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Introduction

Tumor-infiltrating T lymphocytes in the tumor microenvironment are critical factors influencing the prognosis and chemotherapy outcomes. As a Chinese herbal medicine, Marsdenia tenacissima extract (MTE) has been widely used to treat cancer in China. Its immunoregulatory effects on tumor-associated macrophages is well known, but whether it regulates tumor-infiltrating T-cell functions remains unclear.





Method

We collected 17 tumor samples from MTE-administered colorectal cancer patients, 13 of which showed upregulation of CD3+/CD8+ tumor-infiltrating T cells. Further in vitro and in vivo experiments were performed to investigate the regulatory effects of MTE on tumor-infiltrating T cells and immune escape of tumors.





Results

Under single and co-culture conditions, MTE inhibited TGF-β1 and PD-L1 expression in the colorectal cancer (CRC) cell lines HCT116 and LoVo. In Jurkat cells, MTE inhibited FOXP3 and IL-10 expression, increased IL-2 expression, but had no effect on PD-1 expression. These findings were confirmed in vitro using subcutaneous and colitis-associated CRC mouse models. MTE also increased the density of CD3+/CD8+ tumor-infiltrating T cells and exhibited considerable tumor-suppressive effects in these two tumor mouse models.





Conclusions

Our findings suggested that MTE inhibits the immune escape of cancer cells, a precipitating factor increasing the immune response of T lymphocytes.
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1 Introduction

Colorectal cancer (CRC) is a common malignant neoplasm that is suitable for surgical excision in its early stages. However, recurrence still occurs in some patients, even after surgery and chemotherapy. For example, the docetaxel-5FU-oxaliplatin FLOT regimen is the standard perioperative treatment for CRC; however, its curative effect is limited by resistance (1). Tumor microenvironment plays a key role in the development of tumor resistance to the immune system and anti-tumor drugs. Patient immunity is a determining factor in the tumor microenvironment; therefore, immune regulation via adjuvant drugs improves prognosis (2). Tumor-infiltrating lymphocytes such as regulatory T cells (Tregs), tumor-associated macrophages (TAM), and cytotoxic T cells are important components of the tumor microenvironment. The immunoscore, which is the total count of CD3+ tumor-infiltrating T cells and CD8+ cytotoxic tumor-infiltrating T cells, is associated with the prognosis of CRC patients (3). Patients with high densities of CD3+/CD8+ tumor-infiltrating T cells have the lowest risk of recurrence at five years (3). Therefore, the regulation of anti-tumor drugs in tumor TME should be considered perioperatively.

Marsdenia tenacissima (Roxb.) Wight and Arn (MT), a member of the Asclepiadaceae family mainly produced in Yunnan (China), is a well-known traditional Chinese medicine used for cancer treatment. MT directly suppresses tumor growth through inhibition of the MIF/mTOR signaling to induce autophagy and apoptosis in hepatocellular cells (4). It also enhances the effects of other chemotherapeutic drugs. MT has been reported to reverse the multidrug resistance of cervical carcinoma cells to paclitaxel by inhibiting P-gp and MRP2 in cancer cells (5).

Marsdenia tenacissima extract (MTE), derived from MT, is widely used to treat cancer in China. As an adjuvant, MTE increases the anti-tumor activity of many chemotherapeutic drugs. For example, MTE combined with cisplatin significantly reduced the invasion and migration of ovarian cancer cells (6). It enhances paclitaxel efficacy in ovarian cancer by suppressing the expression of the pregnane X receptor and its downstream molecules (7). MTE also has an immune regulatory effect on the tumor microenvironment. It has been reported to enhance macrophage polarization from M2 to M1 phenotype through HDGF inhibition in non-small cell lung cancer (8). However, research on the function of tumor-infiltrating T cells in the TME remains lacking.

We evaluated the immunoregulatory effect of MTE on tumor-infiltrating T cells in CRC, using tumor tissues of patients before and after MTE treatment. Based on the preliminary findings, in vitro and in vivo experiments were performed. A co-culture system of CRC and Jurkat T cells was used to investigate the influence of MTE on the interaction between tumor and T cells in vitro. To study the effects of MTE in vivo, we used a colitis-associated CRC model induced by azoxymethane (AOM)/dextran sodium sulfate (DSS) and a CT26 cell subcutaneous tumor model in BALB/c mice. Our research innovatively focused on the immunoregulatory effects of MTE on tumor-infiltrating T cells in CRC, providing a potentially reliable theory for the improvement of prognosis by MTE treatment.




2 Materials and methods



2.1 Reagents and antibodies

Marsdenia tenacissima tablet (#Z20064221) were purchased from Suzhong Pharmaceutical Co. Ltd (Taizhou, Jiangsu, China). Marsdenia tenacissima injection (#Z20025868) were purchased from Nanjing Sanhome Pharmaceutical Co. Ltd (Nanjing, Jiangsu, China). The marsdenia tenacissima tablet is suitable for oral administration, but it is inconvenient for experimental research. The tablet and injection have the same active constituent, several forms of Tenacissosides. Human XL Cytokine Array Kit (#ARY022B) was purchased from R&D Systems, Inc (Minneapolis, MN, USA). Rabbit anti-CD3 antibody (#85061), rabbit anti-CD8 antibody (#85336), rabbit anti-PD-1 antibody (#86163) and rabbit anti-PD-L1 antibody (#13684) were purchased from Cell Signaling Technology Co., Ltd (Danvers, MA, US). Goat anti-rabbit IgG-HRP antibody (#P0615) were purchased from Beyotime Biotech Inc. Rabbit anti-FOXP3 antibody (#PB0043) was purchased from Boster Biological Technology Co., Ltd (Wuhan, Hubei, China). Rabbit anti-GAPDH antibody (#A19056) was purchased from ABclonal Technology Co.,Ltd (Wuhan, Hubei, China). Rabbit anti-TGF-β1 antibody (#abs130620), human IL-2 ELISA Kit (#abs510001), human IL-10 ELISA Kit (#abs510005), mouse IL-2 ELISA Kit (#abs520002), mouse IL-10 ELISA Kit (#abs520005), human/mouse TGF-β1 ELISA Kit (#abs552208) were purchase from Absin Biotechnology Co., Ltd (Shanghai, China). AOM was purchased from Aladdin Biochemical Technology Co.,Ltd (Shanghai, China). DSS was purchased from Shanghai yuanye Bio-Technology Co., Ltd (Shanghai, China). Phorbol 12-myristate 13-acetate (PMA) was purchased from Abcam Trading Co., Ltd (Shanghai, China). Ionomycin was purchased from Yeasen Biotechnology Co., Ltd (Shanghai, China). BCA protein quantification kit was purchased from Solarbio Science & Technology Co.,Ltd (Beijing, China). AST activity assay kit (#BC1565) and ALT (#BC1555) activity assay kit were purchased from Solarbio Life Sciences Co., Ltd (Beijing, China).




2.2 Cell lines

Human colon cancer cell lines HCT116 and LoVo, human acute leukemia cell line Jurkat T, murine colon cancer cell line CT26 were purchased from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). All cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 100μg/ml streptomycin, and 100 U/ml penicillin. Jurkat T cells were treated by 10 ml complete medium contained 50 ng/ml PMA and 1 μg/ml ionomycin in 10 cm dish for 6 h to be activated. The activated Jurkat T cells were used in following experiments.




2.3 Patients

We collected tumor tissues and serum samples from 17 patients with stage II and III CRC, diagnosed by colonoscopy. The patients were given marsdenia tenacissima tablet (2.4 g) orally, thrice a day, for two weeks according to the physician’s order. Tumor tissues were collected by colonoscopy approximately three days before taking the tablet and by surgical operation one day after taking the tablet. Sera and tumor tissues were collected at the same time points. These patients had not received other anti-tumor drugs before sample collection.




2.4 Immunohistochemistry

Colorectal tumor tissues of patients, subcutaneous tumor tissues of mice and colorectal tissues of AOM/DSS treated mice were fixed in 10% buffered formalin. After 48 h, tissues were embedded in paraffin and prepared to slices with 4 μm. Paraffin sections were incubated in 10 mM sodium citrate solution (pH 6) after deparaffinization to retrieve antigen. The sections were then incubated with primary antibody (dilution 1:200) at 4°C overnight. And next the sections were washed and incubated with goat anti-rabbit IgG-HRP antibody (dilution 1:100) for 2 h at room temperature. The color was developed by DAB substrate kits and images were captured with magnification ×200. The positve stained cells were counted using the Image-pro plus software (Meyer Instruments, Inc.; TX, USA).




2.5 Measurement of cell viability

HCT116, LoVo and Jurkat T cells were treated with MTE injection to confirm suitable concentration of MTE in the following experiments. Briefly, cells were cultured in 96-well plates with a concentration of 5×103 cells per well and treated with MTE for 48 h. CCK-8 solution was used to measure cell viability after MTE treatment. A microplate reader (Synergy HT; Bio-Tek, USA) was used to measure absorbance at the wavelength of 450nm.




2.6 Human XL cytokine array analysis

The Human XL Cytokine Array kit was used to determine the MTE-induced changes in various cytokines in Jurkat T cells. Briefly, the cells were treated with MTE for 48 h, and the supernatants were harvested and assayed for cytokines according to the manufacturer’s instructions. The levels of cytokines were quantified using the ImageJ software (National Institutes of Health, Bethesda, MD, USA).




2.7 Co-culture experiments

HCT116 or LoVo cells were cultured in 6-well plates at 1×106/well. The cells were washed with PBS, and fresh culture medium was added. Activated Jurkat T cells (1×106) were added to a transwell chamber (0.4 μm aperture), which was placed into the dishes. The indirect co-culture structure ensured the Jurkat T cells were not in contact with cancer cells. Cells and supernatants were harvested after 48 h.




2.8 Western blotting analysis

Cells were lysed on ice by RIPA buffer containing protease inhibitor cocktail and protein concentration was determined by BCA protein quantification kit. Protein were suspended in the SDS loading buffer and boiled for 10 min. Equal amounts (30 μg protein/line) of protein were resolved by a 8-10% SDS-PAGE gel and transferred onto Immobilon PVDF membranes which were then blocked with 5% skim milk. After that, the membranes were incubated with primary antibodies overnight at 4°C, and then were labeled with HRP-conjugated second antibodies for 1 h at room temperature. Immunoreactive bands were detected by incubating with HRP-conjugated goat anti-rabbit IgG secondary antibody (1:10000) and enhanced chemiluminescence reagent. The amount of the proteins was measured using ImageJ software and normalized to their respective control. Each assay was performed in triplicate.




2.9 Enzyme-Linked Immunosorbent Assay for TGF-β1, IL-2 and IL-10 detection

TGF-β1, IL-2 and IL-10 levels in the cell supernatants and patient or mice sera samples were detected using the human or mouse ELISA detection kit, according to manufacturer’s protocol.




2.10 Colitis associated CRC mouse model

A colitis-associated CRC (CAC) tumor model was established to evaluate the immunoregulatory effects of MTE on intestinal carcinoma in situ. Briefly, 4-5-week-old female Balb/c mice were purchased from Beijing Hfkbio Co., Ltd. (Beijing, China). AOM and DSS were dissolved in sterile water. AOM (10 mg/kg) was administered by intraperitoneal injection once, following which the mice drank water for seven days. Next 2.5% DSS solution was administered for seven days, followed by drinking water for 14 days, the first period of alternation between DSS and water. At the end of the fourth period, 5, 10 or 20 ml/kg MTE was administered intraperitoneally every alternate day. Only water was consumed for drinking purposes. The mice were sacrificed 14 days after dosing. The intestines from the ileocecal to the anus, liver, lungs, kidneys, spleen, and serum were collected. The length of the intestine and number of tumors were measured. Tissues were fixed in 10% buffered formalin for hematoxylin and eosin staining and immunohistochemistry. Serum samples were used for TGF-β1, IL-2, and IL-10 measurements.




2.11 Subcutaneous tumor mouse model

A subcutaneous tumor model was established to further evaluate the immunoregulatory effects of MTE in vivo. Female BALB/c mice (4-5 week-old) were purchased from Beijing Hfkbio Co., Ltd. (Beijing, China). CT26 cells (1×106 in 200 ml) were injected subcutaneously into one side of the mouse armpit. Seven days later, MTE (5, 10 or 20 ml/kg) was administered intraperitoneally every other day. The mice were sacrificed 14 days after dosing. Tumor, liver, lung, kidney, spleen, and serum samples were collected. The tumor weights were measured. Tissues were fixed in 10% buffered formalin for hematoxylin and eosin staining and immunohistochemistry. Serum was used to determine TGF-β1, IL-2, IL-10, AST, and ALT levels.




2.12 Statistical analysis

All data are represented as the mean ± S.D. One-way ANOVA analysis of variance was used to evaluate statistical differences among multiple groups, student’s t test was used to evaluate statistical differences between two groups by the GraphPad software (GraphPad Inc., San diego, CA, USA). P < 0.05 represents statistical significance difference.





3 Results



3.1 MTE regulates tumor infiltrating T lymphocytes of CRC patients

Table 1 summarizes the findings from 17 patients with stage II/III CRC who were treated with MTE before surgery. Immunohistochemistry showed an increase in the number of CD3+/CD8+ tumor-infiltrating T lymphocytes in 13/17 patients, following MTE therapy (Figure 1), implying that MTE may improve prognosis through immunoregulation. Following MTE treatment, the PD-1 expression in tumor-infiltrating lymphocytes (TILs) was unchanged, but PD-L1decreased in the tumor cells in 9 patients, suggesting a decrease in the immune escape of cancer cells by PD-L1 inhibition. MTE treatment reduced TGF-β1 expression within the tumor cells and FOXP3 expression in the TILs. These results suggest that MTE inhibits Tregs differentiation by inhibiting TGF-β1 secretion in cancer cells. Analysis of serum samples showed that most of patients have increased IL-2, and decreased IL-10 and TGF-β1.


Table 1 | Summary information for the colorectal cancer patients.






Figure 1 | Immunohistochemistry findings from tissue samples of CRC patients before and after MTE treatment. (A) Shown are the findings from one patient. Results of other 16 patients are shown in Figure S1. (B) The bar graph compares the expression of PD-1, PD-L1, TGF-β1(tumor), and FOXP3 before and after MTE treatment in all 17 patients. (C) Serum levels of IL-2, IL-10 and TGF-β1 were compared before and after treatment in all 17 patients. Cytokine concentrations were normalized against the untreated group. *P < 0.05.






3.2 MTE regulates Jurkat cell function and differentiation

The Human XL Cytokine Array studies showed that MTE treatment regulated the levels of cytokines, some of which were related to the differentiation and immune function of T lymphocytes (Figure 2A). In general, MTE upregulated the immune function of Jurkat cells. Variations in some typical cytokines related to the tumor microenvironment are shown in Figures 2B, C. DPPIV is a T-cell activation marker expressed in CD8+ T cells, and its upregulation promotes IL-2 production (9). The latter is mainly produced by activated CD4+/CD8+ T cells and promotes the T cell response to tumors (10). MTE increased secretion of DDPIV, IL-2 and IFN-γ, promoting the immune response of TILs to cancer cells. The levels of anti-inflammatory cytokines, IL-4 and IL-10, decreased after MTE treatment. IL-10 plays an immunosuppressive role by reducing IL-2 secretion (11), is related to Treg cell differentiation (12) and induces M2 polarization of TAM (13). IL-34 caused an immunosuppressive microenvironment and increased TAM infiltration in CRC (14), which was inhibited by MTE. MTE inhibits osteopontin, which is elevated in human CRC, and may function as an immune checkpoint and potent T cell suppressor (15). MTE downregulates ST2, a factor that drives Tregs to accumulate in the tumor microenvironment (16), was down regulated by MTE.




Figure 2 | Human XL Cytokine Array of 105 proteins in MTE treated Jurkat T cells. (A) The array included multiple cytokines, chemokines, growth factors and other soluble proteins in the culture supernatants. Each protein was spotted in duplicate, and three pairs of positive controls were added in the three corners (top and bottom left and top right) and a pair of negative control in the bottom right corner. (B) Images of the exposed membranes. ‘Control’ represents untreated Jurkat cells. (C) Statistical results of some proteins which relate to function and differentiation of T cells are shown.






3.3 MTE inhibits immune escape of CRC cells and regulates Jurkat T cell functions in vitro

Based on the cell viability results shown in Figure S2, HCT116 and LoVo cells were treated with 12 mg/ml and 16 mg/ml of MTE, respectively in a single or co-culture system. The same concentration of MTE was used to treat Jurkat T cells co-cultured with the corresponding CRC cells. MTE treatment inhibited PD-L1 expression in HCT116 and LoVo cells (Figure 3A). Hence, as CRC cells, both HCT116 and LoVo have immune escape ability through PD-L1, and MTE treatment decreases it. Furthermore, both HCT116 and LoVo express and secrete TGF-β1 irrespective of whether they are cultured alone or co-cultured with Jurkat T cells (Figures 3A, C), suggesting these CRC cells have an immunosuppressive effect on the TME. MTE treatment obviously decreased the expression and secretion of TGF-β1 alleviating this effect.




Figure 3 | Western blotting and ELISA of HCT116, LoVo and Jurkat T cells treated with MTE treated in single culture or co-culture condition. (A) Western blot analysis of PD-L1, TGF-β1 expression in HCT116 or LoVo cells, single cultured or co-cultured with Jurkat T cells and treated with MTE, which were labeled in top row of blots or bottom row of column chart. (B) Western blot analysis of PD-1 and FOXP3 expression in Jurkat T cells single cultured or co-cultured with HCT116 or LoVo cells, and treated with MTE, which were labeled in top row of blots or bottom row of column chart. (C) ELISA analysis of supernatants from single cultures or co-cultures. In single culture, supernatants of HCT116 or LoVo cells was used to test TGF-β1 secretion, and supernatants of Jurkat T cells was used to test IL-2 and IL-10 secretion levels.*P < 0.05, **P < 0.01.



Jurkat T cells were also affected by CRC cells and MTE treatment in the co-culture system. Co-culture with HCT116 or LoVo cells up-regulated FOXP3 expression in Jurkat cells (Figure 3B), indicating a trend to differentiate into Treg, and MTE treatment rescued this effect. Co-culture of Jurkat cells with HCT116 or LoVo cells resulted in increased secretion of IL-10 and decreased secretion of IL-2, which was reversed by MTE treatment (Figure 3C). Furthermore, PD-1 expression was not affected by co-culture or MTE treatment (Figure 3B). These in vitro results imply that MTE upregulates the immune response and reverses immunosuppression in Jurkat T cells. The western blotting results are shown in Figure S3.




3.4 MTE regulates tumor microenvironment and inhibites tumor growth in CAC and subcutaneous tumor model

As shown in Figures 4A–C, all colons of AOM/DSS-treated mice exhibited abundant tumor nodules, indicating the induction of CAC in these mice. MTE treatment decreased the number of tumor nodules and prolonged survival in a dose-dependent manner. Hematoxylin and eosin (H&E) staining showed that the bowel wall in the ‘Model’ group became thicker than in the ‘Control’ group (Figure 4D). The ‘Model’ group had severely damaged mucosa, epithelium, and crypt structure. The crypt structure and goblet cells had almost disappeared. Treatment with MTE alleviated these pathological changes. Immunohistochemistry revealed an increase in the number of tumor-infiltrating CD3+ and CD8+ T cells after MTE treatment (Figures 4E, F). MTE did not affect PD-1 expression in the TILs, but decreased it in the cancer cells. TGF-β1 expression in the intercellular space of the tumor and in the serum decreased following MTE treatment, indicating an inhibition of the immune escape of tumor cells in CAC mice. MTE treatment reduced FOXP3 expression in the TILs, inhibiting Treg differentiation in the tumor microenvironment in CAC mice. In addition, it increased the serum levels of IL-2, while decreasing IL-10 and TGF-β1 levels (Figure 4G) suggesting that MTE treatment decreases immune tolerance and promotes T cell proliferation. H&E staining and immunohistochemistry images form the other four mice are shown in Figures S4, S5, respectively.




Figure 4 | MTE treatment of CAC mice. CAC mice were generated by AOM/DSS treatment. ‘Control’ represents healthy mice that received saline but not AOM, and drank water but not DSS. ‘Model’ represents AOM/DSS treated mice. ‘LD’, ‘MD’ and ‘HD’ represent low (5 ml/kg), medium (10 ml/kg) and high (20 ml/kg) dose of MTE treatment, respectively. Scale bars, 100 μm. Data in the bar graphs are the mean ± S.D. (A) Images showing tumor nodules in the large intestines of CAC mice. The different groups of mice were compared for the (B) number of tumor nodules, (C) survival (survival days on the X-axis represents the time after dosing), and (D) H&E staining of the colons (E) Immunohistochemistry findings from the tumor nodules. The top row indicates the measured proteins. (F) Quantitation of cells with positive immunohistochemical staining. (G) Serum levels of IL-2, IL-10 and TGF-β1 measured by ELISA. Scale bar: 100 μm. The bar graphs present data as mean ± S.D. *P < 0.05, **P < 0.01.



The subcutaneous tumor model of CT26 cells exhibited results similar to those of CAC mice (Figure 5). Briefly, MTE treatment resulted in reduced tumor weight and increased survival time (Figures 5A, C, E). H&E staining of tumor samples showed the presence of high density cells with a large proportion of nucleus to cytoplasm in the ‘Model’ tumor, and an increase in the intercellular gap following MTE treatment leading to nuclear condensation (Figure 5B). Flaky necrotic tumor cells were seen in mice that received high dose MTE treatment (‘HD’). The changes in (a) CD8, PD-1, PD-L1, TGF-β1 and FOXP3 levels in the tumor nodules (Figures 5D, F) and (b) serum levels of IL-2, IL-10 and TGF-β1 (Figure 5G) in the MTE-treated mice were similar to those in the AOM/DSS mice, as seen by immunohistochemistry. H&E staining and immunohistochemical images of the other four mice are shown in Figures S6, S7, respectively.




Figure 5 | CT26 subcutaneous tumor model. ‘Model’ represents mice with subcutaneous tumors. ‘LD’, ‘MD’ and ‘HD’ represent mice treated with low (5 ml/kg), medium (10 ml/kg) and high (20 ml/kg) dose of MTE, respectively. (A) Shown are the tumor bearing mice before they were sacrificed and the tumors. Mice in different groups were compared for (B) H&E staining of the tumors and (C) tumor weight. (D) Tumors in the model and HD groups were compared for the expression of different proteins by immunohistochemistry. (E) Survival in the different groups. (F) Quantitation of cells with positive immunohistochemical staining. (G) Serum levels of IL-2, IL-10 and TGF-β1 measured by ELISA. Scale bar: 100 μm. The bar graphs present data as mean ± S.D. *P < 0.05, **P < 0.01.



MTE-treatment caused almost no toxicity in the lungs, liver, and kidneys of healthy and subcutaneous tumor model mice (Figure 6). It increased the spleen index in a dose-dependent manner, suggesting that an increased immune function in the treated mice. AOM/DSS treatment led to considerable toxicity in the viscus; therefore, these indices were not analyzed in the CAC mice. H&E-stained images of the other four mice are shown in Figure S8.




Figure 6 | MTE does not induce toxicity in other organs. Mice were treated with low (LD, 5 ml/kg), medium (MD, 10 ml/kg), or high (HD, 20 ml/kg) dose MTE. ‘Control’ represents healthy mice, and ‘subcutaneous’ represents mice with subcutaneous tumors. (A) H&E staining of the lungs, liver and kidney after MTE treatment. (B) Changes of spleen index after different doses of MTE treatment. The mice in the different groups were compared for serum levels of (C) ALT and (D) AST. Scale bars, 100 μm. Data of columns are shown as the mean ± S.D. **P < 0.01.







4 Discussion

The CRC patients in this study had stage II/III disease and were eligible for surgery. The administration of anti-tumor drugs before surgery can reduce the size of the primary tumor, increasing the feasibility and safety of the operation. Although MTE has been reported to reduce the size of primary tumors (4, 17), it remains unclear whether it regulates the tumor microenvironment. Therefore, we collected tumor tissues before and after MTE therapy to analyze the changes in the tumor microenvironment. Immunohistochemistry showed an increase in the number of CD3+/CD8+ tumor-infiltrating T lymphocytes in most patients, suggesting that MTE increases the anti-tumor T-cell immune response. CD3 is a highly specific pan-T-cell marker, expressed in all developmental stages of T cells, including CTLs, Tregs, and Th cells. In most instances, CD8 is expressed on the CRC CTLs, and serves as a specific CTL marker. Micrometastases and occult tumor cells can be detected in blood, bone marrow, and lymph nodes even in early-stage colorectal tumors. Systemic CTLs may therefore be exposed to disseminated tumor cells. Analysis of in situ CTLs could provide information concerning the existing cytotoxic capacity and the ability of the immune system to respond faster on tumor cell re-exposure or maintain an equilibrium state with cancer (18). Increase in CD3 and CD8 tumor-infiltrating T lymphocytes indicate a markedly better prognosis in CRC patients (18). Down-regulation of PD-L1 and TGF-β1 and FOXP3 up-regulation suggested that MTE inhibits the immune escape of tumor cells and Treg differentiation. Our findings suggest that MTE may reduce the chances of recurrence and drug resistance after surgery by improving the TME.

To further investigate the effects of MTE on T lymphocytes, we evaluated T-cell function by measuring cytokine levels in the supernatants of MTE-treated cells using a Human XL Cytokine Array. We found that MTE upregulated the immune function of Jurkat T cells, inhibited their differentiation into Tregs, and downregulated immune suppression in the tumor microenvironment. These results were consistent with the immunohistochemical findings in CRC patients, and suggested MTE may positively regulate the immunological functions of T lymphocytes. Therefore, further in vitro and in vivo experiments were performed to evaluate the effects of MTE on the tumor microenvironment.

Co-culture systems are typically used to analyze interactions between cancer and immune cells (19). These systems avoid direct contact between the two cell types and can be used to analyze the interaction between them through paracrine pathways. Our results indicated that MTE inhibited the immune escape of cancer cells and Treg differentiation of Jurkat T cells in single culture and co-culture systems. Co-culture of Jurkat T cells with cancer cells enhanced Treg differentiation, which was inhibited by MTE treatment. TGF-β1 secretion induces Treg differentiation (20), and T cells in an immunotolerant state show increased TGF-β1 pathway activity (21). Therefore, MTE may inhibit Treg differentiation by downregulating TGF-β1 secretion from cancer cells. IL-2, an approved immunotherapeutic agent for some types of cancer (22), is produced by activated CD8+ T lymphocytes and promotes the proliferation of T and B lymphocytes. It is also associated with improved disease-free and overall survival (23). Our results showed reduced IL-2 secretion in co-cultures of Jurkat and cancer cells, which was rescued upon MTE treatment. IL-10, an immunosuppressive cytokine secreted by Tregs and some cancer cells, is associated with poor prognosis in many cancers (24). MTE treatment decreased IL-10 levels in Jurkat cell supernatants both in single- and co-cultures, suggesting that MTE reduced the immunosuppressive effects of IL-10 on the tumor microenvironment. Consistent with previous studies (25), we found low MTE-induced cytotoxicity in vitro with high IC50 values against CRC cells. On the other hand, MTE exhibited immunoregulatory effects, resulting in the upregulation of T-cell function and inhibition of immune escape of CRC cells. These in vitro effects are consistent our findings in patients.

In contrast to its effects in vitro, MTE significantly inhibited tumor growth in vivo both in the CAC and subcutaneous tumor model, due to its immunoregulatory effects. The immunomodulatory effects of MTE in the two tumor models was comparable to those in the CRC patients.

TGF-β1 produced by the cancer cells and stored in the tumor microenvironment, is one of the key factors involved in their immune escape. This polypeptide cytokine impairs numerous functions of effector T lymphocytes and promotes the development and stability of FOXP3+ Tregs (26). TGF-β1-rich tumor microenvironment limits the ability of CD8+ effector T cells to eliminate tumors (27). It also cause resistance in addition to the regulation of tumor-infiltrating T lymphocytes. TGF-β1 regulates the cancer stem cell population, increasing resistance to immunosurveillanceof triple negative breast cancer (28). Our study showed that MTE reduced TGF-β1 secretion from cancer cells and FOXP3 expression in T lymphocytes in vitro and in vivo, impairing the immune escape ability of tumor cells.

Immune suppression in the tumor microenvironment increases drug resistance in cancer. For example, oxaliplatin resistance is a challenge in CRC chemotherapy. TGF-β1 induces an immunosuppressive tumor microenvironment that hinders the immune activation of oxaliplatin. TGF-β1 blockade reverses the immunosuppressive state to maintain oxaliplatin-induced immune response (29). Tregs prevent the development of effective anti-tumor immunity in patients with established tumors and promote tumor progression through their immunosuppressive roles (30). PD-L1 blockade leads to a significant increase in CD8+ lymphocytes, a significant decrease in Tregs in the tumor microenvironment, and decreased oxaliplatin resistance (31). While TGF-β1 and PD-L1 were both down-regulated by MTE, PD-1 was not affected in vitro and in vivo. Down regulation of PD-1 was also detected in a few patients after MTE therapy. Therefore, this immune checkpoint in T cells is not affected by MTE.

In conclusion, our research found that MTE enhanced the anti-tumor T-cell response both in mice and patients, and reversed the tumor microenvironment’s immunosuppressive state through inhibition of TGF-β1 secretion and PD-L1 expression in tumor cells, and inhibition of Treg differentiation. In vitro and in vivo studies demonstrated MTE’s immunoregulatory function and anti-tumor effect. The immunoregulatory function of MTE makes it suitable for application in the perioperative treatment of CRC to decrease the risk of recurrence and resistance to chemotherapy.
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Introduction

Sarcomas are comprised of diverse bone and connective tissue tumors with few effective therapeutic options for locally advanced unresectable and/or metastatic disease. Recent advances in immunotherapy, in particular immune checkpoint inhibition (ICI), have shown promising outcomes in several cancer indications. Unfortunately, ICI therapy has provided only modest clinical responses and seems moderately effective in a subset of the diverse subtypes.





Methods

To explore the immune parameters governing ICI therapy resistance or immune escape, we performed whole exome sequencing (WES) on tumors and their matched normal blood, in addition to RNA-seq from tumors of 31 sarcoma patients treated with pembrolizumab. We used advanced computational methods to investigate key immune properties, such as neoantigens and immune cell composition in the tumor microenvironment (TME).





Results

A multifactorial analysis suggested that expression of high quality neoantigens in the context of specific immune cells in the TME are key prognostic markers of progression-free survival (PFS). The presence of several types of immune cells, including T cells, B cells and macrophages, in the TME were associated with improved PFS. Importantly, we also found the presence of both CD8+ T cells and neoantigens together was associated with improved survival compared to the presence of CD8+ T cells or neoantigens alone. Interestingly, this trend was not identified with the combined presence of CD8+ T cells and TMB; suggesting that a combined CD8+ T cell and neoantigen effect on PFS was important.





Discussion

The outcome of this study may inform future trials that may lead to improved outcomes for sarcoma patients treated with ICI.
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Introduction

Sarcomas are a rare and heterogenous group of tumors that account for 1% of all cancers and 10-15% of solid tumors in children and young adults (1, 2). They are generally divided into soft tissue sarcomas (STS) and bone sarcomas (BS); however, sarcomas are effectively comprised of more than 150 distinct subtypes (1, 3). The majority of sarcomas are STS, while BS accounts for 15% of cases (2). In addition to the rarity of sarcomas in adults, each distinct subtype is associated with diverse genetic, molecular, anatomical, clinical and/or age related factors; making their study, diagnosis or treatment enormously challenging (4). Sarcomas are broadly considered to be “cold” tumors, with low immune cell infiltration, making them potentially challenging targets of ICI therapy (5).

Although sarcomas have had poor performance in ICI therapy clinical trials (5), the tremendous success of ICI in other cancer indications offers prospects that a path toward curative immunotherapy success may be possible for sarcoma patients. Several clinical trials evaluating ICI in sarcomas (including the SARC028/NCT02301039 trial pertaining to this study) have reported at best only modest responses, with an overall response rate (ORR) of approximately 15% (6–10). However, a small number of patients in these clinical studies had a notable positive clinical outcome. This observation, coupled with the complete remissions reported in individual case reports, warrants further research to decipher the precise mechanisms of the positive ICI therapy responses in sarcomas (11, 12), and potentially to develop predictive biomarkers for ICI and other cancer immunotherapies (6, 9, 13, 14). The tumor mutational burden (TMB), conventionally used as a predictive biomarker to ICI therapy in several cancer types (15), is an obvious immunogenomic property to investigate and potentially help elucidate the mechanisms associated to a positive clinical response. However, as we will report here and as reported in previously published studies, TMB remains inconclusive as a biomarker for ICI therapy response in sarcomas (11, 16). Therefore, in this study we were motivated to study the interplay between multiple immunogenomic properties in addition to TMB, such as neoantigen load and infiltration of several immune-cell types into the TME (11, 12).

To achieve this, we investigated 31 available samples from ICI treated sarcoma patients in the SARC028 clinical trial (6). We performed whole-exome sequencing (WES) of tumor and matched normal blood from patients and RNA-sequencing (RNA-seq) of their tumors and identified neoantigens corresponding to multiple sources of genomic variants including single nucleotide variants (SNVs), small insertion and deletions, and gene fusion events. The RNA-seq data from their tumors was used to characterize immune cell infiltration into the TME and the expression patterns of immune-related genes to improve our understanding of the immunobiology of ICI-treated sarcomas. The subsequent exploratory multivariate survival analyses revealed that the specific context of the immune cell composition of the TME and its interplay with neoantigens may be important for improved PFS. The insights gained from this analysis may guide the identification of prognostic biomarkers underlying sarcoma immunotherapy response and may be informative in future clinical trial designs and studies of ICI therapy in sarcomas.





Results




Immune cell infiltration patterns in sarcoma patients treated with ICI therapy

We first analyzed tumor expression profiles by RNA-seq of bulk tumor samples (see Methods). A principal component analysis (PCA) suggested a clustering of patients that corresponded to the sarcoma subtypes (Supplementary Figure S1A). Certain subtypes, such as LMS, had a notable within-subtype heterogeneity, while other subtypes such as SS, were more similar. A subsequent PCA focused exclusively on the selected collection of immune-related genes (Supplementary Figure S1B) suggested that a distinctive difference in immunogenomic expression profile may exist between the different sarcoma subtypes treated with ICI (Supplementary Figure S1B). Interestingly, two out of the three patients responding to ICI clustered together in both PCA plots.

A trend towards elevated expression of genes related to the immune response in UPS and OS relative to the other sarcoma subtypes was observed when using hierarchical clustering of immune-related genes as illustrated in Figure 1A (with an average transcript per million (TPM) of 94 and 84, for UPS and OS respectively, compared to the other sarcoma subtypes where the average TPM was consistently less than 60). The samples made up two main clusters: A, with almost all OS, and B, with all SS, suggesting some relation to the karyotypic subclasses. Further, a hierarchical clustering of the predicted TME composition is depicted in Figure 1B, and in Figure 1C a bar chart of the specific immune cell fractions of each cluster from Figure 1B is portrayed. Cluster 3 in Figures 1B, C consisted mostly of OS and seemed to be dominated by an elevated level of macrophages (both M1 and M2 types were detected). Interestingly, Cluster 4 was enriched in monocytes, and most of the patients in that cluster had a stable disease (SD) response to ICI therapy. Cluster 5 seemed to be the “coldest” immunological group relative to the other clusters, not surprisingly harboring most of ES samples driven by specific gene fusions. Interestingly, B cell infiltration into the TME was predicted to be a common sarcoma feature at relatively consistent levels across all sarcoma subtypes (Figure 1C). The limited availability of matched week-8 data from only seven patients, coupled with the absence of any observed therapeutic responses to ICI among them, hindered our capacity to infer TME composition changes following treatment (Supplementary Figure S2).




Figure 1 | (A) Heat map representing the hierarchical clustering analysis of all baseline samples in two main clusters considering the expression profiles of the immune-related genes. (Progression free survival (PFS) is capped at 1000 days). (B) Tumor microenvironment (TME) clustering using the fraction of each immune cell type per sarcoma sample predicted by quanTIseq. ImmuneScore values are based on ESTIMATE analysis. (C) TME bar chart with immune cell fractions. Patient IDs are colored by sarcoma subtype as in (A, B). The clusters from (B) are indicated.



As observed in Figures 1B, C, CD8+ T cell infiltration was also predicted at varied levels among the sarcomas. The T cell infiltration predicted by quanTIseq was validated by TcellExTRECT tool. As can be observed in Figure 1B, TcellExTRECT results were concordant with quanTIseq, with a positive significant correlation of 0.41 and p-value = 0.022. The generic infiltration levels of non-cancer cells (i.e., stroma and immune cells) across the different sarcoma samples were also evaluated using ESTIMATE toolkit. The stromal scores from ESTIMATE ranged from 1977 to 7910, while the ESTIMATE immune cell infiltration scores ranged from 574 to 9821, and finally the ESTIMATE tumor purity scores ranged from 2959 to 11086. Regarding the sarcoma subtypes, the mean and standard deviation of immune scores sorted from highest to lowest were as follows: OS, 6870 (1626); DDLPS, 6295 (2652); UPS, 60797 (2920); LMS, 5977 (2268); ES, 5832 (1884); CS, 4139 (1201); and SS, 2358 (2838). These ESTIMATE predictions corroborated the observations in Figures 1A, B, in that OS had a higher immune activation compared to the other sarcoma subtypes. In Figure 1B, the “ImmuneScore” annotation bar represents the results of ESTIMATE tool, where it can be clearly observed that Cluster 3, consisting mostly of OS, was the cluster with the highest immune scores.

Additionally, we performed a differential expression (DE) analysis comparing the patients with a clinical response to ICI (responders) to the other patients. We identified a total of 727 differentially expressed genes (DEGs), of which 209 were up- and 518 down-regulated, with an absolute fold change larger than 1 and a p-value less than 0.05 (Supplementary Figure S3A). Due to the small number of responders (three), multiple test correction was not applied. Enrichment analysis of the up-regulated genes revealed a significant enrichment of several immune-related Gene Ontology (GO) terms [Supplementary Figure S3B, corroborating the notion that an immunologically active or “hot” TME leads to improved clinical outcome to ICI therapy (17)]. A detailed table with all DEGs and the complete list of up-regulated GO terms is provided in Supplementary Tables 1, 2, for DEGs and GO terms respectively. The study focuses on the immunogenomic properties of ICI-treated sarcoma patients; hence cancer hallmarks were not examined.





Sarcoma tumors exhibit a highly heterogeneous neoantigen landscape

Using a state-of-the-art somatic mutation calling framework (18), we inferred a comprehensive mutational landscape of the 31 baseline sarcoma tumor samples (see Supplementary Figure S4 for a detailed overview). Each 9mer and 10mer peptide that had a somatic mutation was matched to the personalized HLA genotype of each individual patient to identify immunogenic neoantigens likely to be presented by the patient’s HLA alleles on their tumor cells’ surface. Such high-quality neoantigens were predicted using the NEC Immune Profiler (NIP) software (see Methods) (19), which uses an integrated artificial intelligence (AI) approach trained on proprietary data to predict antigen presentation (AP) scores, which can range from 0 to 1, for each candidate neoantigen. The distribution of neoantigen load (NAL) (see Methods) with respect to each sarcoma histological subtype was then assessed (Figure 2A) and revealed a highly heterogeneous NAL both between and within subtypes, ranging from 0 to 206 for intra-subtypes and a median range of 15.0 to 112.0 for inter-subtypes. DDLPS, UPS and LMS subtypes exhibited the highest NAL overall; the striking score for DDLPS is due to one case, p4, who had an extremely high number of gene fusions (Figure 2B). 461 (28.9%) of the mutated peptides had an AP score (see Methods) greater than 0.5 and were also predicted to bind more than one HLA allele in the same patient. Figure 2B shows the number of neoantigens generated in each patient, stratified by the type of somatic mutation, outlining a broad diversity of potential neoantigens detected within each subtype.




Figure 2 | (A) Neoantigen load (NAL) distribution across the different sarcoma histological subtypes. The lines inside each box represents the median NAL value for each subtype while the dots are outliers. (B) NAL profiling of sarcoma samples and the contribution of each somatic variant type to NAL. Patient IDs are colored by sarcoma subtype as in (A). (C) Top 50 genes with predicted neoantigens across sarcoma patients. The colors represent the number of patients with neoantigen candidates arising from the given gene.



In this study, no correlation between a conventional TMB and NAL was found (Spearman Rank correlation coefficient of -0.08, and p-value of 0.66). The conventional TMB calculation typically does not take gene fusions into account, and as can be observed in Figure 2B, gene fusions were one of the dominant contributors to NAL for several patients. However, a clear positive correlation between the number of gene fusions and NAL was observed, with a correlation coefficient of 0.92 and p-value of 2.65e-13. We also measured the contribution of each gene to the overall NAL across all the patients. Figure 2C shows the top 50 most frequently mutated genes that gave rise to candidate neoantigens. For instance, MTAP gene, a methylthioadenosine phosphorylase, known to be deficient in some tumors (20), contributed with 21 neoantigens (Figure 2C) across two patients (Supplementary Figure S5). PRKDC gene, encoding for a DNA-dependent protein kinase catalytic subunit, is involved in DNA repair, the establishment of immune tolerance, and genome stability, and thus, has the potential predictive biomarker for ICI therapy (21). We detected 13 neoantigens across two patients for PRKDC gene (Figure 2C and Supplementary Figure S5). No shared neoantigens were found between the different patients, which aligns with other studies (22) and was expected here due to the highly heterogeneous mutational landscape across the sarcoma subtypes.

We next analyzed the distribution of the ranked AP scores of the top ten neoantigen candidates for each of the baseline samples. The patients were pooled according to their clinical response, consisting of three responders, 18 patients with progressive disease (PD), and 9 patients with stable disease (SD). The distribution of AP scores, and the means of the populations of each group, were then compared using Welch’s test (Figure 3A). A marginally significant difference in the neoantigen scores between the responders and PD groups was observed (p-value = 0.078). There was no significant difference between the responders and SD groups (p-value = 0.63), but the comparison between the SD vs PD groups emerged with a significant difference (p-value = 0.001). Additionally, also using Welch’s test, we compared the PD group against the remaining non-PD groups (i.e., SD and responders pooled together), whereby a significant difference emerged from the analysis (p-value = 0.001) (Figure 3B). Interestingly, this analysis revealed, on average, a higher neoantigen quality for patients without PD.




Figure 3 | (A) Distribution of the AP scores for the top 10 (ranked by AP score) neoantigen candidates for progressive disease (PD), stable disease (SD) and responder (R) group. The vertical lines represent the mean AP score for each group. (B) Distribution of the AP scores for the top ten (ranked by AP score! neoantigen candidates for non-progressive (SD+R) and progressive (PD) groups.



The limited number of patient samples available for analysis post ICI therapy hindered our capacity to derive significant conclusions. For the few samples that were available post therapy; none responded to ICI. In addition, removal by immunoediting of somatic mutations or immunogenic neoantigens caused by ICI therapy was not detectable among the few available ICI-treated samples (Supplementary Figure S6).





Survival and clinical response of TMB, NAL and immune cell TME in ICI treated sarcomas

We next evaluated the effect of various immunogenomic features on PFS of the patients using Kaplan-Meier (KM) survival analysis. Conventional thresholds such as mean/median or Maximally Selected Rank Statistics failed to yield significant results in most cases probably due to the considerable diversity of the dataset consisting of seven sarcoma subtypes and only 31 samples. Hence, we used a supervised optimal binning approach (see Methods) to group patients into two (low and high) groups for univariate analyses (i.e., each immunogenomic feature was analyzed individually); for bivariate analysis, the univariate thresholds were used to stratify patients into four groups (i.e., the immunogenomic features were analyzed in pairs of low/low, low/high, high/low, high/high). We note that the small sample size available in this study may limit the robustness of the log-rank test associated with the KM analysis. We also did not account for multiple hypothesis testing in this analysis. Consequently, we do not make strong claims of statistical significance in this preliminary study. Nevertheless, this exploratory analysis does reveal features associated with differences in PFS among patient groups and which could guide further avenues for future studies.

We first performed a statistical interrogation of the immune cell infiltration into the TME in a univariate analysis (where a supervised optimal binning approach was utilized to independently assess the effect of the considered immunogenomic features in the survival and determine the optimal threshold cutoffs, see Methods). We identified a signal that an elevated fraction of infiltrated T cells into the TME as measured by TcellExTRECT tool (see Methods), led to improved PFS with a log-rank p-value in the KM analysis of 0.00096 (Figure 4A). The group of patients presenting a higher proportion of infiltrated T cells had a median PFS of 173 days while the lower group had a median of 48 days. Figure 4B demonstrates the suitability of the supervised optimal binning approach to find the best threshold to generate the different groups evaluated in KM survival analysis. A window of low p-values across different thresholds indicates a more robust separation of low and high groups which is not sensitive to the exact chosen threshold. An improved PFS was also observed to be associated with increased levels of macrophage M1 and M2 cell infiltration (log-rank p-values 0.047 and 0.019 for M1 and M2 cells respectively, Supplementary Figures S7A, S7B) and associated with B cells with a log-rank p-value of 0.074 (Supplementary Figures S7C).




Figure 4 | (A) Kaplan-Meier (KM) plot for T cell fraction univariate analysis. A higher fraction of tumor infiltrated T cell leads to better progression-free survival (PFS). PFS capped to 500 days for visualization purpose. (B) Distribution of log-rank p-values for the different thresholds evaluated during the exploratory supervised optimal binning approach. In bold, all the thresholds resulting in groups of at least ten patients each, among those, the one with lowest p-value (highlighted in yellow) is selected and used in (A). (C) KM plot for the multivariate analysis with the combinatorial effect in PFS of neoantigen quality and T cell fraction; and (D) TMB and T cell fraction.



To determine the predictive potential of the effect of combining certain immunogenomic properties for the prediction of PFS, we performed multivariate analyses. We observed that a higher neoantigen quality (see Methods) combined with a high infiltrated T cell fraction was associated with an improved PFS (median of 282 days) with a log-rank p-value of 0.006 (Figure 4C). High T cell infiltration with low neoantigen quality was still associated with good PFS (median PFS = 139 days). However, this PFS was lower than the median PFS among all patients with a high T cell fraction (173 days); this highlights that incorporating neoantigen quality with T cell fraction improves prognostic patient groupings compared to using T cell infiltration alone. Low T cell fraction was associated with poor PFS, regardless of the neoantigen quality being high (median PFS = 49 days) or low (median PFS = 48 days; Figure 4C). The same association with improved PFS was not observed with TMB and T cell fraction (Figure 4D).





Investigation of immune escape parameters: antigen presentation machinery, personalized HLA-typing, and the tumor-specific HLA status

The polymorphic nature of HLA alleles and its association to tumor-immune escape called for accurately typing and evaluating the mutation and expression status of each HLA allele in the patients (23). The status of the HLA locus in the different sarcoma subtypes was evaluated using NeoOncoHLA (24) (see Methods). Using this personalized HLA-typing approach, the somatic mutations and tumor-specific expression of each patient-specific HLA allele were described. A total of 18 somatic variants affecting HLA class I alleles were detected among 14 patients (45% of the patients presented at least one somatic mutation affecting one HLA allele). Seven of those 18 were non-synonymous variants, and six of those seven affected the peptide binding regions of the alleles. Figure 5 depicts the expression of each HLA allele estimated as TPM and the NAL associated with each sample’s HLA-A and HLA-B alleles. The number of good neoantigen candidates for the HLA-A*02:01 allele in p9 increased from nine at baseline to 24 in week-8, while its expression (measured as TPM) decreased from 861 to 350. This could indicate a possible immune escape mechanism in this patient, through the downregulation of this HLA allele’s expression (see Figure 5). Although p31 showed numerous good neoantigen candidates, the expression of the HLA alleles seemed to be slightly downregulated, particularly for HLA-A*11:01. We did not consistently observe this putative immune escape pattern through HLA downregulation as a global trend across all the patients, and we had too few treated samples to draw conclusions. HLA expression did not demonstrate statistical significance in the survival study. Nonetheless, in the multivariate KM survival analysis, we found a significant separation for HLA-C (log-rank p-value = 0.001) expression in conjunction with the predicted NK cell fraction. Patients with a high NK cell infiltration combined with low HLA-C expression had the best PFS (median PFS = 157 days), while a high NK and HLA-C values resulted in short survival (median PFS = 50 days) (Figure 6A). This trend was not observed when combining HLA expression with T cell infiltration into the TME, where the high HLA expression and high T cell infiltration group resulted in similar PFS times as low HLA expression and high T cell infiltration group (see Figures 6B-D).This pattern could theoretically be owed to the combined benefit of enhanced NK cell activity due to the decreased HLA-C expression and the increased presence of T cells in the TME modulating tumor cell killing through HLA-A and/or -B antigen presentation to T cells; in the backdrop of improved PFS with high neoantigen quality with high T cell fraction reported above (see Figure 4C).




Figure 5 | HLA-A and B allele-specific expression calculated as TPM across the different ICI-treated sarcoma samples (bottom histogram) and the correspondent NAL for each allele (top histogram).






Figure 6 | Kaplan-Meier (KM) plots for the multivariate analysis with the combinatorial effect in PFS of HLA expression and immune cell fractions in the TME. (A) NK cell fraction and expression of HLA-C. (B) T cell fraction and expression of HLA-C. (C) T cell fraction and expression of HLA-A (D) T cell fraction and expression of HLA-B.



Importantly, the expression profile of genes linked with the antigen presentation machinery (APM), in addition to HLA expression, revealed probable patterns of immune evasion in sarcoma. Among the APM genes we profiled (see Methods), we found that a decreased expression of beta-2-microglobulin (B2M), MHC class II transactivator CIITA, endoplasmic reticulum aminopeptidase 2 (ERAP2), transporter 2 (TAP2) and TAP binding protein like (TAPBPL) were significantly associated with a shorter PFS (Figure 7). Consistent with previous research, these findings underline the utility of APM profiling as a potential biomarker of tumor cell antigen presentation status and immune escape (25–27).




Figure 7 | KM plots for several APM components analyzed in a univariate analysis. The downregulation of these components in the tumor cells might impair antigen presentation and subsequent escape from immune system. (A) Beta-2-microglobulin (B2M). (B) MHC class II transactivator CIITA. (C) Endoplasmic reticulum aminopeptidase 2 (ERAP2) (D) Transporter 2 (TAP2) (E) TAP binding protein like (TAPBPL).








Discussion

The efficacy of pembrolizumab in patients with advanced bone and soft-tissue sarcoma (STS) was assessed in the SARC028 trial (NCT02301039) and demonstrated that only some of the many different histological subclasses of sarcomas had a positive clinical response to ICI (28). In general, the results were modest, with promising results within some of the STS subtypes (6). Many studies have reported the importance of immune cell infiltration into the TME and their complex interplay with tumor cells in the clinical outcome of cancer patients (29–31). Furthermore, in recent years, neoantigens have emerged as important immunotherapy targets that play a central role in the HLA-restricted T-cell response and have been linked to the clinical efficiency of ICI therapy in several cancer indications (32, 33). Moderate responses have been found in clinical trials of ICI in sarcomas, and only a subset of patients has benefited with durable clinical outcomes (28). Due to this modest response to ICI therapy, a comprehensive immunogenomic analysis of sarcomas guided by state-of-the-art AI tools to predict neoantigens and their interplay with respect to immune cells in the TME was warranted in this study to help elucidate some of the mechanisms of possible immune escape and resistance of sarcomas to ICI therapy and to enable prior identification of patients most likely to respond.

We used a series of computational and AI methods to investigate several tumor immunogenomic properties, including the somatic mutational landscape, neoantigens, expression of key immune-related genes (e.g., APM genes), and the TME immune cell composition from the available SARC028 trial samples. The analysis was conducted on NGS data from 31 sarcoma patients, comprising WES from matched tumor and blood samples and tumor RNA-seq data. In terms of ICI response, three patients had a clinical benefit from pembrolizumab (one complete responder and two partial responders), nine had stable disease (SD), 19 had progressive disease (PD), and one did not have response information available.

Using the RNA-seq data from the tumor samples, a DE analysis revealed that several immune-related GO terms were significantly enriched in the responders, suggesting that an immunologically active TME may lead to an improved clinical response to ICI therapy. A further interrogation revealed three distinct TME immune profiles based on a hierarchical clustering of the tumor transcriptome data; (1) an immune active cluster (cluster 3), formed mostly by OS, and enriched in macrophages and CD8+ expression, (2) a cluster enriched in monocytes and with patients with SD response (cluster 4), and (3) a slightly immune desert cluster consisting of all ES patients except one (cluster 5). Importantly, two of the three ICI responders, including the patient experiencing a complete clinical response, were included in the TME immune active group (cluster 3). This was consistent with the DE analysis which showed that responders were associated with a pre-existing immune activity in the TME. The RNA-seq data was also used to deconvolute the immune cell composition in the TME, and then applied to a univariate KM survival analysis to identify immune cell infiltration patterns associated with improved PFS. We observed that higher fractions of T cells and macrophages were associated with longer PFS. These observations were consistent with previous studies that examined the importance of the immune cell composition of the TME for ICI response in sarcomas (34), although contradictory results have been reported in the literature. For example, B cell signatures correlate with longer survival times (17), whereas the converse has been reported for CD8+ T cells (35–38). Additionally, our observation of elevated macrophages in OS was consistent with previous studies (39). Similarly, using RNA-seq data, we found that a lower expression of APM-related genes, including B2M, CIITA, ERAP2, TAP2 and TAPBPL, was also associated with a shorter PFS, reflecting the increasing interest in APM biomarkers for clinical outcome and immune escape in cancer (40). Finally, RNA-seq data revealed a pattern whereby a decreased allele-specific HLA-C expression, combined with high NK cell infiltration, was linked with improved PFS. This is consistent with the well-established trend of downregulation of class I HLA allele expression correlating with NK cell activity (41).

The somatic mutation profile of the sarcomas was highly variable both within and between histological sarcoma subtypes. OS samples had the highest TMB score, followed closely by UPS, with CS having the lowest and least variable TMB. While many genes harbored mutations across the different patients, the top four most commonly mutated genes were all members of the mucin (MUC) gene family, known to play a role for epithelial tissues and reported in some neoplastic lesions (42). However, this trend may be explainable by the high degree of exon repeats in the MUC family of genes among individuals (43). In addition to small variants, copy-number variations and chromosomal rearrangements were found in many patients, including the known ES driver gene fusions of EWSR1 and SS18 genes. An interesting observation here was the high number of fusion-generated neoantigens in DDLPS compared to the other subtypes. Due to the complex karyotypes of DDLPS, it would be expected to contain many genome rearrangements, but so would OS and UPS, which did not show this pattern. This observed difference is challenging to explain but could contribute to the better response seen in patients with DDLPS compared to OS but does not explain the better response of UPS cases (30).

Increased neoantigen load (NAL) has previously been positively correlated with TMB (44, 45), and therefore described to correlate with ICI therapy response (46–48) in certain cancer indications. In this study, however, we did not find a correlation between TMB and NAL. This finding reinforces the argument that higher TMB does not necessarily always equate to higher NAL. It is important to note that the conventional TMB calculation does not consider gene fusions and therefore bypasses powerful sources of neoantigens. Additionally, the conventional TMB calculation does not consider some key determinants of antigen presentation or immunogenicity, such as antigen processing, HLA binding and the expression of the somatically mutated peptides, in addition to their distance from self (that is, the “wild type” protein).

In our univariate analysis, neither NAL nor neoantigen quality was associated with improved PFS. However, when combining neoantigen quality with the presence of T cells, we observed a striking joint behavior associated with longer PFS compared to the presence of T cells alone. When the T cell fraction was low, PFS was always low (median PFS = 48 days) regardless of neoantigen quality. This was consistent with the finding that immune T cell desert TMEs are not associated with good outcomes for ICI therapy (49). Additionally, it is reasonable that high-quality neoantigens are not effective if there are no T cells in the surrounding environment to recognize them. In the case of a high T cell count but low quality neoantigens, PFS was modestly improved (median PFS = 139 days) compared to the low T cell count patients. Remarkably, patients with both high CD8+ T cell count and high-quality neoantigens had improved PFS (median PFS=282 days). The observed improved PFS when combining the tumor infiltrated CD8+ T cell fraction and neoantigen quality was not replicated when combining T cell fraction and TMB. In this case, a good PFS was observed only for low TMB with high T cell fraction, suggesting that the quality and not quantity of neoantigens might be more relevant in certain settings for clinical benefit (50). Overall, the comparison of NAL vs TMB in the context of T cell infiltration indicated that the AI neoantigen prediction platform used to identify neoantigens is reliably predicting mutated peptides presented on the tumor cell surface that are potentially immunogenic. For B cells, a similar picture emerged, except it was required for both the neoantigen AP scores and the B cell fraction in the TME to be elevated for longer PFS. This finding is reflective of the new landscape emerging on the importance of B cell tumor infiltration, prognosis, and response to immunotherapy (17). Overall, the findings of the KM survival analysis of this study were consistent with the TME clustering which found that responders were associated with a pre-treatment, immune-inflamed TME.

The KM survival analysis based on the supervised optimal binning approach we used to arrive at the insights described in this study has several limitations and caveats. First, each set of thresholds could be considered as a hypothesis in the sense of statistical testing; appropriate multiple test corrections, such as Benjamini-Hochberg would ideally be applied if the p-value was to be interpreted for true statistical significance. In this exploratory work on a limited number of samples, though, we simply aimed to identify the best bins for the data and did not intend to make broad robust statistical claims. Thus, we believe the approach is still justified as it provides informative insights from a small patient cohort, but we acknowledge the need to validate the results in a larger patient cohort. Secondly, some choices of thresholds would have resulted in very small groups; the assumptions of many statistical tests do not hold in such cases. In this work, we limited this problem by only considering univariate thresholds which result in at least ten individuals in all groups.

In addition, it is important to note that there are several properties not considered in this study, due to the experimental data not being available for the SARC028 samples, which may also be important to help our understanding and prediction of the response to cancer immunotherapy. For example, there is increasing evidence that the gut microbiota (and related metabolites such as butyrate and cholic acid), can influence the modulation of CD8+ T cell activity and immune cell infiltration into the TME (51, 52).

In conclusion, to the best of our knowledge, this is the first study to exhaustively profile the immune cell TME of sarcomas with its interplay with immunogenic neoantigens under the context of ICI therapy, in a manner that uses advanced computational AI tools to comprehensively capture this important interplay. While the sample size for this study was small, the insights gained were suggestive that the interplay between neoantigens and immune cell infiltration patterns into the TME is a key prognostic marker of clinical response to ICI and PFS. This therefore warrants further clinical and biomarker studies with larger sarcoma cohorts.





Materials and methods




SARC028 trial cohort data description

The SARC028 trial (NCT02301039) recruited 86 patients. Of those, 80 patients (40 with advanced STS and 40 with bone sarcomas) were eligible for the ICI therapy (pembrolizumab, an anti-PD-1 antibody) (6). The eligibility criteria for the patients included: (a) underwent at least one previous systemic therapy; (b) metastatic STS or bone sarcoma diagnosis histologically confirmed by pathological expert in accordance with the WHO Classification of Tumors and Soft Tissue and Bone; (c) had at least one measurable lesion by RECIST 1.1 and one biopsy accessible lesion; (d) 12 years or older; (d) at least 12 weeks of life expectancy (6). STS group included the following subtypes: undifferentiated pleomorphic sarcoma (UPS), dedifferentiated liposarcoma (DDLPS), synovial sarcoma (SS) and leiomyosarcoma (LMS). The bone sarcoma group included: osteosarcoma (OS), Ewing sarcoma (ES) and dedifferentiated chondrosarcoma (CS). All the patients received intravenously a dose of 200 mg of pembrolizumab every three weeks. According to the protocol blood and tumor samples were to be collected before pembrolizumab treatment (receiving the name of “baseline” samples) and 8 weeks after the start of treatment (receiving the name of “week-8” samples). For this specific study, there were unfortunately only seven patient samples available for analysis post ICI therapy. All the research and ethical approvals and permits together with the written informed consents from all the patients were obtained prior to sample collection. The 31-sarcoma patient cohort consisted of 13 patients with STS, including four synovial sarcomas (SS), four leiomyosarcomas (LMS), two dedifferentiated liposarcomas (DDLPS), three undifferentiated pleomorphic sarcomas (UPS); and 18 patients with bone sarcomas, including six Ewing sarcomas (ES), nine osteosarcomas (OS) and three dedifferentiated chondrosarcomas.

The import and analysis of the available samples, 31 baseline and seven week-8 (Supplementary Table 3), to Norway was approved by the Committee for Medical Ethics in Southeastern Norway #17866. All available samples from participating centers were collected and DNA and/or RNA were purified by the trial organization and shipped to Oslo University Hospital for sequencing analysis. The data were stored and analyzed by NEC OncoImmunity in the computing infrastructure specially designed for high-level protection of sensitive personal data at the University of Oslo (53).





Whole exome sequencing on sarcoma tumor tissue and matched PBMCs and whole transcriptome sequencing on sarcoma tumor tissue

Whole exome libraries were prepared at the Oslo University Hospital Genomics Core Facility from 100 ng of genomic DNA using the Twist Core Exome enrichment system (Twist Bioscience) following the manufacturer’s protocol. RNA sequencing libraries were constructed using the KAPA RNA Hyper kit to generate a total RNA library, which was further captured using the Twist Core Exome probe set. Variable input amounts of RNA were used depending on the availability of material (from 20-100 ng). Exomes and RNA libraries were sequenced paired-end 2x75bp using the Illumina HiSeq 4000 instrument, and FASTQ files were generated using Illumina’s bcl2fastq conversion software.





Screening of mutational landscape of sarcoma through a comprehensive variant calling approach

The screening and characterization of single nucleotide variants (SNVs) and small insertions and deletion (indels) sculpturing the tumor genome was conducted using NeoMutate (18), a tool previously published by our group yielding very high validation rates (18). After an initial thorough inspection of the raw sequencing data, including quality control and adapter trimming, the high quality paired-end reads were mapped to the human genome (GRCh38) using BWA-MEM (54)(v0.7.17-r1188). The output BAM files were treated according to the genome analysis toolkit (GATK, v4.0.6.0) best practices (55) (including PCR duplicate marking and realignment optimization). NeoMutate incorporates an ensemble of six independent state-of-the-art somatic variant calling tools enabling the capture of the full mutational profile from tumor-normal matched WES data. Only those variant candidates detected with high confidence at least by two out of the six tools were kept avoiding false positive mutation calls. The variants were additionally filtered according to different quality thresholds (including minimum read depth (DP) of 10 reads for both tumor and normal data, more than three reads supporting the mutation in the tumor sample at the variant position). Ensembl Variant Effect Predictor (VEP) (56) toolkit was used to annotate the functional effect of the detected variants on the resulting gene product. VEP was also exploited to identify the non-synonymous variants, in other words, those mutations altering the amino acid sequence of the tumor proteome, underpinning the neoantigen landscape of tumors (see Methods section “Characterization of sarcomas immunogenicity through neoantigen prediction”). Importantly, the expression of the somatic variations was evaluated using RNA-seq data, and only the expressed somatic variants were retained for the neoantigen prediction step. This is because the altered peptides need to be expressed by the tumor to result in the production of a neoantigen.

In addition to somatic variant identification, GATK-HaplotypeCaller (v4.0.6) (57) was used for germline variant identification, and VEP (56) for the variant annotation. Importantly, the combined effect of proximal (nearby) variants (either germline or somatic) altering the same protein, and therefore, the same neoantigenic peptide, was evaluated. Haplotype phasing is the bioinformatics process of statistical estimation of haplotypes from genotype data. WhatsHap (58) (v0.17) was used giving as input both tumor WES and RNA-seq data to assess the phase relationship between proximal variants, in other words, to evaluate whether nearby variants were affecting the same allele in the same tumor subclone. After the phasing, Haplosaurus (59) (included in VEP package), was called to assess the joined functional impact of the phased variants and fully reconstruct the mutated protein sequence. Phasing step ensures that the selected neoantigen repertoire arising from the mutated proteins correctly represents the patient’s genome, increasing the chances of anti-tumor response to immunotherapy.





Characterization of sarcoma gene fusions

It is widely recognized that large chromosomal rearrangements and fusion genes play a critical role in underpinning and driving the sarcomagenesis course in specific morphological subtypes, making them a valuable diagnostic marker (60, 61). The accurate identification of sarcoma fusion genes helps to understand its pathogenesis and the development of specific treatment strategies against the targetable fusions. In addition, gene fusions represent an incredibly valuable source of potentially immunogenic neoantigens that can mediate the anticancer immune response to ICI, even in those tumors with low TMB (62). We predicted the gene fusions from RNA-seq data using Arriba (63), the winner method for gene fusion detection in the ICGC-TCGA DREAM Somatic Mutation Calling–RNA Challenge. Arriba (63), developed for clinical research setting, is based in the ultrafast STAR aligner, and it computes a confidence score (low, medium or high) reflecting the likelihood of the fusion being generated due to an underlying genomic rearrangement specific to the tumor and not due to a sequencing artifact. Low confidence gene fusions were discarded from downstream analysis.





Tumor mutational burden calculation

TMB was defined as the number of non-synonymous somatic SNV and indels with a VAF of at least %5 per megabase in the coding area of the cancer genome, as recommended by the guidelines of the Friends of Cancer Research TMB Harmonization Project (64). Fusions, CNVs, non-coding and synonymous mutations were discarded for TMB calculation.





Human leukocyte antigen typing

HLA alleles of each patient were inferred in silico using OncoHLA (65) providing peripheral blood mononuclear cell (PBMC) WES data as input. OncoHLA uses an integer linear programming algorithm together with prior probabilities of the allelic ethnic frequencies to determine the closest-matched HLA allele from the IPD-IMGT/HLA Database (66) (v.3.41.2). The output includes the HLA types for both class I and class II up to four field of resolution and the associated HLA gene, transcripts, and protein sequences.





HLA expression quantification and HLA somatic variant screening in sarcoma samples

It is well established that cancer cells can exploit several HLA-associated immune evasion mechanisms to hijack the immune system (67, 68). A comprehensive scrutiny of the HLA status in the tumor was conducted using a previously developed method by our group (24). Using the typed HLA alleles, an exhaustive profiling of the somatic mutations affecting each individual HLA allele was carried out, and their functional impact in the corresponding HLA protein sequences was annotated. In addition, the expression (abundance), reported as transcripts per million mapped reads (TPM), of each allele was quantified by mapping the RNA-seq reads to the inferred HLA sequences, to evaluate whether any allele was downregulated – a well-known immune escape mechanism in tumor development.





Isoform and gene-level expression quantification using RNA-seq data from sarcoma samples

Gene isoform expression profiling from the RNA-seq data of both STS and bone sarcoma was carried out utilizing Kallisto (69) (v0.43.1), based on pseudoalignments of the reads and expectation-maximization (EM) algorithm to conduct isoform-level expression quantification. The reference transcriptome for GRCh38 genome, required as input, was obtained from Ensembl database version 95. Kallisto reports the abundance transcript level measured TPM.

The expression values of each transcript were used for several analyses that will be further detailed in the following sections, including: (1) Calculation of the abundance of the potential neoantigens generated from the proteins affected by non-synonymous variants in the tumor; (2) Differential expression and enrichment analysis; (3) TME profiling; (4) Manual inspection of immune-related genes expression.





Characterization of sarcomas immunogenicity through neoantigen prediction analysis

The immunogenicity of the mutated peptides derived from tumor-specific alterations was assessed using NEC Immune Profiler (NIP) modular neoantigen pipeline developed by NEC OncoImmunity, comprising several proprietary T cell epitope machine-learning (ML) prediction algorithms. Neoantigen predictions for HLA-A and -B were conducted for each patient with peptides of lengths 9 and 10. Due to the lack of HLA-C validated data influencing the accuracy of the ML models, HLA-C was not evaluated. The pipeline considers several features determining the immunogenicity of a neoantigen, including:

	The binding affinity of the peptide for the MHC/HLA molecule. NIP exploits three distinct binding affinity ML predictors that compute IC50 (nM) scores for each mutated peptide. The lower the IC50 score, the stronger the binding of the peptide to the specific HLA molecule.

	The peptide’s ability to be efficiently digested by the antigen processing machinery (APM). An ensemble of 13 Support Vector Machines (SVM) included in NIP and trained on validated mass spectrometry immunopeptidome datasets determine which peptides have the optimal features to be efficiently processed by the APM, which include cleavage probability by the proteasome and antigen processing transport (TAP) efficiency.

	The expression level of the mutated peptide. The expression of each neoantigen candidate was computed by summing the expression values (TPMs) of all the isoforms coding for the specific peptides under consideration, which is critical for the accurate prediction of immunogenic neoantigens. To determine the specific abundance of the mutated peptide, the sum of the expression levels of all the isoforms containing the peptide was adjusted according to the variant allele frequency (VAF) computed at RNA level.

	The relative uniqueness of the candidate neoantigens compared to the normal peptides of healthy tissue was evaluated to avoid cross-reaction with self-antigen sequences.



The result is summarized in a single score ranging from 0 to 1, known as the antigen presentation score (AP), which indicates the T cell recognition probability, ranging from 0 to 1, with 1 signifying the highest likelihood that the given neoantigen is immunogenic. Neoantigen load (NAL) was computed by calculating the number of neoantigens with an AP higher than 0.5. Neoantigen quality in this study was defined as the mean AP score for the top ten neoantigen candidates ranked by AP score.





Tumor microenvironment profiling

QuanTIseq (70) deconvolution algorithm was utilized to analyze the immune cell composition of each sarcoma sample. QuanTIseq has demonstrated a robust overall performance (71) and is one of the very few methods generating an absolute score that can be interpreted as a cell fraction, which allows both inter- and intra-sample comparisons. It takes as input RNA-seq reads and quantifies via deconvolution of cell fractions based on constrained least squares regression the proportion of ten different immune cell phenotypes, including B cells, M1 and M2 macrophages, CD8+, CD4+ and regulatory T cells, natural killer cells (NK), among others.

In addition to QuanTIseq, TcellExTRECT (72) R package was applied to estimate infiltrated T cell fraction. The tool employs WES data and makes use of a signal based on somatic copy number from V(D)J recombination to directly quantify the proportion of T cells.

Further, the ESTIMATE algorithm was applied to calculate the stromal and immune scores for each sarcoma sample using the normalized gene expression values as input (73).





Selection of immune-related genes

We conducted an exhaustive literature research and compiled a list of 282 genes known to be related with immune system interaction and response (74–76). The full immune-related gene list is provided in Supplementary Table 4.





Differential expression analysis and enrichment analysis

In order to characterize the differentially expressed genes (DEG) between week-8 and baseline samples, the DESeq2 (77) (v1.30.1) R package was selected. “Tximport” (78) (1.18.0) R package was utilized to import the transcript-level expression estimates generated by Kallisto and produce gene-level count matrices and normalizing offsets, as required by DeSeq2 (77). DeSeq2 (77) models the counts using normalization factors to account for differences in the library depth, estimates the gene-wise dispersions and uses shrinkage of effect size to remove the low count genes. Then, it fits a negative binomial model and performs Wald test hypothesis testing. DEGs were obtained by applying a filter of p-value<0.05.

The results of the DE analysis were expanded by conducting an enrichment analysis using an overrepresentation analysis (ORA) to associate the expression data with specific biological processes (BP). The R package called “goseq” (79) (1.42.0) conducted ORA of Gene Ontology (GO) terms, which corrects the results based on gene length bias of DEGs. DEGs were first separated into up and down-regulated genes attending to their fold change (FC) (greater than 1 or smaller than -1, for up and down-regulated genes, respectively), and then goseq (79) was used to detect overrepresented up and down-regulated BPs.





Statistical analysis

The statistical analyses in this study were conducted using R (4.0.3) and python (3.8) programming languages. The criteria for the annotation of the different determinants of each patient to ICI therapy, such as progression-free survival (PFS) and overall survival (OS), has been previously described in (6). Survival curves were plotted using the Kaplan–Meier (KM) functionality within “lifelines” python library to compare PFS for a different set of individual covariates (univariate analysis) and in conjunction (multivariate analysis). Differences in median PFS were assessed using the log-rank test and multivariate long-rank test.





Supervised optimal binning

Kaplan-Meier (KM) survival analysis entails splitting individuals into two or more groups and comparing survival times between individuals in the groups. For a numeric covariate, a threshold is required to perform such a split; that is, we must select a threshold to bin individuals into groups. Prior work (80) has shown that for such binning problems, the only thresholds which change group composition are the values that actually occur in the dataset. For example, when splitting individuals into groups based on TMB, the only TMB thresholds which change to which group individuals are assigned are the actual TMB values of the individuals. Thus, we determined an “optimal” threshold with respect to KM analysis by evaluating the log-rank test p-value for all possible binning of individuals in the dataset; we implemented this by simply trying each observed value for the numeric covariate of interest in the patient dataset. Only threshold cutoffs generating bins with at least 10 individuals each were evaluated.
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Background

The diffuse large B-cell lymphoma (DLBCL) has the highest incidence of all lymphomas worldwide. To investigate the functions of lymphocyte activation gene 3 (LAG-3) and programmed cell death 1 (PD-1) in tissues and peripheral blood of patients with DLBCL, the expression of LAG-3 and PD-1 genes in DLBCL-TCGA were analyzed.





Methods

LAG-3 and PD-1 mRNA levels in DLBCL were analyzed using data from The Cancer Genome Atlas (TCGA) database. Utilize the Genotype-Tissue Expression (GTEx) database for assessing the variance in the expression of LAG-3, PD-1, and other associated factors between the tissues of DLBCL patients and healthy individuals. Immunohistochemistry was applied to detect the expression of LAG-3 and PD-1 levels in 137 cases of DLBCL tissues and 20 cases of reactive lymphoid hyperplasia. The prognostic value of LAG-3 and PD-1 were assessed using the Kaplan-Meier curve. The Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression data (ESTIMATE) and ssGSEA algorithm were used to explore the immune microenvironment of DLBCL. Additionally, the expression and co-expression of LAG-3 and PD-1 were detected on CD4 and CD8 T cells in peripheral blood samples from 100 cases of DLBCL tissues and 30 cases of healthy individuals using flow cytometry.





Results

According to TCGA database, LAG-3 and PD-1 gene expression levels were significantly up-regulated in DLBCL tissues. LAG-3 and PD-1 levels were also strongly positively correlated with those of most infiltrating immune cells. Overall survival of patients with high LAG-3 and PD-1 co-expression was significantly shorter than that of patients with low co-expression. In DLBCL patients, LAG-3 and PD-1 were highly expressed in peripheral blood CD8+ T cells. In addition, LAG-3 was highly expressed in CD4+ T cells, while the expression of PD-1 in CD4+ T cells of DLBCL patients showed no significant difference compared to healthy individuals. Additionally, CD8+ T cells and SU-DHL6/OCI-LY3 from patients with DLBCL were co-cultured in vitro; after addition of LAG-3 and/or PD-1 inhibitors alone, an increased perforin and granzyme B secretion levels by CD8+ T cells were detected, as well as an increase in the overall proportion of tumor cells undergoing apoptosis.





Conclusion

High LAG-3 and PD-1 levels significantly inhibit CD8+ T cell function, resulting in weakened ability to kill tumor cells. Combined LAG-3 and PD-1 blockade can restore CD8+ T cell function and provides a potential avenue for development of personalized cellular immunotherapy for DLBCL.
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1 Introduction

The prevalence of diffuse large B-cell lymphoma (DLBCL) is the highest among all lymphomas globally, making up 40% of all non-Hodgkin lymphomas (1, 2). R-CHOP, the standard first-line treatment option, is effective for more than 60% of patients (3, 4). However, approximately 30% of patients do not respond to chemotherapy or develop relapsed/refractory DLBCL, with poor treatment outcomes (5–7), leading to an increased mortality rate (8). Therefore, the search for more effective treatments for DLBCL remains a top priority.

In recent years, immune checkpoint inhibitors (ICIs) have become a focus of intense research in tumor immunotherapy, which has achieved remarkable therapeutic results in solid tumors (9, 10). Programmed cell death protein 1 (PD-1) is expressed on the surface of antigen-stimulated T cells (11), and PD-1 upregulation causes T cell receptor signaling attenuation, leading to inhibition of T cell activation, proliferation, and cytokine production (12). As antigens are cleared, PD-1 expression decreases rapidly. However, persistent presence of antigens causes ongoing PD-1 expression, eventually resulting in T-cell depletion (13).

Preliminary research has indicated that PD-1 inhibitors are effective in treating hematologic malignancies, such as classical Hodgkin’s lymphoma and follicular lymphoma, and may also be useful in DLBCL (14). However, the objective response rates were only 28% and 21% for patients with melanoma and kidney cancer receiving PD-1 treatment, respectively (15). Overall, PD-1 inhibitors have demonstrated remarkable efficacy in treating several malignancies, but their effects in DLBCL are unclear (16). Furthermore, previous studies on the prognostic impacts of PD-1+ tumor infiltrating lymphocytes (TILs) in lymphoma have reached contradictory conclusions (14, 17). The makeup of the tumor microenvironment is determined by interactions between immune cells and cytokines, which can limit the ability to mount an anti-tumor immune response. These interactions are not constant, and there are differences in the abilities of various lymphocyte types to recognize tumor cells. Hence, the prognostic impact of TILs on tumors is uncertain.

Accordingly, it is necessary to investigation of other immune checkpoints and identification of less toxic and resistant immunotherapy options. Combining immunosuppressive therapies could be a solution for overcoming resistance to PD-1 inhibitors. Among the new-generation of ICIs, lymphocyte activation gene 3 (LAG-3) serves as a crucial target for the development of tumor immunotherapies (18, 19). LAG-3 comprises 498 amino acids (20, 21). During chronic infections and tumor stimulation of the immune system, T cells exhibit elevated LAG-3 expression on their surface and their proliferation and cytokine production are decreased, ultimately resulting in T cell failure (22). Collaboration between LAG-3 and PD-1 promotes cancer cell immune evasion and obstructing both LAG-3 and PD-1 is considerably more effective and less harmful for treating solid tumors that are advanced or have metastasized (20, 22). There are few studies on LAG-3 expression in DLBCL, and further research to determine whether it can be an effective therapeutic target for DLBCL and improve PD-1 inhibitor resistance is warranted.

In this study, we founded that LAG-3 and PD-1 were widespread and abundant in peripheral blood from patients with DLBCL and correlated with prognosis and disease stage. Aberrant expression of immunosuppressive receptors on T lymphocytes is associated with impaired CD8+ T cell proliferation and differentiation, imbalance in subpopulation ratios, and abnormal cell function. Combined treatment with LAG-3 and PD-1 inhibitors restored CD8+ T cell secretion of cytokines and was more effective than either inhibitor alone.




2 Materials and methods



2.1 Data sources and preprocessing

Data from 47 DLBCL tumors in The Cancer Genome Atlas (TCGA-DLBCL) and 444 normal control (NC) tissues were downloaded from the University of California Santa Cruz (UCSC) database (https://genome.ucsc.edu). The 4th edition of the World Health Organization (WHO) Classification of Tumors of Hematopoietic and Lymphoid Tissues in 2018 was taken as the basis (23). Paraffin-embedded tissue specimens were collected from 137 patients with pre-chemotherapy DLBCL and 20 patients with reactive lymphoid hyperplasia in the First Affiliated Hospital of Xinjiang Medical University from 2011 to 2020 (Supplementary Table 1). Patients with pre-chemotherapy DLBCL diagnosed pathologically (n = 100) and 30 control samples from healthy peripheral blood samples at the Tumor Hospital affiliated with Xinjiang Medical University, collected from 2021 to 2022, were included (Supplementary Table 2).




2.2 Analysis of differentially expressed genes

The Linear fitting methods, Bayesian analysis and T-test algorithms to identify differentially expressed genes (DEGs) between DLBCL and NC by “limma” package (24) in R software. A total of 2136 differential genes were identified, of which 1313 were up-regulated and 823 down-regulated according to |log2 foldchange|>1 and P < 0.05.




2.3 Gene functional enrichment analyses

Gene Ontology (GO), including biological processes, cellular components (CCs), and molecular functions (MFs), and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were applied to explore the function of DEGs using the “clusterProfiler” package (25) in R software.




2.4 Analysis of levels of LAG3, PD-1, and related factors in DLBCL and controls

Levels of LAG3, PDCD1, and other related factors in TCGA and GTEx database were analyzed for differences and the T-test used to assess the significance of differential expression between cancer and normal tissues.




2.5 Analysis of immune cell infiltration

CIBERSORT (26), an immune tumor biological computational tool, was used to calculate immune cell levels and evaluate the infiltration status of each sample.




2.6 Immunohistochemistry

Tissue microarrays were immersed in citrate buffer and left to cool to room temperature, then treated with 3% hydrogen peroxide for 10 min, followed by addition of a drop goat serum after washing with PBS, and incubating at 37°C for 20 min. Next, samples were incubated with anti-PD-1 (Working fluid, Catalog Number: UMAB199, ZSGB-BIO) or anti-LAG-3 (1:2000, Catalog Number: 16616-1-AP, Proteintech) and chromogenic immunoassays performed with DAB after washing in PBS, followed by hematoxylin re-staining. Human tonsils served as positive control specimens for both antibodies. Negative control specimens were DLBCL tissue treated with phosphate buffer in place of antibody. Final scores were obtained by averaging frequency scores from two replicate tests conducted for each DLBCL case.

PD-1 positivity was localized to the cell membrane or cytoplasm of TILs, with median = 4 (range, 0–54) PD-1+ TILs per high power field (HPF); ≤ 4; PD-1+ TILs/HPF was considered low expression and > 4 PD-1+ TILs/HPF as high expression. LAG-3 positivity was also localized to the cell membrane or cytoplasm of TILs (median = 11, range = 0–103 LAG-3+ TILs/HPF); ≤ 11 LAG-3+ TILs/HPF was considered low expression, with > 11 considered high expression.




2.7 Cell culture

The DLBCL cells (OCI-LY3 and SU-DHL-6) were cultured in RPMI-1640 (Thermo Fisher Scientific, USA) supplemented with 10% fetal bovine serum and 1% penicillin and streptomycin at 37°C and 5% CO2. Anti-LAG-3 monoclonal antibody (0.5 nm/ml, MedChemExpress, USA) and/or anti-PD-1 monoclonal antibody (0.5 nm/ml, MedChemExpress, USA) were added into OCI-LY3 and SU-DHL-6 cells, respectively. Peripheral blood CD8+ T cells from patients with DLBCL were sorted using immunomagnetic beads (Becton, Dickinson and Company, USA) and co-cultured with OCI-LY3 or SU-DHL-6 cells.




2.8 Blocking assay

The CD8+ T cells obtained by MACS were placed in RPMI-1640 complete medium containing 10% FBS and culture overnight at 37°C, 5% CO2. At the same time, inoculate logarithmic growth SU-DHL6 and OCI-LY3 cells into a 24-well plate, with 6×104 cells per well, and culture overnight. The next day, the already adhered SU-DHL6 and OCI-LY3 cells were incubated separately with anti-PD-1 or/and anti-LAG-3 monoclonal antibodies and isotype controls at room temperature for 2 h. After that, 4×105 CD8+ T cells were added to each well and incubated at 37°C for 12 h. Finally, flow cytometry analysis was performed.




2.9 Flow cytometry

Freshly collected sodium heparin (100 μl) was added to each of two flow tubes. The two sets of fluorescently labeled antibodies were added to each of the two tubes: 1) CD4 and CD8 cells were labelled with 5 μl PD-1-PECy7, LAG3-PE, CD4-FITC, and CD8-PCP5.5; 2) CD4-FITC and CD8-PCP5.5 were used as negative controls. Cells were incubated for 15 min at room temperature in the dark, then 2 mL 1× erythrocyte lysate buffer was added per 100 μl of whole blood, and red blood cells lysed at room temperature for 8–12 min, until the cell suspension was transparent. Cells were then washed and centrifuged (3,000 g, 15 min), supernatants discarded, and 300 μl PBS added. CD4+ T cells were gated as T helper lymphocytes and CD8+ T cells as cytotoxic T lymphocytes. For detection of tumor cell apoptosis, after co-culture, CD8+ T cells were sorted and 5 μl Annexin V/PE (Becton, Dickinson and Company, USA) and 10 μl 7-AAD (Becton, Dickinson and Company, USA) added to the remaining cancer cells, mixed gently, and incubated. After incubation cells were analyzed by flow cytometry.




2.10 Statistical analysis

Data analysis and visualization were both conducted using Graphpad Prism 8.0 and Xiantao Academic database, which as a public information platform used for analyzing a large amount of sample data and visualizing the results (https://www.xiantaozi.com/). Pearson correlation analysis was applied to analyze the relationships of LAG-3 and PD-1 levels with immune cells. The Student’s T test was used for comparisons between two groups. P < 0.05 was considered a statistically significant difference.





3 Results



3.1 LAG-3 and PD-1 expression were up-regulated in DLBCL

Firstly, we screened 2136 DEGs, including 1313 up-regulated genes and 823 down-regulated genes, from 48 DLBCL-TCGA and 444 normal tissues from GTEx (Figures 1A, B). Most DEGs mainly involved in the “regulation of signaling receptor activity”, “system development”, “PI3K-Akt signaling pathway” and “Wnt signaling pathway” (Figures 1C, D). The GO enrichment analysis showed that in DLBCL patients, changes in gene expression related to system development, organ development, tissue development, epithelial cell differentiation, cellular keratinization, extracellular processes, and cellular adhesion occurred, thereby affecting the originally normal physiological environment in DLBCL patients (Figure 1C). In addition, KEGG pathway analysis shows significant changes in genes involved in the PI3K-Akt, cAMP, MAPK, Wnt, JAK-STAT, TLR, IL-17, TGF-β, and chemokine-related signaling pathways in DLBCL patients, suggesting significant alterations in multiple signaling transduction pathways in DLBCL patient cells. It is worth noting that there have been significant changes in the genes involved in the cytokines-cytokine receptor interaction, as well as in cell cytotoxicity, in DLBCL patients, which suggests that immune function is disrupted in DLBCL patients (Figure 1D). The mRNA level of both LAG-3 and PD-1 was noticeably elevated in DLBCL (Figure 2A) and levels of LAG-3 and PD-1 were positively correlated with one another (Figure 2B).




Figure 1 | Analysis of differentially expressed genes (DEGs). (A) Volcano plot showing significant DEGs in DLBCL tumors in TCGA-DLBCL relative to normal tissues from GTEx. Significantly up-regulated and down-regulated genes are shaded in red and green, respectively. (B) Heatmap of the top 30 significantly increased (red) or decreased (blue) genes between TCGA-DLBCL and normal tissues. GO analysis (C) and KEGG pathway enrichment analysis (D) of significant DEGs.






Figure 2 | LAG-3 and PD-1 levels were increased in DLBCL. (A) LAG-3 and PD-1 levels in DLBCL and normal lymph nodes. (B) Correlation between LAG-3 and PD-1 levels in DLBCL tissues. (C) PD-1 and LAG-3 levels in tissues detected by immunohistochemistry. (D) Linear correlation analysis of LAG-3 and PD-1 levels in DLBCL tissues.



PD-1 and LAG-3 were widely expressed and co-expressed on DLBCL TILs (PD-1+ TILs, n = 68, 49.6%; LAG-3+ TILs, n = 65, 47.4%; and PD-1+LAG-3+ TILs, n = 45, 32.8%) (Figure 2C; Supplementary Tables 3, 4). The relationships among PD-1 and LAG-3 expression and clinical features of DLBCL patients were also analyzed. PD-1 expression was significantly associated with Eastern Cooperative Oncology Group (ECOG) score and Ann-Arbor stage, while LAG-3 levels were significantly associated with primary tumor site and lactate dehydrogenase (LDH) level. Further, co-expression of PD-1 and LAG-3 was significantly associated with Ann-Arbor stage and PD-1 levels were positively correlated with those of LAG-3 on TILs in DLBCL (Figure 2D).




3.2 LAG-3 as an independent risk factor for DLBCL

With the median expression levels of the PDCD1 and LAG-3 genes obtained from the database as the dividing line, the data of each group were divided into high expression group and low expression group in order to conduct subsequent analysis. The data of co-expression of PD-1 and LAG-3 was selected from the samples that overlap in expression between PD-1 and LAG-3 samples. There was no significant difference in overall survival (OS) between patients with DLBCL classified into two groups (high and low) according to PD-1 expression (Figure 3A), whereas OS was lower in patients with DLBCL in the high LAG-3 expression group than in those with low LAG-3 expression (Figure 3B). Furthermore, patients with elevated levels of both LAG-3 and PD-1 were characterized by shorter survival time and inferior prognosis (Figure 3C). Survival time of patients in National Comprehensive Cancer Network-International Prognostic Index (NCCN-IPI) group ≤ 3 was longer, and patients had better prognosis (P = 0.001) (Figure 3D), while the survival time of patients in the nodal, ECOG ≥ 2, and older age groups was shorter, indicating worse prognosis (Figures 3E–G). Non-germinal central B cell-like (GCB) phenotype, abnormal LDH or β2-microglobulin (β2-MG) levels, sex, B symptoms (fever, weight loss, and night sweats), Ann-Arbor stage, and site of invasion were not significantly associated with DLBCL disease prognosis (Supplementary Figures 1A–G). Multivariate Cox regression indicated that LAG-3 levels and age were independent risk factors associated with DLBCL (Figure 3H).




Figure 3 | Prognosis analysis based on marker levels in DLBCL tissues. Kaplan-Meier analysis of patients with high and low PD-1 levels (A), high and low LAG-3 levels (B), high and low PD-1 and LAG-3 co-expression (C), National Comprehensive Cancer Network-International Prognostic Index ≤ 3 and > 3 (D), nodal and extranodal (E), Eastern Cooperative Oncology Group score 0-1 and > 2 (F), age > 60 and ≤ 60 years (G). (H) Cox multivariate analysis of clinical prognosis of patients with DLBCL.






3.3 LAG-3 and PD-1 levels were positively correlated with infiltrating immune cells in DLBCL

To better understand the differential immunological function of DLBCL and normal tissue, we used CIBERSORT and ssGSEA. The analysis revealed that DLBCL tissues had markedly elevated immune cell fractions (Figure 4A, Supplementary Figure 2). Additionally, LAG-3 and PD-1 expression levels were closely associated with most TILs (Figure 4B). LAG-3 levels were strongly positively correlated with T cells, Th1 cells, dendritic cells (DCs), CD8 T cells, eosinophils, T helper cells, neutrophils, Th17 cells, and Th2 cells, and strongly negatively correlated with B cells (Figure 4C). No correlations were detected between PD-1 levels and Th17 cells, Tregs, DCs, B cells, macrophages, neutrophils, or natural killer cells (Figure 4D).




Figure 4 | LAG-3 and PD-1 levels in diffuse large B-cell lymphoma were positively correlated with most infiltrating immune cells. (A) Differences in levels of 22 TILs in tumor and normal tissues. (B) Correlation of LAG-3 and PD-1 levels with those of 22 TILs in tumors. (C) Chord diagram of the results of correlation analysis between LAG-3 and TILs. (D) Chord diagram of the results of correlation analysis between PD-1 and TILs. Significance was defined as *P<0.05, ***P<0.001 and ****P<0.0001.






3.4 Over-expression of LAG-3 and PD-1 on peripheral blood CD8+ T Cells from patients with DLBCL

Levels of CD8+ T cells and CD4+CD8+ T cells in the peripheral blood of patients with DLBCL were higher than those in the healthy control (HC) group, while CD4+ T cell and CD4+/CD8+ T cell levels were lower than those in the HC group (Supplementary Figures 3A–D). LAG-3 expression on CD4+ T cells was higher in the peripheral blood of patients with DLBCL than those in HC samples (Figure 5A). There was no significant difference in PD-1+CD4+ T cells between the two groups (Figure 5B). In patients with DLBCL, levels of LAG-3+CD8+ T cells and PD-1+CD8+ T cells were significantly higher than those in HC (Figures 5C, D).




Figure 5 | Expression of LAG-3 and PD-1 in CD4+ or CD8+ T cells in peripheral blood from the DLBCL and control groups. (A, B) Typical flow images of LAG-3+CD4+ T and PD-1+CD4+ T cells from patients with DLBCL and control groups and comparison plot. (C, D) Typical flow images of LAG-3+CD8+ T and PD-1+CD8+ T cells from patients with DLBCL and control groups and comparison plot. Significance was defined as *P<0.05, ***P<0.001. ns was defined as 'Not Significant'.



Additionally, patients with DLBCL had significantly lower levels of peripheral blood LAG-3-PD-1-CD8+ T cells (Figure 6A), while those of LAG-3+PD-1+CD8+ T cells were significantly higher in DLBCL than in HC (Figure 6D). There was no significant difference between the two groups in LAG-3+PD-1-CD8+ T or LAG-3-PD-1+CD8+ T cells (Figures 6B, C).




Figure 6 | Expression of LAG-3 and PD-1 on CD8+ T cells in peripheral blood from patients with DLBCL and healthy controls. Typical flow images of LAG-3-PD-1-CD8+ T cells (A), LAG-3+PD-1-CD8+ T cells (B), LAG-3-PD-1+CD8+ T cells (C), and LAG-3+PD-1+CD8+ T cells (D) from patients with DLBCL and control groups and corresponding comparison plot. Significance was defined as ***p<0.001. ns, no significance.






3.5 The impact of LAG-3 and PD-1 on CD8+ T cell function

CD8+ T cells from patients with DLBCL were purified (purity > 90%) using magnetic beads (Supplementary Figure 4). Then, we examined the expression of LAG-3 and PD-1 on CD8+ T cells after co-culture with SU-DHL6 or OCI-LY3 cells and treatment with anti-LAG-3 and (or) anti-PD-1 blocking agents. After administration of anti-LAG-3, LAG-3 expression was significantly decreased without affecting PD-1 expression. Similarly, anti-PD-1 treatment decreased PD-1 expression without affecting LAG-3 expression (Figures 7A–D).




Figure 7 | Flow cytometry images of LAG-3 and PD-1 on CD8+ T cells co-cultured with CD8+ T and SU-DHL6/OCI-LY3 cells. (A) Flow pattern of LAG-3 expression of CD8+ T cells after co-culture with CD8+ T and SU-DHL6 cells and corresponding comparison plot. (B) Flow patterns of PD-1 expression of CD8+ T cells co-cultured with SU-DHL6 after different treatments and corresponding comparison plot. (C) Flow patterns of LAG-3 expression of CD8+ T cells after co-culture with OCI-LY3 cells and different treatments and corresponding comparison plot. (D) Typical flow diagram of PD-1 expression on CD8+ T cells after co-culture with OCI-LY3 cells and corresponding comparison plot. Significance was defined as *P<0.05, **P<0.01, ***P<0.001.



Levels of perforin were higher in CD8+ T cells from patients with DLBCL cultured with SU-DHL6 or OCI-LY3 cells after treatment with anti-LAG-3, anti-PD-1, or a combination of the two, relative to the PBS control group, and levels were highest after combination therapy (Figures 8A, C). Similarly, levels of granzyme B were higher in the groups treated with blocking agents than in the untreated PBS group (Figures 8B, D).




