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Editorial on the Research Topic 


Combinational immunotherapy of cancer: novel targets, mechanisms, and strategies


Cancer immunotherapy, distinct from traditional cancer therapies, is achieving unprecedented success by harnessing the host’s immune system to control tumor progression. Current clinical strategies for cancer immunotherapy include immune checkpoint inhibitor therapy, chimeric antigen receptor T-cell therapy, oncolytic virotherapy and tumor vaccines (1–4). Nevertheless, the effectiveness of immunotherapy varies significantly among patients, with only a minority experiencing long-term clinical benefits (5). This highlights the need to identify potential targets of tumor therapy and diversify our combinational immunotherapy strategies, as well as to unravel the underlying molecular events.

Because the critical for tumor markers, researchers are dedicating to uncover novel biomarkers that can be used to identify cancer in its early stages, and to predict the effectiveness of treatment and the chance of cancer recurrence. Chen et al. disclosed the potential role of Glypican 2 (GPC2) in multiple cancers via pan-cancer bioinformatical analysis. Their data identified that GPC2 expression in multiple cancer types was significantly higher than that in normal tissues. High diagnosis performance of GPC2 was discovered in 6 types of cancer, and immune-related genes were highly co-expressed with GPC2 in 33 tumors, illuminating GPC2 can be used as a promising diagnostic, prognostic, and immunological biomarker in tumor. Wu et al. demonstrated that Apolipoprotein E (ApoE), which was secreted from melanoma cells, has an immune suppressant effect by inducing the secretion of IL-10 from activated dendritic cells and further suppressing T-cell function partially via the lrp8 receptor pathway. Moreover, ApoE knockout induced significant tumor suppression and improved overall survival in mouse melanoma model, hence providing a potent strategy for cancer immunotherapy by targeting ApoE. Squalene epoxidase (SQLE) is a key enzyme in regulating cholesterol metabolism. You et al. disclosed the upregulated expression of SQLE in pancreatic adenocarcinoma (PAAD) patients with poor disease-free survival and overall survival. Comprehensive analyses of multiple bioinformatic databases and anti-PD-1 clinical trials showed that the expression of SQLE was strongly negatively correlated with checkpoint inhibitors, immune infiltrations, and immunotherapy outcome. This study provides a promising target to potentiate the efficiency of immunotherapy in PAAD.

Although inhibitors targeting immune checkpoints have demonstrated efficacy in specific patient subgroups, optimal use is encumbered by high rates of drug resistance. To further enhance the antitumor effects of the existing cancer immunotherapies, researchers have performed various explorations. Wang et al. took an in-depth look on the drug resistance mechanisms of colorectal cancer (CRC) during anti-PD-1 treatment. Innovatively, the authors revealed that proprotein convertase subtilisin/kexin type 9 (PCSK9), a lipid metabolism-related protein, was upregulated after anti-PD-1 treatment. Targeting PCSK9 with anti-PCSK9 antibody enhanced antitumor effect of anti-PD-1 monotherapy by increasing both the infiltration of CD8+T cells and release of inflammatory cytokines, as well as reducing the proportion of Treg cells in tumor microenvironment. This study proposed a novel combinational immunotherapy strategy to overcome anti-PD-1 resistance in CRC by simultaneously targeting PD-1 and PCSK9. Vitale et al. engineered a novel oncolytic adenovirus expressing an anti-PD-L1-scFv based on Ad5Δ24 adenovirus (Ad5Δ24-anti-PD-L1-scFv) to improve the antitumor activity of oncolytic virotherapy in melanoma. Ad5Δ24-anti-PD-L1-scFv not only secreted anti-PD-L1-scFv blocking PD-1/PD-L1 pathway, but also induced cytopathic and lytic effects in melanoma cells. Moreover, intra-tumor injection of Ad5Δ24-anti-PD-L1-scFv enhanced the infiltration of CD8+T cells and effectively inhibited tumor growth. Although tumor vaccines based on dendritic cells (DCs) play a key role in tumor immunotherapy, the poor immunogenicity and weak immune response rate still limit their efficacy (6). Zeng et al. constructed a novel DCs-based therapeutic vaccine titled MSLN-PDL1-GMCSF that could self-activate and induce anti-PD-L1 antibody while targeting MSLN. The MSLN-PDL1-GMCSF vaccine elicited a robust and specific immune response in lung cancer. Moreover, combining the vaccine with PD-1 blockade demonstrated a synergistic antitumor effect, presenting a promising and effective combination strategy for tumor immunotherapy. Zhou et al. summarized and reviewed the underlying resistance mechanisms of immune checkpoint blockade (ICB), particularly in relation to the biological function of CD8+ T cells, and compiled a comprehensive overview of the latest combination strategies to enhance the effectiveness of ICB treatments.

In summary, the articles included in the project “Combinational Immunotherapy of Cancer: Novel Targets, Mechanisms, and Strategies” not only describe potential targets to expand our toolbox for manipulating antitumor immunity, but also provide novel combinational strategies to enhance antitumor therapy responses. Persisting investigation of new targets and combinational strategies could result in a better understanding of antitumor treatments and provide valuable promises for tumor immunotherapy.




Author contributions

YN, and XZ drafted the manuscript. XZ and DJ contributed to the design and critical revision of the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This research was funded by National Natural Science Foundation of China (32200745, and 82073752), Shanghai Sailing Program (21YF1401900), Scientific and Innovative Action Plan of Shanghai (20S11904700 and 20JC1411000).





Conflict of interest

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





References

1. Morad, G, Helmink, BA, Sharma, P, and Wargo, JA. Hallmarks of response, resistance, and toxicity to immune checkpoint blockade. Cell (2022) 185:576. doi: 10.1016/j.cell.2022.01.008

2. Hovhannisyan, L, Riether, C, Aebersold, DM, Medová, M, and Zimmer, Y. CAR T cell-based immunotherapy and radiation therapy: potential, promises and risks. Mol Cancer (2023) 22:82. doi: 10.1186/s12943-023-01775-1

3. Shalhout, SZ, Miller, DM, Emerick, KS, and Kaufman, HL. Therapy with oncolytic viruses: progress and challenges. Nat Rev Clin Oncol (2023) 20:160–77. doi: 10.1038/s41571-022-00719-w

4. Diao, L, and Liu, M. Rethinking antigen source: Cancer vaccines based on whole tumor cell/tissue lysate or whole tumor cell. Adv Sci (Weinh) (2023) 10:e2300121. doi: 10.1002/advs.202300121

5. Hegde, PS, and Chen, DS. Top 10 challenges in cancer immunotherapy. Immunity (2020) 52:17–35. doi: 10.1016/j.immuni.2019.12.011

6. Sadeghzadeh, M, Bornehdeli, S, Mohahammadrezakhani, H, Abolghasemi, M, Poursaei, E, Asadi, M, et al. Dendritic cell therapy in cancer treatment; the state-of-the-art. Life Sci (2020) 254:117580. doi: 10.1016/j.lfs.2020.117580




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

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




ORIGINAL RESEARCH

published: 09 February 2022

doi: 10.3389/fimmu.2022.853165

[image: image2]


Roburic Acid Targets TNF to Inhibit the NF-κB Signaling Pathway and Suppress Human Colorectal Cancer Cell Growth


Huanhuan Xu 1,2†, Titi Liu 1,2†, Jin Li 1,2, Fei Chen 1,2, Jing Xu 1, Lihong Hu 1, Li Jiang 1, Zemin Xiang 1,2*, Xuanjun Wang 1,2,3* and Jun Sheng 1,3*


1 Key Laboratory of Pu-er Tea Science, Ministry of Education, Yunnan Agricultural University, Kunming, China, 2 College of Science, Yunnan Agricultural University, Kunming, China, 3 State Key Laboratory for Conservation and Utilization of Bio-Resources in Yunnan, Yunnan Agricultural University, Kunming, China




Edited by: 

Yubin Li, University of Pennsylvania, United States

Reviewed by: 

Xi Lou, University of Alabama at Birmingham, United States

Na Wang, Johns Hopkins University, United States

*Correspondence: 

Zemin Xiang
 xiangzmwdx@sohu.com

Xuanjun Wang
 jwang@ynau.edu.cn

Jun Sheng
 shengj@ynau.edu.cn


†These authors have contributed equally to this work



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








Received: 12 January 2022

Accepted: 24 January 2022

Published: 09 February 2022

Citation:
Xu H, Liu T, Li J, Chen F, Xu J, Hu L, Jiang L, Xiang Z, Wang X and Sheng J (2022) Roburic Acid Targets TNF to Inhibit the NF-κB Signaling Pathway and Suppress Human Colorectal Cancer Cell Growth. Front. Immunol. 13:853165. doi: 10.3389/fimmu.2022.853165



Tumor necrosis factor (TNF)-stimulated nuclear factor-kappa B (NF-κB) signaling plays very crucial roles in cancer development and progression, and represents a potential target for drug discovery. Roburic acid is a newly discovered tetracyclic triterpene acid isolated from oak galls and exhibits anti-inflammatory activity. However, whether roburic acid exerts antitumor effects through inhibition of TNF-induced NF-κB signaling remains unknown. Here, we demonstrated that roburic acid bound directly to TNF with high affinity (KD = 7.066 μM), blocked the interaction between TNF and its receptor (TNF-R1), and significantly inhibited TNF-induced NF-κB activation. Roburic acid exhibited antitumor activity in numerous cancer cells and could effectively induce G0/G1 cell cycle arrest and apoptosis in colorectal cancer cells. Importantly, roburic acid inhibited the TNF-induced phosphorylation of IKKα/β, IκBα, and p65, degradation of IκBα, nuclear translocation of p65, and NF-κB-target gene expression, including that of XIAP, Mcl-1, and Survivin, in colorectal cancer cells. Moreover, roburic acid suppressed tumor growth by blocking NF-κB signaling in a xenograft nude mouse model of colorectal cancer. Taken together, our findings showed that roburic acid directly binds to TNF with high affinity, thereby disrupting its interaction with TNF-R1 and leading to the inhibition of the NF-κB signaling pathway, both in vitro and in vivo. The results indicated that roburic acid is a novel TNF-targeting therapeutics agent in colorectal cancer as well as other cancer types.
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Introduction

Colorectal cancer, a malignant disease of the digestive system, is the third most common cause of new cancer cases in both men and women and the second most frequent cause of cancer deaths (1, 2). Globally, approximately 1.4 million new cases of colorectal cancer are diagnosed and over 690,000 people die from this condition every year (3). The pathophysiology of colorectal cancer is very complex, and its development is a multistage process. Interactions between multiple genetic alterations, the host immune system, and environmental carcinogens have been implicated in the development of human colorectal cancer, which eventually leads to the uncontrolled growth of transformed cells and poor prognosis for patients (4, 5). Under normal conditions, surgical resection provides a possibility for cure in early-stage patients, whereas several anticancer drugs, such as oxaliplatin, 5-fluorouracil, and leucovorin, are recommended for treating advanced colorectal cancer (6, 7). However, current therapy regimens are not always effective at treating advanced colorectal cancer because of drug resistance and adverse side effects and toxicity (3). Consequently, there is an urgent need to identify potential therapeutic targets and discover drugs with greater specificity and less adverse effects from natural resources to treat colorectal cancer, as well as elucidate the underlying molecular mechanisms.

Considerable accumulated evidence has shown that chronic inflammation is closely associated with cancer development and progression (8). In particular, colorectal cancer patients exhibit extensive inflammatory infiltrates with high expression levels of cytokines in the tumor microenvironment (9). The proinflammatory cytokine tumor necrosis factor (TNF)-induced nuclear factor-kappa B (NF-κB) signaling pathway is the most intensively investigated pathway in most cell types (10). It represents a canonical NF-κB activation pathway that links inflammation and immunity to cancer development and progression and promotes tumorigenesis (8, 10, 11). Moreover, the TNF-induced NF-κB signaling pathway is a precisely regulated and therapeutically relevant pathway and a potential target for drug discovery (12, 13). The binding of TNF to its cognate receptor (TNF-R1) directly activates the canonical NF-κB signaling pathway, leading to the transcription of antiapoptotic genes (12, 14). Cancer cells can evade apoptosis via upregulating the expression levels of antiapoptotic proteins such as XIAP, Mcl-1, and Survivin (10). Consequently, there is increasing interest in identifying natural compounds that can inhibit this pathway (13, 15–17).

It is well known that new natural products isolated from medicinal plants are excellent and reliable sources of new anticancer drugs (16, 18–20). Roburic acid (molecular formula: C30H48O2; Figure 1A) is a newly identified tetracyclic triterpene acid originally isolated from oak galls, and later also found in Gentiana macrophylla Pall (21). Roburic acid has been shown to exert anti-inflammatory effects (21–23); however, whether it exhibits additionally bioactivities, especially anticancer effects, remains unknown. Given the anti-inflammatory properties of roburic acid and the critical role of TNF/TNF-R1-mediated NF-κB signaling in colorectal cancer development and progression, we speculated that roburic acid might disrupt TNF/TNF-R1-mediated NF-κB signaling and suppress the growth of human colorectal cancer cells. In the present study, we provide evidence that roburic acid binds to TNF with high affinity, which disrupts its interaction with TNF-R1 and leads to inhibition of the NF-κB signaling pathway, both in vitro and in vivo.




Figure 1 | Roburic acid disrupts the interaction between TNF and TNF-R1 and blocks TNF-induced NF-κB activation. (A) The chemical structure of roburic acid. Direct interactions between roburic acid and TNF-R1 (B) and TNF (C) were detected using SPR analysis. (D) Roburic acid disrupts the interaction between TNF and TNF-R1, as determined by a BLI-based solution competition assay. (E) Roburic acid blocks TNF-induced NF-κB activation. Luciferase reporter assays were used to detect the NF-κB activity in 293-TNF Res (NF-κB) cells. Data are shown as means ± SEM of three independent replicates. ***P < 0.001 compared with the control; ##P < 0.01 and ###P < 0.001 compared with TNF treatment only.





Materials and Methods


Chemicals and Reagents

Roburic acid of high purity grade (≥99%) was purchased from Chengdu Biopurify Phytochemicals Ltd (Chengdu, China). Purified cremophor (>98%) and crystal violet were purchased from Calbiochem, Inc. (San Diego, CA, USA) and Aladdin Bio-Chem Technology Co., Ltd (Shanghai, China), respectively. Dimethyl sulfoxide (DMSO) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma-Aldrich (Saint Louis, MO, USA). RPMI-1640 medium (Gibco) and fetal bovine serum (FBS) were obtained from ThermoFisher Biochemical Products (Beijing) Co., Ltd and Biological Industries (Kibbutz Beit Haemek, Israel), respectively. Phosphate-buffered saline (PBS), a mixed penicillin–streptomycin solution (P/S), 4% paraformaldehyde, Triton X-100, antifade mounting medium with DAPI, radioactive immunoprecipitation assay (RIPA) buffer, phenylmethylsulfonyl fluoride (PMSF), and the nuclear protein extraction kit were purchased from Solarbio (Beijing, China). The BeyoClick EdU cell proliferation kit with Alexa Fluor 488 was purchased from Beyotime Biotechnology (Shanghai, China). Propidium Iodide (PI) and the Annexin V–FITC/PI detection kit were purchased from Beijing 4A Biotech Co., Ltd (Beijing, China). Anti-TNF-R1 antibody was purchased from HuaAn Biotechnology Co., Ltd (Hangzhou, China). Specific primary antibodies against Bcl-xL, Survivin, Cyclin B1, and Cyclin D1 were purchased from Abcam (Cambridge, MA, USA). Anti-Cyclin E1 and anti-XIAP antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against PARP, cleaved Caspase3, Caspase7, Caspase9, Bcl-2, Bax, Mcl-1, c-Myc, phospho (p)-IKKα/β, IKKα, IKKβ, p-IκBα, IκBα, p-p65 (Ser536), p65, p-JNK, JNK, p-ERK, ERK, p-p38, p38, p-AKT, AKT, p-STAT3, STAT3, Histone H3, β-tubulin, Ki-67, and rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor 594 conjugate) were purchased from Cell Signaling Technology (Beverly, MA, USA). Recombinant human TNF protein and horseradish peroxidase-conjugated secondary antibodies were obtained from R&D Systems (Minneapolis, MN, USA).



Molecular Interaction Assay

Interactions between human TNF and TNF-R1 proteins and roburic acid were investigated using surface plasmon resonance (SPR) analysis. The human TNF soluble form (NP-000585.2) N-terminal fragment (Val 77–Leu 233) and the TNF-R1 (NP-001056.1) extracellular domain (Met 1–Thr 211) (Sino Biological Inc; Beijing, China) were prepared. SPR studies were performed using a Biacore S200 instrument (GE Healthcare, Sweden) at 25°C. Briefly, 50 μg/mL TNF-R1 and TNF in 10 mM sodium acetate buffer (pH 5.0) were respectively immobilized in flow cell-2 and -4 of the Series S CM5 Sensor Chip using an amine coupling kit (GE Healthcare), according to the standard Immobilization Wizard program. Roburic acid was double-diluted in PBS-P buffer (GE Healthcare) supplemented with 5% DMSO to concentrations ranging from 0.195 to 6.24 μM. The analytes were then injected to flow over the reference and active chip surfaces at a flow rate of 30 µL/min and the response units were measured. The association and dissociation times were both 90 s. The binding kinetics of TNF-R1 and TNF to roburic acid were analyzed with Biacore S200 Evaluation Software Version 1.1 using a 1:1 binding model.

In addition, solution competition biolayer interferometry (BLI) analysis was performed using an Octet Red 96 instrument (ForteBio, USA) at 25°C, as previously described (24). Briefly, TNF-R1 was biotinylated using amine-PEG3-biotin and then desalted using a Zeba Spin desalting column. The biotinylated TNF-R1 protein was loaded onto the surface of Super Streptavidin (SSA) biosensors (ForteBio). Roburic acid (0 or 20 μM) was preincubated with the immobilized TNF-R1 for 180 s. Subsequently, a 1 μM TNF solution supplemented with 0 or 20 μM roburic acid was allowed to interact with the immobilized TNF-R1 for 180 s, and dissociation was followed for 180 s in 0 or 20 μM roburic acid. Kinetic parameters and affinities were calculated from a non-linear global fit of the monitored binding curves using Octet Data Analysis software version 7.0 (Fortebio).



Luciferase Reporter Assays

293-TNF Res (NF-κB) cell line purchased from Novoprotein Technology Co., Ltd (Shanghai, China) was used for luciferase reporter assays. The cells were cultured in serum free DMEM with or without roburic acid in the presence of TNF for 4 h. Luciferase activities were measured consecutively using the firefly luciferase reporter assay kit (Meilunbio, Dalian, China) with the GloMax® 96 Microplate Luminometer (Promega, Madison, WI).



Cell Lines and Cell Culture

All the cell lines (HCT-116, HCT-15, HT29, Colo205, SK-BR-3, BT549, BT-474, U251, 786-O, ACHN, A498, A549, NCI-H460, NCI-H226, NCI-H23, OVCAR-3, SK-OV-3, DU145, PC-3, and CCRF-CEM) used in this study were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). All the cells were cultured in RPMI-1640 medium supplemented with 10% FBS and 1% P/S. Cells were cultured in an incubator (BINDER GmbH; Tuttlingen, Germany) with 95% air and 5% CO2 at 37°C.



Cell Viability Assay

Cell viability was determined using the MTT method as previously described (25). For all the cancer cell lines, 2 × 104 cells/well were seeded into 96-well plates and allowed to adhere for 24 h. The following day, the cells were treated with various concentrations of roburic acid (0–20 μM). After 48 h, MTT solution (5 mg/mL) was added to the cells. After 4 h, the supernatant was aspirated and 200 μL of DMSO was added to dissolve the formazan crystals. The optical density at 492 nm was then detected using a FlexStation 3 Multi-Mode Microplate Reader (Molecular Devices; Sunnyvale, CA, USA) and IC50 values were calculated.



Colony Formation Assay

For clonogenicity analysis, 4 × 103 viable HCT-116 and HCT-15 cells were seeded into 60-mm plates and incubated overnight. Then, vehicle or roburic acid was added to each plate at the respective concentrations (4, 8, or 16 μM) and the culture medium was changed every 2 days. After 8 days of incubation, the cells were fixed in 4% paraformaldehyde and then stained with a 1% crystal violet solution. The colonies were imaged and the number of colonies counted.



Cell Proliferation Assay

HCT-116 and HCT-15 cells (5 × 104 cells/well) were seeded into 12-well plates and allowed to adhere overnight. The following day, the cells were treated with various concentrations of roburic acid (0, 4, 8, or 16 μM) for 24 h. Then, HCT-116 and HCT-15 proliferation was determined using a BeyoClick EdU cell proliferation kit with Alexa Fluor 488 according to the manufacturer’s instructions. Briefly, the cells were treated with 10 μM EdU for 2 h, fixed in 4% paraformaldehyde for 20 min, washed twice with PBS, and permeabilized with 0.5% Triton X-100 for 30 min. Subsequently, the cells were incubated in 200 μL of click reaction buffer at room temperature for 30 min and then washed twice with PBS. Finally, the cells were mounted using antifade mounting medium with DAPI and observed under a fluorescence microscope (Leica). Images were captured at ×200 magnification and merged using ImageJ software (National Institutes of Health, Bethesda, MD, USA).



Cell Cycle Analysis

HCT-116 and HCT-15 cells (2 × 105 cells per plate) were seeded into 60-mm plates and incubated overnight. Subsequently, the cells were treated with various concentrations of roburic acid as described above. After incubation for 24 h, the cells were harvested, washed with PBS, and then fixed in 70% ethanol at −20°C overnight. After fixation, the cells were washed twice with pre-cooled PBS and incubated with binding buffer containing 100 μg/mL PI and 25 μg/mL RNase A in the dark for 30 min at 37°C. Finally, the fluorescence intensities of these samples were detected by BD FACSCalibur flow cytometry (BD Biosciences; San Jose, CA, USA) and FlowJo v.X.7.6.5 software was used to determine the cell cycle phase distributions.



Cell Apoptosis Analysis

Cell apoptosis was analyzed using the Annexin V–FITC/PI detection kit according to the manufacturer’s instructions. Briefly, HCT-116 and HCT-15 cells (3 × 105 cells per plate) were treated with different concentrations of roburic acid in serum-free medium for 24 h. The harvested cells were then incubated with 100 μL of binding buffer containing 5 μL of Annexin V–FITC and 10 μL of PI (20 μg/mL) in the dark for 5 min at room temperature. Subsequently, the prepared samples were analyzed by BD FACSCalibur flow cytometry within 1 h and the percentage of apoptotic cells was determined using FlowJo software.



Immunoblotting Analysis

For protein extraction, after the corresponding treatments, HCT-116 and HCT-15 cells, as well as tumor tissues, were washed twice with pre-cooled PBS and lysed on ice using RIPA lysis buffer containing 1 mM PMSF. Cell lysates were quantified using an Enhanced BCA Protein Assay Kit (Beyotime Biotechnology) according to the manufacturer’s protocol. Subsequently, equal amounts of proteins were separated by 10% SDS–PAGE and electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes (Millipore). After blocking with 5% nonfat milk in PBST, the membranes were incubated with diluted specific primary antibodies at 4°C overnight, followed by incubation with the corresponding rabbit or mouse IgG horseradish peroxidase-conjugated secondary antibodies (diluted 1:5,000). Protein bands were detected with an Ultra-sensitive Enhanced Chemiluminescent Substrate Kit (4A Biotech) and visualized using a FluorChem E System (ProteinSimple, San Jose, CA, USA). The protein expression level was detected using AlphaView software (Cell Biosciences, Santa Clara, CA, USA).



Nuclear and Cytoplasmic Protein Extraction

HCT-116 and HCT-15 cells (2.5 × 106 cells per plate) were seeded into 100-mm plates and allowed to adhere overnight. The following day, cells were cultured in serum-free medium for 12 h and then pretreated with or without roburic acid (8 μM) for 4 h, followed by stimulation with TNF (10 ng/mL) for the indicated times. A nuclear protein extraction kit was used to isolate and extract nuclear and cytoplasmic proteins, according to the manufacturer’s protocol. In brief, the collected cells were incubated in cytoplasm lysis buffer containing 1 mM PMSF on ice for 10 min. The supernatants collected after centrifugation at 16,000 × g for 10 min at 4°C were considered cytoplasmic protein extracts. The pellets were then dissolved in nuclear lysis buffer containing 1 mM PMSF on ice for 10 min, and the supernatants obtained by centrifuging were regarded as the nuclear protein fractions. Finally, the cytoplasmic and nuclear protein extracts were subjected to immunoblotting analysis with the corresponding primary antibodies.



Immunofluorescence Staining

HCT-116 and HCT-15 cells (5 × 104 cells/well) were seeded into 12-well plates and allowed to adhere overnight. Cells were treated with or without roburic acid (8 μM) for 4 h and subsequently stimulated with TNF (10 ng/mL) for 30 min in serum-free medium. Then, the cells were washed twice with pre-cooled PBS, fixed in 4% paraformaldehyde for 20 min, washed twice with PBS, blocked with 1% bovine serum albumin (BSA) for 1 h at room temperature, incubated with anti-p65 antibody at 4°C overnight, gently washed twice with PBS, and incubated with Alexa Fluor 594-conjugated secondary antibody for 1 h at temperature in the dark. Subsequently, the slides were washed twice with PBS and mounted using antifade mounting medium with DAPI. Images were taken at ×400 magnification using a fluorescence microscope, and merged using ImageJ software.



In Vivo Xenograft Studies

All animal experiments were carried out in accordance with the National Institutes of Health’s Guidelines for the Care and Use of Laboratory Animals and were approved by the Yunnan Agricultural University institutional ethics committee. Care was taken to minimize the discomfort, distress, and pain of the experimental animals. Eighteen 5-week-old male BALB/c nude mice were purchased from Cawens Lab Animal Co. (Changzhou, China) and allowed to acclimate for 1 week. The animals were housed in polypropylene cages with sterile paddy husk and were maintained under standard pathogen-free conditions (ambient temperature 24 ± 1°C, humidity 50–60%, 12 h light/dark cycle) with free access to a standard laboratory diet and water. HCT-116 (5 × 106) and HCT-15 (4 × 106) cells were harvested and suspended in 200 μL of a physiological saline solution, and injected subcutaneously into the left and right flanks of each mouse, respectively. One week after xenotransplantation, mice with tumors of approximately 100 mm3 were randomly and averagely divided into three groups. The tumor-bearing mice started daily intraperitoneal injection with either a vehicle (10% DMSO, 70% cremophor/ethanol (3:1), and 20% PBS) as previously described (18), or 5 or 10 mg/kg body weight roburic acid for 18 days. Body weight was recorded and tumor size was determined using electronic calipers every 2 days, and tumor volume was calculated in an unblinded manner according to the formula (L × W2) × 0.5, where L is the length and W the width. At the end of the treatments, mice were euthanized by cervical dislocation and the isolated tumors were weighed, photographed, and used for immunoblotting analysis and immunohistochemical staining.



Immunohistochemical Staining

Immunohistochemistry was performed according to standard methods. Paraffin-embedded xenograft tumor tissues were cut into 3-μm sections, deparaffinized, and rehydrated in different percentages (100, 95, 85, 75, and 65%) of ethanol. For antigen retrieval and to quench endogenous peroxidases, sections were incubated with 10 mM citric buffer (pH 6.0) and BLOXALL Blocking Solution (Vector Laboratories; Burlingame, CA, USA), respectively. The slides were incubated overnight at 4°C with primary antibodies against p-p65, cleaved Caspase3, and Ki-67. Detection was performed using the VECTASTAIN Elite ABC-Peroxidase Kit (Vector Laboratories) and an Enhanced HRP–DAB Chromogenic Kit (TIANGEN Biotech Co., Ltd; Beijing, China) according to the manufacturer’s instructions, followed by counterstaining with Mayer’s hematoxylin (Sigma–Aldrich). The slides were dehydrated with different concentrations of ethanol (65, 75, 85, 95, and 100%) and then mounted in Permount Mounting Medium (Fisher Scientific). Images were captured at ×400 magnification under a CKX41 microscope (Olympus, Tokyo, Japan).



Statistical Analysis

Data are shown as means ± the standard error of the mean (SEM). All experiments were performed at least three times and representative images are shown. The Student’s t-test was performed using SPSS v17.0 (IBM, Armonk, NY, USA). A value of P < 0.05 was considered significant. The statistical parameters of quantitative data are reported in the corresponding figure legends.




Results


Roburic Acid Disrupts the Interaction Between TNF and TNF-R1 and Blocks TNF-Induced NF-κB Activation

Protein-protein interactions between TNF and its receptor TNF-R1 are known to regulate the canonical TNF-induced NF-κB pathway and are therefore considered a pivotal therapeutic target for the treatment of TNF-associated autoimmune diseases, including cancer (10, 26, 27). Given that roburic acid can exhibit anti-inflammatory activity and the underlying molecular mechanism is still unknown (21, 23), we investigated whether roburic acid could directly disrupt the interaction between TNF and TNF-R1.

We first detected the direct interactions between roburic acid and TNF-R1 and TNF using SPR analysis. The results showed that roburic acid could directly interact with TNF, but not with TNF-R1 (Figures 1B, C). The apparent association (Kon) and dissociation (Koff) constants of roburic acid were calculated as 4.21 × 103 M−1s−1 and 2.97 × 10−2 s−1, respectively, and the TNF-binding affinity (KD) was calculated as 7.066 μM, suggesting that the TNF-roburic acid complex is relatively stable.

Importantly, the BLI-based solution competition assay showed that roburic acid could compete with TNF-R1 for TNF binding (Figure 1D), indicating that roburic acid disrupts the interaction between the two proteins. Analysis of the intrinsic kinetic parameters indicated that roburic acid inhibited the association between TNF and TNF-R1, with the Kon value decreasing from 2.94 × 104 to 1.30 × 104 M−1s−1; roburic acid also promoted the dissociation between TNF and TNF-R1, with the Koff value increasing from 2.16 × 10−4 to 2.74 × 10−3 s−1. This demonstrated that roburic acid disrupted the interaction between TNF and TNF-R1, with the binding affinity (KD) decreasing from 7.33 × 10−9 to 2.11 × 10−7 M.

To further identify whether roburic acid could inhibit TNF-induced NF-κB activation, we directly performed NF-κB luciferase reporter assays in vitro. TNF significantly increased the NF-κB luciferase activity in a concentration-dependent manner, and roburic acid significantly blocked TNF-induced NF-κB activation in a concentration-dependent manner (Figure 1E).

Collectively, these results indicated that roburic acid directly binds to TNF with high affinity, blocks the interaction between TNF and TNF-R1, and inhibits TNF-induced NF-κB activation. This demonstrates that TNF is a direct target of roburic acid in the inhibition of the TNF-induced NF-κB activation, which prompted us to investigate whether roburic acid exerts antitumor effects through inhibition of TNF-induced NF-κB signaling.



The HCT-116 and HCT-15 Cell Lines Showed the Greatest Sensitivity to Roburic Acid Treatment

To evaluate the potential cytotoxicity of roburic acid against human colorectal cancer cells, HCT-116, HCT-15, HT29, and Colo205 cells were treated with various concentrations of roburic acid for 2 days in vitro and cell viability was determined by the standard MTT method. As shown in Figures 2A–D, roburic acid greatly inhibited the viability of HCT-116, HCT-15, HT29, and Colo205 cells, with half-maximal inhibitory concentration (IC50) values of 3.90, 4.77, 5.35, and 14.54 μM, respectively. To further investigate whether roburic acid exhibits cytotoxicity against other types of cancer cells, we determined the IC50 values for three breast cancer cell lines (SK-BR-3, BT549, and BT-474), one central nervous system cancer cell line (U251), three kidney cancer cell lines (786-O, ACHN, and A498), four lung cancer cell lines (A549, NCI-H460, NCI-H226, and NCI-H23), two ovarian cancer cell lines (OVCAR-3 and SK-OV-3), two prostate cancer cell lines (DU145 and PC-3), and one leukemia cancer cell line (CCRF-CEM). As shown in Supplementary Table S1, the IC50 values for roburic acid ranged from 5–15 μM in these seven human cancer cell types. Taken together, the above results indicated that the HCT-116 and HCT-15 cell lines were the most sensitive to roburic acid cytotoxicity.




Figure 2 | Roburic acid inhibits the viability of human colorectal cancer cells. (A–D) The cytotoxicity of roburic acid against human colorectal cancer cells. HCT-116 (A), HCT-15 (B), HT29 (C), and Colo205 (D) cells were treated with roburic acid at the indicated concentrations for 48 h. An MTT assay was performed to evaluate cell viability and the IC50 values were calculated. (E) Flat plate colony formation assay of HCT-116 and HCT-15 cells treated with various concentrations of roburic acid (4, 8, or 16 μM). (F, G) Colony formation rates of the HCT-116 (F) and HCT-15 (G) cells are expressed as fold change. Representative images are displayed. Data are shown as means ± SEM of three independent replicates. **P < 0.01 and ***P < 0.001 compared with the control.



Notably, colorectal cancer has been shown to exhibit extensive inflammatory infiltrates with high levels of cytokine expression in the tumor microenvironment and TNF can activate NF-κB to promote colorectal cancer cell growth (9). Consistently, the high expression levels of TNF-R1 were detected in the HCT-116 and HCT-15 cell lines and TNF could effectively promote the growth of these cells in a concentration-dependent manner (Supplementary Figure S1). Therefore, we selected HCT-116 and HCT-15 cell lines for further studies. As expected, the flat plate colony formation assays showed that roburic acid could significantly inhibit HCT-116 and HCT-15 colony formation in a concentration-dependent manner (Figures 2E–G).



Roburic Acid Suppressed DNA Synthesis in HCT-116 and HCT-15 Cells

To provide direct evidence for the cytotoxic response to roburic acid treatment in human colorectal cancer cell lines, we further investigated whether roburic acid could inhibit DNA synthesis in these cells. EdU incorporation assays showed that roburic acid treatment (4–16 μM) markedly suppressed DNA synthesis in both colorectal cancer cell lines (Supplementary Figure S2).



Roburic Acid Treatment Triggered G0/G1 Cell Cycle Arrest in HCT-116 and HCT-15 Cells

Given that roburic acid could effectively suppress DNA synthesis in colorectal cancer cells, we speculated that it might induce cell cycle arrest. To test this, we treated HCT-116 and HCT-15 cells with different concentrations of roburic acid (4–16 μM) for 24 h and detected the cell cycle phase distribution using flow cytometry. As expected, roburic acid significantly increased the percentage of G0/G1 phase cells in both cell lines, and this effect was concentration-dependent (Figure 3). In addition, the percentages of cells in the S and G2 phases were significantly decreased in roburic acid-treated colorectal cancer cells (data not shown).




Figure 3 | Roburic acid induces G0/G1 cell cycle arrest in HCT-116 and HCT-15 cells. (A) HCT-116 and HCT-15 cells were treated with roburic acid (4, 8, or 16 μM) for 24 h, the cell cycle phase distribution was assessed by BD FACSCalibur flow cytometry. (B, C) The percentage of G0/G1-phase cells in HCT-116 (B) and HCT-15 (C) cells was evaluated using FlowJo v.X.7.6.5 software. Representative images are displayed. Data are shown as means ± SEM of three independent replicates. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control.





Roburic Acid Triggered Apoptosis in HCT-116 and HCT-15 Cells

Because we found that roburic acid could significantly inhibit the viability of HCT-116 and HCT-15 cells within 2 days, we speculated that roburic acid triggers cell death in addition to disrupting cell cycle distribution. Interestingly, we observed that HCT-116 and HCT-15 cells treated with roburic acid (8 μM) for 24 h exhibited a shrunk morphology, detached, and died (Figure 4A). We further determined the proapoptotic effect of roburic acid on HCT-116 and HCT-15 cells using Annexin V–FITC/PI staining and flow cytometric analysis. After treatment with roburic acid (4–16 μM) for 24 h, the number of Annexin V–FITC-positive (apoptotic) HCT-116 and HCT-15 cells exhibited a significant, concentration-dependent increase (Figures 4B–D). These results demonstrated that roburic acid triggers cell death through the induction of cell cycle arrest and apoptosis.




Figure 4 | Roburic acid induces apoptosis in HCT-116 and HCT-15 cells. (A) The cell morphology of HCT-116 and HCT-15 cells changed markedly after treatment with roburic acid (8 μM) for 24 h (original magnification ×200). (B) HCT-116 and HCT-15 cells were treated with roburic acid (4, 8, or 16 μM) in serum-free medium for 24 h, and then stained with Annexin V–FITC/PI and analyzed by flow cytometry. (C, D) The percentages of Annexin V–FITC-positive apoptotic HCT-116 (C) and HCT-15 (D) cells were evaluated using FlowJo software. Representative images are displayed. Data are shown as means ± SEM of three independent replicates. **P < 0.01 and ***P < 0.001 compared with the control.





Roburic Acid Modulated the Expression Levels of Multiple Cell Cycle- and Apoptosis-Related Regulators in Colorectal Cancer Cells

Because roburic acid markedly induced cell cycle arrest and apoptosis in colorectal cancer cells, we further investigated the protein levels of multiple cell cycle- and apoptosis-related regulators in HCT-116 and HCT-15 cells treated with roburic acid (4–16 μM) for 24 h. As expected, roburic acid treatment led to a significant decrease in the protein expression levels of cell cycle-related markers, including Cyclin B1, Cyclin D1, and Cyclin E1, in both HCT-116 and HCT-15 cells (Supplementary Figure S3). In addition, roburic acid treatment greatly enhanced the cleavage of poly (ADP-ribose) polymerase (PARP), Caspase3, Caspase7, and Caspase9 in these colorectal cancer cells in a concentration-dependent manner (Supplementary Figure S3). Importantly, roburic acid treatment also reduced the expression levels of several antiapoptotic proteins in both cell lines, including that of Bcl-2, Bcl-xL, XIAP, Mcl-1, and Survivin, in a concentration-dependent manner (Supplementary Figure S3). c-Myc is an oncogenic transcription factor that is highly expressed through different mechanisms in many cancer types, and is closely associated with promotion of the transition from the G0/G1 phase to the S phase of the cell cycle (28). Interestingly, we found that treatment with roburic acid significantly decreased the protein expression level of c-Myc in human colorectal cancer cells in a concentration-dependent manner (Supplementary Figure S3).



Roburic Acid Inhibited the TNF-Induced NF-κB Signaling Pathway in Colorectal Cancer Cells

Several studies have indicated that roburic acid inhibits the NF-κB and MAPK signaling pathways and exerts anti-inflammatory effects (21, 23). Recently, it has become clear that TNF-induced NF-κB signaling also plays a critical role in colorectal cancer development and progression, and is a potential therapeutic target for the treatment of these conditions (9, 29, 30). Notably, pathways that activate NF-κB signaling can inhibit apoptosis through upregulation of the expression of antiapoptotic proteins such as XIAP, Mcl-1, and Survivin (16).

To further explore the molecular mechanisms by which roburic acid suppresses the expression of antiapoptotic proteins, we investigated whether roburic acid could block TNF-induced NF-κB signaling. As expected, TNF (10 ng/mL) treatment led to a marked activation of the NF-κB signaling pathway in both HCT-116 and HCT-15 cells, as determined by the observed increase in the levels of IKKα/β, IκBα, and p65 phosphorylation, degradation of IκBα, and induction of the protein expression of XIAP, Mcl-1, and Survivin (Figure 5). However, these effects were significantly inhibited by roburic acid treatment (8 μM) (Figure 5), which was consistent with the results of the BLI-based solution competition assay and NF-κB luciferase reporter assays (Figures 1D, E). Notably, roburic acid treatment had no effect on the protein expression level of p65 in either cell line (Figure 5).




