of the tumor, was well tolerated in the Phase I trials by pediatric patients (23).

Systemic administration is the conventional approach for oncolytic virus delivery but therapeutic outcomes against solid tumors continue to be modest (24). The main obstacle in delivery of oncolytic viruses is the presence of neutralizing antibodies or complement that can prevent the virus from achieving oncolysis, in addition to common immunotherapy barriers such as tumor heterogeneity and immunosuppressive microenvironments. Route of administration plays an important role in overcoming these barriers; intratumoral delivery allows for a higher bioavailability but intravenous delivery can achieve a systemic response, so the unique tumor characteristics and staging should guide the approach. Other strategies to avoid immune destruction that have shown success include administration of complement inhibitors, immunosuppressants, or serotype switching (25). Additionally, novel technologies such as nanoparticles are being explored for drug delivery; encapsulation within nanosystems may be able to protect therapeutics from degradation and neutralization until they reach a target site (26).



Intratumoral delivery of checkpoint inhibitors

Checkpoint inhibitors have proven to be one of the most transformative advances in modern immunotherapy. The immunosuppressive checkpoints mentioned earlier (CTLA-4, PD-1/PD-L1) can be blocked by therapeutics to allow for a more potent immune response, and several drugs have received FDA approval for use against various solid and hematologic malignancies (27). Pembrolizumab is a prototypical PD-1 antagonist that blocks the PD-1 receptor from activation by PD-L1, and ipilimumab serves a similar function against the CTLA-4 receptor. As revolutionary as these therapies have been, these are systemic immunotherapies that are currently administered intravenously and encounter many of the associated problems including systemic toxicities and low bioavailability (28). Intratumoral administration of checkpoint inhibitors in preclinical models has been shown to increase T cell antitumor activity as well as avoid systemic symptoms. Notably, a 2013 study in mice models demonstrated that subcutaneous slow-release of CTLA-4 blocking antibodies with a lipid adjuvant could induce local and systemic antitumor activity without systemic side effects. Additionally, a far lower dose of antibody was required to see similar effects as systemic administration (29). Most current clinical trials are centered on combining locoregional therapies (TACE, TARE) with systemic administration of immunomodulators (NCT04975932), but checkpoint inhibitors have significant potential for monotherapy via intratumoral delivery as well.



Innate immune system activation

Much of the discussion around cancer immunotherapy has been centered on induction of adaptive immunity, but the innate immune system can be a potent and synergistic mediator of antitumor activity and especially so in tumors with limited T cell infiltration. In addition to the previously discussed dendritic cells, macrophages and natural killer (NK) cells can contribute to tumor elimination by phagocytosis and cytotoxic mechanisms. The innate immune system is especially sensitive to external antigens, with dedicated sensing pathways for bacterial toxins (Toll-Like Receptors, or TLRs) and nucleic acids via the cyclic GMP–AMP synthase (cGAS) – stimulator of interferon genes (STING) pathway. Activation of these pathways promotes transcription of pro-inflammatory cytokines and interferons which can allow for more potent antitumor responses (30). Therapeutic formulations utilizing synthetic TLR activation via intratumoral injection have already received FDA approval against bladder cancer and basal cell carcinoma, and several early phase clinical trials utilizing combination therapies of TLR agonists and checkpoint inhibitors have shown strong promise against melanoma and squamous cell carcinoma (NCT02668770) (31). Similarly, the cGAS/STING pathway, an innate mechanism responsible for pathogenic detecting cytosolic DNA, can be exploited with synthetic cyclic dinucleotides (CDNs). Clinical trials are also underway to evaluate the antitumor activity of cGAS/STING agonist formulations as monotherapy or as adjuvants (NCT05321940) (32). However, chronic inflammatory states can provide a favorable environment for tumorigenesis and metastasis; this complication must be considered in the development of innate immune system agonists.



Intratumoral delivery of CAR-T cells

CAR-T cells, which are T cells engineered for anti-cancer activity, have demonstrated significant activity against various types of hematological malignancies. Multiple formulations of systemic CAR-T cell therapeutics have received FDA approval for use against B-cell acute lymphocytic leukemia (B-ALL), non-Hodgkin lymphoma (NHL), and multiple myeloma (33). However, this same potency is not observed against solid tumors – response rates are under 9% – due to physiological barriers including T cell exhaustion, poor intratumoral penetration, and tumor antigen heterogeneity (34). Additionally, systemic administration of CAR-T cells has several associated risks, including cytokine release syndrome, neurological effects/encephalopathy, and coagulopathy (35). Recently, intratumoral administration of CAR-T cells has begun to be explored as a potential avenue for increasing efficacy against solid tumors. For example, a 2022 study by Ghosn et al. explored the feasibility of image-guided intrapleural CAR-T cell administration, finding no adverse events in patients with pleural malignancy (36). Additionally, earlier studies have established the ability of intratumoral CAR-T cells to evoke an inflammatory response and cause tumor necrosis in breast tissue specifically, which future studies will hopefully continue to build upon (37). The efficacy and response rates of intratumoral CAR-T cell delivery against the current standard of care cannot be stated with confidence yet, with most studies still in early Phase 1 clinical trials (NCT04951141); however, this technique has significant potential implications for the treatment of liver, neurological, breast and many other solid tumor malignancies.




Novel technologies in immunotherapy

Nanoparticle-mediated drug delivery is rapidly gaining popularity in clinical applications and may offer solutions to delivery limitations imposed by the immunosuppressive tumor microenvironment. Nanoparticles are defined as materials with a size range between 1 and 100 nm and can be synthesized from a variety of materials, including lipids, polysaccharides, and inorganic compounds. These structures can encapsulate therapeutics and be engineered to navigate biological barriers and deliver their payload to a disease site in a controlled, targeted fashion (38). Though a detailed analysis of nanoparticle technology is outside the scope of this review, the highly precise nature of nanoparticle-mediated drug delivery would synergize well with the targeted delivery capabilities offered by locoregional interventional approaches to immuno-oncology and merits brief discussion here.

In cancer immunotherapy, nanoparticles can be utilized to achieve site-specific effects and avoid systemic toxicity while circumventing the tumor microenvironment. In 2017, Schmid et al. demonstrated that immunomodulatory compounds delivered via T cell targeting nanoparticles achieved stronger T cell activation than systemic administration of the therapeutic in mouse models. Lipid nanoparticles containing a TGF-β inhibitor were synthesized with anti-CD8 antibodies conjugated to the particle surfaces and injected into mice expressing B16 melanoma, achieving high concentrations in tumor sites. The group further demonstrated the ability to specifically target tumor reactive lymphocytes by conjugating anti-PD-1 antibodies to the particle surfaces (39).

In another example, Gong et al. utilized pH-responsive nanoparticles for co-delivery of metformin with short interfering RNA (siRNA) against the fibrinogen-like protein (FGL1) gene; the nanoconstructs aimed to deliver metformin to block PD-L1 to prevent T cell suppression while simultaneously using siRNA against FGL1 to block another anti-inflammatory pathway. Of note, a pH trigger was utilized in these nanoparticles as the reaction of metformin with CO2 results in the low-pH-activated endosomal escape of the nanoparticle payload. In vivo studies were conducted in mice expressing breast cancer, and findings included significantly decreased tumor mass and increased survival in experimental groups (40).

These studies highlight the ability to engineer nanosystems for targeted delivery and demonstrate a clear potential for applications of nanoparticle technology in cancer immunotherapy. Basic science and clinical research in nanoparticles is highly active with many promising developments on the horizon. Magnetic biomaterials such as iron oxide nanoparticles are being explored for magnetic hyperthermia, a technique which oscillates nanoparticles in an alternating magnetic field to cause heat-induced death and DAMP generation of tumor tissue. Magnetic nanoparticles can also be engineered for highly precise targeting to tumor sites along with magnetic-mediated drug delivery and cellular uptake (41). CRISPR-Cas9, a potent tool for gene-editing, is another potential avenue for immunotherapy applications. These systems have well-documented applications in immunotherapy, ranging from CAR-T cell function augmentation to direct oncolytic activity (42). The challenge of low intracellular delivery of constructs can similarly be overcome with nanosystems. Cationic polymers and lipid nanoparticles have been demonstrated to have high in vitro and in vivo cellular penetration in preclinical studies, and clinical trials may soon be possible with these novel therapeutics (43). Technologies analogous to nanoparticles are already utilized in interventional radiology for cancer treatment approaches; for example, Selective Internal Radiation Therapy (SIRT) utilizes microspheres containing the radioactive isotope yttrium-90 to treat liver cancers and is favored in many circumstances due to its ability to achieve high therapeutic doses in tumor sites (44). Image-guided administration of nanoparticle-encapsulated immunotherapeutics similarly offers the potential for high concentrations within therapeutic sites in addition to their intrinsic localization properties.



Conclusions

The field of interventional oncology as a whole is burgeoning with technological and clinical advancements, and many of the discipline’s most impactful discoveries are just starting to show their promise. Intratumoral administration of cancer immunotherapy in particular has significant potential to alter the landscape of cancer treatment in the coming years, both independently and in conjunction with conventional treatment strategies. Many treatment-resistant or difficult-to-reach malignancies could become accessible with further advances in locoregional therapeutic administration. Moreover, the exciting developments in biomaterials and biotechnology will further enhance the precision and efficacy of locoregional immunotherapy. It is important to keep in mind that many of these technologies are still being validated in preclinical models or early-stage clinical trials and are still several years away from seeing widespread therapeutic applications in humans. However, the promising results demonstrated by the various studies covered in this review and beyond signal high and rapidly growing interest and expectations for a revolutionary approach to cancer treatment from scientists, clinicians, and patients.
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Despite advancements in chemotherapy, the issue of resistance and non-responsiveness to many chemotherapeutic drugs that are currently in clinical use still remains. Recently, cancer immunotherapy has gathered attention as a novel treatment against select cancers. Immunomodulation is also emerging as an effective strategy to improve efficacy. Natural phytochemicals, with known anticancer properties, been reported to mediate their effects by modulating both traditional cancer pathways and immunity. The mechanism of phytochemical mediated-immunomodulatory activity may be attributed to the remodeling of the tumor immunosuppressive microenvironment and the sensitization of the immune system. This allows for improved recognition and targeting of cancer cells by the immune system and synergy with chemotherapeutics. In this review, we will discuss several well-known plant-derived biomolecules and examine their potential as immunomodulators, and therefore, as novel immunotherapies for cancer treatment.
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Introduction

Cancer remains one of the leading causes of global mortality despite improved diagnostic techniques, identification of novel disease-predictive markers and the approval of a myriad of new therapeutics. Surgical removal, radiotherapy and chemotherapy remain the cornerstones of treatment, each with their own limitations. Chemotherapy has two main limitations, the occurrence of resistance in over 90% of patients and the blunt targeting of pathways also required for normal cellular development and homeostasis (1). Radiotherapy also induces healthy tissue injury, inflammation and oxidative stress with up to 85-95% of patients experiencing skin lesions and 60% experiencing lung injury (2, 3). Both modalities offer a broadly-targeted approach to cancer treatment leaving behind cell death, debris and damage-associated molecular patterns (DAMPs) in both cancer and healthy cells. Alleviating collateral damage, overcoming resistance and finding more targeted approaches are central goals to improving cancer treatment and quality of life. We believe that synergism between natural biomolecules and conventional therapeutics could be a step to achieve these goals for several reasons, which will be discussed later on.

Collateral damage can be lessened by targeting inflammation, a double-edged sword in cancer as chronic inflammation itself promotes tumorigenesis and cancer progression (2). At the same time, wielding the power of the immune system by stimulating cancer cell recognition from the host defense and by inducing immunogenic cell death (4–7) is also an attractive approach for several reasons. As this immune-cancer interplay and particularly evasion of immune recognition is what cancer cells need in order to develop, proliferate and acquire resistance.

The cancer-immunity cycle aims to unmask, locate and kill cancer cells. The first step of the cycle is the release of tumor-derived antigens that are created as a result of genomic instability. Dendritic cells capture tumor-associated antigens and upon full maturation and activation become antigen presenting cells (APCs) to T lymphocytes in the lymph nodes. Dendritic cell maturation includes the increased cell-surface expression of antigen peptides on major histocompatibility complex (MHC) class I components, and of co-stimulatory receptor ligands including CD80 and CD86. Engagement of T cell receptors (TCRs) by MHC class I, as well as of co-stimulatory receptors such as CD28, results in T cell activation, differentiation into tumor-specific cytotoxic T cells and clonal expansion. Proinflammatory mediators including tumor necrosis factor alpha (TNF-α), interferon alpha (IFN-α), IFN-γ, interleukin-2 (IL-2) and IL-12 promote T cell activation. Chemokines such as C-X-C Motif Chemokine Ligand 9 (CXCL9) and CXCL10 stimulate T cell trafficking and infiltration into the tumor, where T-cell-mediated cytotoxicity liberates more tumor-associated antigens to further propagate the cancer-immunity cycle (4, 5, 8).

Antigen-dependent cytotoxicity can be inhibited as effector T cells become exhausted especially when chronic inflammation in the TME leads to continuous activation of TCRs and co-stimulatory receptors (9, 10). This occurs via the upregulation of immune checkpoints including the programmed cell death protein 1 (PD-1) (10, 11) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (12, 13). Like CD28, CTLA-4 binds to dendritic CD80 and CD86, but with markedly higher affinity, and CTLA-4 competitively inhibits CD28-induced effector T cell responses (13). Checkpoint inhibitors, which are aimed at reactivating T cells and re-establishing cytotoxicity, are emerging as the most prominent immunomodulatory agents in cancer chemotherapy (14). They have already shown success in metastatic melanoma, urothelial and non-small cell lung (NSCL) carcinomas (12, 15), but have been associated with the development of immune-related adverse events in 70-90% of patients (16, 17). This necessitates the development of novel agents with improved safety profiles. Natural biomolecules including berberine, triptolide, epigallocatechin gallate (EGCG) and curcumin, reviewed here, have been shown to reduce cancer cell expression of the PD-1 ligand, PD-L1. Could these phytochemicals emerge as novel checkpoint inhibitors with improved safety profiles?

Nonspecific cytotoxicity is primarily executed by natural killer (NK) cells, whose activity is potentiated upon stress-induced stimulation of natural cytotoxicity receptors (NCR). NK cell activity is, however, inhibited upon MHC-class-I-dependent stimulation of killer cell inhibitory immunoglobulin-like receptors (KIR). Cancer cells lacking MHC class I can be recognized as ‘non-self’ and lysed by NK cells. The importance of immune surveillance and cytotoxicity in tumorigenesis and cancer progression is highlighted by findings that increased numbers of antitumor cells such as mature dendritic cells, NK, cytotoxic T, T helper (Th) and B cells in the TME are associated with improved prognosis (18–21) (Figure 1).




Figure 1 | Tumorsupressive & supportive cells and cytokines. Immune cells of the tumor microenvironment exert tumorsupportive and tumorsupressive effects. On one side tumorsupportive cells (tumor associated macrophages, myeloid-derived suppressor cells, T regulatory cells) are stimulated to proliferate or switch to immunosuppressive phenotypes by cancer cell secreted cytokines. This interplay promotes immune suppression and ultimately immune escape, proliferation and metastasis. Due to this immune suppression at the tumor microenvironment, the tumor suppressive cells (cytotoxic T cells, NK cells, dendritic cells) are usually desensitized and unable to unmask and kill the cancer. However, again through the secretion of cytokines or through immune checkpoint inhibitors, tumorsupressive cells can be sensitized and potentiated to regain their functionality, exerting antigen presentation and tumor lysis.



Cancer cells can escape immune surveillance and through proliferation of immune-escapee clones give rise to established tumors via immunoediting (7, 22). Malignant cells can lose their antigenicity and evade detection by NK cells or APCs through downregulation of tumor-specific antigens or dysregulated antigen presentation via MHC class I and II. In fact, 20-60% of solid cancers show decreased expression of MHC class I, and reduced MHC I and II expression levels predict poor prognosis in cancers such as breast (23), colorectal (24) and bladder (25). Tumor-specific expression of MHC class II, however, improves immune checkpoint inhibitor efficacy (26, 27). Cancer cells can also take advantage of negative feedback mechanisms that promote immune tolerance including the expression of ligands for immune checkpoint receptors (e.g. PD-L1) that promote T cell exhaustion (28). Cancer cells may also secrete inhibitory, Th2-type cytokines including transforming growth factor β (TGF-β), interleukin 4 (IL-4) and IL-10 that in turn stimulate the recruitment, generation and propagation of tumorsupportive immune cells including Foxp3+ regulatory T (Treg) and B (Breg) cells, M2-polarized tumor associated macrophages (TAMs) and myeloid derived suppressor cells (MDSCs). These tumorsupportive cells promote cancer progression by promoting angiogenesis, migration and metastasis (29–31), and by inhibiting T- and NK-cell-mediated cytotoxicity (32–34) (Figure 2).




Figure 2 | T cell exhaustion and PD-L1 checkpoint inhibitors. Expression of PD-L1 or PD-L2 on cancer cells is recognized by PD-1 to promote exhaustion of cytotoxic T cells. Natural biomolecules including berberine, epigallocatechin gallate (EGCG), triptolide and curcumin inhibit expression of PD-L1 and PD-L2 and thereby inhibit T cell exhaustion.



One of the additional targets that have emerged is STAT3 (signal transducer and transcription activator 3). STAT3 is a downstream effector of cytokines including IL-6 and IL-4, growth factors such as EGF, and hypoxia. Phosphorylated STAT3 dimers in cancer cells promote the transcription of genes associated with proliferation, cell cycle regulation, adhesion, metastasis and angiogenesis. Persistent activation of STAT3 is poor prognostic indicator in some cancers. In immune cells, IL-6 induces STAT-3 phosphorylation to promote IL-10 secretion leading to autocrine activation of immune STAT-3 and maintenance a strong immunosuppressive microenvironment. Additionally, IL-6-mediated activation of JAK2/STAT3 within cancer cells promotes the expression of PD-L1 and PD-L2 and checkpoint inhibition. STAT3 has emerged as important target as it promotes tumor cell stemness, malignant transformation, uncontrolled proliferation, evasion of apoptosis, metastasis and most importantly for this scope of this review, immune evasion (35) (Figure 3).




Figure 3 | Effects of STAT 3 on cancer and immune cells. STAT3, which is persistently phosphorylated in cancer, leads to transcription of genes associated with proliferation, immunosupression, angiogenesis, migration and evasion of cancer cells. Aditionally STAT3 either directly or indirectly mediates processes that lead to decreased function of immunosuportive cells and increased function of immunosupressive cells.



About half of the clinically-utilized cancer chemotherapeutics ranging from topoisomerase inhibitors, cancer chemotherapeutic antibiotics to microtubule-stabilizing agents, are derived from or inspired from natural sources (36). As new therapeutic targets emerge, interest in the incorporation of novel biomolecules as adjuncts to conventional therapy has increased. While initial investigations focused on dietary compounds which through their antioxidant and anti-inflammatory properties may be cancer preventative, proapoptotic and antiproliferative effects have also been identified, leading to clinical trials. As the spotlight has moved into the development of immunomodulatory cancer chemotherapies, so has the identification of anti-inflammatory and immunomodulatory phytochemicals. In this review, we will highlight phytochemicals with anticancer and immunomodulatory properties (Figures 4, 5). We will focus on evaluating anticancer efficacy demonstrated in clinical trials, immunomodulatory roles, and will only summarize the antineoplastic effects identified in preclinical studies.




Figure 4 | Immunoregulatory functions of natural biomolecules. Immune cells of the tumor microenvironment exert tumorsupportive and tumorsupressive effects. Myeloid-derived suppressor cells (MDSC), tumor associated macrophages (TAM) and regulatory T cells (Treg) support tumor growth and metastasis. Natural killer (NK) cells and cytotoxic T cells induce tumor cell cytotoxicity. Dendritic cells recognize tumor-associated antigens and are the principal antigen presenting cells in the tumor microenvironment. The natural biomolecules and inhibit tumorsupportive cells, but induce immune-mediated cytotoxicity are listed.






Figure 5 | The chemical structure of natural biomolecules.





Artemisinin and artemisinin derivatives

Artemisinin is a semisynthetic isoprenoid (alternatively sesquiterpene or terpene) from Artemisia annua. It was rediscovered as an antimalarial drug by Chinese chemist and Nobel Laureate Tu Youyou in 1972. Qinghaosu, or artemisinin, was isolated from A. annua by low-temperature, ethanol-based extraction. An inactive, acidic moiety was removed to increase efficacy but reduce toxicity and yield artemisinin. Further structure-activity studies resulted in the discovery of three artemisinin derivatives: artemether, a methyl-ether derivative; artesunate, a hydrophilic derivative; and dihydro-artemisinin, an intermediate and active metabolite of the last two. Artemisinin derivatives, from here on referred to as ACTs, are currently being investigated for cancer therapy. So far, their efficacy has mostly been demonstrated in vitro and in vivo with relatively few human trials, a focus of this review. But, ACTs are ideal drugs for repurposing due to a 50-year safety record as monotherapy or adjunct therapy for malaria. And, the availability of a stable supply chain of semi-synthetic ACTs with a predicable cost, which has been established through the Semi-synthetic Artemisinin Project (37).


Clinical trials of artemisinin and artemisinin derivatives

To date, human clinical trials for the use of ACTs as cancer chemotherapeutics are limited to small cohorts of breast, colorectal and cervical cancer patients. Nonetheless, results are promising with indications of reduced disease progression in the absence of serious side effects.

Artesunate, a more stable and bioavailable analogue of artemisinin, was utilized as an add-on to guidance-based chemotherapy in patients with metastatic breast cancer. No significant side effects were reported and artesunate exhibited improved safety profile when compared to selective estrogen receptor modifiers (SERMs) (38, 39). Notably, SERMs (e.g. tamoxifen), a staple in breast cancer chemotherapy, are associated with side effects like hepatotoxicity, nephrotoxicity, neurotoxicity, cardiotoxicity, and increased thromboembolic risk (40). Artesunate addition aided in disease stability in some patients. But, the small cohort size and confounders hindered differentiation between drug- and disease-related symptoms. Overall artesunate was found to be safe with unclear benefits (38, 39). Artesunate did reduce expression of Ki67 in colorectal carcinoma, a proliferation marker associated with poor prognosis (41), and resulted in an overall reduction of tumor cell proliferation. No deaths occurred in the artesunate-treated group, but 27.3% of controls had died at the time of analysis (42).

Cervical cancer is one of the most common cancers in women worldwide with 90% of deaths occurring in low-income countries due to lack of screening. Standard-of-care for low-grade lesions and early stage cancer include surgery combined with radio- and chemotherapy (43). Non-surgical treatment could be of significant benefit for all women, but in particular for women with limited access to healthcare. A self-administered and affordable therapeutic option along with the currently-available self-performed screening methods could prove extremely beneficial.

Encouraging results for the use of ACTs in cervical cancer have emerged from clinical trials with intravaginal artesunate (44) or oral artenimol (45). Self-administration of intravaginal artesunate led to regression of cervical intraepithelial neoplasia (CIN) and clearance of human papillomavirus (HPV) (44), the main cause of cervical cancer (43). Oral artenimol induced a 6-month remission in 10 advanced metastatic cervical cancer patients, with sufficient remission to allow hysterectomy in one patient. Importantly, study participates survived for a minimum of 12 months, far longer than the 4-month survival of patients with similar level of care (43, 45). No significant adverse effects were reported. Biopsy analysis revealed reduced vascularization, and reduced expression of p53, epidermal growth factor receptor (EGFR) and Ki-67. But, expression of transferrin receptor 1 (TfR1), a poor prognostic indicator in cervical cancer (46), was increased (45).

ACTs may prove excellent candidates for cervical cancer therapy because; 1) Cervical cancer is a slow growing cancer that is treated by local resection or hysterectomy so pharmacotherapeutic options can be tested without delaying or interfering with standard-of-care treatment. 2) ACTs have demonstrated cytotoxic effects against HPV infected cells with relative selectivity (44, 47). 3) Clinical trials, although with limited number of patients, have shown extremely promising results (44, 45). The results of all clinical trials discussed in this review, including those utilizing ACTs, are presented in (Table 1) below.


Table 1 | Anticancer Efficacy of Natural Biomolecules in Clinical Trials.





Immunomodulatory effects of artemisinin and artemisinin derivatives

ACT-mediated control of the immune response to cancer is yet to be examined in patients, so we summarize the in vitro and in vivo evidence. Artemisinin caused a dose-dependent increase in CD107a, a marker of increased activity and degranulation, in primary human NK cells (70). While, artemisinin pre-treated leukemia and lymphoma cells became more susceptible to cytolysis by human primary NK cells (71). This suggests, that artemisinin employs two independent mechanisms in increasing NK-dependent cytotoxicity; by directly increasing the cytolytic activity of the NK cell predator, while simultaneously increasing the susceptibility of the cancer cell prey to NK-mediated destruction.

ACTs may reprogram immune cells to increase tumorsuppression and tumorlysis. Artesunate inhibited JAK2/STAT3 in human primary monocytes to decrease CD163+/CD206+ M2 macrophage numbers and polarize monocytes to a tumoricidal phenotype, which induced leukemia cell apoptosis (72). ACTs promoted γδ T cell proliferation and cytolytic activity by inducing granzyme B expression (73–75). Immune-derived granzymes enter cancer cells via perforin-formed pores to induce DNA fragmentation and caspase-3-dependent apoptosis. ACT-dependent induction of granzyme B indirectly induced apoptosis of pancreatic (74), liver (75) and breast (73) cancer cells. Concomitantly, artesunate increased hepatocarcinoma susceptibility to γδ T cytolysis by inhibiting STAT3-mediated downregulation of Fas (75). Artesunate suppressed naïve CD4+ T cell proliferation and induced their differentiation into a predominantly Th1 tumoricidal phenotype with increased expression of IFN-γ (76). Artesunate also reduced the expression of IL-2 (76), an anti-inflammatory cytokine produced by Th2 cells that can promote cancer progression by inhibiting IFN-γ release (77). These findings were extended by Chen et al. who, in a murine model of ovarian cancer, showed that artesunate induced Th1 differentiation of CD4+ via miR-142-mediated downregulation of sirtuin 1, resulting in enhanced ovarian cancer apoptosis (78).

In addition to enhancing immune-mediated cytolysis, ACTs can significantly remodel the TME. Artemisinin remodeled breast cancer TME by increasing the numbers of tumorsuppressive CTLs and CD4+/IFN-γ+ Th1 cells, while concomitantly decreasing the numbers of tumorsupportive FOXP3+ Treg and T-bet+ MDSCs (73). Similarly, Yu et al. showed that dihydroartemisinin decreased phosphorylated STAT3, but increased STAT1 phosphorylation in melanoma cells to decrease tumor growth, proliferation and metastasis but induce apoptosis in melanoma-bearing mice. Importantly, dihydroartemisinin-mediated decrease of IL-10 and IL-6 in melanoma inhibited Treg polarization and infiltration in the TME (79). Tregs are an additional source of immunosuppressive cytokines (5, 8), and by decreasing Treg numbers, dihydroartemisinin treatment allowed for increased infiltration of CD8+ CTLs and promoted antitumor immunity (79).

In summary, in vitro and in vivo studies have identified a number of immunomodulatory roles for ACTs that lead to an overall increase of the antitumor response. ACTs directly polarize immune cells towards tumoricidal, and away from tumorsupportive populations. Concomitantly, ACTs act on cancer cells to increase their susceptibility to immune-mediated cytolysis. It remains to be seen whether these promising results translate to the clinic (Table 2).


Table 2 | Immune Modulating Effects of Artemisinin and Artemisinin Derivatives (ACTs).





Summary of the antineoplastic mechanisms of artemisinin and artemisinin derivatives

In addition to altering immunosurveillance, ACTs target cancer cells directly. They induce ROS generation, autophagy and cell death, but inhibit proliferation, growth and migration in vitro and in vivo (83). Here, we will only summarize the major mechanistic insights into the direct antineoplastic effects of ACTs.

ACTs have recently emerged as potential inhibitors of STAT3 in cancer cells in vitro. Ilamathi et al. demonstrated that artesunate exhibited similar potency to the established STAT3 blocker S31-201 in inhibiting both constitutive and IL-6-dependent dimerization of STAT3 to induce apoptosis of hepatocellular carcinoma (84). Dihydroartemisinin inhibited both IL-6-mediated and EGFR-mediated activation of JAK2/STAT3 in head and neck squamous cell carcinoma (HNCC) in vivo and in vitro. Dihydroartemisinin-dependent inhibition of STAT3 decreased the levels of antiapoptotic (Bcl-xL, Mcl-1), proproliferative (cyclin D1), prometastatic (MMP-2/9) and proangiogenic (VEGF) proteins resulting in inhibited xenograft tumor growth (85). Similar results were observed with artesunate-dependent inhibition of STAT3 in AML (81), diffuse large B cell lymphoma (82) and melanoma (86) cell lines. HNCC resistance to cisplatin is associated with STAT3 phosphorylation (87). Importantly, dihydroartemisinin sensitized HNCC cells to cisplatin and acted synergistically with cisplatin to arrest HNCC in G0/G1 (85). Two independent studies have demonstrated that by inhibiting STAT3, dihydroartemisinin acted synergistically with the Bcl-2 inhibitor ABT-263 (88) and with the tyrosine kinase inhibitor gefitinib (89) to induce apoptosis in EGFR and RAS mutant NSCLC cells. In addition to inhibiting STAT3 activity, dihydroartemisinin has emerged as an inhibitor of STAT3 translation. Dihydroartemisinin increased miR-130b-3p to reduce STAT3 protein expression and block IL-6-dependent EMT of laryngeal squamous cell carcinoma (90). These findings identify ACTs as novel regulators of STAT3 expression and activity that can target a variety of cancers both alone and in combination with established chemotherapy.

Cancer cells evade apoptosis and many traditional chemotherapeutics are aimed at inducing this form of cell death. Efferth et al. were the first to report that ACTs promote leukemia apoptosis in vitro (91). Since, ACTs have been shown to induce apoptosis in numerous cancer cell lines via activation of both intrinsic and extrinsic factors (83). Importantly, immune cells are spared from ACT-induced apoptosis (73, 74, 92), suggesting that side effects such as lymphopenia, which has been associated with poor responses to chemotherapy and prognosis (93, 94), may be avoided. However, apoptosis was unaltered in artesunate-treated colorectal cancer patients (42). A reason for the discrepancy could be that in vitro ACTs are used in concentrations far beyond those achievable in human plasma. Alternatively, ACTs do cause cell death, but via alternative pathways.

Ferroptosis is a caspase-independent programmed cell death that can be triggered through intracellular Fe2+ accumulation and dysregulation of iron homeostasis (95). Cancer cells are enriched in iron. Additionally, increased abundance of transferrin receptors indicates poor prognosis and correlates with immune infiltration (96) suggesting that ferroptosis may selectively kill cancer cells while sparing healthy tissue. ACTs induced intracellular iron accumulation and triggered ferroptosis in NSCL, colon, renal, ovarian, CNS, leukemia, melanoma, prostate, and breast cancer cell lines by altering the mRNA expression of over 20 genes regulating iron homeostasis (80). Canonical ferroptosis is triggered by lipid ROS generated through lipid peroxidation and opposed by of glutathione peroxidase 4 (GPX4), a promising chemotherapeutic target that reduces toxic lipid peroxides by oxidizing glutathione (96). Dihydroartemisinin inhibited GPX4 to trigger ferroptosis in glioblastoma in vitro (97). Ferroptosis is an attractive alternative in inducing cell death especially in apoptosis-resistant, and conventional chemotherapy resistant cancers. ACTs have been shown to induce cell death through ferroptosis in cisplatin-resistant bladder and head and neck cancer cells (98) in addition to various other cancer subtypes. The emergence of ACTs as inducers of ferroptosis may therefore confer selectivity of these natural biomolecules against cancer with decreased side effect profile compared to conventional chemotherapy. To date, the effect of ACTs on ferroptosis has never been examined in humans, but we propose that it should not be ignored in future ACT therapy clinical trials.

A number of preclinical studies have identified that ACTs inhibit tumor cell growth and viability via autophagy. Autophagy occurs when microtubule-associated protein 1A/1B-light chain 3 (LC3) is incorporated in pre-autophagosomal membranes, where it is acted upon by autophagy related proteins (ATG) to generate LC3-I, LC3-II and mature autophagosomes (99). ACTs increased LC3, LC3-I, LC3-II and autophagosome maturation in cancer cell lines including, but not limited to, leukemia, esophageal, ovarian, pancreatic, and colon. Target recognition in autophagy is accomplished through autophagy receptors including P62/SQSTM1 (sequestosome 1), whose sustained upregulation or decreased degradation have been linked to tumorigenesis (99). Dihydroartemisinin decreased P62/SQSTM1 to induce autophagy-mediated death of tongue squamous cell carcinoma (100). P62/SQSTM1 is a target gene of NF-E2-related factor 2 (Nrf2). The dihydroartemisinin derivative DC32 (101) and a (NHC)gold(I)–artemisinin hybrid complex (102) inhibited Nrf2-mediated P62/SQSTM1 transcription. Artesunate activated AMPK (AMP-activated protein kinase) to induce autophagy-dependent apoptosis in bladder cancer cell lines (103), and suppressed Akt-mTOR signaling to induce in hepatoblastoma senescence (104). In summary, numerous in vitro studies have established a role for ACTs in increasing autophagy. But, given that autophagy can be either tumorsupportive or tumorsuppressive (99), caution should be taken when considering ACTs as adjuncts to chemotherapy.

Since resistance to conventional chemotherapeutics is a major contributing factor to patient mortality, agents that sensitize resistant cells to chemotherapy or circumvent resistance altogether are of therapeutic value. Artemisinin acted synergistically with oxaliplatin to decrease tumor growth, migration and invasion of esophageal carcinoma (105). It also induced DNA damage, autophagy, cell cycle arrest and apoptosis in cisplatin-resistant breast cancer cells (106). Interestingly, artemisinin-free A. annua extract exhibited potency against triple-negative human breast cancer cells (83) suggesting that not just artemisinin but A. annua as a whole may be of chemotherapeutic interest. Drug resistance can be circumvented by the covalent linking of two bioactive molecules via hybridization. In two studies, Fröhlich et al. reported that tamoxifen-artemisinin or estrogen-artemisinin hybrids were more potent than the parent drugs or cisplatin against human prostate, breast and cervical cancer cell lines (107). These results highlight the utility of ACTs not only as adjunct therapy, but as a natural biomolecule that can be utilized in drug hybridization to improve the potency and potentially reduce the resistance of standard chemotherapeutic agents. Furthermore, artemisinin and oxaliplatin synergistically decreased invasion, migration, and tumor growth of esophageal cancer cells (105).




Berberine

Berberine is an alkaloid found in Berberidaceae and thus the barberry fruit (Berberis vulgaris). Berberine use as an antioxidant, chemoprotective and anthelminthic agent in the treatment of infections and skin conditions dates back to 650BC. In modern medicine, berberine is primarily investigated for its potential in controlling metabolic syndrome and associated conditions like obesity, diabetes, hyperglycemia, hyperlipidemia, and cancer (108, 109). But low oral bioavailability and complicated pharmacokinetics, which are significantly influenced intestinal microflora, need to be considered. Importantly, the bioactivity of berberine does not stem from the parent molecule, but from its primary metabolites which bioaccumulate (110, 111). Thus, despite its low bioavailability, oral berberine could be of therapeutic value through its bioaccumulating metabolites, but perhaps with a loading dose.


Clinical trials of berberine

To date, several clinical trials have examined the effects of berberine, however only a few have done so in the context of cancer and none have tested its cancer chemotherapeutic efficacy. Chen et al. used berberine or placebo in patients with confirmed colorectal adenomas (not carcinomas) who had undergone a complete polypectomy. Berberine reduced risk of recurrent adenoma in the absence of side effects other than constipation (48). Given that colorectal adenomas are benign, but demonstrate potential for malignant transformation into carcinomas especially in patients with metabolic syndrome and inflammatory conditions (41), berberine could be effective in preventing the development of these tumors. Notably, none of the adenoma study participants developed carcinoma during the follow-up period (48) (Table 1).

Potential clinical benefits of phytochemicals are not limited to antineoplastic effects, but include chemo- and radioprotective potential. Berberine exerted protective effects against radiation-induced injury without significant side effects (112, 113). Berberine or placebo were administered to patients treated from seminoma, lymphoma and cervical cancer via abdominal radiotherapy. Although the study was small, it did demonstrate that berberine significantly delayed onset and reduced the incidence and severity of radiation-induced acute abdominal syndrome (112). Berberine also reduced the incidence of radiation-induced lung injury, the abundance of TGF-β and intercellular adhesion molecule-1 (ICAM-1), and thus inflammation in radiotherapy-treated NSCL patients (113). Neither clinical trial included mechanistic insight, but they did provide a proof-of-principle for the protective role of berberine as an adjunct to radiation. Clinical evidence of the protective role of berberine and other biomolecules discussed here is presented in (Table 3).


Table 3 | Chemoprotective and Radioprotective Effects of Natural Biomolecules in Clinical Trials.





Immunomodulatory effects of berberine

Radiation therapy leads to inflammasome activation in macrophages, dendritic, NK, B and T cells. Moreover, NLRP3 inflammasome activation accelerates inflammation and fibrosis, induces pyroptosis and is necessary for radiation-induced injury (122). Berberine inhibited NLRP3 inflammasome activation and pyroptosis in nonalcoholic steatohepatitis, a condition associated with liver cancer development (123). It inhibited influenza-induced NLRP3 inflammasome activation in macrophages by inhibiting mitophagy and mitochondrial ROS production (124). Berberine also inhibited AMPK-dependent autophagy in adipose tissue macrophages, which reduced palmitate-induced inflammasome activation, IL-1β release, insulin resistance (125). Beneficial effects of berberine-mediated inflammasome inhibition have been reported in Parkinson’s disease, endovascular injury, drug-induced hepatotoxicity and diabetic nephropathy (by suppressing epithelial to mesenchymal transition (EMT) (126). Given the inhibitory effects of berberine on inflammasome activation and the importance of this pathway in radiation-induced injury, we propose that berberine may protect patients from radiation-induced lung and abdominal injury (112, 113) by inflammasome inhibition. Studies on the effects of berberine on cancer through inflammasome modulation are still limited. However, Yao et al. reported the berberine inhibited the NLRP3 inflammasome; reduced secretion of proinflammatory interleukins and TNF-α; and inhibited tumor colony formation and migration in triple-negative breast cancer cells in vitro (127).

Molecular docking analysis revealed that berberine binds STAT3 directly to inhibit STAT3 phosphorylation and dimerization. Berberine-mediated STAT3 inhibition reduced IL-10 expression in melanoma cells; reprogrammed M2 tumor-associated macrophages to a tumorsuppressive M1 phenotype; increased tumor cell recognition by T cells; and ultimately reduced tumor burden in melanoma-bearing mice (128). Berberine also inhibits the expression of protein arginine deaminase 4 (PADI4) in macrophages. Overexpression of PADI4 induces macrophage activation and promotes EMT. PADI4 expression is directly correlated to the number of lung nodules in a murine model of lung cancer. By reducing PADI4 expression, berberine dose-dependently reduced lung nodules and improved lung function suggesting a putative tumor-preventative role of berberine (129). Inflammation, oxidative stress and intestinal flora imbalance are associated with colitis and colorectal cancer development and progression. Given that fecal excretion is the predominant route of berberine excretion, berberine can reach the colon in sufficient concentrations to achieve efficacy against inflammation and malignancy (130). Berberine remodeled intestinal microflora to favor beneficial over pathogenic bacteria and reduce proinflammatory cytokine secretion. Berberine-induced inhibition of the TLR4/NF-κB/IL-6/STAT3 pathway reduced malignant transformation and cancer recurrence in colitis-associated colorectal carcinoma models (131, 132).

Tumor progression is associated with immunoediting, which is promoted by increased PD-L1 expression within tumors. Liu et al. recently reported a novel function for berberine as a PD-1/PD-L1 checkpoint inhibitor. Berberine directly bound to the fifth subunit of the COP9 signalosome complex (CSN5) and inhibited CSN5-mediated PD-L1 deubiquitylation and stabilization within NSCL cells. Berberine-induced PD-L1 degradation increased cancer cell susceptibility to tumor-infiltrating T cells in mouse xenografts. Additionally, berberine limited the tumorsupportive functions of Treg and MDSCs further solidifying its potential as a chemotherapeutic and immunomodulating agent (133) (Table 4).


Table 4 | Immune Modulating Effects of Berberine.





Summary of the antineoplastic mechanisms of berberine

Berberine has been shown to promote tumor cell apoptosis, cell cycle arrest, mitochondrial dysfunction, ROS generation, apoptosis and autophagy in a variety of in vitro and in vivo cancer models (109, 134). A detailed examination of these studies has been performed recently (109), and is beyond the scope of this review.

Berberine inhibited colorectal adenoma transformation to colorectal cancer by binding to pyruvate kinase isozyme type M2 (PKM2) and inhibiting the Warburg effect (137). Berberine-mediated inhibition of STAT3 decreased MMP2/9 expression to inhibit metastasis of established colorectal carcinomas (138). Protective effects of berberine have also been reported for other gastrointestinal cancers including gastric (139) and cholangiocarcinoma (140, 141). Notably, molecular docking experiments identified STAT3, Akt, Erk and EGFR as putative berberine binding partners (141), suggesting that berberine may act as a multi-kinase inhibitor.

Berberine targets nine different oncomiRs including miR-17-5p and miR-21 which upregulate oncogenic pathways including STAT3, NF-κB, PI3K/Akt, PTEN and downregulate tumorsuppressive programmed cell death 4 (PDCD4) among others (136, 142, 143). Berberine downregulated miR-21 to induce expression of PDCD4, which in turn promoted multiple myeloma apoptosis by suppressing p53 (136). Similarly, berberine induced cytotoxicity in bladder cancer cells via miR-17-5p upregulation. Notably, p53 expression determined the type of berberine-induced cell death, such that p53-expressing cells underwent senescence, while p53-deficient cells – apoptosis (143), suggesting that berberine exhibits context-dependent pleiotropy. miR-17-5p is downregulated in cervical cancer and malignant pleural mesothelioma. But increased miR-17-5p expression is a poor prognostic indicator for colon, colorectal, gastric, pancreatic, nasopharyngeal, and lung cancers (142). Thus miR-17-5p acts as a double-edge sword in cancer progression and the cell-specific effects of berberine on this miRNA may determine the efficacy of berberine against different malignancies.

Berberine protected against intestinal injury induced by the conventional chemotherapeutic methotrexate. Mechanistically, berberine protected against methotrexate-induced upregulation of JAK1, STAT3 and Gsk-3β, downregulation of Akt/mTOR, oxidative stress and inflammation (144). Similarly, berberine ameliorated doxorubicin toxicity, and a berberine/doxorubicin nanoformulation synergistically decreased tumor growth and metastasis in breast cancer xenografts (145). But berberine also demonstrated synergistic effects with conventional chemotherapeutics. Berberine and 5-fluoruracil synergistically inhibited STAT3 and surviving to induce gastric cancer cell death (146). Berberine induced autophagy in NSCL cells with resistance to EGFR inhibitors like icotinib. Berberine synergized with icotinib to decrease EGFR expression and activity, induce autophagy and apoptosis, and reduce metastasis in xenograft models (147). Similarly, berberine inhibited EGFR-induced STAT3 activity to increase gastric cancer sensitivity to the EGFR inhibitors cetuximab and erlotinib (148). Moreover, berberine reversed resistance to cisplatin (149) of gastric cancer (149); to doxorubicin of lung (150) and breast cancers (145, 151, 152); and to temozolomide of glioblastoma (153). The rapidly mounting evidence of the chemosensitizing potential of berberine warrants the inclusion of this phytochemical as an adjunct to conventional chemotherapy.

Bioavailability and efficacy of berberine have been enhanced through novel formulations. 9-O-substitutted berberine derivatives decreased leukemia cell proliferation 30 fold in comparison to non-substituted berberine and enhanced apoptosis 6 fold (135). 9-/13-dodecyl berberine derivatives displayed selective photocytotoxicity, destabilized the mitochondrial membrane potential and increased ROS production, cell cycle arrest and apoptosis of liver, colon and bladder cancer cell lines. Notably efficacy was proportional to alkyl-chain length and lipophilicity. Importantly, substituted derivatives exhibited cytotoxicity against colon cancer, but not healthy cells (154).

Clinical safety and efficacy for berberine have been established in diabetes and metabolic syndrome (108, 155), but as of today its antineoplastic efficacy has not be tested in patients. The promising effects of berberine in metabolic syndrome together with the correlation between obesity and metabolic syndrome with carcinogenesis (108, 155) establish a role for berberine in preventative medicine (123). Berberine could be of great promise in several stages of tumorigenesis. It is a novel PD-L1 checkpoint inhibitor with direct immunomodulatory actions that can promote T-cell-mediated cytolysis in resistant cancers (133). It has demonstrated synergistic and sensitizing effects with traditional chemotherapeutics. But, berberine is also protective and has already proven efficacious in preventing radiation-induced injury in patients (112, 113). We conclude that berberine is of great promise as a chemotherapeutic or radiotherapy add on.




Triptolide and triptolide analogues

Triptolide is a diterpene triepoxide derived from Tripterygium wilfordii with antimicrobial, anti-inflammatory, immunomodulatory and antitumor effects. However, its therapeutic potential is hindered by water insolubility and a narrow therapeutic index due to substantial hepato-, cardio- and nephrotoxicity. An array of triptolide derivatives aimed at improving bioavailability, limiting toxicity, but retaining efficacy has been synthesized. Modifications at C14 of triptolide have yielded the most promise and notable examples are (5R)-5-hydroxytriptolide (LLDT-8) and the prodrug minnelide (156).


Clinical trials of triptolide analogues

LLDT-8 has not yet been tested on cancer patients, but has yielded promising phase II results in rheumatoid arthritis patients with poor responses to the standard-of-care methotrexate (156). Minnelide is currently undergoing a phase I in patients with advanced GI tumors (NCT01927965) and a multicenter phase II trial in patients with refractory pancreatic cancer (NCT03117920). Recruiting is ongoing for a phase II trial for advanced refractory pancreatic adenosquamous carcinoma (NCT04896073), as well as for phase I trials for EGFR-mutant NSCL (NCT05166616), for relapsed or refractory leukemia (NCT03760523) and in conjunction with paclitaxel for solid tumors (NCT03129139). There is limited trial reporting, but so far sufficient bioavailability of minnelide and its metabolite triptolide were achieved, with complete elimination of triptolide within 6 hours. A common side effect was reversible, rapid onset neutropenia, while reversible acute cerebellar toxicity was reported in two patients (157). Not all triptolide derivatives are suitable for clinical use as exemplified by F60008, whose high pharmacokinetic variability between patients with advanced solid tumors led to two fatalities, resulting in the termination of a phase I clinical trial (Table 1).



Immunomodulatory effects of triptolide and triptolide analogues

Despite the sparse clinical trial data, triptolide and its analogues are included in this review for their immunomodulatory potential. Triptolide is an immune checkpoint inhibitor. It inhibits IFN-γ-induced expression of PD-L1 on the surface of glioma (158), breast (159) and oral cancer cells (160). Triptolide-mediated repression of PD-L1 reduced tumor growth of patient-derived tumor xenografts and was mediated via inhibition of JAK2/STAT (160). Triptolide-induced downregulation of glioma PD-L1 increased IFN-γ and IL-2 and reversed glioma-induced inhibition of CD4+ helper T cells (158). Taken together these findings suggest a therapeutic potential of triptolide in reversing T cell exhaustion, and thus, immune evasion of tumor cells. Further studies are needed to elucidate the effect of triptolide, if any, on other immune checkpoints such as CTLA-4.

Triptolide can also remodel the TME in vivo. Triptolide inhibited melanoma growth by reducing Foxp3 mRNA levels in the spleen and auxiliary lymph nodes, as well as TGF-β, IL-10, VEGF and Tregs within the TME (161). Triptolide significantly increased the populations of monocytes, macrophages, B and T cells in a murine leukemia model (162). Recently, triptolide downregulated CXCL12 in subcutaneous colon cancer tumors, which in turn reduced TAM infiltration, reduced tumorsupportive M2 polarization, and decreased the expression of CD206 and IL-10 (163).

By reversing immune checkpoint inhibition and tumorsupportive immunity in the TME, triptolide analogues are attractive adjuncts to cancer chemotherapeutics especially for advanced-stage, chemotherapy-resistant cancers. Despite this, traditionally triptolide is used as an immunosuppressor with therapeutic potential in autoimmune diseases, which are linked to predisposition to leukemia and lymphoma (164). Triptolide inhibited IL-6/STAT3 to reduce ascites formation and organ infiltration of primary effusion lymphoma (165). Mutations in FIP1L1-PDGFRα (FIP1-Like-1 (FIP1L1)-platelet-derived growth factor receptor α (PDGFRα) confers resistance to imatinib in hypereosinophilic syndrome. Triptolide suppressed FIP1L1-PDGFRα expression, as well as downstream activation of STAT3, Erk and Akt to induce apoptosis of imatinib-resistant hypereosinophilic syndrome cells (166). Additionally, triptolide was cytotoxic to acute myeloid leukemia cells carrying the oncogenic fusion gene UBA2-WTIP (167). Since fusion gene expression is inherently limited to cancer cells, by targeting fusion gene function triptolide may exhibit selective toxicity against chemotherapy-resistant malignancies.

Promising radioprotective effects of triptolide have emerged from preclinical studies. Triptolide inhibited of IKKβ/NF-κB-mediated lysyl oxidase (LOX) production to reduce profibrotic IL-1β, IL-13 and TGF-β to diminish radiation-induced pulmonary fibrosis, and to improve mouse survival following radiation (168, 169). Triptolide additionally reduced pulmonary fibrosis by reducing alveolar macrophage infiltration, phagocytosis and proinflammatory cytokine and chemokine production (170). Thoracic radiation shows therapeutic benefit in the treatment of breast, lung and esophageal cancers, but is accompanied by pneumonitis in early stages and pulmonary fibrosis in late stages, which reduce quality of life and patient survival. To date, effective therapy is lacking highlighting the urgent need for novel therapeutic modalities (3). Triptolide itself is too toxic to be a viable therapeutic option, but if less toxic triptolide analogues show similar radioprotective roles, they may prove viable candidates for translational medicine (Table 5).


Table 5 | Immune Modulating Effects of Triptolide and Triptolide Analogues.





Summary of the antineoplastic effects of triptolide and triptolide analogues

In vitro an in vivo studies have established that triptolide is capable of eliciting direct antitumor effects by inhibiting proliferation, dysregulating metabolism, promoting ROS generation and autophagy, apoptosis and pyroptosis (156, 173–176). Although preclinical effects are clear and have led to clinical trials, the limiting parameter of human triptolide use is its toxicity, which should not be ignored. For chemotherapeutic success, studies on triptolide should focus on its synergistic and chemosensitizing actions, as well as, on reformulation aimed at minimizing systemic toxicity and targeted-tumor release. We focus on such preclinical studies in our discussion below.

Minnelide and triptolide demonstrated synergistic effects with gemcitabine and Nab-paclitaxel pancreatic cancer animal models and cell lines. Specifically for pancreatic cancer, both have been described as inhibitors of super-enhancers, which are tumorigenic regulatory DNA sequences that function as binding platforms for transcription factors and coactivators (177, 178). Triptolide/paclitaxel and minnelide/paclitaxel/gemcitabine combinations decreased cell viability, increased apoptosis, and cell cycle arrest in vitro and in vivo respectively (179, 180). Notably, synergistic effects were absent in cells with silenced NF-κB suggesting that triptolide-mediated inhibition of NF-κB is necessary for synergism (179). Triptolide-induced sensitization of pancreatic cancer cell lines to gemcitabine was similarly dependent on NF-κB inhibition by triptolide (181). Addition of minnelide to gemcitabine-paclitaxel therapy allowed for the administration of lower conventional-chemotherapeutic doses, while decreasing cancer progression and metastasis, but increasing survival of tumor-bearing mice (180). Synergistic effects of triptolide have also been observed with idarubicin in acute myeloid leukemia (171, 172); with cisplatin in gastric (182); with 5-fluorouracil (183) and with oxaliplatin (184) in colon; with paclitaxel in lung (185); and with gemcitabine in bladder cancers (186).

Triptolide potentially sensitizes resistant cancers to conventional chemotherapeutics in vivo. Minnelide inhibited DNA repair and reversed resistance to oxaliplatin of pancreatic adenocarcinoma (187) and to cisplatin in triple-negative breast cancer cells (188). Triptolide inhibited Toll-like receptor 4 (TLR4)/NF-κB signaling to enhance pancreatic-cancer-cell-line sensitivity to gemcitabine, which resulted in decreased tumor cell proliferation, viability and xenograft tumor volume (181). Similarly, triptolide-induced inhibition of NF-κB reversed resistance to taxol in lung adenocarcinoma (189). Taken together these findings identify NF-κB pathway inhibition as a key mediator of triptolide-induced sensitization of malignant cells to conventional cancer chemotherapy. Similar effects of chemotherapy sensitization were observed when using triptolide on doxorubicin-resistant breast (190), cisplatin-resistant ovarian (175, 191) and bladder (192), and cisplatin- and 5-fluoruracil-resistant liver (193) cancers.

Triptolide derivatives with improved toxicity and bioavailability like minnelide are currently in clinical trials. However, minnelide is a prodrug of triptolide, and although its bioavailability has convincingly been improved, serious side effects have been reported in humans. Targeted drug delivery strategies take advantage of features that are unique to cancer cells. Recently, Kong et al. took advantage of the increased micropinocytosis and lysosomal activity of KRAS-mutant pancreatic cancer cells to directly deliver triptolide encapsulated in ultra-pH-sensitive micelles (T-UPSM). T-UPSM demonstrated rapid intratumor drug release with superior safety and antitumor efficacy in KRAS mutant mice (194). Triptolide conjugated to a generation-4 hydroxyl-terminated PolyAMidoAMine dendrimer was targeted to TAMs in an orthotopic glioblastoma model. Dendrimer-conjugated triptolide repolarized TAMs to a tumorsuppressive phenotype, decreased glioblastoma burden, while simultaneously limiting triptolide-associated cardiac and hepatic toxicity (195). Safety and efficacy of various dendrimers is currently being evaluated for a number of diseases with optimistic results (196) suggesting that dendrimer-triptolide conjugates may enter clinical testing soon. A nanocarrier system carrying triptolide and the active metabolite of irinotecan, SN38 inhibited NF-κB in both gastric cancer cells and cancer-associated fibroblasts (CAF) to inhibit CAF-induced cancer cell proliferation, migration and SN38-resistance, resulting in significant reduction in tumor burden in vivo (197). A biomimetic triptolide-paclitaxel nanodelivery system also caused significant antineoplastic effects against gastric cancer (198). Biomimetic nanotriptolide was also used with sorafenib in the treatment of hepatocellular carcinoma in vivo resulting in potent proapoptotic synergy resulting in reduced tumor burden (199).




Graviola

Graviola (Annona muricata) is a fruit tree of the tropical and subtropical regions of the Americas. It is used in indigenous medicine against cancer, parasites, malaria, and depression. A. muricata extracts can be derived from the fruit, the seeds, the roots or the leaves of the plant and consist of over 200 phytochemicals including but not limited acetogenins, flavonols, phenolic compounds and glycopeptides (200). We will first review studies utilizing graviola extracts and then we will focus on the anticancer properties of select graviola phytochemicals.


Clinical trials of graviola

As of today, graviola has been utilized in only one clinical trial, while two more – are currently recruiting. Graviola leaf extract or placebo was ingested by colorectal carcinoma patients who had already undergone surgical treatment. Safety was established as bone marrow, weight, nutritional status, liver and kidney function were not affected (49). Serum from study participants decreased colorectal carcinoma cell populations in vitro, demonstrating antineoplastic effects of bioavailable graviola phytochemicals and metabolites (50). However, no pharmacokinetic data, mechanistic insight, nor long-term effects of graviola on disease outcome or patient quality of life were reported (49, 50). Anecdotal evidence of the antitumor effects of graviola comes from a case report of a patient with refractory metastatic breast cancer, who achieved disease stability for 5 years after self-medicating with a daily ingestion of graviola leaf extract (201). As of right now, the clinical evidence of the anticancer efficacy of graviola is inconclusive. But, a combination of graviola and ellagic acid may prevent preneoplastic cervical lesion development as lower incidence of abnormal Pap smears was reported HPV-infected women treated for 1 year (202) (Table 1).



Immunomodulatory effects of graviola

Graviola extracts have demonstrated immunomodulatory potential in vitro and in vivo. Graviola extracts increased TNF-α and IL-1β expression in cultured macrophages via MAPK activation suggesting that graviola may boost macrophage immune activity (203). Najmuddin et al. showed that graviola extracts increased CD8+, CD4+ and Nk1.1 cells in a breast cancer mouse model suggesting that graviola may potentiate anticancer immunity. In breast cancer cells, graviola reduced Fas ligand, proinflammatory IL-1β, TNF-α, nitric oxide and malondialdehyde, a biproduct of lipid peroxidation associated with DNA damage. Graviola-extract treatment increased tumor cell apoptosis, reduced tumor cell proliferation and metastasis, reduced angiogenesis and tumor burden in vivo (204). Taken together these results demonstrate that graviola exerts direct effects on breast cancer cells, as well as increases antitumor immunity (Table 6).


Table 6 | Immune Modulating Effects of Graviola.





Summary of the antineoplastic effects of graviola

The antineoplastic effects of graviola have been elucidated in a plethora of in vitro and in vivo studies and have been extensively reviewed elsewhere (200). Graviola has demonstrated significant potency against breast cancer in vitro and in vivo. In vitro, it induced apoptosis in breast cancer, but not normal kidney cells (205), suggesting that graviola exhibits selective anticancer cytotoxicity. Similar findings were observed with ionic liquid, leaf-methanol, as well as seed-methanol extracts of graviola, which additionally induced G0/G1 cell cycle arrest (206, 207). Furthermore, Daddaiouaissa et al. showed that although less potent, ionic liquid graviola extract was more efficacious than taxol in inducing growth arrest (206). Graviola decreased estrogen receptor (EGFR) expression, tumor marker (CA15-3) antigenicity, ROS production and lipid peroxidation, but promoted apoptosis in 7,12-dimethylbenz[a]anthracene (DMBA)-induced breast cancer in vivo (208). Graviola acted alone, but also synergistically, with doxorubicin to induce cell cycle arrest and decrease viability of triple-negative breast cancer in vitro (209). Graviola-mediated effects in triple-negative breast cancer cells may be through inhibition of EGFR signaling (210).

Antiproliferative and proapoptotic activities of various graviola extracts have been observed against prostate cancer cells. Graviola pulp fruit extract decreased HIF-1α expression and NADPH oxidase activity to inhibit proliferation and colony formation of prostate cancer cell lines (211). Graviola leaf extract gavage of male rats increased apoptosis in the testes and glandular epithelium, decreased seminal index and reduced prostate size (212). Graviola synergized with doxorubicin to induce ROS production, apoptosis and potentially inhibit metastasis by downregulating VEGF (213). Furthermore, synergistic effects of graviola and low-dose radiation resulted in reduced TGF-β and CD44 expression, increased apoptosis, and overall reduced solid tumor burden in mouse xenografts (214). Graviola suppressed mucin 4 (MUC4) and HIF-1α-mediated expression of glycolytic genes and VEGF to promote tumor cell necrosis, but decrease metastasis, of orthotopically-implanted pancreatic tumors (215). MUC4 is selective tumor antigen of pancreatic, ovarian and head and neck carcinoma MUC4 vaccines are investigated as novel anticancer therapies (216). MUC4 has also been implicated in antitumor immunity, however, its exact function in this context is still unclear (216).

Over 200 phytochemicals have been identified in graviola extracts with most of the antitumor effects being attributed to flavonoids and acetogenins. Acetogenins are cytotoxic against carcinomas of the breast, pancreas, prostate, colon, liver and kidney in vitro and in vivo (200). Annonacin, a potent complex 1 inhibitor, inhibited EGFR activity when used alone, and sensitized multidrug-resistance breast cancer cells to tamoxifen to reduce xenograft tumor burden (217). Annosquacin and bullatacin targeted multidrug-resistance breast cancer by modulating MAPK and depleting ATP respectively (218, 219). But, acetogenins exhibit significant neurotoxicity induce atypical Parkinsonism in humans (220). Thus, although acetogenins are largely responsible for the antitumor efficacy of graviola, utilization of these in the clinic may lead to significant toxicity. Acetogenin-enriched graviola extracts exhibited superior potency and efficacy to flavonoid-enriched extracts, but with significant lethality. Importantly, co-administration of the two extracts did result in antitumor cytotoxicity, but with reduced side effects and lethality. The authors attributed the protective role of flavonoid-enriched extracts to rutin-mediated induction of P glycoprotein, which promoted acetogenin efflux from the brain (221). This seminal study demonstrates that the temptation to utilize the most active ingredients of graviola in developing novel chemotherapeutics should be avoided, and that whole extracts should be favored instead. Perhaps nature knows best.

Graviola extract has been recently formulated with silver nanoparticles aiming at targeted drug delivery with limited toxicity. Graviola-silver nanoparticles (GRANAg) promoted apoptosis, decreased proliferation and increased autophagy via IL-1β reduction and NLRP3 inflammasome activation (222). GRANAg peel extract demonstrated superior potency than graviola leaf extract on colon, breast and melanoma cell lines (223). Furthermore, GRANAg induced cell cycle arrest in NSCLC (224) and promoted apoptosis in cervical and prostate cancer cell line (225). In vivo studies are still needed to establish GRANAg potency, efficacy and safety before ascertaining its suitability for clinical translation.

Despite the limited clinical trial data, graviola has demonstrated safety and bioavailability in cancer patients. Graviola has consistently demonstrated proapoptotic, antiproliferative and immunomodulatory antitumor activity, but large-scale clinical trials are urgently needed in order to fully elucidate its chemotherapeutic potential.




Epigallocatechin gallate

A number of epidemiological studies and meta-analyses have linked green tea consumption to reduced prostate, breast, thyroid, colorectal and stomach cancer risk (226). Although green tea is a complex mixture of phytochemicals, EGCG has been documented as the most abundant and most bioactive (227), and thus has been studied extensively for its chemopreventative and chemotherapeutic effects (226).


Clinical trials of EGCG and EGCG-enriched green tea extracts

A number of clinical trials have identified green tea extract, and EGCG in particular as a potential cancer chemopreventative phytochemical.

Green-tea-extract supplementation for 1 year in over 1000 healthy postmenopausal women with increased risk of breast cancer significantly reduced percent mammographic density (PMD) (i.e. proportion of fibroglandular tissue within the breast) in younger women (51). Importantly, women with more than 75% PMD are 4-6fold more likely to develop breast cancer (228), and the age-dependent EGCG effect was similar to what had been previously reported for tamoxifen (40, 51). EGCG demonstrated antiproliferative effects in patients with early breast cancer, where decreased Ki-67 correlated with high plasma EGCG levels (229). EGCG is metabolized by catechol-O-methyl transferase (COMT) and UDP-glucuronosyltransferase (UGT). Epidemiological studies revealed that green tea drinkers, especially those with low COMT-mediated catechin metabolism, exhibit lower PMD and lower breast cancer risk (52). Notably, COMT-mediated metabolism also reduced anticarcinogenic efficacy against prostate cancer (230). This findings are contradicted by a small phase II trial of EGCG-containing polyphenol formulation of green tea (Polyphenon E) in bladder cancer patients, where the pharmacogenomic relationship between EGCG pharmacokinetics and COMT or UGT1A1 polymorphisms was absent (53). Polyphenon E reduced PCNA (53) warranting further investigation of EGCG efficacy against bladder cancer. However, lack of EGCG efficacy has been reported in patients with high-grade prostatic intraepithelial neoplasia and/or atypical small acinar proliferation (54), in patients of high risk of recurrent colonic neoplasia (55), and in patients with colorectal adenomas (56). EGCG-enriched double-brewed green tea also did not protect against recurrence women with advance-stage ovarian cancer who had previously achieved complete response with surgical and chemotherapeutic interventions (57). EGCG did show promising results in chronic lymphocytic leukemia (CLL). EGCG supplementation resulted in a sustained decline in lymphocyte numbers and/or lymphadenopathy in asymptomatic Rai stage 0-II CLL patients (58). Furthermore, in Rai stage 0 CLL patients, EGCG reduced circulating Tregs, suggesting that EGCG may control lymphocytosis and delay disease progression at early disease stages (59). In summary, clinical trial data demonstrate EGCG-mediated chemoprotection against CLL, breast and bladder cancers, but not against prostate, colorectal or ovarian cancers (Table 1).

EGCG has also demonstrated radioprotective potential in the clinic. It alleviated acute radiation-induced esophagitis in advanced, unresectable lung (114) and in esophageal cancer patients (115). Similar results were observed for post-resection radiotherapy-induced dermatitis in breast cancer patients (116). EGCG mouthwash reduced radiation-induced oral mucosal injury in radiotherapy-treated head and neck cancer patients in phase I (117). Overall, EGCG has demonstrated significant efficacy in reducing the incidence and severity of radiation-induced injury without significant adverse effects suggesting that it should be considered as an adjuvant to radiotherapy (Table 3).



Immunomodulatory effects of EGCG

EGCG-mediated radioprotection likely stems from its anti-inflammatory effects, which have ameliorated inflammatory conditions including multiple sclerosis, lupus nephritis, rheumatoid arthritis and colitis in vivo (227). EGCG binds to the extracellular domain of the 67-kDa laminin receptor (67LR) (231), a non-integrin cell surface receptor, to inhibit TLR4 signaling via EGCG/67-kDa-induced expression of Tollip, a negative regulator of TLR4. This inhibited MAPK and NF-κB-mediated expression of proinflammatory cytokines and dendritic cell maturation (232). EGCG can also inhibit NF-κB activity directly, through a covalent interaction with NF-κB-p65 sulfhydryls (233). Some additional anti-inflammatory functions of EGCG include inhibition of LPS-induced M1-to-M2 macrophage polarization (234), and inhibition of activator-protein-1-mediated proinflammatory cytokine production in lymphocytes (235). Molecular docking studies have identified that EGCG, and also curcumin, directly bind NRLP3 components to inhibit inflammasome assembly (236), which can be triggered by radiation. EGCG exhibited radioprotective effects in both rat hippocampi and intestinal epithelia. These effects were mediated by ROS scavenging, activation of the Nrf2- antioxidant pathway and Bcl-2 (237, 238).

EGCG also promotes anticancer immunity by inhibiting STAT3 activity in immune cells. EGCG reduced STAT3 and CXCL8 expression in colon-cancer-patient-derived neutrophils to inhibit the formation of neutrophil extracellular traps and suppress colon cancer migration in vitro (239). EGCG remodeled breast cancer TME in vivo by increasing the numbers of tumorsuppressive lymphocytes, but inducing MDSC apoptosis and alleviating MDSC-mediated tumorsuppression (240). Another mode by which ECGG promotes anticancer activity and immunotherapy is through the inhibition of PD-L1 as shown in NSCL mouse xenografts (241) (Table 7).


Table 7 | Immune Modulating Effects of Epigallocatechin Gallate (EGCG).





Summary of the antineoplastic effects of EGCG

A critical target of EGCG is 67LR, which is overexpressed in cancers including of the blood, prostate, breast, bile duct, pancreas, and colon, and has been associated with tumor cell migration, invasion, and metastasis (244). EGCG inhibited EMT-like transition of glioblastoma (245) It inhibited melanoma growth and proliferation via 67LR-mediated activation of the tumor suppressor merlin (246). EGCG/67LR-mediated dephosphorylation and activation of myosin phosphatase target subunit (MYPT1) results in myosin II regulatory light chain (MRLC) inactivation and overall inhibition of cancer cell cytokinesis (247). EGCG suppressed STAT3 transcription in colorectal cancer cell in vitro to inhibit migration, but promote apoptosis (248) EGCG/67LR promoted apoptosis of multiple myeloma, acute and chronic myeloid leukemias via multiple downstream signaling cascades including p38-MAPK/JNK and JAK2/STAT3 (242–244). EGCG/67LR inhibited phosphodiesterase 5 (PDE5) to increase cGMP levels and induce multiple myeloma cell death via PKCδ and acid sphingomyelinase (243). Notably, PDE-overexpressing breast, pancreatic, and gastric cancer cells are resistant to EGCG-induced apoptosis. Co-administration of PDE5 inhibitors, including sildenafil and vardenafil, sensitized cells to EGCG and inhibited xenograft tumor growth. EGCG/PDE5-inhibitor combination therapy also reduced EGCG dosage requirements and decreased EGCG-induced hepatotoxicity (243, 249). Finally, EGCG reduced metastasis of nasopharyngeal carcinoma cells through Src-mediated downregulation of MMPs (250). EGCG also remodels the TME to inhibit cancer development and progression. Notably, it inhibited adipogenesis and homing of triple-negative breast cancer cells (251). EGCG also synergized with curcumin to reduce tumor-supportive endothelial transition. EGCG/curcumin also inhibited JAK/STAT3 in tumor endothelial cells to inhibit angiogenesis and colon cancer metastasis (252).

EGCG targeted STAT3 to downregulate multidrug resistance 1 (MDR1) or c-Myb and increase sensitivity to cisplatin of cisplatin-resistant oral and ovarian cancers (253, 254). EGCG reduced cisplatin-induced ototoxicity (255). Taken together, these data demonstrate that EGCG could act as an adjunct to cisplatin to reduce chemotherapeutic resistance and cisplatin-induced hearing loss.




Curcumin

Curcumin is a polyphenol derived from turmeric, a spice made from the roots of Curcuma longa. Turmeric has a long history of use as a remedy in Ayurveda and traditional Chinese medicine. Perhaps it is the historical significance of turmeric which sparked the very large volume of research aimed at evaluating the potential of curcuminoids as antioxidant, anti-inflammatory, immunomodulatory and anticancer agents (256–258). Given the overwhelming number of studies and significant anticancer activity against different cancers types in vitro and in vivo (257), curcumin cannot be ignored in this review. Due to its preclinical success and safety even in relatively high doses (259), curcumin has been clinically tested as an adjuvant for chemotherapy (61, 63, 64). Despite extensive research and a total of 75 human clinical trials, the clinical efficacy of curcumin against cancer is still inconclusive. We will briefly discuss these findings here, and attempt to identify reasons for the difficulty in translating curcumin into clinical use.

Clinical trials have examined the effects of curcumin as an adjuvant to radiotherapy. Curcumin was an effective alternative to radiosensitizing agents in cervical cancer (60). Curcumin was also examined for its radioprotective potential. In head and neck cancer patients, nanomicellar curcumin significantly reduced pain, severity and occurrence of radiotherapy-induced oral mucositis (120), while curcumin mouthwash was as effective as benzydamine and delayed oral mucositis occurrence (121). Results from trials the effects of curcumin in ameliorating radiotherapy-induced dermatitis in breast cancer patients have been lacklustre at best. Topical curcumin administration reduced radiotherapy-induced dermatitis only in a limited number of large breast separation patients (118), while a much larger trial found no difference between oral curcumin and placebo (119).

Curcumin has also been used as an adjuvant. Curcumin was found safe in a small cohort of metastatic colorectal cancer patients receiving folinic acid/5-fluorouracil/oxaliplatin (FOLFOX) ± bevacizumab, with half additionally receiving curcumin. It did not significantly affect quality of life and neurotoxicity scores, but did significantly improve overall patient survival. However, caution is warranted as significantly fewer patients in the curcumin arm had more than two metastatic loci, which have been shown to increase the likelihood of death (61). Again in colorectal cancer, supplementation with curcuminoids improved quality of life and inflammatory markers ESR and CRP (62), with the latter also noted in breast cancer patients (260). In metastatic castration-resistant prostate cancer (CRPC), curcumin/docetaxel combination demonstrated safety along with a response in PSA (66), a prostate cancer marker which may also predict recurrence of it post treatment (261). Synergy of curcumin and docetaxel in promoting autophagy and apoptosis via PI3K/Akt/mTOR downregulation has been demonstrated in oesophageal carcinoma in vitro (262). Yet, another human trial showed no significant benefit and was discontinued due to futility (67). No significant differences were found in off treatment duration, levels of PSA or testosterone, quality of life scores and adverse drug reactions when curcumin was added to intermittent androgen deprivation. However, adverse events and notably PSA progression were reduced in the curcumin treatment group (68). Coadministration of curcumin and gemcitabine in advanced pancreatic cancer patients yielded inconclusive results, significant gastrointestinal symptoms and forced several patients to decrease or discontinue curcumin (63). Dhillon et al. also obtained lacklustre results with only 2 of 21 patients demonstrating activity and variable plasma curcumin concentrations highlighting the problem of low oral bioavailability (65). Interestingly a similar trial (with no controls) using patented curcumin along with gemcitabine found it to be safe with a good response rate in pancreatic cancer (64) (Table 1).

It can be argued that inconclusive results are due to poor pharmacokinetics and that the safety along with the volume of in vitro evidence, prompt the development of different formulations and not the abandonment of curcumin. Indeed, these problems were circumvented by a clinical trial assessing the tolerability, safety and efficacy of patented IV liposomal curcumin on 32 patients with metastatic cancer. No adverse effects were reported for 26 patients at doses of 100-300mg. However even at that dose, which is significantly lower than in vitro dosing, hemolysis and a decrease in hemoglobin occurred in one and three patients respectively. Furthermore, curcumin plasma concentrations became undetectable rapidly after the infusion. There was no tumor reduction but there was a response in tumor markers (69).

Perhaps clinical trial focus should be shifted to more potent and bioavailable analogues which can be standardized and have shown greater potency in vitro and in vivo (263–269). Promising analogues include GO-Y30 and WZ30. GO-Y30 modulated TGF-β and Treg function, supressed STAT3 in breast and pancreatic cancer cells, and inhibited the PD-1 immune checkpoint to increase the efficacy of cancer immunotherapy (263–265, 267). WZ30 demonstrated superior activity to curcumin and synergy with cisplatin (266). Nanomicellar curcumin/docetaxel achieved targeted and sustained delivery and synergy to reduce cancer cell viability, proliferation and angiogenesis in ovarian cancer xenografts (268). A similar combination of curcumin and docetaxel synergistically reduced tumor volume in chemoresistant breast and ovarian cancer cells (269).

Through analogues like GO-Y30, perhaps the immunomodulatory aspect of curcumin can be clarified. Overall curcumin (non-analogue) has been shown to reduce STAT3 activation in both immune and cancer cells and potentiate anticancer immunity. It also exhibited synergy with chemotherapy and decreased resistance. Curcumin inhibited tumor-derived IL-6 to inhibit dendritic cell STAT3 and restore dendritic cell-mediated stimulation of T cell immunity. Coadministration of PD-1/PD-L1 antibodies with curcumin achieved further therapeutic benefit in colon cancer xenografts (270). Curcumin decreased 5-fluorouracil resistance of gastric carcinoma by suppressing STAT3 in cancer associated fibroblasts (271). Again, in gastric cancer cells curcumin (and also berberine) given alone or with fluorouracil downregulated pSTAT3, survivin and synergistically decreases cancer cell viability of cancer (146). Curcumin/IFN-β/retinoic acid combination also showed synergistic antiproliferative effects by suppressing STAT3, Bcl-2, COX-2, MMP-9 and survivin, but upregulating GADD153 and GRIM-19 (272). Similarly in haematological malignancies curcumin has decreased STAT3 activation in multiple myeloma cells, acute myeloid leukaemia and chronic myelogenous leukemia (273–275). Curcumin also establishes a tumorsuppressive TME by TAM and CTL repolarization. Curcumin-induced TAM1 repolarization to tumoricidal M1 phenotype increase MCP-1 secretion and NK cell recruitment. NK cells in turn secrete IFN-γ and further support M2-to-M1 TAM repolarization. In addition, curcumin-mediated decrease in TGF-β and IL-10 reduced Treg, but increased CTL numbers and antitumor immunity (258) (Table 8).


Table 8 | Immune Modulating Effects of Curcumin.



In conclusion, curcumin has successfully demonstrated antitumor activity in vivo and in vitro, but clinical trial efficacy, if any, was limited to reduced inflammatory markers, which are not always corelated to improved outcomes. The chasm between preclinical potential and the clinical failure could be attributed to a troubled compound or study design. Variability in curcumin extraction, curcuminoid mixture, poor and unpredictable pharmacokinetics hinder data reproducibility (257).

Curcumin has been classified as Pan Assay Interference (PAINS) compound and an Invalid Metabolic Panacea (IMPS). PAINS and IMPs are compounds that give false leads through various types of assay interference due to their high reactivity, indiscriminate-binding to substrates, inherent fluorescence or denaturation properties (276). These issues along with questionable efficacy, bring the utility of curcumin for cancer treatment and its use in further trials into question. Despite this, repeated successful preclinical studies (257) have led researches to invest in improving the delivery and pharmacokinetics of the molecule, rather than abandoning it. Novel curcumin formulations and analogues are still being made perhaps in hopes of salvaging such an expensive and potentially false lead. While both these avenues appear very promising the pitfalls of curcumin research (PAINS, IMPS, non-standardization) may be lurking yet again and caution is advised for the yellow powder that may have cried wolf.



Concluding paragraph

Natural phytochemicals are known to mediate multiple cancer pathways and reduce tumor growth. This is done through well-known processes such as the induction of ROS and apoptosis, but also through novel targets such as immune modulation, including PD-L1 and STAT3 inhibition. Apart from immunomodulatory agents, natural biomolecules are also able to act synergistically with or offer protection from chemo- and radiotherapy. They are able to augment the tumoricidal capacity of immune cells while also decreasing proinflammatory responses that promote tumorigenesis or injury (Figures 2, 4). Therefore phytochemicals possess a lot of qualities rendering them attractive as adjuvants to established therapeutic modalities. They also possess some advantages over monoclonal therapies, such as wide sources, less toxic side effects, and diverse immunomodulatory activities. One important area that needs to be resolved, is that phytochemicals have a wide range of pharmacological effects, but their targets and molecular mechanisms relevant to tumor immunity have not been fully researched. Further research for screening natural plant-derived biomolecules for targeted antitumor effects having immunomodulatory properties could be performed with the aid of advanced novel drug delivery technologies, and computer-aided design techniques. Both the guidance of computer assisted drug design and the trojan-horse of drug encapsulation are ideal tools for furthering this field of research and the efficacy of natural biomolecules. We believe that the role of natural biomolecules in tumor immunotherapy and as therapeutic adjuvants is emerging, has great potential and will hopefully lead to clinically applied pharmaceuticals.
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Purpose

To determine the safety and efficacy of microwave ablation (MWA) and synchronous transarterial chemoembolization (TACE) combined with or without PD-1 inhibitor in patients with hepatocellular carcinoma (HCC) following tyrosine kinase inhibitor (TKI) intolerance.



Materials and methods

This study retrospectively enrolled TKI-intolerant HCC patients who underwent MWA-TACE combined with PD-1 inhibitor (MTP) or MWA-TACE (MT) from January 2019 to June 2021. MWA and TACE were performed simultaneously, and PD-1 inhibitor was administered intravenously at a dose of 200 mg once every three weeks after MWA-TACE. Adverse events (AEs) related to treatment were recorded during the follow-up. Progression-free survival (PFS) and overall survival (OS) were compared between the two groups.



Results

A total of 87 patients were included and classified into the MTP group (n =42) and MT group (n=45). Complications related to MWA-TACE in the MTP group were similar to that in the MT group (21.4% vs. 24.4%, P = 0.738). Moreover, 35 (83.3%) patients had eighty-four AEs related to PD-1 inhibitor in the MTP group, and 8 (19.0%) patients developed grade 3. Patients who underwent MWA-TACE combined with PD-1 inhibitor had better PFS (median, 10.0 vs. 4.7 months, P < 0.001) and OS (median, 17.0 vs. 8.5 months, P < 0.001) than those who underwent MWA-TACE alone. Treatment method and Child-Pugh class were independent prognostic factors for survival in the univariate and multivariate analysis.



Conclusion

MWA and synchronous TACE combined with PD-1 inhibitor might be a favorable treatment option in TKI-intolerant HCC patients.
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Introduction

Hepatocellular carcinoma (HCC) is the sixth most common malignant tumor and the third leading cause of cancer death worldwide (1, 2). Despite continuous improvements in diagnostic techniques, a large number of patients are in the progression stage at the time of detection and are not candidates for curative therapies such as liver resection and transplantation (3, 4). Systemic therapies, such as tyrosine kinase inhibitors (TKIs), have been widely used in patients with HCC, especially at advanced stage (5). However, some patients are prone to TKI intolerance due to serious side effects. The optimal treatment remains unknown and controversial for these patients.

Transarterial chemoembolization (TACE) is considered as the mainstay of treatment for unresectable HCC, especially for large or multifocal tumors (6). The theoretical basis for TACE is a synergy between ischemia and deposition of chemotherapeutic drugs several times using appropriate concentrations. Microwave ablation (MWA) is the common thermal ablation treatment for HCC (7, 8). It is based on the principle of continuous realignment of polar water molecules within the ablation zone by generating an oscillating electromagnetic field, which causes friction within the tissue and leads to coagulative necrosis (9). Some studies demonstrated that MWA could rapidly produce larger and hotter ablation zones than radiofrequency ablation (RFA), making it less susceptible to the heat sink effect with a shorter ablation time (10, 11). In recent years, the combination of TACE and thermal ablation has benefited some HCC patients. Yin et al. (12) reported that TACE combined with RFA could improve the efficacy in patients with intermediate-stage HCC. In addition, a retrospective study of 231 HCC patients showed that TACE combined with MWA provided a survival benefit over TACE alone for HCC patients beyond the Milan criteria (13).

As emerging cancer immunotherapy, immune checkpoint inhibitors (ICIs) have attracted more and more attention in patients with HCC. The IMBrave 150 trial demonstrated that atezolizumab combined with bevacizumab had better overall and progression-free survival outcomes than sorafenib in unresectable HCC (14). In the 2022 updated BCLC guideline, the combination of atezolizumab and bevacizumab was recommended as a first-line treatment for advanced HCC (15). Since then, the combination of ICIs has been explored in preclinical and clinical practice. Programmed death 1 (PD-1) and its ligand (PD-L1/PD-L2) inhibitor are the most widely used ICIs. The mechanism is to specifically block the combination of PD-1 and PD-L1/PD-L2, and restores the function of effector T cells to induce tumor cytotoxicity. Huang et al. (16) confirmed that the combination of PD-1 inhibitor and MWA could inhibit the distant tumor growth and construct a systemic anti-tumor immune environment in a multitumor Hepa1-6 murine model. Therefore, the present study aimed to determine the safety and efficacy of MWA and synchronous TACE combined with PD-1 inhibitor in TKI-intolerant HCC patients.



Materials and methods


Study design and population

The study was approved by the Ethics Committee of Zhongshan Hospital, Fudan University, and was conducted according to the guidelines of the Declaration of Helsinki. The electronic medical records of TKI-intolerant HCC patients who underwent MWA-TACE combined with PD-1 inhibitor (MTP) or MWA-TACE alone (MT) from January 2019 to June 2021 were reviewed. Diagnosis of HCC was based on non-invasive criteria in accordance with the European Association for the Study of Liver or American Association for the Study of Liver Disease guidelines (5, 17). The multidisciplinary team recommended the treatment strategy of MWA-TACE combined with or without PD-1 inhibitor.

Inclusion criteria for this study were as follows: (a) patients with HCC who were intolerant to TKI such as sorafenib or lenvatinib, (b) Child-Pugh class A or B, (c) Eastern Cooperative Oncology Group (ECOG) performance status of 0-2, (d) patients underwent at least one session of MWA-TACE combined with PD-1 inhibitor in our institution. Patients were excluded from the study if they (a) had incomplete medical records, (b) had serious comorbidities including hepatic encephalopathy, refractory ascites, and esophageal variceal bleeding, (c) had a history of malignant tumors in addition to HCC, (d) had other liver-directed therapy during the study period.



MWA-TACE procedure

MWA and TACE were performed simultaneously in the study. At first, hepatic angiography was conducted to evaluate the tumor size, location, number, and arterial blood supply. Then, a commercially available water-cooled microwave system (VISON-CHINA MEDICAL DEVICES R&D CENTER, USA) was used to perform MWA. After administration of local anesthesia, one or two antennae were inserted into the tumor via ultrasound guidance. The position of the antennae, power output setting and ablation time were determined based on the tumor size, number, and distance from vulnerable structures (gallbladder, diaphragm, or gastrointestinal tract). The ablation procedure was repeated until the hyperechoic region overlapped with the tumor area under ultrasound guidance. The needle track was coagulated to prevent bleeding or tumor seeding. Afterward, arteriography was performed again to evaluate the residual tumor stain and ablative results. Subsequently, superselective catheterization of residual tumor blood supply was performed. The emulsion of chemotherapeutic agents (10-30mg epirubicin or 20-50 mg lobaplatin) and 5-10 mL lipiodol were administered via tumor-feeding artery. Finally, embolization was performed with blank microspheres or gelatin sponge particles until arterial flow stasis under X-ray.



PD-1 inhibitor administration

The PD-1 inhibitors including Camrelizumab, Pembrolizumab and Sintilimab injection were used in this study. The administration was injected intravenously at a dose of 200 mg once every three weeks after MWA-TACE. The interruption and discontinuation of PD-1 inhibitor administration depended on the patient’s status and the severity of drug toxicity.



Follow-up

The deadline for follow-up was December 31, 2021. All patients underwent regular follow-up at 4-6 weeks after treatment. The contents mainly included detailed medical records, laboratory tests, and dynamic CT or MRI. During follow-up, MWA-TACE and PD-1 inhibitor would be repeated if the residual or recurrent tumor was visible on dynamic CT or MRI. The treatment strategy was discontinued and changed when intolerable toxicity occurred. The subsequent treatment, such as radiotherapy, iodine-125 seed brachytherapy, hepatic artery infusion chemotherapy (HAIC), or best supportive care, was determined by the multidisciplinary team.



Assessment

Overall survival (OS) and progression-free survival (PFS) were recorded and compared between the MTP group and MT group. OS was defined as the period from the initial treatment to death or the last follow-up. PFS was defined as the period from the initial combination therapy until the time of radiological progression or death.

The safety of all patients who underwent MWA and synchronous TACE was assessed by using the Society of Interventional Radiology classification system (18). A major complication was defined as an event that resulted in substantial morbidity and disability, which increased the level of care, led to hospital admission, or substantially lengthened the hospital stay. All other complications were considered minor. Symptoms of postembolization syndrome (such as abdominal pain, fever without any infection focus, nausea and vomiting) were expected. Therefore, they were not documented separately. AEs related to PD-1 inhibitor were recorded and assessed according to the National Cancer Institute Common Terminology Criteria, version 5.0.

Tumor response was evaluated according to the modified Response Evaluation Criteria in Solid Tumors (mRECIST) criteria (19). The objective response rate (ORR) was defined as the percentage of the sum of complete response (CR) and partial response (PR). The disease control rate (DCR) was expressed as the percentage of the sum of CR, PR, and stable disease (SD). Intrahepatic targeted tumor response only referred to changes in tumors inside the liver after treatment. And overall tumor response evaluated changes in all tumors, including liver and extrahepatic tumors.



Statistical analysis

Statistical analyses were performed using SPSS version 25.0 and GraphPad Prism version 8.0. Continuous variables were expressed as mean ± standard deviation, and categorical variables were expressed as numbers and percentages. The independent sample t test, Person χ2, continuity correction and Fisher’s exact test were used to compare the differences between the MTP group and MT group. Survival curves for OS and PFS were performed using the Kaplan-Meier method. Univariate analyses were performed to identify the predictive factors of survival using the log-rank test. Variables with a P value less than 0.10 in the univariate analysis were entered into the multivariate analysis using Cox proportional hazard regression model. All analyses were two-tailed. A P value less than 0.05 was considered significant.




Results


Patient characteristics

According to the inclusion and exclusion criteria, a total of 87 patients who underwent MWA-TACE combined with PD-1 inhibitor (n=42) or MWA-TACE alone (n=45) were included in this study (Figure 1). Detailed baseline characteristics of these patients are shown in Table 1. The baseline characteristics were not significantly different between the two groups.




Figure 1 | Flow diagram of patient enrollment. HCC, hepatocellular carcinoma; MWA, microwave ablation; TACE, transarterial chemoembolization.




Table 1 | Baseline Characteristics of all patients.



The mean follow-up duration was 15.2 months (range, 5.8-27.2 months) in the MTP group and 8.7 months (range, 2.0-19.3 months) in the MT group. 34 (81.0%) patients in the MTP group and 30 (66.7%) patients in the MT group underwent subsequent local treatment, which mainly included repeated MWA-TACE, TACE or HAIC alone. In addition, 25 (59.5%) patients in the MTP group died during the observation period, of which 15 from disease progression, 8 from gastrointestinal bleeding, 2 from accidents. And 43 (95.6%) patients in the MT group died during the follow-up period, of which 36 patients from disease progression, 5 from gastrointestinal bleeding, 2 from heart attack. The mean frequency of PD-1 inhibitor administration was 3.0 (range, 1-8).



Safety and efficacy

Complications related to MWA-TACE are shown in Table 2. There were no major complications during the hospitalization and follow-up period. Minor complications occurred in 9 (21.4%) patients in the MTP group and 11 (24.4%) patients in the MT group (P = 0.738). The complications mainly included new ascites (14.3% vs. 17.8%, P = 0.658) and segmental bile duct dilatation (9.5% vs. 6.7%, P = 0.924) in the two groups.


Table 2 | Complications Related to Combination Therapy of MWA and TACE.



Eighty-four AEs related to PD-1 inhibitor occurred in 35 (83.3%) patients in the MTP group (Table 3). No treatment-related death or grade 4 AEs occurred. 8 (19.0%) patients required a PD-1 inhibitor interruption or symptomatic treatment due to grade 3 reactive capillary endothelial proliferation (n=4), grade 3 hand-foot syndrome (n=2), grade 3 proteinuria (n=1) and grade 3 platelet count decrease (n=1).


Table 3 | Adverse Events Related to PD-1 Inhibitor Administration in the MTP Group.



All patients had at least one radiologic tumor response assessment during the study (Figure 2). 7 (16.7%) patients in the MTP group and 3 (6.7%) patients in the MT group achieved CR of the intrahepatic targeted tumor. The ORR and DCR of intrahepatic targeted tumor in the MTP group were similar to that in the MT group (ORR, 57.1% vs. 44.4%, P = 0.236; DCR, 85.7% vs. 77.8%, P = 0.340). In addition, MTP group had a higher ORR of overall tumor than MT group (26.2% vs. 4.4%, P = 0.011). The DCR of overall tumor was slightly higher in the MTP than that in the MT group, although there was no difference between the two groups (78.5% vs. 60.0%, P = 0.061).




Figure 2 | Tumor response of the intrahepatic targeted tumor (A) and overall tumor (B) for the two groups. MTP, microwave ablation and transarterial chemoembolization combined with PD-1 inhibitor; MT, microwave ablation and transarterial chemoembolization; CR, complete response; PR, partial response; SD, stable disease; ORR, objective response rate; DCR, disease control rate.





Survival

In this study population, the Kaplan-Meier curves indicated that MTP group had significantly better survival benefits than MT group. The median PFS was 10.0 months (95% CI, 7.5-12.5 months) in the MTP group and 4.7 months (95% CI, 3.8-5.6 months) in the MT group (P < 0.001) (Figure 3). The median OS was 17.0 months (95% CI, 14.6-19.4 months) in the MTP group and 8.5 months (95% CI, 7.7-9.3 months) in the MT group (P < 0.001) (Figure 4).




Figure 3 | Kaplan-Meier curves of progression-free survival.






Figure 4 | Kaplan-Meier curves of overall survival.



Univariate analyses revealed that α-fetoprotein level, treatment method, Child-Pugh class and BCLC stage were significantly associated with OS (Table 4). On the basis of these findings, further multivariate analysis indicated that treatment method (MT vs. MTP; hazard ratio [HR] = 5.01, 95% CI, 2.86-8.78, P < 0.001) and Child-Pugh class (B vs. A; HR = 2.47, 95% CI, 1.37-4.45, P = 0.003) were identified as independent prognostic factors for OS (Table 5).


Table 4 | Univariate Analysis of Prognostic Factors for Overall Survival.




Table 5 | Multivariate Analysis of Prognostic Factors for Overall Survival.






Discussion

In recent years, TKIs including sorafenib and lenvatinib have been recommended as the first-line therapy for patients with advanced HCC or earlier stage tumor progression (5, 17). Although most of patients can benefit from TKIs, some HCC patients are prone to drug intolerance and discontinuation. This may increase the risk of tumor progression or recurrence. Since atezolizumab combined with bevacizumab resulted in better survival than sorafenib in the IMbrave150 trial, the efficacy and safety of immune-related combination therapy have begun to be widely validated in clinical practice.

A triple combination of MWA, TACE and PD-1 inhibitor was used for TKI-intolerant HCC patients in this study. Compared to other studies of TACE combined with TKIs and/or ICIs, our cohort achieved favorable tumor control and survival benefits in patients with HCC. Marinelli et al. (20) revealed the efficacy of locoregional treatment (TACE or transarterial radioembolization) combined with nivolumab for intermediate and advanced HCC. The median TTP was 4.3 months and 7.4 months in the TACE and transarterial radioembolization, respectively. Two retrospective studies investigated TACE combined with camrelizumab in patients with HCC. Guo et al. (21) reported that twenty HCC patients who underwent a combination of TACE and camrelizumab had an ORR of 56.9% at three months, and the median PFS was 9 months. Compared to the TACE-alone group, it failed to significantly improve the survival benefit in the TACE-camrelizumab group for patients with recurrent HCC. In addition, Zhang et al. (22) reported an ORR of 35.3% in 34 HCC patients who underwent TACE and camrelizumab. The median PFS and OS were 6.1 months and 13.3 months, respectively.

Our study showed that patients who received MWA-TACE combined with PD-1 inhibitor had a relatively longer PFS and OS compared to those patients who received MWA-TACE alone. This may be contributed to the use of PD-1 inhibitor. Previous studies found that massive tumor necrosis increased the release of tumor-associated antigens after MWA/TACE and further activated the immune response against tumor (16, 23). PD-1 inhibitor had a significant synergistic anti-tumor effect because PD-1 can be highly expressed on activated T and B cells (24). Ju et al. (25) indicated that TACE combined with apatinib plus camrelizumab has a promising anti-tumor activity in patients with unresectable HCC. Late combination may provide better OS and PFS when compared to early combination.

The combination of MWA and TACE can achieve effective control of intrahepatic tumor. The DCR of intrahepatic targeted tumor was 85.7% in the MTP group and 77.8% in the MT group, even though 40 (46.0%) patients had tumor over 10 cm in diameter. It was difficult to make massive tumor cell necrosis by only one session. Therefore, repeated MWA and/or TACE “on demand” was performed to control tumor growth in this study. It is widely accepted that repeated local treatment (TACE or ablation) “on demand” is safe and effective (26, 27). In particular, our study performed MWA and TACE simultaneously, which might differ from other studies that conducted TACE and sequential MWA at intervals (28, 29). The potential synergistic effects include the decreased dose of lipiodol and chemotherapeutic agents, and minimal liver function damage with maximum tumor necrosis (30, 31). MWA can destroy some relatively hypovascular HCCs that do not respond well to TACE alone. Meanwhile, the TACE procedure can treat residual tumors after MWA and undetected satellite lesions adjacent to the main large tumor by occlusion of the tumor-feeding artery. Subsequent hepatic arteriography can assure effective treatment for the local tumor.

Our study suggested that MWA-TACE combined with PD-1 inhibitor was safe for the treatment of TKI-intolerant HCC patients. The most common AEs related to PD-1 inhibitor were similar to those reported in previous studies (32, 33). In addition, the MWA and TACE procedures were well tolerated and manageable, suggesting that the combination therapy does not increase the AEs related to MWA-TACE.

There were several limitations in the study. Firstly, this study was a single-center retrospective rather than a randomized study, which may increase the risk of bias. Secondly, some immune-related indicators, such as CD3/CD4 T cells, Treg cells, NK cells, and other immunoregulatory molecules/cells, had not been detected and analyzed in this study. Further studies should be performed to investigate the mechanism of combination therapy in the future. Thirdly, the sample size was relatively small, and subgroup analysis was not performed in detail.

In conclusion, the current study provided an alternative combination therapy for TKI-intolerant HCC patients. Compared to MWA-TACE alone, MWA-TACE combined with PD-1 inhibitor resulted in better anti-tumor effect, longer survival and similar safety profile. These findings need to be confirmed in large sample, prospective randomized controlled trials.
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Chemical ablation was designed to inject chemical agents directly into solid tumors to kill cells and is currently only used clinically for the palliative treatment of tumors. The application and combination of different drugs, from anhydrous ethanol, and glacial acetic acid to epi-amycin, have been clinically tested for a long time. The effectiveness is unsatisfactory due to chemical agents’ poor diffusion and concentration. Immunotherapy is considered a prospective oncologic therapeutic. Still, the clinical applications were limited by the low response rate of patients to immune drugs and the immune-related adverse effects caused by high doses. The advent of intratumoral immunotherapy has well addressed these issues. However, the efficacy of intratumoral immunotherapy alone is uncertain, as suggested by the results of preclinical and clinical studies. In this study, we will focus on the research of immunosuppressive tumor microenvironment with chemoablation and intratumoral immunotherapy, the synergistic effect between chemotherapeutic drugs and immunotherapy. We propose a new concept of intratumoral chemo-immunoablation. The concept opens a new perspective for tumor treatment from direct killing of tumor cells while, enhancing systemic anti-tumor immune response, and significantly reducing adverse effects of drugs.
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1 Introduction

Imaging-guided techniques have promoted the development of physical and chemical ablation-based therapies. Thermal ablation includes microwave ablation, radiofrequency ablation, laser ablation, cryoablation, and irreversible electroporation with voltage pulses (1–3). Chemical ablation refers to the procedure of inactivating tumor cells by injecting chemical ablative agents directly into the solid tumor using a fine needle under imaging guidance. Early chemical ablative agents used anhydrous alcohol or glacial acetic acid, which can directly cause protein coagulation and necrosis of tumor cells when injected into the tumor. They were commonly used to treat small tumors such as the liver and adrenal adenoma (Figure 1) (4, 5). Because the fluidity of ablative agents such as anhydrous alcohol in the tumor is difficult to control, the intra-tumor drug retention time which is short and unevenly distributed. The efficacy in larger tumors were not satisfactory. Hence, the intra-tumor injection of chemotherapy drugs alone is challenging to achieve the effect of radical treatment and is more often used for palliative treatment, which may limit the application of this technology.




Figure 1 | Chemical ablation of left adrenal adenoma with anhydrous alcohol (A–D). (A) Transverse CT image obtained with the patient in a prone position showed a fine needle (arrow) in the left adrenal mass (arrowheads). (B), CT image obtained after the first injection of alcohol revealed a focal collection of alcohol in the adrenal tumor (arrowhead). (C), CT image obtained after the third ethanol injection shows the distribution of alcohol in tumor (arrowheads) was more diffuse than in (B, D) Follow-up CT image obtained one year after (A–C) revealed that most of the lesion (arrowheads) was replaced by fatty tissue. Chemical ablation for left adrenal metastases from the renal carcinoma after total left nephrectomy (E–H). (E) A transverse CT scan with the patient in a prone position showed a needle (arrow) in the left adrenal mass (arrowheads). (F) The image obtained after the second injection of acetic acid and iodized oil showed good compound permeation (arrow). (G) Six months later, the follow-up CT image showed a remaining dotlike lesion (arrowhead), and iodized oil was within the diaphragm. (H) One year after A and B, a follow-up CT image showed the lesion had fully resolved (4). (Zhang JS et al, AJR, 2008).



Tumor immunotherapy alters the state and function of the immune system by inhibiting or stimulating specific pathways or molecules of the immune system, which in turn enhances its ability to clear tumor cells. Bacillus Calmette-guérin (BCG) was the first immunotherapy drug approved by the FDA for superficial bladder cancer (6). Other emerging immunotherapeutic approaches include tumor vaccines, immune adjuvants, lytic virus therapy, various cytokines, and Chimeric Antigen Receptor T-Cell Immunotherapy (CAR-T) (7). In particular, the recent development and clinical application of cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) and programmed cell death protein-1/ligand-1 (PD-1/PD-L1) immune checkpoint inhibitors once brought a new era of tumor treatment. However, the lower overall response rate, the obstruction of the blood-brain barrier, and the frequent occurrence of adverse reactions to systemic therapy have significantly limited their wide application (8). The presence of intratumoral immunotherapy has solved these problems by using imaging-guided puncture technology to inject immune agents percutaneously into the tumor directly with a fine needle of 22G-25G to increase the drug concentration in the tumor area instantly or by locally injecting immune adjuvant into the tumor to permanently change or reverse the immune microenvironment of the tumor and improve the effect of systemic immunotherapy (9). Intratumoral immunotherapy can minimize the adverse impact on the whole body (10). Major types of intratumoral immunotherapy include pattern recognition receptor agonists, Toll-like receptor agonists, interferon gene stimulating factor agonists, retinoic acid-induced gene receptor agonists, immunomodulatory antibodies, oncolytic viruses, messenger ribonucleic acids (mRNA and DNA), immune cells, etc.

A radical cure is difficult to achieve with the single application of chemical ablation. Tumor cell death is significantly associated with the tumor microenvironment (TME). The action of TME is a fundamental cause of immune tolerance and escape of tumor cells. Theoretically, immunotherapy may be more effective by altering the TME. Numerous previous studies have also confirmed the synergistic antitumor effects of chemotherapy and immunotherapy (11, 12). In this review, we summarize the various approaches and applications of local chemoablation and intratumoral immunotherapy. We innovatively propose a new concept of chemo-immunoablation. The combination of local chemoablation and intratumoral immunotherapy under the guidance of imaging to permanently improve the TME will produce powerful local and systemic anti-tumor effects. The new concept provides a new perspective and solution for oncology treatment.



2 The profile of the TME

In the process of tumor development, the interaction between the immune system and the tumor is usually subdivided into three stages: immune clearance, immune homeostasis, and immune escape (13). In the period of immune clearance, cancerous cells will be monitored and attacked by the immune system and eliminated through innate immunity and adaptive immunity; the tumor cells surviving immune clearance reach a balance with the immune system, i.e., enter immune homeostasis; tumor escape occurs when the tumor cells gain the preponderance in the struggle with the immune cells. These processes are closely related to the TME tumor cells inhabit, which can also be understood as the soil in which tumor cells live. The “seed and soil” hypothesis proposed by Stephen Paget in 1889 has provided the basis for the concept of the TME (14–16). The TME consists of numerous immune cells, mesenchymal cells, extracellular matrix, active media, and tumor cells. It can be roughly divided into an immune microenvironment dominated by immune cells and a non-immune microenvironment dominated by fibroblasts. The specific TME can promote tumor proliferation and metastasis by affecting the proliferation of tumor cells, regulating the expression level of metastasis-related genes, inducing angiogenesis, and promoting the degradation of the extracellular matrix (17).