Figure 8 | Flow cytometry analysis of perforin and granzyme B secretion by CD8+ T cells in the SU-DHL6/OCI-LY3 co-culture group. Typical flow images of perforin expression are shown for each group of CD8+ T cells co-cultured with SU-DHL6 (A) or OCI-LY3 (C) cells and corresponding comparison plot. Typical flow images of granzyme B expression are shown for each group of CD8+ T cells co-cultured with SU-DHL6 (B) or OCI-LY3 (D) cells and corresponding comparison plot. Significance was defined as *P<0.05, **P<0.01, ***P<0.001.






3.6 Influence of LAG-3 and PD-1 on DLBCL tumor cell apoptosis

CD8+ T cells from patients with DLBCL were co-cultured with SU-DHL6 or OCI-LY3 cells and treated with LAG-3 and/or PD-1 blocking agents, followed by examination of SU-DHL6 or OCI-LY3 cell apoptosis. Administration of anti-LAG-3 or anti-PD-1 inhibitors, or a combination of both blocking agents, all induced a significant increase in overall SU-DHL6 and OCI-LY3 cell apoptosis rates (Figures 9A, B). These results indicate that increased LAG-3 and PD-1 on the surface of CD8+ T cells in patients with DLBCL result in impaired CD8+ T cells functionality, leading to their inability to kill tumor cells.




Figure 9 | Flow cytometry analysis of SU-DHL6/OCI-LY3 tumor cell apoptosis. (A) Typical flow images of SU-DHL6 cell apoptosis in each group after different treatments of co-cultures of CD8+ T and SU-DHL6 cells and corresponding comparison plot. (B) Typical flow images of OCI-LY3 cell apoptosis in each group after different treatments of co-cultures of CD8+ T and OCI-LY3 cells and corresponding comparison plot. Significance was defined as *P<0.05, **P<0.01, ***P<0.001.







4 Discussion

DLBCL is intermediately to highly aggressive, grows rapidly, and is very heterogeneous, in terms of clinical manifestations, morphological characteristics, immunophenotype, genetic characteristics, treatment efficacy, and long-term prognosis, although the WHO has treated it as an independent disease (27). The application of monoclonal antibodies and immune targeted therapies have gained widespread interest and achieved certain curative effects; however, DLBCL remains an incurable disease, unless hematopoietic stem cell transplantation can be performed (28). Hence, there is an urgent need for new treatment approaches to overcome current limitations and enhance both patient survival time and quality of life. In this study, we first found that expression levels of LAG-3 and PD-1 were increased in patients with DLBCL. LAG-3 is considered a potential next-generation therapeutic target for human immunotherapy (29). According to related research reports (30), remarkable clinical efficacy can be achieved using PD-1 inhibitors to treat Hodgkin’s lymphoma and other aggressive B-cell lymphomas (31, 32). Treatment of DLBCL using PD-1 inhibitors is also of increasing general interest (33, 34); however, anti-PD-1 treatment has poor efficacy, with a less than 40% objective remission rate for the treatment of patients with relapsed/refractory DLBCL (35). We further clarified the expression and association with prognosis of LAG-3 and PD-1 in patients with DLBCL in this study.

The significant roles of both CD4+ and CD8+ T cells in the immune process of tumors in the body are widely recognized. However, the research findings indicated that there was no significant difference in the surface expression of PD-1 in CD4+ T cells between DLBCL patients and normal individuals in peripheral blood (P > 0.05), while there was a difference in LAG-3 expression (P < 0.05). In contrast, the expression differences of PD-1 and LAG-3 on the surface of CD8+ T cells in peripheral blood between DLBCL patients and normal individuals were highly significant (P < 0.001). The cytotoxic effects of CD8+ T cells on tumor cells are more direct, therefore we paid more attention to the influence of PD-1 and LAG-3 on the function of CD8+ T cells in the following experiment.

In this study, analysis of tissues by IHC and related clinical data from 137 cases of DLBCL demonstrated that LAG-3 and PD-1 were expressed at high levels and that their expression levels were positively correlated with one another. Multivariate Cox analysis suggested that high levels of LAG-3+ TILs may be an independent prognostic risk factor in patients with DLBCL. This experiment further confirmed that patients with DLBCL expressing high levels of LAG-3 have shorter OS, indicating that it can be a prognostic factor. Our data indicate that PD-1 therapy blocks only PD-1, and that PD-1 inhibitors will have little effect on T cells expressing high levels of LAG-3, which may lead to T cell function exhaustion. It has been proven in mouse cancer models that simultaneous blocking of LAG-3 and PD-1 co-expressed on CD4+ and CD8+ TILs can synergistically improve anti-tumor CD8+ T cell responses. We hypothesize that blockage of LAG-3 and PD-1 may improve PD-1 resistance for patients in whom PD-1 treatment is ineffective and tumors are drug-resistant; hence, LAG-3 and PD-1 blockage provides a potential new treatment approach for DLBCL.

LAG-3 expression reaches its highest point within 48 h of early T cell activation. If there is persistent viral infection or stimulation from tumor antigens, LAG-3 is expressed simultaneously with other immune checkpoints on the surfaces of both CD4+ and CD8+ T cells, indicating possible T cell dysfunction (36). Indeed, co-expression of LAG-3 and PD-1 in peripheral blood T cells from patients with lung cancer are reported to be biomarkers for T cell dysfunction (37). Zhao et al. observed up-regulated PD-1 expression in peripheral blood from patients with kidney cancer (38). Hence, LAG-3 and PD-1 may serve as biomarkers for assessing disease severity and predicting prognosis. Our results show that LAG-3 and PD-1 may be involved in the changes of CD4+/CD8+ cell balance in patients with DLBCL, which may be caused by down-regulation of the T cell immune response, influencing T cell immune response balance, and inhibiting immune responses, thereby inducing tumor cell immune evasion.

Abnormal expression of immune checkpoints may be related to disease progression and drug resistance. By blocking immune checkpoints, immunotherapy for malignant tumors aims to reactivate effector T cells to restore anti-tumor immune function, thereby allowing cytotoxic T cells to attack tumor cells and overcoming drug resistance to improve patient prognosis. Understanding the function of PD-1 and LAG-3 can in learning the basis for immunotherapy resistance. Encouraging results have been achieved by co-blocking LAG-3 and PD-1; for example, recent reports from the RELATIVITY-047 Phase III clinical trial indicated that the median progression-free survival time of the group with melanoma treated using relatlimab and nivolumab was 10.1 months, while that of the group receiving therapy targeting PD-1 alone was 4.6 months (39). In our study, after co-culture of CD8+ T cells from patients with DLBCL and SU-DHL6/OCI-LY3 cells in vitro, addition of LAG-3 and/or PD-1 inhibitors alone partially restored the function of CD8+ T cells, resulting in increased perforin and granzyme B secretion and an elevated proportion of tumor cells undergoing apoptosis. Taken together, our data demonstrate a synergistic effect between the separate immune targets, LAG-3 and PD-1, together, and show that higher LAG-3 and PD-1 expression in patients with DLBCL has strong inhibitory effects on CD8+ T cells. In addition, LAG-3 and/or PD-1 inhibitors can help restore immune cell function and provide a clinical approach for combined cellular immunotherapy of DLBCL.




5 Conclusion

In summary, our findings illustrate the crucial roles of LAG-3 and PD-1 in DLBCL. Further research on immunotherapy will be an important task over the next few years, and the influence of immunotherapy on immune checkpoint expression warrants comprehensive investigation. Immune targeted therapies diversify available treatment approaches, by providing us with new therapeutic methods, and bring new hope for elimination of malignant hematological tumors. Targeted immunotherapy of the LAG-3 and PD-1 pathways combined has great potential for clinical treatment of DLBCL.
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Pyroptosis, a novel form of programmed cell death (PCD) discovered after apoptosis and necrosis, is characterized by cell swelling, cytomembrane perforation and lysis, chromatin DNA fragmentation, and the release of intracellular proinflammatory contents, such as Interleukin (IL) 8, IL-1β, ATP, IL-1α, and high mobility group box 1 (HMGB1). Our understanding of pyroptosis has increased over time with an increase in research on the subject: gasdermin-mediated lytic PCD usually, but not always, requires cleavage by caspases. Moreover, new evidence suggests that pyroptosis induction in tumor cells results in a strong inflammatory response and significant cancer regression, which has stimulated great interest among scientists for its potential application in clinical cancer therapy. It’s worth noting that the side effects of chemotherapy and radiotherapy can be triggered by pyroptosis. Thus, the intelligent use of pyroptosis, the double-edged sword for tumors, will enable us to understand the genesis and development of cancers and provide potential methods to develop novel anticancer drugs based on pyroptosis. Hence, in this review, we systematically summarize the molecular mechanisms of pyroptosis and provide the latest available evidence supporting the antitumor properties of pyroptosis, and provide a summary of the various antitumor medicines targeting pyroptosis signaling pathways.
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1 Introduction

The dynamic balance between cell proliferation and cell death plays a critical role in various physiological and pathological processes in multicellular organisms. Unlike accidental cell death, which is caused by mechanical and physicochemical stimulation, programmed cell death (PCD) can be precisely regulated by genetic and pharmacological factors. Pyroptosis is a recently discovered inflammatory, lytic type of PCD that requires the participation of the membrane-rupturing gasdermin family. Pyroptosis is characterized by cell swelling, membranolysis, and the release of numerous pro-inflammatory factors, including, but not limited to, interleukin (IL)- 1β, IL-18, ATP, and high mobility group box 1 (HMGB1) (1–4). As the release of numerous inflammatory cytokines outside the cells triggers inflammatory reactions, pyroptosis is also called inflammatory “necrosis” (5, 6).

In1992, scientists first discovered pyroptosis phenomenon via experiments involving electron microscopy in mouse macrophages and human monocytes infected with Shigella flexneri or Salmonella. Whereas, it was incorrectly identified as apoptosis due to the limitations of technology (7). As the cell death caused by Salmonella could be blocked after knocking out caspase-1 (8), the process was mistakenly deemed to caspase-dependent apoptosis originally. However, in 2001, the laboratory of Cookson revealed that the macrophage death induced by Salmonella presented completely different characteristics to that of apoptosis, and the term “pyroptosis” was first proposed from the Greek roots pyro, relevant to fever or fire, and ptosis (9). Researchers at that time still considered “pyroptosis” as caspase-1-dependent programmed necrosis. However, with the discovery and identification of the new protein, gasdermin D (GSDMD) in 2015, the underlying mechanisms of pyroptosis have been gradually revealed (10). It was discovered that activated caspases specifically cleaved GSDMD and then released the amino-terminal gasdermin-N (GSDMD-NT), which resulted in pore formation in the cell membrane, leading to cell swelling, and osmotic lysis. This study demonstrated that GSDMD is a critical and central executor of pyroptosis (10). In addition to GSDMD, there are five other members of the gasdermin family. The human gasdermin family includes GSDMA, GSDMB, GSDMC, GSDME/DFNA5, and PVJK/DFNB59. Moreover, the mouse gasdemin family includes GSDMA, GSDMC, GSDMD, GSDME, and PJVK/DFNB59 (11, 12). Members of this family play various roles in different biological processes. Other than DFNB59, the inactive gasdemins consist of an active N-terminal domain and a suppressive C-terminal domain linked by a pliable peptide (13). The pore-forming ability of the N-terminus is inhibited by binding to the C-terminus (14). In 2017, Wang et al. discovered that cisplatin, decitabine, and other classical chemotherapy medicines could induce pyroptosis via caspase-3-induced cleavage of GSDME (15). Thus, Feng Shao et al. redefined the concept of pyroptosis as the gasdermin family-mediated regulated necrotic cell death (16). In 2018, the Nomenclature Committee on Cell Death proposed to redefine pyroptosis as a type of regulated cell death that critically relies on the formation of pores in the plasma membrane caused by members of the gasdermin family, often (but not always) as a consequence of inflammatory caspase activation (17).

According to the World Health Organization, cancer is the leading cause of death among the elderly populations globally. Non-communicable diseases, including cancer, account for 71% all deaths annually (18–20). Despite pharmaceutical and technological advancements in cancer treatment, the morbidity and mortality rates of cancer have stayed relatively stable (21). In 2020, 18% of cancer-associated deaths were due to lung cancer. Furthermore, lung, colon, stomach, female breast, esophageal, and liver cancers collectively accounted for approximately 50% of cancer mortality in the same year (20). The growing number of cancer cases and consistently high mortality of tumors stress the necessity and urgency to explore further mechanisms and develop more efficient targets to improve patient’s quality of life and cancer prognosis.

Many studies have shown a significant relationship between pyroptosis and a variety of human malignant tumors. Pyroptosis appears to play a double-edged role in the development and progression of cancer. Generally speaking, activation of pyroptosis pathways is associated with tumor-suppressive immunity. However, various signaling pathways and the excessive release of inflammatory factors during pyroptosis are also associated with tumorigenesis and resistance to multiple chemotherapeutic drugs (22, 23). What’s more, pyroptosis suppression can accelerate tumor growth and metastasis (22, 24). Recently, numerous studies have explored the molecular mechanisms and potential treatment strategies for human cancers via targeting pyrotosis (25–27).

In this review, we provide a comprehensive overview of the latest developments in exploring the molecular mechanisms of pyroptosis and the relationship between pyroptosis and various human tumors. Furthermore, we demonstrated the possibility of applying drugs to treat tumors by targeting pyroptosis-associated genes.




2 Mechanisms regulating pyroptosis

As described above, pyroptosis can result in the release of various cytokines, accelerate T lymphocytes and macrophages activation, induce an intense inflammatory response, and contribute to immune phagocytosis (28, 29). Numerous human diseases are associated with mutations in inflammasome complexes (30). Thus, an in-depth exploration and comprehensive summary of the mechanisms of pyroptosis may provide novel, and promising directions for the clinical treatment of human diseases.



2.1 The caspase-1-induced canonical inflammasome pathway

According to the canonical theory, pyroptosis primarily depends on inflammasomes to activate the caspase family and generate a variety of pathophysiological reactions (31, 32). Inflammasomes are multi-molecular complexes that is comprised of pattern recognition receptors (PRRs - the sensor proteins), apoptosis-associated speck-like proteins (ASC - the adaptor protein), which contain a caspase-recruitment domain, and inflammatory caspases (16, 22, 33). The most prevalent PRRs include nucleotide-binding oligomerization domain-like receptors (NLRs), namely NLRP1, NLRP3, and NLRP4, absent in melanoma 2 (AIM2), and pyrin (34, 35). Danger-associated molecular patterns (DAMPs, e.g., heat shock proteins, fibrinogen, and DNA) and pathogen-associated molecular patterns (PAMPs; e.g., glycans, lipopolysaccharides, and flagellin) can be precisely recognized by various forms of PRRs (30, 36). What’s more, ASC is composed of a pyrin domain (PYD) and a caspase activation and recruitment domain (CARD), which is essential for the recruitment and activation of pro-caspase-1 (37). Scientists have reported that upon stimulation of PRRs, the inflammatory caspase family can activate GSDMD via cleavage at the Asp275 (mouse Asp 276) site to form the 31 kDa N-terminus (N-GSDMD) and 22 kDa C-terminus (C-GSDMD), then the N-GSDMD punches holes in the cell membrane, resulting in inflammatory factors release and cell pyroptosis (6, 38). Besides, IL-1β and IL-18 can also be cleaved by caspase-1 to become mature IL-1β and IL-18, which will be secreted through the holes produced by N-GSDMD (39) (Figure 1).




Figure 1 | Sketch of essential components and primary mechanisms of pyroptosis. In the canonical inflammasome pathway, PRRs recognize DAMP and/or PAMP, leading to the assembling and activation of inflammasomes and subsequently contributing to the recruitment and activation of pro-caspase-1. GSDMD and pro-IL-18/1β will be cleaved to N-GSDMD and inflammatory IL-18/1β by acitivated cleaved-caspase-1. N-GSDMD punches noneselective pores on cell membrane, resulting in water influx, cell swelling, inflammatory factors release, and cell death. In the non-canonical pathway, Gram-negative bacteria-derived LPS cleaves and activates caspase-4/5/11, inducing pyroptosis via cleaving GSDMD. Chemotherapy drugs can trigger pyroptosis through stimulating caspase-3 and GSDME cleavage. N-GSDME possesses the similar cell membrane perforation function to N-GSDMD, which leads to cellular perfusion, increased intracellular osmotic pressure and various inflammatory mediator outflow. In addition, CTLs- and NK cells-released GZMA can cleave GSDMB to N-GSDMB, contributing to the GSDMB pore formation on cell membrane and induce pyroptosis. CAR-T cells-derived GZMB can cleave GSDME to N-GSDME and induce pyroptosis. What’s more, TAK1 inhibition and TNF-α are able to activate caspase-8, which will further cleave GSDMC to N-GSDMC and induce pyroptosis. Under hypoxia, the transcription and cleavage of GSDMC specifically mediated by caspase-8 is enhanced via p-STAT3 physically interaction with PD-L1.



Notably, pyroptosis exihibits a dual role in its impact on human health. On the one hand, the pyroptotic death of tumor cells leads to cell swelling and rupture, thereby suppressing the occurrence and development of tumors. However, on the other hand, pyroptosis of non-cancerous cells caused by chemotherapeutic drugs damages normal organs, which is probably one reason for the toxic side effects caused by chemotherapeutic drugs (15). Furthermore, the released inflammatory factors, such as IL-1 and IL-18, caused by pyroptosis, form a chronic inflammatory microenvironment, which will accelerate the genesis and development of tumors (4, 40). Thus, it is necessary and prudent to develop novel pyroptosis inducers that can specifically target tumor cells without damaging normal cells.

Recently, Ge et al. developed a copperbacteriochlorin nanosheet (Cu-TBB), a tumor-specific inducer of pyroptosis. Interestingly, Cu-TBB can remain in a deactivated state in normal cells and organs, it can switch to an activated state in tumor microenvironment with high GSH levels, contributing to Cu+ and TBB release (41). The released Cu+ and TBB subsequently trigger cascade reactions to generate multiple ROS species, including O2-•, 1O2, and virulent ·OH in cells. Mass production of ROS can activate caspase-1/GSDMD-mediated pyroptosis and subsequently promote numerous inflammatory cytokines, enhancing dendritic cell maturation, and T lymphocyte initiation, thereby concurrently accelerating primary tumor elimination and suppressing the growth and metastasis of distant tumors (41).




2.2 The non-canonical pathway

Different from the canonical inflammasome pathway, the non-canonical pathway does not rely on caspase-1. Instead, it depends on caspase-11 in mice and caspase-4/5 in humans (42). Activation of these caspases can be induced via the direct binding of intracellular lipopolysaccharide (LPS) by the N-terminal CARD (43). As shown in Figure 1, LPS originates from gram-negative bacteria, which may be delivered to the cytoplasmic via infection and membrane vesicles (44). After caspases activation, GSDMD will be cleaved into N-GSDMD by activated caspase-4/5/11 at the same site as caspase-1. The liberated N-GSDMD then alters conformation to oligomerize and form irreparable transmembrane β-barrel holes, ultimately causing the efflux of K+ (45, 46). Activated caspase-11 can induce pyroptosis directly and can also activate capsase-1 via cleaving GSDMD (10). Though caspase-4/5/11 are not able to split pro-IL-1β/18, they can participate in the process of maturation and release of IL-1β/18 via the NLRP3/caspase-1 pathway, which is accompanied by the secretion of high mobility group box1 (HMGB1) and IL-1α in the meantime (16).




2.3 The caspase-3 and GSDME-mediated pyroptosis pathway

In-depth studies are gradually uncovering the mechanisms and functions of GSDM family proteins. GSDME was originally recognized as one mutated gene (DFNA5), which leads to hearing disorders, contributed by loss of cochlear hair loss (47–49). In 2017, scientists reported that chemotherapy could switch cell death from apoptosis to pyroptosis via caspase-3-induced GSDME cleavage in tumor cells with high GSDME expression (15, 50). The generated N-GSDME will then transfer to the cell membrane and punch pores for pyroptosis induction. It is worth noting that GSDME is expressed at low levels in various tumors but is highly-expressed in many normal organs. GSDME-dependent pyroptosis occurs in various primary human cells after caspase-3 activation by chemotherapeutic drugs (15). Therefore, GSDME-mediated pyroptosis may be one important cause of the severe side effects of cancer chemotherapy.

Notably, numerous studies have demonstrated that GSDME exhibits low or absent expression levels in most tumor cells because of promoter hypermethylation. In contrast, it is highly expressed in normal tissues (4, 15, 51, 52). Furthermore, cells with high GSDME content undergo pyroptosis following the “apoptotic stimulation,” such as that provoked by chemotherapeutic drugs (15, 50). An in-depth investigation revealed that caspase-3/GSDME-induced pyroptosis in normal cells and organs results in the toxic side effects of chemotherapeutic drugs. These findings revolutionized our incomplete understanding of the anti-tumor effects of pyroptosis in tumor progression. This highlights the importance of developing new compounds or materials specially targeting tumor cell pyroptosis while preserving normal cells. In addition, targeting GSDME in normal cells may be an effective approach to attenuating chemotherapy-induced toxicity.




2.4 The granzyme-mediated pyroptosis pathway

Cytotoxic T lymphocytes (CTLs) and natural killer cells (NKs) are identified as the key effectors that target and kill transformed and virus-infected cells, respectively. Scientists previously thought that the immune ability of cytotoxic lymphocytes depended on granzyme-induced targeted cell apoptosis. Until 2020, Shao et al. (53) discovered that pyroptosis is also one of the mechanisms by which CTLs and NKs target GSDMB-positive cells. As shown in Figure 1, lymphocytes-derived granzyme A (GZMA) cleaves GSDMB to N-GSDMB at the Lys229/Lys244 site, causing pore formation, cellular swelling, cell rupture, and a series of pyroptotic phenomena. Additionally, interferon-γ was proven to up-regulate the expression of GSDMB and enhance pyroptosis (53). Liu et al. reported that CAR T cells promptly activate caspase-3 in B leukemic cells and other target cells via the release of granzyme B (GZMB), which further activates the caspase-3/GSDME-participating pyroptotic pathway and contributes to extensive pyroptosis. As a result, pyroptosis-freed inflammatory factors will further activate caspase-1/GSDMD and the MAPK-NF-κB pathway, causing cytokine release syndrome (CRS) (54). The above studies confirmed the essential role of the GZMA/GSDMB and GZMB/GSDME pathways in anti-tumor immune processes, providing a novel approach for cancer immunotherapy.





3 Links between pyroptosis and human cancers

Many studies have demonstrated that pyroptosis plays an important role in tumor progression and anti-tumor immunity (Figure 2) by serving as a double-edged sword with tumor-promoting and inhibitory abilities. On the one hand, brachychronic and excessive pyroptosis may lead to plentiful infiltration of immune cells, inducing numerous tumor cell death and activation of anti-tumor immunity to suppress tumor development (1). On the other hand, long-term chronic pyroptosis induces pro-inflammatory factors that accelerate the formation of an inflammatory microenvironment, which is suitable for tumor growth (55). In addition, certain side effects of chemotherapy and radiotherapy may also be triggered by pyroptosis. Thus, a comprehensive understanding of the relationship between pyroptosis and human cancers may provide us with the potential and novel treatment strategies for a wide spectrum of human tumors in the clinic. This following section of this review will summarize the current research progress into the potential application of pyroptosis-targeted therapies for various human tumors.




Figure 2 | Various human cancers associated with pyroptosis. The complex function of pyroptosis is widely involved in different human cancers, including but not limited to the reproductive system cancers, such as breast cancer, ovarian cancer, cervical cancer etc. the digestive system cancers, such as gastric cancer, liver cancer, colorectal cancer, oral squamous cell carcinoma, esophageal squamous cell carcinoma etc. the respiratory system cancer, such as lung cancer, nasopharynged carcinoma etc. the nervous system cancer, such as brain tumors and malignant mesothelioma etc.





3.1 Pyroptosis and hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is the main histological subtype of human primary liver cancer globally (56). In 2013, Wei et al. reported that the expressionof NLRP3 inflammasome components was either significantly downregulated or completely absent in HCC. Moreover, this downregulation was closely associated with tumor progression and poor pathological differentiation (57). In further studies, they further demonstrated that the ability of 17β-estradiol to suppress HCC was through 17β-estradiol-induced the NLRP3 inflammasome activation, which trrigered pyroptotic cell death (58). Sorafenib, a kind of kinase inhibitor, is approved for treatment of HCC. Hage et al. revealed that sorafenib-treated MΦ presented caspase-1-activated pyroptosis, contributing to the release of numerous proinflammatory cytokines and the proliferation of NK cells, ultimately suppressing the development and metastasis of tumor cells (59). Additionally, miltirone was proven to possess anti-HCC activity via the caspase-3/GSDME-mediated pyroptosis pathway (60). Mechanistically, miltirone effectively inhibited reactive oxygen species accumulation and restrained mitogen-activated and extracellular signal-regulated kinase (MEK) phosphorylation, which inhibited extracellular regulated protein kinase 1/2 (ERK1/2) activity, and ultimately triggering pyroptosis in tumor cells (60). In addition, abnormally down-regulated expression of caspase-1, IL-18, and IL-1β expression was observed in HCC tissues compared with these in the adjacent normal tissues (61, 62).




3.2 Pyroptosis and lung cancer

In previous studies, various pyroptosis pathway members, including but not limited to inflammasomes, gasdermins, and various inflammatory cytokines, have been reported to participate in the genesis, proliferation, metastasis, and invasion of pulmonary cancer (63–65). Depending on the specific contexts, these components play diverse and even sometimes opposing roles in tumor promotion and therapeutic processes. In 2015, Wang et al. designed a study to investigate the role of the NLRP3 inflammasome in the proliferation and migration of the A549 lung cancer cell line and observed that activation of the NLRP3 inflammasome via LPS+ATP promoted the above process. Besides, increased expression of phosphorylation of Akt, ERK1/2, and Snail, decreased E-cadherin expression phenomenon was observed after the NLRP3 inflammasome activation (65). Taken together, these results manifested that NLRP3 inflammasome activation promotes the proliferation and migration of A549 cells via regulating downstream proteins. Later, the NLRP3 inflammasome was further demonstrated to be associated with the malignant transformation of BEAS-2B bronchial epithelial cells (63). In addition to the NLRP3 inflammasome, the AIM2 inflammasome was reported to present high expression levels in non-small cell lung cancer cells (NSCLCs) and to exert tumor-promoting ability both in vivo and in vitro (66, 67). Interestingly, higher GSDMD expression was related to more severe carcinogenesis with a larger tumor size and more progressive tumor metastasis, which was indicative of a poor prognosis for lung adenocarcinoma (68). Unlike the above studies, scientists gradually discovered the suppressive role of pyroptosis-associated proteins in the progression of lung cancer. Sakaizawa et al. reported that knockdown of ASC, an essential element of inflammasomes, may accelerate the proliferation, motility, and invasion of A549 cells via increasing the expression of Bcl-2 and phosphor-Src. What’s more, ASC-knockdown cells showed resistance ability to cisplatin. Thus, the above study indicated that ASC may play a role in the inhibition of lung cancer via inhibiting Bcl-2 and p-Src (64). Similarly, it has been shown that high expression of GSDME can improve the sensitivity of lung cancer cells to drugs. In contrast, loss of GSDME promotes drug resistance (69).




3.3 Pyroptosis and gastric cancer

Gastric cancer is a common gastrointestinal tumor that ranks fifth in morbidity and fourth in mortality among all malignant tumors worldwide (20). As the important elements in pyroptosis, gasdermin family proteins have been shown to participate in the initiation and development process of gastric cancer. Studies have confirmed that GSDMD expression is significantly decreased in gastric cancer cells compared to that in normal cells, resulting in the proliferation of cancer cells. An in-depth mechanistic study showed that the content of cyclin A2 and cyclin-dependent kinase were decreased by high expression of GSDMD via ERK1/2, STAT3, and PI3K/AKT inhibition, suppressing S/G conversion in GC cells and exerting the anti-GC capacity of GSDMD (70–72).

Additionally, recent studies have indicated that GSDME, rather than GSDMD, can switch chemotherapy-induced caspase-3-dependent cell apoptosis to pyroptotic cell death in gastric cancer cells (15, 27). Furthermore, GSDMA and GSDMC levels are decreased in GC and are regarded as potent cancer suppressor genes (73–75). Komiyama et al. discovered that GSDMB was not detected or displayed deficient expression levels in normal gastric tissue samples. Conversely, the pre-cancer and cancerous samples show moderate or augmented GSDMB expression, suggesting that the rich content of GSDMB may be related to tumor invasion (76). It’s worth noting that overexpression of GSDME in gastric cancer cells slowed down cell proliferation compared to that in control-group cells (52), suggesting that GSDME may play a role in tumor suppression. In addition, the expression of GSDME was shown to be upregulated in tumor cells after treatment with decitabine, contributing to pyroptosis and promoting cancer cells’ sensitivity to chemotherapy agents (12, 15).




3.4 Pyroptosis and breast cancer

Breast cancer has become the most common malignant tumor among women. In China, 400,000 breast cancer cases are reported annually, accounting for 16.5% of malignant cancers in women (20). Numerous studies have indicated that pyroptosis plays an important role in breast cancer progression. Jiao et al. demonstrated that human umbilical cord mesenchymal stem cells (hUCMSCs) could be used as a novel tool for tumor therapy. They found that the conditional medium treated with factors secreted from hUCMSCs could cause pyroptosis in breast cancer cell line MCF7, presenting a potential cell-based breast tumor therapy (77). Additionally, docosahexaenoic acid (DHA) has been proven to trigger MDA-MB-231 breast cancer cell pyroptosis via the caspase-1/GSDMD pathway, inducing IL-1β secretion, translocation of HMGB1 to the cytoplasm, and pore formation in the cell membrane (78). Surprisingly, more and more compounds targeting pyroptosis have been explored for treating breast cancer. For instance, Li et al. established breast cancer xenograft models and utilized several methods to analyze inflammasome levels and cell proliferation. The results showed that cells and mice treated with dihydroartemisinin had higher AIM2, caspase-3, and GSDME levels, indicating proliferation inhibition and pyroptosis activation (79). As a typical anthracycline antitumor drug, doxorubicin can induce ROS accumulation, JNK phosphorylation and ultimately promote pyroptosis through the caspase-3/GSDME pathway in breast cancer cells. However, GSDME is also expressed in cardiomyocytes, whose pyroptosis is one of the major causes of doxorubicin-induced cardiovascular side toxicity (80). Thus, successful clinical therapeutic strategies will require the proper, informed use of pyroptosis-targeted agents.




3.5 Pyroptosis and brain tumours

Although rare, brain and other central nervous system tumors contribute to severe morbidity and mortality and are the most common solid tumors in pediatric patients (81). Among them, glioblastoma multiforme (GBM) is classified as a grade IV glioma by the World Health Organization and is the most prevalent and devastating primary tumor (82). Utill now, adjuvant radiation therapy after surgical resection and oral temozolomide chemotherapy have been the most common and effective therapeutic strategies for patients with GBM. Whereas, temozolomide, the unique clinical medicine available for GBM, often causes frequent toxic side effects and drug resistance (83, 84). Thus, there is an urgent need to develop novel targeted compounds with higher safety and fewer side effects to treat brain tumors in order to meet clinical needs.

Li et al. (85) discovered that galangin, a natural flavonoid, possesses antitumor ability via inducing, pyroptosis, apoptosis, and autophagy, leading to the suppression of GBM growth in vivo and in vitro. What’s more, a study by Du et al. (86) demonstrated that benzimidazoles had potent activity of averting GBM by inducing GBM cell cycle arrest at the G2/M stage through the P53/P21/cyclin B1 signaling pathway, and simultaneously inducing chondriosome-dependent apoptosis and triggering GBM cell pyroptosis via the NF-κB/NLRP3/GSDMD signaling pathway in vivo and in vitro. Thus, benzimidazoles may be promising candidates for the treatment of TMZ-resistant or TMZ-less active patients through blocking the cell cycle and promoting cell apoptosis and pyroptosis concurrently. Additionally, several studies have demonstrated that GBM cell lines treated with 4, 5-Dimethoxycanthin-6-one (87) or kaempferol (88) undergo cellular-swelling pyroptosis and exhibit anti-GBM activity. In addition to these compounds, certain noncoding RNAs have been reported to inhibit GBM through inducing pyroptosis via regulating multiple molecular pathways. Meng et al. (89) revealed that the knockdown of has-circ-0001836 markedly suppressed the viability, induced pyroptosis of glioma cells, and restrained tumor growth via epigenetically elevating NLRP1 content. In addition, several studies have demonstrated the inhibitory effect of miR-214 on the proliferation and migration of GBM cell lines through caspase-1-induced pyroptosis in gliomas (26, 90, 91). To date, a growing number of studies have focused on brain tumors and the development of novel targets and drugs targeting pyroptosis would accelerate the progression of brain tumor treatment.




3.6 Pyroptosis and colorectal cancer

Colorectal cancer (CRC) is the second leading cause of cancer-associated deaths and the third most common malignancy in the world (92). Because of the poor prognosis of CRC and the burden on patients’ daily lives and their mental and financial well-being, there is an urgent need to explore effective therapeutic strategies to improve the prognosis and patients’ quality of life. Numerous studies have revealed a strong relationship between pyroptosis and CRC, and pyroptosis has been considered as an essential target for CRC treatment. Li et al. demonstrated that secoisolariciresinol diglucoside (SDG) exerts its anti-CRC properties through inducing GSDMD-dependent pyroptosis through activation of the ROS/P13K/AKT/BAK-mitochondrial apoptosis pathway (93). What’s more, Mangues et al. developed nanostructured toxins, which were able to alternatively eliminate drug-resistant CXCR4+ CRC cancer stem cells through triggering GSDMD-mediated pyroptosis (94). Notably, the development of compounds targeting GSDME-dependent pyroptosis may be a promising approach for effectively preventing metastatic CRC tumors. In the colitis-associated colorectal cancer model, the GSDME-/- mice showed colon shortening, reduced weight loss, and decreased tumor size compared to their WT littermates. Further treatment with anti-HMGB1 antibodies decreased tumor size, ERK1/2 activation, and PCNA expression in azoxymethane/dextran sodium sulfate-treated WT mice, implying that GSDME-associated pyroptosis accelerates colitis-associated colorectal cancer progression via intracellular HMGB1 release, triggering cancer cell proliferation (95). In addition, several other compounds, such as A438079 (96) and GW4064 (97), were also demonstrated to regulate CRC development via targeting pyroptosis. These studies may provide a research basis for future development of promising drugs to improve the therapeutic effects of CRC.




3.7 Pyroptosis and other cancers

In addition to the cancers mentioned above, pyroptosis plays various roles in numerous other types of cancers. Yu et al. reported that lobaplatin-induced pyroptosis is mediated by the GSDME/ROS/JNK/Bax-mitochondrial apoptotic signaling pathway and that further activation of caspase-3/9 is a novel mechanism by which lobaplatin eradicates colon cancer cells (98). Additionally, So et al. discovered that the absence of SIRT1 could enhance AIM2 inflammasome-mediated pyroptotic death in cervical cancer cells, which might be a potential target for the effective treatment of cervical cancer (99). Malignant mesothelioma (MM), a pleural or periotoneal mesothelial cellular cancer caused by asbestos is particularly resistant to chemoradiotherapy (100). Pyroptosis is suppressed in MM tumor cells judged from the low expression of NLRP3 and caspase-1. Treatment of MM cells with doxorubicin or cisplatin causes the activation of NLRP3/caspase-1 and excessive secretion of pro-inflammatory factors, resulting in pyroptosis of MM cells (101). Accumulating evidence have also manifested that miRNAs and lncRNAs are closely associated with pyroptosis in the generation and metastasis of specific tumor. For example, Liu et al. demonstrated that the overexpression of lncRNA-XIST promoted the development of NSCLCs via sponging miR-335, leading to increased SOD2 levels, reduced ROS generation, and NLRP3 inflammasome activation. In other words, the absence of lncRNA-XIST suppressed the NSCLCs progression via miR-335/SOD2/ROS pathway-mediated pyroptosis (102). Furthermore, miR-214 plays an important role in restraining the proliferation and migration of glioma cells through targeting caspase-1-involved pyroptosis (26). Another recent study discovered that lnc-NEAT1 accelerates ionizing radiation-caused pyroptosis through the miR-448/GSDME pathway in colorectal cancer cells (103). An increasing number of novel mechanisms of pyroptosis have been explored, providing more and more promising possibilities for targeted cancer therapy.





4 Compounds targeting pyroptosis

As shown in Table 1, many basic and clinical trials have demonstrated that pyroptotic signaling pathways are closely related to tumor genesis and development. An increasing number of compounds that directly or indirectly target pyroptosis-associated molecules have been shown to play important roles in tumor suppression via contributing to or enhancing pyroptosis. It’s worth noting that some of these compounds, such as cisplatin, metformin, and doxorubicin, have been approved by the Food and Drug Administration and applied in clinical treatment for years. However, research on their mechanisms through pyroptosis has been lacking. In this review, we have come up with a list of compounds that target pyroptosis, which may provide novel ideas for clinical treatment of cancer.


Table 1 | Compounds targeting pyroptosis in various cancers.





4.1 Potential cancer-fighting compounds that promote pyroptosis

Among the many molecules involved in the pyroptotic signaling pathway, GSDMD and GSDME have been the two most thoroughly studied with respect to cell membranal hole formation and pyroptosis. They have long been considered as the critical cancer suppressors in various types of cancers, such as renal clear cell carcinoma (127), adrenocortical carcinoma (127), hepatocellular carcinoma (127), primary gastric carcinoma (51), and colorectal carcinoma (128).



4.1.1 Compounds targeting caspase-1/GSDMD

Cisplatin was synthesized as early as 1845 (129) and has been used as traditional antitumor agent for the treatment of a variety of solid tumors, including lung cancer, breast cancer and many others. The widely accepted anti-tumor mechanism of cisplatin is that DNA binds to cisplatin, causing inter- or intra-strand cross-links (51, 130–132),which further leads to deficient DNA template, restriction of DNA synthesis and replication, and DNA damage. Severe DNA damage results in irreversible and serious tumor cell death (131). Recently, Yuan et al. (104) revealed a new mechanism of cisplatin-induced pyroptosis in triple-negative breast cancer. They found that cisplatin could induce MDA-MB-231 cell pyroptosis via upregulating the lnc RNA MEG3 and activating the NLRP3/caspase-1/GSDMD pathway, which would accelerate the inflammatory cytokines (IL-18 or IL-1β) release and effectively treat breast cancer.

Emerging evidence has shown that cucurbitacin B possesses powerful anticancer ability against a variety of cancers by forcing cancer cells into the G2/M phase arrest, resulting in cell death (105). Yang et al. (105) first reported that cucurbitacin B suppressed the progression of non-small cell lung cancer (NSCLC) through pyroptosis in vivo and in vitro. To be specific, cucurbitacin B can bind to toll-like receptor 4 (TLR4) to stimulate the NLRP3 inflammasome and activate caspase-1, which further leads to the cleavage of the N-terminal of GSDMD to carry out pyroptosis. Consequently, water influx, cell membrane swelling, and the release of numerous pro-inflammatory factors (such as HMGB1, IL-18, and IL-1β) occur. In addition, certain other plant extracts have also been observed to induce pyroptosis and serve as potential cancer suppressors. For instance, anthocyanin was able to restrain oral squamous cell tumor cell viability and suppress proliferation and migration via inducing pyroptosis through the NLRP3/caspase-1/GSDMD pathway (106). In addition, polyphyllin VI (PPVI), the main saponin extracted from Trillium tschonoskii Maxim, was reported to markedly inhibit NSCLC proliferation. These in vitro experiments clarified that PPVI could activate the NLRP3 inflammasome in a dose-dependent manner in A549 and H1299 NSCLC cell lines. Moreover, the further investigation of the mechanism demonstrated that PPVI could stimulate the NF-κB pathway through increasing ROS levels, further activating the NLRP3/caspase-1/GSDMD signal axis, and inducing pyroptosis in NSCLC (107).

Docosahexaenoic acid (DHA), a rich omega-3 fatty acid, has been proven to exert anticancer effects on breast cancer via apoptosis (133). A recent study revealed a new mechanism by which DHA acts as an anti-breast cancer agent via pyroptosis-programmed cell death. Pizato et al. discovered that accessorial caspase-1 expression, activation of GSDMD, excessive IL-1β release, translocation of HMGB1 to the cytoplasm, membrane hole formation, and other pyroptosis characteristics were observed in breast cancer cells treated with DHA when compared with the untreated group, implying that DHA may be an inducer of pyroptosis in breast cancer cells (78).

Metformin, a classical anti-diabetic drug, has also been explored for many other properties, including cancer resistance (134). What’s more, metformin protects normal tissue from radio- and chemotherapy-induced toxicity while making various malignant cells sensitive to anti-cancer drugs. An increasing number of experiments have demonstrated that the induction of pyroptosis may cause the antitumor properties of metformin. Zhang et al. found that esophageal squamous cell carcinoma (ESCC) cells treated with metformin presented a more serious pyroptototic state, as indicated by the elevated expression of caspase-1 and N-GSDMD when compared to that in the control group (108). In-depth mechanisstic investigation revealed that pyroptosis induced by metformin in ESCC cells is through targeting the miR-497-PELP1 axis. PELP1 is a complex scaffolding oncogene composed of multiple subunits, including proline, glutamic acid and leucine-rich protein 1. In addition, metformin suppressed the proliferation and migration of HCC cells. Further, it inhibited the development of HCC via inducing pyroptosis through upregulation of FOXO3. Excessive FOXO3 activates NLRP3, and consequently, elevated expression of cleaved caspase-1, N-GSDMD, IL-18, and IL-1β etc., will be detected (109).

Interestingly, diatomic hydrogen (H2) demonstrated a dual effect in simutaneously protecting healthy cells and suppressing tumor cell growth. A recent study has shown that H2 pretreatment increased ROS accumulation and pyroptosis-associated proteins, such as NLRP3, caspase-1, GSDMD, and LDH and IL-1β release, in human endometrial cancer (111). In addition to the agents described above, Ophiopogonin B (112), secoisolariciresinol diglucoside (SDG) (93), and taxol (113) were also reported to induce pyroptosis, thus restraining the progression of lung cancer, colorectal cancer, and nasopharyngeal cancer, respectively, through the caspase-1/GSDMD pathway. Excitingly, Ge et al. designed the novel pyroptosis inducer, Cu-TBB, which can specifically target the tumor cells and promote tumor cell pyroptotic death via the caspase-1/GSDMD pathway without damaging normal human cells and organs (41) (Table 1).




4.1.2 Compounds targeting caspase-3/GSDME

An increasing number of studies have indicated that the expression level of GSDME determines whether the form of cell death is apoptosis or pyroptosis in caspase-3-activated cells. Cells with high expression of GSDME go through pyroptosis after “apoptosis stimulation,” such as that induced by chemotherapy. Oppositely, cells expressing low levels of GSDME undergo secondary necrosis following apoptosis (15, 50). The majority of cancer tissues express GSDME at low levels due to the increased methylation of promoter CpGs compared to that in healthy samples (135, 136). Decitabine could reverse the low expression of GSDME in cancer cells and enhance the sensitivity of cancer cells to chemotherapy medicines (51, 52, 137). In addition, Yu et al. (98) discovered that lobaplatindecreases the viability and proliferation of HCT116 and HT-29 cells, two types of CRC cell lines, in a dosage-dependent manner. The cells treated with lobaplatin performed the classic pyroptotic features of cellular swelling and membrane pores. An in-depth mechanistic exploration revealed that the addition of lobaplatin induced ROS production and JNK phosphorylation, promoting Bax mitochondrial translocation and accelerating cytochrome C transport to the cytosol, leading to caspase-3/9 activation, GSDME cleavage, and, ultimately, pyroptosis (Table 1).

Cisplatin exerts anti-cancer effects on various tumors through multiple mechanisms. Zhang et al. (116) discovered that caspase-3 activation and GSDME-NT generation increased significantly after cisplatin treatment of A549 cells, a kind of lung cancer cell lines. The caspase-3 inhibitor Ac-DEVE-CHO and GSDME knockdown markedly inhibited cisplatin-induced GSDME cleavage and simultaneously suppressed pyroptosis. These results suggest that cisplatin induces pyroptosis via the caspase-3/GSDME pathway in A549 cells, which may provide a potential therapeutic target for the clinical treatment of lung cancer. Additionally, Wu et al. reported that the combination of cisplatin and BI2536, a PLK1 inhibitor,triggered pyroptosis in ESCC cells via the caspase-3/GSDME signaling pathway (117). Furthermore, Li et al. uncovered an innovative mechanism by which cisplatin triggers pyroptosis through the activation of the CAPN1/CAPN2-BAK/BAX-caspase-9-caspase-3-GSDME axis in esophageal cancer cells (118). A previous study revealed that GSDME was abundantly expressed in HeLa cervical cancer cells, SH-SY5Y neuroblastoma cells, and MeWo skin melanoma cells. GSDME-positive SH-SY5Y cells show classical pyroptotic characteristics through caspase-3 cleavage of GSDME following treatment with the chemotherapeutic drugs etoposide topotecan, cisplatin, or irinotecan (138).

Triptolide, an active diterpenoid epoxide ingredient isolated from the herbal medicine Tripterygium wilfordii, has been shown to exhibit anti-immunosuppressive, anti-inflammatory, and anti-cancer activities via apoptotic signaling and various other mechanisms (139, 140). Cai et al. have demonstrated that triptolide treatment triggers GSDME-mediated pyroptotic death in head and neck cancer cells (119). The expression level of C-myc and mitochondrial hexokinase II was suppressed in cancer cells treated with triptolide, which would accelerate mitochondrial translocation of BAD/BAX, leading to caspase-3 activation, GSDME cleavage, IL-1β, and LDH1 release, and pyroptosis ultimately. In addition, the authors discovered that triptolide inhibited the NRF2/ALC7A11 axis and induced ROS accumulation regardless of GSDME content. Thus, triptolide may be a promising drug for treating head and neck malignancies (119).

Miltirone, an active diterpene quinine constituent extracted from the Chinese herb Salvia miltiorrhiza Bunge, has also been discovered to play an anti-tumor role in various tumors (141, 142). For instance, Wang et al. demonstrated that miltirone causes mitochondrial dysfunction, p53- and ROS- dependent apoptosis in colon tumor cells (143). In addition, Wu et al. have shown that miltirone induces collateral sensitivity in multidrug-resistant P-glycoprotein-overexpressing lymphoblastic leukemia cells. In addition, miltirone arrests G2/M and induces apoptosis through the ROS-mediated breakdown of MMP and DNA damage (144). Zhang et al. identified that miltirone suppresses the proliferation of HepG2 and Hepa1-6 cells in a time- and dose-dependent manner. Further investigation suggested that HepG2 and Hepa1-6 cells treated with miltirone exhibited membrane pores, cell swelling and other pyroptotic characteristics via the caspase-3/GSDME signaling pathway. In addition, miltirone effectively induced intracellular ROS accumulation and inhibited MEK and ERK1/2 phosphorylation to induce pyroptosis in HCC cells (60). Other compounds extracted from traditional Chinese herbs, such as osthole, isolated from the Cnidium monnieri (L.) Cusson., and nitidine chloride, isolated from Zanthoxylum nitidum (Roxb.) DC, have been shown to induce caspase-3/GSDME-mediated pyroptosis and are beneficial for the prevention and treatment of cervical and lung cancers, respectively (120, 121).

Metformin has been demonstrated to suppress various tumorigenesis and tumor progression through numerous mechanisms and can inhibit carcinoma development by inducing pyroptosis via different signaling pathways. Zheng et al. identified that metformin exerted its antitumor effect through enhancing the AMPK/SIRT1 axis, subsequently increasing expression of NK-κB p65 to induce Bax activation and Cyt-C release, leading to caspase-3-dependent cleavage of GSDME and ultimately resulting in pyroptosis in HCC cells, breast cancer cells, and colon cancer cells (110). Another classic antitumor medicine, 5-FU, has been reported to suppress cell viability, promote LDH release, induce membrane bubble formation, and cause pyroptotic cell death via the caspase-3/GSDME pathway in SGC-7901 and MKN-45 gastric cancer cell lines (27). Furthermore, GSDME knockout switched pyroptosis induced by 5-FU into apoptosis in gastric cancer cells. Doxorubicin, a representative anthracyline, is a prominent anticancer drug used in multiple cancer chemotherapies. However, its administration is often accompanied by irreversible and continuous cardiotoxic side effects. Zhang et al. showed that breast cancer cells (MDA-MB-231 and T47D) treated with doxorubicin showed decreased cell viability and typical pyroptotic morphology. Mechanism experiments showed that doxorubicin administration facilitated intracellular ROS accumulation, induced JNK phosphorylation, caspase-3 activation, and GSDME cleavage (122). Yu et al. reported that eEF-2K is activated by doxorubicin in melanoma cells, suppressing pyroptosis and promoting autophagic responses. Silencing of eEF-2K blunts autography and expedites doxorubicin-induced pyroptosis via caspase-3/GSDME (145).

To minimize the toxic side effects of chemotherapy drugs on normal human cells and tissues, Wang et al. engineered an acid-activatable nano-photosensitizer (ANPS) with different pH responses using ultra-pH-sensitive nanotechnology (115). Researchers have verified that ANPS efficiently elicits caspase-3/GSDME-mediated pyroptosis in cancer cells by specifically activating phospholipase C and triggering subsequent signal transduction via lipid peroxidation, a process launched by nano-photosensitizer-mediated oxidative stress in early endosomes. In late endosomes and lysosomes, the pyroptosis-promoting ability was dramatically decreased. Thus, the newly-designed pyroptosis nano-tuner ANPS, has significant therapeutic effects on human tumors, concurrently accompanied by minimal toxic side effects on normal human cells and organs (115) (Table 1).




4.1.3 Compounds targeting caspase-4/GSDMD

Citric acid (CA) isan organic acid that broadly serves as an antioxidant in cosmetic and food additives (146). It is also a key metabolin during the tricarboxylic acid cycle, and plays an essential role in macromolecule synthesis, energy metabolism, and maintenance of cellular redox balance. Zhao et al. (123) reported that CA suppresses the proliferation of A2780 and SKOV3 ovarian cancer cells in a dose-dependent manner. The morphology of cells treated with CA exhibits representative pyroptosis characteristics, namely swelling and rupture of the cell membrane and cytoplasmic leakage (123). Compared with that in the untreated cell group, the expression of TXNIP and caspase-1 was significantly elevated in the cell group treated with CA. In addition, the content of NLRP3, caspase-1, GSDMD, IL-18, and IL-1β was markedly up-regulated in cells treated with CA, implying that CA accelerates pyroptosis of ovarian cancer cells via the TXNIP/NLRP3/caspase-1/GSDMD axis-mediated canonical and caspase-4/GSDMD-mediated non-canonical pyroptosis pathways (123). Additionally, α-NETA couldincrease the abundance of pyroptosis-related proteins in epithelial cancer cells and inhibit the growth and size of epithelial ovarian tumor in mice via the caspase-4/GSDMD pathway (124).




4.1.4 Compounds targeting other pyroptosis signaling pathways

The crucial immune-checkpoint programmed death ligand 1 (PD-L1) inhibits anticancer immunity by interacting with the programmed cell death protein 1 (PD-1) (147). Hou et al. identified that PD-L1 could switch apoptosis induced by TNF-α into pyroptosis in cancer cells (40). Virtually all chemotherapy medicines can induce PD-L1 translocation and upregulation of GSDMC, whereas only the antibiotics such as doxorubicin, epirubicin, daunorubicin, and actinomycin D can activate caspase-8, induce GSDMC cleavage, and induce pyroptosis in MDA-MB-231 breast cancer cells. However, this phenomenon can be abolished by the PD-L1-NLS, Stat3-Y705F mutation, and caspase-8 knockout (40). Thus, these drugs exhibit anti-tumor activity, probably through strong inflammatory responses in PD-L1+ or GSDMC+ breast cancers.

Inflammasomes play complex roles in tumorigenesis and cancer development. For example, the NLRP3 inflammasome can serve as an antitumor compound in colitis-associated CRC. However it can also promote cancer progression in skin and gastric cancers (148, 149). As shown in Table 1, Ahmad et al. discovered that thymoquinone, the major component of Nigella sativa, presented an inhibitory effect on metastatic melanoma cell lines. Simultaneously, the thymoquinone-mediated inhibition process of migration was accompanied by NLRP3 decrease, caspase-1 cleavage inhibition, and IL-1β/IL-18 release inhibition (125). Feng et al. demonstrated that the NLRP3 inflammasome accelerates resistance to 5-FU in OSCC in vivo and in vitro. Inhibiting the ROS/NLRP3/IL-1β signaling pathway may be conducive to 5-FU-based chemotherapy of OSCC (150). Furthermore, the antitumor effects of inflammasomes have been confirmed by multiple studies. Simvastatin, a classical anti-hyperlipidemic drug, was reported to induce pyroptosis by activating the NLRP3 inflammasomes caspase-1-IL-18 and IL-1β axes in H1299 and A549 lung cancer cell lines without causing poisonousness tohealthy lung cells (126). In summary, whether activating or inhibiting inflammasomes is beneficial for clinical treatment is in a tumor -specific manner.





4.2 The adverse effects of pyroptosis and compounds inhibiting pyroptosis

In general, the tumor microenvironment is formed by a chronic inflammatory course in which polarized macrophages and stromal components accelerate tumor development. The hypoxic environment near the necrotic area of solid tumors is conducive to the accumulation of macrophages and the secretion of TNF-α, which is vital for tumor necrosis (151–153). Additionally, the hypoxic environment elevates the content of GSDMC that is cleaved via TNF-α-activated caspase-8, contributing to pyroptosis. It’s worth noting that pyroptosis plays a dual role in regulating the tumor’s surroundings. Chronic tumor pyroptosis inhibits antitumor immunity and fuels tumor development (40). In contrast, the acute inflammatory effects induced by pyroptosis in the tumor microenvironment promote the anti-tumor immune response and restrict tumor growth (40, 154–156). Therefore, pro-pyroptotic compounds that induce an acute inflammatory immune response in the tumor microenvironment deserve in-depth exploration in the clinic.

However, scientists reported that GSDME was highly expressed in only 1/10 of tumor cells, but 3/5 of normal human cells exhibited rich expression of GSDME (4). Moreover, researchers have discovered that GSDME-induced pyroptosis is probably the mechanism underlying the toxic side effects caused by chemotherapy drugs (15). For instance, Shen et al. clarified that the classical chemotherapeutic medicines, cisplatin and doxorubicin, trigger GSDME-induced pyroptosis in human tubular epithelial cell lines via the ROS/JNK/caspase-3/GSDME signaling pathway in a concentration- and time-dependent manner (157). Additionally, mice treated with Ac-DMLD-CMK, a polypeptide that inhibits caspase-3 and GSMDE activation, exhibited alleviated deterioration in kidney function and renal tubular epithelial cell damage, as well as decreased inflammatory factor secretion (157). The above findings indicate that caspase-3/DSDME-mediated pyroptosis causes chemotherapy-induced nephrotoxicity. Zhang et al. reported that cardiotoxicity induced by doxorubicin during breast cancer treatment was mediated by caspase-3/GSDME-caused pyroptosis (122). Furthermore, Gao et al. showed that higher GSDMD expression was closely related to adverse outcomes, including larger tumor volume, more advanced tumor-node metastasis periods, and a poorer prognosis in lung adenocarcinoma (68). GSDMD depletion suppresses tumor proliferation by accelerating apoptosis and restraining the EGFR/Akt signaling pathway in NSCLC (68).

Interestingly, Molina-Crespo Á et al. developed a novel targeted nanomedicine that was able to send the specific anti-GSDMB antibody into the HER2-positive breast cancer cells in vivo and in vitro, based on hyaluronic acid-biocompatible nanocapsules (158). This newly developed nanomedicine specifically and significantly suppressed GSDMB function and inhibited cancer cell migration and metastasis. In addition, resistance to chemotherapy is simultaneously inhibited (158). Disulfiram, a drug used to treat alcohol addiction, suppresses canonical and non-canonical inflammasome pyroptosis signaling pathways to curb cell death. In addition, disulfiram prevents hole formation in the cell membrane via covalently modifying Cys191/Cys192 in GSDMD and prevents the the liposome leakage in cleaved GSDMD (159). Additionally, Humphries et al. discovered that exogenous dimethyl fumarate or endogenous fumarate reacts with GSDMD to produce 2-(succinyl)-cysteine at Cys191 and Cys192 in human and mouse GSDMD, respectively, which prevents the interaction between GSDMD and caspases, suppressing its processing and ability to induce pyroptotic cell death. These findings highlight the potential of dimethyl fumarate in treating inflammatory diseases, including familial Mediterranean fever, multiple sclerosis, demyelination, and experimental autoimmune encephalitis (160).

Presently, our understanding of the specific roles and effects of pyroptosis in various tumors and the detailed mechanisms by which these factors affect the tumor cells has not been sufficiently elucidated. Furthermore, there are conflicting results on the relationship between tumors and pyroptosis due to the complexity of tumor heterogeneity and the immune microenvironment. Therefore, any pyroptosis agonists or inhibitors developed will need long-term experimental clinical research to assess their specific clinical outcome fully.





5 Summary and prospect

Pyroptosis, a type of lytic and necrotic-regulated cell death executed by the gasdermin family, is characterized by DNA fragmentation, chromatin condensation, hole formation in the cell plasma membrane, cell bulking, content release, and cell rupture (44, 161). As an inflammatory death pattern, pyroptosis plays an essential role in tumor limitation via enhancing the sensitivity of various tumor cells to chemotherapy drugs and generating many neo-antigens that consequently galvanize systemic immunity (15, 50, 162). However, the tumor microenvironment created by chronic tumor pyroptosis fuels tumor development. Scientists have stated that GSDME is expressed at low levels in the majority of cancer cells because of promoter hypermethylation in tumors. In contrast, it is highly expressed in most normal healthy cells (15, 50). Thus, the caspase-3-mediated pyroptosis induced by chemotherapy drugs in healthy cells rich in GSDME might be the reason for the side effects and toxicity of chemotherapy drugs.

While significant progress has been achieved in investigating the pathological significance and mechanisms of pyroptosis in various tumors, several crucial and indispensable inquiries still need to be addressed and resolved for the future implementation of therapeutic strategies targeting pyroptosis. Firstly, given the complex functions and dual effects of pyroptosis in tumors, attaining optimal therapeutic outcomes by accurately regulating the disease at various stages remains challenging. Secondly, further studies are required to explore effective measures to prevent the chronic inflammatory responses during the induction of cancer cell pyroptosis. Thirdly, there is a need for further investigation into how to induce tumor cells that have developed resistance to apoptosis to transition toward pyroptosis, with clinical data necessary to verify its feasibility. Addressing the scientific challenges highlighted in this review will enhance our understanding of the crucial involvement of pyroptosis in various tumor types, thereby establishing a solid scientific foundation for utilizing pyroptosis as a target for the prevention, treatment, diagnosis, and prognosis of multiple tumors.
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Background

Cancer immunotherapy targeting CD8+ T cells has made remarkable progress, even for oral squamous cell carcinoma (OSCC), a heterogeneous epithelial tumor without a substantial increase in the overall survival rate over the past decade. However, the therapeutic effects remain limited due to therapy resistance. Thus, a more comprehensive understanding of the roles of CD4+ T cells and B cells is crucial for more robust development of cancer immunotherapy.





Methods

In this study, we examined immune responses and effector functions of CD4+ T cells, CD8+ T cells and B cells infiltrating in OSCC lesions using single-cell RNA sequencing analysis, T cell receptor (TCR) and B cell receptor (BCR) repertoire sequencing analysis, and multi-color immunofluorescence staining. Finally, two Kaplan-Meier curves and several Cox proportional hazards models were constructed for the survival analysis.





Results

We observed expansion of CD4+ cytotoxic T lymphocytes (CTLs) expressing granzymes, which are reported to induce cell apoptosis, with a unique gene expression patterns. CD4+ CTLs also expressed CXCL13, which is a B cell chemoattractant. Cell–cell communication analysis and multi-color immunofluorescence staining demonstrated potential interactions between CD4+ CTLs and B cells, particularly IgD- CD27- double negative (DN) B cells. Expansion of CD4+ CTLs, DN B cells, and their contacts has been reported in T and B cell-activated diseases, including IgG4-related disease and COVID-19. Notably, we observed upregulation of several inhibitory receptor genes including CTLA-4 in CD4+ CTLs, which possibly dampened T and B cell activity. We next demonstrated comprehensive delineation of the potential for CD8+ T cell differentiation towards dysfunctional states. Furthermore, prognostic analysis revealed unfavorable outcomes of patients with a high proportion of CD4+ CTLs in OSCC lesions.





Conclusion

Our study provides a dynamic landscape of lymphocytes and demonstrates a systemic investigation of CD4+ CTL effects infiltrating into OSCC lesions, which may share some pathogenesis reported in severe T and B cell-activated diseases such as autoimmune and infectious diseases.
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1 Introduction

Cancer immunotherapy has revolutionized the treatment environment. The two principal treatment modalities are immune checkpoint inhibitor therapy and adoptive cell therapy represented by chimeric antigen receptor-T cell therapy. Both therapies share a mutual objective, namely eradicating cancer cells and improving prognosis by activating cytotoxic T lymphocytes (CTLs), particularly the CD8+ CTL subpopulation. These therapies have demonstrated substantial efficacy in patients who are refractory to existing therapies.

Oral squamous cell carcinoma (OSCC) is a heterogeneous epithelial tumor without a substantial increase in the overall survival rate over the past decade, largely because of its high propensity for local invasion and recurrence (1). Although evidence supports adjuvant chemoradiation for high-risk individuals, recurrence remains prevalent and disease-related death is considerable, even at early time points. Similar to other solid tumors, programmed cell death protein 1 (PD-1) inhibitors nivolumab and pembrolizumab have been approved for patients with recurrent/metastatic head and neck squamous cell carcinomas including OSCC. Furthermore, the application of neoadjuvant immunotherapy, nivolumab, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitor ipilimumab prior to surgical intervention has recently been recognized to be a feasible treatment (2). Several reports on the influence of human leukocyte antigen (HLA) genetic factors and some antigenic peptides recognized by CTLs in OSCC suggest the effectiveness of these immunotherapies. However, regardless of various ongoing efforts to improve treatment outcomes, the therapeutic effect is limited because a fraction of patients remains non-responsive or quickly become resistant, and a certain rate of hyper-progression occurs (3). Consequently, while current studies about tumor immunity have primarily focused on CD8+ T cells and tumor cells, especially in OSCC, a more comprehensive understanding that is not confined to these cell types is crucial for more robust development of cancer immunotherapy.

In addition to CD8+ T cells, the pivotal role of CD4+ T cells in instigating and maintaining effective tumor immunity has been gaining recognition, even in the context of cancer immunotherapies tailored to induce a CD8+ CTL response (2). Recently, Kruse et al. demonstrated that CD4+ effector T cells are inclined to infiltrate the invasive front of major histocompatibility complex (MHC) class I-deficient tumors that may escape eradication mediated by CD8+ CTLs (4). This substantial discovery elucidates how CD4+ T cells indirectly eradicate tumor cells through collaboration with tumor-associated myeloid cells and stimulation of innate immune cells. In fact, several studies have provided evidence associating expression of MHC class II in tumor cells with favorable outcomes of many cancer types (5–7).

Apart from T cells, mounting evidence suggests that B cells infiltrating tumor lesions and antibodies produced by plasma cells play a crucial role in tumor immunity. This is notably supported by Roei et al. who comprehensively demonstrated that tumor-reactive antibodies are produced by both germline-encoded autoreactive antibody-secreting cells (ASCs) and ASCs which underwent somatic hypermutations (SHMs) and affinity maturation (8). Despite the controversy surrounding their role in tumor immunity, a comprehensive understanding of B cells and the antibodies they produce remains indispensable for OSCC treatment.

In this study, we found that specific subsets of CD4+ T cells, notably CD4+ CTLs, expand in OSCC by high-throughput sequencing and quantitative imaging. We have previously identified these subsets as pivotal contributors to the establishment of specific disease milieus such as systemic sclerosis, IgG4-related disease, and COVID-19 (9–11). While expansion of tumor neoantigen-specific CD8+ T cells, which contribute to cancer eradication, has been previously reported in other cancer types, we found that the sum of CD4+ T cells, B cells, and ASCs in OSCC was similar to CD8+ T cells, and CD4+ CTLs and activated B cells were the main CD45+ immune cells. Notably, CD4+ CTLs also expressed multiple kinds of inhibitory receptor (IR) genes, such as PDCD1, CTLA4, LAG3, and HAVCR2, and exhibited co-expression modules analogous to CD4+ regulatory T cells (Tregs), suggesting that they eliminate tumor cells via cytotoxic activity and act as immunosuppressor cells.

Furthermore, we found that CD4+ CTLs expressed C-X-C motif chemokine ligand 13 (CXCL13), a B cell chemoattractant, and physically interacted with activated B cells in tumor lesions. These activated B cells included a population of DN B cells that we have previously reported to be a disease-related B cell population that arises from the extrafollicular B cell response and are readily induced in the altered inflammatory milieu.

Our results indicate that CD4+ CTLs might be as pivotal to tumor immunity as CD8+ CTLs, and that CD4+ CTLs also interact with B cells through physical conjugation. This study provides a comprehensive landscape of the dynamics of T and B cells induced in OSCC lesions, potentially revealing some similarities with the pathogenesis of severe T and B cell-activated diseases such as autoimmune and infectious diseases.




2 Materials and methods



2.1 Study participants

The study included 23 patients with primary OSCC of the tongue treated at the Department of Oral and Maxillofacial Surgery, Kyushu University Hospital. Patients had been diagnosed from 2015 to 2017 at the Department of Kyushu University Hospital. The OSCC histological grade was determined by the World Health Organization’s classification system, and the tumor grade was determined by the TNM classification system. All included patients had a pathological diagnosis by biopsy and underwent scheduled excision surgery. A summary of OSCC patient information is presented in Supplementary Table 1. This study was approved by the Ethics Committee of Kyushu University Hospital (IRB number: 2021-265). Informed consent was obtained from each patient. All experiments were performed in accordance with the relevant guidelines and regulations.




2.2 Tissue homogenization and CD45+ cell isolation

All fresh tissue samples of OSCC were collected at the time of surgical resection. Excised tongue specimens from three OSCC patients (Supplementary Table 1, patients marked as ‘scRNA-seq’ in the Application column) were preserved in Tissue Storage Solution (130-100-008, Miltenyi Biotec) for subsequent processing. The tissue samples were transferred to gentleMACS C Tubes (130-093-237, Miltenyi Biotec) and cut into small pieces in RPMI-1640 with L-glutamine and phenol red (189-02025, FUJIFILM). Multi Tissue Dissociation Kit I (130-110-201, Miltenyi Biotec) and a gentleMACS Octo Dissociator with Heaters (130-096-427, Miltenyi Biotec) were employed to gently isolate cells from the tongue samples while preserving cell surface epitopes. Following homogenization for 1 hour, the tissue sample was passed through a 100 µm MACS SmartStrainer (130-098-463, Miltenyi Biotec) and transferred into a 5 mL Round Bottom Polystyrene Test Tube with Cell Strainer Snap Cap (352235, Falcon). After washing twice with EasySep Buffer (20144, STEMCELL), erythrocytes were eliminated using a Red Blood Cell Lysis Solution (130-094-183, Miltenyi Biotec).

For CD45+ cell isolation, the homogenized cell suspension was incubated with a PE anti-human CD45 antibody (304039, BioLegend) and FcR Blocking Reagent, human (130-059-901, Miltenyi Biotec) at room temperature (RT) for 15 min. Then, EasySep Human PE Positive Selection Kit II (17664, STEMCELL) was employed for positive selection of desired cells. Cells were labeled with anti-CD45+ antibody-coated magnetic particles and separated using an EasySep Magnet (18000, STEMCELL). After separation, the cells were preserved in CELLBANKER 1 plus (11912, ZENOGEN PHARMA) and stored at -80°C for subsequent analysis.




2.3 Single-cell RNA and TCR/BCR library preparation and sequencing

The number and viability of isolated CD45+ cells were assessed using a LUNA-FX7 Automated Cell Counter (L70001, Logos Biosystems). The cell concentration was adjusted to 10,000 single cells per sample. Subsequently, the cells were processed using a Chromium Single Cell 5′ Reagent Kit (v2) in the 10x Genomics Chromium instrument in accordance with the manufacturer’s protocol. To construct libraries, 10x Genomics Chromium Single Cell V(D)J v2 (GEX + human TCR/BCR) reagents were used. The prepared libraries were subjected to sequencing on an Illumina Hiseq platform with the following configuration: Read 1 (26 bp) + i7 index (8 bp) + i5 index (8 bp) + Read 2 (91 bp). Additionally, Hiseq 350M read/lane and two lanes per sample were used to ensure a sequence depth of 100,000 reads per cell.




2.4 Quality control and gene expression analysis

The raw sequencing data from Illumina Hiseq were processed to generate FASTQ files, which were then used to obtain single cell feature counts and V(D)J immune profiling analysis results using 10x Genomics Cell Ranger 6.0 software. Subsequent gene expression analysis and cell clustering were performed in the R 4.2.0 environment using the Seurat 4.3.0 package (12).

Before commencing the analysis, the gene expression data were first filtered based on the following criterion: cells exhibiting more than 15% mitochondrial RNA, fewer than 100 gene counts, and fewer than 200 gene types were considered lysed and removed from the dataset. The scRNA-seq gene expression data were normalized using the sctransform (SCT) method, and the respective expression data from the three patients were integrated to correct the batch effects. Dimensionality reduction of the gene expression matrix was performed using principle complement analysis (PCA), and visualization was achieved through uniform manifold approximation and projection (UMAP) dimensionality reduction (13).

A k-nearest neighbor graph was constructed based on the PCA results, and cell clusters were identified using Louvain algorithm (14). The leukocyte phenotypes were then assigned to these clusters using the following marker genes: CD79A, MS4A1, CD19 for B cells; CD79A, SDC1, XBP1, JCHAIN for ASCs; CD3E, CD4, IL7R for CD4+ T cells; CD3E, CD8A for CD8+ T cells; TPSAB1, CPA3 for mast cells; CD14, CD68, AIF1 for macrophages; IFIT1, MX2 for neutrophils; NCAM1 for NK cells; CD4, CLEC4C, IL3RA for plasmacytoid dendritic cells (pDCs); TRGV9, CD3E for γδ T cells.

T cells and B cells were extracted and re-clustered using the pipeline mentioned above. Quality control measures were implemented to minimize the potential doublet in both T cells and B cells. For CD4+ T cells, any cells expressing CD19, CD79A, MS4A1, CD8A, CD14 or AIF1 were removed. Similarly, in CD8+ T cells, cells expressing CD19, CD79A, MS4A1 CD4, CD14 and AIF1 were excluded. Finally, for B cells, any cells expressing CD3E, CD4, CD8A, CD14 or AIF1 were removed. This process ensured the purity and accuracy of the selected T cells and B cells for further analysis.

Subsequently, T cell subsets were assigned based on the following criteria: central memory T cell (TCM) exhibited high expression of SELL and CCR7, while effector memory T cell expressed low SELL and CCR7; expression of PDCD1, CTLA4, LAG3 and ENTPD1 for CD8+ exhausted T cell; expression of GZMA CD4+ CTL; expression of FOXP3, IL2RA for regulatory T cell; expression of TRBV20-1 for mucosal associated invariant T (MAIT) cell expressed; low expression of PDCD1, CTLA4, LAG3 but high expression of GZMB for CD8+ CTL; expression of MKI67, CCNA2 and CCNB2 for proliferating T cell.

B cell subsets were assigned using the following criteria: high expression of IGHD and negative expression of CD27 for naïve B cell; expression of CD27, negative expression of IGHD and low expression of CCR7 and CD40 for memory B cell; high expression of CCR7 and CD40 for activated B cell; negative expression of CD27 and IGHD for double negative (DN) B cell; positive expression of BCL6, AICDA, MEF2B and STMN1 for germinal center (GC) B cell; high expression of IGHG1 and IGHG3 for IgG ASC; high expression of IGHA1 and IGHA2 for IgA ASC.




2.5 TCR/BCR repertoire analysis

The TCR and BCR repertoire data generated from the 10x Genomics Cell Ranger pipeline were processed utilizing the scRepertoire v1.7.2 package (15). The information of barcode, TCR/BCR V(D)J and C germline gene usage, amino acid and nucleotide sequence of complementarity determining region (CDR) 3 was employed for downstream analysis. T cells or B cells with identical amino acid sequence in the CDR3 region were regarded as the same clonotype. Subsequently, the counts of identical expanded clonotypes representing clonal expansion among these clonotypes were computed and divided into six levels for T cells: Single: only one count per clonotype; Small: no more than three counts per clonotype; Medium: no more than 15 counts per clonotype; Large: no more than 50 counts per clonotype; Hyperexpanded: more than 50 counts per clonotype; NA: αβ TCR sequence was undetected, and six levels for B cells: Single: only one count per clonotype; Small: no more than three counts but more than one count per clonotype; Medium: no more than five counts but more than three counts per clonotype; Large: no more than ten counts but more than five counts per clonotype; Hyperexpanded: more than ten counts per clonotype; NA: BCR sequence was undetected. These different levels of counts of identical expanded clonotypes were visualized using the coordinates of UMAP derived from gene expression analysis conducted above.

Chord diagrams were employed to visualize the TCR interconnectivity among the distinct subsets. The counts of shared clonotypes between distinct CD4+ and/or CD8+ T cell subsets assigned in the gene expression analysis and unique clonotypes of these distinct T cell subsets were computed to construct a matrix for visualization. This visualization using chord diagrams was conducted using the circlize v0.4.15 package (16), where a chord connecting two different subsets represented shared clonotypes and the thicker these chords were, the greater counts of shared clonotypes the two subsets had. The counts of these unique clonotypes grouped by different CD4+ T cells, CD8+ T cells and B cells were also visualized using bar plots.

The diversity of these distinct subsets in CD4+ T cells, CD8+ T cells and B cells was estimated by five metrics: Shannon, inverse Simpson, Chao1 and inverse Pielou’s measure of species evenness (17–20). The Shannon Diversity Index was calculated using the following process: 1) count the total number of clonotypes (N), and the total number of TCR/BCR sequences in each clonotype (n). 2) calculate the proportion of each clonotype (pi) in the community via dividing n by N. 3) calculate the Shannon Diversity Index using the formula: -sum (pi * ln(pi)). The inverse Simpson Index was calculated using the formula: 1/sum (pi^2) and the Pielou Index was calculated by dividing the Shannon Diversity Index by the natural logarithm of the total clonotypes count. The Chao1 Index was calculated using the following process: 1) count the total number of clonotypes (N). 2) determine the number of clonotypes with single (n1) or double (n2) TCR/BCR sequence. 3) calculate the Chao1 Index using the formula: N + [n1(n1 - 1)]/[2 * (n2 + 1)].

In addition, MiXCR v4.0 (21) was used to calculate the frequency of somatic hypermutations (SHMs). An alignment-guided consensus algorithm was employed to reconstruct the BCR amino acid sequences and identify SHMs from the input of BCR nucleotide sequences. Subsequently, each mutation flagged by the algorithm employed to calculate the SHM frequency via dividing the mutation amino acid by the total number of amino acids. The output was visualized utilizing the Platypus v3.4.0 package (22) and was grouped by distinct B cell subsets assigned in gene expression analysis. The Pairwise Wilcoxon test was employed to calculate the p-values between the DN3 subset and the IgG ASC subset, as well as between the DN3 subset and the IgA subset, and the p-values were adjusted using the Benjamini-Hochberg method.




2.6 Single-cell trajectory analysis and RNA velocity analysis

The single-cell trajectory analysis in this study was conducted using Monocle3 v1.3.1 package (23). The two Seurat objects with barcodes, features and gene expression matrix, which contained conventional CD4+ T cells and CD8+ T cells, respectively, were transformed into objects suitable for Monocle3. Subsequently, these subsets information and UMAP coordinates from the gene expression analysis above were assigned to the objects. The single-cell trajectory analysis was carried out following these steps: 1) Graph learning: trajectory graphs for the whole conventional CD4+ T cells and CD8+ T cells were fit using Monocle3’s ‘learn_graph’ function, respectively. 2) Cell ordering in pseudotime: To arrange the cells along the trajectories, ‘order_cells’ function was utilized and the TCM subset assigned in both conventional CD4+ T cells and CD8+ T cells was designated as the root of the trajectory. 3) Graph visualization: These T cells were plotted using the UMAP coordinates calculated in the gene expression analysis and colored by pseudotime. Finally, gene dynamic plots were produced using the ggplot2 v3.4.1 package, the average gene expression of specific genes in cells with identical pseudotime was calculated and these dot plots were visualized by the pseudotime order of these cells and colored by distinct subsets.

The RNA velocity analysis was performed using velocyto v0.17 and velocyto.R v0.6 package (24). The alignment bam files and barcode information of the three OSCC samples generated from 10x cellranger software were used as input data for velocyto, which is a command line tool. Subsequently, velocyto was used to classify the reads in bam files into distinct categories to yield loom files for the three OSCC samples and gene annotation gtf file and repeat masked gtf file from 10x GRCH38 Cell Ranger reference package was employed at this step. The output loom files contained matrices of spliced, unspliced and ambiguous reads of detected genes and were used for further analysis using velocyto.R v0.6 package in R 4.2.0 environment. The three loom files were merged firstly and divided into two objects with conventional CD4+ T cells and CD8+ T cells, respectively. The subset information and UMAP coordinates from the gene expression analysis above were assigned to the velocyto objects and RNA velocity estimation was performed for the two objects using ‘RunVelocity’ function from velocyto.R v0.6 package grouped by distinct conventional CD4+ T cell and CD8+ T cell subsets. Following this, subsequent visualization based on the UMAP coordinates generated in the gene expression analysis was produced using ‘show.velocity.on.embedding.cor’ function in velocyto.R v0.6 package.




2.7 Hierarchical clustering analysis and cell-cell communication analysis

The average gene expression matrix of each T cell subset assigned in gene expression analysis was calculated for the hierarchical clustering analysis. The hierarchical clustering analysis was executed using ‘hclust’ function and the algorithm ward.D2 in R 4.2.0 environment (25). The hierarchical clustering analysis results were visualized in a dendrogram to elucidate the relationships among the subsets.

The cell-cell communication analysis of cellular crosstalk between B cell and conventional CD4+ T cell subsets was carried out using CellphoneDB v4 (26). Gene expression data, along with cell subset annotation information for these T cells and B cells from the gene expression analysis generated above were exported for the prediction of enriched receptor-ligand interactions. The interaction was predicted on the expression of a receptor by one cell type and a ligand by another cell type using cellphonedb v4.1.0 package in the python 3.10.9 environment. The generated output files containing p-values indicating the statistical significance of specific interaction pairs between conventional CD4+ T cells and B cells and the average expression level of each interaction pair between each cell pair were utilized for subsequent visualization in the R 4.2.0 environment. The quantity of significant receptor-ligand interactions between conventional CD4+ T cells and B cells was computed and visualized in a heatmap. The specific receptor-ligand pairs were depicted in dot plots, where dot size indicated the negative logarithm base 10 of p-values and gradient color indicated the logarithm base 2 of the average expression of each interaction pair. Both visualizations were produced using the ggplot2 v3.4.1 package.




2.8 High dimensional weighted gene co-expression network analysis and gene ontology enrichment analysis

All the T cell subsets identified in the gene expression analysis were subjected to WGCNA at a single-cell level using the hdWGCNA v0.2.18 package (27). To optimize the T cell dataset for the hdWGCNA pipeline, metacells were constructed for each distinct T cell subset, and the harmony v0.1.1 package (28) was employed for the dimensionality reduction. Then k-Nearest Neighbors algorithm was performed to identify groups of similar T cells for aggregation. The resulting metacells gene expression matrix was subsequently used in the WGCNA. The metacell gene expression matrix from the CD4+CTL subset was specified for the co-expression network analysis and the different co-expression modules resulting were visualized in a dendrogram.

Following this, the harmonized module eigengenes (hMEs) were computed across the entire T cell dataset based on the co-expression modules obtained from the WGCNA and were visualized in conjunction with the UMAP calculated in the Seurat object using a feature plot. The hME of module 3 (M3) in the CD4+CTL subset was further visualized in T cell subsets using a violin plot. Genes in each co-expression module were assessed based on the eigengene-based connectivity, or kME, and were subsequently visualized in each module arranged according to kME. The genes with top 10 kME values were displayed in this plot.

The genes with top 100 highest kME values in M3 were extracted for GO enrichment analysis (29), which was also conducted in the R 4.2.0 environment. The gene symbols were converted to Entrez IDs using the stringr v1.5.0 package. Following this, the GO enrichment analysis was performed using the clusterProfiler v4.7.1.002 package (30). The top 10 biological processes (BPs) were displayed in a dot plot.




2.9 Single-cell regulatory network inference and clustering analysis

The subset information and gene expression matrix of all T cells generated by Seurat was used for SCENIC analysis using the SCENIC v1.3.1 package in the R 4.2.0 environment (31). SCENIC settings were initialized using the following motif database: hg19-500bp-upstream-7species.mc9nr.feather and hg19-tss-centered-10kb-7species.mc9nr.feather. Subsequently, a soft gene filter was applied to remove the genes in very few cells (less than 1% cells) and the transcription factor (TF) list and gene expression matrix were exported to text format to run GRNboost. Co-expression modules with TFs were computed based on the prepared matrix using the GRNboost v0.1.5 package in the python 3.10.9 environment and the output was further analyzed in the R 4.2.0 environment. The RcisTarget v1.18.2 package was employed to analyze TF motif for the identification of regulons. Then the regulon activity in the T cells was scored using the AUCell v1.20.2 package. The average regulon activity as well as these identified regulons across different T cell subsets was visualized in a heatmap.




2.10 Hematoxylin and eosin staining

The formalin-fixed, paraffin embedded (FFPE) OSCC tissue sections, with a thickness of 4 μm, were subjected to a deparaffinization process in xylene for 10 min, followed by a rehydration procedure through a graded series of ethanol solutions with decreasing concentrations: 100% ethanol for 10 min, 90% ethanol for 5 min, 80% ethanol for 5 min, and 70% ethanol for 5 min. Subsequently, the slides were rinsed in water for 2 min before being immersed in hematoxylin for 1 min to stain the nuclei. After thorough washing, the washed slides were stained with eosin for 5 min, and afterwards dehydrated in a gradient series of ethanol solutions and xylene. Finally, the slides were mounted with the coverslip and acrylic resin dissolved in xylene. An Olympus IX83 inverted microscope was employed to observe the prepared slides and capture images.




2.11 Multicolor immunofluorescence staining and cell quantification

All tissue samples for HE and IF staining were fixed in neutral buffered formalin for less than 72 hours. Those formalin-fixed paraffin-embedded (FFPE) blocks were placed in a room temperature, dark, low humidity environment until use. Although paraffin blocks can be stored for 25 years for immunohistochemistry and ten years for protein-requiring platforms, samples stored for less than ten years were used in this study (32). IF staining was conducted immediately after the FFPE blocks were cut into sections to avoid the quick antigenicity decay of samples (33, 34). FFPE OSCC tissue sections were subjected to deparaffinization and rehydration. The sections were washed with Tris-buffered saline with tween 20 (TBST) three times for 3 min each wash. Antigen retrieval was carried out using either AR6 buffer (AR6001KT, Akoya) or AR9 buffer (AR9001KT, Akoya), depending on the specific primary antibodies required. The information and condition of primary antibodies were provided in Supplementary Table 2. This process involved microwave treatment (MWT) for 15 min, followed by cooling to RT. After the MWT step, the sections were washed in TBST with agitation three times for 2 min each wash. The sections were then blocked by applying an antibody diluent/block buffer (ARD1001EA, Akoya) for 10 min at RT.

Primary antibodies were diluted in diluent/block buffer (ARD1001EA, Akoya) and subsequently applied to the sections for incubation in a humid chamber. Following the primary antibody incubation, the sections were washed three times for 3 min each wash and incubated with an Opal Polymer HRP Ms + Rb secondary antibody (ARH1001EA, Akoya). Subsequently, the sections were washed three times for 3 min each wash for signal amplification using TSA Amplification Reagent. The TSA Amplification Reagent used in this study included TSA Plus Fluorescein (NEL741001KT, Akoya), TSA Plus Cyanine 3 (NEL744001KT, Akoya), TSA Plus Cyanine 5 (NEL745001KT, Akoya, and Opal 780 Reagent Pack (FP1501001KT, Akoya). Following signal amplification, MWT was performed for multiplexing. When all target proteins were detected, the sections were stained with Spectral DAPI (FP1490, Akoya) for 5 min at RT and subsequently mounted using coverslips with VECTASHIELD PLUS Antifade Mounting Medium (H-1900, Vector Laboratories).

An Olympus IX83 inverted microscope was used to examine the prepared sections and capture images. The captured images were used to quantify cells in StrataQuest 7.0 software (TissueGnostics). Positivity or negativity of markers was determined by the cutoff values of intensity and area parameters established by experienced pathologists. Lymphocyte subsets were identified by the following criteria: CD4+ Granzyme A+ for CD4+CTLs; CD4+ T-bet+ for T helper 1 (Th1) cells; CD4+ GATA3+ for T helper 2 (Th2) cells; CD4+ RORγT+ for T helper 17 (Th17) cells; CD4+ FoxP3+ for Tregs; CD4+ ICOS+ CXCR5+ for T follicular helper (Tfh) cells; CD4+ CCR7+ CD45RA- for CD4+ TCM; CD8+ Granzyme A+/Granzyme B+ for CD8+ CTL; CD8+ PDCD1+/CTLA4+ CD39+ for CD8+ TEX; CD19+ IgD- CD27- for DN B cells; CD19+ IgD- CD27- CXCR5+ CD11c- for DN1 B cells; CD19+ IgD- CD27- CXCR5- CD11c+ for DN2 B cells; CD19+ IgD- CD27- CXCR5- CD11c- for DN3 B cells; CD19+ IgD- CD27- CXCR5- CD11c- for DN4 B cells.




2.12 Statistical analysis

Statistical analysis and data visualization were performed in the R 4.2.0 environment. The Kaplan-Meier (K-M) curve was plotted, and survival analysis was executed by comparing two Kaplan-Meier curves through following steps (35): 1) Create a survival data table: A progression of OSCC, which was recurrence or metastasis here, was identified as the event of interest. The 20 patients (Supplementary Table 1, patients marked as ‘multi-color IF, K-M and COX analysis’ in the Application column) with progression-free duration, measured in days, was used as the elapsed time to the event of interest and one of the cases was not followed up for the full five years and was therefore considered as censored data in the current study. 2) Separate into two categories, high and low density, based on the density of CD4+ CTLs: A logistic regression model was fit in this step for the event of interest and the density of CD4+ CTLs. Receiver operating characteristic and area under the curve values were calculated to determine the optimal cutoff point. The cutoff value of the CD4+ CTL density was calculated using the formula: log (BCP/(1 – BCP) – β0)/β1, where β0 is the intercept and β1 is the coefficient of the CD4+ CTL density, and BCP is the best cut off point from the logistic regression model. 3) Draw K-M curves: The two K-M curves, grouped by high and low CD4+ CTL density, were plotted using the survimer v0.4.9 package in R 4.2.0 environment. 4) Compare the two categories: The log-rank test was used to estimate the statistical significance between the two categories. A p-value less than 0.05 was considered statistically significant.

Survival analysis utilizing Cox proportional hazards regression was performed on event of interest, which was progression of OSCC as above, and variables, as well as covariables, from the 20 patients same as above (Supplementary Table 1, patients marked as ‘multi-color IF, K-M and COX analysis’ in the Application column) in R 4.2.0 environment through the following steps (36): 1) Filter variables: Cox proportional hazards models were constructed for the following variable, respectively: a) density of CD4+ CTL, Treg, CD4+ TCM, Th1, Th2, Th17 and Tfh subsets, b) age, c) sex, d) T stage, e) N stage, f) differentiation of carcinoma. Variables exhibiting significance were selected for next step, where a p-value less than 0.05 was considered statistically significant. 2) Construction of Cox models: Cox models including CD4+ CTL density and N classification, Treg density and N classification, Th2 density and N classification were constructed, respectively. 3) Significance test for variables: The partial likelihood ratio test was used to calculate p-values for these variables in these distinct models, and a p-value of less than 0.05 was considered statistically significant.





3 Results



3.1 Single-cell RNA sequencing reveals the landscape of infiltrated immune cells in OSCC tissues

To investigate infiltrated immune cells in OSCC tissues, we homogenized tongue samples from three patients with OSCC and isolated CD45+ cells that had infiltrated into the resected tongues (Figure 1A). We then analyzed the CD45+ cells by single-cell RNA sequencing (scRNA-seq) and TCR/BCR repertoire sequencing (Figure 1B).




Figure 1 | The landscape of infiltrating immune cells. (A) IF staining of CD45+ cells in OSCC tissue. The staining showed that dense immune cells had infiltrated in OSCC of tongue tissue. Scale bars: 100 µm. (B) Overview of scRNA-seq. Resected tongues from three patients with OSCC underwent homogenization, from which CD45+ cells were extracted by magnetic isolation. GEX and V(D)J libraries were subsequently constructed using these cells for sequencing, and the sequencing data were analyzed by various methods. (C) UMAP visualization of infiltrating immune cells with assigned clusters. This displayed a variety of immune cells in OSCC tissues. ASC: antibody-secreting cell; B: B cell; CD4+ T: CD4+ T cell; CD8+: CD8+ T cell; γδ T: γδ T cell; Mφ: macrophage; Neu: neutrophil; NK: natural killer cell; pDC: plasmacytoid dendritic cell. (D) UMAP visualization of T cells colored by assigned T cell subsets. Various T cell subsets were identified by unsupervised clustering and assigned based on expression of specific marker genes. TCM-CD4: CD4+ central memory T cell; CD4+ CTL: CD4+ cytotoxic T lymphocyte; MAIT: mucosal associated invariant T cell; Treg: regulatory T cell; TCM-CD8: CD8+ central memory T cell; TEM-CD8: CD8+ effector memory T cell; TEX-CD8: CD8+ exhausted T cell; γδ T: γδ T cell; Proliferating T: proliferating T cell. (E) Violin plot of gene expression in T cell subsets. This plot showed the marker gene expression used to assign T cell subsets. (F) UMAP visualization of T cells combined with TCR clonal expansion. The specific gradient color denotes different degree of clonal expansion in TCRs. NA: αβ TCR sequence was undetected. (G) Chord diagrams of the unique and shared TCR clonotype counts in T cell subsets. The chords connecting two different subsets represent shared TCR clonotypes.



The scRNA-seq data were visualized using UMAP dimensionality reduction (Figure 1C, Supplementary Figure 1). We then assigned immune cell types to distinct clusters based on leukocyte phenotype genes (Supplementary Figures 2, 3). The types of infiltrated immune cells identified included T cells, B cells, ASCs, natural killer cells, macrophages, pDCs, neutrophils, and mast cells.

We extracted the T cells and performed further cell clustering analysis (Figure 1D). Subsequently, we assigned T cell subset types to the clusters based on marker genes (Figure 1E, Supplementary Figure 3). A CD4+ T cell subset expressing GZMA was designated as the CD4+ CTL subset. The subset labeled TCM-CD4+ 2 exhibited high expression of CXCL13, which distinguished it from the TCM-CD4+ 1 subset. The MAIT subset was identified by expression of TRBV20-1 (37). The Treg subset expressed a high level of FOXP3, whereas only the γδ T cell subset expressed TRGV9. TCM-CD8+ and TEM-CD8+ subsets were assigned based on the expression levels of SELL and CCR7. Both CD8+ CTL and TEX-CD8+ subsets displayed elevated expression of GZMB. However, the TEX-CD8+ subset also expressed ENTPD1 and other IR genes. The proliferating T cell subset represented T cells undergoing proliferation and included both CD4+ and CD8+ T cells (Figure 1E).

The different levels of TCR sequence counts of each clonotype in T cells were also visualized through UMAP (Figure 1F). Highly expanded clonotypes were predominantly found in CD4+ CTL, Treg, TEM-CD8+, and TEX-CD8+ T cell subsets. To circumvent potential misinterpretation of novel subsets due to doublets generated during library construction, we further investigated the shared TCR sequences among T cell subsets (Figure 1G). The CD4+ CTL subset shared TCR sequences with TCM-CD4+ 2 and proliferating T cell subsets, but did not share TCR sequences with either Treg or CD8+ T cell subsets. This revealed that CD4+ CTLs were a unique subset of T cells and related to other conventional CD4+ T cell subsets, such as the TCM-CD4+ 2 subset.




3.2 CD4+ CTLs represent a unique subset and may differentiate from other CD4+ T cells

To investigate the association between CD4+ CTLs and other conventional CD4+ T cells, we analyzed CD4+ CTL, TCM-CD4+ 1, and TCM-CD4+ 2 subsets. Additionally, we renamed some subsets using marker genes from the clustering analysis, such as TCM-CXCL13+ and TCM-CXCR5+ subsets (Figures 2A, B, Supplementary Figure 4). Both CD4+CTL 1 and CD4+CTL 2 subsets expressed cytotoxic gene GZMA. However, the CD4+CTL 2 subset also expressed GZMB and other IR genes expressed in exhausted CD8+ T cells, such as PDCD1, CTLA4, LAG3, TIGIT, HAVCR2, and TOX (38). Notably, T cells in CD4+ CTL and TCM-CXCL13+ subsets exhibited high clonal expansion, low diversity and low frequency of unique clonotypes, indicating that these subsets had experienced activation and proliferation because of antigen specificity (Figures 2C, D, Supplementary Figure 5). Conversely, the TCM subset exhibited low TCR clonal expansion, suggesting a lack of antigen specificity.




Figure 2 | Gene expression and TCR repertoire analysis of conventional CD4+ T cells. (A) UMAP visualization of conventional CD4+ T cells. CD4+ CTL: CD4+ cytotoxic T lymphocyte; TCM: central memory T cell; TCM CXCL13+: CXCL13-expressing central memory T cell; TCM CXCR5+: CXCR5-expressing central memory T cell; TCM/TEM: central memory T cell and effector memory T cell. (B) Violin plot of gene expression in CD4+ T cell subsets. The plot depicts expression of genes associated with T cell functions in distinct subsets. (C) UMAP visualization of conventional CD4+ T cells integrated with TCR clonal expansion. The gradient color represents different degree of clonal expansion in distinct TCR clonotypes. NA: αβ TCR sequence was undetected. (D) Proportional stacked bar plot of clonal expansion in conventional CD4+ T cell subsets. A high level of clonal expansion was predominantly found in the CD4+ CTL subsets. (E) Chord diagrams of unique and shared TCR clonotype counts in conventional CD4+ T cell subsets. The chords connecting two different subsets represent shared TCR clonotypes. (F) UMAP visualization of conventional CD4+ T cells colored by pseudotime and integrated with single cell trajectories. The TCM subset was set as the root node of single cell trajectories. (G) Gene dynamic plot based on pseudotime. Cells were ordered in accordance with pseudotime, and the average expression of these genes in cells with identical pseudotime was calculated and visualized in this plot. (H) Heat map of the top 10 active regulons in T cell subsets. An extended regulon refers to a regulon that has been expanded to include both direct and indirect targets of a regulon. The counts of these genes are indicated by parenthesis following the regulons. (I) UMAP visualization integrated with RNA velocity analysis of conventional CD4+ T cells. The direction of the arrow represents the predicted direction of change in cell state, and the length of the arrow represents the predicted speed of change in cell state. (J) Multicolor IF staining of CD4+ CTLs and CXCL13+ CD4+ T cells in OSCC tissue. Scale bars: 50 µm (low magnification) and 5 µm (high magnification).