Figure 5 | Roburic acid inhibits the TNF-induced NF-κB signaling pathway and antiapoptotic protein expression in colorectal cancer cells. (A) HCT-116 and HCT-15 cells were cultured in serum-free medium for 12 h and then pretreated with or without roburic acid (8 μM) for 4 h, followed by stimulation with TNF (10 ng/mL) for the indicated times. The cell lysates were used for immunoblotting analysis to measure the expression levels of the indicated proteins. Beta-tubulin was used as the loading control. The gray densities of the bands corresponding to the indicated proteins in HCT-116 (B) and HCT-15 (C) cells were quantified using AlphaView software. Representative images are displayed. Data are shown as means ± SEM of three independent replicates. Asterisks indicate significant differences compared with the TNF treatment at the same time point (*P < 0.05, **P < 0.01, and ***P < 0.001).



NF-κB can transactivate the expression of Cyclin D1 and c-Myc, which promotes cell proliferation, and suppress the expression of the proliferation factor JNK (10). As expected, roburic acid treatment significantly suppressed the expression of Cyclin D1 and c-Myc (Figure 5), and increased the levels of phosphorylated JNK in both HCT-116 and HCT-15 cells (Supplementary Figure S4). Moreover, the TNF-stimulated phosphorylation of ERK, p38, AKT, and STAT3 was decreased in both colorectal cancer cell lines (Supplementary Figure S4). Collectively, these results indicated that roburic acid inhibits TNF-induced NF-κB signaling in colorectal cancer cells.



Roburic Acid Inhibited TNF-Induced P65 Nuclear Translocation in Colorectal Cancer Cells

Nuclear translocation of p65 is a pivotal event in TNF-induced NF-κB pathway activation. We further investigated whether roburic acid could block the TNF-stimulated p65 nuclear translocation in HCT-116 and HCT-15 cells. As expected, roburic acid significantly inhibited p65 nuclear translocation at 0 to 30 min in HCT-116 cells and at 30 to 60 min in HCT-15 cells (Figure 6A). To further confirm this result, we performed immunofluorescence staining for p65 in HCT-116 and HCT-15 cells. As shown in Figure 6B, TNF (10 ng/mL) treatment greatly stimulated p65 nuclear translocation in both cell lines at 30 min; however, this effect was significantly inhibited by roburic acid (8 μM).




Figure 6 | Roburic acid inhibits TNF-induced p65 nuclear translocation in colorectal cancer cells. (A) HCT-116 and HCT-15 cells were treated with roburic acid and TNF as described in Figure 5, except that the TNF treatment time points were different. Nuclear and cytoplasmic fractions were isolated and subjected to western blotting using an anti-p65 antibody. Beta-tubulin and Histone H3 were respectively used as loading control for the nuclear and cytoplasmic fractions. The gray densities of the bands corresponding to the indicated proteins in HCT-116 and HCT-15 cells were quantified using AlphaView software. (B) p65 nuclear translocation in HCT-116 and HCT-15 cells was determined by immunofluorescence staining. HCT-116 and HCT-15 cells were treated with TNF for 30 min. p65 was detected using the corresponding primary antibody and nuclei were stained with DAPI. The corresponding images (original magnification ×400) were merged using ImageJ software. Representative images are displayed. Data are shown as means ± SEM of three independent replicates. Asterisks indicate significant differences compared with the TNF treatment at the same time point (***P < 0.001).





Roburic Acid Reduced Tumor Growth by Blocking NF-κB Signaling in a Xenograft Mouse Model of Colorectal Cancer

Having established the inhibitory effects of roburic acid on human colorectal cancer cells in vitro, we next investigated whether roburic acid could suppress cancer cell growth in vivo using a xenograft mouse model of colorectal cancer. Initially, HCT-116 and HCT-15 cells were injected subcutaneously into nude mice. One week after the xenotransplantation, the tumor-bearing mice were randomized into three groups and treated as described in the “Materials and methods” section. We found that roburic acid treatment effectively suppressed the growth of the xenografted colorectal tumors, as indicated by the significantly decreased tumor volume and weight (Figures 7A–F), and was consistent with the results of the in vitro experiments. In addition, treatment with roburic acid at the concentrations tested over 18 days did not affect the body weight of mice (Figure 7G), suggesting that roburic acid treatment had no side effects at the tested concentrations.




Figure 7 | Roburic acid inhibits tumor growth by blocking NF-κB signaling in a xenograft mouse model of colorectal cancer. Roburic acid treatment inhibits tumor growth and weight of HCT-116 (A–C) and HCT-15 (D–F) human colorectal cancer xenografts in nude mice, but does not affect the body weight (G) of either group. (H) Tumor tissues from HCT-116 and HCT-15 xenografts were used for immunoblotting analysis to assess the protein expression of p-p65, p65, cleaved Caspase3 (cl-Caspase3), Bcl-xL, XIAP, and Cyclin D1. Beta-tubulin was used as loading control. (I) Paraffin-embedded HCT-116 and HCT-15 tumor tissue sections were immunostained with antibodies against p-p65, cl-Caspase3, and Ki-67 (original magnification ×400). Representative images are displayed. Data are shown as means ± SEM of six mice per group. *P < 0.05, **P < 0.01, and ***P < 0.001, low-dose roburic acid group vs the control group; #P < 0.05, ##P < 0.01, and ###P < 0.001, high-dose roburic acid group vs the control group.



To further investigate whether roburic acid suppresses tumor growth by inhibiting the NF-κB signaling pathway in vivo, we performed western blotting analysis and immunohistochemical staining for the xenografted HCT-116 and HCT-15 tumor tissues. Consistent with the molecular findings in vitro, western blotting analysis showed that treatment with roburic acid inhibited the phosphorylation of p65, promoted the cleavage of Caspase3, and suppressed the protein expression of Bcl-xL, XIAP, and Cyclin D1 in the xenografted colorectal tumor tissues (Figure 7H). Furthermore, immunohistochemical staining of the tumor sections indicated that roburic acid treatment downregulated the expression of p-p65, while increasing the level of cleaved Caspase3 (Figure 7I and Supplementary Figure S5). These results were consistent with those of the immunoblotting analysis. Ki-67 is a specific marker for cell proliferation in vivo. As expected, we found that the expression of Ki-67 was decreased in the roburic acid-treated group compared with the control group (Figure 7I and Supplementary Figure S5). Taken together, these results demonstrated that roburic acid can suppress tumor growth by blocking NF-κB signaling in a xenograft mouse model of colorectal cancer.




Discussion

Cancer remains a major public health problem worldwide, affecting millions of individuals and resulting in extensive morbidity and mortality (31–33). Approximately 18 million new cancer cases and 9 million cancer deaths were reported in 2018 (1). Although a substantial amount of work has been undertaken on cancer research and development of numerous drugs for cancer treatment, further investigation is urgently required to identify more specific therapeutic targets as well as drugs with reduced side effects. Currently, extracting new antitumor compounds from traditional medicinal plants is recognized as one of the main cancer treatment strategies (18). However, to date, no study has elucidated whether roburic acid isolated from oak galls exhibits antitumor activity, nor have its interaction target and the underlying mechanisms been identified.

In the present study, we investigated the cytotoxicity of roburic acid in 24 cancer cell lines comprising eight cancer types and identified the colorectal cancer cell lines HCT-116 and HCT-15 as being the most sensitive to roburic acid treatment, with IC50 values of 3.90 and 4.77 μM, respectively. These cell lines were then used to further investigate the anticancer effects of roburic acid in vitro and in vivo. Our results demonstrated that roburic acid effectively suppressed colorectal cancer cell proliferation by inducing G0/G1 cell cycle arrest and downregulating the protein expression of Cyclin B1, Cyclin D1, and Cyclin E1. In addition, roburic acid induced the apoptosis of colorectal cancer cells by promoting the cleavage of PARP, Caspase3, Caspase7, and Caspase9, as well as downregulating the levels of the antiapoptotic proteins Bcl-2, Bcl-xL, XIAP, Mcl-1, and Survivin. Importantly, roburic acid inhibited the TNF-induced NF-κB signaling pathway and suppressed the expression of these antiapoptotic proteins in colorectal cancer cells. Molecular interaction studies further demonstrated that roburic acid directly bound to TNF with high affinity (KD = 7.066 μM) and blocked the interaction between TNF and its receptor, TNF-R1. Consistent with the in vitro results, roburic acid also suppressed tumor growth by blocking NF-κB signaling in a xenograft mouse model of colorectal cancer.

Recent studies have shown that most natural compounds with anti-inflammatory properties exhibit excellent antitumor activity by inhibiting NF-κB pathway activation (15, 34, 35). The NF-κB signaling pathway is aberrantly activated in many tumor cells, contributing to cancer cell survival, proliferation, differentiation, apoptosis, inflammation, and cell signaling transduction (11, 36, 37). Interestingly, roburic acid was detected in the resin fraction that is secreted when plants are attacked by insects, and it was shown to exhibit anti-inflammatory properties (21, 23), suggesting that it can serve as an insect repellant and might exert protective effects on human health (38). In this study, roburic acid exhibited marked cytotoxic effects in different types of cancer cells (IC50 <15 μM), including colorectal, breast, central nervous system, kidney, lung, ovarian, prostate, and leukemia cancer cells. Based on these findings, we speculated that roburic acid likely suppresses cancer cell growth by inhibiting the activation of the NF-κB pathway.

It is well established that a dynamic and complex network of interacting proteins regulates cellular behavior (13). Interactions between TNF with TNF-R1 activate the NF-κB signaling pathway, which plays important roles in cancer development and progression (39). Consequently, targeting protein–protein interactions is a promising strategy for the treatment of cancer (40, 41). TNF is an inflammatory cytokine that initiates dynamic intracellular signals through binding to its receptor TNF-R1 (13). Upon TNF binding, TNF-R1 forms a trimer, which then becomes a key regulator of inflammation-dependent NF-κB signaling. The NF-κB inhibitor protein (IκB) is degraded soon after phosphorylation by activated IκB kinase (IKK), and the p65 transcription factor translocates into the nucleus to activate TNF-induced NF-κB signaling (12, 13). In this study, we found that roburic acid treatment significantly inhibited the TNF-induced phosphorylation of IKKα/β, IκBα, and p65, degradation of IκBα, and nuclear translocation of p65 in human colorectal cancer cells. Regarding the detailed molecular mechanisms, molecular interaction studies demonstrated that roburic acid can directly bind to TNF with high affinity (KD = 7.066 μM), but not to its receptor, TNF-R1. Interestingly, roburic acid also blocked the interaction between TNF and TNF-R1, with a decrease in binding affinity (KD) from 7.33 to 211 nM, which explains why roburic acid can inhibit the TNF-induced NF-κB signaling pathway. However, the mechanisms underlying how roburic acid binds to TNF remain unclear and require further investigation.

Apoptosis is the process of programmed cell death, and plays a pivotal role in the development and progression of cancer (16). Excessive NF-κB signaling in cancer cells can suppress apoptosis via inducing the expression of apoptosis inhibitors such as XIAP, Mcl-1, and Survivin (10, 12). In this study, we demonstrated that roburic acid suppressed the TNF-induced expression of antiapoptotic proteins, including XIAP, Mcl-1, and Survivin. Without exogenous TNF stimulation, roburic acid also inhibited the expression of these antiapoptotic proteins in colorectal cancer cells. NF-κB can promote cell proliferation by transactivating the expression of Cyclin D1 and c-Myc (10). In the current study, we found that roburic acid could significantly downregulate Cyclin D1 and c-Myc protein levels in colorectal cancer cells, with or without TNF stimulation. In vitro studies have established that roburic acid can effectively suppress human colorectal cancer cell growth through inhibition of the NF-κB signaling pathway; however, whether roburic acid also exhibited antitumor activity in vivo through the same mechanism has not been clarified. In the present study, we further demonstrated that roburic acid can also inhibit tumor growth in vivo by blocking NF-κB signaling in a xenograft mouse model of colorectal cancer.

Roburic acid is a natural small-molecule compound isolated from medicinal plants, and its biological activities and mechanism of action have not been thoroughly studied. Additionally, roburic acid may have many limitations, such as poor water solubility and bioavailability, and potential side effects. Therefore, these issues need to be urgently solved before roburic acid can be used clinically in the treatment of patients with colorectal cancer. Notably, in addition to contributing to cancer development and progression, TNF/TNF-R1-mediated NF-κB signaling has crucial roles in many other autoimmune diseases such as rheumatoid arthritis and Crohn’s disease (17, 42, 43). Based on the findings in this study, we speculate that roburic acid could also be used in the treatment of other TNF-related diseases. However, further investigation is urgently needed to test this hypothesis, which is the subject of ongoing work in our laboratory.



Conclusions

Taken together, our findings showed that roburic acid directly binds to TNF with high affinity, thereby disrupting the interaction between TNF and TNF-R1 and leading to inhibition of the NF-κB signaling pathway, both in vitro and in vivo. The results indicated that roburic acid is a novel TNF-targeting therapeutics agent in colorectal cancer as well as other cancer types.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.



Ethics Statement

This study was carried out in accordance with the National Institutes of Health’s Guidelines for the Care and Use of Laboratory Animals and was approved by the Yunnan Agricultural University institutional ethics committee.



Author Contributions

HX, TL, and ZX conceived and designed the experiments. TL, HX, JL, FC, JX, LH, and LJ performed the experiments. HX and TL analyzed the data. JS and XW contributed reagents/materials/analysis tools. HX and TL wrote the manuscript. All authors read and approved the final manuscript.



Funding

This work was supported by grants from the Scientific Research Fund Project of Yunnan Provincial Education Office (2022J0297), the Yunnan Fundamental Research Project (202101AU070216, 202101AU070086, and 202101AT070749), the Yunnan Provincial Key Programs of Yunnan Eco-friendly Food International Cooperation Research Center Project (2019ZG00904 and 2019ZG00909), and the Science and Technology Plan Project of Yunnan Province (2018IA060).



Acknowledgments

We thank all members of the laboratory for their kindness and help.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.853165/full#supplementary-material



Abbreviations

BLI, biolayer interferometry; BSA, bovine serum albumin; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; IC50, half-maximal inhibitory concentration; KD, binding affinity; Koff, dissociation constant; Kon, association constant; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NF-κB, nuclear factor-kappa B; PARP, poly (ADP-ribose) polymerase; PBS, phosphate-buffered saline; PI, propidium iodide; PMSF, phenylmethylsulfonyl fluoride; P/S, penicillin–streptomycin solution; PVDF, polyvinylidene fluoride; RIPA, radioactive immunoprecipitation assay; SEM, standard error of the mean; SPR, surface plasmon resonance; SSA, super streptavidin; TNF, tumor necrosis factor; TNF-R1, TNF receptor 1.



References

1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

2. Sun, L, Fang, Y, Wang, X, Han, Y, Du, F, Li, C, et al. miR-302a Inhibits Metastasis and Cetuximab Resistance in Colorectal Cancer by Targeting NFIB and CD44. Theranostics (2019) 9(26):8409–25. doi: 10.7150/thno.36605

3. Guo, M, Li, Z, Huang, Y, and Shi, M. Polysaccharides From Nostoc Commune Vaucher Activate Macrophages via NF-kappaB and AKT/JNK1/2 Pathways to Suppress Colorectal Cancer Growth In Vivo. Food Funct (2019) 10(7):4269–79. doi: 10.1039/c9fo00595a

4. DeLaria, GA, and Hunter, JA. Deep Venous Thrombosis. Implications After Open Heart Surgery. Chest (1991) 99(2):284–8. doi: 10.1378/chest.99.2.284

5. Yang, L, Wang, S, Lee, JJ, Lee, S, Lee, E, Shinbrot, E, et al. An Enhanced Genetic Model of Colorectal Cancer Progression History. Genome Biol (2019) 20(1):168. doi: 10.1186/s13059-019-1782-4

6. Brenner, H, Kloor, M, and Pox, CP. Colorectal Cancer. Lancet (2014) 383(9927):1490–502. doi: 10.1016/S0140-6736(13)61649-9

7. Lu, YX, Ju, HQ, Wang, F, Chen, LZ, Wu, QN, Sheng, H, et al. Inhibition of the NF-kappaB Pathway by Nafamostat Mesilate Suppresses Colorectal Cancer Growth and Metastasis. Cancer Lett (2016) 380(1):87–97. doi: 10.1016/j.canlet.2016.06.014

8. Karin, M, and Greten, FR. NF-Kappab: Linking Inflammation and Immunity to Cancer Development and Progression. Nat Rev Immunol (2005) 5(10):749–59. doi: 10.1038/nri1703

9. De Simone, V, Franze, E, Ronchetti, G, Colantoni, A, Fantini, MC, Di Fusco, D, et al. Th17-Type Cytokines, IL-6 and TNF-Alpha Synergistically Activate STAT3 and NF-kB to Promote Colorectal Cancer Cell Growth. Oncogene (2015) 34(27):3493–503. doi: 10.1038/onc.2014.286

10. Lin, Y, Bai, L, Chen, W, and Xu, S. The NF-kappaB Activation Pathways, Emerging Molecular Targets for Cancer Prevention and Therapy. Expert Opin Ther Targets (2010) 14(1):45–55. doi: 10.1517/14728220903431069

11. Aggarwal, BB. Nuclear Factor-Kappab: The Enemy Within. Cancer Cell (2004) 6(3):203–8. doi: 10.1016/j.ccr.2004.09.003

12. Van Quickelberghe, E, De Sutter, D, van Loo, G, Eyckerman, S, and Gevaert, K. A Protein-Protein Interaction Map of the TNF-Induced NF-kappaB Signal Transduction Pathway. Sci Data (2018) 5:180289. doi: 10.1038/sdata.2018.289

13. Pabon, NA, Zhang, Q, Cruz, JA, Schipper, DL, Camacho, CJ, and Lee, REC. A Network-Centric Approach to Drugging TNF-Induced NF-KappaB Signaling. Nat Commun (2019) 10(1):860. doi: 10.1038/s41467-019-08802-0

14. Ju, W, Wang, X, Shi, H, Chen, W, Belinsky, SA, and Lin, Y. A Critical Role of Luteolin-Induced Reactive Oxygen Species in Blockage of Tumor Necrosis Factor-Activated Nuclear factor-kappaB Pathway and Sensitization of Apoptosis in Lung Cancer Cells. Mol Pharmacol (2007) 71(5):1381–8. doi: 10.1124/mol.106.032185

15. Saleem, M, Kweon, MH, Yun, JM, Adhami, VM, Khan, N, Syed, DN, et al. A Novel Dietary Triterpene Lupeol Induces Fas-Mediated Apoptotic Death of Androgen-Sensitive Prostate Cancer Cells and Inhibits Tumor Growth in a Xenograft Model. Cancer Res (2005) 65(23):11203–13. doi: 10.1158/0008-5472.CAN-05-1965

16. Kong, Y, Li, F, Nian, Y, Zhou, Z, Yang, R, Qiu, MH, et al. KHF16 Is a Leading Structure From Cimicifuga Foetida That Suppresses Breast Cancer Partially by Inhibiting the NF-kappaB Signaling Pathway. Theranostics (2016) 6(6):875–86. doi: 10.7150/thno.14694

17. O’Connell, J, Porter, J, Kroeplien, B, Norman, T, Rapecki, S, Davis, R, et al. Small Molecules That Inhibit TNF Signalling by Stabilising an Asymmetric Form of the Trimer. Nat Commun (2019) 10(1):5795. doi: 10.1038/s41467-019-13616-1

18. Yang, H, Chen, D, Cui, QC, Yuan, X, and Dou, QP. Celastrol, a Triterpene Extracted From the Chinese "Thunder of God Vine," Is a Potent Proteasome Inhibitor and Suppresses Human Prostate Cancer Growth in Nude Mice. Cancer Res (2006) 66(9):4758–65. doi: 10.1158/0008-5472.CAN-05-4529

19. Ruan, H, Zhan, YY, Hou, J, Xu, B, Chen, B, Tian, Y, et al. Berberine Binds RXRalpha to Suppress Beta-Catenin Signaling in Colon Cancer Cells. Oncogene (2017) 36(50):6906–18. doi: 10.1038/onc.2017.296

20. Wang, Y, Huang, J, Li, B, Xue, H, Tricot, G, Hu, L, et al. A Small-Molecule Inhibitor Targeting TRIP13 Suppresses Multiple Myeloma Progression. Cancer Res (2020) 80(3):536–48. doi: 10.1158/0008-5472.CAN-18-3987

21. Chen, Y, Ji, N, Pan, S, Zhang, Z, Wang, R, Qiu, Y, et al. Roburic Acid Suppresses NO and IL-6 Production via Targeting NF-kappaB and MAPK Pathway in RAW264.7 Cells. Inflammation (2017) 40(6):1959–66. doi: 10.1007/s10753-017-0636-z

22. Cao, H, Yu, R, Choi, Y, Ma, ZZ, Zhang, H, Xiang, W, et al. Discovery of Cyclooxygenase Inhibitors From Medicinal Plants Used to Treat Inflammation. Pharmacol Res (2010) 61(6):519–24. doi: 10.1016/j.phrs.2010.02.007

23. Verhoff, M, Seitz, S, Paul, M, Noha, SM, Jauch, J, Schuster, D, et al. Tetra- and Pentacyclic Triterpene Acids From the Ancient Anti-Inflammatory Remedy Frankincense as Inhibitors of Microsomal Prostaglandin E(2) Synthase-1. J Nat Prod (2014) 77(6):1445–51. doi: 10.1021/np500198g

24. Xu, H, Liu, T, Li, J, Xu, J, Chen, F, Hu, L, et al. Oxidation Derivative of (-)-Epigallocatechin-3-Gallate (EGCG) Inhibits RANKL-Induced Osteoclastogenesis by Suppressing RANK Signaling Pathways in RAW 264.7 Cells. BioMed Pharmacother (2019) 118:109237. doi: 10.1016/j.biopha.2019.109237

25. Liu, T, Ding, S, Yin, D, Cuan, X, Xie, C, Xu, H, et al. Pu-Erh Tea Extract Ameliorates Ovariectomy-Induced Osteoporosis in Rats and Suppresses Osteoclastogenesis In Vitro. Front Pharmacol (2017) 8:324. doi: 10.3389/fphar.2017.00324

26. Chen, S, Feng, Z, Wang, Y, Ma, S, Hu, Z, Yang, P, et al. Discovery of Novel Ligands for TNF-Alpha and TNF Receptor-1 Through Structure-Based Virtual Screening and Biological Assay. J Chem Inf Model (2017) 57(5):1101–11. doi: 10.1021/acs.jcim.6b00672

27. Saddala, MS, and Huang, H. Identification of Novel Inhibitors for TNFalpha, TNFR1 and TNFalpha-TNFR1 Complex Using Pharmacophore-Based Approaches. J Transl Med (2019) 17(1):215. doi: 10.1186/s12967-019-1965-5

28. Karkhanis, V, Alinari, L, Ozer, HG, Chung, J, Zhang, X, Sif, S, et al. Protein Arginine Methyltransferase 5 Represses Tumor Suppressor miRNAs That Down-Regulate CYCLIN D1 and C-MYC Expression in Aggressive B-Cell Lymphoma. J Biol Chem (2020) 295(5):1165–80. doi: 10.1074/jbc.RA119.008742

29. Karin, M. Nuclear factor-kappaB in Cancer Development and Progression. Nature (2006) 441(7092):431–6. doi: 10.1038/nature04870

30. Sheng, YH, He, Y, Hasnain, SZ, Wang, R, Tong, H, Clarke, DT, et al. MUC13 Protects Colorectal Cancer Cells From Death by Activating the NF-kappaB Pathway and Is a Potential Therapeutic Target. Oncogene (2017) 36(5):700–13. doi: 10.1038/onc.2016.241

31. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics 2017. CA Cancer J Clin (2017) 67(1):7–30. doi: 10.3322/caac.21387

32. Li, J, Van Valkenburgh, J, Hong, X, Conti, PS, Zhang, X, and Chen, K. Small Molecules as Theranostic Agents in Cancer Immunology. Theranostics (2019) 9(25):7849–71. doi: 10.7150/thno.37218

33. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics 2020. CA Cancer J Clin (2020) 70(1):7–30. doi: 10.3322/caac.21590

34. Saleem, M. Lupeol, a Novel Anti-Inflammatory and Anti-Cancer Dietary Triterpene. Cancer Lett (2009) 285(2):109–15. doi: 10.1016/j.canlet.2009.04.033

35. Callejas, BE, Mendoza-Rodriguez, MG, Villamar-Cruz, O, Reyes-Martinez, S, Sanchez-Barrera, CA, Rodriguez-Sosa, M, et al. Helminth-Derived Molecules Inhibit Colitis-Associated Colon Cancer Development Through NF-kappaB and STAT3 Regulation. Int J Cancer (2019) 145(11):3126–39. doi: 10.1002/ijc.32626

36. Sarkar, FH, and Li, Y. NF-Kappab: A Potential Target for Cancer Chemoprevention and Therapy. Front Biosci (2008) 13:2950–9. doi: 10.2741/2900

37. Zhuang, Z, Li, H, Lee, H, Aguilar, M, Gocho, T, Ju, H, et al. NEMO Peptide Inhibits the Growth of Pancreatic Ductal Adenocarcinoma by Blocking NF-kappaB Activation. Cancer Lett (2017) 411:44–56. doi: 10.1016/j.canlet.2017.09.018

38. Liu, L, Lauro, BM, Ding, L, Rovere, M, Wolfe, MS, and Selkoe, DJ. Multiple BACE1 Inhibitors Abnormally Increase the BACE1 Protein Level in Neurons by Prolonging Its Half-Life. Alzheimers Dement (2019) 15(9):1183–94. doi: 10.1016/j.jalz.2019.06.3918

39. Zhang, C, Li, A, Wang, R, Cao, Y, Jiang, H, Ouyang, S, et al. Recombinant Expression, Purification and Bioactivity Characterization of Extracellular Domain of Human Tumor Necrosis Factor Receptor 1. Protein Expr Purif (2019) 155:21–6. doi: 10.1016/j.pep.2018.11.002

40. Ivanov, AA, Khuri, FR, and Fu, H. Targeting Protein-Protein Interactions as an Anticancer Strategy. Trends Pharmacol Sci (2013) 34(7):393–400. doi: 10.1016/j.tips.2013.04.007

41. Lim, S, Cho, HY, Kim, DG, Roh, Y, Son, SY, Mushtaq, AU, et al. Targeting the Interaction of AIMP2-DX2 With HSP70 Suppresses Cancer Development. Nat Chem Biol (2020) 16(1):31–41. doi: 10.1038/s41589-019-0415-2

42. He, MM, Smith, AS, Oslob, JD, Flanagan, WM, Braisted, AC, Whitty, A, et al. Small-Molecule Inhibition of TNF-Alpha. Science (2005) 310(5750):1022–5. doi: 10.1126/science.1116304

43. Zhao, Y, Li, Y, Qu, R, Chen, X, Wang, W, Qiu, C, et al. Cortistatin Binds to TNF-Alpha Receptors and Protects Against Osteoarthritis. EBioMedicine (2019) 41:556–70. doi: 10.1016/j.ebiom.2019.02.035




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


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

Copyright © 2022 Xu, Liu, Li, Chen, Xu, Hu, Jiang, Xiang, Wang and Sheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




PERSPECTIVE

published: 11 February 2022

doi: 10.3389/fimmu.2022.846235

[image: image2]


Localized Intra-Cavitary Therapy to Drive Systemic Anti-Tumor Immunity


Vera S. Donnenberg 1,2,3*, Patrick L. Wagner 4,5, James D. Luketich 1,3, David L. Bartlett 4,5 and Albert D. Donnenberg 1,2,6*


1 University of Pittsburgh Medical Center (UPMC) Hillman Cancer Centers, Pittsburgh, PA, United States, 2 McGowan Institute for Regenerative Medicine, Pittsburgh, PA, United States, 3 Department of Cardiothoracic Surgery, University of Pittsburgh School of Medicine, Pittsburgh, PA, United States, 4 Surgical Oncology, Allegheny Health Network Cancer Institute, Pittsburgh, PA, United States, 5 College of Medicine, Drexel University, Pittsburgh, PA, United States, 6 Department of Medicine, University of Pittsburgh School of Medicine, Pittsburgh, PA, United States




Edited by: 

Xuyao Zhang, Fudan University, China

Reviewed by: 

Luciano Mutti, Temple University, United States

*Correspondence: 

Albert D. Donnenberg
 donnenbergad@upmc.edu 

Vera S. Donnenberg
 donnenbergvs@upmc.edu

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


Received: 30 December 2021

Accepted: 20 January 2022

Published: 11 February 2022

Citation:
Donnenberg VS, Wagner PL, Luketich JD, Bartlett DL and Donnenberg AD (2022) Localized Intra-Cavitary Therapy to Drive Systemic Anti-Tumor Immunity. Front. Immunol. 13:846235. doi: 10.3389/fimmu.2022.846235



Metastasis to the pleural and peritoneal cavities is a common terminal pathway for a wide variety of cancers. This article explores how these unique environments both promote aggressive tumor behavior and suppresses anti-tumor immunity, and ways in which local delivery of protein therapeutics can leverage the contained nature of these spaces to a therapeutic advantage, achieving high intra-cavital concentrations while minimizing systemic toxicity.
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Introduction

Malignant pleural effusions (MPE) have a US incidence of more than 150,000 cases per year (1, 2) and a life expectancy measured in months (3). Likewise, patients with malignant peritoneal ascites (MPA) and peritoneal carcinomatosis also have abysmal survival (4) and poor quality of life (QOL (5),) with patients experiencing multiple hospitalizations for bowel obstruction and pain (6). Both MPE and MPA are common, painful, difficult to treat, and most importantly are uniformly fatal. Despite significant clinical progress in immuno-oncology, there has been almost no change in survival or quality of life for patients with MPE or MPA, which become the proximate cause of death in many cases of advanced cancer



Subsections


An Incomplete Understanding of the Pleural and Peritoneal Cavity Environments

In states of normal health, the pleural and peritoneal cavities contain physiologic fluid with a dynamic array of immune cells and unique secretomes. In non-neoplastic pathologic states, fluid can accumulate in these cavities due either to transudative mechanisms (vascular pressure and decreased resorption), or exudative mechanisms (tissue inflammation and immune cell infiltration). These processes result in dramatic changes to the cavitary secretome and immune environment. Malignant effusions and ascites also exhibit similar shifts in the secretome and cellular infiltrate, but several additional cytokines and chemokines distinguish them from benign effusions (Figure 1A). The presence of additional malignancy-specific components notwithstanding, the combination of cytokines seen across the spectrum of benign and malignant conditions is predicted to drive both aggressive tumor behavior and polarize pleural immune cells away from tumor-specific immunity and instead, toward a maladaptive repair-and-regenerate mode. Understanding the interplay between the secretome and the resident cell populations will provide much needed foundation for the development of innovative immunotherapeutics targetable to the cavitary spaces and specific to the mechanisms relevant to malignant effusions and ascites.




Figure 1 | Pleural and peritoneal secretomes in ovarian cancer and benign pleural effusions. Panel (A) Pleural and peritoneal secretomes are dominated by immunosuppressive and EMT tumor promoting cytokines and chemokines (IL-6/IL-6Rα, VEGF, IL-8, CXCL10, and IL-10). Data were log-transformed for analysis. There were no significant differences between analytes in ovarian ascites and malignant pleural effusions (MPE). Data for ovarian ascites and MPE were pooled and compared to Benign PE (Student’s 2-tailed t test). Results were Bonferroni corrected for 40 comparisons. Statistically significant comparisons are indicated in bold typeface. Effusions and ascites were collected as anonymized medical waste under a University of Pittsburgh IRB exemptions (Nos. 0503126 and 0403111). Thirteen pleural effusions were collected from patients without pleural malignancy (11 with heart failure, 2 with asbestosis). The benign effusion data have been published previously (7, 8). Cytokines were quantified on the Luminex platform, using the Curiox LT-MX plate washer, Curiox DA-96 plates, the Luminex 200 System analyzer and xPonent data acquisition and analysis software. Cytokines were measured in 5 µL of neat, clarified effusion using the MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel - Premixed 38 Plex (Cat. No. HCYTMAG-60K-PX38), MILLIPLEX MAP Human TGFβ (Cat. No. TGFBMAG-64K-01) and IL-6Rα from the Human Angiogenesis/Growth Factor Panel 2 (Cat. No. HANG2MAG-12K-01) kits, as previously published (Donnenberg et al., https://doi.org/10.18632/oncotarget.27290). Panel (B) Effects of the malignant secretome on cavitary cell types and mesothelial maintenance. The 10 most prominent cytokines and chemokines (geometric mean ≥ 100 pg/mL) in intracavitary ovarian cancer are shown, plus PDL1 which is expressed on intracavitary macrophages and must be addressed for successful intra-cavitary therapy. The variety of cell types, cytokines and chemokines involved, and the potential to amplify effects through autocrine and juxtacrine feedback loops justifies the need for multimodal intra-cavitary therapy. Potential therapeutic targets for which on- or off-label FDA approved agents are currently available are shown in bold typeface.





The Secretomic Signatures of Malignant Peritoneal Ascites and Pleural Effusions Are Indistinguishable

One of the most striking features of Figure 1A, which contrasts the secretomes of ovarian cancer ascites and pleural effusions with that of benign pleural effusions, is the similarity between the cytokine and chemokine profiles in pleural and peritoneal malignancies. In the healthy cavitary spaces, a physiologic secretome and a complement of immune cells are dedicated to maintenance and repair of the mesothelial lining through a process involving the epithelial to mesenchymal transition (EMT, detachment, migration) and the mesenchymal to epithelial transition (MET, reattachment, re-epithelialization) (9). In malignant fluid, the environment is transformed into an inflammatory milieu that promotes wound healing and suppresses adaptive immune effector responses. As mentioned above, this tumor-related cavitary fluid environment has all the inflammatory components of benign effusions (IL-6, sIL-6Rα, CCL2, CXCL10, TGFβ, CCL22, IL-8, IL-5 Figure 1), but includes additional tumor and endothelial growth factors, as well as a blunted effector cytokine response (IFNα2) that is not seen in physiologic cavitary fluid or benign effusions.



Effects of the Malignant Secretome on Mesothelial Maintenance, Intra-Cavitary Tumor and Anti-Tumor Responses

Because the pleural and peritoneal spaces are lined by mesothelial cells, and because effusions and ascites result from a net inflow from the peripheral circulation, these cavities develop a unique cytokine environment. In the context of malignancy, the milieu of cytokines is predicted to play a maladaptive, tumor-supporting role, with negative effects not only in the cavitary environment, but systemically as well, promoting motility and solid organ metastasis. Figure 1B illustrates mechanisms by which the inflammatory cavitary secretome, initiated by tumor metastasis and supplemented by tumor-secreted cytokines, is predicted to establish an environment that promotes aggressive tumor behavior. These mechanisms include EMT, suppression of adaptive T-cell effector responses, and polarization of macrophages to support rather than oppose tumor growth. Although ovarian cancer is presented here as an example, the malignant cavitary secretome, and the resulting tumor pathobiology is common to a wide range of cancers (7, 8).



A Rationale for Intra-Cavitary Therapy Using Immune-Oncology Drugs

The physiologically isolated pleural and peritoneal environments provide ideal anatomical spaces for the localized administration of large protein drugs. The pleura as well as the peritoneum are lined with mesothelial cells joined by tight junctions (10) creating a unique and isolated cavitary environment. Unlike chemotherapeutics, high molecular weight immuno-oncology drugs remain concentrated when administered directly to these cavities, reaching a high target occupancy even with protein drugs with a narrow therapeutic index when administered systemically (11–14).

Local administration of therapeutics may be used to directly target the tumor, support local immune cells, and condition cancer associated stromal cells (15). Despite the net inflow of serous fluid, IgG levels are lower in pleural effusions (16) and peritoneal ascites than in the peripheral circulation. Thus, intravenous administration of protein therapeutics may not be the most effective way to achieve the necessary therapeutic levels within the cavitary spaces. Conversely, localized intra-cavitary administration of these therapeutics has been shown to result in low systemic exposure, and negligible on-target off-tumor effects, while reducing adverse events associated with systemic toxicity (13, 14). The same principle applies to intra-cavitary injection of RNA-based therapeutics (17, 18). This mode of administration is greatly facilitated by the use of minimally invasive surgical techniques and placement of indwelling catheters. While these catheters are traditionally used for palliative decompression of the cavitary spaces, they have been repurposed as drug delivery devices, for example the instillation of pleurodesis agents or cytotoxic chemotherapy. Video assisted thoracoscopic surgery [VATS (19)] or laparoscopic peritoneal catheter placement (20) can likewise be used to guide intracavital-intratumoral drug delivery for agents such as oncovaccines and mRNA therapeutics, which are injected directly into tumor foci. Further, indwelling catheters allow for iterative sampling of cavitary fluid to monitor the response to therapy, the impact on the cavitary immune environment, the pharmacokinetics and pharmacodynamics (PK/PD) of personalized drug dosing, and the real time determination of minimal anticipated biological effect levels [MABEL (21)]. Finally, anti-tumor effector responses initiated in the confines of the cavitary spaces would be expected to propagate systemically through the draining lymphatics, where they could combat solid organ metastases. Although most studies of single-agent intracavital immunotherapies have not measured effects on systemic immunity directly, the intrapleural (14) and intraperitoneal (13) experience with the bispecific anti-CD3/anti-EpCAM antibody catumaxomab is informative. Even though the systemic catumaxomab concentration was <1% of the intracavitary concentration, both studies observed transient increases in serum transaminases, which were attributed to systemic cytokine release. Similarly, intracavitary IL-2 administration resulted in an increase in peripheral CD8 T cells expressing granzyme B (22) and in peripheral NK cell activity (12), and intracavitary administration of an adenovirus/interferon β construct resulted in increased peripheral NK activity and anti-tumor antibodies (23).

In this manner, the cavitary spaces can be conceived of as ‘bioreactors’ into which novel immunotherapeutic agents could be instilled or injected intratumorally with the aim of selecting and stimulating effector cytotoxic T cells for cavitary and abscopal activity. We argue for local rather than systemic administration of protein-based therapies, since systemic administration may not achieve the necessary intracavitary therapeutic levels (11).

Intra-cavitary therapy can be considered as a special case of intra-tumoral therapy (reviewed in (24). Intra-tumoral immunotherapies have been explored extensively with the intention of altering the immune microenvironment of solid tumors to promote adaptive immunity. The peritoneal and pleural cavities are fluid-phase environments that may be more amenable to targeted manipulation. Although clusters of tumor cells are usually demonstrable in the fluid phase, the bulk of the lesions cake the mesothelium and adhere to internal organs, where they are bathed in the fluid phase.



Effusions and Ascites as a Source for Adoptive Cellular Therapy

Adoptive T-cell therapy using autologous tumor infiltrating lymphocytes (TIL) has been reported to induce salvage responses in a variety of refractory solid tumors (25). Conventionally, TIL therapy requires large-scale expansion of a small number of T-cells grown out from tumor tissue fragments stimulated with high dose IL-2 and anti-CD3 antibody. Since the expanded TIL depend on the continued presence of IL-2 for their survival, TIL infusion must be accompanied by repeated systemic administration of high dose IL-2, stopping only when dose-limiting toxicity is reached. TIL infusion is often preceded by treatment with immunosuppressive chemotherapeutic agents such as cyclophosphamide and fludarabine to make space for the therapeutic cells. Therapeutic drainage of MPE frequently yields on the order of 0.25 to 0.5 x 106 pleural T cells/mL. In our experience, it is not unusual to drain a liter of fluid, yielding up to 5 x 108 T cells. Macrophages are also prevalent, constituting up to 50% of total nucleated MPE cells. Thus, in a single drainage it is often possible to obtain potentially therapeutic doses of pleural T cells following short-term activation or expansion. The ex vivo activated cells can be positively selected for CD45+ T cells and macrophages and then re-instilled into the pleural or peritoneal cavity. Potential advantages over conventionally expanded TIL include greatly simplified and rapid manufacture, potentially eliminating the requirement for systemic administration of toxic high dose IL-2 to ensure cell survival after reintroduction.