Tumor cells are infiltrated by immune cells and secrete inflammatory mediators, forming an inflammatory microenvironment. The immune cell components are complex and diverse, including T lymphocytes (70%-80%) and B lymphocytes (10%-20%), macrophages (5%-10%), natural killer (NK) cells (<5%), and dendritic cells (DCs), and Myeloid Derived Suppressor Cells (MDSC). Lymphocytes that infiltrate locally in the tumor are usually called tumor infiltration lymphocytes (TILs) (18). Regulatory T cells (Tregs) and tumor-associated macrophages (TAMs) mediate tumor immunosuppression and promote tumor proliferation (19, 20). Tregs are a subpopulation of CD4+ T lymphocytes that constitutively express interleukin 2 (IL-2) receptor (CD25), CTLA-4, and Foxp3, with two primary functions: immune incompetence and immunosuppression (20). TAMs are essential in mediating the onset of tumor inflammation and progression (19). Ample evidence supports a key role for MDSCs in immune suppression in cancer, as well as their prominent role in tumor angiogenesis, drug resistance, and promotion of tumor metastases (21, 22).

In addition to inflammatory and immune cells, stromal cells such as fibroblasts, vascular smooth muscle cells, and endothelial cells constitute the non-immune microenvironment of tumors and provide protection and support for tumor development. Cancer-associated fibroblasts (CAFs) are the most abundant host cells in the microenvironment. Distinct from normal fibroblasts, CAFs are characterized by the expression of α-smooth muscle actin (α-SMA) and fibroblast-activating protein (FAP), which secrete a large number of growth factors such as VEGF and TGF-β and mediate ECM remodeling (23). Endothelial cells are the basis of tumor angiogenesis. The TME can modify the expression of endothelial cell genes to favor angiogenesis, including inhibiting the expression of genes such as plexin and pro-fibronectin 1 (24). VEGF induces vascular leakage by binding to VEGF receptors on endothelial cells and promotes the proliferation and migration of tumor vascular endothelial cells (25).

In addition, numerous studies have found that TME is closely related to tumor immunotherapy, and immunosuppressive TME may lead to the failure of tumor immunotherapy (26, 27). Inadequate oxygen supply, glucose depletion, mammary gland accumulation, and extracellular vesicles due to tumor cell metabolism can lead to nutrient deficiency and dysfunction of tumor-infiltrating lymphocytes, leading to immunosuppression (26). TME with a highly enriched in CD8+ T cells plus high levels of PD‐L1 expression are more likely to respond to inhibition of PD-1/PD-L1 (28, 29). In addition, different modulation strategies can convert the immunodominant TME into an immunostimulatory TME and promote the effects of systemic immunotherapy. For example, local TLR7/8 agonists can enhance the recruitment and activation of immune cells in tumors and polarize anti-tumor immunity to Th1 response, augmenting the effect of immune checkpoint inhibitors (30). In addition, local chemical ablation can significantly change the TME, eliminate and inhibit the growth of tumor cells and destroy their survival conditions, including the death of fibroblasts, etc.



3 Local physical and chemical ablation of solid tumors

Thermal-based physical therapies are the most commonly used methods for tumor ablation and are divided into thermal ablation and cryoablation according to the ablation temperature. As an interventional technique, thermal ablation has been widely used to treat tumors in various body organs and has achieved good results. The commonly used thermal ablation methods include radiofrequency ablation, microwave ablation, laser ablation, high intensity focused ultrasound (HIFU). The ablation tissue necrosis is characterized as coagulative necrosis. Radiofrequency ablation is the earliest and most widely used thermal ablation treatment (31). Its basic principle is to introduce a high-frequency oscillating current into tumor tissues through ablation electrodes so that local tissue ions and polarized molecules oscillate rapidly with the alternating direction of the current, resulting in tissue frictional heat generation; cells die immediately when the temperature exceeds 70°C, and the cell membrane dissolves, and intercellular water evaporates when the temperature reaches 100°C, resulting in tissue disintegration and charring. Microwave ablation has high efficiency, short action time, and complete tumor necrosis, one of the most common thermal ablation methods. Laser ablation is the coagulation and necrosis of tumor cells by emitting/scattering laser light through optical fibers and converting it into heat energy in the lesion (32).

Early cryoablation devices used liquid nitrogen as the refrigerant, requiring thicker probes (not less than 3 mm in diameter). They were used primarily for intraoperative cryotherapy under direct vision of tumors but were limited in their application because of the inability to determine the ablation boundary. Recent cryotherapy devices are represented by the argon-helium knife, which is based on the Joule-Thomson effect and uses high-pressure argon gas at room temperature to rapidly produce temperatures as low as -185°C at the tip of the needle and up to 50°C at the tip of the needle by rewarming with high-pressure helium gas, i.e., accelerating tumor necrosis through the cycle of freezing-rewarming (33). The principle of cryoablation is the formation of ice crystals within the cell interstitium, destruction of organelles, rupture of cell membranes, and tissue necrosis. The release of tumor antigens due to cryoablation stimulates the body’s immune response and is part of today’s tumor immunology research. Cryoablation can be guided by ultrasound, CT, or MRI to clearly show the size of the ice ball and its relationship with the tumor tissue. A multi-needle combination of cryoablation can realize conformal tumor ablation (34). Cryoablation is currently a method that can adequately cover large tumor volumes and is painless and well-tolerated by patients. Cryoablation is easier to control than thermal ablation in treating soft tissue and superficial tumors.

Although cold or heat-based thermal ablation techniques have been widely used in clinical practice, their development is limited by the non-selective physical destruction of local tissues, the most common shortcoming of which is that in addition to the inactivation of tumor tissues within the ablation area, adjacent normal tissue structures such as blood vessels, nerves, intestinal ducts, pancreaticobiliary ducts, etc. are damaged, especially in the lesions of essential structures such as the hilum, hilar region, and retroperitoneum. Physical ablation may lead to severe complications such as bleeding, and the risks of ablation far outweigh the benefits.

Irreversible electroporation (IRE) is an ambient temperature physical ablation technique that is performed by applying high voltage electrical pulses to tumor cells through electrodes to produce nano-scale irreversible electroporation on the cell membrane, resulting in the death of tumor cells. Its most significant advantage is that it causes minimal damage to major anatomical structures in the ablation area, such as arteries, veins, nerves, bile ducts, trachea, intestines, and ureters, and can effectively protect the structural integrity of the vasculature (3). IRE is particularly suitable for the ablation of tumors located in essential structures such as the pancreas, hilar region, and retroperitoneum, which cannot be treated by other physical ablations (35). There are some significant problems in the clinical application of IRE: IRE can induce action potentials, leading to periodic violent muscle contractions and even inducing seizures, causing changes in the position of the ablation needle, affecting the ablation effect and possibly damaging the surrounding tissue.

In addition to some critical cellular components of TME that play a crucial role in tumor drug resistance, the extracellular matrix (ECM) plays a vital role in tumor growth, migration, and drug resistance. The ECM’s collagenous tissue, hyaluronic acid, and proteoglycan structures constitute a natural “barrier” for tumor cell self-protection, preventing anti-tumor drugs from reaching tumor cells. In addition, the dense tumor cells and the lack of an intact lymphatic reflux system result in high interstitial fluid pressure (IFP) between tumor cells, increasing the resistance of drugs from the blood vessels to the interstitial tissue space. Therefore, it is difficult for the anti-tumor drugs in the blood circulation to reach the tumor tissues.

Intratumoral chemical ablation is a method of in situ inactivations of the tumor by percutaneous puncture of tumor tissue under imaging guidance and direct injection of ablative agents into the tumor internally (4, 5, 36) (Figure 2). This technique overcomes the higher IFP of tumor tissue. It can directly inject highly concentrated drugs into the tumor at high pressure, fully contacting tumor cells and improving the local anti-tumor effect of medications. It is suitable for primary and metastatic tumors in different body parts (37, 38). The most commonly used ablative agents were tumor cytotoxic agents and protein coagulants in the early stage. For example, Liu et al. used a mixture of cytotoxic drugs and chemical agents to treat metastatic lymph nodes and achieved a tumor CR of 91.7% after 12 months (36). These early chemoablation treatments were only limited to the direct killing of tumor cells and not considering the impact on the TME. This limits the application of intratumoral chemical ablation. Intratumoral chemical ablation therapy may be an option for patients unsuitable for surgical resection and local physical ablation treatment. Transcatheter arterial chemoembolization (TACE) can be performed first for blood-rich tumors to embolize the tumor vessels and then additional chemical ablation for the residual lesions, leading to complete necrosis. Combining chemoablation with TACE is a palliative treatment with limited efficacy for larger tumors.




Figure 2 | Chemical ablation of a lymphatic node metastasis in the right pulmonary hilar region. (A) Transverse CT before chemical ablation showed a tumor at the lung hilum. The needle tip was located in the center of the target LN. (B) The image obtained after a single injection of the ethanol-ethiodol-drugs mixture showed good LN permeation. (C-D) At 6 and 12 months after ablation, the tumor size gradually decreased. (Liu SR et al., Technol Cancer Res Treat, 2013).





4 Application of intratumoral immunotherapy

Although radiotherapy and chemotherapy are seen as first-line treatment options for unresectable tumors, the success of immunotherapy, especially immune checkpoint inhibitors (ICIs), has gradually changed the game. Still, not all patients received benefits from ICIs therapy. However, intratumoral immunotherapy is now available in many preclinical and clinical trials and is gradually demonstrating its advantages (39–43). Although most immunotherapy is currently administered intravenously, the larger dosage of agents delivered intravenously increases the incidence of adverse events systemically and may even lead to interruption of the treatment. Intratumoral immunotherapy, however, may avoid this issue. Like intratumoral chemoablation, intratumoral immunotherapy generally utilizes a 20 or 22 G percutaneous needle to inject the immune agent directly into the tumor under ultrasound, CT, or MRI guidance.

In addition to targeting tumor cells, tumor immunotherapy may also affect normal tissues in various body organs, leading to autoimmune toxicity, including rash, pneumonia, colitis, pituitary inflammation, and hepatitis (44). In addition, some agents can cause varying degrees of cardiotoxicity, including fatigue, myalgia, chest pain, dyspnea, and syncope (45). Compared to intravenous administration, the smaller dosage of intratumoral immunologic agents brings less toxicity and adverse effects.

The mechanism of immunotherapy consists of three phases. First is the recruitment phase of DCs, where cytokines, Toll-like receptor (TLR)-9 agonists, and STING agonists will induce local IFN-γ release, leading to the recruitment and activation of DCs in the tumor area. This is followed by an initiation phase where these DCs will activate T cells, which are allowed to activate when anti-CTLA-4 antibodies block T cells and dendritic cell suppressor signals. Finally, PD-1/PD-L1 antibodies will inhibit inhibitory signals from tumor cells, blocking the immune escape of tumor cells and exposing them to cytotoxic T-cell attacks (46).

The basic principle of cytokine therapy for tumors is to use cytokines to stimulate the body’s immune system to kill tumor cells. The two main types of cytokines with immune-activating activity are interleukin (IL) and interferon (IFN), which is more commonly used in clinical practice. For example, IL2 can activate and increase T cells and NK cells. It was first used in metastatic kidney cancer and melanoma (47). On the other hand, Intratumoral cytokine therapy has been gradually applied to the clinic in recent years and has achieved good efficacy. For example, an ongoing phase III clinical trial on intratumoral IL-2 injection for melanoma (NCT03233828) has achieved excellent results.

The main biological functions of pattern recognition receptors (PRR) include activation of complement, phagocytosis, initiation of cell activation and inflammatory signaling, and induction of apoptosis. TLR agonists are the most studied intratumoral immunotherapeutic tools, including TLR3, TLR5, and TLR9 agonists. Stimulation of TLR9, for example, triggers the production of pro-inflammatory cytokines (e.g., IFN-I, IL6, IL12, TNF-a), thereby activating innate immune factors, including DC and NK cells. In turn, antigen cross-presentation by mature DCs initiates the immune system and ultimately kills tumor cells (48). In a preclinical trial, Carmine Carbone et al. found that local application of TLR agonists significantly changed the immunosuppressive TME in pancreatic cancer. The therapy produced a robust synergistic anti-tumor immune response at both in situ and distant tumor sites through combination with systemic PD-1 inhibitors (49). Antoni Ribas et al. demonstrated that SD101, a TLR9 agonist, significantly improved the response to systemic Pembrolizumab immunotherapy in patients with advanced melanoma. By local injection, extensive immune activation was induced in the TME, and a durable anti-tumor response in distant lesions was produced (9).

Oncolytic viruses are transgenic or naturally occurring viruses that can preferentially infect tumor cells, thereby causing tumor cell lysis without affecting normal cells, and are genetically engineered to express immunomodulatory proteins to promote immune system activation. The first FDA/European Medicines Agency (EMA) approved intra-tumor immunotherapy was T-VEC, a herpes-derived lysing virus that expresses human GM-CSF. It showed objective responses and overall survival benefits in stage IIIb-IVM1a melanoma (50, 51). Other lytic viruses, such as Pexa-Vec, a poxvirus-derived OV that also encodes human GM-CSF, have shown their ability to respond significantly in hepatocellular carcinoma (52). T-VEC is a genetically modified herpes simplex virus type 1 intratumoral lysing virus-based therapy that has been extensively tested in preclinical and clinical trials with promising results (53). In patients with unresectable metastatic melanoma, local intratumoral injections of T-VEC show superior durable response rates to subcutaneous GM-CSF (10).

Immune checkpoint inhibitors bind to immune checkpoints on T cells or tumor cells to block tumor escape from immune system and restore the body’s anti-tumor immune response. Currently, antibodies or inhibitors against PD-1, PD-L1, CTLA-4, T cell immunoglobulin, and mucin domain-containing protein 3 (TIM3) are commonly used. Still, the lower response rate determines that only a few patients will benefit (54, 55). Immune checkpoint inhibitors have revolutionized the landscape of tumor immunotherapy, and the anti-tumor effects of intratumoral applications, in particular, have been demonstrated in numerous preclinical trials. Recently, there have been many clinical trials focusing on the clinical application of intratumoral immune checkpoint inhibitors with encouraging preliminary results, including the phase I clinical trial of cemiplimab, an intratumoral anti-PD-1 agent (NCT03889912), and the phase I clinical trial of Nivolumab, an intratumoral anti-PD-1 agent (NCT03316274), Phase II and Phase III clinical trials of the intratumoral anti-PD-1 drug ipilimumab or Nivolumab in combination with the anti-CTLA-4 drug Ipilimumab (NCT04090775, NCT03755739), anti-CD40 inhibitor Selicrelumab in combination with the anti-PD-L1 inhibitor Atezolizumab (NCT03892525) and other (56). For patients with allogeneic transplants, intratumoral anti-PD-1 treatment combined with TLR9 agonist can ensure a strong anti-tumor immune response while avoiding severe transplant rejection caused by systemic immunotherapy, reflecting the unique effectiveness and safety of intratumoral injection (57). In contrast, the immunosuppressive TME may be responsible for the low systemic immune response and immune checkpoint inhibitor therapy failure. Preclinical studies have shown that resistance to systemic immune checkpoint blockade therapy can be broken through local delivery of immunostimulatory products such as oncolytic viruses, cytokines, and PRR agonists (58, 59).

For advanced cancer, including giant tumors, metastases, or recurrent tumors, we usually perform another biopsy at an appropriate site to confirm the pathological results. We recommend genetic testing to identify whether the patient is suitable for immunotherapy or targeted therapy. For these patients, chemical ablation or intratumoral alone can hardly achieve eradication and is only a palliative treatment. In contrast, a better therapeutic effect can be achieved if combined with immunotherapy, especially since intratumoral immunotherapy can ensure sufficient drug concentration and low systemic toxicity in the tumor region. The lower adverse effects of intratumoral immunotherapy also provide an opportunity to combine intratumoral with systemic immunotherapy to provide better treatment options for multiple metastatic or recurrent lesions in the body.



5 Intratumoral ablative agents and immunotherapy drugs


5.1 Preparation of chemotherapy drugs

Early tumor cytotoxic drugs for chemical ablation were prepared by mixing chemotherapeutic drugs according to tumor cytology type with a small amount of iodinated oil, which can be injected into tumor or metastatic lymph nodes percutaneously to kill tumor cells by slow release of anti-tumor drugs in tumor tissues and reduce the toxic damage to patient’s body (Figure 3). Liu et al. used a percutaneously punctured injection of chemical ablation drugs to treat pulmonary metastatic lymph nodes. They injected a mixture of 99.9% absolute alcohol (5ml), Doxorubicin (10mg), and Lipiodol ultra-fluid (2ml) into metastatic lymph nodes using a 21G or 22G Chiba needle. The injection dose was based on the tumor size and should gradually fill up the tumor under the surveillance of CT (36). The disadvantages were the precise amount of drug in the tumor, the release time was not easy to grasp, the diffusion area of the ablative agent was not controllable, and repeated injections were often required. The mechanism of chemotherapy is based on the blockage of the synthesis of DNA, RNA, and proteins, which are the basic components of chromatin in cells, and the subsequent prevention of the division and proliferation of cancer cells, thus achieving the therapeutic goal. The most commonly used chemotherapeutic drugs include alkylating agents, antimetabolites, anti-tumor antibiotics, methylating drugs, platinum compounds, etc. The most widely used medications for local intratumoral injection include platinum compounds such as cisplatin and oxaliplatin and the anti-tumor antibiotic Epiamphenicoln, etc. (37, 60, 61). In our institution, for larger tumors such as central lung cancer and hepatocellular carcinoma in the hilar region, we perform puncture biopsies in advance when allowed, remove the tumor tissue and then perform cytology culture and drug sensitivity tests, which in turn will determine and screen the most effective chemotherapeutic agent before chemical ablation is performed. A promising approach is using polymer gels as drug carriers to prolong intra-tumor drug residence time in an early double-blind trial of 20 patients treated with a mixture of fluorouracil and polymer gel given intratumorally for basal cell carcinoma. They compared the efficacy of two doses of fluorouracil (0.5ml vs. 0.25ml) and found that patients in the 0.5ml dose group achieved 80% histological cure (62). This gel treatment with local chemotherapeutic agents has lower chemotherapeutic toxicity compared to systemic chemotherapy. In clinical practice, 20-26G needles are commonly used for puncture and injection of chemotherapeutic agents, and the dose administered for local therapy is much lower than the dose routinely administered intravenously (about 5-20 mg of cisplatin intratumorally, compared to 160-220 mg typically administered intravenously).




Figure 3 | Chemical ablation of left-sided central lung cancer, CT scan showed a large lesion in the hilar region (A), chemical ablation was performed with cisplatin plus epiamphetamine, and iodinated oil was used for tracing (B). The mass shrank significantly three months after treatment (C).



Commonly used protein coagulants include anhydrous ethanol, glacial acetic acid, etc. The mechanism is to cause coagulation of tumor cells, cytoplasmic dehydration, and tumor cell necrosis (63). Anhydrous ethanol is easy to diffuse and retain for small tumors due to its relatively homogeneous internal structure and often pseudo-envelope, resulting in complete tumor necrosis. In contrast, for larger tumors, the diffusion of the ablative agent is limited due to the mixed composition and fibrous segregation within the tumor. Ohnishi et al. showed that the effect of 50% glacial acetic acid on tumor cells was three times that of anhydrous ethanol (63). Since glacial acetic acid is more permeable than anhydrous ethanol, it can easily penetrate the envelope to the surrounding normal tissues and cause severe pain when treating small lesions. The tracer property of glacial acetic acid is relatively poor. Still, dilution with an equal amount of water-soluble contrast agent can improve the tracer property of glacial acetic acid. CT scans can monitor the dispersion of high-density ablative agents in the tumor, whether injected into blood vessels or extra-tumor tissues. Therefore, anhydrous ethanol should be used as an ablative agent for tumors less than 3 cm in diameter. Glacial acetic acid can be used as an ablative agent for tumors larger than 3 cm in diameter. In addition, some Chinese scholars used a dilute hydrochloric acid compound to destroy cancer cells, which was five times more effective than 50% glacial acetic acid and 15 times more effective than anhydrous ethanol in coagulating cancer tissue proteins, and its efficacy is significantly better than anhydrous ethanol and glacial acetic acid. We have observed in clinical practice that the ablative formulation should achieve good tracer properties and slow drug release and injection rate to ensure adequate diffusion of the ablative agent in tumor tissues. Table 1 shows some clinical trials of chemical ablation of tumors at different sites, with the commonly used chemical ablation reagents and ablation protocols and doses (36, 64–71).


Table 1 | Selected clinical trials of chemical ablation of different tumors.



As mentioned above, chemotherapy is still the main drug used in clinical practice. Its treatment principle is limited to the cytotoxicity of the drug itself, which is often ineffective for larger or poorly diffused tumors. With the studies and recognition of the TME, more and more researchers focus on changing the immunosuppressive TME. By injecting drugs into local tumors, not only can we directly kill tumor cells, but another significant achievement is to improve theimmune activity in the TME, promote the body’s anti-tumor immune response, and enhance the cytotoxic T lymphocytes to kill tumors.



5.2 Preparation of intratumoral immunotherapy drugs

Intratumoral immunotherapy creates high blood concentrations locally in the lesion, which can improve the efficacy of immunotherapy, reduce immune-related adverse effects, and expand the population benefiting from immunotherapy, especially by facilitating the use of dose-limiting drugs. Types of intratumoral immunotherapeutic agents include oncolytic viruses, anti-CTLA-4 antibodies, anti-CD40 agonist antibodies, immunostimulatory TLRs and STING agonists, immunostimulatory nanoparticles, oncolytic peptides and viruses, mRNAs encoding cytokines (72).

In a randomized phase II study in 30 patients with unresectable primary HCC, the doses of Pexa-Vec were 108 and 109 plaque-forming units per milliliter, respectively. Both doses had a good safety profile, with the most common adverse event being flu-like symptoms. The higher dose of Pexa-Vec resulted in a 62% intrahepatic response rate compared to the low-dose group and was significantly associated with improved overall survival (73). In another phase I clinical trial (NCT04612530), intratumoral injection of the TLR9 agonist IMO-2125 in combination with IRE for pancreatic cancer, the operator administered 8 mg of IMO-2125 intratumorally to each patient one week before IRE was performed (74).

Immune checkpoint inhibitors typically target PD-1/PD-L1 as well as CTLA-4. Systemic monotherapy or other approaches, such as radiotherapy, have been widely used in the clinic, but the intravenous approach can lead to highly frequently occurring systemic immune-related adverse reactions. Recent randomized phase III trials of ipilimumab injections of 3 mg/kg versus 10 mg/kg did show that higher doses of systemic anti-CTLA-4 were associated with higher immunotoxicity (75). The dose of intratumoral CTLA-4 inhibitor (50 μg) is only 1/8 of that of intravenous injection with the same efficacy, which significantly reduces systemic immune-related adverse events, and CTLA-4 inhibitor is usually mixed with mineral oil adjuvant Montanide ISA-51 VG and shaken into an emulsion before injection (76). Intratumoral injections of CTLA-4 inhibitors have been clinically effective to date, with demonstrated efficacy and safety in phase I clinical trials for the treatment of advanced melanoma, and also showed an enhanced systemic anti-tumor immune response induced by local injections (77). Specifically, the highest intra-tumoral tolerated dose of the CTLA-4 inhibitor ipilimumab and IL-2 was assessed based on toxicity over the first three weeks. Finally, the tolerated dose of intratumoral Ipilimumab was 2 mg. A 2 mg dose of IL-2 was injected into the same lesion three times per week for two weeks and then twice weekly for six weeks (77). In the phase II clinical trial of cryoablation combined with intratumoral immunotherapy for metastatic prostatic adenocarcinoma (NCT04090775), PD-1 inhibitor monoclonal antibody nivolumab and anti-CTLA-4 monoclonal antibody ipilimumab were sequentially injected directly into the tumor immediately following local cryoablation. The injection regimen for Nivolumab was 10 mg/mL for 1 ml, and for Ipilimumab was 5 mg/mL for 1 ml. This way, dendritic cells can initiate a cell-mediated systemic immune response in combination with cytotoxic killer T-cells. In Table 2, we detailed the officially registered clinical trials on the intratumoral injection of immune checkpoint inhibitors. We listed the tumor types, drug injection protocols, doses, and efficacy evaluation criteria of different trials (77–81).


Table 2 | Registered clinical trial of intratumoral injection of immune checkpoint inhibitors (ICIs).



PD-1/PD-L1 inhibitors are currently the most focused immunotherapies and have achieved brilliant results in various tumor types (8, 82). Intratumoral injections can likewise reduce systemic immune adverse effects while ensuring better efficacy. There are fewer reports of intratumoral injections of PD-1/PD-L1 inhibitors, but all have achieved encouraging results. Intratumoral injections were administered in the same way and at the same dosage. Lambros Tselikas et al. reported the therapeutic effect of intratumoral immuno-injections for various types of tumors, such as melanoma and lung cancer. They performed intratumoral immunotherapy on 100 patients. The number of injections and the dosage used varied for different tumors. The needle used for injections was generally 22 G. Preoperatively, 1% lidocaine was used for local anesthesia, and simultaneous biopsy was performed if possible (72).



5.3 Application of controlled release drug delivery systems

Local delivery of immunotherapeutic drugs requires consideration of the needle’s thickness, the tumor’s size and nature, and the drug release kinetics. Biocompatible polymers are ideal delivery pathways for immunotherapeutic drugs. Suitable delivery vehicles can be constructed for intra-tumor immunoadjuvants, including particle suspensions, polymer-drug couplings, and amphiphilic block polymers that self-assemble into nanoparticles (46). Early injectable formulations were mainly based on degradable and non-degradable particulate suspensions. Functional groups on polymeric backbones (e.g., polycarboxylic acid polymers) or terminal groups at the nano-scale can prepare drug-polymer couplings, thereby reducing systemic toxicity and increasing target accumulation. Hydrogels are another long-established and continuously innovative polymerization technology. Hydrogels are soft materials with extremely high water content and a cross-linked polymer backbone structure that allows for structural integrity while allowing for controlled degradation, stimulus responsiveness, biocompatibility, and controlled drug release (83). The structure of an ideal hydrogel system should allow injectability in 18G or more delicate puncture needles, supervised regulated release for at least a week or so, binding to specific immune adjuvants, and a regulated release time of about a week. Yu et al. applied a P(Me-D-1MT)-PEG-P(Me-D-1MT) hydrogel system that delivered an anti-PD-1 antibody and IDO inhibitor intratumorally. It maintained a longer controlled release time and better drug concentration, enhanced anti-tumor response, and inhibited tumor growth (84).

There is also the issue of visualization of controlled release systems such as hydrogels under imaging guidance. Currently, fluorescence is used to observe drug diffusion and controlled release in many animal experiments, but it does not apply to humans with in-vivo tumors (85). A mixture of iodinated oil and poly(lactic-co-glycolic acid) nanoparticles (PEEP) was used for the intratumoral injection of anti-CTLA-4 antibodies, with an average droplet size of approximately 42 +/-5 μm. Clear visualization by iodized oil under CT or X-ray enables precise observation of the diffusion range and extent of the drug (86). Iodide oil radiopaque concentrations are typically in the range of 100 mg/mL. They are applied at doses similar to local chemical ablation, but the presence of a contrast agent may affect the controlled release kinetics of immune pharmaceuticals. For combination into polymers, most iodides have hydroxyl groups that can be used for chemical conjugation or spatial binding using hydrophobic/hydrophilic properties to form polymeric conjugates (87). For intratumoral injections, a non-permanent contrast agent is recommended, as permanent contrast agents may affect the assessment of future efficacy.




6 The concept of chemo-immunoablation

Systemic chemotherapy or immunotherapy has proven its excellent contribution in inhibiting tumor growth, modifying the local TME, and prolonging patient survival (17, 88). Potential synergistic antitumor effects have been demonstrated between chemotherapy and immunotherapy (89). However, a large proportion of systemic chemotherapy or immunotherapy regimens are causing adverse events. In addition, the immunosuppressive TME hinders the response to immunotherapy in different patients. With the mature application of local chemoablation for solid tumors and the research and development of intratumoral immunotherapy in improving TME, it is possiple to reverse immunosuppression to enhance systemic immune response. The concept of chemo-immunoablation was born. The proposed chemo-immunoablation improved chemo-ablation or intratumoral immunotherapy alone by changing the immunosuppressive TME. Chemo-immunoablation refers to the combination of chemo-ablation and immunotherapy to improve the local TME and enhance the systemic anti-tumor immune response by injecting chemo-ablative agents into larger tumors or tumors near important organ structures. By injecting immunosuppressive drugs and immune adjuvants locally, it is possible to inactivate the tumor in situ while playing a systemic anti-tumor immune response, under the premise that physical ablation is not possible or suitable (Figure 4). The effect of chemotherapy is to improve the local TME and enhance the systemic anti-tumor immune response. Compared with intratumoral chemotherapy or intratumoral immunotherapy alone, chemo-immunoablation in one procedure will have several significant advantages.

	(1) Chemical ablation combined with immunotherapy can significantly avoid immunosuppressive TME. Applying immune adjuvants or immunosuppressive agents can stimulate the systemic anti-tumor immune response, which can have a systemic anti-tumor effect through local treatment. Using local immune adjuvant can avoid the systemic immunosuppressive state and create opportunities for combined systemic immunotherapy.

	(2) The diffusion advantage of intratumoral drug injection over intravenous injection. Intratumoral injection of chemotherapeutic agents or immune drugs enables rapid diffusion into the tumor tissue, allowing total exposure of the drug to the tumor cells. They were combined with a drug-controlled release system such as hydrogel, which can provide the ideal sustained drug release time for tumor treatment.

	(3) Advantages of drug concentration. Compared with intravenous drug delivery, intratumoral local drug delivery has some advantages in terms of drug concentration: Firstly, intratumoral drug delivery is the direct contact between chemotherapy or immunotherapy drugs and targeted tumor cells, which can significantly reduce the dose of medications used compared with intravenous injection while ensuring the local drug concentration; secondly, the reduction of total drug dose also reduces the medical cost of patients and provides more opportunities for combining other drugs. Moreover, smaller drug concentrations can significantly reduce complications such as inflammation and autoimmune diseases.

	(4) The advantages of injection with synchronized biopsy to detect intratumoral immune status and individualized targeted therapy. Another unique benefit of intratumoral chemo-immunoablation is that synchronized biopsy can be performed during drug administration, which can clarify the gene expression of tumor tissues and the state of the immune microenvironment, providing a new theoretical basis for the improvement of individual chemo-immunoablation protocols. By performing drug sensitivity tests on the biopsied tumor tissue, the optimal chemotherapy protocol can be adjusted for the patient. In addition, applying a coaxial needle puncture biopsy significantly reduced the possibility of tumor needle tract metastasis.






Figure 4 | Chemo-immunoablation of right-sided central lung cancer. (A) A 22G puncture needle was used to reach the main part of the tumor, (B) followed by chemical ablation with cisplatin plus epoetin and intratumoral immunotherapy with 5-10 mg of pembrolizumab via needle sheath. A small amount of iodine oil was used as a tracer to observe the diffusion of the drugs.



The success of intratumoral chemo-immunoablation requires, in addition to the type of drug, the determination of the sequence, dose and frequency of administration in clinical work. We should also develop individualized treatment protocols for multiple tumors or different types of tumors.There are still relatively few studies related to chemo-immunoablation, but the few that have been done have been highly successful. XL Yu et al. loaded docetaxel (a chemo-agent) and cynomorium songaricum polysaccharide (CSP, an immunomodulator) into zein nanoparticles coated by a green tea polyphenols/iron coordination complex (GTP/FeIII, a photothermal agent). The therapy eliminated the primary tumor, prevented tumor recurrence and significantly inhibited tumor metastasis (90). This chemo-immunoablation could promote the release of damage-associated molecular patterns (DAMPs). CRT, ATP, and HMGB1 are released by the dying tumor cells. And the CSP could assist the DAMPs in inducing the maturation of DCs and facilitate the intratumoral TILs to clear up the residual or disseminated tumor cells (90).

The success of chemo-immunoablation also faces some technical challenges. Firstly, the surgeon must have solid, stable, and superior puncture skills. The needle should follow the principle of a stepwise approach, and the number of needle revisions should be minimized during the arrival of the needle into the tumor to avoid puncturing vital vascular organs and reduce surgical complications and failure rates. Secondly, the target tumor should be of sufficient size. Generally, it should be larger than 1 cm so that the puncture needle can enter the center of the tumor and inject into it. The tumor is too tiny for puncture or injection failure to occur easily. In addition, the preparation of ablation drugs and the dosage of injected drugs should be flexible according to the tumor size and the diffusion of drugs. Usually, when we perform chemical immunoablation, we mix iodinated oil evenly with the drug and then puncture and administer the medication under the guidance of CT. The distribution and actual diffusion of the drug can be observed in real-time through the high-density contrast of iodinated oil. If necessary, the direction of the needle will be adjusted, and the drug will be administered again to ensure that the drug is in complete contact with the entire tumor as much as possible. In addition, chemo-immunoablation for intracranial CNS lesions is rarely carried out at present, mainly due to the deep location of the tumor, the obstruction of the skull, and the possible irreversible damage to the nervous system during the procedure.



7 Summary and prospects

The concept of intratumoral chemo-immunoablation has provided new prospects for treating some particular sites and types of tumors. According to pathology, genetic testing, and drug sensitivity experiments, imaging-guided percutaneous chemo-immunoablation can, on the one hand, kill tumor cells to the maximum extent through direct contact with a high concentration of sensitive chemotherapeutic drugs. On the other hand, it can reverse the immunosuppressive TME, enhance the body’s anti-tumor immune response and kill residual tumors through intratumoral immunity. There is a robust synergistic anti-tumor effect between chemotherapeutic and immunotherapeutic agents. Its major advantage is that local high-concentration administration avoids systemic chemotherapy or immune-related adverse reactions, bringing new possibilities and options for patients who cannot undergo systemic chemotherapy or immunotherapy. The fewer complications and lower medical costs also open up new opportunities for more combinations of drugs. As preclinical trials are refined, and more clinical trials are conducted, it is hoped that chemo-immunoablation will become a unique new technology that can be flexibly applied to clinical tumor treatment.
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Introduction

Histotripsy is a novel focused ultrasound tumor ablation modality with potent immunostimulatory effects.



Methods

To measure the spatiotemporal kinetics of local andabscopal responses to histotripsy, C57BL/6 mice bearing bilateral flank B16 melanoma or Hepa1-6 hepatocellular carcinoma tumors were treated with unilateral sham or partial histotripsy. Treated and contralateral untreated (abscopal) tumors were analyzed using multicolor immunofluorescence, digital spatial profiling, RNA sequencing (RNASeq), and flow cytometry.



Results

Unilateral histotripsy triggered abscopal tumor growth inhibition. Within the ablation zone, early high mobility group box protein 1 (HMGB1) release and necroptosis were accompanied by immunogenic cell death transcriptional responses in tumor cells and innate immune activation transcriptional responses in infiltrating myeloid and natural killer (NK) cells. Delayed CD8+ T cell intratumoral infiltration was spatiotemporally aligned with cancer cell features of ferroptosis; this effect was enhanced by CTLA-4 blockade and recapitulated in vitro when tumor-draining lymph node CD8+ T cells were co-cultured with tumor cells. Inoculation with cell-free tumor fractions generated by histotripsy but not radiation or freeze/thaw conferred partial protection from tumor challenge.



Discussion

We propose that histotripsy may evoke local necroptotic immunogenic cell death, priming systemic adaptive immune responses and abscopal ferroptotic cancer cell death.
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Introduction

There is great interest in developing ablative therapies to trigger systemic anti-tumor immune responses that could augment the efficacy of cancer immunotherapy (1–13). By initiating immunogenic cell death pathways (e.g., necroptosis, pyroptosis) that release tumor-specific antigens within the context of pro-inflammatory danger signals, ablation could initiate the cancer immunity cycle of antigen presentation and adaptive immune stimulation (14). The cytotoxic capacity of CD8+ T cells primed by checkpoint inhibition immunotherapy has recently been shown to be mediated through ferroptosis, a pathway of oxidative programmed cell death to which cancer cells appear to be uniquely susceptible (15–20). Ideally, immunostimulatory ablative therapies capable of triggering ferroptotic anti-tumor CD8+ T cell responses would be particularly attractive for future clinical translation (10). Focused ultrasound (FUS) ablation modalities using high intensity ultrasound pulses to cause destructive tissue cavitation have shown immunostimulatory promise (21–32). We have observed that histotripsy, a non-thermal mode of mechanical FUS (33–36), incites potent local and abscopal anti-tumor immune responses that are stronger than those generated by thermal ablation or radiation (37, 38). We reported that histotripsy induces the early release of immunogenically intact tumor antigens and pro-inflammatory damage-associated molecular patterns (DAMPs) like high mobility group box protein 1 (HMGB1) within the tumor ablation zone. Using flow cytometry, we demonstrated that these changes were followed by influx of innate and adaptive immune cell populations into treated tumors (37). To understand the spatiotemporal evolution of these changes in treated and distant, untreated tumors, we now report microscopy-based observations of the local and abscopal inflammatory and immune cell responses and cancer cell death pathways that follow histotripsy tumor ablation.



Methods


Mice, cell lines, and tumor inoculations

Male and female C57BL/6 mice aged 6–8 weeks old were purchased from Taconic (Hudson, New York) and housed and maintained in specific pathogen-free conditions. Experimental groups were assigned prior to all interventions without randomization and investigators were not blinded to experimental groups. Each experiment involved 4–10 mice per experimental group, and experimental group sizes are noted in the Figure Legends. B16F10 and Hepa1-6 cells were purchased from ATCC (Manassas, VA) and used within 10 passages from receipt. Cell lines were maintained using methods previously described (37). Flank tumors were established by subcutaneous injection with 5-10x104 B16F10 or 5x106 Hepa1-6 cells suspended in phosphate buffered saline (PBS) and Matrigel (Gibco, Life Technologies Corporation) at a 1:1 ratio. Flank tumors were monitored and measured with electronic calipers at least every 3 days, and tumor volumes were calculated according to the following formula: volume=long dimension x short dimension x (short dimension/2). Endpoint criteria for euthanasia included maximal tumor diameter >18 mm with concomitant >50% total body surface area tumor ulceration.



In vivo tumor treatment

Tumors were treated with sham or histotripsy ablation or radiation using protocols previously described (37, 38). Briefly, histotripsy ablation was performed using 50 histotripsy pulses at 100 Hz pulse repetition frequency (PRF) delivered at each location to generate an estimated −30 MPa peak negative pressure at the focus. Histotripsy ablation times ranged from 4-15 minutes. Tumor irradiation was performed by placing mice in radiation chambers with lead body shielding leaving only the tumor exposed to 15 Gy unfractionated radiation. Checkpoint inhibition immunotherapy was administered using methods previously described (37), with 200 μg anti-CTLA-4 mAb (Bio X Cell, Lebanon, NH) administered on selected days via intraperitoneal injection.



Tumor dissociation

Tumors were dissociated into single cell suspensions in collagenase/hyaluronidase (STEMCELL Technologies, Vancouver, Canada) for approximately 40 minutes at 37°C using an Octodissociator with gentleMACS C-tubes (Miltenyi, Bergisch Gladbach, Germany). Cells were then passed through a 70 μm filter before adding 1X ammonium chloride buffer (Stemcell Technologies) to remove red blood cells. Cells were resuspended for 2 min in 0.25% Trypsin-EDTA (Gibco, Life Technologies Corporation) and triturated to achieve single cell suspensions, then washed with PBS containing 2% fetal bovine serum (FBS). Cells were suspended in DNAse I (STEMCELL) for 5 minutes and washed with PBS containing 2% FBS. Cells were filtered through a 40 μm filter before flow cytometry.



Multicolor immunofluorescence

Multicolor immunofluorescence analysis of tumor cell death and tumor-infiltrating cell populations was performed using methods previously described (37). For cell population analysis, samples were washed and incubated with rabbit anti-mouse anti-CD8a antibody (Abcam, Boston, MA) followed by Alexa 555 goat anti-rabbit secondary antibody (Invitrogen, Waltham, MA) or Alexa 488-labeled rat anti-mouse CD11b (Abcam) or Alexa 647-conjugated mouse anti-NK1.1 antibody (Invitrogen) at 37°C for 1 hour. For pRIPK3 and pMLKL staining, samples were incubated with primary rabbit anti-mouse pRIPK3 antibody (Cell Signaling Technology, Danvers, MA) at 1:100 dilution in universal antibody dilution solution (Sigma Aldrich, St. Louis, MO) for 1 hour, then washed in PBS and incubated with Alexa 488-labeled goat anti-rabbit secondary antibody (Invitrogen, Waltham, MA). After washing, samples were stained with rabbit anti-mouse anti-pMLKL antibody (Cell Signaling Technology) directly conjugated to Alexa 555 using the Zenon Antibody Labeling Kit (Thermo Fisher, Waltham, MA) for 1 hour. For HMGB1, 4-HNE and CD8 staining, samples were incubated with mouse anti-HNEJ2 antibody (Abcam) and rabbit anti-mouse CD8a antibody (Abcam) at 4°C overnight. Samples were then washed and counterstained with Alexa 555-labeled goat anti-rabbit and Alexa 647 goat anti-mouse secondary antibodies (Invitrogen) at 37°C for 45 minutes. After washing, samples were incubated with mouse anti-HMGB1 antibody at 37°C for 1 hour. Samples were then washed and blocked in goat serum, incubated with Alexa 555-conjugated goat anti-rabbit secondary antibody (Invitrogen) for 45 minutes, and washed in PBS for 30 minutes. Samples were then incubated with rabbit anti-mouse HMGB1 antibody directly conjugated to Alexa 488 (Abcam) for 1 hour at 37°C. Samples were washed in PBS and quenched for autofluorescence and mounted as described (37). Samples were visualized at 10X or 20X magnification using a Keyence BZ-800 microscope (Keyence, Osaka, Japan) under 10X objective or 20X objective using a 1X digital zoom, and image capture was performed using a DXM1200F camera using software supplied by the vendor (Nikon). Spatial intensity of staining was performed in ImageJ, using phase contrast microscopy to identify the zone of histotripsy tumor ablation. Entire tumor sections were examined for immunohistochemical analysis, and fluorescence intensity of staining was calculated over every 100 μm2 area. A minimum of 5 fields of view from two independent experiments were considered for intensity analysis and statistical analysis. Images were imported to ImageJ and the threshold was adjusted using the color threshold tool. Cells were then counted using ImageJ software after appropriate background subtraction. Cells lacking intranuclear HMGB1 were scored as cells that had released HMGB1, and cells containing intranuclear HMGB1 were scored as cells that had retained HMGB1. Nuclear localization was confirmed by colocalization with DAPI. To measure the spatial correlation between CD8+ T cells and tumor cell HMGB1 release or 4-HNE accumulation, a region of interest of 50 μm diameter was drawn around CD8+ cells, and the percent of tumor cells without HMGB1 or with 4-HNE was calculated.



RNA extraction, sequencing, and analysis

Flow-sorted CD45+ and CD45- cells were lysed and RNA was extracted per manufacturer instructions using the Qiagen RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA was immediately frozen for storage and submitted to the University of Michigan Advanced Genomics Core for library preparation and QuantSeq analysis. Pooled libraries were subjected to 101 bp single-end sequencing with Illumina NovaSeq following manufacturer protocols (Illumina, San Diego, CA). Bcl2fastq2 Conversion Software (Illumina) was used to generate de-multiplexed Fastq files. Reads were trimmed using Trim Galore (v0.5.0) (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) using default settings. Reads were aligned using STAR (v 2.6.0) using default settings (39). Unique molecular identifiers were collapsed using Lexogen Quantseq (v2.3.6). Reads were mapped to the mouse genome GRCm38 from the Ensembl genome database. Reads were counted using Bioconductor R package Rsubread and featureCounts function (40). RNASeq data analysis and visualizations were performed using BioJupies (41). Methods derived from the Biojupies analyses are summarized in the following passages. Raw counts were normalized to log10-Counts Per Million (logCPM) by dividing each column by the total sum of its counts, multiplying by 106, and applying a log10-transform. Principal component analysis (PCA) was performed using the PCA function from the scikit-learn Python module. Before performing PCA, raw gene counts were normalized using the logCPM method, filtered by selecting the 500 genes with the most variable expression, and transformed using the Z-score method. Heatmaps were generated in Graphpad (GraphPad Software, San Diego, CA) by plotting the Z-scores for the top 2500 differentially-expressed genes associated with a relevant gene ontology (42–44).



Digital spatial profiling

The Nanostring GeoMx Digital Spatial Profiling (DSP) (Nanostring, Seattle, WA) platform was used to quantify expression levels of immune-relevant proteins in specific areas of lymphocytic infiltration present within tumors (45). Tumor sections of 5 μm thickness were stained with fluorescent antibodies against CD8 and CD45 and S100B, and 12 regions of interest representing areas of lymphocytic infiltration measuring 200 μm in diameter were selected per tumor. Protein profiling data were provided by NanoString through their Technology Access Program.



Flow cytometry

The following fluorophore-conjugated antibodies were used in this study: αCD45-Alexa Fluor 488 or -PerCP-Cy5.5 (30-F11), αCD8α-APC-Cy7 or Pacific Blue (53-6.7), αCD4-BB700 or -APC-Cy7 (RM4–5), αCD3/CD3ϵ-Brilliant violet® (BV)605 (17A2 or 145-2C11), αCD11b-BV510 (M1/70), αF4/80-PE-Cy5 (BM8), αCD11c-PE-Cy7 (N418), αCD69-APC (H1.2F3), αLy6G-PE (1A8), αLy6C-PE-Dazzle 594 (HK1.4), αPD-1-PE (RMP1-14), αCD161-AF488 (694370), αCD25-PeCy5 (PC61), αCD19-PE-Cy7 (6D5), αCD127-BV510 (A7R34), αCD62L-AF647 (MEL-14), αCD44-PE-CF594 (IM7). (All antibodies were purchased from BioLegend (San Diego, CA), eBioscience (San Diego, CA), BD Biosciences (San Diego, CA), R&D Systems (Minneapolis, MN), or Cell Signaling Technology.) Cells were stained with a viability marker (Live/Dead Near-IR (Thermo Fisher) or DAPI according to manufacturer’s instructions and stained for surface markers following Fc receptor blocking with TruStain FcX (BioLegend) per manufacturer’s instructions. Immediate staining after tissue harvest was performed for sorting of CD45+ or CD45- populations; cells for analysis of surface marker expression with flow cytometry were initially frozen in RPMI-1640 with 10% FBS and 10% DMSO and thawed and stained on the day of analysis.



Co-culture experiments

C57BL/6 mice bearing unilateral B16F10 flank tumors were treated with no therapy or histotripsy ablation on day 10. Mice were euthanized on day 15 and tumor-draining inguinal lymph nodes were harvested. CD8+ T cells were isolated from lymph nodes using the EasySep™ cell isolation system (STEMCELL). 106 CD8+ T cells were added to cultured B16F10 cells in 1.5 mL tubes in RPMI-1640 with 10% FBS for 90 minutes at 37°C. Tubes were then centrifuged and plated on poly-lysine coated glass slides for 10 minutes in a humid chamber at 37°C to allow for adherence. Cells were fixed with 3.5% buffered parformaldehyde and permeablized with 0.5% Triton X-100 and blocked in 5% bovine serum albumin (Sigma). Cells were first stained overnight with αHNEJ2 antibody (1:100 dilution) (Abcam) at 4°C, then counterstained with goat anti-mouse IgG antibody (1:200 dilution) (Thermo Fisher) and stained with αCD8 antibody directly conjugated to Alexa 488 (1:100 dilution) (BioLegend). After staining, slides were washed in PBS, mounted with prolonged gold-containing DAPI, and visualized. Ten fields of view were captured under 20X magnification, and the number of 4-HNE-positive cells were counted relative to the total number of B16F10 cells.



Vaccination studies

C57BL/6 mice bearing unilateral B16F10 flank tumors were treated with no therapy, histotripsy ablation, or 15 Gy external beam radiation therapy on day 10. Mice were euthanized on day 11 and tumors were explanted. Tumors that received no treatment were exposed to 3 cycles of rapid freezing for 2 minutes in liquid nitrogen and thawing for 2 minutes in a 60°C water bath. Tumor homogenates were centrifuged at 1K RPM for 5 minutes, and the cell-free supernatant was injected intraperitoneally into naïve C57BL/6 mice one day prior to flank injection with B16F10 tumors.



Statistical analysis

Statistical analysis was performed using GraphPad Prism software (GraphPad Software). The difference between means of unpaired samples was performed using two-way analysis of variance (ANOVA) with Bonferroni’s post-test or an unpaired t-test as indicated. Tumor growth kinetics were compared using ANOVA. Statistical significance was defined as p<0.05. Numbers of mice per experiment are noted in the Figure Legends.



Study approval

All animal studies were performed in accordance with protocols and animal care and use guidelines approved by the Institutional Animal Care and Use Committees of the VA Ann Arbor Healthcare System and University of Michigan.




Results


Partial histotripsy ablation inhibits tumor growth rate in treated tumors and in distant untreated tumors

To compare the effects of histotripsy on tumors treated with partial histotripsy ablation (“histotripsy-treated” tumors) and distant untreated (“histotripsy-abscopal”) tumors, as well as across tumors of different histology and immunogenicity, we performed unilateral sham (control) versus partial (~80-90% tumor volume) histotripsy tumor ablations in C57BL/6 mice bearing bilateral flank B16F10 melanoma or Hepa1-6 hepatocellular carcinoma tumors. Partial tumor ablations were performed in order to avoid collateral damage to surrounding subcutaneous tissues. Whereas poorly immunogenic B16F10 tumors exhibit exponential growth, moderately immunogenic Hepa1-6 tumors exhibit linear growth. Ablations were performed on days 9-10 after tumor inoculation, when tumor volumes exceeded 7 mm in diameter. As shown in Figures 1A, B, partial histotripsy ablation caused immediate growth arrest of histotripsy-treated B16F10 tumors and gradual regression of histotripsy-treated Hepa1-6 tumors. As previously reported (37), unilateral histotripsy was accompanied by abscopal inhibition of contralateral histotripsy-abscopal B16F10 tumors. In the Hepa1-6 tumor model, unilateral histotripsy was accompanied by growth arrest and gradual regression of histotripsy-abscopal tumors. This abscopal effect appeared antigen-specific, as no abscopal growth inhibition was observed in contralateral tumors of discordant pathology. These observations confirm that unilateral histotripsy tumor ablation results in rapid abscopal growth inhibition of contralateral, non-ablated tumors across two different histological tumor types.




Figure 1 | Unilateral histotripsy tumor ablation induces antigen-specific abscopal inhibition of distant, untreated tumors and local immunogenic cell death. (A) C57BL/6 mice were inoculated with bilateral flank B16F10 tumors (“HT abscopal concordant”) or unilateral B16F10 flank tumors and contralateral Hepa1-6 flank tumors (“HT abscopal discordant”), and sham (“control”) or histotripsy ablation encompassing ~80-90% of unilateral B16F10 flank tumors (in control and abscopal concordant groups) or unilateral Hepa1-6 flank tumors (in the abscopal discordant group) was performed on day 10. In contrast to sham ablation controls, mice treated with unilateral partial histotripsy ablation demonstrated immediate local growth arrest of treated B16F10 tumors (“HT treated”) and immediate abscopal growth inhibition of distant untreated B16F10 tumors (“HT abscopal concordant”) but not distant untreated B16F10 tumors after contralateral Hepa1-6 tumor ablation (“HT abscopal discordant”). (B) In mice bearing bilateral flank Hepa1-6 tumors or unilateral Hepa1-6 flank tumors and contralateral B16F10 flank tumors, unilateral partial histotripsy ablation of Hepa1-6 tumors (in control and HT abscopal concordant groups) or B16F10 tumors (in the HT abscopal discordant group) demonstrated immediate growth arrest and regression of treated Hepa1-6 tumors (“HT treated”) and distant untreated Hepa1-6 tumors (“HT abscopal concordant”), but not of distant untreated Hepa1-6 tumors after contralateral B16F10 tumor ablation (“HT abscopal discordant”). (C) Multicolor immunofluorescence analysis of bilateral B16F10 tumors performed 2 days after unilateral sham or partial histotripsy ablation demonstrated homogeneous intranuclear staining of HMGB1 in control tumors. In contrast, significant loss of intranuclear HMGB1 staining was observed within the ablation zone of histotripsy-treated tumors; intranuclear HMGB1 was retained outside of the ablation zone. (D) RNASeq of CD45- tumor cells performed on day 13 revealed marked differences in transcriptional activity between control tumors (blue) and histotripsy-treated (“HT-Tx”) tumors (red) as evidenced by principal component analysis. (E) qRT-PCR of tumors performed on day 13 revealed an approximately 20-fold increase in TNFα mRNA in histotripsy-treated tumors (red) compared with control tumors (blue). (F) Multicolor immunohistochemistry 1 day after sham or histotripsy ablation revealed no measurable expression of the necroptosis markers pRIPK3 and pMLKL in control tumors; in contrast, profound co-localized expression of pRIPK3 and pMLKL was seen along the periphery of ablated zones in histotripsy-treated tumors. (G) Serial quantitation of pRIPK3 fluorescence intensity in control (“C”) and histotripsy-treated (“HT-Tx”) tumors over various time points demonstrated rapid and transient upregulation of necroptosis-associated phosphorylated protein levels following histotripsy ablation. [(A, B): n=7-9 mice per group; *=p<0.05 compared with control tumors; †=p<0.05 compared with HT abscopal concordant tumors. (C-G): n=3-4 mice per group; *=p<0.05 compared with control day 1 tumors; **=p < 0.01 compared with control day 1 tumors; ***=p < 0.0001 compared with control day 1 tumors].





Partial histotripsy ablation is followed by early immunogenic cell death

As previously reported (37), multicolor immunohistochemistry revealed significant loss of intranuclear HMGB1 within the ablation zone on days 1-3 after partial histotripsy ablation (Figure 1C). Despite partial ablation in which portions of histotripsy-treated tumors were left intact and unaffected by histotripsy, global RNASeq of CD45- tumor cells performed 3 days after sham or histotripsy ablation revealed significant differences in transcriptional activity following partial histotripsy (Figure 1D). Gene ontology enrichment analysis (Supplemental Figure 1) revealed that the most substantial increases in transcriptional activity in tumor cells following histotripsy were among pathways relevant to “cellular response to heat” (Z-score 12.2, FDR 3.9x10-5, p=1.7x10-8) and “response to unfolded protein” (Z-score 12.0, FDR=9.3x10-5, p=8x10-8); the most substantial decreases in transcriptional activity following histotripsy was among pathways relevant to “regulation of transcription from RNA polymerase II promoter” (Z-score 1.84, FDR=0.051, p=2.2x10-5). These pathway changes are consistent with responses to severe cellular and endoplasmic reticulum (ER) stress. Quantitative real-time polymerase chain reaction (qRT-PCR) demonstrated significant increases in TNFα transcription within treated tumors 3 days after histotripsy (Figure 1E). Immunohistochemical analysis of morphologically intact tumor cells at the junction of histotripsy ablated and non-ablated zones demonstrated rapid and transient colocalized upregulation of pRIPK3 and pMLKL (Figures 1F, G) indicating the onset of necroptosis, a TNFα-driven pathway of immunogenic cell death (46, 47).

In contrast to histotripsy-treated tumors, histotripsy-abscopal tumors exhibited no measurable extranuclear translocation of HMGB1 immediately after contralateral histotripsy ablation (Figure 2A). Moreover, RNASeq of CD45- tumor cell populations performed 3 days after sham or histotripsy ablation revealed no clear differences in overall patterns of transcriptional activity between control tumors and histotripsy-abscopal tumors (Figure 2B); in contrast to control tumors, upregulated transcriptional activity of genes associated with necroptosis, ER stress, cellular response to LPS, TNFα signaling, and inflammatory responses were observed in histotripsy-treated tumors but not histotripsy-abscopal tumors (Figure 2C).




Figure 2 | Early cellular stress and immunogenic cell death is observed in treated tumors but not distant untreated tumors following histotripsy. Mice bearing bilateral B16F10 tumors were treated with unilateral sham (control) or partial histotripsy ablation on day 10. (A) Multicolor immunofluorescence microscopy analysis of control, histotripsy-treated, and histotripsy-abscopal tumors on days 1, 3 or 10-12 after unilateral sham or partial histotripsy ablation revealed no significant release of intranuclear HMGB1 in control tumors at any time point. Histotripsy-treated tumors exhibited significant and immediate loss of nuclear HMGB1 staining that was highest within the ablation zone and the junction of ablated and peripheral non-ablated zones at early time points. At later time points, progressive loss of nuclear HMGB1 was observed within peripheral non-ablated zones of histotripsy-treated tumors. Similarly, whereas contralateral histotripsy-abscopal tumors demonstrated no HMGB1 translocation at early time points, progressive loss of intranuclear HMGB1 staining was observed at later time points. (B) RNASeq of CD45- tumor cells from sham-treated control tumors (blue) and histotripsy-abscopal (“HT-Abs”) tumors (red) performed 3 days after unilateral partial histotripsy revealed no substantial differences in overall mRNA transcriptional activity as evidenced by principal component analysis. (C) RNASeq of CD45- tumor cells 3 days after sham or unilateral histotripsy ablation demonstrated upregulated transcription of genes associated with necroptosis, ER stress, cellular response to LPS, TNFα signaling and inflammatory response in histotripsy-treated tumors (“HT-Tx”) as compared to control and histotripsy-abscopal (“HT-Abs”) tumors. (n=3-5 mice per experimental group).





Partial histotripsy ablation triggers an early local inflammatory response

Concordant with our previously-published flow cytometric findings (37), multicolor immunohistochemistry 3 days after histotripsy ablation revealed significant infiltration of NK cell and CD11b+ myeloid cell populations within the ablation zone (Figures 3A, B). Time course experiments revealed that CD11b+ and Ly6GC+ myeloid cell infiltration was short-lived and confined to the tumor ablation zone, whereas NK1.1+ cells exhibited a gradual centrifugal pattern of outward infiltration away from the ablation zone and into peripheral non-ablated zones (Figures 3A–D).




Figure 3 | Histotripsy ablation is followed by infiltration of innate and adaptive immune cell populations. Mice bearing bilateral B16F10 tumors were treated with unilateral sham (control) or partial histotripsy ablation on day 10. Multicolor immunofluorescence performed 1, 3 and 10 days after sham or histotripsy partial histotripsy ablation revealed (A) early infiltration of NK1.1+ cells initially localized within the histotripsy ablated zone that gradually migrated outward toward peripheral, non-ablated zones on days 3 and 10, and (B) early and transient infiltration of CD11b+ cells within the histotripsy ablated zone on day 1 and delayed infiltration of CD8+ T cells within the non-ablated zone on day 10. (C) Quantitation of NK1.1+ cells within ablated zones (red) and non-ablated zones (blue) of histotripsy-treated tumors at various time points revealed gradual migration of NK cells away from ablated zones toward non-ablated zones. (D) Quantitation of Ly6GC+ cells at various time points after histotripsy confirmed immediate but short-lived infiltration strictly localized to the ablated zone. (E) RNASeq of CD45+ immune cells performed 3 days after unilateral partial histotripsy ablation revealed marked differences in transcriptional activity between control tumors (blue) and histotripsy-treated (“HT-Tx”) tumors (red) as evidenced by principal component analysis. (F) Upregulated transcription of genes associated with neutrophil chemotaxis was observed in histotripsy-treated but not histotripsy-abscopal (“HT-Abs”) tumors. (G) Mice bearing bilateral Hepa1-6 tumors were treated with unilateral partial histotripsy ablation on day 10. Flow cytometric analysis of tumor-draining lymph nodes of control (blue), histotripsy-treated (green) and histotripsy-abscopal (red) tumors performed on day 13 revealed significant increases in cDC1 and cDC2 populations within lymph nodes draining histotripsy-treated tumors. (H) Similarly, flow cytometric analysis revealed significant increases in activated CD8+ T cells within lymph nodes draining histotripsy-treated tumors. (n=3-6 mice per group; *=p<0.05 between groups; **=p < 0.01 between groups; ****=p < 0.0001 between groups).



RNASeq of CD45+ immune cell populations 3 days after sham or histotripsy ablation revealed significant differences in transcriptional activity following histotripsy (Figure 3E). The most substantial increases in transcriptional activity of immune cells were among pathways relevant to “response to molecule of bacterial origin” (Z-score 6.1, FDR=0.0018, p=9.9x10-7) and “response to lipopolysaccharide” (Z-score 4.6, FDR=0.0018, p=1.8x10-6) (Supplemental Figure 2), consistent with an intense innate immune response to inflammation. Upregulated transcriptional activity of genes associated with neutrophil chemotaxis was observed in histotripsy-treated tumors but not control and histotripsy-abscopal tumors (Figure 3F).

In order to evaluate priming of adaptive immune responses following histotripsy, flow cytometric analysis of tumor-draining lymph nodes 3 days after sham or histotripsy ablation revealed significant increases in numbers of conventional type 1 and type 2 dendritic cells (cDC1 and cDC2) within lymph nodes draining histotripsy-treated tumors (Figure 3G). Concurrently, significant increases in activated phenotype were observed among CD8+ T cells within histotripsy-treated tumor-draining lymph nodes (Figure 3H), suggesting enhanced APC:T cell priming conditions.



Partial histotripsy ablation triggers gradual infiltration of CD8+ T cells into non-ablated tumor zones

Also concordant with our previously-published flow cytometric findings (37), multicolor immunohistochemistry revealed delayed infiltration of CD8+ T cells 10 days after histotripsy. This infiltration was spatially confined to non-ablated tumor zones of histotripsy-treated tumors, with no appreciable CD8+ T cell infiltration observed within ablation zones (Figures 4A, B). As had been seen with flow cytometric analyses (24), examination of contralateral histotripsy-abscopal tumors on day 10 revealed diffuse infiltration of CD8+ T cells into distant tumor sites (Figures 4A, B). These findings suggest that early immunogenic inflammatory responses and APC mobilization after histotripsy may enable subsequent homing of tumor-reactive CD8+ T cells into non-ablated tumor sites.




Figure 4 | The temporal kinetics of intratumoral cell infiltration are dissimilar at early time points and similar at later time points between histotripsy-treated and histotripsy-abscopal tumors. Mice bearing bilateral B16F10 tumors were treated with unilateral sham (control) or partial histotripsy ablation on day 10. (A) Multicolor immunofluorescence 10 days after unilateral B16F10 histotripsy ablation showed an influx of NK1.1+ and CD8+ cell populations within the non-ablated zones of histotripsy-treated (“HT-Tx”) tumors and diffusely in histotripsy-abscopal (“HT-Abs”) tumors. (B) Quantitation of CD8+ staining at various time points revealed delayed infiltration that was strictly localized to non-ablated zones (blue) and not ablated zones (red). (C) Multicolor immunofluorescence at early time points revealed infiltration of NK1.1+ cells in histotripsy-abscopal (“HT-Abs”) tumors. (D-F) Multicolor immunohistochemistry performed 1, 3 and 10 days after partial histotripsy ablation revealed minimal increases in NK1.1+ and CD8+ cells in control tumors over time (D). In contrast, histotripsy-treated tumors exhibited rapid influx of CD11b+ and Ly6GC+ and NK1.1+ cell populations immediately after ablation; whereas CD11b+ and Ly6CG+ cell infiltration was short-lived, NK1.1+ cell populations followed a biphasic pattern of early and delayed intratumoral infiltration; CD8+ and CD4+ cell infiltration followed a delayed pattern of delayed intratumoral infiltration (E). Whereas histotripsy-abscopal tumors did not exhibit the early pattern of CD11b+ and Ly6GC+ cell infiltration seen in histotripsy-treated tumors, patterns of NK1.1+ and CD8+ and CD4+ cell populations were similar to those observed in histotripsy-treated tumors (F). (G-I) Digital spatial profiling of immune-relevant protein expression within regions of lymphocytic infiltration was performed on control, histotripsy-treated (“HT-Tx”) and histotripsy-abscopal (“HT-Abs”) B16F10 tumors 10 days after unilateral sham or histotripsy ablation. Principal component analyses demonstrated differences in overall expression of immune-relevant proteins between control (purple) and histotripsy-treated (gold) tumors (G), and between control (purple) and histotripsy-abscopal (bronze) tumors (H); however, patterns of immune-relevant protein expression were largely superimposable between histotripsy-treated (brown) and histotripsy-abscopal (green) tumors (I). (J-L) RNASeq analyses of intratumoral CD45+ cells were performed on control, histotripsy-treated (“HT-Tx”) and histotripsy-abscopal (“HT-Abs”) B16F10 tumors 10 days after unilateral sham or histotripsy ablation. Principal component analyses demonstrated differences in overall transcriptional activity between control (blue) and histotripsy-treated (red) tumors (J) and between control (red) and histotripsy-abscopal tumors (blue) (K), but not between histotripsy-treated (blue) tumors and histotripsy-abscopal (red) tumors (L). (n=3-10 mice per experimental group; ****=p < 0.0001 between groups).





Similarities and differences between local and distant abscopal responses to histotripsy

Similar to histotripsy-treated tumors, early infiltration of NK cells was observed in histotripsy-abscopal tumors (Figure 4C). However, the overall temporal kinetics of local and abscopal intratumoral cell infiltration were qualitatively different at early time points, with histotripsy-treated tumors exhibiting a rapid early inflammatory response of transient myeloid cell infiltration that was absent in histotripsy-abscopal tumors (Figures 4D–F). Local and abscopal responses were both characterized by delayed infiltration of NK cells and CD8+ and CD4+ T cells. The parallels in immune phenotype observed at later time points between treated and abscopal tumors were also reflected in digital spatial profiling (DSP) of immune-relevant protein expression. DSP of protein expression within areas of lymphocytic infiltration in control, histotripsy-treated and histotripsy-abscopal B16F10 tumors 10 days after sham or histotripsy ablation revealed stark differences between control tumors and histotripsy-treated tumors (Figure 4G) and between control tumors and histotripsy-abscopal tumors (Figure 4H). However, protein expression profiles were largely superimposable between histotripsy-treated tumors and histotripsy-abscopal tumors (Figure 4I), suggesting that the delayed anti-tumor adaptive immune responses following histotripsy ablation are global and systemic in nature. Proteins with significant differences in expression levels between groups were involved in optimal T cell function and antigen presentation (Table 1). Similarly, RNASeq analysis of CD45+ immune cell populations 7 days after sham or histotripsy tumor ablation revealed diverging patterns of transcriptional activity between control tumors and histotripsy-treated tumors (Figure 4J) and between control and histotripsy-abscopal tumors (Figure 4K) but not between histotripsy-treated and histotripsy-abscopal tumors (Figure 4L). Transcriptional activity was most substantially upregulated in pathways associated with “inflammatory response” (Z-score 3.27, FDR=0.038, p=2.1x10-5) in histotripsy-treated tumors (Supplemental Figure 3) and “cellular response to type I interferon” (Z-score 15.5, FDR=2.3x10-11, p=1.8x10-14) in histotripsy-abscopal tumors (Supplemental Figure 4). Moreover, the most substantial transcriptional differences between histotripsy-treated and histotripsy-abscopal tumors were upregulated pathways of innate immune response including “inflammatory response” (Z-score 4.26, FDR=5.4x10-5, p=2.3x10-8) and “regulation of neutrophil chemotaxis” (Z-score 15.1, FDR=4.5x10-4, p=3.9x10-7) in histotripsy-treated but not histotripsy-abscopal tumors (Supplemental Figure 5). These findings indicate that, whereas the early effects of histotripsy are characterized by stronger inflammatory and innate immune responses in histotripsy-treated tumors, the delayed effects of histotripsy are characterized by similar local and abscopal enhanced adaptive immune responses.


Table 1 | Differential expression of immune-relevant proteins between control, histotripsy-treated, and histotripsy-abscopal tumors on day 7.





The abscopal effect of histotripsy is associated with ferroptotic cancer cell death co-localized with CD8+ T cells

Multicolor immunohistochemistry analyses revealed that non-ablated zones of histotripsy-treated tumors and histotripsy-abscopal tumors both exhibited gradual increases in extranuclear HMGB1 translocation at later time points after histotripsy ablation (Figure 2A). This delayed HMGB1 release following histotripsy coincided spatially with areas of CD8+ T cell infiltration (Figures 5A–D). In addition, focal accumulation of the ferroptotic cell death byproduct 4-HNE (34–36) was observed in areas of CD8+ T cell infiltration within non-ablated zones of histotripsy-treated tumors (Figures 5E–G) and within histotripsy-abscopal tumors (Figures 5F, G) at later time points. A strong spatial correlation was observed between CD8+ T cell infiltration and 4-HNE accumulation in histotripsy-treated and histotripsy-abscopal tumors, but not in untreated control tumors (Figure 5H). Under in vitro co-culture conditions, B16F10 melanoma cells exhibited significant accumulation of 4-HNE when mixed with CD8+ T cells derived from lymph nodes draining histotripsy-treated B16F10 tumors; in contrast, CD8+ T cells derived from untreated B16F10 tumor-draining lymph nodes mediated no measurable ferroptosis (Figures 5I, J). These data suggest that the local and abscopal effects of histotripsy could be mediated by infiltration of CD8+ T cells capable of inducing ferroptotic immunogenic cancer cell death.




Figure 5 | Late intratumoral CD8+ cell infiltration co-localizes with immunogenic and ferroptotic cancer cell death following histotripsy. Mice bearing bilateral B16F10 tumors were treated with unilateral sham (control) or partial histotripsy ablation on day 10. (A) Multicolor immunofluorescence performed on day 7 after sham or histotripsy ablation revealed minimal CD8+ cell infiltration and minimal extranuclear translocation of HMGB1 among cancer cells in control tumors. CD8+ cell infiltration was co-localized with loss of intranuclear HMGB1 staining in histotripsy-treated tumors (B) and in histotripsy-abscopal tumors (C). (D) Significantly higher percentages of cancer cells located within 50 μm of a CD8+ cell exhibited loss of nuclear HMGB1 in histotripsy-treated and histotripsy-abscopal tumors as compared with controls. (E) Multicolor immunofluorescence performed on days 3, 5 and 7 after sham or histotripsy ablation revealed spatial co-localization of CD8+ cell infiltration with cancer cell accumulation of 4-HNE, a byproduct of ferroptosis, in histotripsy-treated tumors but not in control tumors. (F) Strong co-localization was observed between CD8+ cell infiltration and 4-HNE on day 7 in histotripsy-treated and histotripsy-abscopal tumors, but not in control tumors. (G) Gradual accumulation of 4-HNE staining intensity was observed in histotripsy-treated (“HT Tx”) and histotripsy-abscopal (“HT Abs”) tumor cells. (H) A linear relationship was observed between number of CD8+ cells present (x axis) and intensity of 4-HNE expression within 50 μm (y-axis) in histotripsy-treated tumors but not in control tumors. (I, J) Mice bearing B16F10 flank tumors were treated with sham or histotripsy tumor ablation on day 10, and tumor-draining lymph nodes were harvested on day 15. CD8+ T cells derived from tumor-draining lymph nodes were co-cultured with B16F10 melanoma cells in vitro. Significant accumulation of 4-HNE was observed within B16F10 melanoma cells co-cultured with CD8+ T cells derived from lymph nodes draining histotripsy-treated but not sham-treated tumors. (n=3-6 mice per group; *=p < 0.05 compared with control day 1 tumors; ***=p < 0.001 compared with control day 1 tumors).





Combination treatment with histotripsy plus checkpoint inhibition results in maximal ferroptosis

Consistent with our previously published observations (37), the combination of histotripsy with anti-CTLA-4 checkpoint inhibition resulted in maximal abscopal control of non-ablated B16 and Hepa1-6 tumors (Figure 6A). It has recently been shown that the cytotoxic effects of CD8+ T cells primed by checkpoint inhibition are mediated by an acquired ability to induce cancer cell ferroptosis (18, 20). As shown in Figure 6B, multicolor immunohistochemistry analyses demonstrated that checkpoint inhibition and histotripsy both resulted in increased CD8+ T cell infiltration (Figure 6C), extranuclear translocation of HMGB1 (Figure 6D), and 4-HNE accumulation (Figure 6E). Abscopal CD8+ T cell infiltration and cancer cell HMGB1 release and 4-HNE accumulation were significantly greater after histotripsy than checkpoint inhibition. In addition, whereas the combination of histotripsy with checkpoint inhibition appeared to have additive effects on CD8+ T cell infiltration and HMGB1 release in abscopal tumors, combination therapy appeared to exert a synergistic induction of ferroptotic cancer cell death as measured by 4-HNE accumulation (Figures 6F, G). These observations suggest that the therapeutic efficacy of combining histotripsy with checkpoint inhibition may be associated with their combined ability to promote CD8+ T cell-driven cancer cell ferroptosis.




Figure 6 | The combination of histotripsy with checkpoint inhibition results in additive intratumoral infiltration of CD8+ cells and synergistic induction of cancer cell ferroptosis. Mice bearing bilateral B16F10 tumors were treated with no therapy (control), checkpoint inhibition (CI) with anti-CTLA-4 mAb on days 6, 9 and 12 (“CI”), unilateral partial histotripsy ablation (“HT”) on day 7, or both (“HT+CI”). (A) Non-ablated abscopal tumor growth on day 18 was suppressed in mice treated with contralateral HT and CI, but maximal in mice treated with both. (B) Multicolor immunofluorescence of non-ablated abscopal tumors revealed increases in intratumoral CD8+ cell infiltration, loss of nuclear HMGB1, and 4-HNE accumulation after both CI and HT, with maximal effects seen after combinatorial HT+CI. (C) Quantitation of CD8+ cell density demonstrated an additive effect between CI and the abscopal effect of HT. (D) A similar additive effect was observed between CI and the abscopal effect of HT in extranuclear HMGB1 translocation. (E) The combination of HT+CI appeared to be a greater than additive effect on abscopal 4-HNE expression. The additive effects of CI and HT on abscopal CD8+ cell infiltration, HMGB1 release, and 4-HNE expression are shown in line graph form (F) and dot plot form (G). (n=4-7 mice per group; *=p<0.05 compared with controls; **=p<0.01 compared with controls; ***=p<0.001 compared with controls).





Tumor homogenates generated by histotripsy are immunogenic and have vaccine-like properties

To experimentally confirm the ability of histotripsy to promote immunogenic cell death, vaccines were prepared from mice bearing unilateral B16F10 melanoma tumors that were treated with no therapy (control), 15 Gy radiation therapy, or histotripsy tumor ablation 10 days after tumor inoculation. Vaccines were generated from tumors excised one day after treatment. Untreated control tumors were exposed to three cycles of alternating freezing and thawing. Tumors were mechanically dissociated and centrifuged, and cell-free supernatants were administered via intraperitoneal injection into naïve mice one day prior to flank inoculation with B16F10 challenge tumors. As shown in Figures 7A, B, only mice receiving vaccines generated by histotripsy ablation demonstrated measurable inhibition of challenge tumor growth. Moreover, multicolor immunohistochemistry revealed significant 4-HNE accumulation among B16F10 tumors in mice that received histotripsy-generated vaccines but not in control unvaccinated mice (Figure 7C). These results support the observation that histotripsy tumor ablation induces immunogenic cancer cell death.




Figure 7 | Tumor lysates generated by histotripsy confer partial protection when administered as vaccines. Mice bearing B16F10 tumors were treated with no therapy, 15 Gy radiation therapy (XRT), or histotripsy (“HT”) ablation on day 9. Tumors were explanted on day 10 and untreated tumors were dissociated by 3 cycles of alternative freezing and thawing. The resulting lysates were centrifuged to generate cell-free fractions, and fractions were delivered via intraperitoneal injection into naïve mice one day prior to B16F10 flank injection. (A, B) Whereas vaccination with tumor lysates generated by XRT or freeze-thaw conferred no protection against B16F10 challenge tumor growth as compared with unvaccinated controls, mice receiving tumor lysates generated by histotripsy exhibited slower challenge tumor growth kinetics. (C) Multicolor immunohistochemistry of challenge tumors growing in unvaccinated control and HT lysate-vaccinated mice showed marked increases in both CD8+ cell infiltration and 4-HNE accumulation. (n=3-6 mice per group; *=p<0.05 compared with controls).






Discussion

Growing tumors exert immunosuppressive influences that thwart anti-tumor immune responses (48–54). There has been longstanding interest in the capacity of ablation to activate tumor-directed immune responses. Measurable and occasionally abscopal anti-tumor immune responses have been observed with cryoablation, radiofrequency ablation and radiation, largely when used in combination with immunomodulatory agents like CpG or pro-inflammatory cytokines (1–13). We recently reported that histotripsy, a non-thermal mode of mechanical FUS ablation (32–36), stimulates potent local and abscopal CD8+ T cell infiltration and tumor inhibition as monotherapy; using murine models of melanoma and hepatocellular carcinoma, we observed that this effect can enhance checkpoint inhibition immunotherapy (37). In this report, we applied microscopic and other assays to these same murine models to record the spatiotemporal evolution of local and abscopal immune response in treated tumors and in distant, untreated tumors.

We observed that the abscopal effect of histotripsy was more pronounced in the Hepa1-6 hepatocellular carcinoma model than in the B16 melanoma model. Unlike exponentially-growing B16F10 tumors, Hepa1-6 tumors exhibit a more linear tumor growth pattern, and infiltrating immune cell populations and responsiveness to CI immunotherapy suggest that Hepa1-6 tumors may be more immunogenic than B16F10 tumors (55, 56). These findings suggest that the abscopal effects induced by histotripsy monotherapy are not limited to melanoma tumors, and that the magnitude of these effects may be greater when applied to intrinsically immunogenic tumors. In addition, the absence of abscopal tumor inhibition in mice with antigenically discordant tumors (i.e., normal growth of non-ablated B16F10 tumors after contralateral ablation of immunogenic Hepa1-6 tumors) underscores the antigenic specificity of this effect.

To overcome the potent immunosuppressive influences exerted by growing cancers, immunostimulatory therapies should ideally trigger immunogenic cell death pathways that liberate tumor antigens within a pro-inflammatory context of immunological “danger”. Unlike non-immunogenic cell death, in which cells undergo involutional apoptotic demise within an anti-inflammatory, tolerogenic cytokine milieu, immunogenic cell death pathways are programmed responses to triggers such as severe endoplasmic reticulum stress that share a common feature of DAMP translocation (46, 47, 57–67). The pro-inflammatory properties of DAMPs engender the infiltration and activation of APCs to process and present tumor antigens for the eventual priming of adaptive immune responses – effectively initiating the cancer immunity cycle (14). We previously reported that histotripsy tumor ablation results in the widespread translocation of DAMPs like HMGB1 and calreticulin within the ablation zone (37). In this report, RNASeq analyses of tumor cell populations at early time points detected severe cellular and ER stress transcriptional responses to partial histotripsy ablation. We also measured profound increases in TNFα within ablated tumors immediately following histotripsy. Given the nature of tissue cavitation induced by histotripsy, some of the early DAMP release seen in ablation zones could be from mechanical disruption of cellular and nuclear membranes. However, morphologically-intact tumor cells along the periphery of the mechanical ablation zone appear to undergo necroptosis, a catastrophic TNFα-driven immunogenic programmed cell death pathway culminating in the formation of cell membrane pores that disrupt cellular integrity and release DAMPs. RNASeq confirmed significant upregulation of transcriptional pathways associated with necroptosis. The immunostimulatory consequences of necroptosis are well-documented, and active investigations are underway to harness the ability of specific chemotherapeutic agents like doxorubicin to induce necroptosis of cancer cells (46, 57).

Concordant with the ability of DAMPs to engage APC pattern recognition receptors to trigger antigen processing and presentation, the massive release of DAMPs within the ablation zone is followed by a rapid influx of myeloid APC populations. Indeed, infiltrating immune cell populations at early time points following histotripsy are characterized by transcriptional indicators of innate immune response activation. This response is transient, as these myeloid cell populations are largely absent from ablated tumors 3 days after histotripsy. However, we observe evidence of enhanced APC:T cell interaction within tumor-draining lymph nodes after histotripsy. These events are followed by the trafficking of T cells into non-ablated zones of treated tumors and distant non-ablated tumors, coinciding with abscopal tumor growth inhibition. Notably, CD8+ T cell infiltration is preceded and accompanied by the infiltration of NK cells, with early mobilization of NK cells in both treated and contralateral abscopal tumors. This early abscopal NK cell response may explain our observation of almost immediate abscopal inhibition of tumor growth following unilateral histotripsy tumor ablation.

At later time points, we observed gradual increases in HMGB1 translocation within non-ablated zones of treated and abscopal tumors, with a close spatial correlation between HMGB1 release and CD8+ T cell infiltration; in control tumors, no correlation was observed between the sparse numbers of intratumoral CD8+ T cells and tumoral HMGB1 release. This observation is consistent with the recent demonstration by Minute and co-authors, who observed that tumor cells exposed to activated tumor antigen-specific CD8+ T cells undergo immunogenic cell death as evidenced by HMGB1 and calreticulin translocation (68). Ferroptosis is a pathway of immunogenic cell death characterized by iron-dependent lipid peroxidation and HMGB1 release that may have particular therapeutic importance in oncology, as cancer cells of numerous histological types are known to be uniquely susceptible to ferroptosis (15–20, 67). In both histotripsy-treated and histotripsy-abscopal tumors, we observed a very strong spatial correlation between CD8+ T cell infiltration and tumor cell accumulation of 4-HNE, which is a metabolic byproduct of ferroptosis. In control tumors, cancer cells in areas of sparse CD8+ T cell infiltration exhibited no 4-HNE accumulation. Recent work from Yang and co-authors showed that cancer cell ferroptosis-inducing adjuvants enhanced the efficacy of radiofrequency ablation, but that radiofrequency ablation alone did not induce ferroptosis (10). Notably, Wang and co-authors recently demonstrated that ferroptosis is the mechanism of cell death by which checkpoint inhibition-activated CD8+ T cells exert their cytotoxic effect on cancer cells (18). Our data raise the possibility that histotripsy could be priming CD8+ T cells to kill cancer cell targets using the same cytotoxic mechanism induced by checkpoint inhibition. Indeed, we found that the therapeutic cooperativity previously observed between checkpoint inhibition and the abscopal effects of histotripsy is associated with a synergistic accumulation of cancer cell ferroptotic byproducts. The delayed release of HMGB1 and accumulation of 4-HNE (seen with ferroptosis) that occurs in tumor regions distant from the ablation zone are temporally and spatially distinct from the early release of HMGB1 and co-localization of pRIPK3 and pMLKL (seen with necroptosis) that occurs in tumor regions adjacent to the ablation zone. We observed that in vitro co-culture with CD8+ T cells harvested from histotripsy-treated melanoma-draining lymph nodes directly led to accumulation of 4-HNE in melanoma cells – an effect not seen following co-culture with CD8+ T cells harvested from untreated melanoma-draining lymph nodes. However, ongoing and future work using CD8+ T cell-deficient models, direct quantitation of lipid peroxidation, and metabolic inhibitors of ferroptosis will be needed to determine if CD8+ T cells and ferroptotic cell death pathways are mechanistically necessary for the abscopal immune effects associated with histotripsy tumor ablation.

The experimental “gold standard” demonstration of immunogenic cell death is the ability of treated tumor debris to function as immunoprotective vaccines (69, 70); our observation that mice immunized with tumor homogenates generated by histotripsy (but not radiation or thermal dissociation) are partially resistant to challenge tumor growth supports the likelihood that histotripsy tumor ablation induces immunogenic cell death. This immunoprotection was not complete, as vaccination with histotripsy-generated tumor homogenates did not confer immunity to challenge tumor growth. However, more potent vaccination strategies (e.g., using pulsed dendritic cells) could enable the development of histotripsy-derived personalized anti-tumor vaccines. Of note, we challenged mice with tumor only one day after tumor homogenate injection; it is possible that a longer interval of time might have enabled more substantive immune protection for tumor homogenates generated by histotripsy, as well as by freeze/thaw and radiation. Of note, we previously observed that tumor homogenates generated by histotripsy ablation but not freeze/thaw dissociation contain immunogenically intact tumor antigens capable of stimulating tumor antigen-specific CD8+ T cells (37); thus, inoculation of intact tumor antigens could have contributed to the ability of histotripsy tumor homogenates to promote partial immune protection even in the absence of a more prolonged post-vaccination latency period. Our observation of CD8+ T cell infiltration and 4-HNE accumulation in challenge tumors growing in mice pre-treated with histotripsy-generated tumor vaccines suggests that early immunogenic cell death induced by histotripsy could be sufficient for triggering potent systemic anti-tumor adaptive immune responses. Ongoing studies are investigating the degree to which the subcellular and cellular events that follow histotripsy ablation, including the early induction of necroptosis and the late induction of CD8+ T cell-associated ferroptosis, could be mechanistically responsible for the abscopal effects of histotripsy focused ultrasound ablation.
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Cell death and injury at the site of tumor ablation attracts macrophages. We sought to understand the status and activity of these cells while focusing on transforming growth factor-β1 (TGF-β1), a potent immunosuppressive and tumorigenic cytokine. Patients with urothelial cancer who underwent ablation using electrocautery or laser demonstrated increased infiltration and numbers of CD8+ T cells, along with FoxP3+ regulatory T cells, CD68+ macrophages and elevated levels of TGF-β1 in recurrent tumors. Similar findings were reproduced in a mouse model of urothelial cancer (MB49) by partial tumor ablation with irreversible electroporation (IRE). Stimulation of bone marrow derived macrophages with MB49 cell debris produced using IRE elicited strong M2 polarization, with exuberant secretion of TGF-β1. The motility, phenotypic markers and cytokine secretion by macrophages could be muted by treatment with Pirfenidone (PFD), a clinically approved drug targeting TGF-β1 signaling. MB49 cancer cells exposed to TGF-β1 exhibited increased migration, invasiveness and upregulation of epithelial-mesenchymal transition markers α-Smooth Muscle Actin and Vimentin. Such changes in MB49 cells were reduced by treatment with PFD even during stimulation with TGF-β1. IRE alone yielded better local tumor control when compared with control or PFD alone, while also reducing the overall number of lung metastases. Adjuvant PFD treatment did not provide additional benefit under in vivo conditions.




Keywords: ablation, macrophages, transforming growing factor-β1, irreversible electroporation, bladder cancer



Introduction

Urothelial cancer in the bladder and upper urinary tract is diagnosed at an early and localized stage in more than 70% of patients with the disease for whom preference is given to urinary function sparing focal therapies. Urothelial tumors are treated by ablation using laser, electrocautery fulguration or photodynamic therapy (1–4). Local tumor recurrence is commonly observed in these patients (1, 2, 5). The etiology of recurrence is not well understood where the relative contribution of incomplete tumor ablation and disease characteristics has not been delineated. Emerging ablation modalities such as irreversible electroporation (IRE) and vascular-targeted photodynamic therapy (VTP) have been studied to improve control of urothelial cancers (6–10). The working principle of these non-thermal ablation techniques does not require sustained alteration of tissue temperatures for tumor destruction, allowing penetrative application in the genitourinary tract with minimal risk of adverse events. While such techniques can improve the efficacy of focal ablation, there may exist other biological factors that contribute to local recurrence of urothelial cancers.

Tumor ablation with thermal and non-thermal techniques elicits a localized inflammatory response and immune cell activation (11). Tumor cells injured or killed by ablation release damage associated molecular patterns (DAMPs) and tumor antigens, promoting immune cell infiltration that can also augment anti-tumor response at distal sites (12–15). Immune-stimulation by ablation alone is generally insufficient for elimination of local-residual, or distant tumor burden, where adjuvants are required to facilitate anti-cancer immunity (16). Preclinical studies have shown increased efficacy when tumor ablation is combined with immune checkpoint inhibitors (ICIs) (17–21). However, preliminary clinical trials testing combination therapy with ablation and ICI have yielded modest results (22, 23). The mechanisms that hinder the efficacy of this combinatorial therapy approach is yet to be established.

In addition to immune cell stimulation, the site of ablation undergoes prolonged wound healing, scar formation and regeneration (15, 24, 25). Macrophages and fibroblasts, along with several other type of cells release cytokines during the wound healing and remodeling process. This includes transforming growth factor-β1 (TGF-β1) (24, 26, 27) that mediates fibroblast activation, collagen production and tissue homeostasis (28). In addition to its role in wound healing, TGF-β1 is also a potent immunosuppressive and tumorigenic cytokine that is exuberantly secreted by macrophages having M2 phenotype (29, 30). TGF-β1 exhibits differential interaction with cancer cells, acting as a tumor suppressor in the early stages of tumorigenesis but enhancing tumor cell survival and invasive behavior in the later stages of cancer development (31, 32). It is unclear whether urothelial tumor ablation with IRE would evoke similar outcomes.

The objective of this study was to understand macrophage activity in urothelial tumors following ablation with IRE, and the effect of TGF-β1 secretion by these cells on residual cancer cells in the tumor microenvironment. We also evaluated the benefit of modulating TGF-β1 signaling with a small molecule drug that has received approval for patient use (Pirfenidone, PFD).



Materials and methods


Patient information and samples

Biopsy specimens at initial diagnosis and recurrence were selected from non-consecutive patients with urothelial cancer in the bladder or distal ureter (n = 5, 1 male and 4 female, median age at intervention: 73.2 years; range: 66 – 91 years) treated with ablative therapies (laser or fulguration with electrocautery). Immuno-profiling of the tumor microenvironment was performed by immunohistochemistry for T cell makers (CD8, Dako, clone C8/144B), macrophages (CD68, Agilent/Dako, clone KP1), regulatory T cells (FoxP3, Abcam, clone 236A/E7) and transforming growth-factor β1 (TGF-β1). IHC stained slides were scanned at 20x magnification and used to quantify total number of cells or protein staining in the samples using an image processing software, QuPath (33).



Cell line and cell culture

Murine urothelial cancer (MB49) cell line was maintained in Dulbecco modified Eagle medium (DMEM, Gibco Laboratories, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) (Gibco) and antibiotics (Antibiotic-Antimycotic, Gibco) at 37°C with 5% CO2. MB49 cells between passage 8-12 were used. MB49 cells were harvested by detaching with TrypLE™Express Enzyme (Gibco) from 10cm dish or T75 flask.



Bone marrow derived macrophages generation

Bone marrow was harvested from 8–12 week-old healthy C57BL/6 mice (Charles River, Wilmington, MA) following established protocols to produce BMDMs (34). In brief, bone marrow was harvested from the femur and tibia, red blood cells were lysed using RBC Lysing Buffer (BioLegend, San Diego, CA) and the remaining cells were cultured in RPMI 1640 (Gibco) supplemented with 10% FBS, 1% antibiotics and 20 ng/mL macrophage-colony stimulating factor (mouse recombinant M-CSF, BioLegend) in 5% CO2 at 37°C. On day 3, the culture medium was replaced with fresh medium containing M-CSF. BMDMs were harvested after 7 days of M-CSF induced macrophage differentiation.



Reagents

Pirfenidone (PFD) was purchased from Selleck Chemicals (Houston, TX) and was dissolved in dimethyl sulfoxide (DMSO) (Millipore Sigma, St. Louis, MO) for a final a concentration of 40mg/ml. The PFD solution was diluted with DMEM to a final concentration of 200µg/ml for in vitro experiments. TGF-β1 (Recombinant Human TGF-β1) was purchased from PeproTech, Inc (Rocky Hill, NJ), and dissolved in DMEM to 5ng/ml for in-vitro experiments.



BMDMs stimulation

Harvested BMDMs were plated in 96-well plates (5x104cells/well), 24-well plates (2.5x105 cells/well) or 12 well-plates (5x105 cells/well) and incubated at 37˚C with 5% CO2. Following attachment to the plate, the cells were serum starved overnight prior to stimulation studies. BMDMs were stimulated by exposure to MB49 cell debris. MB49 debris to BMDMs ratio was 1:1. MB49 cell debris was produced by treating suspension cells with IRE by exposure to electric pulses (1500V/cm, 90 pulses, pulse length of 100μs, 1Hz, repeated twice) in a 4mm gap cuvette. The MB49 cell debris was centrifuged at 2000rpm for 5 min following treatment with electric pulses. The debris pellet was re-suspended in DMEM and added to the wells. Equivalent volume of DMEM was added to wells designated for sham treatment. PFD (1mM) was added to wells designated for treatment at the same time. An equivalent volume of DMSO (1.5μL) was added to cells designated for sham PFD treatment.



Cell viability assay

Cell Counting Kit-8 (CCK-8) assay (Dojindo Laboratories, Kumamoto, Japan) was used to measure cell viability. CCK-8 solution (10μL/well) was used to measure viability of samples in 96 well plates, followed by incubation for 4 hours at 37°C. The absorbance at 450 nm was determined by a multiplate reader (SpectraMax, Molecular Device). Cell proliferation was expressed as a percentage of the control group (untreated cells).



Transwell migration assay

BMDMs (5x104 cells/insert) were suspended in 100µl of DMEM with 10% FBS and plated in the upper chamber of a Transwell insert (24well, 8µm pore size; Corning Life Science, MA, USA). BMDMs were serum starved overnight prior to the migration assay. DMEM with 1% FBS was used as the chemoattractant. BMDMs stimulation by debris was performed in the inserts as described above. Following 24 hours of incubation at 37˚C with 5% CO2, the migrated cells were stained with Crystal violet (Millipore Sigma), and the number of cells on the lower side of the transwell insert were counted in 5 locations per sample with inverted microscope (100x, Axio Vert.A1, Carl Zeiss, German).



Flow cytometry

Flow cytometry was performed to identify polarization of BMDMs following stimulation with cancer cell debris, with or without PFD treatment. BMDMs were seeded in a 12 well and stimulated as described above. To produce positive controls, the BMDMs were incubated for 24 hours with 20ng/ml mouse recombinant Interferon-gamma (IFN-γ) and 100ng/ml LPS for M1, or 20ng/ml mouse recombinant IL-4 for M2 phenotype respectively. Following stimulation, BMDMs were washed with PBS, centrifuged and triple stained for Pacific blue-CD11b (BioLegend, Dedham, MA, USA, Cat #101224), FITC-CD80 (BioLegend, Cat # 104706) and APC-CD206 (BioLegend, Cat #141708). BMDMs polarization was then assessed using a ACEA Novocyte flow cytometer and analyzed using NovoExpress 1.2.5 software.



TGF-β1 measurements

BMDMs were seeded in a 12 well plate followed by stimulation with MB49 cell debris as described above. Following 24h of stimulation, cell culture supernatant was collected to measure TGF-β1 level by enzyme-linked immunosorbent assay (ELISA) using a Quantikine kit (R&D Systems, Minneapolis, MN) according to manufacturer’s instructions.



Wound scratch assay

MB49 cells were plated and grown to 90% confluence in a 6-well plate. The medium was exchanged with PBS, and a straight scratch was made using a pipette tip (standard 1000µL pipet tips, Corning® DeckWorks™, Corning Life Science, MA, USA). Wells were rinsed 3 times with PBS immediately after scratching, and DMEM containing 1% FBS with or without 5ng/ml of TGF-β1, and/or 200µg/ml of PFD was added to the samples. Cells were incubated at 37˚C with 5% CO2 and phase contrast microscope images were obtained at the scratch locations at 0, 6, 12, and 24 hours after wound creation. The gap between the monolayers was measured at 10 scratch locations in each well, and the half of mean distance of scratch closure was calculated as the migration distance.



RT-PCR preparation

MB49 cells were plated in 24 well plates and serum starved overnight. TGF-β1 stimulation and PFD treatment was performed as described above. Each experiment included three biological replicates per treatment condition. Following 24h incubation, each well was washed with PBS twice and RNA was extracted using Tryzol (Invitrogen, Carlsbad, CA, United States). Extracted RNA was directly purified with the Zymo Research Direct-Zol RNA MicroPrep kit. Approximately 500 ng of RNA was used to create cDNA with SuperScript IV Reverse Transcriptase, RNaseOut, 10 mM dNTPs, and 50μM Random Hexamers (ThermoFisher, Pittsburgh, PA), with a sample volume of 20μL. The cDNA was frozen at −20°C and then used for RT-PCR within 1 week. RNA and cDNA quantities were measured using a NanoDrop 2000 (ThermoFisher).



Quantitative RT-PCR

RT-PCR was performed with cDNA as prepared above using a CFX Connect real-time system (Bio-Rad) with iTaq Universal SYBR Green Supermix (Bio-Rad, Hercules, CA). Primers for β-actin, vimentin and α-SMA were purchased from Bio-Rad. Relative gene expression was determined by comparing the Ct value of the gene of interest to that of the β-actin as housekeeping gene, by the 2ΔΔCt method. Three technical replicates were performed for each biological sample. There was no amplification for the no-template control (NTC). Data was analyzed using the CFX Maestro Software. Ct values were generated using the point at which the sample fluorescence value exceeded the software’s default threshold value. Each sample was normalized to the untreated control.



Mouse experiments

All animal experiments were performed following protocols approved by the Institutional Animal Care and Use Committee. MB49 cells were injected subcutaneously into right flank of 10–12 week-old male C57BL/6 mice (Taconic). The mice were randomized to the following four groups once the tumors reached 5mm in any one dimension: Control, IRE, PFD, and IRE + PFD (each, n=16). IRE using a caliper electrode (Tweezertrodes) and a square wave generator (ECM830 Electroporation System, Holliston, MA). IRE for complete tumor ablation was performed with 2000 V/cm, 90 pulses, pulse length of 100μs, 1Hz. For sub-total (partial) ablation, IRE was performed with 1250 V/cm, 50 pulses, pulse length of 100μs, 1Hz was administrated. PFD was administered by intraperitoneal injection (200 mg/kg) starting the day after IRE treatment and continued for two weeks. Animals treated with IRE for partial ablation were sacrificed on 2 and 9 days (n = 4 each) following treatment, with matched mice from the control group. Tumors from these animals were collected for histological analysis. Animals receiving complete IRE ablation were monitored for treatment response. Tumor volume (TV) was calculated as the product of a maximum tumor diameter (D) and short diameters (d’, d’’) which are perpendicular to each other: TV = D x d’ x d’’. Mice were euthanized per institutional guidelines when the tumor volume exceeded 1.5 cm3, or if the animals demonstrated morbidity. The flank tumor and both lungs were collected for histological analysis. Three cross sections of lung specimens from each mouse were H&E stained, and the number of metastases in each sample, and area of the tumor as percentage of lung in the slide was quantified with QuPath.



Immunohistochemistry

Tumor and lung tissue were formalin fixed and paraffin embedded. Sections were stained for CD8 (CST98941, rabbit anti-mouse), F4/80 (macrophage marker, eBioScience BM8, rat anti-mouse), FoxP3 (CST12633, rabbit anti-mouse) and TGF-β1 (ab215715, rabbit anti-mouse). Stained slides were scanned at 4x and 20x magnification, and cells or tissue positive for markers in field of view was quantified with QuPath.



Statistical analysis

All in vitro experiments were duplicated, and data were showed as mean ± standard deviation (SD) unless otherwise indicated. The student t-test were used to compare the results of CCK-8, 3D migration assay, flow cytometry, ELISA, scratch assay, RT-PCR, tumor response and histological analysis. Overall survival rates were calculated based on the Kaplan-Meier method and compared with log-rank test. All statistical analyses were performed using GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA). A p-value of <0.05 was considered as statistically significant.




Results


Patients with recurrent urothelial tumors have greater levels of CD8+ cells in an immunosuppressive environment

Patients (n = 5) diagnosed with urothelial cancer and having recurrence after initial treatment with ablation were selected at random for evaluation of their biopsy samples with immunohistochemistry. Two patients had tumors in their ureter while the tumors for the other three patients were located in the bladder. Four patients were treated by transurethral tumor resection and electrocautery, while one patient with a ureteral tumor underwent laser ablation. Time to tumor recurrence ranged from 2-12 months. Recurrence was not at the site of the treated preliminary tumor. Compared to biopsy at initial diagnosis, samples taken at recurrence had 2-fold greater numbers of CD8+ T cells (Figures 1A, B, P<0.05) by immunohistochemistry. Similar increase in the numbers of FoxP3+ regulatory T cells was noted (Figures 1C, D, P<0.05). Comparison of biopsy samples from the same patient indicated a 37% increase in the presence of CD68+ macrophages (Figures 1E, F, P<0.05) and 42% increase in the biopsy area staining positive for TGF-β1 (Figures 1G, H, P=0.08).




Figure 1 | Immune infiltrates and TGF-β1 expression in primary and recurrent urothelial cancer in patients initially treated with ablation. Patient 1 (female, 69 years) with biopsy confirmed urothelial tumor treated with resection, laser ablation and electrocautery. Tumor recurrence was biopsy confirmed at 3 months following initial treatment. (A, B) CD8 positive cells at recurrence was higher than at initial diagnosis (P=0.016). (C, D) FoxP3 positive cells in samples increased at recurrence (P=0.024). (E, F) More CD68 positive cells was confirmed after recurrence (P=0.044). (G, H) TGF-β1 expression positive area was also increased without statistical difference (P=0.08). Scale bar indicates 250μm in low magnification and 50μm in high magnification images (inset).





Partial ablation of urothelial tumors with IRE reproduces immuno-microenvironment found in patients with post-treatment urothelial cancer recurrence

Representative figures are shown in Figure 2A. Partial IRE induced approximately 50% or greater necrosis in tumors as seen on H&E staining. Despite this, residual tumor growth following partial IRE on day 2 (control: 51.4 ± 9.1 mm3; IRE: 45.9 ± 17 mm3) and day 9 post-treatment (control: 76.9 ± 17.1mm3; IRE: 60.3 ± 18.7mm3) were not significantly different (P=0.31). IRE treatment resulted in an immediate decrease of CD8+ T cells, F4/80+ macrophages and TGF-β1 on day 2 post-treatment, consistent with tumor ablation and necrosis. Similar to patient samples, partial IRE treatment stimulated the infiltration and numbers of CD8+ T cells by day 9 (day 2: 99.0 ± 66.3 cells/FOV vs. day9: 223.4 ± 188.1 cells/FOV, P<0.01, Figures 2B, C) to level that was 33% greater than sham control. Partial treatment with IRE also substantially increased numbers of FoxP3+ T cells on day 9 post-treatment (Figures 2D, E). IRE reduced intratumoral macrophages numbers (Sham: 11.0 ± 4.9 cells/FOV vs. IRE: 7.8 ± 5.1 cells/FOV, P<0.05, Figure 2F) on day 2 that then recovered to levels no different from sham controls on day 9 (Sham: 28.2 ± 10.2 cells/FOV vs. IRE: 24.9 ± 13.9 cells/FOV, P=0.30, Figure 2G). Partial treatment with IRE also decreased the TGF-β1 positive area on day 2 without significance (P=0.52, Figure 2H). Increased positive staining for TGF-β1 was observed on day9 when compared to control (IRE 24.8% ± 7.2 vs. 10.4 ± 7.3% of positive area, P<0.05, Figure 2I). FoxP3 cells demonstrated trends similar to macrophages (Control vs. IRE: 16.2 ± 10.8 vs. 9.4 ± 9.4, P<0.05 on day 2 and 12.1 ± 11.1 vs. 17.8 ± 17.0, P=0.12 on day 9).




Figure 2 | Immune infiltrates and TGF-β1 expression in sham control and partial IRE of subcutaneous MB49 urothelial tumors in mice. Histological samples were collected on Day 2 and Day 9 after IRE. (A) Representative histologic images showing: (B, C) CD8 positive cells on Day 2 were decreased after IRE compared to control (P=0.036, B), but recovered by Day 9. (D, E) FoxP3 positive cells on Day 2 were significantly decreased after IRE compared to control (P=0.012, D), but recovered on Day 9. (F, G) Partial IRE reduced F4/80 positive cells on Day 2 (P=0.018, F), then recovered on Day 9. (H, I) Compared to control, TGF-β1 expression positive area reduced on Day 2 without significance, but was significantly increased on Day 9 (P=0.036). Scale bar is 50μm in CD8 and F4/80, 250μm in FoxP3 and 500μm in TGF-β1.