The CD4+ CTL subset had shared TCR sequences with the TCM-CXCL13+ subset (Figure 2E), revealing a potential developmental relationship between these two subsets. Consequently, we performed pseudotime analysis based on calculations and predictions for estimating single cell trajectories, although it would be limited in accuracy or confidence (Figure 2F). By integrating this analysis with the TCR repertoire analysis, our findings demonstrated that the CD4+ CTL subset was the most terminally developed subset among all CD4+ T cell subsets. Furthermore, the TCM-CXCL13+ subset represented an activated subset that had been presented antigens by antigen-presenting cells and potentially differentiated into the CD4+ CTL subset upon continuous exposure to antigens from cancer cells. A gene dynamic plot revealed alterations in expression of certain genes (Figure 2G, Supplementary Figure 6). During pseudotime progression from TCM to CD4+ CTLs, GZMA and CXCL13 exhibited continuous upregulation, while CCR7 and SELL displayed downregulation. This suggested that activated TCM cells were predisposed to residing in peripheral tissue and acquired the ability to respond to cancer cells directly or indirectly.

Because differentiation of T cells is predominantly driven by specific gene regulatory networks that are primarily mediated by transcription factors (TFs) and cofactors, we employed SCENIC, a computational tool designed to infer regulatory information from scRNA-seq data, to predict potential TFs and gene regulatory networks in these T cell subsets (Figure 2H). Notably, the CD4+ CTL subset displayed a different group of regulons compared with other T cell subsets, separating them from other T cell subsets.Additionally, we carried out RNA velocity analysis to estimate the cell state in various subsets (Figure 2I). The length of the arrow was longer in TCM-CXCL13+ and some TCM subsets compared with CD4+ CTL and other TCM subsets, indicating that the cell state in the TCM-CXCL13+ subset was changing at a fast rate, whereas CD4+ CTLs may have halted their development and maintained a stable cell state. Multicolor IF staining in tissue lesions confirmed the CD4+ CTL subset and their aggregation by the expression of CD4, GZMA and CXCL13 (Figure 2J).




3.3 CD4+ CTLs exhibit cytotoxicity and may induce apoptosis of tumor cells

The potential anti-tumor capacity of CD4+ CTLs has been demonstrated across multiple tumor types (39). To investigate the anti-tumor activity of CD4+ CTLs in OSCC, we compared the expression level of cytotoxic genes between the CD4+ CTL subset and other cytotoxic T cell subsets (Figure 3A). Our results indicated that the CD4+ CTL subset expressed PRF1, GZMA, and GZMB, indicating that CD4+ CTLs may induce apoptosis in tumor cells via the release of cytotoxic mediators, especially granzyme B and perforin. The expression level of cytotoxic genes in the CD4+ CTL subset, such as GZMA and GZMB, was elevated compared with that in the other CD4+ T cell subsets (Figure 2B), but did not appear to reach comparable levels with those in the CD8+ T cell subset. An intriguing observation was that the CD4+ CTL subset also expressed TNFSF10 that encodes the protein TRAIL. Considering that TRAIL and its corresponding receptor, TRAIL receptor, induce apoptosis in tumor cells, this suggests an alternative apoptotic pathway independent from granzyme B and perforin pathways.




Figure 3 | The CD4+ CTL subset may exert pleiotropic effects in tumor immunity. (A) Violin plot of gene expression related to cytotoxicity in several cytotoxic T cell subsets. (B) Multicolor IF staining of CD4+ CTLs and HLA-DR+ tumor cells. Conjugation between these two cell types is depicted by the yellow arrow and line. GZMA: granzyme A; panCK: pan-cytokeratin; c-Casp3: cleaved caspase-3. Scale bars: 50 µm (low magnification) and 5 µm (high magnification). (C) Multicolor IF staining of CD4+ CTLs and apoptotic tumor cells. The white arrow indicates CD4+ CTLs, and the dotted box indicates apoptotic tumor cells. Scale bars: 50 µm (low magnification) and 5 µm (high magnification). (D) Visualization of hierarchical clustering analysis in T cell subsets. (E) Visualization of genes in module 3 (M3). The top 10 kME value genes are displayed in this plot. (F) Feature plot of M3 hMEs. Expression of M3 hMEs was calculated in single cells and visualized on UMAP. (G) Violin plot of M3 hMEs. Expression of M3 hMEs was calculated in single cells and visualized in various T cell subsets. (H) Dot plot of the top 10 terms of biological processes in GO enrichment analysis. The enrichment p-values were calculated using the hypergeometric distribution test and adjusted by the Benjamini–Hochberg method. (I) Dot plot of hMEs in all modules. Expression of hMEs in all modules was calculated in single cells and visualized in various T cell subsets. The dotted box indicates the specific T cell subsets. (J) Heat map of significant receptor–ligand interactions. The gradient color represents the quantity of significant interactions. (K-L) Dot plot of specific receptor–ligand pairs. The permutation test was used to calculate the p-value. (M) Multicolor IF staining of CXCL-13-producing CD4+ CTLs (left), CTLA-4-expressing CD4+ CTLs (upper right), and conjugation with B cells (lower right). Conjugation between these cells is depicted by the yellow arrow and line. Scale bars: 20 µm (low magnification) and 5 µm (high magnification).



Because CD4+ CTLs mediate cell death in an HLA class II-restricted manner (40), we examined the proximity of CD4+ CTLs and tumor cells expressing HLA-DR by multicolor IF staining (Figure 3B). The staining suggested that CD4+ CTLs were in contact with HLA-DR-positive tumor cells. We further observed the proximity of CD4+ CTLs and apoptotic tumor cells (Figure 3C). These data indicated the probable anti-tumor efficacy of CD4+ CTLs.




3.4 CD4+ CTLs and Tregs share similar functional co-expression modules

To elucidate the correlation between these T cell subsets, we calculated the average gene expression of distinct T cell subsets and conducted hierarchical clustering analysis (Figure 3D). The gene expression patterns of TCM-CD4 2 (i.e., TCM-CXCL13+) and CD4+ CTLs appeared to be similar, whereas all CD8+ T cell subsets merged into one cluster at an earlier stage. Notably, the CD4+CTL 2 subset displayed a gene expression pattern resembling that of the Treg subset.

To further investigate the specific similarities in the gene expression patterns between these subsets, we performed WGCNA, which is a powerful analytical tool designed to identify modules of highly correlated genes, on the CD4+ CTL subset at the single cell level (Supplementary Figure 7). An intriguing module of highly correlated genes, designated as M3, included IR genes, such as CTLA4, LAG3, TIGIT, ENTPD1, TNFRSF9, and TNFRSF18 (Figure 3E), which were upregulated in CD4+ CTL, Treg, and TEX-CD8+ subsets (Figures 3F, G). Subsequently, we performed Gene Ontology (GO) biological process analysis on M3 (Figure 3H), which revealed that M3 was associated with terms like regulation of T cell activation and negative regulation of immune system processes. Additionally, we compared all identified modules across the various subsets (Figure 3I, Supplementary Figure 8) and found that hME expression of modules in CD4+ CTLs and Tregs was similar.




3.5 CD4+ CTLs interact with B cells and potentially elicit pleiotropic effects for tumor immunity

A crucial function of CD4+ T cells is mediating humoral immunity together with B cells. Consequently, we focused on the cell communication and interactions between the CD4+ T cell subset and B cells. Enriched ligand–receptor interactions between CD4+ T cell subsets and B cells were predicted by expression of a receptor in CD4+ T cell subsets and a ligand in B cells using CellphoneDB and vice versa. We then visualized the number of predicted significant interactions using a heat map (Figure 3J). CD4+CTL 2 and TCM-CXCL13+ subsets demonstrated particularly strong interactions with B cells, followed by the CD4+CTL 1 subset, indicating that both CD4+CTL and TCM-CXCL13+ subsets exhibited enhanced communication with B cells.

Next, we visualized the specific ligand–receptor interactions between CD4+ T cell subsets and B cells using a dot plot (Figures 3K, L). Upregulation of ligand–receptor pairs, such as CXCL13–CXCR5 and ICAM1,3–αLβ2, between CD4+ CTL and B cell subsets or TCM-CXCL13+ and B cell subsets facilitated contact between these cells. Multicolor IF staining also demonstrated that CXCL13-producing CD4+ CTLs attracted B cells (Figure 3M).

The upregulation of CD40LG–CD40 and CD28–CD80/CD86 ligand–receptor interactions between CD4+ CTL and B cell subsets or TCM-CXCL13+ and B cell subsets represented promotion of activation and further development of T and B cells. Interestingly, we observed a strong IFNG–IFNR interaction between CD4+CTL 2 and B cell subsets, and IFNG was upregulated in the CD4+CTL 2 subset (Figure 2B). IFN-γ promotes ASC development (41), and signaling from IFN- γ has been implicated in promoting germinal centers (42). This suggested that the CD4+CTL 2 subset was associated with B cell differentiation. Furthermore, secreted IFN-γ recruits monocytes to the tumor site and activates them (4), resulting in a positive effect on tumor immunity.

Conversely, the upregulation of certain ligand–receptor interactions, such as ADORA2A–ENTPD1, CLEC2D–KLRB1, CD80–CTLA4, and CD86-CTLA4, is indicative of inhibitory regulation of T and B cells (43–46), implying a detrimental effect on tumor immunity. We further investigated the typical IR molecule CTLA-4 by multicolor IF (Figure 3M). The results showed that CTLA-4-expressing CD4+ CTLs attracted and conjugated with CD20+ B cells, suggesting potential suppression of B cell responses (47).




3.6 Differential gene expression patterns in tumor-infiltrating CD8+ T cells

The subset of CD8+ T cells was primarily determined by expression of marker genes, such as SELL, CCR7, ENTPD1, GZMB, PDCD1, CTLA4, and LAG3 (Figures 4A, B, Supplementary Figure 9). The TCM subset was characterized by high expression of SELL and CCR7, and low expression of GZMB. Conversely, TEM, CD8+ CTL and TEX subsets exhibited low or negative expression of SELL and CCR7. GZMB was highly expressed in one cluster in the TEM subset and in CD8+ CTL and TEX subsets. The TEX subset further demonstrated high expression of IR genes, such as PDCD1, CTLA4, LAG3, and TIGIT. A cluster of CD8+ T cells in the TEX subset had increased expression of ENTPD1 encoding CD39, HAVCR2 encoding TIM-3, and TOX, which indicated advanced exhaustion, suggesting a late dysfunctional state of these cells (38). Multicolor IF staining displayed the exhausted CD8+ T cells in OSCC tissue samples (Figure 4C).




Figure 4 | Gene expression and TCR repertoire analysis of CD8+ T cells. (A) UMAP visualization of CD8+ T cells. TCM CD8: central memory CD8+ T cell; TEM CD8: effector memory CD8+ T cell; TEX CD8: exhausted CD8+ T cell; CD8+ CTL: CD8+ cytotoxic T lymphocyte. (B) Violin plot of gene expression in CD8+ T cell subsets. (C) Multicolor IF staining of CD8+ exhausted T cells in OSCC tissue samples. The white arrow indicates CD39+ PD-1+ CD8+ exhausted T cells. Scale bars: 20 µm (low magnification) and 5 µm (high magnification). (D) UMAP visualization of CD8+ T cells integrated with TCR clonal expansion. The gradient color represents the different degree of clonal expansion in distinct TCR clonotypes. NA: αβ TCR sequence was undetected. (E) Proportional stacked bar plot of clonal expansion in CD8+ T cell subsets. (F) Chord diagrams of unique and shared TCR clonotype counts in CD8+ T cell subsets. The chords connecting two different subsets represent shared TCR clonotypes. (G) UMAP visualization of CD8+ T cells colored by pseudotime and integrated with single cell trajectories. (H) Gene dynamic plot based on pseudotime. Cells were ordered in accordance with the pseudotime, and the average expression of these genes in cells with identical pseudotime was calculated and visualized in this plot. (I) UMAP visualization integrated with RNA velocity analysis of CD8+ T cells. The direction of the arrow represents the predicted direction of the change in cell state, and the length of the arrow represents the predicted speed of change in cell state.



To investigate the interrelationship among these T cell subsets, TCR repertoire analysis was conducted and visualized (Figures 4D, E, Supplementary Figure 10). Except for the TCM subset, we found that other T cell subsets exhibited high clonal expansion in clonotypes, and the most oligoclonally expanded cells, low TCR diversity and low frequency of TCR unique clonotypes were observed in the TEX subset. Many shared TCR sequences were observed among the subsets (Figure 4F), suggesting that T cells with the same clonotype existed in different cell states.




3.7 Tumor-specific CD8+ T cells exhibit consistent differentiation to dysfunctional states

We performed single cell trajectory analysis of these CD8+ T cells, and the TCM subset was designated as the root of the trajectory to calculate pseudotime (Figure 4G). Together with the analysis of shared TCR sequences, it revealed that certain tumor-specific cells in the TCM subset had developed into TEM cells and ultimately to TEX cells. This suggested persistent differentiation towards dysfunctional states during tumorigenesis.

Next, we tracked several genes using a gene dynamic plot (Figure 4H, Supplementary Figure 11), and found that GZMA and GZMB expression was continuously upregulated during differentiation. Similarly, genes encoding IRs, including ENTPD1, PDCD1, CTLA4, LAG3, and HAVCR2, showed a pattern of upregulated expression. Furthermore, TOX and TCF7, which encode two critical TFs, TOX and TCF1, during T cell exhaustion (48), demonstrated an inverse expression pattern characterized by a decrease in TCF7 expression and an increase in TOX expression. Additionally, downregulated expression of SELL encoding the integrin CD62L and CCR7, alongside upregulated expression of ITGA1 and ITGAE encoding CD49a and CD103, respectively, indicated tissue-resident development during differentiation.

Further insights into the cell state were achieved by RNA velocity analysis of CD8+ T cells (Figure 4I). Notably, the arrow length, which is indicative of the rate of the cell state change, was longer in several TEM subsets compared with TEX subsets. This implies a faster rate of cell state change in TEM subsets. Conversely, TEX subsets demonstrated relative stability in their cell state, suggesting that these cells had halted their development and maintained a consistent cell state.




3.8 Various subsets of B cells and ASCs infiltrate into OSCC lesions

Considering the role of CD4+ T cells in promoting B cell activation and differentiation, we examined the subsets of B cells and ASCs infiltrating into OSCC lesions (Figures 5A, B). Naïve B cells were identified by high IGHD expression and the absence of CD27 expression, whereas memory B cells lacked IGHD expression. The activated B/DN1 subset exhibited CXCR5 and low CD27 expression but increased expression of CCR7 and CD40 compared with memory B cells. GC B cells were marked by expression of BCL6 and AICDA. DN3 B cells lacked IGHD, CD27, CXCR5, CR2, and ITGAX encoding CD11c expression, whereas IgG and IgA ASCs exhibited high IGHG and IGHA expression, respectively. Although DN2 and DN4 subsets failed to form distinct clusters because of their scarcity in the scRNA-seq data, their presence was confirmed by multicolor IF staining (Supplementary Figure 12).




Figure 5 | Gene expression and BCR repertoire analysis of B cells. (A) UMAP visualization of B cells. Cells on the UMAP are colored in accordance with the subsets. DN1: double negative 1 B cells; DN3: double negative 3 B cells; ASC: antibody-secreting cell; GC B: germinal center B cell. (B) Dot plot of gene expression in B cell subsets. (C) UMAP visualization of B cells integrated with BCR clonal expansion. The gradient color represents different degree of clonal expansion in distinct BCR clonotypes. NA: BCR sequence was undetected. (D) Circos plot of VJ germline gene usage in DN3 and ASC cells. This plot provided a circular visualization of how V and J germline genes were combined. (E) Visualization of the SHM frequency in B cell subsets. The black line on the dots represents the mean value. P-values were calculated by the Kruskal–Wallis test and adjusted by the Benjamini–Hochberg method, *P < 0.05, *****P < 0.00001, ns: not significant. (F) HE staining and multicolor IF staining of DN B cells and conjugation with CD4+ CTLs in two consecutive OSCC sections. Conjugation between these cells is depicted by the yellow arrow and line. Scale bars: 100 µm (low magnification) and 5 µm (high magnification).






3.9 DN3 B cells synthesize IgG antibodies, potentially originating from extrafollicular responses, and frequently conjugate with CD4+ CTLs

DN3 B cells showed notably high expression of IGHG1 and IGHG3, even compared with IgG ASCs (Figure 5B), and analysis of the BCR repertoire revealed oligoclonally expanded populations in activated B/DN1, DN3, and ASC subsets (Figure 5C, Supplementary Figure 13), whereas BCR clonal expansion in naïve B cells was almost single and BCR diversity and frequency of unique BCR clonotypes was high, indicating activation and differentiation of DN3 B cells. Subsequently, we selected B cells containing more than three counts per clonotype from the DN3 and ASC subsets and visualized VJ germline gene usage (Figure 5D). Higher variability was observed in the germline gene usage of DN3 B cells compared with that of ASC subsets, indicating diverse expanded clonotypes of DN3 B cells, which was a characteristic of extrafollicular responses.

Additionally, we investigated the frequency of SHMs across these B cell subsets in heavy chains and light chains (Figure 5E). DN3 B cells exhibited a significantly lower frequency of SHMs compared with IgG ASCs (adjusted p-values of 6.426e-06 and 5.355e-06 in heavy chains and light chains, respectively). This suggested that DN3 B cells were activated and differentiated primarily through extrafollicular responses.

To further examine the potential coactivation between DN B cells and CD4+ CTLs, we performed HE and multicolor IF staining of OSCC tissue samples (Figure 5F). Conjugation between DN B cells and CD4+ CTLs was observed in extrafollicular sites adjacent to tumor cells. Such conjugation implied that CD4+ CTLs facilitated DN B cell activation and promoted their differentiation via extrafollicular responses. Conversely, DN B cells may also further activate CD4+ CTLs in these responses.




3.10 Infiltration of CD4+ CTLs may imply a poor prognosis of OSCC

Multicolor IF staining and quantification of CD4+ T cell subsets were conducted in 20 tissue samples obtained from patients with OSCC of the tongue (Figures 6A, B). The quantification indicated substantial infiltration of CD4+ CTLs into OSCC lesions compared with other CD4+ T cell subsets. To elucidate the potential correlation between CD4+ T cell subsets and prognosis, patients were divided into two groups by the density of infiltrating CD4+ CTLs, and Kaplan–Meier models were constructed to compare the survival distribution (Figure 6C). The results showed statistical significance in progression-free survival probabilities between the two groups, indicating that patients with a large number of CD4+ CTLs may have a poor prognosis.




Figure 6 | Multicolor IF staining and survival analysis. (A) Multicolor IF staining of CD4+ T cell subsets in OSCC tissue. The white arrow indicates cells in distinct subsets. Th1: T helper 1 cell; Th2: T helper 2 cell; Th17: T help 17 cell; Tfh: T follicular helper cell; Treg: regulatory T cell. Scale bars: 10 µm (low magnification) and 5 µm (high magnification). (B) Box plots of the frequency of CD4+ T cell subsets (n = 20) among CD4+ cells (left) and the density of these subsets (right). The TEM subsets included Th1, Th2, Th17, and Tfh subsets. (C) Progression-free survival analysis using Kaplan–Meier models. The p-value was calculated by the log-rank test.



Considering potential covariates may affect prognosis, we constructed several COX proportional hazard models. Initially, we constructed singular COX models for each variable, which included the density of individual T cell subsets, age, sex, T and N classification, and differentiation of carcinoma to filter these variables. The density of CD4+ CTLs, Tregs, and Th2 and Tfh cells, as well as the N classification demonstrated statistical significance (Supplementary Table 3). We next constructed models that incorporated the density of each CD4+ T cell subset with the N classification (Table 1, Supplementary Table 4). A high density of CD4+ CTLs infiltrating into OSCC lesions was identified to be a significant risk factor potentially influencing progression-free survival time, whereas the density of Tregs, and Th2 and Tfh cells did not show significant results in these models.


Table 1 | COX proportional hazard model of the CD4+CTL density and N classification.







4 Discussion

CD4+ CTLs play a protective role against several chronic and acute viral infections, such as HIV, Epstein-Barr virus, and Dengue virus (40, 49, 50). We previously reported identification of this non-conventional CD4+ helper T cell subset as the dominant tissue-infiltrating CD4+ T cell subset driving inflammation in several autoimmune diseases including IgG4-related disease and systemic sclerosis (11, 51). Meanwhile, research by our group and others also indicated the expansion of CD4+ CTLs in the context of COVID-19 (10, 52). In addition to their significance in these diseases, the increased focus on CD4+ T cells and CD4+ CTLs in cancer research has come about because only a minority of tumors respond to current immunotherapies including immune checkpoint inhibitor therapy. Direct cytotoxicity of CD4+ CTLs against tumor cells was initially reported in melanoma patients treated with ipilimumab, a monoclonal antibody targeting CTLA-4. Subsequent investigations have gathered evidence supporting the indispensable role of CD4+ CTLs in tumor immunity for other cancers, such as lung, colorectal, and bladder cancers (53–56). Previous studies have mainly focused on the cytotoxicity of CD4+ CTLs to establish effective immunotherapy. In this study, we revealed that many CD4+ CTLs infiltrate the tumor lesion together with CD8+ T cells. Moreover, these CD4+ CTLs possess diverse functions other than their cytotoxic activity.

We first identified the CD4+ CTL subset as a unique subset of tumor-infiltrating immune cells in OSCC, characterized by a distinct gene expression pattern including the expression of cytotoxic genes through scRNA-seq analysis with strict quality control, TCR repertoire analysis and SCENIC analysis. Additionally, the results of single cell trajectories, TCR clonal expansion, and RNA velocity analysis increased our understanding of the dynamic processes underlying conventional CD4+ T cell development in OSCC tissue, while it would be limited in accuracy or confidence because of results based on calculations and predictions. We found that infiltrating CD4+ TCM cells developed and acquired the capacity to produce CXCL13, which was facilitated by antigen-presenting cells. However, the state of these cells was changing quickly. Conditions of high antigen load and prolonged antigen exposure may contribute to differentiation into CD4+ CTLs, a cell state that was more stable but represented a terminal stage of differentiation. Subsequently, we examined the potential cytotoxicity of CD4+ CTLs. We found that tumor cells expressing MHC class II molecules may be directly eliminated by CD4+ CTLs, potentially via degranulation and perforin release or activation of the TRAIL–TRAIL receptor axis.

Application of high dimensional WGCNA to the CD4+ CTL subset revealed similarities in the expression of hMEs in modules between CD4+ CTLs and Tregs, suggesting that CD4+ CTLs likely possess immune regulatory functions despite their differing lineage. Considering that these CD4+ CTLs are the most terminally developed subset among all conventional CD4+ T cell subsets, coupled with their cytotoxic activity and potential to suppress B cell responses via CTLA-4 expression, CD4+ CTLs may mediate immunosuppression and tolerance functions in both homeostasis and inflammation.

An interesting finding was a module containing IR genes upregulated in CD4+ CTL, Treg, and CD8+ TEX subsets. Paired with upregulated expression of IR genes, such as PDCD1, LAG3, TIGIT, HAVCR2, and CTLA4, this result suggests that cells in the CD4+CTL 2 subset were exhausted or dysfunctional in OSCC, although contention remains on whether markers of CD8+ T cell exhaustion can be applied to their CD4+ counterparts (57). This speculation was further corroborated by high CXCL13, ENTPD1, and TOX expression, and lost TCF7 expression in the CD4+CTL 2 subset (48, 58). Considering that CD4+ CTLs are characterized as a terminally developed phenotype of CD4+ T cells and the presence of CD4+ T cell exhaustion phenotype is reported in several solid tumors, it is possible that these cells are exhausted or dysfunctional CD4+ T cells and contribute to tumor progression via immunosuppression (59, 60). In fact, infiltration of CD4+ CTLs appeared to lead to poor outcomes of OSCC patients, as observed in our retrospective evaluation of clinicopathological parameters. Chen et al. demonstrated that CTLA-4 blockade can promote the tumor immunity through a CD4+ T cell-dependent manner in glioblastoma (61). Likewise, Mccaw et al. showed that CD4+ CTLs initially delay tumor growth, but progression ultimately becomes uncontrolled, together with expression of coinhibitory molecules in murine breast tumor. Crucially, this phenomenon was reversed through anti-CTLA4 therapy (60). Both studies underscore the role of CD4+ T cell exhaustion in tumor progression and highlight the potential of CD4-targeted therapy.

Another interesting finding was that CD4+ CTLs expressed B cell-attracting chemokine CXCL13, thereby inducing B cell migration to tumor lesions. In general, CXCL13 is typically expressed by HEVs and follicular stromal cells in the B cell region of secondary lymphoid organs. Nevertheless, several studies have reported CXCL13-producing CD4+ T cells, which have been associated with favorable outcomes of tumor immunity (62–64). Despite such findings, the effects of CXCL13 expression on clinical outcomes remain controversial, particularly in terms of the association between high infiltration of CXCL13+ CD8+ T cells in tumor lesions and poor clinical outcomes (65, 66). Regardless, the finding that CD4+ CTLs are predisposed to invoke B cells and mediate humoral immunity through CXCL13 expression emphasizes their central role in tumor immunity in addition to their CD8+ CTL counterparts.

Following this finding, we revealed expansion of activated B cells, including DN3 B cells. DN3 B cells have been identified as extrafollicular B cells in several immune conditions including IgG4-related disease and COVID-19; these conditions are accompanied by CD4+ CTL enlargement (67, 68). In OSCC, expanded CD4+ CTLs physically interacted with these DN B cells in extrafollicular regions, a scenario we have previously reported in other diseases. We observed clonal expansion and markedly higher expression of IgG-related genes in DN3 B cells. Additionally, the diverse VJ germline gene usage and lower frequency of SHMs suggested that DN3 B cells may arise from extrafollicular responses and lack affinity maturation. Considering that the affinity of IgG antibodies is likely to be low, whether the antibodies produced by DN3 B cells are associated or specific to tumor remains to be determined, which warrants further investigation.

These seemingly contradictory effects suggested heterogeneity in the CD4+ CTL subset. This heterogeneity may be due to the different exhausted states and origins of distinct T cell subsets (69). The question arises as to why such a specific immune microenvironment is observed in tumor lesions. A potential explanation is related with the resemblance of the tumor environment to T and B cell-activated diseases. In such environment, immune cells are constantly exposed to damage-associated molecular patterns and neoantigens, causing sustained activation of T and B cells, especially in ‘hot’ tumors. Our previous research across several disease situations, often characterized by high cytokine production and lymphocyte activation, suggests that such circumstances foster an extrafollicular response, subsequently instigating differentiation of T and B cells into CD4+ CTLs and DN3 B cells, respectively. A notable example is COVID-19, in which cytokine storms represent such a typical disease (9, 68). Research deciphering these specific immune responses may ultimately deepen our comprehension concerning the underlying immune mechanisms of a broad spectrum of T and B cell-activated diseases including autoimmune and infectious diseases. However, there are several limitations to this study. The data presented here is descriptive and suggestive of the tumor immunity mechanism focused on CD4+ CTLs. Since we examined samples from human patients rather than a mouse lab model, we could not explore the mechanism through which CD4+ T cell differentiation and CD4+ CTLs involvement in tumor immunity occurred in the patients. Furthermore, although we found several clonal expanded TCRs, we cannot identify those targets; this is one of the factors that made the mechanism challenging to ascertain in this study. Further studies should address these points.

In conclusion, our study indicates that expanded CD4+ CTLs eliminate tumor cells by exerting their cytotoxicity, while possibly attenuating T and B cell activity or acquiring an exhausted or dysfunctional phenotype by expressing IRs and inhibitory molecules. This suggests a dual role of CD4+ CTLs in either promoting or suppressing tumor immunity, although the latter function is more prominent in OSCC. Furthermore, we observed that CD4+ CTLs produce CXCL13 that potentially interacts with activated B cell populations, including DN B cells, through physical conjugation in tumor lesions. We employed a schema to summarize these results (Figure 7). Whether CD4+ CTLs collaborate with DN3 B cells in tumor immunity remains undetermined, despite these observations having been consistently identified in the pathogenesis of IgG4-RD, systemic sclerosis, fibrosing mediastinitis, and COVID-19. Considering the effect of CD4+ CTLs in suppressing other cancers, including melanoma, breast cancer, bladder cancer, and colorectal cancer via their cytotoxicity, whether the dual role of CD4+ CTLs we found in this study is specific to OSCC needs to be verified in the future. Our results indicate the need for further investigation into the role of CD4+ CTLs and DN B cells as potential drivers or inhibitors of tumor immunity, which could enable the development of a novel cancer immunotherapeutic strategy.




Figure 7 | Estimated schema of CD4+CTL and other T cells immunological processes in oral squamous cell carcinoma (OSCC). (Top left) Upon tumor antigen presented by antigen-presenting cells, activated CD4+ cytotoxic T lymphocytes (CD4+CTL), CD4+ TCM and CD8+ TCM expanded within tumor lesions. CD8+ TCM subsequently differentiates into effector memory T cell (CD8+ TEM) or CD8+CTL and expresses strong cytotoxicity. (Bottom right) Both CD4+CTLs and CD8+CTLs can induce tumor cell death; CD4+CTLs recognize the antigens presented via MHC class II molecules (MHC II) and induce the tumor cell death through granzyme B (GzmB) and perforin (PFN) release or TRAIL release, while CD8+CTLs also express Fas ligand (FasL) and recognize antigens presented via MHC class I molecules (MHC II). (Top right) Activated CD4+ TCM and CD4+CTLs produce CXCL13, attracting CXCR5+ B cells and interacting with them via TCR/MHC class II and costimulators such as CD28/B7, thereby initiating extrafollicular responses and promoting the differentiation of B cells into antibody secreting cells (ASCs) or double negative B cell 3 (DN3). IFN-γ produced by CD4+CTLs can also promote the responses. With high antigen load and prolonged antigen exposure, CD8+CTLs differentiate into CD8+ exhausted T cells (CD8+ TEX) and become dysfunctional, marked by upregulation of inhibitory receptor (IR) genes, ENTPD1 and TOX, and the downregulation of TCF7. Although CD4+CTLs display similar gene expression patterns, whether they can become dysfunctional remains controversial (broken arrows). These CD4+CTLs also express CTLA-4, competitively binding with B7 molecules and potentially limiting immune responses between CD4+ T cells and B cells.
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The activation of anti-tumor immunity is critical in treating cancers. Recent studies indicate that several chemotherapy agents can stimulate anti-tumor immunity by inducing immunogenic cell death and durably eradicate tumors. This suggests that immunogenic chemotherapy holds great potential for improving response rates. However, chemotherapy in practice has only had limited success in inducing long-term survival or cure of cancers when used either alone or in combination with immunotherapy. We think that this is because the importance of dose, schedule, and tumor model dependence of chemotherapy-activated anti-tumor immunity is under-appreciated. Here, we review immune modulation function of representative chemotherapy agents and propose a model of immunogenic chemotherapy-induced long-lasting responses that rely on synergetic interaction between killing tumor cells and inducing anti-tumor immunity. We comb through several chemotherapy treatment schedules, and identify the needs for chemotherapy dose and schedule optimization and combination therapy with immunotherapy when chemotherapy dosage or immune responsiveness is too low. We further review tumor cell intrinsic factors that affect the optimal chemotherapy dose and schedule. Lastly, we review the biomarkers indicating responsiveness to chemotherapy and/or immunotherapy treatments. A deep understanding of how chemotherapy activates anti-tumor immunity and how to monitor its responsiveness can lead to the development of more effective chemotherapy or chemo-immunotherapy, thereby improving the efficacy of cancer treatment.
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Introduction

Conventional chemotherapy agents are relatively inexpensive and widely used in treating cancers in clinics. Clinicians usually have extensive knowledge of the toxicity profiles associated with chemotherapy due to its long history of usage. Therefore, it has special merits to make the best use of chemotherapy, especially for cancer patients in developing country where there is limited access to state-of-the-art therapies such as surgery, radiation therapy, targeted chemotherapy or immunotherapy. Conventional chemotherapy aims to kill or slow the growth of cancer cells. However, the overall efficacy of chemotherapy is limited, while great achievements have been made in the past decades (1, 2).

The activation of endogenous anti-tumor immunity is critical in treating cancers (3–5). This has been firmly validated by the use of immune checkpoint inhibitors (ICI)-based immunotherapy, which have made significant progress in treating cancers over the past few years (6, 7). Some clinical trials also found that the efficacy of chemotherapy is correlated with the level of anti-tumor immune responses (3, 5). In addition, recent studies indicated that some chemotherapy agents, such as doxorubicin, mitoxantrone, epirubicin, idarubicin, oxaliplatin, and cyclophosphamide can stimulate anti-tumor immunity by inducing immunogenic cell death (ICD) of tumor cells (8, 9). Furthermore, chemotherapy can induce complete tumor regression through a mechanism of activating anti-tumor immunity in preclinical studies (10, 11). These studies suggested that immunogenic chemotherapy holds great potential to improve the efficacy of chemotherapy and immunotherapy.

However, in practice, most standard-of-care (SOC) chemotherapy agents are still administrated on a maximum tolerated dose (MTD) schedule that is immune suppressive. Regarding the chemo-immunotherapy regimens that combine chemotherapy with immunotherapy, it is rarely studied whether the dose and schedule used is optimal for activating anti-tumor immune responses. Consequently, the overall rate of long-term survival or cure of chemo-immunotherapy is still limited, even though numerically significant improvements in parameters such as pathological complete responses and progress-free survival have led to their approval in treating multiple types of cancers (12–15).

Then, why is not chemotherapy used in clinics focused on their immune activation function? We think that it is because the dose and schedule dependence of chemotherapy on activating anti-tumor immune response has not been fully appreciated. Furthermore, the optimal dose and schedule of chemotherapy may vary depending on the type and stage of cancer and is difficult to achieve without careful optimization (11, 16–18). Moreover, combination therapy may be required when the cytotoxicity against tumor cells is insufficient due to chemotherapy protocol or when the immune responsiveness is low due to intrinsic features of the tumor model (11, 18–20). Understanding and addressing these problems may help design better chemotherapy or chemo-immunotherapy treatment and improve the efficacy of cancer therapy.





A model of immunogenic chemotherapy treatment-induced long-lasting response

The chemotherapy-induced ICD starts with a tumor cell intrinsic damage-associated molecular pattern (DAMP), including translocation of calreticulin, an endoplasmic reticulum chaperone protein, to the tumor cell surface (21), and release of lysosomal ATP (22), nuclear chromatin binding protein HMGB1 (23, 24), cytosolic protein annexin A1 (25), and/or various nucleic acids (16, 17, 24, 26, 27). Together with immune-stimulating cytokines and chemokines secreted from stressed host cells and tumor cells (26, 28, 29), DAMPs trigger specific pattern recognition receptors (PRRs) on myeloid cells (9, 30), which further activate T cells to mediate anti-tumor immune responses (Figure 1, red rectangular and arrow).




Figure 1 | A diagram depicts that the dual function of chemotherapy in killing tumor cells and activating anti-tumor immune responses may result in a long-lasting response. Blue rectangular and arrow: Chemotherapy kill or inhibit tumor cell growth via cytotoxicity against tumor cells, which greatly reduces tumor mass and tumor-cell derived immune suppressive signals. The rest of tumor cells that are resistant to chemotherapy may be sensitive to immune-mediated cytotoxicity. Some chemotherapy agents are capable of activating anti-tumor immune responses via inducing immunogenic tumor cell death (red rectangular and arrow) and eliminating or modulating immune suppressive cells and thus restoring anti-tumor immunity (green rectangular and arrow). Chemotherapy can also inhibit anti-tumor immune responses via lymphopenia effects (black dashed arrow). The activation of anti-tumor immunity is heavily dependent on the dose and schedule of chemotherapy. For low-immune responsiveness tumor models or low-dosage chemotherapy, chemotherapy in combination with immunotherapy may be required to achieve a long-lasting response.



We have reviewed immune modulation function of nine representative commonly used chemotherapy agents including cyclophosphamide, doxorubicin, mitoxantrone, cisplatin, oxaliplatin, gemcitabine, 5-fluorouracil, docetaxel, and paclitaxel (Table 1). Besides of four well-known immunogenic chemotherapy agents, i.e., cyclophosphamide, doxorubicin, mitoxantrone, and oxaliplatin (21, 68), all other agents are able to stimulate maturation of dendritic cells and activate anti-tumor activity of T cells. This suggests that most chemotherapy agents used in clinics now have potential to induce ICD of tumor cells, even though some chemotherapy agents have not been studied using the classical vaccine validation assay (9, 15).


Table 1 | The Differential effects of chemotherapy treatment on immune cell modulation.



Some chemotherapy agents can also restore anti-tumor immune responses through alleviating immune suppression (Figure 1, green rectangular and arrow) (Table 1). For example, immune suppressive regulatory T (Treg) cells can be either efficiently inhibited by paclitaxel and docetaxel or depleted by many other chemotherapy agents including cyclophosphamide., respectively (see Table 1 for more references) (69). Myeloid-derived suppressor cells (MDSCs) can be depleted by docetaxel, gemcitabine, cisplatin, cyclophosphamide, oxaliplatin, docetaxel and 5-flurouracil (64, 70). MDSCs can also be re-polarized into anti-tumor M1-like status by cyclophosphamide, oxaliplatin, docetaxel, and paclitaxel in different tumor models or study conditions. Pro-tumor M2-like macrophages can be re-polarized into anti-tumor M1-like by doxorubicin, oxaliplatin, 5-fluorouracil, mitoxantrone, docetaxel and cyclophosphamide (71).

In addition, chemotherapy treatment increases the expression level of tumor neo-antigen and MHC-I molecules on the surface of tumor cells (4). These signals render residual tumor cells sensitive to the immune cell cytotoxicity. In the meanwhile, chemotherapy reduces or limits tumor volume through cytotoxicity against tumor cells. This helps reduce the immune suppressive signal arising from tumor cells (72) (Figure 1, blue rectangular and arrow) (4, 73). Thus, chemotherapy-activated anti-tumor immunity relay the killing of the remaining tumor cells after the initial wave of tumor cell killing mediated by chemotherapy-associated cytotoxicity. Since immunity and chemotherapy use different mechanisms to target tumor cells, the chance for tumor cells to evolve and select mutation to resist both is greatly reduced. Therefore, it is reasonable to hypothesize that immunogenic chemotherapy has great potential to improve the efficacy of chemotherapy or chemo-immunotherapy by inducing long-lasting responses through the induction of anti-tumor immunity (Figure 1) (4).

However, chemotherapy could be immune suppressive due to its lymphopenia effects (Figure 1, black dashed inhibitory arrow), which is one of common side effects associated with chemotherapy treatment. For example, depletion of T cells was seen before activation by treatment of cyclophosphamide, mitoxantrone and docetaxel (Table 1). Furthermore, some chemotherapy agents including cisplatin, gemcitabine and paclitaxel can re-polarize macrophages to M2-like to promote tumor growth and reduce the efficacy of chemotherapy (Table 1). For these agents, tumor models with low levels of macrophages could be preferential treatment targets. Alternatively, the efficacy of these chemotherapy agents can be improved by immunotherapy agents targeting macrophages. While immunogenic chemotherapy-associated feature looks appealing, it is thus heavily dose, schedule, and tumor model dependent (11, 74), and combination therapy may be required to complement the low chemotherapy dosage or low immune responsiveness due to intrinsic tumor features as we will discuss more later (11, 18) (Figure 1). Only when chemotherapy cytotoxicity against tumors interacts with anti-tumor immunity synergistically, can long-lasting responses be achieved.





Conventional chemotherapy dosed on a MTD schedule

Conventional standard-of-care (SOC) chemotherapy, aiming to eradicate all cancer cells, is dosed on a MTD schedule associated with severe toxicity to host cells, which necessitates a prolonged drug-free break to allow normal host cells to recover. The residual tumor cells will take advantage of this drug-free break to evolve and expand drug-resistant mutants, which reduce the efficacy of follow-up chemotherapy and culminate tumor relapse (75) (Figure 2A). However, this is a view based on a simplified two-element system only consisting of chemotherapy and tumor cells. In practice, the stromal cells, such as fibroblasts, endothelial cells, tumor-associated macrophages, and MDSCs, also contribute to tumor progression and resistance to chemotherapy treatment (76–78). For example, Chan et al. found that, for three commonly used standard chemotherapy agents, doxorubicin, paclitaxel, and cyclophosphamide, MTD regimens stimulate STAT-1 and NF-κB signaling in fibroblasts to express and secrete Glu-Leu-Arg (+) chemokines, which further convert and expand part of tumor cells into chemotherapy-resistant cancer stem cell-like cells (78).




Figure 2 | A simplified diagram illustrates the relationship between chemotherapy treatment, anti-tumor immunity and tumor cells. Chemotherapy can activate anti-tumor immunity by ICD of tumor cells and/or alleviation of immune suppression. Chemotherapy can also curtail anti-tumor immunity by lymphopenia effects. Anti-tumor immunity may kill tumor cells, and tumor cells may inhibit, evade and subvert anti-tumor immunity. Tumor cells may be killed by chemotherapy initially but develop resistance later during drug-free breaks. (A), A model for MTD in which chemotherapy is administrated at a high-dose with long drug-free break. The MTD chemotherapy kills numerous tumor cells initially and activates transient anti-tumor immunity. Tumor cells develop significant drug resistance to chemotherapy and override anti-tumor immunity during long-drug free breaks, which is required for host cells to recover from high toxicity. Thus, there is a need to reduce the dosage of MTD chemotherapy. See (B) and (D) for solution. (B), A model for LDMC in which the chemotherapy is administrated at a low-dose with short drug-free break. The LDMC exerts moderate cytotoxicity to tumor cells and encounters litter resistance from tumor cells. The LDMC may restore moderate anti-tumor immunity after depleting or modulating immune suppressive cells. Of note, due to lymphopenia effects of chemotherapy, the restoration of anti-tumor immunity usually occurs when LDMC is stopped or there is a relative long drug-free break. Overall, the moderate anti-tumor immunity associated with LDMC is not sufficient to durably regress tumors. See (C, D) for solution. (C), A model showing LDMC in combination with immunotherapy. The immunotherapy may benefit from the improved tumor micro-environment set up by LDMC and thus the overall anti-tumor immunity could be greatly strengthened. (D), A model for MEDIC in which chemotherapy is dosed at a medium-dose with medium drug-free break. Significant and sustained anti-tumor immunity could be activated attributed to ICD of tumor cells, alleviation of immune suppression, and optimal drug-free break that prevent immune exhaustion or immune suppression. The total dosage of MEDIC could be similar to MTD. The tumor cells suffered from double hits from chemotherapy and anti-tumor immunity have a low-chance to develop resistance and thus MEDIC may have high efficacy. (E), A model showing MEDIC in combination with immunotherapy. Combining appropriated immunotherapy with MEDIC may help boost anti-tumor immunity and improve the cancer treatment efficacy. This is especially recommended for tumor models with low immune responsiveness to MEDIC treatment. The use of a dashed arrow or dashed inhibitory arrow denotes moderate activation or inhibition, while a solid arrow or inhibitory arrow denotes strong activation or inhibition. Red is used to draw attention to important items. ICD, immunogenic cell death; MTD, maximum tolerated dose; LDMC, low-dose metronomic chemotherapy ; MEDIC, medium-dose repeating intermittent chemotherapy.



In addition, immune suppressive signals developed during long drug-free break may override the anti-tumor immune responses and thus MTD schedule is not optimal for activating anti-tumor immune responses (32, 72) (Figure 2A). Preclinical studies from Doloff et al. indicated that, even immunogenic chemotherapy agent such as cyclophosphamide, MTD schedule only induced a transient anti-tumor immune response (32). Furthermore, MTD regimen-associated high toxicity often requires co-medication such as glucocorticoid (79), which is also immune suppressive. Therefore, considering the importance of anti-tumor immunity, there is a need to reduce the dosage of SOC chemotherapy and shorten the drug-free intervals. The differential immune response associated with MTD and other two chemotherapy treatment schedules (see below) is summarized in Table 2.


Table 2 | The differential toxicity and immune responses associated with three different chemotherapy treatment schedules.



Since mono-immunotherapy and mono-chemotherapy are often troubled by low responsiveness or drug tolerance, there is a great interest in studying the combination therapy encompassing (ICIs) and immunogenic chemotherapy (13, 80). However, in clinical trials that compare the efficacy of SOC chemotherapy with ICI plus chemotherapy, the same SOC chemotherapy drug and MTD schedule are often used in combination with immunotherapy (13, 81). Furthermore, the ICI and SOC chemotherapy are often administrated concomitantly due to the lack of knowledge that which sequence or schedule is more effective (13, 14). As a result, the SOC chemotherapy may deprive the targets of ICI due to strong lymphopenia and myelosuppression effects and thus reduce the efficacy of combination regimen. A time course study assaying the change of immune activation-related gene expression in response to chemotherapy or ICI treatment, respectively, may help optimize the dose and schedule and thus greatly improve the combinatory regimen efficacy, as we will discuss later.





Overview of low-dose metronomic chemotherapy

Low-dose metronoic chemotherapy (LDMC) is a modified chemotherapy schedule characterized by low doses and short drug-free break or continuous administration (82) (Table 2) (Figure 2B). In contrast to MTD, LDMC is usually used as a palliative treatment for elderly and frail patients mainly because of relatively fewer toxicity-associated side effects and ease of administration (83, 84). Mechanistic study found that LDMC schedule switches the drug targets from tumor cells to tumor endothelial cells, and thus can potentially overcome the acquired tumor cell resistance to chemotherapy (82, 85). In contrast to bevacizumab that inhibits angiogenesis by blocking the action of angiogenesis factor VEGF (86), most LDMC regimens use different mechanisms by directly targeting endothelial cells or reducing the production of angiogenesis factors (87). For example, microtubule-targeting agent vinorelbine inhibits endothelial cell proliferation, migration, and sprouting (85). The LDMC topotecan can inhibit the translation and transcriptional activity of HIF-1α, a upstream regulator of angiogenesis effectors (88, 89). In addition, LDMC relieves stromal cell-mediated resistance to chemotherapy (78). For example, Chan et al. found that LDMC chemotherapy largely relieves STAT-1 and NF-κB paracrine signaling in fibroblasts to enhance the therapy effects (78).

Recent studies indicated that LDMC can also restore some immune function by eliminating immunosuppressive cells (90). Of note, sustained exposure to chemotherapy cytotoxicity may lead to lymphopenia, which can eliminate both the originally-available immune cells and the immune cells that could have been induced (11, 91). However, restoration of anti-tumor immunity may occur after LDMC treatment is stopped (90), or during one-week long drug-free break in some modified LDMC schedules as used by Ghiringhelli et al. (31), which is more like intermittent schedules as we will discuss later.





Combination regimen to improve LDMC efficacy

A reasonable concern for LDMC is that low-level cytotoxicity will not be enough to limit overall tumor cell growth, which may eventually override immune responses. For example, expanded tumor mass may generate a micro-environment against anti-tumor immune cell infiltration, subvert anti-tumor immune cells, and/or expand tumor cells with low MHC-I molecules to evade immune surveillance (4, 74).

One way to circumvent the problems caused by low-dose chemotherapy is to have combination therapy. For example, doxorubicin or its nanoparticle formulation, Doxil, cannot significantly limit mammary tumor 4T1 and E0771 progression at low dosage (20). However, the efficacy of doxorubicin or Doxil could be greatly improved by tumor micro-environment normalization induced by repurposed tgfb inhibitor Transilst, an approved anti-fibrotic and anti-histamine drug (20). Furthermore, Doxil enhanced Transilst-mediated tumor blood vessel function, increased immunostimulatory M1 macrophage content and improved the efficacy of the ICI antibodies anti-PD-1/anti-CTLA-4 (Figure 2C) (20). Jordan et al. found that CpG-1826 (a TLR9 agonist) immunotherapy can significantly increase the efficacy of low- or moderate-dose cyclophosphamide (45 or 90 mg/kg) treatment by enhancing anti-tumor immune responses (Figure 2C) (19).

In clinical trials, LDMC is mostly used as a precondition regimen to set up a favorable micro-environment for immunotherapy such as oncolytic virus and tumor vaccines, which has been reviewed by Fabian et al. and Chen et al. (14, 92) (Figure 2C). In few cases, LDMC is used as induction regimen to potentiate ICI. For example, LDMC vinorelbine in combination with atezolizumab is studied as a second-line treatment for patients with stage IV non-small cell lung cancers (93). For similar reason, LDMC is also used in clinics as a combination regimen with conventional chemotherapy, targeted therapy and radiotherapy (94, 95). Although these combination therapies are expected to be more effective than mono-LDMC as a palliative therapy, they have not yet been shown to result in durable tumor regression or long-lasting responses (14, 92).





Low- or moderate-dose chemotherapy has advantage in activating anti-tumor immunity

Different from LDMC restoring immunity by alleviating immune suppression, some chemotherapy agents can activate robust anti-tumor immune responses through inducing ICD of tumor cells (8). The latter heavily depends on the chemotherapy dose and schedule (74). For example, previous studies have firmly established that cisplatin was not a bona fide ICD inducer whereas oxaliplatin is (21, 96, 97). This conclusion was based on studies using super-physiologic dosage and assaying phenotype after a short drug treatment time. For example, Martins et al. studied cisplatin at a dose of IC50, 150 μM, in short-term experiments measuring re-distribution of calreticulin from ER lumen to cell surface within 4-12 hours after drug treatment. They found that cisplatin failed to induce calreticulin cell surface expression, one of the hallmarks of ICD (96). In contrast, Park et al. studied cisplatin at a moderate dose mimicking physiologic conditions, which is dosed at LD40, i.e., 40% of cell death over 3 days, and assayed 1-2 days after drug treatment (98). They found that cisplatin induced immunogenic marker increases including cell surface levels of calreticulin, HSP70, MHC class I, and PD-L1 similar to oxaliplatin in several preclinical models of head and neck cancer. A mouse vaccination assay also confirmed that cisplatin and oxaliplatin induce similar immunogenic changes. Of note, in hepatoblastoma cancer cisplatin also induced tertiary lymphoid structures, which is known to contain both lymphocytes and antigen-presenting cells and correlate with good prognosis (99). Similarly, Zhang et al. found that low-dose gemcitabine treatment (10 nM in vitro or 30 mg/kg in vivo), rather than high-dose, enhances cell surface exposure of calreticulin in lung cancer and activates NK cells (100).

Apparently, chemotherapy treatment with different dosage and schedule may cause distinct kinetics of DAMPs, including DNA damage responses and/or subsequent cell cycle arrest, which may impact the level of inflammatory signaling, as we will discuss later. These studies suggest that more immunogenic chemotherapy agents can be identified if careful dose and schedule optimization study is carried out. More importantly, it suggests that the efficacy of LDMC can be improved by activating anti-tumor immunity through schedule optimization, rather than only alleviating immune suppression.





Medium-dose repeating intermittent chemotherapy: optimize schedule to achieve a balance between killing more tumor cells and activating anti-tumor immunity

While low- or moderate-dose chemotherapy has a higher chance to activate anti-tumor immunity by inducing ICD of tumor cells, the concern that low-dosage chemotherapy may not be able to curtail tumor growth remains. One way to address this problem is to optimize the dosing schedule. The total net dosage can be increased by shortening drug free breaks and/or increasing the dose for each injection at preconditions of keeping effective immune activation and no intolerable toxicity to host.

Wu et al. and others found that cyclophosphamide dosed at 140 mg/kg (medium-dose) on every-6-day repeating intermittent chemotherapy (MEDIC) schedule can induce both effective anti-tumor immune responses and persistent tumor regression for 9L rat gliosarcoma, U251 human glioma, and GL261 mouse glioma (10, 32, 91, 101). In contrast, cyclophosphamide dosed on 90 mg/kg on same MEDIC schedule can only induce transient anti-tumor immune responses. Consistently, Manrique et al. found that cyclophosphamide dosage less than 100 mg/kg on an every-7-day repeating schedule was unreliable whereas 100-300 mg/kg dosage on the same schedule was effective in eradicating 4T1 mammary carcinoma, CT26 colon adenocarcinoma, or Panc02 pancreatic ductal adenocarcinoma, when it was combined with toll-like receptor (TLR) agonists (11). These studies suggest that sufficient chemotherapy cytotoxicity against tumor cells is one critic factor that maintains efficient cyclic tumor cell killing and persistent immune cell activation (74).

Regarding the dosing schedule, for cyclophosphamide dosed on schedules with drug-free breaks longer than 6 days, such as 6- and 9-day alternating, every 9-day repeating, and every 12-day repeating, they were associated with lower levels anti-tumor immunity and significant tumor relapse, as compared with MEDIC cyclophosphamide treatment (101) (Figure 3). Consistently, time course data of gene expression changes indicated that immune suppression followed immune activation in just a few days (10). Therefore, a delicate balance has to be made between the need of extending drug-free breaks to make the best use of chemotherapy-activated immunity and the need of shortening drug-free break to reduce immune exhaustion and/or suppression and drug-resistance developed during long drug-free break (10, 101, 102).




Figure 3 | A diagram illustrates the advantages and disadvantages of using cyclophosphamide with varying drug-free intervals to kill tumor cells and stimulate anti-tumor immune responses.



Of note, for cyclophosphamide dosed on a daily or every 3-day repeating schedule, both tumor regression and immune activation were abrogated. Presumably, the failure of anti-tumor immune response activation is combined with compromise of the innate immune system due to strong lymphopenia effects resulting from frequent drug cytotoxicity exposure (91) (Figure 3). Consistently, Manrique et al. also found that daily cyclophosphamide of 40 mg/kg failed to activate cyclical immune rebound from strong leukopenia effects and culminate to tumor relapse (11). Thus, another balance needs to be made between the need of increasing dosing frequency to initiate ICD-mediated anti-tumor immunity and kill more tumor cells and the need of extending drug-free break to avoid follow-up chemotherapy-imposed lymphopenia effects (Figure 3).

Thus, by using a medium dose given repeatedly on a schedule with medium drug-free break, the dosage of MEDIC schedule is sufficient to kill mass amount of tumor cells without significant toxicity to host (Table 2). In the meanwhile, medium drug-free break of MEDIC schedule keeps effective and sustained anti-tumor immunity (Figure 2D). Therefore, MEDIC has comparable cytotoxicity to tumor cells as MTD schedule and is superior to MTD and LDMC schedules in activating anti-tumor immunity.





MEDIC-activated anti-tumor immune response: tumor model dependence and combinatorial regimens for low responsiveness tumor models

Immunogenic chemotherapy activated anti-tumor immune responses is restricted to sensitive tumor models. Wu et al. found that MEDIC cyclophosphamide failed to induce strong anti-tumor immunity and tumor regression in B16F10 tumors and LLC tumors, which have similar in vitro sensitivity to cyclophosphamide as GL261 (18). Similarly, Manrique et al. found that MEDIC cyclophosphamide alone cannot induce durable regression in 4T1 breast tumors, CT26 colorectal tumors, Panc02 and KC pancreatic tumors and C57mg breast tumors (11). These findings suggest that there is some intrinsic tumor model difference that determines immune responsiveness upon MEDIC treatment. These less-responsive tumor models may lack some components of DAMP or pattern recognition receptors (PRRs) to initiate anti-tumor immunity (8, 103).

Indeed, adding CpG-1826 on day 3 to MEDIC cyclophosphamide regimen durably eradicated 4T1 breast tumors and CT26 colorectal tumors (11) (Figure 2E). For the other three tumor models (Panc02 and KC pancreatic tumors and C57mg breast tumors), a TLR3 agonist poly(I:C) has to be added on top of CpG-1826 and cyclophosphamide combination regimen to induce permanent regression (Figure 2E). The tumor regression induced by combination regimens requires CD4+ and CD8+ T cells and tumoricidal myeloid cells, indicative of an immune-based tumor regression mechanism. Thus, there is a gradient responsiveness ranging from the most sensitive GL261, 9L, and U251 glioma, sensitive 4T1 breast tumors and CT26 colorectal tumors, to moderate sensitive Panc02 and KC pancreatic tumors and C57mg breast tumors (10, 11). This exemplifies tumor model-determined differential requirements of TLR agonists to MEDIC cyclophosphamide regimens in order to durably eradicate tumors (Figure 4).




Figure 4 | Tumor models with differential immune responsiveness to MEDIC cyclophosphamide treatment. Tumor models that can be durably regressed by MEDIC cyclophosphamide treatment alone or in combination with different TLR agonists in a immune-based mechanisms are shown. "?" stands for an unknown agent(s), combination regimen including poly(I:C), CpG-1826, and cyclophosphamide still cannot eliminate B16 melanoma and MT breast tumors.



However, TLR agonists and cyclophosphamide combination regimen is not a cure for all tumors either. For B16 melanoma and MT breast tumors, even triple combination regimen including poly(I:C), CpG-1826, and cyclophosphamide still cannot eliminate tumors (11) (Figure 4). Changing the administration routes of agonists from i.p. to intra-tumor might reverse cold B16 tumor micro-environment, favoring activation of tumoricidal myeloid cells and thus improve the treatment efficacy (104). However, in some cases host or cancer cell gene variants may intrinsically affect the mounting of anti-tumor immune responses, which request different combination therapy regimens (Figures 2E, 4). For example, the loss-of-function variants of TLR4 (receptor for HGMB1) (105) or FPR1 (receptor for ANXNA1) (103) abrogate immune reaction. More defects and corresponding correction methods have been reviewed elsewhere (8).





Strategies to combine MEDIC with ICIs

While immunogenic chemotherapy given on a MEDIC schedule have great potential to induce a long-lasting response as we discussed above, it is possible that in practice MEDIC chemotherapy still fail to induce durable tumor regression after schedule optimization and combing with some immunotherapies. Then, one alternative approach is to combine MEDIC with ICIs, which is the most successful immunotherapy agents developed in the past years (80).

First of all, it would be ideal to avoid administrating ICI and chemotherapy concomitantly, to reduce strong lymphopenia-mediated abrogation of ICI efficacy. We would propose to administrate ICI at the chemotherapy-free interval. This strategy may take advantage of immunogenic features of chemotherapy to transform “cold” or low responsive tumors into hot. Take MEDIC cyclophosphamide that is carried out on an every 6- or 7-day repeating schedule as an example. Following the 1st MEDIC injection, there will have sequential events such as ICD and lymphopenia approximately from day 0 to day 3, anti-tumor immunity development approximately from day 3 to day 7 beyond, and chemotherapy-resistance and immune exhaustion or suppression development starting roughly from day 6 (Figure 5A) (10, 11, 101, 106). It would be ideal to dose ICI approximately from day 3 to day 7 post cyclophosphamide treatments (10, 11, 32, 106) (Figure 5B). During this time period immune cells replenishment and anti-tumor immune response starts to mount, which will be followed by various immune suppression events including expansion of PD-L1 expressing tumor cells (10, 107). Thus, ICI dosed at this window may more effectively prevent immune suppression and argument anti-tumor immune response, as compared with dosing ICI and chemotherapy concomitantly. Furthermore, the dose of ICI could be reduced as compared to those in 21-day repeating protocol for two reasons. One is to reduce the toxicity to host. The other is that ICI here is only to prolong the anti-tumor immunity by dampening immune suppression signals for relatively a short period. Following ICI injection, the second chemotherapy injection that aims to kill more tumor cells using chemical cytotoxicity and that will induce lymphopenia and re-set anti-tumor immunity is going to be delivered soon anyway. We hypothesize that the 2nd chemotherapy could be delivered from day 10 to day 14 post the 1st chemotherapy injection (Figure 5B), depending on the strength of anti-tumor immunity prolonged by the ICI.




Figure 5 | A diagram showing the strategies to combine MEDIC with immunotherapy. MEDIC cyclophosphamide that is carried out on an every 6- or 7-day repeating schedule is used as an example. ICI is used as an example for immunotherapy. (A), Three types of events related to immune responses upon MEDIC treatment is shown on an approximate time scale. (B), A schedule of immunogenic MEDIC followed by ICI is shown. The 2nd ICI following the 2nd MEDIC can be dosed on a similar timing as the 1st ICI. (C), A similar schedule to (B), excepting for using ICI as a precondition agent, when the tumor model have indications of high responsiveness to ICI treatment. The doses of ICI in (B) and (C) do not have to as high as those used in a 21-day repeating schedule. ICI, immune checkpoint inhibitor.



Alternatively, if a tumor model of interest has a high level of TILs or PD-L1 expression that indicates a high responsiveness to a corresponding ICI agent, the ICI could be applied prior to chemotherapy (Figure 5C). Likewise, the dose of 1st ICI injection does not have to be as high as in that of 21-day repeating protocol, since the following chemotherapy that will re-set immune system through lymphopenia effects will be delivered soon. Nevertheless, in this scenario it needs to administrate the chemotherapy before immune exhaustion or suppression starts to occur. However, too early administration of chemotherapy may have risk of abrogating immune responses activated by ICI. Thus, there is a balance need to make between utilizing anti-tumor immunity activated by ICI and killing more tumor cells based on chemical cytotoxicity. We estimate that the 1st chemotherapy can be delivered around one or two weeks after ICI injection, depending on the strength of anti-tumor immunity activated by ICI. Once the chemotherapy is injected, the alternating dosing pattern between ICI and chemotherapy can follow previous pattern as shown in Figure 5B.





Cell cycle checkpoint and DNA damage repair pathway impacts genotoxicity-induced immune activation

Regardless of the immunotherapy used in combination with MEDIC, it is crucial to investigate the molecular mechanisms that lead to low responsiveness to MEDIC cyclophosphamide treatment, such as in B16 melanoma and MT breast tumors. Recent studies suggest that investigating DNA damage level or cell cycle progression status after chemotherapy treatment may reveal the immune responsiveness upon chemotherapy treatment and help optimize the chemotherapy schedule (16, 17).

DNA damage response (DDR) is a conserved pathway that maintains genome fidelity. Once cells have experienced DNA damaging events, such as chemotherapy treatment, pathogen infection, or DNA replication error, a set of DDR cascades will quickly initiate to sense DNA damage, repair DNA damage, and/or arrest cell cycle progression if required (108–111). Failed DNA damage repair may eventually lead to increased DNA mutation load, tumorigenesis, inflammation, or cell death (108, 110, 112, 113). Even though DNA released from cell lysis, as one of the DAMP molecules, is a known trigger of immune responses (24, 110, 114), how DDR affects immune response is not fully understood.

Recent studies indicated that cell cycle checkpoint and DNA damage repair pathways both impact genotoxicity-induced immune activation (16, 17) (Figure 6). IR treatment can induce IFN pathway-based anti-tumor immune responses, which is indispensable for therapeutic efficacy of IR (115). Harding et al. found that for cells undergoing double strand DNA breaks cell cycle progression through mitosis is required to form micronuclei, which further activate IFN signaling through the cGAS-STING pathway (17). This reveals the molecular mechanisms underlying the delayed onset of immune response as compared to DDR at minute-to-hour time scale after genotoxic stress.




Figure 6 | A diagram shows that tumor DNA damage repair competency and related cell cycle checkpoints affects the activation of anti-tumor immunity induced by immunogenic IR or chemotherapy. Tumor DNA damage level is positively correlated with the dose of IR (or chemotherapy). The damaged DNA will be partially repaired by DNA repair pathway and thus the DNA damage level of tumor cells is negatively affected by DNA damage repair competency. Failed DNA damage repair or very high dose of IR may produce excessive DNA damage, which cause cell cycle arrest. Cell cycle arrest is regulated by part of DNA damage response, which includes ATR, CHK1 and ATM for G2/M arrest and ATM and p53 for G1/S arrest, respectively. While persistent cell cycle arrest blocks the activation of anti-tumor immunity, abrogation of cell cycle arrest favors immunity activation.



Studies on IR further illustrated that dose-dependence of genotoxic stress-mediated IFN pathway activation was related to cell cycle checkpoints (16) (Figure 6). The 20-Gy treatment induced excessive DNA damage which arrested MCF10A cells at G2/M phase and failed to induce IFN inflammatory signaling. Abrogation of G2/M checkpoint by inhibitors of ATR or CHK1 restored IFN signaling. In contrast, the 10-Gy treatment that induced less excessive DNA damage and did not induce prolonged G2/M arrest can still generate significant IFN responses. This is consistent with the dose-dependence of chemotherapy-activated immunity in that low- or moderate-dose chemotherapy has a higher chance to induce immunogenic changes than high dose (74, 98).

Furthermore, the IR dose capable of activating immune responses is affected by DNA damage repair pathways (16). DNA damage levels induced by IR will be reduced by the canonical non-homologous end joining (c-NHEJ) pathway. In MCF10A cells deficient of the c-NHEJ pathway, the 10-Gy treatment will accumulate higher DNA damage level than in wild type cells, triggering prolonged G2/M arrest like the 20-Gy treatment did in wild type MCF10A cells, and thus fail to induce immune responses. Abrogation of G2 checkpoint did not restore immune response in 10-Gy-treated c-NHEJ-deficient tumor cells, since cells died soon probably due to mitotic catastrophe. Rather, abrogation of both G1 and G2 checkpoints restore anti-tumor immunity. Of note, loss of G1 checkpoint protein p53 will lead to the change of PRR from DNA damage responsive cGAS to RNA-sensing RIG-I, suggesting that p53, an important player in DDR pathway, affects the mounting of anti-tumor immunity. Furthermore, the 2-Gy IR can induce a higher level of IFN response than 10-Gy did, because the 2-Gy IR only induced a moderate DNA damage level which did not cause G2/M arrest. Thus, the appropriate IR dose able to effectively activate anti-tumor immune responses depends on both cell cycle checkpoints and DNA damage repair competency. Consistently, inhibitors targeting DDR components can greatly increase the efficacy of IR treatment by activating immune responses, and some DDR inhibitors have entered into clinical trials (116–118).

Considering the similarity between IR and chemotherapy treatment-induced genotoxic stress, we think that the biological principles obtained from IR-based study can be largely applied to chemotherapy. Indeed, the biomarkers or signature of DNA repair pathway are associated with the efficacy of both IR and chemotherapy treatment in various cancers (119–122). For example, DNA damage response pathway-altered biliary tract cancers exhibited favorable chemotherapy responses (123). In the stage 4 non-small cell lung cancer (NSCLC), pathogenic variants in DDR pathway genes was associated with higher efficacy of radiotherapy and ICIs (124). The efficacy of chemotherapy can be reduced by STING through suppressing DDR and genotoxicity and DNA instability (125). Of note, there are different DNA damage repair pathways, targeting DNA base damage, base mispairs, small loops, DNA strand breaks, and/or inter-strand crosslinks. Furthermore, heterogeneous defects in DNA damage repair pathways exist in tumor cells (126). For each cancer of interest, it warrants further study how greatly the defect of one particular relevant DNA damage repair pathway would affect the chemotherapy-induced DNA damage level and the optimal chemotherapy dosage.





Biomarkers indicating immune responsiveness to chemotherapy and/or immunotherapy

Given the inherent molecular heterogeneity across patients and cancer types, one key question remains is how to identify the immune responsiveness in a convenient way (127). Biomarkers indicating immune responsiveness can aid to decide which therapy regimen to take in the beginning and whether there is a need to change therapy protocols during the treatment. By stratifying patients through biomarkers, chemotherapy benefits can be maximized with minimized toxicity side effects and reduced economic burden.

Based on studies in our group and others, tumor basal immune level often correlates with immune responsiveness to chemotherapy (74, 128). But in some cases, tumor infiltrated lymphocytes (TILs) are associated with distinct survival rate after neoadjuvant chemotherapy, e.g. better survival in HER2-positive breast cancer and triple-negative breast cancer (TNBC), but worse survival in luminal–HER2-negative breast cancer (129), (Table 3). In other cases such as TNBC with residual tumors, though associated with low TILs before treatment, an increase of TILs after chemotherapy is still indicative of improved prognosis (130, 131). In contrast, increased TILs characterized by high CD3+ T cells and CD68+ macrophages post-chemotherapy is associated with worse prognosis (132). These findings suggest differential prognostic value of immunologic infiltrates across cancers, calling for specific biomarkers for each cancer type or subtype and treatment (133).


Table 3 | Representative tumor- or blood-derived biomarkers that are indicative of responsiveness to chemotherapy alone or combination regimen in clinical studys.



Along with the application of next generation sequencing, gene profiling of tumor biopsy identifies many biomarkers predicting responsiveness to cancer therapy (123, 134–136). For example, the expression levels of BTK and DPEP2 genes in lung adenocarcinoma are indicative of immune responsiveness and the efficacy of immunotherapy, chemotherapy, or radiotherapy (137), (Table 3). Study on advanced NSCLC suggests that only patients with both high PD-L1 expression and high immune infiltration level could benefit from the first-line treatment of chemotherapy plus immunotherapy (138). The mutation composite scores (MCS) generated from tumor mutation profiles can specifically predict the efficacy of chemotherapy, ICI, or chemotherapy + ICI treatment in NSCLC patients, respectively (139). The prognostic function of MCS is highly treatment-specific and, for immune therapy-treated patients, superior to tumor mutation burden and PD-L1 status.

When tumor biopsy cannot be accessed or does not represent the current status anymore after a period of treatment, an alternative method needs to be considered. One convenient approach is to look for biomarkers in blood parameters (3). The eight immune genes (BID, FOXP3, KIR3DL1, MAF, PDGFRB, RRAD, SIGLEC1 and TGFB2) in blood can serve as early circulating biomarker predicting response to FOLFIRINOX (5-fluorouracil, folinic acid, irinotecan and oxaliplatin) after one cycle in patients with pancreatic ductal adenocarcinoma (140), (Table 3). This can help decide whether to continue the highly toxic FOLFIRINOX therapy. Immune cell counts in peripheral blood could also be predictive biomarkers. Demircan et al. defined systemic immune-inflammation index (SII) as (neutrophil count × platelet count)/(lymphocyte count). Post-treatment SII value that is lower than pre-treatment was more likely associated with responders in gastric or gastroesophageal junction cancer receiving neoadjuvant chemotherapy (141). Loyon et al. found that increased frequency of total innate lymphoid cells (ILCs), which negatively correlated with anti-tumor responses, is seen in peripheral blood of patients with metastatic CRC after 3-months chemotherapy treatment (142). Seledtsov et al. recommended a combined inflammatory prognostic score based on the blood parameters consisting of C-reactive protein (CRP), lactate dehydrogenase (LDH), and neutrophil-to-lymphocyte (NTL) ratio (143). CRP is a classical marker for acute inflammation, and LDH is an enzyme catalyzing the reversible conversion of lactate to pyruvate. Both CRP and LDH were identified as biomarkers for poor cancer prognosis (144, 145), and increased NTL ratio was often observed in patients with advanced cancers or tumor progression (146). In addition, surrogate tumor responsive markers can also be derived from circulating tumor cells, cell free tumor DNA, and/or RNA in body fluids, such as blood, urine, cerebrospinal fluid, or saliva. These have been extensively reviewed in other literatures (147–149).

As reviewed above, most biomarkers are cancer type- and treatment-specific. Therefore, for a new chemotherapy regimen aiming to eradicate cancers based on anti-tumor immune responses, the available biomarkers for a given cancer type may only be used to stratify preliminary responsive candidates. If a tumor biopsy is available, an ideal approach is to start grouping and stratifying patients based on studies on basal immune infiltrate level, tumor cell cycle checkpoints, and DNA damage repair competency, using either tumor cell culture or patient-derived xenograft models (150). For each group, it warrants to study and optimize the dose and schedule of chemotherapy, and identify more specific biomarkers indicating anti-tumor immune responses.





Conclusions

We proposed the model of immunogenic chemotherapy-induced long-lasting responses that rely on synergetic interaction between killing tumor cells and inducing anti-tumor immunity. We compared conventional MTD schedule with two types of modified chemotherapy schedules. The LDMC needs to combine with other therapy agents to overcome its low dosage problem. Having comparable dosage as MTD, the MEDIC requires careful optimization to reach optimal dose and schedule to activate persistent anti-tumor immunity. Intrinsic tumor model differences including cell cycle checkpoint integrity and DNA damage repair competency will impact the optimal dose and schedule. Consequently, the MEDIC treatment may also need to combine with immunotherapy to induce a long-lasting response (16, 18, 74). We also proposed strategies to combine immunogenic chemotherapy with immunotherapy, emphasizing the importance of dose and schedule. We believe that efficacy of chemotherapy can be greatly improved either as a mono-therapy or a combination therapy with immunotherapy.
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Introduction

Tobacco smoking generates airway inflammation in chronic obstructive pulmonary disease (COPD), and its involvement in the development of lung cancer is still among the leading causes of early death. Therefore, we aimed to have a better understanding of the disbalance in immunoregulation in chronic inflammatory conditions in smoker subjects with stable COPD (stCOPD), exacerbating COPD (exCOPD), or non-small cell lung cancer (NSCLC).





Methods

Smoker controls without chronic illness were recruited as controls. Through extensive mapping of single cells, surface receptor quantification was achieved by single-cell mass cytometry (CyTOF) with 29 antibodies. The CyTOF characterized 14 main immune subsets such as CD4+, CD8+, CD4+/CD8+, CD4−/CD8−, and γ/δ T cells and other subsets such as CD4+ or CD8+ NKT cells, NK cells, B cells, plasmablasts, monocytes, CD11cdim, mDCs, and pDCs. The CD4+ central memory (CM) T cells (CD4+/CD45RA−/CD45RO+/CD197+) and CD4+ effector memory (EM) T cells (CD4+/CD45RA−/CD45RO+/CD197−) were FACS-sorted for RNA-Seq analysis. Plasma samples were assayed by Luminex MAGPIX® for the quantitative measurement of 17 soluble immuno-oncology mediators (BTLA, CD28, CD80, CD27, CD40, CD86, CTLA-4, GITR, GITRL, HVEM, ICOS, LAG-3, PD-1, PD-L1, PD-L2, TIM-3, TLR-2) in the four studied groups.





Results

Our focus was on T-cell-dependent differences in COPD and NSCLC, where peripheral CD4+ central memory and CD4+ effector memory cells showed a significant reduction in exCOPD and CD4+ CM showed elevation in NSCLC. The transcriptome analysis delineated a perfect correlation of differentially expressed genes between exacerbating COPD and NSCLC-derived peripheral CD4+ CM or CD4+ EM cells. The measurement of 17 immuno-oncology soluble mediators revealed a disease-associated phenotype in the peripheral blood of stCOPD, exCOPD, and NSCLC patients.





Discussion

The applied single-cell mass cytometry, the whole transcriptome profiling of peripheral CD4+ memory cells, and the quantification of 17 plasma mediators provided complex data that may contribute to the understanding of the disbalance in immune homeostasis generated or sustained by tobacco smoking in COPD and NSCLC.
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1 Introduction

Tobacco smoking frequently causes airway inflammation and oxidative stress linking the pathogenesis of chronic obstructive pulmonary disease (COPD) and lung cancer. In 2019, 212.3 million COPD cases were reported with 3.3 million deaths (1). A WHO survey showed that COPD was the third leading cause of death worldwide in 2019 (2). COPD affects more than 50% of the smoker’s population, and patients with COPD have a two-fold risk of developing lung cancer (3, 4). Previously, our group and others reviewed the molecular players and chronic inflammatory conditions in COPD establishing a lung cancer-prone microenvironment (5, 6). Free radicals such as reactive nitrogen or reactive oxygen species damage the DNA; additionally, the tobacco smoke-induced pulmonary inflammatory milieu and the genetic and epigenetic predisposition increase the mutational burden leading to the development of lung cancer (4, 5). Neoantigens were identified in COPD using mass spectrometry supporting the epidemiology data that COPD has been considered as a prestage of lung cancer (7). Non-small cell lung cancer, the most frequent comorbidity, accounts for 40%–70% of COPD patients (8). It was reported that nearly 87% of lung cancer-related deaths were affected by tobacco smoking in the USA (9). Therefore, the updated US Preventive Services Task Force (USPSTF) guidelines suggest regular diagnostic screening of patients at a minimum age of 50 with a minimum of 20 packs per year of smoking history (10). Lung cancer accounts for almost 23% of all cancer-related mortality and is one of the leading causes of cancer-related deaths with nearly 1.6 million annual deaths worldwide (11, 12).

Our current study aims to dissect the effect of tobacco smoke on the immunophenotype of the peripheral immune system in stable COPD, exacerbating COPD, and NSCLC patients. The current (2023) guideline of the Global Initiative for Chronic Obstructive Lung Disease (GOLD) defines COPD as follows: “heterogeneous lung condition characterized by chronic respiratory symptoms (dyspnea, cough, expectoration and/or exacerbations) due to abnormalities of the airways (bronchitis, bronchiolitis) and/or alveoli (emphysema) that cause persistent, often progressive, airflow obstruction” (13). COPD is a heterogeneous disease that represents a spectrum of disease severity in the range from a stable state to severe exacerbations. Stable COPD is characterized “when symptoms are well managed and pulmonary decline is minimized” (14). The exacerbation of COPD is also redefined by the recent GOLD 2023 guideline as “an event characterized by dyspnea and/or cough and sputum that worsen over ≤14 days, which may be accompanied by tachypnea and/or tachycardia and is often associated with increased local and systemic inflammation caused by airway infection, pollution, or other insult to the airways” (13). The dissection of airway inflammation in COPD is beyond the scope of our current study, but it has been reviewed elsewhere (5, 15, 16).

It is widely known that airway inflammation in COPD is associated with systemic inflammation frequently causing, e.g., cardiovascular disease (17), but the systematic investigation of the peripheral immune system in COPD has not been resolved yet completely. The markers of COPD from the biological fluids such as profiling the peripheral immune system or measuring soluble markers have been the subject of intensive research in the last years (18). Xiong et al. published recently the immunophenotyping of stable COPD and exacerbating COPD patients using an eight-member antibody panel for flow cytometry (FACS) (19). Xiong et al. found that Th1 cells, Th17 cells, Treg cell ratio, Th1/Th2 cell ratio, and the levels of C-reactive protein, interleukin (IL)-6, and IL-10 were significantly increased in patients with exCOPD. Halper-Stromberg et al. found that subjects with COPD had significantly lower levels of aggregated lymphocytes, aggregated T cells, CD4+ resting memory cells, and naive B cells and increased levels of monocytes compared with smoker controls (20). Using single-cell mass cytometry, Vasudevan et al. studied the bronchoalveolar lavage in COPD patients lacking information on the peripheral immune composition (21). Kapellos et al. used single-cell mass cytometry for the immunophenotyping of COPD patient-derived blood, but their study focused on the role of neutrophils in early-stage COPD with limited data on other compartments (22). Therefore, our mass cytometry panel was designed for the dissection of the complexity of peripheral immunity in stCOPD, exCOPD, and NSCLC.

In our study, NSCLC patients were recruited to reveal disturbances of the peripheral immune homeostasis in the context of stable or exacerbating COPD, all cases being affected by tobacco smoking, including smoker healthy volunteers. Molecular profiling and integration of multi-omics data prospectively is a novel approach to stratify patients with clinically heterogeneous diseases. High-resolution measurement characterizing a large number of cellular features was our focus in studying COPD in stable conditions vs. exacerbations. Our question of interest was the understanding of the disbalance in immunoregulation in chronic inflammatory conditions of smoker COPD cases and smoking-associated NSCLC. In our recent work, with extensive mapping of single cells, surface receptor quantification was achieved by cytometry by time-of-flight (CyTOF) with a panel consisting of 29 antibodies. Our aim was the deep immunophenotyping of COPD and NSCLC patients with a special focus on the T-cell compartment in order to shed light on the stCOPD, exCOPD, and NSCLC-associated T-cell phenotypes and the subsets of T-cell diversity. Our antibody panel consisted of markers also for the identification of other subsets such as NK cells, CD4+ NKT, CD8+ NKT, B cells, plasmablasts, monocytes, CD11cdim cells, monocytoid dendritic cells (mDCs), and plasmacytoid dendritic cells (pDCs). The dissection of the complex immunophenotype may contribute to the understanding of the involvement of the immune system in the chronic inflammatory condition caused by tobacco smoking with a special focus on smoking-associated diseases such as COPD and NSCLC.

In our current study, 14 main peripheral immune cell populations were identified and characterized by single-cell mass cytometry. The CyTOF results shed light on the CD4 effector memory and CD4 central memory T cells; therefore, the whole transcriptome profiling was carried out for these FACS-sorted particular cell types in all smoking conditions, such as healthy controls, stable COPD, exacerbating COPD, and NSCLC patient-derived samples. The concentration of 17 soluble mediators was also measured by the Luminex MAGPIX® system from the plasma samples to dissect the pattern of relevant cytokines/chemokines and immune checkpoint modulators circulating in the peripheral blood.




2 Materials and methods



2.1 Study subjects

The following subjects were recruited: 1) smoker healthy controls (SmHC) without chronic illness and without regular medication. 2) Stable COPD patients (stCOPD) were selected according to the guideline of GOLD with a smoking history and without known lung cancer. 3) Acute exacerbating COPD patients (exCOPD) were also selected based on the GOLD guideline; the withdrawal of the blood was before the glucocorticoid therapy. ExCOPD patients were selected with smoking history and without known lung cancer. ExCOPD was defined as increased dyspnea, cough, or sputum expectoration (quality or quantity) that led the subject to seek medical attention, as specified in international guidelines (23). 4) Smoker, non-small cell lung cancer (NSCL) patients were involved before receiving therapy. Bacterial or viral infection during the exacerbation was not tested. Samples were collected from December 2018 to December 2019 before the outbreak of COVID-19. All subjects were over 18 and self-conscious. The subjects gave their informed consent before participating in the study. The study was conducted in accordance with the Declaration of Helsinki, and the protocol (“Immunophenotyping in COPD and lung cancer”) was approved by the Ethics Committee of the National Public Health Center under the 33815-7/2018/EÜIG Project identification code.




2.2 Study design

Subjects were recruited for CyTOF from the following groups: 1) smoker healthy control (without known disease and without regular medication, n = 9), 2) smoker-stable COPD (n = 8) patients, 3) smoker-exacerbating COPD patients before receiving corticosteroid treatment (n = 8), and 4) therapy-naive NSCLC patients without chemotherapy and/or immunotherapy (n = 8). Subjects were recruited for Luminex from the following groups: 1) smoker healthy control (n = 9), 2) smoker-stable COPD (n = 11) patients, 3) smoker-exacerbating COPD patients before receiving corticosteroid treatment (n = 13), and 4) therapy-naive NSCLC patients without chemotherapy and/or immunotherapy (n = 13), This is a cross-sectional study with the collection of 20 mL venous peripheral blood at one time point (before receiving medication where it was applicable). Demographic and clinical data of the patients are summarized in Supplementary Table 1.




2.3 PBMC isolation

After the collection of 20 mL blood into an EDTA vacutainer (Becton Dickinson, Franklin Lakes, USA), PBMCs were purified by Leucosep tubes (Greiner Bio-One, Kremsmünster, Austria) according to the manufacturer’s instructions. If the pellet was light red, 2 mL of ACK lysing buffer (ACK: 0.15 M of NH4Cl, 10 mM of KHCO3, 0.1 mM of Na2EDTA, pH 7.3; Merck, Darmstadt, Germany) was applied at room temperature (RT) for 2 min. Samples were washed twice with 10 mL of PBS (Merck) and subsequently cell counted, and viability check was performed with Trypan Blue exclusion. Cryopreservation of PBMCs was carried out in stocks of 4 × 106 cells of 1 mL of FBS (Capricorn Scientific, Ebsdorfergrund, Germany) supplemented with 1:10 of DMSO (Merk) [v/v] in cryotubes (Greiner Bio-One) in liquid nitrogen (Messer, Bad Soden, Germany).




2.4 Cell preparation for CyTOF

Cells were processed for CyTOF as described previously by our group (24). Briefly, cryotubes were thawed in a 37°C water bath for 2 min, and cells were transferred into a 14-mL 37°C warm RPMI (Capricorn Scientific) and centrifuged at 350×g for 6 min at RT. PBMCs were washed again with 5 mL of Maxpar Staining Buffer (MCSB, Fluidigm, South San Francisco, CA, USA) and centrifuged at 350×g for 6 min at RT, cells were counted in 1 mL of PBS, and viability was determined with Trypan Blue exclusion.




2.5 Antibody staining

The antibody staining of cells for CyTOF was performed as described previously by our group with minor modifications (25, 26). Briefly, viability was determined by cisplatin (5 µM of 195Pt, Fluidigm) staining for 3 min on ice in 300 µL of RPMI. The sample was diluted by 2 mL of RPMI (MCSB, Fluidigm) and centrifuged at 350×g for 5 min. PBMCs were washed again with 4 mL of MCSB and centrifuged at 350×g for 6 min at RT. Cells were resuspended in 50 µL of MCSB supplemented with 1:20 v/v TrueStain FcX™ FC receptor blocking solution (BioLegend, San Diego, USA) and incubated at RT for 10 min. Cells were stained with 29 antibodies of the Human Immune Monitoring Panel (Fluidigm) and incubated at 4°C for 45 min. The antibodies used for CyTOF are listed in Supplementary Table 2. Cells were washed twice with 1 mL of MCSB and prefixed with 1 mL of Pierce™ formaldehyde (Thermo Fisher Scientific, Waltham, MA, USA) solution diluted in PBS to 1.6% and incubated at RT for 10 min. Stained and prefixed cells were centrifuged at 800×g for 6 min at RT and resuspended in 1 mL of Fix & Perm solution (Fluidigm) supplemented with 1:1,000 v/v Ir191/Ir193 DNA intercalator (Fluidigm) for overnight incubation.




2.6 CyTOF data acquisition and data preprocessing

The acquisition of the samples for CyTOF was executed as described previously by our group with minor modifications (27, 28). Briefly, samples were washed three times with MCSB before being filtered through a 30-μm Celltrics (Sysmex Hungaria Kft, Hungary) gravity filter, and the cell concentration was adjusted to 7 × 105/mL in Maxpar Cell Acquisition Solution (Fluidigm). Finally, EQ four-element calibration beads (Fluidigm) were added at a 1:10 ratio (v/v) and acquired on a properly tuned Helios mass cytometer (CyTOF, Fluidigm), and 1 × 106 events per individual PBMC were collected to be able to identify rare cell subsets. The generated flow cytometry standard (FCS) files were randomized and normalized with the default setting of the internal FCS processing unit of the CyTOF software (Fluidigm, version 7.0.8493).




2.7 CyTOF data processing

Randomized and normalized FCS files were uploaded to the Cytobank analysis platform (Beckman Coulter, Brea, USA). Exclusion of normalization beads, dead cells, debris, and doublets was performed. There were no significant differences in cell counts between the examined groups. The FCS files with the CD45-positive living singlets were exported and further analyzed in R. Compensation methodology, FlowSOM clustering, and reduction of dimensionality were adapted from Crowell HL et al. [BioConductor CATALYST, compensation (29): data analysis (30):]. Utilizing the CATALYST and flowCore R package, FCS files were integrated, compensated, and transformed. After signal spillover compensation, CyTOF marker intensities were inverse hyperbolic sine-transformed (arcsinh) with cofactor 5. For the main population definition, we carried out a Self-Organizing Maps-based method (FlowSOM) metaclustering on compensated and transformed files. We identified different metaclusters which were separately subclustered with another round of FlowSOM. High-dimensional reduction and visualization were performed using the t-distributed stochastic neighbor embedding (t-SNE) algorithm/method. A total of 300,000 cells and 29 markers were used to create the peripheral human immune system UMAP (Uniform Manifold Approximation and Projection for Dimension Reduction) (Figure 1).




Figure 1 | Demonstration of the studied main immune subsets. (A) Unsupervised clustering and the heatmap of expression intensities of the analysed immune cells. (B) The FlowSOM (Self-Organizing Maps for flow cytometry) and UMAP (Uniform Manifold Approximation and Projection for Dimension Reduction) analysis identified 14 main subsets as follows: CD4+ T cells, CD8+ T cells, CD4+CD8+ T cells, DN (double-negative) T cells (CD4−CD8−), γ/δ T cells, NK cells, CD4+ NKT cells, CD8+ NKT cells, plasmablasts, B cells, monocytes, CD11cdim cells, plasmacytoid dendritic cells (pDCs), and monocytoid dendritic cells (mDCs). The analysis was carried out on the entire dataset in the R software including 33 FCS files.






2.8 RNA sequencing

Cell sorting of CD4+ EM or CD4+ CM T cells was carried out. The PBMCs were thawed from liquid nitrogen. Cells were counted in PBS, and viability was determined with Trypan Blue exclusion. Cells were resuspended in 50 µL of PBS supplemented with 1:20 v/v TrueStain FcX™ FC receptor blocking solution (BioLegend) and incubated at RT for 10 min. The enrichment of CD4+ T cells was performed using the Dynabeads™ FlowComp™ Human CD4 Isolation Kit from PBMC following the instruction of the manufacturer (Thermo Fisher Scientific). After titrating the antibodies, the CD4+ T cells were incubated with CD45RA-FITC (Hl100 clone), CD45RO PERC/Cy5.5 (UCHL1 clone), and CD197(CCR7)-PB (G043H7 clone) (BioLegend) 25× diluted in FACS buffer (2% FBS in PBS) in 50 µL at RT for 45 min. After washing with 1 mL of FACS buffer and centrifugation at 350×g for 5 min, cells were resuspended in FACS buffer and 2 mM of EDTA for cell sorting using FACSJazz (Beckman Coulter). Manual gating was used to sort 1) CD4+ EM (CD45RA−/CD45RO+, CD197−) or 2) CD4+ CM (CD45RA−/CD45RO+, CD197+) cells. Cells were centrifuged at 350×g for 5 min and resuspended in 500 µL of TRIzol (Thermo Fisher Scientific) and stored at −80°C. The isolation of RNA was performed using the RNeasy Micro kit (Qiagen, Hilden, Germany). The RNAse inhibitor was added 20 U/µL diluted 100× (Thermo Fisher Scientific). The concentration and purity of RNA was measured using NanoDrop™ One (Thermo Fisher Scientific). Because of the relatively low number of memory cells and yielded RNA from one subject, the RNA samples of one study cohort were pooled in an equivalent manner (the same amount from three to five subjects within one group). The RNA sequencing (Massive Analysis of cDNA Ends = MACE = 3′ mRNA-Seq) was performed by GenXPro GMBH (Frankfurt Am Main, Germany) as a service. The normalized gene expression data of the RNA-Seq are listed in Supplementary Table 3.




2.9 Gene set enrichment analysis

Gene set enrichment analysis was performed using GSEA 4.1.0 (31). We ran the software in CLI mode and analyzed its outputs through custom R scripts, attached as a supplementary R Markdown file (Supplementary File 1).




2.10 Measurement of plasma proteins

The measurement of plasma proteins was performed as described previously by our group with minor modifications (32–34). Briefly, after the withdrawal of 20 mL of blood into an EDTA vacutainer (Becton Dickinson), human peripheral blood mononuclear cells and plasma samples were purified by Leucosep tubes (Greiner Bio-One, Austria). Plasma fractions were stored at −80°C in aliquots before running the assay. Luminex xMAP (MAGPIX®) technology was used to determine the protein concentrations of 17 distinct immuno-oncology checkpoint proteins (BTLA, CD28, CD80, CD27, CD40, CD86, CTLA-4, GITR, GITRL, HVEM, ICOS, LAG-3, PD-1, PD-L1, PD-L2, TIM-3, TLR-2) performing the Human Immuno-Oncology Checkpoint Protein Panel 1 - Immuno-Oncology Multiplex Assay (Cat. num.: HCKP1-11, Merck) according to the instructions of the manufacturer. Briefly, all samples were thawed and tested in a blind fashion. A 50-μl volume of each sample, 25 μl of standard, 25 μl of matrix solution, and 25 μl of universal assay buffer were added to a 96-well plate (provided with the kit) containing 25 μl of capture antibody-coated, fluorescent-coded beads. A biotinylated detection antibody mixture and streptavidin-PE were added to the plate after the appropriate incubation period. After the last washing step, 150 μl of drive fluid was added to the wells, and the plate was incubated for an additional 5 min and read on the Luminex MAGPIX® instrument. Luminex xPonent 4.2 software was used for data acquisition. Five-PL regression curves were generated to plot the standard curves for all analytes by the Analyst 5.1 (Merck) software calculating with bead median fluorescence intensity values. The panel of the investigated 17 plasma proteins and the range of detection (in pg/mL from the lower limit to the upper limit) are available in Supplementary Table 4. Data were pooled from two independent measurements and plotted in GraphPad Prism v8 (Dotmatics, Boston, USA).




2.11 Clustering of samples based on cytokine levels

The concentration levels of analytes, measured in samples from four patient categories (smoker healthy control, stable COPD, exacerbated COPD, treatment-naive smoker NSCLC) were visualized on a heatmap using the pheatmap R package (35). Hierarchical clustering was carried out based on Euclidian distance and using the hclust method in R.




2.12 Statistical analysis

In CyTOF, median signal intensities, cell frequencies, and subpopulation frequencies were analyzed with GraphPad Prism 8.0.1. The normality of distributions was tested with D’Agostino & Pearson test and passed if all the group’s alpha values were under 0.05. Normally distributed datasets were compared with the ordinary one-way ANOVA or Brown-Forsythe ANOVA when the standard deviations were not equal. For non-parametric analysis, the Kruskal–Wallis test was applied. All types of significance tests were corrected for multiple comparisons by controlling the false discovery rate (FDR) with the two-stage Benjamini, Krieger, and Yekutieli approach with an FDR cutoff of 10%. Differences are considered significant at *p < 0.05, **p < 0.01, and ***p < 0.001 (error bars specify means ± SD). In Luminex, statistical significance was calculated using Student’s t-test. Statistical computations were done by dplyr v1.0.6 and rstatix v0.7.0, while graph generation was done by ggpubr v0.4.0 and ggprism v1.0.3 R packages.





3 Results



3.1 Single-cell immunophenotyping of peripheral mononuclear cells shed light on the disbalance of immune homeostasis in stable COPD, exacerbating COPD, and NSCLC

Using single-cell mass cytometry with the 29-membered antibody panel of the commercially available Human Immune Monitoring kit, we could identify the main immune subsets in the peripheral blood of the studied groups, such as smoker healthy controls (SmHCs), smoker-stable COPD (stCOPD) patients, smoker-exacerbating COPD (exCOPD) patients, and smoker NSCLC patients. During the data analysis, calibration beads were excluded, and singlets, live cells, and CD45+ cells were manually gated. Further unsupervised analysis was performed on CD45+ living singlets where the following populations were excluded by manual gating: CD3+CD14+, CD3+CD19+, CD19+CD14+, and CD19+CD56+ (Supplementary Figure 1) The FlowSOM (Self-Organizing Maps for flow cytometry) and UMAP analysis identified 14 main subsets, namely, CD4+ T cells, CD8+ T cells, CD4+CD8+ T cells, DN (double-negative) T cells (CD4−CD8−), γ/δ T cells, NK cells, CD4+ NKT cells, CD8+ NKT cells, plasmablasts, B cells, monocytes, CD11cdim cells, pDCs, and mDCs (Figure 1; Supplementary Figure 2). The frequency of the main subsets was quantified and expressed as the % of living CD45 singlets (Supplementary Figure 2). The CD4+ T cells were reduced in stCOPD and exCOPD to one-third and half of the SmHCs, respectively (Supplementary Figure 2A). The percentage of CD8+ T cells outperformed the SmHCs, but in the exCOPD, these cells were also half of the SmHCs (Supplementary Figure 2A). The DN T cells were also the lowest in exCOPD. Conversely, the percentage of monocytes was two times higher in exCOPD than in SmHCs; the CD11cdim cells were 10 times higher both in stCOPD and exCOPD compared with the SmHCs and five times higher than in the NSCLC group. Both the pDCs and mDCs were with the lowest frequency in the exCODP group (Supplementary Figure 2D).