Potential Drawbacks to Intra-Cavitary Therapeutics

The principal problems facing intra-cavitary therapies are determining the most efficacious combination of therapeutics and the logistics associated with intra-cavitary and intratumoral administration. Additionally, the high cost of biologics, and particularly patient-specific cellular therapeutics must also be considered. There are a broad range of potential modalities that can be locally delivered, and within these modalities a variety of agents with similar targets or mechanisms of action, with many more in pre-clinical or early phase clinical trials (24, 26, 27). The varied formulations and compatibilities of potentially useful therapeutics must be considered if they are to be co-administered through indwelling catheters. Some therapeutics will be administered into the cavities, but others will require precise intratumoral delivery, which is limited to accessible tumor. Drug retention at intratumoral injection sites poses an additional potential difficulty and must be addressed by choosing appropriate agents and vehicles. For example, intratumoral injection of liposomal IL-12 mRNA (28) is more likely to remain localized than injection of the cytokine itself. Unexpected toxicities resulting from localized immune hyperresponsiveness, or interference with normal tissue maintenance may also pose problems, especially if they are delayed. Quantification of responses will likely require objective criteria similar to the RECIST score for solid tumors (29).

Technical challenges to implementation of intra-cavitary therapy include the need for dedicated personnel and facilities, including those required for image guided drug delivery. For drug delivery protocols requiring general anesthesia, the ability to administer repeated doses will be limited. Toxicities specific to intraperitoneal immunotherapy may be anticipated based on the experience with intra-peritoneal IL-2 (30) and monoclonal antibody (31) therapy (pyrexia, abdominal pain, nausea/vomiting). These toxicities may be cavity specific as they were far milder with intrapleural administration of the same cytokine (12, 32) or antibody (14).

Finally, maximizing benefit with respect to cost is a challenge that must be met if intracavitary therapy is to gain acceptance. Given the dire prognosis and current palliative approaches to cavitary malignancies, any therapeutic combination that can provide an objective increase in response rates and survival with improved quality of life may justify the current high cost of immunotherapeutics. However, once Phase I/II trials have been completed, it will be important to initiate therapy while patients still have acceptable performance status and limited disease burden (33).




Discussion

Since tumors that metastasize to the pleura and peritoneum exist in an environment tailored to EMT and immune suppression, combination therapy directed toward conditioning the local environment as well as activating anti-tumor immunity is warranted. Figure 2A divides these goals into four categories that can be addressed with intra-cavitary and intratumoral therapies: 1) Turning cold tumors hot; 2) Increasing tumor-associated antigen presentation; 3) Supporting effector T cell responses; and 4) Conditioning the local environment to block EMT.




Figure 2 | Intra-cavitary therapeutics to drive systemic immunity and reverse EMT. Panel (A) Since tumors that metastasize to the pleural and peritoneum exist in an environment tailored to EMT and immune suppression, combination therapy directed toward conditioning the local environment as well as activating anti-tumor immunity is required. Panel (B) A list of potential therapeutics directed toward reversing tumor EMT, repolarizing the cavitary maladaptive milieu, and driving local and systemic anti-tumor immunity. *Summarized in Addeo et al. (21) **Targeting histamine and related cytokines. Discussed in Li et al. (34).



Tumors can be made more immunogenic by inducing damage associated molecular patterns (DAMPS) with therapies such as radiation, or pathogen associated molecular patterns (PAMPS) via oncolytic virus therapy (35). Tumors may also constitutively express receptors for PAMPS and DAMPs (toll-like receptors, TLR), but their prognostic significance varies with disease and receptor type (36). Introduction of TLR ligands through natural infection of the pleura (empyema) has been associated with prolonged survival in patients with cancer metastatic to the pleura or lung cancer (37, 38). This response may be due to PAMP-associated repolarization of the local immune environment, with concomitant alternation of the cytokine profile and augmentation of tumor antigen presentation by resident macrophages and dendritic cells. Numerous attempts have been made to exploit TLR receptor agonists as single agent therapeutics with limited success. This does not rule out the possibility that they will be a highly effective adjuvant to other immune oncology interventions.

IL-12 plays a central role in inducing and maintaining Th1 T-cell polarization (39). The low levels of IL-12p70 in pleural and ascites fluid (Figure 1A) suggest that IL-12 can be a key therapeutic for conditioning the intra-cavital environment. Multiple clinical trials of IL-12 protein and IL-12 mRNA support its potential use in intra-cavitary therapy, where systemic adverse effects can be limited. IFNγ promotes T-cell and NK effector cells both directly and indirectly. Like IL-12, local administration may be advantageous to achieve functional concentrations while limiting systemic toxicity. Finally, therapeutic T cells may be activated or expanded ex vivo for intra-cavitary administration, provided that they are not reintroduced into an immunosuppressive environment.

Our secretomic data supports the role of IL-6/sIL-6Rα receptor trans-signaling as the key driver of tumor EMT and associated therapy resistance and increased metastatic potential. IL-6 and its secreted receptor sIL-6Rα are increasingly recognized as master cytokines (40, 41), upstream of a wide array of inflammatory processes, including pathologies as diverse as cytokine release syndrome (42), acute allograft rejection (43), rheumatoid arthritis (44), asbestosis (45) and cachexia (46). Complexes of soluble IL-6/IL-6Rα elicit responses from gp130-expressing cells that lack the complete IL-6 receptor by a process known as trans-signaling (40, 47). Figure 1A and our findings in NSCLC-associated MPE (7) reveal a profound degree of cytokine-chemokine polarization dominated by ng/mL concentrations of IL-6/sIL6Rα. Neutralizing pleural IL-6 or IL-6Rα activity with therapeutic antibodies may not only diminish IL-6-driven aggressive tumor behavior associated with EMT (48) (Figure 1B), but may also reverse downstream negative regulation of tumor-specific immune effector responses, thereby enhancing the efficacy of other immune oncology therapies. Although long-term antagonism of IL-6Rα is immunosuppressive (49), single dose exposure has been shown to break the cytokine storm associated with CAR-T therapy without compromising effector responses (50) or incurring serious adverse events (51). Intra-cavitary administration of anti-IL-6 or anti-IL-6Rα may likewise be expected to exert profound effects on the pleural or peritoneal environments.

Histamine has been shown to play a role in conferring resistance to immunotherapy. H1 antihistamine therapy counteracts histamine-mediated immunosuppression by counteracting M2 macrophage polarization and promoting CD8+ effector T cell responses (34). In the intracavitary space, cytokines such as IL-4 and IL-5 that are elevated in MPE (Figure 1) and are central to the allergy cascade (52) and may provide additional targets of therapy.

The pleura and peritoneum are common sites of metastasis for a wide variety of cancers. Their unique physiology makes them ideal tumor sanctuaries that promote aggressive behavior while inhibiting immune effector responses. The contained nature of these spaces also presents an opportunity to therapeutically manipulate the tumor environment in ways that are not possible for other metastatic lesions. There is a wealth of agents available for combination intra-cavitary therapy (Figure 2B), many of which have already shown some activity as single agents.  We argue that combination therapies designed to condition the maladaptive cavitary environment, reverse EMT and stimulate immune priming locally and systemically will succeed where single agents have ultimately failed. However, the devil is in the details, and the challenge will be to design and implement the most agile adaptive therapeutic trials (53) designed to determine the safest and most effective therapeutic combinations and dosing schedules.
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Cancer therapy has been an important and popular area in cancer research. With medical technology developing, the appearance of various targeted drugs and immunotherapy offer more choices to cancer treatment. With the increase in drug use, people have found more and more cases in which tumors are resistant to DNA damage repair (DDR)-based drugs. Recently, the concept of combination therapy has been brought up in cancer research. It takes advantages of combining two or more therapies with different mechanisms, aiming to benefit from the synergistic effects and finally rescue patients irresponsive to single therapies. Combination therapy has the potential to improve current treatment of refractory and drug-resistant tumors. Among the methods used in combination therapy, DDR is one of the most popular methods. Recent studies have shown that combined application of DDR-related drugs and immunotherapies significantly improve the therapeutic outcomes of malignant tumors, especially solid tumors.
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Introduction

Genome instability is one of the 10 hallmarks of cancer (1). Cells are exposed to various sources of DNA damage in metabolic activities such as reactive oxygen species (ROS). To cope with it, human cells have developed a complex series of DNA repair strategies to protect the integrity and stability of genome (2). However, when the repair fails, the destruction leads to carcinogenesis and genome instability. Studies show that the formation of many malignant tumors is apparently related to the defects in DNA repair (3). On the other hand, the defects may indicate the weakness of cancer cells in DNA repair, which can be targeted in treatment. Therefore, people have developed a great number of drugs targeting DDR to treat cancer, such as cisplatin and Olaparib. These DDR-related drugs greatly improve the survival time and therapeutic outcomes of cancer patients.

Immunotherapy is a newly developed method emerging these years. At present, there have been different approaches for immunotherapy applied in clinical practice. Targeting the immunological changes in cancer, people designed many strategies acting on various kinds of targets (4). Immunotherapy represented by PD-1/PD-L1 inhibitor and chimeric antigen receptor T cell (CAR-T) has shown satisfactory targeting ability and curative effect in cancer therapy, implying its promising prospect in treatment (5). However, both experiments and clinical trials suggest that immunotherapy has very limited effect in solid tumors. Therefore, improving the outcome of immunotherapy in solid tumors has become a critical issue in recent studies.

With the increase in chemotherapy use, people have found more and more cases in which tumors are resistant to DDR-based drugs. As research moves along, the concept of combination therapy has been brought up in cancer studies (6). It takes advantages of combining two or more therapies with different mechanisms, aiming to benefit from the synergistic effects and finally rescue patients irresponsive to single therapies. Combination therapy has the potential to improve current treatment of refractory and drug-resistant tumors. This review summarizes the progress on the association among DNA repair defects, host immune response, and the tumor sensitivity to immunotherapy.



Applications and Mechanism of DDR-Related Drugs

Complicated mechanisms are necessary to keep genetic code intact from endogenous and exogenous impairment. There are several DDR pathways now that are usually divided into DNA single- and DNA double-strand DNA repair. DNA single-strand repair pathway mainly responds to impaired or mismatched basic groups (e.g., base excision repair, nucleotide excision repair, direct repair, and mismatch repair), while DNA double-strand repair pathway is mainly in charge of DNA double-strand breaks (DSBs) (e.g., homologous recombination, non-homologous end joining, and Fanconi anemia pathway) (7). When DNA repair fails, oncogenes and antioncogenes may obtain somatic mutations, resulting into uncontrolled proliferation and carcinogenesis. It has been found that cancer susceptibility can be caused by several diseases, most of which are associated with genetic defects in certain DNA repair pathways (8). Further studies show that DNA repair defects oftentimes play a vital role in tumor formation and progression. Recently, researchers have analyzed the DNA repair defects in 33 types of cancer. The results show that about one-third of cancers harbor somatic mutations such as BRCA1/2-mutated breast cancer or ovarian cancer and MGMT-methylated glioblastoma, which may give us a hint on the treatment. Both in vivo and in vitro experiments suggest that chemotherapy-targeting DDR have satisfactory effects on these cancers lacking functional DDR (9) (Table 1). Below, we will introduce several representative DDR-related drugs (Figure 1).


Table 1 | DDR-related drugs and combination with immunotherapy in human cancer.






Figure 1 | DDR drugs and mechanism of DDR drug in cancer treatment. Left: Represent FDA-approved DNA damage-related drugs. Right: Mechanism of DDR drugs in DNA repair progress.




Temozolomide

Temozolomide (TMZ) is one of the widely used chemotherapy drugs targeting DDR. Studies showed that O6 methylguanine (O6 MeG) is the main cytotoxic DNA damage (10). TMZ can methylate DNA, which most often occurs at the N-7 or O-6 positions of guanine residues. Experiments using the cancer cell lines in which high-level methylation or mutation leads to diminished MGMT functions, and transgenic or gene knockout mice experiments all prove that dysfunctional MGMT is one of the main reasons why cells are sensitive to TMZ. In all of the cases and experiments, MGMT deficiency turns cells to be more sensitive to methylating anti-cancer drugs (11). Similarly, when using small-molecule soluble substrates such as O6-benzylguanine and O6-bromothiopheneguanine to inhibit the repair activity of MGMT, the MGMT-tolerant cells turn to be sensitive to TMZ. Moreover, this phenomenon is independent of cancer types. Besides the lethal effect to tumor cells, TMZ also has severe cytotoxicity, mutagenicity, and genotoxicity. The main mechanism of cytotoxicity is mismatch repair (MMR) (12). DNA O6 MeG causes the mismatch of deoxyribonucleotide and thymine, which can be recognized and repaired by MMR complex proteins like MSH2, MSH6, MLH1, and PMS2, resulting in the excision of thymine. In the process, activated EXO1 may produce long nicks (>1,000 bp), which will be repaired later. But during the repair, O6 MeG will match thymine again due to the mismatch feature of lesions. Consequently, a vain, repetitive repair cycle is initiated. Apparently, this is an obstacle to the subsequent DNA replication in S phase (13), and finally, it will cause DNA DSB (14) in MGMT- and MMR+ cancer cells. Although the detailed molecular mechanism has not been fully understood yet, many have verified that DSB produced by O6 MeG processing is lethal by triggering apoptosis. Moreover, it is reported that cells activate apoptosis to detect O6 MeG-T mismatch directly through ataxia-telangiectasia mutated and rad3-related (ATR)/ATR-interacting protein (ATRIP) signal pathway in MTR. This finding also reveals that DDR activation, DSB formation, and the initiation of cell death pathway only happen when DNA replicates twice after DNA damage induction. Therefore, most studies support the model in which DSB formed in the second replication cycle triggers cell apoptosis and finally caused cell death (15). It should be noted that restriction enzyme-induced DSB has high selectivity and efficiency in inducing cell apoptosis, which may explain why TMZ can lead to severe cell apoptosis. Importantly, studies using mutated Cricetulus griseus lacking HR pathway show that this cell line is extremely sensitive to O6-methylating agents. The phenomenon strongly supports the model in which HR repairs processed O6 products and generates MeG/MMR intermediate to trigger cell death from another aspect. A study specifically utilizing phosphatase and tensin homolog (PTEN)-lacked primary astrocyte also demonstrates this. The expression of RAD51B, RD51C, and RAD51D is downregulated to weaken HR in the cell line. Since 36% glioma has PTEN mutation, this finding has significant meaning and potential in therapy (16).



PARP Inhibitors

For now, as the first tumor-targeted drug approved by Food and Drug Administration (FDA), PARPi has attracted much attention from its discovery. Studies have found that various types of human cancer have latent defects in HR pathway, including ovarian cancer, breast cancer, prostate cancer, and pancreas cancer (17). Despite the reasons of their HR dysfunction are not clear, the defect does provide more genome instability for cancer cells, and lead to more mutations that may promote cancer progression. The defective HR pathway offers an excellent condition for PARPis. Epidemiological investigation shows that 50% high-grade serous ovarian cancer (HGSOC) have latent defects in HR repair pathway, which result in one or more germ-line or somatic mutations in BRCA or other DDR-related genes (18). Moreover, 10%–20% breast cancer (mainly triple-negative breast cancer), metastatic prostate cancer, or pancreas cancer have biallelic mutations in HR genes, which leads them also to be sensitive to PARPi. Classically, BRCA1/2 mutated cancer is supposed to respond to PARPis via synthetic lethality; that is, PARPis inhibit BER so that SSB converts into DSB subsequently. If cancer cells have underlying HR defects due to BRCA1/2 deficiency, they will be unable to repair DSB and finally die (19). Besides this mechanism, it is also believed that PARPis combine and arrest PARP1 enzyme on chromatin, forming lesions that can only be repaired by HR. Some PARPis like Talazoparib are more effective PARP predators than others (8, 20, 21). Recently, the third mechanism has already been discovered (9, 22). In this case, DSB is excised in S phase as normal. However, cancer cells have to rely on the other DSB repair pathway due to HR defects. It is microhomology-mediated end-joining (MMEJ, also known as Alt-EJ), which depends on PARP1 and DNA polymerase θ (POLQ). In fact, PARP1 is necessary for DSB to recruit POLQ. Therefore, the inhibitors of PARP1 or POLQ block Alt-EJ pathway and kill HR-defective cancer cells. Recent studies show that PARPi-tolerant cancer cells have relatively higher POLQ expression, and they are sensitive to POLQ inhibitor (17).



Cisplatin

Cisplatin is another type of widely used chemotherapy drugs targeting DDR. Similar to other DDR-based drugs, cisplatin is activated after entering cells. In cytoplasm, the atomic chlorine of cisplatin is replaced by water (23). The aquo complex is a potent electrophile that can react with any nucleophile, including the sulfhydryl of proteins and nitrogen donor atoms of nucleic acid. Cisplatin combines with the N7 reaction center of purine residues, causing DNA damage in cancer cells, inhibiting cell proliferation and finally leading to cell apoptosis. In this process, the 1,2-intrastrand crosslinking between purine bases and cisplatin is the most apparent DNA change (24). It includes 1,2-intrastrand d(GpG) adducts and 1,2-intrastrand d(ApG) adducts, accounting for 90% and 10%, respectively. According to the report, 1,3-intrastrand d(GpXpG) adducts and others (e.g., inter-strand and non-functional adducts) have contributions to the toxicity of cisplatin (25). Despite that it has been observed that cisplatin impairs cancer cells through many aspects, many published results still support that DNA is the key target of cisplatin toxicity.



DDR Combination Treatment

Besides single-drug treatment, the combination therapy of multiple drugs is a remarkable direction in the future. Many types of tumors like GBM is treated by radiotherapy and TMZ for now. Despite of this, the prognosis of patients is still unsatisfactory, indicating that more studies on combination therapy are required to improve the therapeutic outcome of cancer especially advanced cancer. In the GBM mouse model, people found that PARPis had synergistic effects with radiotherapy and TMZ, slowing down tumor growth and improving patients’ survival (26). In various types of cancer models, PARPis can play as a good radiosensitizer, which significantly raises the mortality of tumor cells (27). Their effects include inhibiting tumor cell proliferation, reducing the survival rate of clones, slowing tumor growth, and improving the survival rate of mice. This also indicates that the combined application of chemotherapy drugs will play an important role in the prospective cancer therapy.




Application and Progress of the Combination of DDR Anti-tumor Drugs and Immunotherapy


Applications and Research Progress of Cancer Immunotherapy

The interaction between tumor and immune system is dynamic during tumor formation and progression. Thus, cancer limitation of the immune system and the immune escape of cancer are also in a dynamic balance. Tumor-infiltrated lymphocytes (TILs) have important functions in the dynamic control of tumor. A great number of studies have found that TILs could predict the response of tumors to immunotherapy (28), especially CD8+ T lymphocytes. As the core of anti-tumor immune response, its ability to infiltrate tumors is related to the survival rate of patients (29). Specifically activated CD8+ lymphocytes induce the basic anti-tumor response to cope with the infiltration of tumor antigen. Therefore, TILs are the key to restrict tumor growth. TAA recognized by T lymphocyte induces the specific immune response. Further studies discover that growing tumors contain TILs. They are invalid to eliminate cancer cells in vivo, but they can proliferate and function when being removed from the immune-suppressive microenvironment. This is because cancer cells have developed the mechanisms to avoid being recognized and eliminated, including downregulating the components that process and present antigens; recruiting inhibitive immunocytes like regulative T cell, MDSC, and TAM; and producing soluble cytokines involved in immune suppression like transforming growth factor beta (TGF-β) and interleukin (IL)-10. Meanwhile, cancer cells also downregulate the expression like PD-L1.

It has achieved great success to use CTLA-4 and PD-1 in cancer immunotherapy. Pierre Goldstein discovered CTLA-4 in 1987. Later on, several groups independently proves that CTLA4 played a role as inhibitive receptor both in vitro and in gene knockout mice. These led James Allison to start a pioneering work in 1996, which demonstrated that CTLA-4 blocker could eliminate tumors in mice and provide theoretical basis for the clinical development of CTLA-4 antibody. In 2011, FDA approved CTLA-4 antibody (ipilimumab) to be applied in melanoma, which marked a new era of cancer immunotherapy. At present, people has raised many models to explain the mechanism of CTLA-4 functions. The most simple one is the competition between CD28 and CTLA-4. It is similar to other endogenous inhibitive signaling model. Although CTLA-4-defective mice have overactive CD4+ T cells exhibiting pathogenetic clinical phenotypes, chimera can still prevent diseases and normalize the phenotype of defective cells by the part of cells expressing CTLA-4. Consistent with cellular structure, there is another molecular mechanism to capture CD80 and CD86 physically and then remove them from antigen-presenting cells (APC), which is called trans-endocytosis (30). In this procedure, T cells recognize certain peptides and present them to APC. In this way, CD80 and CD86 expression in APC is regulated. Despite that the molecular mechanism by which endocytosis controls gene transcription is unknown (31), there are other receptor–ligand pairs employing this pathway besides CTLA-4. It was found that the Notch–Delta pathway was also one of them. The combination with Delta (ligand) removes Notch (receptor) from neighbor cells (32) (Figure 2).




Figure 2 | Combination of DDR drug and immunotherapy in human cancer.





PD-1 and PD-L1 Drug Treatment

The clinical development of PD-1 inhibitor owes to a series of discovery in basic science. It was first cloned by Tasuku Honjo in 1992, and its ligand (PD-L1) was discovered by two groups led by Lieping Chen and Gordon Freeman independently approximately 10 years later (32). Chen further proved that many human cancers upregulate dPD-L1, and the blocking by its antibody resulted in tumor regression. These findings lay the root for the successful clinical results that PD-1 blocking treats advanced solid tumors. PD-1 is a member of B7/CD28 costimulatory receptor family. It combines the ligand including PD-L1 and PD-L2 to regulate the activation of T cells (33). Like CTLA-4 signaling, the binding of PD-1 and its ligands inhibits T cells to proliferate; reduces the production of interferon gamma (IFN-γ), tumor necrosis factor alpha (TNF-α), and IL-2; and also lowers the survival rate of T cells. If the presentation and recognition of TCR and the combination of PD-1 happens simultaneously in T cells, PD-1 signaling will prevent critical TCR signaling intermediate from phosphorylation. Thus, the early TCR signaling is suspended, and T-cell activation decreases. In normal cells, the main function of PD-1 is making the CD4+ T cells that experience high-level stimulation to be exhausted (34). It also happens in patients with chronic infection of malignant tumors. The characteristic is T-cell dysfunction, resulting in inadequate control for them. As the target of PD-L1 inhibitor, the ligand PD-L1 expression is a natural potential biomarker. However, in the present studies, there are contradictory conclusions. According to the expression of PD-L1 in melanoma, NSCLC, and urogenital cancer and the sensitivity of their response to PD-L1 inhibitor, the recurrent ratio of PD-L1 positive and negative cancer is 34.1% and 19.9%, respectively. Cancer types and certain CPI make some differences, while the lack of standardized test and the heterogeneity of tumor itself may also be one of the reasons that cause these inconsistent results. Collectively, the real value of PD-1 as a biomarker in prediction is still uncertain. Other features of tumor microenvironment like the infiltration of effector immunocytes and the expression of inflammatory genes can also suggest stronger activity. For now, people are studying the functions of some molecules in inflammatory reactions and looking for potential biomarkers in CPI treatment.

CAR technique was first reported by Zelig Eshhar and colleagues in 1993. They used chimeric genes coding single-strand antibody to transduct T cell. This single-strand antibody connects trans-membrane region and the intracellular domain coding T-cell receptor adaptor. It proved that CAR-T enables T cells to redirect to the cells expressing antibody-related antigen (35). The subsequent studies found that CD19 CAR-mediated human peripheral blood T lymphocytes can eradicate the lymphoma and leukemia in immune-compromised mice. In 2010, a case report revealed that the therapeutic effect of CD19 CAR-T in lymphoma patients was very satisfactory. From then, CAR-T has shown impressive results in recurrent or refractory B-cell malignant tumors such as acute and chronic lymphocytic leukemia. CAR-T cells targeting solid tumors have also been tested but has not shown an ideal result yet. According to the costimulatory molecules (CM), CAR-T cells can be classified into four generations (36). However, due to lacking assistance of CM, infused CAR-T cells are poor at proliferation, resulting in unsatisfying results. The second generation of CAR-T has CM like CD28, CD27, and 41BB (CDB7). They can add OX40 (CD134) or inducible CM to T cells in order to overcome the problems of the first generation. Therefore, the second generation has significantly improved in killing cancer cells compared to the first one. As for the third generation, another CM such as CD28, 4-1BB, or CD3 is added to T cells so that they contain two CMs resulting in the further improvement of T-cell proliferation activity, cytotoxicity, and survival rate. The fourth generation is called TRUCKs. Compared to the structures of previous CAR-T, it has additional proinflammatory cytokines such as IL-12 and CM ligand (4-1 BBL and CD40L), which enable CAR-T cells to be released to kill cancer cells. Moreover, the fourth generation saves the pretreatment like routine or high-dose chemotherapy, which raises patients’ quality of life (37).



Combination of DDR Anti-Tumor Drugs and Immunotherapy

As the studies go further, people gradually found that the mechanisms of DNA damage and immunology are connected in some aspects. Therefore, they came up with combined therapy to treat the cancer that is insensitive to DNA repair-related drugs or immunotherapy. As immunology, especially tumor immunology, develops in recent years, it has been a hot spot to combine immunotherapy and DNA repair, which is proved in defective cancer. Among the drugs, immune checkpoint inhibitors exhibit high activity. CPI is a type of drug that targets the negative inhibitive receptors on T lymphocytes in the host, such as CTLA-4 and PD-1. These receptors are often abducted by cancer in case of effective anti-tumor response (38). Monoclonal antibodies that can block these checkpoints have been developed and show impactful ability to induce deep and enduring response in some late-stage refractory cancer. Consequently, it is approved in many subtypes of cancer including melanoma, NSCLC, HNSCC, RCC, UC, and Hodgkin’s lymphoma. Despite of the excellent performances in these cancers, it seems that only a few patients can benefit from this in clinical trials. It is still vital to develop reliable biomarkers to predict patients’ response and help in selection; these findings also lay foundation for studying the other sources of genome instability, which may also be used as biomarkers for selecting patients who should accept immunotherapy.

More and more evidence shows that HR-defective cancer cells have stronger immunogenicity and have potential effects on CPI. In HGSOC, BRCA1/2-mutated cells have higher predictive new antigen load and more TILs infiltration. In addition, the expression of PD-1/PD-L1 is enhanced (39). A similar increased TIL is also observed in DNA repair-defective breast cancer. In PDA, the transcriptome analysis suggests that the DSB repair-defective subtype is associated with anti-tumor immunological genetic markers (40). A recent large-scale study using the next-generation sequencing to analyze various types of cancer shows that at least 25% HR genes have defects. The TMB of HRD group is significantly higher than that of non-HRD one. People also found that BRCA/Fanconi anemia pathway defective breast cancer cells also have increased cytoplasmic DNA associated with cGAS/STING/TBK1/IRF3 pathway (41, 42).

By affecting TILs, especially the functions and composition of CTLs, PARPi may have immune-suppressive functions or improve anti-tumor response. Anti-PD-1/PD-L1 may deteriorate the former and have synergistic effect with the latter. If PARPis enhance immune response, anti CTLA-4 can coordinate with it and strengthen the effect (43). Higuchi et al. revealed that the binding of anti PD-L1 and PARPis did not induce anti-tumor response. However, the latest studies provide a new perspective on the combination of anti PD-1/PD-L1 and PARPi (Olaparib). This therapy was tested on triple-negative breast cancer (TNBC) both in vivo and in vitro. The histological results showed that protein formylation in human breast cancer is negatively related to the expression of PD-L1 (20, 44). When inoculated to homogenic mice model, PARP upregulated PD-L1 on the surface of EMT6 cancer cells (TNBC cell line) both in vitro and in vivo, which was mediated by inactive GSK3β pathway and induced TIL to decrease. Therefore, PARPi suppresses immunity by the decrease in TILs. Compared to PARPi or anti PD-L1 alone, anti PD-L1 may reverse the inhibitive functions of TIL and enhance anti-tumor response when combined with PARPis. These data collectively support further studies on the combination of PARPis and anti PD-L1/PD-1. A recent clinical trial in Stage I applied anti-PD-1 durvalumab and olaparib into patients with breast cancer, establishing good tolerance and achieving improvement in therapeutic effects (44). At present, two combinations have been used in the study of breast cancer therapy, Veliparib and anti-CTLA-4, and Olaparib and anti-PD-L1. Noticeably, immunotherapy is applied in both situations. In future studies, we need to choose different kinds of PARPis according to the cancer types and need more studies to confirm the influences of PARPis on anti-tumor response.

In the in vitro experiments, IFNγ, TNFα, and PARPis (Veliparib) can coordinate to inhibit the proliferation of BRCA-deficient cancer cell line. In the mice model inoculated in this cancer cell line, the synergistic effects of anti CTLA-4 and PARPis have better anti-tumor results than any single drug, and the mice in this groups have the highest survival rate. This response is mediated by the infiltration of intraperitoneal CD8+ T cells that produce IFNγ. As the response to anti CTLA-4 and PARPis, the increase in local IFNγ is competent to prohibit tumor growth, while this drug combination does not have similar roles to BRCA1-sufficient ovarian cancer. For now, there is no conclusion if it functions in the immunotherapy in human. Therefore, more studies are required to confirm the roles of PARPis on anti-tumor response.

Combining PARPi and immunotherapy has been the latest progress. In contrast, the synergistic effects of radiotherapy and immunotherapy have been fully vindicated (45). Many studies based on animal models have shown that radiation has anti-tumor immunological effects, mainly by regulating CD8+ T lymphocytes. Besides, ionizing radiation induces proinflammatory lesions and fibration, which is partially mediated by regulating cytokines. A similar process has been observed in cancer, with the infiltration of leukocytes (7, 46). Ionizing radiation activates CTl by a variety of mechanisms, including inducing TAA production and killing tumor-specific T cells. In addition, exposure in ionizing radiation upregulates major histocompatibility complex 1 (MHC-1) expression in cancer cells so that the TAA presenting of CD8+ lymphocytes is enhanced. Ionizing radiation also regulates damage-associated molecular patterns (DAMPs) release in the tumor bed, which then activate macrophages and DC. Finally, CTL production is raised. Ionizing radiation can also upregulate MHC expression to raise the production of TAA. It can improve immuno-response and coordinate with immunotherapy. Since TTA might be caused by cancer mutations, the tumors with higher mutations may have better response to the combination of ionizing radiation and immunotherapy. Not only IR but also cytotoxic effector molecules targeting DNA repair such as PARPis can enhance the mutation load in tumors. DNA repair is already defective. Therefore, PARPis and ionizing radiation may improve therapeutic effects as immune checkpoint inhibitors.

Since the coupling of radiotherapy and PARPis has become a used treatment, its influences on anti-tumor immune response are also required to be tested. Studies have shown that PARPis and radiation can upregulate the expression and secretion of chemokines, such as CCL2 and CCL5 (PARPis, CXCL-16, and CXCL-10), and facilitate tumor infiltrating by CTL. The effects of this group is undetermined. PARPis and ionizing radiation can upregulate PD-L1 on the surface of cancer cells to suppress immunity (45). Thereby, we should investigate the changes in immunological molecular spectra in cancer cells after the induction of radiation plus PARPis and TIL (especially CTL), so that we can gain insight into the underlying mechanisms (6, 17). Animal models are needed to be developed in order to study the effects of triple therapy incorporating PARPis, radiation, and immune checkpoint inhibitors or T cell therapy, and confirm if they can improve anti-tumor response. In this situation, it is quite meaningful to compare the effects of heavily charged particles and photon radiation on anti-tumor immune response and to prove that the combination of radiosensitizer and PARPis can reduce radiotoxicity.

By far, dMMR has still been the only proven genome biomarker that responds to CPI. A large portion of cancer has profound and lasting response. The abnormal high TMB may be the basis of the immunogenecity and instructs a new direction for exploring other genomic biomarkers especially other cancer-related DNA repair pathways defects (47). However, how DNA damage and repair affect the immunogenicity of these cancer seems to be versatile and complex. Particularly, how the different features of DNA damage affect the immunogenicity is largely unknown. In a study in which 60 patients with UC accept PD-1 or PD-L1 inhibitor treatment, the targeting exon sequencing shows that the existence of DDR changes is associated with 67.9% recurrence. Different reaction pathways make different influences. The effects are maximum in the cancer with POLE or NER mutation. Prospective study is required to confirm the contribution of defects in certain pathway in the possibility of CPI response.

Now, there are some ongoing clinical trials on DDR-related drugs with immunotherapy (Table 2). However, currently, both DDR and immunotherapeutic drugs have their limitations and resistance reported. Resistance to DDR drugs has now been widely reported, while immunotherapy, especially PD-1 inhibitors, has not been very effective in some solid tumors. For example, although some studies have shown that PD-1 and chemotherapeutic agents such as cisplatin can improve the survival time of some patients with nasopharyngeal carcinoma, the expression of PDL1 in most patients with nasopharyngeal carcinoma is low. Especially for recurrent nasopharyngeal carcinoma, PD-1 inhibitor does not show a good effect respond. This also needs to be further explored in future studies.


Table 2 | Ongoing clinical trials on DDR-related drugs with immunotherapy.






Conclusions and Future Perspectives

In the past decades, we have made great progress on understanding how cancer cells escape from the surveillance of immune system, which offers us new approaches based on how to prevent immune escape and eliminate cancer cells. The immune system has vital functions in the progression and restriction of cancer. The immunological surveillance of cancer includes three stages, namely, elimination, balance, and escape (48, 49). In this process, IFNγ and lymphocytes inhibit primary tumor progression. In the stage of elimination, the immuno-response can induce effective exogenous tumor-suppressing system, while the bad side is that it also causes an immunological selection of cancer cells that are more capable to survive in the immune-competent host. Next, the chosen tumor cells enter the stage of immune escape. Between these two stages, it is called immune balancing stage, in which tumor does not grow or grow slowly under the pressure of the immune system (50). Both innate and adaptive immunity particulate in countering cancer. Besides, cytokine IFNγ has pleiotropic effects, especially in the activation of NK cells and CTL. IFNγ signaling upregulates the expression of MHC I and MHC II and raises the expression of TAA in lymphocytes. IFNγ also induces specific TAA-activated CD8+ lymphocytes, thereby initiating CTL-mediated anti-tumor response. CTL infiltration enhances the lethal effect of immune system to cancer cells. A body of evidence has shown that CTL infiltration is related to the good prognosis of many tumors (51–53).

So far, people have found that MDSC plays an important role in tumorigenesis and progression as well besides TILs. Studies show MDSC can directly support the growth and metastasis of tumor besides suppressing the immune system. Similar to TILs, MDSC can also be considered as a factor for prognosis of cancer immunotherapy and the target of drugs according to the clinical data of patients. In sum, tumor-related myeloid including MDSC and TAM reprogram to create an immune-suppressing environment in tumorigenesis. Meanwhile, it also promotes tumor stem, angiogenesis, the transformation from epithelium to mesenchyme and metastasis, which directly drive the progression of tumors. As an important kind of RNA, noncoding RNA also may play an important role in tumor treatment. Non-coding RNAs have been found to play important functions in tumor immunity and DNA damage repair in a variety of tumors, such as lncRNA and circRNA, which suggest that they may serve as important targets for combination drug delivery.

DDR drugs cause biological behaviors such as apoptosis of tumor cells through DNA damage, thus leading to the death of tumor cells. In contrast, immunosuppressants, especially immune checkpoint inhibitors represented by PD-1, promote the killing of tumor cells by immune cells via attenuating the immune escape of tumor cells. Recent studies also have found that DDR drugs lead to changes in tumor microenvironment, which mechanistically explains why the combination of DDR drugs and immunotherapy may have better effects on the treatment of tumors. The common pathway between DDR and immunotherapy has also been one of the main focuses of research in recent years, and studies have identified molecules represented by cGAS, which play important functions in both DNA damage repair and immunity. The roles of cGAS in immunity and DNA repair is noteworthy. Previous studies reported the existence of cytoplasmic DNA damage in late S phase. In addition, there has been evidence proving that cells can actively export DNA segment from the nucleus, which possibly contributes to the prevention of incorporating mistakes into DNA. Reversely, when efficient DNA repair is lacking, cytoplasmic DNA will trigger cGAS-mediated innate immuno-response (54, 55). Studies have shown that the downregulation of cGAS and STING successfully reverses the effects of combining DNA repair-related anti-tumor drugs and PD-L1 in prohibiting tumor growth. Therefore, cGAS can also be a molecule worth further investigation. However, although the combination of immunotherapy and DDR drugs has achieved good results in some tumors, current clinical studies have shown that most solid tumors are not sensitive to immunotherapy or immunotherapy plus chemotherapy, which requires further investigation of the mechanisms and development of new immunotherapy drugs in future studies.
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Background

Glypican 2 (GPC2), a member of glypican (GPC) family genes, produces proteoglycan with a glycosylphosphatidylinositol anchor. It has shown its ascending significance in multiple cancers such as neuroblastoma, malignant brain tumor, and small-cell lung cancer. However, no systematic pan-cancer analysis has been conducted to explore its function in diagnosis, prognosis, and immunological prediction.



Methods

By comprehensive use of datasets from The Cancer Genome Atlas (TCGA), Cancer Cell Line Encyclopedia (CCLE), Genotype-Tissue Expression Project (GTEx), cBioPortal, Human Protein Atlas (HPA), UALCAN, StarBase, and Comparative Toxicogenomics Database (CTD), we adopted bioinformatics methods to excavate the potential carcinogenesis of GPC2, including dissecting the correlation between GPC2 and prognosis, gene mutation, immune cell infiltration, and DNA methylation of different tumors, and constructed the competing endogenous RNA (ceRNA) networks of GPC2 as well as explored the interaction of GPC2 with chemicals and genes.



Results

The results indicated that GPC2 was highly expressed in most cancers, except in pancreatic adenocarcinoma, which presented at a quite low level. Furthermore, GPC2 showed the early diagnostic value in 16 kinds of tumors and was positively or negatively associated with the prognosis of different tumors. It also verified that GPC2 was a gene associated with most immune-infiltrating cells in pan-cancer, especially in thymoma. Moreover, the correlation with GPC2 expression varied depending on the type of immune-related genes. Additionally, GPC2 gene expression has a correlation with DNA methylation in 20 types of cancers.



Conclusion

Through pan-cancer analysis, we discovered and verified that GPC2 might be useful in cancer detection for the first time. The expression level of GPC2 in a variety of tumors is significantly different from that of normal tissues. In addition, the performance of GPC2 in tumorigenesis and tumor immunity also confirms our conjecture. At the same time, it has high specificity and sensitivity in the detection of cancers. Therefore, GPC2 can be used as an auxiliary indicator for early tumor diagnosis and a prognostic marker for many types of tumors.





Keywords: GPC2, pan-cancer, diagnosis, prognosis, immunization



Introduction

Cancer brings immense suffering to individuals (1). From radiotherapy and chemotherapy to targeted therapy and immunotherapy, persistent efforts enhance our understanding toward the complex pathogenesis of tumor and raise the level of treatment (2). However, immunotherapy calls for more investigation in different cancers to validate itself (3, 4). Pan-cancer analysis is the analysis of genes in a wide variety of cancers, in which the differences and similarities of the expression of extracted genes are compared (5). Thanks to public databases like The Cancer Genome Atlas (TCGA), valuable factors can be mined for diagnosis, prognosis, and immunotherapy (6).