MB49 cell debris promotes M2 polarization and TGF-β1 secretion in BMDMs

Compared to control, PFD, Debris and Debris + PFD did not impact macrophage proliferation as measured with the CCK-8 assay (Figure 3A). Stimulation with MB49 debris increased macrophage migration across the transwell insert with numbers (9.0 ± 1.8 cells/FOV) that were significantly higher than control (2.9 ± 1.3 cells/FOV, P<0.05) where migration was reduced by PFD treatment (1.8 ± 0.4 cells/FOV, P<0.001) (Figures 3B, C). The gating strategy is shown in Figure 3D. MB49 stimulation increased the population of both M1 (CD80+CD11b+) phenotype (Sham: 6.2 ± 2.5% vs. Debris: 36.7 ± 4.2%, p<0.0001, Figure 3E) and M2 (CD206+CD11b+) phenotype (Sham: 23.3 ± 5.2% vs. Debris: 42.1 ± 5.1%, p<0.01, Figure 3F) in comparison to sham control. PFD treatment in unstimulated macrophages did not impact M2 polarization levels, but it was associated with a slight increase in M1 polarization. PFD treatment substantially reduced both M1 and M2 polarized macrophages stimulated with MB49 debris. TGF-β1 secretion was increased by stimulation with MB49 debris (control; 35.1 ± 1.7 pg/mL, debris; 64.1 ± 8.8 pg/mL, P<0.05) while PFD reduced secretion of the cytokine in unstimulated and stimulated macrophages. (49.2 ± 13.2 pg/mL, P<0.05, Figure 3G).




Figure 3 | Outcomes of BMDM stimulation with IRE treated MB49 cells. (A) Stimulation of BMDM with tumor debris +/- PFD treatment did not alter relative cell viability. (B, C) BMDM stimulated with MB49 cell debris demonstrated greater migration in transwell assay (P=0.012) where treatment with PFD reduced this effect (P=0.0006). Scale bar is 100 μm. (D) Gating strategy used to identify BMDM subsets expressing M1 or M2 macrophage surface markers. After the exclusion of doublets and debris, macrophages were identified by CD11b staining, followed by the identification of sub-populations with expression patterns: M1 like macrophages (CD11b+, CD80+) and M2 like macrophages (CD11b+, CD206+). (E) Both debris and PFD were associated with higher CD80 positive macrophage sub-populations (P=0.02, and P=0.0004, respectively). (F) Stimulation with cell debris induced greater CD206 positive macrophage sub-populations (P=0.011). This shift in macrophage polarization was reduced by treatment with PFD (P=0.0032). (G) ELISA quantification of TGF-β1 secreted by BMDMs. Compared with control, BMDMs stimulated by debris secreted more TGF-β1 (P=0.022) and PFD suppressed this effect (P=0.035).





TGF-β1 promotes the invasiveness of MB49 cancer cells by epithelial to mesenchymal transition

Compared to control (Figure 4A), presence of TGF-β1 promoted quicker migration and wound gap closure in a scratch assay at 24h (Sham: 108.8 ± 20.8mm vs. TGF-β1: 135.25 ± 31.7 mm, P<0.05, Figure 4B). PFD alone impeded migration of cells (68.4 ± 8.4 mm, P<0.0001) and was effective in reducing cell motility even in the presence of exogenous TGF-β1 (79.6 ± 18.9 mm, P<0.0001). Compared with control, both SMA and Vimentin expression were increased in MB49 cells stimulated with TGF-β1 (relative expression; SMA: 2.3 ± 0.9, VIM: 2.4 ± 1.2, P<0.01 respectively, Figures 4C, D), which was muted by treatment with PFD relative expression; SMA: 0.8 ± 0.5, VIM: 1.2 ± 0.4, P<0.01 respectively). Western blotting for Vimentin did not show an appreciable change in protein abundance following TGF-β1 stimulation, or treatment with PFD at 24 or 48 hours (Supplemental Figure 1).




Figure 4 | Effect of PFD treatment on MB49 migration and expression of epithelial to mesenchymal transition markers. (A) Migration distance on the cell culture plate was analyzed with scratch assay. Scale bar indicates 400μm. (B) MB49 cells incubated with TGF-β1 migrated significantly faster than control (108.8 ± 20.0µm vs. 135.3 ± 31.7µm, P=0.04). PFD treatment reversed the effect of TGF-β1 stimulation (79.6 ± 18.9µm, P<0.0001). (C, D) RT-qPCR quantification of EMT gene expression. Compared with control, both SMA and Vimentin expression were upregulated on exposure to TGF-β1 (P=0.011 and P=0.032, respectively), while PFD treatment suppressed this change in expression (P=0.012 and P=0.031, respectively).





Complete subcutaneous tumor ablation with IRE but not adjuvant PFD improves survival and reduces metastatic disease in mouse model of urothelial cancer.

As shown in Figure 5A, tumor growth was suppressed in IRE and IRE+PFD group when compared with control group and PFD group. Compared to control, mice in IRE group and IRE + PFD group had significant smaller tumor volume at the time of Day23 (Control; 2475 ± 954.9mm3, IRE; 163 ± 299.6mm3, P<0.0001, IRE + PFD; 51 ± 85.4mm3, P<0.01, Figure 5B). IRE + PFD group showed smaller tumor volume than IRE, but there was no significant difference (P=0.55). PFD monotherapy moderately inhibited the tumor growth compared to control (PFD; 1278 ± 468.3mm3, P<0.05). All the mice in control group were sacrificed on day 23 post-treatment to be consistent with protocol euthanasia guidelines. Compared to control, mice in IRE group significantly survived longer (P<0.001, Figure 5C). Besides, the addition of adjuvant PFD demonstrated no additional survival benefit (P=0.80). Representative images of lungs in each group are shown in Figure 5D. Quantification of lung metastases indicated that animals undergoing IRE showed fewer metastatic sites (16.4 ± 16.2 vs. 28.1 ± 15.3, P=0.06, Figure 5E) and reduced metastatic tumor area in lung (42.7 ± 60.8 mm2 vs. 55.3 ± 48.7 mm2, P=0.62, Figure 5F) compared to control. Compared to control, adjuvant PFD following IRE also provided moderate benefit in controlling the number lung metastasis (19.7 ± 6.7, P=0.16, Figure 5E) and reduced metastatic tumor area in lung (60.7 ± 49.2 mm2, P=0.43, Figure 5F). PFD alone had minimal effect on the number of metastatic sites (22.5 ± 13.5, P=0.27, Figure 5E), but the reduced metastatic tumor area in lung (35.8± 34.1 mm2 P=0.24, Figure 5F) when compared to control. There was no significant difference in the number lung metastasis and overall burden between treatment groups.




Figure 5 | Tumor growth, survival and lung metastasis in mice bearing MB49 subcutaneous tumor treated with IRE +/- PFD. (A) Both IRE and IRE+PFD suppressed growth of the primary tumor when compared to control and PFD alone. (B) Mice in IRE and IRE + PFD group had significantly smaller tumor volume at the time of Day 23 (sacrifice date for all untreated mice) compared to control (P<0.0001 and P=0.0022, respectively). (C) Survival curve, mice in IRE group survived the longest. PFD monotherapy did not show survival benefit compared to control (p=0.5). PFD also showed no additional survival benefit alone or in combination with IRE (p=0.8). (D) Representative lung H&E-stained histology images showing metastasis. Scale bar is 2mm. (E, F) All treatments reduced distant metastasis in the lung without significant difference in the number of metastasis and metastatic tumor area pre section between groups.






Discussion

Macrophages are widely known to mobilize and infiltrate the site of ablation (15, 35, 36), secreting cytokines such as TGF-β1 that are classically associated with wound healing and regeneration (28, 37). However, TGF-β1 can also have pro-cancer effects in a context dependent fashion. Our in vitro studies demonstrate this phenomenon as BMDMs take on a wound healing phenotype (M2) when stimulated with cancer cell debris, secreting TGF-β1. This macrophage derived cytokine had a strong effect on urothelial cancer cells, mediating epithelial to mesenchymal transition with an associated increase in invasiveness. Under in vitro conditions, pirfenidone was able to mute both macrophage secretion of TGF-β1 and associated changes in cancer cells. However, adjuvant pirfenidone following tumor ablation with IRE did not improve local or distant metastasis control. Interestingly, complete elimination of the primary tumor with ablation had the greatest impact on metastases formation.

Ablation results in an internal wound that is remodeled and absorbed by the body over a prolonged period of time, lasting several months or even years in patients (15, 25, 38–40). Ablation related internal wounding skews macrophages to a M2 – or wound healing phenotype that shares several similarities with TAMs (41–43). Past literature indicates that such phenotypic polarization and activity of macrophages is largely independent of the ablation modality used or the tumor type being treated (15, 25). M2 macrophages secrete several cytokines that can have pro-tumorigenic effect (44–46), where pharmacologic modulation of these cytokines have shown some anti-cancer benefit in preclinical studies, including abscopal effects (47–51). In this work, we focused on TGF-β1 due to two reasons. First, clinical trials testing checkpoint immunotherapy in urothelial cancer has yielded promising preliminary results, where myeloid cells in the tumor microenvironment are associated with emergence of treatment resistance (52). Second, ablation is also known to stimulate immunity, yet ablation alone rarely elicits broad anti-cancer activity in patients. Analysis of patient derived initial and recurrent urothelial tumor samples connected these threads where we observed robust increase in CD8+ T cell infiltration in recurrent tumors following initial treatment with ablation, consistent with expectations of immune stimulation by ablation. Yet, there was concomitant increase in immunosuppressive cells and cytokines such as TGF-β1 in recurrent tumor microenvironment. In urothelial cancers, TGF-β1 signaling has been linked to tumorigenesis and increased epithelial-to-mesenchymal transition (EMT) (53, 54). In addition, TGF-β1 signaling negatively influences the tumor immune microenvironment by suppressing CD8+ T and natural killer (NK) cells, and by promoting regulatory T-cell (T-reg) proliferation (28, 55, 56). This immunosuppressive cytokine is also known to reduce the efficacy of immune checkpoint inhibitors in urothelial cancers (57–59). In addition to immunosuppressive effects, TGF-β1 also acts directly on established cancer cells by promoting their invasiveness and aggressiveness (60–63).

PFD is a small molecule drug approved for the treatment of patients with idiopathic pulmonary fibrosis. PFD has been shown to indirectly modulate the TGF-β1 pathway, with resultant anti-fibrotic effects (64). PFD is also known to exert direct anti-proliferative and suppressive effects on macrophages, though the mechanisms are not well understood (28). While most studies have evaluated the antifibrotic effect of PFD, the impact of PFD on macrophages and TGF-β1 is still being studied. As expected, our in vitro experiments demonstrated that PFD activity against macrophages by reducing their motility, M2 polarization and reducing TGF-β1 secretion. Likewise, exposure to PFD reduced the invasiveness of MB49 cancer cells, while also reducing expression of EMT related markers when exposed to TGF-β1. However, PFD proved less effective under in vivo conditions. Several reasons could have contributed to this effect. Even when carefully performed, ablation of subcutaneous tumors without image confirmation of immediate post-procedural treatment outcome can leave behind residual tumor burden. We anticipated that such tumor cells would be exposed to macrophages and TGF-β1, which would have downstream effects on metastasis formation. Our expectation was that adjuvant PFD would curtail these effects, with impact on reducing distant disease. It may be possible that PFD curtailed direct TGF-β1 signaling on tumor cells as seen in vitro but had minimal effect of immunosuppressive effect of the cytokine under in vivo conditions. Even if the immune effects of TGF-β1 were neutralized by PFD, ablation mediated immune response could have been muted by upregulation of checkpoints. We lack additional data and analysis to verify these hypotheses which would form the basis for future studies.

Interestingly, lowest metastatic burden was associated with effective local tumor control with IRE where adjuvant PFD did not demonstrate a strong benefit. Examining Figures 5E, F reveal that area of metastases and the total number in lung generally reduce with PFD treatment but significant outcomes were confounded by variations within groups. Our study was powered assuming that TGF-β1 would have sizeable impact on cancer cell invasiveness that mediated metastasis dissemination. However, it is possible that our assumptions underlying experimental design were not robust and that larger sample sizes are required to truly establish benefit. Moreover, it may be possible that total cancer burden present at the primary tumor plays a larger role in seeding metastasis than relative invasiveness of the cells. This would be consistent with the outcome that complete ablation of tumor with IRE reduced overall metastatic burden. While mechanisms underlying the blunted efficacy of PFD are unclear, the toxicity of combined therapy, limitations in PFD dosing regimen and bioavailability and other competing but unstudied factors may have contributed to this effect.

Our study provides intriguing preliminary evidence of macrophage activity in the post-ablation tumor setting, with links to TGF-β1. There are several limitations in a preliminary exploration such as ours. First, our study used single bladder cancer subcutaneous tumor model. Bladder immune microenvironment may be different from subcutaneous, where orthotopic tumors in the bladder may exhibit divergent tumor immuno-microenvironment. Our studies focused on a single cytokine, TGF-β1, whereas macrophages secrete several other cytokines (such as IL-10, M-CSF) which have immunosuppressive effects. Likewise, TGF-β1 can be secreted by other cells in the tumor microenvironment, such as endothelium, fibroblasts etc. Comprehensive profiling of the cell-cytokine interactions must be performed to fully understand post-ablation immunosuppression, but is not attempted here due to the inherent complexity of this task. Our choice of profiling tumors with immunohistochemistry limited capturing population level changes and cell-cell interactions that can be uncovered with flow cytometry. Further our preliminary exploration in patients was limited by numbers enrolled, the non-randomized status and demographic factors. These results are to be viewed as suggestive and not definitive for tumor immuno-environment following ablation in patients. Likewise, IRE is not standard of care for ablation of bladder tumors in patients. We used this technique as it was an interesting emerging tool that allowed ablation of tumors while preserving structures, thereby allowing examination of immune cell activity. Conventional ablation techniques such as electrocautery or laser evaporates the tumor bulk, with unpredictable levels of residual tumor for experimental purposes. We anticipate that IRE may have a role in treatment of urothelial cancer in future, especially as a tool to fully treat tumors while also priming the immune system, and in that context our findings are beneficial.

In conclusion, urothelial tumors ablation results in increased TGF-β1 levels in the residual tumor microenvironment from macrophage activity. Exposure of surviving cancer cells to TGF-β1 had pro-cancer effect, which was curtailed by PFD in vitro. Complete primary tumor ablation provided superior results when compared TGF-β1 modulation in the adjuvant or combinatorial setting.
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With the rapid advancement of imaging equipment and minimally invasive technology, cryoablation technology is being used more frequently in minimally invasive treatment of tumors, primarily for patients with early tumors who voluntarily consent to ablation as well as those with advanced tumors that cannot be surgically removed or cannot be tolerated. Cryoablation is more effective and secure for target lesions than other thermal ablation methods like microwave and radiofrequency ablation (RFA). The study also discovered that cryoablation, in addition to causing tumor tissue necrosis and apoptosis, can facilitate the release of tumor-derived autoantigens into the bloodstream and activate the host immune system to elicit beneficial anti-tumor immunological responses against primary. This may result in regression of the primary tumor and distant metastasis. The additional effect called “ Accompanying effects “. It is the basis of combined ablation and immunotherapy for tumor. At present, there is a lot of research on the mechanism of immune response induced by cryoablation. Trying to solve the question: how positively induce immune response. In this review, we focus on: 1. the immune effects induced by cryoablation. 2. the effect and mechanism of tumor immunotherapy combined with cryoablation. 3.The clinical research of this combination therapy in the treatment of tumors.
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Introduction

What is Cryoablation? Although the use of cryotherapy for fractures and wounds dates back to 3000 BC, the first application of cryotherapy for tumors was performed by Dr. James Arnott in the mid-19th century (1), he used crushed ice salt solutions of -18°C to -24°C for cryotherapy of breast, cervical, and skin cancers. He observed varying degrees of shrinkage of these frozen tumors and varying degrees of pain reduction in patients. Thus, cryoablation began to develop rapidly over time.

At present, the cryoablation technology in clinical applications includes mainly liquid or gas as the medium. Among them, the cryoablation equipment with gas as the medium has high efficiency, and the representative one is the argon-helium knife system. It’s working principle is based on gas throttling effect (Joule - Thomson effect), in which high-pressure argon gas flows through a small hole and quickly enters a low-pressure space, rapidly expands and absorbs the surrounding heat. The local temperature of the cryoablation needle quickly dropped below -140°C, which caused the formation of ice crystals inside and outside the tumor cells. The rupture of the cell membrane, and the occlusion of micro vessels in the ablation zone, leads to tumor cell ischemia and necrosis. At the same time, the temperature of the probe could be raised from -140°C to 20°C ~ 40°C in 20s by high-pressure helium, which further aggravated the damage of tumor cells. Multiple freezing and thawing of tumor by the argon-helium cryotherapy system can increase the freezing range, improve the ablation effect, and inactivate the tumor tissue in the target area.

Cryoablation may lead to tumor cell necrosis through a variety of mechanisms, including mechanical damage to the cell membrane after the formation of ice crystals by reducing temperature. Necrosis and apoptosis caused by cell injury stress, interruption of tumor blood supply during freezing, and the activation of anti-tumor antibodies to a certain extent (2). The microscopic changes in the cells treated with cryoablation begin with the formation of ice crystals in the cells, damage continuing with the thawing process. The formation of ice crystals leads to an increase in the volume of the cell contents, resulting in stress that damages the cell membrane, which in turn leads to cell necrosis and the release of intracellular contents. These releases can activate a certain amount of anti-tumor immune response, and thus the destruction effect of cryoablation on tumor cells to some extent. At the same time, the normal mitochondria function can also be disturbed during the freeze-thaw process. Mitochondrial dysfunction can cause apoptosis, so we can detect an increase in the pro-apoptotic Bax protein in these cells. During the process of cryoablation, not only the tumor blood vessels will be damaged, but also intravascular embolism will be caused, which will lead to a sharp reduction in the blood supply of the tumor and enhance the killing effect of cryoablation on tumor cells. Upon a decrease in temperature, the extracellular fluid of the tissue frozen, and the formation of extracellular ice increases the osmotic pressure outside the cell, resulting in a transfer of fluid from the inside to the outside of the cell (3).In this hypertonic environment, changes in intracellular pH and cellular contents can result in cell damage. The strength of these responses will affect the ablation effect. Some other important parameters will affect the ablation effect of cryoablation:1) The number and location of probes. 2) The shape of the ice ball covering the target tumor. 3) The depth of ice ball penetration. 4) The number of freeze thaw cycles. 5) The time of cryoablation (4).



Clinical application of cryoablation

Compared with other ablation methods, cryoablation has obvious advantages, which can clearly show the shape of the frozen ice ball under ultrasound, CT, MRI and other imaging equipment. It is easier for the surgeon to control the ablation range. The patient has less pain and the operation is easier to be tolerated. Cryoablation has been used to treat tumors in many sites, including the lung, liver, kidney, breast, and prostate (Table 1).


Table 1 | Cryoablation in different organs.




Liver cancer

Hepatocellular carcinoma (HCC) is the sixth most common malignant tumor in the world, and many patients are intolerant to surgical resection after diagnosis due to poor liver reserve function, multiple liver tumors, and extrahepatic diseases (29). In patients with HCC who are not suitable for surgery, the National Comprehensive Cancer Network(NCCN) recommends the use of local ablation, including cryoablation (6).

In patients with unresectable HCC, fewer complications occurred in the cryoablation group, although overall survival (OS) was not significantly different between the cryoablation and cryoablation combined with surgery groups (30). Local tumor progression (LTP) rates were compared between patients who underwent cryoablation and RFA for perivascular HCC at median follow-up. The cumulative LTP rates at 1 and 3 years were 8.3% and 17.3% in the cryoablation group, and 8.7% and 26.1% in the RFA group, respectively, with no significant difference (p = 0.379).Although the difference was not significant, vascular thrombosis and hepatic infarction around the cryoablation area were rare, and it can be considered that the efficacy and safety of cryoablation are better than RFA (8).Cryoablation (n=12) and irreversible electroporation (IRE) (n=12) were performed on 24 New Zealand rabbits with hepatic tumors located 0.5cm from the gallbladder. Gallbladder perforation was not observed in the IRE group, but only mucosal epithelial necrosis and serous layer edema were observed in the IRE group. Four rabbits suffered gallbladder perforation in the cryoablation group, and serum aminotransferase and bilirubin levels were higher in the cryoablation group than in the IRE group. Bile duct and granulation tissue proliferation was observed only in the ablation area of the IRE group. Therefore, the investigators concluded that IRE was safer (with or without gallbladder perforation) and more effective (faster recovery) than cryoablation (6). It can be seen from above that, although the safety and efficacy are not as good as IRE, they are better than RFA. The size of liver tumors affects the outcome of cryoablation. The effective rate of cryoablation is significantly reduced when liver tumors are larger than 4cm, accompanied by a higher probability of recurrence and complications (9).In the small area of cryoablation less than 3 cm, the incidence of complications was about 29%, and 87% of patients had no tumor progression at 6 months follow-up (7).In mouse models, cryoablation of over 30% of the volume of liver parenchyma volume resulted in an increased probability of systemic complications, including acute lung injury and increased pulmonary capillary permeability (10, 11).Patients with liver metastases have a high mortality rate and poor prognosis, and there is no standardized treatment for these patients. A retrospective study of 19 patients who underwent cryoablation for liver metastases after gastrectomy for gastric cancer found that the median OS was 16 months, and the median local tumor Progression-free survival(PFS) was 8 months. The quality of life of patients was improved after cryoablation (P <0.05). It can be concluded that cryoablation is an effective palliative treatment for liver metastases. It can improve the quality of life of patients and reduce the incidence of complications (5). Cryoablation not only has satisfactory therapeutic effects, but also has been shown to help patients relieve pain caused by liver metastases (31).This is of great significance for palliative treatment and improving quality of life in patients with metastatic tumors. Although the results of cryoablation for hepatocellular carcinoma are dependent on the size of the tumor, the overall results are satisfactory with fewer complications and are significant for the relief of symptoms in advanced patients.



Lung cancer

Lung cancer is the most common cause of cancer-related death in adults (32). Lung cancer kills about 1.6 million people worldwide every year. In lung cancer, non-small cell lung cancer (NSCLC) accounts for 75%-80%. Among them, stage I and II accounted for a small number of patients, who had the opportunity to be operated, and the 5-year survival rate was high. Most of the patients were in stage III-IV, and the 5-year survival rate was only 12% with palliative treatment alone. Although stage IIIA patients can still undergo surgery, the recurrence rate is high, and the 5-year survival rate is only 10% to 30% (33).For these patients, traditional treatment would consider chemotherapy and radiotherapy, which not only have no significant efficacy, but also are accompanied by serious adverse reactions. In 1998, researchers began to study the application of cryoablation in the minimally invasive treatment of NSCLC tumors. Because of its safety, high efficiency, minimal invasion and few side effects, percutaneous cryoablation has been an important treatment option for unresectable primary and secondary peripheral lung tumors for more than ten years (34).

Surgery is often the choice for early-stage lung cancer, but cryoablation is now a reasonable option. Percutaneous cryoablation was performed in 22 patients with stage I NSCLC (34 tumors), and only one tumor progression was detected after a median follow-up of 23 months. There were three deaths, one of which was due to lung cancer. The 2 and 3-year overall survival (OS) rates were both 88%, and the disease-free survival (DFS) rates were 78% and 67%, respectively (35). Cryoablation for advanced lung cancer can achieve tumor reduction, relieve symptoms and improve the quality of life. A total of 54 patients with stage IV lung cancer were followed up for 6.5 years, and the OS of cryoablation group was significantly longer than that of palliative group (median OS:14 months vs 7 months, P = 0.0009).It is reasonable to assume that there are significant differences between cryoablation and palliative care (36). At the same time, it was found that multiple ablation groups (2,3,4 freeze-thaw cycles) had a significant effect on improving OS. The incidence of recurrent or primary lung cancer in the residual lung after pneumonectomy has been reported to be high (21%-44%) (37). Because of the significant risk of loss of lung function after pneumonectomy and their poor physical condition, such patients often cannot tolerate lung cancer resection. However, percutaneous cryoablation can be used to remove lung tumors while preserving most lung function (12).Percutaneous cryoablation can also be considered for the treatment of lung tumors in patients who have undergone pulmonary resection.



Renal cancer

Open partial nephrectomy (PN) is recognized as the standard treatment for renal tumors (38).Laparoscopic PN is widely used, and the incidence of complications is higher than that of open PN (39).Cryoablation has the advantages of laparoscopic minimally invasive surgery, but its complications are lower than those of laparoscopic PN (40). It is suitable for patients with poor general condition or multiple renal tumors, and the efficacy is equivalent to that of nephrectomy (16). In a rabbit model of transplanted renal tumors, there was no significant difference in disease-free survival at 28 days between cryoablation and radical nephrectomy, suggesting that both treatments are equally effective in vivo (41). Similarly, a study comparing percutaneous cryoablation with partial nephrectomy in 118 patients with primary solitary renal tumors found no significant differences in complication rates, preservation of renal function, recurrence rates, or cancer-specific mortality between the two procedures (42). Similar rates of OS and complications were found in cryoablation of small tumors less than 4 cm in diameter (17, 18, 43). At the same time, the damage of surrounding organs caused by surgery was evaluated. It can be argued that cryoablation of renal tumors results in a higher overall survival rate, a lower incidence of postoperative complications, and better preservation of renal function compared with partial nephrectomy (20).The efficacy of cryoablation of renal tumors is related to the size of the tumor. Studies have compared outcomes after cryoablation in patients with tumors less than 3 cm (mean diameter 1.8 cm) and at least 3 cm (mean diameter 4 cm). Histopathological examination showed 46.7% Renal cell carcinoma(RCC) in the < 3 cm group versus 66.7% in the ≥ 3 cm group. Only patients with tumors in the at least 3 cm group experienced complications (62%) and death (two patients) (19). The outcomes of renal-tumor ablation are related to stage. Cryoablation of T1 renal masses was associated with lower overall and postoperative complication rates and better preservation of renal function than PN. For T1b renal tumors, cryoablation was associated with a 2.5-fold increase in 5-year cancer-related mortality compared with PN (22). Although cryoablation of renal cancer is related to tumor size and stage, cryotherapy is an important treatment for renal cancer with the same efficacy and fewer complications as open PN.



Prostate cancer

Prostate cancer (PCa) is the second most common cancer in men, generally 90% of it confined to the prostate gland. Conventional treatment of PCa often leads to functional complications. Due to the advances in imaging, cryoablation therapy has developed rapidly, providing a new option for PCa patients. Compared with radical surgery, cryoablation has the characteristics of faster recovery of daily activities, shorter hospital stay, lower postoperative recurrence and lower overall treatment cost (25). Focal cryoablation in the treatment of mid-stage prostate cancer can show obvious advantages in preserving urinary and sexual function (23). Studies have shown that although urinary retention and urinary tract infection are common complications of PCa cryoablation, cryoablation safety is clinically acceptableand 91% of minor complications do not require any intervention (26). In a retrospective study of 82 cases, partial prostate cryoablation was associated with excellent oncologic and functional outcomes in men with localized PCa (24). It has been shown that after the first round of radiotherapy (28) or after primary cryoablation (27), cryoablation is effective for recurrent prostate tumors. There was a slight increase in complication rates after the second cryoablation compared with the first cryoablation for prostate cancer.




Cryoablation results in changes in immune function

Cryoablation can cause necrosis of tumor cells, but also can cause immune targeting stimulation of tumor cells. These immune responses occurred after ablation-induced tumor cell death, but not in the case of surgical removal of the tumor (44).Compared with conventional cancer therapy, cryoablation has fewer adverse reactions and can promote a more comprehensive and effective release of autologous antigens into the circulation. Early studies reported immune-mediated responses to metastases from the primary tumor after ablation (45). In the mouse MT901 breast cancer cells cryoablation using the tumor rechallenge model, it was found that the tumor recurrence rate of mice after surgical resection alone was 86%, while the tumor recurrence rate of mice after cryoablation was only 16% (46). The authors speculated that it might be due to the large amount of tumor-specific autoantigens released from necrotic tumor cells caused by cryoablation. Similarly, serum Prostate specific antigen (PSA) has been reported to increase in prostate cancer after cryoablation (47). The increased release of these neoantigens would lead to increased danger signals, which would initiate the process of enhancing cancer immunity. There is no consensus on the secondary cause of cell death for immune changes after cryoablation. Some think it is secondary to mechanical force induced cell necrosis, some to MLKL and RIP kinase phosphorylation necrosis, and some to thrombosis and other vasogenic factors or a combination of these above factors. The more widely accepted theory of the underlying mechanistic association between cryoablation and the immune system is Matzinger’s dangerous theory (48). She proposed that cells secrete danger signals after they die, and these signals can lead to a range of immune responses. Cell death caused by cryoablation with cell contents remaining intact, which induces the release of intracellular DNA, RNA and heat shock proteins (HSP) (49). Similarly, the heat shock protein HSP70 has been reported to increase after cryoablation of melanoma (50). HSP70 completes antigen presentation by chaperoning antigen to dendritic cells(DC) and promoting the expression of major histocompatibility complex class 1 (MHC 1) (51). This process can allow DC to mature and thus fully activate T cells, leading to specific tumor immune responses. The above changes in DC during antigen presentation have been observed in various cancers during cryoablation. Interestingly, in the melanoma mouse model, antigen accumulation in DC after cryoablation was significantly greater than that after RFA (52).

The targeted migration of activated tumor-specific T cells is associated with Chemokine ligand 21 (CCL21) and Intercellular adhesion molecules 1 (ICAM-1). CCL21 and ICAM-1 were overexpressed in CD31-positive endothelial cells in tumor tissues and endothelial venules of tumor-draining lymph nodes, and an increase in naive CD8+T cells can be found in tumor tissues and draining lymph nodes. It was noted in the mouse studies that T-cell migration began to increase as early as 1 hour after ablation and reached a maximum after 6 h (53). It results in an increase in tumor-specific lymphocytes.

Many studies have pointed out that the specific lymphocytes activated after ablation are mainly CD4+ and CD8+T lymphocytes (54–56). Ablation studies in colorectal cancer have found that Programmed cell death 1 ligand 1 (PD-L1) expression in target tumor tissues and programmed death 1 (PD-1) expression in specific CD8+ and CD4+T lymphocytes are increased (57). At the same time, natural killer (NK) cells and macrophages increased (58). Studies have reported similar results, in addition to tumor regression, decreased lung metastasis, and increased systemic CD4+ and CD8+T cells, cryoablation was also accompanied by an increase in NK cells (59). With the increase of CD4+ and CD8+ specific T cells, studies on HCC and other cancers have found that ablation will lead to the reduction of immunosuppressive regulatory T cells (Treg) (60, 61). The increase of CD4+ and CD8+ T cells and the decrease of Treg cells after cryoablation are important for tumor control and patient survival (60). In studies comparing cryoablation and RFA, although both can induce antigen-specific T lymphocyte responses, cryoablation can induce stronger antigen-specific CD4+T cells, so cryoablation has a stronger ability to induce anti-tumor immune targeting (62).

Cryoablation also affects cytokine levels, which also affects the immune response. At the same time, tumor tissue, age, and freezing speed all affect the immune process (63).The increase in interferon-γ (IFN-γ) levels after ablation suggests that the upregulation of T helper 1 (Th1) cell responses is more related to antibody-dependent cell-mediated cytotoxicity (ADDC) responses (64). In addition, the proinflammatory cytokines interleukin-1β (IL-1β), interleukin-6 (IL-6) and interleukin-8 (IL-8) were all increased to varying degrees after thermal ablation (65, 66). Increases in these cytokines contribute to specific T-cell activation and Th1 responses. Interestingly, it has been reported that during liver cryoablation, when more than 20% of the liver is ablated, the release of cytokines IL-6, IL-10 and Tumor necrosis factor α (TNFα) may induce systemic inflammatory response, which may lead to systemic effects (67). At this point, cryoablation should be replaced by other thermal ablation that is more effective (68). Studies have shown that these markers of inflammation and cell damage are significantly elevated after liver cryoablation in normal mice and are higher than other ablation methods (67).

Cryoablation has been shown to enhance the immune response in many studies, but it does not last long, about 4 weeks. Studies have shown that specific T cells have anti-tumor cytolytic effects 2 to 4 weeks after ablation (69). Specific T cells persisted during these 4 weeks (70).

In A clinical study of 22 patients with renal cell carcinoma before and 3 months after cryoablation and blood samples of some patients, it was found that CD8+T, CD4+T, granzyme A(GZMA), CD11c transcription levels were significantly increased, and CD8/FOXP3 was increased after cryoablation. In addition, T-cell receptor β (TCR-β) full spectrum analysis showed that cryoablation caused expansion of some T cells in tumor tissue, which also supported this immune stimulation process (71).

Many animal experiments have found that cryoablation not only induces immune stimulation, but also induces immunosuppression (49). In the rat fibrosarcoma model, the early stage of cryoablation increases the probability of lung metastasis, and the anti-tumor activity of spleen after cryoablation is lower than that of surgical resection at different time points (72). When the area of cryoablation was large or multiple nodules were cryoablation, the anti-tumor immune response was weaker than that of a single liver nodule (73, 74). Cryoablation was performed in a rat tumor model, it was found that if most of the necrotic tumor tissue after freezing remained in the animal, the immune response can be suppressed. On the contrary, leaving only a small amount of frozen tissue, the tumor growth is inhibited or even remission, suggesting that there is a threshold of antigen stimulation, and excess antigen may induce immunosuppressive response. From the above reports, we can speculate that there is immunosuppression after cryoablation in some cases. At present, the mechanism of immunosuppression is not clear, but some studies have shown that it may be related to the ratio of necrosis and apoptosis and the excessive production of Treg (49, 75, 76). No danger signals will be released when the tumor tissue dies due to apoptosis, so the DC without antigen presentation will not mature. Here, if macrophages are primarily responsible for TNF uptake, this may bias the immune response towards humoral rather than cellular immunity because macrophages do not cross-present antigens as dendritic cells do. Macrophages may release IL-10 or TGF-b, further weakening the T cell response. Immature DC cannot promote the release of cytokines by TH1 cells, TH2 cells and other cells, so it cannot continue to activate T cells (CD8+T, CD4+T cells) to produce immune response. Tregs, by contrast, are at an advantage. At the same time, it also induces an increase in Treg number, an increase in inhibitory cytokines and a decrease in stimulatory cytokines, leading to an inhibitory immune response (49).On the contrary, necrosis causes the release of danger signals, DC can mature, then stimulate the production of tumor specific T lymphocytes and produce immune stimulation. Therefore, when apoptosis is dominant in the ablated tissue, the overall performance is immunosuppression.



Tumor immunotherapy

Tumor immunotherapy, which can be divided into active immunity and passive immunity, aims to control and eliminate tumor cells by enhancing autologous anti-tumor immune response. Active immunization mainly acts on the immune system. For example, cytokines that enhance the body’s immune function, antigen-dependent therapeutic vaccines, and non-antigen-dependent inhibitors that regulate T cell function all work through active immunity. Passive immunity acts directly on tumor cells. Such as anti-tumor monoclonal antibodies and adoptive immunotherapy work through passive immunity. At present, the main clinical immunotherapy strategies include immune checkpoint blockade, TLR agonist therapy, adoptive cellular immunotherapy, tumor vaccines, oncolytic viruses, antibodies or recombinant proteins, etc.

Immune checkpoint blockade is considered to be the most promising treatment. Immune checkpoint refers to molecules on the surface of immune cells that transmit inhibitory expression signals. Under normal circumstances, it can protect the body from severe autoimmune response, but it can enable tumor cells to successfully escape from the immune system attack in the tumor microenvironment. At present, the most studied immune checkpoint molecules are Cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) and PD-1. By blocking the corresponding immune checkpoint signaling pathways, the activation and proliferation of T cells can be restored and the anti-tumor immune response can be enhanced (77). PD-1/PD-L1 and CTLA-4 antibodies, which are representative of immune checkpoint inhibitors (ICIs), are considered to be revolutionary advances in oncology and have been approved by the US Food and Drug Administration (FDA) for the treatment of malignant melanoma, lung cancer, liver cancer, gastric cancer, urothelial cancer and lymphoma (78). Blockade of the CTLA-4 interaction site by antibodies to CTLA-4 allows CD80/86 ligands to be used with CD28 to activate T cells (79, 80).CTLA-4 antibody can also inhibit the function of Treg expressed on Th cells (81). PD-1 is a key immune checkpoint molecule expressed primarily on T lymphocytes. It inhibits the cytotoxic capacity of T lymphocytes by binding to its ligand PD-L1, which has been observed in increased numbers in several malignancies and can promote tumor immune escape and T lymphocyte exhaustion (82). Antibodies that block PD-1 or PD-L1 are designed to restore depleted T cells. The emergence of immunotherapy has dramatically changed the treatment landscape of advanced NSCLC. ICIs targeting the PD-1/PD-L1 pathway are now first-line treatments for stage IV NSCLC (when tumor PD-L1 expression is ≥ 50% and no molecular oncogenic target is present) (83). However, the response rate is only about 20% in most clinical trials (84). The reason may be related to less Tumor Infiltrating Lymphocytes (TIL) in the tumor microenvironment (39). The combination of CTLA-4 and PD-1 blockade has been shown to improve survival in patients with melanoma, renal cell carcinoma, and many other cancers (85, 86).

Toll-like receptors(TLR) agonist Therapy. TLR is a type of pattern recognition receptor expressed on macrophages and DCS. TLR signaling triggers a metabolic shift in macrophages and DCS that promotes the transition from a tolerogenic to an immunogenic state. When TLR7 and TLR9 were combined with pathogen-associated molecular pattern (PAMP) unmethylated CpG or the agonist imiquimod respectively, they stimulated DC and activated TH 1 cells. Thus, it promotes Cytotoxic Tlymphocyte activity (81).

Adoptive T-cell transfer (ACT) therapy involves first isolating lymphocytes from a patient’s tumor tissue, draining lymph nodes, or peripheral blood, expanding them in vitro, then infusing the patient to destroy systemic tumor cells (87). Chimeric antigen receptor (CAR) T cells have emerged, and autologous T cells designed to express a CAR specific for the CD19B lymphocyte molecule have recently been approved by the FDA for the treatment of refractory pre-B-cell acute lymphoblastic leukemia and diffuse large B-cell lymphoma (88). Recent studies have shown that TIL can target neoantigens in melanoma, which confirms the effect of TIL therapy (89). CAR-NK cells are more efficient because of their ability to recognize tumors through both CAR and natural NK cell receptors. In addition, NK cells can be transplanted from an allogeneic source and so are more readily available, making it less susceptible to eliciting a graft-versus-host immune response (90).

Epigenetic regulation of DNA methylation, non-coding RNAs, and histone modifications plays a key role in the mechanism of cell growth and differentiation (91). Small-molecule inhibitors of DNA Methyl transferase(DNMT) exert anti-tumor effects, such as apoptosis, cell cycle arrest and differentiation, by re-expressing genes that have been silenced by DNA methylation.

Tumor vaccines can specifically activate host T cells to combat tumor antigens, but their efficacy is not ideal due to the difficulty of antigen selection and the lack of understanding of tumor immune mechanism. Oncolytic virus immunotherapy uses natural or synthetic viruses to selectively replicate and kill cancer cells. Oncolytic virus T-VEC is currently used in clinical practice for advanced melanoma. It is a modified herpes simplex virus type I, which has the advantage of killing tumor cells without damaging neurons (92).


Synergistic antitumor effects of immunotherapy and cryoablation

As mentioned in the beginning of the article, cryoablation is considered to be the main consideration for combination immunotherapy because imaging monitoring can better control the ablation area and guide the ablation needle, reduce complications, surgical costs, and patient recovery time (93).Although all ablation techniques result in release of tumor antigens in situ, cryoablation is superior to other ablations in preserving the native antigen structure (94). Tumor thermal ablation produces degenerative antigens, but adaptive immunity from tumor non-degenerative antigens is more likely to produce off-range effects. Therefore, cryoablation is more suitable for use in combination with various immunotherapies. Moreover, the immune response stimulated by ablation alone is usually too weak to completely eliminate the target tumor, so it is also necessary to combine cryoablation with immunotherapy (94, 95). To enhance the immunogenic effect of cryoablation, different immunotherapies can be administered, either to enhance innate immunity or to enhance specific T-lymphocyte activity. When the contents of tumor cells are released after cryoablation, different stages of content presentation are enhanced by different immune agents. The result is a stronger specific tumor immune response.

This antitumor effect was reported to be further enhanced when cryoablation was used in combination with CTLA-4 antibody, with up to 80% of mice becoming tumor-free (52). In a mouse model of prostate cancer, cryoablation combined with anti-CTLA-4 antibody treatment prolonged the survival time of the mice by 14.8 days. Meanwhile, the mortality rate was 4-fold lower than that of cryoablation alone, suggesting that anti-CTLA-4 antibody can significantly enhance the immune response mediated by cryoablation (96). Also in the mouse model of prostate cancer, the combination of CTLA-4 antibody and cryoablation could effectively inhibit or slow down the growth of secondary tumors or induce tumor rejection (97). In the treatment of mouse renal cell carcinoma by cryoablation combined with PD-1 inhibitor, the inhibitory effect of combined therapy on tumor metastatic growth was significantly stronger than that of drug administration alone or freezing alone. Meanwhile, PD-1 inhibitor significantly enhanced the immune response induced by freezing (including increased number of CD8+TIL, mRNA expression levels of INF-γ and GZMB) (98). Therefore, we can assume that cryoablation combined with CTLA-4 or PD-1 inhibitors can enhance the anti-tumor effect and may also reverse the tumor effect. The 5-year recurrence-free survival rate was 91% in patients treated with cryoablation plus imiquimod(TLR7/8 agonist) (99). In a mouse model of melanoma, antitumor immunity after cryoablation can be enhanced by coinjection of saponin-based adjuvant and TLR9’s adjuvant CpG to affect IL-1 production and the number of multifunctional T cells in draining lymph nodes (100). The efficacy of TLR agonists combined with cryotherapy was also satisfactory. Cryoablation joint sorafenib treatment of advanced renal cell carcinoma of the efficacy and safety, found that patients with combination therapy on drug response rate, disease control rates were significantly higher than accept sorafenib monotherapy. It’s PFS and OS were significantly longer than the sorafenib monotherapy, immune related indexes were significantly improved without increaseing adverse reactions (101). The effect of cryoablation combined with IL-12 on anti-tumor immunity of rat glioblastoma xenograft was observed. It was found that the cellular immune function of cryoablation combined with IL-12 was significantly enhanced, the tumor regression was observed, and the subsequent immune activity was significantly enhanced. The number of CD11c+ DCS and CD86+ lymphocytes was significantly increased, and the expression of IFN-γ was also significantly increased (102). A pioneering study of mammary gland carcinoma in mice showed that the tumor drainage lymph nodes for the adoptive transfer of tumor-specific T cells, increase in the number after cryoablation. Compared with adoptive transfer of T cells that were surgically removed or controlled and then collected from tumor-draining lymph nodes, this resulted in significantly fewer lung metastases (103). Two clinical studies reported favorable overall survival results when cryoablation was combined with immunotherapy with allogeneic NK cell infusion and CD factor-induced killer (DC-CIK) cells (104, 105). After cryoablation and allogeneic NK cell transfer, survival and immune response outcomes in patients with lung, renal, and hepatocellular cancers have been relatively satisfactory (105–107).. In addition, patients who received multiple NK-cell transfusions showed better PFS than those who received a single transfusion (105). Due to the relative ease of operation of ACT therapy, a growing number of combined cryotherapy studies have also reported satisfactory results.




Conclusion

The literature review strongly supports the immunorecognition of tumor-specific antigens and the effect to distant lesions. The evidence covers clinical cryoablation, various animal models and studies of immunity in patients undergoing cryoablation. Although immunosuppressive responses may occur with combination therapy, the immune system generally presents a satisfactory antitumor outcome. Above studies preliminary clinical data proves the cryoablation, with the combination of immune therapy can enhance innate immunity and tumor specific T lymphocyte activity, to help the immune system against cancer. So there is reason to believe that cryoablation, has the very good synergy between and immune therapy.

Several important questions remain to be addressed:

	What ratio of necrosis to apoptosis is best for our treatment of tumors? How do we get to that ratio?

	What are the characteristics of the tissue and environment in which immunosuppressive reactions occur? Is there a way that we can avoid it and enhance the anti-tumor response?

	Due to the immune system itself and individuals vary so much, immunotherapy can vary from tumor to tumor or from individual to individual. This is the biggest challenge facing cryoablation immunity in the future.



We can better optimize treatment when we understand the immune response caused by cryoablation. It helps further optimize clinical application to achieve the goal of minimal side effects and maximum efficacy. Before clinical promotion of cryoimmunotherapy for different tumors, sufficient animal experiments and data support must be done to determine the application conditions and ensure the safety of clinical application. In the future, cryoimmunotherapy should be personalized according to the immune characteristics of tumors and patients, prepare preparatory plans, and cope with reaction complications, so as to maximize its effect.
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Background

Various ablation techniques have been successfully applied in tumor therapy by locally destroying tumor. In the process of tumor ablation, a large number of tumor cell debris is released, which can be used as a source of tumor antigens and trigger a series of immune responses. With the deepening of the research on the immune microenvironment and immunotherapy, researches exploring tumor ablation and immunity are continuously published. However, no research has systematically analyzed the intellectual landscape and emerging trends for tumor ablation and immunity using scientometric analysis. Therefore, this study aimed to conduct a bibliometric analysis to quantify and identify the status quo and trend of tumor ablation and immunity.



Methods

Data of publications were downloaded from the Web of Science Core Collection database. CiteSpace and VOSviewer were used to conduct bibliometric analysis to evaluate the contribution and co-occurrence relationship of different countries/regions, institutions and authors in the field, and to determine the research hotspots in this field.



Results

By searching in the database, a total of 3531 English articles published between 2012 and 2021 were obtained. We observed rapid growth in the number of publications since 2012. The two most active countries were China and the United States, with more than 1,000 articles. Chinese Academy of Sciences contributed the most publications (n = 153). Jibing Chen and Xianzheng Zhang might have a keen interest in tumor ablation and immunity, with more publications (n = 14; n = 13). Among the top 10 co-cited authors, Castano AP (284 citations) was ranked first, followed by Agostinis P (270 citations) and Chen Qian (246 citations). According to the co-occurrence and cluster analysis, the results indicated that the focus of research was “photothermal therapy” and “immune checkpoint blockade”.



Conclusions

In the past decade, the neighborhood of tumor ablation domain immunity has been paid more and more attention. Nowadays, the research hotspots in this field are mainly focused on exploring the immunological mechanism in photothermal therapy to improve its efficacy, and the combination of ablation therapy and immune checkpoint inhibitor therapy.





Keywords: tumor ablation, immunity, CiteSpace, VOSviewer, bibliometric



Introduction

Tumor ablation is a technique that eradicates or substantially destroys the target tumor in situ by using energy (ie, thermal and nonthermal) or chemicals (ie, nonenergy) (1). Currently, the most commonly used thermal techniques, are radiofrequency ablation (RFA) and microwave ablation (MWA), which are high-temperature-based modalities, and cryoablation, which is a low-temperature-based modality (2). New technologies such as high-intensity focused ultrasound (HIFU), laser ablation (LA), irreversible electroporation (IRE), plasmonic photothermal therapy, photodynamic therapy and sonodynamic therapy are also applied (3–5). It is undeniable that tumor ablation therapies have a number of advantages, including the minimally invasive nature, the absence of serious systemic side effects, and good healing of the surrounding normal tissues (6). With the further development of medical imaging technology and materials science, ablation technology has achieved great success in the local treatment of tumors (7–10).

Immunity means that the immune system removes alien components or mutated self-components through a series of immune responses of immune cells, to maintain the balance of the immune microenvironment of the body (11). In recent years, with the deepening of immune-related research, the importance of tumor immune microenvironment and cancer immunotherapy has been widely recognized and accepted by researchers (12, 13). Some studies suggest that the tumor immune microenvironment after tumor ablation is carcinogenic to some extent (14–16). In addition, a growing number of studies have demonstrated that tumor ablation can involve tumor antigen release, cross-presentation and the release of damage associated molecular patterns (DAMPs), as well as making the tumor its own cellular vaccine. Tumor tissue destruction by ablation may stimulate antigen-specific cellular immunity engendered by an inflammatory milieu (17). Unfortunately, although tumor ablation can produce a series of tumor-specific immune responses, these immune responses are insufficient to prevent tumor recurrence due to the presence of multiple negative regulators (13). Thus, exploring the neighborhood of tumor ablation and immunity can not only further analyze the changes in the immune microenvironment and the activation/inhibition of immune response during tumor ablation, but also find some potential treatments to improve the efficacy of tumor ablation.

Academic journals have published a big deal of papers exploring tumor ablation and immunity in the past decade. However, no attempts have been made to analyze the data on publications systematically. Bibliometrics is a useful method to probe into the most impactful authors, papers, or countries/regions, construct collaboration networks, and identify research hotspots in particular areas (18, 19). In recent years, numerous bibliometrics studies have been published in journals in different research areas (20, 21). Therefore, we performed a bibliometric analysis to summarize the knowledge base in the field of tumor ablation and immunity and to provide a comprehensive overview of the evidence foundation of tumor ablation and immunity, so that researchers can more easily understand the development of tumor ablation and immunity, and explore the research hotspots in this field.



Materials and methods


Data collection

Data between 2012 and 2021 in the field of tumor ablation and immunity were obtained from Web of Science Core Collection (WoSCC) database on August 6, 2022. The database source was limited to Science Citation Index Expanded (SCIE) and publication types to “article”. The main search terms were “tumor ablation”, “immunity”, and “immune response”. The detailed search strategy is presented in the Supplementary Material 1. To avoid database update bias, we performed all searches within the same day. Search results were downloaded as “Full Record and Cited References” and “Plain Text”.



Data analysis

A bibliometric program, VOSviewer (Van Eck and Walt-man, Leiden University, Leiden, The Netherlands) is used to perform the co-occurrence of authors/institutes/countries/journals. In VOSviewer, the size of the node reflects the number of researches or co-occurrence frequencies, the size of the links indicates the co-occurrence frequencies of two nodes, and the same color of node represents the same cluster (22). CiteSpace 5.8.R3 (Chaomei Chen, Drexel University, USA) is a bibliometric software that reveals the trends and dynamics in literature, as well as gives key points in a certain field (23, 24). The CiteSpace parameters were as follows: link retaining factor (LRF = 3), look back years (LBY = 8), e for top N (e = 2.0), time span (2012–2021), years per slice (1), links (strength: cosine, scope: within slices), selection criteria (g-index: k = 25), and minimum duration (MD = 1). We used Python (Python Software Foundation, Wilmington, DE) to draw the world map to show the country distribution of publications. Microsoft Office Excel 2019 (Microsoft, Redmond, Washington, USA) was used to manage the data and analyzed the publication trend. The model (f(x)=p0xn+p1xn−1+p2xn−2+p3xn−3+…+pn) was constructed to predict the number of articles published in 2022.




Results


Annual publications and trend

According to the retrieval criteria, a total of 3,531 papers published between 2012 and 2021 were retrieved from the WOS database. As shown in Figure 1, the trend in annual publications consistently kept rising from 197 articles in 2012 to 584 articles in 2021. By constructing the polynomial curve fitting of publication growth in the field of tumor ablation and immunity, we observed a significant correlation between the year and the number of publications (R2 = 0.9852). Through curve fitting, the number of publications about tumor ablation and immunity was estimated to reach 680 in 2022.




Figure 1 | The polynomial curve fitting of publication growth in tumor ablation and immunity.





Contribution of countries and institutions

A total of 3,531 articles were from 83 countries/regions and 3121 institutions. Figure 2A shows the top 10 most productive countries, while Figure 2B shows the world map of publications distribution. China was the foremost productive country, with 1429 articles published, followed by the United States (n=1273) and Germany (n=266). According to the co-authorship network (Figure 2C), extensive cooperating relationships were observed among countries/regions. In the network map, it is not difficult to see that China has relatively close cooperation with the United States and South Korea.




Figure 2 | The regional distribution. (A) The top 10 countries/regions contributed to the field of tumor ablation and immunity. (B) The distribution of countries/regions in terms of publications. (C) A network map of countries/regions.



The top 10 institutions are mainly located in China(n=4), the United States(n=4) and France(n=2) in Figure 3A. In addition, the Chinese Academy of Sciences ranks first(n=153), followed by Harvard University(n=144), and the top five institutions all publish over 100 articles. A network map has been created for institutions with more than or equal to 12 (T = 12) publications. As shown in Figure 3B, there is rich cooperation between institutions in various countries. For example, the Chinese Academy of Sciences not only has full cooperation with domestic research institutions, but also has close cooperation with the United States, the United Kingdom, Russia and other countries.




Figure 3 | The distribution of institutions. (A) The top 10 institutions that published the largest number of articles are listed. (B) A network map showing the relations between various institutions.





Distribution of authors and co-cited authors

Co-cited authors mean that the authors are cited together (25). More than 20,000 authors and 7,0000 co-cited authors contributed to the investigation on tumor ablation and immunity. Table 1 shows the top 10 authors and co-cited authors. Of the top 10 contributing authors, Jibing Chen (n=14) was ranked first, followed by Xianzheng Zhang (n=13) and Feifan Zhou (n=13). Among the top 10 co-cited authors, three authors had co-citations over 200. Castano AP (284 co-citations) was ranked first, followed by Agostinis P (270 co-citations), and Chen Qian (246 co-citations). The network map of co-authorship and co-cited relationship were constructed by VOSviewer (Figure 4). In Figure 4, each node on the network map represents an author, the size of the node means the number of articles, the thickness of the line between the nodes shows collaborative intensity (26). According to Table 1 and Figure 4, Chen Qian is not only a productive author and an active co-cited author, but also has close co-cited relationships with other active co-cited authors.


Table 1 | The top 10 authors and co-cited authors involved in research on tumor ablation and immunity.






Figure 4 | A network map showing authors (A) or co-cited authors (B) involved in tumor ablation and immunity.





Distribution of journals

In total, 844 academic journals have published research investigating tumor ablation and immunity. In the top 10 journals, 80.00% of the journals published more than 50 articles (Table 2). Cancer Research (n=82, impact factor (IF) = 13.312) published the most papers, followed by Plos One (n=81, IF=3.752), Photodiagnosis and Photodynamic Therapy (n=70, IF= 3.577), and Biomaterials (n=69, IF = 15.304). Among the top 10 journals, 50.00% had IF higher than 10.000, and ACS Nano (n=57, IF = 18.027) is the academic journal with the highest IF.


Table 2 | The top 10 journals in the field of tumor ablation and immunity from 2012 to 2021.



Figure 5 displayed the dual-map overlay of journals. The left and right sides corresponded to the citing and cited journals, respectively. The label represents the subject covered by the journal and colored curves reflect the citation paths (27). There were three primary citation paths. Two orange citation paths suggested that articles from Molecular/Biology/Genetics journals and Health/Nursing/Medicine journals were frequently cited in articles from the Molecular/Biological/Immunological journals. A green path suggested that articles from the Molecular/Biological/Genetic journals were frequently cited from articles in Medical/Medicine/Clinical journals.




Figure 5 | The dual-map overlay of journals related to research on tumor ablation and immunity.





Reference co-citation analysis

Co-citation of reference refers to the relationship between two references cited by the third reference at the same time. Table 3 presents the top 10 co-cited references related to research exploring tumor ablation and immunity. Among them, the article entitled “Photodynamic therapy of cancer: an update” published in CA- A Cancer Journal for Clinicians by Agostinis P et al. and the article entitled “Photothermal therapy with immune-adjuvant nanoparticles together with checkpoint blockade for effective cancer immunotherapy” published in Nature Communications by Chen Q et al. have been co-cited more than 100 times, which indicates that these two articles have a significant impact in the field of tumor ablation and immunity. Besides, VOSviewer is used to construct the network map of co-cited references (Figure 6A). In Figure 6A, “Agostinis P, 2011, Ca-Cancer J Clin” has a close co-citation relationship with other references with high co-citation times.


Table 3 | The top 10 co-cited references related to tumor ablation and immunity.






Figure 6 | The analysis of co-cited references. (A) A network map of co-cited references for research on tumor ablation and immunity. (B) Top 20 references with strong citation burstiness. (C) The timeline view of co-cited references from publications on tumor ablation and immunity.



Reference with citation bursts refers to the reference that is commonly cited by the articles related to the research filed over a period of time. The timeline view in CiteSpace could visually show the changes of research trends over time. In the timeline view, the nodes on the left represent the references with relatively early publication time, and the nodes on the right represent the references with a relatively recent publication time. Additionally, the rightmost label is the cluster label, which reflects the theme of the research field and is ordered from the largest to the smallest number of co-cited references. At the same time, in the timeline, the more nodes there are, the more important the research topic is. CiteSpace is used to search for references with strong citation burst and construct the timeline view of co-cited references (Figure 6B and Figure 6C). Among the top 20 references with citation bursts (Figure 6B), the paper entitled “Photodynamic therapy of cancer: an update” published in CA: A Cancer Journal for Clinicians by Agostinis P et al., which is the reference with the strongest citation burst(strength=25.76). As shown in the timeline view (Figure 6C), The clusters that are relatively important and have received continued attention include “#0 photothermal therapy”, “#1 hypoxia”, and “#2 immune checkpoint blockade”.



Analysis of keywords and burst keywords

According to the keyword co-occurrence analysis in VOSviewer, 12,263 keywords were extracted and the network map of keywords was constructed (Figure 7A). In Figure 7A, the top 5 keywords with the highest rate of occurrence include “photodynamic therapy”, “cancer”, “expression”, “apoptosis” and “immunotherapy”. In addition, the keywords with strong citation bursts were fined through CiteSpace (Figure 7B). In recent years, the keywords with strong citation bursts were ‘‘checkpoint blockade’’ (2018–2021, strength 8.39), and “photothermal therapy’’ (2018–2021, strength 4.04).




Figure 7 | The analysis of keywords. (A) A network map of keywords. (B) Top 20 keywords with strong citation burstiness.






Discussion


General information

According to our research, in the last decade, a total of 3,531 papers have been published in 592 academic journals, with 2,956 authors and 321 institutions from 83 countries/regions based on the WoSCC database. Compared with the number of publications in 2012, the number of publications in 2021 is nearly triple. The growing trend shows that more and more researchers are aware of the importance of the field of ablation and immunity.

Among the top 10 countries in terms of publications, China (n=1429) and USA (n=1273) contributed the most to publications on tumor ablation and immunity, followed by the Germany (n=266) and Japan(n=190). Of the top 10 institutions that published the most research items, China and USA respectively contributed four of the top 10 institutions, followed by the France with two institutions. These findings may suggest that Chinese and American researchers continue to delve into the neighborhood of tumor ablation and immunity. Close collaborations were observed between countries/regions and institutions; however, collaborations between agencies were found to be stronger than those between countries, indicating that international collaborations should be strengthened.

Through the analysis of co-cited authors, we explored the top 10 outstanding researchers in the neighborhood of tumor ablation and immunity. Castano AP (284 co-citations) was ranked first, followed by Agostinis P (270 co-citations) and Chen Qian (246 co-citations). Furthermore, Among the top ten co-cited literature, the first and second-ranked literature were from Agostinis P and Chen Qian, respectively. As excellent researchers, professor Castano AP and Agostinis P are devoted to the research of photodynamic therapy. Castano AP not only systematically expounded and summarized this therapy, but also explored how photodynamic therapy can kill tumors through immune function (28–30). Meanwhile, Agostinis P focused on hypericin photodynamic therapy and explored the potential mechanism of its anti-tumor effect (31, 32). From a comprehensive analysis, professor Chen Qian is not only a prolific and highly co-cited author, but also published highly co-cited literature. She is committed to the development of a variety of new nanomaterials to enhance the efficacy of tumor photothermal therapy and immunotherapy to achieve the integration of medicine and engineering (33, 34).



Research hotspots

By using CiteSpace to capture burst keywords and build the timeline view, we further explored and excavated emerging research hotspots of tumor ablation and immunity. As shown in Figure 6C and Figure 7B, research hotspots in recent years mainly focus on three aspects. On the one hand, the exploration of a new tumor ablation method-photothermal therapy; on the other hand, the application of immunotherapy in tumor ablation; and finally, the role of hypoxia in the tumor immune microenvironment during ablation.

As we all know, cancer treatment has always been one of the important challenges in clinical work and medical research (35). With the continuous progress of material technology and basic research, in addition to traditional therapy (chemotherapy, radiotherapy and surgery), immunotherapy, targeted therapy and other anti-tumor therapy have been widely used in clinics (36–38). However, patients who receive traditional treatment may have a high risk of treatment failure or side effects after treatment, and targeted therapy is prone to drug toxicity and adverse reactions (39). Photothermal therapy refers to thermal ablation in cancer by generating heat from a photothermal agent. Compared with other tumor ablation methods (such as cryoablation, MWA and RFA), Photothermal therapy has a unique ability. The application of photosensitizers accumulated in tumor tissue provides a certain degree of additional therapeutic selectivity. The controllability of light placement further reduces off-target toxicity in surrounding tissue. The use of interventional techniques with optical fibres and endoscopy further reduces the additional damage caused by invasion (40). Therefore, photothermal therapy as a new way of cancer treatment has gradually attracted more and more attention (41–43). Recently, many studies have shown that hyperthermia produced by photothermal therapy can induce immunogenic cell death (ICD) and release DAMPs or tumor-related antigens, thus increasing the immunogenicity of residual tumor tissues to trigger the immune responses, which shows that photothermal therapy is of great value in remodeling the tumor microenvironment and enhancing tumor immunity for antigenic initiation and metastasis (44). Although photothermal therapy has shown many advantages in the treatment of cancer, its therapeutic effect is still not ideal due to multiple obstacles such as insufficient tumor accumulation, tumor thermal resistance and tumor metastasis (45). Meanwhile, the clinical transformation of photothermal therapy is very slow, and it is still in the preliminary clinical research stage. Consequently, in order to further improve the efficacy of photothermal therapy, it is necessary to further explore the changes of tumor immune microenvironment and the activation of related immune response in photothermal therapy in order to improve its curative effect (46).

In recent years, cancer immunotherapy has not only been paid more attention by the growing number of researchers, but also has been widely used in clinical practice (47, 48). Although a variety of immunotherapy methods are available to treat tumors, including immune checkpoint inhibitors, cytokine, adoptive cell transfer, dendritic cell vaccines and chimeric antigen receptor T cells, immunotherapy based on immune checkpoint inhibitors have become the focus of attention (49, 50). At the same time, tumor ablation has received extensive attention as a promising minimally invasive technique for the treatment of various tumors (2). However, tumor recurrence and distant metastasis after ablation still seem to be the leading cause of death in patients (51, 52). Therefore, how to improve the therapeutic effect and reduce cancer recurrence or metastasis is still a central theme in the field of tumor ablation therapy. Recently, a growing number of studies have shown that ablation therapy could induce or enhance anti-tumor immune response, and ultimately reverse the immunosuppression of tumors to improve the effect of immunotherapy (53). On the one hand, after ablation, a large number of tumor debris and a variety of “danger signals” (such as DAMPs and heat shock proteins) are released, which can be used as antigens and immune stimulators to promote the activation of the immune system (54).At the same time, this activation of the immune system is systemic, which provides the potential for abscopal effect. Many studies have shown that the combination of ablation therapy and immunotherapy amplified the abscopal effect of ablation (55–57). On the other hand, ablation can improve the immune function of lymphocytes, for example, the number of IL-1 β and IL-18 increases after ablation, which can promote the response of type-1 helper T-cell (Th1) and the activation of dendritic cells (DCs) and cytotoxic T lymphocyte (CTLs) (58). Meanwhile, studies have shown that ablation could induce the PD-1/PD-L1 T-cell checkpoint pathway (59). It is not difficult to find that the changes in immune microenvironment after tumor ablation provide the possibility of immunotherapy based on the immune checkpoint inhibitor. Moreover, some emerging ablation technologies are also exploring the possibility of combining with immunotherapy. For example, after photodynamic therapy, various immune cells, including T cells, DCs, neutrophils, NK cells and macrophages are activated, Treg cells are increased and PD-L1 expression is up-regulated (46).At the same time, sonodynamic therapy can trigger systemic immune responses by eliciting ICD and repolarize macrophages from immunosuppressive M2 to antitumor M1 phenotypes (60). Which indicates that the combination of dynamic therapy and immunotherapy is a good strategy. Nowadays, the basic research and clinical research of ablation combined with a variety of immunotherapy including immune checkpoint inhibitors are in full swing, and show a good application prospect (53).



Strength and limitations

Overall, our study systematically analyzed the field of tumor ablation and immunity by using bibliometric tools, and predicted future research trends. this study not only helps researchers to have a comprehensive understanding of the progress and development of ablation and immunity in the past decade, but also provides ideas for their future research direction.

Inevitably, our study has some limitations. First of all, we only analyzed the data written in English from the WoSCC, excluding data from other important search engines (such as PubMed and Ovid) and other languages. Second, although the WoSCC database is still updating, the study includes the vast majority of articles published in the neighborhood of tumor ablation and immunity between 2012 and 2021, and the new data may not affect the results. Third, we may not include all the tumor ablation methods in the search strategy due to the complexity of ablation techniques, which leads to a certain selection bias in our results. Finally, most of the information was extracted by bibliometrics software, so our results may also be biased. For example, we cannot rule out the possibility that some authors have the same acronym and some keywords have different expressions.




Conclusion

We used bibliometrics software to conduct a relatively comprehensive and objective analysis of the neighborhood of tumor ablation and immunity, and explored the frontiers of research in this field. In general, exploring the immunological mechanism in photothermal therapy to improve its efficacy, and the combination of ablation therapy and immune checkpoint inhibitor therapy are the main focus of tumor ablation and immunity in the future.
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Percutaneous tumor ablation is now a widely accepted minimally invasive local treatment option offered by interventional radiology and applied to various organs and tumor histology types. It utilizes extreme temperatures to achieve irreversible cellular injury, where ablated tumor interacts with surrounding tissue and host via tissue remodeling and inflammation, clinically manifesting as post-ablation syndrome. During this process, in-situ tumor vaccination occurs, in which tumor neoantigens are released from ablated tissue and can prime one’s immune system which would favorably affect both local and remote site disease control. Although successful in priming the immune system, this rarely turns into clinical benefits for local and systemic tumor control due to intrinsic negative immune modulation of the tumor microenvironment. A combination of ablation and immunotherapy has been employed to overcome these and has shown promising preliminary results of synergistic effect without significantly increased risk profiles. The aim of this article is to review the evidence on post-ablation immune response and its synergy with systemic immunotherapies.
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Introduction

Interventional radiology is an essential part of oncologic care, from its traditional roles in tissue sampling and venous access to active therapeutics in tumor-directed locoregional therapies and various palliative interventions. In addition, recent progress in immunotherapy brought particular interest to systemic and local tumor microenvironments created by locoregional interventional therapies given their potential to release tumor-specific neoantigen and other immune-stimulators via in-situ tumor destruction (1, 2).

Percutaneous tumor ablation is now a widely accepted minimally invasive local treatment option offered by interventional radiology and applied to various organs and tumor histology types (3, 4). Tissue ablative technologies utilize extreme temperatures to achieve irreversible cellular injury (3). Radiofrequency ablation (RFA) has the longest history of clinical utilization and there are now various other modalities including microwave ablation (MWA), cryoablation (CA), high-intensity focused ultrasound (HIFU), and laser ablation (LA). Another tissue ablation modality, Irreversible electroporation (IRE), differs from others as it induces non-thermal cellular injury. Regardless of specific modalities, ablated tumor interacts with surrounding tissue and host via tissue remodeling and inflammation. Clinically, this is characterized as a post-ablation syndrome, which manifests as a combination of flu-like symptoms such as fever, malaise, nausea, and others (5–7). During this process, tumor neoantigens are released from ablated tissue and prime one’s immune system which would favorably affect both local and remote site disease control (so called “abscopal effect”). Expectedly, there has been a strong interest in taking advantage of this phenomenon, especially in the form of a combination between ablation and immunotherapy. The aim of this article is to review the evidence on post-ablation immune response and its synergy with systemic immunotherapies.



Cellular injury and tumor neoantigen release after percutaneous ablative therapy

Percutaneous ablative therapies, except for IRE, induce cellular injury by exposing tumor tissue to extreme temperatures. RFA, MWA, HIFU, and LA induce hyperthermic cellular injury, while the lethal freezing temperature is used in cryoablation. Focally induced extreme temperature results in a spherical area characterized by three distinct zones: central necrotic, peripheral transitional, and normal tissue (1, 3, 4, 8) (Figure 1). The central necrotic zone is immediately adjacent to ablation probes, achieved by temperatures greater than 60°C or below -20°C (3, 8), resulting in direct and immediate cellular injury. On the other hand, the peripheral transitional zone is characterized by a band of thermal conduction between the central necrotic zone and surrounding normal tissue. A steep temperature gradient within the transitional zone results in varying degrees of cellular injury: necrotic, delayed/indirect, and reversible injury. Various processes including apoptosis, ischemia-reperfusion, and immune response are responsible for delayed or indirect cellular injury (8).




Figure 1 | The application of ablative therapeutic modalities to tumors produces a biomolecular landscape that can generally be conceptualized into three concentric zones: a central necrotic zone, a transitional zone demonstrating the consequences of varying degrees of cellular injury, and an outer zone of normal tissue. Cells undergoing necrosis and other non-apoptotic forms of regulated cell death expose and release an abundance of molecules, including TAAs, tumor neoantigens, HSPs, and DAMPs, that incur the recruitment of innate cells, activation of local effector cells, and maturation of antigen presenting cells, particularly DCs. These DCs migrate to draining lymph nodes and induce the formation of tumor-specific cytotoxic lymphocytes, which subsequently circulate to the tumor site and carry out killing of tumor cells upon target antigen recognition. However, multiple negative immunomodulatory mechanisms that exist throughout the cycle, such as T cell anergy resulting from apoptotic tumor cell signaling and the induction of immunosuppressive phenotypes in the tumor microenvironment, have hindered clinically meaningful, immunologically driven anticancer effects from manifesting following ablation. Various approaches to overcome such immunosuppressive obstacles (violet boxes) have been deployed in conjunction with locoregional ablation to demonstrate prospects for a synergistic reinstatement of an immunostimulatory anti-tumor activities. Abbreviations: DAMP, damage-associated molecular pattern; DC, dendritic cell; HSP, heat shock protein; MHC, major histocompatibility complex; TAA, tumor-associated antigen; TCR, T cell receptor; TLR, toll-like receptor.



Tumor necrosis immediately releases damage-associated molecular patterns (DAMPs, such as DNAs and heat shock proteins (HSPs)) into the extracellular matrix (9). Dendritic cells (DCs) phagocytize DAMPs and subsequently promote the expression of co-stimulatory CD80/86 molecules (10, 11), present antigens on major histocompatibility complex (MHC) molecules, and promote systemic immune response (12).

Necroptosis, also called programmed necrosis, is a newly recognized form of regulated cell death with morphological features of both apoptosis and necrosis (13, 14). It is activated by death receptors, which subsequently induce RIPK3 (serine/threonine kinase 3) and activate MLKL (mixed lineage kinase domain-like pseudokinase). This ultimately leads to cell swelling and rupture as well as the release of DAMPs, hence potentially immunogenic (13, 14). Necroptosis has been observed in post-IRE environment (15, 16) but has not been reported or studied yet in other ablation modalities.

In contrast, apoptosis is an intrinsic, orchestrated process of cell death, known to be less immunogenic and inflammatory (10) than necrosis. Apoptosis also induces release of antigens that can be picked up by dendritic cells, but they do not typically release DAMPs (12). Without phagocytizing DAMPs, DCs do not induce expression of CD80 and CD86 molecules (12). Without these co-stimulators, T cell anergy or even clonal deletion may occur, thereby suppressing the immune response (12).

The relative ratio between tumor necrosis and apoptosis was hypothesized to be a critical modulator in post-ablation immunogenicity (3). Different ablation protocols and parameters have been utilized to optimize this ratio, resulting in varying degrees of post-ablation immunogenic profiles (17, 18).



Post-ablation inflammation: a double-edged sword

Ablative therapy decreases overall tumor burden and possibly leads to the reversal of immune suppression and unmasks a population of primed tumor-specific T cells that can induce protective immunity (19). Although detailed mechanism and downstream effect of the post-ablation immune response still remains elusive at large, there are many studies identifying effectors and mediators. Ablated tumors release and expose immune-potentiating tumor antigens as well as nuclear protein high mobility group B1 (HMGB1) and HSPs, which in turn induce antitumor immune response through activation of DCs (20). Studies have demonstrated tumor neoantigen released from the ablation bed yielded more effective dendritic cells in inducing CD4+ and CD8+ T cells (21). It also induces transient activation of myeloid dendritic cells (MDCs) associated with increased serum levels of TNF-α and IL-1β (22). In addition, the post-ablation environment has been shown to accelerate the migration of peripheral blood mononuclear cells (PBMC), activation of effector cells, and induction and secretion of cytokines, all of which may enhance the antitumor immune response (23).

It remains unknown how or if these post-ablation responses turn into clinically meaningful anti-tumor effects or abscopal effects. There have been anecdotal clinical case reports of the abscopal phenomenon after local ablation therapies (24–27) while the majority of post-ablation immune response remains clinically quiescent (1). Several cellular biomarkers including elevated lymphocyte-monocyte ratio (LMR) (28), decreased neutrophil-lymphocyte ratio (NLR) (29, 30) and increased cytotoxic natural killer (NK) cells (31) have been correlated with favorable post-ablation clinical outcomes.

On the contrary, there are many clinical reports with accelerated tumor progression after ablation therapy, questioning if the post-ablation environment may be in fact pro-oncogenic (32–35). There are studies showing that RFA is inferior to surgical resection due to a higher risk of recurrence and metastasis (36–39), with 5-year overall recurrence rates of 63.5% compared to 41.7% in surgical resection (40). Other studies have shown rapid tumor progression in some patients after RFA, which may be due to residual viable tumors after insufficient RFA (IRFA) (41–46). There are several suggested explanations for prooncogenic response in the post-ablation period. Rozenblum et al. showed that liver regeneration induced by RF ablation facilitates c-met/hepatocyte growth factor axis-dependent hepatocellular carcinoma (HCC) formation and blockage of IL-6 or c-met significantly reduced hepatocyte proliferation in animal models (35, 47). Another study by Kumar et al. showed that post-ablation STAT3 (signal transducer and activator of transcription 3) activation is linked to increased distant tumor stimulation in animal models (48). In addition, studies found factors such as epithelial-mesenchymal transitions (EMTs), increased number of cancer stem cells (CSCs), sustained local inflammation and hypoxic microenvironment, and heat shock response could explain rapid tumor progression after thermal ablation (49).



Ablation modality-specific immunomodulation

While all ablation techniques share eventual tissue destruction or elimination as a common endpoint, the mechanisms by which tissue is manipulated to achieve that end point differs substantially, and the resultant immunological effects might be expected to be similarly discrepant. In general, RFA is historically the most thoroughly studied and serves as the archetypal hyperthermic ablation modality.

The immunomodulatory effects of RFA are a complex interplay of both adaptive immunity activation and immunosuppressive effects. In general, in response to tumor ablation, numerous pro-inflammatory physiological pathways are activated, resulting in the upregulation of signaling molecules including IL(interleukin)-1β, IL-1α, IL-6, IL-8, IL-18, and TNFα (tumor necrosis factor α) (22, 47, 50, 51). Simultaneously, immunosuppressive molecules including IL-10 and transforming growth factor-beta are also elevated, and immunosuppressive T regulatory cells are decreased, reflecting the nuanced relationship between ablation and immune response (51, 52). Additional classes of signaling molecules, including “danger signals,” typically released by necrotic cells and implicated in the process of antigen presentation, are also affected, with extracellular heat shock protein 70 (HSP70) and high morbidity group box-1 (HMGB-1) among those studied (53–56). Further complicating our understanding of this complex interplay is the apparent heterogeneity with which these individual mechanisms are employed in any given patient, as evidenced by conflicting findings of up or down-regulation of various cytokines and regulatory T cells (47, 52, 57). At least some of this heterogeneity may be attributable to technical differences across patients, including treatment efficacy, with pro-tumoral molecules, including TNF-alpha, significantly higher among patients with subsequent tumor recurrence (58).

When compared head-to-head to alternative modalities, cryoablation has been shown to have the highest degree of immunomodulatory effects (59–62). Indeed, the well-described phenomenon of “cryoshock” whereby a hyper-activated immunological response to tumoral antigens results in a potentially lethal systemic inflammatory response represents an extreme example (63–66). Mechanistically, the relatively robust immune response following cryoablation is attributed to preservation of tumoral antigens, released from the ablation core, where necrotic cell death results from osmotic shock or physical damage, allowing spillage and subsequent uptake of these antigens by antigen presenting cells. This stands in contrast to hyperthermic ablation which results in coagulative necrosis with relatively more destruction of cellular proteins, leaving fewer viable antigens on which to predicate an immune response.

Studies of microwave ablation demonstrate the modality to have relatively fewer immunomodulatory effects; for example, serum levels of inflammatory cytokines have been shown to be lower after MWA as compared to RFA or cryoablation (59, 67). Even so, clinical reports of abscopal effects have been reported, and benchtop research has demonstrated increased tumor-specific T cell populations in HCC, as well as increased B-cell/CD4+ interactions in breast cancer (67–70). When present, these immunomodulatory effects connote an improved prognosis (68). Furthermore, “mild” microwave ablation at 48 degrees celsius has been shown to increase apoptotic rate in an in vitro and in vivo osteosarcoma model, when added to transforming growth factor (TGF) beta-1 inhibitor and heat shock protein 90 (HSP90) inhibitor, suggesting the immunomodulatory effects of microwave ablation may become increasingly appreciable in the era of immunomodulatory medications (71).

HIFU employs focused ultrasound, resulting in repeated collapse and growth of microbubbles within the target tissue, leading to mechanical disruption and boiling, with hyperthermic ablation and histotripsy as the end result (72–74). Histotripsy, which refers to cellular disruption into a liquified acellular homogenate, represents an immunological unique feature of HIFU as compared to other hyperthermic modalities. For example, in a study comparing tumor cells heated to below 55°C relative to above 80°C, there was increased dendritic cell maturation in the lower temperature group, suggesting histotripsy as an important underlying driver of the immune response, at least when allowed to predominate over coagulative necrosis (75). Additional studies have demonstrated the abscopal effects of HIFU, including showing an immunological benefit to HIFU in a melanoma model and neuroblastoma model (59, 76, 77).

The immune effects after laser ablation are relatively less well understood, as compared to other ablative modalities. One study of 13 consecutive patients undergoing percutaneous liver laser ablation demonstrated postprocedural increases in IL-6 and Tumor Necrosis Factor (TNF) Receptor 1, but not TNF-alpha, IL-1 beta, or IL-10 (78). In a murine model of colorectal liver metastases, CD3+ T cell accumulation was noted at the site of laser ablation, as well as within remote sites of disease (79). In a study of 11 patients undergoing hepatic laser ablation of colorectal metastases, the cytolytic activity of CD3+, CD4+, and CD8+ T cells was seen to increase after ablation (80).

As a younger ablative modality, the immune effects of IRE are also less well understood than RFA or cryoablation, especially as its mechanism for cell destruction - introducing nanopores into the lipid bi-layers of cell membranes - is so different from previously studied modalities (81). Early research that has been done on the immune effects of IRE show minimal inflammatory or fibrotic margins in the ablation zone, increased peripheral T lymphocytes when compared to surgical resection, and greater CD3+ T lymphocytes when compared to cryoablation (81–83). Recently, IRE’s upregulation of IFNγ has been suggested as a potential co-therapeutic target for immune regulatory medications (84).



Synergistic effect of ablation and immunotherapy

As tumor ablation has been shown to prime one’s immune system by releasing tumor neoantigens, numerous studies in recent years have investigated the combinatory effects of ablation and adjuvant immunotherapy with the hopes of demonstrating their synergistic effects (1) (Table 1). Extending beyond investigations of the mechanisms underlying the interactions between ablation and immunotherapeutic agent administration, several clinical trials and studies have been implemented in pursuit of confirming potential clinical advantages of combination therapy. Difficulties remain in directly correlating outcomes and post-treatment immune modulation, though there are many promising results.


Table 1 | Summary of currently available clinical studies on ablation and immunotherapies.



Combinations of ablation with immune checkpoint inhibitors (ICI) in preclinical and clinical studies have offered favorable prospects. PD-1 blockade with nivolumab or pembrolizumab has been of particular interest for potential synergy with thermal ablative techniques, owing to evidence of a theoretical influence of PD-L1/PD-1 expression on RFA-induced antitumor immunity (85). One proof-of-concept clinical trial demonstrated that subtotal RFA or MWA may augment the tumor-directed immune response stimulated by these agents to increase the overall response rate and improve median overall survival (OS) in patients with HCC (86). Likewise, survival advantages have been suggested with camrelizumab (anti-PD-1) combined with RFA, shown in a propensity score matching analysis of 127 patients to improve 1-year recurrence-free survival (RFS) (87). In another pilot study, 15 patients with melanoma metastases to the liver who underwent cryoablation and pembrolizumab experienced persistently increased serum IL-6 levels immediately after cryoablation (88). At three weeks following treatment, there was a significant increase in Natural Killer (NK) cells and a decrease in regulatory T (Treg) cells. Case reports have furthermore reported successful treatment of colorectal metastases to the lung with the combination of MWA and pembrolizumab (89), as well as of metastatic clear cell RCC with the combination of cryoablation and nivolumab (90).

The use of ablation in conjunction with CTLA-4 blockade, especially by means of tremelimumab administration, may generate favorable immune processes in patients as well. In a pilot study of 12 BCLC stage C patients with metastatic HCC that did not respond to sorafenib treatment, Duffy and colleagues revealed that treatment with RFA and chemoablation therapy combined with tremelimumab led to favorable objective treatment responses, with median TTP (time to progression) of 7.4 months and median OS of 10.1 months (91), as well as a decreased volume of and increased active CD8+ cytotoxic lymphocyte (CTL) infiltration into distant lesions. The authors then went on to evaluate the efficacy of combining tremelimumab with RFA, cryoablation, or Transarterial Chemoembolization (TACE) in treating HCC (92) and with MWA in treating advanced biliary tract cancer (BTC) (93). The feasibility and safety of combination therapy were successfully demonstrated in both instances and data revealed early evidence that tremelimumab with MWA may produce differential systemic immune responses in BTC and HCC patients (93). However, all 39 HCC and 20 BTC patients studied underwent tumor ablation or TACE rendered it impossible to address the question of whether locoregional therapy enhanced the effects of ICI (92). Additionally, a pilot study assessing the feasibility of neoadjuvant treatment with another anti-CTLA-4 antibody (ipilimumab) and cryoablation in patients with operable breast cancer suggested tolerability of the combination without delay of surgical intervention, along with increased activated proliferating peripheral T cells following combination therapy compared to either treatment alone (94).

There have been promising studies looking at harnessing the potentiation of the antigen presentation process in combination with ablation therapies. Two studies investigating treatment with cryoablation and GM-CSF injection in patients with metastatic RCC (95) and prostate cancer (96) showed tumor-specific CTL response in peripheral blood. Meanwhile, the adoptive transfer of stimulated dendritic cells (DCs) themselves has also proven a candidate for use with ablation. Niu and colleagues conducted a retrospective review of 106 patients with metastatic pancreatic cancer (97), and the later at 45 patients with metastatic HCC (98), demonstrating that median survival and overall survival, respectively, were significantly improved when treated with a combination of cryoablation and adoptive transfer of GM-CSF-stimulated DCs than with cryoablation, immunotherapy, or chemotherapy alone (97, 98). A randomized phase I/II trial of 30 HCC patients investigated autologous dendritic cell tumor injection versus RFA combined with OK432-stimulated DC tumor injection (99). The study found that 5-year RFS rates of patients with significantly increased tumor-associated antigen (TAA)-specific T cell responses were much higher than those of other patients, aligned with results of previous studies showing that RFA increases the TAA-related T cell response in murine models of HCC (100). However, in another phase II study, adjuvant therapy with a TAA-pulsed DC vaccine prolonged RFS of patients with complete remission in non-RFA groups compared with those in the RFA-treated group (101), leaving the question of optimal DC treatment combinations yet to be clarified. The neoadjuvant and adjuvant potential of tumor antigen vaccines is also being explored. For instance, based on the finding that RFA tended to induce a significantly greater GPC3-specific CTL response in patients with GPC3-overexpressing HCC than TACE or surgical resection (102), the antitumor efficacy and resulting GPC3-specific CTL response following administration of a GPC3 peptide vaccine was established (103), and a phase II study of the combination of the vaccine with RFA or resection demonstrated improved 1-year recurrence rates (104), though differences between patients receiving surgical versus ablative local treatments remain unclear.

In addition to DCs, other cell types have also demonstrated signs of antitumor response when administered by adoptive transfer and hence have been interrogated for synergistic interactions with ablation. Researchers have long sought to capture the malignant cell-recognizing capability of natural killer (NK) cells, innate immune effector lymphocytes that utilize self-ligand recognition to issue rapid destructive methods against stressed cells (105), in cancer immunotherapy. In an early pilot clinical study of NK cell transfer and cryoablation in 48 patients with treatment-resistant breast cancer, effector T cells and Th1-type cytokines were increased in the peripheral blood of patients who received the combined treatment, but progression-free survival (PFS) was not significantly augmented in this group compared to those who only underwent cryoablation (106). Similar peripheral immune cell trends were seen in two prospective studies looking at this combination in 60 patients with metastatic RCC (107) and in 60 patients with non-small cell lung cancer (108), though data regarding survival were not reported. Clinical effects of NK cell immunotherapy were also studied in conjunction with IRE in primary liver cancer patients and were suggested to improve survival and elicit greater immune responses than IRE without immunotherapy (109).

Cytokine-induced killer (CIK) cells are non-major histocompatibility complex (MHC) restricted cytotoxic lymphocytes that display high proliferative and cytolytic activity (110), obtained by in vitro co-culture of human PBMCs and multiple cytokines (111). Existing data have offered substantial support for the possible benefits of CIK cell therapy in treating cancers in combination with other immunomodulatory modalities, with clinical investigations focusing mainly on implications in HCC treatment. A phase I study in ten HCC patients with chronic hepatitis B treated with MWA along with adoptive immunotherapy involving DC, CTL, and CIK infusion demonstrated the safety of this sequential combination of therapies and consequent signs of ameliorated immune suppression on peripheral blood analyses (112). Similar alterations to peripheral lymphocyte populations were seen in a prospective phase II study of 14 HCC patients treated with MWA with CIK cells alone (113), and this combination of therapies further been demonstrated in a study of 43 HCC patients to improve median OS and PFS when combined with TACE compared to MWA and TACE without immunotherapy (114). CIK cells administered in conjunction with RFA have furthermore been implicated in improving HCC treatment. OS and PFS were found to be significantly increased in a study of 30 patients with HCC treated with RFA followed by a combined infusion of CIK cells, NK cells, and γδT cells (115). In turn, when applied following a combination of RFA and TACE, CIK therapy has been revealed in meta-analysis data to be associated with higher 1-year RFS and 1- and 2-year OS than RFA plus TACE alone (116), and retrospective analyses of HCC patients treated with this triple therapy (n = 85 and n = 58, respectively) demonstrated significantly longer OS and PFS (117) as well as elevated peripheral Tregs and NK cells, lower CD8+ T cell levels, and higher general functioning scores than those who did not receive immunotherapy (118). In a prospective randomized trial, 45 HCC patients who underwent autologous CIK cell transfusion combined with RFA and TACE experienced no serious side effects and demonstrated reduced 1-year recurrence rates than those who received only RFA and TACE (9% versus 30%) (119). One multicenter, randomized phase III clinical study enrolled 230 HCC patients who had undergone surgical resection, RFA, or percutaneous ethanol injection (PEI), who were then randomly assigned to receive or not receive CIK cell infusions. The group assigned to undergo combination therapy with CIK cells had a median PFS of 44 months and had significantly longer OS and tumor-specific survival rates than the control group (101). Finally, one single-arm prospective study of 7 patients with HCC treated with RFA followed by autologous T lymphocytes stimulated with a combination of immobilized RetroNectin and anti-CD3 monoclonal antibody, which has been suggested to induce greater T cell expansion than other known methods (120, 121), demonstrated the safety of this treatment approach as well as improvements in circulating lymphocyte profiles (122), opening up avenues for the investigation of additional forms of adjuvant adoptive immunotherapy and their role in ablative cancer treatment.



Ongoing trials and future direction

As of September 2022, 60 clinical trials studying combinations of various ablation and immunotherapy are registered to be planned or underway at clinicaltrials.gov (Table 2). Among these are a few notable large, multicenter phase III trials, including EMERALD-2 and CA2099DX. Most of the clinical trial landscape, however, remains dominated by outcome-based studies of small sample sizes and great variability in treatment parameters and protocols, reflecting rapid recent advancements in both interventional oncology and immuno-oncology. Therefore, in addition to optimizing combination treatment regimens, a detailed understanding of the mechanisms and key players of synergistic interaction should be prioritized for future studies. For example, identifications of biomarkers from post-ablation tumor microenvironments will help us to select the most effective, personalized therapeutic strategy among multiple available modalities and possible combinations with immunotherapy agents.


Table 2 | Summary of ongoing trials of locoregional interventions and immunotherapy.





Conclusion

Percutaneous ablation treatment offered by interventional oncology is not only effective in local tumor control but also capable of releasing tumor neoantigens in situ. Although successful in priming the immune system, this rarely turns into clinical benefits of local and systemic tumor control due to intrinsic negative immune modulation of the tumor microenvironment. A combination of ablation and immunotherapy has shown preliminary but promising results of synergistic effect without significantly increased risk profiles. Synergistic interaction between tumor ablation and immunotherapy will further our understandings of cancer generation and treatment, which will greatly benefit scientists and patients together.
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Residual lesions and undetectable metastasis after insufficient radiofrequency ablation (iRFA) are associated with earlier new metastases and poor survival in cancer patients, for induced aggressive tumor phenotype and immunosuppression. Programmed cell death protein 1(PD-1) blockade has been reported to enhance the radiofrequency ablation-elicited antitumor immunity, but its ability to eliminate incompletely ablated residual lesions has been questioned. Here, we report a combined treatment modality post iRFA based on integrating an oxygen self-enriching nanodrug PFH-Ce6 liposome@O2 nanodroplets (PCL@O2)-augmented noninvasive sonodynamic therapy (SDT) with PD-1 blockade. PCL@O2 containing Ce6 as the sonosensitizer and PFH as O2 reservoir, was synthesized as an augmented SDT nanoplatform and showed increased ROS generation to raise effective apoptosis of tumor cells, which also exposed more calreticulin to induce stronger immunogenic cell death (ICD). Combining with PD-1 blockade post iRFA, this optimized SDT induced a better anti-tumor response in MC38 tumor bearing mouse model, which not only arrested residual primary tumor progression, but also inhibited the growth of distant tumor, therefore prolonging the survival. Profiling of immune populations within the tumor draining lymph nodes and tumors further revealed that combination therapy effectively induced ICD, and promoted the maturation of dendritic cells, tumor infiltration of T cells, as well as activation of cytotoxic T lymphocytes. While iRFA alone could result in an increase of regulatory T cells (Tregs) in the residual tumors, SDT plus PD-1 blockade post iRFA reduced the number of Tregs in both primary and distant tumors. Moreover, the combined treatment could significantly initiate long-term immune memory, manifesting as elevated levels of CD8+ and CD4+ central memory cells. Therefore, this study establishes the preclinical proof of concept to apply oxygen self-enriching SDT to augment cancer immunotherapy after iRFA.




Keywords: insufficient radiofrequency ablation, PD-1 blockade, oxygen self-enriching nanodrug, sonodynamic therapy, immunogenic cell death, antitumor immunity




1 Introduction

Radiofrequency ablation (RFA) is an effective curative thermal ablation treatment for tumors such as hepatocellular carcinomas, liver metastases, or renal cancers (1–3). Patients benefit from RFA treatment for its safety, minimal invasiveness, and effectiveness. RFA can also induce localized coagulation necrosis and release large amounts of cellular debris in situ to source tumor antigens to eliminate residual tumor cells (4, 5). However, in clinical practice, the clearance of the primary tumor by RFA alone sometimes can be difficult because of poorly defined tumor margin or undetected micrometastases, due to the limitation of tumor detection, or when tumors close to high-risk locations such as large blood vessels or bile ducts, lacking accessibility for complete RFA. Unfortunately, the RFA-induced immune responses are insufficient to eradicate residual tumors or prevent tumor recurrence. Similar to surgical resection of hepatocellular carcinomas, the 5-year recurrence rate of RFA treatment could be as high as 70%. It was reported that multiple mechanisms are involved and synergistically contribute to tumor recurrence after RFA. Several studies have shown that tumor tissue undergoes insufficient radiofrequency ablation (iRFA) at temperatures too low (42-60 °C) to kill residual tumor cells, leading to rapid and aggressive recurrence after iRFA (6, 7). iRFA is mainly due to poorly defined tumor margins or undetected micro-metastases, and can result in a post-RFA immunosuppressive microenvironment, which is crucial for further intervention. On the one hand, the iRFA can mediate local recruitment of tumor-associated macrophages and myeloid-derived suppressor cells to suppress immune surveillance (8). On the other hand, the presence of residual liver tumors was reported to associate with diminished response to immunotherapy, but not to targeted therapy or chemotherapy (9, 10). Because residual tumors can recruit immunosuppressive immune cells, including regulatory T cells (Tregs), to promote antigen-specific T cell apoptosis within the liver, thereby siphoning activated CD8+ T cells from systemic circulation. Thus, new adjuvant strategies are urgently needed to restrain iRFA-induced tumor cell progression.

Checkpoint inhibitor immunotherapy (CPI), especially programmed cell death protein 1/programmed cell death ligand 1 (PD-1/PD-L1) blockade, can reinvigorate the preexisting anti-tumor immunity to achieve a durable response rate, making it an important combination therapy in a post-RFA tumor recurrence. Wang et al. (11) reported that combination therapy with anti-PD-1 (aPD-1) plus RFA was superior to RFA alone in improving survival in patients with recurrent HCC, with 1-year recurrence-free survival rates of 32.5% and 10.0%. However, the response rate is still not high enough to prevent tumor recurrence, which may be compromised by the absence or exhaustion of CD8+ T cells, and an increase of immune-suppressive cells, such as Tregs. For instance, the iRFA-mediated local recruitment of Tregs suppressed immune surveillance and hindered PD-1 immunotherapy in colorectal cancer liver metastasis (10).

Recently, accumulating studies have shown that the immunosuppressive tumor microenvironment (TME) can be significantly modulated in ultrasound-triggered sonodynamic therapy (SDT), a noninvasive therapeutic strategy that can generate lethal reactive oxygen species (ROS) (12, 13). SDT applies sonosensitizers that are activated by low-intensity ultrasound (US) radiation to transfer energy to the surrounding oxygen (O2), generating ROS to directly kill or induce apoptosis of tumor cells, meanwhile exposing calreticulin (CRT) to induce immunogenic cell death (ICD), with minimal damage to healthy tissues. SDT induced ICD allows for maximum preservation of intact tumor antigens, which may trigger effective systemic immune responses to remove residual tumors and prevent tumor recurrence. Especially, most RFAs are performed under the guide of ultrasound in the clinical practice, which can be perfectly coordinated with SDT treatment to kill residual tumor cells.

Herein, aiming to improve the immunotherapeutic efficacy and to reduce the tumor recurrence after RFA therapy, we designed a type of multifunctional nanodrug (PFH-Ce6 liposome@O2 nanodroplets, abbreviated as PCL@O2) to enhance the thermal ablation effect of RFA and improve the anti-PD-1 therapy after iRFA by encapsulating chlorine 6 (Ce6) as the sonosensitizers and phase-shifted perfluorohexane (PFH) liquid droplets as O2 reservoir, into liposomes (Figure 1). Under ultrasound irradiation, Ce6 can generate ROS for SDT and consume oxygen to aggravate the hypoxic microenvironment of the tumor. However, the hypoxic environment within the tumor is unfavorable for sonosensitizers that require O2 to exert their photocytotoxicity. Various strategies have been developed to overcome hypoxia, including the delivery of oxygen through artificial blood substitutes, such as perfluorocarbon, which has high affinity to O2 and good biocompatibility (14). The perfluorohexane (PFH) encapsuled in the nanodrug is a kind of perfluorocarbon with higher boiling points (around 58 °C), therefore having high in-vivo stability. PFH can enhance SDT not only by boosting the O2 level but also prolonging the lifetime of ROS inside tumor with its ROS storage capability, behaving like oxygen self-enriching (15). The further thermoelastic expansion of PFH can also enhance local tumor thermal ablation effects without significantly increasing the temperature (16). Furthermore, the PCL@O2 augmented SDT may induce effective ICD to active the T cell immune response, which could be promoted by the additional aPD-1 therapy. Thus, the SDT nanodrug (PCL@O2) may synergize with the aPD-1 treatment to elicit robust anti-cancer immunity and relieve immunosuppression of TME, providing potential strategies to eliminate residual tumors, enhance anti-tumor immunity, and reduce tumor recurrence after iRFA treatment.




Figure 1 | Schematic illustration of the synthesis of O2 loading PFH-Ce6 liposome@O2 nanodroplets abbreviated as PCL@O2 and in vivo antitumor performance of PCL@O2 in enhanced sonodynamic therapy (SDT)-immune combination therapy.






2 Materials and methods



2.1 Materials

Dipalmitoyl phosphatidylcholine (DPPC), cholesterol (CHO), and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-2000 (DSPE-PEG-2000) were obtained from A.V.T. Pharmaceutical Co., Ltd. (Shanghai, China). Chlorin e6 (Ce6) and Perfluorohexane (PFH) were purchased from J&K Science Ltd. (Beijing, China). 1,3-Diphenylisobenzofuran (DPBF) was obtained from PYTHONBIO (Kaifeng, China), 2′,7′-Dichlorofluorescin diacetate (DCFH-DA) was obtained from Sigma-Aldrich. Anti-Calreticulin antibody was supplied by Abcam (Cat. #ab92516), Calcein AM was obtained from Beyotime (Cat. #C2012), PI was obtained from Solarbio (Beijing, China), CCK-8 was purchased from Dojindo Molecular Technologies, Inc. (Japan). The aPD-1 antibody was purchased from BioXcell (Cat. #BE0146). Antibodies for flow cytometry, including anti-CD45-PerCP (Cat. #103130), anti-CD3-FITC (Cat. #100204), anti-CD8-APC (Cat. #100711), anti-CD4-APC (Cat. #100412), anti-FoxP3-PE (Cat. #320008), anti-CD11c-FITC (Cat. #117306), anti-CD80-PE (Cat. #104708), anti-CD86-APC (Cat. #105012), anti-CD8-PE/Cy7 (Cat.# 100721), anti-CD4-BV650 (Cat. #100469), anti-CD44-PE (Cat. #103008), and anti-CD62L-APC (Cat. #104412) were obtained from Biolegend. Anti-CD8 antibody was supplied by Cell Signaling Technology (Cat. #98941S). Ki67 antibody was obtained from Servicebio Technology Co. Ltd., (Wuhan, China). ELISA kits were purchased from Dakewe Biotech Co., Ltd (Shenzhen, China).




2.2 Synthesis of nanodrug

The PCL@O2 was synthesized by filming-rehydration method. Briefly, A 6:3:1 weight ratio of DPPC:CHO: DSPE-PEG (total of 10 mg) and 1.0 mg Ce6 were dissolved in 2 mL CH2Cl2 in a 25 mL flask. Subsequently, the prepared film was hydrated and 100 μL of PFH was added into above suspension under sonication via a sonicator. Finally, PCL@O2 could be harvested by bubbling O2 gas in above PCL suspension. The resulted nanodroplets was stored at 4 °C. Ultimately, the Ce6 liposome@O2 nanodroplets (CL@O2) was prepared using the similar process except the addition of PFH.




2.3 Characterization of nanodrug

The Hydrodynamic diameter and Zeta potential of synthesized PCL@O2 were evaluated by via Nano ZS90 (Nano ZS, Malvern, USA). The morphology was obtained via transmission electron microscopy (TEM- JEM-2100F). These loading effect of Ce6 was evaluated by standard curve method via UV-vis spectrometer (Synergy HTX, BioTEK Co., USA).




2.4 In vitro ROS generation

Moreover, ROS generation of PCL@O2 triggered by ultrasonic irradiation was determined by DPBF, whose UV-via absorbance peak can be quenched by generated ROS. Briefly, DPBF (3 mM, 160 μL) and different formulation (PCL@O2, CL@O2 and H2O) were added into pre-deoxygenated water and the mixed solution (2 mL, Ce6 2.5 μg/mL, DPBF 240 μM) was subsequently irradiated by US (1.0 MHz, 1.6 W/cm2, 50% duty cycle) for 15 min. Then, the absorbance peak of DPBF was measured and recorded by UV–vis spectrophotometer.




2.5 In vitro O2 release

The O2 loading and ultrasound-responsive O2 release of oxygenated PCL@O2 were investigated by monitoring dissolved O2. Briefly, 1 mL different formulation (PCL@O2, CL@O2 and H2O) was added into 7 ml pre-deoxygenated water. After 2 min, the ultrasound irradiation (1.0 MHz, 1.6 W/cm2, 50% cycle) was carried out for 4 min. The concentration of dissolved O2 was detected in a sealed chamber equipped with portable dissolved oxygen meter (JPB-607A, INESA & Scientific Instrument Co., Ltd, Shanghai, China) in real time.




2.6 Cell lines

The murine colon adenocarcinoma cancer cell line MC38 was obtained from the Cell Bank of Shanghai Institute of Biochemistry and Cell Biology (China). The MC38 cell line was cultured in dulbecco’s modified eagle medium (DMEM, Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA) and 1% penicillin/streptomycin under 5% CO2 at 37 °C.




2.7 In vitro ROS detection

The intracellular ROS generation was evaluated by DCFH-DA. Briefly, after adhering in 24 wells plates, the MC38 cells were incubated with PCL@O2 or CL@O2 nanoparticles at Ce6 concentration of 5 μg/mL for 4 h. Subsequently, the cells were exposed to ultrasound irradiation (1.0 MHz, 1.6 W/cm2, 50% duty cycle) for 1 min, incubated with DCFH-DA (10 μM) for 30 min and then observed by fluorescence microscope (ECLIPSE TS2R FL, Nikon, Japan). Quantitative analysis of the fluorescence intensity was performed using Image J software.




2.8 In vitro cytotoxicity assessment

The cytotoxicity of SDT was evaluated by CCK-8 assay. After the completion of incubation and irradiation described previously, the cells were further incubated for another 2 h. The cell viability was assessed using CCK-8, and the OD 450 nm value was measured by a multimode reader (Synergy HTX, BioTEK Co., USA). Additionally, the cell viability was evaluated by live/dead cell staining. Similarly, the treated MC38 cells were stained with Calcein-AM and PI for 30 min, and observed by fluorescence microscope (ECLIPSE TS2R FL, Nikon, Japan). CRT expression on the treated cell surface was also observed to assess immunogenic cell death caused by SDT. Briefly, after fixation with 4% paraformaldehyde, the treated cells were blocked with 5% BSA, incubated with the anti-calreticulin antibody overnight and then with secondary antibody for 1 h. After further counterstaining with DAPI, the MC38 cells were visualized by fluorescence microscope. Semi-quantitative analysis of the fluorescence intensity was performed using Image J software.