The activation of adaptive immunity in smoker COPD patients and the dysfunction/exhaustion of T cells in lung cancer have long been known (36–38). Therefore, our focus was on the analysis of T-cell subsets. Fourteen metaclusters (MCs) were identified in the CD4+ T cells (Supplementary Figure 3). Significant differences were found in MC10 (CD4+/CD185+) with the decrease in exCOPD and NSCLC (Figure 2A); the merged MC13 and MC14 were the CD38bright CD4+ T cells (CD38++ MCs) with the highest frequency in exCOPD (Figure 2B); conversely, the CD183+ MCs (MC5+MC6+MC8+MC10) were the lowest in exCOPD (Figure 2C). Regarding marker expressions on all CD4+ T cells, CD27 decreased in NSCLC vs. SmHC (Figure 2D), and CD127 decreased in stCOPD vs. exCOPD (Figure 2E). Our interest turned toward CD4 memory cells, such as CD4+ CM (central memory) cells and CD4 EM (effector memory). The CD4+ CM cells were defined as CD4+/CD45RA−/CD45RO+/CD197+ merging 03, 10, 11, and 13 MCs. The CD4+ EM cells were defined as CD4+/CD45RA−/CD45RO+/CD197− merging 02, 04, 09, and 14 MCs. The percentage of CD4+ CM and CD4+ EM cells was the lowest in exCOPD (Figures 2F, G).




Figure 2 | The population frequency (A–C) and marker expression profile of CD4+ T cells (D, E). The differences in the percentage of CD4+ CM (F) and CD4+ EM cells (G). *p < 0.05, **p < 0.01, ***p < 0.001.



Next, the CD8+ T cells were clustered, and 15 MCs were defined (Supplementary Figure 4). Significant differences were found in the following MCs as shown in Figure 3: MC01: CD45RAdim, MC06: CD28+/CD194+, MC09: CD27+/CD45RO+, MC13: CD27+/CD183+/CD194dim, and MC14: CD45RA+/CD197+ (Figure 3). The CD27+ MCs represent cells of the MC04, MC05, MC07, MC08, MC09, MC11, MC13, MC14, and MC15, which were the lowest in stCOPD (Figure 3F). The CD183+ MCs represent cells of the MC04, MC07, MC09, MC11, MC12, MC13, and MC14, which were also the lowest in stCOPD (Figure 3G). The expression of CD27 and CD28 showed a similar pattern with the lowest frequency in the stCOPD (Figures 3H, I). The CD127 was significantly reduced in stCOPD vs. SmHC (Figure 3J), and the CD183 and CD197 were reduced in stCOPD and NSCLC vs. SmHC (Figures 3K, L).




Figure 3 | The population frequency (A–G) and marker expression profile of CD8+ T cells (H–L). *p < 0.05, **p < 0.01, ***p < 0.001.



Analyzing the CD4+CD8+ double-positive T cells, CD25 was elevated in exCOPD, CD27 was decreased in exCOPD and NSCLC, and CD8 was the lowest in NSCLC (Figures 4A–C).




Figure 4 | Marker expression (A) CD25, (B) CD27, (C) CD8 profile of CD4+CD8+ T-cells. p *<0.05, **<0.01.



The double-negative CD4−CD8− (DN) T cells delineated five MCs (Supplementary Figure 5). Significant differences in the frequency of the cells were recorded in the following MCs: MC02: CD27+/CD127+/CD161+ that was decreased in exCOPD and NSCLC, MC04: CD38++ that was in excess in exCOPD, and MC05: CD38++/CD183+/CD196+ that was gradually increased from stCOPD to exCOPD and further increased in NSCLC (Figures 5A–C). The surface expression of CD28 decreased in NSCLC vs. exCOPD, and CD183 expression was lower in exCOPD and in the NSCLC groups vs. SmHC (Figures 5D, E).




Figure 5 | The population frequency of the metaclusters in CD4−CD8− (DN) T cells (A–C) and the marker expression profile of (D) CD28 and (E) CD183 on the surface of DN T cells. *p < 0.05, **p < 0.01, ***p < 0.001.



The γ/δ T cells were divided into 11 MCs (Supplementary Figure 6). The CD27+ γ/δ T cells were determined merging MC03, MC04, MC05, MC06, MC07, and MC09 MCs. The CD27 expression on the surface γ/δ T cells was decreased in exCOPD compared with SmHC and NSCLC (Figure 6A). The CD27+ γ/δ T cells were determined merging MC03, MC04, MC06, MC07, and MC11 MCs. The CD183 expression in the γ/δ T-cell subset decreased in stCOPD and exCOPD compared with SmHC (Figure 6B).




Figure 6 | The population frequency of (A) CD27+ or (B) CD183+ MCs in γ/δ T-cells. p *<0.05, **<0.01.



The deep immunophenotyping using CyTOF revealed significant differences in 46 specific markers/populations of other, non-T-cell compartments, but because of the focus of our current study on T cells, the other subtypes are listed in the Supplementary Material, such as CD4+ NKT cells and CD8+ NKT cells (Supplementary Figure 7), classic NK cells (Supplementary Figures 8, 9), B cells (Supplementary Figures 10, 11), plasmablasts (Supplementary Figure 12), monocytes (Supplementary Figures 13, 14), CD11cdim cells, and mDCs (Supplementary Figures 15, 16). However, it is worth emphasizing some of the significant differences which may be relevant in the context of exacerbation of inflammation in the impairment of the antitumor immune response, such as the CD16 (FcγRIII) decrease both in CD4+ NKT and CD8+ NKT cells in NSCLC compared with SmHC (Supplementary Figure 7). We could detect the increase of the G-protein-coupled receptors, such as the CD183 (CXCR3) or CD194 (CCR4) on the cell surface of NK cells in NSCLC compared with the other three groups (Supplementary Figure 9). The MC08 metacluster of B cells positive for CD19+/CD20+/CD45RA+/CD185+/CD27+ was dramatically decreased in stCOPD, exCOPD, and NSCLC compared with SmHC (Supplementary Figures 10, 11). The expression of CD27, CD19, CD185 (CXCR5), and CD196 (CCR6) was reduced on the surface of B cells in the NSCLC group (Supplementary Figure 11). CD19, CD27, and CD45RA were also decreased on the surface of plasmablasts (Supplementary Figure 12). The main significant changes in the myeloid compartment of the PBMCs are also highlighted. The cells of the MC03 (CD14+/CD11chigh+/CD38+/CD45RO+/HLA-DRlow+), the classical monocytes (CD14+/CD16−), and HLA-DRlow cells were significantly higher in exCOPD among monocytes (Supplementary Figures 13, 14). On the contrary, MC06 (CD14+/CD11chigh/CD38+low/CD123dim/CD45RO+/HLA-DRhigh+), MC07 (CD14+/CD11chigh/CD38+/CD45RO+/HLA-DR+), MC08 (CD14+/CD11chigh/CD38+/CD45ROhigh, HLA-DRlow+), and CD16+ cells were the lowest in exCOPD in the monocyte compartment (Supplementary Figures 13, 14). The MC01 (CD196high) of CD11cdim cells was the lowest in exCOPD, but the MC03 (CD196−) cells were of the highest frequency in exCOPD among CD11cdim cells (Supplementary Figures 15, 16).




3.2 The transcriptome of CD4+ EM or CD4+ CM cells showed a correlation in NSCLC with exacerbating COPD samples

The CD183 (CXCR3) showed reduced expression in the aforementioned T-cell subsets, and its influence on the development of memory T cells is known (39). Additionally, alterations in memory T-cells subsets were reported in COPD previously (40–42). Therefore, the CD4+ EM and CD4+ CM cells were FACS-sorted for transcriptomic analysis (RNA sequencing) in our study. The purified RNA was pooled from three to five subjects within one study cohort in an RNA equivalent manner in order to avoid bias from differences in the amount of isolated RNA (Supplementary Table 3). The pooled RNA-Seq identified 203 differentially upregulated and 167 differentially downregulated genes in the CD4+ CM cells of exacerbating COPD and NSCLC samples showing 0.807 Pearson correlation (Supplementary Figure 17). The pooled RNA-Seq identified 234 differentially upregulated and 90 differentially downregulated genes in the CD4+ EM cells of exacerbating COPD and NSCLC samples showing 0.747 Pearson correlation (Supplementary Figure 18). The normalized expression data of the full list of the results of RNA-Seq are found in Supplementary Table 3. The gene set enrichment analyses (GSEA) showed a similar pattern between lung NSCLC and exacerbating COPD-derived peripheral CD4+ CM and CD4+ EM cells (Figure 7). The Hallmark and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets were analyzed for the normalized expression values in relation to the healthy control samples. Pathways in angiogenesis were upregulated in CD4+ CM cells both in exCOPD and NSCLC, and pathways in cell division, protein secretion, transcription, response to androgens, or response to ultraviolet radiation were upregulated in CD4+ EM cells both in exCOPD and NSCLC. The 10 most repressed genes were in CD4+ CM cells both in exCOPD and NSCLC samples: MAP3K2, SUZ12, SYNE2, HNRNPF, RNF24, APLP2, HIPK3, FBXL5, SEPT2, and GLCCI1. The 10 most upregulated genes were in CD4+ CM cells both in exCOPD and NSCLC samples: AC008481.1, COMMD1, MRPL41, C12orf57, RPS3AP5, AL009174.1, AC026979.2, AC108161.1, CUTA, and AL450998.1. The 10 most repressed genes were in CD4+ EM cells both in exCOPD and NSCLC samples: FGFBP2, CERKL, RBL2, GNLY, SYNE1, HNRNPLL, PTPN4, GLS, ITGAM, and TGFBR3. The 10 most upregulated genes were in CD4+ EM cells both in exCOPD and NSCLC samples: AC008677.2, AC245033.4, AL450998.1, RPS18P9, RPS3AP5, EEF1A1P5, RPL27AP, RPL41P5, AC008481.1, and S100A9. The gene ID, long name of the genes, and normalized expression values are listed in Supplementary Table 3.




Figure 7 | Results of gene set enrichment analyses of CD4+ central memory and effector memory T cells. The figure shows those Hallmark and KEGG gene sets that had similar trends in NSCLC vs. smoker healthy controls (SmHCs) and exacerbated COPD vs. SmHC comparisons. Positive normalized effect score (NES) values indicate enrichment in control. Point sizes indicate false discovery rate (FDR) value ranges.






3.3 The clustering based on the concentration of the immuno-oncology checkpoint soluble mediators in the plasma of the peripheral blood

After the withdrawal of peripheral blood, the PBMCs were purified for CyTOF and RNA-Seq analysis, but the plasma of the peripheral blood was used for the quantitative analysis of immuno-oncology mediators using the multiplex Luminex MAGPIX® technology. The list of the analyzed soluble proteins, the UniProt ID, and assay sensitivity are listed in Supplementary Table 4. The individual concentration values of the 17 measured proteins and multiple comparisons among the four studied groups are visualized on the scatter plots in Supplementary Figure 19. We highlighted only the significant differences in the text. The inhibitory CD366 (TIM-3) was elevated in stCOPD vs. SmHC, and it was lower in exCOPD vs. stCOPD. The inhibitory CD273 (PD-L2) was significantly the lowest in exCOPD compared with the other three groups. The T-cell stimulatory CD86 (B7-2) and GITRL were higher in exCOPD vs. SmHC (Supplementary Figure 19). For better clarity of the results, clustering was applied and is shown in Figure 8. The concentration values after the Z-score transformation resulted in three main clusters (Figure 8A). Cluster 1 with the highest concentration of inflammatory mediators lacks SmHCs and includes three exCOPD patients, two stCOPD patients, and one NSCLC patient. Cluster 2 with the lowest concentration of the measured soluble mediators includes five SmHCs, six exCOPD, four stCOPD, and four NSCLC patients. The intermediate cluster 3 in terms of the medium expression of immuno-oncology mediators represents four SmHCs, five stCOPD, four exCOPD, and eight NSCLC patients.




Figure 8 | The analysis of the concentration of immuno-oncology mediators of the plasma of the patients. (A) Analyte concentrations in different samples are shown color-coded. Concentration levels have been normalized using the Z-score transformation. Three main sample clusters were identified using hierarchical clustering. (B) The distribution of patient categories in the three clusters. (C) The distribution of clusters among different patient categories. Clusters 1 and 2 can be characterized by the highest and lowest analyte levels, respectively. Cluster 3 shows intermediate analyte levels and contains the largest fraction of NSCLC samples.







4 Discussion

The aim of our study was to have a deeper understanding of the disbalance in the immune homeostasis of smoker-stable COPD and smoker-exacerbating COPD. Since tobacco smoking and an established COPD frequently lead to lung cancer, human smoker NSCLC samples were also investigated. The self-perpetuating systemic inflammation caused by tobacco smoking has been intensively studied earlier by our group and others (5, 43, 44). Cigarette smoking caused alterations in the peripheral immune landscape in COPD that has been reviewed by Taucher et al. (45). Using single-cell mass cytometry, we have recently shown the peripheral immunophenotype of smoker advanced NSCLC patients who underwent chemotherapy or immune checkpoint inhibitor (ICI) therapy (34). However, a limited number of studies are available using CyTOF for the immunophenotyping of the PBMCs of smoker COPD and NSCLC samples. Previously, Vasudevan et al. showed a lower PD-L1 and PD-L2 expression of myeloid cells that supports chronic inflammation in the bronchoalveolar lavage (BAL) of smoker COPD patients using CyTOF (21). Freeman et al. used a 12-color FACS panel for the immunophenotyping of PBMC BAL and sputum samples of COPD cases (46). They published gating strategies to define seven populations (CD4+ and CD8+ T cells, B cells, monocytes, macrophages, neutrophils, and eosinophils) and proposed future analysis to reveal the correlation of immune subset phenotypes with smoking history, spirometry, and other physiologic parameters of the COPD patients. Using an 8-color FACS panel, Xiong et al. showed an increase of Th1, Th17, and Treg phenotypes in the peripheral blood of acute exacerbating COPD patients compared with stCOPD (19). In a murine model of cigarette smoke exposure, Kapellos et al. showed an expansion of CD11b+Ly6G+CD117−CD62L−CD172a− neutrophils in the bone marrow using CyTOF (22). According to our current knowledge, our study is the first to compare the peripheral immunophenotype of smoker healthy controls with stCOPD, exCOPD, and smoker NSCLC. The peripheral blood of the patients was extensively studied by a 29-member antibody panel for single-cell mass cytometry. We could determine and analyze 14 immune subsets, namely, CD4+ T cells, CD8+ T cells, CD4+CD8+ T cells, DN (double-negative) T cells (CD4−CD8−), γ/δ T cells, NK cells, CD4+ NKT cells, CD8+ NKT cells, plasmablasts, B cells, monocytes, CD11cdim cells, pDCs, and mDCs. The extensive immunophenotyping of T cells is shown in the main text, and additionally, 46 further significant differences are shown about NK, NKT, B, or myeloid cells in the Supplementary Material. The ratio of CD4+ T cells and CD8+ T cells was significantly elevated in NSCLC at the expense of the reduction of monocytes and CD11cdim cells. An increased expression of CD38, an activation marker functioning as a cyclic ADP ribose hydrolase, was shown on CD4+ T cells. The increased CD38-mediated signaling in COPD and the generation of adenosine diphosphate ribose and cyclic adenosine diphosphate ribose were described previously by Guedes et al. (47). The CD183 and the chemokine receptor CXCR3 may interact with CXCL9, CXCL10, and CXCL11 affecting T-cell polarization (48), and we found that CD183+ MCs were in the lowest frequency both in CD4+ T cells in exCOPD and in CD8+ T cells in stCOPD. The CD183 expression was also reduced in DN T cells in exCODP and in γ/δ T cells in stCOPD. The CD183 may affect memory T-cell development (39, 49). Indeed CD4+ CM and CD4+ EM cells were in the lowest frequency in exCOPD cases. Roberts et al. published earlier the lower percentage of CD4+ CM and CD4+ EM cells in COPD compared with smoker controls (40). Because of the central role of CD4+ T cells in the polarization of T-cell-mediated responses, the CD4+ CM and CD4+ EM cells were selected for FACS sorting and whole transcriptome analysis by RNA-Seq. This is the first study to show the peripheral immunophenotyping and transcriptome of human patient-derived CD4+ CM and CD4+ EM cells from smoker controls, stCOPD, exCOPD, and NSCLC subjects. The chronic inflammation persistent in exacerbating COPD and NSCLC showed 0.8 or 0.74 Pearson correlation of the co-expression of differentially expressed genes in CD4+ CM or CD4+ EM cells, respectively. Some of the markers such as S100A9 are induced by tobacco smoking and contribute to the development of COPD or decreased survival in NSCLC (50, 51). Neoantigens are generated during tobacco smoking both in COPD and lung cancer (7), and naive CD4+ T cells are exposed to HLA-demonstrated epitopes that may lead to the development of antigen-specific long-lived memory T cells. The CD4+ CM T cells favor trafficking in the primary or secondary lymphoid organs from the periphery, while CD4+ EM T cells migrate to the non-lymphoid sites of inflammation (52). The analysis of the tissue-resident immune composition of COPD and lung cancer has been published previously by other groups (41, 53, 54). Our focus was on the characterization of peripheral immunity, the dissection of single-cell heterogeneity of the subsets of PBMCs, and the quantitative measurement of peripheral immuno-oncology mediators. Sahin et al. published about the serum biomarkers in stCOPD and exCOPD measuring 11 parameters and found that leukocyte and neutrophil cell count, red cell distribution width, C-reactive protein, neutrophil-to-lymphocyte ratio, and platelet-to-lymphocyte ratio were higher in exCOPD than healthy controls (55). Barta et al. recently found in the sputum that IL-6 and growth-regulated oncogene-α were higher in stCOPD than in non-smoker controls, and the IL-1Rα, RANTES, MIG, BMP-4, BMP-6, GDNF, and Acrp30 were higher in exCOPD than stCOPD (56). Our panel for the Luminex MAGPIX® was a commercially available immuno-oncology panel that showed the mixed phenotype of COPD and lung cancer patients. The plasma of exCOPD patients showed an inflammatory phenotype with the lowest concentration of inhibitory PD-L2, a lower amount of TIM-3 vs. stCOPD, and an increased level of stimulatory CD86 and GITRL vs. smoker controls. The distribution of the defined clusters represents the heterogeneity of the human subjects belonging to either SmHC, stCOPD, exCOPD, or NSCLC categories. These disease-associated heterogenic phenotypes may harbor therapeutic resistance and contribute to the challenging scenarios for the treatment options.

Among others, the authors reviewed how chronic inflammation provides the soil for the development of cancer (57). The authors reviewed previously also how COPD may precondition for the development of lung cancer (5). One of the main messages of the current study is the smoking-related systemic inflammation linking exCOPD and NSCLC demonstrated here as a complex single-cell mass cytometric profile. The authors reported here a complex view of the peripheral immunophenotype with a special focus on the T-cell compartment (Figure 9). Freeman et al. published earlier the decrease of CD4+ and CD8+ T cells in the peripheral blood of acute exacerbation COPD patients in agreement with our results (58).




Figure 9 | The schematic cartoon of our result focusing on three levels: genes, proteins, and cells. The transcriptome of CD4+ CM and CD4+ EM cells showed a correlation in exCOPD and NSCLC. The three most differentially expressed genes are highlighted. Next, soluble mediators were measured, where CD86 and GITRL were higher in the plasma of exCOPD patients, while TIM-3 and PD-L2 were lower in exCOPD patients. Lastly, single-cell immunophenotyping revealed alterations in the composition of peripheral compartments, where the frequency of the immune subsets was quantified and demonstrated characteristics for exCOPD and NSCLC.



Focusing on T-cell biology, activation markers such as CD38 on CD4 T cells, CD25 on CD4+CD8+ T cells, and CD28 on DN T cells were shown upregulated in exCOPD in conjunction with the drop of the Th1 marker CD183 and chemokine receptor CXCR3 on CD4, CD8, DN, and γ/δ T cells in exCOPD. Similarly, the decrease of CD183 was also shown on cytotoxic CD8+ T cells and DN T cells in NSCLC. The decrease of the co-stimulatory CD27 was also shown on CD4 T cells, CD8 T cells, and CD4+CD8+ T cells in NSCLC. Although the frequency of CD4+ CM and CD4+ EM cells was not the same in exCOPD and NSCLC, their transcriptomic profile showed 0.8 and 0.74 Pearson correlation, respectively. Since CD4+ helper T cells orchestrate the polarization of the adaptive immunity, the high coverage of mRNAs in these memory cells may play a role in the antigen-dependent inflammatory pathways in exCOPD and NSCLC. The authors hypothesize that tobacco smoking-generated inflammation polarizes CD4+ CM and CD4+ EM cells that may contribute to the exacerbation of COPD and impairment of tumor-protective immunity in NSCLC. Taken together, it is hard to estimate which difference in the immunophenotype has the most meaningful clinical importance. Our data may serve as a resource for future studies that will lead to a deeper understanding of the disbalance in immune homeostasis in smoker COPD or NSCLC patients.

Our study has limitations which are as follows: 1) that PBMCs lack a granulocyte compartment which has a significant effect on the chronic inflammation in the studied lung pathologies. 2) Our CyTOF panel consisted of cell surface markers instead of the implementation of subset-specific cytokine/chemokine measurement. 3) We could not investigate tissue-resident immune cells of the affected lung in COPD or NSCLC cases. 4) We could enroll SmHCs with 10 years younger age than the patients. The access to the healthy but aging population is limited with a special focus on the inclusion criteria of the smoking habit. Therefore, we could enroll smoker healthy subjects for the withdrawal of blood from this group. 5) Bacterial or viral infections were not excluded and may influence the immunophenotype of exCOPD or NSCLC. However, according to our knowledge, this is the first study on the deep immunophenotyping of the single-cell heterogeneity in smoker controls, stCOPD, exCOPD, and NSCLC patients with an extension of the transcriptome of CD4+ CM and CD4+ EM cells in the four studied groups. Future studies are warranted to measure the soluble mediators of the identified disease-associated subsets to link serum concentrations with the producing immune subsets.
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Background

We compared the real-world efficacy and safety of neoadjuvant chemoimmunotherapy to chemotherapy alone in patients with stage III non-small-cell lung cancer (NSCLC).





Participants and methods

A total of 59 consecutive patients were finally selected and divided into two groups: the neoadjuvant chemotherapy group (n = 33) and the neoadjuvant chemoimmunotherapy group (n = 26). The primary endpoint was disease-free survival (DFS). The secondary endpoints were pathological response, clinical response, and adverse events. All patients were followed up to collect perioperative pathology and clinical data.





Results

The objective response rate (ORR), pathological complete response (pCR), and major pathological response (MPR) were significantly higher in the neoadjuvant chemoimmunotherapy group than in the neoadjuvant chemotherapy group (73.1% vs. 45.5%, 34.6% vs. 3.0%, and 65.3% vs. 15.1%, respectively; P < 0.05). There was no statistically significant difference in disease-free survival between the neoadjuvant chemoimmunotherapy and neoadjuvant chemotherapy groups (P = 0.129). Patients in the neoadjuvant chemoimmunotherapy group had a higher rate of tumor regression than those in neoadjuvant chemotherapy group (37.0% [25 patients] vs. 29.0% [33 patients], P = 0.018). However, no discernible correlation between MPR achievement and the degree of tumor shrinkage was observed in either group (P > 0.05). The cumulative MPR rates were 42.3, 50, and 65.3% for 2, 3, and ≥ 4 cycles, respectively, in the neoadjuvant chemoimmunotherapy group and 9.1, 12.1, and 15.1% for ≤ 2, 3, and ≥ 4 cycles, respectively, in the neoadjuvant chemotherapy group. Moreover, No statistical difference was observed between the two groups regarding postoperative complications, resection range, operation time, surgical method, and extent of resection (P > 0.05). Although the incidence of grades III–IV adverse events was higher in the neoadjuvant chemotherapy group than in the neoadjuvant chemoimmunotherapy group (33.3% vs. 4.6%, P = 0.042), there was no significant difference in the incidence of adverse events between the two groups (64.6% vs. 83.6%, P = 0.072).





Conclusion

In stage III NSCLC, neoadjuvant chemoimmunotherapy achieved higher pathological and clinical remission rates than chemotherapy alone, with compromising safety, making it an attractive choice for neoadjuvant therapy.





Keywords: non-small-cell lung cancer, neoadjuvant therapy, chemotherapy, immunotherapy, efficacy, safety





Introduction

Currently, the treatment of stage III non-small-cell lung cancer (NSCLC) remains a significant challenge. Existing literature suggests that the 5-year survival rate following surgery in patients with stage III NSCLC is only 13–36%, whereas that for surgery combined with adjuvant radiotherapy and for chemotherapy alone is merely 20 and 45%, respectively (1, 2). The National Comprehensive Cancer Network guidelines of the United States have suggested the use of nivolumab monoclonal antibody along with platinum-based doublet chemotherapy as a neoadjuvant therapy regimen for NSCLC (3). However, studies specifically focusing on the use of neoadjuvant chemoimmunotherapy for stage III NSCLC are lacking. To the best of our knowledge, there are also currently no studies discussing the derived patterns of major pathological responses (MPRs) following neoadjuvant chemoimmunotherapy. In this real-world study, we examined the clinical and pathological data of patients with stage III NSCLC who underwent pre-operative neoadjuvant therapy. We aimed to compare the safety and efficacy of neoadjuvant chemoimmunotherapy with those of neoadjuvant chemotherapy, paying special attention to the pattern of MPR occurrence, which could serve as a beneficial reference for selecting the most appropriate neoadjuvant therapy for stage III NSCLC.





Patients and methods

This real-world study included patients diagnosed with stage III NSCLC between October 2017 and October 2023, who were divided into two groups: the neoadjuvant chemotherapy group and the neoadjuvant chemoimmunotherapy group. This study was conducted in accordance with the Declaration of Helsinki. All patients provided informed consent.

The inclusion criteria were as follows: 1) stage III diagnosis of NSCLC via imaging and cytological examination, with all tumors identified as primary lung cancer; 2) preoperative assessment by multiple senior surgeons, deeming the lesion resectable, despite a large tumor volume involving the carina, bronchus, or pulmonary vessels, with hilar or mediastinal lymph node metastases; 3) Karnofsky performance status score ≥ 80, indicating the capacity to tolerate neoadjuvant therapy; 4) normal liver and kidney functions; 5) anticipated survival time of > 3 months; 6) sufficient pulmonary function for the expected pneumonectomy; and 7) negative for EGFR and ALK gene mutations.

The exclusion criteria were as follows: 1) distant metastasis or surgical contraindications; 2) dysfunction of the liver, kidney, or other organs; 3) autoimmune diseases (e.g., diseases due to human immunodeficiency virus) or long-term use of immunosuppressive drugs; and 4) intolerance to immunotherapy or chemotherapy.

Patients treated with a combination of programmed cell death-1 monoclonal antibody and platinum-based doublet chemotherapy were included in the immunochemotherapy group, whereas those treated only with platinum-based doublet chemotherapy were included in the chemotherapy group. The immunotherapy drugs included pembrolizumab, tislelizumab, sintilimab, camrelizumab, and nivolumab. Chemotherapy was based on the following first-line regimen for advanced NSCLC.

Four patients underwent treatment with gemcitabine 1000 mg/m2 on days 1 and 8 and platinum-based therapy, whereas two received etoposide 100 mg/m2 on days 1–3 and platinum-based therapy. A 21-day cycle was followed for both immunotherapy and chemotherapy, in which the tumor efficacy was assessed every two cycles. Regular examinations via hematology and imaging were performed during the treatment period.

Chest tomography or positron emission tomography-computed tomography reassessment was performed every two cycles, and the efficacy of the treatment was assessed according to the Response Evaluation Criteria in Solid Tumors, version 1.1 (4). Pathological complete response (pCR) was defined as neoadjuvant therapy-induced tumor regression with no visible residual tumor on pathological examination. A major pathological response (MPR) was defined as neoadjuvant therapy-induced tumor regression with ≤ 10% residual tumor on pathological examination (MPR includes pCR) (5, 6). Non-MPR was defined as a major pathological response not being reached.

The time to surgery after neoadjuvant therapy was taken as the duration from treatment completion to surgical intervention. Any adverse events (AEs) occurring from the initiation of the medication under study to 1 month after treatment completion, regardless of any causal relationship with the trial drugs, were considered AEs. AEs were evaluated using the Common Toxicity Criteria Document for Adverse Events, version 5.0 of the US National Cancer Institute.

Patients were monitored every 3 months until October 2023. The primary endpoint was disease-free survival (DFS), which was defined as the period from surgery to the discovery of disease recurrence or death. The secondary endpoints were pathological response, clinical response, and AEs.




Statistical analysis

All statistical analyses were performed using Statistical Product and Service Solutions, version 25.0. Count data are presented as numbers and percentages. Intergroup comparisons were conducted using the χ2 test. Independent sample t-tests were used for measurement information. The effect size was estimated according to the relative risk and corresponding 95% confidence intervals, survival analysis comparisons using the Kaplan–Meier survival curve analysis, and correlation analysis using point-biserial correlation. The significance levels for all tests were established at α = 0.05.






Results




Baseline characteristics of the patients

The neoadjuvant therapy groups comprised 59 patients who fulfilled the defined inclusion criteria. Figure 1 shows the treatment processes followed in the two groups, and Table 1 shows the clinical data of the enrolled patients. General clinical data comparison revealed no statistically significant difference between the two groups (P > 0.05).




Figure 1 | Overview of the treatment processes. A total of 59 consecutive patients were ultimately selected and divided into two groups: the neoadjuvant chemotherapy group (n = 33) and the neoadjuvant chemoimmunotherapy group (n = 26). All patients underwent randomization and received a neoadjuvant treatment followed by surgery. CR, complete response; NCT, neoadjuvant chemotherapy group; NICT, neoadjuvant chemoimmunotherapy group; MPR, major pathological response; PD, progressive disease; PR, partial response; SD, stable disease. Numeric values represent the number of patients. Number * represents the number of neoadjuvant therapy cycles. “Quit” signifies patients who underwent surgery after completing neoadjuvant therapy.




Table 1 | Baseline characteristics of the patients (n = 59).







Comparison of the efficacy of neoadjuvant therapies

The objective response rate (ORR) of the neoadjuvant chemoimmunotherapy group was significantly higher than that of the neoadjuvant chemotherapy group (P = 0.033). Similarly, the pCR and MPR rates were significantly higher in the neoadjuvant chemoimmunotherapy group than in the neoadjuvant chemotherapy group (P = 0.004, P = 0.004). However, no statistical difference was observed in terms of complete remission (CR), partial remission (PR), stable disease (SD), progressive disease (PD), and disease control rate (DCR) between the two groups (P > 0.05). The postoperative occurrence of positive lymph node metastasis, pleural invasion, vascular invasion, and nerve invasion revealed no statistical difference between the groups (P > 0.05). These details are presented in Table 2. A major pathological response occurred in 19 of the 26 patients in the neoadjuvant chemoimmunotherapy group and in 5 of the 33 patients in the neoadjuvant chemotherapy group (relative risk [RR]: 4.315; 95% confidence interval [CI]: 1.836 to 10.142) (Figure 2A). A pCR occurred in 9 of 26 patients in the neoadjuvant chemoimmunotherapy group and in 1 of 33 patients in the neoadjuvant chemotherapy group (RR: 11.423; 95% CI: 1.544 to 84.493) (Figure 2B). The MPR group included three cases of postoperative recurrence, whereas the non-MPR group included 15 cases of postoperative recurrence. A statistically significant difference was observed in DFS postoperatively between the MPR and non-MPR groups (P = 0.048; Figure 3A). The neoadjuvant chemoimmunotherapy group included four cases of postoperative recurrence, whereas the neoadjuvant chemotherapy group recorded 14 cases. No statistical difference was observed in DFS between these groups postoperatively (P = 0.129; Figure 3B).


Table 2 | Comparison of the efficacy after neoadjuvant therapy in 59 patients with non-small-cell lung cancer.






Figure 2 | Pathological response. (A) Comparison of the major pathological response (MPR) rates between the two groups. (B) Comparison of the pathological complete response (pCR) rates between the two groups. All patients underwent randomization and received a neoadjuvant treatment. The assessment of pathological response was valid for all patients who underwent surgery (59 patients). pCR was defined as 0% residual tumor on pathological examination, and major pathological response (MPR) was defined as neoadjuvant therapy-induced tumor regression with ≤ 10% residual tumor on pathological examination. CI, confidence interval; NCT, neoadjuvant chemotherapy group; NICT, neoadjuvant chemoimmunotherapy group.






Figure 3 | Kaplan–Meier curves for survival stratified by disease-free survival (DFS). (A) DFS stratified by treatment plan. (B) DFS stratified by major pathological response (MPR). The MPR group and non-MPR group are represented by Kaplan–Meier curves for survival stratified by DFS. The neoadjuvant chemotherapy group (NCT) and neoadjuvant chemoimmunotherapy (NICT) group are represented by Kaplan–Meier curves for survival stratified by DFS. Although the DFS of the NICT group and the NCT group did not show statistical differences, the separation of the two curves was already clear, and the DFS of the NICT group showed a trend of benefit. The shorter curve of the NICT group could be attributed to its later development compared to NCT, resulting in insufficient enrollment and follow-up time, which is also the reason that significant differences were not achieved. NCT, neoadjuvant chemotherapy group; NICT, neoadjuvant chemoimmunotherapy group; MPR, major pathological response.



All patients in the neoadjuvant chemotherapy group experienced tumor regression (tumor regression rate: 4–53%; Figure 4A). The neoadjuvant chemoimmunotherapy group included 25 cases of tumor regression (tumor regression rate: 5–100%; Figure 4B). The tumor regression rate was higher in the neoadjuvant chemoimmunity group than in the neoadjuvant chemotherapy group (37.0% vs. 29.0%, P = 0.018; Table 3). The achievement of MPR in both groups showed no correlation with the degree of tumor shrinkage (P > 0.05; Table 4). The cumulative MPR rates were 42.3%, 50%, and 65.3%, while the cumulative adverse event rates were 76.9%, 84.2%, and 84.6%, for 2, 3, and ≥ 4 cycles, respectively, in the neoadjuvant chemoimmunotherapy group (Figure 5A). In the neoadjuvant chemotherapy group, these rates were 9.1%, 12.1%, and 15.1% (MPR rate), and 66.6%, 63.6%, and 63.6% (cumulative adverse event rate) for ≤ 2, 3, and ≥ 4 cycles, respectively (Figure 5B). The cumulative MPR rate of patients in the neoadjuvant chemoimmunotherapy group continuously increased with the number of treatment courses.




Figure 4 | Percentage change in the diameter of the maximum target lesion from baseline. (A) Neoadjuvant chemoimmunotherapy group and (B) neoadjuvant chemotherapy group. The figure shows the change in the maximum tumor diameter after neoadjuvant therapy in all patients. It is noteworthy that most tumors that obtained pathological complete response (pCR) or major pathological response (MPR) did not exhibit corresponding complete regression in their imaging findings. MPR, major pathological response; pCR, pathological complete response.




Table 3 | Comparison of the tumor regression rates between the two groups.




Table 4 | Correlation analysis between the degree of tumor shrinkage and the major pathological response.






Figure 5 | Cumulative MPR rate and cumulative adverse events rate of patients in the chemoimmunotherapy and chemotherapy groups. (A) Neoadjuvant chemoimmunotherapy (NICT) group and (B) neoadjuvant chemotherapy (NCT) group. It can be observed that as the treatment cycle increases, the cumulative major pathological response (MPR) rate in the NICT group also continues to rise, but the incidence of cumulative adverse events reaches a plateau after 3–4 courses of treatment. While the cumulative MPR rate in the NCT group also increased, it was significantly lower than that in the NICT group, and the cumulative adverse events continued to increase accordingly. NCT, neoadjuvant chemotherapy group; NICT, neoadjuvant chemoimmunotherapy group; MPR, major pathological response.







Comparison of the perioperative indicators of neoadjuvant therapies

All 59 patients underwent surgical treatment. Analysis of postoperative complications, resection range, operation time, surgical method, and extent of resection exhibited no statistical difference between the two groups (P > 0.05; Table 5).


Table 5 | Comparison of the perioperative indicators in 59 patients with non-small-cell lung cancer.







Comparison of the AEs of neoadjuvant therapies

Table 6 presents the AEs of all patients in the study. The occurrence of grades III–V AEs was significantly higher in the neoadjuvant chemotherapy group than in the neoadjuvant chemoimmunotherapy group (P = 0.042). Blood system-related AEs were the most common in both groups (neoadjuvant chemoimmunotherapy group: 95.4%; neoadjuvant chemotherapy group: 57.1%). However, the incidence of AEs, such as low leukocyte count, liver function abnormalities, and nausea and vomiting, did not differ significantly between the two groups (P = 0.072; Table 7).


Table 6 | Adverse events in 59 patients with non-small-cell lung cancer.




Table 7 | Comparison of the adverse reactions in 59 patients with non-small-cell lung cancer.








Discussion

Several studies (7, 8) have shown that chemotherapy not only induces immunogenic cell death (ICD) in tumor cells, leading to an anti-tumor immune response, but also improves the tumor microenvironment by removing some of the immunosuppressive cells and increasing the number of immune cells with anti-tumor effects, thus enhancing the anti-tumor immune response from the surface. Therefore, the combination of neoadjuvant immunotherapy with chemotherapy may be effective in treating cancer. The results of several clinical studies of neoadjuvant chemoimmunotherapy versus neoadjuvant chemotherapy in stage I–III NSCLC have shown that the pCR and MPR rates of the neoadjuvant chemoimmunotherapy group were significantly higher than those of the neoadjuvant chemotherapy alone group (9–11); however, most of these studies enrolled patients with a wider range of clinical stages, including stages I–III. The present study enrolled a better homogeneity of patients with stage III NSCLC, and used a variety of chemoimmunotherapy combination regimens, which is closer to the real-world situation, and also achieved better efficacy. Our findings are consistent with those of a prospective trial of neoadjuvant nivolumab in combination with platinum-based two-agent chemotherapy versus chemotherapy alone in stage III lung cancer (NCT03838159) (12). The 2014 (University of Texas Anderson Lung Cancer Study Group) Oncology Expert Consensus (13) concluded that the MPR is associated with long-term prognosis of patients with lung cancer. In our study, 59 patients were divided into MPR and non-MPR groups, and the DFS of patients in the MPR group was significantly higher than that in the non-MPR group, suggesting that an MPR indicates a good prognosis. Results from clinical studies have indicated that there is generally a higher MPR rate in neoadjuvant chemoimmunotherapy groups compared to neoadjuvant chemotherapy groups. Additionally, the DFS of neoadjuvant chemoimmunotherapy groups has been shown to be significantly better than that of neoadjuvant chemotherapy groups (9, 10, 14, 15). However, in the present study, we found that the DFS of the neoadjuvant chemoimmunotherapy group was not significantly higher than that of the neoadjuvant chemotherapy group (P = 0.129). This may be attributed to the short follow-up time in this study, as well as the fact that the neoadjuvant chemoimmunotherapy group had not yet reached the median follow-up time, which led to immature DFS data; however, the results indicated that the 2-year DFS rate of the neoadjuvant chemoimmunotherapy group was 76.9% higher than that of the neoadjuvant chemotherapy group, at 63.8%, suggesting that patients may potentially benefit from neoadjuvant chemoimmunotherapy. Therefore, it can be assumed that the new modality of neoadjuvant chemoimmunotherapy has better disease outcomes compared to neoadjuvant chemotherapy alone in stage III NSCLC, and may show better efficacy in terms of pathologic remission and thus a better prognosis.

The main purpose of neoadjuvant therapy is to shrink the tumor, reduce the stage, and improve the resectability of surgery. In this study, we found that the tumor regression rate of the neoadjuvant chemoimmunotherapy group was significantly higher than that of the neoadjuvant chemotherapy group, suggesting that neoadjuvant chemoimmunotherapy can more effectively achieve tumor shrinkage, which is conducive to radical surgical resection. The CheckMate-816 (11) results also suggested that the neoadjuvant chemoimmunotherapy group had a higher rate of R0 resection, a higher percentage of minimally invasive surgeries, and a lower proportion of total lung resections. By analyzing the correlation between patients’ tumor regression rate and MPR, it was found that there was no significant correlation between the two, which is similar to the findings of a phase 2 clinical trial (NCT04304248) (16). This suggests that although the tumor regression is not significant on imaging, the actual residual tumor activity may have been significantly reduced. Therefore, for patients undergoing neoadjuvant treatment with chemotherapy plus immunotherapy, aggressive surgery should be performed if the tumor is considered potentially resectable and more accurate evaluation methods should be adopted.

The duration of neoadjuvant immunotherapy is currently inconclusive, with most studies generally opting for 2–4 cycles. The current CheckMate-159 trial (17) gave two cycles of treatment with an MPR of 45%, and the NADIM study (18) gave three cycles of treatment with an MPR of 83%. The present study found that the cumulative MPR rate of patients in the neoadjuvant chemoimmunotherapy group increased with the number of treatment cycles. However, the cumulative adverse event rate of patients also increased in both groups. Due to the small sample size, our findings require further confirmation regarding whether: 1) extending the number of cycles improves the MPR rate and 2) the balance between the patient’s tolerance and the number of cycles of treatment needs exploration.

Several studies have found that surgical resection of the lungs after neoadjuvant immunotherapy is feasible and does not delay the timing to surgery. In addition, the overall perioperative outcome is relatively safe, similar to that of patients receiving neoadjuvant platinum-based chemotherapy (19, 20). Similarly, the findings of the present study suggested that neoadjuvant chemoimmunotherapy did not significantly increase surgery-related AEs and that surgery performed after neoadjuvant chemoimmunotherapy had a safety profile similar to neoadjuvant chemotherapy. Theoretically, the addition of immunotherapy inevitably increases drug-related AEs. In this study, the incidence of AEs was slightly higher in the neoadjuvant chemoimmunotherapy group, but grade I–II AEs were predominant, and the incidence of grade III and above AEs was much lower than that in the neoadjuvant chemotherapy group, which had less impact on the subsequent surgical treatment. According to a study, neoadjuvant chemoimmunotherapy not only has a synergistic anti-tumor effect but may also be caused by different antitumor mechanisms of the two drugs, thus not producing overlapping toxic reactions (21). Overall, compared to traditional neoadjuvant chemotherapy alone throughout the perioperative period, neoadjuvant chemoimmunotherapy is safer and limits the augmentation of adverse drug reactions. Therefore, neoadjuvant chemoimmunotherapy may be a safe treatment modality.

In conclusion, neoadjuvant chemoimmunotherapy not only has better efficacy than chemotherapy in stage III NSCLC but also has a reliable safety profile, which is an option for preoperative neoadjuvant treatment of stage III NSCLC. However, this was a small-sample retrospective clinical study with limited results; therefore, more large-sample, multicenter, prospective clinical studies are needed to verify the conclusions.
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Purpose

A tertiary lymphoid structure (TLS) refers to an organized infiltration of immune cells that is linked to a positive prognosis and improved response to immunotherapy. However, methods that promote TLS formation are limited and challenging to implement in clinical settings. In this study, we aimed to promote the formation and maturation of TLSs in lung adenocarcinoma (LUAD) by combining low-dose radiotherapy (LDRT) with immunotherapy.





Methods

Tissue sections from 198 patients who had undergone surgery were examined. Risk factors for patient survival were assessed, and the relationship between TLSs and five-year survival was analyzed. The Kras-LSL-G12D spontaneous lung cancer mouse model was used to screen the optimal irradiation dose (0/1/2 Gy whole lung irradiation) for promoting TLS formation. LDRT combined with anti-PD-1 was used to promote the formation and maturation of TLSs.





Results

TLS+, TLSHigh, TLS+GC+ and CD8High within TLS+ were associated with a favorable prognosis. LDRT increased the formation of early TLSs in the Kras-LSL-G12D lung cancer mouse model. In addition, LDRT combined with anti-PD-1 treatment can significantly improve the maturity of TLSs in mouse LUAD, resulting in greater antitumor effects. This antitumor effect was strongly associated with the number of CD8+ T cells within the TLSs.





Conclusion

We successfully applied LDRT combined with PD-1 inhibitor therapy for the first time, which increased both the quantity and maturity of TLSs in lung cancer. This approach achieved a promising antitumor effect.





Keywords: lung cancer, low dose radiotherapy, tertiary lymphoid structures, immunotherapy, tumor microenvironment





Introduction

Non-small cell lung cancer (NSCLC) is the most prevalent type of cancer and the leading cause of cancer-related death worldwide (1). NSCLC encompasses squamous cell carcinoma, adenocarcinoma, and large cell carcinoma. Among these subtypes, lung adenocarcinoma (LUAD) is the most common subtype of NSCLC (2). The utilization of innovative screening techniques has enhanced the early diagnosis of NSCLC. Nevertheless, a substantial number of patients experience relapse following treatment, with only a minority attaining sustained disease-free survival (DFS) in the long term (3). Despite certain advancements in radiotherapy, targeted therapy, and immunotherapy for NSCLC, there has been only a marginal improvement in the overall survival rate (4, 5). Consequently, it is imperative to explore novel therapeutic approaches for lung cancer. Recently, tertiary lymphoid structures (TLSs) have garnered attention as an important element associated with the clinical response to immunotherapy (6).

TLSs are lymphoid formations that develop in nonlymphoid tissues during chronic inflammation, such as chronic infection, autoimmune disease, and cancer (7). TLSs are characterized by their vascularization and consist of T-cell regions containing mature dendritic cells, germinal centers with follicular dendritic cells and proliferating B cells, and high endothelial venules (HEV/PNAd) (8). TLSs have been linked to a positive prognosis in various types of cancer, including lung cancer (9), colorectal cancer (10), melanoma (11), and pancreatic cancer (12). Recently, numerous reports have shown that TLSs can enhance the response to immune checkpoint inhibitors (ICIs) treatment (13, 14). The induction of TLS formation for antitumor purposes is a promising area of research. However, current methods are still limited. The main methods include stimulating TLS formation in tumors by injecting T follicular helper (TFH) cells (15), inducing spontaneous TLS formation in the kidneys, liver, and lungs through the conditional deletion of Notch signaling in adult mice using the standard Notch signaling factor Rbpj (16), and inducing TLS formation through the intratumoral injection of the B lymphocyte chemokine CXCL13 (17). However, these methods are challenging to implement in a clinical setting. In recent years, low-dose radiotherapy (LDRT) with doses ranging up to 2 Gy per segment has emerged as a promising approach to enhancing antitumor immunity (18).

In cancer immunotherapy, investigations on the potential of LDRT remain relatively limited. Several studies have provided evidence that LDRT can elicit distinct biological responses in comparison to those of high and moderate doses of radiation (19, 20). Research has demonstrated that LDRT has the potential to augment immune function, impede tumor growth, and bolster the body’s immune response toward malignancies (21). The mechanism by which LDRT enhances immune function primarily involves the activation of various cellular reactions within immune organs and different T-cell signaling pathways (22, 23). Recent clinical data suggest that exposure to low-dose radiation can reprogram the tumor microenvironment (TME). It is also believed that this radiation exposure promotes the infiltration of immune cells, thereby enhancing the antitumor effects (24, 25).

In recent years, there has been an increase in the number of clinical investigations and foundational trials focusing on the combination of radiation therapy and immunotherapy (26–29). However, most studies on this combined therapy primarily concentrate on a specific type of immune cell in the TME, particularly CD8+ T cells (30–32). Importantly, the antitumor effect of the TME is exerted as a whole rather than being attributed to individual cells within it. The TME includes a lymphocyte cluster called the TLS, which consists of various immune cells and operates as a cohesive unit (6). By administering whole-lung LDRT to the Kras-LSL-G12D lung cancer mouse model, we observed an increase in the number of TLSs in the cancer tissues compared with control tumors. Encouragingly, we revealed that LDRT significantly promoted the antitumor effects of anti-PD-1 therapy, offering a cost-effective and straightforward treatment strategy for the future clinical management of NSCLC, particularly in advanced patients.





Materials and methods




Patient cohort

This study included a total of 198 patients diagnosed with stage I-III lung adenocarcinoma who had undergone standard surgical resection at the Affiliated Hospital of Jiangnan University between 2016 and 2018. Formalin-fixed and paraffin-embedded specimens were collected from these 198 patients. The researchers conducted a retrospective analysis to evaluate clinicopathological features and five-year survival rates. The assessed clinicopathological characteristics included variables such as age, sex, clinical stage, histological differentiation grade, pleural invasion, vascular invasion, lymphatic invasion, and perineural invasion. Samples were independently evaluated by two experienced pathologists. TNM staging was performed on patients with non-small cell lung cancer according to the 8th edition of the TNM staging system. The study included 87 males and 111 females, with a median age of 64 years (range: 32-82 years). Survival time was measured from the day of surgery until the fifth-year post-surgery.





Hematoxylin and eosin staining

The tissue sections were deparaffinized in a xylene solution. Then, the sections were hydrated using a high to low concentration gradient of alcohol. Afterwards, the sections were stained with hematoxylin. Subsequently, the sections were washed and placed in alcohol hydrochloride to return to blue, and differentiated in a differentiation solution. Following this, the sections were rinsed and dehydrated using a low to high concentration gradient of alcohol. Next, the sections were stained with alcohol eosin. The slices were then dehydrated in pure alcohol and made transparent in xylene. Finally, after drying, the slices were sealed with neutral resin. All the aforementioned steps were completed using the Leica ST5020 multi-function dyeing machine (Leica, Germany).





Immunohistochemical and multiplex immunofluorescence staining

Tumor tissues were fixed in 10% formalin, embedded in paraffin, and continuously sectioned. For both staining protocols, 4 μm thick sections were cut from formalin-fixed paraffin-embedded lung cancer tissue. The sections were dewaxed, rehydrated, and then subjected to antigen retrieval by boiling at 97°C for 20 minutes in sodium citrate (pH = 6.0) or Tris-EDTA (pH = 9.0). The endogenous peroxidases were then blocked by incubating the sections in an endogenous peroxidase blocking solution for 10 minutes. Next, the sections were incubated with 10% goat serum at room temperature for 30 minutes to block non-specific binding.

For IHC staining, the tissues were diluted with a monoclonal diluent and then incubated with a monoclonal antibody overnight at 4°C. Antibodies for staining TLS and other related markers in human tissue included CD3 (ab16669, Abcam), CD20 (ab78237, Abcam), CD21 (abs145284, Absin), CD23 (ab92495, Abcam), PNAd (ab111710, Abcam), CD4 (IR379, ABP), and CD8 (IR024, ABP). Antibodies against TLS and T-cell markers for staining mouse tissue included CD3 (ab16669, Abcam), CD19 (ab245235, Abcam), B220 (RA3-6B2, eBioscience), CD21 (abs145284, ABS145284), Absin), CXCL13 (ab78237, Abcam), GL7 (14-5902-82, eBioscience), CD4 (ab183685, Abcam), and CD8 (ab209775, Abcam). For MIF staining, only one antigen was detected per round, including primary antibody incubation, secondary antibody incubation, tyramine signaling amplification (TSA) visualization, and then labeling the next protein after antigen repair and protein blocking with the same antibodies as those used in IHC staining. TSA visualization was achieved using the XTSA 7-color multifactor IHC kit (AXT37025031, Alpha X), which contains the fluorophores (4’,6-diaminidine 2-phenylindole (DAPI), XTSA 480 (CD23), XTSA 520 (CD20 and B220), XTSA 570 (CD3), XTSA 620 (CD21), XTSA 690 (PNAd and CD19), XTSA 780 (CD163 and CXCL13), XTSA signal amplifying solution, and anti-quenching sealing tablets. After labeling all of the antigens in each panel, microwave treatment was performed to remove the TSA antibody complex with EDTA buffer at 97°C for 20 minutes. All slides were redyed with DAPI for 5 minutes and sealed in antifade mounting medium.





Assessment of TLSs in lung cancer

To evaluate TLSs in patient tumor samples, we implemented the optimization techniques employed in previous investigations (33). TLS-positive (TLS+) immunocyte clusters were identified using H&E staining and IHC CD20 and CD3 staining. Immunocyte clusters that were not CD20+ and CD3+ were considered TLS negative (TLS−). To quantify TLS density, we quantified the number of TLSs in each slide and divided the slides into TLSHigh or TLSLow groups by the slide area using 0.08/mm2 as a cutoff value. SlideViewer software (3DHISTECH, Hungary) was utilized to calculate the slide area. CD23 was utilized as a marker for germinal centers, and the statistical methodology remained consistent with what was previously mentioned. The various stages of TLS assessment remain identical to those previously described. TLSs lacking follicular dendritic cells (FDCs) represented the initial phase of TLS development and were denoted as early TLSs (E-TLSs). TLSs containing FDCs but lacking germinal centers (GCs) were referred to as primary follicle-like TLSs (PFL-TLSs), while TLSs with GCs were referred to as secondary follicle-like TLSs (SFL-TLSs). T assess CD8 expression in TLSs, the overall number of germinal centers and CD8-expressing cells within every TLS in each section was obtained. Subsequently, the sum of the CD8/TLS ratios was used as the final metric, wherein a score above 13 denoted CD8High and a scorebelow 13 denoted CD8Low.

In the analysis of mouse tumor samples, based on previous research (17), the detection of immune cell aggregation was observed through two staining methods, namely, H&E staining and IHC B220 or CD19 staining. Immune cell aggregation served as an indicator of TLSs (TLS+), while the absence of such aggregation indicated a lack of TLSs (TLS−). To evaluate the density of TLSs, the number of TLSs per section was calculated and then divided by the area of the section. The assessment of CD3 involved counting the number of T cells (CD3+) in the vicinity and within all TLSs. GCs were identified by using GL7 as a marker. The process of dividing the TLS stages and evaluating CD8 positive staining followed the same approach as previously explained. As a validation technique, the spleen of the mice was utilized as a positive control for all the aforementioned staining techniques (Figure S1A).





Tumor models

C57BL/6JSmoc-Krasem4(LSL-G12D)Smoc mice were purchased from Shanghai Model Organisms Center, Inc., (Shanghai, China). C57BL/6J mice were purchased from GemPharmatech (Nanjing, China) and raised under specific pathogen-free conditions. Two spontaneous models of lung cancer were constructed in situ: 1). AAV2/9-CMV bGI-Cre-EGFP-pA (Shanghai Model Organisms Center, Inc., Shanghai, China) was diluted in PBS to make a 2*1011/50 µl working fluid. C57BL/6JSmoc-Krasem4(LSL-G12D)Smoc were anesthetized by isoflurane inhalation, and the working solution was given to the lungs of the mice through the nasal cavity, 50 µl/tablet. After eight weeks, lung tumor formation was observed using the Micro-CT imaging system (Quantum GX2, PerkinElmer). 2). C57BL/6J mice were intraperitoneally injected with 800 mg/kg ethyl carbamate (EC) (Sigma, USA) (8% ethyl carbamate prepared with normal saline, 0.1 ml/10 g body weight) twice a week, and lung tumor formation was observed at 20 w after the start of modeling for five consecutive weeks using a micro-CT imaging system of live small animals.





Tumor therapy

C57BL/6JSmoc-Krasem4(LSL-G12D)Smoc mice were randomly divided into three groups to receive low-dose radiotherapy: (1) control group (unirradiated group), (2) 1 Gy group, and (3) 2 Gy group. Radiation therapy was delivered to the chest. Briefly, mice were anesthetized with isoflurane, and the chest was irradiated with 1 and 2 Gy depending on the experiment using the Biological X-ray irradiometer (RS2000Plus) using 7.2 Gy/minute at 160 KV, 25 mA, 30 cm SSD. Depending on the location, a 3×3 cm collimator was used to focus the radiation. Seven days later, the mice were euthanized, and whole lung samples were collected.

Then, after selecting the optimal irradiation dose, the two models of mice were randomly divided into four groups for combined treatment: (1) control group (untreated group), (2) 1 Gy group, (3) PD-1 inhibitor treatment group (intraperitoneal injection of 10 mg/kg PD-1 inhibitors every three days), and (4) 1 Gy+PD-1 treatment group (radiation and intraperitoneal injection of 10 mg/kg PD-1 inhibitors every three days). Seven days later, the mice were euthanized, and whole lung samples were collected.





Flow cytometry analyses

Whole lung tissue with tumors was cut into small pieces and then suspended in PBS to form a cell suspension. After combined treatment with collagenase, deoxyribonuccinase I, and hyaluronidase (Sigma, USA), the tumors were digested at 37°C for 50 minutes and subsequently screened through a 70 μm filter (BD Falcon, USA). The immune cells were isolated with a mouse tumor infiltrating tissue monocyte isolation kit (Solar Bio, China). The immune cells were suspended in PBS and stained with specific flow cytometry antibodies after counting (the stained antibodies are listed in Supplementary Table S1) and incubated on ice for 30 minutes. After washing with PBS twice, the suspended cells were analyzed by flow cytometry. Flow cytometry data were obtained and analyzed on a NovoCyte Penteon flow cytometer (Agilent, NovoExpress 1.6.2).





Statistical analyses

We employed RStudio (V3.5.3) and SPSS Statistics 27.0 software to conduct statistical analyses. To determine the TLS density and CD8/TLS thresholds, we utilized receiver operating characteristic (ROC) curve analysis. For categorical variables, we analyzed differences between the groups using the Pearson χ2 test. To assess the relationship between potential risk factors and five-year survival, we used Kaplan−Meier survival curves and Cox proportional hazard regression analyses. To compare the number of pulmonary surface nodules, the number of cells in flow cytometry data, TLS number and density, we employed Student’s t test. We performed other statistical analyses using GraphPad 9.5.1. Statistical significance was determined as a two-tailed p < 0.05 in all tests.






Results




The TLS number in LUAD is associated with a favorable prognosis

Using primary LUAD tissues from 198 diagnosed LUAD patients at the Affiliated Hospital of Jiangnan University, we conducted a preliminary experiment with H&E staining to investigate the presence of TLSs (Table 1). TLSs were defined as dense lymphocyte clusters that positively expressed CD3 and CD20. Among these patients, 127 (64.14%) had TLS structures (Figures 1A, B). The TLS densities in the majority of patients were concentrated in the range of 0-0.083 TLS/mm2 (Figure 1C). Of these 127 patients, 60 had TLSHigh, and 67 had TLSLow (Figure 1D). We used the MIF assay to evaluate complete TLSs in two patients with high TLS density, including B cells (CD20), follicular dendritic cells (FDCs/CD21), T cells (CD3), GCs (GC/CD23), and surrounding macrophages (CD163) that encircled the cell cluster and contained HEVs (Figure 1F). We further divided E-TLSs, PFS-TLSs, and SFL-TLSs by evaluating GCs and FDCs (Figures 1G–I). TLSs in the TLSHigh group exhibited a higher overall maturity than those in the TLSLow group (Figure 1E). The relationship between TLS status and clinicopathological features was assessed (Table 2), and TLS status was obviously associated with tumor size, TNM stage, pathological grade, lymphatic metastasis and pleural invasion. Among TLS+ tumors, TLS density was negatively correlated with clinical stage and positively correlated with the number of infiltrating CD8+ T cells (Table 3). In addition, the presence of intratumoral TLSs was linked to a favorable prognosis (HR = 0.55, p = 0.0092) (Figure 1J). Furthermore, subgroup analysis showed that improved prognostic outcomes were observed in TLS+ patients with different TNM stages, including I (HR = 0.35, p = 0.0031), II (HR = 0.32, p = 0.017), and III (HR = 0.25, p < 0.001) (Supplementary Figure S2A–C). Among those TLS+ patients, the TLSHigh group exhibited a better prognosis than the TLSlow group (HR = 0.25, p < 0.0001) (Figure 1K). Moreover, we evaluated the maturation status of TLSs in the 127 TLS+ patients using CD23 staining and demonstrated that TLS+GC+ patients (n=63) showed an improved prognosis compared with TLS+GC- patients (n=64) (HR=0.44, p=0.013) (Supplementary Figures S2D, E). Altogether, these discoveries emphasize the noteworthy impact of intratumoral TLSs on the survival of LUAD patients.


Table 1 | Clinical and histologic characteristics of the LSCC patient cohort (n = 198) from the Affiliated Hospital of Jiangnan University.






Figure 1 | TLSs in LUAD are associated with a favorable prognosis. (A) Representative H&E staining of a TLS in LUAD tissue (black arrow); Using the IHC method, CD3 and CD20 were used to locate TLSs in the same region of successive sections. (B) Out of a cohort of 198 LUAD patients, 127 had TLS+ and 72 had TLS-. (C) The TLS density was divided from low to high into seven density zones, most of which are concentrated in 0-0.083 TLS/mm2. (D) Using the ROC curve, TLS+ patients were divided into 67 TLSLow density and 60 TLSHigh density patients. (E–I) T cells (CD3), B cells (CD20), FDCs (CD21), GC cells (CD23), HEVs/PNAd, and macrophages (CD163) were used to define complete TLSs in two LUAD patients with TLSHigh density using the MIF technique (F). Each TLS was evaluated at a different stage. E-TLS, early TLS; PFL-TLS, primary follicle-like TLS with differentiated FDC (red reticular structure); SFL-TLS, secondary follicle-like TLS with GC reaction (pink area) (G–I). The percentages of E-TLS, PFL-TLS, and SFL-TLS were assessed using the MIF technique in the TLSLow and TLSHigh groups (E). The image was captured using the ZEISS Axioscan7 full-slice imaging system. (J) Five-year Kaplan−Meier survival curves for patients with and without intratumoral TLSs. (K). Five-year Kaplan−Meier survival curves for TLSLow and TLSHigh patients. The log-rank (Mantel−Cox) test was applied to compare the survival data in Figure (J, K). LUAD, lung adenocarcinoma; MIF, multiple immunofluorescence; IHC, Immunohistochemical techniques; FDC, follicular dendritic cells; GC, germinal center; TLS, tertiary lymphoid structure.




Table 2 | The TLS (-/+) relationship with the clinical pathological parameters.




Table 3 | The TLS density relationship with the clinical pathological parameters.







CD8+ T cells in the TLS are associated with a favorable prognosis

It has been reported that an abundance CD8+ T cells in the TME is associated with a favorable prognosis (34). Therefore, we examined the colocalization of CD20, CD4, and CD8 (Figure 2A). CD8+ T cells are an important part of the tumor immune response and play an important role in killing cancer cells, while CD4+ T cells mainly play a role in regulating the tumor immune response (35). As a result, we only evaluated the number of internal CD8+ cells in the TLS+ group. To accurately locate CD8+ T cells within TLSs, IHC was performed using anti-CD20 and anti-CD21 antibodies on three consecutive sections in the same area (Figure 2B). We established CD8/TLS scoring criteria, and based on its ROC curve cutoff (11.29), 57 patients were classified as CD8High and 70 patients as CD8Low (Figure 2C). Furthermore, by analyzing the correlation between TLS density and CD8 score (Table 3), we observed a positive correlation between CD8/TLS score and TLS density (r=0.79) (Figure 2D). Notably, patients with CD8High exhibited a better prognosis than CD8Low patients (HR=0.23, p < 0.0001) (Figure 2E). In summary, these findings indicate that in the TLS+ group, high-density TLSs predict increased infiltration of CD8+ T cells, which may serve as an important indicator of the survival rate in LUAD patients.




Figure 2 | CD8+ T cells in TLSs are associated with a favorable prognosis. (A) CD20, CD4, and CD8 were colocalized in two LUAD patients with high-density TLSs using the MIF technique. (B) Three consecutive sections of the TLS+ patients were used to evaluate CD20, CD21 and CD8 in the same region using IHC staining, and CD8+ T cells within TLSs were precisely identified. (C) CD8/TLS score statistics in high- and low-density TLSs. Student’s t test was used to compare the mean of the two groups. Correlation analysis between (D) TLS and CD8/TLS scores. (E) Five-year Kaplan−Meier survival curves for CD8Low and CD8High patients. Logarithmic rank (Mantel−Cox) tests were used to compare the survival data in the graphs. MIF, multiple immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure.







Comparative analysis of TLSs in Kras-LSL-G12D models and Ethyl Carbamate-induced lung adenocarcinoma mouse models

Based on the aforementioned analyses of the clinical cases, we discovered that the presence of TLSs, higher TLS density, and a more advanced stage of TLS are indicators of a favorable prognosis. Therefore, our aim was to investigate methods that increase the number of TLSs and promote their transition to a more advanced stage through animal experiments. As TLSs are not present in transplanted tumor models or metastatic tumor models (36), we selected a mouse model of spontaneous lung adenocarcinoma. This model included the genetically engineered mouse model (C57BL/6JSmoc-Krasem4(LSL-G12D)Smoc, AAV-Cre of LUAD, hereafter referred to as the KrasG12D model) and a more cost-effective ethyl carbamate (EC)-induced lung adenocarcinoma model (EC model) (Figures 3A, B) (37). We used CT scans to confirm the presence of lung cancer in mice (Figures 3C, D). In spontaneous native KrasG12D mice, TLSs exhibited similar characteristics to human LUAD, making them the gold standard preclinical model for studying this type of cancer. We identified TLSs in KrasG12D mice through the morphology of lymphocyte aggregation using H&E staining and the presence of B220, CD19, and CD3 markers (Figures 3E, F). TLSs were present in 58.33% (n = 12) of KrasG12D mice (Figure 3I) and were similar to those in human LUAD tumors. TLSs were observed in KrasG12D mouse tumors, but the composition of TLSs in these tumors was mainly B cells with a limited presence of T cells and an incomplete FDC (CD21) network (Figure 3F). However, in the EC model, we failed to observe TLSs using H&E staining and CD19, a commonly used marker for TLSs (Figures 3G, H). Our analysis revealed that TLSs can be observed in the KrasG12D model but not in the EC model (Figure 3J). Therefore, we mainly used the KrasG12D model for subsequent studies.




Figure 3 | TLSs are present in a mouse lung cancer model. (A, B) KrasG12D lung cancer mouse model and EC-induced mouse lung cancer model diagram. (C, D) CT images of lung cancer in two mouse models. (E) H&E staining of TLSs and tumors in the KrasG12D model. (F) TLSs in KrasG12D model mice were evaluated by CD3, B220, CD19, and CD21 at the same location in four consecutive sections using IHC. (G) H&E staining of tumor-infiltrating lymphocytes and tumor cells in EC model mice. (H) The main marker CD19 was used to determine the presence of TLSs in EC model mice by IHC. (I) Ratio of TLS-/+ in the KrasG12D model (n=12). (J) Comparison of TLS quantity between the two models. IHC, Immunohistochemical techniques; EC, ethyl carbamate TIL, tumor infiltrating lymphocytes; TLS, tertiary lymphoid structure. *p<0.05.







LDRT can promote the infiltration of immune cells and the formation of TLSs in a mouse lung cancer model

The findings of various studies have demonstrated that LDRT possesses the ability to reprogram the TME and facilitate extensive immune cell infiltration (18, 29). We evaluated the effect of whole-lung LDRT on the development of TLSs in mouse lung cancer. The LDRT dose was administered using a gradient irradiation of 0/1/2 Gy. (Figure 4A). The infiltration of CD3+ T, B220+ B, and CD19+ B cells in the lung and the number of TLSs formed were assessed seven days after LDRT (Figures 4B, C). Interestingly, when compared to the 0 and 2 Gy groups, only 1 Gy irradiation obviously increased TLS production and the number of CD3+ T cells in the tumor tissues (Figures 4D, E), which was further confirmed by the flow cytometry results (Figures 4F–I). Overall, these findings showed that 1 Gy radiotherapy can enhance the infiltration of immune cells and the formation of TLSs. However, further exploration of combination therapies is warranted, as many of the TLSs observed were immature.




Figure 4 | LDRT can promote the infiltration of immune cells and the formation of TLSs in lung cancer model mice. (A) Irradiation schedule of KrasG12D model mice. (B) CD19 (TLS main marker) IHC staining was used to assess TLS numbers after 0/1/2 Gy irradiation using panoramic scan techniques (n=3 per group). (C) MIF staining of B220, CD3, and CD19 in the 0/1/2 Gy group (n=3 per group). The number of CD3+ T cells and the number of TLSs in the (D, E). 0/1/2 Gy group were evaluated, and the mean values of the two groups were compared by Student’s t test. (F–I) Flow cytometry analysis of mouse lung mononuclear cell suspensions and the percentages of CD19+ B cells, B220+ B cells, and CD3+ T cells in the corresponding groups (n = 3 per group). Student’s t test was used to compare the mean between groups, and the results are shown as the mean ± SD. *p<0.05, **p<0.01, ***p<0.001. MIF, multiple immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure.







LDRT combined with anti-PD-1 therapy can promote the formation and maturation of TLSs, enhance the anticancer effect, and increase the number of internal CD8+ T cells

Previous studies have demonstrated that TLSs can enhance ICI therapeutic reactivity (13, 38). Therefore, we conducted further investigations to explore whether LDRT could enhance the anticancer effect of PD-1 inhibitors. In the KrasG12D model, whole-lung irradiation with 1 Gy was administered, and intraperitoneal injection of anti-PD-1 was given on the day of irradiation and day 4 (dual-treatment group) (Figure 5A). First, the flow cytometry analysis showed that the proportions of the two major B-cell types of TLSs, B220+ B cells and CD19+ B cells, were significantly increased in the dual-treatment group. (Figures 5B–D). In the subsequent H&E staining, it was observed that LDRT promoted the formation of TLSs, consistent with previous results. Notably, while the anti-PD-1 group showed only a slight increase in TLS numbers, the dual-treatment group exhibited a significant increase in both the number and density of TLSs compared to the LDRT group. (Figures 5E–G).




Figure 5 | LDRT combined with anti-PD-1 therapy can promote the formation and maturation of TLSs and enhance the anticancer effect. (A) KrasG12D model mouse therapy model. (B–D) Flow cytometry analysis and percentage of CD19+ B cells and B220+ B cells in mouse whole lung mononuclear cell suspensions (n = 4 per group). Student’s t test was used to compare the mean values between groups, and the results are shown as the mean ± SD. (E) TLS representation of H&E staining in different treatment groups. (F, G) Statistical graph of the number and density of TLSs in each group (n=4 for each group). Student’s t test was used to compare the mean between the groups, and the results are shown as the mean ± SD. (H) Lung surface morphology in different treatment groups. (I) Statistical plots of the percentage of lung consolidation area under the total lung in each group according to H&E staining (n=4 for each group). Student’s t test was used to compare the mean value between groups, and the result is shown as the mean ± SD. (J) Statistics on the percentage of E-TLS and PFS-TLS for each group. (K) The colocalization of T cells (CD3), B cells (B220 and CD19), FDC (CD21) and B lymphocyte chemokine (CXCL13) using MIF technology was used to identify complete TLSs in the different mouse groups. Each TLS was evaluated at a different depth. E-TLS, early TLS; PFL-TLS, primary follicle-like TLS with differentiated FDC (red reticular structure). The image was captured using the ZEISS Axioscan7 imaging system. (L, M) Comparison of the number of E-TLSs and PPL-TLSs in each group (n=4 for each group). Student’s t test was used to compare the mean between groups, and the result is shown as the mean ± SD. *p<0.05, **p<0.01, ***p<0.001. MIF, multiple immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure.



Due to the diffuse growth of lung tumors in the KrasG12D model, they do not exhibit nodular growth. Hence, the assessment of the lung specimen relies solely on its morphology. Our findings indicated that the surface morphology of the lung in the dual-treatment group was noticeably smoother and exhibited significantly better normalization compared to the other groups. (Figure 5H). H&E staining revealed a significantly higher proportion of normal lung tissue in the dual-treatment group than in the other groups (Figures 5E, I; Supplementary Figure S3A). Moreover, we performed MIF staining using B-cell markers (B220, CD19), T-cell markers (CD3), FDC markers (CD21), GC markers (GL7), and B lymphocyte chemokines (CXCL13), and TLS maturation was assessed using B220, CD21 and GL7 (Figure 5K). The level of TLS maturity directly correlates with its potential antitumor efficacy, meaning that a higher level of TLS maturity results in a stronger antitumor effect (38). Interestingly, we observed that the dual-treatment group exhibited the highest proportion of TLSs (Figure 5J) while also demonstrating the highest proportions of both E-TLSs and PFL-TLSs (Figures 5L, M). However, the most mature TLS type (SFL-TLSs), assessed by GC expression, was not observed in our study, with mouse spleens used as positive controls (Supplementary Figure S1A). CXCL13, a chemokine specific to B lymphocytes, has the ability to attract B-cell aggregates and facilitate the development and maturation of TLSs to some extent. Interestingly, the presence of CXCL13 was observed only in the dual-treatment group (Supplementary Figure S3B), which aligned with the aforementioned results of the dual-treatment group and indicated a higher level of TLS maturity.

Subsequently, we utilized MIF staining to evaluate the colocalization of B220, CD4, and CD8 in tissue sections from KrasG12D model mice (Figure 6A). IHC was then employed to accurately identify CD8+ T cells within the TLS range in three consecutive sections in the same area using anti-B220 and anti-CD21 antibodies (Figure 6B). CD8/TLS scoring metrics were also utilized. The CD8/TLS scores in the dual-treatment group were found to be significantly higher than those in the other groups (Figure 6C). Flow cytometry analyses further confirmed a significant increase in CD8+ T cell numbers in the dual-treatment group (Figures 6D, E). In summary, the aforementioned results demonstrated that LDRT (1 Gy) combined with anti-PD-1 treatment can effectively enhance the generation and maturation of TLSs in the KrasG12D model. Additionally, it promotes the generation of CD8+ T cells within TLSs, thereby enhancing the antitumor effect.




Figure 6 | LDRT combined with anti-PD-1 therapy can promote the formation and maturation of TLSs, enhance the anticancer effect, and increase the number of internal CD8+ T cells. (A) In the KrasG12D model, MIF technology was used to evaluate the colocalization of B220, CD4 and CD8. (B) In three consecutive sections, IHC technology was used to evaluate B220, CD21 and CD8 at the same site and precisely identify CD8+ T cells within TLSs. (C) CD8/TLS scores among the groups. Student’s t test was used to compare the mean values between groups, and the results are shown as the mean ± SD. (D, E) Flow cytometry analysis of the percentage of CD8+ T cells in mouse whole lung mononuclear cell suspensions (n = 4 per group). Student’s t test was used to compare the mean between the groups, and the results are shown as the mean ± SD. *p<0.05, **p<0.01, ***p<0.001. MIF, multiple immunofluorescence counting; IHC, Immunohistochemical techniques; TLS, tertiary lymphoid structure.








Discussion

In this study, we investigated the effect of LDRT on TLSs for the first time and revealed that LDRT (1 Gy) enhances the formation of TLSs. Additionally, we found that combining LDRT with anti-PD-1 not only increased the number of TLSs in the tumor but also improved their maturity, resulting in significantly enhanced antitumor effects compared with those of the single treatments.

The TME includes tumor cells as well as nontumor cells from different lineages. The role of the immune microenvironment in the development and progression of tumors has been extensively researched since the successful implementation of immunotherapy for NSCLC (39, 40). TLSs are believed to play a critical role in immune responses, both cellular and humoral, against tumor cells. They have also been found to be positively associated with clinical outcomes in patients with various solid tumors (41–43). Based on this research, we found that the TLS levels in LUAD tumors were indeed strongly associated with better survival. In particular, the presence and density of TLSs, and specifically CD8+ T cells within these structures, can serve as a superior prognostic indicator. Furthermore, we conducted a comparison between the presence of TLSs in GC-TLSs and GC+TLSs. Our findings are consistent with previous studies (10, 33, 44, 45), showing that GC+TLSs but not GC−TLSs are linked to better survival rates. Our study underscores the powerful antitumor effects of TLSs within primary tumors. However, it is essential to acknowledge that the precision of our data might be impacted by the relatively small sample size. Therefore, further validation of our findings with a larger sample size is necessary.

While there have been documented techniques for inducing the generation of TLSs, their implementation poses a substantial challenge (15–17). The discovery of a more pragmatic approach to facilitate the development and maturation of TLSs in a clinical context is urgently needed. Prior investigations have explored the utilization of LDRT to counteract immune deficiency in the TME and transform “cold tumors” into “hot tumors” (16). In this research, using the KrasG12D model, we illustrated that a dose of 1 Gy results in the heightened infiltration of immune cells within the TME and an increase in TLS formation, suggesting that LDRT may promote the efficiency of tumor immunotherapy by transforming “cold tumors” into “hot tumors”. Previous research has indicated that the response of neoadjuvant immune checkpoint blockade (ICB) treatment in melanoma patients is linked to the number of TLSs in their tumors (14). This finding prompted us to investigate whether LDRT enhances the anticancer effect of ICI treatment by inducing the development of TLSs. Taking these findings and the induction effect of LDRT on the formation of TLSs revealed by our study into consideration, we evaluated the efficacy of 1 Gy whole lung radiotherapy and PD-1 blockade combination therapy in a KrasG12D lung cancer mouse model. Our findings revealed that the combined application of LDRT and PD-1 blockade can augment both the quantity and maturity of intratumoral TLSs, along with a noteworthy increase in the number of CD8+ T cells within TLSs, resulting in excellent anticancer effects. In the context of TLS formation, it has been discovered that the induction of TLS can be attributed to interleukin-17 (IL-17) produced by T cells. IL-17 has the ability to stimulate the expression of CXCL13 and CCL19 in stromal cells of mice, thereby promoting the development of bronchial associated lymphoid tissue (iBALT). This represents a type of TLS formation in lung tissue (6, 41). Our study also observed that the combination of 1Gy radiation and anti-PD-1 treatment could induce the expression of CXCL13, which may play a role in TLS formation. However, the specific mechanism behind TLS formation remains controversial, and it is a key area for future research. In addition, the limited duration of treatment may have been the primary factor contributing to the modest effect observed with monotherapy, particularly with anti-PD-1 therapy. Furthermore, the short treatment duration may explain the absence of SFL-TLSs. Therefore, future experiments with prolonged treatment periods should be performed to address this issue.

To summarize, our research developed an approach to increase the formation and maturation of TLSs in a KrasG12D mouse model, which consequently enhanced the treatment efficacy against tumors. This investigation presents novel concepts for treating patients with advanced-stage lung cancer, offering potential improvements in clinical care. It is crucial to acknowledge that our discoveries rely on observations from a singular animal model, necessitating additional studies to assess the reproducibility of this technique in various tumor models. Moreover, exploring the mechanism by which this specific combination therapy promotes the maturation of TLSs warrants further inquiry.
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Ascites and pleural effusion are recognized complications of pancreatic cancer. These diseases are accompanied by ascites and pleural effusion, and drug treatment is limited by high costs, long hospital stays, and failure rates. Immunotherapy may offer new option, but in most patients with late stages of cancer, immune cells may lose the ability to recognize tumor cells, how to activate their immune cells is a major problem, sodium glucosidate (SSG) is injected into ascites as a protein tyrosine phosphatase inhibitor to wake up immune cells and prepare for immunotherapy. We used single-cell RNA sequencing (scRNA-seq) to investigate whether and how SSG injected into ascites of pancreatic cancer elicits an immune response. Our study showed that the process of SSG fusion treatment of ascites and pleural effusion, the interaction between TandNK cells, MPs cells, monocytes and neutrophils was induced, and large numbers of genes were expressed, resulting in upregulation of immune response, which also approved that SSG is not only used as a protein tyrosine phosphatase inhibitor, but also it works as a protein tyrosine phosphatase inhibitor. It can also be used to regulate immune cell function, recruiting immune cells to the right place with the help of PD-1 or PD-L1 to fight cancer cells in ascites and pleural effusions in cancer patients.
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Introduction

The incidence and death rates for pancreatic cancer have been gradually increasing while the incidence and death rates for other common cancers have been declining. Only about 4% of pancreatic cancer patients live five years after diagnosis. For some patients, malignancies are only located to the pancreas without metastasis and their survival rates are higher due to surgical removal. Unfortunately, 80-85% of patients have advanced, unresectable cancer. In addition, pancreatic cancer does not respond well to most chemotherapy drugs (1). We have recently experimented the injection of compound chemotherapy drugs plus hapten into advanced pancreatic cancer, which killed new tumors and induced an immune response, thereby awakening immune cells and prolonging the life of patients (2). For advanced pancreatic cancer patients with pleural metastasis and pleural effusion, there are no good therapies and drugs to choose from, even the advanced immunotherapy will not be helpful (3).

Ascites and pleural effusion are recognized as a severe complication of pancreatic disease. Drug treatment for these conditions is limited by high costs, long hospital stays and failure rates; Invasive procedure is accompanied with a high morbidity and mortality rate. Endoscopic therapy is often the first-line treatment of pancreatic ascites and pleural effusion. The intervention is a 5 mm pancreatic sphincterotomy and endoscopic placement of a 7 Fr pancreatic stent, through which bridges the pancreatic ductal leak. The method offers a higher rate of success and provides a good treatment option for patients with pancreatic ascites and pleural effusion (3, 4).

However, it is still a form of physical therapy and can only provide relief. Thoracic infusion of chemotherapy drugs is also commonly used for the treatment of pancreatic cancer patients with ascites and pleural effusion, but the side effects are more severe that renders the method less effective, thus limiting its use. This paper will discuss the application of non-chemotherapy drug perfusion in pleural effusion, recruit and wake up the aggregation of immune cells, and use immunotherapy to provide an opportunity for the immunotherapy of pancreatic ascites and pleural effusion.

In this study, we aimed to determine whether sodium stibogluconate (SSG) was used for pleural effusion infusion to effectively control pancreatic cancer ascites and pleural effusion and awake up various immune cells and recruit them to pleural effusion for therapeutic effect. SSG was commonly used for treatment of visceral leishmaniasis in a population with a high prevalence of HIV infection in Ethiopia and intralesional sodium stibogluconate for the treatment of localized cutaneous leishmaniasis at Boru Meda general hospital (5, 6). SSG was injected with single drug into pleural effusion, pleural fluid samples were taken before and after treatment of SSG injection into pleural fluid. Then we used single-cell RNA sequencing (scRNA-Seq) to obtain transcriptome profiles of a total of 42249 EpithelialCells, and the proportion of changes in immune cells before and after treatment. Through comparative analysis of different samples of CIN and ascite samples, we comprehensively described the expression characteristics of malignant epithelial cells and immune cells, including Epithelial Cells, Ecs, Fibroblasts, Mural Cells, Tcells, Bcells, TandNK Neutrophils, Mast Cells, MPs, and Platelets, as well as the dynamic changes in cell percentage and cell subtype heterogeneity. Our results provide evidence that pleural effusion infusion was treated with single drug of SSG for induce acute immune response in pancreatic cancer ascites and pleural effusion, recruit and awaken immune cell for fighting cancer cells in the pleural fluid of pancreatic cancer.





Materials and methods




Ethical statement

All procedures and protocols in the study have been reviewed and approved by the Ethical Committee of the Shandong Baofa Cancer Institute (TMBF 0010, 2021). All informed consent forms from patients have been signed prior to the start of the study.





Clinical specimens

Pancreatic head cancer with retroperitoneal lymph node metastasis and liver metastasis. The tumor marker CEA was significantly elevated, the vital signs were stable, the skin and mucosa of the whole body had no yellow stain and bleeding points, the superficial lymph nodes were not swollen, the chest wall metastases were not detected, and there was a large amount of pleural fluid. It is not suitable for treatment of surgery and chemotherapy, and only palliative care can alleviate pain and prolong life. This experimental treatment was approved by the hospital ethics committee (TMBF 0010, 2015) in accordance with relevant guidelines and regulations.

Pleural infusion was injected with 5.7g of Sodium stibogluconate (3 sticks) once, once every other day, twice in total, and no adverse reactions such as fever and bleeding were observed. Ascite samples (25-30 ml) were taken before the treatment as control and after treatment as the treated samples for scRNA-Seq analysis, each samples contained over 10,000 cells. A total of three samples from the patient was taken as well at before and 4 days and 8 days after injection of Sodium stibogluconate.





Tissue disassociation and cells collection

After sample extraction (Figures 1C, D), the fresh cells samples were immediately stored in the sCelLiVE® Tissue Preservation Solution (Singleron) on ice. The sample of ascites were transferred to a 15-ml centrifuge tube. The samples were then filtered with 40 µm sterile strainers, and centrifuged at 1,000 rpm at 4°C for 5 min. Next, 2 ml GEXSCOPE® red blood cell lysis buffer (RCLB, Singleron) was added to lyse the red blood cells for 10 min. Finally, the single cell suspension was collected after re-suspension with PBS, and trypan blue (Sigma) staining was used to calculate cell activity and cell count under a microscope (7).




Figure 1 | (A) Cell Type Reduction Map Display (UMAP). (B) Histogram of the proportion of cell types in different groups. (C) Display the dimensionality reduction map of major cell types in groups (UMAP, in the order of PC_B, PC_A1, PC_A2). (D) Violin map of marer genes in different cell types. (E) top10 heat maps of different cell types.







Single-cell RNA sequencing

Single-cell suspensions (1~3×105 cells/mL) in PBS (HyClone) were loaded onto microwell chip using the Singleron Matrix® Single Cell Processing System. Briefly, the scRNA-seq library was constructed using the GEXSCOPE® Single Cell RNA Library Kits (Singleron). The library was lastly sequenced with 150 bp that was diluted to 4nM and paired-end reads on the IlluminaHiSeq X platform following an established protocol (7). Sequencing data processing and quality control was performed as described in previous publications (8, 9).





Data processing and analysis

To identify differentially expressed genes (DEGs), genes expressed in more than 10% of the cells were selected in both groups of cells and with an average log (fold changes) value greater than 1 as DEGs.

The cell type identity of each cluster was determined with the expression of canonical markers found in the DEGs using SynEcoSys database (Singleron Biotechnologies).

The InferCNV package was used to detect the CNAs in malignant cells. Non-malignant cells (T and NK cells) were used as control references to estimate the CNVs of malignant cells. Genes expressed in more than 20 cells were sorted based on their loci on each chromosome. The relative expression values were centered to 1, using 1.5 standard deviation from the residual-normalized expression values as the ceiling.

To investigate the potential functions of DEGs between clusters, the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were used with the “clusterProfiler” R package 3.16.1 (10).

Monocle 2 algorithm was used for pseudo-time trajectory analysis, and the dimensionality reduction method used was DDRTree (11).

Intra-tumoral heterogeneity (ITH) score calculation: The ITH score was defined as the average Euclidean distance between the individual cells and all other cells, in terms of the first 20 principal components derived from the normalized expression levels of highly variable genes.

Cell-cell interaction (CCI) between B cells, Epithelial cells, Fibroblasts, Mononuclear phagocytes, Mast cells, Neutrophils, T and NK cells were predicted based on known ligand–receptor pairs by Cellphone DB v2.1.0 (12).






Results




Clinical benefit

After SSG treatment, patient felt a relive from in-comfortable condition, ascites and pleural effusion in the patient is stable and can last for a long time without pumping, no more side effect like chemotherapy.





Landscape of single cell transcriptome sequencing before and after treatment

There were 42,249 cells in 3 samples after quality control filtration. The cells were divided into 20 clusters after unsupervised clustering and dimensionality reduction. 7 cell types were identified based on marker gene expression results. Including epithelial cells (KRT8, UPK3B), mesothelial cells (SLPI, PLA2G2A), B cells (MS4A1, CD79B), plasma cells (JCHAIN, MZB1), TandNK cells (CD3D, TRBC2), neutrophils (CXCR2, FCGR3B) and mononuclear phagocytic cells (FCN1, MRC1) (Figures 1A, C, D, E). It was found that with the course of treatment, the proportion of epithelial cells and TandNK cells first decreased and then increased, the proportion of neutrophils and mononuclear phagocytes first increased and then decreased (Figure 1B), and the proportion of plasma cells decreased.





Changes of epithelial cells before and after treatment

The total number of EpithelialCells is 3903, and there are 4 different subtypes, including EpithelialCells_1-4 (Figure 2A). Through cell proportion, CNV and ITH analysis, it was found that pleuroepithelial cells of patients with different treatment processes showed obvious heterogeneity, among which subgroup 2 was mainly in PC_B samples, subgroup 3 was mainly in PC_A1 samples, and subgroups 1 and 4 were mainly in PC_A2 samples (Figures 2B–D).




Figure 2 | (A) Dimensionality reduction map of epithelial cell subsets. (B) Histogram of proportion of epithelial cell subtypes. (C) inferCNV and CNV score results of epithelial cells. (D) ITH results of epithelial cell grouping. (E) Epithelial cell subtype GSVA analysis (hallmark). (F) Transcription factor analysis results of epithelial cell subsets. (G) Violin map of TUBA1C gene expression in epithelial cell subtype, (H) Prognostic analysis of h. TUBA1C gene TCGA.



The function of each cluster was identified based on GSVA analysis (hallmark database) (13), and subgroup 1 was found to be enriched in IFN-α and IFN-γ signaling pathways, subgroup 2 was enriched in EMT signaling and IL6/JAK2/STAT3 signaling pathways, and subgroup 3 was enriched in cholesterol balance and oxidative phosphorylation pathways. Subgroup 4 was enriched in MYC signaling pathway and G2M signaling pathway (Figure 2E). 4 clusters raised CREB3L4 activity of transcription factors, CREB3L4 TUBA1C genes (Figures 2F, G); The TCGA prognosis analysis of TUBA1C gene was verified, and it was found that the prognosis of high expression of TUBA1C gene was poor (Figure 2H).





Changes of TandNK before and after treatment

TandNK has 9152 cells in total, and 7 different subtypes have been subdivided, including Proliferating T, NK, NaiveT, CD4Teff, CD4Treg, CD8MAIT, and CD8Tex (Figures 3A, C, D). With the course of treatment, the proportion of CD4Treg and CD4Teff gradually increased, while the proportion of CD8Tex first decreased and then increased, and the proportion of NK first increased and then decreased (Figure 3B).




Figure 3 | (A) T Cell Subtype vitality Reduction Map (UMAP). (B) T cell subtype proportion bar chart. (C) T cell subtype marker gene violin map. (D) Group display of T cell subpopulation type Reduction map (UMAP). (E) T Cell subpopulation locus Analysis (monocle2). (F) Immune cell signature base.



Differentiation and development of different T cells were analyzed by monocle2, it was found that T differentiation and development began in NaiveT cells, followed by effector T cells and depletion T cells (Figure 3E). Gene set scoring Gene set scoring was performed using the R package UCell v 1.1.0 (1). UCell scores are based on the Mann-Whitney U statistic by ranking query genes’ in order of their expression levels in individual cells. Because UCell is a rank-based scoring method, it is suitable to be used in large datasets containing multiple samples and batches (14), through Ucell analysis, it was found that NK and CD8Tex cytotoxicity scores decreased first and then increased with the course of treatment, while NK cell depletion scores decreased with the course of treatment, and CD8Tex cell depletion scores did not change significantly (Figure 3F).





Changes of MPs before and after treatment-macrophages

There are 21447 cells in total, and 5 distinct subtypes are derived, including Proliferating MPs, Macrophages, Monocytes, MatureDCs, and cDCs (Figures 4A, B). Macrophages of a total of 16326 cells presented an unsupervised clustering result and were divided into 4 heterogeneous subpopulations (CCL2, CCL4, CCL18, S100B) (Figures 4C–E). GO pathway enrichment analysis showed that CCL18 subgroup up-regulated genes were enriched in lipid metabolism pathways (Figure 4F).




Figure 4 | (A) ps subtype vitalization reduction map. (B) Heat map of Top10 differential genes in MPs subpopulation. (C) Macrophage subtype vitreogram (overall and group). (D) Heat map of Top10 differential genes of macrophage subtypes. (E) Histogram of the proportion of macrophage subtypes. (F) GO enrichment analysis of CCL18 subgroup. (G) Scores of characteristic gene sets of macrophage subtypes (g-1 to g-4 sequence: interferon-responsive macrophages, tissue-resident macrophages, lipid metabolizing macrophages, and extracellular matrix remodeling function macrophages). (H) Violin map of characteristic genes of different macrophage subpopulations.



The CCL2 subgroup of highly expressed genes is related to IFN response and regulation (ISG15, IFIT1, IFIT3), which significantly increased the interferon response score (Figures 4G-1, H). CCL4 subgroup is a tissue-resident macrophage with high expression of FOLR2, MRC1 and CD163 genes (Figure 4G-2, H). CCL18 subgroup highly expressed CCL18 and CTSD genes, was a lipid metabolizing type of macrophage (corresponding to the results of functional enrichment analysis of the subgroup) (Figure 4G-3, H). S1008 subgroup highly expressed SPP1 gene, which significantly increased the score of extracellular matrix remodeling function (Figure 4G-4, H).





Changes of MPs before and after treatment-monocytes

Monocytes consist of 4561 cells, which are subdivided and noted into four different subtypes, of which subgroup 2 is mainly sampled before the treatment, while subgroups 1 and 3 are mainly sampled after the treatment (Figures 5A–D). The monocle3 locus analysis of all monocyte subsets showed that, with the course of treatment, subgroup 2 at the starting point of development gradually differentiated into subgroup 4 in the middle state, and subgroup 3 and subgroup 1 were at the end of differentiation and development (Figure 5E).




Figure 5 | (A) Monocyte subtype vitreogram. (B) Monocyte subtype proportion histogram. (C) Heat map of Top10 differential genes of monocyte subtypes. (D) Monocyte subtype group dimension reduction map (display sequence: PC_B, PC_A1, PC_A2). (E) Quasi-time series analysis of monocyte subtypes. (F) Functional enrichment results of Monocytes_1 and 2 subgroups.



Functional enrichment analysis of subgroup differential genes showed that subgroup 1 showed increased enrichment in HIF-1 signaling pathway and glycolysis/gluconeogenesis pathway (Figure 5F).





Changes of neutrophils before and after treatment

With the course of treatment, the proportion of Neutrophils showed a trend of first increasing and then decreasing (Figures 6A, B). Inter-group differential gene analysis showed that the expression of CXCL8 gene and TIMP1 gene increased significantly with the course of treatment (Figure 6C). Monocle2 locus analysis showed that PC_B was in the early stage of development, while PC_A1 and PC_A2 were in the late stage of development (Figure 6D). The functional enrichment analysis was carried out based on the cluster of dynamic change heat maps of Monocle2 locus, and the analysis found that: cluster1 in early development is enriched in phagocytosis, respiratory burst, and antigen presentation, cluster3 in late development are significantly up regulated in the metabolic pathway, involved in the occurrence and development of tumors, and showed a pro-tumor effect (Figures 6E, F).