Glypican 2 (GPC2) is a protein-coding gene expressing cell surface proteoglycan bearing heparan sulfate (7). The glypican (GPC) family genes encode GPC which attaches to the cell membrane by means of a glycosylphosphatidylinositol (GPI) anchor (8). Studies manifest that these glypicans work as protein co-receptor, playing a part in signal transduction of wingless (Wnts), hedgehogs (Hhs), fibroblast growth factors (FGFs), and bone morphogenetic proteins (BMPs) (7). Six species of GPC (GPC1–6) have been identified in mammals, and all of them are shown as cancer therapeutic targets with high expression in cancers (9). Their expression varies in different tissues, and among them GPC2 is mainly active in growing nervous tissues and thyroid cancer tissues (10–14). It participates in the growth and differentiation of neuronal axons (15). Increasing evidence has demonstrated the overexpression of GPC2 in neuroblastoma, a kind of childhood cancer (9, 16, 17). Based on previous research, immunotherapy and targeted therapy have shown good therapeutic prospects in neuroblastoma and malignant brain tumors (16, 18, 19). A research identified immunotherapy targets in 12 pediatric cancers, and GPC2 was analyzed in 8 diseases such as osteosarcoma (OS) and Ewing sarcoma (EWS), which makes it evident that GPC2 has a wide range of functions in childhood cancers (20). Some papers consider that it keeps silent relatively in various adult normal tissues such as brain, heart, lung, and kidney (9, 21). However, small-cell lung cancer and prostate cancer were discovered to have an upregulated expression (17, 22). Moreover, experiences show that a high expression of GPC2 may lead to favorable prognosis in early pancreatic duct adenocarcinoma after pancreaticoduodenectomy (23). Generally, GPC2 has an effect on protein transduction, cell proliferation and differentiation, and oncogenic signatures (7, 23).

In view of the lack of pan-cancer study and inconsistencies in past research, we retrieved diverse data resources containing TCGA, Cancer Cell Line Encyclopedia (CCLE), Genotype-Tissue Expression Project (GTEx), cBioPortal, and Human Protein Atlas (HPA) and extracted corresponding data subsequently. With the analysis and comparison of the expression of GPC2 in types of malignancies, we further conducted immune infiltration levels, co-expression analysis of immune-related genes with GPC2, and DNA methylation across 33 types of cancer. Besides, we also investigated competing endogenous RNA (ceRNA) networks and interacting chemicals and genes of GPC2. There is a discovery that GPC2 can be employed as a diagnostic, prognostic, and immunological predictor of generalized cancers. The study may broaden the train of thought toward application of GPC2 in immunotherapy.



Materials and Methods


Data Preprocessing and Differential Expression Analysis

The mRNA expression profiles and correlative clinical data from 33 types of cancer samples and corresponding normal samples were downloaded from TCGA (https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga), which involve 11,315 samples in all. The differentially expression genes (DEGs) between tumor tissues and adjacent tissues were identified using the log2 transformation and t-tests in TCGA cohorts with a p-value <0.05. The intersection genes were screened from the cancer species with significant differential expression.

We downloaded gene expression data from GTEx (https://commonfund.nih.gov/GTEx) from 31 different tissues. The CCLE database (https://sites.broadinstitute.org/ccle) is a large, public cancer genome database, which includes information of thousands of cell lines and methylation gene expression profiles. We downloaded the data of cancer cell lines from 37 human tissues in CCLE and analyzed their GPC2 expression.

The downloaded data enabled us to evaluate the expression levels of GPC2 in 31 normal tissues as well as 33 tumor tissues and compare the cancer samples with paired standard samples in 33 cancers. Log2 transformation and t-tests were performed on the expression data and these tumor types. The expression difference between tumor and normal tissue samples was identified by the standard of p-value < 0.05. R software (Version 4.0.2, https://www.Rproject.org) was used for data analysis, and the “ggplot2” R package was applied to draw the box diagrams.



Immunohistochemistry Staining of GPC2

HPA (https://www.proteinatlas.org/) is a human proteome atlas database containing information on the protein distribution of human tissues and cells. To analyze the differential expression of GPC2 at the protein level, we downloaded immunohistochemical images of 15 kinds of tumor tissues with their corresponding normal tissues from HPA. These included liver cancer, testis cancer, thyroid cancer, lymphoma, ovarian cancer, skin cancer, prostate cancer, breast cancer, stomach cancer, pancreatic cancer, cervical cancer, endometrial cancer, renal cancer, colorectal cancer, and lung cancer.



Analysis of the Diagnosis Value of GPC2

Mined from each sample provided by TCGA, the clinical phenotype, tumor stage, was chosen and its link with GPC2 expression was analyzed, which was carried out benefiting from “ggplot2” R packages. “ggplot2” is a kind of drawing package that can separate drawing and data, data-related drawing, and data irrelevant drawing. To evaluate the diagnostic accuracy of GPC2, the ROC curve analysis based on sensitivity and specificity was conducted using the “pROC” package. The area under the curve (AUC) ranges from 1.0 (perfect diagnostic) to 0.5 (no diagnostic value) (24).



Analysis of the Relationships Between GPC2 and Prognosis

We also had access to the survival data profiting from the samples downloaded from TCGA. Overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI) were considered as the indicators to explore the relevancy between GPC2 expression and patient prognosis. When it comes to survival analyses, the Kaplan–Meier method and log-rank test were used in each cancer type. R packages “survival” and “survminer” were used to draw the survival curves. Moreover, we employed the R packages “forestplot” to ascertain the relationship between GPC2 expression and survival in pan-cancer.



Relationship Between GPC2 Expression and Immunity

The relative scores for 24 immune cells in 33 cancers were calculated by a metagene tool, CIBERSORT (https://cibersort.stanford.edu/), which can predict the phenotypes of immunocytes. What is more, the correlations between GPC2 and each immune cell infiltration level were assessed based on R software packages “ggplot2” and “ggpubr”(“ggplot2” is a flexible package for elegant data visualization in R. The “ggpubr” package provides some easy-to-use functions for creating and customizing “ggplot2”-based publication-ready plots).

Additionally, we analyzed the co-expression of GPC2 and immune-related genes, specifically involving genes encoding the major histocompatibility complex (MHC) and immune activation, immunosuppressive, chemokine, and chemokine receptor proteins. Moreover, the visualization results were presented by “reshape2” and “RColorBrewer” packages. “Reshape2” is applied for the interaction between wide-format data and long-format data while “RColorBrewer” is applied to configure colors.



Correlation of GPC2 Expression With DNA Methylation

UALCAN (http://ualcan.path.uab.edu/) is a interactive web portal that is used to conduct an in-depth analysis of TCGA gene expression data (25). In this study, UALCAN was used to investigate the promoter methylation level of GPC2 in cancers.

cBioPortal (http://www.cbioportal.org/) is a platform that contains all tumor gene data in TCGA database and can provide researchers with multidimensional visual data. We selected data from 32 cancers, a total of 10,953 samples, and used cBioPortal for further analysis. The type and frequency of GPC2 gene mutation in all tumors were analyzed in “OncoPrint” and “CancerTypesSummary.” “OncoPrint” shows the mutation, copy number, and expression of the target gene in all samples in the form of a heat map. In addition, “CancerTypesSummary” shows the mutation rate of the target gene in generalized carcinoma in the form of a bar chart.



Target miRNA Prediction and ceRNA Network Construction

We retrieved target miRNAs of GPC2 from five prediction databases of miRNAs, including DIANA-microT (http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=microT_CDS/index), RNA22 (http://cbcsrv.watson.ibm.com/rna22.html/), miRDB (http://mirdb.org/miRDB/), miRWalk (http://mirwalk.umm.uni-heidelberg.de/), and miRcode (http://www.mircode.org/index.php). Target miRNAs were defined as miRNAs found in at least three databases. StarBase v2.0 (https://starbase.sysu.edu.cn/index.phpStarBase) constructed the most comprehensive miRNA–lncRNA and miRNA–circRNA interaction networks (26), providing lncRNA and circRNA information about GPC2. The screening criteria were mammal, human, hg19, strict stringency (≥5) of CLIP-Data, and with or without data of Degradome-Data. The Cytoscape was applied to visualize the ceRNA networks according to the relationship among non-coding RNAs (ncRNAs), miRNAs, and mRNAs.



Interaction of GPC2 With Chemicals and Genes

The Comparative Toxicogenomics Database (CTD, http://ctdbase.org/) is a digital resource contributing to investigation in novel connections of molecular mechanisms by which chemicals influence health outcomes (27). We used this database to query the interacting chemicals of GPC2 and explore the genes with high similarity to GPC2 in terms of common interacting chemicals.

The GeneMANIA database (http://www.genemania.org) is a user-friendly website that can find functionally similar genes according to the given gene list based on a wealth of genomics and proteomics data (23). Through detection of similar gene functions in GeneMANIA, we identified genes whose expression patterns were similar to those of GPC2.




Results


Differential Expression of GPC2 Between Tumor and Normal Tissue Samples

The GTEx datasets were used to analyze the expression levels of the GPC2 gene across different tissues under physiological conditions (Figure 1A). It is not difficult to find that GPC2 expression levels were highest in testis (compared with other tissues, the differences were statistically significant), but low in most other normal tissues. Figure 1B presents the relative GPC2 expression levels in various cancer cell lines from CCLE. It can be seen from the results that the expression levels of GPC2 are generally increased in cancer cell lines from different tissue sources, which is consistent with the analysis result of TCGA database, and it is significantly expressed in the peripheral nervous system.




Figure 1 | Differential expression of GPC2. (A) Expression of GPC2 in normal tissues. (B) Expression of GPC2 in cancer cell lines. (C) Expression of GPC2 in 33 types of cancer. (D) Comparison of GPC2 expression between tumor and paired normal samples. (E) Comparison of GPC2 expression between tumor and normal samples. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not statistically significant.



Whereafter, we ranked GPC2 expression levels in various cancers from lowest to highest (Figure 1C). GPC2 was expressed in all tumors, with the highest level in uterine carcinosarcoma (UCS) and, conversely, lowest in liver hepatocellular carcinoma (LIHC). We also made a comparison between cancer and paired normal samples on GPC2 expression levels in 33 cancers, based on TCGA data (Figure 1E). Except for those cancers in which no normal tissue data were available or only had very few normal samples, it was detected that the expression of GPC2 in 21 types of cancer was significantly different from that in normal tissue. Thereinto, GPC2 levels were upregulated in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), LIHC, lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), uterine corpus endometrial carcinoma (UCEC), and glioblastoma multiforme (GBM). In contrast, GPC2 had a low expression in tumor relative to normal tissues in pancreatic adenocarcinoma (PAAD). However, there was no significant difference in GPC2 levels between sarcoma (SARC), skin cutaneous melanoma (SKCM), thymoma (THYM), and non-tumor tissues. Besides, a noteworthy increase in GPC2 expression in 16 types of cancer was observed respectively in paired tumor samples compared with corresponding normal samples (Figure 1D). These results suggest that GPC2 expression is upregulated in various types of cancer, indicating that GPC2 may play a potentially pivotal role in cancer diagnosis.

Furthermore, to assess the expression of GPC2 in terms of protein level, we elicited the immunohistochemical images taking advantage of the HPA database. From Figure 2, it can be intuitively seen that the protein expression of GPC2 was significantly higher in 15 cancers than in normal tissues.




Figure 2 | The protein expression of GPC2 in immunohistochemical images of normal (left) and tumor (right) groups.





Diagnosis Value of GPC2 Across Cancers

In the examination on the tumor stage relevance, we discovered it was in 16 types of cancer that the GPC2 expression significantly increased in the early tumor stage (Figure 3), including CHOL, LUSC, LUAD, KIRP, HNSC, LIHC, ESCA, KIRC, UCEC, BLCA, COAD, READ, STAD, PRAD, THCA, and BRCA, indicating that GPC2 may have important clinical value in the early diagnosis of these tumors. The ROC curves were utilized to make an evaluation of the performance of the gene signature for diagnostic accuracy. A different AUC cutoff has been considered to indicate high diagnostic accuracy (AUC: 1.0–0.9), relative diagnostic accuracy (AUC: 0.9–0.7), or low diagnostic accuracy (AUC: 0.7–0.5). Figure 4 shows that the AUC of ROC analysis of the model has high diagnostic accuracy in 6 types of cancer, relative diagnostic accuracy in 16 types of cancer, and low diagnostic accuracy in 7 types of cancer. It is worth emphasizing that the AUC achieved 1.0 in CHOL.




Figure 3 | Association between GPC2 expression and tumor stage. *p < 0.05, **p < 0.01, ***p < 0.001. ns, not statistically significant.






Figure 4 | AUC of ROC curves verified the diagnosis performance of GPC2 in the TCGA cohort.





Prognostic Significance of GPC2 Across Cancers

Aiming to investigate the association between GPC2 expression level and prognosis, we performed a survival association analysis for each cancer, concentrating on OS, DSS, and PFI. One the one hand, Cox proportional hazards model analysis illustrated that the expression levels of GPC2 were associated with OS in COAD (p < 0.001), PAAD (p < 0.001), acute myeloid leukemia (LAML) (p < 0.001), ACC (p < 0.001), SARC (p < 0.001), KIRC (p < 0.001), BLCA (p = 0.001), PRAD (p = 0.003), brain lower grade glioma (LGG) (p = 0.003), HNSC (p = 0.005), mesothelioma (MESO) (p = 0.005), THYM (p = 0.009), LIHC (p = 0.013), ESCA (p = 0.016), BRCA (p = 0.035), UCEC (p = 0.035), uveal melanoma (UVM) (p = 0.049), and THCA (p = 0.049) (Figure 5). On the other hand, GPC2 was a low-risk factor in PAAD, LAML, BLCA, LGG, HNSC, THYM, and ESCA, while it was a high-risk factor in other types of cancer, especially PRAD (hazard ratio = 10.20) (Figure 5). Kaplan–Meier survival analysis also demonstrated that among patients with PAAD, LAML, BLCA, LGG, HNSC, THYM, and ESCA, high GPC2 expression was associated with better OS, while in patients with COAD, ACC, SARC, KIRC, PRAD, MESO, LIHC, BRCA, UCEC, UVM, and THCA, those with high GPC2 expression had shorter survival times.




Figure 5 | Association between GPC2 expression and overall survival (OS). (A) Forest plot of OS associations in 33 types of tumor. (B–S) Kaplan–Meier analysis of the association between GPC2 expression and OS.



Moreover, DSS data analysis presented in Figure 6 reflected associations between low GPC2 expression and poor prognosis in patients with BLCA (p = 0.001), PAAD (p  = 0.002), HNSC (p = 0.007), KIRP (p = 0.013), LGG (p = 0.015), and ESCA (p = 0.047); however, in patients with other 8 types of cancer, GPC2 expression exhibited the opposite relationship with prognosis.




Figure 6 | Association between GPC2 expression levels and disease-specific survival (DSS). (A) Forest plot of association of GPC2 expression and DSS in 33 types of tumor. (B–O) Kaplan–Meier analysis of the association between GPC2 expression and DSS.



Referring to associations between GPC2 expression and PFI, high expression of GPC2 was associated with poor PFI in ACC (p < 0.001), PRAD (p < 0.001), KIRC (p = 0.001), COAD (p = 0.001), BRCA (p = 0.001), MESO (p = 0.002), STAD (p = 0.003), PCPG (p = 0.003), THCA (p = 0.014), READ (p = 0.039), and CHOL (p = 0.042), while low expression was associated with poor PFI in patients with PAAD (p = 0.003), THYM (p = 0.004), GBM (p = 0.013), BLCA (p = 0.015), HNSC (p = 0.021), KIRP (p = 0.025), and LGG (p = 0.026) (Figure 7).




Figure 7 | Association between GPC2 expression levels and progression-free interval (PFI). (A) Forest plot of PFI association with GPC2 expression in 33 tumor types. (B–S) Kaplan–Meier analysis of the association between GPC2 expression and PFI.





Relationship Between GPC2 Expression Level and Tumor Immune Cell Infiltration

Our result of CIBERSORT revealed that for most types of cancer, the association between levels of immune cell infiltration and GPC2 expression was significant (Figure 8). Especially, GPC2 expression level had a positive relation with infiltrating T cells, T helper cells, Tcm, Th17 cells, and Th2 cells in THYM.




Figure 8 | Relationship between GPC2 expression and immune cell infiltration in different cancers. *p < 0.05, **p < 0.01.



Moreover, a co-expression analysis was carried out in 33 tumors, in order to detect the relationships between GPC2 expression and immune-related genes. From the heat map (Figure 9), we can intuitively see that almost all immune-related genes were co-expressed with GPC2, and except LUSC and SARC, majority of immune-related genes were positively correlated with GPC2 in all types of tumor (p < 0.05).




Figure 9 | Co-expression of GPC2 and immune-related genes. *p < 0.05, **p < 0.01.





Correlation of GPC2 Expression With DNA Methylation

The UALCAN online tool provided a platform for us to investigate promoter methylation levels of GPC2 among groups of patients and normals according to different cancers. The beta value indicates level of DNA methylation ranging from 0 (unmethylated) to 1 (fully methylated). A different beta value cutoff has been considered to indicate hypermethylation (beta-value: 0.7–0.5) or hypomethylation (beta-value: 0.3–0.25). Figure 10 shows that the promoter methylation levels of GPC2 were significantly higher in 12 tumor groups than those in normal groups.




Figure 10 | The promoter methylation level of GPC2 in cancers.



The mutation of the GPC2 gene in all tumor tissues was analyzed by the cBioPortal platform. 10,953 patients from the TCGA database were analyzed. The amplification of GPC2 accounted for the largest proportion of all mutation types, of which esophageal squamous cell carcinoma, esophagogastric adenocarcinoma, and CHOL had the highest occurrence rates of 8.42%, 6.42%, and 5.56%, respectively (Figure 11). Amplification is the most common type.




Figure 11 | Mutation of GPC2. (A) Alteration frequency of GPC2. (B) OncoPrint visual summary of alterations in a query of GPC2 from cBioPortal.





Prediction of Target miRNAs and Construction of the Co−Expressed Network

It is well known that miRNAs are able to induce gene silencing and downregulate gene expression via combining mRNAs. The ceRNA network is the connection built on the interaction among mRNAs, miRNAs, and their corresponding ncRNAs. NcRNAs, including circRNAs and lncRNAs, are regarded as upstream molecules, which can influence the miRNAs′ function through binding miRNA response elements and further upregulating gene expression (28). In the end, we acquired 22 target miRNAs of GPC2 from five databases. However, only 8 target miRNAs can be retrieved in StarBase to predict their circRNAs and lncRNAs. As a result, 121 target lncRNAs and 149 target circRNAs were obtained about the target miRNAs of GPC2. The ceRNA networks shown in Figure 12 were accorded to the prediction results, which might provide a basis for us to research the potential drugs regulating GPC2.




Figure 12 | ceRNA networks of GPC2 (red circle represents the hub gene, yellow vs. represent the miRNAs, green hexagons represent the lncRNAs, and purple hexagons represent the circRNAs).





Interacting Chemicals and Genes of GPC2

The data from the CTD database listed that GPC2 is associated with 50 chemicals, in which 21 chemicals can upregulate GPC2 while 21 can downregulate it. Additionally, 8 chemicals were confirmed to have an effect on the expression of GPC2 with unclear specific roles (Table 1).


Table 1 | Interacting chemicals of GPC2 from CTD.



Furthermore, we discovered the top 20 relationships between GPC2 and other genes via chemical associations. The results showed that GPC2 is highly correlated with Synaptotagmin-Like 5 (SYTL5), Transmembrane protein 108 (TMEM108), ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 2 (ST8SIA2), Hes-Related Family BHLH Transcription Factor With YRPW Motif Like (HEYL), and Transmembrane protein 231 (TMEM231) (Table 2).


Table 2 | Relationship of GPC2 with genes via chemical interaction, based on the CTD database.



The gene–gene interaction network for GPC2 and similar genes was constructed by GeneMANIA. The results showed that the 20 most frequently altered genes closely correlated with GPC2, in which Midkine (MDK) has the most significant correlation to GPC2. Moreover, the functional analysis suggested that GPC2 and its similar genes were prominently associated with the glycosaminoglycan metabolic process, aminoglycan metabolic process, and aminoglycan biosynthetic process (Figure 13).




Figure 13 | The gene–gene interaction network of GPC2 from GeneMANIA.






Discussion

Hitherto, cancer-related research has always been a research focus in the current medical domain. 33 cancer-related data from TCGA and CCLE platforms were used to explore biomarkers suitable for broad-spectrum cancer diagnosis through gene expression difference analysis. By pan-cancer analysis, GPC2 emerged from a number of genes due to its significant upregulation in many types cancer, and we illuminate the significant difference in its expression between cancer and normal tissues in many ways and discussed its early detection value, regulatory pathways, associated genes, and compounds. GPC2 is a member of glypicans. Heretofore, GPC3 and GPC1, which show excellent diagnostic effects in specific cancer types, respectively, have monopolized most studies of glypicans. For example, GPC1, the same subfamily gene of GPC2, has been proved to be a diagnostic biomarker and therapeutic target for pancreatic cancer and trigger a wave of interest of glypicans (29). Also reported in the literature, GPC3 has been proved to have high specificity in the diagnosis of hepatocellular carcinoma and can be used as a marker to distinguish hepatocellular carcinoma from other liver tumors (17, 30). In a further study of GPC3, Tetsuya Nakatsura et al. found that it could also be used as an auxiliary indicator for the early diagnosis of melanoma (31). GPC2 was originally identified in rat brain at locus 7q22.1, encoding a 579-amino acid protein, but the mechanism of action has not been revealed (7, 32). The UniProt (https://www.uniprot.org/) platform predicts that GPC2 has five hydrogen sulfur bond insertion sites, and it has been reported that the unique structure of GPC2 helps to bind to the Wnt signaling pathway, thus affecting the expression of MYCN Proto-Oncogene (MYCN) and regulating the proliferation of tumor cells (33).

In our comprehensive analysis and screening of a large number of genes, GPC2 has captured our attention because of its preeminent detection performance. Except for cancers with no normal tissue data or only an insufficient number of normal tissue samples, our results detected the significant differences of GPC2 expression between tumors and normal tissues of 20 forms of cancer. Among them, GPC2 expression levels were upregulated in BLCA, BRCA, CESC, CHOL, COAD, ESCA, HNSC, and so on. A mere one form of cancer (PAAD) shows a downregulation between PAAD tumor tissues and non-tumor tissues.

Unfortunately, due to the insufficient number of normal samples in the database, the data of GPC2 in the expression difference analysis of THYM, SKCM, and SARC were not statistically significant. In cancers such as LGG, UCS, TGCT, OV, LAML, DLBC, ACC, UVM, and MESO, the analysis was not successful due to the lack of normal group samples. With the accumulation of datasets, this part is worth a further exploration in the future. For instance, recent studies have manifested that GPC2 expression is low in normal pediatric tissues but elevated in optic neuroblastoma tissues, and it has been selected as an excellent chimeric antigen receptor T cell therapy target for optic neuroblastoma, and its therapeutic effect is attracting much attention (16).

In addition, GPC2 expression was significantly increased in 16 cancers in paired sample expression differential analysis. Immunohistochemical analysis confirmed higher levels of GPC2 protein at the protein level in almost all cancers. By and large, these findings confirm that GPC2 expression is upregulated in a variety of cancers, suggesting that the prospect of GPC2 in cancer diagnosis is worth looking forward to.

For the time being, the early cancer detection is of great clinical significance, to push back the frontier of the early cancer detection; thereby, we explored the differential expression of GPC2 in the samples marked with cancer staging information. Analysis showed an early elevation of GPC2 in 16 of the 17 cancers in which staging and normal control samples were collected. The AUC of the ROC curve also confirmed the superior performance of GPC2 in the diagnosis of multiple cancers. GPC2 showed high diagnostic accuracy in 6 forms of cancer (AUC: 1.0–0.9), and it is worth noting that 1.0 was reached in CHOL. Sixteen cancer forms showed relative diagnostic accuracy (AUC: 0.9–0.7). To investigate the association between GPC2 expression levels and prognosis, survival association analysis was performed using Kaplan–Meier survival curves for each type of cancer, including OS, DSS, and PFI. Combining these results, we found that high GPC2 expression had a good prognosis in PAAD, BLCA, LGG, HNSC, ESCA, THYM, LAML, and GBM and a poor prognosis in COAD, ACC, SARC, KIRC, PRAD, MESO, LIHC, BRCA, UCEC, UVM, and THCA.

By understanding the relationship between GPC2 gene expression and the level of tumor immune cell infiltration, we can find that the expression of GPC2 is mostly negatively correlated with the level of immune cell infiltration. GPC2 is believed to be involved in the transduction of the Wnt/β-catenin signaling pathway, which can regulate the differentiation and development of macrophages, B cells, and other immune cells and regulates the immune response process through multiple ways (34–36), These may also be the mechanism of GPC2 affecting the number of immune cells. This predicts that GPC2 is a good indicator that can reveal the occurrence of cancer in vivo from the side and play a very good supporting role in the diagnosis of tumor. Also, there is a significant positive correlation between GPC2 and immune-related genes.

From the results interpreted in the cBioPortal platform, we know that GPC2 is mutated in most forms of tumors. Thereinto, the incidence of esophageal squamous cell carcinoma, esophagogastric adenocarcinoma, and CHOL is the highest, which suggests that we should pay attention to the relationship between GPC2 gene mutation and digestive system tumors.

In our study, an elevated methylation level of the GPC2 promoter and a high expression level of GPC2 appeared simultaneously, which is not uncommon in tumor tissues. Smith et al. discussed several possible mechanisms of promoter DNA hypermethylation leading to paradoxical gene activation in detail, such as binding to transcription inhibitors, combining to remote control elements, or inducing alternative promoter activation (37). This study shows that there is a more complex network mechanism for gene expression regulation (37, 38). In order to demonstrate the upstream and downstream expression mechanisms of GPC2 in vivo more comprehensively, we constructed an intuitive ceRNA expression network containing ncRNAs, circRNAs, and lncRNAs. Based on these prediction results, we identified compounds that may regulate GPC2 expression and constructed the gene interaction network of 20 genes that are most closely related to GPC2 through chemical association.

To put it in a nutshell, we found that GPC2 was widely differentially expressed between tumor tissues and normal tissues through pan-cancer analysis and revealed the correlation between GPC2 expression and clinical prognosis. Our findings suggest that GPC2 has the potential to become an independent prognostic factor for many tumors and that the level of GPC2 expression may vary in different types of tumor. In the most recent study by Clevers et al., GPC2 is designed as a therapeutic target for optic neuroblastoma (39). By silencing GPC2, Wnt/β-catenin signaling is inactivated and MYCN expression is reduced, which is a driver of optic neuroblastoma. The specific role of GPC2 in each tumor needs to be further studied. Furthermore, the analysis results of tumor immune cell infiltration level and immune-related genes also showed that the expression level of GPC2 was mostly positively correlated with immune-related expression level. We also investigated GPC2 from the aspects of methylation level, immunohistochemical analysis, and mutation analysis, which will be helpful to further elucidate the mechanism of GPC2 in tumor development in the future.
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Immunotherapy, closely associated with immune infiltration and tumor mutation burden (TMB), is emerging as a promising strategy for treating tumors, but its low response rate in hepatocellular carcinoma (HCC) remains a major challenge. Herein, we applied two algorithms to uncover the immune infiltration landscape of the immune microenvironment in 491 HCC patients. Three immune infiltration patterns were defined using the CIBERSORT method, and the immune cell infiltration (ICI) scores were established using principal component analysis. In the high ICI score group, the activation of the Wnt/β-catenin pathway was significantly enriched and expressions of immune checkpoint genes increased, which showed a pessimistic outcome. The low ICI score group was characterized by increased TMB and enrichment of metabolism-related pathways. Further analysis found that the ICI score exhibited a significant difference in age ≥65/age <65, grade I/grade II–IV, and response to immunotherapy. Moreover, the CTNNB1 mutation status was found to be closely associated with prognosis and immunotherapeutic efficiency, significantly affecting the ICI score and TMB, which might be regarded as a potential marker for the treatment of HCC. The evaluation of immune infiltration patterns can improve the understanding of the tumor immune microenvironment and provide new directions for the study of individualized immunotherapy strategies for HCC.
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Introduction

Liver cancer ranks as the fourth leading cause of most common malignancies in the world (1, 2), 90% of which is hepatocellular carcinoma (HCC). At present, the main treatment options are liver transplantation, transarterial chemoembolization, radiofrequency ablation, surgery in the early stage, and molecular targeting agents (e.g., sorafenib, regorafenib, and lenvatinib) in the advanced stage (3). Although these treatment strategies lead to a modest survival benefit, the overall survival of HCC is still challenging due to the heterogeneity of HCC.

Immunotherapy can recognize and eliminate tumor cells by activating and enhancing the host immune system. Emerging evidence has highlighted that immunotherapy has been clinically proven to be an effective treatment for a variety of cancers (4). However, a major limitation is that only 10% to 20% of cancer patients can benefit from this treatment, which could be due to the difference in the amount of immune cell infiltration or somatic variants in tumor types (5). Therefore, it is an urgent need to identify the new therapeutic markers to determine the ideal HCC subgroups for immunotherapy.

Immune cells and stromal cells constitute the main part of the tumor microenvironment (TME), which are responsible for tumor spread, recurrence, metastasis, the effect of immunotherapy, and prognosis (6–9). For example, tumor-infiltrating CD4+ and CD8+ T lymphocytes play an antitumor role, which is associated with favorable prognosis (10–14). Tumor-associated macrophages (TAMs) exert a tumor-promoting effect by secreting immunosuppressive factors, thereby reducing survival outcomes (15, 16). In addition, excessive invasion of stromal components in tumor tissues hinders the transport of immune cells to tumor, suggesting that the intercellular communication in TME, rather than the single-cell population, is more likely to affect the occurrence and development of tumors (17–20). Thus, it is more important to elucidate the composition and characteristics of the complex tumor immune medium than in single-cell populations in TME.

In the study, we performed two calculation algorithms, Cell-type Identification by Estimating Relative Subsets of RNA Transcripts (CIBERSORT) and ESTIMATE, to analyze the gene-expression profiles of HCC samples and comprehensively describe the immune landscape of HCC. Besides, we classified HCC samples into three immune subtypes according to the immune infiltration patterns. The ICI score was established to characterize various immune statuses, which can accurately predict HCC patients’ response and prognosis to immunotherapy.



Materials and Methods


Data Collection From TCGA and GEO Databases

A total of 376 HCC samples were downloaded from TCGA database (https://portal.gdc.cancer.gov/), and 115 samples were downloaded from GSE76427 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE76427). The detailed description of the clinical information of HCC samples is provided in Supplementary Table S1. Another 80 samples from GSE10141 were used as an external validation set. To be consistent with the data of the microarrays (21), the fragments per kilobase million (FPKM) values in TCGA dataset were normalized as TPMs (transcripts per kilobase million). Then the TCGA-LIHC and GEO data were converted to log2 (TPM +1) to avoid negative values. Meanwhile, the deviation between different datasets caused by batch effects was removed using the “ComBat” algorithm (22).



Immune Profile Analysis

The “CIBERSORT” (Cell-type Identification by Estimating Relative Subsets of RNA Transcripts) algorithm was used to assess the proportion of distinct immune cells in each sample from TCGA-LIHC and GSE76427 datasets. The principle was to infer the proportion of cell types from tumor samples with mixed cell types using support vector regression based on the signature of 22 different immune cells (LM22, including B cells, T cells, natural killer cells, monocytes, macrophages, dendritic cells, and mast cells). Using the gene expression signature of LM22 as a reference, the “CIBERSORT” R package was used to infer the composition of immune cells in HCC samples by the deconvolution algorithm (23).

The “MCP-counter” (24) (Microenvironment Cell Populations-counter) algorithm was used to obtain information about the abundance of distinct specific cell lineage (including nine different cell types such as T cells, cytotoxic T cells, NK cells, and monocytic lineage) infiltration in HCC samples with or without CTNNB1. It was also a deconvolution method that used marker genes to quantify the relative abundance of immune cells by the “MCPcounter” R package.



Tumor Microenvironment Analysis

ImmuneScore, StromalScore, and ESTIMATEScore were quantified for each HCC sample by the ESTIMATE algorithm (25). ImmuneScore captured the infiltration of immune cells, while StromalScore represented the presence of stroma in tumor tissue. Specifically, ESTIMATEScore was calculated as the sum of ImmuneScore and StromalScore.



Consensus Cluster of Tumor-Infiltrating Immune Cell Analysis

According to the immune cell infiltration profiles, the number of unsupervised clusters was assessed via the “ConsensuClusterPlus” R package (26). The unsupervised clustering “Pan” method was performed based on Euclidean and Ward’s linkage analysis, and the procedure was repeated 1,000 times to ensure the classification stability. The result was visualized using the “heatmap” R package, and the subtype assignments were verified using t-distributed stochastic neighbor embedding (t-SNE).



Differential Gene Screening of Different Immune Infiltration Patterns

The molecular characteristics of different immunophenotypes were further explored by screening differential genes. p < 0.05 and absolute fold change >1.5 were set as the cutoff criteria, which was implemented using the “Limma” R package after running a log2 (TPM + 1) transformation.



Immune Cell Infiltration Score (ICI Score) Algorithm

According to gene expression, the unsupervised clustering method was used to classify HCC patients. Genes positively correlated with clusters were named gene signatures A, and genes negatively correlated were named gene signatures B. The dimension reduction of gene signatures A and B was performed by the “Boruta” algorithm. The signature score was extracted using principal component analysis (PCA). Then, the ICI score for each sample was defined using a method similar to the Gene expression Grade Index (27) as follows:

	

In the formula, PC1A and PC1B represented the first component of gene signature A and gene signature B, respectively.



Collection and Assessment of Tumor Mutation Burden

The somatic alteration data of the TCGA-LIHC cohort were downloaded from the TCGA data portal website (https://www.cancer.gov/tcga/). The tumor mutation burden (TMB) for each sample was determined by counting the total number of variants through the full length of exons. The “Maftool” R package (28) was used to identify the oncogenic drivers of HCC, and the somatic alterations of the oncogenic drivers were compared between high and low ICI scores. The top 20 oncogenic drivers with the highest alteration frequency were further analyzed to screen potential targets for immunotherapy.



Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was performed to compare the differences of a predefined set of genes between the high and low ICI score groups. The “c2.cp.kegg.v7.4symbols” downloaded from MSigDB v7.4 (Molecular Signatures Database) was chosen as the reference to calculate the gene set enrichment scores using GSEA software (v4.1.0). NOM p-value < 0.05 and FDR q-value <0.05 were considered as significant.



Evaluation of the Immunotherapy Efficacy

The response to immunotherapy was predicted by the Immune Cell Abundance Identifier (http://bioinfo.life.hust.edu.cn/ImmuCellAI) website. The difference of the ICI score between response and non-response groups was analyzed by the Wilcoxon test. Besides, a total of 127 HCC cases with mutation information were downloaded from the cBioPortal database (https://www.cbioportal.org/). Patients who received immunotherapy were analyzed to verify the effect of CTNNB1 mutation on immunotherapy.



Statistical Analyses

All statistical analyses were performed using SPSS version 22.0 or GraphPad Prism version 7.0 or R version 4.0.3 software. The Kaplan–Meier curve was employed for survival curve analysis with the log-rank test. Two groups were compared by the Wilcoxon test, and three or more groups were compared by the Kruskal–Wallis test. Correlation analysis was performed using the Spearman rank test. A p value less than 0.05 was regarded as statistically significant.




Results


ImmuneScore Revealed More Prognostic Value in HCC Versus StromalScore

The workflow of the study design is illustrated in Figure S1. In this study, a total of 491 HCC samples from the TCGA-LIHC and GSE76427 were included. The average age of these patients was 60.4 years, and 70.7% of the patients were male, which was 2.41 times higher than that of women (Supplementary Table S1). To assess the infiltrating proportion of immune/stromal cells, the ImmuneScore, StromalScore, and ESTIMATEScore for each sample were calculated by the ESTIMATE algorithm, respectively. ImmuneScore ranged from -931.61 to 3,171.87, while the distribution of StromalScore was -1,632.97 to 1,212.68 (Supplementary Table S2). The median of ESTIMATEScore was -186.74 ranging from -2,564.58 to 3,808.98, which was calculated by integrating the two scores. According to the median, HCC patients were divided into high and low groups, and the survival analysis was performed to estimate the prognostic value of the three scores. The log-rank test showed that the difference in immune score was statistically significant, and HCC patients with low scores had poor survival outcomes (Figure 1A, p = 0.039). However, StromalScore and ESTIMATEScore showed no significant correlation with the overall survival (Figures 1B, C, p = 0.062, p = 0.061, respectively). These results suggest that the immune status of TME was more suitable for predicting the prognosis of HCC patients.




Figure 1 | Correlation between ImmuneScore, StromalScore, and ESTIMATEScore with overall survival (OS). HCC patients were divided into two groups according to the median of ImmuneScore, StromalScore, and ESTIMATEScore. High group, n = 242; low group, n = 241. (A) Kaplan–Meier curve analysis of ImmuneScore with the log-rank test; (B) Kaplan–Meier curve analysis of StromalScore with the log-rank test; (C) Kaplan–Meier curve analysis of ESTIMATEScore with the log-rank test.





The Landscape of Immune Cell Infiltration in the TME of HCC

The abundance of 22 tumor-infiltrating immune cells in the TME of HCC was determined using the CIBERSORT algorithm, as depicted in Supplementary Table S3. In the immune microenvironment, M2 macrophages and resting memory CD4+ T cells were the most abundant (Figure 2A). The abundance of different tumor-infiltrating immune cells was found to be weakly to moderately correlated. Of the 22 immune cells, CD8+ T cells correlated best not only with immune score but also with CD4+ T cells (Figure 2B). In general, the correlation heatmap showed that T cell exhaustion was the main feature of immune cell dysfunction in the tumor microenvironment, which was one of the key links of tumor immunotherapy.




Figure 2 | The landscape of immuno-cell infiltration in the TME of HCC. (A) Comparison of the abundance of 22 tumor-infiltrating immune cells. (B) Correlation between the abundance of 22 tumor-infiltrating immune cells and Immune scores as well as Stromal scores. (C) Confirmation of the clustering patterns using the t-SNE algorithm. (D) Unsupervised clustering for all HCC patients based on the proportion of immune cells. (E) Kaplan–Meier survival analysis of three immune infiltration clusters. (F) Comparison of the expression of immune checkpoints among distinct immune infiltration clusters. *p < 0.05; **p < 0.01; ***p < 0.001. (G) Comparison of fraction of tumor-infiltrating immune cells in immune infiltration clusters. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.



Considering the interindividual difference in the proportion of immune cell infiltration, unsupervised hierarchical clustering was performed on all samples. The optimal number of clusters was three (Supplementary Table S4), and t-SNE analysis confirmed that three subtypes of patients could be completely distinguished (Figure 2C). The clinical characteristic and immune cell proportions of each cluster are shown in Figure 2D. Cluster A exhibited the best prognosis, and cluster C possessed the worst outcome (Figure 2E). Furthermore, there were significant differences in the immune-checkpoint expressions (e.g., CTLA-4, PD-1, and TIM-3, Figure 2F) and HCC stage (Supplementary Figures S2A, B) among the three immune patterns, which were significantly correlated with tumor progression.