2.9 In vitro dendritic cells maturation

Bone marrow cells were isolated from 6-week-old C57BL/6 mice and cultured according to the established protocol to induce immature bone-marrow-derived dendritic cells (BMDCs). The induced immature BMDCs were plated in the lower compartment of a transwell system (1×106 cells per well). The MC38 cells treated with various treatments including incubation with nanodroplets for 4 h, irradiation to ultrasound (1.0 MHz, 1.6 W/cm2, 50% duty cycle, 1min) were put into the upper compartment of the transwell system. After co-incubation for 24 h, the treated BMDCs were stained with anti-CD11c-FITC, anti-CD80-PE and anti-CD86-APC and then collected for flow cytometric assessment.




2.10 Animal models and treatments

Female C57BL/6 mice (6-8 weeks old, 18-20 g) were provided by Guangdong Medical Laboratory Animal Centre. All animal experiments and operations were approved by Institutional Animal Care and Use Committee of the Sun Yat-sen University (approval number: SYSU-IACUC-2022-001655).

To develop bilateral subcutaneous MC38 tumor bearing mice, 40 μL and 120 μL of MC38 cell suspension (1×107/mL PBS) were subcutaneously injected into the left and right flank, respectively. Treatments were initiated after 2 weeks, when the long diameter of the right tumor reached about 0.6 cm. The C57BL/6 mice bearing bilateral subcutaneous MC38 tumors were randomly divided into five groups receiving various treatments: (1) Control, (2) RFA, (3) RFA + aPD-1, (4) RFA + SDT, (5) RFA + SDT + aPD-1. The radiofrequency ablation treatments were performed using a radiofrequency electrode with an active tip of 1 cm. The tip was inserted percutaneously into the center of the right tumor for about 1 min depending on the actual tumor size, until the temperature reached 60°C within the tumor. For the SDT therapy, the PCL@O2 ([Ce6] = 667 μg/mL, 100 μg/injection) was intravenously injected three times on day 2, 5 and 8 after RFA administration. Subsequently, the primary tumor (the ablated one) of treated mice were irradiated with ultrasound (1.0 MHz, 1.6W/cm2, 30%, 8 min) at 12 and 24 h after PCL@O2 injection. For PD-1 blockade, 200 μg anti-PD-1 was administered through intraperitoneal injection every three days for a total of three times.




2.11 In vivo biodistribution of nanodrug

In vivo fluorescence imaging was performed to evaluate the accumulation of nanodroplets at tumor site and major organs. When the MC38 tumor volume grew up to 100 mm3, the in vivo fluorescence image of tumor-bearing mouse was acquired as control (0 h). After that, PIL@O2 (1 mg/kg IR-780) was intravenously injected via tail vein to reveal the biodistribution of nanodroplets. The fluorescence images were acquired at different time points (2, 4, 6, 9, 12, and 24 h) by Lumina XR Series III system (Perkin Elmer, USA, IR780: Ex, 720 nm; Em, 790 nm). 24 hours after the administration of PIL@O2, the major organs (heart, liver, spleen, lung and kidney) and tumor nodule were collected for ex vivo fluorescence imaging. Subsequently, the fluorescence signal intensities were quantified and calculated with living imaging system (IVIS lumina).




2.12 Tumor processing

Tumor diameters were measured using calipers every 2 days till 30 days after RFA treatment. The tumor volume was calculated using the formula, V = length × width2/2. For immune responses investigation, primary and distant tumors were harvested on the 10th day and divided into three parts. A portion of the tumor tissues were minced and digested with 125 μg/mL collagenase and 12.5 μg/mL DNAse at 37 °C for 15 min, then ground and filtered with 1% FBS PBS buffer to prepare tumor cell suspension for flow cytometry analysis. A portion of the tumors were fixed in 4% paraformaldehyde for histology and the remaining tumors were prepared for tissue homogenates in PBS to analyze cytokines by Enzyme-linked immunosorbent assay (ELISA).




2.13 Flow cytometry analysis

The above-processed cell suspension was stained with fluorochrome-conjugated antibodies for the evaluation of CD8+ T cells (CD45+CD3+CD8+), CD4+ T cells (CD45+CD3+CD4+) and Tregs (CD45+CD3+CD4+FoxP3+) for 30min and then analyzed using flow cytometry. Tumor-draining lymph nodes were also collected and made into single-cell suspension to analyze dendritic cells (DCs, CD11c+CD80+CD86+) and central memory T cells (Tcm, CD44+CD62L+) in CD8+ T cells or CD4+ T cells.




2.14 Histology and immunofluorescence staining

Fixed tumor tissues in 4% paraformaldehyde were then embedded in paraffin, sectioned, dewaxed and rehydrated, and retrieved the antigen. Then, tumor tissue sections were conducted hematoxylin-eosin (H&E), and IHC staining by Ki67 and CD8. Eventually, staining images were obtained using microscope.




2.15 Measurements of cytokines

To further investigate the level of related cytokines (TNF-α and IFN-γ), the tumor tissue homogenates were assessed using the ELISA kits according to the instructions.




2.16 Biosafety evaluation

Major organs (heart, liver, spleen, lung, and kidney) from each group were obtained and fixed in 4% paraformaldehyde for H&E staining. Blood samples were collected, and the serological analyses containing hepatic and renal functional markers were carried out following the manufacturer’s protocol.




2.17 Statistical analysis

Prism 8.0 (GraphPad Software) was used to analyze data. Statistical analyses were conducted using two-tailed unpaired t test. Survival rates were analyzed by the Kaplan-Merier method and compared with log-rank test. Data were expressed as mean ± standard deviation (SD)/standard error of mean (SEM). P < 0.05 was considered to be statistically significant.





3 Results



3.1 Synthesis and characterization of nanodroplet

The SDT nanodroplet, PCL@O2, with a PFH core and a lipid membrane were synthesized by typical reverse evaporation method (Figure 1). Phospholipid as one of the most excellent biocompatibility materials was used as shell for loading hydrophobic agents Ce6 (sonosensitizer). Additionally, the O2-loaded nanodroplet, PCL@O2, was obtained by bubbling O2 gas. As light scattering (DLS) illustrated, PCL@O2 displayed an averaged hydrodynamic diameter of 230.17 ± 4.31 nm (PDI = 0.15 ± 0.02) (Figure 2A), and an averaged zeta potential of 0.47 ± 0.05 mV (Supplementary Figure 1). As monitored by the transmission electron microscopic (TEM) image (Figure 2B), the PCL@O2 showed a spherical morphology and homogeneous size. Additionally, the loading content of Ce6 was calculated to be 6.53 ± 0.05%.As shown in Figure 2C, the PCL@O2 nanodroplet was well dispersible in aqueous solution, and no aggregation in PBS containing 10% fetal calf serum (FBS) within 48 h.




Figure 2 | Characterization of the PCL@O2. (A) Hydrodynamic diameters of PCL@O2 measured by DLS. (B) Spherical morphology of PCL@O2 monitored by TEM. (C) Collodial stability of PCL@O2 dispersed in PBS containing 10% FBS. (D) UV-vis absorption spectra of DPBF in the presence of PCL@O2 under different ultrasound irradiation time (1.0 MHz, 1.6 W/cm2, 50% duty cycle). (E) Depletion effect of DPBF induced by differernt formulation under ultrasound irradiation (1.0 MHz, 1.6 W/cm2, 50% duty cycle, n = 3). (F) Dissolved oxygen concentrations of H2O, Ce6 liposome@O2 nanodroplets (CL@O2) and PCL@O2 nanodroplet solution under ultrasound irradiation (1.0 MHz, 1.6 W/cm2, 50% duty cycle). Data are presented as mean ± SD.



To investigate the ROS production capacity of PCL@O2 under US irradiation, 1,3-diphenyliso- benzofuran (DPBF) were employed as molecular probe to monitor the ROS generation (13, 17). As shown in Figures 2D, E, the absorbance peak of DPBF in PCL@O2 solution decreased starkly under US irradiation, while the absorption peak of DPBF in CL@O2 decreased slowly. After US irradiation for 15 min, the decreased DPBF concentration of PCL@O2 group and CL@O2 nanodroplet was 55.3 ± 3.8% and 22.8 ± 5.8%, respectively. In comparison, the change of DPBF peak absorption in control group was negligible.

The O2-loaded PCL@O2 was synthesized as an augmented SDT nanoplatform. As reported, O2 can be loaded and stabilized by PFH for about two weeks, which significantly prolong the in vivo application time (18). As shown in Figure 2F, the dissolved oxygen concentration of PCL@O2 was obviously increased to 10.8 mg/L. In comparison, only a slight increase (up to 5.8 mg/L) of dissolved oxygen concentration was observed in CL@O2 group. After ultrasound irradiation, the PCL@O2-containing solution showed a dramatic increase of oxygen concentration to about 13.3 mg/L, which was higher than that of the CL@O2 group. Thus, results documented the good O2 loading ability and US-induced O2 release of PCL@O2, suggesting that PCL was potentially for delivering O2 to tumor in vivo and releasing it site-specifically under focal US irradiation.




3.2 In vitro ROS generation and SDT assessments

The ROS generation inside MC38 cancer cells of Ce6-loaded nanodrug with US irradiation was measured with DCFH-DA, a ROS indicator. The Ce6 induced ROS with US irradiation can oxidate DCFH to strong fluorescent product DCF (oxidation product of DCFH), therefore showing the ROS level. As observed under confocal laser scanning microscopy, MC38 tumor cells incubated with PBS, CL@O2 and PCL@O2 without US irradiation or PBS with US irradiation showed negligible DCF fluorescence (Figure 3A, Supplementary Figure 2A), indicating US irradiation and sonosensitizer are both necessary for ROS generation. Compared with CL@O2, US irradiation induced higher green fluorescence intensity in cells incubated with PCL@O2, showing the robust synergy of O2-filled PFH in ROS generation. The live and dead cell viability assays were then carried out to evaluate the cytotoxicity effect of the generated ROS. Cells incubated with different nanodrugs without US irradiation or PBS with US irradiation showed strong green fluorescence, exhibiting good cell activity. In comparison with CL@O2 + US treatment, cells incubated with PCL@O2 + US showed much stronger red fluorescence and weaker green fluorescence, stating that PCL@O2 + US could result in more effective cytotoxicity (Figure 3B, Supplementary Figure 2B). ROS-induced cytotoxicity of nanodrug was further evaluated with CCK-8 analysis. Without US irradiation, cells incubated with PCL@O2(5 μg/mL) showed a good viability above 97%, indicating the nanodrug possessed a good biocompatibility. After irradiated with ultrasound, PCL@O2 + US at same concentration induced more apoptosis and a much lower viability (39%) than that of CL@O2 + US (49%) (Figure 3C).




Figure 3 | In vitro SDT assessments against MC38 cancer cells and maturation of DCs. (A) Intracellular ROS generation detection using DCFH-DA as a ROS probe after treatments with CL@O2 and PCL@O2 nanodroplets with or without ultrasound irradiation (1.0 MHz, 1.6 W/cm2, 50% duty cycle, 1 min). (B) Fluorescence images of MC38 cells stained with Calcein-AM (live cells, green fluorescence) and PI (dead cells, red fluorescence) after different treatments. (C) Viability of MC38 cells via CCK8 analysis. (D) Immunofluorescence staining of surface exposure of calreticulin (CRT) after various treatments. Scale bar: 50 μm. (E) Representative flow cytometric plots of mature dendritic cells (DCs, CD80+ CD86+ cells gating on CD11c+ cells) after 24 h co-incubation with treated MC38 cancer cells on the transwell system. (F) Proportion of mature DCs on the transwell system. Data are presented as mean ± SEM (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001.



Owing to SDT can generate intracellular ROS to induce ICD, immunofluorescence staining of CRT in MC38 cells, a common ICD marker that could stimulate antigen presentation and induce immune response (19, 20) was conducted. As shown in Figure 3D and Supplementary Figure 2C, cells treated with nanodrugs alone or US irradiation alone exhibited negligible green fluorescence. In comparison, the expression levels of CRT of PCL@O2 + US group was much stronger than that of CL@O2 + US. These results clearly proved that PCL@O2 induced enhanced SDT could significantly amplify ICD to potentially provoke an immune response.




3.3 Oxygen self-enriching SDT significantly improves maturation of DCs in vitro

To initiate tumor immunity, antigen presentation to cytotoxic T lymphocytes by antigen presenting cells (APCs) is indispensable, especially DCs. Activated DCs can capture tumor antigens and travel to lymphoid tissues where they activate tumor antigen-specific T lymphocytes. Maturation of DCs is a prerequisite for inducing effective anti-cancer immune responses. The ability of DCs to activate T cells correlates with their ability to mount anti-tumor immune responses (21, 22). Therefore, promoting the activation and maturation of DCs after RFA is quite critical.

In this study, transwell system was used to evaluate the maturation of DCs by culturing immature BMDCs with MC38 cells receiving various treatments. Because DCs start to mature upon antigen engagement, the differential effects on mature DCs may explain the effect of differential treatments on DCs in vivo. As shown in Figure 3E, oxygen self-enriching SDT by PCL@O2 + US clearly increased the number of CD11c+CD80+CD86+ mature BMDCs compared to other groups. The above results illustrated that the robust effect on DCs maturation may be due to that SDT promoted cancer cell death through apoptosis and necrosis, and DCs engulfed stressed and necrotic tumor cells.




3.4 Biodistribution of PCL@O2 nanodrug in vivo

The pharmacokinetics of nanodrug in MC38 tumor-bearing mice was evaluated in vivo by intravenous injection of PIL@O2 (1 mg/kg IR780). IR780 absorbs in the NIR region at 720 nm and can be captured with Lumina XR Series III system. The fluorescent intensities increased gradually post injection of nanodrug (Figures 4A, B). At the time point of 24 h, the tumor and major organs were collected, and fluorescence signal from IR780 was collected for quantification analysis. As shown in Figures 4C and D, the accumulation of nanodrug was obviously higher in the tumor than the other organs. This increased tumor accumulation may be promoted by enhanced permeability and retention (EPR) effect.




Figure 4 | In vivo fluorescence imaging for biodistribution of nanodroplet in MC38 tumor-bearing mice. (A) In vivo fluorescence images of tumor bearing mouse showing biodistribution of nanodroplet at different time points after i.v. injection. (B) Quantification and variation of fluorescent intensities in tumor at different time points. (C) Fluorescence images and (D) fluorescence intensities of tumors and major organs ex vivo at 24 h after i.v. injection. Data are presented as mean ± SD.






3.5 Synergistic anti-tumor effect of oxygen self-enriching SDT and immunotherapy in iRFA models

In further in vivo experiment, C57BL/6 mice were inoculated with MC38 on bilateral flanks, respectively, to evaluate the synergistic anticancer effect of SDT and anti-PD-1therapy in vivo. When the long diameter of the right tumor reached about 0.6 cm, the mice were randomly divided into the following five groups: control, RFA, RFA + aPD-1, RFA + SDT, and RFA + SDT + aPD-1. As shown in Figure 5A, insufficient RFA treatment was performed in the right tumor, which was defined as primary tumor, while the left tumor was defined as distant tumor. The volume of both primary and distant tumors in the RFA group of mice treated with iRFA was not significantly different from that of the control group, probably due to the smaller extent of ablation and the continued rapid growth of the residual tumors after ablation. All treatments with nanodrugs showed obvious therapeutic effects in both primary and distant tumors, and tumor growth was most effectively inhibited in mice treated with SDT and aPD-1 after iRFA. On day 10 after iRFA treatment, tumor volume of primary tumors in the RFA+ SDT+ aPD-1 group was 270.88 ± 82.06 mm3, and distant tumor reached 205.32 ± 66.13 mm3. In comparison, primary tumors grew to 1183.97 ± 209.82 mm3, 1073.08 ± 212.74 mm3, 706.02 ± 165.61 mm3 and 625.05 ± 150.44 mm3 in the control group, RFA group, RFA + aPD-1 group and RFA+SDT group, respectively (Figures 5B, D). A similar trend was observed for distant tumors, with tumor volume of 744.07 ± 170.24 mm3, 652.48 ± 125.56 mm3, 509.59 ± 140.65 mm3 and 425.53 ± 76.78 mm3 in the control group, RFA group, RFA + aPD-1 group and RFA + SDT group, respectively (Figures 5C, E). Consistent with the results of tumor growth inhibition, the RFA + SDT + aPD-1 treatment most effectively prolonged the survival rate of mice (Figure 5F). These results indicated that the combination of augmented SDT and aPD-1 raise a highly effective systemic anti-tumor immune response against both primary and distant tumor even with iRFA burdens, compared with the slightly inhibition of aPD-1 therapy alone.




Figure 5 | Synergistic anti-tumor effect of PCL@O2-enhanced SDT in combination with aPD-1 after incomplete radiofrequency ablation (RFA) in a bilateral subcutaneous tumor model. (A) Experimental design schematic for in vivo evaluation. After incomplete RFA of the right tumor (designed as the primary one), SDT (1.0 MHz, 1.6 W/cm2, 30% duty cycle, 8 min) was conducted three times after injecting nanodrug intravenously. The left tumor was set as the distant one without direct treatment. The aPD-1 was applied through intraperitoneal injection every three days for a total of three times. (B) Primary and (C) distant tumor volume curves of bilateral MC38 tumor-bearing mice receiving various treatments. (D, E) Individual tumor growth curves of (D) primary and (E) distant tumors. (F) The survival curves of MC38 tumor-bearing mice. (G) Body weight surveillance of mice receiving various treatments. (H) Representative immunohistochemical images of Ki67 in primary tumor sections at 2 d after various treatments. Scale bar: 50 μm. Data are presented as mean ± SEM (n = 6). *P < 0.05, **P < 0.01.



To further validate the synergistic therapeutic efficacy, H&E, Ki-67 and TUNEL staining assays were performed on day 10 after iRFA in the five groups. As shown in Supplementary Figure 3, compact tumor cells with an intact structure were showed in the control group, and necrosis with destructive cells was observed in the groups treated with iRFA, while there were still surviving tumor cells around the ablation zone in RFA group. The results of TUNEL staining were consistent with the results of H&E staining. These results were further confirmed by the proliferation biomarker Ki-67 in iRFA zone of tumors (Figure 5H). Ki-67 was considerably reduced in each treatment group compared with control group, and significantly abridged by combined therapy of SDT and aPD-1. Therefore, combination therapy is superior to treatment alone in limiting cell proliferation in MC38 tumors after iRFA.

Additionally, the biosafety of PCL@O2 nanodrug was evaluated through body weight changes, H&E staining of the major organs, and blood biochemical markers. No significant changes in the body weights of the mice in different groups were observed after treatments (Figure 5G), and no obvious tissue damage or inflammation in heart, liver, spleen, lung, and kidney appeared in mice receiving different treatments (Supplementary Figure 4). In addition, the levels of alanine aminotransferase (ALT), alkaline phosphatase (ALP) and total bilirubin (TBIL) indicating the liver functions, as well as creatinine (CREA) and UREA indicating the kidney functions, were not elevated and within the normal range in mice receiving different treatments (Supplementary Figure 5), indicating that combination therapy did not injure the liver and kidney.




3.6 Optimized SDT, in combination with aPD-1 attracts and activates T cells to enhance anti-tumor immunity after iRFA

To further investigate the influence on immune microenvironment after different treatments from different angles, we collected tumor-draining lymph nodes, primary and distant tumors on the 10th day after first treatment for immunofluorescence staining, flow cytometry and cytokine analyses. Immunofluorescence staining of CRT in primary tumors was firstly conducted. As shown in Supplementary Figure 6, CRT staining on the cell membrane was clearly observed in combination treatment group, indicating PCL@O2 with enhanced SDT plus aPD-1 therapy could amplify ICD by CRT expression to potentially provoke an immune response after iRFA.

Chronic exposure of damage-associated molecular patterns (DAMPs) by ICD could attract receptors and ligands on DCs and activate immature DCs to transition to a mature phenotype (19). Therefore, the maturation of DCs (CD11c+CD80+CD86+) in tumor draining lymph nodes was analyzed by flow cytometry after different treatment. As shown in Figure 6A, owing to the enhancement of SDT and aPD-1, the percentage of DCs maturation in RFA + SDT + aPD-1 group was 9.2%, which was significantly higher than that of control group (6.6%). Flow cytometry gating scheme for immune cells are described in Supplementary Figure 7.




Figure 6 | Systematic antitumor immunity caused by PCL@O2-augmented SDT plus aPD-1 therapy after incomplete RFA in MC38 tumor-bearing mice. (A) Proportion of mature DCs (CD80+CD86+) over CD11c+ DCs in tumor-draining lymph nodes by flow cytometry (n = 6). (B–E) T cells (CD45+CD3+): total cells ratios and CD8+ T cells (CD45+CD3+CD8+): T cells ratios in (B, C) primary tumors and (D, E) distant tumors after different treatments (n = 6). (F, G) The representative flow cytometric plots of CD8+ T cells in (F) primary and (G) distant tumors. (H, I) Immunofluorescence images of CD8+ T cells in (H) primary and (I) distant tumors (scale bar: 50 μm). (J–M) Cytokine levels of TNF-α and IFN-γ in (J, K) primary and (L, M) distant tumors receiving various treatments (n = 3). Statistical analyses were conducted using two-tailed unpaired t test. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01 and ***P < 0.001.



Then, the percentage of tumor-infiltrating mature T cells (CD45+CD3+) in various treatment groups were measured, because tumor infiltration of T cells plays a key role in anti-tumor immunity. As shown in Figures 6B and D, the percentage of T cells in RFA + SDT + aPD-1 group obviously increased to 14.4 ± 1.9% and 9.6 ± 1.6% in primary and distant tumors respectively, which was nearly 2.2-fold and 1.6-fold higher than control group respectively. The percentage of T cells in combination therapy group was also significantly higher than RFA, RFA + aPD-1 and RFA + SDT group. A similar trend was seen in the percentage of CD8+ cytotoxic T lymphocytes (CTLs). As shown in Figures 6C and F, the SDT plus aPD-1 treatment after iRFA resulted in a much higher percentages of CTLs in T cells (32.3 ± 2.7%) than treatments using RFA alone (20.2 ± 1.4%), RFA + aPD-1 (22.9 ± 1.0%), RFA + SDT (21.1 ± 2.6%), and PBS (15.4 ± 0.6%) in primary tumors. Consistent results were obtained in distant tumor tissues. The percentage of CTLs in combination treatment group (29.2 ± 1.6%) was significantly higher than other groups (Figures 6E, G). Tumor infiltration of the CD8+ T cells was further confirmed by immunofluorescent staining of tumor tissue sections. Comparison with the rare tumor infiltration of CD8+ T cells in the control group, CD8+ T cells was obviously increased via combination therapy in both primary and distant tumors (Figures 6H, I). In particular, the RFA + SDT + aPD-1 treatment showed the best effect to promote the tumor infiltration of CD8+ T cells. This may be due to increased mature DCs facilitating antigen presentation to induce more cytotoxic T lymphocytes (CTLs). These results showed that the oxygen self-enriching nanodrug may mediate effective Ce6-based SDT synergistic with aPD-1 treatment to enhance the tumor infiltration of CD8+ T cells.

Considering that TNF-α and IFN-γ produced by immune cells can induce the secretion of pro-inflammatory cytokines for a strong anti-tumor immunity (23, 24), the levels of TNF-α and IFN-γ in primary and distant tumors were also detected on the 10th day after first treatment by ELISA to verify the activation of the tumor-cell killing of immune cells. As shown in Figures 6J–M, compared with the control treatment or RFA alone, combination therapy of SDT and aPD-1 after iRFA induced a significant increase of both TNF-α and IFN-γ levels in bilateral tumors. Moreover, the level of IFN-γ induced by SDT plus aPD-1 therapy after iRFA was even much higher than that of the RFA + aPD-1 or RFA + SDT, which implied a strong synergistic effect of SDT and aPD-1 to activate T cells and initiate effective anti-tumor immune response after iRFA.




3.7 Combination therapy reverses immunosuppression of TME by eliminating Tregs

The immune response to tumor antigen presence within the tumor, especially in the liver cancer, where the RFA therapy mostly applied, could lead to the systemic suppression of antitumor immunity (10). This immune suppression was associated with the coordinated activation of Tregs and modulation of intratumoral CD11b+ monocytes. Thus, the attraction of Tregs was characterized by the positive expression of both CD4 and Foxp3 using flow cytometry. As shown in Figures 7A, B and E, although there was an increase in total CD4 T cells in primary tumors of RFA + SDT + aPD-1 group, the proportion of Tregs in CD4 T cells significantly deceased in combination therapy group, compared to control, RFA alone, RFA + aPD-1 or RFA + SDT group. A similar trend also appeared in the distant tumor (Figures 7C, D, Supplementary Figure 8). It is worth noting that there was an increase of Tregs in primary tumor of RFA group, which indicating that insufficient RFA therapy could induce reduction in systemic antitumor immunity and restrain immunotherapy efficacy via Tregs-mediated immune suppression. Interestingly, this increase of Tregs after iRFA can be diminished by optimized SDT therapy and further eliminated by combination of aPD-1 therapy.




Figure 7 | Systemic immune-modulating effects induced by PCL@O2-enhanced SDT and aPD-1 following incomplete RFA in MC38 tumor-bearing mice. (A–D) CD4+ T cells (CD45+CD3+CD4+): T cells (CD45+CD3+) ratios and regulatory T cells (Tregs, CD45+CD3+CD4+Foxp3+): CD4+ T cells ratios in (A, B) primary tumors and (C, D) distant tumors after different treatments by flow cytometry. (E) The representative flow cytometric plots of CD4+ T cells and Tregs in primary tumors. (F, G) Percentages of central memory T cells (Tcm, CD44+CD62L+) over (F) CD8+ T cells (CD3+CD8+) and (G) CD4+ T cells (CD3+CD4+) in tumor-draining lymph nodes measured by flow cytometry. (H) The representative flow cytometric plots of Tcm over CD8+ T cells in tumor-draining lymph nodes. Statistical analyses were conducted using two-tailed unpaired t test. Data are presented as mean ± SEM (n = 6). *P < 0.05, **P < 0.01 and ***P < 0.001.






3.8 Combination therapy generates long-term memory to enhance systemic anti-tumor immunity

Exhaustion of effector T cells following tumor antigen clearance, which results in their short persistence, can limits the efficacy of immunotherapy after iRFA. Since the long-lived Tcm persist longer and produce stronger effector functions that have the potential to control tumor recurrence after RFA, their generation is an important goal for the combination treatment (25). Thus, the proportion of CD8+ Tcm (CD3+ CD8+ CD62L+ CD44+) and CD4+ Tcm (CD3+ CD4+ CD62L+ CD44+) in tumor-draining lymph nodes was measured to explore the long-term immune memory effect. As shown in Figures 7F and H, the RFA + SDT + aPD-1 combination therapy resulted in a significant increase in CD8+ Tcm, compared with the treatment of control, RFA alone, RFA + SDT or RFA + aPD-1. Interestingly, the proportion of CD4+ Tcm also obviously increased in the RFA + SDT + aPD-1 group (Figure 7G), which may also produce more antigen-specific CD4+ T cells. These antigen-specific CD4+ T cells are reported to enhance the efficacy of anti-tumor CD8+ T cell responses, and mediate long-lived protection against subsequent tumor recurrence (26). These results indicated that the synergistic SDT and aPD-1 therapy after iRFA can elicit effective and long lasting anti-tumor response.





4 Discussion

RFA, a common locoregional curative therapy, has been widely used in tumor therapy, especially in hepatocellular carcinomas and liver metastases, for its minimal invasiveness and efficient tumor-killing ability. In clinical practice, the clearance of the primary tumor by RFA alone sometimes can be difficult because of poorly defined tumor margin or undetected micrometastases, due to the limitation of tumor detection, or when tumors close to high-risk locations such as large blood vessels or bile ducts, lacking accessibility for complete RFA. Thus, residual lesions and undetectable metastasis after iRFA are major causes of tumor recurrence and treatment failure in cancer patients with RFA treatment (7). In theory, iRFA could also promote the release of tumor antigens by causing massive cell death to induce anti-tumor immunity for further tumor cell clearance. Unfortunately, this advantage is undermined by the immunosuppressive microenvironment following RFA, which is mainly due to the exhaustion of T cells and the accumulation of immune cells with immunosuppressive tendencies, such as increased Tregs (8). Further combined treatment modalities are urgently needed to solve this problem. The PD-L1/PD-1 blockade has become a central issue for cancer immunotherapy for its advantage in improving the survival rates of patients with various types of hematologic and solid malignancies. RFA combined with PD-1/PD-L1 blockade immunotherapy has been proven to be effective in preclinical and some clinical studies (8, 27). However, most patients do not benefit much from this treatment, including patients with incomplete RFA. In fact, the iRFA-induced local recruitment of Tregs, monocytes and tumor associated macrophages can inhibit T cell functionality, promote tumor progression, and hinder the efficacy of anti-PD-1 therapy in colorectal cancer liver metastases (8). In this study, the iRFA also induced an increase of Tregs in the primary tumors as shown in Figure 7B. Therefore, further synergistic therapy should be investigated to induce stronger anti-tumor immunity and enhance PD-L1/PD-1 blockade therapy post iRFA.

Unlike direct thermal ablation, SDT uses US activated sonosensitizers to transfer energy to the surrounding O2, generating ROS to directly kill or induce apoptosis of tumor cells, which can expose CRT to induce ICD. SDT induced ICD allows for maximum preservation of intact tumor antigens, that can trigger effective systemic immune responses to inhibit distant metastatic tumors and prevent tumor recurrence. Considering most RFAs are guided by ultrasound in the clinical practice, the SDT can just apply the minimally invasive deep tissue penetration of ultrasound and can avoid unnecessary thermal damage to healthy structures (for example, bile ducts or large vessels). Therefore, SDT is an ideal complementary treatment to RFA and can provide a salvage alternative for residual tumors after iRFA.

In this study, a nanodrug of PCL@O2 containing Ce6 as the sonosensitizer and PFH as O2 reservoir, was synthesized as an augmented SDT nanoplatform and showed excellent ROS production capacity. Due to the dependence of SDT on oxygen, its efficacy is often compromised by the pre-existing hypoxia of the tumor and the continuous oxygen consumption (28). In the PCL@O2 nanodrug mediated SDT platform, oxygen could be loaded and stabilized by PFH for increased ROS generation, behaving like oxygen self-enriching. As shown before, the dissolved oxygen concentration of PCL@O2 group was nearly 2-fold higher than CL@O2 group.

Our results showed that PCL@O2 induced sonodynamic therapy is significantly enhanced compared with traditional SDT in the tumor matrix in vitro. With US irradiation, the in vivo studies showed more ROS was generated to better damage and kill MC38 cancer cells by PCL@O2, compared to the PBS and traditional SDT agent CL@O2, suggesting PFH can help the sonosensitizer achieve improved effects. The increased ROS by PCL@O2 + US naturally induced stronger immunogenic cell death, which was proved by CRT staining.

Ablation of the tumor itself can induce ICD, thus providing a vaccine effect. The destruction of tumor cells during this process leads to the production and secretion of tumor-specific antigens. Antigens are taken up by dendritic cells in the presence of immunostimulatory cytokines, leading to the initiation of an adaptive immune response by T cells. The degree of tumor destruction, such as complete versus incomplete ablation, can also influence the antitumor immune response. In humans and preclinical models, incomplete RFA may elicit suppressive immune responses. Incomplete ablation may lead to an uneven degree of cell death between treatment groups with different levels of antigen and immune stimulation, thus given its potential to evoke different death pathways and different levels of immunogenicity and ICD. For example, Xiaoqiang Qi et al. reported that iRFA was able to directly damage tumors by inducing tumor necrosis and apoptosis that is considered more physiological, modifiable, and non-immune, and therefore has a lower immunogenicity (19, 29). The increase in immunosuppressive mechanisms, without a significant difference in the frequency of T cells, may indicate that incomplete ablation promotes only a slight degree of ICD. In contrast, in our study, PCL@O2-enhanced SDT induced homogeneous and potent ICD, just complementary to incomplete ablation in the absence of a sufficiently effective ICD.

At the same time, the activation and maturation of DCs typically starts when DCs identify ICD signals. However, DCs function could be suppressed by tumor-mediated microenvironment after iRFA. Our result showed that the oxygen self-enriching SDT significantly improved maturation of DCs in vitro. It is reasonable to speculate that the improved DCs maturation by oxygen self-enriching SDT would mask some of the in vivo immunosuppressive effects of iRFA. In summary, our studies suggested that synergistic SDT to improve DCs maturation is a highly effective strategy to enhance immune response of iRFA.

PD-1 blockade has been reported to enhance the RFA-elicited antitumor immunity, but its ability to clear residual incompletely ablated lesions has been questioned (8). In this study, treatment with PD-1 mAbs alone had little effect in combination with iRFA, and no significant differences were found in the growth curve or survival in both residual tumors and distant tumors, compared with the RFA group. These results indicated that both residual primary tumors and distant tumors after iRFA are resistant to anti-PD-1 therapy. In contrast, with intravenous injection into tumor-bearing mice, PCL@O2 induced SDT showed obvious synergistic effect with aPD-1 therapy post iRFA and exhibited significant tumor growth inhibition, as well as prolonged survival time, whereas SDT or aPD-1 alone showed negligible tumor inhibition and survival improvement. It should be noted that improved anti-tumor immunity was supposed to play an important role in these synergistic treatment effect. As with the primary tumors, in the secondary tumors without direct SDT treatment, RFA + SDT + aPD-1 also resulted in best tumor growth inhibition, compared to other treatments.

To understand how combination therapy remodeled the tumor microenvironment, profiling of immune populations within the tumor draining lymph nodes and tumors were performed and revealed that PCL@O2 nanodrug mediated SDT plus aPD-1 therapy effectively induced immunogenic cell death, promoted the maturation of DCs, tumor infiltration of T cells, and activation of CTL (Figure 6). Interestingly, we found iRFA alone could result in an increase of Tregs in the residual tumors. This result raised the possibility that residual tumor cells post iRFA might trigger Tregs-dependent tolerance mechanisms that reduce systemic antitumor immunity and cancer immunotherapy efficacy. James C et al. elucidated that anti-PD-1 treatment failure was associated with the coordinated activation of Tregs in liver metastasis, by down-regulating or striping CD80/86 from APCs, preventing CD28-mediated costimulation of antigen-specific effector T cells (10). In contrast, SDT + aPD-1 markedly reduced the number of Tregs in both primary and secondary tumors post iRFA. Studies has shown that the hypoxia inside the tumor microenvironment can promote FoxP3 expression or impact the cytokine profile inside to attract Tregs (30, 31). The oxygen self-enriching ability of our nanodrug may alleviate tumor hypoxia to reduce Tregs. Therefore, our results support the rationale that Tregs-targeted combination immunotherapy can be further deployed more precisely in cases where Tregs activity may be enhanced by incomplete ablation.

Analysis of cytokine expression in tumors also provides an opportunity to propose pharmacological interventions for optimizing antitumor immunity by mitigating or manipulating cytokine interference. Certain antitumor cytokines including TNF-α and IFN-γ are secreted for several hours after ablation and decrease rapidly (32). This suggests that the use of checkpoint inhibitors or other immunomodulators may be an effective tool in combination with ablation to maintain higher levels of antitumor cytokines for a longer period. In our study, compared with other group, combination therapy of SDT and aPD-1 after RFA induced a significant increase of both TNF-α and IFN-γ levels in bilateral tumors. PCL@O2 nanodrug-mediated SDT plus aPD-1 therapy promoted the secretion of antitumor cytokines after RFA, which further supports the strong synergistic effect of SDT and aPD-1 on activating T cells and initiating an effective antitumor immune response after iRFA.

The efficacy of combination therapy depends not only on its ability to effectively eradicate existing tumors, but also on preventing the recurrence of tumors. Our data suggested that SDT plus aPD-1 induced anti-tumor immunity post iRFA could significantly prolong survival and initiate long-term immune memory, effectively preventing tumor recurrence. This immunity manifested as elevated levels of memory T cells, including central memory cells of CD8+ and CD4+ lineages. Based on these results, we hypothesize that PCL@O2 enhanced SDT will be able to enhance immunotherapy after incomplete ablation in clinical applications, providing a salvage alternative for residual and recurrent tumors and associated immune tolerance after ablation.




5 Conclusion

In summary, residual tumors post iRFA might lead to rapid tumor progression and immunosuppression, thereby limiting the efficacy of PD-1 blockade therapy. It is necessary to investigate a further synergistic therapy to eliminate residual tumors and induce stronger anti-tumor immunity. O2 reservoir PFH-containing PCL@O2 nanodrug mediated SDT can use US activated sonosensitizers Ce6 to transfer energy to the surrounding O2, generating more ROS to induce apoptosis of tumor cells, for its oxygen self-enriching ability. This enhanced SDT induced stronger immunogenic cell death, which worked synergistically with PD-1 blockade to inhibit residual tumors and metastases after iRFA. This combination of augmented SDT and PD-1 blockade post RFA was able to promote the maturation of DCs, tumor infiltration of T cells, activation of CTLs, and inhibition of Tregs, for improving antitumor immune response. Furthermore, sustained antitumor memory response was built to prevent tumor recurrence. This study established the preclinical proof of concept to apply ultrasonography-guided oxygen self-enriching SDT to augment cancer immunotherapy after iRFA of solid tumors.
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Supplementary Figure 1 | Zeta potential of PFH-Ce6 liposome@O2 nanodroplets (PCL@O2) measured by DLS.

Supplementary Figure 2 | Semi-quantification of the fluorescence intensity of (A) DCF, (B) live/dead cells and (C) calreticulin (CRT) against MC38 cancer cells after treatments with nanodroplets and ultrasound irradiation (1.0 MHz, 1.6 W/cm2, 50% duty cycle, 1 min), as shown in Figures 3A, B and D. Data are presented as mean ± SEM (n = 3).

Supplementary Figure 3 | HE staining and TUNEL immunofluorescence staining of ablated tumor tissue. White line marked out the border between ablated and non-ablated tissue, scale bar: 200 μm.

Supplementary Figure 4 | Ex vivo pathological H&E staining of the heart, liver, spleen, lung, and kidney of mice receiving different treatments. The major organs were collected and examined on day 10 after the first treatment. Nuclei were stained blue, while cytoplasm and extracellular matrix were stained red in H&E staining, scale bar = 200 μm.

Supplementary Figure 5 | Analyses of serum function markers of the liver (ALT, ALP and TBIL) and kidney (CREA and UREA). Data are presented as mean ± SEM (n = 6).

Supplementary Figure 6 | Immunofluorescence images of CRT in primary tumors of the control group and combination treatment group (scale bar: 50 μm).

Supplementary Figure 7 | Gating strategies for flow cytometry analyses of immune cells. (A) Gating strategy to determine the percentage of mature DCs in CD11c+ DCs, as shown in Figure 5A. (B) Gating strategy to determine the percentage of T subsets in CD45+ immune cells, as displayed in Figures 5B-G and Figures 6A-E. (C) Gating strategy to determine the percentage of Tcm in CD8+ T cells or CD4+ T cells, as shown in Figures 6F-H.

Supplementary Figure 8 | The representative flow cytometric plots of CD4+ T cells and Tregs in distant tumors receiving different treatments.
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Energy-based focal therapy (FT) uses targeted, minimally invasive procedures to destroy tumors while preserving normal tissue and function. There is strong emerging interest in understanding how systemic immunity against the tumor can occur with cancer immunotherapy, most notably immune checkpoint inhibitors (ICI). The motivation for combining FT and ICI in cancer management relies on the synergy between the two different therapies: FT complements ICI by reducing tumor burden, increasing objective response rate, and reducing side effects of ICI; ICI supplements FT by reducing local recurrence, controlling distal metastases, and providing long-term protection. This combinatorial strategy has shown promising results in preclinical study (since 2004) and the clinical trials (since 2011). Understanding the synergy calls for understanding the physics and biology behind the two different therapies with distinctive mechanisms of action. In this review, we introduce different types of energy-based FT by covering the biophysics of tissue-energy interaction and present the immunomodulatory properties of FT. We discuss the basis of cancer immunotherapy with the emphasis on ICI. We examine the approaches researchers have been using and the results from both preclinical models and clinical trials from our exhaustive literature research. Finally, the challenges of the combinatory strategy and opportunities of future research is discussed extensively.
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1 Introduction



1.1 Overview of cancer treatments

Cancer is the second leading cause of death in the United States (1). Over the past century, numerous cancer treatments have been developed to improve patients’ survival and quality of life. According to NCI and ACS, there are a number of categories (2, 3) of cancer treatments that can be divided into several types, including surgery, radiation therapy, chemotherapy, immunotherapy, targeted therapy, and combination treatments. The U.S. Food and Drug Administration (FDA) has approved standards of care (SOC) to treat particular diseases depending on the type of cancer, the stage of cancer, and the patient’s disease history. SOC refers to a treatment that is accepted by medical experts as a proper treatment for a certain type of disease and that is widely used by healthcare professionals (4).

Surgical resection, chemotherapy, and radiotherapy are the most common SOC choices currently. Surgical resection has remained the first choice for most solid tumor cases. With advanced-stage cancer, chemotherapy, radiation, or both are usually suggested to control symptoms or to reduce the chance of local tumor recurrence and metastasis (5). However, these treatments come with limitations. Not all tumors are eligible for resection due to size, tumor location, or disease stage (6). When chemotherapy and radiation are used instead, the remaining cancerous cells may develop treatment resistance, resulting in failure to treat metastatic diseases in many cases (7). Another serious issue associated with chemotherapy and radiotherapy are side effects due to systemic toxicities and/or local damage to healthy tissues, which can range from hair loss and blood clotting problems to long-term organ damage (8, 9). Therefore, there is a desire for less invasive and more specific treatments that destroy the diseased tissue but have fewer adverse events and shorter recovery times, which has led to treatments such as focal therapies.

Energy-based focal therapy (FT), sometimes referred to as energy-based tumor ablation, is a rapidly growing field in loco-regional therapy (LRT) and interventional oncology (IO) for cancer management. FT uses targeted, minimally invasive procedures, usually performed with the help of image guidance, to treat and/or relieve the symptoms of cancer. It has been used for decades to treat solid tumors by effectively destroying tumors while preserving normal tissue and function so as to reduce side effects and cause minimal pain (10, 11). In addition, focal therapy can be used on unresectable disease, for instance, if the tumor is too large to be safely resected, or if it is intertwined with blood vessels and other vital structures, making safe removal impossible (12).




1.2 FT opportunities in the cancer immunotherapy revolution

The utility of leveraging the immune system to fight tumors has now been robustly validated. Cancer immunotherapy, most notably immune checkpoint inhibitors (ICIs), have definitively established that cancer can be treated very effectively by the immune system without directly eliminating cancer cells (13). ICIs are antibodies that disable molecular immune controls, i.e., checkpoints, that “turn off” antitumor immunity. There is strong interest in understanding the tumor immune microenvironment and how it impacts the response to immunotherapy (14).

While multiple strategies to enhance the response of ICIs have been proposed and studied, FTs have a unique set of advantages for combining with ICIs. Both the applied energy and the cell death caused by the applied energy causes perturbation of the tumor immune microenvironment. The unique ways FT modulate the immune system, especially compared to conventional cancer treatments, have started to be appreciated: FT has long been hypothesized to possess immunomodulatory properties as debulking removes the immunosuppressive tumor burden and consequently enables immune activation (15). By removing a tumor, surgery also eliminates the source of the immunosuppression, but it does not further support antitumor immunity. Unlike surgical resection, FT leaves tumor debris in situ and therefore creates antigens to enhance a locoregional and systemic antitumor immune response (16). Another relevant concept is that FTs support anti-tumor immune responses because of the cell death mechanisms induced by FTs. Unlike chemotherapy and radiation, FT induces cell death by extensive necrosis (16). Necrosis releases intracellular contents containing both the antigen and stimulating signals (among other danger signals) that activate T cells for the adaptive immune response to the FT-treated tumor.

This raises the significant possibility that FT can lead to in-situ tumor vaccination that generates local and systemic antitumor immunity while ICI helps effector T cells overcome immunosuppression in metastatic tumors not exposed to FT. Some recent work suggests that long-lasting systemic immunity against the tumor can occur after FT and ICI combined therapy (17). Therefore, it is crucial to understand the mechanism of action by which FT and ICI modulate the immune system, which is the topic of this review.




1.3 The synergy between FT and ICI

The motivation for combining FT and ICI in cancer management is based on the synergy between the two different therapies with distinctive mechanisms of action, as summarized in Table 1.


Table 1 | The motivation of combinatory strategy relies on the synergy between focal therapy (FT) and immune checkpoint inhibitor (ICI).



In addition to tissue destruction, the immunomodulatory properties of FT have been documented. In recent decades, these immunomodulatory properties have been actively exploited to control cancer after the initial physical destruction (10, 18). FT improving ICI efficacy stems from the theory that FT expands the pool of tumor-specific CD8 effector T cells and reduce tumor immunosuppression, so there is more tumor-specific effector T cells to respond to ICI monotherapy. FT can also reduce ICI treatment-related side effects by improving the efficacy of ICI without increasing dosage.

On the other hand, despite the observation of abscopal effect and immunomodulation following various forms of FT (19–21), the immune response that follows FT alone is usually too modest to cause the system-wide, sustained anti-tumor effect needed to destroy distant metastases. The addition of systemic immunomodulation provided by ICI in the combination treatment has potential for inducing effective long-lasting anti-tumor immunity to combat both local recurrence and metastasis.

This combinatorial strategy has shown promising results in a variety of studies, especially since 2004 (22) and 2011 (23), when the first preclinical study and the first clinical trials were reported, respectively. Since then, more forms of FT and various types of ICI has been evaluated in a wide range of cancer types. More than half of the published preclinical studies and newly launched clinical trials took place within 5 years of the writing of this review. Besides appreciating the explosion of research and the enormous opportunities of the combinatorial strategy of FT and ICI, understanding the synergy also calls for understanding the physics and biology behind this emerging area.

In this review, we start by introducing different types of energy-based focal therapy. In Section 2, we cover the biophysics of FT based on heating and hyperthermia, freezing and electric membrane disruption, and how each utilization of energy leads to focal tissue destruction. In addition, practical and immunomodulatory advantage of energy-based FT compared to conventional cancer therapy is discussed. In Section 3, we present important aspects of immune responses following FT due to its strong association with immunogenic cell death (ICD), as understanding the immunomodulatory effects of FT serves as the foundation of designing and optimizing combinatory approaches with cancer immunotherapy. We continue by introducing cancer immunotherapy (Section 4) with an emphasis on ICI (Section 5) to provide the basis for the synergy between FT and ICI. Later, we examine the approaches and outcomes researchers have been using and the results from both in vivo models (Section 6) and clinical trials (Section 7) from our exhaustive literature research. Finally, the challenges of the combinatory strategy (Section 8) and opportunities of future research (Section 9) are discussed extensively.





2 Energy-based focal therapy (FT) and its clinical applications

Energy-based FT, or focal tissue ablation, is a form of locoregional therapy that relies on energy to destroy tissues without affecting the rest of the body. Cancer focal therapies can be categorized into thermal and nonthermal techniques, depending on the form of energy leading to tissue destruction. Thermal techniques can be high-temperature-based, such as radiofrequency ablation (RFA), microwave ablation (MWA), high-intensity focused ultrasound (HIFU), laser ablation and nanoparticle (NP)-mediated hyperthermia, or low-temperature-based such as cryoablation. Nonthermal techniques include irreversible electroporation (IRE) and histotripsy. Ablation techniques, the source of energy, and their clinical targets are summarized in Table 2.


Table 2 | Overview of energy-based focal ablative techniques.



It should be noted this review focuses on physical energy as the direct and immediate cause of cell death, and we do not cover every form of locoregional therapy. While widely used in clinical settings, some locoregional therapies rely on cell death mechanisms other than energy-cell interaction. Techniques not discussed in this review include but are not limited to (1) ionizing radiation therapy (32), such as external-beam radiation therapy, stereotactic body radiation therapy, selective internal radiation therapy, high dose rate brachytherapy, and transarterial radioembolization; (2) chemical ablation (33), which relies on focal cellular toxicity and protein denaturation to produce cellular necrosis, typically by focal injection of chemical ablation agents such as ethanol, acetic acid, and hypertonic sodium chloride solution; and approaches sometimes called thermochemical ablation and electrolytic ablation, including (3) embolization (34), such as transcatheter arterial chemoembolization and portal vein embolization; (4) local cytotoxic therapy, such as photodynamic therapy (35) and cold atmospheric plasma (36); (5) local chemotherapy, such as electrochemotherapy (37) and local administration of cytotoxic agents (e.g., doxorubicin, benzalkonium chloride, silver nitrate, etc.) (38); and (6) others such as gene electrotransfer (39, 40).



2.1 Heating and hyperthermic focal therapy

Heat has long been studied as a crucial mechanism for cellular damage; different temperature ranges can lead to distinct biological mechanisms. As such, many different energy-based focal ablative techniques exist, as shown in Table 2. In all of these cases, raising the temperature can lead to cell injury and eventually death. For example, as the temperature is raised to 39°C, blood perfusion in tissues will increase to protect tissue, but sustained heating above 42°C can lead to vascular stasis and thrombosis followed by ischemic necrosis and death. At the cell level, temperatures between 41°C and 45°C led to diminished or halted metabolism and impaired DNA repair. Extensive reviews on the subject of hyperthermic cellular and tissue destruction are available (41, 42).

Radiofrequency ablation (RFA) occurs by applying an oscillating electric current (typically between 450 and 500 kHz) to the target tissue through direct placement of one or more interstitial electrodes into the tumor. Tissues further away from the electrode are heated primarily by thermal conduction (43, 44). The delivery of RF energy and resulting lesion size are determined by the tissue electrical conductivity and thermal conduction. During RFA, water vapor, desiccation, and charring can occur, which increases the electrical impedance significantly (43, 45). As a result, RF ablation zones can vary widely according to electrode design (e.g., size, shape, or even internal cooling), electrical control (i.e., voltage, current, and power), local tissue environment (i.e., thermal conduction and blood flow). Different RF probe designs (such as internally cooled wet electrodes) can address desiccation and even decrease electrical impedance (46).

Microwave ablation (MWA) relies on the electromagnetic field generated by an intratumorally placed antenna to generate dielectric heating. The most common frequencies used for microwave ablation are 915 MHz, 2.45 GHz, and broadband frequencies between 1 GHz and 10 GHz. Polar molecules (primarily water) within the tissue continuously realign with the oscillating electromagnetic field, effectively increasing kinetic energy. The ability to cause hyperthermic injury is determined by device design (antenna design, number, and orientation), MW characteristic (power and frequency), tissue electrical properties (dielectric constant, electrical conductivity, and relative permittivity), and tissue thermal properties (43, 47).

High intensity focused ultrasound (HIFU) uses multiple high-intensity non-ionizing ultrasound beams and focuses them on a selected focal area to destroy the target tissue. HIFU systems typically operate in the frequency range of approximately 500 kHz and 7.5 MHz. HIFU causes tissue injury through two primary mechanisms: thermal damage due to absorption of the applied acoustic energy and mechanical damage due to acoustic cavitation. The amount of acoustic energy transferred from the acoustic wave to the tissue is directly proportional to the intensity of the wave and the innate absorption coefficient of the targeted tissue (47). (Micro) bubble can be injected or created during HIFU or tissue boiling. The presence of bubble can enhance heating effect owing to their ability to generate higher harmonics of the exciting frequency and lower the cavitation threshold, allowing lower energies to be used for ablation (48).

Laser ablation, which refers to laser-induced interstitial thermotherapy (LITT) in our context, also known as stereotactic laser ablation (SLA), is performed by implanting a laser catheter into the tumor. It uses high-intensity lasers to generate heat. Heat is generated by optical absorption and is then conducted to the rest of the tissue to shrink or destroy tumors (27). Temperature within the lesion is usually measured throughout the procedure using MRI thermometry. Laser penetration into the tissue is affected by the specific optical properties of the tissue. The effect of laser ablation is influenced by a number of factors: laser light wavelength, laser settings (laser power, laser energy, and treatment time), physical properties of the tissue, and the emission characteristics of the optical applicator (49).

NP-mediated hyperthermia generates heat based on the unique and highly tunable optical or magnetic properties of nanomaterials. Based on the energy source, NP-mediated hyperthermia can be categorized as photothermal therapy (PTT) or magnetic hyperthermia therapy (MHT), also known as magnetic fluid hyperthermia (MFH). PTT involves the application of normally benign light wavelengths (most often NIR light) in combination with efficient photothermal agents (e.g., gold or carbon nanomaterials) that convert the absorbed light to heat (50). MHT relies on magnetic nanoparticles to transform electromagnetic energy from an alternating magnetic field (AMF) to heat (51, 52). In practice, MHT has been studied on pre-clinical models, and has also been used in clinical trials to treat deep-seated, terminal, unresectable tumors, such as glioblastoma multiforme or prostate tumors (53). Due to the limitations of laser light penetration, PTT has been studied in preclinical models and several clinical trials for more superficial cancers, such as breast cancer, melanoma, lung cancer, and colorectal cancer (54).




2.2 Cryogenic focal therapy

Cryoablation relies on cryogenic temperature to cause cold injury and destroy target tissue, as also featured in Table 2. The freezing process results in intracellular and extracellular ice formation, dehydration, and vascular injury. The mechanism of tissue injury varies with the freezing rate and final tissue temperature, as well as tissue susceptibility. A slow rate of freezing favors the formation of extracellular ice crystals, which leads to a hypertonic extracellular environment and osmotic cell shrinkage from fluid shifting out of the cell, increasing cell dehydration and death. Fast freezing to lower temperatures promotes the formation of intracellular ice crystals, which results in direct cell injury because of damage to the cell membrane and organelles (55, 56). Cold-induced vascular injury usually leads to platelet aggregation, microthrombosis, and ischemia, causing further coagulative necrosis. Apoptosis can also occur in some cases in the peripheral zone of sublethal cold temperatures and contributes to tissue damage (55, 56).

Cryoablation is performed using needle-like probes, where rapid cooling is achieved by circulating cryogen (e.g., liquid nitrogen) or by the Joule-Thomson effect (45). Heat transfer in surrounding tissue is governed by passive thermal diffusion (43). During the application of cryoablation, an ice ball is formed, allowing for precise monitoring of the ablation zone by ultrasound, CT, or magnetic resonance imaging. However, the temperature that is necessary for cell lethality is between -20°C and -40°C, which means the lethal isotherm lies inside of the visualized ice ball, making it difficult to destroy tumor completely while not damaging surrounding healthy tissue (57).




2.3 Irreversible electroporation (IRE)

IRE, as also featured in Table 2, applies pulses of electrical fields (thousands of V/cm) that last from nanoseconds to milliseconds to create permanent and lethal nanopores in the cell membrane that disrupt cellular homeostasis and induce cell death (58, 59). IRE relies on the flow of current through tissue to induce cell death; therefore, electrical conductivity is the most important factor determining the distribution of the electric field. In addition, pulse parameters are thought to influence the profile of cell death within targeted tissue and therapeutic outcomes (58).

Unlike thermal ablation techniques, IRE is not susceptible to heat sink effect, which occurs when heat or cold is absorbed by flowing blood or air and carried away from the area of ablation, thereby limiting the effectiveness of ablation when the target lesion is in close proximity to a large blood vessel (45). In addition, IRE can preserve major vascular and ductal structures in the ablated region, offering the benefits of short treatment time and reduced collateral thermal injury (58). These unique advantages make IRE a good option for treating tumors in specific locations (e.g., pancreas).




2.4 Mechanical tissue disruption

Mechanical tissue disruption/destruction, also known as mechanical HIFU ablation, is achieved by exposing tissue to repeated short- (microsecond to millisecond) duration pulses of high-intensity ultrasound with low duty cycles (60). The tissue is fractionated in a controlled manner, compared to thermal destruction by HIFU. There are different methods of mechanical tissue disruption using focused ultrasound with distinctive bio-effects, such as low-intensity (< 1 kw/cm2) focused ultrasound techniques [sometimes refer to ultrasound irradiation (61)], high intensity (1-10 kw/cm2) techniques that increases cell permeability and extremely high-intensity (>10 kw/cm2) focused techniques [for example histotripsy (62), boiling histotripsy (63)] leading to tissue fragmentation. In addition, the collapse of bubbles or gas-filled cavities create an extremely large pressure shock wave capable of inducing fragmentation of tissue into subcellular levels (64).




2.5 Novel energy-based focal therapies

There are numerous energy-based cancer therapies being developed and tested. Some techniques have gained FDA approval, such as tumor treating fields, which rely on mild electrical fields for tumors including glioblastoma multiforme (GBM) (65) to interrupt the cancer cells’ ability to divide. Some of these therapies are in clinical trials, such as cryo-thermal therapy, which combines cooling by LN2 and heating by RFA. Some are still in developmental stages, for example cryoelectrolysis, which combines electrolysis and freezing. However, due to limited knowledge available, their immunological effect and/or their combinatory approach with immunotherapy are not covered in this review.




2.6 Advantages and drawbacks of FT

Focal therapy (FT) has been proposed as a minimally invasive option for treating localized disease with the aim of minimizing the side effects associated with radical treatment while maintaining the oncological benefit of local treatments (66). FT is usually recommended when other common treatments are not appropriate due to tumor size, tumor location, or disease stage. It is useful in relieving pain and slowing disease progression and is often combined with other treatments (as an adjuvant), such as hormone therapy, chemotherapy, radiation therapy, or surgery. The recovery time for FT is typically shorter than for surgery or radiation therapy. In fact, it usually does not require an overnight hospital stay (67, 68). FT can also be used as a salvage or palliative therapy, when other commonly used treatments (e.g., radiation therapy or surgery) fail, or patients cannot tolerate these treatments (69).

FT offers a range of practical advantages over conventional surgical resection, radiation therapy and chemotherapy. Being a cost-effective alternative to surgery, minimally invasive FTs are indicated for a large range of malignancies at an early stage or for those not eligible for surgery. They have a better complication/risk profile than radical surgery and can be used in patients who are not fit enough for or decline radical options (18). When the tumor is not suitable for resection and has limited response to chemo/radiation due to high tumor burden, prior radiation treatment of the site, or drug resistance, an ablation protocol can be a good treatment plan in order to significantly decrease the primary tumor burden and develop systemic anti-cancer immunity. Unlike chemotherapy or radiation therapy, FTs rely on physical energy for the destruction of cancer cells and therefore circumvent the resistance of tumors that received prior treatments, making FTs a great option for repeated treatment (70).

Although focal therapy can offer several advantages compared to traditional treatment, clinical use of FT as a first-line treatment is quite limited. In the clinic, cryosurgery is a first-line treatment in dermatological disorders for early-stage skin cancer, retinoblastoma, and precancerous growths on the skin and cervix (71). Thermal ablation and IRE are not commonly available. The biggest problem preventing FT from being considered SOC is that a large percentage of cancers, including melanoma (72), prostate (73), liver (74), pancreas (75), and kidney (74), treated by FTs still go on to fail by local and systemic recurrence. Even a small amount of residual tumor after focal therapy can lead to treatment failure. Furthermore, long-term safety and efficacy data for FT for various cancers is limited, largely due to the lack of randomized controlled trials comparing specific FTs to SOC therapies in assessing both oncologic and functional outcomes (76).





3 Immunological effects of focal therapy

There is a complex and dynamic interplay between the immune system and cancer. The immune system plays a central role in the balance of cancer progression and cancer suppression. Cancer manifests a variety of mechanisms that manipulate the immune system to support the cancer and suppress antitumor immunity. Adding further complexity, the treatment of cancer can also profoundly modulate the immune system, which has been studied extensively in in vivo models and in clinical studies (77). In short, there are both molecular (Table 3) and cellular (Table 4) modulators of the immune response, as depicted in Figure 1, which we will explore further below.


Table 3 | Cytokines and other small molecules observed following focal therapy and their immunomodulatory effect.




Table 4 | Major immune cells involved in FT-induced anti-cancer immune response, based on their respective functional roles.






Figure 1 | Overview of immunomodulatory effect after FT. Tumor destruction by FT releases large amount of tumor antigens and immunostimulatory DAMPs, leading to antigen presentation and activation of immunity, recruitment of immune effectors, and mitigation of immunosuppression. The response stimulates systemic anti-tumor immunity and induces maintenance of tissue-resident memory cells involved in local immunosurveillance, leading to potential long-lasting protection against cancer.



Cancer focal ablations dramatically change the physical tumor environment and function through the direct or indirect induction of cell death. Each type of ablation causes a distinct type of cell stress and tissue destruction with variable immunological outcomes (16). Focal ablation is set apart from conventional treatment methods (e.g., chemotherapy, surgery) due to its strong association with immunogenic cell death (ICD) and because it is characterized by the tissue injury response and wound healing processes (16, 55, 97). Therefore, FT can lead to a strong anti-tumor immunity by direct stimulation and indirect support involving both adaptive and innate immune response (10). In order to understand how focal therapy impacts the anti-cancer response at the primary tumor and, furthermore, how it can generate an effective abscopal effect and long-term immune protection, the unique features of these complex and variable interactions must be explored.

ICD is cell death characterized by molecular signals that activate innate immune cells, including antigen-presenting cells and this leads to tumor antigen presentation to T cells, activating the adaptive immune system against cancer (87, 98). ICD is mainly mediated by release of damage-associated molecular patterns (DAMPs) (87) and can strongly support the immune system in support of cancer therapy (98). It is worth noting that cancer cell death can be immunogenic or nonimmunogenic and that cell death in tumors without any intervention is common, often due to hypoxia. This type of cell death is not immunostimulatory because of the lack of DAMPs.

In addition to ICD, the immunological effects of focal therapy following acute physical destruction of a tumor are strongly influenced by the details of cell death, tissue injury, inflammation induction, and subsequent wound healing processes. Upon tissue injury, neutrophils and macrophages present in local tissue become activated, and the mast cells release cytokines and vasoactive substances. This results in the recruitment of white blood cells and the initiation of the wound healing process (99). Wound healing is typically divided into four phases: blood clotting (hemostasis), inflammation, tissue growth (cell proliferation), and tissue remodeling (maturation and cell differentiation) (100). Among these stages, inflammation is considered an important reaction after FT and may determine the success or failure of treatment. Inflammation is accompanied by the release of inflammatory mediators, vasodilation, and the migration of leukocytes, mainly neutrophils and macrophages, into the tissue (101). In addition to these various interactions with the immune system, ongoing research is also examining different pathways focal therapies modulate.

Substantial preclinical and clinical studies using different cancer models to investigate how specific focal therapies modulate antitumor immunity have demonstrated that tumor destruction by FT releases large amounts of tumor antigens and immuno-activatory DAMPs, leading to antigen presentation, activation of immunity, and recruitment of immune effectors (10, 16). These immune responses after FT potentially “reset” the tumor microenvironment from an immunosuppressive state that largely excludes invading immune cells to an immunostimulatory state that is more susceptible to local control by the immune system, further stimulating systemic anti-tumor immunity and inducing maintenance of memory cells involved in local immunosurveillance (Figure 1).

In this review, the short-term and long-term immune response initiated by cancer focal therapy are categorized into 6 aspects: (1) exposure of tumor antigens, (2) ICD and release of DAMPs, (3) antigen presentation and activation of immunity, (4) recruitment of immune effectors, (5) modulation of immunosuppressive cell types and (6) maintenance of memory cells. Here we describe the basis of each pathway and the modulations that focal therapies have in common. The DAMPs, cytokines, and chemokines that have been observed following FT together with their primary roles in the immune response against cancer are summarized in Table 3. Major immune cells involved in FT-induced anti-cancer immune response and their functions are summarized in Table 4.



3.1 Tumor antigens

Tumor antigens are proteins or carbohydrates that are recognizable by T cells or B cells as antigens and against which an antitumor immune response can be generated (102, 103). Based on expression profiles, there are two general classes of tumor antigens: tumor-specific antigens (TSAs), which are expressed only by cancer cells, and tumor-associated antigens (TAAs), which represent the mutated counterparts of proteins expressed by normal tissues and can often be expressed by many patient tumors of a given type (103). Most tumor-specific antigens are due to mutations that accumulate in cancer cells and are often termed neoantigens, which are generally specific for a given patients tumors. The expression of cancer antigens reveals the accumulation of a variable number of genetic alterations and the loss of normal cellular regulatory processes, distinguishing cancer cells from normal cells (104). These differences are fundamental for cancer cell recognition and clearance by the adaptive immune system (102).

During tumor focal destruction, when cancer cells are going through mostly necrosis, cellular contents containing tumor antigens are exposed to the extracellular space due to the loss of plasma membrane integrity, the disruption of cell organelles, and the degradation of nucleic acids and proteins (105, 106). Antigens that reside in plasma membrane blebs and apoptotic bodies can also be released after FT when the cells are undergoing apoptosis (106). These antigenic materials enter the local lymphoid drainage in the form of soluble proteins or aggregates (22). There is evidence that tumor-cell derived exosomes contain an enriched amount of tumor antigens (107) and the release of exosomes is increased when tumor cells experience stress, such as hypoxia (108) and heat (109). When antigens enter the bloodstream, they may bind to serum antibodies to form immune complexes, which have been shown to stimulate cross-presentation, CD8+ CTL responses, and cellular tumor immunity (110).

Even though antigens are released and/or exposed by all forms of focal therapy, the quantity and quality of released antigens are very different among focal therapy approaches, leading to variable immunogenicity. For example, cryoablation is considered to induce higher post-ablative immunogenicity compared to high-temperature-based methods (e.g., MWA and RFA) based on the assessment of the serum antigen level and the percentage of antigen-loaded DCs in the draining lymph node, and the general evaluation of inflammatory responses (111–113). A popular explanation is that thermal ablation tends to cause protein denaturation, therefore decreasing the amount of soluble protein accessible to the immune system, as well as reducing the antigenicity of protein (10, 111, 114, 115). Intense heat typically results in coagulation, further hindering the transport of antigenic materials. In contrast, cryogenic methods tend to preserve protein structure without significant denaturation (10, 114). In addition, IRE has been shown to release a substantial quantity of antigen to stimulate immune response (116). As an electrical-based ablation technique, IRE delivers high-voltage electrical pulses to the tumor to cause membrane rupture, induces severe leakage of intracellular contents with less drastic alterations in protein conformation compared to thermal-based methods, and presumably contributes to superior antigen release (58, 116). Furthermore, the preservation of extracellular structures, including lymphatics and blood vessels, after IRE treatment (58) can facilitate the distribution of antigens into circulation and later interaction with APC. However, it is important to avoid oversimplifying the difference in antigen accessibility by looking only at the categorization of FT therapies: comprehensive immunological studies are needed, and the details of focal therapy matter immensely.




3.2 Generation of DAMPs

DAMPs also known as danger-associated molecular patterns and danger signals, are host biomolecules released from or exposed on dying, stressed, or injured cells that act on pattern-recognition receptors to activate the innate and, subsequently, the acquired immune systems (16, 87). The generation of DAMPs is recognized as a prominent immunogenic characteristic of ICD, and DAMPs play a critical role in inflammatory responses (87, 88) and tissue healing after inflammation (88). Therefore, the role of DAMPs in cancer focal therapy immune stimulation is central.

During focal ablation, DAMPs are released from or exposed on the ablated tissue, including tumor cells, stromal cells, endothelial cells, and immune cells, as well as released due to the disruption of local extracellular matrix (117). These DAMPs then bind to phagocytosis receptors, purinergic receptors, and pattern-recognition receptors to initiate a series of reactions such as the local production of inflammatory cytokines (TNF, IL-1, IL-6, and IL-8) from innate immune cells (16, 87). Meanwhile, neutrophils, macrophages, dendritic cells, and other immune cells are recruited to the ablated site and are locally modulated by the DAMPs. The recruited cells will release cytokines and chemokines, which in turn coordinate with local cells to further modulate the immune response, ultimately leading to the activation of anti-cancer immunity (16). To some extent, the release of DAMPs, cytokines, and chemokines following FT could be used to rapidly evaluate the immunogenic effects of a treatment.

Cytokines are widely studied in the immunological response to focal ablation through evaluation of serum levels of cytokines in vivo and clinically. Heat shock proteins, ATP, HMGB1, calreticulin, and end-stage degradation products (such as DNA, RNA, and uric acid) have been largely limited to in vitro study.

Following thermal ablation, increase of pro-inflammatory cytokines (e.g., IL-1, IL-6, IL-8, IL-18, and TNF-α) are common for several hours to days (118–120), while anti-inflammatory cytokines (e.g., IL-10 and TGF-β) are also released. Cryoablation releases a similar category of cytokines, but in different quantity. For example, IL-1, IL-6, and NF-κB-dependent cytokines such as TNF-α are released in higher quantities after cryoablation than after RFA and MWA (114, 121). The large amount of pro-inflammatory mediators after cryoablation may induce a systemic inflammatory response syndrome (SIRS), leading to a phenomenon called cryoshock. Cryoshock can cause severe consequences, including disseminated intravascular coagulopathy, multi-system organ failure, or even death (122). SIRS does not occur when heat-based focal ablation techniques are used (121). After heat treatment, chemokines such as CCL2, CCL4, CCL5, and CCL10, which attract DC and T cells into the tumor, are detected (123). The release of ATP, HMGB1, and degradation products, as well as calreticulin externalization, are often detected after focal treatment is applied to cell suspension (105); however it is unclear how different ablation methods influence the amount of released molecules. Following IRE, ATP- HMGB1-mediated signaling are significantly up-regulated (124), suggesting that IRE might be an effective strategy to induce immunogenic cell death. The elevated expression of HSP 70 has been reported after both thermal ablation and cryoablation (125, 126), while the elevation in the thermal ablation group is much higher than with cryoablation (126). Furthermore, increased serum levels of HSP70 are correlated with better survival in patients treated with RFA (127).




3.3 Antigen presentation and activation of immunity

After the maturation and activation of APCs (particularly DCs) stimulated by DAMPs, dying tumor cells or released antigens are absorbed and processed by APCs, then the activated APCs travel to the draining lymph nodes, where antigens are presented to naive T cells (128). Cross-presentation and cross-priming are critically important for CD8-mediated immune response, in which MHC-I binds peptides derived from exogenous proteins internalized by endocytosis or phagocytosis and then primes naive CD8+ T cells (128). Following this interaction between peptide-MHC-I complexes and TCR, in the presence of costimulatory signals and/or cytokines, naive cytotoxic T cells become activated and proliferate. Following initial proliferation, they migrate into the circulatory system as effector T cells to identify cancer cells and ultimately eradicate tumors (128).

Antigen presentation and the activation of adaptive immunity rely on the accessibility of antigens and activation status of DCs and T cells, which are modulated by immunostimulatory signals such as DAMPs released after FT. This process is typically evaluated through the assessment of activation markers/phenotype change on DCs and T cells, as well as proliferation of T cells in lymph nodes and peripheral blood. Following cryoablation and thermal ablation in mouse models, a significant amount of antigen-positive DCs and an increase of DC activation markers (e.g., CD80/86) within the draining lymph nodes have been demonstrated (113, 129, 130). Increased tumor-specific T cell activation in regional lymph nodes and expanded CD8 T cell populations have also been widely detected after focal ablation (131). Clinically, the changes in T cell population in the peripheral blood of patients with different tumor types following thermal ablation or cryoablation have been evaluated. Peripheral blood CTL numbers and CTL/regulatory T cells (Treg) ratios increased significantly after thermal ablation but remained unchanged after cryoablation (132). In an in vitro study, IRE has shown superior induction of CTL response compared to cryoablation and heat-based treatment (116). Nevertheless, carefully controlled studies evaluating antigen presentation and activation of CTL will productively guide the choice and implementation of focal therapy to improve anti-tumor immune response.

There is a growing interest in the role of CD4+ T cells in anti-tumor immunity (133–135). Th1 type CD4+ cells most likely support a robust anti-tumor immune response, while CD4+ Treg cells are immunosuppressive (96). The influence of FT on CD4+ T cell differentiation and the role of CD4+ T cells in FT-induced immune response is being actively investigated (136, 137). For example, one study found that cryo-thermal therapy, but not RFA, led to a strong neoantigen-specific CD4+ T-cell response that mediated the resistance to tumor challenge (136).

In addition to cellular adaptive immunity, which is mediated by T lymphocytes, humoral immunity, which is an antibody-mediated response, is also involved in FT-induced anti-cancer immunity. The predominance of macrophages for the uptake of ablated tumors is more likely to induce a humoral response involving helper T cells and B cells rather than a cellular response (110).




3.4 Recruitment of immune effectors

After FT, a variety of cell types are recruited to the ablation site owing to injury response, inflammation reaction, and wound healing. These recruited cells can be immune-promoting or immune-suppressive, depending on their functional phenotype, as summarized in Table 4. FT can either promote or suppress anti-tumor immune responses, depending on the population and phenotype of recruited immune cells. Here, we consider immune effectors to be tumor-infiltrating immune cells that support immune recognition and cytotoxic function. The most important populations of immune effectors are tumor-infiltrating lymphocytes (TILs).

TILs including cytotoxic (CD8+) and helper (CD4+) T cells, B cells, and NK cells are emerging as prominent biomarkers in predicting the efficacy and outcome of treatments (138). Tumor-infiltrating CD8+ T cells have been shown to be positively associated with improved cancer prognoses after various forms of FT (18). Most FTs also have been reported to increase NK cell number and/or cytotoxic function (80, 139, 140). An increase of infiltrating Th1 CD4+ T cells and CD4+ CTL has been shown to be associated with enhanced immune response following focal ablation (105, 137). Tumor infiltrating B cells have been shown to positively correlate with overall survival in several solid tumors given its antigen presentation and tumor-killing function (141–143). Although the study of B lymphocytes in the context of FT is not common, there is evidence that HIFU ablation induced distinctive infiltration of B lymphocytes and RFA can lead to a change in the level of Ig secreted by B cells (144, 145).

In addition to TILs, DCs and M1 macrophages are also considered to be critical immune effectors contributing to the activation of TILs. Much evidence suggests that FT can promote DC activation and maturation and macrophage polarization toward M1 (10, 129, 146–148). Note that the historical and simplistic M1/M2 classification has the limitation of describing this transcriptionally dynamic cell type, as mixed phenotypes or populations with different phenotypes coexist. Neutrophil recruitment in FT-treated tumor due to injury response is commonly observed (149). However, little is known about the shift of neutrophil phenotypes (N1 or N2) (150) following FT.




3.5 Modulation of immunosuppressive cell types

Many cell types contribute to the generation of an immunosuppressive tumor microenvironment, including cancer-associated fibroblasts, myeloid-derived suppressor cells (MDSCs), Tregs, and tumor-associated macrophages (TAMs) (151). These cells are generally immune suppressive and protumorigenic. Theoretically, the elimination or reduction of immunosuppressive cell types present in the tumor bed and/or the disruption of tissue barriers can promote tumor infiltration by cytotoxic T lymphocytes, enhance anti-tumor immunity, and foster the formation of immunological memory (16).

Conflicting results have been published on how FT modulates these immunosuppressive cell types, especially for thermal ablation techniques such as RFA. For example, a number of studies have reported the reduced frequency of Treg cells in the tumor and peripheral blood after RFA, thereby promoting antitumor immunity (118, 139, 152, 153). On the contrary, some studies have shown RFA leads to the generation of an immune-suppressive environment, where immunosuppressive cell types are stimulated to proliferate, leading to tumor progression and/or aggressive recurrence (154, 155). One study pointed out that RFA leads to upregulated IL-10 and TGF-β levels, followed by a profoundly increased frequency of Treg cells in peripheral blood in a murine HCC model (156). The difference may rely on the details of RFA and the nature of the tumor.

Other modes of FTs have been more consistent in showing a decrease of immunosuppressive cell types. For instance, IRE decreases Treg cells and MDSC in the tumor bed as well as in peripheral blood (73, 83, 84). Cryoablation has also been demonstrated to induce a decrease of intratumoral Treg cells and MDSCs both in vivo and clinically (157). Cryo-thermal therapy can cause an elevated extracellular release of Hsp70 to induce differentiation of MDSCs into mature DCs, contributing to the relief of MDSC-mediated immunosuppression and ultimately the activation of a strong anti-tumor immune response (158).




3.6 Maintenance of memory cells

The maintenance of memory cells involved in local immunosurveillance is important to initiate a long-lasting antitumor immune response (16). Tissue-resident memory T cells (TRM), a subset of memory CD8+ T cells, are non-recirculating tissue-localized cells crucial for protective immunity against tumor recurrence (159). CD8+ TRM and CD8+ T cells with a TRM phenotype are typically associated with an improved prognosis in the immune response to cancer (159–164). For instance, skin TRM in local immunosurveillance has been shown to be able to promote long-term protection (165). In addition, memory and memory-Like NK cells also possess traits of immunological memory against pathogens and malignancy (166).

However, little is known about how FT contributes to the establishment of endogenous tumor-specific memory cells. A study using TRAMP-C2 prostate cancer model demonstrated an increase of non-recirculating tumor-specific CD8+ T cells in non-lymphoid tissue (NLT) distal to the tumor after IRE treatment, specifically within the salivary gland, contralateral skin, and liver (167). It remains unclear, though, whether NK cells can be modulated by focal ablation. Further studies investigating the function of memory T cells are warranted.




3.7 Additional immunological aspects following Focal therapy

In addition to these above-mentioned 6 aspects of immune response to FT, FT can also modulate the immune system through other pathways, including but not limited to (1) cell infiltration and permeability, such as changes in vascular structure and blood flow and stroma remodeling; (2) modulation of gene expression of cancer cells and immune cells; (3) changes in metabolism, such as tumor hypoxia; and (4) tissue damage and remodeling.

It has been shown that changes in temperature can cause a wide range of changes to the tumor microenvironment. For example, hyperthermia is usually accompanied by increased blood flow, resulting in increased oxygenation and intense infiltration of inflammatory cells and tumor-infiltrating lymphocytes (TILs) (10, 16). Hyperthermia also increases the surface expression of MICA and MHC-I on tumor cells, making tumor cells more sensitive to lysis by NK cells and CD8+ T cells (168, 169). Hyperthermia also stimulates the functional activity of NK cells, macrophages, and dendritic cells (168). Non-thermal ablation techniques such as IRE have also been shown to modulate the immunosuppressive tumor microenvironment to relieve intratumoral hypoxia, which suppresses immune cells. Several components of the fibrotic stroma were also downregulated, facilitating the infiltration of cytotoxic T lymphocytes (170).





4 Focal therapy combined with immunotherapy

Combining FT with immunotherapy may improve the potential of focal therapy to eliminate established tumors and prevent tumor recurrence. By taking advantage of focal ablation’s ability to induce the activation of an anti-cancer immune response, the efficacy of immunotherapy can be improved. Here, we examine different types of cancer immunotherapies and the status of preclinical and clinical research combining the two forms of cancer treatment.



4.1 Cancer immunotherapy

Cancer immunotherapies basically work through stimulating effector mechanisms and/or counteracting inhibitory and suppressive mechanisms. The NIH categorizes immunotherapy into 5 types: monoclonal antibodies, treatment vaccines, immune system modulators, T cell transfer therapy, and immune checkpoint inhibitors (171), as summarized in Table 5. Immunotherapy has emerged as the fourth pillar of cancer treatment, alongside surgery, radiation, and chemotherapy.


Table 5 | Categories of cancer immunotherapy and their functions.






4.2 Current state of focal therapy combined with immunotherapy

The immune responses after focal ablation monotherapy are usually weak and rarely induce clinically relevant antitumor effects. Different modalities of immunotherapy have been combined with focal therapy to stimulate a more robust anti-tumor reaction with the hope of a systemic immune response, as summarized in Table 6. The majority of cancer immunotherapies combined with FT function through stimulating immune response components to augment anti-tumor immunity. Many proof-of-principle, animal, or preclinical studies have shown promising results, demonstrated by the improvement of DC number and/or function, increase of tumor-specific CTL response, tumor growth suppression, enhanced survival, and even inhibited metastasis (105, 157). Hundreds of clinical trials are in progress to test this combinatorial therapy in various cancer types for patients. So far, most publications have been limited to safety and tolerability. For the translation of the results seen in animals and small groups of patients, larger prospective trials need to be designed to first examine safety and efficacy before moving into randomized controlled settings. Finally, large-scale randomized controlled trials are needed to determine the clinical benefit of combined treatment.


Table 6 | Selected examples of studies combining immunotherapy (except for ICIs, which is discussed in section 6) and focal therapy.







5 Immune checkpoint inhibitors (ICIs)

Immune checkpoints are crucial to the immune system for maintaining self-tolerance and modulating the duration and amplitude of physiological immune responses in order to prevent auto-immune disease (214). When checkpoint and partner proteins bind together, they send inhibitory signals to T cells. It is now clear that cancer cells harness immune-checkpoint pathways as an important mechanism of immune resistance (214). Therefore, checkpoint inhibitors that target these receptors or ligands hold promise as cancer treatments. Immune checkpoint blockade removes inhibitory signals to anti-tumor T cells, which enables tumor-specific T cells to overcome regulatory mechanisms and results in a broad enhancement of T cell-mediated immune responses (215).

Among identified immune checkpoints, cytotoxic T-lymphocyte-associated protein (CTLA-4) and Programmed cell death protein 1/Programmed death-ligand 1 (PD-1/PD-L1) are the most common targets in checkpoint blockade therapy. In general, it is perceived that CTLA-4 predominantly regulates early-stage T cell activation, whereas PD1/PD-L1 primarily regulates effector T cell activity within tissue and tumors (215, 216).



5.1 CTLA-4 pathway

During antigen recognition, T cells are activated when T cell receptors (TCRs) bind to antigen displayed in the MHC on APCs in concert with CD28:B7-mediated costimulation (216). CTLA-4 is a CD28 homolog with much higher binding affinity for B7 ligands (217). In resting T cells, CTLA-4 is an intracellular protein; however, after TCR ligation and a costimulatory signal through CD28, CTLA-4 expression is upregulated by translocation to the cell surface and decreased internalization (216). CTLA-4 outcompetes CD28 for binding to critical costimulatory molecules (B7-1/B7-2, also called CD80 and CD86) on APCs and mediates inhibitory signaling into the T cell, resulting in arrest of both activation and proliferation (215). CTLA-4 is also expressed by Tregs constitutively and contributes to their inhibitory functions (217). Anti-CTLA-4 antibodies block the activation of the CTLA-4 pathway, allowing for the activation and proliferation of more T-cell clones and reducing Treg-mediated immunosuppression (215, 217, 218).




5.2 PD-1/PD-L1 pathway

PD-1 is a member of the B7/CD28 family of costimulatory receptors (217). It regulates T-cell function through binding to its ligands, programmed death ligand 1 (PD-L1), and programmed death ligand 2 (PD-L2), which are widely expressed in nonlymphoid tissues such as cancer cells, macrophages, and myeloid cells (215). PD-1 expression on T cells is induced when T cells become activated. Upon engagement with PD-L1 and PD-L2, PD-1 is thought to primarily transmit a negative costimulatory signal through the tyrosine phosphatase SHP2 to attenuate T-cell activation and hinder cytolytic capacity (219). PD-1 expression is a hallmark of “exhausted” T cells (217), which are effector T cells with overexpressed inhibitory receptors and decreased cytokine production and cytolytic activity (220). Unlike CTLA-4, which is confined to T cells, PD-1 is also expressed in non-T lymphocyte subsets, including B cells and NK cells (214). PD-1 pathway blockade restores the activity of anti-tumor T cells that have been turned off, thus boosting an effective immune response (215, 217). Additionally, it has been pointed out that PD-1 is highly expressed on Treg cells, where PD-1 blockade actually amplifies Treg cells thus opposing the immune benefits (221).




5.3 FDA approved ICIs

With ample evidence suggesting that T cell response modulated by checkpoint blockade can promote durable cancer remission, the US Food and Drug Administration (FDA) has approved nine ICIs for targeted diseases (222), as summarized in Table 7.


Table 7 | FDA approved immune checkpoint blockade.






5.4 Emerging inhibitory checkpoints

In addition to the well-known CTLA-4 and PD-1 pathways, other immune checkpoints such as LAG-3, TIM-3, TIGIT, and VISTA are considered as promising immune therapy targets, and numerous antibodies have been developed to regulate these pathways (223, 224). Recently, the USFDA approved the combination of Nivolumab and the first lymphocyte-activation gene 3 (LAG-3)-blocking antibody, Relatlimab (BMS986016), as treatment for patients with unresectable or metastatic melanoma (Table 7) (225). Opdualag is also being studied in clinical trials of other cancers, including lung, colorectal, and liver cancer (226). Encouraged by the success of Relatlimab, additional drugs targeting LAG-3 and other novel immune checkpoints are being evaluated for the treatment of multiple types of cancers. We present a list of drugs that have entered clinical trial (223, 227–230) in Table 8. As of the writing of this review, hundreds of clinical trials are being carried out to evaluate the efficacy of these novel ICIs as monotherapy or in combination with currently approved ICI drugs.


Table 8 | Current ICI drugs in clinical trials (not yet approved).



ICIs can be used in combination for better efficacy and response by targeting different checkpoints simultaneously. The combination of CTLA-4 and PD-1/PD-L1 blockers has been the most extensively researched regimen (231). For example, the combination of ipilimumab plus nivolumab has been approved by the USFDA for the treatment of advanced melanoma, advanced RCC, MSI-H/dMMR metastatic colorectal cancer, HCC, metastatic NSCLC, and malignant pleural mesothelioma (232). In addition to therapies utilizing CTLA-4 and PD-1/PD-L1 blockade, other combinations targeting multiple checkpoints such as LAG-3/PD-L1, TIM-3/PD-1, B7-H3/CTLA-4, and VISTA/PD-1 are undergoing pre-clinical studies and clinical trials (233).

Our knowledge of the fundamental biological roles of these molecules remains limited and, in many cases, is being outpaced by clinical investigation. Deeper understanding of the basic biology is in urgent need for the rational development of new immune checkpoint blockade therapies and combinatory approaches. Meanwhile, ongoing efforts in preclinical and clinical studies are expected to reveal mechanisms of using these novel ICIs to enhance anticancer immunity.




5.5 Limitations of ICI monotherapy

Although ICIs have been used widely and show great promise for improving the outcome of cancer treatment, this therapy is limited by low response rate. Many patients exhibit innate resistance and disease progression. For example, among all cancer types, anti-CTLA-4 drugs have the highest objective radiographic response of 15% in advanced metastatic melanoma (216). Anti-PD-1 ICIs (Pembrolizumab and nivolumab) have high response rate (about 80%) in Hodgkin’s disease, but intermediate response (10-45%) in melanoma, non-small cell lung carcinoma (NSCLC), bladder and urinary tract cancer, and triple-negative breast cancer (TNBC) patients (216, 219).

Immune-related adverse events (irAEs) associated with ICIs is another concern for clinical use, due to overactivation of the immune system in almost any organ of the body. IrAEs can occur at any point along a patient’s treatment course. The most common toxicities during the treatment using CTLA-4-blocking antibodies include enterocolitis, inflammatory hepatitis, and dermatitis. The most common adverse events of anti-PD-1 ICIs are fatigue, diarrhea, rash, and pruritus (216, 234, 235). Serious organ inflammatory toxicities that can be life-threatening are uncommon, but this risk may be higher with combination ICI treatments. ICI toxicity can be mitigated by high doses of corticosteroids to suppress the immune response, but these in turn can attenuate the anti-cancer immunity (216, 234).

Therefore, the evaluation of biomarkers that can predict tumor response to ICI treatment is necessary to avoid overtreatment of ICIs and minimize side effects. Emerging research has focused on identifying predictive markers and combinatory approaches to improve the relatively low response rate of ICIs (236–238).




5.6 Biomarkers to predict ICI therapy response

There are a wide range of biomarkers being used to predict the ICI therapy response. Tumor mutational burden (TMB, the number of somatic, coding, base substitution, and indel mutations per megabase of genome examined) is one of the biomarkers (237). For colorectal cancer (CRC), anti-PD-1 and anti-PD-L1 therapy often generates a durable response in patients with mismatch repair-deficient/microsatellite instability high (dMMR/MSI-H) CRC, which is a tumor subtype with high TMB, compared to failure in microsatellite stable (MSS) CRC, which has a significantly lower TMB (239, 240). Yarchoan et al. have analyzed 27 tumor types or subtypes and observed a significant correlation between the tumor mutational burden and the objective response rate to anti-PD-1 or anti-PD-L1 therapy (P<0.001) (237).

Certain cell surface markers have also been identified as biomarkers for ICI responsiveness. For example, PD-L1 expression has been vital to predicting tumor response to anti-PD-1 or anti-PD-L1 antibodies in melanoma and NSCLC (241, 242). PD-L1 expression is currently used to guide treatment decisions and regulatory approval. However, its expression can be upregulated by several factors including interferon gamma (IFN-γ) (243) and may vary over time and across multiple tumor sites. Upregulation of other inhibitory molecules such as TIM-3, LAG-3, and VISTA can also cause resistance to anti-PD-1/L1 antibody therapy (244). A study examining 45 FDA ICI approvals between 2011 and 2019 across 15 tumor types found that PD-L1 expression was predictive of response to PD-1/L1 ICI in only 28.9% of cases (245), suggesting the complexity and difficulty of identifying putative protein and epigenetic markers for patient stratification and potential therapeutic targeting.

Immune cell infiltration is another important predictive biomarker considering the mechanism of ICI therapy. Generally, a higher number of tumor-infiltrating lymphocytes (TILs) has been a favorable prognostic factor in many types of cancers, including melanoma and colorectal cancer (246, 247).

Taken together, “hot tumors,” characterized by high tumor mutational burden, increased expression of PD-L1 and IFN-γ signaling, and high T-cell infiltration are associated with better ICI efficacy (248, 249). In contrast, for patients with “cold” tumors such as prostate, pancreas, and brain cancers, checkpoint inhibitors are typically ineffective (249).




5.7 The basis of combinatory approach with focal therapy

To improve the benefit of ICI immunotherapy, especially to increase the objective response rate and reduce irAEs, substantial efforts are focused on combination strategies aimed at turning “cold” tumors into “hot” tumors (249) by changing the immunosuppressive TME or targeting other pathways that potentially inhibit the activation of T cells (250).

Immunomodulation by energy-based focal therapy, as we discussed previously, is well aligned with the strategy of combination therapy with ICI to improve tumor immunogenicity (Figure 2). In the following sections, we will discuss preclinical study and clinical trials that utilize this principle and the process in fulfilling the synergy between FT and ICI.




Figure 2 | The synergy between FT and ICI serves as the basis of a combinatory approach in cancer management. The success of this combinatory strategy relies heavily on the activated CD8 T cells (i.e., population, location, and phenotype). The status of CD8 T cells is dictated by the cancer property (e.g., tumor type) and disease status and can be strongly modulated by intervention. Insufficient priming can be addressed by focal therapy and early intervention of anti-CTLA-4 and other ICI targeting Th1 CD4 T cells. T cell exhaustion can be mitigated by careful engineering of FT and ICIs (primarily anti-PD-1/PD-L1) that targets pathways preventing T cells to eliminate cancer. MDSC, myeloid-derived suppressor cells; MΦ, macrophage.







6 Preclinical in vivo research combining focal therapy and ICI



6.1 Overview of preclinical approaches

The keywords, database, and inclusion criteria for the literature research are summarized in Supplemental Table S1. A wide range of focal therapies have been combined with ICI therapy in various cancer models in preclinical studies. Melanoma (B16 and its derivatives), breast cancer (4T1 and NDL), HCC (Hepa1-6, H22, etc.), colorectal cancer (CT26 and MC38), prostate cancer (TRAMP, RM-1, and MycCap), and pancreatic cancer (KPC and its variants, KRAS*, etc.) are the most used cancer models to evaluate the benefits of combination therapy. Almost all the cancer models are syngeneic to corresponding mice strains (e.g., C57BL/6, BALB/c, and A/J) and were introduced by injecting cancer cells to form orthotopic or subcutaneous tumors.

The most targeted checkpoints are CTLA-4 and PD-1. ICI monoclonal antibodies, almost all purchased exclusively from Bio X Cell, are typically administered through intraperitoneal injection after FT at 100 or 200 µg per mouse for 3 or 4 total injections (Supplemental Table S2).

To evaluate the performance of combination therapy, researchers usually monitor the growth of the primary tumor and re-challenge long-term surviving mice with the same and/or different tumor cells to see whether this approach could improve primary tumor control and induce long-term protection against specific cancers. Some groups have also used a metastasis model or inoculated contralateral tumor to show that the combinatorial approach could enhance abscopal effect. Following the course of treatment, assessment of the immunomodulatory effect typically focuses on the CD8+ and CD4+ T cells in the tumor, spleen, and lymph nodes. Immunosuppressive cells and cytokines are also analyzed, as summarized in Supplemental Table S2.




6.2 Summary of preclinical findings

Published preclinical results suggest that FT combined with ICI is a promising treatment approach for multiple pre-clinical cancer models, as summarized in Table 9. Most of the research achieved 2 out of 3 of the following: (1) improved primary tumor control, (2) protection from tumor re-challenge, and/or (3) enhanced abscopal effect. It is worth noting that in all the cancer models, complete elimination of primary and systemic cancer is not guaranteed by monotherapy, but the chances have been greatly increased by the combinatory approach.


Table 9 | Materials and methods of combinatory FT and ICI in preclinical models. Y, results observed. ―, no data.



The induced immune response of thermal ablation, most commonly RFA and MWA, is considered incapable of complete eradication of established tumors or durable prevention of disease progression (130). With the addition of ICI, positive prognostics are often observed. Anti-CTLA-4 and RFA in the B16-OVA model have been shown to augment the anti-tumor effect of splenocytes, which resulted in long-lasting tumor protection (22) and regulatory T cell depletion in addition to increased tumor-specific T cell numbers, therefore protecting mice from tumor challenges (113). Anti-PD-1 in tandem with RFA in a colon cancer model has been reported to result in stronger anti-tumor immunity, demonstrated by prolonged survival and reversed immunosuppression in distant lesions (251). Combined ICI and MWA share similar trends: anti-CTLA-4 co-administered with MWA and GM-CSF contribute to 90% secondary tumor rejection in Hepa 1-6 model mice (184). Further studies revealed that the tumor-specific augmentation is supported by NK, CD4+, and CD8+ T cells (255, 256).

Some successes have also been reported on HIFU working well with ICI immunotherapy. Extended survival with partial tumor ablation, abscopal effects, and inhibition of re-challenged tumors have been reported. These observations are correlated with systematically activated DCs and TILs and downregulated Tregs (252, 275).

In contrast to thermal ablation such as RFA and MWA, which relies on a temperature typically above 60 ˚C, local hyperthermia (42.5 ˚C for 20 min) with anti-CTLA-4 was also shown to enhance the anti-tumor response (279). Other studies generate local hyperthermia using photo-absorber dye (photothermal therapy) combined with ICI treatment to stimulate tumor-specific immune responses (35, 36). These studies, based on various heating methods, demonstrate that thermal therapy is capable of magnifying the impact of ICI immunotherapy, especially for treating “cold” tumors.

Cryoablation has been described to exert both immunostimulatory and immunosuppressive effects due to the specific physiological mechanisms of cold injury (105, 130). Some studies show that cryoablation has no effect on the growth of distant secondary tumors or on increased tumor-specific CD8 T cells (130, 262). However, the therapeutic effect of cryoablation is substantially improved with anti-CTLA-4: secondary tumors are significantly slowed or prevented (262, 263). Compared to cryoablation monotherapy, secondary tumors in the combination group were highly infiltrated by CD4 T cells and CD8 T cells, and there was a significant increase in the ratio of intratumoral T effector cells to FoxP3(+) Tregs (262).

Despite the unique advantage of IRE over thermal-based ablation, especially in pancreatic cancer, IRE alone is insufficient to eradicate remote micrometastatic lesions completely, and most patients receiving this therapy develop distant progression (280). Synergizing IRE with ICI immunotherapy to address local and systemic cancer has a huge potential for clinical translation in PDAC. In one example, IRE reverses resistance to immune checkpoint blockade in a murine orthotopic PDAC model with a long-term memory immune response (170). In another example in prostate cancer, IRE and anti-CTLA-4 increased intratumoral tumor-specific T cells and increased tissue-resident CD8+ memory T cells (TRM) in non-lymphoid tissues including skin. Mice that had previously achieved complete remission following dual IRE + anti-CTLA-4 therapy were also 100% protected from secondary tumor challenge (167).

The immunologic effects of mechanical ablation (including mechanical HIFU, boiling histotripsy and cavitation-cloud histotripsy) are less well characterized. This non-thermal ablation process can increase the expression of both CTLA-4 and PD-1 pathway receptors (281), which serves the basis of synergistic effect with ICI.




6.3 Nanoparticle-mediated hyperthermia

In recent years, the number of preclinical studies combining NP-mediated hyperthermia therapy with ICI has increased rapidly, especially with a large number of studies from China, as summarized in Supplemental Table S3, NP-mediated hyperthermia therapy + ICI in vivo research on animals. In preclinical studies, NP-mediated hyperthermia, both photothermal therapy (PTT) and magnetic hyperthermia (MHT), combined with ICI has been demonstrated to enhance therapeutic outcomes, reverse tumor-mediated immunosuppression, result in therapeutic effect for both primary tumors and metastatic lesions, prevent cancer recurrence, and prolong the survival period (282, 283).

As shown in Supplemental Table S3, among numerous nanoparticles used for hyperthermia therapy with ICIs, near-infrared lasers using gold nanoparticles are most common. A wide range of tumor models are used: most of them are orthotopic or subcutaneous syngeneic tumors. Among all the cancer models, the most studied is 4T1 (breast cancer), followed by CT26 (colorectal cancer) and B16 (melanoma). These 3 models make up more than 80% of the preclinical studies on the list. Different from ablative thermal therapy, where temperatures greater than 55°C are common, these NP-mediated hyperthermia therapies typically operate at a lower temperature. Most of the literature has reported enhanced tumor antigen-specific T cell responses, inhibition of Treg cell functions, promoted M1 macrophage differentiation, and improved tumor-infiltrating lymphocytes (284).

Compared to conventional hyperthermia, NP-mediated hyperthermia offers several advantages: in theory, the cancer cells can be selectively targeted and ablated at microprecision scale due to the propensity of NPs to extravasate from the tumor vascular network in some cancers and accumulate in and around cancer cells (285). The construction of NPs can be easily modified according to therapeutic needs; for example, anti-cancer drugs can be linked to or carried by NPs to enhance tumor killing and immune activation. The versatility of multifunctional NPs has enabled the integration of hyperthermia with other treatment approaches such as photodynamic therapy (PDT), chemodynamic therapy (CDT), and even immunotherapy within the same platform.

As of the writing of this review, there has been no clinical trial combining NP-mediated hyperthermia with ICI. The intrinsic limitations of both PTT and MHT are barriers preventing large-scale clinical translation from small animal models, even when combined with immunotherapy. First, uniform and fast energy deposition to the entire tumor remains challenging: the variation of NP concentration within the tissue, the limited tissue penetration depth (a few millimeters) of light for PTT and the poor magnetothermal conversion efficiency for MHT all severely dampen the treatment effect. Second, effective delivery of nanomedicine remains a major challenge. Only a fraction of intravenously administered nanomaterials can be delivered to the tumor regions, while the majority are absorbed by the reticuloendothelial system during blood circulation, followed by clearance from the body (285). At the same time, the biosafety of nanomedicines needs to be assessed systematically in order to prevent severe treatment-related side effects. Most animal studies have utilized intratumoral delivery of the NP agent to guarantee enough NPs located in the tumor, which is not always feasible for clinical cases. Third, the immunomodulatory effects of NP-mediated hyperthermia need to be mechanistically studied and understood. The success of these combination approaches appears to be linked to a combination of factors related to the hyperthermia response and specifics of each nanoparticle platform, necessitating an understanding of the mechanisms of interplay between hyperthermia and nanoparticle design.





7 Clinical research combining focal therapy and ICI



7.1 Clinical approaches of focal therapy and ICI



7.1.1 Overview of clinical trials

The keywords, database, and inclusion and exclusion criteria of the literature research of clinical trials are summarized in Supplemental Table S4. When more than one report of the same study was available, the most recent data (with longer follow-up and/or higher number of patients) were included. 

The keyword search identified a total of 55 studies by Sept 15, 2022, as summarized in Table 10. Five were excluded as they were withdrawn or terminated before completion, which would not yield meaningful results. The 50 clinical trials included were sorted by FT type and ICI type, separately. In general, the number of ongoing clinical trials has increased steadily each year since 2011 (Figure 3A). Seven different types of FTs and 11 distinct ICIs have been used in the identified trials. Several studies involved the comparison of different FTs or ICIs, and 10 out of the 50 used more than 1 ICI in the treatment arm.


Table 10 | Clinical trials of focal therapy combined with ICI immunotherapy.






Figure 3 | Clinical trial summary. The numbers of clinical trials are grouped by year (A), clinical phase (B), use of ICI drug (C), focal therapy modality (D) and targeted diseases with their tumor mutation burden and 5-year survival (E). BCC, basal cell carcinoma; BTC, biliary tract carcinoma; HCC, hepatocellular carcinoma; RCC, renal cell carcinoma.



The majority of trials were in phase I or II or a combination of phase I and II, enrolling small cohorts, typically fewer than 50 patients. One phase III and one phase IV trial (both outside U.S.) were identified (Figure 3B). As of September 2022, more than half of the trials were still recruiting, and only 11 trials have been completed. In general, most of these studies are in the early phase, and there is indispensable need for randomized phase III trials to confirm the clinical efficacy of these novel combinations.




7.1.2 ICI used in clinical combination therapy

Most of the clinical trials used anti-PD-1 drugs (Pembrolizumab or Nivolumab) or anti-CTLA-4 drugs (Ipilimumab) in combination with FT, which are the first three ICI drugs approved by the FDA. The number of ICIs that are used in combination treatment has been increasing during the past 10 years. Although ipilimumab was the only ICI involved in a clinical trial in 2011, 11 distinct ICIs have been included in clinical trials by 2022 along with the thriving development of ICI drugs worldwide (Figure 3C). Anti-PD-1 antibodies were the most frequently used ICIs across all studies, with Pembrolizumab included in 18/50 trials, followed by Nivolumab (14/50), due to a number of factors including the broad applications (Table 7), the largest market share in ICI (286) and being manufactured by numerous pharmaceutical companies globally.

Dual immunotherapy using an anti-PD-1/L1 antibody and an anti-CTLA-4 antibody with FT was identified in 10/50 trials. Ipilimumab + Pembrolizumab/Nivolumab (7/50) were the most common double-agent immunotherapies along with FT. The application of dual combinations is encouraged by the evidence that combination anti-CTLA-4 plus anti-PD-1 checkpoint blockade has shown enhanced efficacy compared to monotherapy in a wide range of cancer types (287–289). In addition, multiple studies included other immunotherapies such as CIK therapy and dendritic cell injection in order to further enhance anti-tumor immune response.




7.1.3 FT used in clinical combination therapy

Cryoablation, which has been used in 21 trials (19 single FT + 2 more than one FT), has been the most commonly studied FT modality (Figure 3D), followed by RFA, MWA, IRE, LITT, hyperthermia, and HIFU. Also, cryoablation has been used in combination with 8 ICIs reported in this study, probably owing to the solid understanding of cryoinjury and the long history of this technique being applied in numerous diseases (Table 2). Among identified clinical trials, the combination of Pembrolizumab/Ipilimumab and cryoablation was most frequently studied.

The choice of FT in combination for specific disease is largely based on the established clinical benefit of locoregional therapy (LRT) monotherapy, which depends on the properties of the targeted tissue and the FT mechanism, as we reviewed in section 2. For example, RFA, MWA and cryoablations were used on primary liver tumors, while cryoablation was the most frequently studied FT modality to be combined with ICIs for primary breast cancer.