Figure 6 | (A) neutrophil group reduction map. (B) Histogram of the proportion of neutrophil groups. (C) Results of expression differences between specified genomes (violin diagram). (D) Neutrophil locus analysis results (monocle2). (E) Heat map of dynamic change of gene expression with pseudo time change. (F) Results of cluster1 and cluster3 enrichment analysis based on pseudo time variation.







The influence of SSG on the expression of MHC-II in epithelial cells

MHC-II_SIGNALING” gene set analysis and corresponding gene set expression, epithelial grouping MHC-II gene set scoring (UCell) and CD 73 and 74 for epithelial grouping MHC-II gene expression”. The trend of gene set scoring results and gene expression results is to decrease first and then increase (Figure 7) (15).




Figure 7 | (A) Group display of all major types of cells interacting quantity heat map display (display sequence PC_B, PC_A1, PC_A2). (B) Shell diagrams showing interactions of epithelial cells, mononuclear phagocytes, neutrophils, TandNK and other cells in groups (Display sequence PC_B, PC_A1, PC_A2 from top to bottom). (C) The signal intensity of GRN_TNFRSF1A, AREG_ICAM1, LGALS9_CD44 and SPP1_CD44 between epithelial cells and mononuclear phagocytes changed with the course of treatment.







Cell interactions (CellphoneDB) before and after treatment

The interactions of various types of cell clusters in the three groups of samples were analyzed using the CellPhoneDB database based on ligand-receptor interaction, and the results showed that the epithelial-mononuclear phagocytes, epithelial-neutrophils, and mononuclear phagocyte-TandNK interactions first decreased and then increased with the course of treatment (Figure 7).

Further analysis showed that the GRN_TNFRSF1A signal intensity between epithelial cells and mononuclear phagocytes decreased first and then increased with the course of treatment. The signal intensity of LGALS9_CD44 and SPP1_CD44 between mononuclear phagocytes and TandNK cells also decreased first and then increased with the course of treatment. It has been reported that macrophages can regulate T cell activity through various signaling pathways such as SPP1-CD44 and LGALS9-CD44.





The influence of SSG on the expression of MHC-II in epithelial cells

MHC-II_SIGNALING” gene set analysis and corresponding gene set expression, epithelial grouping MHC-II gene set scoring (UCell) and CD 73 and 74 for epithelial grouping MHC-II gene expression”. The trend of gene set scoring results and gene expression results is to decrease first and then increase (Figure 8) (15).




Figure 8 | The expression of signature genes related to MHC-II pathway (CD74, HLA-DPA 1, HLA-DRB 1) decreased and then increased with the treatment process (Figure i), and Ucell analysis found that the epithelial MHC-II pathway score decreased and then increased with the treatment process.








Discussion

Sodium stibogluconate (SSG) has been used for treating visceral leishmaniasis for approximately half a century. Pentostam a.k.a sodium stibogluconate is the pentavalent antimonial compound available in the United States (through the Centers for Disease Control). With the development of dosing regimens for the treatment of leishmaniasis, the daily dose and duration of treatment for antimony have been progressively increased to achieve a complete response to treatment (5, 6). SSG is a small molecule inhibitor of protein tyrosine phosphatases (PTPs), that cab be used in combination with IFN-alpha-2b (IFN-α) for inhibiting solid tumor cell line growth in vitro. A Phase I clinical trial with SSG plus IFN-αin advanced cancer patients to assess tolerance, maximum tolerated dose (MTD) and immune system effects were evaluated. The results showed that SSG in combination with IFN-α2b was well tolerated and augmented cellular immune parameters (16). PTPs is ubiquitously expressed in most cells and regulates cell proliferation as well as differentiation in the physiology of multicellular organisms. PTPs can regulate the intracellular signaling mechanism of immune cells via dephosphorylation of multiple targets, PTPs also affect disease through their role in innate and/or acquired immunity (17). SSG was evaluated for immune response of Leishmania donovani infected BALB/c mice and it showed that Only SSG NIV (non-ionic surfactant vesicular) treated animals gave a significant positive DTH response to an L. donovani parasite preparation (P < 0.05) (18, 19).

In this study, we used an scRNA-Seq for analysis of malignant epithelial cells and immune cells, including Epithelial Cells, Ecs, Fibroblasts, Mural Cells, Tcells, Bcells, TandNK Neutrophils, Mast Cells, MPs, and Platelets, as well as the dynamic changes in cell percentage and cell subtype heterogeneity before and after SSG was injected with single-drug into pleural effusion. It indicated the proportion of epithelial cells and TandNK cells first decreased and then increased, the proportion of neutrophils and mononuclear phagocytes first increased and then decreased (Figure 1B), and the proportion of plasma cells decreased following the course of SSG treatment. These results suggest that SSG therapy induces the remodeling of the pleural fluid microenvironment in patients and opens a new window for the next treatment.

Through cell proportion, CNV and ITH analysis, we found that pleuroepithelial cells of patients with different treatment processes showed obvious heterogeneity. Significant active regulators in the epithelial cell subtype transcription factor (TF) regulatory network were evaluated by pyscenic analysis, and cluster 2 was found to up-regulate the proto-oncogene REL transcription factor activity (20).

The proportion of CD4Treg and CD4Teff gradually increased, while the proportion of CD8Tex first decreased and then increased, and the proportion of NK first increased and then decreased; through Ucell analysis, it was found that NK and CD8Tex cytotoxicity scores decreased first and then increased with the course of treatment, while NK cell depletion scores decreased with the course of treatment, and CD8Tex cell depletion scores did not change significantly. Regulatory and run out of T cells mainly in the enrichment of T-cell development later, state shows that T cells from activation to suppress and exhausted, consistent with previous studies (21).

The study indicated that MPs included proliferating MPs, Macrophages, Monocytes, MatureDCs, and cDCs (Figures 4A–E), and analyzed by GO pathway enrichment, it has showed that CCL18 subgroup up-regulated genes were enriched in lipid metabolism pathways. Some studies have reported that lipid metabolism can regulate phagocytosis of macrophages and the production of inflammatory factors (22).

The CCL2 subgroup highly expressed genes related to IFN response and regulation (ISG15, IFIT1, IFIT3), which significantly increased the interferon response score (Figures 4G-1, H). Studies have shown that interferon-responsive macrophages have an immunosuppressive effect, which inhibits the immune response through tryptophan degradation and recruitment of immunosuppressive regulatory T cells (Tregs) (23). and the proportion increases gradually with the course of treatment.

CCL4 subgroup is a tissue-resident macrophage with high expression of FOLR2, MRC1 and CD163 genes (Figures 4G-2, H). Studies have shown that the density of FOLR2+ macrophages in breast cancer is positively correlated with better patient survival (18). Along with the treatment process of gradually reduce. S1008 subgroup highly expressed SPP1 gene, which significantly increased the score of extracellular matrix remodeling function (Figures 4G-4, H). Cell surface receptors interact with ECM components active ECM binding factors, which can receive cell adhesion and signal transduction, thus regulating cell proliferation, differentiation, migration, apoptosis and other processes (24), and the proportion gradually increased with the course of treatment.

The present study indicates that monocytes is one of MPs, which consist of 4561 cells subdivided and noted into four different subtypes, of which subgroup 2 is mainly sampled before the treatment, while subgroups 1 and 3 are mainly sampled after the treatment. Functional enrichment analysis of subgroup differential genes showed that subgroup 1 showed increased enrichment in HIF-1 signaling pathway and glycolysis/gluconeogenesis pathway. It has been reported that activated HIF-1 activated downstream genes that regulate important biological processes required for tumor survival and development (including glucose metabolism, cell proliferation, migration and angiogenesis) through transcription. 2 subgroups in antigen processing and rendering, enrichment of phagocytosis and intercellular adhesion (24, 25).

The proportion of neutrophils showed a trend of first increasing and then decreasing following the course of treatment (Figures 6A, B). Inter-group differential gene analysis showed that the expression of CXCL8 gene and TIMP1 gene increased significantly with the course of treatment. Some studies reported that higher CXCL8 expression level was associated with shorter overall survival and relapse-free survival (26), TIMP1 gene is associated with poor prognosis of pancreatic ductal adenocarcinoma (27).

Monocle2 locus analysis showed that PC_B was in the early stage of development, while PC_A1 and PC_A2 were in the late stage of development. The functional enrichment analysis was carried out based on the cluster of dynamic change heat maps of Monocle2 locus, and the analysis found that: cluster1 in early development is enriched in phagocytosis, respiratory burst, and antigen presentation. Studies have shown that in the early and middle stages of pancreatic ductal adenocarcinoma invasion, tumor-associated neutrophil TAN-1 is enriched in genes involved in phagocytosis, antigen presentation, and respiratory burst (28), cluster3 in late development is significantly up-regulated in the metabolic pathway, involved in the occurrence and development of tumors, and showed a pro-tumor effect (29).

SSG fusion into treatment of ascites and pleural effusion of pancreatic cancer has strength the interaction between the immune cells, NK and CD8Tex cytotoxicity scores decreased, then increased with the course of treatment, while NK cell depletion scores decreased with the course of treatment, and CD8Tex cell depletion scores did not change significantly. It has showed that MPs function, CCL18 subgroup up-regulated genes were enriched in lipid metabolism pathways. The CCL2 subgroup highly expressed genes related to IFN response and regulation significantly increased the interferon response score; CCL4 subgroup is a tissue-resident macrophage with high expression of FOLR2, MRC1 and CD163 genes; S1008 subgroup highly expressed SPP1 gene. It has shown that Monocytes function, the four different subtypes, of which subgroup 2 is mainly sampled before the treatment, while subgroups 1 and 3 are mainly sampled after the treatment. The influence of SSG on the expression of MHC-II in epithelial cells, as MHC-II is a marker for predicting immune therapy. It has shown that Neutrophils, a trend of first increasing and then decreasing following the course of treatment associated with the expression of CXCL8 gene and TIMP1 gene increased significantly with the course of treatment.

In summary, our current study shows that the interaction between TandNK cells, MPs cells, Monocytes, Neutrophil cells are induced during SSG fusion the treatment of ascites and pleural effusion, SSG promotes the expression of large numbers of genes and leads to upregulation of immune response. Our study provides evidence SSG can be used an immune adjuvant not only as a protein tyrosine phosphatase inhibitor in treatment of cancer patients, but also for recruiting the immune cells to the right place in fighting cancer cells in patients with ascites and pleural effusion with PD1 or PD-L1.
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In patients with advanced lung adenocarcinoma (LADC) harboring the echinoderm microtubule-associated protein-like 4 (EML4) -anaplastic lymphoma kinase (ALK) rearrangement, targeted therapy typically demonstrates superior efficacy as an initial treatment compared to chemotherapy. Following resistance to ALK-tyrosine kinase inhibitors (TKIs), regimens incorporating platinum-based dual agents or combined with bevacizumab often show effectiveness. However, therapeutic alternatives become constrained after resistance develops to both TKIs and platinum-based therapies. Given that the majority of ALK-positive non-small cell lung carcinomas (NSCLC) are LADC, the benefits of TKIs for patients with ALK-positive lung squamous cell carcinoma (LSCC) and the optimal treatment strategy for these patients remain a subject of debate. In this case study, we report on a patient with advanced LSCC, in whom the EML4-ALK rearrangement was identified via ARMS-PCR (Amplification Refractory Mutation System-Polymerase Chain Reaction). The patient underwent oral treatment with crizotinib and alectinib, showing effectiveness in both first-line and second-line ALK-TKI therapies, albeit with limited progression-free survival (PFS). Subsequent resistance to second-generation TKI was followed by the detection of tumors in the left neck region via computed tomography (CT). Biopsy pathology revealed non-squamous cell carcinoma, and subsequent treatment with platinum-based double-drug therapy proved ineffective. Further analysis through next-generation sequencing (NGS) indicated ALK negativity but a high expression of programmed death-ligand 1 (PD-L1). Immunotherapy was then initiated, resulting in a PFS of over 29 months and clinical complete remission (cCR). This case underscores the potential benefit of ALK-TKIs in patients with ALK-positive LSCC. Resistance to second-generation TKIs may lead to ALK negativity and histological transformation, highlighting the necessity of repeated biopsies post-TKI resistance for informed treatment decision-making. As of November 2023, imaging studies continue to indicate cCR in the patient, with a survival time exceeding 47 months.




Keywords: ALK-positive, lung squamous cell carcinoma, clinical complete response, ALK-TKI, immunotherapy




1 Introduction

Lung cancer remains the foremost oncological challenge globally (1). Within this domain, Non-Small Cell Lung Cancer (NSCLC) is the predominant subtype, comprising approximately 85% of all lung cancer cases (2). NSCLC primarily manifests in two pathological forms: Lung Squamous Cell Carcinoma (LSCC) and Lung Adenocarcinoma (LADC). Recent advancements in the understanding of NSCLC have ushered in an era of molecularly-tailored treatments, particularly focusing on driver genes, which are pivotal in tumor developments (3, 4). Targeted therapies, designed to address specific driver gene mutations, have shown promise in enhancing the Objective Response Rate (ORR) and Progression-Free Survival (PFS) in patients, thereby augmenting overall quality of life and extending Overall Survival (OS) (3, 4). One significant driver gene in NSCLC is the Anaplastic Lymphoma Kinase (ALK) fusion gene, identified in about 5% of NSCLC patients, predominantly within the LADC subgroup (5). Conversely, the occurrence of ALK fusion genes in LSCC is considerably rare (6). Consequently, the effectiveness of ALK-Tyrosine Kinase Inhibitors (ALK-TKIs) in LSCC patients remains less clear, due to their low representation in clinical studies. This paper discusses a case study of a patient with advanced LSCC, exhibiting the echinoderm microtubule-associated protein-like 4 (EML4) - ALK rearrangement, who responded favorably to anti-programmed death 1 (PD-1) immunotherapy post ALK-TKIs failure.




2 Case presentation

A 40-year-old male patient, with no history of smoking or drinking, presented to our clinic in December 2019 with complaints of a mild dry cough persisting for over two months and slight left chest pain lasting for more than a month. A chest computed tomography (CT) scan revealed the presence of a 42x21mm mass located centrally in the left lung, accompanied by enlarged ipsilateral hilar and mediastinal lymph nodes, an ipsilateral pleural tubercle, and a small pleural effusion (Figures 1A1, B1). Further evaluation through a magnetic resonance imaging (MRI) scan indicated the presence of vertebral metastases (Figure 1C1). No metastatic lesion was observed in the liver (Figure 1D1) or brain (Figure 1E1). Pathological examination of the mass in the left lung confirmed the diagnosis of poorly differentiated LSCC. Immunohistochemical analysis revealed positive staining for CK, CK7, CKHMW, CK5/6, P63, and CK7, with a Ki-67 proliferation index of 40% (staining for CK5/6, P63 and CK7 in Figure 2C). However, chromogranin A, Syn, CD56, NapsinA, CD4, CD8, CD20 and thyroid transcription factor-1 (TTF-1) showed negative staining(staining for CD4, CD8, CD20 and TTF-1 in Figure 2C). An EML4-ALK fusion was detected using ARMS-PCR (Amplification Refractory Mutation System-Polymerase Chain Reaction) analysis(Figure 2A). The pathology of the left pleural effusion indicated the presence of suspected tumor cells. The patient had a Eastern Cooperative Oncology Group Performance Status 1 (ECOG PS) and a squamous cell carcinoma antigen (SCCA) level of 3.2 ng/ml (normal range: 0.6-2.3 ng/ml).




Figure 1 | Images from pre-targeted therapy (December 2019). (A1) Soft tissue mass near the heart margin of the lower lingual segment of the left upper lobe (x) and a small effusion of the left thoracic cavity (*) on the CT scan. (B1) Lymph node metastases (○), pleural metastases (#), and a small effusion of the left thoracic cavity (*) on the CT scan. (C1) Spinal metastasis on the MRI scan (○). (D1) A CT scan of liver. (E1) A CT scan of the brain. Images from post-immunotherapy (November 2023). (A2) No mass at the left superior lobe lingual segment on the CT scan. (B2) No nodules of mediastinum and hilum on the CT scan. (C2) Inactive of the spinal metastasis on the MRI scan. (D2) A change after ablation of the liver S7 segment on the MRI scan. (E2) Radionecrotic inflammatory response of the left frontal lobe on the MRI scan. Changes in the left lung mass and the left supraclavicular fossa lymph nodes on the CT scans during immunotherapy (F–I). (F) The left supraclavicular fossa mass (52x69mm) and the left lung mass before immunotherapy; (G) The left supraclavicular fossa mass (19x20mm) and on the left lung mass after 2 months of immunotherapy. (H) Without any masses after 13 months of immunotherapy. (I) Without any masses after 29 months of immunotherapy.






Figure 2 | The ARMS-PCR result of the ALK gene in December 2019 and the immunohistochemistry results before and after resistance to ALK-TKIs. (A) The ARMS-PCR shows ALK fusion in December 2019. (B) PD-L1 (IHC)-TPS of 90% (200x)after resistance to ALK-TKIs. (C) CK5/6(100x), P63(100x), and CK7(100x)-positive in December 2019; CD8(100x)-scattered in a few positive in December 2019, about 10% of lymphocytes; CD4(100x), CD20(100x), and TTF-1(100x)-negative in December 2019; CK7(200x), TTF-1(100x), CK5/6(200x), and CD8(200x)-positive in April 2021; P63(200x), CD4(200x), and CD20(200x)-negative in April 2021.



The patient was diagnosed with stage IVB ALK-positive advanced LSCC (cT2bN2M1c). Subsequently,the patient was prescribed crizotinib (250mg bid) in December 2019. A CT scan in March 2020 revealed a reduction in the size of the left mass (22x13mm), mediastinal and left hilar lymph nodes, and pleural tubercle. Concurrently, an MRI scan detected a hepatic S7 nodule, suspected to be a metastasis (11mm×10mm), as shown in Figure 3A. According to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1, the condition was assessed as progressive disease (PD). He still had a PS of 1. In March 2020, the patient underwent radiofrequency and chemical ablation for the liver metastasis while continuing crizotinib. By July 2020, MRI scans demonstrated post-treatment alterations in the liver S7 metastasis, including coagulation and necrosis. However, a new T2W-FLAIR hypersignal focus, approximately 4.6mm in diameter, was identified in the left frontal lobe, suggesting potential brain metastasis. This again was evaluated as PD. The patient had a PS of 1 at the time. Consequently, the treatment regimen was switched to alectinib (600mg bid) in July 2020. Subsequent brain MRIs in August and October 2020 showed no evidence of brain metastasis. However, in January 2021, the patient experienced intermittent dizziness with PS 1, and an MRI revealed a nodule in the left frontal lobe with surrounding brain tissue edema, indicative of metastasis (9x9.5mm). Stereotactic radiosurgery (SRS) for the brain metastasis was performed from February 3 to February 7, 2021 (30Gy in 3Gy fractions), while maintaining the alectinib regimen. This treatment led to an improvement in the patient’s dizziness. A follow-up brain MRI in August 2021 showed changes in the left frontal mass consistent with post-radiotherapy effects for brain metastasis. Periodic subsequent evaluations have indicated no active tumor in the left frontal lobe lesion and no new brain metastases. June and October 2020 CT scans indicated a reduction in the size of the left lung mass. Subsequent regular CT scans from October 2020 to June 2021 suggested that the size of this mass remained largely unchanged. However, in April 2021, the patient noted a mass on the left side of his neck with PS 2, accompanied by symptoms, such as severe hoarseness and moderate dizziness. A CT scan at this time revealed no significant change in the left lung mass size, but there was an apparent fusion of lymph nodes in the left supraclavicular fossa into a larger mass measuring 32×47mm, as depicted in Figure 3B. This observation led to the suspicion of disease progression. A puncture biopsy of the left supraclavicular lymph node was conducted. Pathological examination identified the presence of metastatic poorly differentiated carcinoma, likely originating from the lung. Immunohistochemical analysis demonstrated that the tumor cells were positive for cytokeratin (CK), CK7, TTF-1, CK5/6, CD8 and Ki-67 (60%) (staining for CK7, TTF-1, CK5/6 and CD8 in Figure 2C), while negative for NapsinA, P40, P63, PAX-8, CD10, CgA, CD4, CD20, CD56, Hepatocyte, TG, and BEER(staining for P63, CD4, and CD20 in Figure 2C). SCCA levels were within normal ranges. On May 1 and May 22, 2021, the patient received GP chemotherapy (gemcitabine 1.6g on days 1 and 8, and Nedaplatin 40mg on days 1-3) along with recombinant human endostatin (Endostar, 210mg). During the period of chemotherapy session, the patient showed second-degree vomiting and diarrhea, but no adverse hematological reactions were observed. A follow-up CT scan in June 2021 (Figure 1F) revealed an increase in the size of both the bilateral hilar and left supraclavicular fossa lymph nodes, measuring 52x69mm, indicating a progression of the metastatic disease. The disease was evaluated as PD; the patient had a PS score of 3, along with persistent hoarseness and dizziness. To further investigate, left cervical lymph node and peripheral blood samples underwent next-generation sequencing (NGS) of 550 tumor-related genes. Under the BioProject ID PRJNA1062325, the raw sequencing date have been submitted to the Sequence Read Archive (SRA). The NGS findings indicated a negative status for ALK fusion, while programmed death-ligand 1 (PD-L1) expression was significantly positive (90%) (PD-L1 expression in Figure 2B). Subsequently, the patient received treatment with nab-paclitaxel (400mg, day 1) and the PD-1 monoclonal antibody Pembrolizumab (200mg, day 1) on June 18 and July 9, 2021. An August 2021 CT scan revealed a notable reduction in the size of the pulmonary nodules, which had nearly disappeared, and a decrease in the size of the left supraclavicular fossa nodule to 19x20mm, as shown in Figure 1G. However, after using nab-paclitaxel, the patient developed neurotoxicity and numbness in his hands and feet and did not experience hematologic toxicity. The patient opted against further chemotherapy, continuing treatment with Pembrolizumab until July 2023. The patient’s neurotoxic symptoms disappeared about three months after the withdrawal of nab-paclitaxel. Regular follow-ups from August 2021 to March 2022 classified the patient’s condition as stable disease (SD). A CT scan in July 2022 (Figure 1H) found no pulmonary or supraclavicular nodules. Periodic assessments from July 2022 to November 2023 confirmed the maintenance of no pulmonary or supraclavicular nodules. The symptom of severe hoarseness lasted about one year and then gradually improved. In August 2023, the patient had a PS of 0 and elected to switch to sintilimab (PD-1 monoclonal antibody, 200 mg), citing economic reasons after two years of pembrolizumab treatment without medicinal donations. As of November 2023, chest CT scans showed no detectable lesions (Figures 1I, A2, B2), and MRI scans revealed no active lesions in the spine, liver, and brain (Figures 1C2, D2, E2). With PS 0, the patient is satisfied with the therapeutic effect and the current quality of life. The timeline of the treatment process is depicted in Figure 3C. Figure 4 illustrates the dynamic changes in lesions located in the left lung, liver, brain, and left supraclavicular fossa throughout the course of treatment. Informed consent was obtained from the patient for the purpose of this case report.




Figure 3 | The timeline treatment and some progressive images. (A) Liver S7 nodule (11mm×10mm) on an MRI scan in March 2020. (B) A mass (32×47mm) fused by lymph nodes in the left supraclavicular fossa on the CT scan in April 2021. (C) The treatment timeline. LSCC, lung squamous cell carcinoma; PD, progressive disease; PR, partial response; SD, stable disease; CR, complete response; SRS, Stereotactic radiosurgery.






Figure 4 | Imaging changes of the left lung, liver, brain, and left supraclavicular fossa mass during treatment in our case(the black and red lines on the horizontal coordinate indicate that inactivity of the metastases on the MRI scans).






3 Discussion

In the realm of LADC and LSCC, the presence of ALK-positive cases is relatively rare, occurring in less than 5% and 1% of patients respectively (5–7). The efficacy of targeted therapy for ALK-positive LSCC patients remains uncertain. A study by Lewis et al. examined six LSCC patients with EML4-ALK rearrangement and reported a median PFS of 2.8 months (ranging from 1.8 to 6.3 months) and OS of 8.3 months (ranging from 3.2 to 32.1 months) when treated with ALK-TKIs as first or second-line therapy (8). Yuan et al. documented a case of advanced LSCC with ALK positivity treated with first-line alectinib, resulting in a PFS of 4.5 months and an OS of 6 months (9). Furthermore, Meng et al. presented a single-center case review of 31 ALK-positive LSCC patients, of whom 20 received ALK-TKIs as their initial or subsequent treatment. The median PFS in this group was 6.4 months ( ± 4.4 months), notably shorter than that observed in ALK-positive LADC patients treated with ALK inhibitors (10). Lu et al. reviewed 11 ALK-positive LSCC patients and noted that their PFS, whether treated with crizotinib or alectinib, was shorter compared to LADC patients. They highlighted a case where a patient with EML4-ALK (V1) fusion and a high TP53 co-mutation achieved the longest PFS of 19 months on ensartinib, before switching to loratinib due to disease progression and diminished effectiveness (11). In our study, the PFS of ALK-positive LSCC patients treated with first- or second-line ALK-TKI mirrored findings from previous literature (8–11), yet the survival time exceeded 47 months, surpassing all similar reports (9, 12). Currently, the patient maintains a performance status (PS) score of 0.

The management of brain metastases (BMS) presents a significant clinical challenge in ALK-positive NSCLC. Patients with ALK-positive NSCLC are more susceptible to BMS compared to those with epidermal growth factor receptor (EGFR)-positive NSCLC (12). Approximately 30% of these patients present with central nervous system (CNS) metastases at the time of initial diagnosis (13), and about 58% develop CNS metastases within three years (14). The first-line standard treatment for advanced ALK-positive NSCLC typically involves ALK-TKIs (14, 15). However, the first-generation ALK-TKIs demonstrate limited efficacy in controlling brain metastases due to poor penetration of the blood-brain barrier. In contrast, second-generation ALK-TKIs offer enhanced blood-brain barrier permeability, resulting in better management of brain metastases. Consequently, second or third-generation ALK-TKIs are now recommended as the first-line treatment for ALK-positive NSCLC patients without BMS to decrease the likelihood of developing BMS. BMS significantly impacts the quality of life and survival prognosis of patients. Advances in radiotherapy, such as stereotactic radiotherapy (SRT) and SRS, have improved the precision of brain radiotherapy for lung cancer patients with brain metastases. Local radiotherapy not only augments disease control but also increases the permeability of the blood-brain barrier (16). In our case study, a patient with advanced ALK-positive NSCLC developed brain metastasis seven months after initiating treatment with crizotinib. This metastasis resolved within a month following a switch to alectinib. However, the brain metastasis reemerged six months after starting the second-generation ALK-TKI. To manage this, SRS was employed alongside continued systemic therapy. As of November 2023, the metastasis in the left frontal lobe exhibited no tumor activity, and no new metastases were detected in the brain.

In nearly half of the ALK-positive NSCLC patients experiencing progression on second-generation ALK-TKIs, no ALK mutations are detected at the time of clinical relapse. This suggests the development of ALK-independent resistance, and such patients derive only limited benefit from subsequent-generation ALK-TKIs (17, 18). The transformation of a tumor into a different histologic subtype is often linked to a loss of dependence on the initial oncogenic driver, contributing to drug resistance (19). Although most newly diagnosed cases of ALK-positive NSCLC are LADC, transformations to small cell lung cancer (SCLC) have been observed in patients treated with all generations of ALK-TKIs. This occurrence, however, is infrequent, with a rate of less than 3% as determined by retrospective analyses (20–23). To date, there have only been six reported cases documenting such a transformation to SCLC in the context of ALK-positive lung cancer. Post-histological transformation, patients with ALK-positive NSCLC generally exhibit rapid disease progression, with both targeted therapy and chemotherapy proving ineffective in most cases (20, 24–28). Remarkably, there has been only one documented instance where a patient, transformed to SCLC following ALK-TKI treatment, responded positively to chemotherapy and immunotherapy (28). Yan et al. presented a case of ALK-rearrangement-positive adenocarcinoma with high expression of PD-L1 that was transformed into LSCC after administration of alectinib (29). Reports indicate an increased likelihood of NSCLC transforming into SCLC under the stress of targeted therapy (30). This transformation seems more prevalent following treatment with second-generation ALK-TKIs, possibly due to the heightened exposure stress experienced by tumor cells under these medications. To adapt to this stress, the cells may undergo biological or histological changes (31). Due to the low incidence of ALK-positive LSCC, no cases of histological transformation of ALK-positive LSCC have been reported. In the case presented, the patient exhibited elevated serum SCCA levels prior to targeted therapy, which normalized post-second-generation TKI treatment. The tumor’s pathology shifted from LSCC to non-squamous cell carcinoma, and no ALK mutations were detected through NGS. This could be indicative of an ALK-independent resistance mechanism, although tumor heterogeneity cannot be ruled out. Following resistance to the second-generation TKI, the disease progressed rapidly, and platinum-based chemotherapy was ineffective. However, due to high PD-L1 expression, the patient showed significant response to immunotherapy. The PFS with immunotherapy exceeded 29 months, and the patient achieved a clinical complete remission (cCR), with a survival time of over 47 months. This case suggests a novel approach for treating advanced ALK-positive LSCC. It again implies that histological transformation might occur following ALK-TKI resistance, underlining the importance of repeat biopsies for patients resistant to TKIs.

In this instance, while targeted therapy was initially effective, the PFS achieved was limited. Notably, post-targeted therapy, the patient’s tumor pathology transitioned from LSCC to non-squamous cell carcinoma. Additionally, NGS did not identify any gene mutations. The most likely explanation is that TKIs put more severe selective pressure on the squamous carcinoma cells during TKI-therapy. After overcoming the evolutionary process of selective pressure, TKI-resistant tumor cells undergo biological changes more frequently. These changes do not eliminate the possibilities of tumor heterogeneity, a factor that cannot be discounted. A significant improvement was observed after the patient was transitioned to immunotherapy. To the best of our knowledge, this is the only case reported in the literature about an ALK-positive advanced LSCC patient achieving cCR following treatment with ALK-TKIs, localized treatment, and immunotherapy. However, there are some limitations in this case, such as the lack of pathology of liver matastasis and PD-L1 expression level before ALK-TKIs therapy. As of now, the patient’s survival time has exceeded 47 months, underscoring the potential efficacy of this treatment approach.
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Introduction

Colorectal cancer (CRC) is the third most common cancer worldwide in men and women. In the metastasized stage, treatment options and prognosis are limited. To address the high medical need of this patient population, we generated a CD276xCD3 bispecific antibody termed CC-3. CD276 is expressed on CRC cells and on tumor vessels, thereby allowing for a “dual” anticancer effect.





Methods and analysis

This first-in-human clinical study is planned as a prospective multicenter trial, enrolling patients with metastatic CRC after three lines of therapy. During the dose-escalation part, initially, an accelerated titration design with single-patient cohorts is employed. Here, each patient will receive a fixed dose level (starting with 50 µg for the first patient); however, between patients, dose level may be increased by up to 100%, depending on the decision of a safety review committee. Upon occurrence of any adverse events (AEs) grade ≥2, dose-limiting toxicity (DLT), or reaching a dose level of ≥800 µg, the escalation will switch to a standard 3 + 3 dose design. After maximum tolerated dose (MTD) has been determined, defined as no more than one of the six patients experiencing DLT, an additional 14 patients receive CC-3 at the MTD level in the dose-expansion phase. Primary endpoints are incidence and severity of AEs, as well as the best objective response to the treatment according to response evaluation criteria in solid tumors (RECIST) 1.1. Secondary endpoints include overall safety, efficacy, survival, quality of life, and pharmacokinetic investigations.





Ethics and dissemination

The CD276xCD3 study was approved by the Ethics Committee of the Medical Faculty of the Heinrich Heine University Düsseldorf and the Paul-Ehrlich-Institut (P00702). Clinical trial results will be published in peer-reviewed journals. Trial registration numbers: ClinicalTrials.cov Registry (NCT05999396) and EU ClinicalTrials Registry (EU trial number 2022-503084-15-00).
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1 Introduction

Colorectal cancer (CRC) is the third most common cancer entity worldwide in men and women (1). It causes approximately 242,000 deaths per year in Europe (2), mainly due to the dismal 5-year overall survival (OS) rates of approximately 20% or below for metastasized disease (3–5). Particularly for the latter, there is a high medical need for new therapeutic strategies. Present treatment options include combinatorial chemotherapy, kinase inhibitors, and various antibodies (6). However, the latter acts mainly by inhibiting growth factors or angiogenesis, as opposed to directly targeting the tumor cells, with limited benefits only.

Antibodies in different formats have achieved considerable success in cancer therapy. A critical issue for their development is the choice of suitable target molecules, i.e., tumor-associated antigens (TAAs) on cancer cells (7, 8), with their abundance, homogeneity, and stability of expression being of particular importance. Additional expression of a target antigen not only on tumor cells but also on structures critical for tumor growth may yield additional benefit. Such structures that are critical for tumor growth are, for example, extracellular matrix and/or neovasculature. Some TAAs further affect tumor immune surveillance. A prominent example is the programmed death ligand 1/ programmed cell death protein1 (PD-L1/PD-1) signaling pathway, which acts as immune escape mechanism. Blocking this pathway, the so-called immune checkpoint inhibition (ICI) can induce regression even of established tumors, and ICI has become standard treatment in several tumor entities, e.g., melanoma (9) and lung cancer (10). In CRC, however, except for the approximately 15% of patients with microsatellite instability (11, 12), which is a rate that drops to 5% in patients with metastasized disease (13, 14), ICI is not effective (15–18).

Other T-cell recruiting strategies that have recently revolutionized cancer treatment comprise bispecific antibodies (bsAbs), which stimulate the T-cell receptor/CD3 complex with their effector part after binding to their target antigen on tumor cells and the functionally closely related chimeric antigen receptor (CAR) T cells. So far, both bsAbs and CAR T cells are only established in hematologic malignancies but not in solid tumors. This may be largely due to lacking access of immune effector cells to the tumor site (19, 20) and may be overcome by targeting antigens expressed not only by the tumor cells themselves but also by the neovasculature/extracellular matrix. This, in turn, may induce a pro-inflammatory microenvironment, facilitating the influx of effector cells (21, 22).

Efficacy of currently available bsAbs and CAR T cells is additionally hampered by side effects due to unspecific activation of the T cells, resulting in a potentially lethal cytokine release syndrome (CRS) (23, 24). This is due to the employed target antigens frequently being not exclusively expressed not only on malignant but also on healthy cells. Thereby, not only are the patients endangered, but also the application of truly effective doses prevented. Recently, we have developed the PSMAxCD3 bsAb CC-1 in an optimized immunoglobulin G (IgG)–based bsAb format (IgGsc) that displays a prolonged half-life and strictly target-restricted activity with accordingly reduced off-target toxicity (25). CC-1 is currently clinically evaluated in patients with prostate cancer (NCT04104607 and NCT05646550) (26). Recently, the target antigen CD276 (also known as B7-H3) has received large interest due to its broad but rather tumor-restricted expression on cancer cells and neovasculature/microenvironment, including CRC (27, 28). Although this molecule has been shown to have costimulatory effects on T cells in mouse models, it is, meanwhile, considered mainly as inhibitor of human T-cell function, e.g., by suppressing interleukin-2 (IL-2) (27). Preparative work for this clinical trial revealed relevant CD276 expression in all investigated metastatic CRC samples. This prompted us to generate a CD276xCD3 bsAb in our IgGsc format CC-3 that, like CC-1, exhibits an optimal half-life but lacks unspecific T-cell activation while having potent antitumor activity (29) intended for treatment of CRC. Presently widely used targets for CAR T cells and bsAbs in preclinical and early clinical stages of development for CRC treatment are epidermal growth factor receptor (EGFR) and carcinoembryonic antigen (CEA) (19, 30, 31). Compared with these and other immunotherapeutics currently in development, targeting CD276 with CC-3 is expected to

	cause fewer side effects due to its optimized bsAb format and choice of TAA, which will allow for the application of effective bsAb doses and accordingly increased efficacy;

	enable “dual targeting” of tumor cells and neovasculature, which will improve the immune effector cells’ access to CRC tumors, facilitating therapeutic success;

	be a readily available “off the shelf drug,” eliminating the preparatory work required for CAR T-cell production delaying treatment; and

	allow for convenient dosing schedules according to its prolonged half-life (32).



In our first-in-human (FIH) study reported here, we plan to evaluate CC-3 in patients with metastatic CRC to determine the overall safety and tolerability, as well as the MTD and first signs of efficacy.




2 Methods and analysis



2.1 Properties of bsAb CC-3

The bispecific CD276xCD3 antibody CC-3 is an optimized IgG-like molecule (IgGsc format) with substantially improved serum half-life, especially compared with the prototypical BiTE® bsAb format (29). CC-3 was developed on the basis of extensive preliminary work of our group (33), including the development of the PSMAxCD3 bsAb CC-1 in the same format, which shares with CC-3 the reduced biological risk of side effects (25, 26). In vitro and in vivo analyses with CC-3 show a favorable toxicity profile, comparable with that of CC-1, of which the target dose has been safely applied in the FIH trial. In addition, in vivo data in NSG mice show a highly effective tumor eradication (29).




2.2 Study design

This open-label, multicenter, FIH phase I dose-escalation and dose-expansion study is designed to define the MTD and recommended phase II dose (RP2D) of CC-3 for a subsequent phase II study. In addition, the aim of the dose-expansion part is to collect first evidence for efficacy of the MTD of CC-3 in adult patients with CRC after the third-line therapy. The study is entitled “First-in-human clinical trial to evaluate the safety, tolerability, and preliminary efficacy of the bispecific CD276xCD3 antibody CC-3 in patients with colorectal cancer“ (short title: “CoRe_CC-3”) and will be conducted within the framework of the German Cancer Consortium (DKTK).




2.3 Study approach

This FIH study will consist of two parts: a dose-escalation part comprising an accelerated titration phase in which the dose level (DL) is fixed for the individual patient but may increase with each patient by up to 100%, depending on safety considerations judged by an SRC. In case of CC-3–induced adverse events (AEs) ≥grade 2 according to Common Terminology Criteria for Adverse Events (CTCAE) version 5.0, dose-limiting toxicity, reaching a DL of ≥800 µg or SRC decision, this accelerated titration phase will be switched to a standard 3 + 3 dose–escalation design. At this stage, dosing will be split in a priming dose (last DL of the accelerated titration part with no AE ≥2 and no DLT) and a target dose (DL at which the stopping criterion was observed that terminated the accelerated titration part). Three patients will be enrolled in this first cohort. If one of these three develops DLT, then three additional patients will be recruited into the cohort. If two patients develop DLT, then the dose is de-escalated to the last DL considered as safe. If no patient of this cohort experiences DLT, then the next DL will be determined by the SRC and applied to a second cohort. This will again consist of three patients and follow the same DLT considerations as the previous cohort. This will be repeated until MTD is determined, with MTD defined as no more than one of the six patients experiencing DLT. Once the MTD is determined, dosing will be fixed at this level. Then, further patients will be recruited until 20 patients altogether have received CC-3 at the MTD. This dose-expansion part will serve to confirm the RP2D and to detect first signs of clinical efficacy (see also Figures 1, 2).




Figure 1 | Study overview. CRC, metastasized colorectal carcinoma; CC-3, bispecific CD276xCD3 antibody; SRC, safety review committee; MTD, maximum tolerated dose; RP2D, recommended phase II dose.






Figure 2 | Dose-escalation part. (A) Dosing. First patient (Pat 1) receives 50 µg weekly over 16 weeks. During 3 weeks after first application, dose-limiting toxicity (DLT) will be evaluated and the dose level (DL) for the next patient (Pat 2) will be determined by safety review committee (SRC). Repetition of SRC-guided accelerated dose escalation with following patients until occurrence of DLT, AEs ≥2, or decision of SRC, in patient X (Pat X). Switch to 3 + 3 design with last DL before reaching a criterion (Pat X-1) being used as a priming dose (green frame) for the first application, followed by the DL at which the stopping criterion was observed (Pat X) in subsequent applications. When last patient of each cohort has been observed for 21 days after application of target dose, DLT will be evaluated and the dose level for next cohort of at least three patients is determined by SRC. * up to two additional subjects may be enrolled at each DL; ** up to six additional subjects may be enrolled at each DL; *** SRC may decide to add one additional priming dose, so that target dose is reached at week 3 and DLT evaluation period thus prolonged until end of week 4 (dashed lines). (B) Flowchart. If no DLT, AEs grade ≥2, or respective decision of SRC occurs, dose levels may be incremented by up to 100% during accelerated dose titration, enabling a rapid increase up to the maximum target dose after a potential minimum of eight patients. After switching to 3 + 3 design, the number of patients per cohort depends on occurrence of DLT, until maximum tolerated dose (MTD) is reached.






2.4 Justification of starting and target dose

The definition of the starting dose of 50 µg for CC-3 was based on preclinical data derived from CC-3 dose titrations of in vitro T-cell activation and cytokine release, in comparison with pharmacokinetic (PK) data from a clinical study with CC-1 (a bsAb with PSMAxCD3 specificity of otherwise identical format), as well as on clinical experience and clinical studies with MGD009 [a bsAb with CD276xCD3 specificity in a different format (34)] and CD20xCD3 bsAb (35). The maximum dose of 4,000 µg of CC-3 was derived from an in vivo model with humanized NOD scid gamma (NSG) mice, in which repetitive dosing with 1.4 µg of CC-3 achieved an eradication of established flank tumors. This dose corresponds to approximately 4,000 µg per week in humans.




2.5 Inclusion criteria

Patients must meet the following criteria prior to treatment in the CC-3 study:

	Provision of a written informed consent;

	Patient is able to understand and comply with the protocol for the duration of the clinical trial including undergoing treatment and scheduled visits and examinations;

	Progressive metastatic CRC. Patient must have received three or more prior systemic therapy regimens in the metastatic situation, including FOLFOX, FOLFIRI, FOLFOXIRI, TAS-102, or regorafenib if applicable, in combination with anti–vascular endothelial growth factor (VEGF/VEGFR) monoclonal antibody (mAb) and anti-EGFR mAb in rat sarcoma (RAS) wild-type and left-sided tumors. Exceptions:



	  ○ Patients with microsatellite instability (MSI)–high/deficient DNA mismatch repair (MMR) tumors should have received ICI therapy and at least two further therapy regimens of those stated above;

	  ○ Patients with V-Raf Murine Sarcoma Viral Oncogene Homolog B (BRAF)V600E mutation should have received cetuximab in combination with encorafenib in second- or third-line treatment; and

	  ○ Patients who are considered unsuitable or unwilling to receive further available standard therapy.

	At least one measurable lesion that can be accurately assessed at baseline by computed tomography (CT) or magnetic resonance imaging (MRI) and is suitable for repeated assessment per RECIST 1.1;



	Eastern Cooperative Oncology Group (ECOG) performance status ≤2;

	Age ≥18 years, no upper limit;

	Female patients of childbearing potential (FCBP) and male patients with partners of child bearing potential who are sexually active must agree to the use of two effective forms (at least one highly effective method) of contraception. This should be started at signing of informed consent and continue throughout the period in which study treatment is taken and for 2 months after the last dose of CC-3;

	For FCBP, two negative pregnancy tests (sensitivity of at least 25 mlU/mL) prior to first application of CC-3;

	All subjects must agree to refrain from donating blood while on the study drug and for 2 months after the last dose of CC-3;

	Adequate bone marrow, renal, and hepatic function defined by laboratory tests within 14 days prior to clinical treatment:



	  ○ Hemoglobin ≥9 g/dL (transfusion of packed red blood cells prior to enrollment allowed);

	  ○ Neutrophil count ≥1.500/mm³;

	  ○ Platelet count ≥75.000/µL;

	  ○ Serum creatinine ≤1.5 mg/dL or creatinine clearance ≥60 mL/min;

	  ○ Hepatic function of patients without current hepatic metastasis:

	  ◼ Bilirubin ≤1.5 × upper limit of normal (ULN); in case of known Gilbert syndrome, higher values are allowed if due to increase of indirect bilirubin

	  ◼ Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) ≤2.5 × ULN.

	  ○ Hepatic function of patients with current hepatic metastasis:

	  ◼ Bilirubin ≤2.5 × ULN;

	  ◼ ALT and AST ≤5 × ULN.






2.6 Exclusion criteria

Patients fulfilling any of the following criteria cannot be enrolled in the CC-3 trial:

	Other malignancy requiring treatment within the last year except: adequately treated non-melanoma skin cancer and low-grade non-muscle invasive papillary bladder cancer;

	Concurrent or previous treatment within 30 days before the first CC-3 application in another interventional clinical trial with an investigational anticancer therapy;

	Persistent toxicity (≥grade 2 according to CTCAE version 5.0) caused by previous cancer therapy, excluding alopecia and neurotoxicity;

	• Clinical signs of active infection (>grade 2 according to CTCAE version 5.0);

	Known cerebral/meningeal manifestation of CRC;

	History of human immunodeficiency virus infection;

	Active or chronic viral hepatitis (hepatitis B or hepatitis C);

	Ongoing autoimmune disease;

	History of relevant central nervous system (CNS) pathology or current relevant CNS pathology (e.g., seizures, paresis, aphasia, cerebrovascular ischemia/hemorrhage, severe brain injuries, dementia, Parkinson’s disease, cerebellar disease, organic brain syndrome, psychosis, and coordination or movement disorder);

	Therapeutic anticoagulation therapy;

	Major surgery within 4 weeks of starting study treatment. Patients must have recovered from any effects of major surgery;

	Patients receiving any systemic chemotherapy, mAb, or radiotherapy within 2 (for mAb 4) weeks prior to study treatment or a longer period depending on the defined characteristics of the agents used;

	Heart failure New York Heart Association (NYHA) classification III/IV;

	Severe obstructive or restrictive ventilation disorder;

	Intolerance or hypersensitivity to CC-3 (including any excipient present in CC-3) or other immunoglobulin drug products;

	Live and live-attenuated vaccination 30 days prior to treatment;

	Pregnant or breastfeeding women;

	Current ileus with severely altered gastrointestinal function.






2.7 Treatment/study distribution

The study will be divided into two parts. In both, patients receive CC-3 monotherapy as short-term infusion over 3 h once per week, with up to 16 applications per patient if no criterion for treatment termination is met (see treatment schedule in Figure 3). Depending on the tolerability of the first three doses, which are always applied in the inpatient setting, further applications may be applied in an outpatient setting at the investigator’s discretion. The treatment phase is followed by a treatment free period of 8 weeks with weekly follow-up visits; the end of safety follow-up visit is thus scheduled for week 24. The duration of the trial for each patient is expected to be 6 months. Thereafter, patients will receive routine treatment by the admitting oncology center. Long-term follow-up data will be collected by telephone calls outside the clinical trial protocol for 3 years. In case of a confirmed benefit of the CC-3 treatment within the clinical trial, a continuation of CC-3 treatment outside the study is possible. A possible continuation will be based on a case-by-case decision by the investigator and the SRC.




Figure 3 | Study schedule. Screening ≤28 days. (A) Accelerated titration phase. Dose level in the accelerated titration phase is fixed in each patient and is applied once per week. Dose increase in the next patient can be up to 100% based on safety, PK, and PDK data. For the first application of CC-3 at visit T1V1, patients must be treated as in-patients and followed for safety reasons for at least 48 h Subsequent applications of CC-3 are conducted as in-patient with one overnight stay. If well tolerated and upon medical evaluation, the following doses may be administered in an out-patient setting. In-patient treatment (hospitalization for one night) is feasible and allowed for any subsequent CC-3 treatment. (B) Standard titration phase. Dose level at which no AE ≥2 and no DLT was observed during the accelerated titration phase is used as priming dose in the first cohort of enrolled patients (green frame). At T2V1, patients receive DL at which stopping criterion was observed in accelerated titration phase. SRC can decide to introduce an additional second (higher) priming dose (yellow frame) to be applied at T2V1, and dose escalation is conducted at T3V1. For the first application of CC-3 at visit T1V1, patients must be treated as in-patients and followed for safety reasons for at least 48 h Subsequent applications of CC-3 are also conducted as in-patient visits with a single overnight stay. After application of at least three target doses was well tolerated and upon medical evaluation, the following target doses may be administered in an out-patient setting. In-patient treatment (hospitalization for one night) is still feasible and allowed for any subsequent CC-3 treatment. EOT, end of treatment; FU, follow-up; EOS, end of study; S, screening; T, treatment cycle; V, visit.





2.7.1 Dose-escalation part

Initially, dose escalation will be conducted using an accelerated titration design with single-patient cohorts for each DL. Up to two additional subjects may be enrolled at each DL in case more PK, pharmacodynamic (PDK), or safety data are deemed necessary by the SRC. A staggered enrollment design is used for each DL, with a minimum observation period of 72 h between two consecutive subjects’ first doses with the same DL. This is considered sufficient to identify CRS as most critical toxicity. Every patient receives a fixed dose, starting with 50 µg in the first cohort. Subsequent doses are determined by the SRC based on PK, PDK, and safety data obtained with the last DL over an observation period of 21 days, during which DLT evaluation is conducted. This accelerated phase will be replaced by a standard 3 + 3 design in case of

	any AE grade ≥2 (except AEs unequivocally due to underlying disease or an extraneous cause);

	occurrence of DLT;

	DL ≥800 µg; and

	decision of SRC based on PK, PDK, and safety data.



In the standard titration phase of the dose-escalation part, the last DL safely applied prior to termination of the accelerated phase is used as priming dose upon first application, followed by the DL at which the stopping criterion was observed in week two and thereafter. Based on PK, PDK, and safety data, the SRC may decide to introduce an additional intermittent priming dose at week 2, in which case the target dose will be applied at week 3. At least three patients are treated per cohort, following a rule-based 3 + 3 design. Up to a maximum of nine patients per cohort may be enrolled if more PK, PDK, or safety data are deemed necessary by the SRC. After completion of the first cohort’s DLT evaluation period (21 days after application of the target dose to the last patient), the DL for the next cohort will be determined by the SRC. This will be done considering all AEs and DLTs as well as PK, PDK, and safety data. The DL can be increased up to 100% of the previous dose. The priming dose applied in the first cohort will further be given at week 1 of every consecutive cohort, followed by the target dose at week 2 or 3, depending on whether the SRC deemed an intermittent priming dose necessary at week 2 (Figure 2A).

For instance, example 1 (a conservative example) as shown in Table 1—(i) a 50% dose increase between cohorts, (ii) one patient treated per cohort in the accelerated titration phase (three cohorts in total), (iii) six patients per cohort in the standard titration phase (10 cohorts in total), (iv) a starting dose of 50 µg, and (v) a maximum tested dose of 4,000 µg—requires a total number of 63 patients in the dose-escalation part.


Table 1 | Example 1 (a conservative example) of target dose levels in the dose-escalation part.



Example 2 (a progressive example) as shown in Table 2—(i) a 100% dose increase between cohorts, (ii) one patient treated per cohort in the accelerated titration phase (four cohorts in total), (iii) upon a DL of ≥ 800 µg of three additional cohorts with three patients each, (iv) six patients treated in the last cohort of the standard titration phase, (v) a starting dose of 50 µg, and (vi) a maximum tested dose of 4000 µg—requires a total number of 19 patients in the dose-escalation part.


Table 2 | Example 2 (a progressive example) of target dose levels in the dose-escalation part.



In case AE-fulfilling criteria for DLT occur, additional patients are enrolled into the cohort. If two patients experience DLT, then the dose is de-escalated to the previous lower DL that was formerly considered to be safe, and, further, patients receive this lower DL until a total of six patients have been treated or further DLTs develop. If two of the four or two of the six patients experience a DLT, then the DL will be de-escalated to the next lower DL formerly considered to be safe, and patients will receive this lower DL until a total of six patients have been treated (Figure 2B). MTD is defined as the DL at which none or one patient experienced a DLT. Once the MTD has been defined, the dose-escalation part of the study is terminated and the dose-expansion part commences.




2.7.2 Dose-expansion part

After the dose-escalation part has been terminated, additional patients are treated until a total of 20 patients have received the DL defined as the MTD. During the dose-expansion part, patients can be treated simultaneously. Prior to the start of the dose-expansion part, a substantial amendment including the applied DLs will be submitted to the regulatory authorities.





2.8 Endpoints of the study

The primary endpoints of the dose-escalation part are incidence and severity of AEs, including AESIs, serious AEs (SAEs) and suspected unexpected serious adverse reaction (SUSARs) [CTCAE v5.0 and for CRS modified criteria by Lee et al. (36)], from first application of CC-3 at week 1 until week 4 or, in case of early termination, last assessment. The primary endpoints of the dose-escalation and dose-expansion parts are the best objective response, defined as stable disease (SD), partial remission (PR), or complete remission (CR) until end of study (EOS) compared to baseline based on routine imaging according to RECIST 1.1.

Secondary endpoints include general long-term safety, product-specific safety aspects, clinical efficacy endpoints, and pharmacokinetics:

	• Safety (general): incidence and severity of AEs including AEs of special interest (AESIs), SAEs, and SUSARs according to CTCAE v5.0 from first application of CC-3 until EOS visit or, in case of early termination, last assessment

	• Efficacy:

	  ○ Objective tumor response assessed by RECIST 1.1 on routine imaging at week 8, week 16, and at EOS visit;

	  ○ Disease control rate (CR, PR, and SD) at each visit until end of the clinical trial.

	• Survival:

	  ○ OS defined as the time from first administration of CC-3 to time of death from any cause. Patients without the event are censored on the last date of follow-up;

	  ○ Progression-free survival defined as the time from first administration of CC-3 to progression of disease or death from any cause, whichever occurs first. Patients without the event are censored on the last date of follow-up.

	• Pharmacokinetics: CC-3 serum concentrations assessed at week 1, week 2, and, in case of second priming dose, at week 3

	• Quality of life: overall quality-of-life scores (EORTC QLQ C-30) at screening visit, week 5, week 9, week 13, end of treatment (EOT) visit, follow-up (FU) visit, and EOS visit.



Exploratory endpoints include an analysis of PDK and cytokine levels in serum, changes from baseline in the tumor-markers CEA and CA 19-9, as well as a correlation of the effect of CC-3 on serum cytokine levels and PDK biomarkers and a correlation of safety and efficacy of CC-3 treatment with clinical, biological, and patient characteristics. An analysis of CD276 expression is not deemed necessary at the time of enrolment, as an expression of CD276 was shown on all CRC tumor samples analyzed in preliminary assessments. However, if tumor samples are available, then CD276 expression will be evaluated. The rate of patients undergoing secondary resection of liver metastases after initially irresectable disease until EOS will also be assessed.




2.9 Safety/dose-limiting toxicity

Toxicity will be graded according to the National Cancer Institute CTCAE (v5.0) and the CRS grading system by Lee et al. (36). All AEs and SAEs will be documented and reported according to good clinical practice guidelines. Furthermore, we will report on AESIs, which include occurrence of CRS, infusion-related reactions upon study drug administration and drug induced liver injury (DILI). These AESIs will be monitored closely and included in patient safety narrative reports to the data safety monitoring board (DSMB).

DLT is defined as any AE grade ≥3 that the investigator considers to be at least possibly related to study treatment and occurring within the DLT safety period (from first study drug treatment to day 21 or 28, respectively, if an additional intermittent priming dose is given) with few exceptions. Notably, grade ≥3 CRS lasting less than 48 h, grade ≥3 nausea, vomiting or diarrhea in patients who have not received optimal antiemetic or antidiarrheic treatment, as well as isolated ≥3 laboratory abnormalities resolving within 7 days and without clinical sequelae are not considered a DLT. Likewise, liver toxicity caused by obstruction, metastasis, or infection; grade ≥3 transaminitis or direct hyperbilirubinemia for <4 days; grade 3 fatigue for ≤5 days; grade 3 infusion reaction resolving within 8 h; nor grade 3 but adjustable (i.e., not refractory) arterial hypertension are not considered a DLT.




2.10 SRC and DSMB

Trial conduct will be overseen by an SRC composed of at least three members, including the coordinating investigator and a representative of the sponsor. It receives reports routinely 21 days after first dose of CC-3 of each single patient in the accelerated titration phase and as soon as three patients per cohort have completed the DLT evaluation period of 21 days after target dose application in the standard titration phase. The SRC assesses all available data on safety, PK, and PDK and determines the dose for the next cohort.

The DSMB is composed of three independent experts assessing study progress and safety data. It receives reports routinely after the end of the accelerated titration phase, after the end of the standard titration phase, upon request by the SRC, or in case of occurrence of DLT.




2.11 Sample size calculation

The total sample size of the trial is assumed to be approximately 77 patients but depends on the observed safety profile, the number of dose cohorts evaluated, and the number of patients per cohort in the dose-escalation part and can therefore vary. Assuming a dose increase of 50% between cohorts, one treated patient per cohort in the accelerated phase (in total three cohorts), six treated patients per cohort (in total 10 cohorts) in the standard titration phase, a starting dose of 50 µg and a tested dose of 4,000 µg, and the estimated number of patients in the dose-escalation part is 63. In the dose-expansion part, up to 20 patients will be treated with the MTD. In this way, we will be able to estimate within a single-stage phase II design an objective response. For this purpose, objective response will be defined as SD, PR, or CR estimating P0 as the maximum response proportion of a poor drug of ≤20% of the patients and P1 as the minimum response proportion of a good drug of ≥50% with a power of 80% and a type one error of 5%. To this aim, we will need n = 17 evaluable patients assuming a dropout rate of 15% (n = 3).




2.12 Patient and public involvement

CC-3 production (in accordance to good manufacturing practice) and trial conduct are exclusively funded by public resources without contribution from pharmaceutical industry or commercial organizations. Prior to approval of funding, proposals were peer reviewed in a competitive manner by the Helmholtz Validation Fund and the Joint Funding Program of the German Cancer Consortium. Extensive interaction consistently maintained with multiple patient representative groups in the framework of the alliance for patient participation in cancer research of the National Center for Tumor diseases (NCT) will substantially support our comprehensive efforts to inform patients about the beginning of study as well as patient recruitment.




2.13 Data handling and storage

All findings including clinical, radiological, and laboratory data will be documented by the investigator or an authorized member of the study team in the electronic case report form. The investigators guarantee the privacy of patients. All personal data are treated according to the European general data protection regulation (EU 2016/679) and the German law. The data will be stored for 25 years. All data entry, modification or deletion, will be recorded automatically in an electronic trail. Monitoring of data will be conducted on a regular basis as well as prior to each safety report for SRC and DSMB.





3 Discussion

As of now, metastatic CRC is an often rapidly progressive disease without curative treatment options. Here, we introduce a planned FIH study evaluating the safety and efficacy of the bispecific CD276xCD3 antibody CC-3 in patients with CRC after failure of third-line therapy. CC-3 was developed in our laboratory in a novel IgG-like format (IgGsc) to overcome several problems of so far available bsAbs. CC-3 not only comes with a prolonged serum half-life but also acts in a fully target-restricted manner with accordingly reduced off-target T-cell activation, resulting in reduced side effects (37, 38).

CD276, the target antigen of CC-3, is expressed on both tumor cells and tumor vessels of CRC. Thereby, a “dual mode of anticancer action” is enabled: On the one hand, targeting the tumor vessels should allow for improved influx of T cells into the tumor site via the damaged endothelial barrier. This should then be followed by an effective destruction of the tumor cells. Thereby, we expect to overcome a critical factor that so far limits the success of T cell-based immunotherapy of solid tumors (21, 39, 40).

Considering the lack of effective treatment options and the dismal prognosis of the study patient population, the expected benefits of CC-3 treatment in this clinical study outweigh the potential risks, especially because multiple risk mitigation measures have been implemented. The progress and safety data will be closely monitored by an SRC. Moreover, it will be regularly analyzed by the three independent experts of the DSMB. The SRC will carefully supervise the determination of the MTD, ensuring safe treatment of the study patients during dose escalation. The DSMB will counsel the coordinating investigator and the sponsor on whether to alter the trial protocol or discontinue the trial altogether.

In addition, the implemented one-patient-cohort escalation of CC-3 in the accelerated titration part is considered to benefit the patients included in this trial. Usually, the focus of phase I clinical trials is primarily set on safety and tolerability, and patients enrolled during early phases of a trial frequently do not receive sufficiently effective doses. This problem is addressed in our trial by our approach to rapidly increase CC-3 DLs in order to reach preclinically effective doses already in patients included early in the study. If no DLT is observed, then DL may be increased by up to 100% from one patient to the next, enabling an exponential dosage increment allowing to reach the maximum dose of 4,000 µg already with the 14th patient in case no DLT occur. A dose expansion part will then follow the dose-escalation part to collect first signs of efficacy and define the RP2D.

With the CC-3 antibody showing convincing preclinical activity, we expect that the study will demonstrate a corresponding clinical efficacy regarding objective tumor response and disease control rate, leading to a due benefit for this particular patient population through a trial that is fully funded by public resources.




4 Ethics and dissemination

The study will be performed in accordance with the Declaration of Helsinki and will comply with the International Conference on Harmonization and Good Clinical Practice. In particular, no study examinations or treatments will be undertaken without first obtaining written informed consent from the patients. This trial is funded by research grants from the Helmholtz Validation Fund (Colomab) and the Joint Funding Program of the DKTK. The CC-3 study was approved by the Ethics Committee of the Medical Faculty of the Heinrich Heine University Düsseldorf and the Paul-Ehrlich-Institut, Germany (P00702). During trial conduct, the responsible authorities will be informed on a regular basis about the progress of the trial. The results of this clinical trial will be presented at relevant national and international meetings and published in peer-reviewed journals regardless of outcome. All planned publications will be reviewed by the principal investigator and the biostatistician prior to publication to avoid violation of patients’ rights.
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The incidence of hepatocellular carcinoma (HCC) ranks first among primary liver cancers, and its mortality rate exhibits a consistent annual increase. The treatment of HCC has witnessed a significant surge in recent years, with the emergence of targeted immune therapy as an adjunct to early surgical resection. Adoptive cell therapy (ACT) using tumor-infiltrating lymphocytes (TIL) has shown promising results in other types of solid tumors. This article aims to provide a comprehensive overview of the intricate interactions between different types of TILs and their impact on HCC, elucidate strategies for targeting neoantigens through TILs, and address the challenges encountered in TIL therapies along with potential solutions. Furthermore, this article specifically examines the impact of oncogenic signaling pathways activation within the HCC tumor microenvironment on the infiltration dynamics of TILs. Additionally, a concise overview is provided regarding TIL preparation techniques and an update on clinical trials investigating TIL-based immunotherapy in solid tumors.
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1 Introduction

Liver cancer, the most common type of liver tumor, is one of the six most common cancers in the worldwide. It is ranked fourth in cancer deaths (1). Primary liver cancer encompasses hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma, and other rare histological subtypes. The incidence rate of HCC is the highest among them, accounting for approximately 80% of all primary liver cancers. Furthermore, its incidence rate shows a progressive increase each year (1). The treatment modalities for HCC encompass surgical resection, liver transplantation, image-guided ablation, radiation therapy, transarterial chemoembolization (TACE), Chinese herbal medicine, and other interventions (2, 3). However, the recurrence rate of HCC after surgical resection is high, approximately 70% (4). Additionally, HCC is mostly found to be advanced or metastatic at the time of detection, with limited surgical resection pointers (5). The aforementioned statement suggests that the therapeutic options for HCC are limited, necessitating the exploration of alternative combination therapies. In recent years, tumor immunotherapy has emerged as a prominent field in scientific research. The primary mechanism of immunotherapy is to stimulate the immune system for targeted elimination of tumor cells, thereby achieving effective control over liver cancer. The primary drugs utilized for immunotherapy for HCC are immune checkpoint inhibitors (ICI), specifically anti-cytotoxic T-lymphocyte antigen 4 (CTLA-4) and anti-programmed cell death 1 (PD-1/PD-L1) monoclonal antibodies, which have been extensively employed in the treatment of HCC (6). Despite their efficacy, drug resistance to ICIs in treating HCC is prevalent, often due to various factors like deficient antitumor T cells and impaired memory T cells formation (7). The field of adoptive cell therapy (ACT) encompasses three primary modalities: tumor-infiltrating lymphocytes (TIL), genetically engineered T cell receptor (TCR), and chimeric antigen receptor (CAR) T cells (8, 9).In contrast to ICI, which inhibits T-cell suppressor receptors, ACT relies on in vitro culture and expansion of genetically modified or engineered T cells, thereby enhancing T-cell specificity (10).

TIL therapy involves obtaining tumor tissue from a patient, then isolating the infiltrating lymphocytes and selecting tumor-responsive cells from it. These cells are cultured and expanded in vitro and then returned to the patient. TIL therapies exhibit unique advantages in treating solid tumors due to their diverse TCR clonality, excellent tumor homing ability, and low off-target toxicity compared to other adoptive cell therapies (11). Rosenberg and colleagues conducted pioneering research in this field by demonstrating the in vivo patient-specific antitumor activity of cultivated TILs, starting from the 1980s (12). TILs therapy has shown to be beneficial in the treatment of solid tumors such as melanoma (13), breast cancer (14), and head and neck squamous carcinoma (15), etc. The therapy has also been successfully applied to liver cancer, and a clinical trial of TILs for primary HCC revealed higher patient survival rates and reduced side effects, thus demonstrating the reliability and safety of TIL therapy (16).




2 Tumor infiltrating lymphocytes

In HCC, TILs predominantly consist of various immune cells, including CD8+ T cells, CD4+ T cells, Tregs, TAMs, tumor-associated neutrophils, myeloid-derived suppressor cells (MDSCs), and NK cells (Figure 1). These immune cells play a pivotal role in the genesis and progression of HCC (17–20). The type and density of these infiltrating immune cells in tumors correlate with the prognosis of patients with HCC; a higher density of TILs infiltrating the tumor tissue is associated with longer survival periods (21, 22).




Figure 1 | Role of various TILs in HCC.CD4+ T cell, CD8+ T cell, B cell, DC and NK cell inhibit tumor progression. MDSC, Tregs, Fibroblast, M2 and other cells promote tumor progression.





2.1 T lymphocytes

The tumor tissue in cellular carcinoma contains a specific number of TILs, and CD3+ T lymphocytes possess TCRs that recognize antigens presented by major histocompatibility complex (MHC) molecules on the surface of cancer cells. The presence of a high density of TILs in HCC has been implicated in the development of inflammation associated with HCC recurrence (23). However, in contrast to the findings of the previous complaint, another study with a limited sample size demonstrated a significantly reduced rate of tumor recurrence in patients diagnosed with HCC exhibiting high infiltration density of CD3+ and CD8+ cells in one or two samples (23). The findings of another meta-analysis, which included a cohort of over 1400 patients with HCC, demonstrated that a high infiltration of CD3+ T lymphocytes is associated with improved survival rates in HCC patients. Additionally, these TILs can serve as valuable prognostic indicators for evaluating patient outcomes (24).

The role of CD3+ T lymphocytes in HCC remains a subject of controversy and warrants comprehensive exploration and investigation. The involvement of CD3+ T lymphocytes in HCC is intricate and multifaceted, encompassing both patient recurrence and survival rates. A thorough comprehension and targeted examination of the interactions between tumor cells and CD3+ T lymphocytes are imperative for the advancement of efficacious immunotherapies for HCC.



2.1.1 Infiltrating CD8+ T cells: density affects tumoricidal efficacy

CD8+ T cells, extensively studied star cells, play a crucial role in combating cancer by recognizing MHC-I antigen peptides on cancer cells through the TCR on their cell surface and releasing perforin and granzymes to eliminate tumor cells (Figure 1). To elucidate the disparities between immune cells derived from healthy liver tissues and those obtained from HCC patients, Nataliya Rohr-Udilova et al. conducted a comprehensive investigation encompassing immune cell populations sourced from over 40 individuals with normal liver function and more than 300 HCC patients (25). The analysis revealed that the predominant subset of infiltrating T lymphocytes in patients with HCC consisted primarily of CD8+ T lymphocytes, followed by CD4+ T lymphocytes (25). The ability to selectively isolate CD8+ T cells exhibiting medium to high infiltration within HCC tissue is believed to exert a favorable impact on patient prognosis (24). The surface marker CD103 is considered crucial for identifying tumor-infiltrating CD8+ T lymphocytes, and HCC patients with elevated levels of CD103-expressing CD8+ T cells exhibit improved survival rates compared to those with lower expression of this infiltrating cell population (26). These studies have demonstrated that CD8+CD103+ TILs possess the ability to secrete inflammatory cytokines, such as interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α), which play a crucial role in orchestrating the immune response of the body (27, 28). The tumor microenvironment facilitates the expression of E-calmodulin by epithelial cancer cells, which in turn interacts with CD103 on CD8+ T cells, thereby promoting the infiltration and persistence of tumor antigen-reactive CD8+ T cells within tumor tissues and sustaining their antitumor effects (29). The density of CD8+ T lymphocytes infiltrating tumor tissue may be influenced by the transcription factor (TF) Runx3, which is among the factors impacting their aggregation or depletion in HCC. In a mouse model of melanoma, it was observed that CD8+ TIL lacking Runx3 exhibited reduced aggregation within tumor tissue, resulting in accelerated tumor progression and unfavorable prognosis. Conversely, elevated expression of Runx3 led to increased density of TIL in tumor tissue and improved tumor prognosis (27). Depletion of tumor endothelial cells (TECs) through the expression of glycoprotein nonmetastatic melanoma protein B (GPNMB) induces infiltration of CD8+ T cells into HCC tissue (30). It is also noteworthy that the co-stimulation of 4-1BB and anti-4-1BB agonistic antibodies results in enhanced functionality of CD8+ TILs in patients with HCC (30). Moreover, CD8+ TILs exhibit a heightened activation status and increased tumor responsiveness, thereby rendering their impact on tumor control more enduring. This discovery opens up new avenues for the treatment of HCC (30). The current study revealed that only a minor subset of infiltrating lymphoid CD8+ T cells possess tumor recognition capabilities, while the majority remain non-functional. Therefore, it is crucial to identify and isolate this small fraction of highly cytotoxic cells (31). The identification of the tumor-specific marker CD39 in T cells enabled us to differentiate between CD8+ T cells specific to the tumor and those involved in paracrine signaling (32). The high-affinity neoantigen (HAN) disease-specific CD8+T cells were identified in the CD8+CD39+ TILs from HCC. Moreover, the anti-tumor activity exhibited by the high HAN group surpassed that of the low HAN group, which demonstrated a significant association with prognosis in HCC (33).

The balance between positive and negative effects of CD8+ T cells within the HCC microenvironment is complex and can be influenced by various factors. Understanding these interactions is crucial for developing effective immunotherapeutic strategies to target HCC and improve patient outcomes.




2.1.2 Infiltrating CD4+ T cells: direct or auxiliary roles in immune cell-mediated tumoricidal actions

In 1986, Mosmann et al. published a groundbreaking article delineating the CD4+ Th cell population as a heterogeneous subpopulation (34). The investigations within this seminal study unveiled disparities in cytokine class production and functional attributes among CD4+ Th clones, thereby distinguishing distinct subpopulations of cellular antigens that elicit disparate immune responses, thus demarcating the Th1 and Th2 subsets (34). Subsequently, scientists have discovered immune-regulated factors and classified CD4+ T cells into distinct subpopulations such as Th3, Tregs, Tr1, Th17, Th9, and Th22 under varying immune regulatory effects. These subpopulations interact with each other to maintain immune homeostasis (35). The presence of infiltrating CD4+ T cells has been observed in various solid tumor types. Studies on head and neck squamous cell carcinoma and colorectal cancer tumor tissues have revealed that the co-expression of PD-1 and ICOS on solid tumors identifies CD4+ T cells reactive to the tumor (36). Additionally, these co-expressed CD4+ T cells recognize both tumor-associated antigens and tumor-specific neoantigens, thereby contributing to tumor immunity (36). The significance of CD4+ T lymphocytes in tumor regression is particularly noteworthy, and the dysregulation of lipid metabolism leading to the loss of CD4+ T cells in Non-alcoholic fatty liver disease (NAFLD) can expedite the progression of HCC (37). The absence of CD4+ T cells can impede the eradication of tumor cells, and research has demonstrated that inactivation of the oncogene MYC can recruit CD4+ T cells to the tumor site and induce sustained regression of tumors (38). The presence of infiltrated cytotoxic CD4+ T cells in tumor tissue decreases as HCC progresses, with peaks observed only during the early stages of the disease. Furthermore, a decrease in CD4+ cytotoxic T lymphocyte (CTL) levels is indicative of reduced survival time and increased mortality rates among patients with HCC (39).

The role of CD4+ T cells in promoting the generation of effector CD8+ T cells for tumor immunity has garnered significant attention, as evidenced by extensive research (40). However, recent research has revealed that CD4+ T cells infiltrating bladder cancer have the ability to express and destroy their own tumors in a manner consistent with MHC-II class presentation (41) (Figure 1). The cytotoxicity of CD4+ T cells enables them to directly target tumor cells independent of CD8+ T cell assistance (42). Additionally, transferred CD4+ T cells can effectively regulate tumor growth, either in isolation or through collaborative interactions with other immune cell populations (42). The CD4+ T lymphocytes have the ability to interact with TAMs within the tumor microenvironment, thereby influencing the polarization of TAMs and shifting their phenotype towards a more anti-tumor M1-like state (43). This ultimately facilitates an effective immune response against HCC.

In summary, the impact of tumor-infiltrating CD4+ T lymphocytes on HCC progression is intricate and contingent upon the context. The equilibrium among different subsets of CD4+ T cells, their cytokine production, and interactions with other immune cells in the tumor microenvironment collectively determine whether the immune response favors tumor growth or inhibits it. Exploiting the potential of CD4+ T lymphocytes and manipulating their functions could potentially serve as a therapeutic strategy to enhance the immune response against HCC.




2.1.3 Infiltrating Tregs: modulating infiltrations in cytotoxic T cells and other immune cells

Tregs can be divided into three distinct sets, the first being tTregs produced in the thymus with high affinity for self-antigen (44), the second being iTregs generated by naive T cells stimulated by TGF-β and interleukin (IL)-2 (45, 46), and the third being pTregs secreted by peripheral mature CD4+ helper T cells upon antigen encounter (46). The Tregs possess the capacity to suppress autoantigenic responses, and the infiltration of Tregs into tumor tissue may impede the antitumor response of tumors (47, 48). A consequence of depleting Tregs in the immune response against tumors is observed. There is evidence suggesting that targeting CD25 leads to depletion of tumor-infiltrating Tregs, resulting in an anti-tumor effect (49). A study revealed a potential association between Tregs in blood, normal tissues, and tumor infiltration, suggesting a possible correlation between Tregs in normal tissues and those present in tumor-infiltrated tissues. Both types of cells exhibited heightened activation states, indicating that the tumor tissue infiltrating Tregs were likely recruited from peripheral tissues (50, 51). Therefore, targeting CD25 may have an effect on normal tissue Tregs while depleting infiltrating Tregs, thus possibly producing an anti-tumor response along with autoimmunity (52). The identification of specific targets for tumor-infiltrating Tregs holds paramount significance in the context of antitumor therapy.

The analysis of HCC tissues from 25 patients revealed a higher abundance of CD4+ CD25+ T cells in HCC compared to normal tissues (Figure 1) (53). Furthermore, the presence of this specific cell subpopulation may exert suppressive effects on the activity of CD8+ cytotoxic T cells, thereby contributing to the progression of HCC (53). As previously mentioned, Tregs, a subpopulation of CD4+ T lymphocytes, can be induced by HCC cells to secrete chemokines such as C–C motif chemokine ligand (CCL) 5,CCL22, CCL28, etc., which subsequently promote the accumulation of Tregs (Figure 2) (54–60). The findings of the study revealed that IL-8 secretion by HCC cells facilitates lactic acid accumulation, thereby augmenting the infiltration of Tregs (61). The complementary synergy arises from the accumulation of Tregs, which subsequently promotes the development of HCC (62–64). Tregs have the ability to secrete various suppressive cytokines, including IL-10 and TGF-β, which are known to inhibit the activation of CTL and Th1 CD4+ T cells. This ultimately diminishes the immune system’s killing effect and contributes to tumor development persistence (65, 66). The presence of other tumor-associated immune cells in the tumor microenvironment, along with the secretion of inducible factors by this population of immune cells, leads to the aggregation of CD4+ CD25+ Tregs, which play a crucial role in promoting tumor progression (67, 68). By analyzing the tumor tissues of 119 patients diagnosed with HCC, it was discovered that Tc17 cells, a subset of CD8+ T cells expressing IL-17, were present within the tumor tissues. Furthermore, IFNγ−Tc17 cells were identified as the predominant subgroup among the isolated Tc17 population (69). The presence of IFNγ−Tc17 was found to be associated with the progression of HCC, while CCL20 was shown to enhance the immunosuppressive capacity of IFNγ−Tc17 by promoting Tregs infiltration into tumor cells (69). The presence of tumor-infiltrating Tregs in HCC may impede the function of cytotoxic T cells and NK cells, thereby enabling immune evasion by the tumor and facilitating its growth (Figure 2) (45, 70).




Figure 2 | Effect of Tregs on tumor cells. Tumor cells secrete chemokines such as CCL22, CCL28 and CCL5 to recruit Tregs and promote tumor progression. IL-10 secreted by Tregs inhibits the infiltration of CD8+ T cells, DCs, and NK cells, indirectly promoting tumor progression.



It should be noted that the precise role of tumor-infiltrating Tregs in HCC progression can vary depending on the specific characteristics of the tumor, the patient’s immune profile, and other factors. Ongoing research is focused on unraveling the intricate interactions within the tumor microenvironment (TME) to develop targeted therapies that harness the immune system for combating HCC and other cancers.





2.2 Infiltrating B lymphocytes: auxiliary impacts on immune cell infiltration

B lymphocytes are also a constituent of the TILs. The interaction between T and B cells in the anti-tumor immune response has been well-established (71). The activation of cytotoxic and helper T cells (CTL and Th) is influenced by B cells, and depletion of B cells leads to reduced activation of CTL and Th (72). The value-added and survival of activated CTLs can be achieved through their binding to soluble CD19 secreted by CD27+ B cells, indicating a supportive role of B cells in the tumor immune response (73). B cells possess the capability to secrete cytokines IL-2 and IL-4, which facilitate the differentiation of helper T cells into Th1 and Th2 subsets, thereby actively participating in the immune response (Figure 1) (74, 75). B cells can also produce IFN-α and IFN-γ, thereby activating other immune cells such as NK cells and facilitating their involvement in tumor eradication (76). CD20+ B cells may serve as antigen-presenting cells (aAPCs), promoting T cell expansion and contributing to anti-tumor immunity (77). Inflammatory factors secreted by regulatory B cells (Bregs), including IL-10, IL-35, and TGF-β, can modulate T-cell activity (77). Moreover, Bregs possess the capability to recruit Tregs and promote tumor progression (78).

The impact of tumor-infiltrating B cells (TIBs) density on T lymphocyte infiltration in HCC has been demonstrated, while depletion of mature CD20+ B cells result in reduced local T cell activation and impaired tumor immunity (79). Subsequent investigations have revealed that the primary influence of B lymphocyte infiltration is on the expression of IFN-γ, GZB, and CD69 on CD4+ T lymphocytes, with a lesser effect observed on CD8+ T cells (79). Furthermore, Bregs directly interact with HCC cells to promote tumor growth and invasiveness through the CD40/CD154 signaling pathway (80).

In conclusion, TIBs play an important role in tumor immunity. In HCC for TIBs studies have also been progressing.




2.3 NK cell infiltration: direct tumoricidal actions and impacts on immune cell infiltration

NK cells are a critical subset of immune cells that primarily function through recognition and elimination of target cells, as well as secretion of cytokines such as IFN-γ and TNF-α to regulate the antiviral immune response (81). The presence of the inhibitory receptor NKG2A in tumors confers resistance to NK cell therapy (82). NKG2A/CD94 is an additional diverse receptor expressed on NK cells, facilitating the elimination of infected cells while preserving normal cellular function (83). Moreover, NK cells can recruit dendritic cells (DCs) to the tumor site by secreting chemokines such as XCL1, XCL2, and CCL5 (84, 85). These chemokines selectively bind to the XCR1 receptor expressed on conventional type 1 DCs (cDC1), playing a pivotal role in priming CD4+ and CD8+ T cell responses (84, 85).

Studies have demonstrated the presence of infiltrating NK cells in HCC tissues, wherein their expression is downregulated (86, 87). These NK cells can be recruited to the tumor microenvironment for direct elimination of tumor cells and promotion of dendritic cell recruitment and maturation. Moreover, the secreted cytokines also exert an influence on macrophage phagocytosis (Figure 1) (86, 87). The degree of infiltration by NK cells in HCC is positively associated with patient survival, while impaired NK cell function accelerates disease progression. Moreover, the presence of infiltrating NK cells enhances the effectiveness of sorafenib treatment for HCC (81, 88–90). Hepatocellular carcinoma-infiltrating NK cells exhibit distinct phenotypes that confer resistance to viral infection and promote antitumor activity. Additionally, these cells modulate the function of infiltrating T-cells to synergistically counteract HCC (91). The quantity of NK cells is positively correlated with the number of antigen-specific T cells, which are lymphocytes (92). NK cells can suppress antitumor responses by reducing the infiltration of T cells (92). Tumor-infiltrating NK cells are associated with Tregs, and an increase in CD4+ CD25+ Tregs may impair the ability of tumor-infiltrating NK cells to produce IFN-γ and eliminate K562 targets, thereby affecting their anti-tumor efficacy (Figure 2) (93). Due to their surveillance role and direct cytotoxicity against tumor cells, NK cells have potential as a target for immunotherapy in HCC treatment (91). Different subpopulations of infiltrating NK cells have been identified in HCC tissues, and the regulatory role of this specific subpopulation in HCC may be associated with the promotion of angiogenesis (94). GYT-303 has been designed based on the NK cell receptors NKp46 and Glypican-3 (GPC3), which have been experimentally demonstrated to mediate redirected killing of HCC cells by NK cells (95). The advantageous potential of NK cells in treating HCC was highlighted in a recent clinical study where hepatic artery infusion of NK cells resulted in a patient overall response rate (ORR) of 63.6% (96). Inhibition of NK cell activation is associated with IL-1α released from tumor tissues, which also attenuates the killing ability of CD8+ T cells; moreover, IL-1α released from tumors recruits MDSC in the tumor microenvironment and promotes HCC development (97).

Significant role in the context of cancer, including HCC progression. NK cells are a type of innate immune cell known for their ability to recognize and destroy abnormal cells, including cancer cells, without prior sensitization. Efforts to harness the potential of NK cells for cancer therapy, including HCC, are ongoing. Strategies include using NK cell-based therapies, combination therapies targeting immune checkpoints, and modifying the tumor microenvironment to promote NK cell activity. As research advances, a deeper understanding of these interactions could lead to more effective immunotherapeutic approaches for treating HCC.




2.4 Other immune cells



2.4.1 DC: assisting T cell differentiation

The DCs are a type of antigen-presenting cell (APC) responsible for capturing, processing, and presenting antigens to T cells, thereby initiating an immune response(Figure 1) (98). DCs capture tumor-derived antigens in the liver and present them to T cells in lymphoid organs like lymph nodes. This presentation is crucial for activating tumor-specific T cells that can effectively target and eliminate cancer cells (98, 99). pDCs are a subset of DCs associated with autoimmunity and capable of producing IFN-I. The secretion of IFN-I and IL-12 by pDCs facilitates the polarization of CD4+ T cells into Th1 helper T cells, which in turn promotes the accumulation of CD8+ T cells involved in the subsequent anti-tumor response (100). The presence of infiltrating pDCs has been observed in HCC tissues, and a negative correlation has been found between the degree of pDC infiltration and survival in HCC (Figure 2) (100). Infiltrating pDCs may exert an influence on the function of infiltrating Tregs in HCC, ultimately impacting the prognosis of this disease (101). However, the function of DCs is modulated by the tumor microenvironment (102). Additionally, α-fetoprotein (AFP) secreted by hepatocytes influences the function of DCs and impacts HCC progression in various ways (103). Factors associated with the tumor microenvironment (IL-10, IL-6) hinder the differentiation of DCs, decrease their maturation, and suppress T cell activation (104).




2.4.2 M2 Macrophage infiltration: facilitating cancer progression

Macrophages differentiate from monocytes and exhibit dynamic phenotypic changes in response to inflammation, tumor progression, and fibrosis. They can be categorized into two types: M1 and M2 macrophages (105). M1 macrophages possess both pro-inflammatory and anti-tumor properties, while M2 macrophages display an anti-inflammatory phenotype (106). In HCC, the predominant type of macrophage is the M2-like subtype, which has been implicated in promoting tumor growth (107). Macrophages may promote depletion of infiltrating T cells in the early stages of the tumor, leading to HCC progression(Figure 1) (108). The types of macrophages influence the trajectory of tumor progression. M1 macrophages can recruit T cells and NK cells by secreting IL-12 and (C-X-C motif) ligand (CXCL)10, while M2 macrophages and Tregs can secrete IL-10 to suppress the activation of T cells, NK cells, and DCs (109).

Macrophages exhibit a high degree of infiltration in HCC, where M2 macrophages and fibroblasts may activate TGF-β, accelerating the depletion of surrounding CD8+ T cells. This process diminishes the functionality of CD8+ T cells, thereby reducing their tumoricidal capacity (104, 110). Consequently, immune depletion is observed in HCC (104, 110). The transcription factor FOXO1 specifically targets TAMs, leading to a reduction in IL-6 secretion by these macrophages. This inhibition of IL-6/STAT3 signaling pathway effectively hampers HCC progression (111). Not only does TAM impact other TILs, but it also influences the expression of Tregs in tumors through two pathways: 1) Recruitment of Tregs via secretion of CCL22; and 2) Induction of naïve T-cells to aggregate and differentiate into Tregs (CCL18 and IL-10) (112).






3 TILs preparation

Rosenberg’s team conducted pioneering research in the field by demonstrating the antitumor activity of TILs in patients in 1980 (12). The investigation revealed that only a minority of lymphocytes infiltrating the tumor tissue are reactive to the tumor (tumor-reactive TILs), while other TILs may recognize antigens unrelated to the tumor (non-tumor-specific antigens) (31). ACT with TILs, a highly specific treatment tailored for each patient, hinges on the isolation and expansion of tumor-reactive TILs (113).This therapy involves extracting tumor tissues from patients, isolating the infiltrating lymphocytes, selecting the tumor-reactive cells, and then cultivating and expanding these cells in vitro before reinfusing them into the patient.



3.1 Separation of TIL

Obtaining the tumor tissue, typically through surgery, must be processed promptly to avoid cell death, with sources ranging from the tumor itself to metastatic lymph nodes or even peritoneal or pleural effusions (114–116). Tumor tissue is excised from the necrotic regions, while normal tissue is precisely sheared to the appropriate dimensions. Subsequently, an enzymatic digestion of a mixture containing collagenase, hyaluronidase, etc., is performed overnight to generate a homogeneous single-cell suspension (Figure 3B) (117). The enzymatically digested single-cell suspensions should undergo filtration to eliminate undigested tumor tissue, followed by Ficoll density gradient centrifugation for the purpose of purification (117). The cell concentration should be quantified in order to determine the appropriate culture density (118).




Figure 3 | Preparation of TILs. Fresh tumor tissue was obtained from the patient and subjected to fragmentation enzymatic hydrolysis, adding IL-2 for standard amplification. (A) Young TILs: Secondary amplification is performed directly after standard amplification to shorten preparation time, and then transfused back into the patient. (B) Tumor-responsive TILs were selected for amplification and then transfused back into the patient. (C) NeoScreen: During amplification, the engineered B cells of CD40 were used as antigen presenting cells, and then the antigen specific T cells were amplified and transfused back to the patient. This method can significantly increase the frequency of specific TILs.






3.2 Culture of TIL

In the pre-amplification phase, enzymatically isolated TIL or tumor tissue blocks of appropriate size are cultured in a specialized medium supplemented with a high concentration of IL-2 (119, 120). Primary cultures are typically established in 24-well plates, and the culture medium is regularly refreshed throughout the process, which usually spans a duration of 2-4 weeks (119, 120). The expanded TILs can be phenotyped using flow cytometry, while the Elispot assay enables quantification of effector T cells capable of releasing IFN-γ prior to proceeding with subsequent steps (Figure 3B) (121, 122). At this stage, a limited number of lymphocytes can be obtained, but the quantity is insufficient for retransfusion. Consequently, a high-dose expansion of lymphocytes is opted for. During the rapid expansion phase, TILs are transferred to culture flasks or permeable bags for cultivation in order to achieve a substantial cell yield. Subsequently, following the completion of the culture period, cells undergo concentration, washing, and suspension procedures to meet production specifications prior to their reinfusion (118). Conventional TIL culture methods necessitate the utilization of multiple containers and a substantial quantity of culture media and reagents, rendering them susceptible to microbial contamination and reliant on high staff expertise. To optimize the culture methodology, Jianjian Jin et al. employed permeable G-Rex bottles for TIL culture and expansion, resulting in reduced requirements for medium, reagents, and containers while maintaining comparable phenotype and cytokine production levels to those achieved with traditional methods (118).

Innovative TIL cultivation methods have emerged to precisely and rapidly obtain tumor-reactive TILs in the laboratory. In the pre-Rapid Expansion Protocol (pre-REP) phase, block-processed tumors are co-cultured with IL-2, CD3 antibodies, and 4-1BB antibodies to activate T cells, enhancing the success rate of TIL cultivation (121, 123, 124). This approach shortens the cultivation time and increases the number of expanded CD8+ TILs (123). Generally, TILs producing IFN-γ in co-culture with autologous tumor cells are considered tumor-reactive and are then expanded further, although this requires a longer cultivation time (125, 126). Rosenberg’s team introduced the “young” TIL method, eliminating the need for in vitro testing and tumor recognition of tumor fragments or digests (Figure 3A). The method rapidly expands the selected TILs, which may be antigen-reactive, thus reducing preparation time (125, 127). Another study showed that adding TGF-β during the REP phase could increase the percentage of CD8+ T cells in the TIL product without inhibiting overall T cell expansion (128). The key to enhancing the efficacy of TIL therapy lies in accurately selecting tumor-reactive T cells. The NeoScreen technology, which stimulates the expansion of TILs by loading tumor-associated antigens or neoantigens onto autologous aAPCs, offers new hope in this regard (Figure 3C). Unlike traditional TIL preparation methods, NeoScreen uses engineered B cells expressing CD40 (modified with OX40 ligand, IL-12 RNA, and 4-1BB ligand) as aAPCs in early culture stages to significantly increase the frequency of antigen-specific TILs, thereby expanding antigen-specific T cells (129, 130).




3.3 The return of TIL

The monitoring of residual tumor cells after TIL expansion can be achieved through the utilization of flow cytometry (FCM), immunohistochemistry (IHC), and fluorescence in situ hybridization (FISH) (131). Therapeutic products based on TILs are subject to stringent regulatory requirements ensuring their safety, purity, and potency. Prior to TIL administration, patients typically undergo lymphatic clearance as a means to enhance the therapeutic efficacy of this treatment approach.

Several immune cell populations, including MDSCs, Tregs, and TAMs, potentially influence the therapeutic efficacy of TIL by modulating T cell function (132). The nonmyeloablative clearance of lymphatics enhances the survival, persistence, and antitumor activity of TILs by eliminating Tregs, increasing intracellular homeostatic maintenance factors such as IL-7 and IL-15, and eliminating NK cells and myeloid cells that compete for these trophic factors (133). In addition, lymphatic clearance promotes CD8+ T cell proliferation and increased loss of tolerance to self-antigens, thereby enhancing the antitumor activity of T cells. At the same time, APCs have an increased cellular capacity, and lymphatic clearance leads to apoptosis that stimulates DC activation and promotes their migration to the lymph nodes, enhancing antigen-specific T cell responses (134, 135). The preferred mode of input is typically intravenous administration, although alternative modes such as intraperitoneal or intraperitoneal infusion may be utilized in select cases (136).





4 Targeting tumor specific neoantigens

In TIL therapy, precise targeting of neoantigens and in vitro expansion of T cells expressing specific TCRs, along with the maintenance of clonality in amplified T cells in vivo, is crucial for ensuring the specificity of TIL therapy. Dr. Rosenberg’s team has gained prominence by employing genetic engineering techniques or targeting surface markers.



4.1 Genetic engineering technology targets neoantigens

Previous studies have demonstrated that functional recognition of tumor-specific antigens by surface TCRs can be assessed in vitro cultured TILs. However, the non-specific expression on paracrine TILs may impact the accuracy of antitumor TIL recognition (137). The utilization of innovative peptides loaded with human leukocyte antigen (HLA) protein multimers to identify neoantigen-reactive T cells necessitates patient-specific investigations and is subject to certain limitations (137). In a recent study, researchers employed single-cell transcriptomics to analyze CD8+ T cells labeled with circulating neoantigens in peripheral blood. The utilization of the peripheral blood circulating neoantigen research approach offers enhanced convenience and reduced time consumption for investigating antitumor T cells and their TCR clonal phenotypes compared to invasive surgical methods required for obtaining TILs (137). However, given the existing technical and resource limitations, this study is still in its preliminary stages, necessitating further investigation to exclude the presence of non-antitumor-reactive T cells. The TP53 gene is frequently mutated across various cancer types, and its encoded protein, p53, serves as a pivotal tumor suppressor gene that holds great potential for targeted immunotherapy against cancer (138). Studies investigating TIL and peripheral blood lymphocytes (PBL) have demonstrated the potential of T-cells to recognize TP53-mutated tumors, thereby presenting an opportunity for utilizing peripheral blood as a non-invasive therapeutic modality (139). In the context of this study, TIL with mutated p53 were cultured and subjected to in vitro screening. Subsequently, these modified TIL were reinfused into patients, resulting in the generation of neoantigen-responsive TIL through co-culturing with autologous APCs (140). Encouragingly, remission was observed in 2 out of 12 treated patients (140). However, TILs targeting neoantigens exhibit a limited presence of mutant p53-responsive T cells as well as diminished persistence (140). Researchers have also endeavored to clone TCRs responsive to p53 neoantigens into retroviral vectors for transduction into PBL derived from healthy donors, which has demonstrated superior therapeutic efficacy compared to TIL and is anticipated to streamline the treatment cycle by reducing the time required for neoantigen screening and T cell culture (140).

RAS oncogene mutations are observed in approximately 30% of cancer patients, and the successful targeting of TILs in KRAS-mutated colorectal cancer patients has been demonstrated in previous studies (141, 142). In recent studies, the feasibility of screening and stimulating TIL amplification using specialized RAS hotspot mutation reagents, or identifying and isolating other low-frequency RAS-responsive T cells in metastatic cancer patients’ PBL has been demonstrated (142). Previously, HLA-C*08:02-restricted TCRs targeting KRAS G12D were identified from TILs of patients with metastatic pancreatic cancer (143). These TCRs were engineered into autologous T cells and administered to a patient with metastatic pancreatic cancer, resulting in objective regression of the disease through this TCR gene therapy (143). This approach may offer new avenues for treating pancreatic cancer. By utilizing CRISPR, scientists were able to eliminate Cytokine-induced SH2 protein (CISH) from primary human TIL and observed that the resulting CISH deficiency led to an enhancement in TIL function as well as recognition of neoantigens (144).