Then, the effect of distinct immune cell infiltration patterns on the clinical prognosis of HCC patients was further investigated. As shown in Figure 2G, the subjects in cluster A showed higher resting memory CD4+T cells, which were associated with favorable prognosis. Cluster B was defined by a high level of follicular helper T cell (Tfh) and M2 macrophages. Cluster C with a low level of CD8+ T cells and a high level of Treg cells had a pessimistic outcome. These results suggested that three clusters had distinct immune cell infiltration features in the composition.



Identification of Gene Subtypes of HCC Based on Immune Profiles

To reveal the underlying biological features of distinct immunophenotypes, 214 genes were obtained by differential expression analysis (Supplementary Table S5). Three gene clusters were identified by the unsupervised hierarchical clustering, namely, gene subtypes A–C (Supplementary Table S4). The transcriptomic profiles of identified gene subtypes were depicted as a heatmap in Figure 3A, and t-SNE analysis confirmed that patients in three subtypes could be completely distinguished (Figure 3B). Through Kaplan–Meier plotter analysis, we found that patients in gene subtype A presented a favorable prognosis, while those in gene subtype C had a poor prognosis (Figure 3C).




Figure 3 | Identification of gene subtypes of HCC based on immune profiles. (A) Unsupervised clustering of differential gene expression among three immune infiltration clusters. (B) Confirmation of the clustering patterns using the t-SNE algorithm. (C) Kaplan–Meier curves for patients in the three clusters with log-rank p = 0.005. (D) Comparison of the proportion of tumor-infiltrating immune cells in three gene clusters. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. (E) Comparison of the expression of immune checkpoints among distinct immune infiltration clusters. *p < 0.05; **p < 0.01; ***p < 0.001.



As depicted in Figure 3D, the three gene clusters had distinct TME features. Expression levels of immune checkpoints such as PD-1 and CTLA4 were significantly different in the three gene subtypes (Figure 3E). Taken together, the concordance of immune profile-based genotypes with prognosis indicated that the molecular typing of HCC had important clinical prognostic significance.



Construction and Functional Enrichment Analysis of the ICI Score Based on Immune Infiltration-Related Genes

To further obtain a quantitative indicator of immune cell infiltration in HCC patients, the Boruta algorithm was used to reduce the redundant genes to obtain the optimal feature genes (Supplementary Table S5) and PCA was performed to construct the ICI score for each patient. Figure 4A shows the ICI score distribution of HCC patients in three gene subtypes. The expression of genes associated with immune checkpoints was significantly increased in the high ICI score group (Figure 4B). Meanwhile, the ICI score was significantly positively correlated with ImmuneScore, but not StromalScore and ESTIMATEScore (Supplementary Figure S3), which implied that the ICI score established could better reflect the immune status of the TME.




Figure 4 | Construction of immune score and functional enrichment analysis based on immune infiltration-related genes. (A) Alluvial plot of distribution of the ICI score and prognosis in different immune infiltration gene clusters. (B) Expression of immune checkpoint in high and low ICI score groups. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant. (C, D) GO enrichment analysis of signature genes A (C) and B (D). (E, F) Gene set enrichment analysis (GSEA) of high score (E) and low score group (F). (G) Kaplan–Meier survival analysis of high score and low score groups divided based on the optimal cutoff value. (H) Kaplan–Meier survival analysis of high score and low score groups in the validation cohort (GSE10141).



Additionally, the significant biological process of GO enrichment analysis for signature genes A and B is displayed in Figures 4C, D, respectively (Supplementary Tables S8, S9). The gene set enrichment analysis (GSEA) revealed that the differentially expressed genes for the high ICI score group were mainly involved in the Wnt/β-catenin pathway (Figure 4E and Supplementary Table S10). Metabolism pathways related to fatty acid, tryptophan, and propanoate were significantly enriched in the low ICI score group (Figure 4F and Supplementary Table S11). Kaplan–Meier plotter analysis revealed that the patients in the low ICI score group had poor prognosis than those in the high ICI score group (median OS 3.32 vs. 6.29 years, Figure 4G and Supplementary Table S12). In addition, the ICI score also exhibited good performance in predicting prognosis in external validation cohort (GSE10141, Figure 4H)  and internal validation cohorts (TCGA-LIHC, Figure 5A; GSE76427, Figure 5D).




Figure 5 | The role of the ICI score in the prediction of immunotherapeutic benefits. (A) Kaplan–Meier curves for patients with high and low ICI score in the TGCA-LIHC cohort. (B) Comparison of the ICI score in response and non-response to immunotherapy in the TGCA-LIHC cohort. (C) Percentage of objective response rate to immunotherapy for high score and low score groups in the TGCA-LIHC cohort. (D) Kaplan–Meier curves for patients with high and low ICI scores in the GSE76427 cohort. (E) Comparison of ICI scores in response and non-response to immunotherapy in the GSE76427 cohort. (F) Percentage of objective response rate to immunotherapy for the high score and low score groups in the GSE76427 cohort. (G) Percentage of clinical parameters for high score and low score groups. (H) Comparison of clinical parameters between high score and low score groups.





The Role of the ICI Score in the Prediction of Immunotherapeutic Benefits

To further determine the role of the ICI score in predicting the benefit of immunotherapy, the ImmuCell analysis website was used to predict the therapeutic effect of immune checkpoint inhibitors based on the transcriptome. Patients with a high ICI score in both TCGA-LIHC and GSE76427 cohorts had better prognosis than those in the low score group (Figures 5A, D). As shown in Figures 5B, E, the ICI score of the immunotherapy response group was lower than that of the non-response group. Besides, the objective response rate to immunotherapy was higher in the high ICI score group, which indicated that the ICI score was associated with objective response to immunotherapy (Figures 5C, F). Overall, these data manifested that ICI score could better predict the response to immunotherapy.

To further explore the utility of the ICI score in predicting the clinic therapeutic benefits in HCC patients, we analyzed the correlation between ICI score and clinical parameters. As depicted in Figures 5G, H, patients aged >65 years and grade I showed a significantly lower ICI score than those aged < 65 years and grades II–IV. Notably, the proportion of early-stage HCC (grade I) in the low score group was 51%, which was much higher than the 28% in the high score group. Collectively, the results obtained could be important for optimizing current immunotherapies targeting the aging world populations and contribute to the development of precise treatment of early-stage HCC.



The Correlation Between the ICI Score and Tumor Mutation Burden

Considering that genetic instability was a hallmark of tumor and the significant clinical implications of TMB, we explored whether TMB status and ICI score play independent or synergistic roles in predicting prognosis. First, we sought to determine the TMB values (Supplementary Table S13) and compare the differences in TMB between patients with high and low scores. Correlation analysis showed that the ICI score was negatively correlated with TMB (Figure 6A). Moreover patients with a low ICI score showed a significantly higher TMB than those in the high ICI score group (Figure 6B). Then the distribution of the prevalent TOP 20 oncogenic drivers with the highest alteration frequency in the low and high ICI score groups is shown in Figures 6C, D. Among the 20 genes, the majority of genes were associated with increased TMB value except for ABCA13, APOB, ARID1A, AXIN1, and MUC4 (Supplementary Figure S4). After stratifying patients according to TMB status, ICI score subgroups still strongly correlated with patient prognosis regardless of TMB values (Figures 6E, F), supporting the superior prognostic power of molecular features of the immune infiltration patterns.




Figure 6 | The correlation between the ICI score and tumor mutation burden (TMB). (A) Correlation between tumor mutation burden and ICI score. (B) Comparison of TMB in high score and low score groups. The oncoPrint plots of tumor-related gene mutations in the high ICI score (C) and low ICI score groups (D). (E) Kaplan–Meier curves of overall survival in the high TMB and low TMB groups. (F) Kaplan–Meier survival curve for high/low TMB combined with high/low ICI score.





CTNNB1 Mutation Might Be Predictive of Response to Immunotherapy

To further screen potential biomarkers for immunotherapy of HCC, we analyzed the top 20 oncogenic drivers with the highest alteration frequency. Among them, the significant difference in ICI score only existed between the patients with CTNNB1 mutation and those without CTNNB1 mutation (Supplementary Figure S5). Similarly, CTNNB1 status was also significantly related to the prognosis of patients with HCC (Figure 7A). Using the Kaplan–Meier curve analysis, we also found that only CTNNB1 expression was associated with poor outcomes (Supplementary Figure S6). Furthermore, in the TCGA-LIHC cohort, the mutation frequency of CTNNB1 was lower in the immunotherapy response group (15.9%) than in the non-response group (36.1%) (Figure 7B). A similar result was observed in the cBioPortal dataset, and none of the patients who responded to immunotherapy had CTNNB1 mutation (Figure 7C). The infiltration levels of T cells, B lineage, monocytic lineage, dendritic cells, neutrophils, and NK cells were significantly reduced in CTNNB1-mutated HCC patients (all p values were less than 0.05, Supplementary Figure S7). To sum up, CTNNB1 mutation tended toward higher TMB, higher ICI score, and lower immune cell infiltration, which better predicted immunotherapy response and may be a prognostic predictor in HCC patients.




Figure 7 | (CTNNB1 mutation might be predictive of response to immunotherapy. Kaplan–Meier survival curve of the (A) CTNNB1 wild-type group and (B) CTNNB1 mutation group in TCGA-LIHC. (C) CTNNB1 mutation status in the response and non-response groups from TCGA-LIHC (left) and cBioPortal database (right). (D) Comparison of the expression of CTNNB1 in wild-type and mutant groups. (E) Correlation between CTNNB1 expression and T-cell checkpoint expressions.



To test whether CTNNB1 mutation affected CTNNB1 function, we compared the expression level of CTNNB1 wild type and mutant type and found that its expression was significantly upregulated in the CTNNB1-mutated group (Figure 7D). We then assessed the correlation between CTNNB1 expression and the expression of critical immune checkpoints that have emerged as biomarkers for the selection of HCC patients for immunotherapy. The results showed that CTNNB1 expression was weakly associated with the expression of classical T cell immune checkpoint pathway-related molecules (e.g., PD-1/PD-L1, LAG3/TIM-3, B7-1/B7-2/CTLA-4) (Figure 7E). Besides, there were no significant correlations between CTNNB1 expression and the majority of killer immunoglobulin-like receptors (e.g., KIR2DL1, KIR2DS4, and KIR3DL1) that play an essential role in the regulation of natural killer (NK) activity (Supplementary Figure S8). The findings partly explained why patients with CTNNB1 mutation were innate resistant to immune checkpoint inhibitors. Taken together, CTNNB1 mutation might serve as a predictive marker of response to immunotherapy, which contributed to the precise decision-making of immunotherapy in HCC patients.




Discussion

Immunotherapy is emerging as a promising option for advanced HCC patients. A significant limitation of immunotherapy is that only a subset of HCC patients benefit from it. Given the individual heterogeneity of the immune environment, there is an urgent need to quantify the tumor immune infiltration patterns across individuals. In this study, we comprehensively analyzed the immune infiltration landscape of 491 HCC samples and categorized the HCC samples into three distinct immune infiltration subtypes. Furthermore, we established the ICI score to comprehensively quantify the immune environment of HCC, which might be an effective prognostic biomarker and predictor for evaluating immunotherapy response.

Currently, the mechanism of immunotherapy is based on the activation of T cells, especially CD8+ T, because of their role in tumor cell cytolysis. In the study, we found that CD8+ T cells had the best correlation with other 21 immune cells. It indicated that CD8+ T cells were the main cause of immune exhaustion in the immune microenvironment, which was consistent with the core concept of clinical immunotherapy. Besides, CD8+ T cells were also highly related to CD4+ T cells, which might partly explain the insufficient immune response of CD8+ T cells to eliminate tumors and why scientists had shifted their focus to the “supporting role” of CD4+ T cells. Overall, the results further confirmed that T cells were the core cells of immunotherapy, which partially explained why immune checkpoints targeting T cells could generate markedly specific immune responses.

Growing evidence manifests that immune cell dysfunction in the TME promoted immune suppression, thereby promoting tumorigenesis and progression (29–31). For instance, CD4+ T cells, CD8+ T cells, and Treg cells play important roles in tumor recurrence, metastasis, and immunotherapy response (32, 33). Here, we found that cluster A with the best prognosis was characterized by the highest CD4+T cell infiltration and exhibited an active immune phenotype, which was routinely so-called hot tumor (34–36). The cluster C with the worst prognosis had a low CD8+/regulatory T cell ratio, which implied an immune-cold phenotype (37, 38). However, the results of the ESTIMATE algorithm showed no significant difference in the ImmuneScore of the three clusters, which seemed to be inconsistent with the CIBERSORT algorithm. It implied that immune components, rather than the quantity, were more likely to affect the prognosis of immune subtypes.

Based on the differential genes among distinct immune infiltration patterns, we established the ICI score to fully quantify immune infiltration patterns by PCA analysis. The high ICI score group exhibited poor prognosis, and the expressions of immune checkpoints such as PD-L1 and TIM-3 were significantly increased. The prognostic value of the ICI score was validated in the external validation cohort (GSE10141). Age is associated with many changes in immune function, primarily a reduction in the number of lymphocytes, especially T cells, and a decrease in the diversity of the T-cell receptor repertoire (39, 40). Stratified analysis showed that patients aged >65 years and grade I showed significantly lower ICI score than those aged <65 years and grades II–IV, suggesting that the ICI score was important for optimizing current immunotherapy targeting an aging world population and developing precise treatments for early HCC. Through GSEA, we found that genes involved in the high ICI score group were enriched in the Wnt/β-catenin pathway, now commonly defined as immune exclusion HCC class, also known as HCC “cold” tumors (41). Furthermore, the ImmuCell analysis website predicted response to immunotherapy in the TCGA-LIHC and GSE76427 cohorts. The results showed a lower ICI score in the immunotherapy response group. In contrast, the objective response rate of immunotherapy was lower in the high ICI score group. Taken together, these data manifested that the ICI score could better predict the response to immunotherapy and had important clinical significance.

Previous studies have shown that TMB is a predictive biomarker of the efficacy of immunotherapy, and the higher the TMB, the better the efficacy of immunotherapy (42, 43). In the study, our current study showed that high TMB was a poor prognosis factor for patients with HCC, which was consistent with HCC being a genetic disease requiring only four mutations on average. Besides, we also found a significant difference in the mutation frequency of multiple genes between the high and low ICI score groups. The ICI score was significantly negatively correlated with TMB, with a correlation coefficient of -0.17, and TMB was significantly increased in patients with a low ICI score. The stratified analysis showed that the ICI score could synergistically predict HCC patients’ prognosis with TMB, which implies that the molecular alterations may interfere with cell-to-cell communication between infiltrating immune cells during tumorigenesis.

Considering the limitation of the ICI score that can only be obtained by transcriptome analysis of surgical specimens, we analyzed the somatic mutation genes in the high and low score groups to screen potential biomarkers for HCC immunotherapy and found that the ICI score was significantly increased in patients with CTNNB1 mutation. Previous studies have shown that 30% of HCC patients harbor CTNNB1 mutation, which may represent those with innate resistance to immune checkpoint inhibitors (41–44). Compared with wild-type CTNNB1, HCC patients with CTNNB1 mutation in TCGA-LIHC and cBioPortal databases were resistant to immunotherapies, suggesting that CTNNB1 might represent the biomarkers for predicting resistance to immune checkpoint inhibitors. Moreover, T cells, B lineage, monocytic lineage, dendritic cells, neutrophils, and NK cells exhibited lower infiltration levels in CTNNB1-mutated HCC patients. This was in line with previous studies showing that CTNNB1 mutation was characterized by an immune excluded class, so-called cold tumors (41). The reason is that, on the one hand, CTNNB1 mutation caused its expression to be significantly upregulated, which was closely related to the activation of the Wnt/β-catenin pathway. On the other hand, CTNNB1 expression was weakly correlated with immune checkpoint expression, which can partially explain why patients with CTNNB1 mutation were refractory to antibodies targeting PD-1/PD-L, or LAG3, or KIR (45). However, CTNNB1 expression was moderately correlated with B7-H3 (CD276), a new checkpoint target for cancer immunotherapy with an expression frequency of 91.8% in HCC (46), which suggested that CTNNB1-mutated HCC patients might escape immunotherapy through the non-classical immune checkpoint pathway, providing a novel direction for the treatment of CTNNB1-mutated HCC patients and precise decision-making for HCC management. Certainly, all the results were based on theoretical analysis of transcriptome data. The effective target and molecular mechanism for the treatment of CTNNB1-mutated HCC patients still need to be further explored and verified.



Conclusion

In summary, we performed a comprehensive analysis of the immune landscape in the TME of HCC. We found that the difference in immune infiltration patterns of the immune microenvironment of HCC was closely related to tumor heterogeneity, treatment response, and prognosis. Therefore, the systematic evaluation of the tumor immune infiltration model in this study could help determine the optimal immunotherapy strategy for patients, which had important clinical significance.
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Introduction

The serotonin signaling pathway has been well understood in the neurons for decades (1, 2). During regular neuronal processes, serotonin released by the presynaptic neuron is used to communicate feelings of happiness and other behavioral changes with the postsynaptic neuron through binding to the 5-hydroxytryptamine receptor (5-HTR) (3, 4). After signaling, the presynaptic neuron reuptakes free serotonin to avoid overstimulation of 5-HTR, which is then broken down by the enzyme monoamine oxidase-A (MAO-A). The investigation of this critical neurotransmitter pathway has resulted in the development of many drugs capable of utilizing the diverse signaling regulators associated with serotonin to mitigate the effects of clinical depression and other neurological disorders. One of the first classes of small-molecule inhibitory drugs approved for the treatment of depression are MAO inhibitors (MAOIs), which prevent MAO-A from cleaving serotonin upon reuptake into the cells (3, 5). However, the MAO-A-serotonin signaling pathway outside of neurons is largely unknown. Recent discoveries have opened the door for understanding the function of MAO-A as an immunomodulatory molecule as well as examining its potential as a candidate for immune checkpoint blockade (ICB) therapy.

ICB therapy is the subject of growing interest as oncology is becoming an increasingly immunological field (6, 7). Anti-PD-1/PD-L1 therapy, which blocks PD-1-PD-L1 binding, circumventing T-cell exhaustion brought about by the immunosuppressive tumor microenvironment (TME), has been approved by the FDA as a treatment for solid tumors (5, 8). Another approved ICB therapy is anti-cytotoxic T lymphocyte-associated antigen 4 (anti-CTLA-4), which blocks the CTLA4 receptor from binding the apoptotic signaling ligand B7-1 (9). However, while these therapies have demonstrated significant or complete remission, factors such as multiple immune checkpoint pathways and their different roles in regulating specific cancer types can limit the efficacy of current ICB therapies (10). Therefore, it is of continuing interest to researchers that novel ICB candidates be developed in order to augment the effects of clinically-proven ICB through combination therapy that can improve immune cell infiltration and block suppressive pathways of tumor infiltrating immune cells (TIIs), increasing the tumor-type range and specificity of the field (10, 11). A number of ICB therapies are currently undergoing clinical trials, such as anti-CD47, which improves classically activated macrophage activity, as well as anti-Tim3 and anti-LAG3, which target common T cell negative immune checkpoints (12, 13). With the discovery of the serotonin pathway as a potential immune regulator, the promise of repurposing drugs that already have FDA approval as treatments for clinical depression offers the potential for a novel therapy that may increase the efficacy of current ICB treatments and broaden the reach of the field. This, in turn, makes the investigation of MAOIs as candidates of combination ICB therapy an incredibly interesting and exciting field of research with regards to cancer treatment.



MAO-A as an Immune Regulator

MAO-A was recently discovered to be upregulated in TIIs, especially in exhausted intratumoral CD8 T cells. This led to the hypothesis that MAO-A may be a negative regulator of anti-tumor T cell immunity through some unknown mechanism, so further studies examining the functions of knockout MAO-A T cells in tumor-challenged mice were conducted to determine whether there was any impact on oncolytic activity. Wang et al. reported that MAO-A-KO mice exhibited significantly suppressed tumor growth in two syngeneic mouse tumor models (5). This improved tumor-suppression response was accompanied by an increase in cytokine and cytotoxic molecule release in MAO-A-KO mice, indicating that the knockout of MAO-A results in increased cytotoxic lymphocyte (CTL) activity. To further dissect the mechanisms underlying the antitumor effects of MAO-A-KO T cells, researchers demonstrated that MAO-A-KO CD8 T cells produce higher levels of serotonin, which acts as an autocrine immune regulator to activate the downstream immunostimulatory mitogen-activated protein kinase (MAPK) pathway through 5-HTRs (5). This signaling pathway in turn “cross-talks” with the T cell receptor (TCR) signaling pathway, resulting in the enhanced effector function observed in MAO-A-KO T cells (Figure 1A) (5).




Figure 1 | The potential of MAOI as a next-generation ICB therapy. (A) Diagram demonstrating how MAOIs inhibit MAO-A activity in immune cells, increasing free, immunostimulatory serotonin for intratumoral CD8 T cell stimulation and decreasing immunosuppression-inducing ROS produced by MAO-A oxidation of monoamine substrates in TAMs. (B) Current and potential clinical therapeutic benefits of MAOIs and the known associated side effects and symptoms. (C) Demonstration of nanoformulation of MAOIs preventing administered drugs from crossing the blood-brain barrier while maintaining ability to deliver drugs to target cells in tumor, avoiding the systemic application of the drug and mitigating side effects.



In addition to MAO-A’s role as a T cell regulator, another recent study revealed that MAO-A activity in tumor-associated macrophages (TAMs) was positively correlated with immune suppression (14). A knockout study comparing tumor-laden MAO-A-deficient mice and WT mice revealed that MAO-A-KO TAMs expressed lower levels of immunosuppressive markers and higher levels of immunostimulatory molecules (14). This led to the elucidation of a novel immunosuppressive mechanism of action associated with MAO-A in TAMs in addition to its role in T cells (5). The oxidation of monoamines in neurotransmitters such as serotonin by MAO-A results in the intracellular accumulation of reactive oxygen species (ROS) (14, 15). These ROS cause oxidative stress that polarizes the TME through the stimulation of the immunosuppressive JAK-Stat6 pathway and the production of immunosuppressive cytokines (Figure 1A) (16, 17). This demonstrated the multifaceted effects that MAO-A has on immune function in the TME.



Potential Of MAOIs As ICB Therapy

MAO-A regulation of T cell activity was further investigated through the administration of MAOIs as a means of artificially inhibiting MAO-A activity and the breakdown of serotonin. In a mouse B16-OVA melanoma model, Wang et al. demonstrated dramatic tumor-suppressive effects of the MAOI antidepressants phenelzine, clorgyline, and moclobemide, which represented three classes of MAOIs, varying in the reversibility of the drug’s effects (reversible vs irreversible) and the selectivity for the serotonin-degrading MAO-A isoform over MAO-B (selective vs nonselective) (5). There was no observed significant difference in efficacy between the nonselective, reversible phenelzine; the selective, reversible moclobemide; and the nonselective, irreversible clorgyline, indicating that MAO-A specificity and drug irreversibility do not provide a therapeutic advantage with respect to antitumor response. Because phenelzine is commercially available in the United States, it was selected as a representative to determine whether MAOIs are a feasible candidate for ICB therapy. Phenelzine exhibited tumor-suppressive effects in mice of multiple mouse syngeneic tumor models (e.g. B16-OVA, MC38) as well as a human xenograft model (e.g. A375) (5). CTL antitumor activity was continuously demonstrated to be improved by the administration of phenelzine. In addition, phenelzine has been shown to exhibit tumor-suppressive effects in a stage II clinical trial by Gross et al. on patients with prostate cancer (18). Therefore, these findings suggest the translational potential of MAOIs as ICB therapy.

The efficacy of phenelzine as an ICB therapy was also demonstrated to inhibit immunosuppression through TAM polarization (14). This provides an interesting mechanism by which MAO-A inhibits the immune system’s natural antitumor abilities through the downregulation of ROS production, further demonstrating the immunological reasoning behind the efficacy of MAOIs as ICB candidates (Figure 1A). Strikingly, two reports demonstrated MAOI efficacy as both a monotherapy and combination therapy with anti-PD-1 in the typically responsive colon cancer MC38, as well as in B16 melanoma cells, which have historically been less responsive to immunotherapy (5). Phenelzine showed nearly identical efficacy to anti-PD-1, proving its utility as a monotherapy. What was even more promising, however, was the high significance in therapeutic improvement in the melanoma combination therapy model. This suggests that MAOIs may be able to drastically improve the reach of classical ICB therapies and opens the door for further testing to determine whether MAOIs have an effect in historically unresponsive cancer types such as breast, lung, prostate, and ovarian cancers.



Possible Issues with MAOIs for ICB Therapy

While MAOIs were the primary class of antidepressants for the majority of the second half of the 20th century, they have fallen largely out of fashion due to the adverse side effects associated with their administration and the rise of alternative drugs (Figure 1B) (19). MAOIs have been known to cause severe dizziness due to hypertension, especially in elderly patients (20, 21). This presents an issue when considering MAOIs as cancer therapies for older patients, who are an important demographic for cancer treatments due to the high incidence of disease (22). These hypertensive side effects can also be made worse by an increase of dietary tyramine, which is typically metabolized by MAOs and can result in fatal brain hemorrhaging (23). Consequently, patients are often placed on restrictive diets excluding tyramine-rich foods such as cheese (hence the name “cheese effects”), making them a less appealing candidate for both neurological disorders and as ICB therapies when compared to other available options (14, 23). MAOIs have also been linked to significant liver toxicity when applied in high doses, making their long-term application less feasible when dealing with chronic illnesses (3). Additionally, MAOIs have been linked to serotonin syndrome when administered with other serotonergic drugs, which results from the accumulation of serotonin and can cause life threatening behavioral and physical maladies such as delirium, neuromuscular hyperactivity, and even thoughts of suicide (3, 20).

Despite these potential negatives, the utilization of MAOIs still shows significant promise, and the process should be optimized to increase drug efficacy and patient wellbeing. One potential source of side-effect remediation is through the development of nanoformulated MAOIs that can be targeted for delivery to the tumor. This would prevent many of the systemic side-effects of the drug and restrict its effects only to TIIs demonstrated to experience immunosuppression as a result of MAO-A activity (Figure 1C) (24). Liposomal drug delivery has been shown to limit systemic toxicity and improve drug delivery efficacy by inhibiting the diffusion of the nanoformulated particle across the blood-brain barrier (25). Currently, crosslinked multilamellar liposomes are the subject of ongoing trials for cancer drug delivery, and, by nanoformulating such liposomes for MAOI delivery, researchers may be able to increase drug payload size and decrease detrimental side effects, improving efficacy and avoiding life-threatening risks associated with these astounding, multifaceted drugs (26).



Discussion

The discovery of MAO-A as an immune checkpoint offers an exciting new pathway that can be explored for the development of novel therapies repurposing drugs developed for the regulation of neuronal serotonin signaling (5, 14). Research has demonstrated that MAOIs have the ability not only to prevent the degradation of autocrine, immunostimulatory serotonin by MAO-A in T cells, but also to decrease immunosuppressive TAM polarization by inhibiting the production of ROS that results from MAO-A activity. Further studies are needed to investigate the clinical correlations between MAOI treatment and clinical outcomes in patients with cancer. Moreover, the identification and description of MAO-A as an immune checkpoint in CD8 T cells and TAMs suggests promising possibilities for investigation into its role as a checkpoint in other immune cell types.

While the potential associated with the use of a multifaceted ICB therapy such as MAOIs is impressive, it is important to consider the adverse side-effects that can greatly threaten the comfort and safety of the patient. However, there are several avenues of research that may help mitigate these side effects while successfully downregulating immunosuppressive pathways. As discussed, the use of liposomal drug delivery systems has shown significant promise in increasing the specificity of small-molecule drug delivery, and the development of a liposomal MAOI could provide the necessary specificity to avoid the adverse side effects currently associated with MAOI treatment (14, 18).

Additionally, the serotonergic pathway is complex, and, while the direct administration of serotonin would likely have limited lasting effects, other important protein targets in the serotonin production, reception, transport, and degradation pathway could potentially lead to more effective or less adverse ICB (5, 27). Because this pathway is well understood in the brain, there are already many types of drugs developed for the improvement of serotonin reception, several of which could potentially be repurposed for ICB therapy if demonstrated to have antitumor effects in future studies.

Because of the nature of cancer, novel drugs that can target the multifaceted pathways by which the disease avoids the immune system are always needed (6, 28). MAOIs in effect increase the amount of antitumor T cell stimulation by decreasing the expression of immunosuppressive markers via autologous serotonin-MAPK signaling, which is nonredundant to other immune checkpoint regulatory pathways, suggesting that they may have widespread applications as a combination therapy that increases the efficacy of classical ICBs. MAOIs’ inhibition of alternative macrophage polarization also plays a major role in increasing the host antitumor response (14). It remains to be seen whether combination with new ICB therapies which act directly on macrophage activity to promote immune infiltration, such as anti-CD47, increases patient response. In addition to their efficacy as an immune checkpoint blockade, MAOIs’ status as antidepressants could also be beneficial, as the dual role of this drug could help alleviate the depression experienced by many cancer patients while also assisting their immune system in combating their malignancy (14). While there is still much work to be done surrounding the full potential of serotonin regulation as an ICB therapy, the demonstration of MAOIs as an effective antitumor drug is a promising and inspiring development in the effort against cancer.
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Background

Patients treated with immunotherapy in the real-world may have significantly different responses to those meeting inclusion criteria for random controlled clinical studies. There is a partial overlap in approved indications for the use of the different immune checkpoint inhibitors (ICIs) currently available. A comprehensive assessment of the efficacy, safety and economic effects of various ICIs is a problem that clinicians need to address.



Methods

Analyzed real-world data was collected from non-small cell lung cancer (NSCLC) patients who were treated with ICIs from hospitalized patients in the Lung Cancer Center of Peking Union Medical College Hospital between 2018 and 2021. The objectives were to evaluate the efficacy and safety of different ICIs for the treatment of NSCLC in China and to investigate the factors affecting their curative effects.



Results

Overall, 351 patients were included in the retrospective study. The median PFS for the NSCLC patient cohort treated with medication regimens that included ICIs was 9.5 months, with an ORR of 47.3%. There were no significant discrepancies in efficacy and safety between the different ICIs administered. Factors that had the greatest impact on the efficacy of ICIs were the disease stage, ECOG-PS scores and treatment lines. Gender, age, smoking history, PD-L1 TPS expression, history of targeted therapy and irAEs all had a degree of influence on patient prognosis.



Conclusions

The study reports the experience of real-world usage of ICIs for the treatment of NSCLC patients in China. The results were generally consistent with those of clinical trials, while the efficacy and safety of different ICIs exhibited no statistically significant differences. Therefore, physicians can make a comprehensive choice based on the indications and cost of different ICIs and the preferences of patients.
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Background

Immune checkpoint inhibitors (ICIs) are a class of antitumor drug that activate lymphocytes, which then attack tumor cells by relieving immune checkpoint-mediated immune-suppression (1, 2). In 2015, two types of ICIs (nivolumab and pembrolizumab) were approved by the U.S. Food and Drug Administration for the treatment of patients with advanced non-small cell lung cancer (NSCLC) (3). Subsequently, immunotherapy was officially introduced into China with the launch of nivolumab and pembrolizumab in June 2018 and July 2018, respectively (4).

Clinical studies under strictly controlled experimental conditions provided an objective assessment of the efficacy and safety of various ICIs, and were the main basis for their approval. However, in the real-world, patients given immunotherapy may have significantly different treatment criteria from those enrolled in clinical trials (5). Based on Keynote 407 and Keynote 189 studies, pembrolizumab was approved for the treatment of NSCLC as combination chemotherapy (6, 7). Further approval of pembrolizumab for monotherapy in PD-L1 positive NSCLC was based on Keynote 042 and Keynote 024 studies (8, 9). Pembrolizumab, which has the most extensive clinical study data available, is usually the first-choice treatment for patients with NSCLC. However, there is partial overlap in the approved indications for different ICIs. Currently, 8 ICIs have been approved for clinical use in China, including 2 imported PD-1 inhibitors (nivolumab and pembrolizumab), 2 imported PD-L1 inhibitors (atezolizumab and durvalumab) and 4 PD-1 inhibitors manufactured in China (camrelizumab, tislelizumab, sintilimab and toripalimab) (10). Therefore, a comprehensive assessment of the efficacy, safety and economic effects of various ICIs has become a problem that clinicians need to address. Studies based on real-world data (RWD) provide a reference for understanding patient outcomes outside of clinical trials and better guide treatment decisions (11). Most of the current clinical studies used patients on conventional chemotherapy as the controls, but unfortunately this resulted in a paucity of data with regard to direct efficacy comparisons between the different ICIs administered. An RWD-based cross-sectional study will help to compare the efficacy and safety of different ICIs.

Thus, a real-world retrospective observational study was conducted to explore the efficacy and safety of different types of ICIs in a cross-sectional manner. In addition, we also investigated the possible risk factors that may affect the efficacy of ICIs to provide guidance for optimization of clinical decision making.



Methods


Study Objectives

This was a retrospective, observational, single-center study that collected and analyzed data from real-world NSCLC patients treated with ICIs. The objectives were to evaluate the efficacy and safety of different ICIs for the treatment of NSCLC in China and to investigate the impact of factors affecting their curative effects.



Ethics Approval Statement

The study was performed in accordance with the principles of the Declaration of Helsinki and approved by the Ethics Review Committee of Peking Union Medical College Hospital (2020-12-24/HS-2195). Written informed consent was provided by all enrolled patients.



Data Collection

Data from the digital hospital information management system (HIS database) of Peking Union Medical College Hospital were analyzed. Inclusion criteria were patients with NSCLC who had been treated with ICIs and followed up for at least 6 months.

Information about each enrolled patient was carefully documented including: gender; age; pathology type; disease stage; date of diagnosis; targeted drug history; history of smoking; alcohol consumption; Eastern Cooperative Oncology Group performance status (ECOG-PS) scores; PD-L1 TPS (PD-L1 tumor cell proportion score: The percentage of PD-L1 membrane stained tumor cells in the total number of tumor cells); type of ICIs administered; time of initiation of ICI therapy; lines of ICIs; combination chemotherapy; combination anti-vascular therapy; real-world PFS; optimal efficacy; and immune-related adverse effects (irAEs).



Statistical Analysis

Descriptive analyses of the characteristics of patients, their disease states and treatment were conducted who were then stratified into subgroups of interest. Enumeration data are described according to statistical quantities and percentages. Only one data measurement was included (age in years), presented as the median and interquartile range, because the data were not normally distributed. The implications of different characteristics for PFS were compared using the Kaplan-Meier method and a log-rank test. Median survival estimates and the hazard ratio (HR) from a Cox proportional hazards model, as well as the 95% confidence intervals (CIs) are reported. The PFS was defined as the duration from the onset of treatment with ICIs to disease progression or death, which was assessed based on the date of disease progression as indicated by CT or PET/CT scans confirmed by the supervising physician, or in-hospital death recorded in the HIS database. Logistic regression was used to analyze the effects of different factors on the ORR, and the ORR for each subgroup of interest, the odds ratios (OR) from logistic regression and the corresponding 95% CIs are reported. Indicators from univariate analysis that reached the threshold (P < 0.1) were employed in the multivariate analysis, with a P-value < 0.05 deemed to be a statistically significant finding. Fisher exact test was used to analyze differences in the incidence rate of irAEs between various ICIs. All statistical analyses were conducted using SPSS (ver. 24.0) and Kaplan-Meier survival curves were constructed using GraphPad Prism (ver. 8.0.1).




Results

Data from 1,832 patients who received therapy from January 2018 to December 2021 were analyzed. Among them, 461 were NSCLC patients treated with ICIs. To ensure completeness of the survival information, only data from patients followed up for ≥ 6 months were included in the analysis. A total of 110 patients were excluded due to insufficient follow-up, and finally 351 patients were formally included in the study.

The majority (73.8%) were male, with a median age of 65 years. Slightly more patients had non-squamous carcinoma (55.0%) than squamous carcinoma (40.2%), with the remaining 17 patients not otherwise specified (NOS). About 64.7% patients had a history of smoking and 32.8% a history of alcohol consumption. The majority of NSCLC patients were able to take care of themselves at the time of starting immunotherapy (ECOG-PS scores 0 – 1), but the other 11.7% required long-term bed rest (ECOG-PS scores 2 – 4). Circa 78.3% patients treated with ICIs were at stage IV and 19.4% patients with the EGFR/ALK mutation had previously received targeted therapy. The type of ICIs used for NSCLC was predominantly pembrolizumab (65.2%), with the remaining therapy including nivolumab (5.1%), camrelizumab (6.0%), tislelizumab (6.8%) and sintilimab (7.7%). Basic information had no significant impact on the choice of different types of ICIs except for histology pathology type (P = 0.015) (Table S1). ICIs were given as first-line treatment to 53.6% patients, 28.8% for second line treatment and 9.1% for third-line treatment and beyond. ICIs were administered to 30 patients for other reasons including maintenance treatment after radiotherapy and for neoadjuvant treatment before surgery. Immunotherapy was usually administered in combination with chemotherapy (75.2%) for 4–6 courses before being switched to maintenance therapy of ICIs. Only 10.5% patients chose immunotherapy in conjunction with anti-vascular therapy (Table 1). The regimen containing ICIs produced an overall median PFS of 9.5 months, with an ORR of 47.3% (Figure 1A). The 1-year PFS rate was 35.9% and the 2-year PFS rate 8.5%. There was no significant difference between the efficacy of various ICIs, with good overlap of survival curves (P = 0.942) (Figure 1B). The median PFS for pembrolizumab was 9.6 months with an ORR of 45.0%; for nivolumab, the median PFS was 9.2 months with an ORR of 50%; for camrelizumab, the median PFS was 10.4 months with an ORR of 47.6%; for tislelizumab, the median PFS was 10.3 months with an ORR of 54.2%; and for sintilimab, the median PFS was 6.8 months, with an ORR of 51.9% (Table 2). The longest median PFS was produced by camrelizumab (10.4 months) and the highest ORR by tislelizumab (54.2%).


Table 1 | Basic information.






Figure 1 | Kaplan-Meier plot of PFS for different ICIs. (A) PFS for all NSCLC patients; (B) stratified according to different ICIs (all NSCLC patients); (C) PFS for stage IV, first line, ECOG 0 – 1 patients; (D) stratified according to different ICIs (stage IV, first line, ECOG 0 – 1 patients).




Table 2 | Differences in efficacy between ICIs (all NSCLC patients).



Different application mode of ICIs and patient baseline characteristics may have an impact on prognosis. Lung cancer stage, line of therapy and ECOG-PS scores were the three factors that have the greatest impact on survival (Table S2). Thus, the population of stage IV NSCLC patients with ECOG-PS scores of 0 – 1, given ICIs as first-line treatment were selected as the subgroup study population (Table 3). The median PFS for this subgroup population was 10.6 months, with an ORR of 51.5% (Figure 1C). The most commonly administered ICIs were pembrolizumab, camrelizumab, tislelizumab and sintilimab. Nivolumab is less commonly used in first-line therapy due to its price and lack of associated single-agent indications. The results of survival analysis showed that there was no significant difference in efficacy between the various ICIs in this subgroup, with a median PFS of 9.4–13.8 months and ORR of 47.9–63.6% (P = 0.846) (Figure 1D).


Table 3 | Differences in efficacy between ICIs (Stage IV, first line, ECOG 0-1 patients).