7.1.4 Combination therapies benefits a broader range of cancer patients

The combination of FT and ICI is likely to benefit a broader range of patients than monotherapy, reflected by the widening scope of indications for which this treatment has been tested. In Figure 3E, we map the number of clinical trials on both TMB and 5-year survival for each specific cancer type. The references for mutation burden and survival data are summarized in Supplemental Table S5.

Combination therapies greatly expand the application of ICI, offering opportunities to treat a wider variety of cancer where ICI monotherapy is ineffective. When used alone, ICI therapy has been mostly limited due to low response rates; the FDA-approved indications focus on “hot” tumors with high TMB. Cancer types with higher response rates to ICI largely associated with their TMB, including melanoma, lung cancer, and colorectal cancer, have been treated with combination therapy. In addition, certain cancers with lower ICI response rates due to their relatively low mutation loads, such as prostate cancer, pancreatic cancer, and MSS CRC, are being treated in clinical trials with combination therapy. Still other cancer types, including HCC, BTC, and glioma are benefiting from combination therapy with ICI, mainly owing to the crucial role that LRTs have played in managing these diseases.

LRT monotherapies are usually considered in patients with unresectable local disease, as either a conservative approach (high 5-year survival, such as breast cancer and prostate cancer) or a palliative or even “last-ditch measure” (low 5-year survival, such as glioma and pancreatic cancer), according to NCCN guideline. In comparison, the combination therapies are being evaluated as a first- or second-line treatment: not limited to primary tumors but also used for recurrent and/or metastatic disease.

Taken together, combination therapy shows promise for mitigating the limitations of both ICI and FT monotherapy to expand their application. This strategy not only makes existing monotherapy more effective, but more importantly, opens up possibilities for a broader range of cancers.





7.2 Summary of clinical findings

It is anticipated that the combination of ICIs and FTs can produce synergistic effects, leading to improved outcomes without added toxicities. The primary reported outcomes of clinical studies examined, most commonly, safety and tolerability, survival, response rate, and immune-related biomarkers. The potential benefits of combination therapy include: 1) improved therapeutic effect, 2) enhanced immune response, and 3) reduced adverse events (Table 11). The outcomes of clinical reports are summarized in Supplemental Table S6.


Table 11 | Clinical report summary. ★ ★: good, ★: marginal, ◎: No comparison, ―: No data.





7.2.1 Improved therapeutic effect

The therapeutic effect is improved by an increase of response rate and/or better survival compared to either FT or ICI monotherapy. For example, a phase II study that evaluated subtotal thermal ablation (RFA or MWA) with anti-PD-1 therapy (nivolumab or pembrolizumab) in patients with advanced HCC has shown that additional ablation increases the objective response rate with tolerated toxicity and achieves a relatively better median survival (298). In this study, the complete response rate and partial response rate were increased from 4% to 8% and from 6% to 16%, respectively, when ablation was added to anti-PD-1 monotherapy. Another phase Ib study assessing combined IRE with nivolumab on locally advanced pancreatic adenocarcinoma showed a complete ablation effect in 100% of patients, a mean time to progression (TTP) of 6.3 months, mean progression-free survival (PFS) of 6.8 months (95% CI, 3.5-10.0), and a median overall survival (OS) of 18.0 months (95% CI, 9.2-26.8) (307). Encouraged by the remarkable efficacy, a multicenter, phase II adjuvant trial (NCT03080974) is underway evaluating IRE and nivolumab in patients with locally advanced pancreatic cancer.




7.2.2 Enhanced immune response

An enhanced immune response is typically demonstrated by an elevation in the biomarkers associated with stronger anti-tumor immunity in most of the trials or lessening of immune anergy. Most noticeable is the sustained elevation in intratumoral and/or peripheral CD8 T cells in combination therapy. In one study, cryoablation and tremelimumab treatment led to a significant increase in immune cell infiltration and tertiary lymphoid structures in patients with metastatic clear cell RCC (294). Another phase I/II study using tremelimumab and loco-regional therapy (RFA, cryoablation, or TACE) on HCC patients showed an activation of tumor-specific T cells and a decrease in T-cell clonality on the patients (302). A study involving cryoablation and ipilimumab on breast cancer showed that combination therapy was associated with increases in Th1-type cytokines, an increased frequency of activated T cells and proliferating T cells in PBMC, and an expansion of effector T cells within the tumor relative to regulatory T cells (297).




7.2.3 Reduce adverse effects

Safety and tolerability are the primary outcome for most studies demonstrating the reduction of adverse effects. Among all the reported trials, the combination therapy was well-tolerated, and the toxicity is not increased by the association of ICIs and LRTs. Adverse events were less than or equal to Grade II for most of the studies. Moreover, the ICI dose in combination treatment can be reduced owing to the increase in therapeutic effect and improved response rate, therefore reducing the immune-related adverse effects.




7.2.4 Opportunities in clinical research

More clinical evidence is needed to demonstrate whether the combination of ICIs and FTs is feasible and effective in treating solid tumors and shows advantages over monotherapy and even SOCs. As of the writing of this review, the numbers of completed clinical trials and retrospective clinical studies are still small, especially compared to those in radiation oncology or chemotherapy. Among these studies with combination FT and ICI, the patient selection may be biased; some patients with low TMB (and presumably low response rate to ICI) may have been excluded. In addition, more detailed analysis of immune response is warranted for better understanding of immune modulation by this combined treatment.

There has not been a reported randomized phase III study that compares combination therapy with other treatments including monotherapy (FT or ICI alone). The immune and therapeutic effects of the combination therapy remain to be better understood. Fundamental questions in designing optimal combinatorial treatment regimen need to be answered, as we discuss in our next sections.






8 Challenges for FT and ICI



8.1 Lack of “immunological dosing” of FT

Unlike thermal dosing, the “immunological dosing” of FT, which describes the interaction between the immune system and the FT, is not well defined nor established. Even though there have been comprehensive reviews on the immunomodulation of types of FT such as cryoablation (110), hyperthermia (130), and IRE (308), the quantitative relationship between the exact treatment conditions and the subsequent immune responses (summarized in section 3) have not been well described. For example, even though numerous studies have demonstrated that hyperthermia could provoke robust immune responses and create an immune-favorable TME that sensitizes tumors to immunotherapy (309, 310), the relationship between hypothermia parameters (the elevated temperature, time of elevated temperature, and distribution of temperature) and the extent of immune system activation still needs to be elucidated (283, 311). To be specific, the quantity of antigen being released as a function of tumor volume and treatment condition (e.g., temperature and time for thermal ablation) is yet to be uncovered. The amount of tumor antigen needed to sufficiently prime the immune system is largely unknown, despite its well-recognized importance. In addition, the composition of DAMPs generated following FT is not clear either. Furthermore, a quantitative relationship between the dynamics of DAMPs, and specific FT treatment conditions is largely unknown. Understanding the immune impacts of FT will require careful and extensive mechanism studies that also includes variability based on heterogeneity of tumor types.

The best choice of FT is usually not straightforward. Currently, clinicians are not selecting FT approaches based on the immunological effects of specific FT modalities, in part because such immunologic effects are not yet clear, but by other factors, including the tumor location, tumor size, and disease stage. To date, clinical studies offering direct comparison of the immune response among the different modes of FT have not been conducted. Preclinical comparison among different modes of FT is also still lacking. Another factor that further complicates the issue is that the device and setup of FTs vary among different laboratories: some use a clinical-size probe which is less than ideal for sub-centimeter tumors, while some groups opt to build probes specially for small animal research (312). When FT probes for small animals are used, they are usually not fully characterized: lacking an assessment of the ex vivo and in vivo physical performance of the probes with regards to the biological sequelae of tumor destruction.

Proper dosing in clinical study is key for optimal combination therapy. For example, even though RFA and anti-PD-1 generally works well in most of the cases, the inflammation induced by incomplete RFA can accelerate tumor progression and hinder anti-PD-1 immunotherapy (154). However, studying FT dosing in humans is difficult if not impossible, so careful examination of controlled FT dosing must be studied in small animal models, like rodents, despite their difference in size. Fundamentally, the “immunological dosing” of FT on a tumor should depend on the energy field and its coverage. Even though the energy field (spatiotemporal distribution of physical quantities, such as temperature for thermal therapy and cryoablation, electric field for IRE) has been extensively studied for cell death and tissue destruction, unfortunately the importance of a well-described energy field is largely overlooked in both preclinical and clinical studies: when a tumor is being treated, the direct physical quantities are usually not quantitively prescribed or not being monitored. In addition, for example, when comparing the additive or synergistic effect of combinatory therapy to energy-based focal therapy, controllable and consistent partial ablation is desirable so that additional therapeutic benefit can be quantitatively analyzed by tracking the tumor volume over time from the same baseline. However, such a baseline is not easy to achieve without controlling the energy field. To delineate the energy field of a specific FT, a few steps have to take place (1): the device needs to be well-designed for repeatable delivery of the energy (2), the energy needs to be precisely mapped based on the boundary condition defined by the device and the multi-physics models, and (3) in vivo measurements including monitoring and validating the energy fields need to be taken and compared to the models to ensure the consistency of FT protocols.




8.2 No consensus on the timing of ICI when combined with FT

Despite research advancement toward understanding synergistic combination therapy, the optimal timing of ICI treatment has not been well studied. Little is known about how to design the combinatory regimens to favor therapeutic efficacy, whether before, during or after the FT. Most clinical studies incorporated FTs during ICI treatment. This fact might lead to weakened responses, as some preclinical evidence suggests that checkpoint inhibition before antigen priming can lead to poor anti-tumor effects (313). A popular theory is that ablation should be performed before ICIs because neoantigen-specific T cells induced by interventional therapy can have an improved response to ICI, thus enhancing the anti-tumor immune response. However, some researchers propose that administering ICI therapies should be in a neoadjuvant setting prior to FT (314) and argue that immunotherapy begun before ablation can be curative and can enhance efficacy in the presence of a high tumor burden (259). Moreover, the immunomodulatory effects produced by some ablation treatments may be short-lived, so the timing of sequential treatment of ICIs needs careful planning. Unfortunately, to knowledge, no study was designed with this issue in mind. There is indispensable need for preclinical study to answer the question of how the sequencing of FT and ICI affects optimal anti-tumor response.

In addition to timing, there is a need for preclinical and clinical investigation to optimize the synergistic efficacy of the dosage, frequency, and delivery approach of ICI when combined with FT. Most of the studies adopted dosage regimens based on the previous experience of preclinical studies or previous clinical trials on ICIs alone and adjusted them according to regular evaluation (315), rather than a rigorous optimization process. ICI usually comes with dose-limiting immune-related side effects; these side effects may be mitigated by incorporating FT to enhance the response of ICI, as we summarized previously.




8.3 Gaps between preclinical models and clinical trials

Most research in this field is currently still in the proof-of-principle phase. Preclinical research largely precedes clinical studies in terms of optimizing treatment approaches and understanding immune system modulation. However, we should recognize the gaps between preclinical models and clinical trials, especially considering differences in (1) the cancer models (2), the size difference, and (3) the drug delivery approaches.

The immune effect is highly dependent on not only the cell death by FT, but also the type of tumor in the experimental mouse model. The extent to which preclinical research can be generalized to humans is largely limited by the heterogeneity of tumor types, animal models, and ablation methodologies. The mouse subcutaneous tumor model has prominent advantages, allowing treatment of a large number of animals with easy handling and housing and lower costs than other mammalian species, and also offering access to an array of assays, reagents and genetically engineered mice that facilitate mechanistic understanding (70). However, there is divergence between mouse and human immune systems, and the immune microenvironment of subcutaneous tissue is significantly different from those in other organs. In addition, the inoculated tumor model using syngeneic cancer cell lines cultured in monolayters for many generations may not represent the real tumor structure and components. Some researchers have proposed more experimentation with orthotopic tumor models to elucidate which organ and disease are suitable for this promising treatment strategy (79).

The size of mice becomes another disadvantage for investigation of local therapies and drug delivery, due to the disparities in scale. On small animal cancer models, the tumors being treated by FT are usually small (a few millimeters) and spherical. Clinical devices, designed to treat tumors at centimeter scale, are usually too big for the tumors on mice, so customized devices have to be used for preclinical research. Monoclonal antibodies are each unique, so ICI drugs for mice are inherently different than for humans, making it difficult to translate the treatment effect from mouse to human. Scaling up the setup and dose of FTs and ICIs remains a big challenge. The size difference may also have an impact on the ICI timing and dosing.

The difference in drug delivery methods between animals and humans also becomes a challenge in translational research. ICI drugs are typically infused intravenously in clinical studies while different drug delivery methods, such as intraperitoneal and intratumoral injection, are typically used in animal studies. Nonetheless, studies of syngeneic cell lines or genetically engineered mouse models have supported progress to date on cancer immunotherapy and that situation is not likely to change in the near future.





9 Future directions for combination therapy of FT with ICI

T cell responses that recognize and eradicate cancer cells are an important part of the cancer-immunity cycle (316), as shown in Figure 4. The generation of immunity to cancer is a cyclical process that can be self-propagating, leading to complete eradication of cancer. The cycle has several major steps that have both immune-stimulatory and inhibitory factors. In order to keep its positive cyclic process progressing, the goal of the therapeutic strategy is to ensure the passage along the steps in the cancer-immunity cycle are free from checkpoint(s). Therefore, the strategy with FT and ICI is the modulation of the cancer-immunity cycle to improve immediate- or long-term response. To accomplish this, the most effective approach is to selectively target the step or steps where the cycle is blocked or checked.




Figure 4 | The intervention of focal therapy (FT) and immune checkpoint inhibitor (ICI) in the cancer-immunity cycle. The cycle has several major steps that have both immune-stimulatory and inhibitory factors. The immune response to the FT can be harnessed to amplify and broaden T cell responses while the ICI can target the immune regulatory feedback mechanisms that halt the development or limit the immunity. Working together, FT and ICI can facilitate the maintenance of central, effector and tissue-resident memory CD8 T cells to promote long-term immunosurveillance and protection. ICD, immunogenic cell death; DAMPs, danger-associated molecular patterns. Figure adapted from original figure by Chen et al. (316) with permission.



To design an effective approach involving FT and ICI, the following 3 steps are needed. First, the cancer immune microenvironment must be assessed to identity the “bottlenecks” of the cycle. Second, with the knowledge of the limiting steps, the prescription of FT and/or ICI needs to target the stimulatory and inhibitory factors within each step, without introducing additional bottlenecks to the system. Finally, auxiliary immunotherapy and adjuvant therapy can be prescribed to better address the bottlenecks and stimulate antitumor immunity.



9.1 Identifying the bottlenecks

For a tumor to exist or even to progress, the crucial steps of the cancer-immunity cycles leading to cancer elimination must be arrested. To determine the bottlenecks, the tumor immune microenvironment must be fully assessed before the combination therapy, as the microenvironment of cancer varies among tumors and patients. Predictive biomarkers that are present at baseline prior to treatment initiation and predict ICI response can be evidence of stimulatory signal or inhibitory/suppressive factors. Such factors include the genetics of the cancer cells that dictate the mutation burden and the attributes (i.e., population, phenotype, and the location) of immune cells.

Equally important are the preemptive biomarkers, which are generated upon treatment initiation. Biomarkers associated with good prognoses can be evidence of effective treatment that alleviates the bottlenecks in the cancer-immunity cycle. Biomarkers contrary to prediction can be signs of failed strategy and will require changes of strategy. One challenge, however, is that some biomarkers cannot be detected in peripheral blood and will require tumor biopsy. Other challenges involve elusive data from systematic comparisons of the immunogenic effects of different modalities of focal therapy. The immune cell populations (both the immune effectors and regulators) and immunological features following FT, as monotherapy or with ICI, in addition to their comparisons to conventional treatment, remain largely unknown.




9.2 Prescribing the immunomodulation

The summary of potential solutions to the bottlenecks is presented in Table 12. Optimally, limiting step(s) of a given cancer condition should be identified before prescribing the potential solution that specifically targets each step. Designing the FT+ICI strategy to achieve the listed solutions is crucial for the success of the cancer therapy. Auxiliary therapy (e.g., other forms of immunotherapy, anti-angiogenic therapy) can be used to augment the immunomodulatory effects by FT and/or ICI to alleviate the limits on each of the seven steps.


Table 12 | Potential solutions to the bottlenecks in the major steps that arrest the self-propagating cancer-immunity cycle by combinatory focal therapy (FT) and immune checkpoint inhibitor (ICI).
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Introduction

Boiling histotripsy (BH) is a promising High Intensity Focused Ultrasound (HIFU) technique that can be used to mechanically fractionate solid tumours at the HIFU focus noninvasively, promoting tumour immunity. Because of the occurrence of shock scattering phenomenon during BH process, the treatment accuracy of BH is, however, somewhat limited. To induce more localised and selective tissue destruction, the concept of pressure modulation has recently been proposed in our previous in vitro tissue phantom study. The aim of the present study was therefore to investigate whether this newly developed histotripsy approach termed pressure-modulated shockwave histotripsy (PSH) can be used to induce localised mechanical tissue fractionation in in vivo animal model.





Methods

In the present study, 8 Sprague Dawley rats underwent the PSH treatment and were sacrificed immediately after the exposure for morphological and histological analyses (paraffin embedded liver tissue sections were stained with H&E and MT). Partially exteriorised rat’s left lateral liver lobe in vivo was exposed to a 2.0 MHz HIFU transducer with peak positive (P+) and negative (P-) pressures of 89.1 MPa and –14.6 MPa, a pulse length of 5 to 34 ms, a pressure modulation time at 4 ms where P+ and P- decreased to 29.9 MPa and – 9.6 MPa, a pulse repetition frequency of 1 Hz, a duty cycle of 1% and number of pulses of 1 to 20. Three lesions were produced on each animal. For comparison, the same exposure condition but no pressure modulation was also employed to create a number of lesions in the liver.





Results and Discussion

Experimental results showed that a partial mechanical destruction of liver tissue in the form of an oval in the absence of thermal damage was clearly observed at the HIFU focus after the PSH exposure. With a single pulse length of 7 ms, a PSH lesion created in the liver was measured to be a length of 1.04 ± 0.04 mm and a width of 0.87 ± 0.21 mm which was 2.37 times in length (p = 0.027) and 1.35 times in width (p = 0.1295) smaller than a lesion produced by no pressure modulation approach (e.g., BH). It was also observed that the length of a PSH lesion gradually grew towards the opposite direction to the HIFU source along the axial direction with the PSH pulse length, eventually leading to the generation of an elongated lesion in the liver. In addition, our experimental results demonstrated the feasibility of inducing partial decellularisation effect where liver tissue was partially destructed with intact extracellular matrix (i.e., intact fibrillar collagen) with the shortest PSH pulse length. Taken together, these results suggest that PSH could be used to induce a highly localised tissue fractionation with a desired degree of mechanical damage from complete tissue fractionation to tissue decellularisation through controlling the dynamics of boiling bubbles without inducing the shock scattering effect.
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1 Introduction

Cancer is the second major cause of death worldwide after cardiovascular diseases (1, 2). The estimated number of new cancer cases diagnosed in the United States is reported to be 1,918,030 and approximately 609,360 people will die from cancer in 2022 (3). Among many different types of cancers, liver cancer is the 6th most common cancer and the 4th leading cause of cancer-related death with 841,080 cases diagnosed in 2018 worldwide. Patients with early-stage liver cancer can be treated with surgical liver resection or percutaneous ablation through radiofrequency, microwave, cryoablation or trans-arterial radioembolization (4). Hepatectomy has been the mainstream treatment for early-stage liver cancer; however, the invasive surgical procedures can possibly lead to certain surgical complications such as bleeding, infection, blood clots and pneumonia. It has been reported that the most effective and widely used ablation therapies for treating liver cancer are radiofrequency and microwave ablations which both rely on a thermal ablative effect and require needle punctures (i.e., minimally invasive) (5). Because the heat sink effect significantly appears during these thermal-based treatments, it is difficult to precisely predict and control thermal ablation regions in real-time, thereby possibly increasing tumour recurrence rate (6–8). Ionising radiation therapy can also be employed as being a noninvasive clinical method; however, toxicities and a penumbra of nonlethal doses surrounding the targeted tissue are major concerns (5, 9).

High Intensity Focused Ultrasound (HIFU) is a non-invasive and non-ionising ultrasound technique which uses a focused ultrasound beam to treat cancer at the HIFU focus without disruption of surrounding tissue (10–12). In general, two different biological effects can be obtained by HIFU: thermal effect and mechanical effect. The production of heat at the HIFU focus can be used to thermally ablate solid tumours, whereas acoustic cavitation which can form as a result of mechanical effect of HIFU can lead to the mechanical destruction of cancer cells at the focus. The latter technique is known as boiling histotripsy (BH) (13). The overall shape of a HIFU thermal lesion is ellipsoid (10) whilst that of a BH lesion is tadpole like consisting of a head and a tail with the head closest to the HIFU transducer (13). In recent years, BH has gained more interest than HIFU thermal ablation in the fields of tumour ablation and immunotherapy. A number of previous studies have clearly demonstrated that BH can be used to mechanically fractionate different types of soft tissues (liver, kidney, brain, prostate, etc) and cancer cells (renal carcinoma, breast cancer, colorectal cancer, prostate cancer, etc) without causing any significant thermal damage (14–23) as well as can promote immunogenic cell death of cancer cells via TNF-induced necrosis signalling pathway (21). Since BH does not generate denatured tumour antigens at the treatment site whilst HIFU thermal ablation leads to protein denaturation, BH can release relatively more damage-associated molecular patterns (CRT, HSP 70, HMGB-1), pro-inflammatory cytokines (IFN-γ, IL-1α, IL-1β, IL-18) and chemokines (IL-8) than those released by HIFU thermal ablation, resulting in enhanced dendritic cells activation and generation of CD8+ T cells (21, 22, 24, 25). BH can therefore lead to stronger and longer lasting immune responses than those triggered by HIFU thermal ablation (22, 26).

In BH, nonlinear shocked waves with high acoustic peak pressure amplitudes produced at the HIFU focus in soft tissue can increase tissue temperature to boiling in a few milliseconds followed by the formation of a vapour bubble, which is known as shock wave heating effect (13, 27). Further interaction of incoming incident shockwaves with scattered acoustic waves by the boiling bubble can then induce a greater peak negative pressure field between the HIFU source and the bubble, leading to additional cavitation nucleation sites (28–31). When the peak negative pressure magnitude of this localised backscattered pressure field becomes greater than the intrinsic cavitation cloud threshold (e.g., – 28 MPa in most soft tissue), a cavitation cluster can appear which is known as shock scattering effect (15, 32). Mechanical shear stresses produced around boiling bubbles can tear off surrounding tissue, leading to the formation of a tail of a BH lesion and emission of micro-jetting and shockwaves resulting from inertial cavitation clouds enable tissue destruction, producing the head of a BH lesion (28–31). Along with these, atomisation and microfountain effects (33, 34) may further facilitate the process of mechanical destruction during BH exposure.

Whilst numerous in vitro, ex vivo and in vivo studies have shown the promises of using BH for treating tumours and promoting tumour immunity in the tumour microenvironment, the degree of control over mechanical damage to tissue by BH is, however, somewhat limited (32) because of the shock scattering effect, which is a stochastic phenomenon (30, 31) and depends upon the pressure magnitude of a backscattered acoustic field by a boiling bubble (30) and the location and number of pre-existing bubble nuclei within soft tissue (13, 35). To improve the treatment accuracy, a new histotripsy method termed pressure-modulated shockwave histotripsy (PSH) has recently been proposed and demonstrated in liver tissue phantom in vitro (32). In contrast to BH that uses pulsed shockwaves with a constant pressure amplitude, PSH employs a specifically designed pressure-modulated HIFU pulsing protocol where, within a single PSH pulse, shockwaves with high peak positive (P1,+) and negative pressure (P1,-) amplitudes at the HIFU focus are initially used to create a boiling bubble via localised shockwave heating and subsequent weakly distorted nonlinear or linear ultrasound waves with lower pressure amplitudes (P2,+ and P2,-) are applied to maintain the boiling bubble without inducing the shock scattering effect. The concept of PSH has been well demonstrated through observing PSH-induced bubble dynamics in liver tissue phantom with a high-speed camera (32); however, its biological effects on living tissue have not yet been studied. To investigate the characteristics of a freshly created PSH lesion in the liver, in vivo animal experiments are, therefore, conducted in the present study. A wide range of PSH exposure conditions was employed to examine potential changes of extent and degree of mechanical damage generated in animal’s liver morphologically and histologically.




2 Materials and methods



2.1 PSH experimental in vivo setup and exposure conditions

In the present work, in vivo experiments on male Sprague-Dawley (SD) rats (6 to 8 week old and weighing 200 to 250 g) obtained from Koatech (Pyeongtaek, Republic of Korea) were carried out to study the feasibility of using PSH for (a) mechanically fractionating liver tissue as well as for (b) varying the degree of mechanical damage. Figure 1 shows a schematic diagram of the experimental setup used in the present study. All animals were housed in a temperature-controlled room (23°C) with a relative humidity of 50 ± 10% and alternate light/dark conditions. All the experiments were performed according to the approved guidelines and regulations provided by the Ethics Committee and the Institutional Animal Care and Use Committee of Korea University College of Medicine. Prior to PSH exposure, the rat’s left lateral liver lobe was partially exteriorised to simplify the guidance of the HIFU focus (20, 23, 29). A 2.0 MHz single element HIFU transducer (aperture size: 64 mm, radius of curvature: 63.2 mm, H148, Sonic Concepts, USA) coupled with a custom-built holder filled with degassed and deionised water was then placed on the exteriorised liver and the field coupled through a 25-μm thin acoustically transparent film (Mylar, Professional Plastics, CA, USA). The HIFU transducer was excited by a function generator (33600A, Agilent, USA) and a power amplifier (1040L, ENI, USA). The axial and lateral full-width half maximum pressure dimensions of the HIFU transducer were 7.25 mm and 0.89 mm respectively, and the HIFU focus was 3 mm below the surface of the exteriorised liver. The transducer holder was attached to a three axis-manual positioning system (Dovetail XYZ stage, ST1, Seongnam, Republic of Korea). During the experiments, the peak positive (P,1+ and P,2+) and negative pressure values (P1,– and P2,–) at the HIFU focus, pressure modulation time point (tm), pulse repetition frequency (PRF) and duty cycle (DC) were kept constant whilst the pulse length (PL) and the number of pulses were varied as listed in Table 1. For comparison, the same exposure condition but no pressure modulation (e.g., BH) was also employed to create a number of lesions in the left lateral liver lobe. Three lesions were produced within the same liver lobe.




Figure 1 | HIFU experimental setup used in the present study. Photographs of (A) exteriorised liver prior to HIFU exposure and (B) during the exposure. (C) Pressure modulated acoustic waveforms at the HIFU focus used in the PSH approach. PSH, pressure-modulated shockwave histotripsy.




Table 1 | Pressure-modulated shockwave histotripsy and boiling histotripsy exposure conditions used in the present study.






2.2 Surgical procedure

After two weeks of acclimation, general anesthesia was performed with 3.5% isoflurane in a 2:1 N2O/O2 mixture. The mixture of gas was maintained in the anesthesia chamber via rat’s inhalation through a 2.5% nasal cone. Rats were placed on the warm pad and subjected to the midline xipho-pubic laparotomy, as previously described in (23). Both peritoneum and xiphoid were bent and pushed aside using silk surgical sutures to expose the left lateral lobe of the liver. Sterile gauze was placed between the liver and stomach to remove the blood and prevent potential gastrointestinal damage induced by PSH or BH exposure. 8 SD rats with 10 different exposure conditions were used in the present study.




2.3 Histology

Animals were sacrificed immediately after the PSH or BH exposure using the CO2 chamber. After the exposure, a dimple on the liver surface due to the formation of a lesion underneath the surface of the liver was observed. This was used for identifying the lateral position of the lesion. Treated rat liver tissue containing a PSH or BH lesion was then collected and placed in 4% paraformaldehyde (PFA, Biosesang) for histological examination. The tissues were fixed in 4% PFA for 48 h and after dehydration in 70% ethanol, embedded in a paraffin block. Following the standard protocols (36), the paraffin embedded liver tissue was then cut in 4.5 μm thickness and stained with haematoxylin and eosin (H&E) or Masson’s trichrome (MT). Haematoxylin stains cell nuclei as blue/purple colour whereas eosin stains cytoplasm and collagen as pink colour. With Masson’s trichrome staining, connective tissue (extracellular matrix, collagen) is stained blue, cytoplasm is stained red or pink, and nuclei are stained dark red or purple. Stained sections were imaged using the EVOS m7000 imaging system (Thermo Fisher Scientific) and Zeiss Axio Scan Z1 (Carl Zeiss).




2.4 Statistical analysis

In the present study, the size of a PSH or a BH lesion (i.e., no pressure modulation case) produced in the liver in vivo (axial length and lateral width) was measured from histological results. Statistical analysis on the lesion size difference was carried out at single 7-ms long PSH and BH pulses. Data were expressed as mean ± standard deviation. Distribution of normality was tested with the Shapiro–Wilk test and Student’s t-test was used for comparison. A p-value equal or less than 0.05 was considered statistically significant.





3 Results



3.1 Partial mechanical destruction of liver tissue by PSH

To investigate the feasibility of using PSH for mechanically fractionating liver tissue, a partially exteriorised in vivo liver was initially exposed to various PSH exposure conditions. Figure 2 shows morphological and histological observations of freshly generated PSH lesions in the in vivo rat liver. Five animals were used (one animal per a given pulse number). With a single 7 ms-long PSH pulse (P,1+ of 89.1 MPa, P,1– of – 14.6 MPa, P,2+ of 29.9 MPa, P,2– of – 9.6 MPa, tm of 4 ms, three lesions were produced), a partial fractionation in the shape of an oval with mean length of 1.04 mm ± 0.04 mm (mean ± standard deviation) and width of 0.87 ± 0.21 mm (mean ± standard deviation) can be observed (Figures 2Ai–iii). On macroscopic examination, no sign of coagulative necrosis induced by thermal damage is seen within and at the periphery of the PSH lesion. If thermal damage had appeared, more eosinophilic areas (i.e., stained a darker pink) with the occurrences of a shrunken hepatocytes nuclei and granular cytoplasm would have appeared (17, 37). Several preserved hepatic plates (indicated by the green arrows in Figure 2Aiii) and intact portal veins (indicated by the yellow arrows in Figure 2Aiii) within the PSH lesion can also be observed. The size of a PSH lesion enlarges and more severe mechanical destruction appears (i.e., higher degree of mechanical damage) with increasing the number of PSH pulses (10 and 20 pulses, Figures 2B, C). The length and width of a PSH lesion produced by 10 pulses are measured to be 2.93 mm and 1.17 mm (two lesions were produced, Figures 2Bi,ii) with the presence of coagulated blood in the lesion (indicated by the arrow in Figure 2Biii). With 20 PSH pulses, a larger lesion with a length of 3.43 mm and a width of 1.83 mm (two lesions were produced, Figures 2Ci,ii) is generated and is partially filled with homogenised liver tissue (indicated by the arrow in Figure 2Ciii). No normal hepatocytes are observed within this lesion. For comparison, BH is also used to produce a number of lesions in the liver, which are shown in Figures 2D, E. The mean length and width of a BH lesion produced with a single 7 ms-long BH pulse (P+ of 89.1 MPa, P– of – 14.6 MPa) are measured to be 2.47 mm ± 0.72 mm (mean ± standard deviation) and 1.17 ± 0.19 mm (mean ± standard deviation) (three lesions were produced, Figures 2Di,ii), and a larger BH lesion (length of 4.58 mm and width of 1.25 mm) with the shape of a tadpole-like forms under 10 BH pulses (two lesions were produced, Figures 2Ei,ii). The width of the head of the BH lesion is 1.25 mm and that of the tail part is 0.5 mm (Figure 2Eii). In contrast to the extent of the PSH lesions shown in Figures 2A, B, there is a mechanical damage occurring on the surface of the liver after the BH exposure which is indicated by the black arrows in Figures 2Dii, Eii. This surface damage is most likely to be due to the presence of the shock scattering effect during the BH insonation (29–31). The comparison of a lesion size between PSH and BH is summarised in Table 2.




Figure 2 | Morphological and histological observations of freshly created PSH or BH lesions in the liver in vivo. A cross-sectioned PSH lesion produced by (A) 1 pulse, (B) 10 pulses, and (C) 20 pulses with a pulse length of 7 ms, P,1+ of 89.1 MPa, P,1– of – 14.6 MPa, P,2+ of 29.9 MPa, P,2– of – 9.6 MPa, tm of 4 ms, 1 Hz PRF and 1% DC. (Ai) A photograph of three cross-sectioned PSH lesions after the exposure. (Aii) Formalin-preserved section of (Ai). (Aiii, Bii, Cii) are the corresponding H&E stained liver tissues indicated in (Aii, Bi, Ci), respectively. (Biii, Ciii) are higher magnification of the areas indicated by the yellow squares in (Bii, Cii) respectively. Formalin-preserved cross-sectioned BH lesions produced by (Di) 1 pulse and (Ei) 10 pulses with a pulse length of 7 ms, P+ of 89.1 MPa, P– of – 14.6 MPa, 1 Hz PRF and 1% DC. (Dii, Eii) are the corresponding H&E stained liver tissues indicated in (Di, Ei). The HIFU beam propagates from top to bottom.




Table 2 | Measurement of the size of a lesion produced in the liver in vivo by pressure-modulated shockwave histotripsy (PSH) and boiling histotripsy (BH).






3.2 Variation of a degree of mechanical damage induced by PSH

An additional set of experiments was performed to investigate the feasibility of employing PSH for varying the degree of mechanical damage of liver tissue at the HIFU focus. A single PSH pulse was used whilst changing the pulse length (PL) from 5 to 34 ms. The same peak pressure magnitudes at the HIFU focus (P,1+ = 89.1 MPa, P,1– = – 14.6 MPa and P,2+ = 29.9 MPa, P,2– = – 9.6 MPa) and the pressure modulation time point (tm at 4 ms) used to obtain Figures 2A, B were employed. During the experiments, two lesions were produced at a given PSH pulse length. Figure 3 depicts histological observations of freshly created PSH lesions at a given exposure condition (i.e., PL at 5, 7, 10, 14, 24 or 34 ms with tm at 4 ms). It can be observed that the degree of mechanical damage of liver tissue increases with increasing the pulse length. Throughout the various exposure conditions tested in the experiments, the lowest degree of partial destruction occurs with the shortest PSH pulse length (i.e., PL of 5 ms) where the structure of hepatic lobules is well preserved along with intact blood vessels and bile ducts within the lesion (Figures 3Ai–iv). With PL of 7 ms, hepatic plates can still be seen within the treated region; however, its structure is less compact (Figures 3Bi–iii) compared to that produced by PL at 5 ms (Figure 3Aii). Nevertheless, portal veins are well preserved within the treated zone, which is confirmed by the Masson’s trichrome (MT) staining analysis, as shown in Figures 3Biii, iv (indicated by the green arrows). By further increasing PL (i.e., 10, 14, 24 and 34 ms), the degree of mechanical fractionation gradually increases (Figures 3Ci, iv, Di, iii, Ei, iii, Fi, iii) with the presence of homogenised liver tissue within the treated regions (Figure 3Fi, ii). In addition to this, the axial (i.e., length) and lateral (i.e., width) dimensions of the PSH lesion also enlarge with PL; however, the lateral dimension does not change as much as the axial direction. This is summarised in Table 3.




Figure 3 | Histological examination of PSH lesions produced in the liver in vivo by a single PSH pulse with P,1+ of 89.1 MPa, P,1– of – 14.6 MPa, P,2+ of 29.9 MPa, P,2– of – 9.6 MPa at HIFU focus and tm of 4 ms. H&E stained cross-sectioned PSH lesion induced by (Ai) a 5-ms long PSH pulse, (Bi) a 7-ms long PSH pulse, (Ci) a 10-ms long PSH pulse, (Di) a 14-ms long PSH pulse, (Ei) a 24-ms long PSH pulse, and (Fi) 34-ms long PSH pulse. Corresponding MT stained cross-sectioned PSH lesions of (A–F, i) are shown in (Aiii, Biii, Civ, Diii, Eiii, f-iii) respectively. (Aii,iv, Bii,iv, Cii,iii,v,vi, Dii,iv, Eii,iv, Fii,iv) are higher magnifications of the areas indicated by the squares in (Ai, Aiii, Bi, Biii, Ci, Civ, Di, Diii, Ei, Eiii, Fi, Fiii), respectively. The HIFU beam propagates from top to bottom.




Table 3 | Axial and lateral dimensions of the PSH lesion produced in the liver at a given exposure condition.



At higher magnification (Figures 3Cii, iii, v, vi, Dii, iv, Eii, iv, Fii, iv), it can be noticed that fewer hepatic lobules are observed with some nuclear fragments of hepatocytes in the treated region at PL of 10 ms (Figures 3Cii, iii) compared to those observed under the shorter PL (5 ms and 7 ms, shown in Figures 3Aii, iv, Bii, iv). Interestingly, corresponding MT-stained section of Figure 3Ci reveals intact fibrillar collagen-like structure (indicated by the green arrows in Figure 3Cv), possibly indicating decellularised region where liver tissue is partially destructed with intact extracellular matrix and vascular network (20). Intact fibrillar collagen can also be seen within the homogenised region in the liver, as shown in Figure 3Fiv (indicated by the yellow arrows). Raw images of MT-stained treated liver sections were also filtered by colour in order to emphasise and identify the presence of fibrillar collagen. Since collagen is stained blue with MT staining, all colours of the raw images were filtered out except blue using a commercial software (Adobe Photoshop Ps, Adobe Inc, CA, USA), which are shown in Figure 4. In comparison to untreated liver tissue (Figure 4A), more blue coloured regions (i.e., fibrillar collagen structure) occur with increasing PL as shown in Figures 4B, C. Decellularised liver scaffolds can be observed at PL = 10 ms which are indicated by the red arrows in Figure 4D.




Figure 4 | Histological observation of cross-sectioned MT-stained treated liver tissue. (A) untreated liver tissue. Treated liver tissue with a single (B) 5 ms long PSH pulse, (C) 7 ms long PSH pulse and (D) 10 ms long PSH pulse. Red arrows indicate the decellularised liver scaffold. The raw MT-stained image of (D) is obtained from Figure 3Cv.







4 Discussion

For treating liver tumours adjacent to other organs, normal liver tissue, major vasculatures and/or bile ducts, precise mechanical destruction by BH is essentially needed. Whilst it has been found that there is a positive relationship between the extent of a BH lesion with the number of BH pulses (13, 17, 28), it is still challenging to precisely control its size because of the appearance of stochastic shock scattering effect in each BH pulse which primarily depends upon the size and location of a boiling bubble within the HIFU focal volume, and the sum of the incident field and that scattered by a bubble (32). For inducing more precise tissue damage than BH, a new histotripsy termed pressure-modulated shockwave histotripsy (PSH), where a pressure modulated shockwave is employed to produce, coalescence and maintain boiling vapour bubbles at the HIFU focus whilst eliminating the shock scattering effect, has recently been proposed by Pahk in 2021 (32) as an alternative to or in addition to BH. In a PSH pulse, the pressure modulation time point at which the peak pressure amplitudes reduce from P1,+ and P1,- to P2,+ and P2,- takes place at the time to reach boiling temperature (i.e., time-to-boil) which can be numerically predicted by solving the bioheat transfer equation or using the weak shock theory (13, 28, 29, 32). In the present study, for the first time, the effects of PSH on in vivo liver tissue were investigated morphologically and histologically with varying PSH exposure conditions, particularly the number of PSH pulses (1 to 20 pulses) and the length of a single PSH pulse (5 to 34 ms). The experimental results shown in Figure 2 and Table 2 demonstrated that PSH produced 2.37 times in length (p = 0.027) and 1.35 times in width smaller lesion (p = 0.1295) than that generated by BH in the liver under the same number of pulse (i.e., 1 pulse) and pulse length (i.e., 7 ms). The greater reduction in the axial direction (i.e., length) than that in the lateral direction (i.e., width) of the PSH lesion (Figures 2Dii, iii) is likely because that the shock scattering effect predominantly occurs along the axial direction towards the HIFU transducer in BH process (30). This is also the reason why there was no statistically significant difference between the width of a PSH lesion and that of a BH lesion produced under a 7-ms long single pulse. A significant difference would likely be observed with higher number of pulses and/or longer pulse duration. With PSH, backscattered peak negative pressure amplitudes by a boiling bubble can be kept below the cavitation cloud intrinsic threshold of – 28 MPa (15, 32). Similar to the changes of the size of a BH lesion with the number of BH pulses (Figures 2D, E), the size of a PSH lesion also enlarged with increasing the number of PSH pulses (Figures 2A–C). It can be speculated that the change of a PSH lesion dimension would be dependent upon the extent of a localised heated region occupied by boiling bubbles. As a shockwave heated zone broadens with an increase in the number of PSH pulses due to an accumulation of heat where the peak temperature does not return to ambient temperature between PSH pulses (13, 38), more enlarged boiling bubbles would form within this spatially localised heated region, resulting in the formation of an enlarged PSH lesion. However, as heat transfer processes reach equilibrium between PSH pulses, the tissue volume over which the shock wave heating appears also reaches a maximum (17), whereby the overall size of a PSH lesion would also reach saturation. The size of a PSH lesion also increases with the pulse length, as shown in Figure 3 and Table 3. It can be noticed that the length of the PSH lesion gradually grew towards the opposite direction to the HIFU transducer along the axial direction with the pulse length, leading to the generation of an elongated lesion in the liver (Figures 3D–F). This increase in the axial direction is most probably due to the translational bubble movement by the HIFU radiation force during PSH exposure, which was observed in Pahk (32). This bubble movement can possibly be minimised by using a lower pressure amplitude of P2,+ than used in the present study as the radiation force is proportional to acoustic pressure amplitude. Besides the difference in the size of a lesion produced between PSH and BH, the shape of a PSH lesion is also different to that of a BH lesion. With the PSH exposure conditions used in the present study, an oval-shaped lesion was produced (Figures 2A–C) as compared to a tadpole shape (i.e., head and tail, as shown in Figure 2Eii) which is a typical lesion shape induced by BH. In BH, pre-focal cavitation clouds appear to form the head part of a BH lesion, whereas this event is negligible in PSH process, thus resulting in an oval shape lesion through shear forces produced by boiling bubbles at the HIFU focus. These experimental observations on the lesion shape are consistent with the previous study of bubble dynamics under BH and PSH exposures in an optically transparent liver tissue phantom with a high-speed camera (32). For effectively treating large solid tumours, PSH could be used together with BH. For instance, BH can initially be applied to mechanically fractionate a large area of solid tumours and then PSH could be employed to destruct the remnant tumours closely adjacent to normal healthy tissue, major blood vessels or other organs.

In the present study, the effects of changes of a PSH pulse length on the degree of mechanical damage induced in the left lateral liver lobe were also examined. Interestingly, the damage degree of liver tissue gradually increased with increasing the pulse length (Figures 3, 4). In all the experiments, portal veins and bile ducts were intact within the PSH lesions in the liver. With the shortest pulse length, most hepatic lobules including hepatic sinusoids were well preserved with minor liver damage (Figures 3Ai, iii). These hepatic structures became loosen with a slightly longer pulse length (Figures 3A–F), and decellularised liver scaffolds eventually appeared (Figures 3Cii–iv, vi, 4D). By further increased the pulse length beyond 10 ms at which the liver tissue decellularisation was observed, a completely homogenised region was found within the PSH lesion (Figure 3Fii). These experimental results can reveal the tissue selectivity of PSH. This tissue sparing or partial decellularisation effect is likely to be due to the differences in the mechanical properties of different types of tissue, leading to a variation in the susceptibility to mechanical damage (39). This is of paramount importance for cell therapy as an in situ decellularised lesion with intact extracellular matrix and vascular network could (a) promote cell attachment and proliferation and (b) supply sufficient oxygen and nutrients to transplanted cells to survive (14, 20, 29, 40, 41). For liver cancer treatment, normal healthy hepatocytes could be injected or transplanted directly into a PSH-induced decellularised region where liver cancer cells were selectively fractionated for remodelling tumour microenvironment. In fact, it has been demonstrated that BH can be employed to result in partial tissue decellularisation for cell therapy (20) and regenerative medicine (40) as connective tissue structures in the liver such as hepatic blood vessels and bile ducts are more resistant to BH treatment than cellular tissue due to the higher tensile strength of collagen (16, 20, 40, 41). Pahk et al. (29) numerically showed that strain induced by the formation and dynamics of a boiling bubble under BH exposure in the liver is above the ultimate fractional strain of liver but is below that of femoral artery. This numerical result indicates the importance of controlling the dynamics of boiling bubbles on decellularisation. From this perspective, since (a) shear stresses generated by boiling bubble(s) in the absence of the shock scattering effect (32) are the main cause of mechanical tissue destruction in a PSH process (Figures 2, 3) and (b) the lifespan of a boiling bubble (32) and (c) the degree of damage can be controlled through changing a PSH pulse length (Figures 3, 4), PSH could potentially provide higher degrees of tissue selectivity and treatment accuracy than BH. Though a long-term follow up study including the investigation of immune response to PSH was not performed in the present study, similar immunological effects induced by a conventional histotripsy approach would be observed by PSH because PSH is a type of histotripsy technique (i.e., mechanical destruction of solid tumours via acoustic cavitation at the focus). Different PSH exposure conditions would vary the extent and degree of mechanical damage; thereby possibly affecting the level of immune response. Furthermore, since acoustic properties of liver cancer tissue are different to normal liver tissue (cancer tissue is stiffer), the size as well as the shape of a PSH lesion produced in solid liver tumours may possibly be different to the results shown in the present study. This warrants further investigations including optimisation of PSH exposure conditions.

Pressure magnitudes of a pressure modulated shockwave pulse (P,1+, P,1– and P,2+ and P,2–) and pressure modulation time point (tm) are the two essential parameters involved in PSH method. In the present study, the PSH exposure conditions used in the experiments were adopted from Pahk (32). The tissue phantom used in Pahk (32) has similar acoustic and thermal properties to those of liver except for the attenuation coefficient which is 0.15 dB cm-1 MHz-1, rather than that for liver which is 0.52 dB cm-1 MHz-1 (13, 42). This difference in the attenuation coefficient may slightly shift the time-to-boil in the in vivo liver earlier than that in the liver tissue phantom which was predicted to be 3.98 ms (32). Therefore, further smaller PSH lesions than the smallest lesion size observed in the present study (i.e., 0.88 mm in length and 0.61 mm in width, shown in Figure 3Ai and Table 3) could be generated with the use of a shorter tm than 4 ms.

In conclusion, the experimental results presented in this study together with Pahk (32) can suggest that pressure-modulated shockwave histotripsy could be an invaluable tool as (a) precise tissue fractionation method for inducing highly localised liver tumour destruction and immune response, as well as (b) cell selective destruction method for cell therapy or regenerative medicine in the future. Further work will be carried out to investigate potential immunological benefits and adverse effects of PSH for cancer treatment with the exposure conditions used in the present study.
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Introduction

Multimode thermal therapy (MTT) is an innovative interventional therapy developed for the treatment of liver malignancies. When compared to the conventional radiofrequency ablation (RFA), MTT typically offers improved prognosis for patients. However, the effect of MTT on the peripheral immune environment and the mechanisms underlying the enhanced prognosis have yet to be explored. The aim of this study was to further investigate the mechanisms responsible for the difference in prognosis between the two therapies.





Methods

In this study, peripheral blood samples were collected from four patients treated with MTT and two patients treated with RFA for liver malignancies at different time points before and after the treatment. Single cell sequencing was performed on the blood samples to compare and analyze the activation pathways of peripheral immune cells following the MTT and RFA treatment. 





Results

There was no significant effect of either therapy on the composition of immune cells in peripheral blood. However, the differential gene expression and pathway enrichment analysis demonstrated enhanced activation of T cells in the MTT group compared to the RFA group. In particular, there was a remarkable increase in TNF-α signaling via NF-κB, as well as the expression of IFN-α and IFN-γ in the CD8+ effector T (CD8+ Teff) cells subpopulation, when compared to the RFA group. This may be related to the upregulation of PI3KR1 expression after MTT, which promotes the activation of PI3K-AKT-mTOR pathway. 





Conclusion

This study confirmed that MTT could more effectively activate peripheral CD8+ Teff cells in patients compared with RFA and promote the effector function, thus resulting in a better prognosis. These results provide a theoretical basis for the clinical application of MTT therapy.





Keywords: CD8+ effector T cells, liver cancer, radiofrequency ablation, multi-mode thermal therapy, single-cell RNA sequencing




1 Introduction

The liver is where primary cancer and metastases mostly occur. However, only few patients are considered suitable for hepatectomy or liver transplantation. Therefore, researchers have explored alternative treatment options for these patients. In the last decade, locoregional liver-directed therapies have been developed, with tumor ablation showing the most potential among them (1). Radiofrequency ablation (RFA) and cryoablation are commonly employed ablation techniques in clinical practice for localized tumor treatment. Both methods have been shown to be safe and effective (2, 3). Nevertheless, similar to other localized treatments, tumor recurrence and metastasis after RFA or cryoablation remains a significant obstacle in the treatment of hepatic malignancies (4, 5).

Multimode thermal therapy (MTT) is a novel treatment method consisting of continuous rapid freezing, natural thawing, and radiofrequency heating of the target tumor tissue (6). Our previous studies have shown (7, 8) that MTT has a good therapeutic effect on the 4T1 breast cancer mouse model generated by subcutaneous injection and the B16F10 melanoma lung metastasis mouse model. In addition, MTT can mediate the memory response of CD4+ T-helper type (Th) 1 (7, 8) and promote the release of heat shock protein 70 (Hsp70), maturation of dendritic cells (DCs) (8) and significant upregulation of interleukin (IL)-6 (9). A pliot study conducted by us also has shown that MTT induces functional maturation of DCs, promotes CD4+ T-cell-mediated anti-tumor responses, and reduces regulatory T cells (Tregs), thereby improving treatment outcomes in colorectal cancer patients (10). This study indicated that there is no notable difference in the proportion of CD8+ T cells between the two treatment methods, but MTT appeared to be superior in promoting IFN-γ expression in CD8+ T cells compared to RFA (10). CD8+ T cells are the primary population of antitumor effector cells. When circulating CD8+ T cells migrate and infiltrate tumor tissue, they encounter tumor antigens and become activated by the co-stimulation of antigen-presenting cells (APCs). These activated CD8+ T cells are then transformed into anti-tumor effector cells. However, few studies have compared the effects of MTT and RFA on CD8+ effector T (CD8+ Teff) cells at the single-cell level for the treatment of liver malignancies.

Single-cell transcriptomics are currently transforming understanding of cellular diversity and its function in health and disease. Researchers have started to use single cell transcriptomics to investigate key cellular and molecular functions in liver malignancies. Single-cell technology can improve understanding of immune cell heterogeneity and function in a variety of contexts, providing a new strategy for immunotherapy. It was found in previous studies that patients have a better prognosis after MTT treatment compared to RFA treatment (10). However, it is still unknown how the peripheral blood environment is changed and what is the mechanism responsible for the superior prognosis after MTT treatment. To investigate these inquiries, this study conducted single-cell RNA sequencing (scRNA-seq) on peripheral blood mononuclear cells (PBMCs) collected from six liver malignancies patients at different time points before and after MTT or RFA treatment. The aim was to compare the changes in the peripheral immune environment and provide comprehensive characterization of the immune response.




2 Materials and methods



2.1 Patients and ablation procedures

This clinical study was approved by the Ethics Committee of Fudan University Shanghai Cancer Center (No.2108241-11) and complied with the Declaration of Helsinki. All patients signed the informed consent.

In this study, blood samples were collected from six patients who received RFA or MTT at four different time points: pre-treatment (0d), three days after treatment (3d), seven days after treatment (7d), and 28 days after treatment (28d). All blood samples underwent cell isolation to get peripheral blood mononuclear cells (PBMCs) for single cell sequencing.

Previously, the three HCC patients and the one rectal cancer liver metastasis patient did not receive any systemic treatment, while the two pancreatic cancer patients were performed first-line treatment which contained gemcitabine at least four weeks before. All patients were not allowed to receive any systemic therapy within 28 days after treatment.

Of the six patients, two patients received RFA and four patients received MTT. RFA was performed using internally cooled electrode (19 gauge, MedSphere, Shanghai, China). A multimode monopole probe (17 gauge, MAaGI Medical Technology Co., Ltd, Shanghai, China), which was able to integrate freezing and thermal ablation, was used in MTT. Both RFA and MTT were performed under CT guidance (64-slice spiral CT; 120 kV, 250 mA, and 3-mm thickness; Philips Healthcare, Andover, MA, USA) by interventional radiologists with at least 5 years of experience in image-guided percutaneous ablation. The patient characteristics is presented in Table 1.


Table 1 | Patient characteristics.



Enhanced MRI or CT was used for imaging evaluation after ablation. Local recurrence was defined as fulfilling at least one of three predefined morphological criteria on follow-up CT or MRI images (1): new tumor nodule within or adjacent to the ablative margin (2); clear rim of tissue abutting the ablation zone with different attenuation or enhancement than the ablation zone and adjacent normal hepatic parenchyma; and (3) at least 20% increase in the largest diameter of the ablation zone (11–13).




2.2 Isolation of PBMCs and single-cell RNA sequencing

Fresh PBMCs in the EDTA tube were transferred with the pipette with a filter core to a 15 ml low-adsorption centrifuge tube and centrifuged at 2000 rpm at room temperature for 10 min. The plasma layer was sucked (and stored at -80°C if needed). Suction was stopped when the plasma layer was about 0.5 cm from the blood cell layer. Blood cells were precipitated and re-suspended with phosphate-buffered saline (PBS) at a 1:1 ratio, and mixed thoroughly. The diluted blood cell suspension was dripped cautiously along the tube wall onto the surface of the equal amount of Ficoll-Paque Plus medium (GE Healthcare), and centrifuged at 2000 rpm at room temperature for 20 min, with the starting acceleration speed set at 9 and decelerating acceleration speed at 1. The buffy coat in the stratified solution was directly absorbed into a 15 ml centrifuge tube, added with 5 × volume PBS, and centrifuged at 1500 rpm at room temperature for 5 min, with both the starting and decelerating acceleration speeds set at 9. After discarding the supernatant, the obtained cell precipitation was blown gently with Ca/Mg-free PBS, re-suspended into a 1ml suspension, added with 2ml GEXSCOPE® red blood cell lysis buffer (RCLB, Singleron), cultivated at room temperature or 25°C for 8~10 min, and centrifuged at 1300 rpm for 5 min. After discarding the supernatant, cells were re-suspended with 1ml PBS, precipitated, and counted. Trypan Blue Staining Solution was mixed with 10 μL PBMC suspension at a 1:1 ratio, from which 10 μL solution was sucked for cell counting, and at the same time the cell concentration and activity were recorded.




2.3 RT-PCR amplification and library construction

After discarding the supernatant, the remaining sample was re-suspended with PBS (HyClone) into 2×105 cells/mL cell suspension, which was then added into the microwell chip using Singleron Matrix® Single Cell Processing System. Using the same system, Barcoding Beads with barcode labeling were added to the microwell chip. After cytolysis, the polyT structure at the barcode end of the bead surface was coupled with the mRNA tail polyA sequence to capture mRNA. After the complete combination, the magnetic beads were harvested for cDNA reverse transcription and PCR amplification. The obtained cDNA through amplification was fragmented and connected with the sequencing adaptor. The scRNA-seq library was constructed by using GEXSCOPE® Single Cell RNA Library Kits (Singleron) according to the manufacturer’s protocol (14). The single library was diluted to 4 nM, pooled, and sequenced with Illumina novaseq 6000, and the paired-end read was 150 bp.




2.4 Primary analysis of raw read data

The original readings from scRNA-seq were treated with CeleScope (https://github.com/singleron-RD/CeleScope) v1.5.2 to produce the gene expression matrix. Briefly, the original readings were first treated with CeleScope, and the low-quality sequences were removed with Cutadapt v1.17 (15) to line up the poly-A tail with the sequencing adaptor to extract the cell barcode and UMI. Subsequently, the sequencing text was compared with human reference genome GRCh38 by STAR v2.6.1a (16). The UMI count and gene expression count of each cell were obtained by featuCounts v2.0.1 (17), which were used to produce an expression matrix file for subsequent analysis.




2.5 Quality control, dimension reduction and clustering

Cells with fewer than 200 genes and those with the gene number and UMI in the top 2 percentages were filtered out. At the same time, cells containing more than 20% mitochondrial gene were also filtered out. After filtration, each sample containing a mean of 10000 cells was used for downstream analysis. Averagely, each cell had 1700 genes and 4983 UMIs. Using Seurat v3.1.2 function package (18), combined dimension reduction and cell clustering were performed. Then, using NormalizeData and ScaleData function, all gene expressions were normalized and scaled, and then using FindVariableFeautres function, the top 2000 variable genes were screened out for PCA analysis. Based on the top 20 main components, cells were categorized into several subsets by using FindClusters. Finally, cells in 2-dimensional space were visualized using UMAP algorithm.




2.6 Analysis of differentially expressed genes

To identify differential expression genes (DEGs), default parameters from Seurat FindMarkers function based on Wilcox Likelihood Ratio Test were used to select genes that expressed in more than 10% cells in the cluster and whose fold change was larger than 0.25 as DEGs. The cell type of each cluster was explained by typical marker genes of cells in combination with literature searching. Related gene expressions were identified in DEGs, and the expression of marker genes of various cell types was displayed by the heat chart/bubble chart/violin chart produced by the Seurat DoHeatmap/DotPlot/Vlnplot function. Two cells that contained the marker genes of different cell types were identified and deleted manually.




2.7 Cell type annotation

Using SynEcoSys databank, the type of each cell cluster was determined by the expression of the typical marker genes identified in DEGs. The heat chart/bubble chart/violin chart displaying the expression of these marker genes identified from the type of each cell were mapped out using Seurat v3.1.2 DoHeatmap/DotPlot/Vlnplot.




2.8 Expression pattern cluster

We used Mfuzz v2.46.0 (19) to identify time dependent transcriptional program in T cells. The samples were grouped according to the treatment time. First, the average expression of each gene was calculated for each stage. Next, over 25 percent of the genes that were assessed as absent were excluded. Replace the remaining deletion values with the mean expression values of the corresponding genes. Then, the “filter.std (min.std=0)” and “standardize ()” functions were performed for preprocessing according to the tutorial. After that, we clustered the genes into 6 expression patterns.




2.9 Pathway enrichment analysis

To investigate the potential function of DEGs, “clusterProfiler” R package v4.0.2 in combination with GO and KEGG databank was used for pathway enrichment analysis (20). Pathways with a P_adj value 0.05 were considered significantly enriched. Gene sets were classified as three categories: molecular function (MF), biological process (BP) and cell component (CC).




2.10 scGSVA

Single-cell data were analyzed by scGSVA. The pathway enrichment scoring matrix was generated by SSGSSA dada package (https://github.com/guokai8/scGSVA), which scores each cell by the SSGSEA method. Differential enrichment scores between different cell types were calculated by Limma package, and the absolute t value >1.96 was considered significant difference.




2.11 Trajectory analysis

Cell differentiation trajectories were reconstructed by Monocle2 v2.22.0 (21) and BEAM model (branching representation analysis model. Cell spatiotemporal differentiation sequencing was performed by highly variable genes (HVGs). FindVairableFeatures and dimensional reduction were performed by DDRTree. Finally, the trajectories were visualized by plot_cell_trajectory function.




2.12 Functional gene module analysis

Hotspot was used for identifying functional gene modules that account for heterogeneity in CD8+ Teff cells subgroups (22). In brief, it used the “danb” model to select the top 500 genes with the highest autocorrelation zscore to identify modules by create_module functions, where min_gene_threshold =15 and fdr_threshold = 0.05. The module score was calculated by module_score functions




2.13 Jaccard similarity analysis

Using the marker genes of CD8+Teff cells subsets, transcriptional similarity between the cell subsets was calculated by Jaccard similarity co-efficient function. Transcriptional similarity between 12 (23) CD8+Teff cell subsets and five cell types/statuses was analyzed by using the Jaccard similarity co-efficient of the top 50 marker genes.




2.14 Transcription factor regulatory network analysis (pySCENIC)

Transcription factor network was constructed by pyscenic (v0.11.0) (24) using scRNA expression matrix and transcription factors in AnimalTFDB. First, GRNBoost2 predicted a regulatory network based on the co-expression of regulators and targets. CisTarget was then applied to exclude indirect targets and search for transcription factor binding motifs. After that, AUCell was used to quantitate the regulon activity of each cell. According to Regulon Specificity Scores (RSS), cluster-specific TF regulons were identified and their activities were visualized in heatmaps.




2.15 UCell gene set scoring

Gene set scoring was performed using the R package Ucell v 1.1.0 (25). Ucell scores were based on the Mann-Whitney U statistic by ranking query genes in order of their expression levels in individual cells. As Ucell is a rank-based scoring method, it is suitable to be used in large datasets containing multiple samples and batches.




2.16 Statistics and repeatability

Comparison of cell distribution between two cell groups was verified by non-paired t test. Comparison of gene expression or signature between two cell groups was verified by non-paired two-tailed Wilcoxon rank sum test. Comparison of cell distribution between paired group 1 and 2 was verified by pared two-tailed Student’s t test. All statistical analyses and expressions were expressed in R language. All statistical tests used in the figures and tables are expressed in the legends. P < 0.05 was considered statistically significant. The exact value of n is expressed in the figures, tables and legends. The connotation of n is also expressed in the figures, tables and legends.





3 Result



3.1 Patient follow-up

Of the six patients, two lesions in RFA group and five lesions in MTT group were performed treatment. The follow-up lasted for 7-13 months. During the follow-up, one lesion in RFA group was observed with local recurrence, meanwhile, there was no local recurrence in MTT group. On the whole, the pancreatic cancer patients had the worst prognosis. The PC1 and PC2 patient died at 7-months and 10-months post-treatment, respectively, and new focus appeared at 7-month and 10-month post-treatment, respectively. The other patients remained alive. Of HCC and rectal cancer liver metastasis patients, only one HCC in RFA group appeared new focus in  11-months post-treatment.




3.2 Peripheral immune landscape in MTT-treated and RFA-treated patients

To investigate the changes in the peripheral immune environment of patients treated with MTT and RFA, single-cell transcriptome sequencing was carried out on PBMC samples collected from 4 patients in the MTT group (MTT, N = 4) and 2 patients in the RFA group (RFA, N = 2) at 4 time points: pre-treatment (0d), short-term (3d) post-treatment, mid-term (7d) post-treatment, and long-term (28d) post-treatment, respectively. A single-cell atlas consisting of 23 PBMC samples was constructed (Figure 1A). First, a clustering analysis was performed using dimensionality reduction algorithm UMAP on all cells, and a total of 9 cell types were identified (Figure 1B), including T cells (CD2, CD3D, TRAC), NK (FCGR3A, KLRD1, NKG7), B cells (CD79A, CD79B, MS4A1), Plasma cells (CD79A, JCHAIN, MZB1), Classical monocytes (ClassicalMo, LYZ, CD14, FCN1, VCAN), Non-classical monocytes (Non-classicalMo, FCGR3A, CDKN1C), Conventional dendritic cells (XCR1, CLEC9A, FCER1A), and Plasmacytoid dendritic cells (pDCs, CLEC4C, IL3RA, LILRB4) (Figure 1F). Among them, T cells and ClassicalMo constituted the highest proportions, at 43.48% and 34.17%, respectively, followed by Non-classicalMo, NK, and B cells, at 9.36%, 6.65%, and 4.70%, respectively, while the proportions of other cells were less than 1% (Figure 1C).




Figure 1 | Peripheral immune landscape after MTT and RFA treatment. (A) Research design and workflow diagram (Created with BioRender.com). (B) Color the UMAP by cell type. Nine cell types were collected by clustering analysis, including T cells, NK, B cells, Plasma cells, Classical monocytes, Non-classical monocytes, cDC1, cDC2, and pDCs. (C) The pie chart showed that T cells and ClassicalMo accounted for 43.48% and 34.17%. B cells, Non-classicalMo, and NK accounted for 4.70%, 9.36%, and 6.65%. Other cells accounted for less than 1%. (D) Color the UMAP by group. (E) The histogram of cell proportion showed that the proportion of T and NK cells increased after MTT treatment. (F) Stacked violin diagram of the marker gene expression levels of different cell types.



Subsequently, the UMAP cluster plots were color-coded by group, and it was found that the distribution of immune cells was consistent between MTT and RFA groups (Figure 1D). Although the change in the ratio of immune cells was not signification in both groups, an increasing trend was observed in the proportions of T cells in the MTT group compared to the RFA group (Figure 1E). As mentioned above, ClassicaMo had a large proportion of the sample, up to 34.17%, however, the results of GSEA analysis showed that the regulation of antigen processing and presentation signaling pathway in ClassicalMo were significantly different between MTT and RFA group on day 3, while there were no significant differences on day 7 and day 28 (Supplementary Figure S1). Combining the above results and the previous studies, therefore, we, focus on T cells, to further investigate the differences in the characteristics of the peripheral immune environment and the mechanisms responsible for the superior prognosis of MTT over RFA.




3.3 Differences in immune function of peripheral T cells in MTT group and RFA group

T cells are the main component of lymphocytes, also known as T lymphocytes. They can directly kill target cells, regulate the production of antibodies by B cells in a stimulatory or inhibitory manner, respond to specific antigens and mitogens, and produce cytokines to protect against disease infection and tumor formation (26). As mentioned above, there was an increasing trend in the proportion of T cells relative to total cells after MTT treatment. To investigate the changes in T cell ratios, further analysis of the cell proportions in the two groups at different time points was conducted. The proportion of T cells in the MTT group was lower than that in the RFA group during the early post-treatment period (3d) but was increased during the mid-late post-treatment period (7d) and higher than that in the RFA group during the late post-treatment period (28d) (Figure 2A), possibly suggesting that MTT is more effective in maintaining peripheral T-cell abundance for a long period than RFA in patients with malignancy after treatment.




Figure 2 | Differences in immune function of peripheral T cells in MTT and RFA treatment. (A) T cell proportion curve showed that the T cell proportion in MTT group was lower than that in RFA group at the early stage (3d) after treatment, but the T cell proportion in MTT group subsequently increased and was higher than that in RFA group at the late stage (28d). Blue represented the MTT (n=4) group and orange represented the RFA group (n=2). (B) Differentially expressed genes analysis of T cells showed that compared with RFA group, the expressions of S100A11, GIMAP7, and GIMAP4 in MTT group (n=4) were decreased, while the expressions of CD69 were up-regulated. (C) Transcription factor analysis showed that RORA was upregulated over time after MTT treatment. (D) Six T cell subsets were obtained by UMAP cluster analysis. (E) The proportion of each cell subtype was shown by group. (F) Display the UMAP cluster diagram by group. (G) Changes in the proportion of CD8Teff in T cells after MTT and RFA.



Previous studies have validated the efficacy of multimode thermal therapy in the treatment of colorectal liver metastases (CRCLM) and demonstrated that MTT may achieve a better prognosis than RFA by modulating CD4+ T cell function (10). To address how MTT regulates T cells at the transcriptional level to exert good anti-tumor effects, DEGs analysis was first performed on T cells. It was found that the expression of apoptosis-related genes of S100A11, GIMAP7, and GIMAP4 was decreased and T cell activation marker CD69 was upregulated in the MTT group compared to the RFA group (Figure 2B). This suggested a decrease in the number of T cells after RFA treatment may be attributed to T cell apoptosis. In contrast, the expression of GIMAP7 and GIMAP4 was decreased after MTT treatment, which might lead to a relatively lower rate of T cells apoptosis and enhance their effector functions. The expression of CD69 was upregulated in T cells after MTT, which further indicated enhanced T cell activation compared to RFA treatment. Transcription factor analysis was also performed for both therapies, which revealed that the expression of transcription factor RORA was gradually increased from day 0 to day 28 after MTT treatment (Figure 2C). Thus, MTT treatment may promote T-cell activation and proliferation, which ultimately enhances effector functions, indicating a positive prognosis.

To better define which subsets of T cells play a significant role in the therapeutic effect of MTT, the subsets were sorted and annotated, and a total of six different T cell subsets were identified, including CD8+ Teff cells, CD8+ naïve T cells, Treg, CD4+ naïve T cells, γδ T cells, and proliferation state T cells (Figure 2D). The distribution and proportions of T cell subsets were approximately the same for both therapies (Figures 2E, F). Expression pattern cluster was performed on six T cell subsets, revealing a significant upregulation trend of CD8+ Teff cells in cluster1, CD8+ naïve T cells in cluster6, Treg in cluster3, CD4+ naïve T cells in cluster4, γδ T cells in cluster4, Proliferation T cells in clusters 3 and 4 from days 0 to 28 in the MTT group (Figures 3A, C, S2). Subsequently, GO enrichment analysis was performed on these gene clusters showing upregulation trends. The majority of these clusters were enriched to T cell activation, type I interferon, antigen presentation, and other related immune signaling pathways, suggesting that various T cell subsets exerted immune killing functions in MTT treatment (Figures 3B, D, S2). In the RFA group, there was a significant upregulation trend of CD8+ Teff cells in cluster5, CD8+ naïve T cells in cluster6, Treg in cluster5, CD4+ naïveT cells in cluster2, γδ T cells in cluster2, and Proliferation T cells in cluster1 from day 0 to 28 (Figures 3E, G, S3). The GO enrichment analysis for CD8+ Teff cells in cluster6, CD8+ naïve T cells in cluster6, CD4+ naïve T cellsin cluster2, and γδ T cells in cluster2 all showed enrichment in the RAGE signaling pathway (Figures 3F, H, S3). RAGE is a multi-ligand pattern recognition receptor involved in various chronic inflammatory states. Under normal physiological conditions, the expression level of RAGE is low. However, it is highly upregulated under chronic inflammatory conditions due to the accumulation of various RAGE ligands. Therefore, the upregulation of Th17 after RFA treatment may contribute to a short PFS. The high expression of RAGE after RFA treatment may promote Th17 differentiation and, in turn, compromise postoperative outcomes.




Figure 3 | The expression patterns of CD8+Teff cells and CD4+ Naive T cells in the MTT and RFA group. (A) The expression patterns were performed for CD8+Teff of MTT group. (B) GO enrichment analysis was performed for fitting gene set cluster2 in CD8+Teff. (C) The expression patterns were performed for CD4+Naïve T cells of MTT group. (D) GO enrichment analysis was performed for fitting gene set cluster4 fitting gene set in CD4+Naive T cells. (E) The expression patterns were performed for CD8+Teff of RFA group. (F) GO enrichment analysis was performed for fitting gene set cluster2 in CD8+Teff of RFA group. (G) The expression patterns were performed for CD4+Naïve T cells of RFA group. (H) GO enrichment analysis was performed for fitting gene set cluster4 fitting gene set in CD4 Naive T cells.






3.4 PI3K-AKT-mTOR in CD8+Teff cells enabled immune function after MTT treatment

There was no significant difference in proportions of CD8+ Teff cells as well as the other five T cell subsets between the MTT and RFA groups. However, CD8+ Teff cells ratio was found to be increased in the MTT group and decreased in the RFA group when comparing the results on day 0 and day 28 (Figure 2G). Additionally, previous studies have reported that CD8+Teff cells play crucial roles in combating pathogenic injury and immune surveillance. To further clarify the mechanism responsible for the superior prognosis of MTT over RFA, an in-depth investigation was conducted on the difference in CD8+ Teff cells function between the MTT and RFA groups. scGSVA analysis was performed on CD8+ Teff cells in the two groups at different time points (Figures 4A–C). The results showed that on day 3, the MTT group had significantly upregulated TNF-α signaling pathway and IFN-γ response pathway, both of which are involved in immune function, compared to the RFA group. At the same time, there were also upregulated signals associated with immune suppression, such as apoptosis and MYC signaling pathways (Figure 4A). On day 7, the MTT group showed upregulation of immune function signaling pathways such as TNF-α, IFN-α , IFN-γ, and TGF-β, compared to the RFA group. Conversely, there was downregulation of signaling pathways associated with immune suppression, such as G2M_CHECKPOINT and fatty acid synthesis. On day 28, the MTT group showed upregulation of immune function signaling pathways such as TNF-α, IFN-α and IFN-γ, compared to the RFA group. Conversely, there was downregulation of signaling pathways associated with immune suppression, such as WNT-β, angiogenesis, and fatty acid synthesis signaling pathways. From day 3 to day 28, the immune function signaling pathway TNF-α remained significantly upregulated. To clarify the upregulation of inflammatory signals associated with MTT treatment, UCell analysis was carried out on HALLMARK_TNFA_SIGNALING_VIA_NFKB, HALLMARK_INTERFERON_ALPHA_RESPONSEH, HALLMARK_INTERFERON_GAMMA_RESPONSE, and antigen binding (Figures 5A–D). The results revealed that HALLMARK_TNFA_SIGNALING_VIA_NFKB scores were upregulated from day 0 to 28 (Figure 5A), and UCell scores of 3 remaining signaling pathways were upregulated from day 3 to 28 in the MTT group compared to the RFA group (Figures 5B–D). Subsequently, scGSVA analysis was conducted on day 3 vs day 0, day 7 vs day 3, as well as day 28 vs day 7 for both MTT and RFA groups. The results showed that in the MTT group, the mTORC1 signaling pathway was upregulated on day 3 vs day 0 and day 7 vs day 3, and downregulated in day 28 vs day 7. However, the PI3K-AKT-mTOR signaling pathway was upregulated on both day 28 vs day 7 and day 7 vs day 3, despite the downregulation of mTORC1 pathway (Figures 4D–F). In contrast, the mTORC1 signaling pathway was significantly upregulated on both day 3 vs day 0 and day 28 vs day 7 in the RFA group (Figures 4G–I). Further investigation was conducted to analyze changes in PIK3R1 expression over time in both treatment groups. The analysis revealed an increase in PIK3R1 expression over time in the MTT group (Figure 5E), while a decrease in expression was observed in the RFA group (Figure 5F). Meanwhile, inter-group difference analysis was performed on CD8+ Teff cells to further investigate the upregulation of the expression of tumor suppressor S100A11 and apoptosis-related genes GIMAP7 and GIMAP4 in T cells. The results showed that the expression of S100A11, GIMAP7, and GIMAP4 was decreased in the MTT group compared to the RFA group (Figures 5G–I). In summary, these results suggest that the CD8+ Teff cells-dependent PI3K-AKT-mTOR pathway regulates the cell cycle and reduces apoptosis after MTT treatment. This regulation promotes the expression of relevant inflammatory signals and exert a more significant function of immune regulation, which may contribute to the good prognosis associated with MTT treatment.




Figure 4 | scGSVA analyzed hallmark signaling pathways at different times in RFA and MTT groups. (A–C) scGSVA analysis performed between MTT and RFA group at same timepoint. (D–F) scGSVA analysis performed between different time points in MTT group. (G–I) scGSVA analysis performed between different time points in RFA fgroup. Red represented the significant up-regulated pathway, blue represented the significant down-regulated pathway, and grey represent the non-significant up or down-regulated pathway.






Figure 5 | PI3K-AKT-mTOR in CD8+ Teff might enabled immune function after MTT treatment. (A–D) Four signaling pathways were analyzed by U cell score. Figure (E, F) Bubble map of pik3r1 over time after MTT and RFA treatment. (G–I) The violin diagram shows the expressions of S100A11, GIMAP7 and GIMAP4 in the MTT and RFA group. **** represents p<0.0001.






3.5 MTT treatment relied on CD8 Teff_3 to activate more CD8+Teff cells to exert immune function

To get more insight into how MTT relies on CD8+ Teff cells to exert strong immune functions, the heterogeneity of CD8+ Teff cells was investigated. First, unsupervised clustering analysis of CD8+ Teff cells was performed, and a total of five cell subsets were obtained, including CD8Teff_1, CD8Teff_2, CD8Teff_3, CD8Teff_4, and CD8Teff_5, with clusters 1, 2, and 3 having the highest proportions (Figures 6A, B). Then, the inter-group comparison was carried out on the 5 cell subsets, which revealed a significant increasing trend of CD8Teff_3 and a decreasing trend of CD8Teff_1 in the MTT group compared to the RFA group (Figures 6B, C). Subsequently, hotspot analysis of the 5 subsets was performed and a total of 12 gene sets were fitted (Figure 6D), which showed that CD8Teff_3 was mainly characterized by modules 1, 4 and 6 (Figure 6E). Further results of Jaccard similarity co-efficient function also showed that CD8Teff_3 had the highest similarity to modules 1, 4, and 6, while CD8Teff_1 did not have a clear association with specific modules (Figure 6F). Therefore, GO enrichment analysis was conducted mainly for the gene modules of CD8Teff_3. The results showed that modules 1 and 4 were associated with signals such as DNA and mRNA transcription, cellular response to external stimuli, and ribosome function, while module 6 was associated with signals such as T cell activation and differentiation (Figure 6G). Among them, CD8Teff_3 showed the highest similarity with module 6 (Figure 6F), suggesting that CD8Teff_3 might be closely related to T cell activation-related functions. In summary, these results imply that the number of CD8Teff_3 is increased after MTT treatment compared to RFA treatment, which can exert strong T-cell activation function, thus possibly contributing to the effector function. It also suggests that the superior prognosis of MTT treatment over RFA treatment may be attributed to the proliferation of CD8Teff_3 after MTT treatment that can activate T-cells.




Figure 6 | MTT treatment relied on CD8 Teff_3 to activate more CD8Teff to exert immune function. (A) UMAP showing five subgroups, namely CD8Teff_1, CD8Teff_2, CD8Teff_3, CD8Teff_4, and CD8Teff_5. (B) Display UMAP maps in groups. (C) Compared with RFA group, CD8Teff_3 in MTT group showed an obvious upward trend, while CD8Teff_1 showed a downward trend. (D) Hotspot analysis was performed on 5 subpopulations of CD8Teff cells and a total of 12 gene sets were fitted. (E) The gene set score reduction map showed that CD8Teff_3 was mainly module 1 and module 6. (F) Jaccard similarity analysis showed that CD8Teff_3 is mainly module 1, 4, and 6. (G) GO enrichment analysis was carried out for module 1, 4, and module 6.



To verify that CD8Teff_3 is an important source of CD8+ Teff cells activation, pseudotime analysis was performed on CD8+ Teff cells on day 28 (Figure 7). In addition, UCell scoring was conducted using Naïve gene sets (CCR7, TCF7, LEF1, SELL) and cytotoxic gene sets (KLRG1, KLRD1, GZMB, GZMA, GMLY, PRF1, GZMM, NKG7, TBX21, ZEB2, HOPX, GZMH, KLRK1, IFNG, CCL3, CST7, ADGRG1, IL32, CRTAM, CX3CR1, KLRC1, FGFBP2, FCGR3A, NCR3, CCL4). The scoring results were mapped on the pseudotime axis. The results showed a gradual decrease in Naive score of CD8+ Teff cells along pseudotime axis in both MTT and RFA groups, while cytotoxicity score showed a gradual increase. By mapping the cell subsets on the pseudotime axis, it was observed that the starting state of both MTT and RFA groups was composed of cluster 4 and part of cluster 3 cells. This finding suggested that the cluster 4 and part of cluster 3 cells may be the mother cell of CD8+ Teff cells differentiation. Cluster 1, on the other hand, was located in the middle of the pseudotime axis, and cluster 2 was at the end. These results are consistent with the previous Jarcard similarity analysis. Hence, it demonstrates that CD8Teff_3 may be the mother cell for CD8+ Teff cells differentiation, and MTT treatment relies on CD8Teff_3 to activate CD8+ Teff cells, driving CD8+ Teff cells to perform its effector function.




Figure 7 | CD8Teff cells on 28 days were analyzed in pseudo-time. The five clusters of C8Teff as well as naive and cytotoxic gene set Ucell scores were mapped on the pseudo-time axis. (A, B) Trajectory analysis results of two samples in RFA group. (C–F) Trajectory analysis result of four samples in MTT group.







4 Discussion

Previous studies have shown that MTT treatment can help improve the therapeutic effect of CRCLM patients by promoting CD4+ T cell-mediated antitumor responses and reducing regulatory T cells (10). The application of single-cell sequencing in cancer research has transformed our understanding of the biological features and dynamics of cancer lesions, which is very helpful in tumor diagnosis, targeted therapy, and prognosis prediction (27). Therefore, this technology was applied in our study to further investigate the mechanism responsible for the superior prognosis of MTT over RFA treatment. It also explained how MTT treatment regulates T cells to perform good immune functions. In this study, single-cell sequencing was employed to analyze the peripheral blood immune landscape in patients with liver, pancreatic, and colorectal cancers who underwent MTT and RFA treatment. A total of 9 types of immune cells were annotated, among which the T cells and ClassicalMo were the most dominant. Both treatments had an impact on the composition of peripheral blood immune cells, and the difference was not significant. However, compared to RFA treatment, MTT treatment showed an increasing trend in T cells. Cancer develops in complex tissue environments and relies on these environments to sustain growth, invasion, and metastasis (28). In addition, the immune cells infiltrating the TME not only play a role in tumor growth and progression but also have an important impact on the outcome of disease treatment and patient prognosis. T cells have been reported to effectively resist tumor growth by exerting their immune functions such as cytotoxicity and killing in the tumor microenvironment (TME). As aforementioned, an increasing trend in T cells after MTT treatment was found by inter-group comparison of the changes in the proportion of immune cells. However, despite the high proportion of ClassicalMo cells in both groups, there were significant differences in antigen presentation and other related immune functions only on day 3, but not on day 7 and 28. Based on the study background and results above, we focused on the in-depth research on the differences in immune functions of T cells between MTT and RFA and explored the key reasons why MTT has a better prognosis than RFA.

Radiofrequency ablation achieves the therapeutic effect by heating up local tumor lesions. Damage-associated molecular patterns (DAMPs) from necrotic tissues further affect the TME, including RNA and DNA (29). Zerbini et al. found that cellular fragments released from tumor tissue after RFA promoted the activation of the immune system (30) and induced an increase in plasma levels of IL-1, IL-6, IL-8, and TNF-a (31). Another tumor ablation treatment, cryoablation, uses very cold temperatures to freeze and kill tumor cells (32, 33). The local tumor progression rate of liver malignancies (>3cm) after cryoablation was significantly lower than RFA treatment (34). In addition, cryoablation can produce an “abscopal effect” (35), i.e., the immune response stimulated by the immunoactive antigen derived from the tumor tissue may help treat metastatic cancer at distant sites (36). In terms of promoting immune system, the ultra-low temperature of cryoablation can induce tissue destruction (37) and releases DAMPs, including DNA, tumor antigens, cytokines, and inflammatory factors (38). Therefore, both MTT and RFA therapies can affect the immune function of the patients. So, what are the differences in the immune function characteristics in T cells between the two treatments? First, DEGs and transcription factor analysis have shown that T cell activation was higher in MTT-treated patients than in RFA-treated patients, and T cells may be undergoing effective proliferation processes. In order to investigate whether there is a certain T cell subset that plays a major role in immune function, T cells were further subdivided into 6 subsets. Then, in clustering analysis of expression pattern on the 6 T cell subsets, and clusters with an increasing trend for functional enrichment analysis were confirmed. It was found that both treatments could effectively activate pro-inflammatory and other signaling pathways in peripheral blood. However, the inter-group difference analysis revealed that these pathways were more significantly upregulated after MTT treatment and could exert better immune functions. Surprisingly, after RFA treatment, all T cell subsets were more enriched in the RAGE signaling pathway. The RAGE signaling pathway can promote the differentiation of CD4+ T cells into Th17 cells, which may break the balance between Th1 and Th2, leading to the worsening of the pathological state or adverse prognosis in the later stages (39). Based on previous studies, MTT treatment has been shown to promote CD4+ T cells and reduce regulatory T cells, leading to anti-tumor effects. On the other hand, the increased enrichment of the RAGE signaling pathway after RFA treatment may be one of the important reasons for its poor prognosis. The upregulation of pro-inflammatory signals such as TNF-α, IFN-α, and TGF-β was more significant after MTT treatment, which enables MTT to exert a stronger immune response and improve the poor prognosis of liver malignancies patients.

By analyzing the pathway expression of CD8+ Teff cells after the two treatments, it is suggested that MTT not only affects T cell activation in the TME but also indirectly activates T cells in peripheral blood. Meanwhile, pro-inflammatory signals such as IFN-γ and IFN-α in CD8+ Teff cells were always significantly upregulated within 3-28 days after MTT treatment, indicating that MTT may utilize these signaling pathways to release more effectors to exert anti-tumor effects. Our previous study revealed that IFN-γ expression was lower in the MTT group than in the RFA group in 3 months after treatment, but IFN-γ expression was upregulated in CD8+ Teff cells in the MTT group in 6 months (10). This further demonstrates that MTT can activate peripheral CD8+ Teff cells more effectively than RFA. In addition, the PI3K-AKT-mTOR signaling pathway was significantly upregulated in CD8+ Teff cells after MTT treatment on day 28, and the expression of PIK3R1 increased over time. The PI3K-AKT-mTOR signaling pathway has been reported to be critical in T cell activation and function (40), and PI3K activation in T cells promotes survival and cell cycle progression, regulating their differentiation (41). The expression downregulation of apoptosis-related genes of S100A11, GIMAP7, and GIMAP4 in CD8+ Teff cells after MTT compared with RFA treatment was also verified in this study. It further confirmed that, in addition to enhancing the expression of inflammatory signals, MTT may also rely on the PI3K-AKT-mTOR pathway to promote the survival of CD8+ Teff cells. The subsequent exploration of CD8+ Teff cells revealed that the CD8Teff_3 subset, possessing a noteworthy capacity for T-cell activation function, may serve as the primary origin of CD8+ Teff cells, and the proportion of CD8Teff_3 cells was higher in MTT than in RFA treatment. This may promote the activation and differentiation of CD8Teff_3 activation, reduce the immunosuppressive functions in the peripheral blood environment, and play a role in remodeling the peripheral blood environment. Also, considering technologies such as RFA and cryoablation have local efficacy and they can not directly lead to apoptosis in peripheral blood, we presume that the activation of T cells and immune effector functions in MTT treatment may also depend on the activation of antigen presentation. The antigen-binding signaling pathway was significantly upregulated in CD8+ Teff cells within 3 to 28 days after MTT compared to RFA treatment, and significantly increased on day 28 compared to day 0. This may indicate that MTT treatment could also activate DAMPs activation in tumor cells and recruit peripheral T-cell activation and proliferation, thus effectively promoting therapeutic efficacy and contributing to a certain “abscopal effect” on distant metastases. It is worth noting that the current understanding of the effects of RFA or cryoablation on T cells mostly focuses on activation or functional reprogramming. However, in this study, potential metabolic showed differences in peripheral T cells after MTT and RFA treatment. Specifically, in MTT group, pathways such as MYC target, hypoxia, and glycolysis were upregulated after treatment, which are crucial for T cell activation. The metabolic program of activated T cells in a resting state is similar to the metabolic shift that occurs in tumors, involving a series of transitions from catabolic metabolism to widespread anabolic metabolism processes (42). Even in the presence of adequate oxygen supply, tumorigenic signals can induce aerobic glycolysis via PI3K and MYC pathways, and similarly, activation of TCR by costimulatory signals will induce and limit the extent of inflammatory response and proliferation of T cells (42). To support the evolving metabolic demands, T cells upregulate nutrient transport proteins and increase the uptake of glucose and amino acid (42). After T cell activation, under the influence of inflammatory and cytokine stimuli, different metabolic programs are induced, leading to different effector functions (42). CD8+ T cells tend to rely on glycolysis for the production of IFN-γ. During IFN-γ production, CD8+ T cells tend towards glycolytic pathway (43), while the transcriptional activities of MYC and hypoxia-inducible factor 1 (HIF-1) are upregulated upon T cell activation and promote metabolic reprogramming (44). These two factors activate the expression of genes encoding enzymes that promote glycolysis (e.g. pyruvate kinase M1 (PKM1), hexokinase 2 (HK2), and GLUT1), and the pathway from proximal metabolites in the glycolysis pathway are also players in T cell activation and function (45). In addition, lactate dehydrogenase A (LDHA) in glycolysis is induced by PI3K signaling in CD8+ Teff cells enhancing T cell immune activity (46). We will further explore the metabolic reprogramming in CD8+ Teff cells after MTT treatment.

In summary, by using single-cell sequencing, we compared the immune environment in peripheral blood of liver malignancies patients receiving MTT and RFA treatment. The results showed that 1) both treatments can effectively activate CD8+ Teff cells in the peripheral blood, but MTT has a stronger promoting effect on cell anti-tumor immune activity than RFA; 2) MTT treatment activates the PI3K-AKT-mTOR pathway and significantly upregulates the response to interferon stimulation in CD8+ Teff cells; 3) compared with RFA, MTT treatment can more effectively induce CD8+ Teff cells to exert the effect function, which helps both cells to play synergistic roll tumor immunotherapy. These findings elucidate the mechanism behind the better prognosis of MTT treatment compared to RFA treatment and provide the theoretical basis for the clinical application of MTT treatment. In particular, the potential effects of MTT on T cells metabolism and synergistic interaction between immune cells will be the focus of our future studies.
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Supplementary Figure 1 | GSEA analysis of classical monocyte Antigen Delivery Pathway (3d, 7d, 28d).
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Background

Our previous studies found that high-intensity focused ultrasound (HIFU) stimulated tumor-specific T cells in a mouse H22 tumor model, and adoptive transfer of the T cells from HIFU-treated mice could subsequently elicit stronger inhibition on the growth and progression of the implanted tumors. The aim of this study was to investigate the mechanism of T cells from focused ultrasound ablation in HIFU-mediated immunomodulation.





Methods

Sixty H22 tumor-bearing mice were treated by either HIFU or sham-HIFU, and 30 naïve syngeneic mice served as controls. All mice were euthanized on day 14 after HIFU and splenic T cell suspensions were obtained in each group. Using an adoptive cell transfer model, a total of 1 × 106 T cells from HIFU treated-mice were intravenously injected into each syngeneic H22 tumor-bearing mouse twice on day 3 and 4, followed by the sacrifice for immunological assessments at 14 days after the adoptive transfer.





Results

T cells from HIFU-treated mice could significantly enhance the cytotoxicity of CTLs (p < 0.001), with a significant increase of TNF-α (p < 0.001) and IFN-γ secretion (p < 0.001). Compared to control and sham-HIFU groups, the number of Fas ligand+ and perforin+ tumor-infiltrating lymphocytes (TILs) and apoptotic H22 tumor cells were significantly higher (p < 0.001) in the HIFU group. There were linear correlations between apoptotic tumor cells and Fas ligand+ TILs (r = 0.9145, p < 0.001) and perforin+ TILs (r = 0.9619, p < 0.001).





Conclusion

T cells from HIFU-treated mice can subsequently mediate cellular antitumor immunity, which may play an important role in the HIFU-based immunomodulation.





Keywords: high intensity focused ultrasound, ablation, liver cancer, immunomodulation, adoptive cell transfer, immunotherapy, apoptosis, cytotoxic T lymphocyte




1 Introduction

Impaired immunosurveillance is one of the most important factors in the cancer development, and T lymphocyte plays an important role in anti-cancer immunity. As a local ablation approach, high-intensity focused ultrasound (HIFU) ablation has been used in the treatment of cancer patients in the past two decades. It uses ultrasonic energy to raise the temperature between 56°C and 100°C at focus and lead to in situ thermal ablation of a targeted tumor. Non-thermal effects can also induce the local tissue destruction in the target due to acoustic cavitation. In addition, large amounts of tumor debris that would contain various tumor antigens are remained in situ after HIFU ablation, and gradually reabsorbed as a normal process of healing response. Although it is still unclear whether biological significances may exist during the absorption of the debris, early studies showed that an active immune response to the treated tumor could be subsequently developed, which might help to reduce metastasis and local recurrence after HIFU treatment. HIFU-triggered antitumor immunity has been increasingly investigated in clinical and laboratory settings, and most results have shown that HIFU could boost host antitumor immune response (1–7).

Cytotoxic T lymphocytes (CTLs) are key components of cellular immunity against cancer cells. As the front line of immune defense, the presence of tumor-specific CTLs in both circulating blood and local cancer is a good evidence of host-specific immune response. These CTLs are highly cytotoxic and adoptively transferring them can boost host antitumor immune responses. Our previous studies showed that HIFU could activate tumor-specific T cells in a mouse H22 tumor model, and adoptive transfer of the activated T cells elicited stronger inhibition of the growth and progression of the implanted tumors, as well as more survival benefit in the syngeneic tumor-bearing mice (8, 9). During 60-day observation, we found that T cells from HIFU-treated mice could significantly inhibit tumor growth and metastasis rate in the tumor-bearing mice compared with the sham-HIFU and control groups. 60-day survival rate was 86% in the HIFU group, 16% in the control, and 33% in the sham-HIFU. Compared to the sham-HIFU and control groups, the survival rate was significantly higher in the HIFU group. We also found that there was a significant increase in the proportion of both MHC class I tetramer/CD8-positive cells and IFN-γ secreting T cells in HIFU group while comparing with the sham-HIFU and control groups, suggesting that HIFU-based CTLs could present a stronger cell-mediated immune response. However, it is still unknown about the mechanism of the adoptively transferred T cells on the cellular immune status and how they can mediate cancer cell eradication in the tumor-bearing mice. Using an adoptive cell transfer model, this study investigated cellular antitumor immunity in the syngeneic H22 tumor mice who had been adoptively transferred with T cells from HIFU-treated mice, and to explore the mechanism that might be involved in HIFU-mediated immunomodulation.




2 Materials and methods



2.1 Animals and tumor cell line

This animal study was approved by the Experimental Animal Ethnics Committee at the Chongqing Medical University (Chongqing, China), and all experimental procedures adhered to the Animal Welfare Committee guidelines. Female C57BL/6J mice (6–8 weeks old) were provided by the Experimental Animal Center, Chongqing Medical University. They were housed in microisolator cages in a laminar flow unit under ambient light.

A mouse H22 hepatocellular carcinoma cell line was obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China) and cultured in RPMI 1640 medium at 37° C in a humidified 5% CO2 atmosphere, supplemented with 10% FCS, 100 U/mL penicillin and streptomycin.




2.2 Mouse tumor model and HIFU treatment

An aliquot of 3×106 H22 cells were subcutaneously injected into the right flank of each syngeneic C57BL/6 J mouse to establish a mouse H22 tumor model. Palpable tumors began to develop on day 3 after the injection and reached the maximum size of 8–9mm in diameter after 7 days.

Sixty tumor-bearing mice were randomly divided into a HIFU group (n=30) and a sham-HIFU group (n=30) on day 7 after H22 tumor implantation. Additionally, thirty normal C57BL/6 J mice were used as controls in the study. They were naïve syngeneic mice who didn’t receive either tumor implantation or HIFU treatment. In the HIFU group all mice underwent a complete ultrasound ablation for the subcutaneous tumor. However, in the sham-HIFU group, all mice experienced a sham procedure with no ultrasound irradiation. It was an inactive procedure that was designed to mimic as closely as possible the HIFU procedure, except therapeutic ultrasound was actually turned off during the “treatment”.

Using a handheld transducer, HIFU procedure was carried out at a frequency of 9.5 MHz and acoustic power used for the ablation was 5W. Exposure time ranged from 140 to 180 seconds with median time of 160 seconds.




2.3 Collection of T lymphocytes from HIFU-treated mice

60 tumor-bearing mice including 30 in HIFU group and 30 in sham-HIFU, and 30 naïve mice were euthanized at 14 days after HIFU procedure. Peripheral blood was immediately collected, and the spleens were respectively harvested in each group for generating single cell suspensions through a metallic mesh. Using lymphocyte density gradient centrifugation and RBC lysis buffer, the lymphocytic population was then collected, extracted and purified after removing erythrocytes and macrophages. Finally, T cells were isolated by immunomagnetic beads (MagniSort™ Mouse T cell Enrichment Kit, Invitrogen, Carlsbad, CA) in each group, according to the manufacturer’s instruction.




2.4 Adoptive immunotherapy with T lymphocytes from HIFU-treated mice

Sixty syngeneic H22 tumor mice were used for assessment of the adoptive immunotherapy. They were divided into three groups (HIFU, sham-HIFU and control) and each group had 20 mice. They received the adoptive transfer of the T cell suspensions obtained from the HIFU, sham-HIFU and naïve mice respectively. In brief, a total of 1 × 106 T cells (2 × 107/mL, 0.05 mL) were intravenously injected each time via a tail vein for each mouse, and this adoptive cell transfer was carried out twice on day 3 and 4 after H22 tumor implantation. All mice in each group received the same quality and quantity of T-cell suspension from HIFU-treated mice.




2.5 Sample collection

All tumor-bearing mice were euthanized on the fourteenth day after adoptive cell transfer. Peripheral blood was firstly collected for assessment of T cell and subsets in each group. The spleen was then harvested, and single-cell suspensions of the spleen were respectively produced by passage through a metallic mesh, followed by removal of erythrocytes and macrophages. Using lymphocyte density gradient centrifugation, the lymphocytic population was collected, extracted and purified in each group for further functional measurements of cytotoxic T-lymphocytes (CTLs). Finally, the implanted tumors were simultaneously harvested, and the viable tumor tissues were dissected using autoclaved surgical instruments. They were washed with 4° C Hank’s balanced salt solution, and then cut into small pieces less than 1 mm3. They were mechanically disaggregated with a scalpel and syringe and filtrated through a 200-gauge steel mesh to release single cells. The single-cell suspensions were then prepared in each group for further measurements of activated tumor-infiltrating T cells (TILs) and apoptosis in H22 cancer cells.




2.6 CTL cytotoxicity assay

Cytotoxicity assay was carried out in the T cells isolated from the spleen of the tumor-bearing mouse after adoptive transfer. They served as effector cells and were incubated with H22 cells treated by mitomycin-C as targeted cells. Both cells were co-cultured in 96-well plates for 24 hours at a 20:1 viable effector to target cell ratio. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay was respectively performed to determine in vitro cytotoxicity of CTLs against tumor cells in the three groups. H22 cells were served as a positive control, T cells as a negative control and RPMI 1640 medium as a blank control. Each assay was carried out in triplicate.




2.7 Enzyme-linked immunosorbent assay (ELISA)

Culture supernatants were also harvested to determine the cytokine release of the CTLs after 24-h incubation of both effector and target cells in each group. Necrosis factor-alpha (TNF-α) and interferon-gamma (IFN-γ) murine ELISA kits were obtained from BD Biosciences (San Jose, CA). According to the manufacturer’s instruction, production of TNF-α and IFN-γ was measured in the supernatants, and each assay was performed in triplicate in each group.




2.8 Flow cytometric analysis

Fluorescent antimouse CD3, CD4 and CD8 McAb, FITC-conjugated antimouse Fas ligand (FasL) and Perforin (Pf) McAb were obtained from eBioscience (San Diego, CA). Using EPICS XL flow cytometer (Beckman Coulter, Fullerton, CA), flow cytometry was performed in each group. After linear light scatter signals served to establish the gate on the lymphocyte, a minimum of 10,000 cells of interest from each stained sample were measured for staining positivity. The data were analyzed using Beckman Coulter Expo 32 software.




2.9 TUNEL assay

According to the manufacturer’s instruction, terminal deoxynucleotydil transferase dUTP nick and labeling (TUNEL) assay was performed in the H22 tumor cells with an apoptosis detection kit (EMD Biosciences, La Jolla, CA). The index of apoptosis was assessed by Beckman Coulter EPICS XL flow cytometer and the ratio of apoptotic cells was determined by comparing the number of positively stained cells with the total number of H22 tumor cells.




2.10 Statistical analysis

All statistical analyses were performed using the SAS statistical software package version 9.0 (SAS Institute, Cary, NC) and results were presented as means ± standard deviation (X ± SD). Statistical analysis was performed by one -way analysis of variance (ANOVA), and comparisons among the three groups were made by Bonferroni’s multiple-comparison t-test as appropriate. Linear regression analysis (Pearson’s coefficient) was used to analyze the correlations between the FasL+, Pf+ TILs and apoptotic H22 cells. Compared to the control group, differences were considered statistically significant when P value was less than 0.05 (p < 0.05).





3 Results



3.1 T cells from HIFU-treated mice increase peripheral blood CD4+ level and CD4+/CD8+ ratio

The proportion of T cell and subsets was assessed in the peripheral blood of the tumor-bearing mice who had previously received adoptive cell transfer with T cells from HIFU-treated mice. The result was expressed as a percentage of the total white blood cells in the blood sample. As shown in Figure 1, T cells from HIFU-treated mice changed the proportion of T cell subset in the peripheral blood. There was significant increases of CD4+ level (p < 0.001) and CD4+/CD8+ ratio (p < 0.01), as well as a significant decrease of CD8+ level (p < 0.05) in the HIFU group while compared with the values in the control and sham-HIFU groups. These results suggested that T cells from HIFU-treated mice could increase CD4+/CD8+ ratio in peripheral blood and present a strong immune response in the tumor-bearing mice.




Figure 1 | Representative flow cytometry histograms of CD3+, CD4+ and CD8+ in the peripheral blood collected from the control group, sham-HIFU group, and HIFU group after adoptive transfer of T cells from HIFU ablation. T cells from HIFU-treated mice increase peripheral blood CD4+ level and CD4+/CD8+ ratio, as well as decreases CD8+ level in the syngeneic tumor-bearing after adoptive cell transfer. In comparison with the control group and sham-HIFU group, * p < 0.001; ^ p < 0.01; # p < 0.05.






3.2 T cells from HIFU-treated mice increase cytotoxicity and cytokine release of T cells

To determine whether T cells from HIFU-treated mice could enhance specific cellular immunity in the syngeneic tumor-bearing mice after adoptive cell transfer, the cytotoxicity of the splenic T cells was evaluated with MTT assay. As shown in Figure 2, there was a significant increase of the CTLs toxicity against H22 tumor cells (p < 0.001) in the HIFU group while compared to the control and sham-HIFU groups. Furthermore, the levels of both TNF-α and IFN-γ released by the CTLs in the culture supernatants, where T cells were incubated with H22 cells, were significantly higher (p < 0.001) in the HIFU group than those in the control and sham-HIFU groups.




Figure 2 | T cells from HIFU-treated mice increase the cytotoxicity and cytokine secretion of cytotoxic T lymphocytes (CTLs) in the tumor-bearing mice after adoptive cell transfer. * p < 0.001 in comparison with the sham-HIFU and control groups.






3.3 T cells from HIFU-treated mice increase the frequency of FasL+ and Pf+ TILs

The expression of FasL and Pf on tumor-infiltrating lymphocytes was evaluated to determine the frequency of FasL+ TILs and Pf+ TILs in the syngeneic tumor-bearing mice after adoptive transfer with T cells from HIFU-treated mice. As shown in Figure 3, the number of both FasL+ TILs and Pf+ TILs were significantly higher (p < 0.001) in the HIFU group than those in the control and sham-HIFU groups, indicating that T cells from HIFU-treated mice could significantly infiltrate the implanted tumors, and elicit local cellular antitumor immunity.




Figure 3 | Representative flow cytometry histograms of FaL+ tumor-infiltrating T lymphocytes (TILs) and PF+ TILs in the control group, sham-HIFU group, and HIFU group after adoptive transfer of T cells from HIFU ablation. T cells from HIFU treated mice increase the frequency of FasL+ TILs and Pf+ TILs in the tumor-bearing mice after adoptive cell transfer. * p < 0.001 in comparison with the control and sham-HIFU groups.