In a recent clinical study, Rosenberg and his team administered mutation-reactive autologous lymphocytes to treat breast cancer, resulting in objective tumor regression observed in three out of six subjects (145). The method replaces tumor cells with tandem minigenes (TMGs) or peptides representing cancer mutations, eliminating the need to culture tumor cell lines and making it more convenient and faster (146). The specific steps involve identifying somatic mutations, constructing tandem minigenes and transfecting autologous APCs, co-cultivating tandem minigenes and peptide pools with autologous antigen-presenting DCs, and inducing T-cell competence for TILs capable of recognizing autologous mutations (146). The limited number of mutations in breast cancer and the small sample size prevent the assessment of both the abundance and number of neoantigenic responses, necessitating further studies (145).




4.2 Target neoantigens by surface markers

The enrichment of tumor-reactive T cells is achieved through the screening of T cells that co-express two or more dysfunctional markers and specific gene signatures. Surface marker-based sorting methods have the potential to enhance the effectiveness and efficiency of screening neoantigen-reactive TCRs from human TILs. Expression of the CD39CD69 marker correlated with T cell function, while stem-like CD8+ T cells were described as CD39-CD69- T cells (147). The phenotype of anti-tumor TILs is characterized by the presence of CD39CD69; however, it should be noted that TILs currently exist in a terminally differentiated state and exhibit limited persistence in patients (147).

To expedite and enhance the screening process for neoantigen-reactive TILs, scientists isolated CD8+ T cell receptors linked to neoantigen responses from metastatic tumor digests by scrutinizing the single-cell transcriptomic profile of neoantigen-specific T-cell clonal phenotypes and identifying T-cells that co-express PD-1, CD39, and TIGIT markers (148). The proliferation and survival capacity of this method for screening new antigen-specific T cells in vitro is limited, thereby restricting its potential as a viable cell therapy product (148). Ken-ichi Hanada et al. employed CITE-seq (Cellular Indexing of Transcriptomes and Epitopes by Sequencing) and TCR-seq (TCR sequencing) technologies to examine fresh TILs in non-small cell lung cancer (149). They developed neoantigen-reactive T cell markers based on clonotype frequency, CD39 protein expression, and CXCL13 mRNA levels, and screened for neoantigen-reactive TCRs in both CD8+ and CD4+ T cells (149). The markers CD39 and CXCL13 have been identified as indicators of neoantigen-responsive T cells, facilitating the rapid identification of neoantigen-responsive TCRs and expediting the development of personalized therapies targeting neoantigens (149).




4.3 Machine learning models predict neoantigens

The prediction of neoantigen immunogenicity encounters the following challenges (150): a) Data limitation: The available neoantigen datasets are limited in size and exhibit bias, thereby failing to fully capture the diversity and degree of variation among neoantigens. b) Data quality: Existing datasets suffer from survival bias, sample source bias, and tumor type bias, which can potentially impact the training and predictive outcomes of models. c) Negative sample data: Supervised learning for neoantigen recognition necessitates negative sample data; however, technical and biological factors may introduce “false negatives,” wherein certain circumstances demonstrate immunogenicity for some neoantigens while others do not. d) Limited prediction scope: Current models predominantly focus on predicting CD8+ T cell responses, with less emphasis on predicting CD4+ T cell responses that pose greater challenges. To address these limitations, the researchers devised a novel approach integrating machine learning and bioinformatics techniques to enhance the predictive accuracy of neoantigen immunogenicity (150). This method was trained on a comprehensive dataset and its performance was validated through comparison with experimental data. The findings demonstrate a significant breakthrough in neoantigen immunogenicity prediction, offering crucial support for advancements in cancer immunotherapy (150). By employing machine learning models to analyze extensive sets of validated tumor neoantigen data, it becomes feasible to ascertain the specific mutant neoantigens that can be effectively recognized by T cells, thereby facilitating the targeted recognition and activation of TILs towards these neoantigens (151).




4.4 TIL therapy was predicted by combining immune features of HCC

The analysis of HCC revealed the presence of ten frequently mutated genes, namely TP53, TTN, CTNNB1, MUC16, ALB, PCLO, MUC, APOB, RYR2 and ABCA (152). Notably, a high tumor mutational burden (TMB) was observed indicating substantial genomic heterogeneity in the tumor tissue (152). This finding may have implications for both patient survival and the extent of immune infiltration. PD-1 and TIGIT markers are expressed by depleted CD8+ T cells, which constitute a substantial proportion of HCC (153). They utilized whole exome sequencing (WES), RNA sequencing (RNA-seq), computational bioinformatics, and IHC to predict neoantigens in 22 patients diagnosed with HCC (154). Their findings revealed that patients harboring TP53 neoantigens exhibited a significantly prolonged overall survival rate (154). Furthermore, they observed enhanced infiltration of cytotoxic lymphocytes and heightened immunocytolytic activity within the TP53 neoantigen group (154).

We summarized the clinical trials of TIL therapy applied to solid tumors in the last 10 years (Table 1). The utilization of TILs is an emerging field in immunotherapy, offering a glimmer of hope for patients with solid tumors that have shown resistance to conventional immunotherapies. The application of TILs in HCC is currently being investigated through clinical trials. A total of 15 patients with primary HCC received TIL infusion following hepatectomy, resulting in disease-free status for 12 patients and tumor recurrence for the remaining three (16). All experiments have demonstrated the safety and efficacy of autologous TIL cell reinfusion. Another clinical trial on TILs in HCC (NCT04538313) is currently underway, focusing on the safety and tolerability of autologous TILs for treating high-risk recurrent primary HCC; however, the results of this trial have not yet been published. The field of TILs therapy for the treatment of HCC is continuously evolving, and efforts are underway to optimize treatment regimens, refine patient selection criteria, and explore combinations of therapies.


Table 1 | Important clinical trial of TIL therapy for solid tumors.



The primary bottleneck in hepatocellular TIL therapy lies in the identification and targeting of neoantigens, as well as the enrichment, expansion, and maintenance of antigen-specific T cells’ activity and clonogenicity. While traditional expansion methods may not suffice for achieving these goals, we can employ mutant gene screening to identify the TCRs of antigen-specific TILs and genetically engineer them for transcription into autologous T-lymphocytes. TP53 is a frequently mutated gene in HCC and represents a potential immunotherapeutic target for this disease. Several studies have successfully transduced TCRs specific to TP53 mutations into autologous lymphocytes, demonstrating promising efficacy and offering novel insights for the development of immunotherapy strategies against HCC (140).





5 Critical signaling pathways related to TILs in HCC

The occurrence and development of HCC is a complex process, often involving the aberrant activation of multiple signaling pathways. Previous studies have revealed a close association between the dysregulation of NF-κB, TGF-β, Wnt/β-Catenin, and JAK-STAT signaling pathways and the progression of HCC (16, 155, 156). The aberrant activation of the JAK-STAT signaling pathway contributes to hepatocyte development and progression (157). The NF-κB signaling pathway exerts a negative regulatory effect on the STAT3 signaling pathway, and ablation of STAT3 can effectively prevent the development of HCC (157). The aberrant activation of the Wnt/β-Catenin signaling pathway has been implicated in the metastasis of HCC (158, 159). The TGF-β signaling pathway exhibits a dual role in tumor biology, with early pathway activation primarily inhibiting tumor development while sustained aberrant activation of the late pathway promotes tumor progression (160).



5.1 TGF-β signaling pathway

TGF-β is a cytokine that governs diverse cellular processes, encompassing cell proliferation, differentiation, and immune responses (160). In the typical TGF-β signaling pathway, the TGF-β ligand family binds to type II and type I receptors on the cell membrane, forming complexes. Subsequently, phosphorylation of the type II receptor activates the type I receptor, which then recruits and activates downstream SMAD2/3 proteins (161, 162). This activation induces aggregation of Smad proteins in the nucleus for transcriptional regulation as transcription factors (161, 162). The interaction between SMAD4 and the SMAD2/3 protein leads to the formation of a complex that facilitates the transmission of TGF-β signals (Figure 4) (160). In the early stages of HCC, TGF-β exerts tumor-suppressive effects by inhibiting cellular proliferation and inducing cell cycle arrest. However, in advanced stages, dysregulation of the TGF-β signaling pathway occurs, resulting in the progression of HCC (163).




Figure 4 | TGF-β signaling pathway. The TGF-β ligand family binds to type II and type I receptors on the cell membrane to form complexes. Phosphorylated type II receptors activate type I receptors to recruit and activate downstream SMAD2/3 proteins. SMAD4 interacts with SMAD2/3 proteins to form complexes, thereby inducing Smad proteins to aggregate in the nucleus. Transcriptional regulation as a transcription factor. TGF-β induces Tregs cell differentiation and promotes tumor progression. Inhibition of CD8+ T cells, CD4+ T cells, NK cells, DC infiltration. JAK-STAT signaling pathway. Cytokine binds to cell membrane surface receptor to activate JAK (Janus kinase) which activates the receptor, activated JAK binds and phosphorylates STAT protein, phosphorylated STAT protein forms a dimer, enters the nucleus and binds to DNA to regulate gene transcription. JAK-STAT signaling pathway induces Tregs differentiation, inhibits CD8+ T cell aggregation, affects sentence realization and cell transformation into M2 macrophages, and also promotes the survival of NK cells and DCs. Wnt/β-Catenin Signaling pathway. The Wnt protein binds to the Frizzled receptor on the cell membrane surface to form the Wnt-Frizzled complex. The activated Frizzled receptor interacts with the LRP to further activate the downstream signaling molecules. β-Catenin interacts with the complex and degrades and releases β-catenin, and the activated signaling molecule inhibits the activity of GSK-3β enzyme and prevents its phosphorylation of β-catenin, thereby stabilizing β-catenin. After the stable accumulation of β-Catenin enters the nucleus, it binds to the TCF/LEF transcription factor family and initiates the transcription of downstream target genes. Wnt/β-Catenin can inhibit the infiltration of CD8+ T cells and DCs, promote the differentiation of macrophages into M2 type and the infiltration of Tregs, and promote the development of tumors. NF - κB signaling pathway. Toll-like receptor (TLR), TCR, B cell receptor (BCR), tumor necrosis factor receptor (TNFR), and IL-1R stimulate NF-κB signaling. TNFR activation triggers TRADD aggregation, and TRAF2 interacts with protein kinase RIP1. RIP1 ubiquitinates and recruits NEMO. IκB is phosphorylated by the IKK complex, which labels iκbα by phosphorylation and subsequently degrades NF-κB (p50-p65) via a ubiquitin-dependent pathway and is transported to the nucleus. Inactivation of NF-κB signaling pathway can promote tumor progression and affect CD8+ T cells, and normal activation can promote the activation of CD8+ T cells and DCs. Overactivation increases the number of MDCS and also affects the transformation of macrophages from M2 phenotype to M1 phenotype.



The dysregulated TGF-β signaling pathway in HCC can exert both direct and indirect effects on TILs. Within the tumor microenvironment, IFN-γ can induce the expression and secretion of TGF-β in HCC cells (Figure 4). Consequently, TGF-β directly inhibits the infiltration and activation of cytotoxic T cells, thereby impairing their anti-tumor activity (164, 165). The induction of Tregs differentiation also leads to the inhibition of effector T cell function and suppression of the anti-tumor immune response (166). The activities of SMAD, TGF-β receptor, and TGF-β can serve as indicators of the level of activation in the TGF-β signaling pathway. Nicotinamide nucleotide transhydrogenase-antisense RNA1(NNT-AS1) is found to be upregulated in HCC tissues, and its expression positively correlates with that of TGF-β, TGFβR1, and SMAD1/5/9 (164). This suggests that NNT-AS1 activates the TGF-β signaling pathway in HCC, leading to inhibition of CD4+ T cell infiltration and establishment of an immune escape mechanism (164). The expression of TGF-β induces the differentiation of tumor-infiltrating CD4+ naïve T cells into Tregs, thereby suppressing effector T cell function and inhibiting the anti-tumor immune response (166). The Tregs are capable of modulating the TGF-β signaling pathway, thereby promoting epithelial-mesenchymal transition (EMT) in HCC tumor cells, which is closely associated with hepatocyte metastasis (167). Cancer-associated fibroblasts (CAFs), which are present in the microenvironment of HCC, also belong to a subset of infiltrating immune cells. They have the ability to activate the TGF-β pathway, leading to the development of an immunologically compromised microenvironment in HCC (110). Chemokines secreted by CAFs, such as CCL2, CCL5, CCL7, and CXCL16, have been implicated in the progression of HCC (168). Specifically, CCL2 and CCL5 can activate the Hedgehog pathway, thereby promoting HCC migration. On the other hand, CCL7 and CXCL16 stimulate the activation of the TGF-β pathway in HCC, leading to metastasis (168). CXCL16 induces phosphorylation of SMAD2 and SMAD3 in HCC cells, thereby activating the TGF-β pathway. This direct activation of the TGF-β pathway has a significant impact on NK cell function (169). The DCs play a crucial role as aAPCs, and the suppression of MHC-II gene expression by TGF-β hampers the antigen-presenting capacity of DCs in vitro, thereby impacting the anti-tumor immune response (170). The secretion of TGF-β and IL-10 by MDSC in tumors has been demonstrated to inhibit the function of effector T cells and suppress antitumor responses (171, 172). The expression of Protein tyrosine kinase 7 (PTKP) is significantly upregulated in patients with advanced HCC, indicating its potential as a therapeutic target. PTKP enrichment enhances the metastatic potential of hepatocytes, which is regulated by the TGF-β pathway and SOXP activators (173).




5.2 JAK-STAT signaling pathway

The JAK-STAT pathway is a crucial signaling pathway involved in regulating normal cellular growth, survival, differentiation, and immune response (174, 175). In HCC, this pathway can become dysregulated due to genetic alterations or abnormal cytokine signaling, resulting in tumor progression (176). The binding of cytokines to cell membrane surface receptors triggers the activation of JAK (Janus kinase), which in turn activates the receptor, leading to its phosphorylation and subsequent binding and phosphorylation of STAT proteins (Figure 4) (177, 178). The resulting phosphorylated STAT proteins form dimers that translocate into the nucleus, where they bind to DNA and regulate gene transcription (177, 178).The JAK-STAT signaling pathway exerts direct or indirect regulation on various types of TILs within the microenvironment of HCC, thereby impacting their invasion, differentiation, apoptosis, cytotoxicity, and interaction. This pathway plays a crucial role in the development of HCC (Figure 4).

The expression of MEK inhibitors upregulates the JAK-STAT signaling pathway, thereby partially driving the upregulation of antigen-processing components (179). Consequently, this leads to an increased infiltration of CD8+ T cells in certain tumors and enhances their antitumor capacity (179). The secretion of IL-6 by HCC tumor cells, macrophages, and DCs is observed. The activation of the JAK-STAT signaling pathway mediated by IL-6 has been implicated in the pathogenesis of HCC (180). The activation of the stat signaling pathway by IL-6 may lead to the differentiation of CD73+γδ Tregs and subsequently impair the tumor-killing function of CD8+ T cells (181). The activation of the IL-6 signaling pathway in HCC enhances tumor infiltration of Tregs that suppress cytotoxic CD8+ T cells, thereby promoting immune evasion and tumor progression (182). The activation of the JAK-STAT signaling pathway in Native CD4+ T cells has been demonstrated to induce differentiation, proliferation, and suppression of anti-tumor responses in Th17 cells (183). Upon stimulation, dendritic cells secrete cytokines such as IL-12 to initiate the JAK-STAT signaling pathway (184). Subsequently, this activation of the JAK-STAT signaling pathway by dendritic cells facilitates the differentiation and maturation of Th1 cells, thereby promoting an effective immune response (184). Cytotoxic CD8+ T cells, NK cells, and other cell types have the capability to express chemokines CXCL9, CXCL10, and CXCL11 that are associated with T-cell helper type 1 function. Within the tumor microenvironment, stimulation of stat1 by IFN-γ influences the expression of Th1-type chemokines, leading to a reduction in the functional capacity of TILs (185). The secretion of IL-6 by fibroblasts in various tissues activates the JAK-STAT signaling pathway and upregulates the NOX4 gene, thereby promoting tumorigenesis and angiogenesis (blood vessel growth) (186). Other factors present in the tumor microenvironment, such as IL-4, activate the STAT3 signaling pathway in macrophages, leading to their transformation into M2 macrophages. These M2 macrophages can contribute to tumor development by directly or indirectly suppressing cytotoxic cell populations, including CD8+ T cells and NK cells (187–189). The activation of the JAK-STAT signaling pathway in M2 macrophages results in upregulated expression of cytokines PIM1 and VEGF-α, thereby promoting hepatocyte proliferation and metastasis (190). The activation of NK cells in HCC is associated with the STAT signaling pathway in HCC cells. Blocking IL-6-stimulated STAT3 activation in these cells may lead to alterations in cytokines within the tumor microenvironment. The consequence of this is a reduction in the secretion of TGF-β and IL-10, an increase in type I interferon levels (which activates NK cells, DCs, CD4+ T cells, and CD8+ T cells), stimulation of NK cells, and augmentation of anti-tumor immunity (191, 192). When the JAK-STAT pathway is dysregulated in HCC cells, immunosuppressive cytokines such as IL-10 and TGF-β may be produced to inhibit the function of TILs and impair their ability to infiltrate and attack HCC cells, thereby facilitating tumor immune evasion (171, 193, 194).




5.3 Wnt/β-catenin signaling pathway

The Wnt/β-catenin signaling pathway is a complex and evolutionarily conserved signaling cascade that plays crucial roles in cellular development, proliferation, apoptosis, and other physiological processes, thereby exerting profound effects on fundamental biological functions (195, 196). The Wnt protein binds to the Frizzled receptor on the cell membrane surface, forming the Wnt-Frizzled complex and inducing conformational changes (197). Subsequently, the activated Frizzled receptor interacts with LRP to further initiate downstream signaling involving molecule (197). The degradation of β-Catenin is associated with a complex consisting of kinases CK1 and GSK3, as well as suppressor proteins AXIN and APC (198). The dishevelled protein (DVL) mediates the interaction between the Frizzled receptor and a complex, facilitating the release of β-catenin from degradation (198–200). The activated signaling molecule inhibits the activity of the GSK-3β enzyme, thereby preventing its phosphorylation of β-catenin and facilitating the stabilization of β-catenin (197). The stable accumulation of β-Catenin within the nucleus leads to its binding with the TCF/LEF transcription factor family, thereby initiating downstream target gene transcription (Figure 4) (197). The dysregulation of the Wnt/β-Catenin signaling pathway in hepatocellular cancer cells may contribute to the progression of early-stage HCC (201–204). The arid nature of HCC is a prominent contributor to the recurrence and drug resistance of liver cancer, with metastasis occurring predominantly in the advanced stages of the disease, which can be attributed to aberrant activation of the Wnt/β-Catenin signaling pathway (205–209). KIAA1522 exhibits high expression levels in HCC and activates the Wnt/β-Catenin signaling pathway, thereby promoting the progression of HCC (201). Aberrant activation of the Wnt/β-catenin cascade has been observed at the genetic level in 30% to 40% of HCC cases, with elevated Wnt expression being associated with a poorer prognosis for HCC (210, 211).

The activation of the Wnt/β-Catenin signaling pathway in HCC is closely associated with the infiltration of TILs (Figure 4). Excessive activation of this pathway can impact both T cell infiltration and their anti-tumor effects, ultimately leading to immune evasion by the tumor. Studies have demonstrated that the Wnt/β-Catenin signaling pathway exerts inhibitory effects on the anti-tumor activity of TILs through two distinct mechanisms: 1. modulating the functionality and differentiation of Tregs. 2. influencing the infiltration of CD8+ T cells into tumors (212, 213). The sBBI&PDP nanoparticles, consisting of racemic spherical supramolecular peptides, effectively suppressed the hyperactive Wnt/β-Catenin signaling pathway while simultaneously inhibiting endogenous PD-L1 expression (214). This dual action resulted in enhanced infiltration and activation of CD8+ T cells within the tumor microenvironment (214). Not only that, the Wnt/β-Catenin signaling pathway in the tumor microenvironment exerts a significant impact on various types of TILs. The Wnt/β-Catenin signaling pathway plays a crucial role in the development and function of DCs, with CD103+ DCs serving as a pivotal subset within the DC population that drives effector T cell responses and contributes to the recruitment of effector T cells (215, 216). However, activation of the Wnt/β-Catenin signaling pathway leads to a reduction in CD103+ DCs, which are crucial for recruiting effector T cells through the release of chemokines CXCL9 and CXCL10. Consequently, the Wnt/β-Catenin signaling pathway hampers effector T cell infiltration into tumor tissues, thereby favoring continued tumor development (215, 216). The activation of β-Catenin in HCC cells directly impacts the infiltration of DCs (217). The differentiation of macrophages in the tumor microenvironment is also regulated by the Wnt/β-Catenin signaling pathway. Macrophage-derived Wnt ligands activate Wnt signaling in tumor cells, and the Wnt signaling produced by tumor cells also influences macrophage differentiation (218, 219). The evidence suggests that Wnt ligands secreted by tumor cells facilitate the activation of the macrophage Wnt/β-Catenin signaling pathway, thereby inducing polarization of macrophages towards an M2-like phenotype and ultimately promoting tumor growth (218, 219). The expression of LINC00662 in HCC exhibited an upregulation trend, activating Wnt/β-catenin signaling by inducing the secretion of Wnt3. This activation inhibited apoptosis and promoted invasion of HCC cells (219). The association between high expression of Wnt3 and low infiltration of CD8+ T cells in HCC has been demonstrated (211). The infiltration of Tregs cells in tumor tissue promotes the progression of HCC, and their secretion of negative immunomodulatory factors (Foxp3, TGF-β, and IL-10) is associated with activation of the Wnt/β-catenin signaling pathway (220). The coexistence of TCF-1 and Foxp3 imposes a constraint on the expression of Tregs, while activation of the Wnt/β-catenin signaling pathway disrupts this constraint and facilitates disease progression (221).




5.4 NF-κB signaling pathway

The NF-κB signaling pathway is crucial in regulating immune response and inflammation, and its dysregulation has been linked to various diseases, including cancer (222). The NF-κB pathway is a highly conserved signaling pathway, and its aberrant activation plays a crucial role in tumorigenesis and progression. Among the canonical pathways that activate the NF-κB signaling pathway, stimulation of Toll-like receptor (TLR), T-cell receptor (TCR), B-cell receptor (BCR), tumor necrosis factor receptor (TNFR), and IL-1 receptor (IL-1R) have been shown to activate NF-κB signaling (223, 224). The activation of TNFR triggers the aggregation of TRADD, the interaction between TRAF2 and protein kinase RIP1, the ubiquitination of RIP1, and the recruitment of NEMO (225–227). The IKK complex (composed of two kinases, IKKa and IKKb, and a regulatory subunit, NEMO) phosphorylates IκB to label IκBα for degradation via a ubiquitin-dependent pathway. NF-κB (p50-p65) is then translocated into the nucleus (Figure 4) (228, 229). The NF-κB signaling pathway in HCC cells also influences intracellular cholesterol levels, leading to pro-inflammatory effects on cholesterol (230). The activation of the NF-κB signaling pathway in HCC cells is associated with HCC angiogenesis, tumor growth, and metastasis. IKKβ-dependent classical NF-κB signaling regulates cell survival, immunity, and inflammation, influencing HCC progression (231–233).

The NF-κB signaling pathway not only impacts HCC cells themselves but also plays a crucial role in the recruitment, inactivation, antitumor effects, and interactions of TILs (Figure 4). The initial activation of primitive T cells through TCR and co-stimulatory signaling relies on the canonical NF-κB pathway (234). Inhibiting the NF-κB pathway in T cells hampers their differentiation into Th1 cells (235). The anti-tumor effects of CD8+ T cells are linked to the activation of the NF-κB signaling pathway, and studies have demonstrated that impaired activation of this pathway leads to reduced responsiveness in CD8+ T cells (236). The down-regulation of TPX2 expression in tumor-infiltrating CD8+ T lymphocytes in HCC leads to the inactivation of the NF-κB signaling pathway, resulting in a weakened anti-tumor effect of these lymphocytes (237). The activation of the NF-κB signaling pathway in TAM and MDSCs induces the expression of pro-inflammatory factors (IL-10) and chemokines (CCL17, CCL2), while inhibiting the expression of inflammatory cytokines (TNF α, IL-1, IL-6, etc.), leading to M2 macrophage activation and tumor evasion (238, 239). The inhibition of the NF-κB signaling pathway in TAMs shifts their phenotype from a tumor-promoting M2 state to an m1-like cytotoxic state, thereby facilitating tumor regression (240). In addition, activation of the NF-κb signaling pathway in hepatocellular cancer cells leads to CCL9 secretion and promotes TAM recruitment (241). The hyperactivation of the WDR6/UVRAG/NF-κB pathway in HCC cells leads to an increase in the population of MDSCs within the tumor and a decrease in the infiltration of CD8+ T lymphocytes, thereby promoting HCC progression (242). The maturation of DCs was associated with the activation of the NF-κB signaling pathway induced by 4-1BB co-stimulation, which also promoted the growth of tumor-specific CD8+ TILs (243). In hepatocytes, activation of the NF-κB signaling pathway inhibits apoptosis and contributes to tumor development (244).





6 Discussion

The presence of TILs in HCC can exert a significant impact on its progression. For instance, CD8+ T cells, NK cells, and B cells have been shown to possess inhibitory effects on tumor progression, whereas Tregs, MDSCs, and macrophages contribute to the formation of an immunosuppressive microenvironment. The efficacy of TIL may be influenced by multiple factors, including the tumor’s mutational burden and microenvironment, the diversity of TCR libraries, the functionality and abundance of TILs themselves, the differentiation state of TILs, the presence of antitumor phenotypes, and the clonability within the tumor.

TIL, which possess tumoricidal activity, specifically recognize neoantigens unique to tumors. The infiltrative capacity of TIL is influenced by the number of tumor-induced mutations, thereby impacting therapeutic efficacy (245). For instance, malignancies characterized by a higher mutational burden, such as melanoma, exhibit an augmented repertoire of neoantigens for immune recognition and consequently demonstrate superior prognoses compared to breast cancers with a lower mutational load (145). Antigen-specific TILs may exhibit a state of depletion and encounter antigen loss during the amplification process, or demonstrate limited clonogenic capacity following infusion, thereby impeding the generation of a sustained immune response (246). The stimulation factors related to tumor microenvironment also affect the activation state of TIL (247). To tackle the challenge of targeting neoantigens with TIL and enhancing their ability to induce a sustained immune response in vivo, researchers conducted a screening process to identify TCRs reactive against neoantigens (137). Subsequently, these TCRs were genetically engineered for transcription into autologous lymphocytes, aiming to enrich for reactive TIL and enhance therapeutic efficacy (137). Efforts are underway to develop technologies for targeting neoantigen-specific T cells through the sorting of multiple surface markers (148). Considering the immunological characteristics of HCC, we also propose the potential application of genetically modifying TP53 mutation-responsive TCR into PBL for therapeutic purposes.

Dysregulated TGF-β signaling in HCC can result in immune evasion and tumor progression. Within the tumor microenvironment, it exerts direct or indirect effects on the infiltration of TILs. The TGF-β signaling pathway contributes to impaired activation of cytotoxic T cells, enhanced activation of Tregs, and reduced activation of NK cells and DCs, thereby influencing the progression of HCC. Enhancing our understanding and modulation of TGF-β signaling pathways while harnessing the potential of TILs is anticipated to enhance therapeutic outcomes for HCC.

The JAK-STAT signaling pathway plays a pivotal role in the regulation of HCC progression, impacting the infiltration of TILs, including T-lymphocytes and NK cells, within tumor tissues. Moreover, it exerts influence on the differentiation and synergistic anti-tumor effects of other immune cells such as macrophages and dendritic cells. However, further investigation is warranted to comprehensively elucidate the intricate interactions between the JAK-STAT pathway and TILs in HCC, as well as to develop efficacious therapeutic strategies that harness these interactions for improved patient prognosis.

Aberrant activation of the Wnt/β-Catenin signaling pathway in HCC profoundly impacts the growth and differentiation of diverse subsets of TILs, exerting direct or indirect effects on metastasis, immune evasion, and HCC development (248). Dysregulated Wnt/β-Catenin signaling also disrupts dendritic cell activation and antigen presentation, diminishes effector T-cell infiltration, and promotes macrophage polarization towards the M2 phenotype to facilitate tumor progression.

The interplay between NF-κB signaling pathway and TILs is implicated in inflammation-associated HCC progression. Moreover, NF-κB signaling modulates M1/M2 macrophage differentiation as well as T lymphocyte differentiation and infiltration. Given the intricate crosstalk among NF-κB signaling, TILs, and the tumor microenvironment in HCC pathogenesis, ongoing investigations are exploring potential therapeutic strategies targeting these pathways. These approaches encompass immunotherapies aimed at augmenting TIL function, inhibitors of NF-κB signaling to attenuate inflammatory and pro-tumorigenic signals, as well as combination therapies concurrently modulating both pathways.

Previous research has confirmed that the addition of TGF-β during the laboratory culture phase can increase the percentage of CD8+ T cells in TIL products, enhancing their anti-tumor activity (128). Our study also summarizes how the activation of specific signaling pathways can affect the state of infiltrating TILs in HCC, thereby influencing the disease outcome. Building on this, we anticipate that incorporating factors related to these signaling pathways during the TIL cultivation phase for HCC might regulate these pathways and impact the TIL product, offering new perspectives for the cultivation of HCC in TILs. Exploring the mechanisms underlying the impact of dysregulated signaling pathways on different types of TILs and their direct or indirect effects on HCC opens up new avenues for research. The combination of signaling pathways and TILs for the management of HCC may emerge as a promising therapeutic approach in future studies.
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Hepatocellular carcinoma (HCC) is a prevalent malignancy, often associated with compromised immune function in affected patients. This can be attributed to the secretion of specific factors by liver cancer cells, which hinder the immune response and lead to a state of immune suppression. Polysaccharides derived from traditional Chinese medicine (TCM) are valuable constituents known for their immunomodulatory properties. This review aims to look into the immunomodulatory effects of TCM polysaccharides on HCC. The immunomodulatory effects of TCM polysaccharides are primarily manifested through the activation of effector T lymphocytes, dendritic cells, NK cells, and macrophages against hepatocellular carcinoma (HCC) both in vivo and in vitro settings. Furthermore, TCM polysaccharides have demonstrated remarkable adjuvant antitumor immunomodulatory effects on HCC in clinical settings. Therefore, the utilization of TCM polysaccharides holds promising potential for the development of novel therapeutic agents or adjuvants with advantageous immunomodulatory properties for HCC.
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1 Introduction

According to the data provided by the World Health Organization (WHO), hepatocellular carcinoma (HCC) is the world’s sixth most common malignant tumor and the third leading cause of cancer death worldwide in 2020 (1). It is characterized by a short duration of illness and is difficult to heal, and the invasion, metastasis, and spread of HCC cells are the reasons for the high mortality rate of this disease (2). The conventional treatment of HCC is still mainly surgical resection, supplemented by drug therapy, but the disadvantage of surgical treatment of HCC is its high risk and challenging nature (3). The recurrence rate of surgical treatment is as high as 70% within 5 years (4). The effectiveness of traditional therapies for HCC is not satisfactory, so it is increasingly urgent to find new therapeutic methods for HCC. The early research on HCC mainly focuses on the tumor cells themselves. Still, with the deepening of the research, the focus has shifted to the surrounding tissue environment of the tumor. Especially, it has been reported that the occurrence, progression, and recurrence of HCC are closely related to its immune microenvironment (5–7).

The immune system has the functions of immune surveillance, defense, and regulation, and is composed of immune organs, immune cells, and immune active substances. The reason why tumors can escape the immune surveillance of the body is principally because they can produce excessive immunosuppressive factors, resulting in poor antitumor immune function in patients, which is not enough to produce a strong antitumor immune response to clear tumor cells (8–10). Therefore, the immunosuppressive microenvironment of HCC can provide a favorable condition for tumor growth, and immunotherapy is one of the effective methods to inhibit HCC growth (11).

Since the Japanese scholar Haoro Chihara first discovered in 1968 that Lentinan polysaccharide regulates tumor immune response, an upsurge in the research on the regulation of tumor immune response by Traditional Chinese Medicine (TCM) polysaccharides is booming (12). Polysaccharide is a linear or branched polymeric sugar composed of more than 10 monosaccharides connected by a glycosidic bond, which can be expressed by the general formula (C6H10O5) n (13). TCM polysaccharide is an effective polysaccharide extracted from a single Chinese medicine by modern scientific and technological methods. It mainly consists of glucose (Glu), rhamnose (Rha), mannose (Man), galactose (Gal), xylose (Xyl), arabinose (Ara), ribose (Rib), fructose (Fru), sucrose (Suc), fucose (Fuc), and other monosaccharide components (14, 15), which has anti-aging, anti-tumor, immune regulation and other functions (16–19). A large number of clinical trials and experimental studies have proved that some TCM polysaccharides (especially those extracted from the TCM with possible anti-tumor effect) have a certain function of regulating tumor immune response, with mild or no toxic and side effects at effective doses. For example, Oenothera biennis Polysaccharide (Evening primrose Polysaccharide) not only has a comparable antitumor effect to 5-Fluorouracil (5-FU) but has protective effects on liver and kidney function which is reflected in the low levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkalines phosphatases (ALP), creatinine and urea in serum. Nonetheless, 5-FU administration to H22 tumor-bearing mice could not reverse the hepatic and renal damage, behaving a high level of ALT, AST, ALP, creatinine, and urea (20). However, TCM polysaccharides have large molecular weights and complex chemical structures, and the interaction mechanism between TCM polysaccharides and the immune system is still unclear.

In this article, the immunomodulatory effects of TCM polysaccharides on HCC, including their roles in regulating tumor adaptive immune response and innate immune response, were reviewed. We aim to provide a scientific basis for the development of novel therapeutic agents or adjuvants for this malignant tumor with beneficial immunomodulatory properties.




2 Role of TCM polysaccharides played in regulating tumor innate immune response

There are many types of cells of the myeloid lineage involved in innate immunity, including dendritic cells (DCs), natural killer (NK) cells, macrophages, monocytes, polymorphonuclear cells, mast cells, and so on. The roles of innate immunity in antitumor responses are related to that innate immune cells can detect tumors via some receptors, induce and amplify adaptive immune responses (such as that DCs are required for T-cell activity against tumors as the antigen-presenting cells), and exert direct effector responses (such as phagocytosis for macrophages and polymorphonuclear cells, and natural cytotoxicity for NK cells) (21). Toll-like receptors (TLRs) and some other pattern recognition receptors (PRRs) or integrin receptors are common receptors that play a crucial part in the innate immune system and may the critical targets for activating the antitumor response of the innate immune cells by TCM polysaccharide (Figure 1).




Figure 1 | TCM polysaccharides’ role in regulating tumor innate immune response. TCM polysaccharides (such as Ginseng polysaccharides) can trigger the DCs to secrete the TNF-α and IL-12 through the typical NF-κB signaling pathway by binding to TLR4/TLR2. Meanwhile, TCM Polysaccharides promote NK cells to kill tumor cells by directly recognizing the TLRs-MyD88 complex and eventually activating the MAPK and NF- κ B signaling pathway to produce TNF-α, IL-1β, and IL-6. TCM Polysaccharides (such as Astragalus membranaceus Polysaccharide) enhance the differentiation of monocytes into M1 macrophages through the combination with CD11 and CD14/TLR-4 complex. The elevated transcription of iNOS and expression of NO, TNF-α, and IL-1β is helpful in inhibiting tumor growth. TCM Polysaccharides can also activate the macrophages directly by binding to the TLR4.





2.1 TCM polysaccharides involved in immune regulation of DCs

DCs are the initiators of the immune response (22). It has a strong antigen-phagocytosis in the immature, while a strong antigen-presenting function after maturity. DCs can stimulate the activation of initial T lymphocytes and play a key role in inducing anti-tumor immune response (23, 24). Studies have found that although there was sufficient DCs infiltration in the tumor microenvironment, these cells lose their due function of presenting tumor antigen and activating T lymphocytes, as well as are prone to apoptosis (25). Recently, studies have shown that promoting the maturation of DCs and enhancing their antigen-presenting effect can play a significant role in tumor treatment and vaccine preparation (26, 27).

TCM polysaccharides, such as Ginseng Polysaccharide (28), Rehmannia Polysaccharide (29), and Laminaria Polysaccharide (30), could also possess significant pharmacological effects against HCC. Ginseng Polysaccharide (31), Rehmannia Polysaccharide (32), and Laminaria Polysaccharide (33) can promote the maturation of bone marrow DCs (BMDCs), which were extracted from the femurs and tibias of female C57BL/6 mice, by down-regulating the activity of acid phosphoenzyme. After being treated with these TCM polysaccharides, the matured BMDCs manifested decreased phagocytosis activity and increased antigen-presenting ability. Furthermore, the decreased number of lysosomes, upregulated expression of membrane molecules at the protein level (including CD80, CD83, CD86, CD40, and MHC II), enriched secretion of interleukin (IL)-12 and tumor necrosis factor (TNF)-α could also be detected. All these pharmacologic effects of TCM polysaccharide together induced the T lymphocytes to be active to produce a powerful anti-tumor immune response at last.

Further empirical studies for the mechanism of activating the BMDCs by Ginseng polysaccharide have been proceeded in vivo with male Kunming mice and in vitro with BMDCs and T cells isolated from the BALB/c mice, because Ginseng is one of the most commonly used Chinese medicinal materials for anti-HCC (34). Ginseng Polysaccharide can promote the maturity of BMDCs by TCM Polysaccharide binding to the PRRs, such as TLR 4, TLR 2, and mannose receptor (MR) because Ginseng Polysaccharide consists of different monosaccharide components, including glucose, mannose fractions, galactose, and galacturonic acid fractions, etc. The glucose and mannose fractions are prone to be identified by TLR2 and MR, while galactose and galacturonic acid fractions can be recognized by TLR4 (35, 36). Once binding to TLR4/TLR2, the MyD88-mediated NF-κB signaling pathway could be triggered by Ginseng polysaccharide, leading to the functional maturation of BMDCs and the secretion of the proinflammatory cytokines (including TNF-α and IL-12). Ginseng Polysaccharide-induced secretion of IL-12 and TNF-α protein from BMDCs can be inhibited by admiration of antibodies against TLR2 and TLR4 (37). Therefore, the TLR4/TLR2-MyD88-NF-κB signaling pathway may play a vital role in the DCs-mediated anti-HCC effect induced by Ginseng Polysaccharide.




2.2 TCM polysaccharides involved in immune regulation of NK cells

NK cells are derived from bone marrow lymphoid stem cells, which do not express specific antigen-recognition receptors (38). They can recognize themselves and non-themselves through surface activating receptors and inhibitory receptors without antigen pre-stimulation, and directly kill tumor cells and virus-infected target cells by secreting granzyme and perforin (39, 40). Nowadays, NK cells have been considered an attractive, but underexplored, therapeutic target in HCC because of their role in immunosurveillance and their ability to eliminate malignant tumor cells (41). It was found that polysaccharides from various TCMs can improve the activity of NK cells to kill tumor cells, such as Oenothera biennis Polysaccharide (20), Gynostemma pentaphyllum Polysaccharide (42), and Kaempferia galanga L Polysaccharide (43). In some in vivo studies with H22 tumor-bearing mice, these three TCM Polysaccharides all could effectively inhibit the solid tumor growth of H22 hepatocarcinoma transplanted in mice, as well as elevate the body weight, spleen/thymus indexes and splenocyte proliferation of mice, through promoting the activity of NK cells in tumor-bearing mice.

Like some pathogen-associated molecular patterns (such as peptidoglycan and Lipopolysaccharide), TCM Polysaccharides can activate NK cells to kill tumor cells by directly recognizing TLRs, because they always have the components of glucose, galactose, and galacturonic acid fractions. Once these components bind to TLRs expressed on the NK cell’s surface, the TLRs-MyD88 complex will be formed to promote the activity of downstream transcription factors, including mitogen-activated protein kinases (MAPKs) and NF-κB, and the phosphorylation of its downstream proteins. It has been reported that the TCM Polysaccharides could enhance NK cell cytotoxicity against tumor cells via TLR4/MAPKs/NF-κB pathway, promote the TLR4-dependent production of interferon (IFN)-γ, and upregulate the protein level expression of CD69 in spleen NK cells (44, 45).

Taken together, these findings indicate that TCM Polysaccharides (at least including Oenothera biennis polysaccharide, Gynostemma pentaphyllum Polysaccharide, and Kaempferia galanga L Polysaccharide) have anti-HCC activity partly via improving the immune responses of NK cells, and the TLRs on the surface of NK cells may be the important binding-sites.




2.3 TCM polysaccharides involved in immune regulation of tissue-resident macrophages

The tissue-resident macrophages, like Kupffer cells in the liver, are characterized by their persistence in adults and associated with specialized tissue cells stably and closely (46). They have a variety of PRRs, modulatory receptors, and cytokine receptors on their surface, which can directly kill targets (such as pathogens, intracellular parasitic bacteria, and tumor cells), participate in the inflammatory response, process, and present antigens to initiate adaptive immune responses and secrete cytokines to regulate the immune response (47). In response to different stimuli and signaling, macrophages with antitumor properties or with a tumor-promoting capacity are classified as M1-like or M2-like phenotype (48). Tumor cells take advantage of this feature to generate more M2 cells and thus promote their growth (48). Zebrafish inflammation model studies have proved that the immunomodulatory effect of TCM polysaccharides may be related to the regulation of macrophage phagocytosis and the enhancement of antigen-presenting function (49, 50). For instance, Platycodon grandiflorus Polysaccharide was found to markedly activate iNOS transcription and NO production in RAW 264.7 cells and mouse peritoneal macrophages isolated from wild-type C3H/HeN, and anti-CD14 or anti-CD 11b antibody decreased NO production after the administration of Platycodon grandiflorus Polysaccharide in spleen-resident macrophages in BDF1 mice (51, 52). CD14, as an anchoring protein and a ubiquitous PRR, is primarily understood to act as a co-receptor for TLRs to activate innate immunity responses to pathogens and tissue injury (53). As the α-chain of integrin receptor CD11b/CD18 (also known as αMβ2, Mac-1, and CR3), CD11b is highly expressed on the surface of innate immune cells, including macrophages and neutrophils. It is a new target for tumor immunotherapy. When CD11b activity is elevated, the number of M1 macrophages increases, while when CD11b becomes less, it leads to more M2 cell development (54). Therefore, it was indicated that CD14 and CD11b on the surface of macrophage may be the possible cellular binding sites of this TCM polysaccharide to exert anti-tumor effects. It has been proved that CD14 and CD 11b were the binding sites and effect targets of Platycodon grandiflorus Polysaccharide to macrophage, nevertheless, Platycodon grandiflorus Polysaccharide did not promote the proliferation of T cells, the expression of IL-2 in Th1 cells, or the expression of IL-4 in Th2 cells (52).

For another example, Astragalus membranaceus Polysaccharide could enhance the anti-tumor function of peritoneal macrophages isolated from BALB/c and C3H/HeJ mice by inducing them to produce cytokines (including TNF-α and IL-1β), and this effect can be eliminated in TLR-4 mutant C3H/HeJ mice or through the injection of TLR4 antibodies, proving that promotion the secretion of cytokines in macrophages by Astragalus membranaceus Polysaccharide is possibly related to the TLR4 binding (55).

When it comes to treating hepatocellular carcinoma, Astragalus membranaceus Polysaccharide could enhance the expression of M1 macrophage biomarkers (such as iNOS, IL-1β, and TNF-α) and M1 macrophage proportions, as well as could reduce the expression of M2 macrophage biomarkers (including IL-10, Arg-1) and M2 macrophage proportions in the tumor-associated macrophages (TAMs)/MHCC97H cells and TAMs/Huh7 cells co-cultured models. Moreover, the Astragalus membranaceus Polysaccharide-mediated elevation of the M1 phenotype of TAMs could significantly repress the ability of proliferation, migration, and invasion both in MHCC97H and Huh7 cells. On the other side of the coin, Astragalus membranaceus Polysaccharide could also enhance the M1/M2 macrophage ratio in the tumor tissues of Huh7-bearing BALB/c nude mice model and thus inhibit the growth of HCC in vivo (56). This anti-HCC effect of Astragalus membranaceus Polysaccharide may have a close relationship with the combination of CD11 and CD14/TLR-4 complex.

So to summarize, regulating the activity of innate immune cells, including DCs, NK cells, and macrophages through the membrane receptors such as TLRs, is one of the important mechanisms by which TCM polysaccharides exert the anti-HCC effect.





3 Role of TCM polysaccharides played in regulating tumor adaptive immune response

T lymphocytes and B lymphocytes are the main effector cells in the anti-tumor adaptive immune response (57, 58). However, the tumor itself can produce many immunosuppressive factors to repress the activation of effector T lymphocytes (Teffs) and B lymphocytes, thus, the immune microenvironment of the patients with tumors is in a state of immunosuppression (59, 60). Many TCM polysaccharides have strong activation of Teffs and B lymphocytes and can inhibit the growth of tumor cells (61). The molecular pathway of T lymphocytes activated by TCM polysaccharides is mainly through the T-cell receptor (TCR)/CD3 complex-mediated signaling pathway (including MAPK signaling pathway), while the regulatory effect on B lymphocytes activated by TCM polysaccharides is mainly bound to the IgM/CD79 complex receptor or TLR2/4 on the cell surface, and the MAPK and NF-κB signal transduction pathways are also involved in B lymphocytes activation (Figure 2).




Figure 2 | TCM polysaccharides’ role in regulating tumor adaptive immune response. Once recognized directly or indirectly by the TCR, TCM polysaccharides activate the PTK, and the latter plays an important role in antitumor by regulating the expression of cytokines, including IL-2, IL-4, IL-6, IL-8, and INF-γ, via PI3K or MAPK signaling pathway. B lymphocytes can also recognize TCM polysaccharides through mIg/CD79 complex or TLR 2/4 signaling cascades, which will lead to the elevation of nuclear translocation of NFAT/AP-1/NF-κB and regulate the expression of B lymphocyte-related genes, through the activation of the calcineurin/PKC/MAPK (ERK) signaling cascade.





3.1 Direct and indirect recognition of TCM polysaccharides by T lymphocytes

It is well known that many polysaccharides can be treated by MHC Class II molecules and presented to T cells for indirect recognition by TCR. TCM Polysaccharides could be degraded into small molecular weight carbohydrates by the NO system via the endocytosis pathway, and these small molecular weight carbohydrates can be processed and presented by MHC Class II molecules and recognized by TCR molecules (62). Brian (63) has demonstrated by laser confocal method that the adhesion of antigen-presenting cells and T lymphocytes occurred after the addition of polysaccharide antigens, and the co-localization of MHC Class II molecules, TCR molecules, and polysaccharide antigens could also be detected simultaneously. Moreover, polysaccharides can also be directly recognized by T lymphocytes in two ways. One is that polysaccharides can be presented to γδ T cells by CD1 complex via intracellular pathways (64), and another is that polysaccharides (as a kind of hapten) can be simultaneously presented by MHC class II molecules and recognized by TCR molecules, in the form of glycoprotein or sugar linkage (65).

Once recognized directly or indirectly by the TCR, TCM polysaccharides will possess good immune-promoting effects by activating the protein tyrosine kinase (PTK) (66). PTK will upregulate the expression of genes involved in immune response (including IL-2, IL-4, IL-6, IL-8, and INF-γ) at both the transcriptional and translational levels through the PI3K or MAPK signaling pathway: (1) The protein kinase C (PKC) can be stimulated to migrate from cytoplasm to membrane by PTK via PI3K signaling pathway and result in the increase of Ca2+ concentration in cytoplasm. After being activated by the intracytoplasmic accumulation of Ca2+, calcineurin induces the nuclear translocation of the nuclear factor of activated T cells (NAFT) and elevates its transcription factor activity, leading to a high level of expression of IL-2 and INF-γ. (2) PTK can induce the nuclear translocation of activator protein 1 (AP1) via the MAPK signaling pathway (ERK/JNK/p38). As a transcription factor associated with immune regulation, AP1 in the nucleus can induce gene expression, such as IL-4, IL-6, and IL-8 (67, 68).




3.2 Recognition of TCM polysaccharides by B lymphocytes



3.2.1 Membrane immunoglobulin complex receptor-mediated recognition

The membrane immunoglobulin (mIg) receptor is the most important receptor and characteristic sign on the surface of B lymphocytes. It can form a mIg complex receptor with CD79b, which is known as the B cell receptor (BCR), to recognize antigens and regulate B lymphocyte activation. When mIg/CD79 binds to TCM polysaccharides, the calcineurin/PKC/MAPK (ERK) signaling cascade will be activated to induce the nuclear translocation of NFAT/AP-1/NF-κB, which will regulate the expression of B lymphocyte-related genes (69).




3.2.2 TLR 2/4 signaling cascades mediated recognition

TLR2/4 receptor also exists on the surface of B lymphocytes, and TCM polysaccharide can bind to the TLR2/4 receptor on the surface of B lymphocytes to regulate the transcription of related genes via the MAPK signaling pathway or NF-κB signaling pathway. Studies have shown that Acanthopanax Polysaccharide can significantly stimulate the proliferation of B lymphocytes in C3H/HeN mice by activating MAPKs (such as Erk1/2, p38, and JNK), and the transcription factor NF-B, but when cultured with TLR4 antibody or TLR2 antibody, the proliferation of B lymphocytes is significantly inhibited. These results indicated that Acanthopanax polysaccharide could bind to the TLR2/4 receptor on the surface of B lymphocytes to promote the proliferation of B lymphocytes (70). However, polymyxin B (PMB), a specific inhibitor of LPS, did not significantly affect the activities of Acanthopanax polysaccharide on B lymphocytes, which indicated that Acanthopanax polysaccharide could activate the TLR signaling cascades differently from LPS.

To summarize briefly, activating the T lymphocytes and B lymphocytes is another important mechanism for TCM polysaccharides to anti-HCC. The TCR, BCR, and TLRs are the main binding sites for TCM polysaccharides to induce the activation of immune cells in the adaptive immunity system.






4 Experimental and Clinical trials on HCC of TCM polysaccharides by modulating immune response



4.1 Experimental trial on HCC of TCM polysaccharides by modulating immune response



4.1.1 Trametes robiniophila Murr polysaccharide

Trametes robiniophila Murr is a kind of light brown agaric growing on the trunk of the Sophora tree, belonging to Agaricales and Basidiomycetes. It is also known as Huaier and has been used in traditional Chinese medicine for nearly 1,600 years and was first documented by Li Shizhen of the Ming Dynasty (71). In recent decades, Trametes robiniophila Murr has been discovered and used as a supplement in the treatment of cancer, especially has achieved satisfactory results for anti-HCC (72, 73). The accumulated evidence shows that the anti-tumor mechanism of Trametes robiniophila Murr is mainly to inhibit the proliferation of endothelial cells, interfere with the formation of tumor blood vessels, activate the immune system, induce the apoptosis of tumor cells, and inhibit the proliferation of tumor cells (74, 75). Trametes robiniophila Murr Polysaccharide, one homogenous polysaccharide purified from Huaier, exerted more potent antitumor activity in inhibiting HCC growth (76). In an HCC H22-based mice experiment, Trametes robiniophila Murr Polysaccharide significantly repressed the growth and the pulmonary metastasis of the transplanted H22 solid HCC in vivo. While prolonging the live time of mice bearing H22 tumors, Trametes robiniophila Murr Polysaccharide elevated the relative weight of immune organs (spleen and thymus) and lymphocyte proliferation reaction notably, including an increasing percentage of CD4+ T cells and natural killer (NK) cells, whereas a decreasing number of CD8+ T cells. Besides, the administration of Trametes robiniophila Murr Polysaccharide promoted the secretion of immune-stimulating serum cytokines (IL-2 and IFN-γ) but inhibited the production of immune-suppressing serum cytokines (IL-10) in H22-bearing mice (77). It suggested that Trametes robiniophila Murr Polysaccharide could exhibit prominent antitumor activities via enhancement of host immune system function, and could be developed individually as a potent immunological response modifier for HCC therapy.




4.1.2 Salvia miltiorrhiza polysaccharide

Salvia miltiorrhiza (also named Danshen) is the dried root of the Chinese medical plant Salvia miltiorrhiza Bunge (Labiatae), and in the clinical practice of TCM, it has long been used for clearing heat for detumescence, soothing the nerves and tranquilizing the mind (78, 79). In line with the Chinese medicine theory, Salvia miltiorrhiza was commonly used for the prevention and treatment of myocardial infarction, apoplexy, hepatitis, tumors, and immunological disorders (80, 81). At the same time, Salvia miltiorrhiza has shown a good application prospect for the treatment of liver fibrosis and HCC (82–84). Polysaccharide is one of the main immunomodulatory active components in the water extract of Salvia miltiorrhiza, and it can dose-dependently promote the proliferation of T lymphocytes and B lymphocytes of the cancer patients and significantly improve the cytotoxicity of T lymphocytes against cancer cells, as well as up-regulated the gene expression of cytokines including IL-4, IL-6, and IFN-γ (85, 86). It has been proved that Salvia miltiorrhiza Polysaccharide can suppress the proliferation of H22 cells on tumor-bearing mice in vivo, by alleviating the apoptosis of tumor transplantation-induced CD4+ T cell and dysregulating of serum cytokine profiles (such as prostaglandin E2), as well as elevating the cytotoxic activities of NK cells and CD8+ T cells (87). Moreover, Salvia miltiorrhiza Polysaccharide also substantially declined the intracellular cyclic adenosine monophosphate (cAMP) in CD4+ T cells, which subsequently elevated the protein levels of JAK3 and enhanced the STAT5 or STAT5 phosphorylation-dependent expression of anti-apoptotic genes (87). These works provided a new perspective for the application of Salvia miltiorrhiza against HCC and offered experimental evidence for using Salvia miltiorrhiza Polysaccharide as an adjunct reagent in the clinical treatment of HCC.




4.1.3 Ganoderma lucidum polysaccharide

As a versatile traditional Chinese herb and nutraceutical, Ganoderma lucidum has been applied to treat multiple diseases in the clinical practice of TCM, including digestive disorders, cardiovascular system disease, and nervous system disease (88–90). Among all of its extracts, Ganoderma lucidum Polysaccharide is the main bioactive component and possesses many therapeutic effects, such as antitumor, immunoregulatory, anti-oxidant, and anti-neurodegenerative activities (91–93). It has been reported that Ganoderma lucidum Polysaccharide is capable of suppressing the growth of tumors in hepatoma-bearing Kunming and BALB/c mice associated with an increase of the ratio of Teffs to Tregs, through increasing the secretion of IL-2 to eliminate the suppression effect of Treg on the proliferation of Teffs (94). The ability of Ganoderma lucidum Polysaccharide to suppress the proliferation of Treg is possibly related to inhibiting the gene transcription level expression of Foxp3 by elevating the expression of miR-125b, and in the hepatoma-bearing mice, miR-125b inhibitor abolished the effect of Ganoderma lucidum Polysaccharide on tumor growth (94).




4.1.4 Strongylocentrotus nudus eggs polysaccharide

Strongylocentrotus nudus is another kind of precious traditional Chinese medicine, which has the remarkable effect of anti-tumor (95). As a D-glucan containing an α-1, 4-linked backbone, and α-1, 3-linked branches, Strongylocentrotus nudus Egg Polysaccharide is extracted and purified from sea urchins’ eggs (96). Strongylocentrotus nudus Egg Polysaccharide is widely accepted as a bioactive anticancer compound with profound inhibitory effects on tumor growth closely related to its immunomodulatory biological activity (44, 97). Numerous pharmacological studies have indicated that Strongylocentrotus nudus egg polysaccharide is an anticancer candidate working by activating T lymphocytes and B lymphocytes (98, 99). In several experiments of a mouse model of H22 hepatocellular carcinoma, Strongylocentrotus nudus Egg Polysaccharide could inhibit the tumor growth of H22-bearing imprinting control region (ICR) mice and stimulate the proliferation of T lymphocytes and B lymphocytes in a dose-dependent manner, involving not only remarkably enhance the spleen and thymus indices, CD4+ and CD8+ T cell numbers as well as CTL activity, but it also elevated IgA, IgM and IgG levels in the serum. At the same time, the IL-2 and TNF-α secretion in serum also elevated after the admiration of Strongylocentrotus nudus Egg Polysaccharide (98, 100). Furthermore, Strongylocentrotus nudus Egg Polysaccharide could also induce the proliferation of splenocytes isolated from the ICR mice in vitro, and this effect could be inhibited by the TLR2 and TLR4 monoclonal antibodies, which indicated that Strongylocentrotus nudus Egg Polysaccharide may mediate splenocyte proliferation via TLR2 and TLR4 (100). These studies demonstrate that Strongylocentrotus nudus Egg Polysaccharide can effectively inhibit HCC via enhancement of adaptive immune system function, and it could be a potential therapeutic drug for hepatocarcinoma.




4.1.5 Radix Glycyrrhizae polysaccharide

Treg cells in the peripheral blood of tumor patients (including HCC) increased significantly and inhibited the function of dendritic cells (DCs) and Teffs through the secretion of IL-10 and transforming growth factor (TGF)-β, thus inhibiting the anti-tumor immune response of the body (101, 102). Increased levels of Treg cells have been detected in the peripheral blood, the primary tumor microenvironment, and the draining lymph nodes of cancer patients (103–105). Therefore, interventions targeting Treg cells have become the new strategy of many therapies for malignant tumors (106, 107). Radix Glycyrrhizae is a commonly used traditional Chinese herbal medicine with a wide range of pharmacological functions throughout Chinese history, and the polysaccharide is a major active compound extracted from it, which is cytotoxic to cancer cells (108, 109). An in vivo experimental study with H22 hepatocarcinoma-bearing BALB/c mice has shown that Radix Glycyrrhizae Polysaccharide could down-regulate the population of Treg cells and decrease the expression of Foxp3 mRNA and IL-10 mRNA in the lymph node. At the same time, Radix Glycyrrhizae Polysaccharide treatment could also influence the level of the Th1/Th2 cytokines in serum by decreasing the level of IL-10 and TGF-β and increasing the level of IL-2 and IL-12p70 (110). It was indicated that the mechanism of Radix Glycyrrhizae Polysaccharide on lowering the proportion of Treg cells may be related to the regulation of the expression of Foxp3 and balance of the secretion of Th1/Th2 cytokines.





4.2 Clinical trials on HCC of TCM polysaccharides by modulating immune response

The traditional clinical treatment of HCC is surgery, radiotherapy, and chemoradiotherapy. At present, immunotherapy has become one of the most promising areas in tumor therapy, and regulating the biological function of immune cells has been proven to be a powerful weapon to exert anti-HCC effects, and has been applied more and more in clinical practice (111, 112). As natural active macromolecules with a wide range of sources, TCM polysaccharides can achieve anti-tumor effects by enhancing immune regulation, inhibiting tumor growth, tumor cell invasion and metastasis, and the development of tumor microenvironment (TME). Compared with the traditional anti-tumor treatments, TCM polysaccharides show the advantages and characteristics of multi-pathway and multi-target action. At the same time, according to some clinical observational studies or randomized controlled trials (RCT), it can improve the sensitivity of tumor cells to radiotherapy and chemotherapy, reduce adverse reactions, reduce the risk of tumor resistance and recurrence, and play a positive role in HCC treatment (113). Therefore, the participation of TCM polysaccharides in the adjuvant treatment during or after tumor surgery or chemoradiotherapy has attracted more and more attention from researchers, and many TCM polysaccharides have been used in clinical adjuvant therapy on HCC to enhance clinical efficacy and reduce toxic side effects.

The most widely used TCM polysaccharide in the clinical treatment of HCC is Lentinan polysaccharide. The results of three RCT researches involving 374 HCC patients, which were conducted in Shandong Province, Henan Province, and Tianjin City in China, showed that compared with the patients that only treated with transcatheter arterial chemoembolization (TACE), administration of Lentinan polysaccharide after TACE could increase the tumor volume reduction rate, NK cell activity, CD4+ T cell level, CD4+/CD8+ ratio and the content of IL-2 in serum, as well as decrease the level of CD8+ T cells and the content soluble IL-2 receptor (sIL-2R) in serum. However, there was no statistical difference in alpha-fetoprotein (AFP) reduction rate between the two treatments (114, 115). Another meta-analysis involving 7 randomized controlled trials, a total of 577 HCC patients, showed that compared with TACE alone, Lentinan polysaccharide adjuvant TACE may improve the 1-year survival rate of HCC patients, and increase the number of CD4+ T cells and CD4+/CD8+ ratio in peripheral blood of patients (116). Moreover, intraperitoneal injection of Lentinan polysaccharide in the treatment of advanced HCC patients with ascites could also improve the symptom remission rate and Karnofsky Performance Status (KPS) score (117). All the results indicated that Lentinan polysaccharide has certain advantages in the therapy of HCC as an adjuvant by improving the immunity of the patients. In addition to positively regulating the activation of Teffs, Lentinan polysaccharide can also negatively regulate the proliferation of Treg cells in HCC patients. In a clinical observational trial involving 46 HCC patients, Lentinan polysaccharide could downregulate the proportion of Treg cells in the peripheral blood of the patients, and it would be more effective when administered immediately after TACE operation (118). These results suggested that Lentinan polysaccharide could significantly improve the immune status and promote the reconstruction of immune function of HCC patients after TACE operation, by reducing the toxic side effects of TACE therapy, inhibiting the growth of hepatocellular carcinoma cells and promoting the recognition of hepatocellular tumor antigen.

Overall, although the efficacy and the mechanism still need to be further evaluated and revealed, TCM polysaccharides do have very attractive potential in anti-HCC, according to the current studies. It is necessary to further improve the experimental design of laboratory studies and clinical trials, to evaluate the application prospect of TCM polysaccharides in the treatment of HCC more objectively.





5 Deficiency and prospects

The detailed information on the TCM polysaccharides involved in this review is exhibited in Table 1 (20, 119–129), and their application in treating HCC in animal experiments and clinical trials has been summarized in Table 2. And in Table 3, the mechanism of action of different TCM polysaccharides with different immune cells was also exhibited. Based on the current research status in this field, TCM Polysaccharide, as an adjunct therapeutic drug, may have a very broad application prospect in the clinical treatment of HCC. It is intriguing to speculate that TCM polysaccharides can directly activate innate immune response or adaptive immune response to anti-HCC by mediating TLR signaling because natural TCM has been safely used for a long period in many oriental countries. Moreover, they have not been associated with any detrimental tissue injuries, which can be caused by LPS, at their biologically effective concentrations.


Table 1 | The detailed information on the TCM polysaccharide in this review.




Table 2 | The application of TCM Polysaccharide in treating HCC in animal experiments and clinical trials.




Table 3 | The mechanism of different TCM polysaccharides with different immune cells.



However, there are still shortcomings in the research, and the clinical application prospects can be further improved from the following aspects: (1) Most of the current reports on the regulation of anti-tumor immunity by TCM polysaccharides focus on the effects on the number, phenotype, activity and signaling pathway of single immune cells, but ignore that the interaction of multiple cells in the tumor immune microenvironment also play a synergistic role in anti-tumor (130). The complexity and diversity of TCM polysaccharide structure make it have the characteristics of multi-pathway and multi-target action, which is particularly important for the prevention and treatment of systemic diseases, especially cancer, through the overall regulation of immune cells in the immune system (131). Therefore, it is one of the directions to break through the current research bottleneck to carry out research work from micro to macro, from single cell to cell network. (2) As bioactive macromolecules, TCM polysaccharides need to bind to pattern-recognition receptors on the cell membrane of immune cells to initiate immune regulation and cellular immune response. Different immune cells have different receptors, and polysaccharides from different TCM sources can bind to different receptors (35, 54, 132). Which receptor on the surface of immune cells is involved in TCM polysaccharide recognition and binding, as well as the induced cell cascade reaction has been a hot topic of research. However, the current research mainly focuses on the changes in signal molecules after polysaccharide action. Further studies on the types and functions of polysaccharide receptors can be used as another research direction to reveal the mechanism of specific targeting of TCM polysaccharides against immune cells to regulate and control the growth of HCC. (3) Intestinal microbiota is highly associated with the occurrence and development of HCC (133). The characteristic microbiota of the intestinal tract is significantly correlated with the function of immune cells in the host tumor immune microenvironment, and the dysbiosis of gut microbiota could increase bacterial translocation, which suppresses the activation of antigen-presenting cells such as DCs and macrophages and then leading to the declined IFN-γ/TNF-α production from T cell subsets to kill the tumor cells (134). Therefore, Intestinal microbiota can regulate the immune microenvironment of tumors and affect the development of tumors. TCM Polysaccharides can regulate the tumor immune microenvironment and play an anti-tumor role as prebiotics to maintain the diversity of intestinal microorganisms in the intestinal tract by proliferating the growth of beneficial bacteria and inhibiting the growth of pathogenic bacteria, thus activating the immune cells such as intestinal DCs and inducing the expansion of germinal centers (GC) to trigger the differentiation of the B cells (135). Moreover, the anti-tumor effects of TCM Polysaccharides probably also have a close relationship with the fecal short-chain fatty acid (SCFA) (136). SCFAs, including acetate, butyrate, and propionate, are the key productions from indigestible polysaccharides by bacterial fermentation (137). SCFAs can reduce the incidence of tumors by acting on B cells to secrete antibodies and increasing the level of aldehyde dehydrogenase in DCs to convert vitamin A to retinoic acid to activate the plasma cells (138, 139). Therefore, the research on “TCM polysaccharides-intestinal microbiota-tumor immune microenvironment-immune cells” can better explore the anti-tumor mechanism of TCM polysaccharides. (4) The biological activity of TCM polysaccharides is closely related to its primary and advanced structure, but the study of its structure-activity relationship is still a shortcoming in this field (140). Therefore, it is of great significance to further break through the key technical barriers of TCM polysaccharide preparation and characterization for the innovation and transformation of TCM polysaccharides and anti-tumor precision medicine. (5) We can also focus on the combined application of TCM polysaccharides with chemotherapy or immunotherapy drugs, the use of TCM polysaccharides as drug delivery carriers, and the construction of tumor-targeting ligands to regulate the tumor immune microenvironment and other research directions. (6) Clinical studies on the treatment of HCC by TCM polysaccharides are mainly carried out in China at present, and the research subjects are all Chinese patients (114–118), which may affect the conclusion of this study. At the same time, none of the literature mentioned the distribution hiding, blind method, loss of access, and intentionality analysis. It is suggested that a multi-center randomized controlled double-blind trial with a large sample should be carried out with a reasonable design and strict implementation to further verify the efficacy of TCM polysaccharides in treating HCC. In terms of methodology, full randomization and implementation of assignment concealment should be used to report trials according to consolidated standards of reporting trials (CONSORT) criteria, while long-term follow-up should be conducted including endpoint indicators (such as survival rate and median survival) and negative results reporting, to draw more reliable conclusions for clinical guidance.




6 Conclusion

TCM polysaccharides have a very broad application prospect in the research field of anti-HCC by regulating the innate and adaptive immune response. It is a key issue to accelerate and clarify the mechanism of TCM polysaccharides in regulating the immune regulation of HCC, which can provide a more comprehensive theoretical basis for the clinical application of TCM polysaccharides in tumor therapy and has important academic value and practical significance.
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Pediatric hepatoblastoma (HB) is the most common primary liver malignancy in infants and children. With great diversity and plasticity, tumor-infiltrating neutrophils were one of the most determining factors for poor prognosis in many malignant tumors. In this study, through bulk RNA sequencing for sorted blood and tumor-infiltrated neutrophils and comparison of neutrophils in tumor and para-tumor tissue by single-cell sequencing, we found that intratumoral neutrophils were composed of heterogenous functional populations at different development stages. Our study showed that terminally differentiated neutrophils with active ferroptosis prevailed in tumor tissue, whereas, in para-tumor, pre-fate naïve neutrophils were dominant and ferroptotic neutrophils dispersed in a broad spectrum of cell maturation. Gene profiling and in vitro T-cell coculture experiment confirmed that one of main functional intratumoral neutrophils was mainly immunosuppressive, which relied on the activation of ferroptosis. Combining the bulk RNA-seq, scRNA-seq data, and immunochemistry staining of tumor samples, CXCL12/CXCR4 chemotaxis pathway was suggested to mediate the migration of neutrophils in tumors as CXCR4 highly expressed by intratumoral neutrophils and its ligand CXCL12 expressed much higher level in tumor than that in para-tumor. Moreover, our study pinpointed that infiltrated CXCR4hi neutrophils, regardless of their differential distribution of cell maturation status in HB tumor and para-tumor regions, were the genuine perpetrators for immune suppression. Our data characterized the ferroptosis-dependent immunosuppression energized by intratumoral CXCR4 expression neutrophils and suggest a potential cell target for cancer immunotherapies.
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1 Introduction

Hepatoblastoma (HB) is the most common primary liver malignancy in children. Most are diagnosed in children younger than 3 years of age (1, 2). Tumor stage, alpha-fetoprotein, multifocality, histological type, type of radical surgery, metastasis, and adjuvant therapy such as chemoradiation are major determinants for the HB prognosis (3). Because of tumor heterogeneity and immunosuppressive microenvironment of HB, patients incurred poor outcomes such as metastases and tumor relapses, regardless of the improved overall survival (OS) rate benefited from surgical resection in combination with neoadjuvant chemotherapy (4–6). To be noted, as one of the most ominous predictors for tumor progression, how intratumoral neutrophils engage themselves to reinforce immunosuppressive microenvironment remains a mystery, particularly in pediatric tumor such as HB.

Within the tumor microenvironment (TME), neutrophils are functionally perturbed and show a high level of plasticity in response to signals that drive their polarization and activation, indicating that they are potential therapeutic targets for cancer treatment (7). Neutrophils have been shown to impair T-cell response through PD-L1–mediated contact-dependent mechanisms (8). Moreover, neutrophils possess versatile means in promoting tumor progression, including generating neutrophil extracellular traps (NETs) (9), reactive oxygen species (ROS) (10), arginase 1 (11, 12), and myeloperoxidase (13). Previous study identified a neutrophil spectrum in liver cancer and decoded that CCL4+ neutrophils were able to recruit macrophages and that PD-L1+ neutrophils suppressed T-cell cytotoxicity. Recently, it has been demonstrated that ferroptotic neutrophils could release diverse lipid mediators, such as prostaglandin E2 to inhibit anti-tumor functions of innate and adaptive immune cells (14–18). The fact that inhibition of ferroptosis together with immune checkpoint blockade abrogated the immunosuppressive activity of neutrophils and prevented tumor progression implies that neutrophil ferroptosis is a potential target for cancer therapy (14). Moreover, existing evidence has shown that, despite of the short lifespan, neutrophils are guided by tissue-derived chemokine signals (for instance, CXCL12/CXCR4 axis) to specific sites where they adopted properties tailored to the needs of tissue (19). Neutrophil reprogramming in tissues occurs in CXCL12-rich niches with upregulated CXCR4. Compared with CXCR4lo neutrophils, CXCR4hi neutrophils have enhanced NET formation, phagocytic function, neutrophil degranulation, and overexpression of pro-inflammatory cytokines and chemokines in vitro (20).

Despite several attempts to explore the immune cell function in HB, the effect of ferroptosis on immune cells, especially neutrophils, remains poorly understood (21). Here, we provided evidence that HB tissue–infiltrated neutrophils were immunosuppressive and had a higher susceptibility to ferroptosis. A group of intratumoral CXCR4hi neutrophils was further demonstrated to have higher tendency to undergo ferroptosis and express immuno-inhibitory molecules to suppress T-cell cytotoxicity to HB tumor cells.




2 Materials and methods



2.1 Human subjects

Clinical data from 127 patients diagnosed with HB based on histology, cytology, and typical imaging evidence in the Capital Medical University Affiliated Beijing Children Hospital between September 2016 and December 2022 were retrospectively reviewed. All of the patients were treated in accordance with the guidelines from the Children’s Hepatic Tumors International Collaboration–Hepatoblastoma Stratification (CHIC-HS) system. Patients who had fever; allergy or infection caused by any pathogen; myelosuppression or liver insufficiency within 1 week before operation; and thymus-related diseases, spleen-related diseases, blood system diseases, autoimmune diseases, or immune deficiencies were excluded.

Five tumor samples from 18 enrolled patients with HB in Beijing Children Hospital were used for single-cell RNA sequencing (scRNA-seq) and others for neutrophil functional analysis. The clinical data of 18 patients were listed in Supplementary Table 1. In addition, blood samples from age-matched healthy donors were collected for in vitro immune functional assays. The study protocol was approved by the ethics committee of Capital Medical University affiliated Beijing Children Hospital. Parents of all patients consented to attend this cohort study and signed a written informed consent.




2.2 Sample collection, dissociation, and cell purification

Peripheral blood samples were collected using ethylenediamine tetraacetic acid (EDTA) anticoagulant tubes prior to surgery and processed within 15 min after collection. Blood neutrophils were harvested after lyses of red blood cells by red blood cell lysis buffer (Solarbio, Beijing, China). Then, CD15+ neutrophils were sorted out using CD15-positive selection magnetic beads following the manufacturer’s protocol (Miltenyi Biotec, BergischGladbach, Germany). CD3+ T cells and CD8+ T cells were isolated by using anti-CD3 and anti-CD8 magnetic beads (Miltenyi Biotec).

Fresh tumors and para-tumors were cut into approximately 1-mm3 pieces in Dulbecco’s modified eagle medium (DMEM; Corning) and enzymatically digested using the magnetic activated cell sorting (MACS) tumor dissociation kit (Miltenyi Biotec) for 30 min at 37°C, according to the manufacturer’s instructions. Being filtered by 100-μm cell strainers (BD) in DMEM medium, the suspended cells were centrifuged at 400g for 5 min. Cell pellets were resuspended in sorting buffer (autoMACS® rinsing solution supplemented with 5% bovine serum albumin (BSA)) after washing twice with phosphate buffered saline (PBS). Tumor- and para-tumor–infiltrated neutrophils were similarly isolated by CD15 magnetic beads (Miltenyi Biotec).

Throughout the dissociation and isolation procedure, cells were maintained on ice whenever possible. The viability (>90%) and purity (>95%) of sorted cells were determined by flow cytometry with an LSRFortessa X-20 flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo software (version 10).




2.3 Bulk RNA sequencing and bioinformatic analysis

RNA-seq was performed in sorted CD15+ neutrophils from peripheral blood (HBPB, n = 4), tumor tissues (HBT, n = 5), and para-tumors (HBPT, n = 3) of patients with HB. Total RNA was extracted from neutrophils using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and stored at −80°C for subsequent RNA-seq (OEbiotech, China). RNA purity and quantification were evaluated using the NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). RNA integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Then, the libraries were constructed using the VAHTS Universal V6 RNA-seq Library Prep Kit according to the manufacturer’s instructions. The library was quality-checked and sequenced on the NovaSeq 6000 platform (Illumina). The quality of sequencing reads was evaluated using FastQC. Adaptor sequences and bases with low-quality score were trimmed using trimmomatic (v.0.36). The image data measured by the high-throughput sequencer are converted into sequence data (reads) by CASAVA base recognition. Reference genome and gene model annotation files were downloaded from genome website directly. The fragments per kilobase of exon per million mapped reads values and gene count values were computed using RNA-Seq by Expectation Maximization (RSEM) (v.1.3.1), and differentially expressed genes (DEGs) were analyzed using the DESeq2 (v.1.24) R package. Gene expression level with log2 fold change ≧ 1 or ≦ −1 and an adjusted q-value < 0.05 were defined as DEGs in further analysis. The bioinformatic analysis was performed according to the instructions of the databases and online platforms (https://cloud.oebiotech.cn/task/).




2.4 Single-cell RNA sequencing, unsupervised clustering, and cell-type annotation

scRNA-seq was performed on the single-cell suspensions with viability >70%. DNBelab C Series High-throughput Single-Cell Library (MGI, Shenzhen, China) was utilized for scRNA-seq library preparation. Whole-transcriptome libraries were prepared according to the BD Rhapsody single-cell whole-transcriptome amplification workflow. Sequencing libraries were then quantified by using the Qubit ssDNA Assay Kit (Thermo Fisher Scientific) on a Bioanalyzer 2100 (Agilent Technologies) and the Qubit High Sensitivity DNA assay (Thermo Fisher Scientific). Pair-end sequencing was done using a DNBSEQ-T7 (MGI, Shenzhen, China) sequencing platform. Cell clustering was conducted by the Seurat (v4.3) package in R software (R version 4.0.4). Genes expressed in less than three cells were filtered out, and cells with fewer than 200 genes were excluded. The quality of cells was assessed on the basis of two metrics: (1) the number of detected genes was above 200 and below 5,000 and (2) the percentage of mitochondrial genes was below 25. The 21 libraries were then integrated with the Merge and harmony functions, and the batch effects were checked if the cells were separately distributed with the DimPlot function. Then, the integrated data were scaled to calculate the principal component (PC) analysis. The first 50 PCs were used to construct the shared nearest neighbor network, and the graph-based clustering method Louvain algorithm was used to identify the cell clusters with a resolution of 0.9 across highly variable genes (4,000). Finally, uniform manifold approximation and projection (UMAP) was used to visualize the clustering results in two-dimensional space. To annotate each cluster as a specific cell type, we selected known classic markers of immune cells, fibroblasts, hepatocytes, and hepatoblasts (22–25).




2.5 scRNA-seq analysis strategy

To measure the ferroptotic status of different cell types, we scored cells using AddModuleScore with a set of characteristic genes involved in ferroptosis (14). We applied “monocle” to order neutrophils in pseudo-time to indicate their developmental trajectories. To visualize the ordered cells in the trajectory, we used the plot_cell_trajectory function to plot the minimum spanning tree on the cells. The starting point of the pseudo-time trajectory was determined on the basis of preliminary understanding of the cell populations used in the analysis. BEAM was used for further analysis of neutrophil signatures in different fate branches. We used CellChat to infer cell–cell interaction between different cell types. This method infers the potential interaction strength between two cell subsets based on gene expression levels. Dot plots were then plotted using these files to illustrate only the significant ligand-receptor interactions.




2.6 Transmission electron microscopy

Neutrophils were fixed by the electron microscope fixative solution at room temperature (RT) for 1 h and maintained at 4°C until use. Fixed cells were dehydrated and epoxy-embedded, followed by incubation at 60°C for 48 h. Finally, ultrathin (60 nm) slices were collected on grids and then stained with 1% uranyl acetate and 0.4% lead citrate. Images were obtained using a Hitachi 7700 transmission electron microscopy (Hitachi, Tokyo, Japan).




2.7 Flow cytometry

For neutrophil phenotyping, cells were stained using the following antibodies: anti-CD45, anti-CD15, anti-CD54, anti–PD-L1, anti-CD71, anti-CXCR1, anti-CXCR2, anti-CXCR4, and anti-CD62L. To assess T-cell activation, cells were stained with anti-CD3, anti-CD4, anti-CD8, anti-CD25, and anti-CD69. All antibodies were purchased from BioLegend (San Diego, CA, USA). Sample acquisition was done with an LSRFortessa X-20 flow cytometer, and data were processed by FlowJo software (version 10). Gating of interest was properly placed around populations of cells with common characteristics.




2.8 Lipid ROS assay

The relative lipid ROS level in isolated neutrophils was assessed using C11-BODIPY probe (Dojindo Molecular Technology, Japan). Being treated with 10 μM C11-BODIPY for 30 min, cells were harvested, washed twice with Hank’s balanced salt solution, resuspended, and then subjected to flow cytometric analysis by an LSRFortessa X-20 flow cytometer.




2.9 Detection of intracellular Fe2+

The Fe2+ probe FerroOrange (1 μM, Dojindo Molecular Technology) was used to measure the intracellular free Fe2+ ion according to the manufacturer’s instruction. The fluorescence intensities of the isolated neutrophils were quantified on an LSRFortessa X-20 flow cytometer. Data were analyzed with FlowJo v.10 software.




2.10 Preparation of TTCS and PTCS and supernatant-conditioned neutrophils

Tumor tissue culture supernatants (TTCSs) or para-tumor tissue culture supernatants (PTCSs) were collected from culture of single–tumor cell suspension at a concentration of 1 × 106 cells/mL for 48 h.

To generate supernatant-conditioned neutrophils, isolated neutrophils were suspended in RPMI 1640 medium at 1 × 106 cells/mL and stimulated with 50% TTCSs or PTCSs at 37°C for 6 h to 16 h. Neutrophils cultured with RPMI 1640 medium without stimulation were used as controls.




2.11 In vitro neutrophil–T-cell coculture

The isolated CD3+ T cells were stimulated with anti-CD3 (5 μg/mL) and anti-CD28 (5 μg/mL) antibodies (BioLegend). TTCS-conditioned or control medium-cultured neutrophils was added to a round-bottomed 96-well plate, in the presence of anti-human PD-L1 (10 μg/mL) neutralizing antibody. In some cultures, ferroptosis inhibitor liproxstain-1 (LPX1; 50 μM) or ferroptosis inducer RSL3 (10 μM) was added taking DMSO as a reagent for control experiments. After 48 h of incubation, cells were stained with T-cell activation markers CD25 and CD69 (BioLegend), and cell events were recorded by an LSRFortessa X-20 flow cytometer and analyzed by FlowJo v.10 software.




2.12 Real-time cellular analysis cytotoxicity assay

HuH6 cells were seeded into 16-well E-plates (Agilent Technologies) at 1 ×104 cells per well, and monitored overnight with the xCELLigence real-time cell analyzer (Agilent Technologies, CA, USA) according to the manufacture’s instruction. xCELLigence real-time cellular analysis (RTCA) measured cellular adhesion through electrical impedance, which was then converted into Cell Index. Microbeads isolated CD8+ T cells from abovementioned neutrophil–T-cell coculture were then added into HuH6 culture when the cell index reached a plateau at a 10:1 effector-to-target ratio. The cells in the E-plates were monitored for another 72 h, and the impedance changes were plotted over time with the RTCA system.




2.13 Enzyme linked immunosorbent assay (ELISA)

The expression of CXCL12 in HuH6 cultured supernatants (HuH6-CS), TTCS, and PTCS was determined using the human CXCL12/SDF-1 ELISA Kit (MultiSciences Biotech, Hangzhou, China) in accordance with the manufacturer’s recommendations. In brief, samples or standards were added to the wells and incubated for 120 min at room temperature. After washing, a working detector was added to each well, followed by the addition of the substrate solution. The reaction was stopped, and the absorbance was read at 450 nm.




2.14 Chemotaxis of neutrophil

Chemotaxis of neutrophil was evaluated using a 96-well Boyden chamber (Corning, Kennebunk, ME, USA) with 3-μm–pore size polyvinylpyrrolidone-free polycarbonate membranes (36154611). In brief, 200 μL of RPMI 1640 medium alone (as control) or supplemented with 10% TTCSs or PTCSs, were added in the bottom chamber. Subsequently, 2 × 105 neutrophils suspended in 75 μL of RPMI 1640 medium were added to the top chamber and allowed to migrate for 16 h at 37°C. Migrated cells in the bottom well were eventually counted by a flow cytometer using flow cytometric Precision Counting Beads (BioLegend, San Diego, CA, USA).




2.15 Immunohistochemistry staining

Formalin-fixed and paraffin-embedded tissues being sectioned to 4 μm were used for histology evaluation of HB tumors. Tissue sections were stained with anti-CXCL12 (1:500, Proteintech, Rosemont, IL, USA) antibody overnight at 4°C, followed by nuclear counterstaining with Hematoxylin Gill III (1.05174.0500, Merck). The slides were then incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 10 min at 37°C. Finally, the sections were visualized by diaminobenzidine solution and counterstained with hematoxylin. The stained slides were scanned at a resolution of ×20 using the Vectra Polaris Slide Scanner (Akoya Biosciences, Marlborough, MA, USA) and viewed by the CaseViewer software (V2.3.0).

Histochemistry score was used for semi-quantitative analysis of the CXCL12 protein expression level, and it was evaluated using the following formula: CXCL12-score = the staining intensity × the rate of positive cells (26, 27). The intensity of positive cells was graded as 0 (negative, unstained), 1 (weak), 2 (moderate), and 3 (strong). The score of positive cells was recorded as follows: 0, less than 5% CXCL12-positive cell infiltration; 1, 5%–25% CXCL12-positive cells; 2, 25%–50% CXCL12-positive cells; 3, 50%–75% CXCL12-positive cells; and 4, more than 75% CXCL12-positive cell infiltration (28).




2.16 Quantitative real-time PCR

Total RNA from neutrophils was purified using the Direct-zol RNA Miniprep (ZYMO research, Orange, CA, USA) following the manufacturer’s instruction. RNA concentration was measured by a NanoDrop ND-8000 (Thermo Fisher Scientific Inc., Waltham, MA, USA). Reverse transcription was performed according to standard protocols using a RevertAid First-Strand cDNA Synthesis Kit (Thermo Fisher Scientific Inc., Waltham, MA, USA). Quantitative PCR was performed using the SYBR Green PCR Master Mix (TIANGEN, Beijing, China), and the fluorescence was recorded by a QuantStudio 6 flex real-time PCR system (Applied Biosystems, Foster City, CA, USA). Relative expression was calculated by the 2−ΔΔCt method with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as the endogenous housekeeping gene control. The primer sequences referred to the previous study (14).




2.17 Statistics

Statistical analysis was conducted by using GraphPad Prism 9.0 software (GraphPad Software, Inc., La Jolla, CA, USA). All experiments were repeated at least three times. Only representative data are shown. All results were reported as mean ± standard error of mean (SEM). Comparison of the variables between groups was made by Student’s t-test. p-value < 0.05 indicated a statistically significant difference: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001.





3 Results



3.1 Augmentation of neutrophils and increased NLR in blood of patients with HB was associated with poor prognosis

It has been reported that elevated neutrophil-to-lymphocyte ratio (NLR) in peripheral blood of patients with HB predicts poor OS (29). To evaluate the potential role of neutrophils in HB, we compared NLR and absolute neutrophil count (ANC) in blood samples from 127 patients with HB with controls from 160 healthy donors (Figure 1A). As expected, patients with HB showed a remarkably higher NLR and ANC in peripheral blood than healthy controls (HCs). In children, the production of neutrophils changes along with age. We then normalized the ratios and absolute numbers by five age intervals according to reference intervals of blood cell analysis for children (WS/T779—2021) and confirmed the consistence in augmentation of NLR and ANC in patients with HB (Supplementary Figure 1). Patients were divided into the very low–to–low-risk group and the intermediate-to-high-risk group based on the risk stratification criteria of the CHIC-HS. Indeed, patient group in intermediate-to-high risk presented with significantly increased NLR and ANC in comparison with very low-to-low-risk patient group (Figure 1B). Because multifocality has been confirmed as an independent risk factor (30), we re-grouped the patients bearing multifocal tumors from those with unifocal tumors. Expectedly, NLR was consistently higher in patients with multifocal HB in spite of the equivalent of ANC (Figure 1C). Our analysis further revealed that blood NLR but not ANC presented with strong negative associations with OS and event-free survival (EFS) (Figures 1D, E). Together, these data implied that increased NLR is one of the key adverse prognostic factors.




Figure 1 | Increased NLR and ANC predicted poor survival. (A) Comparison of NLR or ANC values between HCs (n = 160) and patients with HB (n = 127). (B) Comparison of NLR or ANC values between low-risk group (n = 61) and medium-to-high-risk group (n = 66). (C) Comparison of NLR or ANC values between unifocal (n = 106) and multifocal (n = 21) HB groups. (D) EFS curves of patients with HB according to NLR (cutoff = 2.00) and ANC (cutoff = 4.65). (E) OS curves of patients with HB according to NLR (cutoff = 2.00) and ANC (cutoff = 4.65). Results for all measurements were mean ± SEM. *p < 0.05, **p < 0.01, and ****p < 0.0001.






3.2 Bulk RNA-seq of intratumoral neutrophils revealed a robust ferroptosis gene signature

Prompted by data supporting the prognostic significance of neutrophils, we investigated the gene expression profiles by bulk RNA-seq and scRNA-seq and performed experiments for validation (Figure 2A). As shown in Supplementary Figure 2A, following quality control and normalization, HBT, HBPT, and HBPB neutrophil exhibited clear demarcations of gene expression by PC analysis. A total of 5,425 upregulated and 3,846 downregulated DEGs were revealed between the HBT and HBPB groups, as well as a total of 2,018 upregulated and 2,295 downregulated DEGs for HBT versus HBPT groups (Supplementary Figure 2B). Further analysis of bulk RNA-seq data revealed appreciable different gene signatures between neutrophils in each respective group (Figure 2B). HBT and HBPT neutrophils exhibited a strong potential for chemokine and pro-inflammatory cytokine production. Furthermore, immune checkpoint molecules, such as poliovirus receptor and indoleamine 2,3-dioxygenase 1, were elevated in both HBT and HBPT neutrophils compared with those expressed in HBPB neutrophils. On the basis of the bulk RNA-seq from isolated neutrophils, it attracted our attention that both HBT and HBPT neutrophils exhibited robust ferroptosis gene signature, suggesting a distinct functional change occurred from peripheral blood niche to TME. Note that, compared with HBPT neutrophils, peptidyl arginine deiminase 4 (PADI4) and high mobility group box 1 (HMGB1) involved in NET formation, as well as cell activation–related genes, were enriched in HBT neutrophils, indicating a strong interaction between neutrophils and tumor cells. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis and gene ontology (GO) functional annotation were performed and the 40 enriched pathways were shown (Figures 2C, D). In terms of KEGG analysis, pathways, including Phosphatidylinositol-3-kinase (PI3K)-Akt signaling pathway, extra cellular matrix (ECM)–receptor interaction, glycerolipid metabolism, cell adhesion molecules, biosynthesis of steroid hormone, unsaturated fatty acids, ferroptosis and its related glutathione metabolism, and peroxisome generation, were enriched in HBT neutrophils, whereas chemokine signaling pathway was enriched in HBPB neutrophils (Figure 2C). GO functional analysis showed enriched cell adhesion, collagen-containing extracellular matrix, mitochondrion, and mitochondrion matrix pathways in HBT neutrophils (Figure 2D). According to KEGG and GO analysis results, we found that HBT neutrophils showed deviated chemokine signaling and ferroptosis signatures, as well as ferroptosis-related lipid metabolism, lipid oxidation, and mitochondrial function signatures.




Figure 2 | Immunoprofile and differentially expressed genes (DEGs) in HB neutrophils. (A) Flow chart of experimental protocol used in this study. (B) Heatmap of expression of neutrophil marker genes. NETs, neutrophil extracellular traps; ISGs, interferon-stimulated genes. (C) KEGG pathway enrichment analysis of DEGs. (D) GO enrichment analysis of DEGs. (E) Gene set enrichment analysis (GSEA) of ferroptosis pathway (hsa04216) in neutrophils.



To ensure our findings, we analyzed the bulk RNA-seq data by gene set enrichment analysis (GSEA) so that genes related to particular biological states were considered as a whole. In consistent with analysis from directly comparing relative intensity of gene expression separately, gene set analysis revealed an enhanced ferroptosis (hsa04216) in HBT neutrophils compared with that in HBPB neutrophils, whereas there was a comparable ferroptosis score with no significant difference between HBT and HBPT neutrophils (Figure 2E).




3.3 Single-cell RNA sequencing indicated that majority of intratumoral neutrophils was at terminal fate state with high ferroptotic level

To provide a deeper insight into neutrophil populations in HB TME, we performed scRNA-seq using HB tumor tissues (n = 5) and paired para-tumor tissues (n = 5). After initial stringent quality control, we obtained usable data from a total of 34,355 cells. As illustrated by UMAP in Figure 3A, 19 cell clusters including 14 types of immune cells and five types of non-immune cells were annotated based on the expression of corresponding canonical marker genes (Figures 3A, B; Supplementary Figures 3, 4). Among them, hepatoblasts, hepatocytes, mast cells, and macrophages were evidenced to enrich in HBT samples in comparison with their counterparts in HBPT samples (Figure 3C). According to our bulk RNA-seq data, we were curious about the major ferroptotic cells in HB tissues. To this aim, we computed the ferroptosis score with a set of characteristic genes for each particular cell populations (Supplementary Table 2). The highest ferroptosis scores were allocated to hepatoblasts, the major tumor cells, as well as macrophages, which possibly was a consequence or mechanism for immune suppression, as being proposed by many studies (31–34). The next tier of cells with strong ferroptosis included neutrophils and hepatocytes, at pretty much similar level (Figure 3D). Together, these data indicated that, in accordance with bulk RNA-seq result from sorted neutrophils, tissue neutrophils were endowed with strong ferroptosis signature.




Figure 3 | Single-cell profiling of patients with HB reveals distinctive tumor-infiltrated cell populations. (A) UMAP plots of all cells annotated by cell types according to canonical markers. (B) UMAP plots of distribution discrepancy of cell clusters between HBT and HBPT. (C) Dot plots showing cellular fractions of immune cells and non-immune cells in HBT (n = 5) and paired HBPT (n = 5). (D) Box plots of ferroptosis signature score in different cell types. Results for all measurements were mean ± SEM. Significant differences between groups were determined by *p < 0.05 and **p < 0.01.






3.4 Pseudo-time staging analysis mapped the dynamic features and ferroptosis fates of enriched terminally differentiated neutrophils in tumor

On the basis of the above ferroptosis analysis, we narrowed down our investigation on intratumoral neutrophils to further characterize their heterogeneity. To do this, we re-clustered neutrophils into 10 subclusters. Being illustrated in Figure 4A, neutrophils in both HBT and HBPT showed different gene expression profiles, whereas different ratios were noticed in some subclusters (dot line boxed). This implied that, regardless of the locations (tumor vs. para-tumor), neutrophils were heterogeneous subpopulations with DEGs. Taking the scRNA-seq of all denoted neutrophils, we performed pseudo-time analysis to see the development and differentiation stages. As shown in Figure 4B, neutrophils were divided into three development and differentiation fates with one at naïve stage (pre-fate) and two terminally differentiated stages with divergent cell fates (fate 1 and fate 2). Interestingly, when scRNA-seq data of neutrophils from para-tumor and tumor were analyzed separately, it became obvious that neutrophils in tumor exhibited increased maturity and were more terminally differentiated (Figure 4C). Comparison between neutrophils in pre-fate, fate 1, and fate 2 demarcated three discrete sets of gene enrichment elaborated on the fact that these neutrophils along different pseudo-time line were truly different functional subsets (Figure 4D). KEGG pathway analysis on these genes revealed, as our bulk RNA-seq indicated, that ferroptosis was one of the major functional characters in neutrophils (Figure 4E). Furthermore, when ferroptosis score was calculated, terminally differentiated neutrophils that were highly enriched in HB tumor were highly ferroptotic (Figure 4F). As supplement evidence, pseudo-time analysis for eight major genes responsible for ferroptosis revealed an overall trend of increasing expression along with the neutrophil maturation and differentiation (Figure 4G). It is important to point out that fate 2 neutrophils were clearly distinguishable from fate 1 in that this subset of neutrophils exhibited more immunosuppressive function in KEGG analysis such as PD-L1/PD1 immune checkpoint pathway, lipid, and fatty acid metabolism. In sum, compared with HBPT neutrophils, HBT neutrophils were predominantly well differentiated with high ferroptosis signature.