For the safety analysis, immune-related adverse effects (irAEs) that required glucocorticoids intervention or discontinuation of ICIs were counted. A total of 60 patients (17.1%) had concerning irAEs, of which 34 (9.7%) were of grade 3 or higher. The types of adverse events mainly included immune-related pneumonia (39 cases, 11.1%), liver toxicity (8 cases, 2.2%), skin toxicity (13 cases, 3.7%), colitis (10 cases, 2.8%), myocarditis (4 cases, 1.1%), and other types of irAEs (9 cases, 2.6%) (Table 4). There was no statistical difference in the incidence of irAEs or severe irAEs for the different ICIs administered (P = 0.607). Death occurred in 9 patients due to severe irAEs, including 5 cases of pneumonia, 2 cases of myocarditis, 1 case of colitis and 1 case of liver toxicity. Additionally, patients who developed grade 1 to 2 irAEs (median PFS: 17.4 months, ORR: 61.7%) had a significantly better survival prognosis than those without irAEs (median PFS: 8.7 months, ORR: 44.3%) and those patients who developed grades 3 to 4 irAEs (median PFS: 7.5 months, ORR. 44.4%) (P = 0.017) (Figure 2A).


Table 4 | Differences in safety between ICIs.






Figure 2 | Kaplan-Meier plot of PFS for subgroups of interest. (A) stratified according to recorded irAEs; (B) stratified according to PD-L1; (C) stratified according to targeted therapy history in post-line patients; (D) stratified according to primary efficacy assessment.



The patients were stratified according to their basic condition and treatment regimen. Factors included gender, age, pathology type, disease stage, type of ICIs, treatment line of ICIs, combination chemotherapy, combination anti-vascular therapy, history of smoking, history of alcohol consumption and ECOG-PS scores. After univariate Cox regression analysis, most factors were found to influence PFS to some extent (Figures S1A–K). Females had a significantly worse prognosis than males (P = 0.005) and also the prognosis was worse in patients < 60 years old and in those ≥ 75 years old (P = 0.085). Patients with squamous carcinoma had a slightly better survival benefit from treatment with ICIs than those with non-squamous carcinoma (P = 0.059). The survival benefit resulting from ICIs therapy was significantly better in NSCLC patients with stage III disease compared to those with stage IV disease (P < 0.001). The prolongation of PFS produced by giving ICIs as first-line treatment was longer than that for post-line treatment (P < 0.001). In terms of combination therapy, a platinum-based chemotherapy regimen was significantly better than mono chemotherapy or de-chemotherapy regimens (P < 0.001). However, instead of contributing to the prolongation of PFS, a combination with anti-vascular therapy had a negative effect (P = 0.041). De-chemotherapy was chosen by 46.7% of patients who adopted ICIs in combination with anti-vascular therapy, while only 9.1% patients without combined anti-vascular therapy chose the de-chemotherapy regimen (Figure S1L). Patients with a history of smoking may benefit more from ICI therapy (P < 0.001). In addition, a poor general condition (ECOG-PS scores 2 to 4) was a significant associated risk factor for a poor prognosis (P < 0.001). Eight indicators, with significant differences in the univariate Cox regression, were included in the multivariate Cox regression analysis. It was found that the 3 indicators with the most significant influence on PFS were the disease stage, lines of ICIs administered and the ECOG-PS score (Table S2). A similar conclusion was reached when data were analyzed in terms of the ORR for NSCLC patients with therapeutic regimens containing ICIs. The overall ORR for the NSCLC cohort who received treatment regimens that included ICIs was 47.3%. After multifactorial logistic regression analysis, the 3 most influential risk factors for ORR remained the disease stage, line of ICIs and the ECOG-PS score (Table S3).

Other factors that may influence the efficacy of ICIs were also explored, mainly the PD-L1 TPS expression status, history of targeted therapy and the results of first efficacy assessment on overall PFS. PD-L1 TPS expression was recorded in 91 patients. Patients with high PD-L1 TPS expression (≥ 50%) had a longer PFS benefit compared to those with a low PD-L1 TPS expression (1–49%). Surprisingly, patients with negative PD-L1 TPS expression did not show a worse survival benefit, which was slightly better than those with low PD-L1 TPS expression (P = 0.145) (Figure 2B). Previous studies concluded that patients with positive driver genes were the population with a poor prognosis for immunotherapy (12, 13). Of the 351 patients we studied, 133 received ICIs as a backline treatment, among which 59 had received targeted therapy. In post-line therapy, patients who had received targeted therapy had an ORR of 31.1% and a median PFS of 5.9 months, while patients without driver mutations had an ORR of 28.8% and a median PFS of 6.0 months. Although the survival benefit did not reach a statistically significant difference between the two groups (P = 0.065), a trend of shorter PFS benefit was observed in patients with a history of targeted therapy on the survival curves (Figure 2C). In clinical practice, the therapeutic efficacy evaluated by impactology was generally conducted after every 2 cycles of treatment, while initial efficacy provided a good indication of the long-term survival benefit. The median PFS was 7.4 months for patients with a first evaluation of stable disease (SD) and 20.1 months for patients with a first evaluation of a partial response (PR) (P < 0.001) (Figure 2D).



Discussion

To the best of our knowledge, this is the first large study conducted in China to cross-sectionally compare the efficacy and safety of different ICIs with RWD. The overall median PFS was 9.5 months and the ORR was 47.3%. The survival data were significantly better than those reported in earlier real-world studies, which may be attributed to a difference in the ratio of patients enrolled (14, 15). Recently, with the rapid development of immunotherapy, the use of ICIs has gradually expanded to become first-line treatment for patients with NSCLC (16). For real-world application of ICIs, Khozin et al. reported a median PFS time of 3.2 months, while Areses et al. reported a median PFS of 4.8 months (15, 16). However, ICIs were used primarily for post-line therapy in the latter study, whereas the population included in the present study was comprised of a much greater proportion of patients given first-line ICIs treatment. In contrast to real-world studies, randomized controlled trials tend to have strict screening criteria for enrolling subjects. We singled out patients with stage IV disease, ECOG-PS scores of 0 to 1 and who had received first-line ICIs treatment, which are factors considered in the screening criteria for most clinical trials. In this subgroup, the median PFS time was 10.6 months with an ORR of 51.5%, which was generally consistent with data from the clinical studies of first-line application of ICIs combined with chemotherapy (PFS: 8.0–11.3 months, ORR: 48.3–64.8%) (6, 7, 17).

The choice of ICIs has been a troubling issue for physicians, as clinical trials of different ICIs cannot be compared cross-sectionally (18). Therefore, we sought to explore the discrepancies in the efficacy and safety of different ICIs in a real-world study. Pembrolizumab in combination with chemotherapy for NSCLC demonstrated a significant survival benefit over chemotherapy in the Keynote 407 and Keynote 189 studies, with a median PFS of 8.0–9.0 months and ORR of 48.3 – 57.9% (6, 7). In our real-world cohort of patients, pembrolizumab exhibited a median PFS of 9.6 months and an ORR of 45.0%, similar to the results of clinical studies. NSCLC patients treated with camrelizumab had median PFSs of 8.5 – 11.3 months and ORRs of 60.0 – 64.8% in the Camel-sq study and Camel study, respectively (17, 19). In terms of absolute values of median PFS and ORR, the efficacy of camrelizumab seems to be better than pembrolizumab. However, in our cohort of patients, there was no significant difference between the efficacy of camrelizumab (median PFS: 10.4 months; ORR: 47.6%) and pembrolizumab. Tislelizumab produced a median PFS of 7.6 months and 9.7 months in the Ratinale 307 and Ratinale 304 studies, with ORRs of 72.5% and 57.4%, respectively (20). In our cohort of patients, it produced a median PFS of 10.3 months with an ORR of 54.2%, which was not statistical difference from pembrolizumab. In the Orient 11 study, sintilimab combined with chemotherapy resulted in a median PFS of 8.9 months and an ORR of 51.9% for non-squamous NSCLC patients (21). In our cohort, the ORR for sintilimab was 51.9%, similar to that reported in the Orient 11 study, and not significantly dissimilar to other ICIs. However, it had a median PFS of only 6.8 months, significantly lower than other ICIs in our cohort of patients. Considering the impact of baseline information on survival prognosis, we analyzed the baseline treatment information and found that the majority population treated with sintilimab were post-line. Therefore, we further analyzed a subgroup population (stage IV, first line, ECOG 0–1) and found that the efficacy of sintilimab was not any worse than that of other ICIs.

For the safety analysis, as our study was a retrospective analysis, recording the occurrence of all adverse events was rather difficult. Therefore, we focused on irAEs that required glucocorticoid interventions or suspension of ICIs, which were of most concern to clinicians. The results showed that there was no statistically difference in the incidence of irAEs produced by different PD-1 inhibitors. The most common irAEs that require glucocorticoids treatment was checkpoint inhibitor pneumonitis (CIP). The incidence of CIP in our cohort was 11.1%, and 4.8% for severe CIP (grade 3 or above), similar to previous reports (3.5–19%) (22). In addition, there was a significant correlation between the incidence of CIP and radiotherapy. CIP occurred in 26.3% patients who had chest radiotherapy during immunotherapy, compared with 8.6% patients without radiotherapy (P = 0.001). As there were no significant differences in efficacy and safety between the various types of ICIs, physicians can make a comprehensive choice based on indications and the cost of different ICIs, and the preference of patients. In fact, the occurrence of irAEs does not always imply a poor prognosis. Patients who developed severe irAEs need to discontinue ICIs and be treated with glucocorticoids or even immunosuppressive drugs, which can promote tumor growth (23). Therefore, severe irAEs do lead to a poor prognosis for NSCLC patients. However, mild irAEs not only do not affect tumor treatment, they have a positive impact on prognosis, compared to those who do not develop irAEs. Recently, irAEs have emerged as a potential clinical biomarker for predicting the efficacy of ICIs (24). Our results reconfirmed the idea that patients with grade 1-2 irAEs had a longer median PFS than those without irAEs.

More than 75% of patients included in the present study were over 60 years old. Previous research suggested that the efficacy of ICIs, as well as the patient tolerance of ICIs, was not significantly correlated with age (25). However, our results indicated that the 60-74-year-old population exhibited a longer PFS time, but there was no significant difference in ORR. Younger patients (< 60 years old) tend to be metabolically active with high tumor malignancy (26), while elderly patients (≥ 75 years old) frequently have poor ECOG-PS scores, which is an inherent risk factor for the efficacy of ICIs (27). The influence of gender on the efficacy of ICIs has been reported in a number of studies. Keynote 024 revealed that males were more likely to benefit from ICI therapy (8). In contrast, the real-world study by Khozin et al. found that females achieved longer PFS and OS times after ICI therapy (16). The findings of the present study showed that males benefited more than females from ICI therapy in the overall NSCLC cohort of patients.

Researchers have been trying to establish the best combination immunotherapy regimens. Currently, the most commonly used immunotherapy regimens include ICIs combined with chemotherapy, as well as single ICI (6, 9). In addition, double immunization combination regimens and the combination of ICIs with anti-vascular therapy are also directions worthy of further investigation (28, 29). Currently, CTLA-4 inhibitors have not yet been marketed in China, thus real-world data on double immunization combination regimens are lacking. In contrast, anti-vascular drugs, such as bevacizumab and anlotinib, have occupied a pivotal position for the treatment of NSCLC. The efficacy and safety of immunotherapy in combination with anti-vascular therapy has been confirmed (30). However, the findings of the present study revealed that anti-vascular therapy combined with immunotherapy failed to improve the efficacy of ICIs. On the one hand, the majority of patients who opted for combined anti-vascular therapy chose a concurrent de-chemotherapy regimen. On the other hand, a 4-drug combination regimen (platinum-based chemotherapy + ICIs + anti-vascular therapy) has not yet been authorized for relevant clinical applications (29). In the real-world, this regimen has been used primarily in young patients with high expectations of a good prognosis or having liver metastases. Anti-vascular therapy has been used in 16.7% of young patients (< 60 years old) compared to 8.6% of elderly patients (≥ 75 years old) (P = 0.036), and in 17.1% of patients with liver metastases compared to 7.8% patients without liver metastases. These data might partially explain why the median PFS was shorter after combination anti-vascular therapy.

Despite great heterogeneity, PD-L1 expression levels remain the best biomarker to predict the efficacy of PD-1 inhibitors in NSCLC patients (31, 32). Patients with a high PD-L1 TPS expression (> 50%) had a better PFS benefit than those with low expression of PD-L1 TPS (< 50%). However, the survival prognosis of patients with low PD-L1 TPS expression appears to be inferior to that of patients with negative PD-L1 TPS expression. This finding indicates that PD-L1 still has a great defect as a biomarker for predicting the efficacy of immunotherapy, and indirectly supports the idea that PD-L1 expression is highly heterogeneous in tumor tissues. Khozin et al. concluded that the presence of driver gene mutations was a risk factor for poor prognosis after treatment with ICIs (33). To avoid interference by treatment lines, NSCLC patients who used ICIs as first-line treatment were excluded. The majority of first-line treatment options for patients with driver mutations are targeted therapy. We divided the patient population who would receive post-line ICI therapy into 2 subgroups, namely those given chemotherapy as first-line treatment and those who received targeted therapy as first-line treatment. The results indicated that the presence of driver gene mutations and a history of targeted therapy did affect the efficacy of subsequent treatment with ICIs in the long-term PFS but not the ORR.

Inevitably, there were some limitations to our study. First, the HIS database only recorded the survival endpoints of a small number of patients (patients who died in our hospital) and thus there is a lack of OS data. Second, the gene mutation status, PD-L1 expression information and irAEs were incompletely recorded in the HIS database, which may lead to analysis bias. Third, the number of cases for each type of ICIs except pembrolizumab were small, so that the results may be affected by random effects. Fourth, our study focused on the current status of ICI therapy in China, with all enrolled patients being Asian and therefore the results may not be completely applicable to other races.



Conclusions

A single-center, real-world study in China was conducted to explore the efficacy and safety of different ICIs for NSCLC therapy, along with the impact of patient baseline characteristics and treatment regimens on prognosis. The overall median PFS for the NSCLC patient cohort treated with regimens including ICIs was 9.5 months, with an ORR of 47.3%. There were no significant discrepancies in efficacy and safety between the different ICIs administered. Factors that had the greatest impact on the efficacy of ICIs were the disease stage, ECOG-PS scores and treatment lines. It is noteworthy that gender, age, smoking history, PD-L1 expression, history of targeted therapy, and irAEs all had a degree of influence on patient prognosis.
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Introduction

In advanced non-small-cell lung cancer (NSCLC), immune checkpoint inhibitors (ICIs) have been reported a better treatment outcome on primary lesions, however, the therapeutic effect on bone metastases has not been clarified. This study investigates the therapeutic effect of ICIs on bone metastases in advanced NSCLC.



Methods

The data of patients with advanced NSCLC, treated with ICIs from 2016 to 2019 at our hospital, were analyzed. The therapeutic effects of ICIs on primary lung and metastatic bone lesions, concomitant use of bone modifying agents (BMA), treatment outcomes, and frequency of immune-related adverse events (irAEs) and skeletal-related events (SREs) were investigated.



Results

A total of 29 patients were included (19 men and 10 women; mean age, 64.2 years). Among the ICIs, pembrolizumab was the most used (55.2%), and concomitant use of BMA was prevalent in 21 patients (zoledronic acid=1, denosumab=20). The therapeutic effect was partial response (PR) in 10.3% (n=3) on primary lung lesions by RECIST 1.1, complete response (CR) in 6.9% (n=2) and PR in 17.2% (n=5) on bone metastatic lesions by MDA criteria. ICIs suppressed the progression of bone metastasis in 21 cases (72.4%). All patients in CR and PR were treated with pembrolizumab and denosumab. SREs and irAEs were developed in 3.4% (n=1) and 20.7% (n=6), respectively. The median survival time after treatment with ICIs was 11.0 months. Concomitant therapy with ICIs and denosumab significantly prolonged the overall survival compared to ICI-only therapy (16.0 months vs. 2.5 months, p<0.01).



Conclusions

This study showed that treatment with ICIs may successfully suppress the progression of bone metastasis in advanced NSCLC. Pembrolizumab with denosumab had the highest therapeutic effect on both primary lung lesions and bone metastases. Systemic treatment with this combination and conservative treatment of bone metastasis could be one of the options in the treatment of advanced NSCLC.
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Introduction

Lung cancer is a malignant neoplasm that is responsible for distant metastases at a relatively early stage in the disease, to the breast, prostate, and bones (1–3). It has been reported that 48% of patients with advanced (stage III, IV) non-small-cell lung cancer (NSCLC) have bone metastases at initial diagnosis (4). Bone metastases can cause skeletal-related events (SREs) such as severe bone pain, pathological fractures, spinal cord compression, and hypercalcemia (5), and can result in the deterioration of the quality of life (QOL). In advanced cases of lung cancer with bone metastasis, 20-30% of patients already have SREs at the time of diagnosis (4, 6, 7), and they have a worse prognosis than that of other cancers (8). SREs themselves could be independent predictors of worse prognosis in terms of overall survival (OS) (7), therefore, the treatment strategy for bone metastases is essential in NSCLC. A multidisciplinary approach with radiation therapy, surgical treatment, and bone modifying agents (BMAs) is necessary for the management of these cases. Zoledronic acid and denosumab have been reported to significantly reduce the incidence of SREs (9, 10) and prolong OS (11).

In recent years, it has been reported that immune checkpoint inhibitors (ICIs), which target the Programmed death-1 receptor (PD-1)/PD-1 ligand (PD-L1) pathway, have more favorable outcomes than conventional anticancer drugs on metastatic lung cancer (12–14). We have reported two cases of advanced NSCLC with a high risk of lower extremity long bone fracture due to metastases that were drastically improved by systemic treatment with pembrolizumab and denosumab (15). Two other case reports have shown the therapeutic effect of ICIs on bone metastasis in lung cancer (16, 17). Based on these findings, ICIs as well as their combination with BMAs such as denosumab may be one of the treatment options for NSCLC with bone metastases.

There is insufficient data regarding the therapeutic effect of ICIs on bone metastasis in NSCLC. The purpose of this study was to evaluate the therapeutic effect of ICIs on bone metastasis in advanced NSCLC and to seek a novel treatment strategy.



Materials and Methods


Study Design

This retrospective study analyzed patients diagnosed with advanced NSCLC and treated with ICIs between February 2016 and November 2019 in the Department of Respiratory Medicine of Kanazawa University Hospital, Japan. Patients diagnosed with bone metastases before the initiation of ICI treatment [PD-1 inhibitors (nivolumab and pembrolizumab) or PD-L1 inhibitor (atezolizumab)] and who received treatment for more than six months were included. Patients who died within six months were also included to assess the clinical outcomes of ICI treatment. On the other hand, patients who received concomitant therapy with a PD-1 inhibitor and Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitor were excluded. This study was approved by the ethics committee of the Kanazawa University Hospital (no. 3339-1) and has been carried out in accordance with the Declaration of Helsinki. Informed consent from the patients was obtained.



Data Collection

The medical information used in this study was collected from the database at Kanazawa University Hospital. The collected data included patient demographics such as age and sex, disease details such as histological type, stage, Eastern Cooperative Oncology Group performance status (ECOG PS), metastatic sites, driver gene mutation, PD-L1 tumor proportion score (TPS), and treatment history. The therapeutic effects of ICIs on primary lung lesions and bone metastases were evaluated based on Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (18) and MD Anderson Cancer Center (MDA) criteria (19), respectively. Change of the size of primary lung lesions and osteosclerotic change or tracer uptake of bone metastatic lesions were evaluated by computed tomography (CT) or bone scintigraphy. The evaluation at the final examination was investigated as the therapeutic effects of ICIs. In addition, concomitant use of BMAs such as zoledronic acid and denosumab, treatment outcomes, frequency of Immune-related adverse events (irAEs), and SREs were investigated.



Statistical Analyses

Categorical variables were presented as frequencies and percentages, whereas continuous ones were presented as median (IQR). The Kaplan-Meier curve was used to evaluate the OS of the participants, and the log-rank test was performed for comparison amongst groups. The OS was defined as the period from the initiation of ICI treatment to death. A p-value < 0.05 was used to denote statistical significance. These analyses were performed using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan) (20).




Results


Characteristics of Participants

A total of 29 patients (19 men and 10 women) were included in this study. The mean age was 64.2 years (44 – 81 years). The mean follow-up period after treatment with ICIs was 13.1 months (1 – 35 months). The most common histological type was adenocarcinoma in 75.9% (n = 22), and the most common disease stage was IVB (93.1%). The most common bone metastatic sites were the ribs (55.2%) and pelvis (55.2%), and most patients had multiple bone metastases (89.7%). In addition, metastases to other organs were observed in 75.9% (n = 22) of patients. The examination of driver gene mutation was performed in 25 patients and only one was positive for anaplastic lymphoma kinase mutation. The TPS, used for ICI treatment indication, was examined in 16 patients and 81.3% exhibited > 1% (n = 13) and 18.7% exhibited < 1% (n = 3). ICIs were the first-line therapy in 27.6% (n = 8), second-line in 44.8% (n =13), and third-line in 27.6% (n = 8) of the patients. Among them, eight patients who were treated with first-line ICIs had high PD-L1 TPS expression (≥ 50%). In the other patients who received ICI treatment as second-line or further treatment, surgery and radiation therapy for primary lung lesions were performed in 23.8% (n = 5) and 9.5% (n = 2), respectively, while anticancer drug treatment was performed in 100% (n = 21). None of the patients was treated with molecular-targeted drugs prior to ICI treatment. BMAs were administrated in 21 patients, 20 of whom received denosumab (69.0%), and one received zoledronic acid (3.4%) (Table 1).


Table 1 | Characteristics of patients with advanced NSCLC treated with ICIs.





Therapeutic Effects

Treatment with ICIs suppressed the progression of bone metastasis in 21 out of the 29 cases (72.4%). The most commonly used ICI was pembrolizumab (55.2%, n = 16), which had the best therapeutic effect on both primary lung lesions (partial response (PR) in 18.8% (n = 3) according to RECIST 1.1) and bone metastases where osteosclerotic changes were noted, indicating a response to therapy (complete response [CR] in 12.5% [n = 2] and PR in 31.2% [n = 5] according to the MDA criteria) (Table 2 and Figure 1). Nivolumab and atezolizumab on lung lesions and bone metastases resulted in either stable disease (SD) or progressive disease (PD) in all patients (Table 2).


Table 2 | Therapeutic effect of ICIs on primary lung lesions and bone metastases.






Figure 1 | (A) Metastatic bone lesions in the right ilium of a 77-year-old woman (Case 17). (B) Osteosclerotic changes three months after treatment with pembrolizumab and denosumab. The patient was in partial remission (MDA criteria). (C) Metastatic bone lesions in the left ilium of a 64-year-old man (Case 29). (D) Osteosclerotic changes five months after treatment with pembrolizumab and denosumab. The patient was in partial remission (MDA criteria).



All patients whose evaluations showed CR or PR with regard to bone metastases were treated with pembrolizumab as the first- or second-line therapy and received concomitant use of denosumab. Moreover, three patients had PR in terms of primary lung lesions (Table 3). In these patients, denosumab was initiated at the same time as ICI treatment compared with those who were evaluated as SD or PD (71.4% vs. 0%, p<0.01). However, there was no significant difference in the duration of concomitant use of ICIs and denosumab (CR or PR; 7.9 months vs. SD or PD; 7.5 months, p=0.92).


Table 3 | Therapeutic effect of ICI and DEMb concomitant therapy compared to ICI-only or ICI and ZOL therapy.





Prognosis

During the study period, the median survival time after treatment with ICIs was 11.0 months (4 – 20 months) and 72.4% of the patients died from the disease (n = 21) (Table 4). The 1-year and 2-year survival rates were 44.8% and 24.0%, respectively. Concomitant therapy with ICIs and denosumab significantly prolonged the OS compared to ICI-only therapy (16.0 months vs. 2.5 months, p<0.005) (Figure 2). In the concomitant therapy and ICI-only therapy groups, ICIs were used as more than third-line therapy in 25% (n = 5) and 25% (n = 2) of patients, respectively, and there was no significant difference (p=0.98). In addition, there were no significant differences in the type of ICI used for treatment (p=0.25) or in the ECOG PS before ICI treatment (p=0.35) between the groups. Moreover, the OS of the group that ICIs responded to bone metastatic lesions was significantly prolonged than that of the non-responsive group (19.3 months vs. 10.3 months, p=0.0072) (Figure 3).


Table 4 | Patient characteristics, disease features, treatment details, and outcomes of study population.






Figure 2 | Kaplan-Meier survival curve of the therapeutic effect of immune checkpoint inhibitor and denosumab and immune checkpoint inhibitor alone.






Figure 3 | Kaplan-Meier survival curve of the group that immune checkpoint inhibitor responded to bone metastatic lesions (MDA criteria evaluation was CR and PR) and the non-responded group (MDA criteria evaluation was SD and PD).





Adverse Events

irAEs were observed in 20.7% (n = 6) and were encephalitis (Common Terminology Criteria for Adverse Events (CTCAE) grade 5), pneumonitis (grade 2), cholangitis (grade 2), drug eruption (grade 2) and hypothyroidism (grade 2). One patient who developed encephalitis and died was treated with nivolumab and developed irAEs after two cycles of treatment; magnetic resonance imaging (MRI) revealed abnormal lesions in the bilateral temporal lobes. Based on these results, nivolumab-induced autoimmune encephalitis was diagnosed clinically. In contrast, the other five patients with irAEs were stable after ICI discontinuation and steroid treatment. Among those who died, nivolumab was used in two patients, pembrolizumab in three, and atezolizumab in one (Table 4). Only one patient developed SRE (spinal cord compression at the level of the 5th thoracic spine) after the initiation of nivolumab and was treated by radiation therapy.




Discussion

In this study, the bone metastasis control rate of advanced NSCLC treated with ICIs was 72.4%, two of those patients were in CR and five were in PR based on MDA criteria. All patients received pembrolizumab and denosumab, implying that the combined treatment may have high therapeutic effects on bone metastases in advanced NSCLC.

In recent years, immunotherapy, including ICIs, has made remarkable progress and led to a paradigm shift in cancer treatment (21). Some reports have shown that ICIs prolong OS and progression-free survival (PFS) in patients with metastatic NSCLC compared with conventional anticancer medications (12–14), and they are expected to improve the prognosis and QOL of these patients. However, in advanced NSCLC, there are few reports on the therapeutic effects of ICIs on bone metastases. Therefore, this study examined the efficacy of ICIs on bone metastases in advanced NSCLC.

In this study, seven patients (24.1%) had osteosclerotic changes of bone metastases after the initiation of ICIs, showing response to therapy (CR in two patients and PR in five patients). All these patients had been treated with pembrolizumab as first-line therapy in six patients and second-line in one patient. The two patients with CR of bone metastases were in PR in terms of the primary lung lesions (15). Similarly, two case reports showed the remarkable effectiveness of pembrolizumab on both primary lung lesions and bone metastases (16, 17). In both these case reports, pembrolizumab was used as first-line therapy, and the bone metastases disappeared. Moreover, the seven patients who showed improvement in the osteosclerotic changes of bone metastases had been received the combined treatment of ICIs and denosumab. In NSCLC, although denosumab has been reported to prolong OS and prevent SREs (9, 11, 22), there have been no reports on the correlation between osteosclerotic changes in osteolytic lesions of bone metastases, including impending fractures, and ICIs. Therefore, it was considered that denosumab may enhance the therapeutic effects of ICIs. There are only a few reports regarding the therapeutic effect of ICIs on the primary lung lesions treated with the combined therapy of ICIs and denosumab for NSCLC (23), but none have investigated the therapeutic effect on bone metastases. Thus, the correlation between these drugs has not been clarified. In previous case reports where metastatic bone lesions disappeared after treatment with pembrolizumab, BMAs such as denosumab were not used (16, 17). Our results show that among ICIs, pembrolizumab may have the highest therapeutic effects both on primary lung lesions and bone metastases.

The combined effect of ICIs and denosumab have been previously studied in other malignancies. Angela et al. reported that the combined treatment of PD-1 inhibitor and denosumab resulted in osteosclerotic changes on bone metastases in 62% of stage IV melanoma (24). Furthermore, in a clinical study, a longer mean duration of concomitant use of ICIs and denosumab was associated with increased overall response rate (ORR) (CR + PR) in melanoma and NSCLC as well as increased overall survival in NSCLC (23). On the other hand, Qin et al. reported that the use of BMA was not associated with decreased SREs or differences in survival in patients with metastatic NSCLC (25). Thus, the influence of the concomitant use of denosumab in ICI treatment on clinical outcomes has not yet been clarified, and the prognostic significance of ICI treatment in NSCLC with bone metastases remains inconsistent (26).

It has been shown that Receptor activator of nuclear factor kappa-B ligand (RANKL) inhibitors improve the anti-metastatic activity of PD-1/PD-L1 inhibitors, resulting in subcutaneous growth suppression in mouse models of melanoma, prostate cancer, and colon cancer (27). Additionally, the RANKL/RANK axis has been shown to affect the immune response such as regulatory, CD8+ and CD4+ T cells, as well as myeloid suppressor cells (28–32). Ahern et al. reported that optimal antitumor effects were observed when anti-RANKL was initiated concurrently with or after ICI treatment (27). In our study, denosumab was initiated at the same time as ICI treatment in cases where the therapeutic effect on bone metastasis was CR or PR. These reports support the results of our study, except for the duration of concomitant use of denosumab. Regarding that duration, our results showed no significant difference in the response of ICIs to bone metastasis. However, five out the seven patients evaluated as CR or PR based on the MDA criteria were still treated with combined therapy, which may make a significant difference in the future. The exact mechanism underlying the antitumor effect of the concomitant use of ICIs and denosumab requires further analysis.

In this study, TPS was evaluated in six out the seven patients who had CR and PR in terms of bone metastases, and high expression was observed in five patients, but only one patient exhibited < 1%. TPS is measured before the initiation of pembrolizumab in unresectable advanced or recurrent NSCLC. If it is > 1%, first-line treatment with pembrolizumab alone is possible (14). High expression of PD-L1 in NSCLC is a predictive factor of the therapeutic effectiveness of pembrolizumab on primary lung lesions (33, 34), however, there are no reports regarding the effect on bone metastases. The results of this study implied that the high TPS expression might be a predictive factor of high therapeutic effect on both bone metastases and primary lung lesions.

The irAEs of ICIs are other important issues that need to be considered. Sun et al. reported that the overall incidence of irAEs in NSCLC was 22% for all grades and 4% for high grades in a systematic review and meta-analysis (35). In our study, 20.7% (n = 6) developed irAEs and 3.4% (n = 1) of those who developed encephalitis died (grade 5), consistent with the report. From these patients, two had achieved PR and the others had SD on bone metastasis evaluation. In NSCLC patients who were treated with ICIs, it has been reported that PFS, OS, and ORR of the patients who developed irAEs were more favorable than those who did not (36–39). However, there have been no studies regarding the therapeutic effect association with irAEs and bone metastases. Our results show that the incidence of irAEs might correlate with the therapeutic effect, and further studies are necessary to clarify these correlations.

In our study, three patients had impending fractures of the long bone of the lower extremity, two of them who were in CR based on the MDA criteria (15) and had Mirels scores (40) of 9 and 11 points. Since they were simultaneously diagnosed with primary lung cancer and bone metastasis, systemic treatment with pembrolizumab was prioritized, and conservative treatment was decided upon regarding the bone metastases after multidisciplinary discussions. The bone remodeling of the metastatic lesions was observed during the follow-up period, and they were able to return to their normal daily life without prophylactic surgery for impending fractures. One of the patients with SD in terms of bone metastasis was prioritized systemic treatment with pembrolizumab due to brain metastasis. Since the bone metastasis progression was suppressed by the systemic treatment, prophylactic surgery was not necessary. In addition, three other patients had extremity long bone metastases, the proximal humerus in one patient and the femoral trochanter in two patients. The Mirels scores of these patients were < 8 points for the proximal humerus, but 9 points for the patient with the femoral trochanter metastasis.

Prophylactic surgery for impending fractures of the lower extremities is a reasonable approach (41, 42), however, it is not always beneficial for advanced-stage patients due to poor general health and systemic treatment delays. This study revealed two cases of impending fractures that responded to ICIs and one whose progression was suppressed, and thus avoided prophylactic surgery. These results suggested that the systemic treatment of pembrolizumab and denosumab with conservative treatment with regards to bone metastasis could be one of the options for advanced NSCLC, although further studies are needed.

There were some limitations in this study. The number of patients was small. In addition, no control group received medication therapy other than ICIs, and the therapeutic effects of ICIs could not be compared with the effects of these therapies. Moreover, the effects of chemotherapy administered concurrently with ICIs were not considered. Although the concomitant use of denosumab in ICI treatment might enhance the therapeutic effect, the mechanism has not been sufficiently elucidated, and further verification of this finding is required.

In conclusion, ICIs suppressed the progression of bone metastasis in advanced NSCLC in 72.4% of this limited case series, although most cases were combined with BMAs. Pembrolizumab with denosumab had the highest therapeutic effect on not only primary lung lesions but bone metastases as well. These results suggest that the systemic treatment of pembrolizumab with denosumab with conservative treatment of bone metastasis could be one of the options for advanced NSCLC even in cases of impending lower extremity fracture. Future research should focus on validating these results, as well as creating guidelines to manage the bone metastasis from advanced NSCLC with a multidisciplinary approach including ICIs, anticancer drugs, molecular-targeted drugs, BMAs, surgical intervention, and radiotherapy.
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Background

This study aimed to establish a novel quantification system of ferroptosis patterns and comprehensively analyze the relationship between ferroptosis score (FS) and the immune cell infiltration (ICI) characterization, tumor mutation burden (TMB), prognosis, and therapeutic sensitivity in left-sided and right-sided colon cancers (LCCs and RCCs, respectively).



Methods

We comprehensively evaluated the ferroptosis patterns in 444 LCCs and RCCs based on 59 ferroptosis-related genes (FRGs). The FS was constructed to quantify ferroptosis patterns by using principal component analysis algorithms. Next, the prognostic value and therapeutic sensitivities were evaluated using multiple methods. Finally, we performed weighted gene co-expression network analysis (WGCNA) to identify the key FRGs. The IMvigor210 cohort, TCGA-COAD proteomics cohort, and Immunophenoscores were used to verify the predictive abilities of FS and the key FRGs.



Results

Two ferroptosis clusters were determined. Ferroptosis cluster B demonstrated a high degree of congenital ICI and stromal-related signal enrichment with a poor prognosis. The prognosis, response of targeted inhibitors, and immunotherapy were significantly different between high and low FS groups (HSG and LSG, respectively). HSG was characterized by high TMB and microsatellite instability-high subtype with poor prognosis. Meanwhile, LSG was more likely to benefit from immunotherapy. ALOX5 was identified as a key FRG based on FS. Patients with high protein levels of ALOX5 had poorer prognoses.



Conclusion

This work revealed that the evaluation of ferroptosis subtypes will contribute to gaining insight into the heterogeneity in LCCs and RCCs. The quantification for ferroptosis patterns played a non-negligible role in predicting ICI characterization, prognosis, and individualized immunotherapy strategies.





Keywords: colon cancer, left-sided, right-sided, ferroptosis, immunity, prognosis, immunotherapy response



1 Introduction

Colon cancer (CC) is a common gastrointestinal malignancy, with an incidence second only to that of gastric and esophageal cancers, and is associated with a high mortality rate (1). Approximately 900,000 people die from CC every year worldwide, accounting for about 10% of the total cancer-related deaths (2). Based on the anatomical structure of the colon, CC can be classified as left-sided CC (LCCs) or right-sided CC (RCCs) (3–5). Previous studies have demonstrated that primary tumor site is an independent prognostic factor in CC, and it is used as a basis for the development of treatment strategies (6–8). Thus, understanding cellular and molecular biological mechanisms between LCCs and RCCs is key in advancing tumor therapy (4).

Multiple studies have identified different CC subtypes based on the tumor cells, immune infiltration, molecular pathways, mutation status, and m6A methylation. Besides, these studies have characterized the differences between these subtypes, including metastasis tendency, recurrence, prognosis, and response to treatment (9–11). Immunotherapy works by recognizing and eliminating tumor cells by activating the body’s natural defense system. Although immunotherapy is gradually becoming the most preferred strategy for cancer treatment, low overall response presents a major hindrance (12). Growing evidence shows that the tumor microenvironment (TME) plays an important role in tumor progression, immune escape, and immunotherapy responses. Recent studies have demonstrated that ferroptosis exerts a dual role in tumor promotion and suppression, as well as affecting the efficacy of chemotherapy, radiotherapy, and immunotherapy. Ferroptosis is an iron-dependent new type of cell death characterized by the accumulation of intracellular reactive oxygen species (ROS). The process is dependent on the release of damage-associated molecular patterns in the TME and the immune response triggered by ferroptosis cell damage. Regulation of ferroptosis can suppress cell migration, invasion, and proliferation of CC (13). On the other hand, β-elemene combined with cetuximab can inhibit the migration of KRAS mutant CC; induce the accumulation of intracellular ROS, glutathione depletion, lipid peroxidation, and transferrin increase; and decrease the negative regulatory protein of ferroptosis, all of which could be reversed by inhibitors of ferroptosis (13). Therefore, targeting the pathway modulating tumor cell ferroptosis is an emerging antitumor strategy, and its combination with other therapeutic approaches could yield huge improvement in the clinical management of cancer. At present, it is possible to use a combination of iron levels, gene expression, and mutations to assess the patients who could benefit from the ferroptosis-promoting treatment. In addition, through a comprehensive analysis of the heterogeneity and complexity of the TME, it is possible to identify different tumor subtypes and novel biomarkers, and the ability to improve prediction of treatment sensitivity. This will also help to find and validate new therapeutic targets. Data on the characteristics of ferroptosis-related subtypes in LCC and RCC remain scanty.

Here, we integrated ferroptosis-related genes (FRGs) and identified ferroptosis-related subtypes in LCCs and RCCs from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) databases. Surprisingly, our data demonstrated that different ferroptosis-related subtypes have unique immune cell infiltration (ICI) characteristics. The data showed that ferroptosis plays a vital role in shaping the TME. Thus, we established a scoring model to quantify the characteristics of ferroptosis and analyzed the relationship between the ferroptosis score (FS) and tumor mutation burden (TMB), prognosis, and treatment sensitivity. Our results provided a novel and accurate method for predicting the prognosis and potential benefits of treatment.



2 Materials and Methods

The flowchart of the entire study is shown in Figure 1.




Figure 1 | The flowchart of the entire study.




2.1 Colon Cancer Datasets and Preprocessing

A total of 629 CC samples from two high-throughput platforms were included in this study: 473 samples from TCGA (https://tcga-data.nci.nih.gov/tcga/) and 156 samples from GEO (GSE103479) (http://www.ncbi.nlm.nih.gov/geo/). Other information included somatic mutation information, copy number variation (CNV), primary tumor site, clinical information, and survival data. The inclusion criteria were as follows: 1) the primary sites of the tumor were all in the left or right colon. The tumor primary sites in the cecum, ascending colon, and hepatic flexure are RCCs. The tumor primary sites in splenic flexure, descending colon, sigmoid colon, and rectosigmoid junction are LCCs (2). All patients must have complete follow-up information and RNA-seq data. Patients with incomplete survival information were excluded from the subsequent analysis. Following the screening, 444 samples were admitted to the study, including 322 TCGA samples and 122 GEO samples. The normalized matrix files were downloaded from GEO and RNA sequencing data (FPKM value) of gene expression from TCGA. Then the FPKM value was converted to transcripts per kilobase million (TPM) values for the combined analysis. The “ComBat” algorithm (14) in the R package “SVA” was used to reduce the batch effect caused by non-biotechnology deviations.



2.2 Unsupervised Clustering Based on Ferroptosis-Related Genes

To identify different iron ferroptosis-related patterns mediated by FRGs, a total of 59 FRGs was retrieved from previously published literature and available data and extracted the expression of these genes from integrated datasets (15–19). Hierarchical agglomerative clustering was used for sample clustering using the R package “ConsensusClusterPlus” (20). Stability evidence was then employed in unsupervised analysis to determine cluster count and membership. The process was repeated 1,000 times to ensure the stability of clustering.