3.4 T cells from HIFU-treated mice increases apoptosis in H22 tumor cells

The number of apoptotic H22 tumor cells was evaluated by TUNEL assay in the syngeneic tumor-bearing mice after adoptive transfer with T cells from HIFU-treated mice. As shown in Figure 4, the percentage of the apoptotic tumor cells was significantly higher (p < 0.001) in the HIFU group than those in the control and sham-HIFU groups, and there was a statistical difference among the three groups. This result revealed that T cells from HIFU-treated mice could significantly induce apoptosis in the implanted tumors after adoptive cell transfer.




Figure 4 | Representative flow cytometry histograms of apoptosis assay in the control group, sham-HIFU group, and HIFU group after adoptive transfer of T cells from HIFU ablation. T cells from HIFU-treated mice increase the number of apoptotic H22 tumor cells in the tumor-bearing mice after adoptive cell transfer. * p < 0.001 in comparison with the control and sham-HIFU groups.






3.5 Correlations between FasL+, Pf+ TILs and apoptotic H22 tumor cells

To further investigate whether both FasL+ TILs and Pf+ TILs could contribute to the increased apoptosis of tumor cells in the implanted tumors, we performed the Pearson’s correlation coefficient to analyze the linear regression correlation between the FasL+ TILs or Pf+ TILs and tumor apoptosis. As shown in Figure 5, positive correlations were observed between the percentage of apoptotic H22 tumor cells and the number of FasL+ TILs (r = 0.9145, p < 0.001), and Pf+ TILs (r = 0.9619, p < 0.001). These results suggested that T cells from HIFU-treated mice could directly induce tumor cell apoptosis through both FasL+- and Pf+-mediated pathways, and subsequently enhance the local cellular immune activities in the tumor-bearing mice.




Figure 5 | Correlations between the percentage of apoptotic H22 tumor cells and the number of either FasL-positive TILs and Pf-positive TILs in the tumor-bearing mice after adoptive transfer with T cells from HIFU-treated mice. Linear correlations were observed between the percentage of apoptotic tumor cells and the number of FasL-positive TILs (r=0.9145, p <0.001) and Pf-positive TILs (r=0.9619, p <0.001).







4 Discussion

HIFU is a local intervention approach with aim of intention to ablate a targeted tumor noninvasively. It has been increasingly performed in the clinical management of patients with solid tumors. In addition, HIFU involves a distinctive effect on immune activities, and recent studies have shown that HIFU could trigger host antitumor immunity after local ablation. Although the mechanism is still unclear, it has become more evident that T cells from HIFU-treated mice may play an important role in HIFU-based immunomodulation (10–14). In our previous study, we discovered that after adoptive transfer, T cells from HIFU-treated mice could significantly inhibit tumor growth and increase survival time in the syngeneic tumor-bearing mice (9). Using an adoptive cell transfer model, this study revealed that there were positive correlations between apoptotic H22 tumor cells and FasL+ TILs (r = 0.9145, p < 0.001), and Pf+ TILs (r = 0.9619, p < 0.001), suggesting that T cells from HIFU-treated mice could trigger cellular antitumor immunity and induce apoptosis of the tumor cells through both FasL+- and Pf+-mediated pathways. These findings will improve understanding and interpreting the mechanism of HIFU immunomodulation.

A good animal model can provide a preclinical tumor microenvironment to address biological interactions between host immune cell and tumor cell. Adoptive cell transfer therapy is a form of cancer immunotherapy that uses autologous immune cells such as T cell (15, 16) and natural killer cell (17, 18) to mediate efficient tumor regression. It consists of T-cell harvesting from tumor or peripheral blood, expanding in an ex vivo culture environment and infusing back into the autologous host. In the current study, we used an adoptive T cell transfer model to investigate the mechanism of HIFU-mediated antitumor immunity in the syngeneic tumor-bearing mice. This model involved the administration of the T cells from HIFU ablation in the syngeneic tumor-bearing mice and would serve as a better mirror that was highly relevant to the key mechanism of HIFU-based immunomodulation.

As a crucial mediator of cellular immunity, CTL is a major cytotoxic effector cell in the immune system. The process that CTL uses to attack cancer cells involves releasing death-inducing effector molecules such as FasL granzyme B (GzB) and Pf, and then triggering typical apoptosis of tumor cells through both FasL+- and GzB+/Pf+-mediated pathways (19–22). In this study we found a significantly increased proportion of TILs with FasL+ and Pf+ expressions (Figure 3), as well as apoptotic H22 tumor cells (Figure 4) in the syngeneic tumor-bearing mice after adoptive transfer of T cells from HIFU ablation. There were positive correlations between the percentage of the apoptotic tumor cells and the proportion of FasL+ TILs and Pf+ TILs (Figure 5), indicating that T cells could directly trigger apoptosis of tumor cells and subsequently drive the cellular antitumor immunity after HIFU treatment. However, as HIFU-based immune response seems to be dominated by the cellular arm of the immune system, other lymphoid and myeloid effector cells including natural killer cells, monocytes and macrophages may be also involved in the induction of antitumor immunity after HIFU ablation. Therefore, further studies are needed to evaluate the role of these cells in HIFU-based immunomodulation.

Our findings may have an important implication in the combination of HIFU with adoptive immunotherapy. In the past two decades, adoptive T cell therapy, which is based on the adoptive transfer of naturally occurring or gene-engineered T cells, has significantly changed the landscape of cancer therapy (23, 24). Engineered T cell receptor therapy and chimeric antigen receptor T cell therapy have increasingly used in the treatment of patients with hematological cancers, and clinical results show that they can induce prolonged tumor eradication (25, 26). Our studies revealed that HIFU could activate T cells, and adoptive transfer of the T cells from HIFU-treated mice could significantly induce tumor apoptosis in the syngeneic tumor-bearing mice. These data provide the fundamental basis for facilitating the development of a novel cell-based immunotherapy in which HIFU, as a local intervention, would be combined with post-HIFU adoptive cell transfer immunotherapy for advanced cancer patients. In this new therapeutic approach, the T cells from HIFU Ablation, which have already existed in HIFU-treated patients, can be collected from peripheral blood, expanded in vitro in large numbers, and then reinfused back into the autologous patients.




5 Conclusions

In summary, using an adoptive cell transfer model, this study reveals that HIFU may trigger host cellular antitumor immunity, and T cells from HIFU ablation plays an important role in HIFU-based immunomodulation. FasL+ and Pf+ CTLs can infiltrate the local tumor and induce apoptosis of the tumor cells through both FasL+- and Pf+-mediated pathways in the syngeneic tumor-bearing mice. Our findings support for developing a novel cell-based immunotherapy in which HIFU, as a local intervention, will be combined with post-HIFU adoptive T cell transfer therapy for patients with advanced-stage cancer.
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The presence of microorganism communities (MOCs) comprised of bacteria, fungi, archaea, algae, protozoa, viruses, and the like, are ubiquitous in all living tissue, including plant and animal. MOCs play a significant role in establishing innate and acquired immunity, thereby influencing susceptibility and resistance to disease. This understanding has fostered substantial advancements in several fields such as agriculture, food science/safety, and the development of vaccines/adjuvants, which rely on administering inactivated-attenuated MOC pathogens. Historical evidence dating back to the 1800s, including reports by Drs Busch, Coley, and Fehleisen, suggested that acute febrile infection in response to “specific microbes” could trigger spontaneous tumor remission in humans. This discovery led to the purposeful administration of the same attenuated strains, known as “Coley’s toxin,” marking the onset of the first microbial (pathogen) associated molecular pattern (MAMPs or PAMPs)-based tumor immunotherapy, used clinically for over four decades. Today, these same MAMPS are consumed orally by billions of consumers around the globe, through “specific” mediums (immune boosting “herbal supplements”) as carriers of highly concentrated MOCs accrued in roots, barks, hulls, sea algae, and seeds. The American Herbal Products Association (AHPA) mandates  microbial reduction in botanical product processing but does not necessitate the removal of dead MAMP laden microbial debris, which we ingest. Moreover, while existing research has focused on the immune-modulating role of plant phytochemicals, the actual immune-boosting properties might instead reside solely in the plant’s MOC MAMP laden biomass. This assertion is logical, considering that antigenic immune-provoking epitopes, not phytochemicals, are known to stimulate immune response. This review explores a neglected area of research regarding the immune-boosting effects of the herbal microbiome – a presence which is indirectly corroborated by various peripheral fields of study and poses a fundamental question: Given that food safety focuses on the elimination of harmful pathogens and crop science acknowledges the existence of plant microbiomes, what precisely are the immune effects of ingesting MAMPs of diverse structural composition and concentration, and where are these distributed in our botanicals? We will discuss the topic of concentrated edible MAMPs as acid and thermally stable motifs found in specific herbs and  how these would activate cognate pattern recognition receptors (PPRs) in the upper gut-associated lymphoid tissue (GALT), including Peyer’s patches and the lamina propria, to boost antibody titers, CD8+ and CD4+ T cells, NK activity, hematopoiesis, and facilitating M2 to M1 macrophage phenotype transition in a similar manner as vaccines. This new knowledge could pave the way for developing bioreactor-grown/heat-inactivated MOC therapies to boost human immunity against infections and improve tumor surveillance.
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1 Introduction

Microorganism communities (MOCs), encompassing bacteria, fungi, archaea, algae, protozoa, and viruses, often colloquially referred to as “bugs,” shape both innate and acquired immunity across all living systems, including plants, humans, and even malignant tumors, each of which hosts a unique microbiome. The rapidly evolving role of MOCs in cancer therapy, propelled by advances in metagenomics, has historical roots tracing back to the late 19th century. Physicians, including Busch, Coley, and Fehleisen, observed cancer patients undergoing remarkable spontaneous remission following acute febrile infections (38-40°C) induced by Streptococcus pyogenes (1, 2). These observations inspired collaborations and deliberate attempts to treat cancer patients with live MOCs, sometimes resulting in fatal sepsis. The sucessful approach involved the use of attenuated Streptococcus pyogenes (gram-positive) and Serratia marcescens (gram-negative), constituting the first microbial-associated molecular pattern (MAMP) tumor vaccine immunotherapy, comprised of toll-like receptor (TLRs 2,4) agonists bacterial LPS endotoxin/peptidoglycan (3). Coley’s tumor immunotherapy induced curative remission in approximately 50% of mesodermal embryonic origin cancers (sarcoma, lymphoma, leukemia, kidney, ovarian, and so on) for over 40 years (4). However, this approach was eventually supplanted by advancements in radiation, surgery, and immunosuppressive chemotherapies, which dominated the field of oncology for several decades (5, 6).

There is a resurgence of interest in tumor immunotherapies to achieve the same remission that Coley initially pursued over a century ago (5, 7, 8). However, these therapies must now overcome the immunosuppression imposed by mainstream chemotherapies and painkillers (e.g., cytostatic antineoplastics, opioids, and corticosteroids) (9–14), which destroy hematopoiesis (e.g., cytopenia, neutropenia), and lead to greater risk of infection, further aggravated by use of immunosuppressive antibiotics, and antipyretics (acetaminophen) (15). Infections, whether post-operative or otherwise, continue to be the leading cause of death in cancer patients (16–19). Moreover, the widespread use of synthetic drugs has had a cumulative negative impact on human immune intelligence in civilized societies. The human immune system relies on its capacity to amass a library of data on foreign pathogens, allowing it to eliminate recognized threats swiftly. Initial interaction often involves rapid infection resolution via fever and a robust immune defense.

Modern tendencies towards comfort over enduring sickness, and the overuse of antibiotics, antipyretics (Tylenol), and painkillers, have dulled immune intelligence. To add insult to injury, poor diet and pervasive societal stress, contribute to a widespread dysbiosis of the gut and host-immune dysfunction (effects transferable in utero from mother to child) (20, 21). The “hygiene hypothesis,” posing that minimal exposure to microbes in early life leads to dysbiosis, compounds the problem. This situation has been tied to epidemic non-communicable disorders and human cancers (22–24). Catering to sanitation and comfort is leading to an atrophy of human immune intelligence. As a result, there is an epidemic rise in chronic infections/inflammation which create refractory “T cell exhaustion” and a state of immune suppression, leading to greater susceptibility to various cancers (25–29). Conversely, nurturing immune intelligence through rigorous exposure to MOCs provides the routine cross-reactive targeting needed to destroy self-host malignant cells harboring similar tumor-associated antigens (TAAs) in a manner akin to infection response (30).

Immune suppression manifests itself as  a loss of tumor immune surveillance, which is the controlling gateway for all human cancers to establish, develop, and thrive (31–34). In addition, immune suppression increases tumor initiation upon exposure to environmental carcinogens (e.g. pollutants, occupational fumes/dust, ionizing UV radiation (35)) carcinogenic microbes (36, 37), (H pylori), parasites (O viverrine, C Sinensis, and S haematobium) viruses (Epstein–Barr, human papilloma, hepatitis B, C, human herpes type-8, and human T-cell lymphotropic type-1) (38). These factors necessitate exploring new methods to enhance the immune system’s capacity to combat human cancers.




2 Plant medicine: the plant microbiome

Immunological resilience is enhanced through the introduction of MOC antigens, a principle foundational to vaccines (39–43). That said, as of today there is meager research into the study of inactivated/attenuated plant microbiomes in our botanical medicines which contain product specific MOCs (including lethal pathogens) and how they impact human immunity. Plant-specific MOCs, are destroyed during food processing techniques like retort and pasteurization. However, not all MOCs leave a trail of immune provoking microbiome-associated molecular patterns (MAMPs), and their ubiquity varies, issues discussed below. Edible, immune-provoking MAMPs are nature’s concentrated reservoirs of immune stimulants within the plant world. Figure 1 MOCs are ever present as controlling elements in plant health, growth, maturation, and ecological control whereby numerous factors influence the diversity and concentration. These include the plant’s/part phytochemical profile (e.g., anti-biotic, anti-fungal properties), its location and part (e.g., above-ground stems/leaves exposed to UV sterilizing sunlight and rainwater wash, or subsurface parts exposed to different gas compositions and minerals), the plant’s tactile nature (e.g., alginates), MOCs altered during maturity at harvest, and complex interactions during growth, among others. All medicinal herbs and spices contain MOCs, where food safety regulations by the American Herbal products association (AHPA) and National Science Foundation/American National Standards Institute (NSF/ANSI) (44–47) require microbial reduction and third-party testing to establish 1) an absence of viable pathogens and mycotoxins, 2) a residual threshold yield of live non-pathogenic coliform, aerobic plate counts, total yeast & molds reported as colony forming units (CFU)/g (44–49). However, our understanding of which plant microbiomes are immune-boosting and how their residual trail of microbiome/MAMPs impacts health, from pathogenic to non-pathogenic, remains limited. Edible MAMPs, often acid and thermally stable, can act on pattern recognition receptors (PRRs) in the upper gut-associated lymphoid tissue (GALT), Peyer’s patches, and lamina propria, influencing innate and acquired immune systems (44–47, 50). Yet, despite their ubiquity in foods, most studies on the “edible plant microbiome” focus on identifying the taxonomy of live microorganisms present, with little consideration of their potential health implications (51–58).




Figure 1 | Microorganisms are diverse communities (MOCs) of bacteria, virus, fungus, protozoa etc. being ubiquitous in nature.  MOCs are ever present within the richest reservoirs in roots, seeds, and sea algae’s. These MOCs end up in our foods, water and botanical medicines. Botanical products undergo post-harvest sterilization to ensure food safety, where MOCS (inactivated remain) . These MOCS are high in specific over the counter botanicals, few which are rich in MAMPs from gram negative bacteria. These TLR4 activating MAMPs have been inadvertently consumed for thousands of years, which can enhance innate and acquired immunity, while research efforts have been focused predominantly on the therapeutic effects of the plant/ phytochemical constituents.  Given the plants microbiome is a unique component within/ but not of the plant - MOCS can be cultivated in a bioreactor / prior to inactivation and evaluated for effects on human health. Created with BioRender.com.



Humans have consumed plant medicines and their resident MOCs for millennia, attributing the health benefits only to the plant and constituent phytochemicals. However, a small number of research teams have proposed that the health benefits of certain herbs may instead be due to their inactivated microbial biomass after separating the plants bioactive MAMPs from the plant itself (39–41). This theory aligns with the broader field of microbiomic science and the simple logic that the immune system responds aggressively  not to phytochemicals or drugs but to the presence of foreign antigenic microorganism debris (MAMPs), the basis for vaccine and adjuvant development. A few research teams have discovered that MOC-MAMP PRR TLR4 agonists are responsible for immune boosting effects in the following herbs; Black walnut, Echinacea Root, Ginseng Root, Alfalfa Seeds (59) Astragalus Root (60, 61), Angelica Root (62), and Wheat, the latter who introduces the concept of edible LPS found in wheat from Pantoea agglomerans as a “modern-day nontoxic Coleys toxin” with limitless capacity when taken orally (63–66). Our recent research corroborates the findings of all of these studies, indicating the immune boosting properties are not of the plant, but rather attributable to its MAMP MOC biomass, while we now expand this list to include 65 out of approximately 2000 OTC products tested containing TLR4 PRR agonists (Publication Pending,  Mazzio et al., 2023. Journal of Funcitonal Foods ).

Our research findings directly align with ecological studies reporting similar soil-embedded rhizome microbiomes (67) (e.g., echinacea, stinging nettle, burdock etc.) and high concentrations of gram-negative microbes and biofilms in edible sea kelps and other marine vegetation, including Granulosicoccus antarcticus, hellea balneolensis (Gammaproteobacteria) bacteroidetes and Alphaproteobacteria, these including Fucus vesiculosus, N. leutkeana (Bladderwrack), P. scouleri (Surf Grass), Laminaria setchellii (Kelp) Chondrus crispus (Irish Moss), Laminaria ochroleuca (Kelp/Brown Seaweed), Palmaria palmate (Dulse), etc. (68, 69).

According to our research, approximately 98% of herbs, fruits, and vegetables do not contain bioactive toll-like receptor (TLR4) agonists, which suggests that immune-modulating microbiomes in plants and herbs are not ubiquitous but instead result from natural forces that encourage their accumulation.



2.1 Diverting research focal points

Significant research has been directed toward peripheral topics, often overlooking the potential human health aspect of ingesting inactivated MOCs. None the less, the concept that ingestion of “dead bugs” can impact human health is gradually gaining acceptance, as seen in the emerging fields of para-probiotics (inactivated probiotics) (70–72) development of oral vaccines (73, 74) and with greater understanding as to the  anatomy of the human gut microbiome and its PRRs (44–47, 50, 75). Despite this, most of the work carried out on the human microbiome to date has focused on the “living microbiome” (probiotics, prebiotics, and microbiota cultures) as symbionts/pathobionts (76–79). Meanwhile, therapeutic research in plant medicine continues to focus on plant phytochemicals rather than the plant’s inactivated microbiome. Plants contain a diverse array of “phytochemicals” such as flavonoids, phenolics, alkaloids, glycosides, lignans, and triterpenoids, which exhibit a broad range of protective properties, including anti-inflammatory, analgesic, antipyretic, antimalarial, antibacterial, antiprotozoal, antioxidant, antifungal, and antiviral effects (80). Inadvertently, the antimicrobial capabilities of these plant chemicals have been exploited for centuries for the preservation and treatment of infections. Today, the predominant focus on anti-cancer natural medicines, also continues to be on the phytochemicals. Thousands of studies demonstrate phytochemicals to manipulate cellular signaling pathways such as apoptosis (Bcl-2/Bax), oncogene transcription, gene induction, enzyme expression/activity (e.g., topoisomerase, cyclooxygenase, matrix metalloproteases), cell cycle regulation, and modulation of signaling systems associated with rapid tumor growth (e.g., MAPK/ERK pathway, PI3K/AKT/mTORC1), or to activate DNA repair mechanisms (80–85). A similar emphasis on chemicals is observed in research exploring the interaction between microbes and cancer, specifically focusing on secondary metabolites produced by Actinobacteria and Streptomyces spp. These metabolites, which include polyphenols, indolocarbazoles, anthracyclines, halogenated compounds, polyketides, anthracenes, and alkaloids, form the foundation of traditional chemotherapy drugs like doxorubicin, mithramycin, and mitomycin C (86).

While plant chemicals can prevent cancer by attenuating chronic inflammation that initiates cancer (27, 87), managing already-established cancer requires a robust and sharp immune boost, necessitating a pro-inflammatory response.




2.2 MAMPS in anti-tumor immune therapies

The potential to boost the immune system to overpower and destroy a human tumor forms the foundation for future immunotherapy breakthroughs. All tumor immune therapies share a common goal: to “boost,” “activate,” or “reawaken” a dormant host immune system subdued by the tumor’s immunosuppressive barrier to regain control over the mechanisms capable of destroying malignant cells (5, 7, 8); this requires a pro-inflammatory (immune-boosting) response, not an anti-inflammatory response. Therapies (similar to Coley) have thus far explored combination of synthetic hyperthermia (fever) ± inactivated microbes containing potent MAMPS (6, 88, 89), MAMP vaccines (90, 91), exogenous cytokines (IL-2, 15), interferon-alpha (IFNα) or granulocyte-macrophage colony-stimulating factor (GM-CSF)), adoptive T cell therapies with direct targeting of (tumor-associated (TAA)/tumor-specific antigens (TSA)), checkpoint inhibitors which remove/braking systems (mAb), ipilimumab, nivolumab, pembrolizumab, etc.) (92–95) or autologous/allogenic tumor vaccines primed with strong immunological bacterial laden adjuvants and co-stimulatory cytokines (96).

Pharmacodynamically and mechanistically edible MAMPS may do the same, having direct access to the immune system through the gut mucosa. The upper GI can capture (by mucin), identify, respond to, and build an acquired immunity database to foreign antigens while offering 15 times the surface area than the large intestine (97). The upper GI also houses plentiful GALT-/LP PRRs, in epithelial intestinal and immune cells (neutrophils, macrophages/monocytes, dendritic cells, mast cells, T and B lymphocytes), and a highly integrated signaling surface readily acted upon by MAMPS on C-type lectin-like receptors (CLRs) (Dectins, Mincle, and Mcl), nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs), and Toll-like receptors (TLRs) (98). As for TLRs, these are housed in the gut immune plexus on either cell surfaces (TLR1, 2, 4, 5, 6) or/in (endosomes TLR3, 7, 8, 9) (99, 100). Known edible MAMPS that would activate these include food-based bacterial LPS, lipoproteins, zymosan, byglycans, acylated lipopeptides, lipoteichoic acid, peptidoglycans, modulin, dsRNA from bacteria, glycolipids, fibrinogen/fibronectin, heat shock proteins, uric acid, flagellin (TLR5), ssRNA of microbial origin and unmethylated CpG rich DNA (101–104).

Just in the case of TLR agonists alone, these are widely in our foods and vaccines as adjuvants, being pro-inflammatory, with a capacity to boost antibody titers, CD8+ and CD4+ T cells, cytokine levels (IL-12, TNF-α, IFN-γ, IL-6 and type I interferon), chemokines (monocyte chemoattractant protein-1 (MCP-1/CCL2), macrophage inflammatory proteins (MIP-α/1-β) MyD88, IL-1R), and related signaling pathways (IRAK, MAPK) through transcriptional activation of NF-κB and AP-1 (42, 43). PRR TLR adjuvants used in vaccines include agonists of TLR9 (CpG oligodeoxynucleotides (ODN)) - the hepatitis B virus vaccine Heplisav-B, MGN1703 for cancer vaccines; TLR3 (poly-IC/ICLC derivates (Ampligen® Hiltonol®)) for cancer and HIV vaccines, TLR4 (monophosphoryl lipid A derivative agonist AS04, for Cervarix (human HPV)/Hep B (Fendrix®), AS01 for the herpes zoster vaccine Shingrix®, glucopyranosyl Lipid A for influenza vaccines), TLR 5 agonists (flagellin derivatives such as Mobilan or entolimod) or TLR7 (resiquimod (an imidazoquinoline) employed with cancer vaccines (42).

While dead bugs in our botanical medicines have not yet been explored in large, fungal molecules are subject to exhaustive research, as in the case of the peptide fragment zymosan; also known as β-glucan derived from Saccharomyces cerevisiae (105–112). When ingested orally, β-glucans activate (M-cells)/, Peyer’s patches and boost innate and systemic acquired intelligence (107–109). This mechanism of action has direct relevance to tumor immunotherapies given it can elicit sharp responses which foster 1) macrophage phenotype polarization in tumor-associated macrophages (TAMs) to M1 anti-tumor fighter macrophages (110, 111), 2) reduce the load of tumor immune suppressors such as myeloid-derived suppressor cells (MDSC) or Tregs (112) 3) heighten activated CD4(+), CD8(+) T cells and the IL-2 IFN-γ response (113) 4) augment hematopoiesis (106) prompt maturation of neutrophils, macrophages, dendritic cells, and NK cells (Dectin/TLR/complement receptor 3 (CR3), CD11b CD18) (114, 115) and 5) initiate iC3b-opsonized targeting of tumor cells for phagocytosis and degranulation (106, 107, 114, 116), linked to reduced tumor burden in mammals (105, 114, 115, 117–119).

Using edible immune boosters such as zymosan could synergize the efficacy of checkpoint inhibitors, whereby taking the foot off the tumor immunosuppressive barrier (immune checkpoint inhibitors) combined with the second foot on acceleration “immune boosting” would provide therapeutic advantage. (115, 120, 121). Edible MAMPS (zymogen or other) reaching the GI would evoke the transfer of enemy antigenic data through M cells to antigen-presenting cells (APCs), which then travel to the mesenteric lymph node (122) concomitant to lamina propria APC dendritic cell branching to systemic lymphatic vessels (75, 123–125) evoking T cell clonal expansion (126–128). Moreover, oral administration of MAMPS, like LPS, may enter into blood circulation through lipid absorption or chylomicrons by intestinal epithelial cells (50) triggering systemic innate and acquired immune system response as evidenced in mammals (75).




2.3 Are edible PRR-TLR4 agonists endotoxin?

Are we suggesting that edible endotoxin can alter immunity? Yes, the practice of consuming endotoxin has been applied for hundreds - thousands of years, before the discovery of microbes in cultural medicine for example edible spirulina, chlorella, sea moss, and sea kelps. There is enormous confusion surrounding the term “endotoxin” because it is a misnomer. The term “endotoxin” today is an open-ended, vague term to describe all gram-negative microbial cell wall LPS with the lipid A the “ toxin” all alive or dead, all pathogenic or non-pathogenic, and all-inclusive to every type of taxonomic and cell wall polysaccharide variation. The term endotoxin is one term, used to ascribe deadly infectious (sepsis) with multi-organ failure and death, to health products sold OTC taken by billions of consumers across the globe every day, e.g., as previously stated: LPS Arthrospira platensis (Spirulina). Endotoxins are in many cases endo-immunomodulators (not toxins) with beneficial effects justifying their use as peptide-based anti-cancer vaccines adjuvants (101). Many studies show endotoxin in immune-competent cancer models can reverse the negative effects of chemotherapy and shrink/sometimes eradicate human tumors in a manner as described by Coley (129–138) with the ability to boost NK cell activity, activate macrophages and stimulate hematopoiesis of lymphocytes (139–155). And, if MAMP-laden edible products bear resemblance to Coley’s toxin (156), then as longitudinal fibrils contiguous (157) they too could very likely evoke mitogenic B cell activation (158) influence the complement system (156), stimulate macrophages to lyse tumor cells (159) and bestow all benefits known to LPS/TLR4 agonists and their use in anti-cancer medicines when taken orally (63, 65, 66).

This concept is substantiated further by, numerous animal and human studies demonstrating that exposure to LPS in early life can stimulate systemic immunity, being inversely related to the occurrence of hay fever, atopic asthma, and atopic sensitization (160). Moreover, LPS, a standard endotoxin, has been identified as a vital immune system stimulant (161). Specifically, LPS derived from Escherichia coli has been proven to elicit a robust immune response via TLR4 signaling; this, in turn, triggers the release of pro-inflammatory cytokines, leading to an enhanced immune response (162). Immunotherapies that leverage LPS have shown promise in preclinical and clinical studies. For instance, MPL (monophosphoryl lipid A), a derivative of LPS, has been successfully used as an adjuvant in anti-cancer vaccines (162, 163). Despite these advancements, the potential of dead bugs, especially their endotoxins, in therapeutics and immunotherapies remains largely unexplored. The primary barrier has been the conventional perception of endotoxins as harmful substances associated with diseases such as sepsis. Therefore, the potential of dead bugs in therapeutics and immunotherapies warrants further exploration. Future studies should focus on unraveling the specific immune-modulatory mechanisms of endotoxins and other components of dead bugs and their potential applications in treating diseases such as cancer. With technological advancements and an understanding of the gut microbiome, the prospect of leveraging dead bugs in therapeutics is promising.





3 LPS/TRL4 agonists and cancer models

If the administration of gram-negative (non-strain specific) LPS can reduce tumor burden, then why is the literature riddled with contradiction? These conflicting reports appear consistent when organized by model type and route of administration. For example, pro-tumor effects of LPS are consistently reported in (immune-deficient) animal models, or isolated cancer cells in vitro (without an immune coculture) or by assumptions drawn on greater expression levels for TLR4 reported in cancer vs. healthy adjacent tissue (164–175). However, anti-tumor effects of LPS/TLR4 agonists are consistently reported in fully immune competent animals, the majority showing greater survival time, curative remission in a significant % of test groups similar to Coley’s toxin, reduction of adverse effects of chemotherapy and radiation, including resistance (130–133, 176–178), and effects augmented when combined with anti-tumor cytokines (e.g. G-CSF) (134). LPS administration, when injected directly into tumors (immune-competent models) - elicits massive macrophage and neutrophil trafficking (135) evoking nearly complete and total tumor regression consistently reported (136, 137). In humans, oral administration of LPS from wheat (Pantoea agglomerans) shows recovery and remission in 62% of cancer patients (138), whereas other sources (e.g., LPS Alistipes shahii) can achieve a reduction in side effects associated with radiation/chemotherapies (129).



3.1 LPS/TLR4 agonists: mechanism of action

The mechanism by which LPS reduces tumor size remains a topic of continued research, but it is generally thought to be closely tied to its critical role in regulating macrophages. Several steps mediate its anti-tumor effects: 1) LPS first binds to the LPS first binds to protein/sensitizer CD14 (179) 2), both then binding to the TLR4/MD-2 complex (180), 3) which triggers MyD88 signaling, 4) and leads to an IFN-type 1 response, NF-kappaB and activation of TAMs in the TME, thus switching “on” the M1 anti-cancer fighter phenotype (pro-inflammatory, anti-tumorigenic) and overcoming the acquiescent M2 (anti-inflammatory pro-tumorigenic phenotype) (7, 181, 182). Figure 2 In immune-competent animals, the transition from M2 to M1 TAM phenotype is associated with the re-awakening of T-cell mediated adaptive host immune response that recognizes malignant cells However, this transition’s mechanisms are still poorly understood (101, 183–186). M1 TAM phenotypes coincide with increased activation of CD4(+) and CD8(+) T cytotoxic cells, NK cells, higher IFN-gamma, reduction in myeloid-derived suppressor cells, and Tregs, all of which contribute to reducing tumor burden (186–188). These responses are also directly related to the functional relay of TLR4/Myd88 receptor adaptor response (133, 189, 190). For instance, TLR4−/− mice exhibit rapid tumor growth following inoculation (191) which corresponds to a deficiency in CD8+ CD4+ T and activated NK cells (42, 192).




Figure 2 | LPS TLR4 activated M1 tumor suppressor Macrophage Phenotype; triggers recruitment of MyD88 to the cytosolic domain, activates mitogen activated protein kinase signaling to elicit translocation of nuclear factor kappa-light-chain enhancer of activated B cells (NF-κB) and upregulation a host of genes involved with leukocyte recruitment (CCL2,CCL6,CCL12, CXCL10, CXCL11,CXCL12,CXCL13), a pro-inflammatory response (IFN-γ, TNF –α, IL-6 or Type I interferons IFN-α and IFN-β), iNOS induction and production of NO2.[(42)] Created with BioRender.com



The factors that maintain the M2 phenotype are still debated, but reportedly involve continuous exposure to cytokines released from the stroma/tumor itself, such as suppressive E-receptor factor, hyaluronan (193–196) or the dominance of gram-negative bacteria in the ‘tumor microbiome,’ as seen in gemcitabine-resistant pancreatic ductal carcinoma (197). The future therapeutic use of LPS/TLR4 agonists could enhance the efficacy of immune checkpoint inhibitors (ICIs) (198–201), increase the effectiveness of monoclonal antibodies (MAbs) (e.g., trastuzumab) (202) and boost the potency of platinum- and taxol-based chemotherapies (203). As of now, TLR4 agonists are primarily used as adjuvants in tumor vaccines (204–207) and in adoptive anti-tumor immunotherapies (208) as well as in dendritic cell-based therapies specific to tumor antigens (209).




3.2 The tumor microbiome: an immune suppressive barrier

The discovery of the tumor microbiome has brought significant challenges to the conceptual basis of tumor vaccines. This discovery creates a model akin to a house within a house. The larger house represents the human microbiome’s role in regulating systemic immunity, while the smaller house symbolizes the tumor microbiome’s role in controlling its local environment. The host microbiome, which largely colonizes the mucosal tissue of the oral/nasal cavity and gastrointestinal, vaginal, and urogenital tracts (97, 210), is sensitive to environmental factors (e.g., drugs, including antibiotics and chemotherapy, prebiotics, probiotics, alcohol, diet, stress aging, and exercise) (211–213).

When the normal flora is overtaken by pathogenic flora, as documented in thousands of studies [indicating changes in the composition of microbial communities in malignant versus healthy non-malignant tissues], it increases the risk of cancer (76, 214–216). Pathogenic flora that contribute to cancer can spread locally (e.g., from the vagina to the cervix (217), or from the respiratory system to the lungs (218)) or distally as bacteria originating in the oral cavity (e.g., Porphyromonas gingivalis, Tannerella forsythia, Veillonella parvula, F. nucleatum, Parvimonas Micra, etc.), have been found associated with cancers of the esophagus (219), GI/colon (220) pancreas (221) and liver (87). Once cancer is established, microorganisms can infiltrate the tumor microenvironment (TME), working synergistically with tumor-infiltrated leukocyte subpopulations (LSPs); tumor-associated macrophages (TAMs), tumor-associated neutrophils (TANs), myeloid-derived suppressor cells (MDSCs), CD4+CD25+Foxp3+Tregs creating a robust and strong immunosuppressive barrier (37, 87, 222, 223).

Overcoming the immunosuppressive barrier circumscribing tumors can be achieved by either the complete obliteration of the tumor microbiome, which can restore immune competence, decrease immune suppressors (MDSCs), and enhance Th1-type CD4+/cytotoxic CD8+ T function (221) or boosting the immune system (using immunotherapies), similar to the original MAMP vaccine by Coley, but with greater specificity (90, 224).





4 MAMPS and chronic inflammation

There is a potential double-edged sword involving the biological effects of LPS/TLR agonists, which on the one hand may boost immune response, and on the other hand are used in experimental models of inflammatory oxidative injury. Generally, repeated administration of LPS in animals is an established model of inflammatory injury to assess the value of anti-inflammatory agents (225, 226). The understudy of the paradox between immune stimulating vs chronic inflammation is a needed area of research given the large number of individuals, globally, who consume daily supplements containing fungal yeast (b-glucan)/microbial MAMP TLR agonists. There are several major plausible outcomes of repeated daily use 1) the establishment of biological tolerance, which can provide resilience to allergies (e.g., pollen) (227), eczema (228), or osteoporosis (229), infection and cancer (230, 231) or 2) chronic inflammation (232, 233) leading to refractory T-cell exhaustion, upregulation of (PD-1)/(PD-L1) axis, MDSCs and enhanced capacity of carcinogen-mediated tumorigenesis (26, 27, 234, 235);this raises an important question: Could repeated oral administration of MAMP-rich herbs like sea moss/kelp and roots result in immune suppression due to chronic inflammation, either of which could potentially initiate human cancers? In this context, promoting the intake of anti-inflammatory phytochemicals might be advisable to reduce the risk of cancer initiation (28, 236). By contrast, repeated TLR-4 stimulation could be linked to chronic infections and inflammatory conditions and may be contraindicated for individuals with autoimmune diseases (237). These are pressing issues that require further investigation for clarity.




5 Conclusion

This review looks into the potential of heat inactivated MOCs, particularly in botanicals, to boost immunity and improve illness outcomes. Specific immune-boosting herbs are abundant with dead microbes, thereby holding significance for drug discovery endeavors to develop oral, edible tumor immunotherapies. Future research should explore the intriguing hypothesis that the health benefits of certain herbs may be due to their inactivated microbial biomass rather than the plant’s phytochemicals; this would not only align with the broader field of microbiome science but also with the simple logic that the immune system reacts to foreign antigenic microorganism debris (MAMPs), the basis for vaccine and adjuvant development. Despite our growing knowledge, significant gaps still need to be discovered. For example, current research primarily focusing on cataloging the live microorganisms in the “edible or medicinal plant microbiome,” are often without considering potential health implications. While we understand which plant microbiomes survive food safety regulations, we need comprehensive knowledge of MAMPS from inactivated MOCs and their immune-boosting potential, including the concentrations and taxonomy, from pathogenic to non-pathogenic.

This potential paradigm shift could have significant implications for our understanding of plant-based health and for developing new therapeutic approaches. Furthermore, the historical backdrop of MOCs’ influence on immunity, as indicated by cases of spontaneous tumor remission due to acute febrile illnesses, lays the groundwork for investigating MOCs’ therapeutic potential in cancer immunotherapy. This has the potential to transform our approach to disease prevention and treatment, specifically by using the ability of MOCs to strengthen human defense against pathogens and improve tumor surveillance.
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Despite remarkable advances in tumor response and patient survival in the past decade, systemic immunotherapies for lung cancer result in an objective response in only around half of patients treated. On the basis of this limitation, combination strategies are being investigated to improve response rates. Cryoablation has been proposed as one such technique to induce immunogenic cell death and synergize with systemic immunotherapies, including immune checkpoint inhibitors. Cryoablation has been traditionally delivered percutaneously with imaging guidance although recent technological advances allow for bronchoscopic delivery. Herein, we review the pre-clinical and clinical evidence for the use of cryoablation in non-small cell lung cancer and potential induction of anti-tumor immunity. We highlight ongoing studies involving this approach and propose areas of future investigation.
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1 Introduction

Immune checkpoint inhibitors, including antibodies to programmed death cell death protein 1 (PD-1) and its ligand PD-L1 have revolutionized the treatment of patients with non-small cell lung cancer over the past decade. However, response rates to these therapies remain suboptimal even when the tumor demonstrates significant PD-L1 expression. Thus, combination immunotherapy approaches which use immune checkpoint inhibitors in combination with other therapeutic interventions have been proposed with the goal of improving overall clinical responses.

The cancer-immunity cycle has been proposed as a framework of seven steps required for the killing of cancer cells by the immune system (1). Specifically, the steps include: 1) release of tumor associated antigens and immunomodulatory danger signals, (2) cancer antigen presentation, (3) priming and activation of immune cells ,(4) trafficking and (5) infiltration of T cells into tumors, (6) recognition of cancer cells by T cells, and (7) immune-mediated cell death leading to further tumor antigen and danger signal release.. Each of these steps has been targeted by investigators for its potential to combine with current immunotherapies to improve response rates.

Release of cancer cell antigens is pivotal to generation of an anti-tumor immune response and may be augmented in several ways. For example, local treatments (tumor ablation, intratumoral injection, radiotherapy) and systemic therapies have been proposed as strategies to increase tumor antigen release and presentation to the immune system. Additionally, an increasing body of evidence suggests that immunogenic cell death may sensitize patients to PD-1/PD-L1 blockade (2). One particular local therapy, cryoablation, has been studied for its ability to generate an anti-tumor immune response and may have advantages over several of the other proposed methods.

In this review, we will discuss the proposed immunologic mechanisms of cryoablation and highlight pre-clinical and clinical investigations using cryoablation as part of a combination immunotherapy strategy.




2 Mechanisms of cryoablation

Cryoablation is a thermal ablation technique in which cold temperature is used to induce tissue injury. Although the therapeutic properties of cold have been utilized for centuries, the modern era of cryosurgery began in the 1960s when the neurosurgeon Dr. Irving Cooper developed a modern cryosurgical system using a probe for treatment of brain tumors and movement disorders (3). Since then, cryoablation has been utilized for local treatment of several malignancies including liver, kidney, breast, prostate, lung and bone (4).

To achieve low temperatures at the tip of the probe, a compressed gas (i.e., cryogen) is passed through a valve where it rapidly expands, resulting in cooling via the Joule-Thomson effect. A variety of cryogens are utilized clinically including liquid nitrogen, argon, and carbon dioxide, which produce a range of cold temperatures at the tip of the probe within seconds of application (5). By direct application of this temperature to target tissues, tissue injury and cell death are locally induced. It is postulated that this tissue injury in turn leads to antigen presentation and the development of an antitumor immune response both locally and at distant sites (7). This will be further discussed in Section 6, Immune Response to Cryoablation.

Cryoablation results in cell death via an immediate direct cell injury, as well as delayed effects due to vascular thrombosis and potentially immune-mediated pathways (5). First, the direct application of cold damages target tissues and causes crystallization of extracellular water, leading to a hyperosmotic extracellular space resulting in osmotic injury to cells. With application of colder temperatures, direct intracellular crystallization impairs function of membranes and organelles, leading to cellular dysfunction and death. Following this direct effect, microvascular stasis occurs resulting in thrombosis, local ischemia and additional cell injury. While cells not subjected to lethal injury may be able to recover, temperatures of -20°C to -50°C may induce complete necrosis, which notably depends on the nature of the frozen tissue (6). For example, neoplastic cells may be more resistant to lethality from cold temperature than benign tissues. The effects of cold injury depend on many factors, including the tissue frozen, rapidity and duration of freeze and thaw cycles, number of freeze-thaw cycles (4, 5).

The optimal “ablative dose” is not known and many have investigated different protocols to optimize cryosurgical techniques (8). Thus, several authors have proposed a target temperature of -40 C for at least one minute in order to achieve a lethal effect in neoplastic tissues (4). In general, a rapid cooling phase, followed by a slow thaw phase, and repeated freeze-thaw cycles increase the amount of cell death with cryoablation (4). In a model of pulmonary cryoablation, three freeze-thaw cycles were suggested to be superior to two cycles for overall efficiency and visualization of the cryoablation zone. In particular, the first freeze-thaw cycle may improve thermal conductivity of lung tissue and tumor to amplify the freeze effect during subsequent cycles (9). Further investigation is needed to determine optimal ablation protocols.




3 Cryoablation versus other thermal ablative modalities

In comparison with other modalities of image-guided thermal ablation such as radiofrequency ablation (RFA) and microwave ablation (MWA), cryoablation offers several possible advantages as part of an immune stimulating strategy. Certain tissues have an intrinsic cryo-resistance due to low water content (including cartilage, a component of the bronchial wall) which may minimize damage to normal tissues surrounding a tumor (10). Thus, cryoablation is the preferred image-guided ablation technique for tumors near the large airways, diaphragm or pleura (11). A meta-analysis comparing thermal ablative therapies for lung cancer reported no statistically significant differences in adverse reactions between cryoablation, radiofrequency ablation (RFA), and microwave ablation (MWA) (12). Additionally, cryoablation may be less painful that other thermal modalities as cold temperatures have an analgesic effect on tissues (13). Finally, cryoablation differs from RFA and MWA in that it does not produce extreme heat which is known to denature tumor antigens, and therefore may better preserve tumor antigens for processing by the immune system.




4 Current uses of cryoablation in thoracic malignancies



4.1 Percutaneous cryoablation

Percutaneous cryoablation is an image-guided thermal ablation technique which is used for the treatment of early-stage peripheral lung cancer, multiple primary lung cancers, or metastatic disease to the lung, typically in medically inoperable patients. Additionally, image-guided ablation has been used for recurrent disease or symptomatic tumor invasion of the chest wall. The major benefits over surgery include sparing of lung parenchyma, with pulmonary function testing post tumor cryoablation revealing minimal to no sustained reduction in FEV1 or DLCO (14). Several societal guidelines support its use as an alternative to radiotherapy in patients who are “high risk,” defined as medically inoperable or borderline operable (14, 15).

A number of studies over the past decade have revealed safety and efficacy of percutaneous cryoablation (16–23). Pneumothorax is the most common complication, requiring chest tube placement in around 20% of patients (11, 24). The incidence of severe adverse events (defined as grade 3 or higher according to the National Cancer Institute Common Terminology Criteria for Adverse Events) is low, occurring in around 6% of patients (18, 20, 21). Rarely, bronchopleural fistula or hemorrhage may occur.




4.2 Bronchoscopic cryoablation

Bronchoscopic cryoablation is a technique used for destruction of tissue within the airways. Most commonly, it is applied for palliative treatment of malignant airway obstruction (25, 26). Bronchoscopic cryoablation has traditionally been applied by direct application of a cryoprobe via several freeze-thaw cycles. Recently, spray cryotherapy has been investigated as another delivery method (27). Bronchoscopic cryoablation has also been utilized for the curative-intent treatment of endobronchial malignancy in patients not eligible for surgical resection (27). This technique has primarily been utilized in superficial malignancies involving the central airways including carcinoma in situ and carcinoid tumors with demonstrated safety and clinical efficacy (28–30).

Transbronchial cryoablation for therapeutic intervention with curative intent of inoperable peripheral lung tumors is being investigated, but remains limited to research settings only (31–34). The techniques of transbronchial cryobiopsy and cryo-recanalization are not discussed here as the technique does not leave sufficient frozen tissue in situ for processing by the immune system and is thus postulated not to have the same immunomodulatory effect.





5 Delivery approaches for cryoablation as a combination immunotherapy



5.1 Percutaneous

There is accumulating clinical evidence for the use of percutaneous cryoablation for non-small cell lung cancer, although the procedure is currently performed only at specialized centers in the United States. For thoracic indications, imaging guidance is typically performed with computed tomography allowing precise lesion targeting. Percutaneous probes commonly use argon for cooling and helium for rewarming, giving them the ability to reach temperatures of as low as -140°C at the probe tip (35). Commonly used probe sizes for lung ablation range from 1.5 to 2.5 mm in diameter, and a single probe has the capacity to create an ablation zone (defined by a measured -20°C isotherm) of up to 40 mm in largest dimension depending on probe size (13). Cryoablation has the benefit of improved visualization of the ablation zone when compared to other thermal ablative methods (17). This allows for placement of several cryoprobes to increase the cryoablation zone to completely encapsulate a lesion.

Negative aspects of the percutaneous approach include breach of the visceral pleura, which is associated with a risk of complications. In fact, pneumothorax may occur in up to 50% of percutaneous cryoablation procedures, requiring chest tube placement in about 20% (11, 24). Some have suggested that tract embolization with gelatin sponge slurry may reduce the incidence of pneumothorax after radiofrequency ablation of lung tumors (36), but the quality of evidence is limited and we could not find any reports of its use with percutaneous cryoablation. Thus, alternative approaches to cryoablation of lung tumors have been sought which do not cross the visceral pleura.




5.2 Bronchoscopic

Bronchoscopic cryoablation has been postulated as a potential way to reduce risks of cryoablation for lung tumors as the cryoprobe can be directed within the airways and does not cross the visceral pleura. With improving bronchoscopic navigation technologies and confirmation of probe positioning with cone-beam CT, bronchoscopic cryoablation may soon be feasible. Bronchoscopic cryoablation may also allow for access to multiple intrathoracic thoracic lesions, including the future potential for treatment of nodal metastasis.

A disadvantage of bronchoscopic cryoablation is the challenge of encapsulating the entire lesion within the ablation zone, as cryoprobes delivered through an airway are not as easily positioned as percutaneous probes under CT guidance. Additionally, currently available flexible cryoprobes have inferior ablation zones compared to rigid percutaneous probes. Rigid probes may allow for shortening of the thawing phase, therefore shortening procedure time, by a mechanism that prevents decompressed gas from returning into the cryoprobe. On the other hand, longer thawing time may assist in cellular injury, which could be enhanced with the flexible cryoprobe (27). Although rigid cryoprobes can be used through a rigid bronchoscope, these are solely for endoluminal lesions and the reach of these probes is limited mostly to central airways and proximal lower lobes.

Preclinical studies using a cryoprobe for bronchoscopic delivery of cryoablation have shown feasibility. Kohno et al. demonstrated the feasibility of transbronchial cryoablation in a porcine model using a rigid cryoprobe (31). Temperature measurements during the cryoablation and histologic evaluation of the ablation zone after animal sacrifice were performed. Although the rigid cryoprobe is unable to reach many peripheral lung lesions, its technical feasibility and lack of serious adverse effects in the ablation zone were demonstrated.

Subsequently, in an ex vivo model utilizing an explanted porcine lung, Zheng et al. used a prototype 2.3 mm flexible cryoprobe through a bronchoscope to evaluate feasibility of transbronchial cryoablation (37). This specially designed cryoprobe reaches a temperature of nearly -160 C at the tip using liquid nitrogen as the cryogen. In this preclinical study, the probe tip created an ice ball of up to 3.5 cm in diameter in porcine lung and the target temperature was reached close to the cryoprobe. Specifically, a threshold temperature of -20°C or less was reached within 12 mm from the cryoprobe. A further study by this group demonstrated the feasibility of transbronchial cryoablation in an in vivo porcine model (33). Another research group used a commercially available 2.4 mm flexible bronchoscopic cryoprobe (ERBECRYO2; Erbe Elektromedizin GmbH, Tubingen, Germany) to ablate a gelatin model of lung tissue (34). Although the pre-specified ablation temperature (-20°C) was reached after 15 minutes with a double freeze protocol, the ablation zone was small due to the limited ablation effect of this carbon dioxide-based probe, which can only reach temperatures as low as -79°C. Thus, further work is needed to develop bronchoscopic devices which may provide an enhanced ablative effect.

An additional potential benefit of the bronchoscopic cryoablation is the ability to combine with standard of care diagnostic or therapeutic bronchoscopy procedures. Our institution is currently recruiting for a safety and feasibility trial of bronchoscopic cryo-immunotherapy (BCI) for non-small cell lung cancer (ClinicalTrials.gov identifier NCT04049474). This phase I study is designed to evaluate the safety, feasibility and preliminary systemic immune response to dose-escalated cryoablation of a peripheral lung tumor delivered at the time of diagnostic or therapeutic bronchoscopy for known or suspected advanced non-small cell lung cancer. Dosing in this trial is determined by freeze time with standardization of the optimal freeze temperature achievable with standard flexible cryoprobes. This study utilizes a radial ultrasound probe (UM-S20-17S; Olympus, Tokyo, Japan) via a guide sheath to confirm as close as possible to a concentric view of the peripheral lesion prior to insertion of the cryoprobe under fluoroscopic guidance. The maximal freezing time in this current study design is 30 seconds per centimeter of tumor, which is a far shorter duration than was achieved in the porcine studies. It is possible that longer freeze durations will be necessary for optimal tumor cell killing and antigen presentation. Additionally, the protocol allows for usage of robotic bronchoscopy for localization of the peripheral lesion and to facilitate cryoablation of target tumors using the 1.1 mm diameter flexible cryoprobe (ERBECRYO2; Erbe Elektromedizin GmbH, Tubingen, Germany). The robotic bronchoscope’s working channel allows for passage of the 1.1 mm probe without the need for insertion of a guide sheath. The shape-sensing technology implemented in the robotic bronchoscope (Ion Endoluminal System; Intuitive Surgical, Sunnyvale, California), allows for stable positioning of the cryoprobe within the lesion despite the device exchanges of the biospy forceps and the radial ultrasound probe beforehand.

There have been several studies published in the medical literature of the use of robotic bronchoscopy for cryobiopsy of peripheral lung lesions (38, 39), but no published studies have demonstrated the use of the 1.1 mm flexible cryoprobe for therapeutic purposes in patients with lung cancer. In addition, the use of advanced fluoroscopy and/or cone-beam computed tomography allows for confirmation of the presence of the cryoprobe within the target lesion to optimize the cryoablation procedure. In the current protocol, the immune response to BCI is determined solely by assessment of peripheral blood samples taken just prior to the study procedure and at 7 and 14 days post-procedure. In future iterations of BCI, we aim to obtain repeat tumor biopsies and endobronchial ultrasound (EBUS)-guided nodal aspirates after several weeks to be able to better discern the effects of BCI on the tumor and draining lymph node immune microenvironments.

Recently, several studies have investigated the use of the EBUS-guided cryobiopsy of mediastinal and hilar lymph nodes to obtain larger biopsy specimens for improved diagnosis of disorders such as lymphoma and sarcoidosis (40, 41). The procedure involves first accessing the target node using the linear EBUS bronchoscope and large biopsy needle or needle-knife. Subsequently, the 1.1 mm cryoprobe is advanced through the working channel and into the lymph node under EBUS guidance with freezing and cryoadhesion of nodal tissue. In the future, there may be an immunologic role for therapeutic cryoablation of tumor-involved lymph nodes. Induction of cell necrosis via cryoablation within the nodal environment may facilitate enhanced tumor antigen presentation to naïve CD8 T cells and increased production of tumor-directed cytotoxic T cells which can then enter the systemic circulation. Furthermore, the potential for nodal cryoablation to work in synergy with immune checkpoint inhibitors and combat immune checkpoint inhibitor resistance was explored in a published case of aortocaval lymph nodal metastasis from immunotherapy-resistant non-small cell lung cancer which was treated successfully with percutaneous cryoablation while continuing the immune checkpoint inhibitor (42). It remains to be studied whether such effects are reproducible, and whether they can be extrapolated to nodal ablation via EBUS.





6 Immune response to cryoablation

Studies dating back to the 1960s have suggested a potential immune response to cryoablation. Specifically, it was initially recognized that cryoablation caused formation of auto-antibodies against the frozen tissues (43). Characterization of the immune response was limited by the laboratory techniques at the time. However, there were several case reports in the 1970s of regression of distant lesions (“abscopal” effect) following cryoablation of prostate tissue (44, 45). Since then, technologies for assessment of the immune response have improved and allowed for further investigation into potential mechanisms of immune response to cryoablation, although the understanding remains incomplete.

Much of the data on immune response to cryoablation are based on pre-clinical models. Briefly, after cryoablation there is an influx of acute inflammatory cells to the cryoablation zone followed by antigen presenting cells. Dying cells release a variety of pro-inflammatory cytokines (e.g., IL-12, IFN-gamma and TNF-alpha) from necrotic tissues at the center of the ablation zone, which serve as “danger signals” to alert the immune system of cellular injury. Antigen presenting cells take up cellular debris including key tumor antigens and then migrate to regional lymph nodes where they interact with T and B-lymphocytes to initiate a cellular and/or humoral immune response (Figure 1). It is important to note that cells at the periphery of the ablation zone, where temperatures are not sufficient to induce necrosis, may undergo apoptosis, potentially resulting in release of immune suppressive cytokines (e.g., IL-10, TGF-beta) (7).




Figure 1 | Interactions between the cryoablated tumor and the adaptive and innate immune system. In the proposed mechanism of cryoimmunotherapy, cryoablated tumor cells release tumor antigens, which are taken up by immature myeloid dendritic cells (DCs). In the context of necrotic cell death and generation of inflammatory cytokines after cryoablation, DCs mature and migrate to tumor-draining lymph nodes (TDLN), where they activate tumor-specific T cells, which migrate back to the tumor site. At the same time, dying tumor cells release “danger signals” that recruit macrophages, neutrophils, and natural killer (NK) cells to the tumor site. NK cells can play a direct role in tumor cell lysis. HSP, heat shock protein, HMGB1, high mobility group box 1; MHC, major histocompatibility complex; TNF-α, tumor necrosis factor-α.



Subsequent to cryoablation, anti-tumor antibodies may be formed against ablated tissues, as demonstrated in several pre-clinical cancer models (46–48). It is thought that these antibodies are a marker of an anti-tumor immune response, due to their specificity to tumor tissues. Additionally, murine models demonstrated resistance to re-challenge by the same tumor (but not different tumor lines) after cryoablation which may be due to both humoral- and cell-mediated immunity. Furthermore, the resistance to tumor challenge was demonstrated to be tumor specific (49). Further details of pre-clinical studies of the immunological effects of tumor cryoablation has been covered in detail in previously published manuscripts (7). It is not known how some of these mechanisms may interact with immunotherapies, including immune checkpoint inhibitors.

Notably, not all studies have demonstrated an anti-tumor immune response to cryoablation. In fact, some investigations have suggested an immunosuppressive effect of cryoablation (50–52). Sabel and colleagues proffered that the immune response to cryoablation is dependent upon the cytokine profile triggered by cryoablation, the availability of antigens that can be processed by antigen presenting cells, the mechanism of cell death (specifically necrosis versus apoptosis), and the subsets of phagocytes that process ablated cells (i.e., dendritic cells versus macrophages) (7). Further investigation is needed to understand mechanisms of immune response following cryoablation.




7 Studies of cryoablation and immunity in non-small cell lung cancer

Multiple pre-clinical and clinical studies in non-small cell lung cancer have suggested positive outcomes with cryoablation. Several of these studies are have been reported in a previously published review by our group (53). A list of published studies involving cryoablation for the induction of immune response (i.e., cryo-immunotherapy) are included in Table 1.


Table 1 | Published studies of cryo-immunotherapy in lung cancer.



Additionally, more recently Xu et al. studied the clinical outcomes and immune response of patients with lung cancer who received systemic therapies with or without bronchoscopic cryoablation for endobronchial disease (60). Bronchoscopic cryotherapy was applied via cryoprobe via a single freeze-thaw cycle lasting 3 to 4 minutes. Improved response rate was noted in the cryoablation arm and there was suggestion of decreased serum tumor markers (e.g., carcinoembryonic antigen) and changes in CD4 and CD8 T-cell subsets in the peripheral blood following cryotherapy. It is important to note that the methodology in this study was limited by absence of standardization of systemic therapy, and that patients in this study received systemic chemotherapy or molecular targeted therapy rather than immunotherapy. However, the concept of combining cryoablation, in this study delivered bronchoscopically, with systemic therapies – particularly immune checkpoint inhibitors – is an approach that warrants further investigation.




8 Cryoablation in combination with immune-checkpoint inhibitors

There are theoretical benefits of combining cryoablation with immune checkpoint inhibitors, as they work on different elements of anti-tumor immunity. Based on a proposed mechanism, releasing tumor antigens while the immune system is under the influence of immune checkpoint blockade may prevent T-cell exhaustion or anergy and reinstate anti-tumor immunity (Figure 2). At least one case report has demonstrated a robust clinical response due to the combination of bronchoscopic cryoablation and camrelizumab, a humanized monoclonal antibody against programmed cell death protein 1 (PD-1), in a patient with advanced sarcomatoid carcinoma of the lung (32).




Figure 2 | Proposed mechanism of synergy between cryoablation and anti–programmed cell death 1 (PD-1) monoclonal antibodies. In the tumor microenvironment after cryoablation, activated CD4-positive T cells augment immune responses through release of the proinflammatory cytokines interferon gamma (IFN-γ) and tumor necrosis factor-α (TNF-α). Activated CD8-positive T cells induce tumor cell lysis through release of granzyme B and perforin. Tumor cells can inhibit infiltrating tumor-specific T cells by up-regulating programmed death ligand 1 (PD-L1) surface expression, which binds PD-1 on the surface of activated T cells. Anti–PD-1 monoclonal antibodies block this inhibitory interaction and sustain T-cell activation.



Leppelman et al. performed a single-center retrospective cohort study evaluating the safety of locoregional therapies in patients receiving systemic immune checkpoint inhibitors for several malignancies including non-small cell lung cancer (12 of 65 patients) (58). Notably, locoregional therapies included thermal ablation, embolization, or selective internal radiation therapy, with cryoablation accounting for 28% of procedures. Immune-related adverse events occurred in 10.7% of patients, all less than or equal to grade 3, with none occurring in those with non-small cell lung cancer. It is important to recognize the potential for adverse effects from combining systemic and locoregional therapies. At least in this experience, there were no safety signals for combination therapies noted with cryoablation.

Feng et al. investigated the safety and efficacy of percutaneous cryoablation with or without nivolumab in patients with stage IIIB or IV non-small cell lung cancer (59). The combination of cryoablation with nivolumab versus nivolumab alone, was associated with an increase in the number of immune effector cells such as total CD4+ and CD8+ T cells and natural killer (NK) cells and the serum levels of inflammatory cytokines (i.e., IL-2, TNF-beta, IFN-gamma) in the cryotherapy plus nivolumab group. Adverse events were all less than or equal to grade 3 and without significant differences among the two groups. The combination of nivolumab with cryoablation resulted in significantly reduced circulating tumor cells and decreases in the tumor markers CYFRA21-1 and neuron-specific enolase (NSE). This study was limited by its retrospective nature and unconventional treatment strategies.

Further data regarding the safety and efficacy of the combination of cryoablation with immune-checkpoint inhibitors is needed. Several studies are currently investigating cryoablation in combination with systemic immunotherapies in non-small cell lung cancer (see Table 2). Additionally, studies which characterize both the tumor microenvironment and peripheral immune cells before and after cryoablation will be crucial to further understanding potential mechanisms of synergy.


Table 2 | Table 2. Ongoing clinical trials of cryo-immunotherapy in lung cancer.






9 Discussion

Historically, cryoablation has been a means of local tumor control in patients who are unfit for surgery. However, there is growing interest in cryoablation as a means to induce an immunologic effect which is specific to the ablated tumor. With recent development of immunotherapies for lung cancer, cryoablation has entered a new era, with the potential to synergize with systemic checkpoint inhibitors. Several important questions arise regarding the role of cryoablation in non-small cell lung cancer based on this review of recent literature.

First, what is the optimal ablative dose and number of lesions to target? Despite increasing knowledge and experience with various cryoablation protocols, knowledge of the best strategy remains limited. As multiple studies have suggested that immune response is variable after cryoablation (61, 62), determining the most effective dose for immune stimulation (which may be different from achieving maximal cell death) is of utmost importance.

Second, is there any role for cryoablation of tumor-draining lymph nodes? Although at present in limited capacity, some have postulated nodal cryoablation as a means to combat immune checkpoint inhibitor resistance. Thoracic lymph nodes in non-small cell lung cancer may be readily accessible for EBUS-mediated bronchoscopic cryoablation, and may be therefore present an opportunity for future investigation into this topic.

Additionally, is there any potential neoadjuvant role of cryoablation and immunotherapy prior to resection of early stage non-small cell lung cancer? Impressive pathological responses have been observed with neoadjuvant checkpoint inhibitors prior to resection (63), and the addition of cryoablation to such a regimen at the time of bronchoscopy could theoretically further enhance this effect, particularly in those lung cancers with “cold” baseline immune microenvironments (low PD-L1 expression and absence of infiltrating T cells).

Accumulating evidence suggests that cryoablation may generate an anti-tumor immune response at the cellular level by potentiating the cancer-immunity cycle, especially when used in combination with other immunotherapies. At the clinical level, limited data suggest a potential improvement in disease regression and progression-free survival when combination of therapy and cryoablation is used. More clinical studies are needed to further determine how cryoimmunotherapy translates to clinical outcomes.

Due to technical limitations, cryoablation has largely been performed via percutaneous approach, although recent progress in the field of interventional pulmonology may allow for routine bronchoscopic cryoablation in the near future (Figure 3). Additionally, further research into discovering optimal dose and mechanisms of cryoablation will be essential to maximize this potential therapy.




Figure 3 | Potential modalities for delivery of cryotherapy. Percutaneous cryoablation is typically delivered with image guidance (e.g., computed tomography). Bronchoscopic cryotherapy can be delivered to endoluminal lesions in proximal and segmental airways under direct visualization, as well as to more peripheral lesions with the assistance of robotic bronchoscopy. Endobronchial ultrasound guidance may allow for potential to target tumor-draining lymph nodes in the mediastinum.
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Background

Irreversible electroporation (IRE) is a novel local tumor ablation approach with the potential to stimulate an antitumor immune response. However, it is not effective in preventing distant metastasis in isolation. This study aimed to compare the potential of augmenting the antitumor immune response in patients with locally advanced pancreatic cancer (LAPC) who underwent IRE combined with chemotherapy and PD-1/PD-L1 blockade with those who underwent IRE combined with chemotherapy.





Methods

A retrospective review was conducted on LAPC patients treated either with IRE in combination with chemotherapy and PD-1/PD-L1 blockade (group A) or with IRE with chemotherapy alone (group B) from July 2015 to June 2021. The primary outcomes were overall survival (OS) and progression-free survival (PFS), with immune responses and adverse events serving as secondary endpoints. Risk factors for OS and PFS were identified using univariate and multivariate analyses.





Results

A total of 103 patients were included in the final analysis, comprising 25 in group A and 78 in group B. The median duration of follow-up was 18.2 months (3.0–38.6 months). Group A patients demonstrated improved survival compared to group B (median OS: 23.6 vs. 19.4 months, p = 0.001; median PFS: 18.2 vs. 14.7 months, p = 0.022). The data suggest a robust immune response in group A, while adverse events related to the treatment were similar in both groups. The multivariate analysis identified the combination of IRE, chemotherapy, and PD-1/PD-L1 blockade as an independent prognostic factor for OS and PFS.





Conclusion

The addition of PD-1/PD-L1 blockade to the regimen of IRE combined with chemotherapy enhanced antitumor immunity and extended survival in LAPC patients.
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Introduction

Pancreatic cancer represents a particularly aggressive form of malignancy accompanied by a discouragingly poor prognosis. The 5-year survival rate for patients diagnosed with pancreatic cancer remains under 8% (1). While surgical resection is currently the only treatment offering a potential cure, most patients present with locally advanced pancreatic cancer (LAPC) at diagnosis, and only less than 20% of newly diagnosed patients are eligible for surgical resection (2, 3). Furthermore, LAPC exhibits low responsiveness to conventional chemoradiotherapy, resulting in only marginal improvement in survival (4).

Conventional thermal local ablation techniques, such as radiofrequency, microwave, and cryoablation, are currently employed to manage patients with LAPC (5–9). However, due to the heat sink effects, these thermal ablation methods may damage peripancreatic vessels, the duodenum, and the bile and pancreatic duct, leading to high morbidity and mortality (10, 11). A potential solution to this challenge is irreversible electroporation (IRE). This innovative, nonthermal local ablation technique leverages high-voltage electrical pulses to disrupt cell membranes, resulting in irreversible nanoscale perforations and subsequent apoptotic cell death (12, 13). Compared to its thermal counterparts, IRE offers the advantage of sparing essential structures such as blood vessels, bile ducts, and nerves since the procedure generally unaffected extracellular matrix and collagen structures (14, 15).

Our prior research has also indicated that the antitumor effectiveness is further amplified when IRE is used concurrently with chemotherapy. This synergistic effect is attributed to IRE’s ability to enhance cell membrane permeability, thereby facilitating superior drug diffusion into the cells and boosting cytotoxicity (16, 17). This combination therapy presents an enticing treatment option for LAPC patients.

Immune checkpoint inhibitors (ICIs), which modulate immune responses against tumors, have substantially transformed therapeutic strategies in oncology. Several hypermutated cancers, including melanoma and non-small cell lung cancer, have shown responsiveness to ICIs due to the production of neoantigens and the presence of abundant tumor-infiltrating lymphocytes, thus positioning ICIs as a front-line treatment for these conditions (18–20). However, patients with LAPC typically exhibit a lower response rate to ICIs, attributed to reduced immunogenicity, fewer neoantigens, and lower immune infiltration (21, 22).

Emerging evidence suggests that IRE can facilitate T-cell immunity and activate tumor antigen-specific CD8+ T cells (23–25). IRE not only causes minimal damage to blood vessels, but also enhances vascular permeability, leading to rapid transportation of CD8+ T lymphocytes to the tumor core and subsequent activation of the immune system (23, 26). However, clinical studies indicate that IRE alone can only transiently mitigate the immunosuppressive state by decreasing the frequency of regulatory T cells (Tregs) (23, 27). IRE alone is insufficient in halting cancer progression.

Given these findings, combining IRE with chemotherapy and ICIs might present a promising strategy with the potential to elicit a powerful and enduring antitumor immune response in LAPC patients. There has been limited focus on this aspect, necessitating our current study that seeks to evaluate the antitumor immunity in LAPC patients following the combined application of IRE, chemotherapy, and ICIs.





Materials and methods




Patients

This retrospective study was approved by the Institutional Ethic Committee of Fuda Cancer Hospital and conducted in accordance with the Declaration of Helsinki and the Declaration of Good Clinical Practice. Written informed consent was obtained from each participant. From July 2015 to June 2021, all patients with LAPC underwent either a combination of IRE with chemotherapy and PD-1/L1 blockade (group A) or a combination of IRE with chemotherapy (group B). The inclusion criteria were as follows: (1) histologically confirmed pancreatic adenocarcinoma and radiologically verified LAPC [LAPC was defined in the 8th edition of the American Joint Committee on Cancer (AJCC) staging system for pancreatic cancer] (28); (2) patients over 18 years; (3) sufficient bone marrow, liver, kidney, and coagulation function; and (4) performance status (PS) scores under 2. The exclusion criteria were as follows: (1) patients with distant metastases; (2) patients who underwent other forms of treatment; and (3) patients with incomplete or missing data.





Treatment procedure

Before the IRE procedure, patients received 1,000 mg/m2 of gemcitabine intravenously (over 30 min). During the IRE, all patients were placed in a supine position under general anesthesia. Non-depolarizing neuromuscular blocking agents (vecuronium bromide and rocuronium bromide) were administered to reduce muscle contraction. A CT scanner and ultrasound system were used to confirm the morphology and surrounding relationships of the tumor. The number of electrode needles (2–6) and the approach route were determined according to tumor size and location. The exposed length of the probe tip was approximately 10–20 mm, and the needle distance was 15–25 mm. The ablation parameters were as follows: voltage 1,500 V/cm, number of pulses 90–100, and pulse width 70–90 μs. After releasing a group of pulses, the current rise was adjusted at 12–15 A, and the maximum was close to 50 A. For larger diameter tumors, ablation was repeated after retreating the needle by 1 cm until the ablation area covered the whole lesion. A CT scan or ultrasonography of the abdomen was performed again after the ablation to determine whether the ablation had been completed, whether bleeding had occurred, and whether essential structures had been damaged. When the disease was stable, oral S1 or albumin combined with paclitaxel was administered as maintenance therapy.

Patients in group A received PD-1/PD-L1 blockade therapy, including camrelizumab (200 mg/2 weeks), toripalimab (240 mg/2 weeks), nivolumab (100 mg/2 weeks), pembrolizumab (100 mg/3 weeks), and atezolizumab (1,200 mg/3 weeks). The first dose of PD-1/PD-L1 blockade was administered within 2 weeks after IRE. Patients received continuous PD-1/PD-L1 blockade treatment until intolerance toxicity or progressive disease. The treatment protocol is illustrated in Figure 1B.




Figure 1 | Flowchart of the included patients and treatment protocol. (A) Flowchart of the included patients. A total of 169 patients with LAPC were included, and 66 participants were excluded. Finally, 25 patients were analyzed in group A and 78 in group B. (B) Treatment protocol. Group A treated with a combination of IRE with chemotherapy and PD-1/PD-L1 blockade. Patients received PD-1/PD-L1 blockade every 2/3 weeks for four doses until disease progression or intolerable toxicity after IRE, and group B was treated with combination of IRE with chemotherapy.







Assays of immune parameters

Blood samples of each patient’s blood (2 ml) were collected just before the IRE procedure (Pre-IRE) and 30 days (Post-IRE) after treatment. Flow cytometry techniques (FACS caliber, four-color system, BD Bioscience, CA, US) were used to analyze the absolute number of CD3+ T cells (CD3+), CD4+ T cells (CD3+CD4+), CD8+ T cells (CD3+CD8+), NK cells (CD16+CD56+), T-lymphocytes PD-1 (CD3+PD-1+), T helper lymphocytes PD-1 (CD4+PD-1+), cytotoxic T lymphocytes PD-1 (CD8+PD-1+), and Treg cells (CD4+CD25+CD127dim). A similar method was used to measure serum cytokines, including interleukin-6 (IL-6), interleukin-10 (IL-10), tumor-necrosis factor-beta (TNF-β), and interferon-γ (IFN-γ). A record of the data was then made.





Collection of clinical data

The clinical information and demographic were collected, including age, gender, lesion size, tumor location, performance status (PS), carbohydrate antigen 19-9 (CA19-9), preoperative therapy, PD-L1 expression, and PD-1/L1 blockade. The tumor response was evaluated based on the mRECIST (29). The objective response rate (ORR) was calculated as follows: ORR = (CR+PR cases)/total cases × 100%. OS was defined as the time from diagnosis to death or until the last follow-up. PFS was defined as the time from diagnosis to disease progression until the last follow-up.





Follow-up

All patients in this study were followed up at 1, 3, and 6 months post-IRE and then every 3 months. Two radiologists independently interpreted all follow-up scan results. Adverse events were evaluated and classified according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0. The last follow-up was completed on 25 February 2022.





Statistical analysis

All statistical analyses were performed and compiled using GraphPad Prism (version 8.01, GraphPad Software, San Diego, CA, USA) and SPSS software (version 20.0, SPSS Inc., Chicago, IL, USA). Categorical variables were compared using the chi-square or Fisher exact test. The continuous data, categorical data, and survival curves of the two groups were compared using the Mann–Whitney test, Fisher’s exact test, and log-rank (Mantel-Cox) tests individually. The Cox regression model was used in survival analysis to assess the influence factor of OS and PFS. All statistical tests were two-sided; a p-value < 0.05 was considered statistically significant.






Results




Patient characteristics

Between July 2015 and June 2021, a total of 169 LAPC patients were included in this study (Figure 1). Based on the exclusion criteria, 66 patients were excluded owing to receiving other treatment (n = 28), tumor metastasis (n = 22), incomplete data, or missing (n = 16). Finally, a total of 103 LAPC patients were analyzed in this study: group A (n = 25) and group B (n = 78) (Figure 1A). The clinical characteristics of the patients were well-balanced between the two groups (Table 1). The median ages were 55 (26-80) and 62 (34-78) years in groups A and B, respectively. Both groups had a higher proportion of male patients than female patients. The median tumor sizes were 4.1 cm (range 2.4–6.7) and 3.8 cm (range 2.1–6.2) for patients in groups A and B, respectively. Group A had a higher tumor burden, but the difference was not statistically significant.


Table 1 | Patient characteristics.







Adverse events

As shown in Table 2, there was no treatment-related mortality in either group in our study. The overall adverse events rate was similar between the two groups. The most common immune-related adverse events were pruritus (24%), hypothyroidism (16%), increased bilirubin (16%), and ALT increase (16%) in group A. The major (grade 3–4) immune-related adverse events were hypothyroidism (8%), ALT increased (4%), and colitis (4%) in group A, which was resolved after the treatment with a corticosteroid. There were no immune-related adverse events in group B. The most common IRE treatment-related adverse events were pain (72%), fatigue (64%), diarrhea cardiac (56%), arrhythmias (48%), and hypertension (48%) in group A. The major (grade 3–4) IRE-related adverse events were cardiac arrhythmias (48%), hypertension (48%), pancreatitis (28%), and hemorrhage (16%). All adverse events were relieved or improved after symptomatic treatment.


Table 2 | Rates of the adverse events after treatment [n (%)].







Response

Overall, 4 (16.0%) patients achieved CR, 12 (48.0%) patients received PR, 6 (24.0%) patients developed SD, and 3 (12.0%) patients suffered PD in group A. The tumor response in group B was 8 (10.3%) patients with CR, 35 (44.8%) patients with PR, 22 (28.2%) patients with SD, and 13 (16.7%) with PD. The ORR was 64.0% vs. 55.1% (p = 0.787, Figure 2) in groups A and B, respectively.




Figure 2 | Tumor responses. CR, complete response; PR, partial response; SD, stable disease; PD, disease progression.







Immune parameters

We compared the absolute number of immune cells after combined IRE, chemotherapy, and PD-1/PD-L1 blockade to investigate post-treatment immune effects. The results demonstrated that the absolute number of CD3+ T cells, CD4+ T cells (p = 0.038), CD8+ T cells (p = 0.024), and NK cells steadily increased (Figures 3A–D), while the proportion of CD3+PD-1+, CD4+PD-1+, CD8+PD-1+, and Tregs cells (p = 0.023) decreased after treatment in group A compared to group B (Figures 3E–H).




Figure 3 | The number of lymphocytes in the blood was measured before treatment (Pre-IRE) and after 30 days (Post-IRE) of treatment. (A) The number of CD3+ T cells, (B) CD4+ T cells, (C) CD8+ T cells, (D) NK cells, (E) T-lymphocytes PD-1, (F) T helper lymphocytes PD-1 (CD4+ PD-1+), (G) cytotoxic T lymphocytes PD-1, and (H) Tregs cells were analyzed by multicolor flow cytometry. Comparison within groups: *p < 0.05; **p < 0.01; ***p < 0.001; comparison between groups: #p < 0.05; ##p < 0.01.



To further compare the variations of the immune response, we compared the levels of cytokines in both groups. The data suggested that the IL-6, IL-10, TNF-β, and IFN-γ levels significantly increased after treatment in group A, while the change in IL-10 and IFN-γ was not significant after treatment in group B (Figure 4).




Figure 4 | Cytokine expression measured before treatment (Pre-IRE) and after 30 days (Post-IRE). (A) The numbers of IL-6, (B) IL-10, (C) TNF-β, and (D) INF-γ were analyzed by multicolor flow cytometry. Comparison within groups: *p < 0.05; **p < 0.01; ***p < 0.001; comparison between groups: ##p < 0.01; ###p < 0.001.







Survival

The median follow-up time was 18.2 months (3.0–38.6 months). The median OS from diagnosis was significantly longer in group A than in group B, respectively (23.6 months vs. 19.4 months, p = 0.001, Figure 5A). Similarly, the median PFS from diagnosis was significantly longer in group A than in group B, respectively (18.2 months vs. 14.7 months, p = 0.022, Figure 5B).




Figure 5 | Graph showing Kaplan–Meier survival curves. (A) Median overall survival (OS) from diagnosis. (B) Median progression-free survival (PFS) from diagnosis.







Univariate and multivariate analyses of OS and PFS

As shown in Table 3, tumor size (HR: 1.022, 95% CI: 1.001–1.043, p = 0.045), CA 19-9 (HR: 1.021, 95% CI: 0.095–1.024, p = 0.017), and IRE plus PD-1/PD-L1 blockade treatment (HR: 2.217, 95% CI: 1.161–5.034, p = 0.018) were significantly correlated with OS in the univariate Cox regression analysis. Multivariate analysis showed that the combination of IRE with chemotherapy and PD-1/PD-L1 blockade (HR: 3.605, 95%, 95% CI: 1.417–9.175, p = 0.007) were independent predictors of OS (Table 3). Furthermore, tumor number (HR: 1.756, 95% CI: 0.956–1.327, p = 0.024) and IRE plus PD-1/PD-L1 blockade treatment (HR: 0.459, 95% CI: 0.248–0.824, p = 0.006) were also significant prognostic factors for PFS (Table 4).


Table 3 | Univariate and multivariate analyses of OS in patients.




Table 4 | Univariate and multivariate analyses of PFS in patients.








Discussion

This study marks the first report on the antitumor immunity resulting from the combination of IRE, chemotherapy, and PD-1/PD-L1 blockade in patients with LAPC. Our findings suggest that the antitumor immunity effectiveness and survival advantage of this triplet therapy are notably superior to those of the doublet therapy. Furthermore, our multivariate analysis showed a significant association between triplet therapy and OS and PFS in patients with LAPC.

Although IRE has been established to stimulate tumor-specific T-cell immune responses (24, 30), the resulting antitumor immunity is typically insufficient to eliminate distant micrometastatic lesions. Therefore, integrating IRE with immunotherapy could potentially offer a promising strategy to address this concern. To date, only two studies have documented the application of IRE in combination with ICIs for LAPC (12, 31). In a phase 1b clinical trial, IRE followed by nivolumab was administered to 10 patients with stage III pancreatic cancer, with median OS and PFS times of 18.0 months significantly lower than the 23.6 months observed in our study (12). In another retrospective study, He et al. (31) compared the therapeutic impact of IRE plus toripalimab versus IRE alone for LAPC, revealing a median OS of 44.3 months, markedly higher than in our study. This difference can be attributed to two main factors. Firstly, all patients in their study underwent four months of induction chemotherapy, likely possessing a more stable physical condition than our cohort. Secondly, we found that patients in our study had a more significant burden of tumors.

Our study possesses two notable distinctions when contrasted with previous studies. Firstly, our study show cases of methodological robustness as it involves patients treated with a combination of irreversible electroporation (IRE), chemotherapy, and PD-1/PD-L1 blockade. While IRE has been substantiated to stimulate tumor-specific T-cell immune responses (24, 30), the resulting antitumor immunity is generally insufficient to eradicate distant micrometastatic lesions. Furthermore, IRE not only boosts cell membrane permeability, facilitating greater entry of chemotherapeutic drugs into tumor cells and enhancing their cytotoxicity, but it also attracts a more significant number of CD8+ T cells to invade tumor regions and activate the immune system (32). Secondly, unlike prior studies, all our patients did not undergo induction chemotherapy, and their tumor burdens were more considerable. Our findings demonstrated an increase in the frequency of lymphocytes and cytokines post-IRE treatment. These results suggest that IRE is capable of inducing an immune response, providing a therapeutic possibility for the combined use of PD-1/PD-L1 blockade in the treatment of LAPC patients.

In our research, the multivariate analysis determined that the combination of IRE, chemotherapy, and PD-1/PD-L1 blockade, as well as tumor size, could independently improve OS. Consistent with our findings, a study by He et al. demonstrated that tumor size, CA 125 levels, and the treatment strategy were associated with poor OS outcomes (33). Our results corroborate this observation, indicating that integrating PD-1/PD-L1 therapy could potentially offer enhanced clinical benefits for patients with LAPC.

Regarding safety, common adverse events related to IRE treatment include pain, fatigue, diarrhea, cardiac arrhythmias, and hypertension, which align with previous studies (34, 35). The characteristics of immune-related adverse events observed in our study were akin to those documented in prior research (33). All these adverse events could be mitigated with symptomatic treatment. In our research, seven patients (28%) reported grade 3 or higher adverse events, which is a lower percentage than in previous studies (70%) (12). This difference may be attributed to the potential synergistic effect of combination therapy, with the ultimate goal being a sustainable and synergistic therapeutic response.

Despite the promising results highlighted in this study, several limitations must be acknowledged. Firstly, as this is a single-center retrospective study, bias is inevitable. Secondly, the study’s small sample size necessitates the need for future multi-center, prospective, randomized controlled, and large-sample clinical studies. Lastly, the expression of PD-L1 serves as a key biomarker for PD-1/PD-L1 blockade therapy. However, these data could not be obtained for most patients, which might have indirectly influenced the results of our study.

In conclusion, the combination of IRE with chemotherapy and PD-1/PD-L1 blockade therapy could potentiate robust antitumor immunity. This three-pronged approach was independently linked to both OS and PFS for patients with LAPC.
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Tumor size (£30mm/>30mm) 389/120 197/57 192/63 0.547
Platelet (x1079/L) 116.30 + 57.21 112.66 + 52.57 120.02 + 61.37 0.147
Lymphocyte (x1019/L) 1.28 + 0.68 1.29 + 0.68 1.26 + 0.68 0.625
Alanine aminotransferase (U/L) 39.81 +£27.72 44.45 + 2836 39.18 £27.11 0.608
Aspartate aminotransferase (U/L) 36.12 + 18.54 36.72 + 16.62 35.53 £20.29 0.471
Total bilirubin (umol/L) 19.41 £ 10.10 19.53 + 10.51 19.28 + 9.69 0.784
Albumin (g/1) 37.04 £ 4.51 37.06 + 4.58 37.02 + 4.44 0.909
Gamma-glutamyltransferase (U/L) 71.68 + 57.45 75.00 + 64.61 68.38 + 49.19 0.194
Alkaline phosphatase (U/L) 95.52 +43.25 96.54 + 44.82 94.51 + 41.70 0.502
INR 1.08 £0.12 1.08 + 0.13 1.08 £0.12 0.679
Alpha fetoprotein (<7/7-400/>400ng/mL) 216/254/39 111/127/16 105/127/23 0.491
Viral load (<1000/1000~20000/>20000IU/mL) 285/104/120 128/57/69 157/47/51 0.219
PALBI grade (<-2.53/-2.53~-2.09/>-2.09) 207/273/67 104/118/32 83/143/29 0.086

HBV, hepatitis B virus; HCV, hepatitis C virus; RFA, radiofrequency ablation; MWA, microwave ablation; AHC, argon-helium knife cryoablation (AHC); INR, international normalized ratio.
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Ablative/ R Phase/
5 5 Additional Inter- No. End 5
Disease Locoregional Immunotherapy : Study : Trial No.
vention patients  Date
Therapy Type
Adenocarcinoma, RF-EMB Intratumoral anti-PD-1 + anti- Observational 27 06/ NCT03695835
unspecified CTLA-4 + GM-CSF 2020
Breast cancer Cryoablation Ipilimumab (anti-CTLA-4) + Pilot 5 (est) 06/ NCT02833233
Nivolumab (anti-PD-1) 2023
Breast cancer Cryoablation NK cells LI 30 07/ NCT02844335
2019
Breast cancer MWA Camrelizumab (anti-PD-1) Breast-conserving i 60 (est) 12/ NCT04805736
surgery or radical 2022
mastectomy
Cervical cancer, Cryoablation NK cells LI 30 07/ NCT02849340
recurrent 2019
Cholangiocarcinoma, Cryoablation Camrelizumab (anti-PD-1) i 25 (est) 05/ NCT04299581
intrahepatic 2023
CRC Cryoablation AlloStim® alloantigens it 12 09/ | NCT02380443
2018
CRC RFA Pembrolizumab (anti-PD-1) Radiation therapy i 34 04/ NCT02437071
2023
CRC, liver metastases RFA Durvalumab (anti-PD-1) + SBRT ) 22 02/ NCT03101475
Tremelimumab (anti-CTLA-4) 2022
CRC, liver metastases RFA GM-CSF + TLR or NOD2 Mifamurtide (L-MTP- I 12 (est) 09/ NCT04062721
agonist PE) 2024
CRC, liver metastases RFA Regorafenib (multi-kinase i 32 (est) 06/ NCT05485909
inhibitor) + Toripalimab (anti- 2024
PD-1)
CRGC, liver/pulmonary =~ MWA Camrelizumab (anti-PD-1) Chemotherapy ) 37 (est) 06/ NCT04888806
metastases 2025
Hepatocellular Cryoablation or Durvalumab (anti-PD-1) + L1I 54 12/ NCT02821754
Carcinoma/Biliary RFA or TACE Tremelimumab (anti-CTLA-4) 2022
Tract Cancer
Hepatocellular IRE Nivolumab (anti-PD-1) i 43 11/ NCT03630640
Carcinoma 2023
Hepatocellular MWA Intravenous CIK cells + 1L, 111 40 03/ NCT02851784
carcinoma abdominal cavity DC-CIK and 2021
cTL
Hepatocellular MWA Neoantigen-based DC vaccine 1 24 (est) 12/ NCT03674073
| Carcinoma 2020
Hepatocellular MWA + TACE Sintilimab (anti-PD1) 1 45 (est) 09/ NCT04220944
Carcinoma 2022
Hepatocellular MWA or RFA or Pembrolizumab (anti-PD-1) i 30 (est) 05/ NCT03753659
Carcinoma brachytherapy +/- 2024
TACE
Hepatocellular MWA or RFA Tislelizumab (anti-PD-1) i 30 (est) 12/ NCT04652440
Carcinoma 2023
Hepatocellular Thermal ablation Toripalimab (anti-PD-1) iy 116 07/ NCT05240404
Carcinoma 2024
Hepatocellular MWA or RFA Toripalimab (anti-PD-1) L1I 145 06/ NCT03864211
Carcinoma 2023
Hepatocellular Ablation Durvalumab (anti-PD-1) +/- r 908 05/ NCT03847428
Carcinoma (unspecified) or Bevacizumab 2024
surgical resection
Hepatocellular Ablation Nivolumab (anti-PD-1) i 545 12/ NCT03383458
Carcinoma (unspecified) or 2025
surgical resection
Hepatocellular RFA or TACE or CIK cells L1I 55 (est) 06/ NCT03124498
Carcinoma PEIT 2019
Hepatocellular RFA highly purified CTLs il 210 (est) 01/ | NCT02678013
Carcinoma 2022
Hepatocellular RFA Tislelizumab or Sintilimab (anti- NR 160 (est) 10/ NCT05277675
Carcinoma PD-1) 2023
+ Lenvatinib (TKI) or
Bevacizumab (anti-VEGF)
Hepatocellular RFA or surgical Autologous NK cells s 140 (est) 04/ NCT02725996
Carcinoma resection 2019
Laryngeal cancer Cryoablation NK cells LI 30 07/ | NCT02849314
2019
Lung cancer/ Cryoablation ICI (unspecified) CNB i 20 (est) 03/ NCT03290677
Melanoma 2025
Lung cancer, multiple MWA Camrelizumab (Anti-PD1) i 146 (est) 09/ NCT05053802
2027
Malignant neoplasm, Cryoablation Standard of care immunotherapy CNB NR 25 (est) 08/ NCT04150939
unspecified for tumor type 2023
Melanoma, cutaneous  Cryoablation Intratumoral DCs + Apheresis LI 7 10/ NCT03325101
Pembrolizumab (anti-PD-1) 2022
Melanoma, cutaneous Cryoablation In situ Ipilimumab (anti-CTLA- LI 19 03/ NCT03949153
4) + intravenous Nivolumab 2022
(anti-PD-1)
Melanoma, cutaneous  RFT + Cryoablation = Sargramostim (GM-CSF) CNB I 11 05/ NCT00568763
or RFA 2018
Melanoma, liver Cryoablation Tislelizumab (anti-PD-1) + i 25 (est) 08/ NCT05406466
metastases Lenvatinib (TKI) 2024
Non-Hodgkin Cryoablation Pembrolizumab (anti-PD-1) + Pneumococcal 13- L1I 11 07/ NCT03035331
lymphoma DC vaccine valent conjugate 2023
vaccine
NSCLC, metastatic Cryoablation NK cells LI 30 07/ NCT02843815
2019
NSCLC MWA Camrelizumab (Anti-PD1) Chemotherapy LII 35 (est) 09/ NCT05532527
2025
NSCLC MWA Pembrolizumab (anti-PD-1) i 100 (est) 11/ NCT03769129
2021
Ovarian cancer Cryoablation NK cells L1I 30 07/ NCT02849353
2019
Pancreatic cancer IRE Nivolumab (anti-PD-1) I 10 (est) 04/ NCT03080974
2026
Pancreatic cancer IRE Nivolumab (anti-PD-1) ) 12 (est) 09/ NCT05435053
2026
Pancreatic cancer IRE Nivolumab (anti-PD-1) + CpG I 18 (est) 10/ NCT04612530
(TLR ligand) 2022
Pancreatic cancer MWA Durvalumab (anti-PD-L1) + il 20 (est) 12/ NCT04156087
Tremelimumab (anti-CTLA-4) 2023
Pancreatic cancer, IRE Pembrolizumab (anti-PD-1) I 8 12/ NCT04835402
single metastatic liver 2025
lesion
Pharyngeal cancer, Cryoablation NK cells LI 30 07/ NCT02849327
recurrent 2019
Primary liver tumor, Cryoablation NK cells LI 30 07/ NCT02849015
transplanted liver 2019
Primary liver tumor, IRE NK cells LI 20 07/ NCT03008343
recurrent 2019
Prostate cancer Cryoablation Ipilimumab (anti-CTLA-4) + Cyclophosphamide 1 18 8/ NCT02423928
Intratumoral DCs 2019
Prostate cancer Cryoablation Pembrolizumab (anti-PD-1) Degarelix (GnRH Pilot 12 11/ NCT02489357
antagonist) 2017
Prostate cancer Cryoablation Sargramostim (GM-CSF) I 19 12/ NCT02250014
2020
Renal cell carcinoma Cryoablation NK cells LII 30 07/ NCT02843607
2019
Renal cell carcinoma Cryoablation Tremelimumab (anti-CTLA-4) Surgical resection, I 29 06/ NCT02626130
biopsy 2022
Renal cell carcinoma RFA Interferon-o. or sunitinib (TKI) L1I 114 01/ NCT00891475
2011
Soft tissue sarcoma, Cryoablation NK cells LI 30 07/ NCT02849366
recurrent 2019
Solid tumors, Laser ablation Intratumoral IP-001 LI 39 (est) 12/ NCT03993678
advanced, unspecified 2023
Solid tumors, RFA anti-PD-1 + GM-CSF + iNeo- I 30 (est) 08/ NCT04864379
unspecified Vac-P0O1 (neoantigen peptides) 2025
Tongue cancer Cryoablation NK cells LI 30 07/ NCT02849379
2019
Unspecified Cryoablation Intratumoral AlloStim® LI 50 (est) 05/ | NCT00861107
alloantigens 2011

Bolded end dates are actual dates of study completion.

CIK, cytokine-induced Liller; CNB, core needle biopsy; CTL, cytotoxic lymphocyte; DC, dendritic cell; GM-CSE, granulocyte-macrophage colony-stimulating factor; GnRH, gonadotropin
releasing hormone; ICI, immune checkpoint inhibitor; IEN, interferon; IP-001, 1% N-dihydro-galacto-chitosan; IRE, irreversible electroporation; L-MTP-PE, liposomal muramyl tripeptide
phosphatidyl ethanolamine; mCRC, metastatic colorectal cancer; MWA, microwave ablation; NK, natural killer; NOD2, nucleotide binding oligomerization domain containing 2; NR, not
reporteds; PEIT, percutaneous ethanol injection therapy; RFA, radiofrequency ablation; RE-EMB, radiofrequency electrical membrane breakdown; RFT, radiofrequency therapy; SBRT,
stereotactic body radiation therapy; TACE, transarterial chemoembolization; TKI, tyrosine kinase inhibitor; TLR, toll-like receptor; VEGE, vascular endothelial growth factor.
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Method of Immu-
nomodulation
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Immunomodulator
(s)

Ablative
Approach

Disease
(No.
subjects)

Impact of combination therapy

1C1 McAurthur L1 Ipilimumab (anti-CTLA-  Cryoablation Breast 1 IFN-y, 1 effector T cells, 1 effector T cells/
etal, 2016 4) cancer (19)  regulatory T cells ratio in peripheral blood
ICI Duffy et al, LII Tremelimumab (anti- RFA or HCC (41) Median time to disease progression 7.4mo,
2016 CTLA-4) chemoablation median OS 12.3mo, 1 in situ CD8+ cells in
treatment responders
IC1 Biicklund Case Report Pembrolizumab (anti- MWA CRC lung Complete response at 8mo
and PD1) metastasis
Freedman, (1)
2017
1C1 Soule et al, Case Report Nivolumab (anti-PD1) Cryoablation RCC (1) Decreased size and FDG uptake in osseous
2018 metastatic disease in 1mo
ICI Agdashian LII Tremelimumab (anti- Cryoablation HCC (39) 1 tumor-specific T cell activation with
etal, 2019 CTLA-4) or RFA or tremelimumab, no significant change in
TACE TCR clonality after combined therapy
IC1 Xie et al, LI Tremelimumab (anti- MWA Biliary tract | Feasibility and safety of combination
2019 CTLA-4) cancer (20) | therapy demonstrated; median PES 3.4mo,
0S 6.0mo (comparable to 2™-line
chemotherapy)
1CT Lyu et al, s Nivolumab (anti-PD-1) RFA or MWA  HCC (50) 1 efficacy and response rate, median time to
2020 or pembrolizumab (anti- progression 6.1mo, median PES 5mo,
PD-1) median OS 16.9mo
1C1 Shen et al, Cohort Pembrolizumab (anti- Cryoablation Melanoma Median PFS 4.0mo, median hepatic PFS
2020 PD-1) liver 5.73mo, 1 NK cells and | Treg cells 3 weeks
metastases | after first treatment cycle in combined stage
(15)
IC1 Wang et al, Observational ~ Camrelizumab (anti-PD- RFA HCC (127) 1 l-year RES, 1 OS with combined therapy
2021 1)
Peptide Sietal, L1I Intratumoral GM-CSF Cryoablation Prostate 1 tumor-specific effector T cells in
2009 cancer (12) | peripheral blood
Peptide Thakur LI Intratumoral GM-CSF Cryoablation RCC (6) 1 tumor-specific IFN-gamma and effector T
etal, 2011 cells, T Th1/Th2 ratio in peripheral blood of
treatment responders
Peptide Sawada it GPC3-derived peptide RFA or HCC (41) | | 1-year recurrence rates in patients with
etal, 2016 vaccine surgery GPC3-positive tumor
Allogeneic immune cell Weng et al, CIK RFA + TACE HCC (85) l1-year and 18mo recurrence rates with
transfer 2008 combined therapy
Allogeneic immune cell Ma et al, 1 RetroNectin-activated RFA HCC (7) Feasibility and safety of combination
transfer 2010 killer cells therapy, no recurrence at 7mo
Allogeneic immune cell Zhou et al, 1 Immature DCs + CIK + MWA HCC (10) 1 effector T cells, | regulatory T cells in
transfer 2011 CTL peripheral blood
Allogeneic immune cell Huang Observational ~ CIK RFA + TACE | HCC (85) 1 median OS, 1 median PFS
transfer etal, 2013
Allogeneic immune cell Niu et al, Observational =~ GM-CSF-stimulated Cryoablation Pancreatic 1 median OS with combined therapy
transfer 2013 DCs cancer
(106)
Allogeneic immune cell Niu et al, Observational ~ GM-CSF-stimulated Cryoablation HCC (45) 1 median OS with combined therapy
transfer 2013 DCs
Allogeneic immune cell Cuietal, 1 CIK + NK cells + 5T RFA HCC (62) | 108, 1 PES with combined therapy
transfer 2014 cells ‘
Allogeneic immune cell Liet al, Meta-analysis ~ CIK TACE +/- HCC (189) | 1 l-year RES, 1 1- and 2-year OS with
transfer 2014 RFA combined therapy
Allogeneic immune cell Lee et al, it CIK RFA or PEIT HCC (115) 1 OS, 1 tumor-specific survival rate with ‘
transfer 2015 or surgical combined therapy
resection
Allogeneic immune cell Yuetal, 11 CIK MWA HCC (14) 1 absolute lymphocyte count, 1 certain
transfer 2015 cytotoxic T cell subsets, | negative
regulatory or helper T cell subsets, 1 serum
albumin
Allogeneic immune cell Lee et al, 11 DCs RFA HCC (156) | | recurrence rate with treatment with DC
transfer 2017 immunotherapy combined with standard
treatment other than RFA
Allogeneic immune cell Liang et al, LI Stimulated allogenic NK  Cryoablation Breast IFN-gamma, 1 effector T cells in
transfer 2017 cells cancer (48) | peripheral blood with combinatory
treatment
Allogeneic immune cell Lin et al, LI Stimulated allogenic NK  Cryoablation Renal cell Thl cytokines, 1 effector T cells in
transfer 2017 cells cancer (60) | peripheral blood with combinatory
treatment
Allogeneic immune cell Lin et al, LI Stimulated allogenic NK  Cryoablation | NSCLC Thl cytokines, 1 effector T cells in
transfer 2017 cells (60) peripheral blood with combinatory
treatment
Allogeneic immune cell Yang et al, LI Stimulated allogenic NK  IRE Primary OS, 1 PFS, 1 Thl cytokines, 1 effector T
transfer 2019 cells liver cancer | cells in peripheral blood with combinatory
(40) treatment
Allogeneic immune cell Huang Observational ~ CIK MWA + HCC (100) OS, 1 PFS with combined therapy
transfer et al, 2020 TACE
Allogeneic immune cell Kitahara LI OK432-stimulated DCs~~ RFA HCC, 5-year RES in patients with significantly
transfer etal, 2020 HCV- increased TAA-specific T cell response
related (30)
Allogeneic immune cell Jietal, Observational ~ CIK RFA + TACE HCC (116) 1 CD4+ T cells, 1 CD4+/CD8+ ratio, 1
transfer 2021 Tregs, 1 NK cells, | CD8 T cells, 1 quality

of life scores and 1 5-year OS with
combination therapy

1, increase; |, decrease; CIK, cytokine-induced killer; CTL, cytotoxic lymphocyte; DC, dendritic cell; GM-CSF, granulocyte-macrophage colony-stimulating factor; GPC3, glypican-3; HCC,
hepatocellular carcinoma; HCV, hepatitis C virus; ICL, immune checkpoint inhibitor; IRE, irreversible electroporation; MWA, microwave ablation; NK, natural killer; OS, overall survival; PEIT,
percutaneous ethanol injection therapy; PES, progression-free survival; RCC, renal cell carcinoma; RFA, radiofrequency ablation; RS, recurrence-free survival; TACE, transarterial

chemoembolization.





OPS/images/fimmu.2023.1118845/fimmu-14-1118845-g001.jpg
N
anti-CTLA-4

TLR agonists
) 0K-432
- GM-CSF
: BCG

Poysaccharide krestin
Adoptive transfer of
stimulated DCs

Innate Cell O
Activation e

Adoptive transfer of NK cells
Adoptive transfer of DCs
Adoptive transfer of CIK cells

Tumor Antigen
& DAMP Release

Necrosis

Ablation Probe

Apoptosis Antigen

Presentation

anti-PD-1
anti-PD-L1

Draining
Lymph Node

Normal
Tissue

Tumor Cell
Killing

-y

Activation,
Proliferation

T Cell Priming
& Activation

Tumor Cell
Recognition

/!