Figure 4 | Dynamic features and ferroptosis fates of neutrophils by pseudo-time analysis. (A) UMAP plots of re-clustered neutrophils. (B) Monocle-guided cell trajectories of neutrophils colored from dark to light blue. The start of pseudo-time was indicated by dark blue and the end of pseudo-time by light blue, and the nodes represented branches of two differentiation trajectories, fate 1 and fate 2. (C) Monocle-guided cell trajectory of neutrophils colored by five different differentiation states. (D) Heatmap of differentially expressed genes, ordered based on their common kinetics through pseudo-time using Monocle. (E) Bubble chart showing the KEGG enrichment analysis of pre-fate, fate 1, and fate 2 neutrophils. (F) Monocle-guided cell trajectory of neutrophils colored by ferroptosis score. (G) Two-dimensional plots showing the dynamic expression of eight ferroptosis-related genes during the neutrophils aging state along the pseudo-time.






3.5 Ferroptotic intratumoral neutrophils suppressed anti-tumor function of T cells

Experimentally, we further verified neutrophil ferroptotic features by transmission electron microscopy and found that a significant portion of neutrophils isolated from HBPB, HBT, and HBPT exhibited typical morphological changes in mitochondria such as decreased volume, vacuole formation, increased mitochondrial membrane density, as well as disappearance of mitochondrial cristae (Figure 5A). Along with this, lipid ROS level, both an indicator and a strong inducer of ferroptosis, was higher in tissue-infiltrated neutrophils (both tumor and para-tumor) than that of in blood (Figure 5B). FerroOrange staining and quantitative analysis by flow cytometry indicated increasing Fe2+ concentrations in tissue-infiltrated neutrophils (Figure 5C).




Figure 5 | Enhanced ferroptosis and suppressive effects of neutrophils. (A) Representative images of transmission electron microscopy showed mitochondrial morphology changes in isolated neutrophils. The scale bar represents 2 μm (red). The lower panel showed a zoom on one mitochondrion in its corresponding image in the upper panel (black box). The red arrow indicated vacuole formation. (B) Flow analysis of BODIPY 581/591 C11-labeled lipoxidation of polyunsaturated fatty acids in isolated HBPB, HBT, and HBPT neutrophils (n = 3). MFI, mean fluorescence intensity. (C) FerroOrange probe was used to detect the intracellular Fe2+ of isolated HBPB, HBT, and HBPT neutrophils by flow cytometry (n = 3). (D) Expression of CD71 measured by flow cytometry (n = 6). (E, F) 50% TTCS-conditioned neutrophils were collected after 16 h for flow cytometric analysis of lipid ROS [(E) n = 3] and Fe2+ concentration [(F) n = 4], and CD71 expression [(G) n = 6], respectively. (H, I) Expression of PD-L1 on isolated neutrophils [(H) n = 6] or TTCS-treated neutrophils in the presence and absence of LPX1 [(I) n = 3]. (J) Flow cytometric analysis of CD4+ T-cell and CD8+ T-cell lymphocytes for expression of T-cell activation markers CD25 and CD69 after cocultured with 50% TTCS-conditioned neutrophils (n = 3). (K) Schematic illustration of the coculture steps for RTCA. (L) Cytotoxicity of CD8+ T-cell against HuH6 cells at an effector-to-target ratio of 10:1 was monitored by xCELLigence RTCA label-free technology. Arrows refer to the addition of CD8+ T cells. The y-axis is the normalized cell index generated by the RTCA software and displayed to reflect the vitality of tumor cells. Normalized cell index showed the average of four wells. Results for all measurements were mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.



CD71, a known ferroptosis marker, was measured by flow cytometry, and we found that the percentage of CD71+ neutrophils was substantially higher in tumor tissue samples than that in blood samples. In addition, the fact that CD71+ neutrophils% was even higher in HB tumor tissue than in para-tumor tissue highlighted the single-cell sequencing result, suggesting an enriched ferroptotic terminally differentiated neutrophils in HB tumors (Figure 5D). To ensure that the ferroptosis of neutrophils is related to TME, isolated neutrophils from peripheral blood of HCs were treated with TTCS. Indeed, lipid ROS (Figure 5E) and intracellular Fe2+ (Figure 5F) and CD71 expression (Figure 5G) as well were successfully induced in neutrophils.

It is worth mentioning that, compared to blood neutrophils, the expression of PD-L1, one of essential immune checkpoint proteins, in tissue-infiltrated neutrophils is remarkably increased, suggesting an immunosuppressive feature of intratumoral neutrophils (Figure 5H). Similarly, PD-L1 could be readily induced on neutrophils by TTCS treatment. This induction of PD-L1 expression was related to neutrophils ferroptosis because adding ferroptosis inhibitor LPX1 in the culture abolished the expression induction (Figure 5I).

To validate the immunosuppressive role of neutrophils on T cells, we pre-treated microbeads isolated neutrophils with T cells and measured the T-cell activation by flow cytometry. As expected, TTCS-treated neutrophils dramatically subdued the activation of CD4+ and CD8+ T cells. Either PD-L1 neutralizing antibody or ferroptosis inhibitor LPX1 could restore the suppression effect of neutrophils against T cells. However, pre-treating neutrophils with a ferroptosis stimulant RSL3 was not able to affect T-cell activation, implying that functional transformation to neutrophils ferrroptosis is not the sole event to trigger the T-cell suppression (Figure 5J).

To investigate how suppressive neutrophils affect T-cell cytotoxicity to tumor cells, we designed experiment as diagrammed in Figure 5K. In brief, CD8+ T cells and neutrophils were sorted out. CD8+ T cells were stimulated with anti-CD3/28 for 2 days, and neutrophils were pretreated with various reagents respectively for 6 h. Then, CD8+ T cells were cocultured with pretreated neutrophils for another 24 h. CD8+ T cells then were sorted out to load into a 16-well plate pre-seeded with HuH6 tumor cells for cell killing assay (Figure 5K). As real-time cell analysis showed CD8+ T cells alone or CD8+ T cells pre-cultured with unconditioned neutrophils could effectively kill HuH6 tumor cells. The killing efficiency of CD8+ T cells was dampened by pre-coculture with TTCS-conditioned neutrophils implied that intratumoral neutrophils indoctrinated by TME might directly suppress infiltrated T-cell anti-tumor function. Unconditioned neutrophils, being pre-treated with ferroptosis inducer RSL3, were able to suppress tumoricidal activity of CD8+ T cells. Conversely, the inhibition of T-cell cytotoxicity by TTCS-conditioned neutrophils could be reversed by PD-L1 neutralizing antibody or ferroptosis inhibitor LPX1 (Figure 5L).




3.6 CXCL12-CXCR4 chemotaxis mediated neutrophil recruitment into tumor

To further explore the relationship of neutrophils in tumor and their counterparts in para-tumor, we particularly focused on several well-characterized genes responsible for neutrophils chemotaxis including CXCR1, CXCR2, CXCR4, and CD62L. Our bulk RNA-seq data revealed that, compared with neutrophils from para-tumor tissues and blood, neutrophils sorted from tumor tissues expressed much lower level of CXCR1, CXCR2, and CD62L, but not CXCR4 (Figure 6A). As validated by our flow cytometry data, CXCR1, CXCR2, and CD62L were significantly downregulated in HBT neutrophils compared with that in HBPB neutrophils, whereas CXCR4 was still expressed (Figure 6B). We further analyzed the expression of them across pseudo-time staging analysis map. Along the trajectory, the expression of SELL was successionally decreased in pseudo-time, and the expression trends of CXCR1 and CXCR2 first increased and then decreased (Figure 6C). Note that, consistent with increased CXCR4 in HBT neutrophils analyzed by flow cytometry, CXCR4 expression was dramatically elevated across pseudo-time. Meanwhile, results from GSEA agreed that chemokine signaling pathway (hsa04062) was downregulated in HBT neutrophils compared with that in HBPT neutrophils (Figure 6D). Because neutrophil recruitment depends largely on tissue-specific chemokines (35, 36), we calculated the strength of cell-to-cell communication from perspective of chemotactic signaling pairs using scRNA-seq data. The calculated strength of communication illustrated in bubble plot indicated that, among 19 subset cell clusters, hepatoblasts, fibroblasts, and macrophages were the three cell populations interacted with neutrophils via CXCL12-CXCR4 chemotaxis (Figures 6E, F). Through pseudo-time trajectory analysis, expression of CXCR4 in neutrophils from tumor tissue was predominantly in fate 1 neutrophils, whereas, in para-tumor tissue, CXCR4 expression well dispersed in all maturation stages except for pre-fate naïve stage, which was enriched neutrophil population in para-tumor tissue. The focal expression of CXCR4 in fate 1 neutrophils in tumor tissue implied that terminally differentiated fate 1 neutrophils assumed to be immunosuppressive and ferroptotic could be the active immigrants taking CXCR4 as chemokines receptors (Figure 6G). When we interrogated cell origin of CXCR4 expression from scRNA-seq data, we found virtually all major immune cells such as neutrophils, macrophage, T and NK cells, and dendritic cells (DCs), but not non-immune cells such as endothelial cells, cholangiocytes, hepatoblasts, and hepatocytes expressed CXCR4. As for the ligand CXCL12, the expression was identified exclusively in macrophage, fibroblast, and hepatoblasts and minute amount in endothelial cells (Figures 6H, I). This fit very well to our cell-to-cell communication strength calculation as these cell types has the strongest interaction with neutrophils. Furthermore, in a CXCL12 immunohistochemistry staining comparison between tumor and para-tumor section, tumor tissue has signals greatly surpass the para-tumor tissue (Figure 6J). This difference in CXCL12 expression was secured by our ELISA experiment detecting CXCL12 in culture supernatant of HuH6 tumor cell line, isolated primary tumor cells from tumor region and from para-tumor region. While CXCL12 was barely detectable in HuH6 culture as a baseline, the concentration is significant higher in primary tumor cell culture than that in primary para-tumor cell culture (Figure 6K). Supporting this, in a Boyden chamber migration experiment, culture supernatant from primary tumor cells (TTCS) could induce more neutrophil migration events than culture supernatant from primary para-tumor cells (PTCS) (Figure 6L).




Figure 6 | CXCL12-CXCR4 chemotaxis contributed to neutrophil recruitment. (A) Heatmap of four receptor-related gene expressions on isolated neutrophils using bulk RNA-seq transcriptome data. (B) Flow cytometric analysis of CXCR1, CXCR2, CXCR4, and CD62L expression gated on CD15+ neutrophil population (n = 4). (C) Two-dimensional plots showing the dynamic expression of CXCR1, CXCR2, CXCR4, and CD62L during the neutrophils aging state along the pseudo-time. (D) GSEA using bulk RNA-seq data from HBT versus HBPB and HBT versus HBPT shows enrichment of chemokine signaling pathway (hsa04062) in HBPT neutrophils. (E) Cellular interaction from other tissue-infiltrated cell types to neutrophils. (F) CXCL signaling pathway–related cellular interaction showed the activation of CXCL12-CXCR4 signaling to neutrophils. (G) Monocle-guided cell trajectory of neutrophils colored by CXCR4 expression. (H) Violin plots of CXCL12 and CXCR4 expression in all cell clusters. (I) UMAP-based distribution of CXCL12 in all cell clusters of HBPT and HBT. (J) Representative images (left) and evaluation (right) of immunohistochemistry staining of CXCL12 in HBT and HBPT, respectively. Scale bar, 50 μm. (K) Protein level CXCL12 in HuH6-CS (n = 4), TTCS (n = 9), and PTCS (n = 9) compared with medium control (n = 4) by ELISA. (L) Flow cytometry analysis of migratory neutrophils passing through the membrane (n = 4). Results for all measurements were mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.






3.7 CXCR4hi neutrophil subset exhibited higher ferroptosis tendency and activated immunosuppressive phenotype

To substantiate the functional heterogeneity in CXCR4 expressing neutrophils, we divided all neutrophils into CXCR4hi and CXCR4lo neutrophils according to our scRNA-seq data and obtained DEGs between these two groups. Further KEGG analysis indicated that, as compared with CXCR4lo neutrophils, ferroptosis and its related fatty acid metabolism pathways were the major functional characters of CXCR4hi neutrophils, and this cohort of neutrophils also exhibited stronger immunosuppressive functions such as PD-L1/PD-1 immune checkpoint pathway (Figure 7A). Meanwhile, we compared the expression levels of CD71, PD-L1, and the activation marker CD54 between CXCR4hi and CXCR4lo neutrophil subsets from peripheral blood and tumor or para-tumor tissues experimentally. Our flow cytometry data demonstrated that, in contrast to CXCR4lo neutrophils, CXCR4hi neutrophil subset had evident ferroptotic, activated, and immunosuppressive signatures (Figure 7B).




Figure 7 | CXCR4hi neutrophil subset with activated phenotype and ferroptosis tendency. (A) Bubble chart showing the KEGG enrichment analysis of the top 20 functional pathways between CXCR4hi and CXCR4lo neutrophil groups. (B) Flow cytometric assessment of CXCR4hi and CXCR4lo neutrophil proportions in HBPB, HBT, and HBPT, and compared the expression of CD71, PD-L1, and CD54 between CXCR4hi and CXCR4lo neutrophil (n = 4 per group). Results for all measurements were mean ± SEM. * p < 0.05, ** p < 0.01 and *** p < 0.001.



These findings together implied that, in addition to the tumor resident neutrophils, there was also a cohort of CXCR4hi neutrophils, with activated phenotype, high ferroptosis tendency and immunosuppressive molecule expression, migrating from HBPT (Figure 8).




Figure 8 | Graphic abstract. The graphic abstract clearly illustrated a significantly enhanced ferroptosis signature in HBT and HBPT tissue-infiltrated neutrophils with elevated intracellular Fe2+ concentration and lipid ROS generation. In addition to the tumor resident neutrophils, a cohort of CXCR4hi neutrophils with activated phenotype, high ferroptosis tendency, and immunosuppressive molecule expression, migrating from HBPT, does exist in the tumor microenvironment.







4 Discussion

Neutrophils are immune cells with fascinating biology and functional plasticity. In our study, we used scRNA-seq techniques to provide evidence of distinct innate neutrophil subpopulations infiltrating the tumor in patients with HB, highlighting the heterogeneity and complexity of the immune landscape in HB. It was indicated that HB TME induced a ferroptotic and immunosuppressive phenotype in neutrophils accompanied by functional changes and surface protein expression, indicating that the presence of neutrophils in the complex landscape of the TME holds pivotal roles.

Immunotherapy has emerged as a promising strategy for the treatment of many cancers. It is unclear whether, and how, ferroptosis-prone neutrophils are involved in T-cell immunity and cancer immunotherapy. Neutrophils were reported to impact the success of immunotherapies, such as immune checkpoint blockade therapies, by displaying lymphocyte suppressive properties (37). Suppression of T cells by neutrophil via various mechanisms has been previously described (7, 38–40). A recent study demonstrated that spontaneous ferroptosis of neutrophils in the TME endowed them with immunosuppressive characteristics including influencing the activity of CD8+ T cells and tumor-associated macrophage (14). Notably, the expression of PD-L1 is a crucial mechanism in suppressing cytotoxic T lymphocyte function to induce immune tolerance and facilitate tumor escape from the immune system (41). Another study unveiled that xCT-mediated macrophage ferroptosis significantly increased PD-L1 expression in macrophages (42). In this study, we found that PD-L1 was highly expressed on HBT neutrophils, as described in other cancers (22). Unexpectedly, treatment of TTCS-conditioned neutrophils with ferroptosis inhibitor LPX1 resulted in substantial downregulation of PD-L1 expression. Moreover, blocking ferroptosis has been confirmed to improve the therapeutic efficacy of PD-L1/PD-1 blockade in glioblastoma (GBM) xenograft model, highlighting the important role of ferroptosis in tumor biology and clinical management and providing a novel synergic immunotherapeutic strategy that combines immune checkpoint blockade treatment with ferroptosis inhibition (43). This direct contact-mediated T-cell suppression was considered to be a dominant mechanism (44). Moreover, ferroptotic cells also exert contact-independent immune suppression by producing large amounts of PGE2 to increase the uptake and storage of lipids (14). Our results raise the question that whether the combination of ferroptosis inhibitor and anti–PD-L1/PD-1 treatment could reverse the pro-tumor polarity of neutrophils and restore the cytotoxic activity of T cells.

Our study confirmed upregulated ferroptosis in HB tissue-infiltrated neutrophils compared with circulating neutrophils. However, neutrophils in HBT and HBPT displayed absolutely different ferroptotic and chemotactic signatures. According to the pseudo-time staging analysis, HBPT neutrophils distributed dispersively in pre-fate and two terminal fate branches, whereas HBT neutrophils showed concentrated distribution in terminal fate branches. Both the two terminal fate neutrophils were featured with high ferroptotic scores, indicated by our bioinformatics analysis and experimental validation. Therefore, we wondered if a cohort of neutrophils infiltrated in tumors were migrated from para-tumors, contributing to the higher ferroptotic levels. In addition to the ferroptotic heterogeneity, changes in the chemokine signaling pathway were also significant in the HBT neutrophils. Neutrophils underwent increasing maturity from peripheral blood to HB para-tumor tissues and then to tumor. During this progression, CXCR1, CXCR2, and CD62L, essential for the neutrophil’s life cycle and regulating retention and release from the bone marrow (45–47), were downregulated, whereas CXCR4 became to be the only remaining chemokine receptor for recruiting neutrophils. HBT neutrophils at the terminal state tended to be mature cell characterized by a CXCR4hiCD62Llo expression profile. Unexpectedly, chemotactic heterogeneity still exists between neutrophils from two terminal fate branches in tumor. Fate 2 neutrophils were featured with both innate immune functions, like pre-fate neutrophils and ferroptosis, but fate 1 neutrophils with higher expression of CXCR4 displayed ferroptotic and immunosuppressive signatures. Experimentally and consistently, CXCR4hi neutrophils showed higher CD71 and PD-L1 expression, suggesting that fate 1 neutrophils were the culprit to undergo ferroptosis and suppress anti-tumor responses in HB tumor. With the high levels of ligand CXCL12 in HB tumor environment and the significance of CXCL12/CXCR4 axis for neutrophil release to liver (48), the surviving CXCR4 expression may result in this subset of ferrpototic neutrophil migrating into and then retenting in tumor. These findings together implied that, in addition to the resident neutrophils in HBT microenvironment, there was also a cohort of CXCR4hi neutrophils that migrated from HBPT, with activated phenotype, higher ferroptosis tendency, and immunosuppressive molecule expression. Supportively, CXCR4hiCD62Llo mature neutrophils have been shown to robustly promote tumor migration and support metastasis through the increased release of several metastasis-promoting factors, including NETs, ROS, vascular endothelial growth factor (VEGF) and matrix metalloproteinase-9 (MMP9). According to our RNA-seq results, NET-associated neutrophil elastase (NE), MMP9, PADI4, and HMGB1, were upregulated in HBT neutrophils, which were reported to awaken dormant cancer cells and facilitate cancer cell metastasis (49, 50).

To summarize, our study pinpointed that significantly enhanced ferroptosis signature in HBT and HBPT neutrophils, regardless of their differential distribution of cell maturation status, was the genuine perpetrators for immune suppression. Moreover, our data characterized a cohort of CXCR4hi neutrophils, with activated phenotype, higher ferroptosis tendency, and increased immunosuppressive molecule expression, migrating from para-tumors via CXCL12/CXCR4 axis, suggesting a potential cell target for cancer immunotherapies.
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Introduction

Colorectal cancer (CRC) presents a substantial challenge characterized by unacceptably high mortality and morbidity, primarily attributed to delayed diagnosis and reliance on palliative care. The immune response of the host plays a pivotal role in carcinogenesis, with IL-38 emerging as a potential protective factor in CRC. However, the precise involvement of IL-38 among various leucocytes, its interactions with PD-1/PD-L1, and its impact on metastasis require further elucidation.





Results

Our investigation revealed a significant correlation between IL-38 expression and metastasis, particularly concerning survival and interactions among diverse leucocytes within draining lymph nodes. In the mesentery lymph nodes, we observed an inverse correlation between IL-38 expression and stages of lymph node invasions (TNM), invasion depth, distance, and differentiation. This aligns with an overall survival advantage associated with higher IL-38 expression in CRC patients’ nodes compared to lower levels, as well as elevated IL-38 expression on CD4+ or CD8+ cells. Notably, a distinct subset of patients characterized by IL-38high/PD-1low expression exhibited superior survival outcomes compared to other combinations.





Discussion

Our findings demonstrate that IL-38 expression in colorectal regional nodes from CRC patients is inversely correlated with PD-1/PD-L1 but positively correlated with infiltrating CD4+ or CD8+ lymphocytes. The combined assessment of IL-38 and PD-1 expression in colorectal regional nodes emerges as a promising biomarker for predicting the prognosis of CRC.
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1 Introduction

Colorectal cancer (CRC) remains a formidable challenge to human health, even with substantial technological advancements, especially in early malignancy screening over recent decades (1). The unacceptably high mortality and morbidity associated with CRC, particularly for individuals under the age of 50, have been on the rise globally. The multifaceted nature of tumorigenesis, shaped by genetic backgrounds (2), environmental factors (3), and the presence of infections or inflammation (4), underscores the inherent complexity of this disease.

Immunotherapy is intricately linked to the mismatch repair/microsatellite instability (MMR/MSI) status of tumours, which can be broadly divided into MMR/MSI competent tumours (representing the majority of CRCs) and MMR/MSI incompetent tumours (constituting around 4% of CRC cases) (5). Notably, MMR/MSI incompetent CRC represents an “immune-hot” subtype, characterized by a heightened tumour mutational burden, infiltration of T lymphocytes, and a robust anti-tumour immune response within the tumour microenvironment. Consequently, this CRC subtype exhibits a favourable response to immune checkpoint inhibitors (ICIs).

In contrast, the majority of CRCs are MMR/MSI competent, and their tumour growth is primarily propelled by increased WNT signalling (6). These tumours manifest an immune-exclusive microenvironment, likely due to a lower tumour mutational burden. As a result, MMR/MSI competent CRCs generally exhibit poor responses to ICIs. Nevertheless, ongoing clinical trials are exploring strategies to augment the inflammatory response within the tumour microenvironment of MMR/MSI competent CRCs. For instance, approaches such as radiotherapy are being investigated to induce inflammation and potentially enhance the responsiveness of this CRC subtype to ICIs (7).

Host immunity has been widely acknowledged as a critical determinant in the development of malignancies (8). Recent breakthroughs have prominently highlighted the pivotal role of the PD-1/PD-L1 axis in cancer progression (9). The introduction of anti-PD-1/PD-L1 therapies has heralded a paradigm shift in cancer treatment, presenting markedly improved outcomes for patients who would otherwise confront more severe conditions (10). Nevertheless, a notable proportion of adverse effects has been observed in cancer patients following anti-PD-1 therapy (11). For instance, our previous research demonstrated serious adverse responses in hepatocellular carcinoma patients in response to ICIs (11).

In our prior investigations, we provided evidence of the dichotomous effects of IL-36 (12) and IL-38 (13) on tumorigenesis of CRC, where IL-36 exhibited pro -tumour effects, while IL-38 displayed a contrasting impact. However, a critical gap in our understanding persists, particularly concerning the relationship among IL-38 expression, T or B cell infiltration, and PD-1/PD-L1 expression within the draining lymph nodes (LN) of patients with CRC. Our current study further investigates whether there is a correlation between IL-38 expression and metastasis, particularly in relation to the survival and the interaction among the different leucocytes within draining LN. These data is aligned with previous observations showing that the malignant subclones present within LNs exhibit a higher mutational burden and metastatic/proliferative potential than the primary tumour (14).

Such information serves as the impetus for the present study. Through a meticulous examination of IL-38 expression dynamics and its potential interplay with T and B cell infiltration, as well as the status of the PD-1/PD-L1 axis within the draining lymph nodes of CRC patients, we aim to unravel the intricacies of the immune landscape in this specific microenvironment. Such insights hold the promise of not only enhancing our comprehension of CRC immunobiology but also potentially identifying novel avenues for therapeutic intervention.

This research aims to more comprehensively define the immune modulators shaping the progression of CRC, with implications for the development of targeted therapies and personalized treatment strategies for individuals grappling with CRC.




2 Materials and methods



2.1 Demography of CRC patients and samples

The draining lymph nodes from colorectal regions in the wax blocks were obtained from CRC patients at the Department of Pathology, Tongren Hospital, Shanghai Jiaotong University School of Medicine. Demographic and clinicopathological information were extracted from the electronic medical database at Tongren Hospital. Follow-up data were retrieved from the Centre for Disease Control and Prevention in Changning District, Shanghai, China.

A total of 263 cases were included in the present study after excluding cases with incomplete clinical data and those where tissue specimens couldn’t be obtained for tissue array creation. Among these 263 cases, 231 had follow-up information available up to their date of death or their most recent contact, which was as of November 2023 (Table 2). Among these 231 CRC patients, 162 were still alive at the time of the analysis, while 69 had unfortunately died, with the longest survival period recorded at 52 months. This study has been approved by the human ethic committee, Tongren Hospital, Shanghai Jiaotong University.

All patients identified in the current study did not undergo preoperative neoadjuvant therapy and underwent surgery within two weeks of being diagnosed with CRC. Following surgery, patients who received chemotherapy in our hospital were prescribed capecitabine for a specific duration, with approximately two-thirds of patients also receiving oxaliplatin. Both capecitabine and oxaliplatin act by inhibiting the growth of tumour cells through the suppression of DNA synthesis in cancer cells (15, 16). There are no reported studies on capecitabine and oxaliplatin impact on the expression of IL-38. Additionally, targeted drugs, such as bevacizumab (17), used by a small subset of patients, have not been associated with any reported effects on IL-38 expression.




2.2 Immunohistochemistry

The tissue array was generated following the methods as described (18, 19). Subsequently, immunohistochemistry was conducted on sections obtained from these tissue arrays to assess the expression of IL-38, CD4, CD8, PD-1, CTLA-4, and FOXP3 on the draining lymph nodes containing metastatic CRC. All of the primary antibodies were purchased from Abcam, Cambridge, UK, details as follows: anti-human IL-38 (Ab180898, staining concentration 1:1000), anti-human CD4 (Ab133616, staining concentration 1:1000), anti-human CD8 (Ab237710, staining concentration 1:500), anti-human PD-1 (Ab237728, staining concentration 1:1000), anti-human CTLA-4 (Ab237712, staining concentration 1:400), and anti-human FOXP3 (Ab215206, staining concentration 1:200). A secondary HRP-conjugated antibody (Beijing Sequoia Jinqiao Biological Technology) was subsequently utilized. The specific target was visualized using a DAB detection kit and counterstained with hematoxylin.

To digitize the sections, we utilized NANO Zoomer series digital scanning devices 2.0 (Hamamatsu, Japan). Quantification of expression was conducted, using Halo digital imaging analysis software 2.0 (Indica Labs, USA). Notably, this software automatically excluded tissue gaps, including those resulting from prior tissue microarray coring, from the analysis. The images underwent annotation, and a staining intensity threshold was established, classifying them into negative and positive categories. Subsequently, the software employed an annotated training algorithm to automatically analyse and calculate staining intensity and the proportion of positive cells per unit area at each tumour and stromal site. The H score, combining staining intensity and the proportion of positive cells per unit area, served as a comprehensive representation of the results (Indica Labs, USA).




2.3 Immunofluorescent staining

To ascertain the co-localization of IL-38 with CD3, CD19, CD138, or CD68, we conducted immunofluorescence staining on the sections. The sections were stained with antibodies for anti-IL-38 (Ab180898, Abcam, Cambridge, UK) and anti-CD3 (MX036, Fuzhou Maixin Biological Technology, China), anti-CD19 (MX016, Fuzhou Maixin Biological Technology, China), anti-CD138 (MI15, Fuzhou Maixin Biological Technology, China), or CD68 (MX075, Fuzhou Maixin Biological Technology, China) at 4°C overnight. Subsequently, the sections were incubated with the corresponding fluorescent secondary antibodies: anti-IL-38 antibody (staining concentration 1:200) with its counterpart from Beijing Panovue Biological Technology, China, and CD3 (staining concentration: Ready-to-use concentration), CD19 (staining concentration: Ready-to-use concentration), CD138 (staining concentration: Ready-to-use concentration), or CD68 (staining concentration: Ready-to-use concentration) with their respective fluorescent secondary antibodies from Beijing Panovue Biological Technology, China. DAPI (Beijing Panovue Biological Technology, China) was applied to identify the nuclei. Co-localization was detected using a BX60 Olympus fluorescence microscope, and quantitative analysis was performed using Halo digital imaging analysis software 2.0 (Indica Labs, USA).




2.4 Statistical analysis

Statistical analysis was conducted following established procedures (20) utilizing Graphpad Prism 9.0.1 The comparison between two unpaired groups employed the Mann-Whitney U test, while comparisons among multiple groups utilized the Kruskal-Wallis H test. Optimal cut-off points for continuous variables were determined using X-tile software, based on the highest χ2 values defined by Kaplan-Meier survival analysis and the log-rank test (21). The patient’s overall survival was defined as the number of days between surgery and the date of the last follow-up or death. Survival curves were generated using the Kaplan-Meier method and compared using the log-rank test. Univariate and multivariate analyses of various factors influencing patient prognosis were conducted using Cox’s proportional hazards model. Statistical significance was considered at P < 0.05.





3 Results



3.1 Demographic information for the patients

Demographic data for the 263 primary CRC patients, subjected to comprehensive analysis, are detailed in Table 1. Within this cohort, 57 individuals exhibited tumours measuring < 3cm, while 206 patients presented tumours of ≥  3cm. Employing the tumour-lymph node-metastasis (TNM) classification outlined by the American Joint Committee on Cancer (AJCC) (22), the distribution revealed 148 cases classified as N0 (no tumour metastasis in regional lymph nodes), 92 as N1, and 23 as N2. Additionally, the staging analysis disclosed 42 cases at stage I, 104 at stage II, 100 at stage III, and 17 at stage IV.


Table 1 | Demography of patients with CRC.




Table 2 | Association between IL-38 expression in colorectal reginal nodes and clinicopathological characteristics of patients.





3.1.1 Association between IL-38 and clinicopathological characteristics in lymphoid tissue

The expression of IL-38 was observed to be widespread within lymphoid tissues, primarily localized in the cytoplasm and nucleus of lymphocytes (Figure 1). Notably, as the number of regional lymph nodes invaded by the tumour increased, there was a discernible decrease in IL-38 expression in regional lymphoid tissue (Figure 1A; p=0.0415). Additionally, IL-38 exhibited a significant reduction in colorectal regional lymph nodes among patients with advanced CRC compared to those with early CRC (Figure 1B; p=0.0413). Lastly, IL-38 expression was markedly lower in the colorectal regional lymph nodes of patients with primary tumour sizes > 3 cm, in contrast to those in the regional lymph nodes of patients with primary tumour sizes of ≤ 3 cm (Figure 1C; p=0.0386).




Figure 1 | The Relationship between IL-38 expression in colorectal regional nodes and key clinicopathological factors. This figure illustrates the correlation between IL-38 expression in colorectal regional nodes and pertinent clinicopathological factors, including (A) the number of colorectal regional lymph nodes invaded by the tumour, (B) CRC stage, and (C) primary tumour size. Accompanying microphotographs depicting IL-38 expression are provided for visual reference. Original magnification ×400.






3.1.2 Co-localization of IL-38 in colorectal reginal nodes

To further identify the source of the cellular origins of IL-38 production within colorectal regional nodes of CRC patients, sections were double stained with fluorescence-labelled anti-IL-38 and antibodies against CD3, CD19, CD138, or CD68 (Figure 2). A significant portion of IL-38+ cells (depicted by red fluorescence) exhibited co-staining with CD19+ B lymphocytes (depicted by green fluorescence), whereas a comparatively smaller fraction displayed co-staining with CD138+ plasmacytes, CD68+ monocytes/macrophages, or CD3+ T lymphocytes, each represented by green fluorescence. The visual analysis indicated that the number of CD19+ B lymphocytes per visual field was the highest, followed by CD138+ plasmacytes and CD68+ monocytes/macrophages, with the lowest observed for CD3+ T lymphocytes. Consequently, B lymphocytes, plasmacytes, and monocytes/macrophages were identified as the primary cellular sources of IL-38 in the lymphatic tissue of CRC patients.




Figure 2 | Co-localization of IL-38 in colorectal regional nodes from CRC patients was assessed using dual-coloured immunofluorescence. This method enabled the evaluation of CD3 (T lymphocyte), CD19 (B lymphocyte), CD138 (plasmacyte), or CD68 (monocyte/macrophage) expression (in green fluorescence) alongside IL-38 (in red fluorescence) (Figure 2A). Original magnification ×400. The double positive IL-18/CD19., IL-38/CD138, IL-38/CD68, IL-38/CD3 cells are quantified in Figure 2B).






3.1.3 Association between IL-38 and CD4, CD8, PD-1, CTLA-4 or FOXP3 in colorectal reginal nodes from CRC patients

In our examination of the relationship between IL-38 and CD4 or CD8 expression in colorectal regional nodes, positive correlations emerged between IL-38 and CD4 (r=0.1805, p=0.004) (Figures 3A, B) as well as between IL-38 and CD8 (r=0.2572, p<0.0001) (Figures 3C, D). Conversely, an inverse correlation was observed between IL-38 and PD-1 (r=-0.1582, p=0.0168) (Figures 3E, F). However, no significant correlation was discerned between IL-38 and CTLA-4 (r=-0.0345, p=0.6061) (Figures 3G, H) or between IL-38 and FOXP3 (r=0.0575, p=0.3554) (Figure 3I, J).




Figure 3 | Correlation analysis between IL-38 and the expression of CD4, CD8, PD-1, CTLA-4, and FOXP3 in colorectal regional modes from patients with CRC. This figure presents a comprehensive correlation analysis between IL-38 and the expression of CD4, CD8, PD-1, CTLA-4, and FOXP3 in colorectal regional nodes from patients with CRC. Accompanying microphotographs offer visual representations of the correlations, specifically illustrating IL-38 co-staining with CD4 (A), CD8 (C), PD-1 (E), CTLA-4 (G), and FOXP3 (I). Original magnification ×400. The correlation between CD4 and IL-38 (B), IL-38 and CD8 (D), IL-38 and PD-1 (F), IL-38 and CTLA-4 (H) and IL-38 and FOXP3 (J) are presented.






3.1.4 Association IL-38, CD4, CD8, PD-1 and survival curves in CRC patients

We utilized the log-rank test to investigate the correlation between IL-38 expression in colorectal regional nodes and post-operative survival in CRC patients. Our results revealed a significant increase in overall survival rates among CRC patients exhibiting IL-38high expression in colorectal regional nodes, as opposed to those with IL-38low expression (Figure 3A; p=0.0436). The results also showed that patients with high CD4high expression had a better prognosis than those with CD4low expression (Figure 3B; p=0.0386), and conversely, patients with PD-1low expression had a better prognosis (Figure 3D; p=0.0287).

Further sub-group analysis of CRC patients yielded insightful observations. Those with IL-38low and PD-1high expression in colorectal regional nodes displayed a markedly diminished survival rate compared to counterparts with IL-38high and PD-1low expression, or those with concurrent IL-38 and PD-1 high or low expression (Figure 3G; p=0.0093). In addition, the 5-year survival rate of patients with both IL-38 and CD4 high expression was higher than that of patients with double low expression (Figure 3E; p=0.0419).

However, CD8 expression was not significantly associated with patient prognosis (Figure 3C; p=0.2426), whether CD8 was analysed alone or in combination with IL-38, there was no significant relationship between their expression levels and patient prognosis (Figure 3C, p=0.2426; Figure 3F, p=0.1418) (Figure 4).




Figure 4 | Kaplan-Meier survival curves depict patient outcomes based on high or low levels of expression for IL-38, CD4, CD8, and PD-1. Survival analysis for patients with IL-38, CD4, CD8 and PD-1 expression are illustrated in (A–D). Survival analysis for patients with combinations of IL-38 and CD4 expression is shown in (E), IL-38 and CD8 expression in (F), and IL-38 and PD-1 expression in (G). P values obtained from analysis were determined using the log-rank test.







3.2 Univariate and multivariate analyses of the relationship between survival of CRC patients and IL-38, CD4, CD8, PD-1

Univariate analysis was conducted to assess the contribution of various factors (including IL-38, CD4, CD8, PD-1, sex, age, CRC location, tumour size, differentiation, depth of invasion, metastasis, and TNM staging) to the prediction of survival rates (Table 3). Both univariate and multivariate analyses were performed to determine CRC survival rates, as described (20). The results indicated that IL-38 expression (HR 1.626; 95% CI 1.009 - 2.618; p=0.046), CD4 expression (HR 1.636; 95% CI 1.021-2.622; p=0.041), PD-1 expression (HR 0.468; 95% CI 0.233-0.939; p=0.033), the combination of IL-38 and CD4 expression (HR 2.234; 95% CI 0.907-5.491; p=0.020), the combination of IL-38 and PD-1 expression (HR 0.500; 95% CI 0.309-0.807; p=0.005); age (HR 0.521; 95% CI 0.337-0.804; p=0.003), lymph node metastasis (HR 0.738; 95% CI 0.277 - 1.772; p=0.021), distant metastasis (HR 0.261; 95% CI 0.147 - 0.466; p<0.001), and TNM staging (HR 0.236; 95% CI 0.063 - 0.619; p<0.001) were all significant predictors of survival among CRC patients in the univariate analysis.


Table 3 | Univariate and multivariate analysis of IL-38, CD4, CD8, PD-1 and clinicopathological features affecting survival of patients with CRC.



Notably, the multivariate analysis revealed that the combination of IL-38 and PD-1 expression (HR 0.587; 95% CI 0.351 – 0.984; p=0.043) and distant metastasis (HR 0.175; 95% CI 0.090 - 0.340; p<0.001) emerged as independent and reliable biomarkers for predicting survival rates among CRC patients (Table 3). In contrast, other factors such as age, TNM staging and lymph node metastasis did not exhibit significant predictive value for survival rates among these CRC patients.





4 Discussion

In the present study, we investigated the correlation between IL-38 expression, T cell subsets, and the source of IL-38 within colorectal regional nodes from CRC patients. We observed an inverse correlation between IL-38 expression and the number of colorectal regional nodes invaded by tumour in patients with CRC. Furthermore, there was an inverse correlation between IL-38 expression in colorectal regional nodes and CRC TNM stages. Additionally, IL-38 exhibited an inverse correlation with PD-1 expression while demonstrating a positive correlation with the numbers of CD4+ and CD8+ T cells in colorectal regional nodes. Significantly, our multivariate analysis identified high levels of IL-38high and PD-1low as two independent predictors, which can serve as valuable biomarkers for predicting prognosis in CRC patients.

IL-38, recognized as an anti-inflammatory cytokine, plays a crucial role in preserving local host immunity (22) and contributing to the homeostasis of mucosal function (23). In the context of dysregulated intestinal mucosal immunity, particularly in chronic intestinal inflammation prone to the development of CRC (24), our findings are in line with a prior study indicating a correlation between IL-38 expression in CRC tissue and patient survival. This suggests that IL-38 may afford protection during the progression of CRC patients (13). Additionally, our observations align with other studies indicating that exogenous IL-38 inhibits the proliferation and metastasis of CRC cells in vitro (25).

Our present study serves as an extension of our prior research, with a specific focus on IL-38 within the context of gut mucosal immunity. Concentrating on the draining lymph nodes, our investigation reveals an inverse correlation between IL-38 expression and the invasion or metastasis of CRC in colorectal regional nodes from CRC patients. This finding lends support to the notion that IL-38 may confer benefits to CRC patients by suppressing invasion and metastasis.

The majority of CRC patients with poor prognoses often face challenges related to local and/or distant metastasis (23), Notably, we observed a significantly lower expression of IL-38 in colorectal regional nodes from CRC patients with advanced stages of the disease compared to those at an early stage. This observation aligns with the extent of colorectal regional nodes invaded by tumours in our current study. Such consistency in our findings further reinforces the protective role of IL-38 in the development of CRC in real-world scenarios, emphasizing its potential as a promising therapeutic target in the management of CRC patients.

The origin of intestinal mucosal IL-38 has been identified in B lymphocytes in ulcerative colitis (26). Our investigation demonstrates that IL-38 is produced, in sequential order of level of production, by B lymphocytes, plasmacytes, macrophages, and T lymphocytes in colorectal regional nodes from CRC patients. The observed inverse correlation between intestinal IL-38 levels in lymph nodes and advanced CRC, as well as TNM stages, provides additional evidence supporting the protective role of IL-38 in the tumorigenesis of CRC.

This discovery prompts speculation that the host may be actively endeavouring to suppress the development of CRC within the metastatic tumour within regional nodes by secreting IL-38. However, it appears that the target cells may not respond optimally to the elevated IL-38 levels among these CRC patients. It remains to be elucidated whether a compromised IL-38 signalling pathway exists in these susceptible individuals (27). Notably, IL-38 expression exhibited a positive correlation with the expression of CD4+ or CD8+ T lymphocytes, indicating a potential influence of IL-38 and CD4 or CD8 in shaping the progression of CRC by modulating the tumour microenvironment during CRC pathogenesis.

This concept gains support from existing research, where IL-38 expression was significantly associated with CD8+ tumour-infiltrating lymphocytes in lung cancer (28), and IL-38 was shown to potentially impact the further differentiation of CD4+ T cells (29). We hypothesize that IL-38 might inhibit CRC metastasis by influencing the infiltration of CD4+ and CD8+ T lymphocytes, a hypothesis that warrants verification in subsequent experiments. Additionally, the reason for the observed decrease in IL-38 expression in colorectal regional nodes from CRC patients, particularly among those with multiple regional nodes metastasis, remains unclear. While IL-38 appears to play a protective role in CRC development, the precise pathogenesis involved in CRC is yet to be thoroughly explored.

The immune checkpoint mechanism is a pivotal factor enabling tumour cells to evade host immune system attacks (30). Our findings reveal that IL-38 expression is inversely correlated with PD-1, but not with CTLA-4 or FOXP3, in regional nodes from CRC patients. This suggests that IL-38 could be a potential target for precision medicine in CRC treatment, complementing anti-PD-1/PD-L1 antibody therapy. This proposition is reinforced by the positive outcomes observed in anti-PD-1/PD-L1 treatment reported by others (31).

Our data are supported by previous findings, showing that there are different components and/or pathways during the development of cancers, including CRC. It has been reported that the roles of CTLA-4 and PD-1 in inhibiting immune responses, including antitumor responses, are largely distinct. CTLA-4 is thought to regulate T-cell proliferation early in an immune response, primarily in lymph nodes, whereas PD-1 suppresses T cells later in an immune response, primarily in peripheral tissues (32). Thus, clinical interventions to manipulate these 2 checkpoints may vary based on their mechanistic differences.

Our study reveals an inverse correlation between IL-38 expression levels and PD-1 in CRC draining lymph nodes. Immunofluorescence double staining results indicate that IL-38 is primarily expressed in B lymphocytes and plasma cells. Numerous studies have validated the effective inhibition of cancer metastasis through PD-1 blockade. We propose that IL-38 might transform PD-1 positive CRC cells into PD-1 negative CRC cells, thereby inhibiting CRC development. This intriguing possibility awaits verification in future research endeavours (33). Furthermore, in regional lymph nodes, we speculate that IL-38 derived from B lymphocytes and plasma cells might suppress the expression of PD-1 on the cell membrane of T lymphocytes, thereby inhibiting cancer cell metastasis in the lymph nodes. Our data also demonstrate a correlation between the expression of IL-38 and CD8, suggesting a potential regulatory role for them during the development of CRC. This observation is partially aligned with the research conducted by Kinoshita et al. (28). Thus, we hypothesize that IL-38 may inhibit lymph node metastasis in CRC by increasing CD8+ T lymphocytes.

Nevertheless, no correlation was observed between IL-38 and CTLA-4 in regional nodes from CRC patients. We posit that this lack of correlation may stem from the distinct roles played by PD-1 and CTLA-4 during the development of CRC, especially in the subset of CRC patients with regional nodes metastasis. It has been reported that FOXP3+ Treg cells contribute to the progression of malignancy by regulating host immunity within the local microenvironment in these susceptible cohorts (34).

Furthermore, our investigation revealed a higher survival rate among CRC patients with IL-38hi and PD-1low expression in colorectal regional nodes compared to those with IL-38low and PD-1hi expression. The blockade of PD-1/PD-L1 has emerged as a revolutionary approach in the management of malignancies (35), including promising outcomes in CRC patients (36). Notably, our previous report established a correlation between colonic IL-38 expression and 5-year survival (13). Hence, it is reasonable to infer that our current finding, indicating a better prognosis for CRC patients with IL-38hi and PD-1low expression compared to those with IL-38low and PD-1hi expression, further underscores the crucial protective role of IL-38 in CRC development. This may be associated with its potential to regulate the expression of PD-1.

Classically, PD-1 is primarily expressed in lymphocytes, with PD-L1 being expressed on cancer cells. However, some studies indicate that PD-1 can also be expressed in certain cancer cells and promote tumour growth independent of adaptive immunity (37–39). Searching The Cancer Genome Atlas (TCGA) database reveals widespread transcription of the PDCD1 gene, which encodes PD-1, in 17 cancers including CRC (33). Additionally, CRC cell lines have shown varying degrees of PD-1 expression (33). Our studies indicate that colonic IL-38 serves as a protective factor, and its expression level exhibits an inverse correlation with PD-1. This suggests a potential mutual regulation between IL-38 and PD-1 during the development of CRC. Our speculation provides a valuable reference for further research in this direction.”

An intriguing observation is that IL-38 upregulates the number of circulating CD4+/CD25+/FOXP3+ Treg cells in sepsis patients, possibly reflecting the host’s effort to mitigate the cytokine storm in sepsis cases (40). While the literature lacks information on the role of FOXP3+ Treg cells in the context of CRC development, necessitating further investigation, our study reveals no significant correlation between IL-38 and FOXP3+ Treg cells in the mesenteric lymph nodes from CRC patients. Such observation suggests that FOXP3+ Treg cells may not play a significant role in the metastasis observed in the regional nodes from CRC patients.

Furthermore, we established a correlation between IL-38 expression in colorectal regional nodes and the prognosis of CRC patients, aligning with our earlier discovery in CRC tissues (13). This consistency implies the protective role of IL-38 in the progression of CRC. Notably, we observed variations in statistical power between regional nodes and CRC tissues, with a more pronounced and significant correlation identified in colorectal regional nodes. Our data suggest that colorectal regional nodes may exhibit greater sensitivity compared to CRC tissues, potentially linked to the heightened accumulation of lymphocytes in these nodes.

Our current study was an extension of our previous report, showing that a similar pattern of the expression of IL-38 in lymphoid tissue and the 5-year survival rate of patients (13). However, the advantage of current study lies in the expansion of sample size and an increased follow-up rate (88%). Additionally, determination of PD-1 enhances the sensitivity of IL-38 in predicting patient prognosis, indicating a mutual improvement in sensitivity. An inverse correlation is observed between IL-38 and PD-1, providing some guidance for the application of immune checkpoint inhibitors in patients.

Our previous study has demonstrated that IL-38 is inhibited in CRC tissues, correlating with survival (13). This suggests that colonic IL-38 plays a protective role during the development of CRC. In contrast, IL-38 promotes lung cancer through the infiltration of CD8+ T cells (28). The divergent roles of IL-38 in CRC and lung cancers may be attributed to the significant differences in microbial flora loads (>1000 fold) between these two organs (41). These variations could trigger distinct host immune responses, leading to entirely different regulatory functions in the colon and lungs, despite both organs being safeguarded by mucosal-associated lymphoid organs.

We identified an inverse correlation between IL-38 and PD-1 expression in the lymph nodes of colorectal cancer patients. This discovery suggests that IL-38 levels may serve as a potential predictive factor for outcomes in CRC patients undergoing PD-1/PD-L1 therapy.

There are some limitations from the current study, for example, we should utilize Western blot and/or qRT-PCR to illustrate the possible signalling pathway, in addition to our current immunohistochemistry, which is currently being investigated. We also should extend our study into multiple centres and if possible, within different regions and/or countries with different racial backgrounds.

In conclusion, our data demonstrated that the expression of IL-38 in colorectal reginal nodes from the CRC patients was inversely correlated with PD-1/PD-L1, but positively correlated with infiltrating CD4+ or CD8+ lymphocytes. The combination of IL-38 and PD-1 expression in colorectal reginal nodes from CRC patients seems to be a good biomarker in predicting prognosis of CRC.
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Liver cancer is the third leading of tumor death, including hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC). Immune checkpoint inhibitors (ICIs) are yielding much for sufferers to hope for patients, but only some patients with advanced liver tumor respond. Recent research showed that tumor microenvironment (TME) is critical for the effectiveness of ICIs in advanced liver tumor. Meanwhile, metabolic reprogramming of liver tumor leads to immunosuppression in TME. These suggest that regulating the abnormal metabolism of liver tumor cells and firing up TME to turn “cold tumor” into “hot tumor” are potential strategies to improve the therapeutic effect of ICIs in liver tumor. Previous studies have found that YAP1 is a potential target to improve the efficacy of anti-PD-1 in HCC. Here, we review that YAP1 promotes immunosuppression of TME, mainly due to the overstimulation of cytokines in TME by YAP1. Subsequently, we studied the effects of YAP1 on metabolic reprogramming in liver tumor cells, including glycolysis, gluconeogenesis, lipid metabolism, arachidonic acid metabolism, and amino acid metabolism. Lastly, we summarized the existing drugs targeting YAP1 in the treatment of liver tumor, including some medicines from natural sources, which have the potential to improve the efficacy of ICIs in the treatment of liver tumor. This review contributed to the application of targeted YAP1 for combined therapy with ICIs in liver tumor patients.
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1 Introduction

As the third leading cause of tumor death in the world, liver tumor is the only one of the top five deadliest tumors to have an annual percentage increase in occurrence (1, 2). Primary liver tumor mainly includes two different histological subtypes, hepatocellular carcinoma (HCC) and intrahepatic cholangiocarcinoma (ICC), with etiology and biological heterogeneity in the clinic (3). Often, the incidence of liver tumor is higher in developing countries (4). The main risk factors of liver tumor include hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, non-alcoholic fatty liver disease, metabolic syndrome, and various dietary exposures (5). According to the analysis of global epidemiological changes in liver tumor, with the prevalence of obesity and the increase in alcohol intake, non-alcoholic fatty liver disease, and alcoholic liver disease have replaced HBV infection as the primary cause (6, 7). Due to the late onset of symptoms, a large proportion of patients with HCC are diagnosed at advanced stages, resulting in an inferior prognosis (8, 9). No longer eligible for curative or locoregional therapies, these patients with advanced liver tumor can only choose to seek systemic treatment (10). Oral sorafenib is the first choice for chemotherapy for advanced liver tumor, but fewer than one-third of patients benefit from treatment and develop drug resistance within six months (11). Traditional treatments such as ablation therapies and chemotherapy cannot effectively improve the prognosis of patients with advanced liver tumor (12).

In the past few years, immune checkpoint inhibitors (ICIs) have revolutionized the systematic treatment of liver tumor (13). The Food and Drug Administration (FDA) approved the combination of atezolizumab (anti-programmed death-ligand 1) and bevacizumab (anti-vascular endothelial growth factor) as first-line treatment for advanced liver tumor because it improved overall survival compared to sorafenib (14, 15). Although the treatment of liver tumor has evolved from single-drug targeted therapy to ICI combined targeted therapy, only a small subset of patients can obtain durable clinical benefits. Therefore, it is still a great challenge to improve the therapeutic effect of ICIs for liver tumor (16).

The effectiveness of ICI therapy for liver tumor largely depends on the tumor microenvironment (TME) (17, 18). The occurrence and development of liver tumor are accompanied by chronic inflammation, which leads to the accumulation of immune cells and cytokines in the liver, forming a hypoxia immunosuppressive TME that supports the growth of tumor cells (19). Metabolic reprogramming is an emerging hallmark of liver tumor. Increasing evidence suggests that metabolic changes in TME are essential to ICI resistance in liver tumor (20). Metabolic reprogramming of liver tumor contributes to the maintenance of immunosuppressive TME, resulting in tumor immune escape (21). Liver tumor TME enhances metabolic states such as glycolysis and lipid metabolism and releases metabolites such as lactic acid and arginine, which seriously inhibit immune cells’ differentiation, proliferation, and activation. There is metabolic competition between tumors and immune cells in TME, which limits the access of immune cells to nutrients and leads to TME acidosis, which hinders the function of immune cells (22).

The Hippo/YAP pathway regulates organ growth and cell proliferation (23). Yes-associated protein (YAP1), a co-transcriptional factor of Hippo/YAP pathway, translocates from the nucleus to the cytoplasm (24). The upstream of YAP1 mainly includes the mammalian STE20-like protein (MST) 1/2, the mammalian ortholog of Salvator (WW45/SAV), the large tumor suppressor homolog (LATS) 1/2 and Mps one binder kinase activator (MOBs) (25). In the Hippo pathway, the phosphorylated MST1/2 and WW45 complexes activate LATS/MOB complex, and then phosphorylate YAP1, resulting in YAP1 translocation and degradation at the cytoplasm (26). The activated YAP1 enters the nucleus, and its protein structure is composed of TEA domain transcription factor (TEAD)-binding domain (TBD), 14-3-3 binding domain, two W-containing domain (WW) domains, coiled-coil (CC) domain, transactivation domain (TAD), and PDZ domain (27, 28). There is no DNA binding site in YAP1, and the downstream pathway is regulated by TEAD1 (Figure 1) (29).




Figure 1 | Key signals regulating YAP1 in liver tumor and the structure of human YAP1 protein. In the Hippo pathway, the activated MST1/2 and WW45 complexes phosphorylate, activate the LATS/MOB complex, and then phosphorylate YAP1, resulting in YAP1 translocation and degradation. The structure of the human YAP1 protein mainly includes TBD, TEAD-binding domain; WW, W-containing domain; CC, coiled-coil domain; TAD, transactivation domain.



YAP1 is considered to be the root of tumor and is generally activated in human malignant tumors. It is essential for the initiation and growth of most solid tumors, such as liver tumor (30). YAP1 is activated in the development and progression of liver tumor, which drives tumor cell survival, proliferation, invasive migration, metastasis, and stemness of liver tumor cells. It may also lead to resistance to chemotherapy, radiotherapy, and immunotherapy (31, 32). It is worth noting that YAP1 has different effects on tumor and peritumoral. Normal hepatocytes in liver tumor also show activation of YAP1. Still, the loss of YAP1 in hepatocytes around these tumors accelerates the growth of tumors, while activated YAP1 in peritumoral hepatocytes invades liver tumor (33). YAP1 is a potential target to improve the efficacy of ICIs in the treatment of liver tumor. Our previous research found that YAP1 suppression (knockdown or chemical inhibition) enhanced the effectiveness of anti-PD-1 immunotherapy in mice with liver tumors (34). This effect related to the suppression of immunosuppressive TME, the balance of intestinal microorganisms, and the homeostasis of lipid metabolism in HCC cells dependent on YAP1 (35–37).

Here, we review the vital role of YAP1 in liver tumor immune microenvironment and metabolic reprogramming, and discuss the current status of targeted YAP1 in treating liver tumor. We hope our research will provide potential evidence for YAP1-centric or combined immunotherapy.




2 The interaction between YAP1 and immune molecules in liver tumor niche

TME is characterized by an anoxic and acidic environment, abnormal vascular proliferation, inflammation, and an immunosuppressive response, which plays a crucial role in tumor development and growth (38). Except for tumor cells, TME consists of stromal cells, such as tumor-associated fibroblasts (CAFs) and lymphocytes, including T cells, unconventional T cells, B cells, natural killer cells (NK), neutrophils, tumor-associated macrophages (TAMs), and myeloid-derived suppressor cells (MDSCs) in HCC. It also includes structural components like the extracellular matrix and intercellular communication-related molecules such as chemokines, cytokines, and exocrine substances (39, 40). These significantly impact tumor evasion, response to immunotherapy, and patient prognosis. The TME of liver tumor is characterized by the infiltration of tumor-infiltrating lymphocytes, including T cells, unconventional T cells, B cells, and NK. Unconventional T cells include natural killer T, (NKT), mucosal-associated T cells (MAIT), and γδT cells (41, 42). The anti-tumor immune response is mediated by cytotoxic CD8+T cells (CTLs), NK cells, NKT cells, γ δ T cells, and dendritic cells (DCs). M2-TAM, regulatory T cells (Tregs), MDSC, and CAFs encourage tumor cell immune evasion and hasten HCC spread (43). However, the current research does not involve the relationship between YAP1 and NKT cells, γ δ T cells or B cells in tumor immunity of HCC. YAP1 expression is inversely correlated with the prognosis of tumor patients (44). Here, we reviewed overexpressed YAP1 stimulates the production of cytokines, leading to increased infiltration of macrophages, MDSCs, and Tregs, ultimately resulting in an immunosuppressive TME that promotes tumor initiation and progression. Deficiency or inhibition of YAP1 enhances the killing ability of T cells and NK cells to tumor cells (45–50) (Figure 2).




Figure 2 | The interaction between YAP1 and immune molecules in TME of liver tumor. CD8+T and NK cells eliminate tumor cells by releasing IFN-γ and granzyme B. In contrast, Treg cells hinder the proliferation of effector T cells by releasing cytokines like TGF-β and IL-10, which creates an immunosuppressive TME that aids in the evasion of liver tumor cells. Moreover, MDSCs promote the escape and invasion of liver tumor cells by secreting immunosuppressive factors such as nitric oxide synthase, arginase, and TGF-β. Meanwhile, M2 macrophages secrete anti-inflammatory cytokines, including IL-10, IL-13, and IL-4, to inhibit immune clearance. In addition, CAFs, M2 macrophages, and MDSCs promote tumor metastasis by inducing the stiffening of the tumor ECM. Interestingly, YAP1 upregulates the infiltration of MDSCs, CAFs, M2-TAM, and Treg in liver tumor cells. Besides, YAP1 inhibits the activity of CD8+T and NK cells, promotes the formation of an immunosuppressive TME, and contributes to the evasion and progression of liver tumor cells.





2.1 T cells

T cells are the predominant immune cell subset observed in TME (51). One of the most significant immune surveillance cells is the CD8+T cells in the TME. A positive predictive mark in tumor tissue is a high abundance of CD8+T cells with killing capability. A high proportion of activated CD8+T cells in combination with low Tregs in the tumor niche has emerged as an independent prognostic factor for enhancing the overall survival rate and disease-free survival time in patients with HCC (52). It is beneficial to increase the percentage of CD8+T cells with a killing ability in tumor tissue to impede and even eradicate tumor growth (53, 54). CD8+T cells kill tumor cells by secreting enormous amounts of protease perforin, granzyme B, and interferon-gamma (IFN-γ) (55, 56). On the other hand, after CD8+T cells recognize tumor cells, the high level of FasL is expressed on the cell surface and bound to the Fas on the surface of the target cells, leading to programmed cell death in the tumor cells (57). However, ECM sclerosis caused by liver fibrosis reduced the infiltration of CD8+ T cells into HCC (58). The acidic and anoxic TME and the high proportion of Treg cells in HCC restrict the anti-tumor activity of CD8+T cells (59).

CD4+T cells promote anti-tumor immunity directly or indirectly through the help of CD8+T cells (60). Depletion of CD4+T cells diminished the anti-tumor effect (61). CD4+T cells are primarily categorized into Th1, Th2, Th9, Th17, Tfh, and Treg subsets based on their functions. Th1 cells assist CD8+T cells and secrete cytokines such as tumor necrosis factor-alpha (TNF-α), IFN-γ, and IL-2 to enhance the ability of CD8+T cells to target and kill tumor cells (62–64). Th2 cells are primarily involved in humoral immunity, secreting cytokines such as IL-4, IL-5, IL-6, and IL-10 to stimulate B cells to differentiate into plasma cells and produce antibodies, thereby maintaining the stability of humoral immunity (65). Th9 cells primarily participate in the immune response by secreting IL-9. Th17 cells mainly enhance the immune surveillance ability of the body and boost the immune response to liver tumor by secreting IL-17A/F, CC chemokine receptor 6 (CCR6), and other factors (64, 66). However, Th17 cells have also been reported to correlate positively with microvessel density in tumor tissues. This indicates that Th17 cells play a role in promoting angiogenesis and accelerating tumor progression (67). Tfh cells play a role in regulating humoral immunity. Treg cells mainly secrete cytokines such as transforming growth factor-beta (TGF-β), IL-4, and IL-10 to inhibit the proliferation of effector T cells or the proliferation of NK and effector T cells through direct cell-to-cell contact. The immunosuppressive environment created by Tregs promotes the evasion of tumor cells from detection and clearance by T cells, leading to the invasion and migration of tumor cells (57). The extent of tumor infiltration by Tregs was directly correlated with intra-tumoral vascular density, while the extent of CD8+T cell infiltration was inversely correlated. The high proportion of Treg cells reduces the survival rate of patients with HCC (68).

The high expression of YAP1 in tumor tissue can lead to the depletion of CD8+T and CD4+T cells, facilitating the proliferation and dissemination of liver tumor cells (36). In T cells activated by the TME, YAP1 played a role in immunosuppression and inhibition of effector differentiation. Loss of YAP1 in CD4+ and CD8+T cells enhanced T cell activation, differentiation, and cytotoxic function against tumor cells (49). In addition, verteporfin, an inhibitor of the binding YAP1 to TEAD, promoted T cell activation (69). However, neither the loss of YAP1 nor the use of inhibitors can regulate T cell proliferation. In addition to being highly expressed in numerous tumor cells, YAP1 is significantly expressed in Treg and CD8+T cells, inhibiting the immune response to tumors (50, 70). The expression level of YAP1 is upregulated in Tregs of peripheral blood mononuclear cells from patients with HCC. YAP1 fosters the differentiation of Tregs, particularly by enhancing the expression of TGF-β receptor 2, thereby promoting immunosuppression in the tumor niche (45). YAP1 was also expressed in activated CD8+T cells. YAP1 suppresses the anti-tumor response facilitated by suppressing the cytotoxicity of activated CD8+T cells (50). CD8+T cells lacking YAP1 produce more cytokines, such as IFN-γ and granzyme B in the niche (50). In summary, inhibiting the activity of YAP1 enhances the activation, differentiation, and cytotoxicity of T cells, hinders the differentiation of Tregs, and suppresses tumor growth.




2.2 NK cells

NK cells are considered the first line of defense against tumors. NK cells are a type of lymphocyte that can nonspecifically kill tumor cells without needing antigen presentation by MHC molecules (71). The main pathways through which NK cells resist tumor cells include the “missing self” mechanism and antibody-dependent cytotoxicity (ADCC). NK cells recognize and kill tumor cells (“missing self” phenotypic cells) that are not identifiable by T cells because of the down-regulation of MHC-I. The mechanism of ADCC involves NK cells recognizing B cell IgG-specific tumor cells and inducing target cell death by releasing perforin and granzyme or through the Fas/FasL pathway or TNF-α/TNFR-I pathway (71, 72). In addition to attacking tumor cells, NK cells also enhance the killing ability of T cells by releasing cytokines such as IFN-γ (72, 73).

Inhibition of LATS in the Hippo pathway increases the expression of YAP1 and PD-L1, suppressing the function of NK cells and promoting the apoptosis of T cells in tumors (74). Inhibition of YAP1 and STAT3 enhanced the killing effect of NK cells by reducing the expression of PD-L1 (75). The injection of NK cells can improve the death of tumor cells and inhibit the expression of YAP1, thereby reducing the tumor growth rate (76). In HCC, the interaction between the ETS transcription factor 4 (ETV4) and YAP1 activates the expression of CXCL1 and CC motif chemokine ligand 2(CCL2), leading to the infiltration of MDSCs and TAM while also down-regulating the number of T cells and NK cells. This interaction promotes the development and spread of HCC (77, 78). To sum up, the activity of YAP1 negatively regulates the number of NK cells and their killing effect. Inhibiting the expression of YAP1 is expected to become a new strategy to control the microenvironment of HCC.




2.3 MDSCs

MDSCs refer to a group of myeloid cells with immature characteristics and potent immunosuppressive function. Tumor cells stimulate the production of MDSCs by activating the JAK/STAT pathways (57). High levels of MDSC are associated with an increased risk of HCC and lower survival rates (79). On one hand, MDSCs inhibit T cell activity by secreting immunosuppressive factors, such as nitric oxide (NO) synthase and arginase. On the other hand, MDSC stimulates the production of immunosuppressive cells such as Treg and TAM (M2 type) by binding to TGF-β (57, 80). MDSC also inhibits the activation of CD8+T cells and liver NK cells and promotes the escape and infiltration of HCC cells (81). Furthermore, MDSCs promote tumor metastasis by producing vascular endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), and matrix metalloproteinases (MMP), which accelerate angiogenesis and enhance the stiffness of the extracellular matrix (ECM) (57).

YAP1 in tumors suppresses immunotherapy by upregulating the number of MDSCs (46, 82, 83). MDSC depletion caused by YAP1 knockout enhances T cell activation and macrophage reprogramming (82). Activated YAP1 upregulates the secretion of IL-6 and TNF-α from tumor cells, as well as colony-stimulating factor 1-3 (CSF1-3), CXC motif chemokine ligand 5(CXCL5), PGE2, COX2, and other factors that recruit MDSCs (84). Verteporfin, the inhibitor of YAP1, downregulated IL-6, CSF1-3, and CXCL5, which compel MDSCs in tumor (85). Therefore, YAP1-TEAD complex creates an immunosuppressive microenvironment by stimulating tumor cells to secrete factors that recruit MDSCs, Tregs, and CAFs, which is conducive to the spread and invasion in tumor niche.




2.4 CAFs

The activation and widespread proliferation of CAFs is one of the characteristics of HCC (86). As an essential stromal cell in TME, CAFs are closely associated with the onset and progression of HCC. CAFs provide physical support for TME and secret proteins such as hepatocyte growth factor (HGF), and insulin-like growth factor-1/2 (IGF-1/2), among others in extracellular matrix (ECM) (87). HCC cells promote CAF proliferation, CAFs also promote the development and metastasis of HCC cells (88, 89). Further, CAFs inhibit the function of immune cells, promote tumor invasion and metastasis, and enhance the malignant phenotype of tumor cells through direct cell-to-cell contact, activation of cytokine secretion signal pathways, or increased production of metabolites (90, 91). CAFs secrete various cytokines, in which VEGF promotes angiogenesis, and TGF-β inhibits DC maturation and promotes Treg differentiation (92). IL-6 promotes MDSC differentiation and inhibits the function of CD8+T cells. CAFs also promote the solidification of tumor ECM by secreting large amounts of collagen and fibronectin. This hinders drug penetration or immune cells into tumor niche, reducing the therapeutic effect. Furthermore, exosomes derived from CAFs boost glycolysis, releasing substantial quantities of lactic acid and hydrogen ions. This process creates an acidic microenvironment that hinders the function of immune cells (93). A significant amount of ECM from CAFs increase the rigidity of the microenvironment and interstitial pressure, and promote tumor invasion and migration. Additionally, metabolites such as lactate and pyruvate produced by CAFs serve as nutrients for tumor cells, and support tumor cell metabolism.

The stiffness of ECM and cell-mediated tension play a role in mediating the contractility of cells. The interaction between YAP1 and TEAD is influenced by mechanical force (94). CAFs secrete MMP to remodel the ECM, increase tissue tension, and intensify the malignancy of tumor (93, 94). YAP1 enhances the activity of myosin light chain 2 to increase cell surface tension and regulate the activation of CAFs. The activated CAFs further improve the rigidity of ECM and maintain the high-tension state of CAFs (94). Furthermore, YAP1 is expressed in endothelial cells, and its activity is regulated by cell contact mediated by endothelial cell adhesion connexin and VE-cadherin. In turn, YAP1 regulates endothelial function by controlling the expression of ANG-2, which impacts tumor angiogenesis (95). YAP1-activated CAFs expressed higher levels of TGF- β and IL-4. In short, YAP1 was identified as a critical regulator of CAF activation; elevated levels of YAP1 are considered to activate CAFs, resulting in the stiffening of the ECM and the progression of the tumor (96). In turn, inhibiting the activity of YAP1 prevents the activation of CAFs (97). These findings are essential for inhibiting YAP1 to enhance the efficacy of HCC and regulate the tumor microenvironment.




2.5 TAMs

Tumor-associated macrophages include M1 and M2 subtypes. M1 macrophages secrete pro-inflammatory cytokines, such as IL-12, TNF-α, CXCL-10, and IFN-γ, and produce high levels of iNOS to eliminate tumor cells. M2 macrophages secrete anti-inflammatory cytokines, including IL-10, IL-13, and IL-4, to inhibit immune clearance. It also promotes tumor formation and growth by stimulating proliferation and angiogenesis (98, 99). Most TAMs exhibit an M2-like phenotype and secrete IL-10 and TGF-β to suppress tumor immunity in HCC (100). At the same time, IL-6 secreted by TAMs and activated STAT3 signaling promote the expansion of cancer stem cells (CSCs) and increase the progression and recurrence in liver tumor (101). The prognosis of patients with liver tumor was negatively correlated with the degree of M2 macrophage infiltration in the tumor niche (102).

The recruitment of tumor-initiating cell (TIC)-associated macrophages (TICAM) is crucial for tumor development and advancement. Overexpression of YAP1 and knockout of Mst1/2 or Lst1/2 recruit liver tumor initiation cells TICAM (46). In addition, it was found that activated YAP1 promotes the secretion of IL-6 by HCC cells, which subsequently encourages the chemotaxis and recruitment of TAMs in the liver (103). Using statins inhibits the expression of YAP1 and the accumulation of TAMs, while inhibiting or deleting IL-6 also demonstrates resistance to carcinogenesis (103–105). These results suggest that enhancing the infiltration of TAMs by regulating YAP1 could be a novel therapeutic strategy in HCC. Both CCL2 (also called MCP1) and CSF1 promote M2 polarization and contribute to tumor initiation and progression (106, 107). YAP1 activation upregulated the expression of CCL2 and CSF1. The transcriptional activity of YAP1/TEAD recruits TICAM, in which YAP1/TEAD1 directly binds to the promoter of CCL2. Oncogenes such as AKT/EGFR activate YAP1 in HCC, upregulate CCL2 expression, and recruit TICAM to promote the survival and tumorigenesis of TIC (46). However, another study suggests that Mst1/2-DKO mice activated YAP1 and increased CCL2 expression during HCC formation. This promoted M1 and M2 polarization and regulated the growth and proliferation of liver tumor cells (108). In summary, activated YAP1 recruits TAMs, promotes M2 polarization of macrophages, and accelerates the growth and proliferation of HCC cells.





3 YAP1 is extensively involved in the metabolic reprogramming of liver tumor

Metabolic reprogramming is a hallmark event in tumor cell, which is considered to drive the occurrence and progression of liver tumor (109). The enhancement of catabolism and anabolism of tumor cells mainly characterizes the metabolic reprogramming of tumor. This is usually due to adaptive changes caused by a lack of oxygen and insufficient nutrition in tumor cells (110). In recent years, with an in-depth understanding of the role of metabolism in the pathogenesis of liver tumor, regulating metabolic abnormalities is considered a potential new strategy for liver tumor treatment (111).

YAP1 is involved in metabolism regulation and is an emerging node in coordinating nutrient availability with cell growth and tissue homeostasis (112). Indeed, YAP1 participates in the metabolic events of liver tumor cells such as glycolysis and lipid metabolism. Conversely, the state of glycolysis and lipid metabolism of liver tumor cells regulate YAP1. Currently, much is known about the regulation of YAP1 in metabolic reprogramming of tumor cells, but little is known about the regulation of YAP1 on metabolic reprogramming of immune cells in liver tumor. Here, we mainly review the important role of YAP1 in glycolysis, gluconeogenesis, lipid metabolism, arachidonic acid (AA) metabolism, and amino acid metabolism in liver tumor cells (Figure 3).




Figure 3 | YAP1 is extensively involved in metabolic reprogramming in liver tumor. YAP1/TEAD binds to HIF-1α and promotes the transcription of the glycolysis gene, increases SLC2A1-mediated glucose uptake, and enhances glycolysis in liver tumor cells. Meanwhile, YAP1 promotes PGC1α transcription and inhibits G6PC and PCK1 to inhibit gluconeogenesis in liver tumor cells. At the same time, YAP1 enables PLIN2 on the surface of lipid droplets to improve lipid metabolism in liver tumor cells. Moreover, YAP1 inhibits PLCB1 and HPGD, thus promoting arachidonic acid metabolism in liver tumor cells. Besides, YAP1 promotes amino acid transporters SLC38A1, SLC7A5, and LAT1 through transcription factor TEAD, enhances amino acid uptake in liver tumor cells, and thus promotes mTOR.





3.1 Aerobic glycolysis

Aerobic glycolysis is a crucial feature of glucose metabolism in tumor cells. Even under sufficient oxygen, tumor cells convert glucose to pyruvate and eventually produce lactic acid, characterized by increased glucose uptake and lactic acid production. This phenomenon was first discovered in HCC by Otto Warburg in the 1920s and named the Warburg effect (113). Aerobic glycolysis promotes the proliferation and growth of HCC (114). The rapid production of ATP during aerobic glycolysis makes the tumor cells adapt to the energy-deficient microenvironment. The glycolysis phenotype of liver tumor cells promotes the growth in HCC. This is due to the accumulation of lactic acid caused by aerobic glycolysis of tumor cells, which leads to the acidification of the tumor extracellular environment, inhibits the function of immune cells in TME, and leads to immune escape (115, 116). At the same time, enhancing aerobic glycolysis of liver tumor cells also promotes the invasion and metastasis through lactic acid-mediated extracellular acidification (117). Aerobic glycolysis causes angiogenesis of HCC in various ways, which further leads to rapid tumor growth and metastasis (118). In addition, aerobic glycolysis is an essential cause of drug resistance. Inhibition of glycolysis has been shown to improve the efficacy of sorafenib in HCC (119, 120).

There is increasing evidence that oncogenes and tumor suppressor genes regulate the abnormal glycolysis phenotype in HCC (113). The effective inhibition of aerobic glycolysis enhanced in liver tumor cells has a promising anti-tumor effect (121, 122). YAP1 has been demonstrated to be one of the most critical molecules in regulating glycolysis in HCC (123). As a tumor-promoting factor, YAP1 activation induced by hypoxia is the key to promoting glycolysis of HCC cells. Inhibition of YAP1 down-regulated glycolysis under hypoxia in HCC cells. Hypoxia stress encourages the binding of YAP1 and HIF-1α in the nucleus, directly activates pyruvate kinase M2 (PKM2) transcription, and finally accelerates the glycolysis phenotype in HCC cells (124). Even under normal oxygen conditions, YAP binds HIF-1α in the nucleus to activate the transcription of glycolysis genes, such as solute carrier family 2 member 1 (SLC2A1), hexokinase 2 (HK2), aldolase A (ALDOA), and dehydrogenase A (LDHA). In turn, these proteins promote aerobic glycolysis in HCC cells and provide energy for tumor cell proliferation (125). In addition, our prior studies also suggested that YAP1 knockdown/knockout reduced the SLC2A1-mediated Warburg effect in HepG2215 cells and mice with liver tumor induced by DEN/TCPOBOP (126).

It is reported that there is an interaction between YAP1 and metabolism (112). It is a remarkable fact that aerobic glycolysis of HCC cells, in turn, regulates YAP1 activity (127). Glycolysis is necessary to maintain the tumor-promoting function of YAP1, and YAP1 is needed to give full play to the growth-promoting activity of glucose. When the aerobic glycolysis was enhanced in HCC cells, the activity of YAP1 increased, and when the aerobic glycolysis of HCC cells was inhibited, the transcriptional activity of YAP1 decreased. The primary mechanism is phosphofructokinase (PFK1), which binds TEADs, a transcriptional cofactor of YAP1, and promotes their functional and biochemical synergism with YAP1 (128).




3.2 Gluconeogenic

Gluconeogenesis, the reverse pathway of glycolysis, syntheses glucose from non-carbohydrate substrates such as glycerol, lactate, pyruvate, and glucogenic amino acids (129, 130). The uncontrolled proliferation leads to excessive consumption of nutrients such as glucose, which leads to nutrient deprivation in tumor. The microenvironment of solid tumors is thought to be more prone to glucose deprivation, resulting in nutritional deficiencies (131). In the absence of glucose, tumor cells synthesize important metabolites through gluconeogenesis. However, gluconeogenesis promotes or inhibits tumors in different types of tumor (132).

Gluconeogenesis occurs mainly in hepatocytes and is considered to play an essential role in the tumor progression of HCC. Converting aerobic glycolysis of liver tumor cells to gluconeogenesis may be an effective strategy for treating HCC (133). Although the abbreviated form of gluconeogenesis helps tumor cells survive under glucose deficiency, gluconeogenesis reduces the production of glycolysis and lactic acid in HCC due to the rapid proliferation of HCC cells (134). Phosphoenolpyruvate carboxykinase 1 (PCK1) is the first rate-limiting enzyme of gluconeogenesis, and has an anti-tumor effect in liver tumor. PCK1 deficiency increases hepatic gluconeogenesis and promotes the proliferation of HCC (135).

Interestingly, YAP1 reprogrammed cell metabolism by transforming the substrate from energy-consuming gluconeogenesis to the anabolism of growth. YAP1 suppresses the expression of PCK1 by inhibiting the binding of peroxisome proliferator-activated receptor gamma coactivator 1 (PGC1α) to gluconeogenesis gene promoter, which leads to the activation of gluconeogenesis pathway and the progress of HCC. The inhibition of YAP1 induces the restriction of PCK1 on gluconeogenesis and restores the anti-tumor effect on HCC (136).




3.3 Lipid metabolism

Lipids serve vital biological roles within the human body, encompassing energy provision and storage, maintaining membrane structure and function, and signal transduction (137). In the context of tumor, aberrant lipid metabolism commonly occurs, characterized by heightened lipid metabolism during various stages of tumor progression. The surplus of lipids not only provides the energy supply for tumor cells but also fosters the proliferation and metastasis of these cells while instigating signal transduction and epigenetic occurrences (138, 139).

Lipids mainly comprise phospholipids, sphingolipids, triglycerides, fatty acids (FAs), and sterols. Phospholipids and sphingomyelins constitute the main components of the cell membrane’s lipid bilayer and are also involved in signal transduction. Triglycerides, including fat and oil, are the body’s primary forms of energy storage, mainly composed of FAs and glycerol. The main form of sterols in the body is cholesterol (137). Increasing evidence suggests that the increase of lipids, incredibly FAs, and cholesterol leads to a poor prognosis for patients with tumor. Although glycolysis is the primary metabolic mode of tumor cells, lipid-dependent metabolism is also an important energy source pathway for tumor cells. Tumor cells use FAs and cholesterol to meet excessive energy needs (140, 141). In addition, tumor cells synthesize FAs and activate them through covalent modification by fatty acyl-CoA synthetase, while the activated FAs are mainly stored in lipid droplets (LDs) (142).

The increase in lipid metabolism and the imbalance of lipid physiology often exist in HCC, resulting in abnormal lipid metabolism (143, 144). Increased fat production and imbalance of cholesterol biosynthesis are essential metabolic events in the development of HCC. Therefore, regulating abnormal lipid metabolism to target de novo FA synthesis and cholesterol biosynthesis is an important therapeutic strategy for HCC (145).

YAP1 induces lipid metabolism reprogramming in tumor cells (146). A comprehensive analysis of transcriptome and metabonomic in our study shows that YAP1 knockdown inhibits the proliferation and metastasis mainly by regulating lipid metabolism in HCC cells (147). Our previous studies also show that YAP1 knockdown/knockout reduces LD deposition and the membrane protein perilipin2 (PLIN2) expression on the surface of LDs in HCC cells (35, 148). Down-regulation of YAP1 reduces LD accumulation in mice with non-alcoholic fatty liver disease and inhibits the proliferation and invasion of HCC cells (149). In addition, YAP1 mediates the metabolic transformation of fatty acid oxidation (FAO) in tumor cells, which promotes tumor lymph node metastasis. Inhibition of YAP1 is a potential strategy to reduce tumor lymph node metastasis (150). Conversely, the expression or activity of YAP1 in HCC is also regulated by the lipid metabolism of tumor cells. Diacylglycerol lipase α (DAGLA) induces tumor cells to produce free FAs, enhances YAP1 activity, and aggravates the malignant phenotype and tumor progression in HCC (151). Statins, hydroxymethyl glutaryl-CoA reductase (HMGCR) inhibitor, reduce cholesterol biosynthesis and hypoxia-induced YAP1 activity in liver tumor cells (152). Therefore, there is an interaction between YAP1 and lipid metabolism in liver tumor cells. However, little is known about the regulatory role and mechanism of YAP1 on FA and cholesterol metabolism in HCC.




3.4 Arachidonic acid pathway

The arachidonic acid pathway is involved in the initiation, promotion, and progression of tumor. Arachidonic acid metabolic enzymes and their products regulate inflammation, cell proliferation, survival, angiogenesis, and invasion, thus promoting the occurrence and development of tumors (153). Previous studies have demonstrated that activation of arachidonic acid pathway promotes inflammation and tumorigenesis through cell, animal, and clinical evidence. Therefore, arachidonic acid metabolic enzymes phospholipase A2s (PLA2s), cyclooxygenases (COXs), and lipoxygenases (LOXs) and their metabolic products, such as prostaglandins and leukotrienes are considered potential targets for tumor therapy (154).

It has been noted that inflammation was intimately associated with the development and progression of HCC (155). Arachidonic acid metabolism promotes the progression of HCC by inducing more muscular liver inflammation (156). There is a strong correlation between the deregulation of arachidonic acid metabolism CYP450 pathway and the pathological features and prognosis of HCC (157). Furthermore, ethanol intake enhanced abnormal lipid metabolism induced by HBV through arachidonic acid pathway and activated Tregs in mice, which may lead to HCC (158). In a word, regulating the metabolism of arachidonic acid will be a promising way to treat HCC.

Recently, YAP1 promotes the metabolism of arachidonic acid by reverse-regulating phospholipase CB1 (PLCB1) and 15-hydroxyprostaglandin dehydrogenase (HPGD). Clinical evidence further suggests a potential correlation between abnormal activation of YAP1 and HCC progression induced by arachidonic acid metabolism. Aspirin shows therapeutic potential for HCC patients with abnormal YAP1 activation by regulating arachidonic acid metabolism (159).




3.5 Amino acid metabolism

Amino acids play tumorigenic and tumor-suppressive roles in tumor metabolism. Amino acids such as glutamic acid, branched-chain amino acids (BCAAs), and threonine provide fuel for tricarboxylic acid (TCA) cycle intermediates, and the release of ATP provides energy for oncogenic activities (160, 161). Amino acids support the biosynthesis of nucleotides, critical building materials for growth in tumor cells. Amino acids also affect the dynamic balance and epigenetic regulation of reactive oxygen species (ROS) through methylation and acetylation, and promote tumor invasiveness (162). Arginine metabolite supports tumor growth by promoting angiogenesis, and can also be used as a tumor suppressor (163). Furthermore, glutamine is the most critical type of amino acid in tumor nutrients because of its ability to convert nitrogen and carbon into growth-promoting pathways in tumor cells. Glutamine acts as an anaplerosis metabolite to drive the TCA cycle of tumor cells and produce ATP. Glutamine promotes the progression of malignant tumors by relaxing the control of energy, maintaining proliferation signals, achieving immortal replication, resisting cell death, and so on (164). Glutamine was activated by ECM stiffening in tumor cells and CAFs, increased the flow of non-essential amino acids and promoted the growth and invasiveness of tumor cells (165). Inhibition of amino acid metabolism is a potential therapy strategy for tumor metabolic pathways, but its intervention targets and the research and application of therapeutic drugs still face many challenges.

Liver tumor is particularly relevant in amino acid metabolism because the liver is the center of amino acid metabolism in human body (166, 167). The dynamic analysis of uptake and excretion flux of HepG2 cells shows that up to 30% of glutamine is metabolized in the cytoplasm, mainly used for nucleotide synthesis, cytoplasmic glutamate production, and cell growth maintenance. Partial inhibition of glutamate excretion inhibits the development of liver tumor cells (168). Particularly, amino acid metabolism-related genes (AAMRGs), are closely related to the prognosis of patients with HCC. Patients with high expression of AAMRGs in HCC patients have more abundant immunosuppressive cells and higher expression levels of suppressive immune checkpoints (169). BCAAs catabolism are related to HCC tumorigenesis. BCAA catabolism is activated in liver tumor cells without glutamine, and enhanced BCAA catabolism leads to BCAA-derived carbon and nitrogen flow toward nucleotide synthesis, stimulating cell-cycle progression and promoting cell survival in HCC cells. In summary, enhanced glutamine metabolism and BCAA catabolism promote the progress of HCC (170). Furthermore, amino acid transporters play an essential role in tumor progression and survival of HCC cells and can be used as emerging therapeutic targets (171, 172).

Our previous studies have shown that YAP1 knockdown reduces amino acid metabolism in liver tumor cells (147). YAP1 is involved in glutamine metabolism reprogramming. YAP1 directly enhances the expression and activity of glutamine synthetase, increases the steady-state level of glutamine, and increases nucleotide biosynthesis, thus promoting the occurrence of liver tumor (173). Significantly, YAP1 mediates amino acid transport in liver tumor cells and participates in amino acid metabolism. YAP1 and transcriptional coactivator with PDZ-binding motif (TAZ) up-regulates the expression of amino acid transporter solute carrier family 38 member 1 (SLC38A1) and solute carrier family 7 member 5 (SLC7A5), increase amino acid uptake, activate mammalian rapamycin complex 1 (mTORC1), and stimulate the proliferation of HCC cells. The high expression of SLC38A1 and SLC7A5 was significantly correlated with the shorter survival time of the patients with HCC (29). Additionly, YAP1 induces the expression of leucine transporter LAT1 through transcription factor TEAD, a heterodimer complex of SLC7A5 and SLC3A2. Inhibition of YAP1 and reduction of LAT1 expression can reduce leucine uptake (174). Another study showed that YAP1 and NOTCH1 intracellular domain (NICD) were co-activated in mouse liver, which promoted the formation and rapid progression of ICC by activating amino acid transporter and mTOR1 (175).





4 Immunotherapy strategy of targeting YAP1 for liver tumor

It is well known that immunosuppression is a sign of tumor (176). The crosstalk between programmed cell death 1 (PD-1) and programmed cell death-ligand 1 (PD-L1) is one of the most well-studied and clinically successful drug targets in immune checkpoints (177). PD-L1 is on the surface of tumor cells, and causes the exhaustion of tumor-infiltrating CD8+T cells by the interaction of PD-1. Precisely,the binding of PD-1 to PD-L1 inhibits T cell proliferation and activation, promotes exhaustion, and initiates T cell apoptosis. Many of these phenomena can be reversed by blocking PD-1 or PD-L1 with monoclonal antibodies. As a result, the PD-1/PD-L1 axis has been considered an exciting therapeutic target for tumor therapy (178).

YAP1 translocation to the nucleus showed micron dot distribution in tumor cells. It was negatively co-located with heterochromatin in the infiltration area of CD8+T cells in different types of tumor tissues after immunotherapy. This is related to drug resistance in immunotherapy. When the initial tumor size is similar, the tumor produced by the YAP1 phase separation of defective cells is more sensitive to PD-1 therapy (179). It may be possible to use intrinsic YAP1 expression to screen tumor populations who may benefit from radiation therapy combined with immunotherapy. Patients with low expression levels of YAP1 will be more likely to benefit from anti-PD-1 therapy. Alternatively, patients with high expression levels of YAP1 should be considered for YAP1-targeted therapies (180).

The therapeutic effect of YAP1 inhibitor combined with ICIs is better than that of PD-1 monoclonal antibody alone (34, 35, 126, 181). Here, we summarized the existing drugs targeting YAP1 for liver tumor, including some drugs of natural origin (Table 1).


Table 1 | Drugs targeting YAP1 for the treatment of liver tumor.





4.1 Verteporfin

Verteporfin is a recognized YAP1 inhibitor approved by the FDA for the treatment of neovascular macular degeneration (191). It has been identified as a small molecule inhibitor of TEAD-YAP1 association and inhibits YAP1 by disrupting YAP1-TEAD interactions (192, 193). It can suppress YAP1 function and hinder the progression of HCC (69). Verteporfin hinders subcutaneous graft tumor growth in the Huh-7 and Hepa1-6 cells of nude mice (125, 194). Verteporfin induces the permeability of tumor-specific lysosomal membranes after pH alkalinization in the lumen of the HCC cell line, causing a vital catabolism disorder, finally leading to an unsolvable intracellular protein toxicity (195).

YAP1 inhibitor verteporfin can inhibit the growth of HCC through apoptosis mediated by mitochondrial dysfunction (182). Verteporfin decreased the PD-1+CD8+T cell percentage while increasing the PD-1-CD8+T cell percentage in the spleen in liver tumor mice. TGF-β inhibits CD8+T cell activation and promotes Treg differentiation. Verteporfin decreased TGF-β levels in liver tumor mice (36). In addition, the transduction of oval cells with high activation of YAP1 in HCC gives tumorigenicity. The treatment of verteporfin on HCC model rats destroyed the formation of the YAP1-TEAD complex and significantly reduced pretumor lesions and oval cell proliferation. This suggests verteporfin-mediated YAP inhibition inhibited liver tumor cell growth (178). Notably, verteporfin also increases the sensitivity of HCC to sorafenib and reverses the drug resistance of sorafenib (196).




4.2 Evodiamine

Evodiamine is a quinazoline alkaloid, which is an effective ingredient isolated from the Chinese herbal medicine Wu Zhu Yu (Evodia rutaecarpa (Juss.) Benth) (197). It has a variety of confirmed bioactivity, including anti-obesity, anti-inflammatory and anti-tumor effects (198–200). Evodiamine has antitumor activity in many kinds of tumors, such as lung tumor, gastric tumor, colorectal tumor and ovarian tumor (201–204). Previous studies have shown that evodiamine is a potential candidate for HCC therapy, which has the effect of anti-proliferation and inducing apoptosis, and inhibits the stem cell characteristics of HCC cells (205–207).

Recent studies have shown that evodiamine has become an effective anti-tumor drug in HCC by reducing the level of YAP1 (182, 183). Evodiamine promotes LAST1 phosphorylation and inhibits YAP1 expression in HCC cells, resulting in YAP1 phosphorylation and reduced nuclear translocation, thus inactivating its downstream effector molecules (182). Evodiamine decreased the expression of YAP1 and the growth of HCC cells in a dose-dependent manner, then induced apoptosis, inhibited tumor cell migration, invasion and epithelial-to-mesenchymal cell transition through YAP1 (183).




4.3 Decursin

Decursin was isolated from the roots of Dang Gui (Angelica gigas Nakai) (208). Pyranocoumarins, including decursinol, decursin, and decursinol angelate, are the main components identified in A. gigas Nakai (209). It shows high cytotoxicity in human - cell lines, whereas low cytotoxic activity in normal tissues indicates it may be a safe and attractive therapeutic medicament for tumor treatment (210). Decursin has been found to have potential therapeutic effects on malignant tumors such as gastric tumor, head and neck squamous cell carcinoma, human multiple myeloma, non-small cell lung tumor, bladder tumor and colon tumor (211–215). Notably, decursin shows anti-tumor effect by improving the activation of T cells in tumor microenvironment (210).

Recent studies have shown that decursin inhibits the proliferation of liver cells through apoptosis and cell cycle arrest, and its mechanism is related to the Hippo/YAP1 pathway (184). Mechanismly, decursin inhibits the expression of YAP1 in liver tumor cells by increasing LATS1 phosphorylation and beta-transducin repeat-containing protein (β-TRCP) expression. This leads to the phosphorylation and ubiquitin-mediated degradation of YAP1 protein, resulting in the inactivation of its downstream effectors (184). Importantly, decursin induced apoptosis of tumor cells can be reversed by selective MST1/2 inhibitors, which confirms that the antitumor effect of decursin in liver tumor depends on Hippo/YAP1 pathway (184).




4.4 WZ35

Curcumin is a natural polyphenol compound that is obtained and purified from the powdered rhizome of Curcuma longa L. (turmeric). Studies have shown that curcumin plays an important role in antibacterial, anti-proliferation, anti-inflammatory, anti-oxidation, anti-tumor, and anti-amyloidosis in vitro and in vivo by targeting various molecules (216). Curcumin inhibits cell proliferation, promotes apoptosis, inhibits tumor angiogenesis and metastasis, and induces autophagy in tumor cells (217, 218).

WZ35 is a new curcumin derivative, which shows anti-tumor activity in gastric tumor, breast tumor, colon tumor and prostate tumor (219–223). Recent studies have found that WZ35 has inhibitory activity in liver tumor, and its mechanism is related to the down-regulation of YAP1 expression (185, 186). On the one hand, WZ35 inhibits the growth of liver tumor cells by down-regulating autophagy controlled through YAP1. This inhibitory effect on autophagy of liver tumor cells is dependent on YAP1 (185). On the other hand, WZ35 reduces SLC2A1-mediated glycolysis by inhibiting YAP1, thus inhibiting the proliferation of liver tumor cells (186).




4.5 Dihydroartemisinin

Artemisinin comes from an annual member of Compositae Artemisia annua. As a traditional Chinese medicine with a history of more than 2000 years, dihydroartemisinin is not only the active metabolite of artemisinin and its derivatives (ART) but also the first-generation derivative of artemisinin. It is an effective medicine widely used to treat malaria (224, 225). In recent years, more and more attention has been paid to the antitumor activity of dihydroartemisinin. Dihydroartemisinin has been proven to have a strong anti-tumor effect and inhibit tumor cell proliferation in vitro and in vivo.

Our recent research shows that dihydroartemisinin directly inhibits YAP1 in HCC, and YAP1 serves as a cellular target of dihydroartemisinin in HCC cells. Previous studies of our group have shown that dihydroartemisinin regulates lipid metabolism, TME, and intestinal microflora of the immune microenvironment through YAP1 in HCC, thus enhancing the effect of anti-PD-1 treatment (35–37). Firstly, anti-PD-1 therapy promotes lipid drop (LD) deposition in HCC, which may lead to ineffective anti-PD-1 treatment. Inhibition of YAP1 decreased LD deposition and PLIN2 expression in HCC cells. Dihydroartemisinin reduced LD deposition and PLIN2 expression in HCC cells by inhibiting YAP1 (35). Secondly, dihydroartemisinin improves the immunosuppressive TME-induced immune escape by inhibiting YAP1, which leads to decreased PD-L1 expression in liver tumor cells and increased tumor-infiltrating CD8+T cells (36). Finally, anti-PD-1 therapy reduced the abundance of intestinal Akkermansia muciniphila (A. muciniphila) in HCC. Dihydroartemisinin increases the abundance of intestinal A. muciniphila and the number and activity of CD8+T cells in liver TME by inhibiting YAP1, thus enhancing the sensitivity of anti-PD-1 therapy (37). It is essential to underline that the effect of dihydroartemisinin on regulating lipid metabolism, TME, and intestinal microorganisms in enhancing the anti-PD-1 effect in HCC depends on YAP1. Additionly, dihydroartemisinin reduced SLC2A1-mediated glycolysis in HCC by inhibiting YAP1 (126). Studies have shown that glycolytic level in tumor negatively correlates with response to anti-PD1 therapy (226). Therefore, dihydroartemisinin may regulate glycolysis to improve the efficiency anti-PD-1 in HCC by inhibiting YAP1.