2.3 Gene Set Variation Analysis

To study the differences in biological processes of the ferroptosis subtypes, the R package “GSVA” (21) was used to perform enrichment analysis. The gene set variation analysis (GSVA) was conducted, a non-parametric and unsupervised method, to evaluate enrichment variation, if any, of pathways and biological process activities in different expression datasets. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene sets were downloaded from the MSigDB database (http://software.broadinstitute.org/gsea/msigdb/) and used to perform the GSVA. Heatmaps were used to show the ferroptosis-related pathways with an adjusted p < 0.05.



2.4 Estimating of Immune Cell Infiltration

To evaluate and quantify the ICI in each sample, single-sample gene-set enrichment analysis (ssGSEA) by the R package “GSVA” (21) was used. After immune cell marker gene expression information was obtained from Charoentong’s research, the enrichment score calculated by ssGSEA was used to represent the relative infiltration abundance of each immune cell. Finally, the differences in ICI between ferroptosis subtypes were analyzed.



2.5 Identification of Differentially Expressed Genes Between Ferroptosis Subtypes in Left-Sided Colon Cancer and Right-Sided Colon Cancer

The R package “Limma” (22) was used to identify differentially expressed genes (DEGs) between different ferroptosis subtypes (adjusted p-value <0.01). Considering the molecular biological differences, the DEGs in LCCs and RCCs were also identified (|log2foldchange| > 0.5, adjusted p-value <0.05). Then the intersection of the two groups of DEGs was taken, and their expression in all samples was extracted for subsequent analysis. The GO and KEGG functional annotations analyses were performed by the R package “clusterProfiler” (23).



2.6 Construction of Ferroptosis Score

To quantify the characteristics of ferroptosis in the LCCs and RCCs, an algorithm was developed, and the outcome was defined as FS. First, univariate Cox proportional hazards regression analysis (COX) on the intersection DEGs by the R package “glmnet” (24) was performed. Thereafter, genes with a significant difference in the prognosis were extracted for further analysis. To classify the patients into several groups for in-depth analysis, unsupervised clustering was performed. Afterward, principal component analysis (PCA) was performed to extract the main components of these genes, and then a ferroptosis-relevant gene signature was constructed. Principal components 1 and 2 were selected as signature scores. A method similar to the gene expression rank index was performed to define the FS of each patient: FS = ∑PCA1i + ∑PCA2i (i is the expression of prognostic DEGs after screening). To distinguish the high and low FS groups (HSG and LSG, respectively) associated with prognosis, the best cutoff value was estimated by the R package “maxstat” (25).



2.7 Prediction of Multiple Therapeutic Sensitivities

The difference in therapeutic sensitivities between HSG and LSG from targeted inhibitor (TI) therapy and immunotherapy was analyzed. The concentration causing 50% reduction growth (IC50) of TIs was calculated by the R package “pRRophetic” (26), including Notch, Hedgehog (HH), and Wnt inhibitors. Wilcoxon rank-sum test was applied for comparing the difference of IC50 between HSG and LSG.

Meanwhile, immunogenicity is determined by multiple genes, including genes associated with effector cells, MHC molecules, immune regulatory factors, and immunosuppressive cells. Immunogenicity can be estimated and quantified without bias by machine learning. The Immunophenoscores (IPS) of CC were downloaded from The Cancer Immunome Atlas (TCIA) database (https://tcia.at/) (27). Then, the IPS between the HSG and LSG in different immunotherapy methods were compared to predict immunotherapy sensitivity. Meanwhile, a comprehensive search was conducted on the gene expression profile of publicly available datasets treated with immunotherapy, and the metastatic urothelial tumors cohort (28) (IMvigor210: http://research-pub.gene.com/IMvigor210CoreBiologies) and the advanced melanoma cohort (BMS038: https://github.com/riazn/bms038_analysis) (29) were included in the study. The IMvigor210 data were preprocessed by the R package “IMvigor210CoreBiologies.” The RNA-seq data were filtered and normalized by the R package “edgeR” (30), and the data were transformed by “voom” in the R package “limma” (22). The prognostic information and immunotherapy outcomes were also collated. The FS of each sample in the IMvigor210 cohort and BMS038 cohort were also quantified.



2.8 Identification of Key Genes Related to Ferroptosis

To identify key prognostic genes related to ferroptosis in the LCC and RCC, weighted gene co-expression network analysis (WGCNA) was performed based on the intersection of DEGs and FS. First, a suitable power exponent was selected to convert the adjacency matrix (AM) to the topological overlap matrix. A correlation analysis between the gene consensus modules with FS was then performed, and the modules negatively correlated with FS were selected for subsequent analyses. The key genes were identified by the intersection of the module genes and the FRGs obtained from the literature. To evaluate the expression of the key FRGs at the protein level, the TCGA-COAD proteomics cohort was downloaded from the Clinical Proteomic Tumor Analysis Consortium (CPTAC) database (https://proteomics.cancer.gov/programs/cptac), which included 29 normal samples and 64 tumor samples. The prognostic value and characteristics of the expression of the key genes were analyzed.



2.9 Statistical Analyses

All statistical analyses were conducted by R statistical language (version 4.0.5). Wilcoxon test and Kruskal–Wallis test were used for the comparison between the two groups and more than two groups, respectively. The Kaplan–Meier plotter was used to draw the prognostic survival curve, and the log-rank test was used to evaluate the significance of the statistical difference. Spearman’s test was used for correlation analysis and calculation of correlation coefficient. The R package “maftool” (31) was used to illustrate the gene mutation status in different groups. The R package “rcircos” (32) was used to plot the CNV of FRGs on 23 pairs of chromosomes. In all analyses, p < 0.05 was considered statistically significant.




3 Results


3.1 Genetic Variation of the Ferroptosis-Related Genes in Left-Sided Colon Cancer and Right-Sided Colon Cancer

Based on recent literature reports, a total of 59 FRGs were included in this study. First, we calculated and demonstrated that FRGs have prevalent CNV alteration in LCC and RCC, and most were focused on the deletion in copy number, while nearly half of the FRGs have a wider frequency of CNV amplification (Figure 2A). Out of 399 samples, 297 carried FRG mutations, representing a 74.44% mutation frequency. Among these, TP53 had the highest mutation frequency, followed by ACACA, ABCC1, and ZEB1 (Figure 2B). The data showed that there was a frequent occurrence of CNV, and deletions or amplifications of different FRGs had unique characteristics. Genes with a higher frequency of copy number amplification included SQLE, NFS1, EMC2, and GSS. The genes with higher deletion frequency included PGD, GOT1, FDFT1, and CHAC1. We also demonstrated the prevalence of the CNV on these FRGs on the chromosome (Figure 2C). To determine whether the above genetic variations affect the mRNA expression in LCC and RCC, we analyzed the mRNA expression levels in normal and cancer tissues and showed that the CNV might be mediating the difference in FRG expression. Compared with normal tissues, the expression of FRGs with higher amplification frequency increased significantly in cancer tissues (e.g., SQLE, NFS1, and ACACA), and vice versa (e.g., GOT1, HMGCR, and FTH1) (Figure 2D). In addition, the expression of the FRGs in normal and cancer tissues was highly heterogeneous, indicating that the differential FRG expression plays an important role in the occurrence and development of LCC and RCC.




Figure 2 | (A) The CNV frequency of FRGs in TCGA cohort. The height of the column represents the alteration frequency. The green dot represents deletion frequency. The red dot represents amplification frequency. (B) The mutation frequency of 59 FRGs in 399 patients with LCC or RCC from TCGA-COAD cohort. The column represents the patients. The different colors below the figure represent the proportion of variant types. (C) The location of CNV alteration of FRGs on 23 chromosomes. (D) The difference of FRG expression in normal and tumor tissues. The statistical difference was compared by the Wilcoxon test (*p < 0.05, **p < 0.01, ***p < 0.001). CNV, copy number variation; FRGs, ferroptosis-related genes; TCGA, The Cancer Genome Atlas; LCC, left-sided colon cancer; RCC, right-sided colon cancer.





3.2 The Initial Clustering: Ferroptosis Subtypes Have Unique Immune Infiltration Characteristics and Biological Behaviors


3.2.1 Two Ferroptosis Phenotypes Were Identified Based on the Expression Pattern of Ferroptosis-Related Genes

To further explore the interactions, connection, and prognostic impact of the FRGs, we employed univariate COX and correlation analyses on these genes. The results showed that 27 FRGs affected the prognosis (all p < 0.05) of the LCC and RCC. There was a significant positive correlation between the FRGs with the same prognostic impact; for example, the KEPA1 expression has a positive correlation with the expression of GPX4, AIFM2, RPL8, and HSPB1 (Figure 3A). Meanwhile, there was a significant negative correlation between the prognostic favorable FRGs and unfavorable FRGs, such as the unfavorable factor GPX4 has a negative correlation with favorable prognostic factors HMGCR, GCLM, and FANCD2. The favorable prognostic factor FDFT1 has a negative correlation with unfavorable prognostic factors CRYAB, CBS, and ALOX12 (Figure 3A). The data demonstrated that there might be complex crosstalk between the FRGs, which is important for the prognosis of patients and the cell-infiltrating characterization in the TME.




Figure 3 | (A) The interaction between FRGs in LCCs and RCCs. The circle size represents the range of significance values of each FRG on the prognosis. The p-values were calculated by log-rank test. Green dots represent favorable factors for prognosis, and purple dots represent risk factors for prognosis. The lines linking FRGs represent their correlation. The thickness of the lines represents the strength of correlation between FRGs. Negative and positive correlations were marked with blue and red, respectively. (B) The consensus matrixes for all CC samples displayed the clustering stability with 1,000 iterations. All samples were clustered into an appropriate number of subtypes (k = 2). (C) Kaplan–Meier curves showed the overall survival difference between ferroptosis clusters A and B (p = 0.017). (D) The heatmap demonstrates the expression of FRGs in different ferroptosis clusters. Heatmap colors indicate relative FRG expression levels. (E) The abundance of each ICI in ferroptosis clusters A and B (***p < 0.001, nsp > 0.05). (F, G) GO-related (F) and KEGG-related (G) GSVA showing the activation status of biological behaviors in ferroptosis clusters A and (B) The heatmap demonstrates these biological pathways. Red and blue represent activated and inhibited pathways, respectively. FRGs, ferroptosis-related genes; LCC, left-sided colon cancer; RCC, right-sided colon cancer; CC, colon cancer; ICI, immune cell infiltration; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSVA, gene set variation analysis.



Subsequently, we used the R package “ConsensusClusterPlus” (20) to perform a cluster analysis of the patients based on different FRG expression patterns. The analysis identified 2 ferroptosis-related phenotypes, which were defined as ferroptosis clusters A and B (Figure 3B). The prognostic analysis showed that ferroptosis cluster A yielded a better prognosis as compared to ferroptosis cluster B (p = 0.017) (Figure 3C). Next, we used a heatmap to illustrate the expression pattern of the FRGs and showed that the FRGs were differentially expressed in the 2 clusters (Figure 3D).



3.2.2 The Immune Cell Infiltration Characteristics and Biological Behaviors in Distinct Ferroptosis Phenotypes

The analysis of the ICI showed that there was no significant difference in CD4+ and CD8+ T cells between the two clusters. Although most immune cells in ferroptosis cluster B were highly infiltrated, they contained many immunosuppressive cells, such as eosinophil, myeloid-derived suppressor cells (MDSCs), macrophages, mast cells, and regulatory T cells (Tregs) (Figure 3E). These results are somewhat interesting. Previous research has indicated that ferroptotic damage can cause immunosuppression associated with inflammation in tumor ICI (33). Ferroptosis could be induced by cytotoxic T cell-driven immunity (34), but in specific conditions, ferroptosis can promote tumor progression through other immune cells. Ferroptotic cancer cells can release HMGB1 and promote macrophage inflammatory response (35). Additionally, pancreatic cancer cells release KRAS-G12D via exosomes during ferroptosis, and macrophages then take up these KRAS-G12D and undergo M2 polarization mediated by AGER to promote tumor progression (36). Neutrophils have been shown to maintain inflammation and promote tumor progression. In lung cancer, neutrophils could secrete pro-inflammatory leukotrienes to change vascular permeability and stimulate cell adhesion (37). The presence of tumor-infiltrating mast cells and FOXP3+ Tregs was correlated with the downregulation of HLA-I molecules on tumor cells, resulting in the lack of CD8+ T-cell infiltration in these tumor regions (38).

To explore the differences in the biological behaviors between the ferroptosis clusters, we conducted GO- and KEGG-related GSVAs. The results showed that tumor stem cells and stromal-related signals were significantly enriched in ferroptosis cluster B. The signals included the non-canonical Wnt signaling pathway, Hedgehog signaling pathway, TGF β signaling pathway, and extracellular matrix (ECM) receptor interaction (Figures 3F, G). The upregulation of the TGF β signaling pathway and ECM receptor interaction reflected the immunosuppressive nature in ferroptosis cluster B. This upregulation pattern was also observed in some stage III colorectal cancer (CRC) regardless of the microsatellite instability (MSI) status (39). Besides, signaling pathways related to genome stability, such as the P53 signaling pathway, base excision repair, and mismatch repair pathway, were significantly enriched in ferroptosis cluster A. The enriched pathways also included ferroptosis-related signaling, such as fatty acid metabolism, peroxisome, glutamate metabolism, and glutathione metabolism. It has been shown that ferroptosis is caused by excessive lipid peroxidation, which can be induced by exogenous or endogenous pathways. The exogenous pathways are initiated by inhibition of cell-membrane transporters, such as cystine/glutamate transporters, while the endogenous pathways are activated by blocking antioxidant enzymes, such as glutathione peroxidase 4 (33). In addition, the p53 signaling pathway is closely associated with ferroptosis and inhibits transcription of SLC7A11, which promotes ferroptosis in cancer cells (40). Some metabolism-related genes, such as SAT1, FDXR, and GLS2, have been reported to be direct targets of p53-mediated ferroptosis under different conditions (41, 42).




3.3 The Secondary Clustering: Ferroptosis Phenotype-Related Differentially Expressed Gene Cluster Patients More Stably and Quantify Ferroptosis Patterns to Better Predict Prognosis


3.3.1 The Secondary Clustering Using the Differentially Expressed Genes More Stably Identified Prognostic-Related Subtypes

To further study the potential biological behavior of each ferroptosis phenotype, we obtained 8,087 DEGs related to ferroptosis phenotypes using the R package “Limma.” In view of the obvious differences between LCCs and RCCs, we analyzed the DEGs in the LCCs and RCCs. After intersection analysis, 508 overlapped DEGs were obtained. GO and KEGG enrichment analyses of the DEGs showed significant enrichment of many biological processes related to immunity, which confirmed that ferroptosis plays a crucial role in TME. To further verify this effect, we performed an unsupervised cluster analysis based on the 508 overlapped DEGs and stratified patients into three ferroptosis phenotype-related DEG clusters (gene clusters A–C) (Figure 4A). The stratification aimed at further distinguishing other phenotypic differences caused by the ferroptosis patterns. Under this clustering algorithm, we demonstrated that patients in gene cluster A had the most favorable prognosis (p < 0.001) (Figure 4B). Most patients in gene cluster A belonged to ferroptosis cluster A, while those in gene clusters B and C with relatively poor prognosis belonged to ferroptosis cluster B (Figure 4C). The significant differences in the expression of the FRGs were found within the different gene clusters (Figure 4D), which were in accordance with the expected results caused by ferroptosis patterns.




Figure 4 | (A) The consensus matrixes for TCGA-COAD cohorts based on the DEGs among the 2 ferroptosis clusters. TCGA samples were clustered into an appropriate number of subtypes (k = 3). (B) Kaplan–Meier curves showed an overall survival difference between gene clusters (p < 0.001). (C) The heatmap shows the expression of the ferroptosis-related DEGs in different ferroptosis clusters and gene clusters. (D) The difference of FRG expression in normal and tumor tissues. The statistical difference was compared by the Kruskal–Wallis test (*p < 0.05, **p < 0.01, ***p < 0.001). (E–H) Kaplan–Meier curves show overall survival difference between HSG and LSG in TCGA and GSE103479 cohort (p < 0.001) (E), IMvigor210 cohort (p = 0.004) (F), GSE17536 cohort (p = 0.019) (G), and BMS038 cohort (p = 0.050) (H). (I) The Sankey diagram demonstrates the distribution of patients with primary tumor sites, ferroptosis clusters, gene clusters, and FS. (J) Correlations between FS and the abundance of each ICI in TCGA cohort using Spearman’s analysis. Positive correlation with red and negative correlation is marked in blue. (K) Differences in FS between 2 ferroptosis clusters. The Wilcoxon test was used to compare the statistical difference between 2 ferroptosis clusters (p < 0.001). (L) Differences in FS among 3 gene clusters. The Kruskal–Wallis test was used to compare the statistical difference between 3 gene clusters. DEGs, differentially expressed genes; TCGA, The Cancer Genome Atlas; FRG, ferroptosis-related gene; HSG, high ferroptosis score group; LSG, low ferroptosis score group; FS, ferroptosis score; ICI, immune cell infiltration.





3.3.2 The Ferroptosis Score Had Satisfactory and Consistent Predictive Power for Prognosis in Multiple Independent Cohorts

Given the heterogeneity and complexity of individual ferroptosis patterns and the subsequent identification of key FRGs, we used PCA to quantify the ferroptosis patterns in the LCCs and RCCs and defined the results as FS. Next, we evaluated the value of the FS in predicting prognosis. After the best cutoff value was obtained through the R package “maxstat,” we distributed all the patients from TCGA and GSE103479 cohorts into HSG and LSG. The patients in the LSG showed a better prognosis compared to those in the HSG (p < 0.001) (Figure 4E). To evaluate the predictive prognostic consistency of the FS, we calculated the FS and performed a prognostic analysis in the Imvigor210 cohort, GSE17536 cohort, and BMS038 cohort. The results showed that the patients in LSG had a significantly better prognosis than those in HSG in the Imvigor210 cohort (p = 0.004) (Figure 4F), GSE17536 cohort (p = 0.019) (Figure 4G), and BMS038 cohort (p = 0.050) (Figure 4H). Thus, the consistency of the predictive effectiveness of the FS was demonstrated, indicating that the FS had robust predictive ability in the cross-validation cohort.

A Sankey plot was used to visualize the primary tumor sites, ferroptosis clusters, gene clusters, and FS in each patient (Figure 4I). The LCCs and RCCs patients were classified into 2 ferroptosis clusters and then divided into 3 gene clusters. Compared with gene cluster A, which showed better prognoses, the patients in gene cluster C with poor prognoses belonged to the HSG. Similarly, most patients in gene cluster B with poor prognoses belonged to HSG.

Since the overlapped DEGs were significantly enriched in immune-related pathways, we explored the relationship between the FS and ICI and generated a correlation heatmap (Figure 4J). The data showed that there was a significant positive correlation between the FS and most infiltrated immune cells.

In addition, we explored the relationship between the FS and the two clustering modes and showed significant differences in the FS among the different clustering modes. The median FS in ferroptosis cluster B was significantly higher as compared to that in ferroptosis cluster A (p < 0.001) (Figure 4K). The median FS of gene cluster C was significantly higher than that in gene clusters A and B (p < 0.001) (Figure 4L). Besides, the patients in ferroptosis cluster B, gene cluster C, and HSG had a relatively worse prognosis, thus demonstrating the consistency of the predictive effectiveness. Therefore, the quantified ferroptosis patterns could be used as an indicator to predict prognosis and ICI.




3.4 The Ferroptosis Score Had Significant Associations With Tumor Mutation Burden and Genomic Instability

Our analysis showed that genome stability-related pathways were significantly enriched in the GSVA of ferroptosis clusters. We then performed a series of analyses on somatic mutations in the HSG and LSG. First, we analyzed the difference between the TMB in the HSG and LSG and demonstrated that the TMB in the HSG was significantly higher compared to that in the LSG (p < 0.001) (Figure 5A). Previous studies have shown that high TMB predicts poor prognosis in a variety of cancers. In our study, the HSG had a worse prognosis, and the results were consistent. Furthermore, there was a positive correlation between the FS and TMB (Spearman’s coefficient: r=0.4, p < 0.001) (Figure 5B). The distribution of gene clusters varied with the increase of the FS. Gene cluster A with a better prognosis was mainly distributed at the bottom left of the coordinate axis (Figure 5B).




Figure 5 | (A) Differences in TMB between HSG and LSG. The Wilcoxon test was used to compare the statistical difference between HSG and LSG (p < 0.001). (B) The scatterplots show that there was a significant positive correlation between FS and TMB. The correlation coefficient between FS and TMB was 0.4 (p < 0.001). (C) The median FS in the MSI-H subtype was significantly higher than that in MSS and MSI-L subtypes (all p < 0.001) (D) The proportion of CC molecular subtypes in HSG and LSG. MSS subtype, blue; MSI-L subtype, red; MSI-H, yellow. (E) Kaplan–Meier curves show an overall survival difference between TMB subgroups (p = 0.021). (F) Kaplan–Meier curves show overall survival differences stratified by TMB and FS (p = 0.02). (G, H) The waterfall diagram demonstrates the top 20 driver genes with the highest mutation frequency in HSG (G) and LSG (H). TMB, tumor mutation burden; HSG, high ferroptosis score group; LSG, low ferroptosis score group; FS, ferroptosis score; MSI-H, microsatellite instability-high; MSS, microsatellite stable; MSI-L, microsatellite instability-low; CC, colon cancer.



CC was classified into microsatellite stable (MSS), MSI-low (MSI-L), and MSI-high (MSI-H) by TCGA project. In the 2017 National Comprehensive Cancer Network guidelines, the immune checkpoint inhibitor anti-PD-1 was recommended as an end-line treatment of CC with deficient mismatch repair (dMMR)/MSI-H subtype [27]. Our analysis showed significant FS differences between the molecular subtypes. The median FS in the MSI-H subtype was significantly higher than that in the other two subtypes (all p < 0.001) (Figure 5C). A larger portion of patients in the HSG belonged to the MSI-H subtype and had a worse prognosis, while almost all patients in the LSG belonged to the MSS and MSI-L subtypes and had better prognoses (Figure 5D). The above results indicated that the ferroptosis patterns not only affect ICI but also have a potential relationship with somatic mutation, which leads to a poorer prognosis of patients under their synergistic influence.



3.5 The Synergistic Effect of Ferroptosis Score and Tumor Mutation Burden Further Refined Prognostic Prediction

We performed a prognostic analysis of TMB and found that there was a significant difference in the prognosis of patients in the high and low TMB groups (Figure 5E). Taking the synergistic effect of the TMB and FS on the prognosis, we performed a stratified prognostic analysis. We found that patients with a combination of low FS and low TMB showed a great survival advantage (Figure 5F). These data indicated that the FS could be a potential prognostic indicator, and the combination with TMB could further refine prognostic prediction for patients.

We then analyzed the differences in the distribution of somatic mutation in the HSG and LSG human populations. The top 20 driver genes with the highest mutation frequency were used for presentation. The data showed that the mutation frequency of the genes in the HSG was generally higher compared to that in the LSG (Figures 5G, H).



3.6 The Ferroptosis Score Had Great Potential for Predicting Immunotherapy Efficacy

To evaluate the value of FS in predicting the clinical therapeutic efficacy of CC, we analyzed the difference in sensitivity of TIs between the groups. In sunitinib (VEGFR2 inhibitor) (Figure 6A), the median IC50 of LSG was significantly lower than that of HSG (p = 0.0025). In elesclomol (inducer of oxidative stress) (Figure 6B), embelin (NF-κB inhibitor) (Figure 6C), JNK Inhibitor VIII (Figure 6D), cyclopamine (HH signaling inhibitor) (Figure 6E), CGP.60474 (cyclin-dependent kinase inhibitor) (Figure 6F), and GDC0941 (PI3K inhibitor) (Figure 6G), the median IC50 of HSG was significantly lower than that of LSG (all p < 0.05).




Figure 6 | (A–G) The difference of multiple TI sensitivity in HSG and LSG. In sunitinib (A), the median IC50 of LSG was significantly lower than that of HSG (p < 0.01). In elesclomol (B), embelin (C), JNK Inhibitor VIII (D), cyclopamine (E), CGP.60474 (F), and GDC0941(G), HSG had a significantly lower median IC50 than LSG (all p < 0.05). (H–M) The difference of immune-suppressive checkpoint gene expressions between HSG and LSG. The expressions of PD1 (H), PDCD1LG2 (I), CD274 (J), CTLA4 (K), HAVCR2 (L), and LAG3 (M) were higher in HSG than in LSG (all p < 0.001). The statistical difference was compared by the Wilcoxon test. TI, targeted inhibitor; HSG, high ferroptosis score group; LSG, low ferroptosis score group.



For immune-suppressive checkpoint genes, the expressions of PDCD1, PDCD1LG2, CD274, HAVCR2, CTLA4, and LAG3 were higher in HSG than those in LSG (all p < 0.001) (Figures 6H–M). In addition, two methods were performed to verify the predictive ability of FS in immunotherapeutic benefits. Several researchers have identified the ability of IPS calculated by immunogenicity on predicting the immunotherapy response in melanoma patients. So we analyzed the difference of IPS between HSG and LSG. The IPS, IPS-PD1/PD-L1/PD-L2, IPS-CTLA4, and IPS-PD1/PD-L1/PD-L2 + CTLA4 were used to evaluate the potential application of FS. The IPS (Figure 7A), IPS-CTLA4 (Figure 7C), and IPS-PD1/PD-L1/PD-L2 + CTLA4 (Figure 7D) were significantly different in HSG and LSG (all p < 0.05). There was no statistically significant difference in IPS-PD1/PD-L1/PD-L2 between HSG and LSG (p = 0.21) (Figure 7B). The proportion of complete response/partial response (CR/PR) patients in LSG was significantly higher than that in HSG (p < 0.05) (Figure 7E), and the FS in the CR/PR group was significantly lower than that in the stable disease (SD)/progressive disease (PD) group (p = 0.022) (Figure 7F). Also, in the BMS038 cohort, the proportion of CR/PR patients in LSG was significantly higher than that in HSG (p < 0.05) (Figure 7G). Overall, the FS had greater predictive potential in prognosis and immunotherapy efficacy.




Figure 7 | (A–D) The differences of IPS between HSG and LSG. The IPS (A), IPS-CTLA4 (B), and IPS-PD1/PD-L1/PD-L2 + CTLA4 (D) were significantly different between HSG and LSG (all p < 0.05). (E) Proportion of patients with different treatment outcomes in HSG and LSG. The proportion of CR/PR patients in LSG was significantly higher than that in HSG in IMvigor210 cohort (p < 0.05). (F) The difference of FS between treatment outcome groups (p = 0.022). The statistical difference above was compared by the Wilcoxon test. (G) The proportion of CR/PR patients in LSG was significantly higher than that in HSG in BMS038 cohort (p < 0.05). IPS, Immunophenoscores; HSG, high ferroptosis score group; LSG, low ferroptosis score group; CR/PR, complete response/partial response.





3.7 ALOX5 Was Identified as the Prognostic Key Gene Based on Ferroptosis Score

To further analyze the key genes, a gene co-expression network was built by using WGCNA to identify modules with the highest correlation with FS. We selected the number 10 as the appropriate soft threshold (Figure 8A) and built a scale-free co-expression network. Ultimately, 5 gene modules were obtained (Figure 8B). It was apparent that only the gray module had a negative correlation with FS (correlation coefficient = −0.22, p < 0.001), while the other modules had a positive correlation with FS (Figures 8C, D). To narrow the scope of key genes, we selected the unique gray module for further screening.




Figure 8 | (A) The power index 10 was chosen as the appropriate soft threshold, and a scale-free co-expression network was achieved. (B) The branches of the dendrogram correspond to 5 gene modules. (C) The correlation coefficient and corresponding p-value between each gene module and FS are in boxes. (D) Scatter plot of module eigengenes in the gray module. (E) There were significant differences in ALOX5 expression between cancer tissues and normal tissues at protein level (p < 0.001). The statistical difference was compared by the Wilcoxon test. (F, G) Kaplan–Meier curves showed overall survival difference between high and low ALOX5 expression groups at protein level (p = 0.019) (F) and RNA level (p = 0.041) (G). FS, ferroptosis score.



To identify the key FRGs associated with prognosis, we selected the genes of the gray module, crossed them with the 59 FRGs collected in the literature, and finally obtained ALOX5. At the protein level, we found that the expression of ALOX5 was significantly more expressed in cancer tissues than in normal tissues (p < 0.001) (Figure 8E). Meanwhile, patients with higher expression of ALOX5 in protein level and RNA level were all related to poor prognosis (all p < 0.05) (Figures 8F, G).

Furthermore, the first neighbor of ALOX5 was found in the DisNor database (43) (Supplementary Figure 1). The upstream upregulators of ALOX5 included ERK1/2, MAPKAPK2, MAPK1, MAPK3, SP1, and CAMK2A; and upstream downregulators involved zileuton, MBD2, PRKACA, MECP2, and MBD1. Leukotriene A4 was the downstream regulator of ALOX5.




4 Discussion

Herein, we first revealed two different ferroptosis clusters using 27 FRGs. The two clusters had significantly different characteristics in the ICI and FRG expression patterns. The analysis of the ICI in the TME showed that ferroptosis cluster A had an immune-desert phenotype, while ferroptosis cluster B had a congenital immune infiltration. The analysis showed that eosinophils, MDSCs, macrophages, mast cells, and Tregs were the main infiltrating immune cells in cluster B. Previous studies have shown that eosinophils have high catalytic content of Fe(II), and increasing the concentration of Fe(II) could yield ROS through Fenton reaction and eventually induce ferroptosis (44). MDSCs have strong immunosuppressive activity, inhibiting the function of T cells and NK cells and promoting immune escape (45). Macrophages can regulate iron metabolism and iron homeostasis (46). The M1 and M2 macrophages formed by macrophage polarization showed iron isolation and iron release phenotypes, respectively (47). Macrophages and iron metabolism play a major role in tumor development. On the other hand, Tregs (Foxp3+ CD25+ CD4+ T cells) have been shown to be recruited by tumor cells in TME to fight antitumor immunity (48). Hong et al. established a ferroptosis-related 12-gene signature in clear cell renal cell carcinoma and demonstrated that macrophages, mast cells, and Tregs were significantly enriched in the FRG model through immunoannotation analysis (49). These results suggested that there was potential regulation between tumor immunity and ferroptosis. In addition, stromal-related signals were significantly enriched in ferroptosis cluster B, especially TGF β signaling pathway and ECM receptor activation, confirming the stromal activation in cluster B. Stromal activation can inhibit antitumor functions of immune cells. Immunosuppressive characteristics might explain the poor prognosis of ferroptosis cluster B. In this study, we obtained ferroptosis-related DEGs and crossed them with the DEGs in the LCCs and RCCs. Enrichment analyses of these overlapped DEGs revealed significant enrichment of many immune-related biological processes, robustly demonstrating that ferroptosis plays a key role in the tumor immune microenvironment (TIME).

Subsequently, we identified 3 ferroptosis-related DEG clusters, which were also significantly associated with stromal and immune activation. We once again demonstrated the importance of changes in the ferroptosis in shaping different TIME landscapes. In addition, we constructed a scoring system to quantify the ferroptosis pattern of each CCs patient, defined as FS, to guide individualized prognostic analysis and precise treatment of CC. Studies have shown that an FRG-based prognostic nomogram could improve the estimation of the survival rate of patients with clear cell renal cell carcinoma (50). Similarly, a novel ferroptosis risk signature could be useful in predicting prognosis and reflecting immune infiltration in adrenocortical carcinoma (51). These analyses also suggested that the FS might be a potential and reliable prognostic biomarker in CC.

Mutations in the DNA damage response genes are the main cause of TMB elevation, which can be used to predict the immune checkpoint inhibitor response (52). Many mutations in the somatic exon region lead to an increase in the production of neoantigens, which are recognized by T cells and thus enhance the antitumor immune response. Therefore, patients with high TMB might develop a stronger immune response and be more sensitive to the immune checkpoint inhibitors treatment. MSI status is used as a symbol of dMMR. dMMR tumors often generate more effective antitumor immune responses and have a higher likelihood of immunotherapeutic responses (53). Le et al. demonstrated that mismatch repair status played a role in predicting the clinical benefit of pembrolizumab immune checkpoint blockade (54). Our data confirmed that the FS could also be predictive indicators for immune checkpoint inhibitor response and prognosis independent of the TMB and is potentially effective in evaluating the MSI status of patients.

Nowadays, there is diversification in cancer treatment strategies. Clinical trial results showed that anti-PD-1 antibodies ultimately achieve a lasting CR in patients with CRC (55). Ferroptosis mediates the tumor-suppressive activity of IFN-γ secreted by CD8+ T cells against immune checkpoint blockade. The significant clinical benefits of immunotherapy such as immune checkpoint blockade might be derived, at least in part, from ferroptosis-induced tumor cells. In our analysis, gene expression at immunosuppressive checkpoints was significantly different between the HSG and LSG. Besides, FS can be used to predict the efficacy of TIs and response to immunotherapy. Currently, many clinical trials aim to investigate the use of immunotherapy in combination with a variety of other therapies in the treatment of CC (56–58). Ferroptosis regulators might enable the CC patients to achieve a better therapeutic response by leveraging the iron-philic activity of the immune system in conjunction with immunotherapy and targeted therapy (59, 60).

Given the vital roles played by ferroptosis in TIME and prognosis, we screened out key adverse prognostic regulators. Interestingly, our analysis showed that ALOX5 was a key FRG related to poor prognosis. The main mechanism of ferroptosis is metabolic necrosis caused by the peroxidation of polyunsaturated fatty acids, resulting in the accumulation of toxic products and rapture of the cell membrane (61). ALOX5 is a non-heme iron-containing dioxygenase that encodes lipoxygenase and metabolizes arachidonic acid into 5-hydroperoxyeicosatetraenoic acid (62). ALOX5 was shown to regulate ferroptosis in cancer cells through lipid peroxidation (19, 63). In gastric cancer and hepatocellular carcinoma, ALOX5 expression was significantly higher than that in normal tissues in the promotion of tumor progression (64, 65). On the other hand, ALOX5 inhibition augments the efficacy of other chemotherapeutic agents in the treatment of gastric cancer. Zhou et al. demonstrated that abnormal activation of ALOX5 is associated with HER2 overexpression, mediates the growth and migration of breast cancer, and has prognostic value (66). Previous studies have demonstrated that ALOX5 is associated with macrophage infiltration. ALOX5 induces leukotriene synthesis to create a pro-inflammatory environment. Besides, increased 5-LOX metabolites from hypoxic ovarian cancer cells promote macrophage migration and invasion (67). In this study, we demonstrated the overexpression and adverse prognostic value of ALOX5 in CC. FDA-approved ALOX5 inhibitors already exist. For example, zileuton, a selective ALOX5 inhibitor, is used to prevent and treat chronic asthma (68). In addition, clinical trials have been conducted to evaluate the efficacy of zileuton monotherapy or combination therapy in lung cancer (Clinical trial numbers: NCT00056004 and NCT00070486). We constructed upstream and downstream regulatory networks of ALOX5, whose interaction network could provide the basis for follow-up studies. These results implied that ALOX5 is a potential target for CC tumor therapy and an effective prognostic biomarker.

However, several limitations remain, as follows: we need more independent immunotherapy cohorts to verify the predictive robustness and consistency of FS for prognosis and immunotherapy efficacy. For the key gene, additional experiments are required to investigate the unique role of ALOX5 in LCCs and RCCs.

In summary, this study comprehensively explored the association between ferroptosis and ICI in LCC and RCC. The identification of ferroptosis subtypes will help gain insight into the heterogeneity in LCC and RCC. By establishing a system to quantify ferroptosis patterns, the FS could serve as an effective biomarker to predict prognosis and immunotherapy response. The key gene ALOX5 identified by the FS also showed good predictive abilities. Our study provided a novel tool for the identification of ferroptosis immunophenotypes, predicting prognosis, and provision of individualized immunotherapy in LCCs and RCCs.
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The incidence of cervical cancer has decreased in recent years due to widespread vaccination and routine screenings. It can be treated successfully, and the prognosis is also excellent if detected early. However, the 5-year survival rate for patients with stage IV cervical cancer is only 17% even with aggressive systemic chemotherapy. With the Food and Drug Administration (FDA)’s approval of immunotherapy, the prognosis has improved. We present a patient with stage IV cervical cancer who could not tolerate platinum-based chemotherapy and bevacizumab, so she was started on an immune checkpoint inhibitor, as her tumor was 100% programmed cell death ligand-1 (PD-L1) positive. She survived more than 2 years since the diagnosis of stage IV cervical cancer without any significant side effects. Based on our patient’s response, the use of immune checkpoint inhibitors as a single agent needs further research and probably can be considered in patients with stage 4 cervical cancer who cannot tolerate standard chemotherapy.
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Introduction

Cervical cancer remains a common cancer worldwide despite widespread preventive strategies (1). The American Cancer Society 2021 estimates there are about 14,480 new cervical cancer cases, out of which about 4,290 women will die, averaging about 11 deaths every day (2, 3). Prognosis remains poor even with the addition of bevacizumab to cytotoxic chemotherapy in patients with metastatic cervical cancer. Bevacizumab improves overall median survival by 3.7 months and was associated with severe side effects (4). The response to chemotherapy is usually limited, as most patients with advanced cervical cancers have a very brief response, and patients cannot receive multiple agents due to adverse side effects. Also, there is no evidence suggesting an increase in disease-free progression rate or overall survival in patients treated with second-line chemotherapy (5). The discovery of immune checkpoint inhibitors (ICIs) has changed the field of oncology over the past few years. The addition of programmed cell death protein-1 (PD-1) inhibitors to the treatment has further improved survival in metastatic cervical cancer patients (6, 7). Our patient has progressed to stage IV within a few months of her initial stage IB2 cervical cancer diagnosis. She received 6 cycles of weekly cisplatin with pelvic external beam radiation therapy and brachytherapy for her initial diagnosis of stage IB2 cervical cancer. Then she proceeded with chemotherapy for stage IV cervical cancer after lung metastasis, but she could not tolerate cisplatin-based chemotherapy or bevacizumab due to poor bone marrow reserve and renal issues. She was started on pembrolizumab, as her tumor was 100% programmed cell death ligand-1 (PD-L1) positive. She has been disease-free for more than 2 years and is continuing to maintain that response without any significant side effects.



Case Discussion

A 39-year-old female with a past medical history of anxiety, recurrent bacterial vaginosis, atypical squamous cells of undetermined significance (ASCUS) at age 28 status post loop electrosurgical excision procedure (s/p LEEP) with biopsy negative for cervical intraepithelial lesion or malignancy, and tobacco abuse went to her obstetrician–gynecologist (OB/GYN) for the complaints of vaginal odor and postcoital bleeding. She also reported unintentional weight loss of 18 pounds in the past 6 months. She had recurrent urinary tract infections and bacterial vaginosis diagnoses earlier that year that were successfully treated each time. Since the diagnosis of ASCUS, she had one human papillomavirus (HPV)/pap co-test negative at age 34. Her physical examination at the office showed a friable cervix with bleeding and discharge. She was treated for bacterial vaginosis infection first and was reexamined a week later after the infection has cleared. Reexamination under anesthesia revealed a cervical mass, so cystoscopy and proctoscopy with cervical biopsy were done. The results demonstrated a moderate to poorly differentiated invasive squamous cell carcinoma. She was diagnosed with stage I B2 cervical cancer in late 2018 after the biopsy and was started on chemoradiation. She received cisplatin weekly for six doses with a cumulative dose of 55.8 Gray of pelvic external beam radiation therapy, and suspicious lymph nodes were boosted. This was followed by five fractions of 3,000 centi-gray cervix 3-D image brachytherapy. Pretreatment MRI of the pelvis with and without contrast demonstrated a 4.4 × 4.8 × 2.7 cm of cervical mass with disruption of outer contour in the left aspect of the cervix. PET/CT demonstrated FDG activity in cervical 4.4 × 4.8 × 2.7 cm mass (Figure 1). Repeat MRI 2 months later showed interval and decrease in the size of cervical mass with small sub-centimeter bilateral internal iliac lymph nodes. She required frequent blood transfusions for anemia in this process.