Anergy,
Deletion

Circulation/Trafficking
of T Cells to Tumor

CD80/86

CD28

— eae»

CD80/86

‘C
*
)
‘@
o
o
o
=

CTLA-4

Dendritic
Cell

Macrophage

Natural
Killer Cell

Naive
CD8+ T cell

Activated
CD8+ T cell

Anergic
CD8+ T cell

Regulatory
T cell






OPS/images/fimmu.2022.1016736/table6.jpg
Reference Study design PVTT Extrahepatic Downstaging treat- ORR per  Surgery rate Survival outcome
disease ment (sample size) RECIST
vll

He et al., Multicenter, Yes Yes Sorafenib plus HAIC (125)  40.8% vs 2.5%  12.8% vs 0.8% Median OS: 13.37 mo vs 7.13 mo
2019 (9) randomized, vs sorafenib (122) Median PFS: 7.03 mo vs 2.6 mo

open-label
He et al,, Multicenter, Yes Yes Lenvatinib + anti-PD-1 + 59.2% vs 9.3%  12.7% vs 0% Median OS: NR vs 11.0 mo
2021 (10) retrospective HAIC (71) vs lenvatinib Median PFS: 11.1 mo vs 5.1 mo

(86)

Zhu et al., Single-center, Yes Yes TKI + anti-PD-1 (63) N/A 15.9% N/A
2021 (11) retrospective
Shindoh Single-center, Yes Yes Lenvatinib (107) 36.4% 11.2% Median OS for RO and R2
et al, 2021 retrospective resection: 19.0 mo and 8.9 mo,
(6) respectively
Ho etal, Single-center, Yes No Cabozantinib plus 7% 80% DFS >7.8 mo for patients with
2021 (12) single-arm, open- nivolumab (15) pathological responses

label 1.9 mo < DFS < 5.2 mo for

patients without pathological
responses

Yang et al,  Single-center, N/A Yes TKI + anti-PD-1 + 55.6% 23.7% N/A
2021 (13) retrospective locoregional therapy (38) (mRECIST)
Zhang et al,,  Single-center, Yes No TKI + anti-PD-1 (N/A) N/A N/A (eight patients  12-mo OS rate: 75%
2021 (14) retrospective underwent surgery) 12-mo RFS rate: 75%
Zhang et al.,  Single-center, Yes Yes TKI + PD-1 + HAIC (25) 84% 56% Median OS/PFS: NR after a
2021 (15) retrospective median follow-up of 12.53 mo

DES, disease-free survival; HAIC, hepatic arterial infusion chemotherapy; HCC, hepatocellular carcinoma; mo, months; mRECIST, modified Response Evaluation Criteria in Solid Tumors;
N/A, not available; NR, not reached; ORR, objective response rate; OS, overall survival; PD-1, programmed death-1; PES, progression-free survival; PVTT, portal vein tumor thrombus;
RECIST, Response Evaluation Criteria in Solid Tumors; RES, recurrence-free survival; TKI, tyrosine kinase inhibitor.
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Variables Without macrovascular invasion With macrovascular invasion P value

(n = 86) (n =101)
Age, years, mean + standard deviation 55.66 + 11.97 5491 +10.94 0.657
Sex, n (%) 0.972
Female 10 (11.6) 13 (12.9)
Male 76 (88.4) 88 (87.1)
ECOG PS, n (%) 1
0-1 81 (94.2) 96 (95)
2 5(5.8) 5(5)
Child-Pugh class, n (%) 0.134
A 82(95.3) 89 (88.1)
B 4(47) 12 (11.9)
HBsAg, n (%) 0.201
Negative 19 (22.1) 14 (13.9)
Positive 67 (77.9) 87 (86.1)
HBV DNA, n (%) <0.001
<10%/mL 50 (58.1) 37 (36.6)
>10%/mL 21 (24.4) 57 (56.4)
N/A 15 (17.4) 7 (6.9)
BCLC stage, n (%) <0.001
B 37 (43) 0(0)
C 49 (57) 101 (100)
CNLC stage, n (%) <0.001
1Ib 37 (43) 0(0)
1lla 0(0) 75 (74.3)
1IIb 49 (57) 26 (25.7)
Extrahepatic disease, n (%) <0.001
No 37 (43) 75 (74.3)
Yes 49 (57) 26 (25.7)
AFP, ng/mL, median (IQR) 137.5 (7.2, 7503) 2541 (23.8, 24907) 0.009
AFP, n (%) 0.013
<400 ng/mL 49 (57) 38 (37.6)
>400 ng/mL 37 (43) 63 (62.4)
PIVKA-II, mAU/mL, median (IQR) 1236.5 (95.75, 12255.75) 9014 (928, 39055) <0.001
PIVKA-IL n (%) 0.005
<1000 mAU/mL 40 (46.5) 26 (25.7)
>1000 mAU/mL 46 (53.5) 75 (74.3)
Diameter of intrahepatic tumors, median (IQR) 7.3 (2.71, 13.6) 11.6 (8, 15.1) <0.001
Treatment line, n (%) <0.001
1 61 (70.9) 92 (91.1)
2 24 (279) 8(7.9)
3 1(1.2) 1(1)
Anti-PD-1 antibody, n (%) 0.453
Camrelizumab 25 (29.1) 34 (33.7)
Nivolumab 3 (3.5) 8(7.9)
Pembrolizumab 9 (10.5) 12 (11.9)
Sintilimab 33 (384) 35 (34.7)
Tislelizumab 6(7) 7 (6.9)
Toripalimab 10 (11.6) 5(5)
BOR per RECIST vL.1, n (%) 0.89
CR 2(23) 202
PR 22 (25.6) 23 (22.8)
SD 41 (47.7) 46 (45.5)
PD 21 (24.4) 30 (29.7)
Objective response per RECIST v1.1, n (%) 0.747
No 62 (72.1) 76 (75.2)
Yes 24 (279) 25 (24.8)
Disease control per RECIST v1.1, n (%) 052
No 21 (24.4) 30 (29.7)
Yes 65 (75.6) 71 (70.3)
BOR per mRECIST, n (%) 0.858
CR 4(47) 505
PR 30 (34.9) 31 (30.7)
SD 31 (36) 35 (34.7)
PD 21 (244) 30 (29.7)
Objective response per mRECIST, n (%) 0692
No 52 (60.5) 65 (64.4)
Yes 34 (39.5) 36 (35.6)
Disease control per mRECIST, n (%) 0.52
No 21 (244) 30 (29.7)
Yes 65 (75.6) 71 (70.3)
Change from baseline per RECIST v1.1, median (IQR) -0.17 (-0.33, 0) -0.13 (-0.29, 0) 0.399
Change from baseline per mRECIST, median (IQR) -0.3 (-0.7, 0) -0.3 (-0.54, 0) 0.515
Surgery after therapy, n (%) 0.2
No 69 (80.2) 89 (88.1)
Yes 17 (19.8) 12 (11.9)

AFP, a-fetoprotein; BCLC, Barcelona Clinic liver cancer; BOR, best overall response; CNLC, China liver cancer; CR, complete response; DCP, des-gamma-carboxy prothrombin; ECOG PS,
Eastern Cooperative Oncology Group performance status; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; IQR, interquartile range; mRECIST, modified Response Evaluation
Criteria in Solid Tumors; PD-1, programmed death-1; PD, progressive discase; PIVKA-II, protein induced by vitamin K absence or antagonist-Il; PR, partial response; RECIST, Response
Evaluation Criteria in Solid Tumors; SD, stable disease.
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Factor Criterion

General ECOG PS: 0-1
condition

Liver function ~ Child-Pugh class: A

reserve
Intrahepatic Tumors confined to one lobe (left, right, or middle lobe), or tumors in one lobe are present alongside a single tumor with diameter <5 cm or up to
tumors three tumors each with diameter <3 cm in the remaining lobes. RO resection can be achieved with hemihepatectomy, alone or combined with

locoregional therapy, such as local hepatectomy or radiofrequency ablation, to the remaining lobes during surgery*

Macrovascular  No PVTT involving the contralateral liver lobe or reaching the superior mesenteric vein. No HVTT involving more than two major hepatic vein
invasion" branches on the tumor side, and no tumor thrombus of the inferior vena cava reaching the atrium

*To ensure a safe RO resection, the FLRV should be >30% in non-cirrhotic and >40% in cirrhotic patients.

"Patients without a tumor thrombosis are considered to meet this criterion.

ECOG, PS Eastern Cooperative Oncology Group performance status; FLRV, future liver remnant volume; HCC, hepatocellular carcinoma; HV'
programmed death-1; PV'TT, portal vein tumor thrombus.

[, hepatic vein tumor thrombus; PD-1,
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Variables Potentially resectable criteria not met Potentially resectable criteria met P value

(n =131) (n =56)
Age, years, mean + standard deviation 54.66 + 11.46 56.66 + 11.24 0.269
Sex, n (%) 0.5
Female 18 (13.7) 5(8.9)
Male 113 (86.3) 51 (9L.1)
ECOG PS, n (%) 0.726
0-1 123 (93.9) 54 (96.4)
2 8 (6.1) 2(3.6)
Child-Pugh class, n (%) 0.042
A 116 (88.5) 55 (98.2)
B 15 (11.5) 1(1.8)
HBsAg, n (%) 0.796
Negative 22 (16.8) 11 (19.6)
Positive 109 (83.2) 45 (80.4)
HBV DNA, n (%) 0.620
<10*/mL 56 (42.7) 31 (55.4)
>10%/mL 54 (41.2) 24 (429)
N/A 21 (16) 1(1.8)
BCLC stage, n (%) 0.332
B 23 (17.6) 14 (25)
e 108 (82.4) 42 (75)
CNLC stage, n (%) 0473
1Ib 23 (17.6) 14 (25)
JUIEY 55 (42) 20 (35.7)
11b 53 (40.5) 22 (39.3)
Extrahepatic disease, n (%) 1
No 78 (59.5) 34 (60.7)
Yes 53 (40.5) 22 (39.3)
Macrovascular invasion, n (%) 0.23
No 56 (42.7) 30 (53.6)
Yes 75 (57.3) 26 (46.4)
AFP, ng/mL, median (IQR) 1187 (16.65, 16062.5) 236.5 (7.33, 12954) 0.166
AFP, n (%) 0.081
<400 ng/mL 55 (42) 32(57.1)
>400 ng/mL 76 (58) 24 (429)
PIVKA-II, mAU/mL, median (IQR) 3827 (302, 26711) 3363 (194.25, 19566.5) 0.428
PIVKA-IL, n (%) 0.562
<1000 mAU/mL 44 (33.6) 22 (39.3)
>1000 mAU/mL 87 (66.4) 34 (60.7)
Diameter of intrahepatic tumors, median (IQR) 10 (4.74, 14.65) 9.15 (5.3, 14.22) 0.661
Treatment line, n (%) 0.021
1 101 (77.1) 52 (92.9)
2 28 (21.4) 4(7.1)
3 2 (1.5) 0(0)
Anti-PD-1 antibody, n (%) 0.672
Camrelizumab 39 (29.8) 20 (35.7)
Nivolumab 10 (7.6) 1(1.8)
Pembrolizumab 15 (11.5) 6 (10.7)
Sintilimab 48 (36.6) 20 (35.7)
Tislelizumab 8 (6.1) 5(8.9)
Toripalimab 11 (8.4) 4(7.1)
BOR per RECIST vl1.1, n (%) <0.001
CR 1(0.8) 3(5.4)
PR 27 (20.6) 18 (32.1)
SD 56 (42.7) 31 (55.4)
PD 47 (35.9) 4(7.1)
Objective response per RECIST v1.1, n (%) 0.034
No 103 (78.6) 35 (62.5)
Yes 28 (21.4) 21 (37.5)
Disease control per RECIST v1.1, n (%) <0.001
No 47 (35.9) 4(7.1)
Yes 84 (64.1) 52 (92.9)
BOR per mRECIST, n (%) <0.001
CR 5(3.8) 4(7.1)
PR 32 (24.4) 29 (51.8)
SD 47 (35.9) 19 (33.9)
PD 47 (35.9) 4(7.1)
Objective response per mRECIST, n (%) <0.001
No 94 (71.8) 23 (41.1)
Yes 37 (28.2) 33 (58.9)
Disease control per mRECIST, n (%) <0.001
No 47 (35.9) 4(7.1)
Yes 84 (64.1) 52 (92.9)
Change from baseline per RECIST v1.1, median (IQR) -0.13 (-0.32, 0) -0.21 (-0.35, -0.02) 0.081
Change from baseline per mRECIST, median (IQR) -0.16 (-0.46, 0) -0.45 (-0.78, -0.09) 0.002
Surgery after therapy, n (%) <0.001
No 128 (97.7) 30 (53.6)
Yes 3(23) 26 (46.4)

AFP, a-fetoprotein; BCLC, Barcelona Clinic liver cancer; BOR, best overall response; CNLC, China liver cancer; CR, complete response; ECOG, PS Eastern Cooperative Oncology Group
performance status; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; IQR, interquartile range; mRECIST, modified Response Evaluation Criteria in Solid Tumors; N/A, not
available; PD-1, programmed death-1; PD, progressive disease; PIVKA-IL, protein induced by vitamin K absence or antagonist-Il; PR, partial response; RECIST, Response Evaluation
Criteria in Solid Tumors; SD, stable disease.
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Univariate analysis Multivariate analysisincluding response Multivariate analysisincluding response

per RECIST v1.1 per mRECIST
Variable OR  95% CI P value OR 95% CI P value OR 95% CI P value
Age
256 vs <56 years 0.386  0.156-0.877 0.022 0.415 0.14-1.151 0.091 0418 0.134-1.211 0.109
Sex
Male vs female L1121 0.371-4.45 0.852
ECOG PS
1vs 0 0.612 0.223-1.479 0.286
2vs0 0.24 0.002-1.954 0.226
Child-Pugh class
Bvs A 0.146  0.001-1.138 0.072 0.137 0.001-2.674 0.211 0.153 0.001-2.867 0.233
HbsAg
Positive vs negative 0.973 0.375-2.93 0.957
HBV DNA
>10%mL vs <10¥mL  0.893  0.399-1.973 0.78
BCLC stage*
Cvs B 0.471 0.201-1.163 0.1
CNLC stage
1I1a vs 1;b 0.769 0.33-1.706 0.523
IIIb vs Ib 0.769 0.33-1.706 0.523
Extrahepatic disease
Yes vs no 0.769 0.33-1.706 0.523 0.286 0.076-0.911 0.034 0.239 0.056-0.831 0.023
Macrovascular invasion
Yes vs no 0.555  0.247-1.215 0.141 0.651 0.219-1.894 043 0.588 0.182-1.828 0.358
AFP
> vs < 400 ng/mL 0.784 0.356-1.718 0.542
PIVKA-II
> vs <1000 mAU/mL  0.863 0.39-1.976 0.72
Treatment line
2vs 1 0.383 0.075-1.258 0.122 0.585 0.086-3.19 0.543 0.635 0.067-4.186 0.653
3vs1 1.061  0.008-13.48 0.97 12.956 0.084-243.306 0.226 24.542 0.152-552.914 0.156
Objective response per RECIST v1.1
Yes vs no 3.858  1.717-8.758 0.001 5.11 1.695-17.382 0.003
Objective response per mRECIST
Yes vs no 8.487  3.514-23.309 <0.001 9.031 2.892-34.909 <0.001
Potentially resectable criteria met
Yes vs no 31.899 10.971-124.71  <0.001 31613 10.119-136.382 <0.001 28.826 8.783-131.873 <0.001

*As patients with BCLC stage C consist of those with macrovascular invasion or extrahepatic metastasis, macrovascular invasion and extrahepatic metastasis were included individually in
the multivariate analysis instead of BCLC stage (C vs. B).

AFP, a-fetoprotein; BCLC, Barcelona Clinic liver cancer; CI, confidence interval; CNLC, China liver cancer; ECOG PS, Eastern Cooperative Oncology Group performance status; HbsAg,
hepatitis B surface antigen; HBV, hepatitis B virus; mRECIST, modified Response Evaluation Criteria in Solid Tumors; OR, odds ratio; PIVKA-II, protein induced by vitamin K absence or
antagonist-II; RECIST, Response Evaluation Criteria in Solid Tumors.
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Variables All patients (n = 187) No surgery (n = 158) Surgery (n = 29) P value*

Age, years, mean + standard deviation 5526 + 11.4 55.44 + 11.69 54.28 +9.81 0.573
Sex, n (%) 1
Female 23 (12.3) 20 (12.7) 3(10.3)

Male 164 (87.7) 138 (87.3) 26 (89.7)

ECOG PS, n (%) 0.366
0-1 177 (94.7) 148 (93.7) 29 (100)

2 10 (5.3) 10 (6.3) 0(0)

Child-Pugh class, n (%) 0.139
A 171 (91.4) 142 (89.9) 29 (100)

B 16 (8.6) 16 (10.1) 0 (0.0)

HBsAg, n (%) 1
Negative 33 (17.6) 28 (17.7) 5(17.2)

Positive 154 (82.4) 130 (82.3) 24 (82.8)

HBV DNA, n (%) 0.932
<10°/mL 87 (46.5) 71 (44.9) 16 (55.2)

>10*/mL 78 (41.7) 65 (41.1) 13 (44.8)

N/A 22 (11.8) 22 (13.9) 0(0.0)

BCLC stage, n (%) 0.161
B 37 (19.8) 28 (17.7) 9 (31.0)

o} 150 (80.2) 130 (82.3) 20 (69.0)

CNLC stage, n (%) 0.255
1Ib 37 (19.8) 28 (17.7) 9 (31.0)

UIEY 75 (40.1) 65 (41.1) 10 (34.5)

1IIb 75 (40.1) 65 (41.1) 10 (34.5)

Extrahepatic disease, n (%) 0.641
No 112 (59.9) 93 (58.9) 19 (65.5)

Yes 75 (40.1) 65 (41.1) 10 (34.5)

Macrovascular invasion, n (%) 0.2
No 86 (46.0) 69 (43.7) 17 (58.6)

Yes 101 (54.0) 89 (56.3) 12 (41.4)

AFP, ng/mL, median (IQR) 609 (11.65, 15692.5) 942.5 (12.72, 16148.75) 283.4 (8.8, 10748) 0.416
AFP, n (%) 0.683
<400 ng/mL 87 (46.5) 72 (45.6) 15 (51.7)

>400 ng/mL 100 (53.5) 86 (54.4) 14 (48.3)

PIVKA-II, mAU/mL, median (IQR) 3697 (258.5, 25285) 3831 (255.75, 25099.75) 3258 (328, 34657) 0.899
PIVKA-IL, n (%) 0911
<1000 mAU/mL 66 (35.3) 55 (34.8) 11 (37.9)

>1000 mAU/mL 121 (64.7) 103 (65.2) 18 (62.1)

Diameter of intrahepatic tumors, median (IQR) 9.6 (4.94, 14.4) 9.7 (4.56, 14.4) 9.6 (7, 14.3) 0.535
Treatment line, n (%) 0.305
1 153 (81.8) 126 (79.7) 27 (93.1)

2 32 (17.1) 30 (19) 2(6.9)

3 2 (11) 2(13) 0(0)

Anti-PD-1 antibody used, n (%) 0.627
Camrelizumab 59 (31.6) 47 (29.7) 12 (41.4)

Nivolumab 11 (5.9) 10 (6.3) 1(34)

Pembrolizumab 21 (112) 16 (10.1) 5(17.2)

Sintilimab 68 (36.4) 60 (38.0) 8 (27.6)

Tislelizumab 13 (7.0) 12 (7.6) 1(34)

Toripalimab 15 (8.0) 13 (8.2) 2(6.9)

BOR per RECIST v1.1, n (%) <0.001
CR 4(2.1) 3(19) 1(3.4)

PR 45 (24.1) 31 (19.6) 14 (48.3)

SD 87 (46.5) 73 (46.2) 14 (48.3)

PD 51(27.3) 51 (32.3) 0 (0.0)

Objective response per RECIST v1.1, n (%) 0.002
No 138 (73.8) 124 (78.5) 14 (48.3)

Yes 49 (26.2) 34 (21.5) 15 (51.7)

Disease control per RECIST v1.1, n (%) <0.001
No 51 (27.3) 51 (32.3) 0 (0.0)

Yes 136 (72.7) 107 (67.7) 29 (100)

BOR per mRECIST, n (%) <0.001
CR 9 (4.8) 6(3.8) 3(10.3)

PR 61 (32.6) 41 (25.9) 20 (69)

SD 66 (35.3) 60 (38) 6(20.7)

PD 51 (27.3) 51 (32.3) 0 (0.0)

Objective response per mRECIST, n (%) <0.001
No 117 (62.6) 111 (70.3) 6 (20.7)

Yes 70 (37.4) 47 (29.7) 23 (79.3)

Disease control per mRECIST, n (%) <0.001
No 51 (27.3) 51 (32.3) 0 (0.0)

Yes 136 (72.7) 107 (67.7) 29 (100)

Change from baseline per RECIST v1.1, median (IQR) -0.16 (-0.32, 0) -0.11 (-0.32, 0) -0.26 (-0.39, -0.17) 0.004
Change from baseline per mRECIST, median (IQR) -0.3 (-0.64, 0) -0.18 (-0.49, 0) -0.65 (-0.82, -0.33) <0.001
Surgery after therapy, n (%) -
No 158 (84.5) - -

Yes 29 (15.5) - -

*P values are for the comparisons between patients who underwent surgery vs those who did not.

AFP, a-fetoprotein; BCLC, Barcelona Clinic liver cancer; BOR, best overall response; CNLC, China liver cancer; CR, complete response; ECOG, PS Eastern Cooperative Oncology Group
performance status; HBsAg, hepatitis B surface antigen; HBV, hepatitis B virus; IQR, interquartile range; mRECIST, modified Response Evaluation Criteria in Solid Tumors; N/A, not
available; PD-1, programmed death-1; PD, progressive disease; PIVKA-IL, protein induced by vitamin K absence or antagonist-II; PR, partial response; RECIST, Response Evaluation
Criteria in Solid Tumors; SD, stable disease.
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Child-Pugh score
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CNLC staging Ta
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Etiology HBV
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Tumor number Single
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Tumor size <2cm
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P-Value

0.165
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0.581
0.145
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0471
0434
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0451
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0616

HR (95%CI)
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RES, Recurrence-free survival; HR, hazard ratio; CI, confidence interval; ECOG-PS, Eastern Cooperative Oncology Group performance status; CNLC, China liver cancer staging. Notes: no
subgroup analysis was performed for CNLC II a or II b patients due to no CNLC II a or II b patients in the control group. The bolded values represent statistically significant differences.
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HR (95%CI) P value HR (95%CI) P value
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Methods of therapy 0.150 (0.026-0.857) 0.033 0.251 (0.072-0.871) 0.029

CNLC, China liver cancer stagis

FP, alpha-fetoprotein. The bolded values represent statistically significant differences.
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Cancer type & stage

Study phase

NCT05302921 | Cryoablation
NCT05277675 | RFA
NCT05053802 = MWA
NCT05010668 | Cryoablation
NCT04864379 = RFA
NCT04835402 | IRE
NCT04805736 = MWA
NCT04707547 | RFA
NCT04701918 | Cryoablation
NCT04652440 =~ RFA or MWA
NCT04612530 = IRE
NCT04570683 | LITT
NCT04339218 | Cryoablation
NCT04299581 Cryoablation
NCT04220944 = MWA
NCT04187872 | LITT
NCT04249167 | Cryoablation
NCT04212026 | IRE
NCT04201990 | Cryoablation
NCT04156087 = MWA

NCT04150744 | RFA

NCT04118166 | Cryoablation

NCT04116320 = HIFU
NCT04102982 = MWA
NCT04090775 | Cryoablation
NCT03982004 = Cryoablation
NCT03949153 | Cryoablation
NCT03939975 = RFA or MWA

NCT03873818 | Cryoablation

NCT03864211 = RFA or MWA

NCT03769129 = MWA

NCT03757858 | Hyperthermia

NCT03753659 = RFA or MWA
NCT03630640 = IRE

NCT03546686 = Cryoablation

Ipilimumab + Nivolumab
Tislelizumab/Sintilimab
Camrelizumab
Sintilimab

PD-1 inhibitor
Pembrolizumab
Camrelizumab
Nivolumab
Pembrolizumab
Tislelizumab

Nivolumab

Nivolumab
Pembrolizumab
Camrelizumab
Sintilimab
Pembrolizumab
Atezolizumab
Nivolumab
Camrelizumab
Durvalumab + Tremelimumab

Camrelizumab

Ipilimumab + Nivolumab

Ipilimumab

Camrelizumab

Nivolumab + Ipilimumab
Pembrolizumab

Ipilimumab + Nivolumab
Pembrolizumab or Nivolumab

Ipilimumab + Pembrolizumab

Toripalimab

Pembrolizumab

Pembrolizumab

Pembrolizumab
Nivolumab

Ipilimumab + Nivolumab

Relapsed/Refractory Pediatric Solid Tumors
Recurrent HCC

Multiple Primary Lung Cancer
Intrahepatic Cholangiocarcinoma
Advanced Malignant Solid Tumor
Pancreas Cancer, Metastatic

Breast Cancer

Liver Cancer

Metastatic Urothelial Carcinoma, Bladder Cancer
HCC

Metastatic PDAC

Basal Cell Carcinoma

Metastatic Lung Adenocarcinoma
Intrahepatic Cholangiocarcinoma
Hepatic Carcinoma

Recurrent Brain Metastasis

Locally advanced or metastatic TNBC
Metastatic Pancreatic Cancer
Multiprimary Lung Cancer
Pancreatic Cancer Non-resectable
HCC

Metastatic or Locally Advanced Soft Tissue
Sarcoma

Advanced Solid Tumors

NSCLC Stage IV

Metastatic Prostatic Adenocarcinoma
Metastatic Breast Cancer

Stage I1IB/C Melanoma

Advanced HCC

Metastatic Melanoma

HCC

NSCLC

Abdominal and Pelvic Malignancies or
Metastases

HCC
HCC

Triple-negative Breast Cancer

II, Recruiting

N/A, Recruiting

11, Recruiting

11, Recruiting

I, Recruiting

11, Active, not recruiting
11, Recruiting

1V, Completed

11, Recruiting

/11, Recruiting

I, Recruiting

I, Recruiting

111, Recruiting

11, Recruiting

1, Recruiting

I, Recruiting

1, Withdrawn

11, Recruiting

/I, not yet recruiting
11, Recruiting

11, Recruiting

11, Active, not recruiting

I, Recruiting

11, Recruiting
11, Completed
Terminated
/11, Completed
11, Completed
11, Recruiting

1/11, Active, not
recruiting

NJ/A, Recruiting

V/IL, Recruiting

11, Recruiting
11, Active, not recruiting

11, Recruiting

NCT03393858  Hyperthermia Pembrolizumab Advanced Malignant Mesothelioma 1/11, Recruiting

NCT03341806 = LITT Avelumab Recurrent GBM 1, Completed
/11, Active, not

NCT03325101 | Cryoablation Pembrolizumab Stage 111 to IV Cutaneous Melanoma i Acttve ng

NCT03290677 | Cryoablation

NCT03277638 | LITT
NCT03237572 | HIFU

NCT03189186 | Cryoablation

NCT03101475 | RFA

NCT03080974 = IRE

NCT03035331 = Cryoablation

NCT02833233 | Cryoablation

RFA or
Cryoablation

NCT02821754

NCT02626130 = Cryoablation
NCT02489357 | Cryoablation
NCT02469701 | Cryoablation
NCT02437071 RFA

NCT02423928 | Cryoablation

NCT02311582 | LITT

RFA or

NCT01853618
Cryoablation

NCT01502592 = Cryoablation

Pembrolizumab or Nivolumab or
Atezolizumab

Pembrolizumab
Pembrolizumab
Pembrolizumab

Tremelimumab +
Durvalumab

Nivolumab

Pembrolizumab

Ipilimumab + Nivolumab

Tremelimumab + Durvalumab

Tremelimumab
Pembrolizumab
Nivolumab

Pembrolizumab

Pembrolizumab

Pembrolizumab

Tremelimumab

Ipilimumab

Lung, Stage IV

Recurrent GBM
Metastatic breast cancer
Renal Cell Carcinoma, Metastatic Kidney Cancer

Colorectal Cancer,
Liver Metastases

Advanced Pancreatic Adenocarcinoma

Non-Hodgkin Lymphoma

Breast Cancer, early, resectable

HCC, BTC

Metastatic RCC

Stage IV Prostate Cancer
NSCLC

Metastatic Colorectal Cancer

Prostate Cancer

Recurrent Malignant Glioma

HCC, BTC

Breast Cancer, early stage/resectable

recruiting

N/A, Recruiting

/1, Recruiting
1, Terminated

1, Withdrawn

11, Completed

11, Active, not recruiting

/11, Active, not
recruiting

N/A, Active, not
recruiting

11, Active, not recruiting

1, Completed

N/A, Completed

11, Terminated

11, Active, not recruiting
1, Completed

1/11, Active, not
recruiting

1/11, Completed

1, Completed
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MWA
Heating and hyperthermia HIFU
LITT

NP-mediated hyperthermia

Freezing Cryoablation
Electric membrane disruption IRE
Mechanical destruction M-HIFU, histotripsy

Oscillating electrical current

Oscillating electromagnetic field
Ultrasound

Laser

NIR light or alternating magnetic field
Cryogen or Joule-Thomson effect
Electrical pulses

Ultrasound

Bone, liver, lung, kidney, and prostate
Liver, lung, kidney, and bone
Prostate, bone

Liver, bladder, brain, and prostate

Prostate, kidney, liver, breast, skin, lung, and bone

Liver, prostate and pancreas

RFA, radiofrequency ablation; MWA, microwave ablation; HIFU, high-intensity focused ultrasound; LITT, laser-induced interstitial thermotherapy; NP, nanoparticle; IRE, irreversible
electroporation; NIR, near-infrared; M-HIFU, mechanical high-intensity focused ultrasound.
The list consists of the energy source, its corresponding focal ablation technique, and its common clinical targets (FDA approved and covered by insurance, clinical trials not included) for cancer

therapy.
-, used in preclinical study or clinical tril.
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Immune Cells

Proportion of T cells (%)
Number of T cells (*10%/L)
Proportion of CD4+ T cells (%)
Number of CD4+ cells (cells/uL)
Proportion of CD8+ T cells (%)
Number of CD8+ cells (cells/uL)
Proportion of B cells (%)
Number of B cells (cells/uL)
Proportion of NK cells (%)
Number of NK cells (cells/pL)
Proportion of CD20+B cells (%)
Number of Treg cells (cells/uL)
Proportion of Treg cells (%)*
Cytokines

IL-2 (pg/ml)

IL-4 (pg/ml)

IL-6 (pg/ml)

IL-10 (pg/ml)

IL-17A (pg/ml)

TNF-o. (pg/ml)

IFN-y (pg/ml)

DO

63.64 +12.53
796.14 + 394.06
38.86 +9.32
485.82 + 244.30
2295 +7.38
286.55 + 167.77
12.32 + 8.97
177.59 + 177.03
22.50 + 12.02
261.77 £ 161.33
11.71 £ 9.07
46.50 + 14.46
10.82 + 4.52

1.58 + 0.46
202+1.23
16.16 + 24.54
2.85+220
7.34 £7.96
1.58 +0.63
252 +2.34

M1

65.68 + 11.78
835.95 + 381,73
37.86 + 10.59
484.86 + 245.62
25.95+9.16
333.14 + 187.46
10.82 + 7.61
15523 + 156.67
22.36 + 10.37
299.59 + 253.93
1092 + 8.13
40.72 £ 19.22
8.77 £ 2.05

1.26 + 0.60
4,65+ 7.11
11.33 +9.38
2.80 = 1.30
11.22 + 11.55
1.39 + 0.84
2.61 +2.69

Variation

2.05 £ 6.69
39.82 + 193.37
-1+633
-0.95 + 91.48

3+6.07
46.59 = 121.91
-15+5.17
-22.36 + 56.46
-0.14 + 7.86
37.82 +198.29
-1.29 +5.60
-5.77 £ 19.82
-2.05 + 4.60

-0.32 £ 0.65
2,62 + 642
-4.84 + 18.45
-0.06 = 1.93
3.89 +12.83
-0.19 + 0.89
-0.09 +2.79

P value

0.167
0.345
0.467
0.961
0.031
0.087
0.188
0.077
0.936
0.381
0.449
0.186
0.049

0.028
0.069
0.233
0.894
0.170
0.343
0.881

DO: day before MWA; D1: day of MW A; IL: interleukin; IFN-: interferon-gamma; M1: one month after MWA; MWA: percutaneous microwave ablation; NK: natural killer cell; TNF-o:

tumor necrosis factor-alpha; Treg: regulatory T cell.

*represent the proportion of Treg cells among CD4+ T cells.
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Characteristics

Gender (male/female)
Age (years)
Histological type
Pulmonary adenocarcinoma
Pulmonary squamous cell carcinoma
Small cell lung cancer
Metastatic lung cancer
Primary/Metastatic
Diameter of index tumor (cm)
Stage
I
11
it
1A%
ECOG PS
0
1
2
3
Other treatment after MWA
Targeted drugs
Chemotherapy/ TACE
Radiotherapy
No other treatment

Values

13/9
67.04 £10.07

17/5
238 +1.21

w o W N

N w oo o

ECOG PS, Eastern Cooperative Oncology Group performance status; MW A, percutaneous
microwave ablation; TACE, transhepatic arterial chemotherapy and embolization.
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Axial dimension (length) Lateral dimension
of the lesion [mm] (width) of the lesion

[mm]

5 0.88 0.61
7 0.98 0.53
10 0.86 0.88
14 251 0.96
24 2.02 0.92
34 2.50 1.02

A single PSH pulse was used with the pressure modulation time point at t,, = 4 ms. The axial
and lateral dimensions were measured from
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Pressure-modulated shockwave histotripsy Boiling histotripsy
Number of pulses Length [mm] Width [mm)] Length [mm] Width [mm)]
1 1.04 + 0.04* 087 + 021* 247 £0.72* 117 £0.19*
10 2.93 117 458 125
20 343 1.83 = =

*mean + standard deviation.
The following exposure conditions were used for PSH: P, of 89.1 MPa, P.,_ of - 14.6 MPa, P.,, of 29.9 MPa, P,_of - 9.6 MPa, Py of 7 ms, t,,, of 4 ms, PR of 1 Hz and DC of 1%, and for BH: P, of
89.1 MPa, P_ of - 14.6 MPa, Py, of 7 ms, PRF of 1 Hz and DC of 1%.
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Assessed for cligibility (n=104)

Excluded (n=80)
-With contraindications of MWA (n=2)

L-Received chemotherapy, radiotherapy, MWA or

immunotherapy within 3 months before enrollment

Eligible patients enrolled (n=24) | | ©F Within 1 month after MWA (n=74)

-Received immunosuppressive therapy (n=1)

DO: Blood samples collected ~Dedlined to participate (n=3)
D1: MWA performed
M1:Blood samples collected

Excluded (n=2)

M blood samples not obtained (n=1)

-Post MWA infectious complication (n=1)

Clinical follow up (n=22)
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Exposure  Frequency P+ and P, and P, _ t, [ms]* PRF Duty Pulse length Number of

types [MHZ] 12 [MPa]* [Hz]* cycle* [%] (Py) [ms] pulses
[MPa]*
PSH 2 89.1, 299, 4 1 1 5,7, 10, 14, 24, 34 1,10, 20
-14.6 -9.6
BH 2 89.1,-14.6 - - 1 1 7 1,10

“These values were obtained from (32). PSH, Pressure-modulated shockwave histotripsy; BH, Boiling histotripsy.
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Variables

Age

< 60 years

>60 years

Gender

male

female

Diameter of index tumor
<3cm

>3cm

Histological type
pulmonary adenocarcinoma
pulmonary squamous cell carcinoma
small cell lung cancer
metastatic lung cancer

Primary

3

Other treatment

Yes

No

Technical efficacy

Yes

No

Increase in CD8+ T cell proportion
= average

<average

Reduction in Treg cells proportion
> average

<average

Reduction in IL-2 level

> average

<average

Patients

w oo W oN

HR

0.88

0.22

2.71

128

0.49

4.26

1.98

277

0.31

1.62

3302

0.43

Univariate analysis

95% CI

0.33-2.93

0.06-0.82

0.80-9.21

0.87-1.88

0.157-1.53

0.88-20.71

1.15-3.42

0.78-9.77

0.10-0.97

0.52-5.03

1.06-10.25

0.15-1.25

CI, confidence interval; HR, hazard ratio; IL, interleukin; PS, performance status; Treg, regulatory T cell.

P-value

0.807

0.024

0.109

0.203

0.218

0.073

0.014

0.114

0.044

0.404

0.039

0.122

Multivariate analysis

HR 95% CI
319 0.71-14.29
5.15 052-51.23
144 0.76-2.75
073 021-2.56
4.97 1.32-18.67

P-value

0.129

0.162

0.264

0.62

0.018
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Checkpoints Cells expressing target bodies
LAG-3 Activated T cells, NK cells, B cells, plasmacytoid DCs IMP321, LAG525, MGDO013

TIM-3 IFN-y producing CD4+ Th1, CD8+ T cells, Tregs, innate immune cells TSR-022, LY3321367, MBG453
TIGIT T cells, NK cells OMP-313M32, MTIG7192A/RG6058
VISTA TILs JNJ-610588, CA-170

CEACAM1 B cells, T cells, NK cells, myeloid cells CM-24 (MK-6018)

B7-H3 Activated T cells, NK cells, APCs MGA271, MGD009, I-8H9

CDY6 T cells, NK cells GSK6097608

BTLA T cells, B cells, NK cells TAB004/]S004

KIRs NK cells, a minority of T cells Lirilumab, IPH2101, IPH4102
CDY94/NKG2A NK cells, a subset of CD8+ T cells IPH2201 (monalizumab)

LAG-3, lymphocyte-activation gene 3; TIM-3, t-cell immunoglobulin mucin-3; TIGIT, t-cell immunoreceptor with immunoglobulin and ITIM domains; VISTA, V-domain Ig suppressor of T
cell activation; CEACAML, carcinoembryonic antigen-related cell adhesion molecule 1; BTLA, B- and T-lymphocyte attenuator; KIRs, killer-cell immunoglobulin-like receptors.
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First FDA

Drug Name Target  Approval Cancers
date
Ipilimumab Yervoy CTLA-4 | Mar-11 Melanoma, RCC, MSI-H or dMMR CRC, HCC, NSCLC, pleural mesothelioma
Melanoma, NSCLC, SCLC, HNSCC, Hodgkin Lymphoma, urothelial, MSI-H or dMMR cancer, MSI-H or
Pembrolizumab | Keytruda PD-1 Sep-14 dMMR CRC, TMB-H cancer, gastric, esophageal, cSCC, cervical, PMBCL, MCC, RCC, HCC, endometrial
carcinoma, TNBC
Nhh | Oro W1 Deig S e ol b ACC il s, INSCE w1
Atezolizumab Tecentriq PD-L1 May-16 Urothelial, NSCLC, SCLC, HCC, melanoma, ASPS
Avelumab Bavencio PD-L1 Mar-17 MCC, urothelial, RCC
Durvalumab Imfinzi PD-L1 May-17 NSCLC, SCLC, BTC
Cemiplimab Libtayo PD-1 Sep-18 ¢SCC, BCC, NSCLC
Dostarlimab Jemperli PD-1 Apr-21 dMMR endometrial, dMMR solid
Relatlimab Opdualag*  LAG-3 Mar-22 Melanoma

MSI-H, microsatellite instability high; dMMR, mismatch repair-deficient; TNBC, triple-negative breast cancer; cSCC, cutaneous squamous cell carcinoma; TMB-H, tumor mutation burden high;
CRC, colorectal cancer; SCLC, small cell lung cancer; RCC, renal cell carcinoma; MCC, Merkel cell carcinoma; HCC, hepatocellular carcinoma; PMBCL, primary mediastinal large B cell
lymphoma; HNSCC, head and neck squamous cell carcinoma; NSCLC, non-small cell lung cancer; ASPS, alveolar soft part sarcoma; BTC, biliary tract cancer. Information on approvals was,
gathered from Drugs@FDA.

*Opdualag is the fixed-dose combination of nivolumab and relatlimab-rmbw.
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Immunotherapy

Category

Therapeutic agents

Focal Therapy

Preclinical

Clinical

Treatment vaccines

Adoptive cell transfer

Immune system modulators

Monoclonal antibody

DC

CAR-T cells

CIK cells

NK cells

YT cells

Th1 memory cells
GM-CSF

TNF-o.

IL-2

IL-7 and IL-15

CpG ODN (TLR9 agonist)
Imiquimod (TLR7 agonist)
Saponin

Polysaccharides, LPS

Cryo (172), RFA (173), IRE (174), HIFU (175)

PTT (178)

Cryo (180)

Cryo (183), MWA (184), RFA (184), PTT (185), IRE (186)
Cryo (188)

RFA (189)

RFA (190)

Cryo (191), PTT (192), HIFU (146)

Cryo (72), PTT (193)

Cryo (196)

Cryo (197), PTT (198)

Cryo (176),
RFA (177)

RFA (179), Cryo (150)

RFA (179), IRE (181), Cryo (150)
RFA (179), IRE (182), Cryo (150)
Cryo (150)

Cryo (187), RFA (187)

Cryo (194), PTT (195)

Glycated chitosan RFA (199), HIFU (200), PTT (201) PTT (202)
Dinitrophenyl (hapten) PTT (203)
1-MT (IDO inhibitor) PTT (204)

BCG RFA (205)

OK-432 RFA (206), MWA (207)

STING agonist IRE (208)

Bevacizumab (anti-VEGF) RFA (209) Cryo (210)
Anti-CD25 Cryo (113), RFA (113)

MEDI6469 (anti-OX40) RFA (211)
[1311] metuximab (anti-CD147) RFA (212)

Anti-CD44

PTT (213)

Cryo, cryoablation; RFA, radiofrequency ablation; MWA, microwave ablation; HIFU, high intensity focused ultrasound; LITT, laser-induced interstitial thermotherapy; IRE, irreversible
electroporation; PTT, photothermal therapy.
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Monoclonal antibody

« Binds to cancer cells so that the immune system will better recognize and destroy target cells
« Targets signaling pathways involved in tumorigenesis.
« Antibodies can function as an antagonist, which blocks the signaling pathway, or agonist, which activates the pathway.

Treatment vaccine

Immune system
modulator

T-cell transfer

Immune checkpoint
inhibitor

« Introduces tumor antigens to be taken up by APCs that in turn prime and boost the anti-tumor immune response
«  Oncolytic virus: infects and breaks down cancer cells without harming normal cells.

« Enhances the body’s immune response against cancer
« Stimulates the immune system
« Includes cytokines and immunomodulatory drugs (biological response modifiers)

« Includes TIL therapy and CAR T-cell therapy

« TIL therapy: selects and collects T cells from patients, expands and infuses them back to patients

« CAR T-cell therapy: chimeric antigen receptors (CARs) allow the T cells to attach to specific proteins on the surface of the cancer cells,
improving their ability to attack the cancer cells

« A type of monoclonal antibodies (mAbs) that stimulate T cell function by blocking immune checkpoints to allow for the T cell repertoire to
proliferate, become activated, and exert cytotoxic function
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Cell type

DC

Cytotoxic CD8+
T cells

Helper CD4+ T
cells

Cytotoxic CD4+
T cells

CD4+ Treg cells

NK cells

B cells

Macrophages

Neutrophils

MDSC

Memory T cells

Function cer immunity (

an

Capture and process antigen, display antigen on the cell surface bound to MHC-T or MHC-11
*  Present antigen to naive T cells and activate T cells; cross-present to activate CD8+ T cells

* Recognize tumor cells by the antigen peptide on MHC-I expressed on cancer cells
* Kill cancer cells via release of granules or induction of FasL-mediated apoptosis

Provide help (stimulus) for priming of CD8+ T cells, help activation and licensing of DCs for induction of DC maturity, help recruit immune cells
(e.g. NKs, M1 macrophages)

Help B cells produce antibodies to induce humoral responses against tumor antigens

*  Direct anti-tumor activity through effector cytokines (IFN-y and TNF-0)) secretion or direct cytotoxicity

* Suppress anti-tumor immune effector responses in the TME, primarily by promoting an immunosuppressive microenvironment

* Cytotoxic NK cells kil cancer cells by releasing cytotoxic granules, through antibody-dependent cellular cytotoxicity mechanism, or via FasL-
mediated pathway

* Regulatory NK cells produce pro-inflammatory cytokines, such as IFN-y

* Regulatory B cells support carcinogenesis, tumor progression and metastasis

* Tertiary lymphoid structures (TLSs) B cells coordinate anti-tumor immune responses through multiple mechanisms (e.g., antigen presentation,

cytokine secretion, tumor-specific antibodies secretion)

M1 macrophages have a proinflammatory phenotype with pathogen-killing abilities, production of proinflammatory cytokines and higher antigen-
presenting capacities

* M2 macrophages have an anti-inflammatory phenotype with higher phagocytic activity, and promote tissue remodeling, neo angiogenesis, and
tumor progression

N1 cells display proinflammatory and anti-tumor functions

N2 cells display immune suppressive protumorigenic activity

Suppress CD4+ and CD8+ T cell activation and function, drive and recruit Tregs
Inhibit innate immunity
Promote tumor progression

* Play a crucial role against tumor recurrence via direct cytotoxic activity and immune-stimulating functions

Immune cells can be either immune-promoting and anti-cancer, or immune-suppressive and protumorigenic, depending on their phenotypes.
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Name
Cytokines (& chemokines)

IL-1
1L-6

IL-8
IL-12
IL-18
TNF-o.

Type I IEN

TFN-y
1L-10

TGF-B
Other molecules
HSP70

HMGB1
ATP
Calreticulin

Degradation products (e.g., DNA,
RNA, uric acid)

Examples of effect on immune cells following Focal Therapy

Promote Th response, promote the activation of DCs and CTLs (78)

Support T cell proliferation and survival, support T cell trafficking to the tumor, interfere the development and maturation of
DCs, increase MDSCs, inhibit Thi response (78)

Recruit neutrophils and MDSCs into the tumor microenvironment (78, 79)

Stimulate the growth and function of T cells, enhance the cytotoxic activity of NK cells and CD8+ cytotoxic T lymphocytes (80)
Facilitate Th1 response, induce IFN-y production with IL-12, involved in T cell differentiation (78)

Regulate T cell differentiation and function (78)

Stimulate both macrophages and NK cells to elicit an anti-tumor response (81, 82)

Promote NK cell and CTL activity, increase antigen presentation, can become pro-tumorigenic through chronic inflammation
(78)

Suppress the secretion of pro-inflammatory cytokines, dampen antigen presentation and T cell activation; help with helper T cell
functions and T cell immune surveillance (83)

Inhibit B cell proliferation and the maturation of macrophages, promote the differentiation of Treg cells, downregulate cytokine
production (83)

Support uptake and processing of tumor antigens by DCs, enhance MHC class I expression tumor cell surface, enhance
susceptibility of tumor cells by CTLs (84, 85)

Induce migration and maturation of immune cells, release cytokines and other inflammatory mediators (86)
Attract DC and phagocytes, stimulate the priming of IFN-y-producing tumor antigen-specific CD8+ T cells (87)

Promote phagocytic uptake of cancer cells by immune system (87)

Induce DC maturation and activation, mediate innate immune response and promote inflammatory response (87, 88)
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MWA
Heating and hyperthermia HIFU
LITT

NP-mediated hyperthermia

Freezing Cryoablation
Electric membrane disruption IRE
Mechanical destruction M-HIFU, histotripsy

Oscillating electrical current

Oscillating electromagnetic field
Ultrasound

Laser

NIR light or alternating magnetic field
Cryogen or Joule-Thomson effect
Electrical pulses

Ultrasound

Bone, liver, lung, kidney, and prostate
Liver, lung, kidney, and bone
Prostate, bone

Liver, bladder, brain, and prostate

Prostate, kidney, liver, breast, skin, lung, and bone

Liver, prostate and pancreas

RFA, radiofrequency ablation; MWA, microwave ablation; HIFU, high-intensity focused ultrasound; LITT, laser-induced interstitial thermotherapy; NP, nanoparticle; IRE, irreversible
electroporation; NIR, near-infrared; M-HIFU, mechanical high-intensity focused ultrasound.
The list consists of the energy source, its corresponding focal ablation technique, and its common clinical targets (FDA approved and covered by insurance, clinical trials not included) for cancer

therapy.
-, used in preclinical study or clinical tril.
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Bottlenecks in cancer-

Potential solution by FT and IC

Potential auxiliary therapy

Reference of

immunity cycle examples
(1) Release of cancer cell « FT resulting in more immunogenic or necrotic cell death (317)
antigens « FT resulting in less tolergenic or apoptotic cell death
‘ « FT promoting DC maturation and activation Cancer vaccines (318, 319) I

(2) Cancer antigen presentation

(3) Priming and activation

« FT releasing proinflammatory cytokines

(e.g. TNF-0, IL1, IFN-0)

« FT reduces inhibitory cytokines (e.g., IL-10, IL-4, IL-13)

« FT releasing endogenous adjuvants (e.g., CDNs, ATP, HMGB1)

« FT releasing more stimulatory factor (e.g., IL-2, IL-12)

m ICI targeting inhibitory pathway of CD8 T cell activation (e.g.,
anti-CTLA-4)

m ICI targeting inhibitory pathway of Thl CD4 T cell activation
= ICI reducing Treg function

IFN-o.
GM-CSF
Anti-CD40
TLR agonists

Anti-CD137

Anti-OX40

Anti-CD27

IL-2

IL-12

Prostaglandin inhibitors

(318, 320-322)

« FT promoting T cells trafficking CX3CL1 (320, 323)
(4) Trafficking of T cells to CXCL9
tumors CXCL10
CCL5
(5) Infiltration of T cells into « FT promoting T cells infiltration Anti-VEGF (324)
tumors « FT” contributing to the establishment of immune memory ETRAs
« FT” contributing to the establishment of immune memory « FT that upregulates peptide-MHC (319)

(6) Recognition of cancer cells
by T cells

(7) Killing of cancer cells

CDNs, cyclic dinucleotides; VEGF, vascular endothelial growth fact

« FT that suppresses Treg, MDSC and M2 macrophage
u ICI targeting CD8 T cell exhaustion (e.g., anti-PD-1, anti-TIM-
3, anti-LAG-3)

= ICI targeting the source of inhibitory signaling to CD8 T cells
(e.g., anti-PD-L1, anti-PD-L2 etc.)

expression on cancer cells
CARs

IDO inhibitors
« FT that relieves hypoxia

(319, 325-327)

3 ETRAS, endothelin receptor antagonists; CARs, chimeric antigen receptors. “Long-term effect, not immediate reaction.
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Identifier

Improved
therapeutic
effect

Patient
size

Enhanced immune

over monotherapy

response

adverse events

Reduced Ref

Ipili 290,
NCT03873818 | CRYO pilimumab or 16 o — o 0
Pembrolizumab
NCT03290677 | CRYO Pembmh.zumab or Nivolumab 18 ° ° (291)
or Atezolizumab
NCT02833233 | CRYO Jpitmuendd 5 o * % o )
+ Nivolumab
NCT02821754 | CRYO Tremelimumab+ Durvalumab 22 * — ) (293)
NCT02626130 = CRYO Tremelimumab 29 * * * * (294)
NCT02489357 | CRYO Pembrolizumab 12 © © (295)
NCT02423928 = CRYO Pembrolizumab 18 [©) © (296)
NCT01502592 = CRYO Ipilimumab 19 * * * * (297)
RFA or Nivolumab or (298)
NCT03939975 MWA Peinbiolizinab 50 * —_— *
RFA or a (299)
NCT( 421 1 —_—
crosssaanl o Toripalimab 48 * % *
NCT02821754 | RFA Tremelimamaby 58 o — o o)
Durvalumab
NCT02437071 = RFA Pembrolizumab 26 [¢] —_— © (301)
3 (302,
NCT01853618 = RFA Tremelimumab 39 (HCC) [¢] *k [©) 303)
NCT01853618 = RFA Tremelimumab 20 (BTC) © * © (304)
NCT03341806 | LITT Avelumab 14 —_— —_ —_ (305)
NCT03757858 | Hyperthermia = Pembrolizumab 33 * * * * K (306)
NCT03080974 = IRE Nivolumab 10 ) o ) (307)





OPS/images/cover.jpg
& frontiers | Research Topics

Tumor ablation
and immunity

Eatea by






OPS/images/fonc.2023.1153066/table9.jpg
Cancer model

Rechallenge
Protection

Improve primary tumor control

Enhance
abscopal
effect

Reference

Radiofrequency ablation

B16-OVA Anti-CTLA-4 —_ Y, 75% rejection | —— (22)
B16-OVA Anti-CTLA-4 S Yro00% — (191)
rejection
CT26 Anti-PD-1 Y Y, 80% rejection pé (251)
CT26, MC38 Anti-PD-1 Y — —_— (154)
CT26 I Anti-CTLA-4 4 — —_— (252)
H22 Anti-CTLA-4 ¥ Y, 75% rejection —_— (253)
H22 Anti-CTLA-4 Y Y, 60% rejection  —— (254)
Microwave ablation
Hepa 1-6 Anti-CTLA-4 X ‘ Y, 90% rejection Y (184)
a1 ﬁ:::z%_;: Y Y, 80% rejection | —— (@55)
Hepa 1-6 AstPD-L Y Y, 67% rejection | —— (256)
Anti-CTLA-4
Hepa 1-6 Anti-PD-1 Y Y, 60% rejection Y (257)
MC38 Anti-LAG3 Y — —_— (258)
High intensity focused ultrasound
NDL [ Anti-PD-1 Y — Y (259)
NDL Anti-PD-1 Y —_ Y (81)
CT26 Anti-CTLA-4 Y Y, 80% rejection Y (252)
4T1 Anti-PD-1 Y —_— —_ (260)
NDL Anti-PD-1 Y — —_ (146)
KPC Anti-CTLA-4 + Anti-PD-1 | Y — — (261)
Cryotherapy
B16-OVA Anti-CTLA-4 Y Y —_— (113)
TRAMP-C2 Anti-CTLA-4 Y Y, 44% rejection | —— (262)
RM-1 Anti-CTLA-4 Y, inhibit metastasis | — N— (263)
B16-OVA,CT26 Anti-CTLA-4 Y | — Y (264)
e : : —
RENCA (RCC) Anti-PD-1 b4 Y —_ (266)
ZHMCI;)OSU“Z (breast Anti-PD-1 — — Y (267)
H22 Anti-PD-L1 Y —_— S (268)
4T1 Anti-PD-1 Y — Y (269)
Irreversible electroporation
KPC4580P [ Anti-PD-1 ¥ Y [ Y (270)
KRAS* Anti-PD-1 ¥ Y, 100% rejection  —— 170
Hepa 1-6 Anti-PD-L1 Y —_ —_ (271)
TRAMP-C2 Anti-CTLA-4 or Anti-PD-1 | Y Y, 100% rejection = —— (167)
EG7 (lymphoma) Anti-PD-L1 Y = Y (272)
Hepa 1-6 Anti-PD-L1 _ _ —_ (273)
Mechanical destruction (histotripsy, M-HIFU etc.)
CT26 Anti-PD-1 Y Y —_ (274)
Neuro2a (neuroblastoma) ﬁ"ﬁ'CTLA"’ TAMED- | Y, 100% rejection | Y (@75)
4T1 Anti-PD-1 Y —_ —_ (276)
B16GP33, Hepal-6 Anti-CTLA-4 Y — —_— (277)
MM3MG-HER2 Anti-PD-L1 24 Y Y (278)
TRAMP-C2 Anti-PD-1 Y —_— — (61)
Hyperthermia
4T1 Y Y, 100% rejection Y (279)

Anti-CTLA-4
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Characteristic (n=8)

Gender (male/female)

Age

Pathogeny (HBV/other)

Liver cirrhosis (no/compensated/decompensated)
Differentiation (well/moderate/poor/ND)
BCLC stage (0/A/B)

WBC (10°/L)

HGB (g/L)

PLT (10°/L)

ALT (U/L)

AST (U/L)

TBIiL (ummol/L)

ALB (g/L)

PT (s)

PTA (%)

AFP (ng/mL)

PIVKA-II (mAU/mL)

BF

5.60 + 1.82

146.88 + 23.12

151.75 + 59.61

36.13 + 24.13

39.50 + 30.98

14.41 + 249

40.73 + 472

12.04 + 1.36

91.63 + 16.93

958.32 + 2599.09

4016.75 + 6297.27

1w

6/2

52.13 + 8.10

8/0

1/7/0

1/2/0/5

0/6/2

6.09 £ 2.30

128 + 34.76

149.50 + 64.05

110 + 73.79

71.50 + 34.69

15.75 + 5.05

32,95 + 6.80

13.68 + 2.94

78.25 + 21.84

252.71 + 484.43

61.75 + 46.82

4W

4.87 +2.30

141.80 + 23.64

139.40 + 56.95

27.40 +9.76

36.80 + 23.79

18.14 £9.71

39.92 +5.58

12.54 + 1.81

86 + 16.31

24.80 +41.23

53.80 + 71.10

0.207

0.046

0.674

0.004

0.128

0.834

0.018

0.496

0.444

0.245

0.061

Py

0.293

0.875

0.834

0.689

1

0.862

0.728

0.826

0.883

0.172

0.005

HBYV, hepatitis B virus. WBC, White Blood Cell. HGB, hemoglobin. PLT, platelet. ALT, alanine aminotransferase. AST, aspartate aminotransferase. TBil, total bilirubin. ALB, albumin.

PT, prothrombin time. PTA, prothrombin activity. AFP, alpha-fetoprotein. PIVKA-II, protein induced by vitamin K absence or antagonist-II.

Data were expressed as mean + SD. a: The data of the 1W group was compared with the BF group, P<0.05. b: The data of the 4W group was compared with the BF group, P<0.05.
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Gender (male/female)

Age

Pathogeny (HBV/other)

Liver cirrhosis (no/compensated/decompensated)

Differentiation (well/moderate/poor/ND)

BCLC stage (0/A/B)
WBC (10°/L)
HGB (g/L)

PLT (10°/L)
ALT (U/L)

AST (U/L)

TBiL (ummol/L)
ALB (g/L)

PT (s)

PTA (%)

AFP (ng/mL)

PIVKA-IT (mAU/mL)

544 +0.35

14325 + 4.41

15421 £ 12.93

30.17 + 3.09

32.38 +4.00

16.50 + 1.99

41.13 + 1.02

11.85 +0.28

94.04 +3.34

385.57 + 307.99

1571.04 + 803.51

19/7

5473 £ 9.35

2472

8/16/2

2/41119

5/16/5

6.13 £ 1.06

130.89 + 7.45

187.44 + 45.65

111.78 + 24.29

62.67 + 11.40

16.70 + 2.74

34.78 + 1.66

1339 £0.71

78.89 + 5.41

118.90 + 107.57

49.44 + 11.11

0.111

0.033

0.893

0.000

0.000

0.962

0.000

0.027

0.025

0.487

0.075
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1w 4w

Gender (male/female) 11/5

Age 55.13 + 8.25

Pathogeny (HBV/other) 16/0

Liver cirrhosis (no/compensated/decompensated) 2/9/5

Differentiation (well/moderate/poor/ND) 1/2/3/10

BCLC stage (0/A/B) 2/12/2

WBC (10°/L) 576 +2.12 7.13+278 5.00 +2.21 0.146 0.253
HGB (g/L) 145.79 + 17.70 131.31 + 14.96 143.69 + 17.30 0.023 0.771
PLT (10%/L) 153.36 + 58.85 177.31 + 58.56 156 + 67.43 0.299 0.884
ALT (U/L) 29.17 £13.27 129.43 + 114.29 29.13 £ 12.69 0.000 0.883
AST (U/L) 2833 £17.59 50.13 + 26.65 28.53 £7.99 0.001 0.203
TBiL (ummol/L) 14.85 + 4.30 13.98 + 4.66 15.05 + 4.22 0.516 0.961
ALB (g/L) 41.61 +4.92 34.82 +3.92 41.88 +4.85 0.001 0.751
PT (s) 11.77 £ 0.88 12.64 + 1.32 11.94 + 0.88 0.232 0.897
PTA (%) 93.53 + 11.61 83.67 + 12.73 91.18 + 9.69 0.179 0.897
AFP (ng/mL) 469.88 £ 1361.61 146.87 + 295.46 11.31 + 2427 0.738 0.097
PIVKA-II (mAU/mL) 148 +164.35 76.42 + 7141 36.27 £ 21.16 0.44 0.019

VI/M, vascular invasion/metastasis. HBV, hepatitis B virus. WBC, White Blood Cell. HGB, hemoglobin. PLT, platelet. ALT, alanine aminotransferase. AST, aspartate aminotransferase.
TBil, total bilirubin. ALB, albumin. PT, prothrombin time. PTA, prothrombin activity. AEP, alpha-fetoprotein. PIVKA-IL, protein induced by vitamin K absence or antagonist-1I.
Data were expressed as mean + SD. ,: The data of the W group was compared with the BF group, P<0.05. ,;: The data of the 4W group was compared with the BF group, P<0.05.
Bold font indicates statistical significance of P values.
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Gender (male/female)

Age

Pathogeny (HBV/other)

Liver cirrhosis (no/compensated/decompensated)
Differentiation (well/moderate/poor/ND)
BCLC stage (0/A/B)

WBC (10°/L)

HGB (g/L)

PLT (10°/L)

ALT (U/L)

AST (U/L)

TBiL (ummol/L)

ALB (g/L)

PT (s)

PTA (%)

AFP (ng/mL)

PIVKA-II (mAU/mL)

Bold font indicates statistical significance of P values.

1w

6.77 £ 3.10
12895 + 20.07
167 = 70.11
131.14 + 113.37
69.77 + 56.97
16.12 + 7.60
3467 + 4.18
12.71 + 1.12
82.93 + 10.72
113.17 £ 260.11

71.06 + 63.61

17/5

55.14 £ 8.79

21/1

2/12/8

3/3/3/13

2/18/2

4W

4.81 = 1.64
142.48 +19.60
154.14 + 67.91
29.45 + 11.67
30.75 + 10.05

17.57 £ 7.44

41.31 +4.98

11.89 + 0.90
91.81 +10.57
10.78 + 21.47

37.29 +23.87

0.042

0.03

0473

0.000

0.001

0.641

0.000

0.032

0.026

0.124

0.018
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Gender (male/female)

Age

Pathogeny (HBV/other)

Liver cirrhosis (no/compensated/decompensated)
Differentiation (well/moderate/poor/ND)
BCLC stage (0/A/B)

WBC (10°/L)

HGB (g/L)

PLT (10°/L)

ALT (U/L)

AST (U/L)

TBiL (ummol/L)

ALB (g/L)

PT (s)

PTA (%)

AFP (ng/mL)

PIVKA-II (mAU/mL)

Bold font indicates statistical significance of P values.

564 +2.30

146.79 + 16.67

137.71 £ 53.93

3223 £23.52

30.36 £ 17.49

15.75 + 6.28

40.57 + 4.41

11.99 + 0.94

90.80 + 11.30

34191 + 1036.78

189.20 + 279.96

23/5

54.39 +10.10

27/1

6/15/7

2/3/5/18

2/23/3

745 +2.58

133.46 + 15.80

160 + 56.33

166.46 + 138.31

81.29 + 67.12

18.85 + 12.95

35.46 + 4.07

13.01 + 1.34

80.63 +12.52

11445 + 241.05

73.29 + 64.94

0.008

0.006

0.177

0.000

0.000

0.653

0.000

0.028

0.026

0.427

0.343
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Characteristic

Gender (male/female)

Age

Pathogeny (HBV/other)

Liver cirrhosis (no/compensated/decompensated)
Differentiation (well/moderate/poor/ND)
BCLC stage (0/A/B)

WBC (10°/L)

HGB (g/L)

PLT (10°/L)

ALT (U/L)

AST (U/L)

TBiL (ummol/L)

ALB (g/L)

PT (s)

PTA (%)

AFP (ng/mL)

PIVKA-II (mAU/mL)

Bold font indicates statistical significance of P values.

44/13

55.32 + 9.06

51/6

9/32/16

3/5/8/41

714218

4.97 +2.02

142,55 + 17.45

136.75 + 71.36

31.89 +23.35

31.98 + 16.02

17.74 + 8.96

39.86 + 4.65

1249 + 1.48

86.39 + 13.71

2098.05 + 13144.41

211042 +9312.93

38/11

56.46 + 10.19

46/3

5/29/15

4/5/8/32

8/36/5

6.59 £ 2.79

129.67 + 18.53

153.63 + 67.22

138.84 + 117.44

84.45 + 65.08

19.96 + 12.21

35.40 + 4.13

13.00 + 1.28

80.88 + 11.08

96.29 + 206.93

98.19 + 181.42

25/6

54.27 £ 9.08

29/2

51719

2/5/5/19

4/23/4

4.92 +1.83

14321 £ 19.16

147.90 + 60.60

29.36 + 11.74

30.00 + 9.08

17.80 + 8.13

41.38 + 4.66

12.07 £ 0.96

89.87 +11.24

44.27 +168.23

34.04 +20.92

0.697

0.733

0.003

0.001

0.168

0.000

0.000

0.454

0.000

0.062

0714

0.18

0.707

0.599

0.805

0.993

0.987

0.985

0.839

0.344

0.674

0.716

0.866

0.2

0.324

0.347

0.005

0.000
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List of overlapping peptides

peptide sequence

AFP-1 MKWVESIFLIFLLNFTES
AFP-2 LIFLLNFTESRTLHRNEY
AFP-3 ESRTLHRNEYGIASILDS
AFP-4 EYGIASILDSYQCTAEIS
AFP-5 DSYQCTAEISLADLATIF
AFP-6 ISLADLATIFFAQFVQEA
AFP-7 IFFAQFVQEATYKEVSKM
AFP-8 EATYKEVSKMVKDALTAT
AFP-9 KMVKDALTAIEKPTGDEQ
AFP-10 AIEKPTGDEQSSGCLENQ
AFP-11 EQSSGCLENQLPAFLEEL
AFP-12 NQLPAFLEELCHEKEILE
AFP-13 ELCHEKEILEKYGHSDCC
AFP-14 LEKYGHSDCCSQSEEGRH
AFP-15 CCSQSEEGRHNCFLAHKK
AFP-16 RHNCFLAHKKPTPASIPL
AFP-17 KKPTPASIPLEQVPEPVT
AFP-18 PLEQVPEPVTSCEAYEED
AFP-19 VTSCEAYEEDRETEMNKFE
AFP-20 EDRETFMNKFIYEIARRH
AFP-21 KFIYEIARRHPFLYAPTI
AFP-22 RHPFLYAPTILLWAARYD
AFP-23 TILLWAARYDKIIPSCCK
AFP-24 YDKIIPSCCKAENAVECE
AFP-25 CKAENAVECFQTKAATVT
AFP-26 CFQTKAATVTKELRESSL
AFP-27 VTKELRESSLLNQHACAV
AFP-28 SLLNQHACAVMKNFGTRT
AFP-29 AVMKNFGTRTEQAITVTK
AFP-30 RTFQAITVTKLSQKFTKV
AFP-31 TKLSQKFTKVNFTEIQKL
AFP-32 KVNFTEIQKLVLDVAHVH
AFP-33 KLVLDVAHVHEHCCRGDV
AFP-34 VHEHCCRGDVLDCLQDGE
AFP-35 DVLDCLQDGEKIMSYICS
AFP-36 GEKIMSYICSQQDTLSNK
AFP-37 CSQQDTLSNKITECCKLT
AFP-38 NKITECCKLTTLERGQCT
AFP-39 LTTLERGQCITHAENDEK
AFP-40 CITHAENDEKPEGLSPNL
AFP-41 EKPEGLSPNLNRFLGDRD
AFP-42 NLNRFLGDRDENQFSSGE
AFP-43 RDFNQFSSGEKNIFLASE
AFP-44 GEKNIFLASFVHEYSRRH
AFP-45 SFVHEYSRRHPQLAVSVI
AFP-46 RHPQLAVSVILRVAKGYQ
AFP-47 VILRVAKGYQELLEKCFQ
AFP-48 YQELLEKCFQTENPLECQ
AFP-49 FQTENPLECQDKGEEELQ
AFP-50 CQDKGEEELQKYIQESQA
AFP-51 LQKYIQESQALAKRSCGL
AFP-52 QALAKRSCGLFQKLGEYY
AFP-53 GLFQKLGEYYLQNAFLVA
AFP-54 YYLQNAFLVAYTKKAPQL
AFP-55 VAYTKKAPQLTSSELMAI
AFP-56 QLTSSELMAITRKMAATA
AFP-57 AITRKMAATAATCCQLSE
AFP-58 TAATCCQLSEDKLLACGE
AFP-59 SEDKLLACGEGAADIIIG
AFP-60 GEGAADIIIGHLCIRHEM
AFP-61 IGHLCIRHEMTPVNPGVG
AFP-62 EMTPVNPGVGQCCTSSYA
AFP-63 VGQCCTSSYANRRPCESS
AFP-64 YANRRPCFSSLVVDETYV
AFP-65 SSLVVDETYVPPAFSDDK
AFP-66 YVPPAFSDDKFIFHKDLC
AFP-67 DKFIFHKDLCQAQGVALQ
AFP-68 LCQAQGVALQTMKQEFLI
AFP-69 LQTMKQEFLINLVKQKPQ
AFP-70 LINLVKQKPQITEEQLEA
AFP-71 PQITEEQLEAVIADFSGL
AFP-72 EAVIADFSGLLEKCCQGQ
AFP-73 GLLEKCCQGQEQEVCFAE
AFP-74 GQEQEVCFAEEGQKLISK
AFP-75 AEEGQKLISKTRAALGV
SALL-4-1 MSRRKQAKPQHINSEEDQ
SALL-4-2 PQHINSEEDQGEQQPQQQ
SALL-4-3 DQGEQQPQQQTPEFADAA
SALL-4-4 QQTPEFADAAPAAPAAGE
SALL-4-5 AAPAAPAAGELGAPVNHP
SALL-4-6 GELGAPVNHPGNDEVASE
SALL-4-7 HPGNDEVASEDEATVKRL
SALL-4-8 SEDEATVKRLRREETHVC
SALL-4-9 RLRREETHVCEKCCAEFF
SALL-4-10 VCEKCCAEFFSISEFLEH
SALL-4-11 FFSISEFLEHKKNCTKNP
SALL-4-12 EHKKNCTKNPPVLIMNDS
SALL-4-13 NPPVLIMNDSEGPVPSED
SALL-4-14 DSEGPVPSEDFSGAVLSH
SALL-4-15 EDFSGAVLSHQPTSPGSK
SALL-4-16 SHQPTSPGSKDCHRENGG
SALL-4-17 SKDCHRENGGSSEDMKEK
SALL-4-18 GGSSEDMKEKPDAESVVY
SALL-4-19 EKPDAESVVYLKTETALP
SALL-4-20 VYLKTETALPPTPQDISY
SALL-4-21 LPPTPQDISYLAKGKVAN
SALL-4-22 SYLAKGKVANTNVTLQAL
SALL-4-23 ANTNVTLQALRGTKVAVN
SALL-4-24 ALRGTKVAVNQRSADALP
SALL-4-25 VNQRSADALPAPVPGANS
SALL-4-26 LPAPVPGANSIPWVLEQI
SALL-4-27 NSIPWVLEQILCLQQQQL
SALL-4-28 QILCLQQQQLQQIQLTEQ
SALL-4-29 QLQQIQLTEQIRIQVNMW
SALL-4-30 EQIRIQVNMWASHALHSS
SALL-4-31 MWASHALHSSGAGADTLK
SALL-4-32 SSGAGADTLKTLGSHMSQ
SALL-4-33 LKTLGSHMSQQVSAAVAL
SALL-4-34 SQQVSAAVALLSQKAGSQ
SALL-4-35 ALLSQKAGSQGLSLDALK
SALL-4-36 SQGLSLDALKQAKLPHAN
SALL-4-37 LKQAKLPHANIPSATSSL
SALL-4-38 ANIPSATSSLSPGLAPFT
SALL-4-39 SLSPGLAPFTLKPDGTRV
SALL-4-40 FTLKPDGTRVLPNVMSRL
SALL-4-41 RVLPNVMSRLPSALLPQA
SALL-4-42 RLPSALLPQAPGSVLEQS
SALL-4-43 QAPGSVLEQSPESTVALD
SALL-4-44 QSPFSTVALDTSKKGKGK
SALL-4-45 LDTSKKGKGKPPNISAVD
SALL-4-46 GKPPNISAVDVKPKDEAA
SALL-4-47 VDVKPKDEAALYKHKCKY
SALL-4-48 AALYKHKCKYCSKVEGTD
SALL-4-49 KYCSKVFGTDSSLQIHLR
SALL-4-50 TDSSLQIHLRSHTGERPF
SALL-4-51 LRSHTGERPEVCSVCGHR
SALL-4-52 PFVCSVCGHRFTTKGNLK
SALL-4-57 VAAGNGIPYALSVPDPID
SALL-4-58 YALSVPDPIDEPSLSLDS
SALL-4-59 IDEPSLSLDSKPVLVTTS
SALL-4-60 DSKPVLVTTSVGLPQNLS
SALL-4-61 TSVGLPQNLSSGTNPKDL
SALL-4-62 LSSGTNPKDLTGGSLPGD
SALL-4-63 DLTGGSLPGDLQPGPSPE
SALL-4-64 GDLQPGPSPESEGGPTLP
SALL-4-65 PESEGGPTLPGVGPNYNS
SALL-4-66 LPGVGPNYNSPRAGGFQG
SALL-4-67 NSPRAGGFQGSGTPEPGS
SALL-4-68 QGSGTPEPGSETLKLQQL
SALL-4-69 GSETLKLQQLVENIDKAT
SALL-4-70 QLVENIDKATTDPNECLI
SALL-4-71 ATTDPNECLICHRVLSCQ
SALL-4-72 LICHRVLSCQSSLKMHYR
SALL-4-73 CQSSLKMHYRTHTGERPF
SALL-4-74 YRTHTGERPFQCKICGRA
SALL-4-75 PFQCKICGRAFSTKGNLK
SALL-4-76 RAFSTKGNLKTHLGVHRT
SALL-4-77 LKTHLGVHRTNTSIKTQH
SALL-4-78 RTNTSIKTQHSCPICQKK
SALL-4-79 QHSCPICQKKFTNAVMLQ
SALL-4-80 KKFTNAVMLQQHIRMHMG
SALL-4-81 LQQHIRMHMGGQIPNTPL
SALL-4-82 MGGQIPNTPLPENPCDFT
SALL-4-83 PLPENPCDFTGSEPMTVG
SALL-4-84 FTGSEPMTVGENGSTGAI
SALL-4-85 VGENGSTGAICHDDVIES
SALL-4-86 AICHDDVIESIDVEEVSS
SALL-4-87 ESIDVEEVSSQEAPSSSS
SALL-4-88 SSQEAPSSSSKVPTPLPS
SALL-4-89 SSKVPTPLPSTHSASPTL
SALL-4-90 PSTHSASPTLGFAMMASL
SALL-4-91 TLGFAMMASLDAPGKVGP
SALL-4-92 SLDAPGKVGPAPFNLQRQ
SALL-4-93 GPAPFNLQRQGSRENGSV
SALL-4-94 RQGSRENGSVESDGLTND
SALL-4-95 SVESDGLTNDSSSLMGDQ
SALL-4-96 NDSSSLMGDQEYQSRSPD
SALL-4-97 DQEYQSRSPDILETTSEQ
SALL-4-98 PDILETTSFQALSPANSQ
SALL-4-99 FQALSPANSQAESIKSKS
SALL-4-100 SQAESIKSKSPDAGSKAE
SALL-4-101 KSPDAGSKAESSENSRTE
SALL-4-102 AESSENSRTEMEGRSSLP
SALL-4-103 TEMEGRSSLPSTFIRAPP
SALL-4-104 LPSTFIRAPPTYVKVEVP
SALL-4-105 PPTYVKVEVPGTEVGPST
SALL-4-106 VPGTFVGPSTLSPGMTPL
SALL-4-107 STLSPGMTPLLAAQPRRQ
SALL-4-108 PLLAAQPRRQAKQHGCTR
SALL-4-109 RQAKQHGCTRCGKNFSSA
SALL-4-110 TRCGKNFSSASALQIHER
SALL-4-111 SASALQIHERTHTGEKPF
SALL-4-112 ERTHTGEKPFVCNICGRA
SALL-4-113 PFVCNICGRAFTTKGNLK
SALL-4-114 RAFTTKGNLKVHYMTHGA
SALL-4-115 LKVHYMTHGANNNSARRG
SALL-4-116 GANNNSARRGRKLAIENT
SALL-4-117 RGRKLAIENTMALLGTDG
SALL-4-118 NTMALLGTDGKRVSEIFP
SALL-4-119 DGKRVSEIFPKEILAPSYV
SALL-4-120 FPKEILAPSVNVDPVVWN
SALL-4-121 SVNVDPVVWNQYTSMLNG
SALL-4-122 WNQYTSMLNGGLAVKTNE
SALL-4-123 NGGLAVKTNEISVIQSGG
SALL-4-124 NEISVIQSGGVPTLPVSL
SALL-4-125 GGVPTLPVSLGATSVVNN
SALL-4-126 SLGATSVVNNATVSKMDG
SALL-4-127 NNATVSKMDGSQSGISAD
SALL-4-128 DGSQSGISADVEKPSATD
SALL-4-129 ADVEKPSATDGVPKHQFP
SALL-4-130 TDGVPKHQFPHFLEENKI
SALL-4-131 FPHFLEENKIAVS
MAGE-A3-1 MPLEQRSQHCKPEEGLEA
MAGE-A3-2 HCKPEEGLEARGEALGLV
MAGE-A3-3 EARGEALGLVGAQAPATE
MAGE-A3-4 LVGAQAPATEEQEAASSS
MAGE-A3-5 TEEQEAASSSSTLVEVTL
MAGE-A3-6 SSSTLVEVTLGEVPAAES
MAGE-A3-7 TLGEVPAAESPDPPQSPQ
MAGE-A3-8 ESPDPPQSPQGASSLPTT
MAGE-A3-9 PQGASSLPTTMNYPLWSQ
MAGE-A3-10 TTMNYPLWSQSYEDSSNQ
MAGE-A3-11 SQSYEDSSNQEEEGPSTF
MAGE-A3-12 NQEEEGPSTFPDLESEFQ
MAGE-A3-13 TFPDLESEFQAALSRKVA
MAGE-A3-14 FQAALSRKVAELVHFLLL
MAGE-A3-15 VAELVHFLLLKYRAREPV
MAGE-A3-16 LLKYRAREPVTKAEMLGS
MAGE-A3-17 PVTKAEMLGSVVGNWQYF
MAGE-A3-18 GSVVGNWQYFFPVIFSKA
MAGE-A3-19 YFFPVIFSKASSSLQLVE
MAGE-A3-20 KASSSLQLVFGIELMEVD
MAGE-A3-21 VFGIELMEVDPIGHLYIF
MAGE-A3-22 VDPIGHLYIFATCLGLSY
MAGE-A3-23 IFATCLGLSYDGLLGDNQ
MAGE-A3-24 SYDGLLGDNQIMPKAGLL
MAGE-A3-25 NQIMPKAGLLITVLAITA
MAGE-A3-26 LLIIVLAITAREGDCAPE
MAGE-A3-27 IAREGDCAPEEKIWEELS
MAGE-A3-28 PEEKIWEELSVLEVFEGR
MAGE-A3-29 LSVLEVFEGREDSILGDP
MAGE-A3-30 GREDSILGDPKKLLTQHF
MAGE-A3-31 DPKKLLTQHFVQENYLEY
MAGE-A3-32 HFVQENYLEYRQVPGSDP
MAGE-A3-33 EYRQVPGSDPACYEFLWG
MAGE-A3-34 DPACYEFLWGPRALVETS
MAGE-A3-35 WGPRALVETSYVKVLHHM
MAGE-A3-36 TSYVKVLHHMVKISGGPH
MAGE-A3-37 HMVKISGGPHISYPPLHE
MAGE-A3-38 PHISYPPLHEWVLREGEE
MAGE-A3-39 HEWVLREGEE
MAGE-A1-1 MSLEQRSLHCKPEEALEA
MAGE-A1-2 HCKPEEALEAQQEALGLV
MAGE-A1-3 EAQQEALGLVCVQAATSS
MAGE-Al-4 LVCVQAATSSSSPLVLGT
MAGE-A1-5 SSSSPLVLGTLEEVPTAG
MAGE-Al1-6 GTLEEVPTAGSTDPPQSP
MAGE-A1-7 AGSTDPPQSPQGASAFPT
MAGE-A1-8 SPQGASAFPTTINFTRQR
MAGE-A1-9 PTTINFTRQRQPSEGSSS
MAGE-A1-10 QRQPSEGSSSREEEGPST
MAGE-A1-11 SSREEEGPSTSCILESLF
MAGE-A1-12 STSCILESLFRAVITKKV
MAGE-A1-13 LFRAVITKKVADLVGFLL
MAGE-A1-14 KVADLVGFLLLKYRAREP
MAGE-A1-15 LLLKYRAREPVTKAEMLE
MAGE-Al-16 EPVTKAEMLESVIKNYKH
MAGE-A1-17 LESVIKNYKHCFPEIFGK
MAGE-A1-18 KHCFPEIFGKASESLQLV
MAGE-A1-19 GKASESLQLVFGIDVKEA
MAGE-A1-20 LVEGIDVKEADPTGHSYV
MAGE-A1-21 EADPTGHSYVLVTCLGLS
MAGE-A1-22 YVLVTCLGLSYDGLLGDN
MAGE-A1-23 LSYDGLLGDNQIMPKTGE
MAGE-A1-24 DNQIMPKTGFLITVLVMA
MAGE-A1-25 GFLIIVLVMAMEGGHAPE
MAGE-A1-26 MAMEGGHAPEEETWEELS
MAGE-A1-27 PEEEIWEELSVMEVYDGR
MAGE-A1-28 LSVMEVYDGREHSAYGEP
MAGE-A1-29 GREHSAYGEPRKLLTQDL
MAGE-A1-30 EPRKLLTQDLVQEKYLEY
MAGE-A1-31 DLVQEKYLEYRQVPDSDP
MAGE-A1-32 EYRQVPDSDPARYEFLWG
MAGE-A1-33 DPARYEFLWGPRALAETS
MAGE-A1-34 WGPRALAETSYVKVLEYV
MAGE-A1-35 TSYVKVLEYVIKVSARVR
MAGE-A1-36 YVIKVSARVRFFFPSLRE
MAGE-A1-37 VRFFFPSLREAALREEEE
MAGE-A1-38 REAALREEEEGVMSLEQR
MAGE-A1-39 EEGVMSLEQRSLHCKPEE
NY-ESO-1-1 MQAEGRGTGGSTGDADGP
NY-ESO-1-2 GGSTGDADGPGGPGIPDG
NY-ESO-1-3 GPGGPGIPDGPGGNAGGP
NY-ESO-1-4 DGPGGNAGGPGEAGATGG
NY-ESO-1-5 GPGEAGATGGRGPRGAGA
NY-ESO-1-6 GGRGPRGAGAARASGPGG
NY-ESO-1-7 GAARASGPGGGAPRGPHG
NY-ESO-1-8 GGGAPRGPHGGAASGLNG
NY-ESO-1-9 HGGAASGLNGCCRCGARG
NY-ESO-1-10 NGCCRCGARGPESRLLEF
NY-ESO-1-11 RGPESRLLEFYLAMPFAT
NY-ESO-1-12 EFYLAMPFATPMEAELAR
NY-ESO-1-13 ATPMEAELARRSLAQDAP
NY-ESO-1-14 ARRSLAQDAPPLPVPGVL
NY-ESO-1-15 APPLPVPGVLLKEFTVSG
NY-ESO-1-16 VLLKEFTVSGNILTIRLT
NY-ESO-1-17 SGNILTIRLTAADHRQLQ
NY-ESO-1-18 LTAADHRQLQLSISSCLQ
NY-ESO-1-19 LQLSISSCLQQLSLLMWI
NY-ESO-1-20 LQQLSLLMWITQCFLPVF
NY-ESO-1-21 WITQCFLPVFLAQPPSGQ
NY-ESO-1-22 VFLAQPPSGQRRMQAEGR
NY-ESO-1-23 GQRRMQAEGRGTGGSTGD
SSX-2-1 MNGDDAFARRPTVGAQIP
SSX-2-2 RRPTVGAQIPEKIQKAFD
$5X-2-3 IPEKIQKAFDDIAKYESK
SSX-2-4 FDDIAKYFSKEEWEKMKA
$SX-2-5 SKEEWEKMKASEKIFY VY
SSX-2-6 KASEKIFYVYMKRKYEAM
$SX-2-7 VYMKRKYEAMTKLGFKAT
§5%:2-8 AMTKLGFKATLPPEMCNK
$5X-2-9 ATLPPFMCNKRAEDFQGN
$SX-2-10 NKRAEDFQGNDLDNDPNR
SSX-2-11 GNDLDNDPNRGNQVERPQ
SSX-2-12 NRGNQVERPQMTEGRLQG
SSX-2-13 PQMTFGRLQGISPKIMPK
SSX-2-14 QGISPKIMPKKPAEEGND
$SX-2-15 PKKPAEEGNDSEEVPEAS
SSX-2-16 NDSEEVPEASGPQNDGKE
$SX-2-17 ASGPQNDGKELCPPGKPT
SSX-2-18 KELCPPGKPTTSEKIHER
$SX-2-19 PTTSEKIHERSGNREAQE
$SX-2-20 ERSGNREAQEKEERRGTA
SSX-2-21 QEKEERRGTAHRWSSQNT
$SX-2-22 TAHRWSSQNTHNIGRFSL
§5X-2-23 NTHNIGRFSLSTSMGAVH
SSX-2-24 SLSTSMGAVHGTPKTITH
$5X-2-25 VHGTPKTITHNRDPKGGN
SSX-2-26 THNRDPKGGNMPGPTDCV
$5X-2-27 GNMPGPTDCVRENSW

The design of the nine pools: Pool 1: SALL4 1 45, Pool 2: SALL4 44.90, Pool 3: SALL4 oy
131 Pool 4: MAGE-AL 39, Pool 5: MAGE-A3 , 39, Pool 6: NY-ESO-1 1.3, Pool 7:
SSX2 1.27, Pool 8: AEP 1_49, Pool 9: AFP 475,





OPS/images/fonc.2023.1180084/fonc-13-1180084-g001.jpg
Botanical
MAMPS

Lymphoid
progenitor cell

S —

T cell Beell  NKcell

Lo M2
00
lIL-10,TGFB, D
Monocyte -CSFIL-35 %,/ M1

N

Plasma cell






OPS/images/fimmu.2022.982578/fimmu-13-982578-g005.jpg
p=0.1573

[ AL

NooN  © o
00 - -

SI193 1 +8@O W1 %

]
o

Q
=)

w

BF

p=0.0078

= no-recurrence

H g
2
H
w
@
o w ~
o o -
S1193 | +gao W n__.u omnnu 0 -\-
o I8
3
i i
: .
L ®
- i
! 1
?ha :
a
: g
| g
1
0,
%
2 g & ° aoe\.\\. 2,
y 2,
nussedion <. %
Q~.°
2,
K3





OPS/images/fonc.2023.1180084/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.982578/fimmu-13-982578-g004.jpg
l P=0.0011
BF 1W 4w

aw
25
0

5

[

5

0

w

& ¢ 2
M $1193 L +500 U1 SI93 L oEWiL %
g
a
W 2 Ww o w o
& R £ 2

51199 L4902 U1 $193 L +guiL P%

22 o © © °
LT E -
@ ~ $110 1 400 LI 81199 L +10d P%
3
a,
—

199 19800 UI 31199 L +10d P%

p=00375
1 :
BF 1W 4w

w

w .w-
S
S w
@
2 w e w o
& =2 2
S99 19600 U1 1P L oEWIL P %

pe0.0771
e
w

BF

e ®© © - & o

$1199 1 4809 UI SI92 | +L0d P%





OPS/images/fimmu.2023.1155229/fimmu-14-1155229-g005.jpg
L= -

(%) si192 Jowny onojdode
jo abejuaoiad ayy

FasL-positive TILs

= -
L | p—

(%) sl192 Jowny snojdode
jo abejuaoiad ayy

positive TiLs

Pf-





OPS/images/fimmu.2022.982578/fimmu-13-982578-g003.jpg
sn

o

o0

o
o
g~
0

P=0.049

apet
A apach spets > S2comored

‘Time (month)

02

e
“Pportm
1 4 gt consaned
4= postweconsored
P=0.031
om o xm o P
Time (month)
s perte
g 8 890
e
= negaten # EW-comored
P=0.009
oo S »m o w0
Time (month)





OPS/images/fimmu.2023.1155229/fimmu-14-1155229-g004.jpg
S[199 anoydody

Percentage(%)

30
25
20
15
10

FLH
102 10" 102 10% 10

<_ 060123 TUNEL.010

Control

0 50 100 150 200 25C

FL2-A

Sham-HIFU

o 060123 TUNEL.001

- o

& -
=] )

Teo =
=6 T

i =
o b

i o

& -
© C o

= =]

0 50 100 150 200 250 =

FL2-A

OControl oSham-HIFU mHIFU

HIFU

<_ 060118 TUNEL.004

0 50 100 150 200250

FL2-A

Apoptotic H22 tumor cells





OPS/images/fimmu.2023.1155229/fimmu-14-1155229-g003.jpg
4d JIsed

Percentage (%)

Control Sham-HIFU HIFU

o 051123 IMM.003 g 051123 IMM.006 o 051216 IMM.00S
& S <
Qo
j=}
~
T x %2
? @ 28
[5] 1] w <
e < R 8
IS} o o

0 50 100 150 200 250
FL1-H

FL1-H
051206 IMM.026

32 o 051123 IMM.014
« &
x - 3 6
[$) O S
3 3 7
o
0 50 100 150 200 250 0 50 100 150 200 250 0 1 2 3 4
FL1-H FL1-H e FE10-H e
25 OControl OSham-HIFU mHIFU

FasL-positive TILs Pf-positive TILs





OPS/images/fimmu.2022.982578/fimmu-13-982578-g002.jpg
The detection of TAA-specific T cell response at BF, 1W and 4w

. 501736 § o2 peoens
£ —
- p=08125 ]
— £
is
i i ¥
o (eaziv) W s2n) aw (80658 W e " ™o
p=0.2749
§ 100 po1718 § 25, eooois 30 .
— — p=0.1251 05234
80 . E
i b i § o,
e ® 5 20 (
i3 60 815 3] iz
te i woess BE asoss i
- 2 40 210 [ —
T i \
g 2 g 05 3 5
i H 3
2 g 8
H H
BF W AW BF W 4W BF W 4W 0 wWooaw
w aw w aw
05751 H
= H b T i
ﬁ 200
p=0.2407 is
$ . p=0.3242 peep £ 3 150
£ § 207 s 3 10 — 2
p=0.3753 3 5 3 100
3 E — 5 p=0.0276 £3
p=0.8464 1
g 30 N £ I o
| i i i,
3 it 10 e ;A B wooaw
3 58 44
g 2=, |
! ! i
i § §
$ & 0 FR)
z BF 1W 4W BF 1W 4W BF 1W 4W E
c P P T ——
g p=0.4887 » & oo sz
s pe02188 § 6. - o
: B p=0.625 ™ -
F Z o
: H _
g g. o —
H = Tan-spctc Tcol eponserecuency m paterts 1 10
I 5 B
; 5. g-)- = = B
: H @
3
i BF g o
w
BF 1w F BF W TAA-specic T cal response frequency in patients 3t W,
peo.123 HE s 20 -
— i 505459 £ 02774 s
HIRC E 150 e
£z H
i3 e
£ g0 £% 100
¥ §°
1" s HEE
i H F G
EH 0
pr— p—— g [——
H
p=0.1681 E [— spoesred
10 H - . .
% H o — . e = a2
S H pyes ) 2 1 200 [
4] - B -
25 w0 [ - = e | e
g H P »
§ i B ] - NB l
2 B BF W N\ e = » ’ i

BE






OPS/images/fimmu.2022.982578/fimmu-13-982578-g001.jpg
All samples were analyzed experimentally by IFN-y ELISPOT assay (N=174)

Baseline After ablation =ar——
(BE, n=79) (AF, n=95) « Patients with VIM;

l « Patients who receive palliative

treatment;
BF, n=57 AF, n=80 information at 4 weeks.

« Patients without follow-up

Within 7 days after About 30 days after
ablation (1W, n=49) ablation (4W, n=31)

Paired cases

e e

BF and IW (n=28) BF and 4W (n=23) IW and 4W (n=22) BF, 1W, and 4W (n=16)

\—;I—%l

Analysis of TAA-specific T cell





OPS/images/fimmu.2023.1155229/fimmu-14-1155229-g002.jpg
pg/mi

Cytotoxicity (%)
NDNWWD
o 01O 01 O

- -
o T ou;

1200

1000

800

600

400

200

OControl oSham-HIFU mHIFU

*

Cytotoxic T lymphocytes

TNF-a IFN-y





OPS/images/fimmu.2022.982578/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1155229/fimmu-14-1155229-g001.jpg
[o.nuo)

AATH-ureys

NATH

Counts

Counts

Counts

CD3+

= 051028 MST.002

g 051121 MST.006

o

[+3]

o

©

o

<

o

N

o
10
FL1-H

g 050928 MST.002

N

o

10° 10" 102

FL1-H

Counts
0 20 40 60 80 100

CD4+

051020 MST.024

FL1-H

p=3 051130 MS1.032
«

vouns

Counts
0 20 40 60 80100

LOuns

CDS8+

051020 MST.016

10 10 10
FL2-H

050928 MST.010

200

10 101 10™ 10

FL2-H
8 051020 MST.010
o
©
=]
*g ©
o
8 <
o
[8Y]
o

Percentage %
I (2]
o o

N
o

o

Ratio
1.5 -

OControl odSham-HIFU mHIFU

CD3+ CD4+ CD8+

CD4+/CD8+





OPS/images/fimmu.2022.1064047/fimmu-13-1064047-g006.jpg
PD-L1(63.86%) PD-L1(26.11%)

PD-L1(38.53%)

T

EPI-GEL (L) EPI-GEL-PD-L1

WL CONTROL

PD-L1(32.69%) PD-L1(20.37%)

EPI-GEL (R) EPI-GEL-PD-L1

R)

1 CD3+CD8+PD-1+(37.13%)

CD3+CD8+PD-1+(84.86%)

Tumor 1 1
S (N Mot oo moe I
EPI-GEL-PD-L1 (R)
CD3+CDB+PD-1+(21.83%) 9 CD3+CD8+PD-1+(10.14%)
Blood

EPI-GEL (R)

EPI-GEL-PD-L1 (R)

®
(=]

— U S
R —
. 60
=)
-
3' 40
.
S 20
0
WV
\O \\)\529
M & O
\,90 \,0 ()
,0(0
&
100

Tumor %CD3+CD8+PD-1+

(3.
o
>
&l

[2] »
o o

%PD-L1(R)
S

40

Blood %CD3+CD8+PD-1+






OPS/images/fimmu.2023.1155229/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.1064047/fimmu-13-1064047-g005.jpg
CONTROL

EPI-GEL CONTROL EPI-GEL

B
1500
) -~ EPI-GEL-PD-L1(L)
- EPI-GEL-(L)
S
Eoons ) - PD-L1-(L)
= /i s
: Lol CONTROL(L)
5 r s |3
> 500 - i
4 31
g
=
(o3
-e— EPI-GEL-PD-L1(R)
1000
EPI-GEL-(R)
—&— PD-L1-(R)
—~¥— CONTROL(R)

Tumor Volume (mm?®






OPS/images/fimmu.2023.1172362/table1.jpg
Age

69
69
55
48

76

Primary tum

HCC
HCC
HCC
pancreatic cancer
Ppancreatic cancer

rectal cancer

Group
‘ RFA
‘ MTT
‘ MTT

‘ RFA

‘ MTT

‘ MTT

Systemic therapy previously
no
no
no
yes
yes

no

Lesion num
1

1

Diameter (cm






OPS/images/fimmu.2022.1064047/fimmu-13-1064047-g004.jpg





OPS/images/fimmu.2023.1172362/fimmu-14-1172362-g007.jpg
CDSTeff I ~ CDSTeff 2  CDSTeff 3

HCC1 28d B PC1 28d

wwwww A SANA
\ 4 /
\ / \ i *// \\ // \
Naive Cytoto;;icity Naive Cytotoxwlty

T ‘K’LE"T‘,. e \‘\
PNl N | / \ 1 /J\

/ | i , i
; // % N j // \t ' / \\

MTT

HCC2 28d D HCC3 28d

CosTerr 1 CcosTerm 2 CpsTer 3

) ‘Ay Lt

CDSTerr 4 CDRTILS

CDSTeT 1 CosTerm 2 CD8Tern 3

AL

© 1 costers  costens

TAVAN

B

\

Naive Cytotoxicity Naive Cytotoxicity
//' \\ B % BT, ‘ 2 e
/ A 3 | R VoY R
/ N / \\
y ¥ 4

PC2_28d F RCI1_28d

CosTerr 1 cosTem 2 CosTerr 3

W WY

CSTl4 CDRTIS

Ny

i \r
’ i

CDSTET4  CDTers

¥
!

|

Naive Cytotoxicity Naive Cytotoxicity





OPS/images/fimmu.2022.1064047/fimmu-13-1064047-g003.jpg
>

Tumor Inhibition Time (Days)

15

10

*kk

Fkkk

o 300

0 5 10 15
Time (days)

XEAE

L

20

EPI-GEL
EPI-GEL-SEQ
IOD-EPI
CONTROL





OPS/images/fimmu.2023.1172362/fimmu-14-1172362-g006.jpg
UMAP_2

cD8Teff 5
CcD8Teff_4
cosTeff 3
cD8Teff 2
cD8Teff_ 1

SRP-dependent cotranslational protein targeting to membrane-
cotranslational protein targeting to membrane

nuclear-transcribed MRNA catabolic process, nonsense-mediated decay
protein targeting to ER

establishment of protein localization to endoplasmic reticulum

protein localization to endoplasmic reticulum

viral ranscription-

transiational iniation

viral gene expression

Nuclear-transcribed MRNA catabolic process:

eytosolic ribosome
ribosomal subunit

ribosome:

eytosaolic arge ribosomal subunit-
large ribosomal subunit-

cytosolic small ribosomal subunit
smallribosomal subunit-

focal adhesion-

polysomal ribosome
cell-substrate junction-

Modulel

ED

structural consiituent of ribosome
TRNA binding:
MRNA 5-UTR binding:
ubiquitin-protein transferase regulator activty-
transiation regulator activity
cadherin binding
55 rRNA binding
peplidase activator activity involved in apoptotic process.
cysteine-type endopeplidase regulator activty involved in apoptotic process
peptidase activator activity
o

o2

04
GeneRatio

[

n

Count
X
@«
@«

CDS8Teff 3

os
Module 1 vosuer
oa
oz
o3
wosues [0
o
Module 4| e
o
oases
oo
oie?
oases
osses
ossero
voaers
oaser2
g 8 g 8 g
z 5 2 g H
Modlue4
o of emopiss C
‘esponse o unfoded protei Y
Tesponse o ondopiasmic rtulm 705>
cohias esponse 0 sl simote |
Tequiaton ofanscrption o RNA polmerae | rometer i respanse o s | .
et of ONA et vaerpon  esore 0 s
response to topologically incorrect poteln | °
endopias retcuu unoided praen response | -

response (0 glucacoricold
cellular response to extracellular sumulus |

RNA polymerase I ranscrptin requiaor complex | @ B

O inding ransrpionfacor ining | i

DN binding ranscrpon acttor sty RNA poymerase 1. 5pecc |

DA bindng anscrpion acveor aciviy |

it prten gas binng

il ke prote gase inding

acvatng vancrion octrbinding

tcded proton bng| &
et shock proen Bining | &

RNA polmerasel-seci DA Hinding ansepionfacor bnding | @
honugeoproten compex g

padust P

001

0lo 0is 020

Module6

viral genome replication | ®

positive regulation of lymphocyte activation o
positive regulation of B cell activation| ® padust
positve regulation of leukocyte activation
positive regulation of cell activation o oo
regulation of B cell activation ®

003

T cell activation [ |
0025

calcium-mediated signaling | ®
positive regulation of T cell activation ®
positive regulation of leukocyte cell-cell adhesion | ®

external side of plasma membrane [ ) 8

020 022 024
GeneRatio






OPS/images/fimmu.2022.1064047/fimmu-13-1064047-g002.jpg





OPS/images/fimmu.2023.1172362/fimmu-14-1172362-g005.jpg
A

HALLMARK_TNFA_SIGNALING_VIA_NFKB
0.20
o
§ 016 -
= RFA
0.12:
0d 3d 7d 28d
HALLMARK_INTERFERON_GAMMA_RESPONSE
0.25:
o I MTT
o
020 RFA
=
0.15:
0d 3d 7d 28d
MTT
28d .
Average Expression
7d LE
0
%05
3d P.svfzm Expressed
o0
0d
PIK3R1
RFA
28d
Average Expression
7d : R
o0
s
3d P;erg;m Expressed
o
0d L

PIK3R1

HALLMARK_INTERFERON_ALPHA_RESPONSE

; 0.20: MTT
0d 3d 7d 28d
antigen binding
g 0.14 I MTT
13 RFA
- |
0.08
0d 3d 7d 28d
GIMAP4

Expression

GIMAP7

Expression

S100A11

Expression

MTT
RFA

MTT
RFA

MTT
RFA





OPS/images/fimmu.2022.1064047/fimmu-13-1064047-g001.jpg
A549 Live cells

1.2

0.8

0.6

0.4

0.2

EPI

—~e—EP-GEL-D1

EPI-GEL-D2

o~ EPI-GEL-D3

EPI-GEL-D4

—~e—EPI-GEL-D5

NC

100nM 200nM 400nM 800nM 1.6uM 3.2uM 6.4uM 12.8uM

concentration





OPS/images/fimmu.2023.1172362/fimmu-14-1172362-g004.jpg
A
MTT_3d vs RFA_3d

MTT_7d vs RFA_7d

iﬁ
=y
, Fatty acid metabolism

=
G2M Checkpoint ———
===

MTT_28d vs RFA_28d

EES— FN-y  TNF-a
R IFN-a
( PI3K-Akt-mTOR

NT-B Catenin

Angiogenesis

tiaue o GSVAscore

D

G

MTT_3d vs MTT_0d

mTORC1

IFN-ot
:(IFN—V

— Y pI3K-Akt-mTOR

tvalue of GSVA score

E
MTT_7d vs MTT_3d

TNF-a
IFN-y

<«

mTORC1

oGSV st

RFA_3d vs RFA_Od

B

{value of GV score

MTT_28d vs MTT_7d

TEN —a
IFN-y

PI3K-Akt-mTOR

mTORC1

{1
tvalue of GSVA score

RFA_7d vs RFA_3d

mTORCl)'

TNF-a

IFN-a I% i

IFN-y

mTORC1
PI3K-Akt-mTOR

el oGS st

tiabeofGSVA score

RFA_28d vs RFA_7d

[ 7
tvalue of GSVA score

lab ® up non_significant ™ down





OPS/images/fimmu.2022.1064047/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1172362/fimmu-14-1172362-g003.jpg
MTT

Chumter2 Chusters B

MTT_CD8Teff

10 15
10 15
1015

Expression changes
00 05
Expression changes

10 05 00 05

5

10 95 00 05

cellular response to interferon-gamma
response to interferon-gamma

type I interferon signaling pathway{ ® Count p-adjust
cellular response to type | interferon
Clustera Cluster 5 Cluster 6 response to type | interferon{ ® ® 55
response to virus

negative regulation of immune system process
regulation of hemopoiesis

positive regulation of cytokine production

T cell activation

0.150 0.175 0.200 0.225 0.250
GeneRatio

15

Time Time

001

w
®

0.02

10
1015

0.03

00 05 10

Expresin changes
Exressin changes
00 05

10 05

Exressin changes

10 05

15 10 95 00 05

15
15

Time Time Time

Clster Cluster2 Clusters D MTT_CD4*Naive T cells

response to interferon-beta | ®
response to interferon-gamma [ ]

T cell receptor signaling pathway ®

immune response-activating cell surface receptor signaling pathway ‘

10 15
10 15
10

immune response-activating signal transduction
type | interferon signaling pathway
cellular response to type | interferon{ @ Count  p.adjust
defense response to virus ® 30
04 34 74 284 04 34 T4 284 L defense response to symbiont [ 5 001
Time. Time Time response to type | interferon{ ® [ Rt

£l

GTP binding. . 50

purine ribonucleoside binding
purine nucleoside binding
ribonucleoside binding
nucleoside binding

guanyl nucleotide binding
quanyl ribonucleotide binding

014 016 018 020 0.22 024
GeneRatio

a8

Expresson changes:

10 05 00 05
Expressan cranges
Expressin changes

15 -10 95 00 05

15 10 05 00 05

ER)

Cluster 5 Cluster 6 external side of plasma membrane [

15
15
15

Expresson changes
0500 05 10
Expression changes
00 05 10
Expression changes
03 00 05 10
w

15
15

15 10 05

Time Time

RFA
RFA_CDSTeff

F neutrophil degranulation |

Cluster 1 Cluster 2 Cluster 3 neutrophil activation involved in immune response {

neutrophil mediated immunity {

neutrophil activation |

myeloid leukocyte migration {

leukocyte chemotaxis {

cell chemotaxis |

defense response to bacterium {

type I interferon signaling pathway | o Count  p.adjust
cellular response to type | interferon ° s

15
10 15

]

5 00 03

Exprssion cranges

15 -10 95 00 05 10 15

Expresson changes

001

15 -10 95 00 05 10

15

secretory granule lumen

cytoplasmic vesicle lumen{

Tme vesicle lumen{

tertiary granule| ®

Cluster 5 Cluster & ficolin-1-rich granule{ ®
external side of plasma membrane {

collagen-containing extracellular matrix{ L]

extrinsic component of membrane{ ®

4
5 0.02
6 003
7

004

ES)

15

10 15

00 05 10

RNA polymerase Il activating transcription factor binding 1 ®
carboxylic acid binding{ @
activating transcription factor binding{ ®
calcium-dependent protein binding { ®
organic acid binding | ®
010 015

Expression changes
00 05

10 03

Expresin changes
Expession hanges
10 05
o

10 95 00 05 10

15
15

20 025 030 035
GeneRatio

H RFA_CD4*Naive T cells

negative regulation of viral process []

type | interferon signaling pathway- [ ]

cellular response to type | interferon [

response to type | interferon [

neutrophil degranulation

neutrophil activation involved in immune response
neutrophil mediated immunity

neutrophil activation

regulation of viral process.

negative regulation of viral entry into host cell{ @

Time Time Time

Cluster 3

15
15

10

secretory granule lumen
cytoplasmic vesicle lumen
vesicle lumen

tertiary granule lumen{ @

os 34 74 284 tertiary granule
Tme ficolin-1-rich granule
external side of plasma membrane

Cluster 5 Cluster & collagen-containing extracellular matrix
ficolin-1-rich granule lumen{ ®
ruffle{®

Expresson changes

10 05 00 05
Exprssin cranges
Expresson hanges

Count  p.adjust

15 10 05 00 05 10

s 001

(X ]
ES)

7 002

°
[
o N..
[ ]

n

10 15
10 15
1015

tumor necrosis factor receptor binding|{ @

RAGE receptor binding

tumor necrosis factor receptor superfamily BInding
carboxylic acid binding

organic acid binding

cytokine receptor binding

0s e 74 e 01 a7 2. 0 32 7a 2 integrin binding
GTP binding

purine ribonucleoside binding

Expresson changes
45 00 05
Expression changes

10 05 00 05
Expression changes

10 05 00 05

n

15
15
15

Time Time Time

015 020 025 030
‘GeneRatio





OPS/images/fimmu.2023.1172362/fimmu-14-1172362-g002.jpg
—e—RFA =o—=MTT

prolifer

MTT

60.0%
55.0%
0 50.0%
S 45.0%
=
‘5 40.0%
2
$ 35.0%
o
330.0%
25.0%
od 3d 7d 28d
B Time poit
RFA{ ® .. s e @@ o0 c 0@ @] - .
MTT{ @ . e @O o000 0@ 0 @c]ee .o .
2zl & 2sesggscesazzegkkzzease
=
D
5
0
o~
n-l
<
s
-
5
-10 -5 0 5 10
UMAP_1
F

RFA

Average Expression

lm

00

I -04

Percent Expressed

. 25
® 50
e

B3

08

06 -

04

02 -

00 -

FOXO1(27g)
FOXP1(34g) 1
NFIL3(81g)
 CREM80g)
MEF20){18g)
SP2[16g)
|FOS(30g)
EGR1{82g)
FOSB{25g)
~JunB(asg)
ATF3(127g)
BCL3(52g)
RELB(B3g)
XBP1{204g)
SPIB(S6G)
| RUNX2(15g)
SMC3(21g)
E2FT7{457g)
E2F1{1180g)
~ IRF8(580)
KLF2({10g)
HOXAT(3g)
BATF{8g)
HDAC2(176g)
| MAFB(40g)
SPI1{152g)
~ IRF2(41g)
| IRF7{102g)
STAT1(265g)
STAT2(274g)

-1

B ProliferatingTCells
B CD8NaiveT
B Treg
B GDTCells
B CD4NaiveT
B CD8Teff
G
—8—RFA —@=MTT
,, 58.00%
3 56.00%
~ 54.00%
£ 52.00%
E 50.00%
® 48.00%
© 26.00%
S 44.00%
S 42.00%
o
T 40.00%
- od 3d 7d 28d

Time Point





OPS/images/fimmu.2022.973153/table2.jpg
Variables GPC-3 positive (n = 208) GPC-3 negative (n = 70) P~ value Kappa value P value

LI_RADS 0.399 0.498 <0.001
4 15 (7.2%) 3 (4.3%)
5 175 (84.1%) 64 (91.4%)
M 18 (8.7%) 3 (4.3%)

Size (cm) 3.73+£27 44+28 0.091 - -

APHE 0.488 0.458 <0.001
Presence 201 (96.6%) 70 (100%)
Absence 7 (3.4%) 0 (0.0%)

Internal artery 0.26 0518 <0.001
Presence 47 (22.6%) 21 (30.0%)
Absence 161 (77.4%) 49 (70.0%)

Corona enhancement 0.453 0.346 <0.001
Presence 64 (30.8%) 18 (25.7%)
Absence 144 (69.2%) 52 (74.3%)

Nonperipheral “washout” 0.095 0.400 <0.001
Presence 182 (87.5%) 65 (92.9%)
Absence 26 (12.5%) 5(7.1%)

Complete capsule 1.00 0.409 <0.001
Presence 95 (45.7%) 32 (45.7%)
Absence 113 (54.3%) 38 (54.3%)

Blood products in mass 1.00 0.649 <0.001
Presence 58 (27.9%) 19 (27.1%)
Absence 150 (72.1%) 51 (72.9%)

Nodule in nodule 0.36 0.200 0.001
Presence 56 (26.9%) 23 (32.9%)
Absence 152 (73.1%) 47 (67.1%)

Mosaic architecture 0.363 0.261 <0.001
Presence 58 (27.9%) 24 (34.3%)
Absence 150 (72.1%) 46 (65.7%)

Infiltrative appearance 0.046 0.430 <0.001
Presence 28 (13.5%) 3 (4.3%)
Absence 180 (86.5%) 67 (95.7%)

Necrosis or severe ischemia 0.260 0.547 <0.001
Presence 47 (22.6%) 21 (30.0%)
Absence 161 (77.4%) 49 (70.0%)

Tumor margin 0.273 0.416 <0.001
Smooth 97 (46.6%) 38 (54.3%)
Non-smooth 111 (53.4%) 32 (45.7%)

Marked diffusion restriction 0.01 0.387 <0.001
Presence 87 (41.8%) 17 (24.3%)
Absence 121 (58.2%) 53 (75.7%)

Marked T2 hyperintense 1.00 0.436 <0.001
Presence 4 (1.9%) 1 (1.4%)
Absence 204 (98.1%) 69 (98.6%)

Fat in mass more than liver 0.037 0.268 <0.001
Presence 102 (49.0%) 24 (34.3%)
Absence 106 (51.0%) 46 (65.7%)

Fat sparing in solid mass 0.402 0438 <0.001
Presence 16 (7.7%) 4 (5.7%)
Absence 192 (92.3%) 56 (94.3%)

Iron in mass more than liver 0.373 0.378 <0.001
Presence 4 (1.9%) 3 (4.3%)
Absence 204 (98.1%) 67 (95.7%)

Iron sparing in solid mass 0.110 0.432 <0.001
Presence 34 (16.3%) 18 (25.7%)
Absence 174 (83.7%) 52 (74.3%)

HBP hypointense 0.007 0.471 <0.001
Presence 204 (98.1%) 63 (90.0%)
Absence 4 (1.9%) 7 (10.0%)

HBP Peritumoral hypointense 1.00 0.507 <0.001
Presence 67 (32.2%) 23 (32.9%)
Absence 141 (67.8%) 47 (67.1%)

Targetoid TP or HBP appearance 1.00 0.122 0.010
Presence 2 (1.0%) 0 (0.0%)
Absence 206 (99.0%) 70 (100%)

APHE, arterial phase hyperenhancement; TP, Transitional phase; HBP, hepatobiliary phase.
P* values correspond to the MRI features, and P* values correspond to the Kappa values.
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Univariate Multivariate

Variables Coefficient P value OR (95%CI) Coefficient P value OR (95%CI)
Age -0.02 0.24 1(0.9-1) - - -

Sex -0.24 0.58 0.8 (0.3-1.8) - - -
HBV infection 0 1 1(0.3-3.9) - & =
Cirrhosis -0.36 0.35 0.7 (0.3-1.5) - - -
AFP 0.69 0.06" 2(1-4.2) 0.82 0.03 2.3 (1.1-47)
(>10 ng/ml vs. <10 ng/ml)

PIVKA.IT 0.13 0.75 1.1 (0.5-2.6) - - =
(>32.5 AU/ml vs. £32.5 AU/ml)

CEA -0.15 0.73 0.9 (0.4-2.1) - - -
(>34 ng/ml vs. <3.4 ng/ml)

CA199 -0.31 0.42 0.7 (0.3-1.6) - - -
(>22 U/ml vs. <22 U/ml)

TBIL 0 1 1(0.3-3.9) - - -
(>28 pumol/L vs. <28 umol/L)

ALT -0.77 0.08 0.5 (0.2-1.1) - - -
(>50 U/L vs. <50 U/L)

AST -0.94 0.02 0.4 (0.2-0.9) - - -
(>40 U/L vs. <40 U/L)

ALB 0.64 0.14 1.9 (0.8-4.4) - - -
(>40 U/L vs. <40 U/L)

PLT 0.61 0.11 1.8 (0.9-3.9) - - -
(>100 x109/L vs. <100 x109/L)

Size (>3.0 cm vs. <3.0 cm) -0.78 0.04" 0.5 (0.2-1) -0.77 0.05" 0.5 (0.2-1)
APHE 0.25 0.54 1.3 (0.6-2.9) - - -
Internal artery -0.53 0.18 0.6 (0.3-1.3) - - -
Corona enhancement 0.29 0.48 1.3 (0.6-3) - - -
Nonperipheral “washout” 0.81 0.07" 2.3 (0.9-5.3) 111 0.01" 3(13-72)
Complete capsule 0.1 0.78 1.1 (0.5-2.3) - - -
Blood products in mass -0.04 0.92 1 (0.4-2.1) - - -
Nodule in nodule -0.28 048 0.8 (0.3-1.6) - - -
Mosaic architecture -0.27 049 0.8 (0.4-1.6) - - -
Infiltrative appearance 1.93 0.06" 6.9 (0.9-53.6) 223 0.01° 9.3 (1.8-46.4)
Necrosis or severe ischemia -0.39 0.34 0.7 (0.3-1.5) = - -
Tumor margin 0.03 0.93 1 (0.5-2.1) - - -
Marked diffusion restriction 0.98 0.02° 27 (1.2-6.1) 12 <0.01* 3.3 (1.5-7.4)
Marked T2 hyperintense 15.49 0.99 5354412.9 (0-Inf) - - -

Fat in mass more than liver 0.56 0.14 1.7 (0.8-3.7) - - -

Fat sparing in solid mass 0 1 1(0.3-3.9) - - -
Iron in mass more than liver 0 1 1 (0.1-9.9) - - -
Iron sparing in solid mass -0.78 0.09 0.5 (0.2-1.1) -147 <0.01* 0.2 (0.1-0.6)
HBP hypointense 1.84 0.14 6.3 (0.6-71.1) - - -
HBP Peritumoral hypointense 0.5 0.21 1.6 (0.7-3.6) - - -
Targetoid 13.48 0.99 712146.7 (0-Inf) = = =

"With statistic difference.
CEA, carcinoma embryonic antigen; TBIL, total bilirubin; ALT, alanine transaminase; AST, aspartate aminotransferase; ALB, serum albumin; PLT, platelet count; APHE, arterial phase
hyperenhancement; HBP, hepatobiliary phase; OR, odds ratio.
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AUC and 95% CI
Sensitivity and 95% CI
Specificity and 95% CI
PPV and 95% CI
NPV and 95% CI
ACC and 95% CI

AUG, area under the curve; 95% CI, 95% confidence interval; PPV, positive predictive value; NPV, negative predictive value; ACC, accuracy.