In addition, dihydroartemisinin promoted farnesoid X receptor (FXR) and decreased cholesterol 7 α-hydroxylase (CYP7A1) and YAP1, thus inhibiting bile acid metabolism in HCC. However, the inhibitory effect of dihydroartemisinin on bile acid metabolism in HCC was independent of YAP1. In short, dihydroartemisinin has become a critical YAP1 inhibitor and a potential natural source of drugs based on immunotherapy to improve the efficacy of anti-PD-1 in HCC. The mechanism that dihydroartemisinin depends on YAP1 to enhance the sensitivity of anti-PD-1 in HCC still needs to be further elucidated (181) (Figure 4).




Figure 4 | Dihydroartemisinin inhibits YAP1 expression and improves the anti-PD-1 effect in HCC. Dihydroartemisinin reduces the expression of glucose transporter SLC2A1 and lipid droplet deposition, regulates bile acid metabolism, and increases the abundance of A. muciniphila in the intestine by inhibiting YAP1 expression in HCC cells, leading to improvement of the therapeutic effect of anti-PD-1 (35–37, 126, 181).






4.6 Salvianolic acid B

Salvianolic acid B (Sal B) is a major phenolic compound derived from the root and rhizome of Salvia miltiorrhiza Bunge (Labiatae) (227, 228). Sal B has extensive therapeutic effects on tumors, atherosclerosis, inflammation, and oxidative stress (203), and is recognized as a valid treatment for liver disease. Sal B relieve liver fibrosis in patients with HBV with no apparent side effects and favorably impact liver fibrosis in animal models. It also inhibits the proliferation and activation of hepatic stellate cells stimulated by TGF-β (227, 229). Sal B also improved atherosclerosis via inhibiting the YAP/TAZ/JNK signaling pathway. Previous studies have shown that SalB inhibits the occurrence of HCC by inducing apoptosis in tumor cells (187).

Sal B inhibits the progression of liver tumor and suppress the growth of liver tumor cells by inhibiting cell proliferation and migration. The mechanism is related to adjusting the Hippo/YAP pathway and simultaneously promoting linker-phosphorylated Smad3 (pSmad3L) to C-terminally phosphorylated Smad3 (pSmad3C) transformation (188).




4.7 Statins

Statins are first-line drugs for the treatment of hypercholesterolemia. They have been widely used since the end of the 20th century and are now one of the most commonly abused prescription drugs in the world (230). FDA has approved seven statins: lovastatin, pivastatin, Atto vastatin, rosuvastatin, pravastatin, simvastatin and fluvastatin (231). Increasing evidence emphasizes the importance of statins and reducing the risk of HCC (232). Lipophilic statins significantly reduced the morbidity and mortality of HCC in patients with viral hepatitis, and the use of dose-dependent statins significantly reduced the incidence of HCC in patients with nonalcoholic steatohepatitis (NASH) and liver cirrhosis (233, 234). Atto vastatin is considered to be the most effective statin to reduce the risk of liver tumor in patients with viral and metabolic liver disease, and its mechanism is related to the significant inhibition of YAP1 activation. Atto vastatin promotes YAP1 phosphorylation at two sites of Ser127 and Ser397 and reduces nuclear translocation of YAP1 (235). Simvastatin was used as a YAP1 inhibitor and was found to target YAP1 in combination with sorafenib or trimetinib. Simvastatin showed potent synergistic cytotoxicity in HCC cells and improved the therapeutic effect of sorafenib or trimetinib in HCC (189). In addition, statins also reduce RhoA activity by inhibiting YAP1 activity. Cerivastatin and simvastatin regulate the localization of YAP1 protein in HCC cells by inhibiting senescence junction and Rho GTP enzyme-mediated cytoskeleton remodeling involved in the migration and transfer of HCC (190, 234, 236). It is noteworthy that simvastatin has also been shown to synergize with anti-PD-L1 in tumor by inhibiting the mevalonate pathway, and the mechanism may be related to YAP1 (237).





5 Conclusions

YAP1 is a highly relevant factor in all stages of liver tumor, and we underline the central importance of YAP1 expression in ICI treatment of liver tumor. YAP1 promotes MDSCs, CAFs, M2-TAM, and Treg infiltration in liver tumor cells and inhibits the activity of CD8+T and NK cells. Meanwhile, YAP1 mediates metabolic reprogramming of liver tumor cells, enhances aerobic glycolysis, lipid metabolism, arachidonic acid metabolism, amino acid metabolism, and reduces gluconeogenesis. These YAP1-induced changes in tumor microenvironment and metabolic reprogramming promote the progression of HCC and the inefficacy of ICI therapy. After reviewing the current literature, we proposed that YAP1 inhibition is a treatment option to improve the efficacy of ICIs for more patients with advanced liver tumor. The previous findings emphasize the significance of YAP1 suppression in ICIs for liver tumor, in which YAP1 induces immunosuppressive TME and is involved in the metabolic reprogramming of liver tumor cells.

Due to YAP1 plays multiple roles in different cells of liver tumor, including tumor cells and immune cells, there will be a continuing important role for YAP1 in the field of tumor immunology, especially in the exploration of tumor immunotherapy. Inhibition of YAP1 by knockdown or chemical inhibitors in liver tumor has been proven to have the effect of sensitizing ICIs. This effect is related to improving liver tumor immunosuppressive TME and recovering abnormal metabolic reprogramming of liver tumor cells. It has been proven to be dependent on YAP1. Several drugs that inhibit YAP1 in HCC have been mentioned, especially Verteporfin, which destroys the YAP1-TEAD complex, and, DHA, a derivative from artemisinin. Although the relevance of YAP1 and the YAP1 inhibitors on liver tumor cells is already known, this knowledge has not yet been combined in clinical studies. This opens up a vast potential for future investigations into a possible cotherapeutic of YAP1 inhibitors in liver tumor. However, the key to applying the combined therapy strategy to patients with liver tumor is to find safe and effective YAP1 inhibitors and clarify the mechanism. Expanding future research questions can be worthwhile, primarily by transferring preclinical knowledge from the bench to the bedside.
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Introduction

Prostate Cancer (PCa) remains a significant concern in male cancer-related mortality. Tumour development is intricately regulated by the complex interactions between tumour cells and their microenvironment, making it essential to determine which is/are key factor(s) that influence the progression of PCa within the tumour microenvironment.





Materials and methods

The current study utilised histopathology and immunohistochemistry to determine the expression of IL-38 in PCa and analysed the correlation between the expression level of IL-38 within PCa and clinical pathological characteristics.





Results

There was a significant increase in IL-38 expression in PCa tissues compared to adjacent non-PCa tissues (P < 0.0001). In addition, IL-38 expression was significantly higher in tumour cells with a high proliferation index compared to those with a low value-added index. ROC curve analysis demonstrated that IL-38 has high specificity and sensitivity for the diagnosis of PCa (AUC=0.76). Moreover, we Probed the cellular source of IL-38 in prostate cancer tissue by immunofluorescence double staining. Additionally, within PCa, the expression of IL-38 was inversely correlated with the expression levels of CD8 and PD-1. Survival analysis revealed a significantly lower overall survival rate for PCa patients with high IL-38 expression (P=0.0069), and when IL-38 was co-expressed with CD8, the survival rate of the IL-38high/CD8low group was decreased significantly. Multivariate analysis indicated that the expression level of IL-38 and TNM staging were independent predictors of survival in PCa patients.





Conclusion

These findings suggest that IL-38 plays a crucial role in the development of PCa, and the exploration of the correlation between IL-38 and various immune factors in the tumour microenvironment further reveals its mechanism of action, making it a potential target for immunotherapy in PCa.
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Introduction

Prostate cancer (PCa) ranks as the second most prevalent cancer and the fifth leading cause of cancer-related mortality among men (1). It is estimated that annually there are approximately 1,414,259 new PCa cases and 375,304 related deaths globally, with rising incidence attributed to economic growth, an aging population, and lifestyle changes (2). The five-year survival rate for metastatic PCa falls below 30% (3), although localised tumours exhibit a curative response to radical prostatectomy and radiotherapy in about 70% of patients. However, early screening, primarily relying on prostate-specific antigen (PSA), poses the risk of clinical overtreatment (4). Consequently, there is a critical importance to identify a new biomarker with high specificity and sensitivity to facilitate early diagnosis and treatment.

Chronic inflammation and sustained immune responses play pivotal roles in PCa development and progression (5). PCa can evade the immune system through mechanisms such as down-regulation of HLA class I, inducing T-cell apoptosis, or secreting immunosuppressive cytokines like TGF-β, thereby increasing T regulatory cells (6). Tumorigenesis is intricately regulated by interactions between tumour cells and their microenvironment, and influencing cytokines to stimulate the immune system may lead to robust anti-tumour immunity (5, 7). Identifying cytokines affecting PCa patient survival not only holds prognostic value but also presents potential therapeutic targets by modulating the tumour microenvironment.

IL-38, a relatively obscure cytokine in the IL-1 family, has demonstrated extensive anti-inflammatory effects in numerous studies (8, 9). Dysregulation of IL-38 disrupts the balance between anti-inflammatory and pro-inflammatory microenvironments, triggering host immunity and contributing to the onset of various autoimmune diseases (9). We have demonstrated previously a significantly reduced IL-38 expression in colorectal cancer compared to surrounding non-colorectal cancer tissue, with higher levels of IL-38 correlating with tumour differentiation and serving as an independent prognostic marker (10). However, by contrast, upregulated IL-38 has been observed within lung non-small cell carcinoma (11), increased IL-38 expression was associated with lung tumour progression and poor prognosis. The difference between colorectal IL-38 and lung IL-38 expression may be due to the higher load of microflora within the colon compared to the lung, although both organs are classified as mucosal associated lymphoid organs. Subsequently, there may be different host immunological regulatory mechanism between the two organs during the development of malignancies.

Anti-PD-1/PD-L1 immune checkpoint inhibitor therapy has been quite extensively applied in the management of malignancies, since the role of these molecules has been well documented during the development of cancers (12), although some serious adverse responses can occur (13). However, the response of metastatic PCa to these drugs has been poor (14), likely due to PCa generally exhibiting a low tumour mutational burden (fewer tumour antigens), with a consequent low immune/inflammatory response.

Additional findings have revealed the role of IL-38 in promoting tumour growth by down-regulating CD8+ tumour infiltrating lymphocytes in the lung cancer tumour microenvironment (15, 16). However, the association of IL-38 with histological grade and survival in PCa remains unexplored.

In the current study, we employed histopathological and immunohistochemical methods to quantify IL-38 expression in PCa and analyse its correlation with clinicopathological features. Using immunofluorescence double staining, we explored the cellular origin of IL-38 in prostate cancer tissues and compared the differences in IL-38 expression in tumour glands with different proliferation indices. Cox proportional hazards regression analysis, both univariate and multivariate, demonstrated IL-38 as a specific and sensitive biomarker for predicting PCa patient survival. Our findings suggest that IL-38 may play a crucial role in PCa development. Furthermore, we investigated the correlation between IL-38 and the expression levels of CD4, CD8, CD20 and PD-1 in prostate tumour tissues, shedding light on the mechanisms through which IL-38 promotes PCa progression. These insights position IL-38 as a potential target for future immunotherapies in PCa.





Materials and methods




Collection of clinical pathological data and follow-up information

The current study identified 135 cases of prostate adenocarcinoma (acinar type) and 60 cases of benign prostatic hyperplasia, confirmed with histopathology at Tongren Hospital in Shanghai from 2017 to 2021. The median age of the patients was 71 years (range: 48-81 years). All cancer patients underwent the same radical prostatectomy without preoperative chemotherapy. BPH was performed as TURP, as described (17). Clinical pathological data were obtained from the electronic database, Tongren Hospital. The Gleason score, TNM staging, prognostic grouping (18) were re-evaluated for all 135 specimens. PCa tissues from each patient were matched with adjacent normal prostate tissues.

Follow-up data for PCa patients were obtained from the Shanghai Changning District Centre for Disease Prevention and Control, with follow-up conducted until February 2023. The final follow-up information was obtained for 116 patients, yielding a follow-up rate of 85.9%. After excluding cases with incomplete clinical pathological information, a total of 111 cases were included in the survival curve analysis, including 16 deaths and 100 survivors, with the longest survival time being 64 months.

The study has been approved by the Human Ethic Committee, Tongren Hospital, Shanghai Jiaotong University School of Medicine.





Creation of tissue microarrays (TMAs)

To create TMAs, representative prostate cancer tissues and adjacent normal tissues were selected from HE stained slides. Tissue cores with a diameter of approximately 2 mm were extracted from the corresponding areas on the paraffin blocks. These tissue cores were systematically arranged and embedded into pre-made recipient paraffin blocks (Model: UB06-1, Yubei, Shanghai). The resulting TMAs were then sectioned at 4 µm. The morphology of the cancer tissues and adjacent non-cancer tissues on sequential sections on the array corresponded well with that of the originally selected regions on the HE slides.

Histopathology diagnosis followed the 2022 World Health Organization Classification of Tumours of the Prostate (19).





Immunohistochemistry

The sections were immunohistochemically stained as described previously (10, 20). Briefly, the sections were treated with EDTA antigen retrieval solution (Beyotime, Shanghai), followed by endogenous peroxidase blocking for 15 minutes and blocking with foetal bovine serum (Ausbian Australia). Primary antibodies, all obtained from Abcam, Cambridge, UK, against human IL-38 (Ab180898), human CD4 (Ab133616), human CD8 (Ab237710), human CD20 (Ab78237), and human PD-1 (Ab237728) were incubated at room temperature for 1 hour. HRP-labelled mouse/rabbit universal secondary antibody polymer (Beijing Sequoia Jinqiao Biological Technology) was incubated for 30 min. The sections were visualised using DAB, counterstained with hematoxylin, for microscopic observation.

Digitalization of the slides was performed using the NANO Zoomer series digital scanner 2.0 (Hamamatsu, Japan). Quantification of IL-38, CD4, CD8, CD20, and PD-1 expression was carried out, using Halo digital imaging analysis software 2.0 (Indica Labs, USA). Each point of PCa tissue, stromal area, and blank region was manually outlined, excluding areas with tissue artifacts. Staining intensity thresholds were set, and cells with staining intensity exceeding the negative threshold were considered positive. The software utilised a predefined training algorithm to calculate the number and staining intensity of positive cells in tumour and stromal areas, providing the positive cell units per unit area.





Immunofluorescent staining

To confirm the source of IL-38 from the prostate cancer and the relationship between IL-38 and cell proliferation indices, immunofluorescent double staining was applied, as described previously (21, 22). Briefly the sections were stained with anti-IL-38 and anti-P504S (RMA-0546, Fuzhou Maixin Biological Technology, China), anti-CD3, anti-CD68, anti-CD138, anti-CD20, and anti-Ki67 (ZM-0166, Beijing Sequoia Jinqiao Biological Technology), where IL-38 was used at a dilution of 1:400 (red fluorescence), anti-CD3, CD68, and CD138 were used at dilutions of 1:100, 1:1000, and 1:8000 respectively (green fluorescence), and anti-P504S and Ki67 were both used at a ready-to-use concentration (green fluorescence).

The numbers of IL-38+ cells were identified with containing CD138+ plasma cells, CD3+ pan-T cells, CD68+ macrophages, CD20+ B-lymphocyte, P504S+ prostate tumour epithelial cells or Ki67 proliferative marker. These double staining sections were quantified, using the HALO Image analysis platform, as described previously (22) (21). The percentage of the double staining was calculated from the randomly selected 5 visual fields from each section, and quantified using Imagepro Plus V7 (23). The quantification was performed under double-blind fashion to reduce/minimize bias.





Statistics

Statistical analyses were conducted, using GraphPad Prism 8.0.1 and SPSS 26.0 software packages. The comparison between two paired groups was performed using the Wilcoxon signed-rank test. Unpaired group comparisons were conducted using the Mann-Whitney U test. Multiple group comparisons were assessed using the Kruskal-Wallis H test. ROC curve analysis was employed to evaluate the diagnostic specificity and sensitivity of IL-38 expression levels in cancer tissues and adjacent normal tissues for PCa. Spearman correlation coefficient analysis was utilised to examine the correlation between IL-38 expression in cancer tissues and the expression levels of CD4, CD8, CD20, and PD-1.

High and low expression groups of IL-38 within PCa were defined based on the median expression level of IL-38 in PCa tissues. Total survival duration was defined as the number of days from surgery to the last follow-up or death. Kaplan-Meier survival curves were constructed, and the impact of various immune markers on the survival rate of PCa patients was analysed using the log-rank test. The Cox proportional hazards model was employed to identify prognostic factors influencing survival. Results were considered statistically significant at P < 0.05.






Results




Demographics of PCa and BPH patients

Demographic data for 135 cases of primary prostate cancer and 60 cases of benign prostatic hyperplasia patients are shown in Table 1. No PCa patients received chemotherapy prior to surgery. Due to incomplete clinical data for a small number of patients and occasional loss of individual sites (for example, loss of non-cancer prostate tissue adjacent to cancer tissue) during the tissue microarray construction process, the actual number of samples with matching cancer and adjacent non-cancer tissue included in the analysis was slightly reduced and totalled 128 matched patients. According to the latest version of the prostate cancer Gleason grading system (24) and TNM staging criteria (18), the number of patients with PCa Gleason scores < 7, = 7, and > 7 were 29, 68, and 38, respectively. The distribution of patients across stages I, II, III, and IV were 18, 67, 40, and 10 cases, respectively.


Table 1 | Clinicopathological characteristics of patients with PCa and BPH.







Expression of IL-38 in PCa, non-PCa and BPH tissues

Local IL-38 was predominantly expressed in the nuclei of tumour cells within PCa adenomatous glands, with a small amount of expression in the cytoplasm. There was significantly elevated IL-38 expression in PCa tissues, compared to that of non-PCa tissues BPH and (Figures 1A, B, P < 0.0001;P=0.0014, respectively). Additionally, there was a correlation between the Gleason score of PCa tissues and IL-38 (Figure 1C, P = 0.0435) or serum PSA and IL-38 (Figure 1D, P = 0.0324).




Figure 1 | Compares the expression of IL-38 in paired cancer and non-cancer tissues, as well as, benign prostatic hyperplasia specimens, using the Wilcoxon signed-rank test (A, B). The expression of IL-38 was compared between different Gleason scores (C), serum PSA levels (D), TNM staging (E), and prognostic groups (F) using the Mann-Whitney U test. Representative images for each group are depicted in the photomicrographs. The original magnification is ×200.



Furthermore, the PCa patients in TNM stage III exhibited significantly higher IL-38 expression than those in stages I and II (Figure 1E, P = 0.0262; P=0.0349), Similarly, the PCa patients in prognostic group III showed significantly higher IL-38 expression than those in groups I and II (Figure 1F, P = 0.0017; P=0.0452). It is noteworthy that the expression of IL-38 decreases in patients within the TNM stage IV group and prognostic group IV.





ROC curve analysis of IL-38 in PCa cancer tissues and adjacent normal tissues

To assess the specificity and sensitivity of IL-38 expression levels in diagnosing PCa, ROC curve analysis was conducted as described (20). We found that the area under the ROC curve (AUC) for IL-38 expression in PCa and adjacent non-PCa tissues was 0.76 (Figure 2A), suggesting a high specificity and sensitivity of IL-38 in distinguishing PCa from non-PCa tissues. As the Gleason score of cancer tissues increased (Figure 2B) and serum PSA levels increased (Figure 2C), the AUC of the ROC curve gradually increased, suggesting that IL-38 also has high specificity and sensitivity for distinguishing different Gleason scores and serum PSA levels in PCa. With the increase in TNM staging (Figure 2E) and prognostic grouping (Figure 2D), the AUC of the ROC curve also gradually increased. However, in TNM stage 4 and prognostic group 4, the AUC decreased. Due to the limited number of samples available for analysis (n=10; n=13) in stage 4, the AUC data for late-stage PCa exhibited larger fluctuations.




Figure 2 | Utilises ROC curves to assess the sensitivity and specificity of IL-38 expression levels in diagnosing PCa. The area under the curve (AUC) for IL-38 is shown as follows: IL-38 (A): AUC=0.76. Subgroup analyses were performed based on Gleason score (B), serum PSA levels (C), prognostic groups (D), and TNM staging (E).







Correlation between IL-38 and the expression of CD4, CD8, CD20, and PD-1 in PCa

To investigate the relationship between IL-38 and CD4+, CD8+ T lymphocytes in the tumour immune microenvironment of PCa, the correlation between IL-38 and the expression levels of CD4 and CD8 in PCa was analysed. Immunohistochemical quantification revealed that in PCa, the expression of IL-38 was negatively correlated with the expression of CD8 (r=0.203, p=0.0181, Figures 3A, B), but exhibited no correlation with CD4 expression (r=0.152, p=0.86, Figures 3E, F). Additionally, IL-38 showed an inverse correlation with PD-1 expression levels (r=0.177, p=0.046, Figures 3C, D), while no significant correlation was observed between IL-38 and CD20 expression (r=0.0751, p=0.41, Figures 3G, H).




Figure 3 | Correlation of IL-38 with the expression of CD4, CD8, CD20, and PD-1 in PCa. Correlation analyses were conducted to examine the relationship between IL-38 and the expression of CD4, CD8, CD20, and PD-1 in tumour tissues of prostate cancer patients. Representative images for each correlation are displayed in the microscopic photographs: IL-38/CD8 (A), IL-38/PD-1 (C), IL-38/CD4 (E), IL-38/CD20 (G). The correlation between IL-38 expression (X axis) with CD8 (B), PD-1 (D), CD4 (F), or CD20 (H) expression (Y-axis) is presented. The original magnification is ×200.







Identification of IL-38 source

In order to investigate the source of IL-38 and its localisation with each immune cell in prostate cancer tumour tissues, immunofluorescence double-staining of IL-38 with tumorigenic epithelial cells (P504S+) with each immune cell (CD138+ plasmacytes, CD3+ T cell, CD68+ macrophages, and CD20+ B cell) was performed. Representative images and quantitative analysis results are shown in Figure 4, showing that the number of IL-38/P504S+ tumorigenic epithelial cells was 14.73 per field. Then on the order of IL-38+/CD138+ plasmacytes, IL-38+/CD3+ T cell, IL-38+/CD68+ macrophages, and IL-38+/CD20+ B cells, which were 1.80, 1.27, 0.88 and 0.61 per filed in prostate cancer tumour and mesenchyme.




Figure 4 | The cellular origin of IL-38 within prostate cancer tumour tissues was explored using immunofluorescence double staining. (A) Images of immunofluorescence double staining of IL-38 (red fluorescence) with P504S, CD138, CD3, CD68, and CD20 (green fluorescence); the original magnification x 200, and the magnified images were taken at 40x. (B) Quantitative analysis results of co-staining of each immune cell with IL-38. *, **, ***, **** represents p<0.05, 0.01, 0.001 or 0.0001.







IL-38 expression in cancer cells with different proliferation indexes

To explore the differences in IL-38 expression in tumour cells with different proliferation indices, we co-stained IL-38 with Ki67 (proliferation marker) Representative immunofluorescence images are shown in Figure 5A. The expression of IL-38 was more than 2-fold higher in the Ki67high group, compared to that in the Ki67low (Figure 5B, P < 0.0001). There was significant correlation between IL-38 and Ki67 in the prostate cancer (Figure 5C, r = 0.641, P < 0.0001).




Figure 5 | The expression of IL-38 in prostate tumour cells with different proliferation indices was explored using immunofluorescence double staining. (A) Images of immunofluorescence double staining of IL-38 (red fluorescence) with Ki67 (green fluorescence); original magnification ×200, magnified image taken at 40x magnification. (B) The expression of IL-38 was compared between tumour cells with different proliferation indices. (C) Correlation analyses were conducted to examine the relationship between IL-38 and the expression of Ki67 in tumour tissues of prostate cancer patients. **** represents p<0.0001.







Survival curve analysis of IL-38 expression levels stratified by CD8 and PD-1 expression in PCa tissues

The follow-up for the patient cohort was conducted until February 2023, with 116/135 (85.9%) PCa patients available for follow-up. Among the 116 patients, 16 had died, with the longest survival period being 64 months. Using the log-rank test, IL-38 expression levels were arranged, and the median was used as the cut-off value (distinguishing high and low expression groups of IL-38). The relationship between IL-38 expression levels and postoperative overall survival rate in PCa patients was then evaluated.

The analysis revealed that PCa patients with low IL-38 expression had a significantly higher overall survival rate than those with high IL-38 expression (P=0.0069; Figure 6A). Further stratifying the PCa patients into two subgroups, namely the prognostic groups III-IV group (n=57) and Gleason score ≥ 8 group (n=31), demonstrated that in both the prognostic groups III-IV group (P=0.0434; Figure 6B) and Gleason score ≥ 8 group (P=0.0467; Figure 6C), patients with low IL-38 expression had significantly higher survival rates than those with high expression.




Figure 6 | Survival Curves for PCa with high or low expression of IL-38, CD8, and PD-1. The Kaplan-Meier survival curves depicted the correlation between IL-38, CD8, PD-1 expression levels, and overall survival rates in prostate cancer patients. (A) Illustrates the correlation between IL-38 expression levels and overall survival in prostate cancer patients. Subgroup analyses were conducted for patients with prognostic groups III-IV (B) and Gleason score ≥ 8 (C). Statistical analysis of the overall survival rates based on the combined expression of IL-38 and CD8 (D) and the combined expression of IL-38 and PD-1 (E) were performed using the LOG-RANK test.



Dividing patients into four subgroups based on the joint expression of IL-38 and CD8 (4 groups: double high, double low, IL-38high/CD8low, IL-38low/CD8high), the results showed that patients in the IL-38high/CD8low group (n=35) had a significantly lower overall survival rate than the other three groups, with significant differences observed among all groups (P=0.0116; Figure 6D). When considering the combined expression of IL-38 and PD-1, patients in the IL-38high/PD-1high group exhibited a trend towards a lower overall survival rate than the other three groups, although the overall survival rates among the groups did not show significant differences (Figure 6E).





Univariate and multivariate Cox analysis: the relationship between IL-38 expression in PCa tissues, CD8, PD-1, and various clinicopathological characteristics with patient survival time

A series of factors influencing the survival of PCa patients were subjected to both univariate and multivariate Cox analyses (Table 2). In the univariate analysis, IL-38 expression (HR 5.57; 95%CI 1.26-24.69; p=0.024), level of PSA (HR 1.98; 95%CI 1.04-3.77; p=0.038), T staging (HR 5.13; 95%CI 1.63-16.13; p=0.005), TNM staging (HR 2.56; 95%CI 1.45-4.54; p=0.001), and prognostic staging (HR 1.92;95%CI 1.03-3.5; p=0.041 emerged as important factors affecting the survival of prostate cancer patients. Multivariate analysis further revealed that IL-38 expression (HR 6.73; 95%1.36-33.19; p=0.019) and TNM staging (HR 14.03; 95%1.67-118.23; p=0.015) were independent and reliable biomarkers predicting the survival rates of these prostate cancer patients. However, other factors such as age, serum PSA levels, risk stratification for recurrence, prognostic grouping, lymph node metastasis, expression levels of CD8 and PD-1, and the combined expression of IL-38 with CD8 or PD-1 did not exhibit statistical significance in predicting the survival rates of prostate cancer patients.


Table 2 | Univariate and multivariate analyses of the relationship between survival of PCa patients and IL-38, CD8 and PD-1.








Discussion

In this study, elevated levels of IL-38 in PCa tissues were identified compared to BPH and matched non-PCa samples (1). A positive correlation was found between IL-38 and Gleason score, PSA concentration, and PCa differentiation. Additionally, a correlation with AJCC stages was noted, except for stage IV (1). Prostatic IL-38 exhibited an inverse correlation with infiltrating CD8+ or PD-1, but not with CD4+ cells or CD20+ B cells (1). Furthermore, PCa patients with high IL-38 expression demonstrated significantly poorer 5-year survival rates compared to those with low IL-38 expression, consistent with Gleason score but not with PD-1 expression. Notably, IL-38, particularly in TNM stage IV PCa patients, emerged as a reliable prognostic biomarker through multivariate analysis.

The significantly elevated level of prostate IL-38 in PCa compared to BPH and non-PCa samples implies a potential role for IL-38 in PCa development. Although the exact function of IL-38 in PCa development remains unclear, we hypothesise that increased expression of IL-38 may represent an attempt to mitigate inflammation in the microenvironment. This speculation is grounded in the understanding that malignancy tends to exist within a pro-inflammatory microenvironment, especially in advanced PCa tissues exhibiting necrosis and/or apoptosis. However, the anti-inflammatory role of IL-38 may be compromised in susceptible individuals through downstream signalling pathways, such as IL-36r (25). Notably, there are three subunits of IL-36 with various differential roles in the development of cancer, as supported by our previous findings in colorectal cancer (26).

The high expression of IL-38 in PCa may contribute to the downregulation of host immunity against PCa, promoting its progression. This aligns with our current finding of a correlation between IL-38 and PSA, as well as Gleason score. Interestingly, IL-38 levels were higher in BPH than in non-cancerous tissues, consistent with the expression of IL-38 in lung small cell carcinoma, suggesting a potential role in enhancing tumour development (11). The prostate is generally aseptic under normal conditions, but BPH and/or prostatitis may not always be aseptic, and it may induce inflammation.

The positive correlation between prostate IL-38 levels and Gleason score in PCa tissues underscores the potential involvement of IL-38 in prostate cancer tumorigenesis. The role of inflammation in cancer development is complex, with acute inflammation appearing protective, while chronic inflammation contributes to carcinogenesis (27).

From the identified source of IL-38+ cells, the highest was prostate epithelial cells, supporting the notion that IL-38 promotes the development and/or progression of prostate cancer. Our hypothesis is supported by the finding in lung small cell carcinoma (11). The exploration of the source of leucocytes demonstrated the order of plasmacytes, T cells, macrophages, B cells. This finding suggests that there is involvement of leucocytes during the development of prostate cancer. However the precise underlying mechanism of these leucocytes in the pathogenesis reminds to be explored. Additionally, such finding might suggest the potential therapeutic target for precision medicine.

Interestingly the finding from prostate cancer is differ from these of colorectal cancer (10), showing IL-38 is protective during the development of colorectal cancer. The discrepancy between prostate cancer and colorectal cancer may be due to different microenvironment, probably mainly due to flora in the regions, i.e. almost aseptic in prostate cancer, but huge micro-organisms in the colorectal area.

Our data demonstrated that IL-38 was positively correlated with the expression of Ki67 in PCa tissues, which is consistent with that IL-38high was more than 2-fold higher in Ki67 than IL-38low group. Such finding was further supporting our speculation that IL-38 promotes tumour development in prostate cancer. This is in line with others, showing that Ki67 correlates with the prognosis of a variety of tumours (28), and Ki67high expression in prostate cancer patients shows poor prognosis (29).

An inverse correlation was observed between IL-38 expression and the infiltration of cytotoxic CD8+ cells in PCa tissue, providing additional evidence for the immune-inhibiting role of IL-38 in the microenvironment. This suggests that IL-38 suppresses host immunity against PCa development, aligning with other studies demonstrating that intertumoral CD8+ T-cell infiltration is associated with improved survival in PCa patients (30). The role of CD8+ T cells in PCa development warrants further exploration in future studies.

Furthermore, there was an inverse correlation between IL-38 and PD-1 expression in PCa tissues. Given the efficacy of anti-PD-1 therapy in malignancy management, our findings regarding IL-38 in PCa confirm its potential role in enhancing PCa development in vivo. Future investigations should explore whether there is a synergistic role between IL-38 and PD-1 in PCa, necessitating larger sample sizes and multi-centre studies for a comprehensive understanding.

Surprisingly, no correlation was observed between IL-38 and infiltrating CD4+ Th cells or CD20+ B cells in PCa, suggesting that neither CD4+ Th cells nor CD20+ B cells are directly involved in PCa development, and/or that the local IL-38 expression may be too potent, quenching the functions of these cells in the PCa microenvironment. The presence of CD4+/CD25+ regulatory T cells, known to be significantly higher in PCa tissues, indicates an immunosuppressive role in PCa development, requiring further investigation (31).

Additionally, there was no significant correlation between IL-38 and CD20+ B cells in PCa, suggesting that humoral immunity may not be efficiently involved in PCa. Nonetheless, substantial infiltrating CD20+ B cells in PCa have been reported as a potential therapeutic target (32). The discrepancy between our findings and those of other studies is unclear, but may be attributed to racial differences, impacting infiltrating leukocyte phenotypes and therapeutic outcomes.

Moreover, a highly significant difference was observed between IL-38low and IL-38high expression in PCa, providing strong support for the notion that IL-38 enhances PCa development and represents a potential therapeutic target. This observation aligns with findings in non-small cell lung cancer but contrasts with colorectal cancers (33), likely influenced by organ-specific factors impacting host immunity during malignancy development (11).

Consistency in IL-38 expression is evident among high-risk recurrence PCa patients, particularly pronounced in prostate tissues from PCa patients with Gleason scores > 8, indicating a more severe malignancy. These data imply that IL-38 is crucial in this susceptible cohort. The combination of IL-38 expression and CD8+ infiltrating T cells in PCa plays a critical role in determining survival, supporting the synergistic role of IL-38 and CD8+ infiltration, where IL-38 enhances PCa development by inhibiting CD8+ killer T cells in PCa tissues. Conversely, the combination of IL-38 and PD-1 shows almost no impact, suggesting that PD-1 may not participate substantially in the development of PCa, consistent with other findings (9). However we acknowledge that the sample size was relatively small, there were ~20 samples in each group after stratification. Thus the data obtained might not be the most reliable which require further investigation by increasing sample size as well as from multiple centres in future.

Limitation: We speculate that the observed decline in IL-38 expression in late-stage patients may be attributed to two factors: First, Relative limited sample size, necessitating further expansion for confirmation, especially in advanced prostate cancer patients; second, late-stage patients often exhibit cellular necrosis and apoptosis in tumour tissues, which may affect IL-38 secretion, leading to a downward trend in IL-38 expression.

Interestingly, the information from TCGA data shows there is little IL-38 mRNA in PCa. There are two differences between ours and the TCGA data: it shows mRNA only, and the samples are from the different regions perhaps with different genetical backgrounds. Such differences will be explored in future by multi-centre study.

Although there is an inverse correlation between IL-38 and PD-1, suggesting IL-38 might enhance the progression of prostate cancer. However the survival curve isn’t highly convinced enough, as well as relatively low r value, which might be due to relative small in sample size and/or other interaction(s) with the host immunity. The precise mechanism will be explored in future.

In summary, our study might provide some useful information for the potential prognostic and immunomodulatory roles of IL-38 in PCa, laying the groundwork for further exploration and therapeutic considerations in the management of prostate cancer.
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patients

Characteristics P value
(n=198)
Gender
Male 87 26 61
2408 0.121
Female 111 45 66
Age (Median)
<64 115 45 70
1277 0258
>64 83 26 57
Tumor size (Median)
20 115 19 66
5435 0.020
>2.0 83 22 61
cTNM
1 130 55 75
e 34 9 25 7.101 0.029
it 34 7 27
Pathological grades (adenocarcinoma)
Poorly differentiated 35 27 8
Moderately differentiated 99 28 71 31.697 <0.001
Highly differentiated 64 16 48
Lymphatic metastasis
Yes 34 7 27
4.162 0.041
No 164 64 100
Pleural Invasion
Yes 25 7 18
0.768 0381
No 173 64 109
Vascular invasion
Yes 53 9 44
11425 <0.001
No 145 62 83
Nerve invasion
Yes 10 4 6
0.003 0.954
No 188 67 121

‘The bold values denote statistical significance at P<0.05 level.
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patients TLS density
Characteristics P value
(n=127) Low High
Gender
Male 61 34 27
0419 0.518
Female 66 33 33
Age (Median)
<64 70 38 32
0.146 0.702
>64 57 29 28
Tumor size (Median)
<20 66 38 28
1281 0258
>20 61 29 32
cTNM
1 75 12 33
il 25 7 18 8.560 0.014
il 27 18 9
Pathological grades (adenocarcinoma)
Poorly differentiated 8 7 1
Moderately differentiated 71 35 36 4224 0.121
Highly differentiated 48 25 23
Lymphatic metastasis
Yes 27 14 13
0011 0.916
No 100 53 47
Pleural Invasion
Yes 18 9 9
0.064 0.800
No 109 58 51
Vascular invasion
Yes 44 24 20
0.079 0.799
No 83 43 40
Nerve invasion
Yes 7 4 3
0.001 0.980
No 120 68 52
CD8 within TLS
Low 73 66 7
: 97.67 <0.0001
High 54 1 53

The bold values denote statistical significance at P<0.05 level.
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Characteristics umber (%) HR? (95% ClI)

Gender 0.85
Male 87 (43.9) 0.5-1.5
Female 111 (56.1)

Age 1.0
<Median 98 (49.5) 0.97-1.0
=Median (64) 17 (8.6)

>Median 83 (41.9)

Tumor size 097
<Median 91 (46.0) 0.88-1.1
=Median (2 cm) 24 (12.1)

>Median 83 (41.9)

TLS (-/+) 0.366*
TLS- 71 (35.9) 0.19-0.70
TLS+ 127 (64.1)

cTNM 1.8

1 130 (65.8) 1227
s 34 (17.1)

i 34 (17.1)

Pathological grades (adenocarcinoma) 091
Poorly differentiated 64 (32.3) 0.64-1.3
Moderately differentiated 99 (50.0)

Highly differentiated 35(17.7)

Lymphatic metastasis 043
Yes 34 (17.1) 0.16-1.1
No 164 (82.9)

Pleural Invasion 0.40*
Yes 25(12.6) 0.17-0.90
No 173 (87.4)

Vascular invasion 1.0

Yes 53 (26.8)

No 145 (73.2)

Nerve invasion 0.77
Yes 10 (5.1) 0.30-2.0
No 188 (94.9)

TNM was assessed according to the 8th Edition of the TNM Staging System for non-small cell
lung cancer.

*HR was calculated by univariate Cox regression analysis of Five-year survival, comparing the
presence or absence of categorical variables (lymph node metastasis, pleural invasion, vascular
invasion, nerve invasion, TLS-/+), or continuous variables (age, tumor size, TNM,
pathological grade).

*P < 0.005.
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Efficacy evaluation Neoadjuvant Neoadjuvant

chemoimmun- chemotherapy
otherapy group group (n = 33)
(n = 26)
CR ‘ 1 (3.8%) 0 0.015 0.904
PR 18 (69.3%) 15 (45.5%) 3.335 0.068
SD 6(23.1%) 18 (54.5) 5.968 0.015
PD 1(3.8%) 0 0.015 0.904
ORR 19 (73.1%) 15 (45.5%) 4.544 0.033
DCR 25 (96.2%) 33 (100%) 0.015 ‘ 0.904
PCR 9 (34.6%) 1 (3.0%) 8.185 0.004
MPR 17 (65.3%) 5 (15.1%) 15.693 0.000
ypN 0.135 0.713
N(+) 6(23.1%) 9 (27.3%)
N(@) 20 (76.9%) 24 (72.7%)
ypTNM 10328 0.016
Stage 0 9 (34.6%) 1(3.0%)
Stage I 6(23.1%) 12 (36.4%)
Stage II 5 (19.2%) 9 (27.3%)
Stage 111 ‘ 6(23.1%) 11 (33.3%)
Pleural invasion 1(3.8%) , 3 (9.0%) 0.075 0.784
Vascular invasion 1(3.8%) 6 (18.0%) 1.652 0.199
Nerve invasion 1 (3.8%) 1 (3.0%) 0.000 1.000

CR, complete response; DCR, disease control rate; MPR, major pathological response; ORR, objective response rate; pCR, pathological complete response; PD, progressive discase; PR, partial
response; SD, stable disease; ypN, post-neoadjuvant pathological lymph node staging; ypTNM, post-neoadjuvant pathologic stages.
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Neoadjuvant Neoadjuvant
chemoimmun- chemotherapy
otherapy group group
Tumor regression rate 5-100% 4-53%
37.0% 29.0% 0.018

Mean tumor regression rate
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Characteristics Neoadjuvant Neoadjuvant chemo-

chemoimmunotherapy therapy group (n = 33)
group (n = 26)

Sex 0.617 0.432
Male 24 (92.4%) 27 (81.9%)
Female 2 (7.6%) 6 (18.1%)

Age 0.998 0.318
<60 years 16 (61.6%) 16 (48.4%)
>60 years 10 (38.4%) 17 (51.6%)

Body mass index (BMI) 0.032 0.859
<24 kg/m® 14 (53.9%) 17 (51.6%)
224 kg/m2 12 (46.1%) 16 (48.4%)

I TTS 1.562 0.211

<30 12 (46.1%) 10 (30.3%)
>30 14 (53.9%) 23 (69.7%)

Clinical TNM stage 0.001 0.976
TIA 19 (73.1%) 24 (72.8%)
1B 7 (26.9%) 9 (27.2%)

Treatment cycles 4.097 0.129
<2 13 (50%) 24 (72.8%)
3 6(23.1%) 6 (18.1%)
24 7 (26%) 3(9.1%)

Histologic type 0.280 0.869
Squamous cell carcinoma 12 (46.1%) 13 (39.5%)
Adenocarcinoma 10 (38.4%) 14 (42.4%)
Others 4 (15.5%) 6 (18.1%)

CN 1.273 0.529
No 2(7.6%) 3(9.1%)
N1 8 (30.8%) 6 (18.1%)
N2 16 (61.6%) 24 (72.8%)

PD-L1 expression 2.200 0.333
<1% 16 (61.5%) 14 (42.4%)
21-50% 8 (30.8%) 16 (48.5%)
250% 2(7.7%) 3(9.1%)

CN, lymph node staging before neoadjuvant therapy; PD-L1, programmed cell death ligand 1; T'TS, time to surgery - indicating the time from the end of neoadjuvant therapy to surgery.
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Perioperative indicators Neoadjuvant Neoadjuvant

chemoimmunoth chemotherapy group
apy group (n = 26) (n = 33)
Postoperative complications 2.136 0.144
Yes 7 (26.7%) 15 (45.4%)
No 19 (73.3%) 18 (54.6%)
Resection range 0.520 0.471
Lobectomy 21 (80.7%) 24 (72.7%)
Extended resection 5(19.3%) 9 (27.3%)
Operation time 0.494 0.482
<200 min 11 (42.3%) 17 (51.5%)
>200 min ‘ 15 (57.7%) 16 (48.5%)
Surgical method ‘ 0.000 1.000
Open surgery 0 1(3.0%)
VATS 26 (100%) 32 (97.0%)

Extent of resection

Non-R0 0 1(3.0%) 0.000 1.000

RO 26 (100%) 32 (97.0%)

Extended resection includes combined lobectomy, bronchoplasty, sleeve lobectomy, vena cava replacement, and pulmonary arterioplasty.
VATS, video-assisted thoracoscopic surgery.
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Adverse events

Neoadjuvant chemoimmunotherapy group

(n = 26)

Neoadjuvant chemotherapy group
(n = 33)

Grading I-1I I-1v I-1I I-1v
Blood system abnormalities 19: 1 7 5
Anemia 15 0 7 0
Low leukocyte count 6 0 3 0
Low platelet count 0 0 0 2
Neutropenia 1 1 1 3
Digestive system abnormalities 9 0 10 1
Abnormal liver functions 5 0 2 1
Nausea and vomiting 6 0 9 0
Abnormal thyroid functions 2 0 0 0
Abnormal kidney functions 1 0 0 0
Pneumonia 2 0 0 1
Fever 1 0 2 0
Hypoproteinemia 6 0 1 0
Ttching 1 0 0 0
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Variables

Neoadjuvant

chemoimmunother-
apy group (n = 26)

Neoadjuvant
chemotherapy
group (n = 33)

Adverse events 3.238 0.072
Yes 22 (84.6%) 21 (63.6%)
No 4 (15.4%) 12 (36.4%)

Adverse events grading 4.133 0.042
I-11 21 (95.4%) 14 (66.7%)
I-1v 1 (4.6%) 7 (33.3%)

Blood system
Yes 20 (90.8%) 12 (57.1%) 6.435 0.011
No 2(92) ‘ 9 (42.9%)

Anemia ‘ 5.222 0.022
Yes 15 (68.1%) 7 (33.3%)
No 7 (31.9%) 14 (66.7%)

Low leukocyte count 0.451 0.502
Yes 6 (27.2%) 3 (14.2%)
No 16 (72.8%) 18 (85.8%)

Digestive system abnormalities 0.568 0451
Yes 9 (40.9%) 11 (52.3%)
No 13 (59.1%) 10 (47.7%)

Abnormal liver functions 0.102 0.750

| Yes 5(22.7%) 3 (14.2%)

No 17 (77.3%) 18 (85.8%)

Nausea and vomiting 1.149 0.284
Yes 6 (27.2%) 9 (42.9%)
No 16 (72.8%) 12 (57.1%)
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Cohort 1 2 3 4 5 6 7 8

Dose (ug) 50 100 200 400 800 1,600 3,200 4,000
Assumed number of patients per cohort 1 ‘ 1 1 1 3 3 ‘ 3 ‘ 6
Phase A A A A S S ‘ S ‘ S

A, accelerated titration phase (light gray); S, standard titration phase (dark gray).
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Cohort 1 2 3 4 5 6 7 8 9 10 11 12 13

Dose (1) 50 75 L3 U3 160 253 380 570 854 1281 | 1922 2883 4000
Assumed number of patients per cohort | 1 1 1 ‘ 6 ‘ 6 ‘ 6 ‘ 6 6 ‘ 6 6 6 ‘ 6 6
Phase A & |2 [B s ‘ s S s s s s ‘ s s

*Standard titration phase is started with new cohorts of initially up to three patients. Treatment schedule is altered to introduce a priming dose on T1V1, leading to application of target dose on
T2V1 and consecutive treatment das; A, accelerated titration phase (light gray); S, standard titration phase (dark gray).
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Immune

Polysaccharide I

Binding
targets

Signaling Pathway

References

Ginseng Polysaccharide

Rehmannia
D
Polysaccharide Gs

Laminaria Polysaccharide

Oenothera
biennis Polysaccharide

Gynostemma
pentaphyllum NK cells
Polysaccharide

Kaempferia galanga
L Polysaccharide

Platycodon

grandiflorus

Polysaccharide tissue-
resident

Astragalus macrophages

membranaceus

Polysaccharide

Trametes robiniophila
Murr Polysaccharide

Salvia T lymphocytes

miltiorrhiza
Polysaccharide

Acanthopanax
Polysaccharide

Ganoderma

lucidum Polysaccharide Blymphocytes

Strongylocentrotus nudus
egg polysaccharide

TLRs and MR

TLRs

CD14/CD11b-
TLR4 complex

TCR/
CD3 complex

mlg/BCR(CD79)
complex or
TLR2/4 receptor

TLRs-MyD88 complex mediated NF-KB signaling pathway

TLRs-MyD88 complex mediated MAPKs and NF-xB signaling pathway;
TLR4-dependent IFN-y and CD69 production

Modulating the M1 macrophage polarization to elevate the transcription of
iNOS, IL-1B, and TNF-o.

PTK-mediated PI3K/NAFT or MAPK signaling pathway

mlg/BCR(CD79) complex-mediated calcineurin/PKC/ERK signaling pathway
or LR2/4 receptor-mediated MAPK signaling pathway

(28-37)

(20, 42-45)

(51, 52, 55, 56)

(66, 77, 87, 92)

(69, 70, 94, 100)
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Polysaccharide

Purified or
extracted from

Roles played in regulating HCC
immune response

Animal experiments or
clinical trials

References

Trametes robiniophila

Trametes robiniophila

CD4" T cells and NK cells 1
serum IL-2 and IFN-y 1

HCC H22- bearing mice experiment

(76, 77)

Murr Polysaccharide Murr (Huaier) CD8" T cells | in vivo
serum IL-10 |
cytotoxic activities of NK cells and CD8" T
cells 1
Salvia Salvia CD4" T cell apoptosis | HCC H22-bearing mice experiment (85-87)
miltiorrhiza Polysaccharide miltiorrhiza (Danshen) serum prostaglandin E2 | in vivo
CcAMP in CD4" T cell |
expression of JAK3 and STAT5 1
the ratio of Teffs to Tregs 1
Ganoderma . secretion of IL-2 1 HCC H22-bearing mice experiment
Iucidum Polysaccharide Ganoderma lucidun expression of miR-125b in vivo O
expression of Foxp3 |
Strongylocentrotus nudus Strongylocentrotus nudus | spleen and thymus indices 1 HCC H22-bearing mice experiment
eggs Polysaccharide CD4" and CD8" T cell numbers 1 in vivo (98-100)
CTL activity 1 Splenocyte proliferation in vitro
serum IgA, TgM, IgG, IL-2, TNF-o. 1
number of Treg cells |
Radix . . mRNA expression of Foxp3 and IL-10 | HCC H22-bearing mice experiment
Glycyrrhizae Polysaccharide 4 Ghyoyrrhizae serum IL-10 and TGE- | vt (ag)
serum 1L-2 and IL-12p70 1
number of Treg cells |
expression of Foxp3 and STAT3 |
CD4" T cell Clinical observational studi
Lentinan Polysaccharide Lentinus edodes cell 1 inica’ observational studies or (114-118)

CD4"/CD8" ratio
serum IL-2 1
CD8" T cells serum sIL-2R |

RCT with HCC patients

Red arrows represent increased expression levels of these indicators, while green arrows represent decreased expression levels.
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Polysaccharide

Molecular
weight

Monosaccharide
composition

Species
classification
of herbs

Preparation methods

Trametes robiniophila Murr
Polysaccharide (119)

Salvia miltiorrhiza
Polysaccharide (120)

Ganoderma lucidum
Polysaccharide (121)

Strongylocentrotus nudus
eggs Polysaccharide (122)

Lentinan
Polysaccharide (123)

Radix Glycyrrhizae
Polysaccharide (124)

Ginseng
Polysaccharide (125)

Rehmannia
Polysaccharide (126)

Laminaria
Polysaccharide (127)

Platycodon grandiflorus
Polysaccharide (128)

Astragalus membranaceus
Polysaccharide (129)

Oenothera biennis
Polysaccharide (20)

30 KDa

43-569 KDa

22 KDa

678 KDa

400-800 KDa

10-13 KDa

3.5-110 KDa

11-43 KDa

5-27 K Da

2-267 KDa

3.2-257.7 KDa

9.8 Da

Glu, Man, Rha, Gal, Xyl,
Rib, Ara,

Glu, Gal, Ara, Rha,
GalUA, Galin, Glc,

Man, Glu, Gal

Glu

Xyl, Man, Ara, Gal,
Rha, Glu

Gle, Gal, Ara, Rha, Man

Ara, Rha, Fuc, Xyl, Man,
Gal, Glu

Glu, Gal, Man, Rha, Xyl,
Ara, Fuc

Ara, Man, Glu

Man, Rha, Gle, Gal,

Xyl, Ara

Gal, Glu, Rha, Ara

Gle, Gal, Man, Ara, Rha

Dioscoreaceae

Lamiaceae

Polyporaceae

Strongylocentrotus nudus

Umbelliferae

Leguminosae

Araliaceae

Scrophulariaceae

Laminariaceae

Campanulaceae

Leguminosae

Onagraceae

DEAE fiber column layers Analysis method; Dextran gel
column chromatography
method

Water extraction and alcohol sedimentation method; hot
water immersion method; Ultrasonic extraction

Boiling water reflux method

‘Water extraction with reduced pressure concentration

Water extraction and alcohol precipitation

Ultrasonic extraction

Wet crushing and extraction method

Water extraction and alcohol precipitation

Ultrasonic extraction

Hot water extraction; Ultrasonic-assisted extraction;
Microwave-assisted extraction

Water extraction with ethanol precipitation

Ultrasonic-assisted extraction;
High pressure extraction method
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CRC patients (17)

Information
Infiltration increased Infiltration unchanged
Rectum/Colon 8/5 22
I Age (range/mean + STD) 42-70/60+10 42-73/61+14

Stage (TI/IIT) 5/8 22

PD-1 2111 13

PD-L1 716 212
TGE-1(tumor) 8/5 212

FOXP3 716 3n

L2 121 4

1L-10 12/1 4
TGF-B1(serum) 9/4 22

“Infiltration increased” indicates an increase in the number of CD3+ and CD8+ tumor infiltrating T lymphocytes. ‘Infiltration unchanged” indicates the number of at least one type T cells was
unchanged. While one patient showed no change in the numbers of CD3+ and CD8+ T cells, none showed a decrease in both CD3+ or CD8+ T cells. The expression of PD-1, PD-L1, TGF-B1
(tumor), and FOXP3, and serum levels of IL-2, IL-10, TGF-B1(serum) showed different trends following MTE treatment. Green represents decrease, red represents increase, while black
represents no change after MTE treatment.
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Highest

Functions

Source

Verteporfin

phase

Pre-clinical

Suppress YAP1 function
and hinder the progression
of hepatocellular; Inhibit
YAPI by disrupting YAP1-
TEAD interactions; Inhibit
the growth of HCC
through apoptosis mediated
by mitochondrial
dysfunction; Decrease the
percentage of PD-1"CD8"T
cells in the spleen of mice
with liver tumor and
increase the rate of PD-1"
CD8"T cells in the
peripheral blood of mice.

(36, 178)

Evodiamine

Pre-clinical

Promote LAST1
phosphorylation and
inhibits YAP1 expression
in HCC cells, resulting in
YAP1 phosphorylation and
reduced nuclear
translocation; Induce
apoptosis, inhibit tumor
cell migration, invasion and
epithelial-to-mesenchymal
cell transition

through YAPI.

(182, 183)

Decursin

WZ35

Dihydroartemisinin

Salvianolic acid B

Pre-clinical

Pre-clinical

Pre-clinical

Pre-clinical

Inhibit the expression of
YAP1 in liver tumor cells

by increasing LATS1
phosphorylation and beta-
transducin repeat-
containing protein

(B-TRCP) expression.

Inhibit the growth of liver
tumor cells by down-
regulating autophagy
controlled through YAP1;
Reduce SLC2A1-mediated
glycolysis by inhibiting
YAPI, thus inhibiting the
proliferation of liver
tumor cells.

Regulate lipid metabolism,
TME, glycolysis, and
intestinal microflora of the
immune microenvironment
through YAP1 in HCC,
thus enhancing the effect of
anti-PD-1 treatment.

Inhibit the progression of
liver tumor by adjusting
Hippo/YAP pathway.

(184)

(185, 186)

(35-
37, 126)

(187, 188)

Statins

Pre-clinical

Atto vastatin reduces the
risk of liver tumor in
patients with viral and
metabolic liver disease and
inhibits YAP1 activation;
Simvastatin was used as a
YAP1 inhibitor and was
found to target YAP1 in
combination with sorafenib
or trametinib; Cerivastatin
and simvastatin regulate
the localization of YAP1
protein in HCC cells by
inhibiting senescence
junction and Rho GTP
enzyme-mediated
cytoskeleton remodeling
involved in the migration
and transfer of HCC.

(189, 190)
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Characteristics Univariate analysis Multivariate analysis

HR (95% CI) P value HR (95% ClI) P value

Sex
Male/female 1.138 (0.730-1.773) NS

Age (years)

<70/270 0.521 (0.337-0.804) 0.003 0,611 (0.367 - 1.018) NS
Position
Right-sided/left-sided 0.867 (0.554-1.356) NS

Size (diameter, cm)

<3/>3 0586 (0.337-1.022) NS
Differentiation
Well /moderate/poor 0.530 (0.262-1.135) NS

Invasion depth
T1/T2/T3/T4 0.485 (0.019 - 1.435) NS
Lymph node metastasis

Nolyes 0.738 (0.277 - 1.772) 0.021 0.997 (0.180 - 7.344) NS

Distant metastasis

Nolyes 0261 (0.147 - 0.466) <0001 1.175 (0.090 - 0.340) <0001
TNM
I/M/IV [ 0236 (0.063 - 0.619) [ <0001 0.161 (0.017 - 0.726) NS
IL-38
High/low 1.626 (1.009 - 2.618) 0.046 0.514 (0.090 - 2.920) NS
CD4
High/low 1.636 (1.021-2.622) 0.041 0.353 (0.152 - 0.804) NS
CD8
High/low 1.294 (0.825-2.031) NS
PD-1
High/low 0468 (0.233-0.939) 0.033 0469 (0.211 - 1.044) NS
IL-38 and CD4
| DH/ SH/ DL 2.234 (0.907-5.491) [ 0.020 2003 (0.771 - 6.815) [ NS
IL-38 and CD8
SH1/ SH2/ DH/ DL 1.780 (0.684-4.234) NS
IL-38 and PD-1
SHI/SH2 or DH or DL 0.500 (0.309-0.807) 0.005 0587 (0.351 - 0.984) 0.043

DH, double high expression; DL, double low expression; SH, single high expression; SH1, IL-38 high and CD8 low/ PD-1 low expression; SH2, IL-38 low and CD8 high/ PD-1 high expression.
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Characteristics  IL-38 expression (H score)

N (%) median
Sex
Male 167 (63.5) 29.4 NS
Female 96 (36.5) 29.0
Age (years)
<70 143 (54.4) 29.2 NS
>70 120 (45.6) 29.9
Position
Left 191 (72.6) 27.3 NS
Right 72 (27.4) 319

Size (diameter, cm)

<3 57 (21.7) 35.6 0.0386
>3 206 (78.3) 27.2
Differentiation
Well 45 (17.1) 26.2 NS
Moderate 188 (71.5) 29.5
Poor 30 (11.4) 32.6

Invasion depth

T1 10 (3.8) 36.0 NS
T2 47 (17.9) 336
T3 153 (58.2) 26.8
T4 53 (20.1) 27.3

MLN metastasis

NoO 148 (56.3) 294 All: NS

N1 92 (35.0) 28.9 NO/N2:0.0415

N2 23 (87) 239 NO/N1: NS
NI1/N2: N§

Distant metastasis

Mo 246 (93.5) 29.4 NS
Vil 17 (6.55) 23.7
Stage (TNM)

1 42 (16.0) 348 All: NS

i 104 (39.5) 26.7 1/1V:0.0413

il 100 (38.0) 28.9 I/1I: NS

v 17 (6.5) 237 1/IIL: NS
T/IV: NS
II/IV: NS

P values for Wilcoxon signed-rank test and Mann-Whitney U test.
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CD4'CTL 0.007807 1.008 0.003663 2.131 0.03308*
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N2a 3.582 3594 1.647 2175 0.02961*
N2b 4.424 83.44 1.784 2.480 0.01316*
N3b 5.203 181.9 1.929 2.697 0.00698**

coef, estimated coefficients; HR, hazard ratio; se(coef), standard error of the coefficient. *P < 0.05, **P < 0.01.
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Categories Biomarkers

TILs

TILs
Increased total TILs after treatment

An increased subset of TILs (high CD3" T cells and
CD68" macrophages) after treatment

BTK and DPEP2

Tumor gene PD-L1 and TILs

or score

Mutation composite scores

BID, FOXP3, KIR3DL1, MAF, PDGFRB, RRAD,
SIGLECI and TGFB2

A systemic immune-inflammation index ((neutrophil

Blood genes count x platelet count) / (lymphocyte count))

or parameters

Total innate lymphoid cells

A combined score based on CRP,LDH, and NTL

Cancer types

Better survival in HER2-
positive breast cancer and
TNBC;

Worse survival in luminal—
HER2-negative breast cancer

Better survival in TNBC with
residual tumors

Worse survival in TNBC with
residual tumors

Lung adenocarcinoma

Advanced NSCLC

NSCLC (stage 111 & stage IV)

Pancreatic
ductal adenocarcinoma

Gastric or gastroesophageal
junction cancer

Metastatic CRC

Not specified

Chemotherapy

Neoadjuvant chemotherapy

Neoadjuvant chemotherapy

Immunotherapy, chemotherapy,
or radiotherapy

Platinum-based chemotherapy
+ immunotherapy

Chemotherapy (pemetrexed +
platinum), ICI, or chemotherapy
+ICI

FOLFIRINOX

Neoadjuvant chemotherapy

Chemotherapy (Folfiri, Folfox,
or Folfoxiri)

Not specified

Reference

129

130, 131

132

138

139

140

141

142

143

TNBC, triple-negative breast cancer; Folfiri, SFU and Irinotecan; Folfox, 5FU and Oxaliplatin; Folfoxiri, 5FU, Oxaliplatin and Irinotecan; FOLFIRINOX, 5-fluorouracil, folinic acid, irinotecan

and oxaliplatin; ICI, immune checkpoint inhibitor; TIL, tumor infiltrated lymphocyte.





OPS/images/fimmu.2023.1297577/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1297577/fimmu-14-1297577-g001.jpg
A

7.53%(8 cells)

cluster_id

. B cells 0.66%(CD4+CD8+)

B CD11c-dim I
CD4+ Tcells L

£ cD4+CD8+ 2.96%(NKT CD4+)
CD8+ T cell

I DNT cells 0.63%(ONT cels)

- "Dcs 12.68%(CD8+ T cell)

| Monocytes

. NK ce"s 1.71%(NKT CD8+)
NKT CD4+

. NKT CD8+ 1.71%(TCRgd+)

. pDCs

0.35%(Plasmablasts)

Plasmablasts
. TCR9d+ 0.2%(pDCs)
I undef.

15.3%(NK celis)

median
expression 17.45%(Monocytes)
l 6 0.8%(mDCs)
4 3.92%(CD11c-dim)

0.49%(undef.)

)

%0 B colls 9. NKcells
® cot1caiml0s NKTCD4+
3 o CD4+Tceud1® NKTCDBe
10 4 o cos-cDse12® pOCs
5 o cog-Tconl3® Piasmadiasts {
6  OnTcons 148 TCRga-
7 m0Cs 15@ undet
8  monocytes
‘
o~
s 9
2" 1w
35 N
-5
13
10
-10 = ) s 10





OPS/images/fimmu.2023.1290885/fimmu-14-1290885-g001.jpg
\////
7 ?/

N /// o (§\ z](;ra‘:n-negatlve
a’ J
% /\/f S Chemotherapy

Drugs

X e e
AEESEAPOPOOCCEEE TR
COONN

O.Iz

Toxins

caspase-4/5/11

‘? o
: W Al
| 2 )
active (‘H . g Pro- caspase-?;)
0 PYD AT O caspase-4/5/11 = E caspase-8 o‘&‘
¥  CARD complex = " :

active /

1 ﬂ’} caspase-3

Pro caspase-1 ) Pro-IL-18

: i active NK cells and
:. :;zl[:’:s /\ Ll active casi)}ase 8Hyp0xia . CTLs

‘..'. \(‘p caspase-1 ‘

e

e ®,
O

(>
.-A'.*C 2

¢PD-L1
) G p-STAT3 /
GSDMD-NT Q—O GSDMC (J

GSDMC-NT

GSDMDNY,  IL-1B

)’ IL-1a
/ .ﬂlll”??? 41111...l
OOOO000LY ® oo.......

/ GSDMD //

GSDM(

pore





OPS/images/fimmu.2023.1290885/fimmu-14-1290885-g002.jpg
Brain tumors

Nasopharyngeal cancer

Oral squamous
cell tumor

Lung cancer

Liver cancer

Gastric cancer

Metastatic
melanoma

Ovarian cancer
Cervical cancer

\ \

|

Malignant
mesothelioma

Head and neck
cancer

Esophageal squamous
cell carcinoma

Breast cancer

Colon cancer

Endometrial
cancer

Rectum cancer





OPS/images/fimmu.2023.1265255/fimmu-14-1265255-g007.jpg
CD8* T (%)

cD8t T (%)

CD8* T (%)

CcD8* T (%)

5

15 e > x
PBS anti-LAG-3 anti-PD-1 anti-LAG-34+PD-1 =
[A] LAG-3 PE-A / CDB PCS.5-A [A]1LAG3 PE-A / COB PCS 5.4 [4] LAG-3 PE-A / CDB PCS.5-A [A] LAG-3 PE-A / CDB PC5.5-4 o
©or T Jorr s 1030 o w61 [ -]
i [}
{ 2 s

08 PCS5A
CDBRC5.5A
DB PC5.5A

LAG-3 PEA LAG-3 PEA LAG-3PEA

LAG-3(%)
PBS anti-LAG-3 anti-PD-1 anti-LAG-3+PD-1
[1PD-1PC7-A / CDB PCS.5- [A1PD-1PCT-A / CDB PCS.5-A [A1PD-1 PC7-A / CDB PC5.5-A [A1PD-1 PC7-A / CDB PC5.5°4 15
Doz fpeertand B for: 1.55¢ B 0.1 : .20 s peeioox
75728 se.63% e

PD-1'CD8'T (%)
s

£ I
2 g 05-
8" 2.10% =
s 0.0
PD-1PC7-A ) PD-1PCI-A PD-1PC7-A
PD-1(%)
PBS anti-LAG-3 anti-PD-1 anti-LAG-3+PD-1 15
A1 LAGS3 PE-A / CDB PCS.54 [AILAG3PEA / CDB PCS.5-A (411463 P-4 / CD8 PCS.5-4 [A]LAG-3 PE-A / CDB PC5.5A =
i e : 13963 i lcoe : 3,624 ice [Cos : 10.28%] i [SEERTTY g
76,504 d6.21% = 10
s . 5
a
o 3 b 2
u ] b o
g g g & 5
EE H] H] <
BT 8 =D g 3573 g 3
w .
e e LR v TR T T T
163 PEA L 3pEA LAG3PEA LAG3 PEA
LAG-3(%)
.
PBS anti-LAG-3 anti-PD-1 anti-LAG-3+PD-1 2.0
4] PO-1 PC/-A 1 COB PCS5-4 PO 1PCTA/ COBRCSS A (A1 PD-1 PC-A 1 COB PC3.5-A (A1PD-1 PCT-A/ CDB

[pre - 0.75%]

Do | [oee 164
51.79%

o

87.40%

g

« r

%
< < < < 8 1.0

k4 a a 7 L2

8 ST H 8" 2 A7 a
© S S 8 & 0.5
0.0

W - " s o3 e % o e P - -
P01 PC7-A P01 pCTA P01 PC7A P01 PCT-A

PD-1(%)






OPS/images/fimmu.2023.1265255/fimmu-14-1265255-g008.jpg
CD8+T

CD8+T

CD8+T

CD8+T

PBS

[A] Perforin ECD-A / CD8 PE-A

anti-LAG-3

[A] Perforin ECD-A / 08 PE-A

(v 2 55.91%

v+ 0.35%

< T

o

e+ 67.086] pee: 125

D8 PE-A

1033 30.41%] Be-: 1568

anti-PD-1

{A] Perforin ECO'A / CDB PEA
507057 e 0,84

anti-LAG-3+PD-1

[A] Perforin £CO-A / CD8 PE-A
v 2 60.53%)

o8 PE-A

e i ik TR T TR

Patorin ECD A Pertorn ECO A erfor &0 4 eforinEcD 4
Perforin

PBS anti-LAG-3 anti-PD-1 anti-LAG-3+PD-1

.

8 1w 40.784] Co 3,168

ol
Granzyme B PC5.5-A / CDB PE-4
£ 66.90%] [cvs £ 1.19%

COBPEA

Q]
_ Granzyme B PC5.5-A / CDB PE-A
iCor59.87%] [ooe < 184

o8 PE-A

Tz

[SREXT

»w’ 0 0 R T T 3 e e W e e e
Granayme 875,50 Craname 6955 4 Granaymo 8 550 Grarome 80550
>
Granzyme B
PBS anti-LAG-3 anti-PD-1 anti-LAG-3+PD-1

[A] Perforin ECD-A / CDB PE-A

[A] Perforin ECD A / CD8 PE-A

{A] Perforin ECD-A / CD8 PEA

[A] Perforin ECD-A / CDB PE A

T peeiory | e .28 oo 1476 oo Bt 50 6a.A6H] oo 1.75%
| | I
o g ‘l
i M :
T B 0.94% 1.55% 8 Be-: 1.53%] 8
|
o
Perforin 660-4 Perforin ECOA Perforin ECD4 PertorinECo-4

PBS

o]
Granzyme B PC5.5.A / CDB PE-A

anti-LAG-3

“
Granzyme B PC5.5-A / CDB PE-A

anti-PD-1

W
_ Granzyme & PC5.5-A / CDB PE-A

anti-LAG-3+PD-1

o)
Granzyme B PC5.5-4 / CDB PE-A

f :71.81%] et 1 0.09% Crreram o 1264 e
vv{ 3
8 e v 8 o e -
wj w
B R G N T e e e B T T

Granzyme 8 PC5.5-A

Granzyme B PCS.5-A

Granzyme 8 PC5.5-A

Perforin (%)

Granzyme B (%)

Perforin (%)

Granzyme B (%)






OPS/images/fimmu.2023.1265255/fimmu-14-1265255-g009.jpg
>

7AAD(%)

7AAD(%)

SU-DHLé6

“
Jamexin Y PEA 17 A0 PS54
Br: 000 £ 0.3

B 13008 s 2600

3 ) CD8+T+anti-LAG-3+
CD8+T CD8+T+anti-LAG-3 CD8+T+anti-PD-1 anti-PD-1
Hobernvpeas 7asp s Moo vot a7 a5 4 b vrea 170554 Mohesinveea 170054
S S o245 098 1960 per 1608
N i
g g

et

iz B se

e

TMDPEs5A

i R e
Joeinves T meaviea T neenviea Jeinvren * Y meviea
>
Annexin(%)
CD8+T+anti-LAG-3+
OCI-LY3 CD8+T CD8+T+anti-LAG-3  CD8+T+anti-PD-1 anti-PD-1

@
Aaven Y PEA 1 7 D PCS5A
e £ 028K s 0,070

w
vV PEA 17440 PCS5A

“w
Smnesin PEA 17 D PS5

w
JanexinV PEA 17 A0 PS54
v 0.6k o £ 0.250

W
HovexinY PEA [ 7 4D 554
e 0.4 pee 0228

AvexinVPEA

AV PEA

= 15 *
B
"
‘a
2
ﬁm T
g
&
3 s
5
H
o
PIREFINEN
& &P
S
N
¥ AT of
s
& &
&
¢
&
<0
g
_"15
]
g
H
210
3
3
5 5
E
H






OPS/images/fimmu.2023.1290885/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1265255/fimmu-14-1265255-g003.jpg
Survival probability

HR=1.19 (0.75-1.88)
Log-rank P =0.44

—+ PD-1low
—+ PD-1high

08

06

04

Survival probability

02
HR =2.05 (1.25-3.37)
0.0  Logrank P=0.001

IPIs3
IPI >3

HR =244 (151-3.84)
Log-rank P < 0.001

B o}
10 —— LAG-3low 10 —+— PD-1+LAG-3 low
—— LAG-3 high —— PD-1+ LAG-3 high
Zo0s8 Zo0s8
o o
3 8
] 06 e 0.6
= -
,g 04 g 04
z z
@ 02 3 0.2
HR = 1.95 (1.22-3.12) HR = 161 (0.96-2.71)
0.0 4 Log-rank P =0.004 0.0 Log-rank P=0043
0 50 100
Time
LAG-3low |62 32 " 0 low
LAG-3high |s8 18 z 0 high
E F
—+ Extrancdal —— ECOG 0-1
~+ Nodal - ECOG22
= z
§ 3
g £
a a
2 2
¢ 2
@ @
HR = 1.66 (1.01-2.74) HR =1.66 (1.05-2.62)
Log-rank P = 0,027 Log-rank P = 0.027
Extranodal ECOG 0-1
Nodal ECOG22
H_
Characteristics HR (95% CI) P value
Age 2404(1464-3947) | —e—— 0001
|
[ele]e] 0.952(0.553-1.640) +e#— 0.86
1
ECOG 1.190(0.629-2.252) I-:.—l 0.592
LDH(U/L) 1.202(0.738-1.959) l-;.—! 0.459
1
NCCN IPI 1.390(0.741-2.609) - 0.305
1
PD-1 expression 0.964(0.449-2.069) 0—‘|—| 0.925
[
LAG-3 expression 2.297(1.134-4.655) ——— 0.021
[
LAG-3 and PD-1 co-expression  0.891(0.328-2.423) +#— 0.822





OPS/images/fimmu.2023.1265255/fimmu-14-1265255-g004.jpg
ssGSEA score

Lo

B = T T

0.8

0.6

04

02

0.0

AR REEE RRRE RREE

NI

ek swes sese wees | GrOUD
.lumor

® normal

021 109
005~ -0.12

051 212
.15~ 012

302 203
005”01

B cells naive
B cells memory

T cells CD4 naive

T cells CD4 memory resting
T cells CD4 memory activated

T cells follicular helper

o T cells regulatory (Tregs)

T cells gamma delta
NK cells resting

NK cells activated
Monocytes
Macrophages MO
Macrophages M1
Macrophages M2
Dendritic cells resting
Dendritic cells activated
Mast cells resting
Mast cells activated
Eosinophils
Neutrophils

correlation coefficient]

=05 00 05

Plasma cells -log10(pValue
T cells CD8 -

30

TRe9 PDCD1





OPS/images/fimmu.2023.1265255/fimmu-14-1265255-g005.jpg
CDS8 FITC-A CD4 FITC-A CD4 FITC-A

CDS8 FITC-A

HC DLBCL
G+ | Jors:1.35%) Gv: | [ore:2.19%
126.51% -37.07%
10°
<
O
[_‘
—
S5
<
o
O oy
Ereae 2 Gl
12167.67% - |G- : 4.46%) (2139.74% © G+ : 20.99%
e - - T r T T T T
10% 10° 10° 10° 10° 10 10 10° 10° 10°
LAG-3 PE-A LAG-3 PE-A
HC DLBCL
{E-+:20.87%] [E++:7.52% E-+ E+v : 9.43%
15.93%
1004 104
10°3 <F
®
£
104 &%)
| = : i
5|8
10 JE-- : 61.75% E;- 1 9.86% . 68. E+-: 6.60%
F T T T T T PR R
10" 100 100 10t 10° 10° 100 100 10 10t 100 100
PD-1 PC7-A PD-1 PC7-A
HC DLBCL
D+ D++ : 1.03% D-+: | D+ : 2.58%]
124.28% 17.86%
100 00
10°
10
104,
D-- . 2
102165:12% 5D+~ : 9.58% D+- : 4.95%)
™ o I T T
|‘D7 10° 104 1(‘)5 10° 1(‘7‘ 1;)5 110"
LAG-3 PE-A LAG-3 PE-A
HC DLBCL
iF-+ £ 25.12%] [Fe+ : 7.00% i+ 1 28.29% [Fes : 10.71%
10°4 100
T
10°4 O 10¢
=)
23
104 oo 10
a
®
10 100
1P 59.88%] - F+- : 8.00% el 48.78% |F+-: 12.22%
T T r -

T T
10' 107 10° 10 10° 100

PD-1 PC7-A

T ey T
10" 10% 10° 10* 10° 10°

PD-1 PC7-A

-
3]

10

LAG-3*CD4* T cell (%)

PD-1*CD4* T cell (%)

DLBCL HC

LAG-3"CD8 T cell (%)

N w B (4]
o o o o

PD-1*CD8* T cell (%)
—

o

DLBCL HC





OPS/images/fimmu.2023.1265255/fimmu-14-1265255-g006.jpg
LAG-3 PE-A LAG-3 PE-A LAG-3 PE-A

LAG-3 PE-A

HC DLBCL

J-+ 0 1.11%|  [J++ 1 1.99% ;IJ-+ :0.74%  |J++ : 1.25% e
Chadixs) 9
1054 1004 =
< 8
] m )] e
10° o 10° +°D°
on
| [S]
104 (3: 1044 -
= £
1074 10°4 ©
o d-- 1 77.03% | J+-: 19487%‘ L ]d-- 1 62.69% . |J+- : 35.31% -
104 T T T uJ r 1074 T .l T T T
100 100 10° 10 10° 100 100 100 100 10* 105 10¢
PD-1 PC7-A PD-1 PC7-A
HC DLBCL
-+ 0.76%] [Jer:0.57% U-+1:0.99% [J++ 1 4.02% <6
108 100 3
< o
[
10° ﬁ 10° +, 4
0
A~ a
0 o
104 O 10 E
3 22
10° 109 t’?
1J-- 1 67.17% ) |J+- @ 31.50% : g
-- 1 67.1 -1 31, 1J-- 1 47.59% ' |J+- : 47.40%
107 T T T +I o T ‘OZjl T T +\ T -y - 0
10' 10? 10° 104 10° 10¢ 10' 10? 10° 10* 10° 108
PD-1 PC7-A PD-1 PC7-A
HC DLBCL
ENT 0.39%‘ J++ 1 0.26% J-+:3.67% |[J++:2.08% X
106 10 E
-
10°4 < e @
@ S
= <
104 g 10°4 a
b4 o
10° — 107 :‘;
- 3 et <
== 1 77.70% T J+- 1 21.64% L 1d-- 1 63.13% | J+- 1 31.12% -
0%, Ty T T 0% T T T T
10' 102 10° 104 10° 108 10' 107 10° 104 10° 106
PD-1 PC7-A PD-1 PC7-A
HC DLBCL
Uer i 1.40%) [Jes s 1.17% 9
1004 3
3]
[
<‘ 10°4 +eo
M a
- L
'o10% 5N
Q a
< &
= o] ?
- (V]
; x <
e d- 1 60.97% - J+- : 38.11% 1) 2.98% -
T = N T

DLBCL HC

A B T T rp—-rem; v T
10" 10% 10° 104 10° 100 10! 10? 10° 104 10° 10¢

PD-1 PC7-A PD-1 PC7-A





OPS/images/fimmu.2023.1305783/fimmu-14-1305783-g007.jpg
CXCL13* CD4* Tewm

Extrafollicular responses

TCRIMHC Il S
CD28/B7
CD4* Tey

ASCs/DN3

o ,, ')\\ Y P Antibodies
TCR/MHC Il . .TgI;/ZI\gll-ch;l ’ \‘E \\\\-
complex
Antigen
presentation

Q
TCR/MHC Il

| _High antigen load
complex  * Prolonged
0 ® \ CD4+*CTL
Tumor » .0. e TCR/MHC I
antigen o o %o COMPIEX

antigen exposure

CD4*CTL
e o
... .....

CTLA4* CD4*CTL "~ _
4/71,;,% (dysfunctional-like) s

N\
~
(%

CD8* Tgy / CD8*CTL
CD8* Tey

%‘

[\V]
& ?‘%
Qo 3 B
o 3\&@ IFN-y:~
X QlO
T ®|>
2 2z
=
IR genes 1 t
ENTPD1 1 '
TCF7 |
TOX 1

9=

CD8* Tgx
(dysfunctional)





OPS/images/fimmu.2023.1305783/fimmu-14-1305783-g003.jpg
CDB* Teyy-

CD4'CTL. ’»

CDB'CTL
CDB* Ty

VT

o

T Cell Subsets
Hierarchical Clustering

Proliferating T

Tew-CD4 2

codcTLMID.

codcTLM

codcTLMa.

coacTLMG

coacTLMe

coscTLIB

codcTLM2

coacTLIS

cpacTLM

cpacTLIR

codcTLMI

cocTLMI

coacTLMT

coacTLS

-
X 3
—
?
T

E CD4*CTL - M3
CD4"* T Cell Subsets e
Hierarchical Clustering
os
o
o0
kME values
2 top 10 genes
S " 1-5: 6-10:
L TNFRSF9

LAG3 DUSP4
CBLB TIGIT
PRDM1

CD4*CTL-2

CXCL13

TNFRSF18 ENTPD1

Tew! Tem
Teu CXCRS5*
TCM
— CD4*CTL 1
2 B cell
NS
1 Q’o'z\‘ P
[r— &

CXCL13* CD4*CTL - B cell conjugate

[GZMA [CXCL13 X(
1 -
re
B

b

ToeCO8"

Treg

M3 hME

ME of M3

ADoRAzA ENTPD1 |
coz0_cons]|
coaLa_coio]
cos2 siGLEGH0|
coro_cozr
HAF LA {
10AS_integin aLt2_compex |
1FNG_Type_ILIFNR
16FL2 1GFLA1 |
KLAB1_GLEceD |
LeAR2_ADGRES |
PeA_BsG
seLp selL|
sipa_coir |

GO Biological Process Top 10 Terms.

requiation of T cell |
activation

negaive reguiation of |
immune system process.

mononuciear cell |
diferentiation

posiive regulation of cell |
dhesion

lymphocye diferentiation {

regulaton of cellcell|
adhesion

requiatio of leukocyle |
cellcell adhesion

leukocylo cell-cell adhesion {

positve reguiation of |
leukocyle activation

 call diferentiation |

010

L

ADoRRzA ENTFO! |
055 ADGRES |
coss_coz|
coro_cozr|
cos0_coze:

Crolesorol_oyLIPA_RORAL

oAM1_ITeAL

cat ey

A p—ep—
f— LoaLso_pavere,






OPS/images/fimmu.2023.1305783/fimmu-14-1305783-g004.jpg
¥

&, gosen "“
® Tomo

 Temt

© Tem0

PS8

UMAP 2

PP TY P
L 2L Z B0

SFIT VT

STS9 T
.

vdASAS

s

¥
7

UMAP 1

HHHHEHHEHHHHE R IEE CD8 CD39
— PD-1DAPI
Tol D1+ - = W
L 2 b - > >
. N - [ B oo

Proportion of Cells

000
520

sL0

Overlay
“u
= %

m

00t

ol

Clonal expansion courts [l Hypereanded (0 < X <= 200) [ Larg (15 <X <= 50) 1] Mo (3.< X <= 15)

|
|
|

Small (1 <X <=3)

ENTPD1

[ TR ———
T N m
I |
S ==
|

W sooe0<x<et)

CD8*CTL

Jron
"

Tem

}e
.

UMAP 1





OPS/images/fimmu.2023.1305783/fimmu-14-1305783-g005.jpg
UMAP 2

w

C D
e
s 2P ‘o ‘
DN3
® 1gG ASC ) Clonal expansion counts
- & Srae(P o)
Activated B/DNT  / e[/!ed\urr\s(g;x}TOS)
$ Memory B o . ng?;éxpw;au <X <= 100)
25 I
UMAP 1 Activated B / DN1 UMAP 1
E SHM per phenotype
ITGAX ] - .
TNFSF9{ + + + ® © o - .
PROMI 1@ O @ e - - - . o
50 Y e et
AICDA{ - - - ® - - - .
H - 194 ASC
BCL6H s ¢ + ® o o« @ 2 Egn'%fyaaarnm
cD40{ - - - OO0 0O Naive B
s
CD864 + + + ® o o / o
| 1A
CD80 ° o . ASC |
FCGR2B{® ©® © @ © © o /
SDC1{ @ @ .
cD3s1 @@ o @ .
CD24 - e ® e o
CCR7{+ + « « ® 0 @
CXCR54 0200 0 e
CR2{: +- - ®@ e o 0| °
® 25
IGHA2{ ¢ ©@ @ o @ @
® =
IGHA1{® @ ) e @ @ - P
iGHG3{(V@ » @ o o o o
GHC1 @@ @O O © | e n
IGHDH + - + e « « @& 2
!
coz7{e @@ e @ ,
o 10000000 X
vsiai{ - - - 0 QOO
cDio{« » - D0 O0®
QO 0 Om o om
= =
822956z
[}
€3 5§52
2 =
©
3
3
<






OPS/images/fimmu.2023.1305783/fimmu-14-1305783-g006.jpg
05

04

Freq. in CD4

01

00

CD4* Tey
CCR7 0
< <
< < Y
= = [
Th1
Overlay
#
e
Th17
RORyT
- <+
CD4* T cell subsets
500
400
300
£
2
5
8
200
$ 100
0
CD4'CTL Tgy  Tey  Treg CD4'CTL Tey  Tey  Treg

(Tey included Th1, Th2, Th17 and Tfh)

-

Progression-free survival probability

Treg
FOXP3

EOXP3

No./mm? of CD4* CTL

High =~ Low

Overlay

>

1.004

0.754

o
8

°
B

0.004

p <0.0001

1000

Time

2000

3000






OPS/images/fimmu.2023.1290885/utable1.jpg
AIM2

ASC

CA

CARD

CRS

CTLs

DAMP

DHA

ERK1/2

ESCC

GSDMD

GZMA

GZMB

H2

HCC

hUCMSCs

HMGB1

1L

MM

NLRs

NKs.

NSCLC

NSCLCs

PAMP

PCD

PD-1

PD-LI

PPVI

PRRs

PYD

SDG

TLR4

absent in melanoma 2

apoptosis-associated speck-like protein containing a caspase-
recruitment domain

Citric acid
caspase activation and recruitment domain
cytokine release syndrome

cytotoxic T lymphocytes

danger-associated molecular patterns
Docosahexaenoic acid

extracellular regulated protein kinase 1/2
esophageal squamous cell carcinoma
gasdermin D

granzyme A

granzyme B

diatomic hydrogen

hepatocellular carcinoma

human umbilical cord mesenchymal stem cells
high mobility group box1

Interleukin

lipopolysaccharide

mitogen-activated and extracellular signal-regulated kinase
malignant mesothelioma

the nucleotide-binding oligomerization domain-like receptors
natural killer cells

non-small cell lung cancer

non-small cell lung cancer cells
pathogen-associated molecular patterns
programmed cell death

Programmed cell death protein 1

Programmed cell death ligand 1

polyphyllin VI

pattern recognition receptors

pyrin domain

Secoisolariciresinol diglucoside

Toll-like receptor 4





OPS/images/fimmu.2023.1305783/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1305783/fimmu-14-1305783-g001.jpg
B

0SCC of tongue

Library construcion

V(D) library. '

V

GEX library

ol

Calia sl

BCRITCR repertoire analysis

[
i

Three resected |, rod o
tongues jomogenized cells

O %

CD45" cells

Magnetic isolation

Sequencing

Proliferating T

Gene expression analysis

‘Asc

UMAP 2

UMAP 1 cosiCTL

& lteratng T

TowCD4* 1

TawrcDa'2 1 0 JO e

R N e o |- § O -
waT e r ; v § - ’
Teg 1 T ‘

Tew-CD8* b

Tew-CD8* | }o—

.
o4
Tex-CD8* 1 - ‘
A
}.

335
F

T
TH+FS T
<

bo-

CD8*CTL 1

T 1 }-

®
v
*®






OPS/images/fimmu.2023.1305783/fimmu-14-1305783-g002.jpg
- CD4°CTL 1

e cmm.z .
o NN

Tow CXCL13* ”

Tem CXCL13 Tou CHCRS" |

Tow! Tew

L 3

gHE ;
o 'y
d % e Clonal expansion counts
s i Singe (0<X <= 1)
= Viedlum (3 <X <2 15)
© Medium (3 < X <
'* UMAP 1 targe RIS

Tau OXaL
D Proportion of Cells =
co4'CTL 1|
coacTL2f R
Tem

Tem CXCL13*
Tem CXCR5*
TCM / TEM

i

5

clonalexpansion counts [l] Lage (5 <x <50 [l Motm @ <X<=18) [ smatct<x e [l Sngo @<

F G

- o
. : |
d \ Bansioris
£ ¥
% 3 N v
3 5 :

Tom

GZMA CXCL13 CD. Overlay

s 7 | ----

CD4*CTL 1
* CD4'CTL2

Tew CXCRS*
Tou! Tem

YBX1_extended 671%
RADZT_extended (76
H2 (Z4¢

¢
BAGH2 idhded (21)
TCF7 (106g)

XBndod (249)

2001 Sdlnded (160)
E1V6 extonded (199

AEL (13%)
IRFZ (139
IRF7 (9

6

| STATT = i3
GATAG “extorded (119)

IRFS extended (140)

| EIV7 extended (27g)

—
T

BATES edhded (22g)
FKBZ (97
MAX exended (13)

SP2 extgended (11
BRCA1_extended

Tew

2 extended
CTCF extended (279
gBTsttsndsd
BSFS endla

EP30y extende

L Endch ﬂzg)

251 gs

SMARCC2" extended (12g)
E2F2 452

EQUES (200)

CEEPD odlnded (150)
RLFES extonded (279 o

EGLEZ 45)
ZENBIA Salnded (14g)

CXCL13*

Sl
|| PO\EES extended (29§

179

(Ao m o | e o Tk

™ lrmh

CD4*CTL 27 "=, Reguion Actvity
FE £ 1
o T os
8 g
o -05

CXCL13 o B
CD4*CTL
CXcL13
coarctL @)
CXCL13* (down)

CD4*T cell





OPS/images/fimmu.2023.1290885/table1.jpg
Compounds = Targets Functiol Mechanism: Cancel
Cisplatin Caspase-1/ Suppressing tumor growth  Upregulating IncRNA MEG3 and activating NLRP3/ Triple-negative (104)
GSDMD and metastasis caspase-1/GSDMD pathway, accelerating IL-18/IL-1B breast cancer
release.
Cucurbitacin B Caspase-1/ Suppressing tumor Binding with TLR4 and activating NLRP3/caspase-1/  Non-small cell (105)
GSDMD progression GSDMD pathway, inducing cell swelling and HMGB1/  lung cancer
IL-18/IL-1B release.
Cu-TBB Caspase-1/ Suppressing tumor Promoting the accumulation of ROS and activating Cervical cancer (41)
GSDMD progression caspase-1/GSDMD mediated pyroptosis, inducing and liver cancer
inflammatory factors release.
Anthocyanin Caspase-1/ Restraining tumor cell Activating NLRP3/caspase-1 and degrading GSDMD, Oral squamous cell  (106)
GSDMD viability and suppressing releasing inflammatory factors. tumor
proliferation and migration
ability.
PPVI Caspase-1/ Inhibiting tumor cell Activating NLRP3/caspase-1 and degrading GSDMD, ~ Non-small cell (107)
GSDMD proliferation. releasing inflammatory factors. lung cancer
DHA Caspase-1/ Exerting anticancer effects. Activating caspase-1 and cleaving GSDMD, Breast cancer (78)
GSDMD accelerating IL-13/HMGBI release.
Metformin Caspase-1/ Exerting anticancer effects. Targeting the miR-497/PELP1 axis, activating caspase-  Esophageal (108)
GSDMD 1 and cleaving GSDMD squamous cell
carcinoma
Caspase-1/ Suppressing the Upregulating FOXO3 and activating NLRP3/caspase- | Hepatocellular (109)
GSDMD proliferation and migration  1/GSDMD pathway, accelerating IL-18/IL-1p release. carcinoma
of tumor cells.
Caspase-3/ Suppressing tumor genesis  Enhancing AMPK/SIRT axis, increasing NK-kB p65, | Hepatocellular (110)
GSDME and progression. inducing Bax activation and Cyt-C release, leading to carcinoma, breast
caspase-3 activation and GSDME cleavage. cancer and colon
cancer.
H2 Caspase-1/ Protecting healthy cells and = Increasing ROS, activating caspase-1 and cleaving Endometrial cancer ~ (111)
GSDMD suppressing tumor cell GSDMD, accelerating IL-1B/LDH release.
growth.
Ophiopogonin B Caspase-1/ Restraining tumor Activating caspase-1 and cleaving GSDMD Lung cancer (112)
GSDMD progression.
SDG Caspase-1/ Restraining tumor Activating caspase-1 and cleaving GSDMD Colorectal cancer (93)
GSDMD progression.
Taxo Caspase-1/ Restraining tumor Activating caspase-1 and cleaving GSDMD Nasopharyngeal (113)
GSDMD progression. cancer
Benzimidazoles NLRP3 Suppressing tumor growth Activating NF-kB/NLRP3 and cleaving GSDMD Glioblastoma (114)
/GSDMD multiforme
ANPS Caspase-3/ Protecting healthy cells and  Activating caspase-1 and cleaving GSDME Lung cancer, (115)
GSDME suppressing tumor cell cervical cancer and
growth. colon cancer
Galangin Caspase-3/ Restraining GBM Inducing caspses-3/GSDME dependent pyroptosis glioblastoma (85)
GSDME progression
Lobaplatin Caspase-3/ Decreasing the viability and  Inducing ROS generating and JNK phosphorylation, Colorectal cancer (98)
caspase-9/ proliferation of tumor cells activating caspase-3/9, degrading GSDME and
GSDME promoting inflammatory cytokine release.
Cisplatin Caspase-3/ Exerting anticancer effects. | Activating caspase-3 and cleaving GSDME. Lung cancer, (116, 117)
GSDME oesophageal
squamous cell
carcinoma,
Caspase-3/ Damaging tumor cells and  Activating calpain and stimulating CAPN1/CAPN2- Esophageal cancer  (118)
caspase-9/ exerting anticancer effects. | BAK/BAX-caspase-9-caspase-3-GSDME signaling axis
GSDME
Triptolide Caspase-3/ Eliminating tumor cells Suppressing C-myc and HK- 11 and further activating  Head and neck (119)
GSDME and exerting anticancer BAD/BAX-caspase-3 axis, cleaving GSDME and cancer
effects. inducing IL-1B/LDHI release.
Miltirone Caspase-3/ Suppressing proliferation of  Inducing ROS accumulation and inhibiting MEK and Hepatocellular (60)
GSDME tumor cells. ERK1/2 phosphorylation, activating caspase-3, cleaving  cancer
GSDME and inducing pyroptosis.
Osthole Caspase-3/ Exerting anticancer effects.  Activating caspase-3, cleaving GSDME and inducing Cervical cancer (120)
GSDME pyroptosis.
Nitidine chloride | Caspase-3/ Exerting anticancer effects. | Activating caspase-3, cleaving GSDME and inducing Lung cancer (121)
GSDME pyroptosis.
5-FU Caspase-3/ Suppressing viability of Activating caspase-3, cleaving GSDME and inducing Gastric cancer @7
GSDME tumor cells and exerting pyroptosis.
anticancer effects.
Doxorubicin Caspase-3/ Suppressing viability of Facilitating intracellular ROS accumulation, inducing Breast cancer (122)
GSDME tumor cells and exerting JNK phosphorylation, activating caspase-3, cleaving
anticancer effects. GSDME and inducing pyroptosis.
Cirtric acid Caspase-1/ Suppressing proliferation of = Upregulating TXNIP, activating NLRP3/caspase-1 and ~ Ovarian cancer (123)
caspase-4/ tumor cells and exerting degrading GSDMD, releasing IL-18/IL-1p. Activating
GSDMD anticancer effects. caspase-4 and degrading GSDMD, inducing
pyroptosis.
0-NETA caspase-4/ Inhibiting the growth and | Activating caspase-4, cleaving GSDMD and inducing ~ Epithelial ovarian ~ (124)
GSDMD size of tumor. pyroptosis. tumor
Doxorubicin/ Caspase-8/ Exerting anticancer activity. | Activating caspase-8 cleaving GSDMC and inducing Breast cancer (40)
epirubicin/ GSDMC pyroptosis.
daunorubicin/
actinomycin D
Thymogquinone The NLRP3 Inhibiting proliferation and  Inhibiting the NLRP3 inflammasome and suppressing Metastatic (125)
inflammasome/ | migration of tumor cells caspase-1 cleavage, inhibiting IL-18/IL-1B release. melanoma
Caspase-1
Simvastatin The NLRP3 Exerting anticancer activity. = Activating the NLRP3 inflammasomes, inducing Lung cancer (126)
inflammasome/ caspase-1 cleavage and promoting IL-18/IL-1B release.

Caspase-1