Internal training set

0.775 (0.694 - 0.855)
0.829 (74.8% - 89.2%)
0.564 (39.6% - 72.2%)
0.851 (77.2% - 91.1%)
0.524 (36.4% - 68.0%)
0.763 (68.8% - 82.7%)

Internal validation set

0.726 (0.558 - 0.894)
0.793 (60.3% - 92%)
0.500 (18.7% - 81.3%)
0.821 (63.1% - 93.9%)
0455 (16.7% - 76.6%)
0.718 (55.1% - 85.0%)

External validation set

0681 (0.547 - 0.814)
0.806 (68.6% - 89.6%)
0381 (18.1% - 61.6%)
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Variables

Age (year)
Sex (n, %)
Male
Female
Cause of liver disease
HBV
HCV
HBV+HCV
Alcohol
NAFLD
Autoimmune disease
Cirrhosis
Presence
Absence
BCLC stage
0
A
C
AFP (ng/mL)
PIVKA.II (AU/ml)
CEA (ng/ml)
CA199 (U/ml)
TBIL (umol/L)
ALT (U/L)
AST (U/L)
ALB (U/L)
PLT (10°/L)

All patients

539+ 117

222 (79.9%)
56 (20.1%)

253 (91.0%)
3 (1.1%)
4 (1.4%)
2(0.7%)
5 (1.8%)
11 (4.0%)

161 (57.9%)
117 (42.1%)

79 (28.4%)
184 (66.2%)
15 (5.4%)
21.2 (1.0~50143.0)
75.5 (0~75000)
2.14 (1.0~302)
163 (1~596.0)
13.9 (5.6~56.5)
30.0 (6.0~1010.0)
29.0 (13.0~723.0)
42.7 (27.2~66.5)
126.0 (5.0~470.0)

GPC-3 positive (n = 208)

529+ 117

165 (79.3%)
43 (20.7%)

193 (92.8%)
2 (1.0%)
3 (1.4%)
1 (0.5%)
3 (1.4%)
6 (2.9%)

116 (55.8%)
2 (44.2%)

6 (31.7%)
130 (62.5%)
12 (5.8%)
40.6 (1.0~50143.0)
77.0 (0~75000.0)
207 (1.0~302.0)
159 (1.0~596.0)
14.2 (5.9~56.5)
30.0 (8.0~1010.0)
29.0 (13.0~723.0)
43.1 (30.6~66.5)
129.0 (5.0~410.0)

GPC-3 negative (n = 70)

558 £ 113

57 (81.4%)
13 (18.6%)

60 (85.7%)
1(1.4%)
1(1.4%)
1(1.4%)
2 (2.9%)
5 (7.1%)

45 (64.3%)
25 (35.7%)

13 (18.6%)
54 (77.1%)

3 (4.3%)
6.73 (1.0~2484.0)
65.0 (11.0~75000.0)
2.48 (1.0~10.0)
19.5 (1.0~253.0)
13.1 (5.6~35.5)
38.0 (6.0~215.0)
35.0 (13.0~243.0)
41.9 (27.2~51.0)
116.0 (25.0~470.0)

P value

0.066
0.735

0.304

0.263

0.074

0.009
0.428
0.126
0.080
0.520
0.066
0.043
0.043
0.503

HBV, hepatitis B virus; HCV, hepatitis C virus; NAFLD, non-alcoholic fatty liver disease; BCLC stage, Barcelona clinic liver cancer stage; AFP, alpha-fetoprotein; PIVKA.IL, protein induced
by vitamin-K absence or antagonist 1I; CEA, carcinoma embryonic antigen; TBIL, total bilirubin; ALT, alanine transaminase; AST, aspartate aminotransferase; ALB, serum albumin; PLT,

platelet count.
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Patients with pathologically confirmed hepatocellular carcinoma who underwent
EOB-enhancement MRI Between January 2016 and November 2021 (n=580)

The inclusion criteria: (n=371) The exclusion criteria: (n=93)

1.Age 218years; 1. Received any prior treatment for HCC
(e.g., hepatectomy, radiofrequency
ablation and transhepatic arterial

3. With pathologically-confirmed solitary HCC; chemotherapy and embolization) (n=23);

2. Underwent curative-intent liver resection;

4. Underwent EOB-MRI within 30 days prior to 2.The MR images were of insufficient
surgery. quality for analysis (n=5);

3. With other malignant tumors than
HCC(n=9);

4. Inadequate information on
postoperative pathology report to
determine GPC-3 expression (n=56).

Eligible participants in this study (n=278)

Training dataset of the predictive "alidation dataset of the predictive
model for GPC-3 positive HCC model for GPC-3 positive HCC
(n=195) (n=83)

Analyze the evaluating efficacy of EOB-MRI features for GPC-3 positive HCC
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TKI-intolerant HCC patients who underwent MWA and
TACE (01/2019-06/2021) in our institution (n=105)

Patients who underwent MWA-TACE
combined with PD-1 inhibitor (n=48)

Excluded (n=6)
» Missing data (n=3)

* A history of other malignancies (n=1)
* Other liver-directed therapies during
study period (n=2)

Patients who underwent MWA-TACE

combined without PD-1 inhibitor (n=57)

Excluded (n=12)
* Missing data (n=9)

* Other liver-directed therapies during
study period (n=3)

Patients who underwent MWA-TACE Patients who underwent MWA-TACE
combined with PD-1 inhibitor (n=42) combined without PD-1 inhibitor (n=45)
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Experimental

Model

Mechanism Cells Mediating

Immune Effects

Pharmacological Effects on
the Cancer

Reference

Acute Myeloid In vitro
Leukemia

(AML)

Chronic In vitro
Myeloid
Leukemia

(CML)

Multiple
Myeloma

In vitro

In vitro and in colon
cancer xenografts in
vivo

Colon Cancer

In vitro and in
melanoma xenografts
in vivo

Melanoma

In vitro and in
melanoma xenografts
in vivo

Co-administration of curcumin with other agents or administration of novel curcumin formulations is denoted by *.

| STAT3 and Bcl-xL expression —

| STATS3, STAT5a and STAT5b —_
nuclear translocation

| IFN-y-induced STAT3, STAT5a

and STATSb activity

STAT] activity and nuclear

translocation - unchanged

— | JAK2, Cyclin D1 and v-Src

mRNA

JIL-6-induced STAT3 activation
(more potent than Jak2 inhibitor
AG490)

| IFN-0-induced STAT]1 activation
STATS5 activity - unchanged

| IL-6 production by cancer cells Dendritic cells,
| STATS3 activity — | PD-L1

expression in dendritic cells

1 DC-mediated induction of

effector T cells

- TAMs and MDSCs - unchanged

| TGF-B-induced Foxp3
transcription

| TGF-B-induced Treg generation
| STATS5 activity — | TGF-p and
IL-10 expression in Tregs

1 Rora expression

1 CD8+:Treg ratio within tumors
1 IEN-y release by CD8+ T cells

- intratumor CD8+ T cell
proliferation — unchanged
Leading to: | STATS3 activity
within tumor cells

* curcumin analog GO-Y030 was
used

Treg and CD8+
effector cells

1 86 kinase activity in Treg Treg
1 Glutl and HK1 — | Treg

glycolysis

| ATP production — | Treg

oxidative phosphorylation

1 ROS production in Treg

Th17 differentiation - unchanged

* curcumin analog GO-Y030 was

used

- cell cycle arrest in GO/G1

| proliferation

1 apoptosis

* alone and synergistically with
thalidomide

| Proliferation (including of
dexamethasone-resistant cells)
Cell viability - unchanged

- tumor volume in xenografts -
unchanged with curcumin alone

* synergized with anti-PD-L1
inhibitors to reduce tumor volume in
xenografts

1 tumor cell apoptosis

1 tumor volume

* curcumin analog GO-Y030 was
used

| melanoma glycolysis and lactate
production

1 efficacy of anti-PD-1 checkpoint

| Treg function

| tumor burden in xenografts in vivo
* curcumin analog GO-Y030 was
used

inhibitors in:

(274)

(275)

(273)

(270)

(264)

(267)
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Experimental Model Mechanism Cells Mediating ~ Pharmacological ~ Reference

Immune Effects Effects on the
Cancer
Chronic Myeloid In vitro, CML patient | JAK2 phosphorylation — | STAT3 and 1 apoptosis (242)
Leukemia (CML) samples and in multiple Akt activity | proliferation
myeloma xenograft in vivo | p38 — 1 JNK activity and Erk inhibition
of Ber/Abl
Leading to: | Ber/Abl expression and
phosphorylation
Multiple In vitro and in multiple - binding to 67-LR 1 apoptosis (243)
Myeloma myeloma xenograft in vivo — 1 Akt-dependent activation of NOS | tumor volume in
— 1 cGMP Vivo - synergistic
— 1 PKC3-dependent activation of acid effects with vildenafil*
sphingomyelinase 1 xenograft mouse
- no effects on normal peripheral blood survival

mononuclear cells

Breast Cancer In vitro and in breast | STAT3 and NF-B activity in MDSCs MDSCs, CD8+ and 1 MDSC-mediated (240)
cancer xenografts in vivo | Arg-1, p47, gp91, IL-6, IL-10, TGF-B, CD4+ T cells tumorsuppression
GM-CSF and nitric oxide in MDSCs 1 apoptosis
1 MDSC apoptosis | metastasis
| MDSC proliferation | tumor growth

— | MDSC numbers
Leading to: 1 CD4+ and CD8+ T cell
numbers within tumors

Colon Cancer Patient samples and colon | STAT3 in patient-derived neutrophils Neutrophils 1 invasion and (239)
cancer cell lines in vitro — CXCLS8, myeloperoxidase, citrullinated migration of colon
histone H3 in patient-derived neutrophils cancer cells
— inhibited neutrophil extracellular trap
formation
Non-Small-Cell In vitro and in NSCL - inhibited STAT1 and Akt activity T cells | tumor growth in (241)
Lung Cancer xenografts in vivo — | IFN-y- and EGF-induced PD-L1 mouse xenografts
(NSCL) expression in NSCL
— 1 IL-2 expression by effector T cells
Leading to:
1 intratumor effector T cell infiltration and
activation
Radiation- In vivo | TNF-o, IL-6, homocysteine and amyloid —_ —_ (237)
induced B in plasma
hippocampal - rescued radiation-induced loss of
injury glutathione peroxidase and glutathione

reductase activities in the hippocampus
- restored dopamine and serotonin levels
— protected against radiation-induced
DNA damage and apoptosis in the
hippocampus and dentate gyrus

Radiation- In vivo 1 Nrf2-mediated transcription of Slc7A11, —_ — (238)
induced intestinal HO-1 and GPX4
epithelial damage 1 Lgr5 intestinal stem cell numbers

| radiation-induced DNA damage,
apoptosis and lipid peroxidation

— ameliorated radiation-induced intestinal
pathology

— 1 mouse survival

— In vitro - binding to 67-LR Dendritic cells _ (232)
— } LPS-induced MAPK and NF-xB
activity
| IL-1P, IL-6, TNF-0. secretion
1 tollip expression — inhibition of TLR4

signaling
| dendritic cell maturation
— In vitro and in vivo 1 iINOS, COX-2, TNF-0. — | M1 Macrophages —_ (234)
macrophages
1 IL-10, Arg-1, Ym-1 — 1 M2
macrophages

— 1 Ml-to-M2 macrophage polarization
| IL-1B in serum
1 IL-10 in serum

—_ Primary T cells in vitro 1 Erk and JNK activation T cells —_ (235)
— AP-1 DNA binding activity
— | IL-2, IL-4, TNF-0,, IFN-y production
by activated T cells
P38 - unchanged

Synergistic effect of EGCG with vildenafil is denoted by *.
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EGCG mouthwash, 3
+ 3 dose escalation
design, starting dose -
300 UM EGCG
(maximum dose =
2200 uM EGCG)

Three arms

A. Curcumin gel
B. HRP Plus gel
C. Placebo gel

Topical, self-
administration of
3pumps of gel over the
radiation area, 3xdaily
Duration: radiotherapy
start — 1week post-
cessation of
radiotherapy

Curcumin C3
Complex patented
formulation (500mg
curcuminoids/capsule),
oral, 4capsules, 3x
daily

Duration: radiotherapy
start — 1week post-
cessation of
radiotherapy

Patented formulation
of nanocurcumin,
80mg per day, oral or
placebo for the
duration of
radiotherapy.

Curcumin mouthwash
(0.1%) or
Benzydamine (0.15%)
mouthwash, 10ml 3x
daily for

duration of
radiotherapy + follow
up (6-7 weeks)

86 vs. 39 - placebo

controls

43 vs 42 - placebo
controls

28 inarm A vs 27
in arm B vs 28 in
arm C

22 EGCG
concurrent with
chemoradiation
therapy vs 29
EGCG concurrent
with definitive
therapy

111 vs 54 —
placebo controls

20 total patients;
no controls

59 in Arm A vs 58
in Arm B vs 52 in
Arm C

283 vs 295 -
placebo controls

15 vs 14 placebo -
controlled

8vs9-
benzydamine
treated controls
completed all
follow-ups

33 vs 35-
benzydamine
treated controls
completed at least
one follow-up

Bold is utilized to highlight and identify the natural biomolecules and derivatives that were utilized in the particular clinical trial.

| severity and
incidence of radiation-
induced abdominal
injury

- delayed injury onset
- Safe and well-
tolerated with no
major adverse
reactions

| TGF-B1, SICAM-1
| radiation-induced
lung injury severity

and incidence

1 Lung capacity

EGCG | radiation-
induced esophagitis

- Effect of EGCG
administered at the
onset of radiotherapy
was the most
pronounced

| radiation-induced
side effects

| radiation-induced
pain that did not
rebound after
treatment cessation
1 Tumor response

| radiation-induced
damage incidence and
severity

| radiation-induced
mucositis severity and
duration - effect
persisted after EGCG
treatment was
discontinued

- maximum tolerated
dose of EGCG mouth
wash - 2200uM

- recommended dose
for phase II - 1760uM

Curcumin |
Radiation-induced
dermatitis severity and
pain only in patients

with breast field
separation >25cm

No change in
radiation-induced
dermatitis and pain in
the rest of patients

No change in
radiation-induced
dermatitis severity or
onset

| radiation-induced
mucositis severity

- Both curcumin and
benzydamine
mouthwash were
effective in preventing
severe radiation-
induced oral mucositis
- Curcumin
mouthwash was also
able to delay mucositis
onset

- Both were safe and
tolerable.

(112)

(113)

(114)

(115)

(116)

(117)

(118)

(119)

(120)

(121)
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racteristic

Group A (n = 25)

Univariate analysis

Group B (n = 78)

Multivariate analysis

HR (95% ClI) HR (95% CI) p-value
Age, years
<60 Reference Reference
>60 1.189 (0.674-2.032) 0.573
Sex
Female Reference Reference
Male 1.555 (0.925-2.756) 0.112
Tumor size (cm)
2-4 Reference Reference
>4 0.778 (0.496-1.298) 0.331 1.756 (0.956-1.327) 0.024
Tumor location
Head Reference Reference |
Body/Tail 0.956 (0.628-1.414) 0.753
PS
0 Reference Reference
1 0.678 (0.325-1.425) 0.687
2 0.965 (0.456-2.105) 0.896
CA 19-9 (U/ml)
<37 Reference Reference
>37 2.105 (1.015-4.356) 0.035 1.976 (0.945-3.975) 0.079
Preoperative therapy
Hepaticojejunostomy Reference Reference
Gastrojejunostomy 0.668 (0.279-1.582) 0.367
Cholecystectomy 0.769 (0.285-1.689) 0.516
Chemotherapy before IRE
Gemcitabine Reference Reference
S-1 0.685 (0.308-1.527) 0.355
FOLFIRINOX 0.691 (0.320-1.490) 0.345
PD-L1 expression, n (%)
Positive Reference Reference
Negative 0.689 (0.318-1.489) 0.352
Unknown 0.691 (0.252-1.614) 0.381
PD-1/L1 blockade, n (%)
Camrelizumab Reference Reference
Toripalimab 0.965 (0.725-1.268) 0.811
Nivolumab 1.014 (0.774-1.337) 0.918
Pembrolizumab 0.477 (0.278-1.082) 0.085
Atezolizumab 0.676 (0.267-1.590) 0.381
Treatment
[ IRE-+chemotherapy Reference Reference
IRE+chemotherapy+PD-1/PD-L1 blockade 0.446 (0.239-0.780) 0.005 0.459 (0.248-0.824) 0.006

IRE, irreversible electroporation; PES, progression-free survival; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; HR, hazard ratio; CI, confidence interval; PS,

performance status; CA19-9, carbohydrate antigen 19-9.
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Characteristic Group A (n = 25) Group B (n = 78)

Univariate analysis Multivariate analysis
HR (95% CI) HR (95% CI)
Age, years
‘ <60 Reference Reference
>60 0.756 (0.238-0.968) 1263
Sex
I
Female Reference Reference
Male 0366 (0.210-0.637) 0.568

Tumor size (cm)
2-4 Reference Reference
24 1.022 (1.001-1.043) 0.045 1.002 (0.951-1.055) 0.949

Tumor location

Head Reference Reference
Body/Tail 0.656 (0.321-1.575) 0.385
PS
J =
0 Reference Reference
1 1.004 (0.998-1.01) 0.213
2 0.956 (0.453-2.085) 0.941

CA 19-9 (U/ml)

<37 Reference Reference
>37 1.021 (0.095-1.024) 0.017 0.361 (0.142-1.015) 0.062

Preoperative therapy

Hepaticojejunostomy Reference Reference
Gastrojejunostomy 0.925 (0.625-1.417) 0.768
Cholecystectomy 1.125 (0.476-2.718) 0.754

Chemotherapy before IRE

Gemcitabine Reference Reference
S-1 0.685 (0.308-1.527) 0.355
FOLFIRINOX 0.623 (0.256-1.424) 0.256

PD-L1 expression, n (%)

Positive Reference Reference
Negative 0.622 (0.309-1.435) 0.224
Unknown 0.826 (0.456-1.485) 0.525

PD-1/L1 blockade, n (%)

Camrelizumab Reference Reference

Toripalimab 0.685 (0.389-1.225) 0.225

Nivolumab 0.656 (0.245-1.428) 0.236

Pembrolizumab 0.625 (0.378-1.489) 0.356

Atezolizumab 1.465 (0.835-2.559) 0.112

Treatment

IRE+chemotherapy Reference Reference
IRE+chemotherapy+PD-1/PD-L1 blockade 2.217 (1.161-5.034) 0.018 3.605 (1.417-9.175) 0.007

IRE, irreversible electroporation; OS, overall survival; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; HR, hazard ratio; CI, confidence interval; CA19-9,
carbohydrate antigen 19-9.
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Experimental

Model

Mechanism Cells Mediating

Immune Effects

Acute
Lymphoblastic
Leukemia (ALL)

Acute Myeloid
Leukemia (AML)

Chronic
Myelogenous
Leukemia (CML)

Diffuse Large B
Cell Lymphoma
(DLBCL)

Leukemia and
Burkitt
lymphoma

Breast

Liver

Melanoma

Ovarian

Pancreatic

In vitro

In vitro

In vitro, AML
patient samples,
xenografts in vivo

In vitro

In vitro and in
DLBCL xenografts
in vivo

In vitro

Breast cancer
xenograft in vivo

In vitro

In vitro and
melanoma mouse
model in vivo

Ovarian cancer
model in vivo

In vitro

| mRNA of 20 genes involved in iron-
homeostasis (e.g. genes encoding transferrin,
transferrin receptor, lactotransferrin

| transferrin receptor

- Induction of ferroptosis in leukemia cells

1CD14highCD16~- inflammatory monocyte
numbers

| Population of CD163+/CD206+ M2
macrophages

| JAK2/STAT3 pathway activity in IL-4-treated
monocytes — 1 HLA-DR expression, 1 MCP-1
and IL-1B secretion

Leading to monocyte reprogramming to a
tumoricidal phenotype

- NE-KB and MAPK pathway activity in
monocytes - unchanged

Human primary
monocytes

- STAT3 expression in increased in AML patient
samples

|STAT3 activity

— 1 caspase 3 and caspase 8

1 Vav-1 expression in NK cells NK cells
1 ERK activation in NK cells
1 CD107a expression in NK cells

1 NK cell degranulation and activity

| STATS3 activity
— 1 LC3, PARP, cleaved caspase 3
| p62, GPX4, FTH1, XCT

1 mRNAs of proapoptotic genes in cancer cells NK cells
- Cancer cell apoptosis — unchanged

1 HLA-B (ligand of KIR on NK cells)

- TRAILRI, TRAILR2, CD48, HLA-A, HLA-C -

unchanged

- CD107a expression in NK cells - moderate

increase (not significant)

| Treg and MDSC numbers T cells and MDSCs
1 CD4+ IFN-y+ T cells — 1 T cell activation

1 TEN-y, TNF-0, T-bet mRNAs within tumor

| TGF-B mRNA within tumor

- Foxp3 & IL-10 mRNAs within tumor -

unchanged

| STAT3 phosphorylation — 1 Fas expression in
hepatocellular carcinoma cells

| TGEF- secretion by hepatocellular carcinoma
cells

1 granzyme B expression in ¥ T cells

1 in 8 T cell numbers and activity

YO T cells

| STAT3 phosphorylation but 1 STAT1 Treg, Th17 cells and
phosphorylation in melanoma cells CD8+ cytotoxic T

| MMP2 expression and activity cells

| RORYt, T-bet, GATA3, FOXP3 mRNA

| IL-10 and IL-6 — | Treg in the TME

1 IFN-y — 1 CD8+-mediated cytotoxicity in the

TME

PD-L1 levels - unchanged

1 miR-142 in CD4+ cells — | Sirtl expression T cells
1 Th differentiation from CD4+ lymphocytes
1 perforin, granzyme B, IFN-y, and CD107a Y8 T cells

expression in Y3 T cells
148 T cell proliferation and efficiency

Pharmacological ~ Reference
Effects on the
Cancer
1 Leukemia cell (80)
apoptosis

Induction of ferroptosis
in leukemia cells

1 Leukemia cell (72)
apoptosis
| Leukemia growth

| proliferation (81)
1 apoptosis

| xenograft tumor

burden

1 NK cell mediated (70)
cytotoxicity and

cytolysis

- cell cycle arrest in GO/ (82)
Gl

| proliferation

1 autophagy, apoptosis

and ferroptosis

1 NK mediated cytolysis 71)
in vitro

1 Cancer cell

susceptibility to NK cell-

mediated destruction

1 Apoptosis (73)
1 Survival

| Cancer cell

proliferation

1 Y8 T cell-mediated (75)
cytotoxicity of cancer
cells

| Treg- and Th17- 79)
mediated

immunosuppression

1 CD8+-mediated

cytotoxicity

1 melanoma apoptosis

| melanoma

proliferation and tumor

burden

| melanoma metastasis
| Treg-mediated
immunosuppression

1 T-cell medicated (78)
apoptosis

1 78 T cell-mediated (74)
cytotoxicity of cancer
cells
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Clinical
Trial Phase

Patient Characteristics

Treatment Regimen

Participants

Conclusion

REEE

Metastatic
Breast Cancer

Cervical
Cancer

Cervical
Neoplasia
(pre-cancer)

Colorectal
Cancer

Colorectal
adenoma (not
carcinoma)

Colorectal
Cancer

Breast cancer
(heathy
women with
high risk)

Breast Cancer

Bladder
Cancer

Prostate
Cancer

Colorectal
Neoplasia
(premalignant
and
malignant)

Colorectal
Adenoma (not
carcinoma)

Ovarian

Cancer

Chronic

Lymphocytic
Leukemia
(CLL)

Cervical

cancer

Colorectal

Colorectal

Pancreatic

Pancreatic

Pancreatic

Prostate

Prostate

Prostate

Locally
advanced or
metastatic
cancer

Phase T

Phase I (as
compassionate
use)

Pilot

Phase I

Pilot

Phase ITT

Phase T

Phase IT

Population-
based study

Phase IT

Phase IT

Phase IT

Prospective

Phase I

Phase IT

Cohort

Randomized
controlled

Phase IT
randomized
controlled trial

Randomized,
Controlled

Phase 1T

Phase II,
prospective

Phase IT

Phase IT

Phase II,
Controlled

Randomized,
Controlled

Phase
Controlled

Metastatic breast cancer

Metastatic breast cancer

Stage I1T and IV cervical
cancer, associated
symptomatology and no other
therapeutic options

Patients with cervical
intracpithelial neoplasia (CIN2/
3) that would undergo
resection

Patients with confirmed
colorectal carcinoma that
would undergo resection

Patients with colorectal
adenoma,primary polyps 1 < 6,
with complete poypectomy
within 6months of recruitment

Patients with colorectal cancer
after primary tumor resection

Healthy, postmenopausal
women with increased risk of
breast cancer

Breast cancer patients (952) vs
healthy controls (822)

COMT genotype was analyzed
in 589 breast cancer patients vs
564 healthy controls

Bladder cancer patients with
initial primary tumor or
recurrent disease of any clinical
stage

Patients with high-grade
prostatic intraepithelial
neoplasia and/or atypical small
acinar proliferation

Patients with prior colorectal
advanced adenomas or cancers,
> aberrant crypt foci (cancer
precursors)

Whole population screen

Patients with stage III/IV
serous or endometrioid ovarian
cancer, with debulking surgery
followed by 8 cycles of
platinum/taxane chemotherapy

Patients with CLL, Rai stage 0-
1T

Patients with Rai stage 0 CLL
and healthy controls

Patients with advanced stage
IIB-IIIB cervical cancer that
were scheduled to undergo
surgery

Patients with metastatic
colorectal cancer, stage IV
receiving standard of care
chemotherapy

Patients stage I1T who are
underwent surgery and are
receiving treatment with
chemotherapy

Patients 54-78yo with at least
locally advanced disease,
metastatic disease

Patients with advanced disease
who were not treated for at
least 6 months prior

Patients with advanced disease
who have undergone other
treatments for at least 4 weeks
before

Patients with progressing
castration resistant prostate
cancer, metastatic disease and
increasing PSA

Patients with progressing
castration resistant prostate
cancer and metastatic disease

Patients with prostate cancer
having received guideline based
therapy on intermittent
androgen deprivation for at
least 6 months and minimum 3
months of maximally low PSA.

Patients with confirmed local
or distant metastasis, no other
therapeutic option and a life
expectancy greater than 3
months

Artesunate, oral, 100/150/200
mg, for 4 + 1 weeks in
addition to standard therapy

Artesunate, oral, 100/150/200
mg, for up to 37 months in
addition to standard therapy

Artenimol-R, 1* 7 days
100mg/day, 22 days 200mg/
day, 28days at 200mg/day

Artesunate: self-administered,
intravaginal, 50-200mg/day for
5 consecutive days and 1-3

treatment cycles 2 weeks apart

Artesunate, oral, 200mg/day
for 14 days in addition to
standard therapy (N/A)

Berberine, 0,3g berberine
twice a day (total daily dose=
06 g),

Duration - 2 years

A. muricata (ethanol soluble
fraction), 300mg, 1x daily

Green tea extract capsules
(1,315 mg total catechins and
843mg EGCG and less than
8myg of caffeine), 2x daily,
duration - 12months

Polyphenon E, orally, EGCG,
800mg or 1200mg, 1x daily,
between 14-28days
transurethral resection of
bladder tumor or cystectomy

Polyphenon E (200mg
EGCG)

~65% EGCG, 25% other
catechins, less than 0.6%
caffeine, 2x 600mg daily,
duration - 6months

EGCG (150mg) - containing
decaffeinated green tea extract,
duration - 3 years

Double brewed green tea,
(639.6 + 95.7 mg/L EGCG, 5
g/L Camellia sinensis green
tea leaves), 500ml per day,
duration - 18 months

Polyphenon E, 1000mg, oral,
2x daily for 7 days of cycle 1
followed by 2000mg, 2x daily
for up to 6 month

Green tea extract, 126mg

EGCG, 3068mg green tea

leaves, 65mg caffeine for 1
month followed by 189mg
EGCG, 4602mg green tea

leaves, 97.5mg caffeine for
6months

Curcumin or placebo in
conjunction with radiotherapy,
4g daily, oral

Duration: 1 week prior to
radiotherapy - end of
radiotherapy

Curcumin

CUFOX (FOLFOX +
curcumin), 2g daily, oral
Duration: once every 2 weeks
for <12 cycles or until
progression

Curcuminoid C3

or placebo in conjunction with
chemotherapy,

500mg curcumin, daily oral,
5mg piperine Duration: 8
weeks

Curcumin

8g daily oral, in conjunction
with

Gemcitabine IV 1.000mg/m2
Duration: every week for 3 of
4 weeks plus

Curcuminoids

and soy lecithin (Meriva®),
500mg x 4 daily in
conjunction with Gemcitabine
10 mg/m2/min on days 1,8,15
Duration:28 day cycles

Curcumin 8g daily, oral
Duration: 8 weeks

Curcumin 6g daily oral for 7
consecutive days per cycle in
conjunction with

Docetaxel, 75 mg/m2 on day 1
every 21 days for 6 cycles and
pre-medication with
dexamethasone and 5mg
prednisone or prednisolone 2
x daily, orally from day 1

Curcumin 6g daily or placebo
for 7 consecutive days every 3
weeks. Docetaxel, 75 mg/m2
on day 1 every 21 days for 6
cycles with prednisone or
prednisolone 5mg x 2/day

Curcuminoids
240mg x 3 daily, oral

Liposomal curcumin
(Lipocurc) 1 x weekly for 8
cycles, starting at 100 mg/m*
over 8h for 3 weeks, increased
up to 300mg/m’ over 6h for 5
weeks

23 patients in
total; no
controls

13 patients in
total; no
controls

10 patients in
total; no
controls

28; no controls

11 vs 9-
placebo
controls

429 vs 462 —
placebo
controls

14vs 14 -
placebo
controls

Patient
stratified based
COMT
activity:

Low/
intermediated
COMT activity
— 394 vs 396 -
placebo
controls

High COMT
activity - 144
vs 141 -
placebo
controls

Breast cancer
patients (952)
vs healthy

controls (822)

20 (10 -
800mg EGCG
+10 - 1200mg
EGCG) vs 11 -
placebo
controls

48 vs 49 -
placebo
controls

19 vs 20 -
placebo
controls

309 vs 323 -
placebo
controls

16 participants
in total; no
controls

42 total
patients; no
controls

12 Rai stage 0
CLL patients

vs 12 healthy
controls

20 vs 20 -
placebo
controls

9 FOLFOX vs
18 CUFOX (3
not included in
PP population
analysis)

33vs 34 -
placebo
controls

11 total
patients —
No controls

44 total
patients —
No controls

21 total
patients —
No controls

22 total
patients —
No controls

22vs22 -
placebo
controls

38vs42 -
placebo
controls

32vs 10 -
placebo
controls

Bold is utilized to highlight and identify the natural biomolecules and derivatives that were utilized in the particular clinical trial.

- No complete or
partial remission

- Stable disease
(clinical benefit) - 10
out 15 patients

- Safe and well
tolerated with no
major adverse
reactions

- No complete or
partial remission
- Stable disease
(clinical benefit) - 12
out 13 patients

- Safe and well
tolerated with no
major adverse
reactions

- Safe and well-
tolerated with no
major adverse
reactions

| p53, EGFR, Ki-67

| tumor
vascularization

- no change in
transferrin receptor
expression

- remission to allow
for hysterectomy - 1
patient

- median remission -
6months

- 6 patients relapsed

- 4 out of 6 patients —
enrolled in 2" 28-day
treatment cycle —2"¢
remission

- 2 out 6 patients —
opted out of 2™ 28-
day treatment cycle
—death after 12 and
13 months

- Safe and well
tolerated with no
major adverse
reactions

—Artenimol-R
improved clinical
symptoms and was
demonstrated to be
safe and well-
tolerated

- Regression to CIN1
(68% of patients)

- Clearance of HPV
genotypes (47.4% of
patients)

- Safe and well-
tolerated with no
major adverse
reactions

| cancer proliferation
- apoptosis - no
change

1 Recurrence-free
survival

- Safe and well-
tolerated with no
major adverse
reactions

| recurrence of
colorectal adenoma
| recurrence of
advanced colorectal
adenoma

- Safe and well-
tolerated with no
major adverse
reactions

- Safe and well-
tolerated with no
major adverse
reactions

1 cytotoxicity against
colon cancer cells
when serum from
patients treated for 8
weeks was applied to
colon cancer cell lines

| percent
‘mammographic
density (PMD) in
women <55 years old
- PMD across the
entire age span —
unaffected

- no correlation
between COMT
activity and PMD
densitiy

Risk assessment for
the development of
breast cancer

| risk in green-tea or
green-&black-tea
drinkers

- Risk in black-tea
drinkers — minor
change

1 risk in tea drinkers
with at least one allele
encoding low-COMT
activity

- Risk in tea drinkers
with high COMT
activity - unchanged

| clusterin, PCNA in
resected tissue

- no change in EGCG
pharmacokinetics
based on COMT and
UGTIA
polymorphisms

- prostate cancer rate
- no change

| diagnoses with
atypical small acinar
cells

No reduction in
aberrant crypt foci

No effect on
colorectal adenoma
recurrence

- Safe and well-
tolerated with no
major adverse
reactions

Trial terminated
prematurely due to
futility

| absolute
lymphocyte count

| lymphocytosis

| Treg

| IL-10 and TGF-B in
serum

1 survivin

1 response to therapy
— curcumin is
potentially a
radiosensitizer

No effect on
chemotherapy adverse
effects and quality of
life

-safe and well-
tolerated

1 quality of life

JESR, CRP and IL-1at
-safe and well-
tolerated

Limited compliance
due to adverse effects
and no significant
therapeutic effect

1 Disease control rate
No change in quality
of life

-safe and well-
tolerated

Minor positive
disease modification
-safe and well-
tolerated

1 Response rate
-safe and well-
tolerated

Discontinued due to
futility

No effect
-safe and well-
tolerated

Established maximum
tolerated dose for
anticancer trials
suggested at 300mg/
m? over 6h

Transient clinical
improvement

ftumor marker
response

(38)

(39)

(45)

(44)

(42)

(48)

(49, 50)

(51)

(52)

(53)

(54)

(55)

(56)

(57)

(58)

(59)

(60)

1)

(62)

(63)

(64)

(65)

(66)

(67)

(68)

(69)
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Adverse event Group A (n = 25) Group B (n = 78)

All Grade Grade 3/4 All Grade Grade 3/4

Immune related

Pruritus 6 (24.0) 0 0 0
Hypothyroidism 4 (16.0) 2(8) 0 0
Bilirubin increased . 4 (16.0) 0 0 0
ALT increased 4 (16.0) 1(4) 0 0
Colitis 3 (12.0) 1(4) 0 0
Diarrhea 2(8) 0 0 0
Cough 2(8) 0 0 0
Fever 1(4) 0 0 0
Autoimmune disorder 1(4) 0 0 0
Adrenal insufficiency 1(4) 0 0 0
Fatigue 1(4) 0 0 0
Oral pain 1(4) 0 0 0
WBC decreased 1(4) 0 0 0

IRE treatment related

Pain 18 (72) 0 62 (79.4) 0
Fatigue 16 (64) I 0 45 (57.7) 0
Diarrhea 14 (56) 0 ‘ 36 (46.2) 0
Cardiac arrhythmias 12 (48) 2(8) 26 (33.3) 7 (8.9)
Hypertension 12 (48) 3(12) 36 (46.2) 9(11.5)
Pancreatitis 7 (28) 1(4) 22(28.2) 4 (5.1)
Hemorrhage 4(16) 1(4) 12 (15.3) 2(2.6)
Biliary fistula 6 (24) 0 17 (21.8) 3(3.8)
Nausea and vomiting 5 (20) 0 ‘ 14 (17.9) 0
Infection 5(20) 0 15 (19.2) 0
Fever 5 (20) 0 13 (16.6) 0
Loss of appetite 3(12) 0 8(10.2) 0
Ascites 3(12) 0 ‘ 9 (11.5) 0

[ Pleural effusion 2(8) 0 4(5.1) 0

Abdominal distention 1(4) 0 5(6.4) 0
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25) Group B (n

Age, years 0.308
<60 16 51
>60 9 17

Sex
Female 17 55 0.807
Male 8 23

Tumor size (cm) 0.337

I 2-4 14 53

>4 11 25

Tumor location 0.205
Head ‘ 19 60
Body/Tail 6 18

BS) 0.645
0 1 14
1 15 38
2 6 26

CA 19-9 (U/ml) ‘ 0.812
<37 8 28
>37 17 50

Preoperative therapy ‘ 0.829
Hepaticojejunostomy 15 48
Gastrojejunostomy 7 24
Cholecystectomy 3 6

Chemotherapy before IRE ‘ 0.731
Gemgcitabine 7 18
S-1 9 25
FOLFIRINOX 9 35
PD-L1 expression, 1 (%) 0412
Positive 6 30
Negative 2 7
Unknown 17 41

PD-1/L1 blockade, n (%)

Camrelizumab 10 0
Toripalimab 5 0
Nivolumab 4 0
Pembrolizumab 5 0
Atezolizumab 1 0

IRE, irreversible electroporation; PD-1, programmed cell death protein 1; PD-L1, programmed death-ligand 1; PS, performance status; CA19-9, carbohydrate antigen 19-9.
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Ablative

technique

Percutaneous
cryoablation

Percutaneous
cryoablation

Percutaneous
cryoablation

Percutaneous

cryoablation

Percutaneous
cryoablation

NSCLC: non-small cell lung cancer; EGFR TKI: epidermal growth factor receptor tyrosine kinase inhibitor; PES:

Multiple primary
lung cancers

Metastatic NSCLC

Metastatic lung
cancer

Advanced NSCLC

Advanced NSCLC
with EGFR
mutation

Co-adminis-
tered therapy

Immunotherapy

Camrelizumab and
apatinib

Pembrolizumab,
pemetrexed,
carboplatin

Various immune
checkpoint
inhibitors

None

EGFR TKI

Icotinib

Primary

end
point

Safety

I-year OS

Safety and
feasibility

Safety and
feasibility

PFS

Secondary
end point

Response rate

Response rate

Response rate

Antitumor
immune
response

os

12/2021

8/2023

1/2022

6/2023

8/2017

Unknown

Recruiting

Recruiting

Recruiting

Enrollement
completed

Location

Guangzhou Institute
of Respiratory
Disease

Institut Bergonié

Massachusetts
General Hospital

NYU Langone

Health

Fuda Cancer
Hospital, Guangzhou

rogression-free survival; OS: overall survival

Clinical
trial iden-
tifier

NCT04201990

NCT04339218

NCT03290677

NCT04049474

NCT02744664
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EE

Population

Ablative technique

Co-administered
treatment(s)

Significant findings in combined treatment cohorts
versus control and/or pre-treatment cohorts

Guetal,
2011 (54)

Yuanying et
al,, 2013 (55)

Lin et al,,
2017 (56)

Takaki et al.,
2017 (57)

Leppelman
etal, 2021
(58)

Feng et al.,
2021 (59)

Advanced EGFR-
mutated NSCLC

Stage IV NSCLC

Stage I1I and IV
NSCLC

Lung, colorectal,
soft tissue, and
gynecologic
malignancies

Stage IV melanoma,
NSCLC, various
malignancies

Advanced stage
NSCLC

Percutaneous cryoablation

Percutaneous cryoablation

Percutaneous cryoablation

Percutaneous cryoablation,
MWA or RFA

Percutaneous cryoablation,
SIRT, heat-based ablation,
transarterial embolization

Percutaneous cryoablation

Gefitinib

Intravenous DC-CIK
immunotherapy and/or
platinum-based
chemotherapy

Intravenous allogenic NK
cell immunotherapy

None

Pembrolizumab,
nivolumab, atezolizumab

Nivolumab

Increased partial regression (55.6% versus 27.8% with gefitinib
alone, p < 0.05). Prolonged PFS (8.4 months versus 5.2 months
with gefitinib alone, p < 0.05). Increased 1-year survival (66.7%
versus 33.3% with gefitinib alone, p < 0.05)

Longer median OS at 20 months versus 10 months (when
multimodal treatment protocol included cryoablation versus did
not include, p < 0.0001). Longer median OS at 27 months
(chemotherapy, cryoablation, and DC-CIK) compared to other
treatment groups (p < 0.001). Longer median OS at 18 and 17
months (cryoablation with chemotherapy or with DC-CIK,
respectively) versus 8.5 and 12.5 months (chemotherapy alone and
chemotherapy with DC-CIK, respectively, p < 0.001)

Post-cryoablation peripheral blood total T cell and CD8" T cell
populations increased by 1.1-fold each compared to pre
cryoablation (p < 0.05). Peripheral blood IL-2 and IFN-y increased
by 2.5 and 3.4-fold, respectively (combined treatment, p < 0.001),
and by 1.9 and 2.3-fold (cryoablation alone, p < 0.01), respectively,
compared to pre-cryoablation. Improved clinical response rates 3
months post-treatment (63.3% with combined treatment versus
43.3% with cryoablation alone, p < 0.05)

Peripheral blood CTL increased from 27.5% to 30.2% post-
ablation (p < 0.03). Peripheral blood CTL/Tregs increased from
18.8% to 21.6% post-ablation (p < 0.05). In 5/19 treated with
percutaneous cryoablation, no significant changes in peripheral
blood CTL/Tregs or CTL population.

Immunotherapy-related adverse events: 3/7 occurred in
cryoablation group (42.8%). Procedural complications greater in
the SIRT group compared to cryoablation group (93.3% vs 54.5%)

All adverse effects were manageable and no significant difference
was noted between the two groups (p > 0.05). Significantly
increased number of total T cells, CD8+ T cells and CD4+ T cells
in the cryo-nivolumab group (p < 0.05). Significant increase in IL-
2 and TNF-beta in cryo-nivolumab group compared to
cryoablation group (p < 0.05)

EGER, epidermal growth factor receptor; NSCLC, non-small cell lung cancer; PES, progression free survival; DC-CIK, dendritic cell-cytokine induced killer; O, overall survival; NK, natural
killer; RFA, radiofrequency ablation; MWA, microwave ablation; CTL, cytotoxic T lymphocyte; Treg, regulatory T cell; SIRT, selective internal radiation therapy; SCLC, small-cell lung cancer;
ORR, objective response rate; DCR, disease control rate.
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Clinical

Dosage of

Outcome

Trial Tumor type intratumoral Population
Measures
Number ICls
Nivolumab
Injectable 10mg/
L, only 1 mL Californi:
Drug: Opdivo f“'ec?:dy w Primary endpoint: PSA Ua "t:;";:nes
NCT04090775 = Completed Prostatic Adenocarcinoma Drug: Yervoy ;n),l, ) b decline Efficacy: 12 M"“h'
pilimumab: X s ichigan,
Drug: RECIST crite
Fug: cytoxan Injectable 5mg/ ! SHEns United States
mL, only 1 mL
injected.
FOLFOX
regimen - MTD
Colorectal C: Ipil b 5 Val De Marne,
NCT03982121 Withdrawn M toretc:_‘ ancer Nivolumab 1[(’; 1m:;na or Recommanded phase 2 Fa ¢ Marne,
crantae Ipilimumab OEE2 TR dose (RP2D) 1ahee
GLA-SE
Escalated dose in 'Optlmal doseof
intratumoral intratumoral
NCT03892525 | Terminated Recurr.em B-Cell Non- Sehcre?umab injection, every 3 Selicrelumabin . 4 Creteil, France
Hodgkin Lymphoma Atezolizumab Doses of Atezolizumab
weeks, for 3
les v
2 PES/OS/SAE
Cutaneous Squamous Cell Is\le(ljl ETCAfEd: > Phoenix,
NCT03889912 | Recruiting Carcinoma Cemiplimab SO0 e 61 Arizona,
. recommended dose of .
Basal Cell Carcinoma g United States
cemiplimab
Hepatocarcinoma Lung
Cancer Melanoma Renal 150mg via intra- 0s
Cancer Head and Neck ICs such as tumor fine CR rate Guanzhou,
NCT03755739 | Recruiting Cancer Pancreas Cancer . needle injection PFS 200 Guangdong,
. Pembrolizumab | ) ) L .
Ovarian Cancer Colo- in 5 min, every 3 | Duration of remission China
rectal Cancer Cervical weeks. Disease control rate
Cancer Breast Cancer
Intratumoral T ORR of intratumoral
u
Solid Tumor injection of fnfection of injected CD1c (BDCA- UZ Brussel,
NCT03707808 = Completed . autologous e 1) + myDC, avelumab, 9 Jette, Brabant,
Metastases to Soft Tissue ipilimumab and e . .
CDlc (BDCA- and ipilimumab plus iv Belgium
avelumab .
1)+ myDC nivolumab
10mg in 1 mL Changes in PD-1
Intra-lesional injection into a expression as San Francisco,
K: i S: HIV/
NCT03316274 = Completed A?g;s‘ arcoma injection of KS lesion in the determined by 12 California,
nivolumab skin, every 2 immunohistochemistry United States
weeks in lesions
Yo , 50 mg/
l()er;cl?,solu:inogn Bruasel,
NCT03233152 | Recruiting Glioblastoma Ipilimumab . PFS/OS 6 Brussels,
Opdivo, 40 mg/ .
) Belgium
4mL solution
CTCAE v.4.03) (Scale 1
Breast Cancer Head and The anti-PD-1 to 5? ) o
Neck Cancer Squamous tibody will b Preliminary Efficacy: California,
n
Cell Carcinoma . antibody wit be Control or Regression United States
. INT230-6 anti- = added .
Lymphoma Pancreatic PD:Lasitibod S — of Injected Tumors by Maryland,
NCT03058289 | Active Cancer Liver Cancer : i . y Measurement of 110 United States
anti- CTLA-4 with INT230-6 N
Colon Cancer Lung . X Length, Width and Massachusetts,
g antibody as noted in A N
Cancer Bile Duct Cancer Height United States
cohort DEC and R
Chordoma of Sacrum Determine
DEC2 —
Sarcoma pharmacokinetic
parameter
Four dose levels Bordeaux,
of ipilimumab France
will be tested in 5 Lyon, France
Metastatic Tumor Pexa-Vec dose escalation Dose Limiting Paris, France
NCT02977156 | Completed e _um o 3 Toxicities ORR/PFS/ 22 s, Hran
Advanced Tumor Ipilimumab step: 2.5mg, TTPIOS Pierre-Bénite,
5mg, 7.5mg, France
10mg, 20mg or Villejuif,
40 mg France
TTI-621
. . Monotherapy
]S:"l'd T";m‘;v[“ lMyms‘S TTI-621+ PD- Optimal TTI-621
igoiden ¥ eanoma 1/PD-L1 TTI-621 will be  delivery regimen .
Merkel-cell Carcinoma . s . California,
S Cell Carci Inhibitor TTI- given in Frequency and severity United Stat
i
NCT02890368 = Terminated quamous .e arcinoma 621 + combination of adverse events 56 nited States
Breast Carcinoma Human B - . New York,
. . pegylated with PD-1/PD- Preliminary evidence of .
Papillomavirus- Related F B 5 o United States
Nielignant Neopiasm Soft interferon-#2a L1 Inhibitor anti-tumor activity of
S TTI621 + T- TTI-621
Vec TTI-621 +
radiation
Gustave
0.3mg/kg IT
Ipilimumab IT I ilXiI:Suriab 6-months treatment- Roussy,
NCT02857569 | Active Stage II1I/IV Melanoma Ipilimumab IV ':'ect'on every 3 related grade 3-4 90 Villejuif, Val
injecti
Nivolumab 1V ) Y toxicity EFS. De Marne,
weeks
France
Starting and Ending
| . | el
NCT01672450 ~ Completed | Melanoma Piimuma s = e 12 Utah, United
and mg) IT weekly x and ending States
Interleukin-2 8 weeks measurement of
untreated lesions
Intratumourally MTD Amsterdam,
NTR6119 Active Cervical cancer Durvalumab injected DLT: the
5,10 and 20 mg s Netherlands.

progression free survival, PES, overall survival, O, serious adverse event, SAE, Objective response rate, ORR, Time To progression, TTP, event-free survival, EFS, Maximum tolerated

dose, MTD, Complete response, CR, Dose-limiting toxicities, DLTs.
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Liu SR, Xiao YY,
Le Pivert PJ, et al

Xinglu Xu,
Xiuling Li, Xin
Ye, et al

Lonny Yarmus,
Christopher
Mallow, Jason
Akulian, et al

John F
Thompson, Peter
Hersey, Eric
Wachter, et al

Sergio
Cavalheiro,
Concezzio Di
Rocco, Sergio
Valenzuela, et al

D F lerardi, M ]
S Fernandes, IR
Silva, et al

Hiroshi
Takahashi,
Fumio
Yamaguchi,
Akira Teramoto,
etal

Christian
Duvillard,
Philippe
Romanet, Alain
Cosmidis, et al

Spyridoy
Voulgaris,
Melpomeni
Partheni,
Michalis
Karamouzis, et al

K Engelmann, M
G Mack, R
Straub , et al

M T Farrés, T de
Baere, C
Lagrange, et al

Tumor type

Metastatic lymph
node carcinoma

Recurrent
mediastinal nodal
metastasis

Malignant Airway
Obstruction
Secondary to Non-
small Cell Lung
Cancer

Metastatic
melanoma

Craniopharyngiomas

Cystic
craniopharyngiomas

Craniopharyngioma
in children

Locally recurrent
head and neck
tumors

Malignant brain
gliomas

Malignant liver
tumors

Primary and
secondary liver
tumors

Agents

Ethanol-
ethiodol-
doxorubicin
emulsion

Solution (9:1)
of ethiodol

Paclitaxel

Rose Bengal

Interferon-
alpha

Interferon-
alpha

Bleomycin

Intratumoral
cisplatin and
epinephrine

Doxorubicin

Cisplatin/
epinephrine
injectable gel

Mitoxantrone

Dosage

The actual injected dose is based
on the intraprocedural CT imaging
with a maximum allowed dose of
10 ml per session

An injection-

validation-injection method with 1
mL initially injected using 22G
PTC needle

An average of 3.4 injections given
for a total dose of 1.5 mg of
paclitaxel

10% w/v Rose Bengal in saline at a
dose of 0.5 ml/cc

The number of cycles varied from
1to 9, and the total dose applied
per cycle was 36 MU

A 3 MU of IFN-0. was injected and
was repeated in alternating days
for 12 times as a cycle.

Bleomycin was administered 2
weeks postoperatively via the
Ommaya reservoir at a dose of 5
mg every other day until total dose
of 40 mg

Cisplatin (1 mg/mL)
Epinephrine (0.02 mg/mL)

(1 mL/cm3 of tumor; maximum
volume, 50 mL)

Doxorubicin 0.5 mg was
administered every 24 hours on
days 1 to 10

Liver metastases (mean volume of
42 ml with a mean of 5.1
injections)

HCC nodules (mean volume of
22.1 ml with a mean of 3.25
treatments)

10-20 mg of mitoxantrone mixed
with 0.5 ml of contrast medium

Complete response rates
of 91.7% were obtained at
12 months after therapy

Chemoablation as salvage
treatment after post-
radiotherapy relapse is
efficacious and safe

Significantly less stenosis
postprocedure

Response rate was dose
dependent,

Clinical and radiological
improvement was
achieved in 76% of the
cases

Complete reduction of
tumor size in 11 patients
The concentration of
sFasL was increased in
patients with the tumor
size reduction

The children with
excellent clinical
outcomes have no
recurrence during follow-
up from 21 to 26 years

Eight objective responses
were registered among the
14 patients

Objective radiologic
response was observed in
50% patients

Substantially higher local
therapy control rate for
HCC compared to
colorectal metastases.

No complications, no
change in 11 cases

36

31

20

11

21

14

16

15

Beijing, China

Shandong,
China

Maryland,
United States,
North
Carolina,
United States

Camperdown,
New South
Wales,
Australia

Sao Paulo,
Brazil

Sao Paulo,
Brazil

Kanagawa,
Japan

Dijon, France.

Rion, Greece.

Frankfurt,
Germany

Villejuif,
France
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Inhibitory Signal:
Lymph Node I Prevents clonal expansion

B7 CTLA-4

CTLA-4 blocker, e.g. Ipilimumab

Tumor Site Inhibitory Signal:

I Active T-Cell is turned off

PD-L1 PD-1

—~ Tumor Cell
Ablation needle

PD-L1 blocker, e.g. Atezolizumab PD-1 blocker, e.g. Nivolumab
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Identifier Phase

NCT02833233 N/A

NCT03546686 Phase 2

NCT04249167 Early Phase
1

N/A, Not Available.

Study Design

Single group assignment, open
label
Single group assignment, open
label
Single group assignment, open
label

Type of
Immunotherapy

Ipilimumab (anti-CTLA-4)
Nivolumab (anti-PD-1)
Ipilimumab (anti-CTLA-4)
Nivolumab (anti-PD-1)
Atezolizumab (anti-PD-L1)
Nab-Paclitaxel (anti-
microtubule)

Primary Outcome
Measure

Number of adverse events
Event-Free Survival

Safety and Feasibility

Estimated Study Completion
date

June 2023
June 2024

March 2025
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Parameters

Age, years, median (range)
Gender, n (%)

Male

Female

ECOG*

0

1

Liver cirrhosis, n (%)
Yes

No

Child-Pugh score

A (5-6)

B (7-9)

Etiology of HCC, n (%)
Hepatitis B
Hepatitis C

No

Differentiated degree
High

Median

Poor

No

BCLC* stage

B

C

Prior therapies
Surgery

Ablation

TACE*
Sorafenib/Lenvatinib
APF* level (ug/ml)
<20

> 20

No. (%)

59.5 (40-68)

12 (85.7)
2 (14.3)

11 (78.6)
3(21.4)

14 (100)
0

12 (85.7)
2 (14.3)

10 (71.4)
1(7.2)
3 (21.4)

3 (21.4)
7 (50.0)
2 (14.3)
2 (14.3)

2 (14.3)
12 (85.7)

4 (28.6)
14 (100)
11 (78.6)
7 (50.0)

1(7.1)
13 (92.9)

*ECOG, Eastern Cooperative Oncology Group; HCC, hepatocellular carcinoma; BCLC,
Barcelona Clinic Liver Cancer; TACE, transarterial chemoembolization; AFP, alpha

fetoprotein.
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Response Investigator assessment (%)

CR* 3(214)

PR* 4 (28.6)

SD* 4(28.6)

PD* 3 (21.4)
ORR* (CR or PR) 7 (50.0)
DCR* (CR, PR, or SD) 11 (78.6)
Median PFS*, months (95% CI)* 10.8 M (0.23.5)
Median OS*, months (95% CI) 19.3 M (2.4, 36.2)
Median DE* (range) 6.4 M(4.0, 8.9)

*CR, complete response; PR, partial response; SD,stable disease; PD, Progressive disease;
ORR, overall response rate; DCR, disease control rate; PFS, progression-free survival; OS,
overall survival; DE, duration of exposure; CI, confidence interval.
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AEs* Among patients, N=10

Diarrhea

Reactive capillary hemangiomas
Hypertension

Platelet count decreased

White blood cell decreased
AST*/ALT *increased

Total bilirubin increased
Abnormal ECG*

Hepatic failure

Gastrointestinal bleeding

*AEs, adverse events; AST, aspartate aminotransferase; ALT, alanine transaminase; ECG, electrocardiography.

Grade 2, No.

1(7.1)
1(7.1)
4(28.6)
3 (21.4)
3(21.4)
4(28.6)
1(7.1)
1(7.1)

Grade 3, No.

1(7.1)
2(14.3)

1(7.1)

Grade 4, No.

1(7.1)
1(7.1)
2 (14.3)
2 (14.3)
1(7.1)
1(7.1)
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All patients
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Factor
o-fetoprotein level
<400 ng/mL
> 400 ng/mL
Treatment method

PD-1 inhibitor with MWA-TACE
MWA-TACE
Child-Pugh class
A
B
BCLC stage
B

C

R (95% Cl)

1

1.45 (0.88-2.41)

1

5.01 (2.86-8.78)

1

247 (1.37-445)

1

1.51 (0.74-3.08)

HR, hazard ratio; Cl, confidence interval; MWA-TACE, microwave ablation and transarterial chemoembolization; BCLC, Barcelona clinical liver cancer.

0.149

< 0.001

0.003

0.257
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No. of patients overall survival (95% Cl), m

Etiology 0.424
Hepatitis B infection 72 10.0 (8.8-11.2)
Other 15 | 12,0 (10.6-13.4)

a-fetoprotein level 0.024
< 400 ng/mL 37 13.0 (11.0-15.0)
> 400 ng/mL 50 9.2 (8.4-10.0)

Treatment method <0.001
PD-1 inhibitor with MWA-TACE 42 17.0 (14.6-19.4)
MWA-TACE 45 8.5 (7.7-9.3)

Maximal tumor diameter 0.547
<10 cm 47 12.0 (9.6-14.4)
210 cm 40 ‘ 9.8 (7.5-12.1)

No. of tumors 0.513
<3 52 10.7 (9.1-12.3)
>3 35 [ 10.8 (8.7-12.9)

Child-Pugh class 0.012
A 70 10.9 (9.7-12.1)
B 17 8.0 (6.1-9.9)

ALBI grade 0.198
1 35 12.8 (9.8-15.8)
2 52 9.4 (8.1-10.7)

BCLC stage 0.076
B 15 12.0 (6.1-17.9)
[} 72 9.8 (8.3-11.3)

Extrahepatic spread 0.709
Absent 67 10.7 (9.5-11.9)
Present 20 10.9 (5.4-16.4) ‘

CI, confidence interval; MWA-TACE, microwave ablation and transarterial chemoembolization; ALBI, albumin-bilirubin; BCLC, Barcelona clinical liver cancer.
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Adverse event grade Grade 1-2

Reactive capillary endothelial proliferation 15 (35.7) 11 (26.2) 4(9.5)
Aspartate aminotransferase increase 10 (23.8) 10 (23.8) 0 (0.0)
Alanine aminotransferase increase 10 (23.8) 10 (23.8) 0 (0.0)
Total bilirubin increase 7 (16.7) 7 (16.7) 0 (0.0)
Leukocytopenia 2 (4.8) 2 (4.8) 0 (0.0)
Hypothyroidism 7 (16.7) 7 (16.7) 0 (0.0)
Hyperthyroidism 2 (4.8) 2 (4.8) 0 (0.0)
Proteinuria 4(9.5) 3(7.1) 1(24)
Nausea 5(11.9) 5(11.9) 0 (0.0)
Fatigue 6(14.3) 6(14.3) 0 (0.0)
Diarrhea 5(11.9) 5(11.9) 0 (0.0)
Hand-foot syndrome 6 (14.3) 4(9.5) 2 (4.8)
Platelet count decrease 1(2.4) 0 (0.0) 1(24)
Decreased appetite 2 (4.8) 2 (4.8) 0 (0.0)
Myocarditis 2 (4.8) 2(48) 0(0.0)
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Complication MTP group (n=42) MT group (n=45)

Hepatic artery-portal fistula 0 (0.0) 3(6.7) 0.242

New ascites 6 (14.3) 8(17.8) 0.658 ‘
Liver abscess 1(24) 0(0.0) 0.483 ‘
Segmental bile duct dilatation 1(95) i 3(67) 0.924 ‘
Hemorrhage 1(24) 2(4.4) > 0.999 ‘
Pleural effusion 2 (4.8) 2 (4.4) > 0.999 ‘

|
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Sex 0.601
Male 38 (90.5) 38 (84.4)
Female 4(95) 7 (15.6)
Age (y) 55.9 + 10.6 584 £ 11.7 0.313
Etiology 0.318
Hepatitis B infection 33 (78.6) 39 (86.7)
Other 9 (21.4) 6(133)
Tumor location 0.894
Unilobar 19 (45.2) 21 (46.7)
Bilobar 23 (54.8) 24 (53.3)
Child-Pugh class 0.232
A 36 (85.7) 34 (75.6)
B 6 (14.3) 11 (24.4)
ALBI grade 0.695
1 16 (38.1) 19 (42.2)
2 26 (61.9) 26 (57.8)
Maximal tumor diameter (cm) 88 +42 89 +42 0.910
No. of tumors 0.629
<3 24 (57.1) 28 (62.2)
>3 18 (42.9) 17 (37.8)
Portal vein tumor thrombosis 26 (61.9) 36 (80.0) 0.062
Hepatic vein invasion 10 (23.8) 12 (26.7) 0.759
Extrahepatic spread 11 (26.2) 9 (20.0) 0.493
Laboratory test
Total bilirubin level (mol/L) 13.7 £6.2 19.9 +24.3 0.104
Albumin level (g/L) 383 +49 385+44 0.859
ECOG PS 0.172
0 31(73.8) 27 (60.0)
1-2 11 (262) 18 (40.0)
BCLC stage 0.318
B 9 (214) 6(133)
Cc 33 (78.6) 39 (86.7)
o-fetoprotein level 0.073
< 400 ng/mL 22 (52.4) 15 (33.3)
> 400 ng/mL 20 (47.6) 30 (66.7)

MTP, microwave ablation and transarterial chemoembolization combined with PD-1 inhibitor; MT, microwave ablation and transarterial chemoembolization; ALBI, albumin-bilirubin;

ECOG PS, Eastern Cooperative Oncology Group performance status; BCLC, Barcelona clinical liver cancer.
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Median overall survival

(95% CI), months
—— MIPgroup  17.0 (14.6-19.4)
--L-- MT group 8.5(7.7-9.3)

Log-rank P < 0.001

0.5

Cumulative Survival

0.0
0 6 12 18 24 30
Overall survival (months)
Number at risk

MTPgroup 42 41 29 9 2 0
MT group 45 36 6 1 0 0
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Variable

Age (IQR), year
Gender— no. (%)

male

Etiology— no. (%)
HBV

HCV

Alcohol

Cirrhosis— no. (%)
ECOG-PS— no. (%)
PS=0

PS=1

Child-Pugh score— no. (%)
A

B

CNLC staging— no. (%)
la

Ib

la or IIb

Ablative modality— no. (%)
RFA

MWA

Tumor number — no. (%)
Single

Multiple

Tumor size — no. (%)
<2cm

>2cm

AFP (IQR), ng/mL

ALT (IQR), U/L

AST (IQR), U/L

TBIL (IQR), umol/L
PLT (IQR),1079/L

ALB (IQR), g/L

Experimental group (n=15)

59 (53-63)
15 (100%)

13 (86.7%)
0

2 (13.3%)

15 (100%)

7 (46.7%)
8 (53.3%)

12 (80%)
3 (20%)

5 (33.3%)
7 (46.7%)
3 (20%)

7 (46.7%)
8 (53.3%)

4 (26.7%)
11 (73.3%)

10 (66.7%)

5 (33.3%)
8.14 (3.01-20.9)
24 (15-29)
26 (21-30)
156 (12.9-25.4)
138 (86-162)
38.1 (34.3-39.4)

Control group (n=15)

60 (54-64)
15 (100%)

13 (86.7%)
2 (13.3%)
0
15 (100%)

4 (26.7%)
1(73.3%)

2 (80%)
3 (20%)

3 (20%)
12 (80%)
0

9 (60%)
6 (40%)

8 (53.3%)
7 (46.7%)

12 (80%)

3 (20%)
7.89 (3.38-30.7)
20 (13-30)
28 (21-32)
20.1 (17-26.9)
104 (74-145)
40.4 (34.9-42)

P-value

0.718

0.135

0.256

0.09

0.464

0.136

0.409

0.823
0.517
0.651
0.345
0.187
0.285

HBYV, hepatitis B virus; HCV, hepatitis C virus; ECOG-PS, Eastern Cooperative Oncology Group performance status; CNLC, China liver cancer staging RFA, radiofrequency ablation;

MW A, microwave ablation; AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBIL, total bilirubin; PLT, platelet; ALB, albumin.
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Recurrence modality Experimental groupEvents (%) Control groupEvents (%) Hazard ratio (95%CI) P-value

LTP 1(67) 6 (40) 0.088 (0.01-0.759) 0.027
IDR 3(20) 2(133) 0.722 (0.112-4.668) 0733
EM 0 0 NE NE

LTP, local tumor progression; IDR, intrahepatic distant recurrence; EM, extrahepatic metastasis; NE, not evaluated. The bolded values represent statistically significant differences.
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Year

2013

2017

2021

References Tumor

types

Yuan, Y. et Metastatic
al. (43) NSCLC

Lin, M. etal.  Advanced
(43, 44) NSCLC

Feng, J. etal.  Advanced
(46) NSCLC

Sample
size
N=21

N=60

N=64

Combined therapies

Dendritic cell-activated
cytokine-induced killer cells
(DC-CIK) immunotherapy.
Allogenic NK cell
immunotherapy

Nivolumab

Observation indicators and results

OS was 20 months, significantly longer than those who did not receive cryotherapy
atan OS of 10 months.

Combined treatment has a synergistic effect, which not only enhancing the
immune function of patients, improving the quality of life, and increasing the
response rate (RR) and disease control rate (DCR).

Combined treatment had a significant improvement in immune function and
short-term efficacy. Levels of CTCs and tumor markers CYFRA21-1 and NSE were
reduced.
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Patients

Assessed for eligibility
(n=36)

Excluded (n=18)
Treatment results of tumors were ineligible on day 30 (n=5)
Dropped out of the trial due to the epidemic(n=7)
Joined other clinical trials (n=6)

Patients enrolled
(n=18)

Excluded (n=3)
withdrew consent: refused to accept anti-PD-1 adjuvant therapy

agreed to accept TACE combined with ablation

followed by anti-PD-1 adjuvant therapy (n=15)

No recurrence (n

7 patients received four cycles and continued to follow up 1 patient received four cycles was assessed to recurrence and discontinued

1 patient received two cycles and discontinued because
3 patients were undergoing study treated at data cut-off

of severe AE 1 patient received six cycles was assessed to recurrence and discontinued
2 patients received eight cycles were assessed to recurrence and discontinued
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Year

2013

2013

2015

2015

2018

2018

2019

2020

2021

References

Pusceddu, C.
etal. (31)

Yashiro, H
etal. (32)

Moore,W.
etal. (33)

Kim, K. Y.
etal. (34)

Lyons, G. R.
etal. (35)

Gao, W. et al.
(36)

Liu, S. et al.
(37)

Das, S. K.
etal. (38)

Tezzi, R. et al.
(39)

Tumor
types

NSCLC and
metastatic
lung
malignancy

Primary lung
malignancy
and metastatic
lung
malignancy

Stage I
NSCLC

Ground-glass
opacity
(GGO)
Primary lung
malignancy
and metastatic
lung
malignancy

Stage TITB/IV
NSCLC

Ground-glass
opacity
(GGO)
Stage ITIB/IV
NSCLC

Primary lung
malignancy
and metastatic
lung
malignancy

Number
of
patients

N=32

N=71

N=45

N=1

N=42

N=22

N=14

N=45

N=20

Observation indicators and results

Technical success was 92%.

Local tumor progression occurred in 50 tumors
(23.8%). One-, 2-, and 3-year local progression-
free rates were 80.4%, 69.0%, and 67.7%, and
technique effective rates were 91.4%, 83.0%, and
83.0%.

The 5-year survival rate was 67.8%, the cancer-
specific survival rate was 56.6%, and the 5-year
progression-free survival(PFS) rate was 87.9%.

The recurrence rate was 36.2%.

Cryoablated successfully without recurrence.

The recurrence was 11.4%, 11.4%, and 38.1% at 1,
2, and 3 years after cryoablation, respectively.

The technique effectiveness of 100%. The one-
year survival rate of 81.8% and progression-free
rate of 27.8% was obtained.

Cryoablated successfully without recurrence.

PFS was 10 months. OS time was 27.5 months.

Technical success was100%.

Complication

Pneumothorax occurred in 21% cases and 3%
cases asymptomatic small pulmonary
hemorrhage,

To reduce the risk of bleeding and
pneumothorax, we removed the coaxial needle
after plugging with fibrin glue along the tract
through the sheath.

Major complications occurred in 6.4% of
patients, including two cases of hemoptysis and
a prolonged placement of a chest tube requiring
mechanical sclerosis in one patient.

No major procedure-related complications

Pneumothorax occurred in 19 cases (33.9%), 7
(12.5%) requiring a chest tube.

Twelve cases suffered from chest pain, low-
grade fever or general malaise, while four cases
had pneumothorax. And three cases with
hemoptysis and two cases with pleural effusion
were observed.

Pneumothorax occurred in 3 cases, lung volume
was compressed to approximately 5%.Blood
—stained sputum was noted in 5 cases.
Pneumothorax occurred in 17 cases (37.8%). 5
cases (11.1%) required the use of a chest tube
drainage. Intrapulmonary hemorrhage occurred
in 11 cases (24.4%).

Pneumothorax occurred in 4 cases, 3 cases
required the use of a chest tube drainage.

Follow-
up
time

6 months

15
months.

5 years

months.

4 years

Iyear

months,

19.5
months.

13
months.
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1 Cancer Research 82 2.32% United States 13312
2 Plos One 81 2.29% United States 3.752
3 Photodiagnosis and Photodynamic Therapy 70 1.98% Netherlands 3.577
4 Biomaterials 69 1.95% Netherlands 15.304
5 Nature Communications 66 1.87% England 17.694
6 Oncotarget 64 1.81% United States NA

% ACS Nano 57 1.61% United States 18.027
8 Scientific Reports 53 1.50% England 4.996
9 Oncogene 43 1.22% England 8.756
10 Proceedings of the National Academy of Sciences of the United States of America 42 1.19% United States 12.779
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1 Jibing Chen 14 Castano AP 284
2 Xianzheng Zhang 13 Agostinis P 270
3 Feifan Zhou 13 Qian Chen 246
‘ 4 Zhuang Liu 12 Dolmans DEJG] 188
5 Yang Liu 12 Siegel RL 179
6 Yu Zhang 12 Garg AD 173
% Kecheng Xu 12 Zhang Y 161
8 Bin liu 12 Wang C 159
9 Qian Chen 11 Hanahan D 148
‘ 10 ‘Wei R Chen 11 Kroemer G 141
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Characteristic

Age, median
Gender (male/female)
ECOG-PS
0
1
Tumor type
Hepatocellular carcinoma
Gallbladder carcinoma
Pancreatic cancer
Adrenal carcinoma
TNM stage
IITA
v
Distant metastases
No
Yes

Cryoablation location of the tumor

Liver
Lung
pelvic
Chest wall
Abdominal
Cryoablation method
Complete
Incomplete
Type of immune resistant
acquired resistance

primary resistance

ECOG-PS, Eastern Cooperative Oncology Group performance status.

N=9

58 (38 - 75)
8/1
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Global
NCT
Number

NCT03949153

NCT01065441

NCT02380443

NCT03546686

NCT04339218

NCT01853618

NCT03695835

NCT04707547

NCT03067493

NCT03101475

NCT03753659

NCT03864211

NCT03939975

NCT04220944

NCT04805736

NCT04156087

NCT04888806

NCT02851784

Phase

Phase
1
Phase
2

Phase
1
Phase
2

Phase
2

Phase
2

Phase
3

Phase
1
Phase
2

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Phase

Ablation
type

Cryoablation

Cryoablation

Cryoablation

Cryoablation
Cryoablation

Radiofrequency
Ablation;
Cryoablation

Radiofrequency
Ablation;
Cryotherapy

Radiofrequency
Ablation

Radiofrequency
ablation

Radiofrequency
ablation

Radiofrequency
ablation;
Microwave
Ablation

Radiofrequency
ablation;
microwave
ablation

Radiofrequency
Ablation;
Microwave
Ablation

Microwave
Ablation
Microwave

Ablation

Microwave
Ablation

Microwave
Ablation

Microwave
Ablation

Combination
immunotherapy
intervention

Nivolumab;
Ipilimumab.

AlloStim

AlloStim

Ipilimumab;
Nivolumab.

Pembrolizumab

Tremelimumab

Yervoy;
Keytruda; Leukine.

Nivolumab

Neo-MASCT

Durvalumab;
Tremelimumab

Pembrolizumab

Toripalimab

Pembrolizumab;
nivolumab; JS001.

Sintilimab
Camrelizumab

Durvalumab;
Tremelimumab.

Camrelizumab

adoptive
immunotherapy

Type of
Malignancy

Melanoma
(Skin)

Solid Tumors
Stage II, Stage
1II and Stage IV;
Breast Cancer;
Colorectal
Cancer;
Prostate Cancer;
Melanoma;
Ovarian Cancer;
Sarcoma;
Non-small Cell
Lung Cancer.

Colorectal
Cancer
Metastatic

Breast Cancer

Lung
Adenocarcinoma

Heptocellular
Cancer;
Biliary Tract
Neoplasms;
Liver Cancer;
Hepatocellular
Carcinoma;
Biliary Cancer.

Adenocarcinoma

Liver Cancer

Primary Liver
Cancer;
Hepatectomy

Colorectal
Cancer
Liver Metastases

Hepatocellular
Carcinoma

Hepatocellular
Carcinoma
Non-resectable

Hepatocellular
Carcinoma

Hepatic
Carcinoma

Breast Cancer

Pancreatic
Cancer Non-
resectable

Colorectal
Cancer
Metastatic;

Liver Metastases;
Lung
Metastases.

Hepatocellular
Carcinoma

Outcome Measures

Number of failures linked to the procedure.

The primary endpoint is the evaluation of any drug-related
toxicity associated with AlloStimTM administration as well as
the reversibility of such toxicity.

To determine the safety of increased frequency of dosing

Event-Free Survival

1-year overall survival rate

Number of Participants with Serious and Non-Serious Adverse
Events Regardless of Attribution

MyVacex immunotherapy treatment impact on late stage cancer
disease

Analysis of the number of CD8+ T

Disease free survival

Best overall immune response rate (iBOR) of lesions not treated
by ablation/radiotherapy including the extrahepatic lesions
according to iRECIST (with response confirmation)

Objective response rate (ORR) according to RECIST 1.1

Progression free survival

Adverse events

Progression Free Survival

Safety of Microwave Ablation Combined with Camrelizumab

Progression-free survival

12-month progression-free survival

Cumulative survival rates were calculated by the Kaplan-Meier
method, and comparison between Microwave Ablation and
combination treatment will be done by the log-rank test

References
(PMID)

18834631;
18565579;
18054441.

23786302;
23734882;
22075702;
21123824
18834631;
18565579;
18054441;
24777185.

30578687;
30688989;
27816492;
28923358,

232699915
16087270;
26933175;
14559842;
22353262.

24714771;
298721775
30805896;
30191038;
24561446;

33163408.
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Expert consensus on the selection of surgical treatments for HCC (2017)
Renal Mass and Localized Renal Cancer: AUA Guideline (2017)
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Minimally invasive and multidisciplinary diagnosis and treatment of
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Expert consensus on guidelines for multimodal cold and thermal
ablation of liver malignancies (2020)
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Modality

Cryoablation

Radiofrequency
ablation (RFA)

Microwave
ablation
(MWA)

Tumor type

Hepatocellular
carcinoma
(HCC)

Non-small cell lung
cancer (NSCLC)

Organ-confined
prostate cancer

Extraspinal Thyroid
Cancer Bone
Metastases

Pancreatic cancer

Recurrent thyroid
cancers

Well-differentiated
thyroid cancer (DTC)

Bone and soft tissue
tumors

Hepatocellular
carcinoma

(HCC)

Osteoid osteoma
(00)

Uterine Fibroids

Small liver colorectal
metastases

Recurrent intrahepatic
cholangiocarcinoma

(ICC)

Isolated postsurgical
local recurrences or
metastases of non-
small cell lung cancer
(IPSLROM of
NSCLC)

Liver Tumors

Pancreatic tumors

Intrahepatic primary
cholangiocarcinoma

Desmoid fibromatosis

Non-small cell lung
cancer
(NSCLC)

Cervical metastatic
lymph nodes from
papillary thyroid
carcinoma

Therapeutic outcome

360 patients with Child-Pugh class A or B cirrhosis and one or two HCC lesions < 4 cm, local tumor
progression rates at 1, 2, and 3 years were 3%, 7%, and 7% for cryoablation and 9%, 11%, and 11% for RFA,
respectively (P = 0.043). For lesions >3 cm in diameter, the local tumor progression rate was significantly lower
in the cryoablation group versus the REA group (7.7% versus 18.2%, P = 0.041).

Midterm survival after cryoablation is 77%-88% at 3 years in patients with early-stage NSCLC.

The records of 89 consecutive patients with median follow-up of 11 months (1-32) who have undergone third-
generation cryosurgical ablation indicated that, at 12 months follow-up, 94% of patients achieved BDFS using
ASTRO criteria while 70% achieved BDFS using a PSA threshold of < or =0.4 ng/mL.

16 patients with 18 bone metastases underwent percutaneous cryoablation (PCA) of oligometastatic extraspinal
bone metastases. The 1-, 2-, 3-, 4-, and 5-year local tumor progression-free survivals were 93.3%, 84.6%, 76.9%,
75%, and 72.7%.

The survival of 59 patients The median survival was 8.4 months. The overall survival at 3, 6 and 12 months
was 89.7%, 61.1% and 34.5%

15 treated lesions, 13 decreased in volume. The mean volume reduction was 50.9% (range -9.4 to 96.8%). There
were gains for symptom relief for 7 patients (63.6%) The mean follow-up was 6 months (1-14 months).

No recurrent disease was detected at the treatment site in 14 of the 16 patients treated with RFA at a mean
follow-up of 40.7 months.

47 patients were treated with RFA. Clinical success was achieved in 94% of the patients (mean observation, 22
months). Three patients with recurrent symptoms were successfully treated with repeat RFA (secondary success
rate, 100%).

In the 187 patients treated with RF ablation, overall survival rates were 97% at 1 year, 71% at 3 years, and 48%
at 5 years. Median survival was 57 months.

The overall complication rate after RFA in the treatment of Osteoid osteoma was 3%, with skin burns being the
most frequent. And the post-RFA infections being very rare.

In 32 articles about 1283 patients (median age: 42 years) treated with RFA, mean procedure time about patients
was 49 minutes, time to discharge was 8.2 hours, time to normal activities was 5.2 days, and time to return to
work was 5.1 days. At 12 months follow-up, fibroid volume decreased by 66%, HRQL increased by 39 points,
and SSS decreased by 42 points (all P <.001 versus baseline).

Among 156 RFA ablation procedures, overall survival rates were 98.0%, 69.3%, 47.8%, 25.0%, and 18.0%
(median: 53.2 months) at 1, 3, 5, 7, and 10 years. The major complication rate was 1.3% (two of 156), and
there were no procedure-related deaths.

Mean local tumor progression-free survival was 39.8 months, and the cumulative local tumor progression-free 6
month and 1, 2, and 4-year survival rates were 93%, 74%, 74%, and 74%, respectively. Median overall survival
after RFA was 27.4 months and the 6 month and 1, 2, and 4-year survival rates were 95%, 70%, 60%, and 21%,
no procedure-related deaths.

RFA was well tolerated by all patients. No procedure-related deaths occurred in all of the 20 ablation
procedures. The overall survival rates at 1 and 2 years after RFA were 92.9% and 57.0%.

Major complications occurred in 30 (2.6%) of 1136 patients, and these complications were immediate in four
patients, periprocedural in 18 patients, and delayed in eight patients. No patients had more than two
complications.

The procedure was feasible in all patients (100%). Mean ablation and procedure time were respectively of 2.48
and 28 minutes. Mean hospital stay was 4 days. No major complications were observed. An improvement in
QoL was observed in all patients despite a tendency to return to preoperative levels in the months following the
procedure.

The ablation success rate, the technique effectiveness rate, and the local tumor progression rate were 91.7% (22/
24), 87.5% (21/24), and 25% (6/24) respectively according to the results of follow-up. The cumulative overall 6,
12, 24-month survival rates were 78.8%, 60.0%, and 60.0%.

8 out of 9 patients (88.9%) showed improvement in the ECOG scale scores.100% reduction in the active foci
was observed in 2 patients. The mean tumor volume reduction was 70.4% with a SD of 24.9% from the initial
volume.

The outcomes of 35 stage I NSCLCs treated with MWA. The 1-, 2- and 3-year OS rates were 97.1%, 94.1% and
84.7%. OS and PFS for patients without local recurrence was similar to those with repeated MWA.

All 98 metastatic lymph nodes successfully treated in a single session with 100% complete ablation. The average
longest and shortest diameter of the tumors were reduced from 13.21 +5.86 mm to 6.74 + 5.66 mm (p <0.01)
and from 9.29 +4.09 mm to 4.31 +3.56 mm (p <0.01) at the final follow-up.

Reference
(PMID)

25284802

24991559

18186694

35318124

25083453
21347777
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11389223

15665226

32518986

31702440

23091175

20950977

24949685

19304921

29770302

21300500

33938645

28449467

32781871
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Benefits

Relief of pain symptoms (5)

Suitable for patients intolerant to surgery (6)
Suitable for palliative care (6)

Minimal effect on surrounding organs (7)

Suitable for inoperable patients, lung function is well preserved (12)
Suitable for palliative care (12)

Minor complications are common and most require no intervention, major
complications are rare (13)

High overall survival (16-19)
Low complications, well preserved renal function (20)

Preservation of sexual function (23, 24)
Short recovery time (25)
Complications are minor and most require no intervention (26)

IRE, irreversible electroporation; REA, radiofrequency ablation.

Shortcomings

Less security than IRE (5) but better than RFA (8)
Higher risk of complications in large tumors (9)
Inflammation of appendages (10, 11)

Pneumothorax (13)

Hemoptysis, hemothorax, pleural effusion and pulmonary
infection (14)

Cardiac arrest (15)

Pain and paresthesia (21)
The efficacy is low on >2cm tumors (16, 22)

Urinary impairment and urinary tract infections (26)
Recurrence after the first cryoablation (27)
Complications of the second ablation increased (28)





OPS/images/fimmu.2023.1094009/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1070196/fimmu-14-1070196-g005.jpg
>
(o]
(9]

P=0.0022 e~ Control
— -= PFD
4000 i P<0.0001 B0
z -= PFD a0 ——— g A -+ IRE
E 3000 + IRE T 5 L = IRE+PFD
;E,' —+ IRE+PFD £ s
2 50 —a
2 2000 5 2000 =
[-] ° -3
> > o
5 5 1000 -8
g 1000 £ £ .__l
] o 0 T T T 1
0 s Z & ] 10 20 30 40 50
) 20 40 <,°§° & ¢ e"{( Days after treatment
Days after treatment &

E F
150
Control 50 -
£ 40 § E
52 5%100
2230 )
Ed g3
:I’;ZG 82 5
2s 23
FEw &

°
o

& & L

KA





OPS/images/fimmu.2023.1070196/fimmu-14-1070196-g004.jpg
Control PFD TGF TGF+PFD

. -

h -

- -
B C D

200 -e- Control SMA

.§ = PFD 4 P=0.011  P=0.012 i P=0.032  P=0.031
SE 150 -+ TGF ® | p—| | p— | —
S o 2 S
2E -+ TGF+PFD X s H

= s 5 £3
o8 100 o S
25 g 3 3
£5 S 2 S 2
38 2
23 50 K 2
S T T 1
° ; il s

0 —_T T
0 6 12 18 24 Control ~ PFD TGF TGF+PFD 9 T .

Control  PFD TGF TGF+PFD

Time after scratch (h)





OPS/images/fimmu.2023.1070196/fimmu-14-1070196-g003.jpg
>

Relative Proliferation

SSC

1.0

s 2 =
s 8 o

CD80 positive cells (%)
N
S

CD80 (M1)

Debris

u; 87.10%
a.
=
[= ]
0
— |
1 2 9\)1 06 12 18
FSC-A FSC-A
CD206(M2)
F
__ 80
g
. F' 0.011 F’-O 0032
= 60
8
2
= 40
]
8
2 20
a
o

C P=0.012_P=0.0006
1
10
3
w
z
©
o
| T |
& Q
& i
©®
&
M2
27 ES 8.14%
Kl o
g3 -
] . ax
O e o
2 2
o o ]000%
T102 103 104 105 10° 107 102 10° 10* 105 108 107
CD11b CD11b
G

®
]

3
3

TGFB1 (pg/ml)
8 &

P—O 022 P= 0 035

Control

il

PFD Debris Debris+PFD





OPS/images/fimmu.2023.1070196/fimmu-14-1070196-g002.jpg
FoxP3 CD8

F4/80

1TGF-p

Day9

Control
ST f;" *1

A

CD8 Day2

§ 8 8

CD8 positive cell in FOV
Y
8

FoxP3 Day2
P=0.012
| —

>
o
@

FoxP3 positive
8 & 2

F4/80 positive cell in FOV

40

30

TGF-B1 positive area (%)

o /— ——

()

2 =
g 8

CD8 positive cell in FOV
N &
8 8

°

FoxP3 positive cell in FOV
]

F4/80 positive cell in FOV

N o8 oA
8 8 3

TGF-B1 positive area (%)
3

CD8 Day9

FoxP3 Day9

TGF-B1 Day9
P=0.036






OPS/images/fimmu.2022.1023983/fimmu-13-1023983-g001.jpg
20 advanced liver cancer patients
received combinational therapy

4 patients excluded
1 patient with intrahepatic cholangiocarcinoma
1 patient with hepatic metastasis from esophagus cancer
1 patient with hepatic metastasis from gastric cancer
1 patient with hepatic metastasis from olfactory neuroblastoma

16 advanced HCC patients received
combinational therapy

2 patients excluded for combiantion with apatinib/lenvatinib
and nivolumab

s

14 advanced HCC patients received
combinational therapy enrolled






OPS/images/fimmu.2023.1070196/fimmu-14-1070196-g001.jpg
G TGF-B1

CD68

E

FoxP3

CD8

TGF-p1
P

H

CD68

P=0.044

FoxP3
P

CD8

=0.08

0.024

P=0.016

)
S
L

z

s 3
g 8
g 8

2
3 S
e

wiw /118D 8ARIsod

2 o o o
8 8 & @8
® ® I «

wi /119D @AnIsod





OPS/images/fimmu.2023.1070196/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1012799/table1.jpg
HT treated vs. HT abscopal vs. HT treated vs.

control control abscopal
B7H3 F4/80 GITR
F4/80 CD14
IENYR CD45
CD44 CD27
fibronectin CD40
CD45 CD28
CD27 IFNYR
CD4 granzyme B
CD40L B7H3
CD4
GITR
CDl1c






OPS/images/fimmu.2023.1012799/fimmu-14-1012799-g007.jpg
tumor volume, mmy(3)

control

tumor volume, mm(3)

days after tumor inoculation

«XRT
~-frecze-thaw
~HT lysato

0 3 6 9o 12 8

days after tumor inoculation

XRT freeze-thaw

6 9 12 1§ 0 3 6 9 12 1§

HT lysate

6 9

12

15






OPS/images/fimmu.2022.984318/fimmu-13-984318-g003.jpg
Primary Tumor Growth - Parental
1500 1
5 &
E E
E £
o 1000 o1
°
3
S
2 s00 5
5
|5 £
]
2 F
0
O RAAPPR DR O PO RF DS
Days post-tumor inoculation
~e- Control
= XRT only
I -+ a-CTLA4 only 4
E| b+ xRT+acTLAG B
[ ~+ Pulsed XRT only i|§ s
o[ *- - Puised XRT + a-CTLA4 :
H & Delayed Pulsed XRT + a-CTLA4 ‘[

Cc D
Primary Tumor Growth - Resistant Secondary Tumor Growth - Parental Secondary Tumor Growth - Resistant
500 1500 1500
000 £ 1000 £ 1000
g g
3 3
500 5 500 5 500
5 g
= =
L o o o o e s e 0 T T T T T T T T T T T

AERXRP PRSP
Days posttumor inoculation

Control

XRT only

a-CTLA4 only

XRT + a-CTLAS

Pulsed XRT only

Pulsed XRT + a-CTLA%

Delayed Pulsed XRT + a-CTLA4

]

,_|
P

W

2P ERPEO P E PSS
Days post-tumor inoculation

Control

XRT only

«-CTLA4 only

XRT + a-CTLA4 ]

Pulsed XRT only
Pulsed XRT + a-CTLA4
Delayed Pulsed XRT + a-CTLA4

g
&

aas

ns

EEREEE)

AR @D PP DD D
Days post-umor inoculation

Control

XRT only

a-CTLA4 only

XRT + a-CTLA4

Puised XRT only i|

Pulsed XRT + a-CTLA4

Delayed Pulsed XRT + «-CTLA4





OPS/images/fimmu.2023.1073681/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.984318/fimmu-13-984318-g004.jpg
% Lymphocytes

% Lymphocytes

cDacCM# B CD4EM % CD4EM#

CD4CM %
107 —=— 4000 - 8q e 3000 -
. 7 mm Control
g 3000 é 6 8 = XRT
é 3 g 200 o CTLA4
5 2000 £ 4 2
g 3 & B XRT + -CTLA4
>
>
& 1000 3, > 1000 == Pulsed XRT
& * Bl Pulsed XRT + o-CTLA4
[
0 0
D
CD8 CM % CD8CM# CD27+ CD19+ memory B cells % CD27+ CD19+ memory B cells #
15 - 1500 15 800 .
z 8 —_ g 600
10 é 1000 ‘05 ib <
o
‘é a £ 400
5 € £
s » 500 205 >
N # 200
0 0

o
=3
=]





OPS/images/fimmu.2022.984318/fimmu-13-984318-g005.jpg
100%

3
®

8
R

0%

200

@
=]

o
=]

Clone-specific count

50

Occupied repertoire space
8
R

Clonotype counts

1-3
4-10
11-30
31-100
101 - MAX

3333333333
588588 RS
88 EEEC

CAASGTGGYKVVF, P value: 0.049

g

e B3t

P+aCTLA4 2

P+aCTLA4 3

P+aCTLA4 4

Control

a-CTLA4

XRT+a-CTLA4

Delayed Pulsed XRT+ a -CTLA4
Pulsed XRT+ a-CTLA4

150

o
=]

o
=)

Clone-specific count

80

@
o

IS
S

Clone-specific count

n
=)

CAVSRNNNNRIFF, P value: 0.036

=

e

CATGGSNAKLTF, P value: 0.053

Control

a-CTLA4

XRT+a-CTLA4

Delayed Pulsed XRT+ a -CTLA4
Pulsed XRT+ a-CTLA4

Control

a-CTLA4

XRT+a-CTLA4

Delayed Pulsed XRT+ a -CTLA4
Pulsed XRT+ a-CTLA4





OPS/images/fimmu.2022.1023983/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.990224/table3.jpg
Event

Weight loss
Decreased appetite
Nausea

Weakness

Rash

Infection
Hemorrhage

Pain
Hypothyroidism
Renal insufficiency
Abnormal hepatic function

Abnormal cardiac function

All grade

3 (33.3%)
2 (22.22%)
1 (11.11%)
1 (11.11%)
2 (22.22%)
1 (11.11%)
2 (22.22%)
5 (50.50%)
0 (0%)
0 (0%)
2 (22.22%)
0 (0%)

Gradel/2

3(33.3%)

2 (22.22%)
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1(
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Grade3/4
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Overall response, % All treated participants (n = 9)

CR 0 (0%)

PR 2 (22.22%)

SD 1 (11.11%)

PD 6 (66.67%)
Objective Response Rate 22.22%

Disease Control Rate 33.33%

PFS (mean + SD) 3.17 m (95%CI 1.25~5.09)
6-months OS, % 55.55%

RECIST, Response Evaluation Criteria in Solid Tumors; CR, complete response; PR,
partial response; SD, stable disease; PD, progressive disease.