Figure 1 | PET/CT scan at the time of diagnosis, showing FDG avid 4.4 × 4.8 × 2.7 cm cervical mass, consistent with known cervical cancer.



About 5 months after diagnosis of initial stage I B2 cervical cancer, she was seen in the emergency department with fevers and cough. CT chest with contrast done showed multiple pulmonary parenchymal nodules of varying sizes throughout the lungs consistent with diffuse pulmonary metastasis, and mediastinal and hilar adenopathy (Figure 2). She was started on treatment with three chemotherapy agents, i.e., cisplatin, paclitaxel, and bevacizumab, at 50% dose considering her delayed bone marrow recovery from pelvic radiation therapy. As she required frequent blood transfusions for anemia and had severe hypomagnesemia requiring frequent replacements, cisplatin was substituted for carboplatin during the 2nd cycle of chemotherapy. She could not tolerate the third cycle of chemotherapy due to severely compromised bone marrow and borderline kidney function. So systemic chemotherapy had to be discontinued considering her poor bone marrow reserve and associated nephrotoxicity. Her lung nodules biopsy came back 100% PD-L1 positive, so she was started on pembrolizumab only without additional chemotherapy, and imaging done a month later showed an interval decrease in the size of lung nodules (Figure 3).




Figure 2 | CT chest with contrast, 5 months later, revealing multiple pulmonary parenchymal nodules of varying sizes throughout the lungs, consistent with diffuse pulmonary metastasis. It also showed mediastinal and hilar adenopathy.






Figure 3 | Pathology image of lung nodule biopsy showing PD-L-1 positivity. On the left is Hematoxylin & Eosin stain and on the right is PD L-1 immunohistochemistry stain showing PD-L-1 positivity. Pictures taken at 20x.



A total of 4 months after starting on pembrolizumab, she had complaints of severe fatigue more than usual without complaints of palpitations, heat intolerance, and sweats. Blood work showed low thyroid-stimulating hormone (TSH) at 0.02. Prior to the initiation of pembrolizumab, TSH was within normal limits. Pembrolizumab can cause thyroid dysfunction and adrenal insufficiency, so cortisol was also checked; 8 a.m. cortisol came back normal at 6.4, so hypophysitis was ruled out. She was diagnosed with pembrolizumab-induced hyperthyroidism. Endocrinology was consulted, and she was started on propylthiouracil with a very good response. Her TSH started increasing, so propylthiouracil was discontinued. A decision was made to continue with pembrolizumab, as she had a very good response to treatment. Unfortunately, about 10 days after stopping propylthiouracil even before the next blood work, the patient was admitted to the intensive care unit with altered mental status and sinus bradycardia. She was intubated due to acute respiratory failure with hypercapnia secondary to myxedema coma and required pressor support with norepinephrine. She was treated with intravenous hydrocortisone and levothyroxine. Twenty-four hours later she was extubated, and 2 days later, she was discharged home with levothyroxine 100 μg daily. About 15 days later, there was a significant improvement in TSH to 25.74 from TSH of 200 at the time of presentation to the emergency department, so she was restarted on Keytruda. Follow-up imaging 2 months later to monitor response to Keytruda showed continued improvement in lung metastasis.

Throughout the course of treatment, CT chest/abdomen/pelvis with contrast was repeated every 3 to 6 months, and PET skull base to mid-thigh with CT initial was repeated every 4 to 6 months to monitor the response to treatment. She showed consistent improvement in lung metastases (Figure 4). Pembrolizumab was continued every 3 weeks since diagnosis with some diarrhea as a side effect was well controlled with Imodium. Hypothyroidism was also well controlled with the help of levothyroxine. As of today, she continues to receive pembrolizumab every 3 weeks for the past 18 months. She finished 44 treatments with pembrolizumab till now. The last PET/CT in late 2021 showed no metabolically active cancer (Figure 5). She is doing clinically very well and is continuing to work full-time. She is currently completely asymptomatic without any pulmonary or systemic symptoms.




Figure 4 | CT chest/abdomen with contrast after starting pembrolizumab showing a decrease in the size of lung metastasis.






Figure 5 | PET/CT scan showing no abnormal FDG avidity is seen in cervix, uterus, or lungs. No pulmonary nodules or metabolically active lymph nodes are identified in the mediastinum, axilla, abdomen, and pelvis. No axillary or supraclavicular lymphadenopathy.





Discussion

Cervical cancer is still the most common cancer detected in women worldwide. About 30 to 40 years ago, it was the most diagnosed gynecological cancer (8). The incidence has decreased in recent decades in developed countries due to screening and widespread HPV vaccinations (9, 10). However, it is still a common gynecological cancer in developing countries due to lack of resources and poor sanitation. Cervical cancer is caused by high-risk subtypes of HPVs. The common risk factors for this cancer are early sexual debut, multiple sexual partners, history of sexually transmitted infections, and tobacco abuse. It usually presents with symptoms of postcoital bleeding (11). Like every other cancer, it is divided into four stages depending on invasion to adjacent and distant organs. Treatment of cervical cancer is based on the stage at the time of diagnosis and the patient’s wish to preserve fertility. The relapse rate for cervical cancer is between 11% and 22% in the International Federation of Gynecology and Obstetrics (FIGO) stages 1B-IIA and 28%–64% in FIGO stages IIB-IVA. The persistence and local recurrence of cervical cancer often exceed the distant metastasis rate with increased pelvic tumor burden (12). Stage IV cervical cancer is a cancer that spreads to distant organs or it involves adjacent organs including the mucosa of the bladder or rectum (13). The overall survival rate of stage IV cervical cancer is only 17% compared to 85% in localized cervical cancer even with aggressive chemotherapy (14).

Treatment for metastatic cervical cancer is cisplatin-based chemotherapy, but according to research, no statistical benefit in overall survival was noted with platinum-based therapy (15). Its use is also limited due to significant toxicity and subsequent resistance to therapy (16). Bevacizumab is a monoclonal antibody with antiangiogenic properties and is also approved for metastatic cervical cancer. Adding bevacizumab to platinum-based chemotherapy in metastatic cervical cancer patients improved survival by 3.4 months, but it is associated with an increased risk for thromboembolism, fistulas, and a rare risk of bowel perforation (4). ICIs with chemotherapy or as a single agent raised a new hope in metastatic cancer treatments, as they are associated with improved overall survival rate and disease-free progression rates. Since the approval of ICIs by the Food and Drug Administration (FDA), their use has been incorporated in the treatment of about 19 different cancer types. There has been an increase in survival rates with the addition of ICIs in the treatment plan of patients with metastatic cancers including lung, cervix, colon, breast, esophagus, malignant melanomas, classical Hodgkin’s lymphoma, and other cancers (17).

PD-1, also called CD 279, was identified for the first time in 1992. CD 279 is expressed in activated cells including CD4 T, CD8 T, B cell, NK T cell, and CD4 CD8 negative T cells. It is a T-cell coinhibitory receptor, and its expression is increased in apoptotic cells, tumor cells, and virus infections (18, 19). The binding of PD-L1, the ligand for the PD-1 receptor, activates the PD-1/PD-L1 pathway leading to inhibition of T-cell activity (19, 20). The main role is to protect against excessive inflammatory responses and autoimmunity by increasing apoptosis in activated T cells (21). This mechanism also helps cancer cells escape our immune system leading to decreased antitumor response and progression of malignancies (22, 23). PD-1 and PD-L-I expression is upregulated in HPV-associated cervical tumor cells (24). Synthetic anti-PD-1 antibodies including pembrolizumab, nivolumab, and cemiplimab block this PD-1/PD-L-1 pathway leading to an improved immune response against tumor cells (25).

Pembrolizumab is a humanized IgG4 antibody against the PD-1 receptor accepted by the FDA. It was approved in 2014 for melanoma and non-small cell lung cancer by the FDA for the first time (26).

The treatment of stage IV cervical cancer is usually non-surgical with chemoradiotherapy, as combined radical surgery with chemoradiotherapy is associated with significant adverse events. Cisplatin-based chemotherapy with angiogenesis inhibitor bevacizumab has been the treatment for stage IV cervical cancer for many years. KEYNOTE-158 trial showed impressive results with pembrolizumab in previously treated advanced PD-L1-positive cervical cancer patients (27). Based on the results of the KEYNOTE-158 trial, in the year 2018, FDA granted accelerated approval of pembrolizumab use as a single agent for patients with metastatic cervical cancer with disease progression on or after receiving chemotherapy (28). It was the first immunotherapy agent approved for advanced gynecological cancer. EMPOWER-Cervical 1 trial compared anti-PD-1 cemiplimab with investigator choice (IC) single-agent chemotherapy in patients who progressed despite first-line platinum-based treatment. This landmark trial showed promising improvement in the overall survival of patients treated with immunotherapy compared to single-agent chemotherapy in patients regardless of their PD-1 status (29).

On October 13, 2021, pembrolizumab is accepted by the FDA as a first-line agent for use in combination with chemotherapy with or without bevacizumab in PD-L1-positive metastatic tumors based on the KEYNOTE-826 trial (6). Pembrolizumab now has regular approval by the FDA as a single agent for metastatic cervical cancer PD-L1 tumor-positive patients with disease progression on or after chemotherapy based on confirmatory data from the KEYNOTE-826 trial (4, 6, 30). The dose of pembrolizumab for cervical cancer is 200 mg 30-min infusion every 3 weeks or 400 mg 30-min infusion every 6 weeks until disease progression, until unacceptable toxicity, or up to 24 months (17). PD-L1-positive cervical cancer is a tumor with PD-L1 expression more than or equal to 1% in tumor cells. It is mostly used in combination with cisplatin-based chemotherapy, but as a single agent, the response rate remains low (31). Response to ICIs is determined by PD-L1 biomarker expression levels on tumor cells using in vitro immunohistochemistry assays. The assay shows the percentage of PD-L1-positive tumor cells compared to the viable cells in the sample (32). ICIs improve progression-free survival and overall survival in PD-L1-positive patients. Research shows that ICIs can also benefit PD-L1 negative patients with response rates between 11% and 20%. While the biomarker assay also identifies other PD-L1-positive cells including lymphocytes and macrophages, it has been shown that increased lymphocyte infiltration is associated with improved survival in many cancers. Increased CD-8+ T cells were noted in pretreatment melanoma cells in responders to pembrolizumab (33).

Cervical cancer was once the most common gynecological cancer even in developed countries. The incidence has decreased in the past few decades due to effective screening methods and HPV vaccinations. It remains an important cause of death in developing countries (34). It has a 75% to 85% overall 5-year survival rate if detected early (35). However, the overall 5-year survival rate is very low in patients with recurrent, persistent, or metastatic cancer (36). Our patient had metastatic cervical cancer to the lungs, and she could not tolerate cisplatin-based chemotherapy and bevacizumab, so she was treated with pembrolizumab as a single agent. She was 100% PD-L1-positive and responded very well to the immunotherapy for more than 2 years. Her last PET scan showed no FDG activity in lung nodules and cervix. We clearly understand the limitations of this case report. We treated only one young patient, and she could tolerate the immunotherapy without any toxicity. We also know she could not tolerate the standard chemotherapy, so we tried alternate immunotherapy, as we did not have any other option. To summarize, treating any metastatic cancer can be very challenging not only to the physicians but also to the patients. The treatment is physically and emotionally draining for the patients. Most patients are afraid not only about the side effects but also about their quality of life after starting the treatment for metastatic cancers. Immunotherapy increased expectations among oncologists about better treatment options for their patients. ICI as a monotherapy worked well in our patients, showing that it can possibly be used as a single agent in patients who cannot tolerate a combination of platinum-based chemotherapy and bevacizumab. The good outcome in our patients probably warrants further research on the use of immunotherapy as a single agent in patients with metastatic cervical cancer.
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Hepatocellular carcinoma (HCC) is the predominant subtype of primary liver cancer and represents a highly heterogeneous disease, making it hard to predict the prognosis and therapy efficacy. Here, we established a novel tumor immunological phenotype-related gene index (TIPRGPI) consisting of 11 genes by Univariate Cox regression and the least absolute shrinkage and selection operator (LASSO) algorithm to predict HCC prognosis and immunotherapy response. TIPRGPI was validated in multiple datasets and exhibited outstanding performance in predicting the overall survival of HCC. Multivariate analysis verified it as an independent predictor and a TIPRGPI-integrated nomogram was constructed to provide a quantitative tool for clinical practice. Distinct mutation profiles, hallmark pathways, and infiltration of immune cells in tumor microenvironment were shown between the TIPRGPI high and low-risk groups. Notably, significant differences in tumor immunogenicity and tumor immune dysfunction and exclusion (TIDE) were observed between the two risk groups, suggesting a better response to immune checkpoint blockade (ICB) therapy of the low-risk group. Besides, six potential drugs binding to the core target of the TIPRGPI signature were predicted via molecular docking. Taken together, our study shows that the proposed TIPRGPI was a reliable signature to predict the risk classification, immunotherapy response, and drugs candidate with potential application in the clinical decision and treatment of HCC. The novel “TIP genes”-guided strategy for predicting the survival and immunotherapy efficacy, we reported here, might be also applied to more cancers other than HCC.
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Introduction

Liver cancer is one of the deadliest malignancies in the world and hepatocellular carcinoma (HCC) is the dominant type, accounting for ~75% of all cases (1). In the past decade, despite the great progress of surveillance, diagnosis and management in HCC, the mortality rate of HCC remains unacceptably high (2, 3). Due to the poor prognosis, the incidence and mortality rates of HCC are roughly equivalent (4). In 2018, the incidence rate per 100,000 in Eastern Asia was 17.7, whereas the corresponding mortality rate was 16.0 (5). The high prevalence and poor survival of HCC largely result from the heterogeneity of pathogenic factors, treatment responses, and molecular profiles. For instance, multiple factors, including chronic infections of Hepatitis B virus (HBV) or Hepatitis C virus (HCV), alcohol consumption, metabolic syndrome are strong causes for the incidence of HCC (2, 6, 7). While the HBV vaccine has been introduced by a number of countries to eliminate HBV-related HCC, there is still no vaccine available for HCV-related HCC and nonviral HCC (4). The presently used clinical characteristics including the tumor-node-metastasis (TNM) staging system, vascular invasion, and tumor burden status are limited in predicting the prognosis and treatment sensitivities for HCC (8, 9). Thus, novel prognostic classifiers or therapeutic biomarkers are urgently needed to improve the clinical benefits of HCC patients.

Tumor immune microenvironment (TIME) is proven to play a vital role in tumorigenesis and development (10). Immunotherapy with immune checkpoint inhibitors (ICIs), reversing the inactivation of immune cells to eliminate tumor cells, has emerged as a promising therapy for a variety of cancers in recent years (11). Multiple ICIs were approved for cancer therapy such as nivolumab, pembrolizumab, and cemiplimab targeting programmed death-1 (PD-1) and ipilimumab targeting cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) (12). More agents targeting novel immune checkpoints such as T cell immunoglobulin and mucin-domain containing-3 (TIM-3), lymphocyte activation gene-3 (LAG-3), and T cell immunoglobulin and ITIM domain (TIGIT) are under investigation to expand the scope of immunotherapy (13–15). Adequate evidences suggested that chronic inflammation was a major risk factor for the development of HCC and immunotherapy might be the ideal approach to improve the prognosis of HCC (16, 17). The composition of tumor microenvironment (TME) of HCC is complex, in which a number of immune and stromal cells interact to form an immunosuppressive microenvironment and eventually lead to a worse prognosis of HCC (11). Hopefully, checkpoint-based therapy was effective and beneficial against advanced HCC clinically (18, 19). However, owing to the low sensitivity and unexpected resistance to ICIs, more useful and reliable biomarkers should be identified to improve the accuracy of predicting the prognosis and immunotherapy efficiency in HCC (20). How to choose available and suitable targets for personalized therapy is still a tricky question to be answered for HCC patients.

TME is a highly heterogeneous ecosystem involving different types of stromal cells, vascular cells, and immune cells perturbed by therapy, which are recognized as the potential determinants of treatment response in cancer (21, 22). Tumor immunological phenotype (TIP) is an emerging concept to evaluate the immunological heterogeneity depending on the relative infiltration of immune cells (23), and tumors are generally classified into two TIPs: “hot” (inflamed) and “cold” (non-inflamed) (23). Particular genes and pathways genetically regulate the immunological phenotypes have been identified to aid immunotherapy (24–27). Wang et al. recently reported 12 hot tumor-related genes and three cold tumor-related genes to constitute the TIP gene signature using a text-mining approach (26), which is significantly associated with the survival outcomes of cancer patients and shows superior performance in predicting immunotherapeutic responses than widely used immune signatures such as tumor mutation burden (TMB), and tumor immune dysfunction and exclusion (TIDE). Thus, these “TIP genes” hold great promise in clinical application especially for postoperative risk stratification and the discovery of immunotherapeutic predictors.

Accumulating immune-based signatures have been established to predict HCC patients’ outcomes. However, the predictive accuracies of most signatures are still insufficient for clinical practice and a more reliable and accurate signature predicting the survival as well as the immunotherapy response of HCC patients is urgently needed (28, 29). In this study, a “TIP genes”-guided strategy was employed with several statistical algorithms to construct TIP-related gene prognostic index (TIPRGPI), a novel HCC signature, followed by comprehensive validation to predict the prognosis and immunotherapy efficiency for HCC patients. Besides, it is estimated that the low-risk group might respond better to immunotherapies than those in the high-risk group. Furthermore, we identified six potential drugs binding well to the core target of TIPRGPI with molecular docking. The workflow for this study is shown in Figure 1.




Figure 1 | Flowchart of this study.





Materials and Methods


Data Source

We carefully reviewed the mRNA expression datasets deposited in the Cancer Genome Atlas (TCGA), International Cancer Genome Consortium (ICGC), and Gene Expression Omnibus (GEO), database and enrolled the patients with complete annotation of overall survival (OS).Those patients with an overall survival time of <30 days were excluded due to other possible causes of mortality (29). Subsequently, the RNA-seq gene expression data of 336 HCC patients was derived from the TCGA database (https://portal.gdc.cancer.gov/) (TCGA-LIHC). The corresponding clinical information and survival outcomes including overall survival, progression-free survival (PFS), disease-specific survival (DSS) and disease-free survival (DFS) were also collected. Another RNA-seq expression profiling dataset (ICGC-LIRI-JP) containing 238 patients with survival information was obtained from the ICGC database (https://dcc.icgc.org). In addition, we acquired a transcriptomic microarray dataset (GSE14520) including a total of 221 HCC patients (30, 31) from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The summary of the demographic information was listed in Supplementary Table 1. For the TCGA-LIHC dataset, the Fragments per Kilobase Million (FPKM) value was used to generate the Transcripts per Kilobase Million (TPM) and further subjected to log2 transformation for normalization. For the ICGC-LIRI-JP and GSE14520 datasets, data were preprocessed as previously reported (32, 33). The ESTIMATE algorithm was utilized to calculate the immune score, stromal score, estimate score, and tumor purity for all the patients in the TCGA-LIHC dataset (34, 35).

Somatic mutation information of TCGA-LIHC was gathered from the TCGA data portal (http://tcga-data.nci.nih.gov/tcga/) as the mutation annotation format (MAF) format by the R package “maftools” (36). The CNV profile contained in the “Masked Copy Number Segment” data type was downloaded from TCGA.



Correlations of TIP Score With Prognosis and TME of HCC

TIP score was calculated as previously reported (26) with some modifications. Briefly, the gene expression matrix of three predefined cold tumor-related genes (CXCL1, CXCL2, and CCL20) and 12 predefined hot tumor-related genes (CXCR3, CXCR4, CXCL9, CXCL10, CXCL11, CCL5, CD3, CD4, CD8a, CD8b, CD274, and PDCD1) was extracted, followed by the generation of expression z scores. TIP score was computed by a summary score of RNA-seq z scores for the tumor immunological phenotype genes. To evaluate the prognostic value of the TIP score, all patients with available survival information for OS, DFS, PFS, and DSS were divided into the high- and low-score group by the optimal cutoff of TIP scores, respectively (34), followed by the Kaplan-Meier analysis with a log-rank test. To examine the relationship between TIP score and TME, we carried out the Spearman correlation analysis between TIP score and the ESTIMATE derived scores including immune score, stromal score, estimate score, and tumor purity. And we also checked the correlations of the TIP score and the fractions of the activated CD4 and the activated CD8, as well as two immune checkpoint molecules (PD1 and CTLA-4).



Weighted Gene Co-Expression Network Analysis (WGCNA) and TIPRGPI Establishment

WGCNA was performed on the expression data of TCGA-LIHC using the “WGCNA” R package (37). Generally, all genes were sorted by the median absolute deviation (MAD), and the top 5,000 genes were used for sample clustering, followed by the removal of outlier samples. Then, the optimal soft threshold power was specified to generate a scale-free network. Next, the topological overlap matrix (TOM)-based dissimilarity (dissTOM) was computed and further used to perform the gene dendrogram and module recognition with the minClusterSize of 30. Similar dynamic modules were merged by the cutline of 0.2. Pearson correlation coefficients (PCC) and corresponding P values between module eigengenes and clinicopathological parameters were subsequently calculated and visualized by a heatmap. The most significant module that correlated with the TIP score was identified and used for further analysis.

Gene Ontology (GO) enrichment and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were completed for the most significant module by the “clusterProfiler” R package (38) with the cutoff of p.adjust <0.05.

To establish a scoring system regarding TIP score, we first adopted the Univariate Cox (UniCox) hazard regression to screen the candidate genes from the most significant module. Next, the popular least absolute shrinkage and selection operator (LASSO) algorithm was applied for the best subset of prognostic genes using the “glmnet” R package (39). For the purpose of minimization of the overfitting risk, we conducted LASSO 200 times and chose the robust genes that appeared in the model more than 160 times. A linear equation called “TIPRGPI” was then established to predict the overall survival of HCC patients: Risk score = Σ(coef (β)*EXPβ), where β represents each selected gene.



Survival Analysis

The TIPRGPI score was calculated for each patient of the TCGA-LIHC training set, the ICGC-LIRI-JP validation set, and the GSE14520 validation set. For each dataset, patients were separated into the high- and low-risk groups by the median value of the training set, which is crucial for clinical practice. Kaplan-Meier survival curves were depicted to compare the difference of distinct risk groups with a log-rank test, and time-dependent receiver operating characteristic (tROC) curves were drawn to assess the predictive power. Moreover, stratified analysis was performed to further validate the additional prognostic value of the TIPRGPI model, and univariate and multivariate analyses were used to determine the independent prognostic indicators for HCC. Additionally, we also compared the 3- and 5-year ROC values of the TIPRGPI and popular biomarkers for immunotherapy and other published gene signatures of HCC, including a TP53-related transcriptomic signature by Long et al. (“Long signature”) (40), a metabolic gene signature by Huo et al. (“Huo signature”) (27), a ferroptosis-related gene signature (“Liang signature”) (41), an immune-related prognostic signature (“Wang signature”) (42), and a hypoxia-related risk signature by Zeng et al. (“Zeng signature”) (43).



Construction of a Predictive Nomogram

A TIPRGPI-integrated nomogram was constructed to quantitatively evaluate the prognostic risk based on the result of univariate analysis. Calibration curves for the 3- and 5-year were drawn to examine the predictive capability of the nomogram. The 1-, 3-, and 5-year DCA plots were utilized to measure the net benefits of the nomogram and TNM stage, as well as tumor burden. Moreover, Kaplan-Meier analysis was further used for OS, DFS, PFS, and DSS on the TCGA-LIHC set to validate the prognostic value of the nomogram.



Genomic Variation Analysis

To explore the somatic mutations regarding TIPRGPI, the “maftools” R package was used to depict the waterfall plots manifesting the mutation landscape for the high- and low-risk groups of HCC patients. TMB values reflecting total mutation numbers for each HCC patient were calculated with non-synonymous mutations using 38MB as the estimate of the exome size (44, 45). Somatic copy number alterations between the two different risk groups were investigated via the GISTIC2.0 algorithm. The correlations of expression values and CNV types for two oncogenic hub genes (NDC80 and RFC4) (32, 33) in HCC were accomplished by the Kruskal-Wallis test.



Gene Set Variation Analysis (GSVA) and Gene Set Enrichment Analysis (GSEA)

To determine the underlying hallmark pathways related to TIPRGPI, the R package “GSVA” was utilized to obtain the GSVA enrichment scores (46) of the 50 hallmark pathways (h.all.v7.1.symbols) deposited in the molecular signature database (47, 48) for each patient in the high- and low-risk groups of the TCGA-LIHC dataset, followed by the contrast of GSVA scores using a linear model as previously reported (49). Significant gene sets were defined by an adj.P.Val of < 0.01. GSEA for the same 50 hallmark gene sets was operated in the two risk groups with the recommended criteria of FDR<0.25 and NES>1. Venn diagram analysis was performed to identify the overlapping hallmark pathways by GSVA and GSEA, and Kaplan-Meier analysis was further used to verify the prognostic value of oncogenic hallmark pathways.



Exploration of Immune Infiltration

To investigate the relative infiltration of TME cells in the high- and low-risk groups of HCC, the ssGSEA algorithm was utilized for immune deconvolution analyses with the gene sets of 28 reported immune cell types (50) and two stromal components (fibroblasts and endothelial cells) (51) of TME. Differential infiltration analysis was conducted and visualized by a violin plot and the relationship of the TIPRGPI score and each type of the 30 TME cells was determined by the Spearman correlation analysis. Kaplan-Meier survival analysis was also performed to assess the prognostic values of these TME cells.



Estimation of Immunotherapeutic Response Prediction

According to previous publications, the correlations between TIPRGPI and potential immunotherapeutic markers including 50 ICB-related genes (52–54), IFN-gamma pathway markers (55), and m6A regulators (56, 57) were explored by Wilcoxon test. The Tumor Immune Dysfunction and Exclusion (TIDE) algorithm (58) (http://tide.dfci.harvard.edu/), was utilized to infer the clinical response to immunotherapy with the gene expression profile of TCGA-LIHC. Additionally, Immunophenoscore (IPS), which was designed to determine immunogenicity using the machine learning approach, was further obtained from The Cancer Immunome Atlas (TCIA) (https://tcia.at/home) (50). Higher IPS indicates a better response to immunotherapy.



Identification of the Core Target of TIPRGPI

To identify the core target of the TIPRGPI signature, all genes were uploaded to the online database of the Search Tool for the Retrieval of Interacting Genes (STRING) (version 11.0; http://string-db.org/) for the construction of the protein-protein interaction (PPI) network with default settings (Interaction score ≥0.4). Cytoscape (version 3.2.1; http://www.cytoscape.org) was used for visualization. Next, we calculated the topological parameters with the Network Analyzer plugin and obtained the degrees of all nodes in the network. The core target was recognized as the node with the highest degree.



Molecular Docking

For the screening of the putative small molecules stably binding to the core target, molecular docking was performed with Glide of Schrodinger. Firstly, we collected the 3D protein structures of totally 9800 small molecules as well as the core target from zinc15 database and PDB database (www.rcsb.org), respectively. Next, the protein preparation wizard tool was utilized to process the crystal structure. Subsequently, the ligand-binding pocket was predicted with the deepsite module (59) of Play Molecule (www.playmolecule.org), which was a knowledge-based approach using convolutional neural networks. Finally, the binding mode and interaction force of the core target and small molecules were evaluated to identify potential compounds.



Statistical Analysis

The correlations of TIP score and immune signatures were conducted using Spearman correlation by the “ggplot2” package. Kaplan-Meier analysis was performed using the “survival” package with a log-rank test. The correlations of the TIPRGPI group and other clinicopathological features were determined by the Pearson Chi-square test. Univariate and multivariate analyses were applied by the “survival” package to identify independent prognostic indicators. The optimal cutoff for survival analysis was generated by the R package “survminer”. All statistical analyses were completed by the R software (version 3.6.1). Unless specified otherwise, P < 0.05 was considered statistically significant.




Results


TIP Score Was Associated With the Prognosis and the Immune State of HCC

To determine whether TIP score was effective in HCC, we carried out a series of survival analyses, applying Kaplan-Meier (K-M) survival curves and log-rank tests to investigate the discrepancy between low- and high- TIP score groups. As expected, patients with HCC in the high TIP score group had a better prognosis (Figure 2A). Next, we confirmed the correlations between TIP score and the immune score, stromal score, estimate score, and tumor purity respectively. As shown in Figure 2B, TIP score was positively associated with immune score, stromal score, and estimate score, but negatively associated with tumor purity. Moreover, given that effective T cells such as activated CD4 and CD8 T cells play a pivotal role in the tumor microenvironment (60), we also calculated their correlations with TIP score, and we found they were both correlated with TIP score positively (Figure 2C). Besides, considering that PD-1 or CTLA-4 is the key immune checkpoint, we also verified they were positively correlated with TIP score (Figure 2C).




Figure 2 | TIP score correlates with the prognosis and the immune state of HCC. (A) Kaplan–Meier survival plots of TIP score for OS, DFS, PFS, and DSS in TCGA-HCC cohort. (B) Correlations between TIP score and immune score, stromal score, estimate score, and tumor purity in HCC. (C) Correlations between TIP score and biomarkers of cancer immunotherapy including activated CD4/CD8 and PD-1/CTLA-4. TIP, tumor immunological phenotype. OS, overall survival; DFS, disease-free survival; PFS, progression-free survival; DSS, disease-specific survival.





Construction of TIPRGPI

In order to identify the gene module associated with TIP score, WGCNA was applied to the TCGA-LIHC RNA-seq dataset. The MAD top 5000 genes were extracted to construct a co-expression network. Four outlier samples were removed prior to network construction (Supplementary Figure 1A). The optimal soft-thresholding power of 10 (scale-free R2 = 0.86) was picked to ensure the scale-free topology (Supplementary Figure 1B). The established co-expression network showed that these 5000 genes were clustered into seven modules (Figure 3A) and the network heatmap plot of the clustering dendrogram among modules was shown (Supplementary Figure 1C). Then, we calculated the correlations of module eigengenes (ME) with multiple indicated variables by computing the Pearson correlation coefficient (PCC), and among which, we focused on the black module showing highly positive correlation with TIP score (PCC = 0.78, P = 3E-70) (Figure 3B). Also, we plotted a scatterplot of gene significance vs. module membership of the black module containing 432 genes (Figure 3C). GO enrichment analysis revealed that the most significant terms enriched by the black module were the biological process (BP) of T cell activation, cellular component (CC) of side of membrane, and molecular function (MF) of peptide antigen binding (Figure 3D). KEGG analysis suggested that they mostly participated in the pathway of cytokine-cytokine receptor interaction (Figure 3E). Subsequently, we inputted the genes of the black module into UniCox regression analysis and found 128 significant genes with P value lower than 0.05 (Supplementary Table 2). Next, we conducted LASSO Cox regression with the 128 genes and obtained 11 robust genes (KLRB1, GZMH, SLC16A3, IMPDH1, IL15RA, MSC, S100A9, ST6GALNAC4, DAB2, ADA, SLC1A5) that were significantly correlated with the OS of HCC patients from TCGA-HCC dataset. MultiCox was applied to analyze the 11 genes, which were subsequently incorporated into a TIPRGPI model for predicting the prognosis of HCC. Figures 3F, G showed the UniCox and MultiCox results of the selected 11 genes with the corresponding hazard ratio (HR) and statistical significance.




Figure 3 | WGCNA analysis and the construction of TIPRGPI for HCC. (A) Cluster dendrogram of MAD top 5000 genes. (B) Table cells showing Pearson’s correlation coefficients and corresponding P-value between module eigengenes (ME) and the variables. (C) Scatter plot showing the relationship between gene significance (GS) for TIP score and module membership (MM) in the black module. (D, E) GO enrichment analysis (D) and KEGG (E) enrichment analysis for the black module genes. (F, G) Hazard ratio with 95%CI of each gene in the TIPRGPI signature computed by UniCox and MultiCox, respectively. GO, gene oncology; KEGG, Kyoto Encyclopedia of Genes and Genomes; WGCNA, weighted gene co-expression network analysis; MAD, median absolute deviation; TIPRGPI, TIP-related gene prognostic index.





Evaluation and Validation of the TIPRGPI Signature

After the construction of TIPRGPI, we proceeded with evaluation and validation analysis. First, we computed the risk score for individual patients using the expression and the risk coefficients of the 11 TIPRGPI genes in HCC datasets, and based on the median value derived from the training set, HCC patients from TCGA-LIHC (training dataset), GSE14520 (validation dataset 1) and ICGC-LIRI-JP (validation dataset 2) were separated into low- and high-risk groups, respectively (Figure 4A). As shown in Figure 4B, the low-risk group had a lower death rate than the high-risk group. Afterward, by Kaplan-Meier analysis, significant differences in the OS possibility were observed between the low- and high-risk groups in the training and validation datasets (Figure 4C). Further, the time-dependent receiver operating characteristic curve analysis was applied to evaluate the accuracy of the TIPRGPI signature. For the TCGA-HCC training dataset, the area under the ROC curve (AUC) was 0.836, 0.775, and 0.741 in 1-year, 3-year, and 5-year survival, respectively. Moreover, ROC curve analysis of GSE14520 and ICGC validation dataset exhibited that TIPRGPI had excellent predictive performance (GSE14520: AUC = 0.664 for 1-year, 0.708 for 3-years and 0.666 for 5-year survival; ICGC: AUC = 0.769 for 1-year, 0.637 for 3-years and 0.656 for 4-year survival) (Figure 4D). Compared with several other published signatures and popular biomarkers, TIPRGPI had the highest AUC for either 3-year or 5-year survival (Figure 4E). Besides, stratified analysis revealed an additional predictive value of TIPRGPI in subgroups divided by age, gender, BMI, race, stage, grade, and tumor burden (Supplementary Figure 2). Correlation analysis between TIPRGPI and multiple clinical traits revealed that the tumor grade and stage of HCC were significantly correlated with risk score (Figure 4F). These results indicated that TIPRGPI was a highly reliable signature.




Figure 4 | Validation of the TIPRGPI predicting model and performance analysis in HCC. (A) Risk score distribution, survival status, and the expression of 11 TIPRGPI genes for patients in low- and high-risk groups from TCGA training dataset and two validation datasets (GSE14520 and ICGC-LIRI-JP). (B) Risk score and mortality rate of patients in low- and high-risk groups from three datasets. (C) Kaplan-Meier survival curves showing the comparison of overall survival (OS) between the low- and high-risk groups from three datasets. (D) Time-dependent receiver operating characteristic (tROC) curves of three datasets. (E) The area under the ROC curve (AUC) in 3-year and 5-year survival for TIPRGPI and other published signatures and common immunotherapeutic biomarkers. (F) Correlation analysis between the TIPRGPI low-/high-risk groups and clinical traits ****P < 0.0001.





Establishment of the Prognostic Nomogram

To figure out whether the TIPRGPI predicting model was an independent prognostic indicator in HCC, univariate and multivariate analyses were performed. The HR of the TIPRGPI risk level was 3.049 (95%CI: 2.083-4.465) and 3.056 (95%CI: 1.976-4.725) in the univariate and multivariate analysis, respectively, and an elevated HR was observed compared with the pathologic stage (Figure 5A). Importantly, multivariate analysis demonstrated TIPRGPI was an independent prognostic factor in HCC.




Figure 5 | Construction and evaluation of the TIPRGPI-integrated nomogram. (A) Univariate and multivariate analyses of the clinical traits and TIPRGPI for the OS. (B) Nomogram for predicting the probability of 1-, 3-, and 5-year overall survival in HCC. (C) The calibration plots of the nomogram predicting the probability of the 3- and 5-year OS. (D–F) Decision curves showing the comparison of net benefits of the nomogram, TNM stage, tumor burden for 1-year (D), 3-year (E), and 5-year (F) OS. (G) Kaplan-Meier survival analysis of the integrated nomogram for OS, DFS, PFS, and DSS of HCC. ***P < 0.001.



To provide a quantitative instrument for the clinician, a nomogram was built by tumor burden, stage, and TIPRGPI (Figure 5B). The calibration plot showing the observed versus predicted rates of the 3- and 5-year OS indicates the ideal consistency of the nomogram (Figure 5C). As Figures 5D–F showed, the TIPRGPI-integrated nomogram achieved a better net benefit than clinical traits in predicting 1-year, 3-year, and 5-year OS in HCC patients from the TCGA-LIIHC dataset. In addition, we confirmed the prognostic value of the nomogram, which was found to be significantly associated with OS, DFS, PFS, and DSS, respectively (Figure 5G).



The Underlying Molecular Mechanisms of TIPRGPI

To investigate the potential mechanisms of the risk level defined by TIPRGPI in HCC, we downloaded the available somatic mutation profiles and analyzed the mutation landscape of the high- and low-risk patients from the TCGA-LIHC dataset (Figures 6A, B). We exhibited the top 20 mutated genes in two groups respectively. The gene with the most mutation frequency is TP53 (43%) in the high-risk group and that in the low-risk group is CTNNB1 (29%). The summary of the mutation information with statistical calculation was shown in Supplementary Figure 3. Further, the significant differentially mutated genes between the TIPRGPI high- and low-risk groups were detected by Fisher’s exact test. As shown in Figure 6C, TP53 was found with a much higher mutation rate in the high-risk group compared with the low-risk group (P < 0.001), and a lollipop plot was depicted to indicate the different mutation spots of TP53 for the two risk groups (Figure 6D). Meanwhile, the coincident and exclusive associations across the top 25 mutated genes from the high- and low-risk groups were also analyzed, in which blue represents the co-occurrence while red represents mutual exclusion (Figure 6E). Additionally, the CNV alteration landscapes of the high- and low-risk groups were generated after removing the germline features (Figure 6F). Interestingly, the hub genes of HCC (32, 33) were widely amplified in the high-risk group in comparison with the low-risk group (Figure 6G). NDC80 and RFC4 were two examples demonstrating the positive correlations of gene expression and copy number in the TIPRGPI high-risk group (Figure 6H).




Figure 6 | Genetic alterations of the TIPRGPI low- and high-risk groups. (A, B) Waterfall plots displaying the mutation landscapes of the high- (A) and low-risk groups (B). (C) Forest plot showing the significantly different mutated genes between the TIPRGPI risk groups. (D) Lollipop plot indicating the distribution of mutation spots in the high- and low-risk groups. (E) The coincident and exclusive associations across the top mutated genes in high- and low-risk groups. (F) The distribution of CNV features across all chromosomes for the high- (upper) and low- (bottom) risk groups. (G) HCC hub genes were widely amplified in the high-risk group. (H) Violin plots indicating the positive correlation of gene expression and copy number of two represented hub genes (NDC80 and RFC4) in the high-risk group. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.



To explore the associated cancer hallmark pathways regarding TIPRGPI, we performed GSVA in high- and low-risk groups. According to the predefined cutoff, 16 hallmark pathways significantly increased in the high-risk group compared with the low-risk group (Figure 7A). GSEA confirmed that 12 of them were upregulated in the high-risk group, most of which were related to well-known oncogenic pathways (61) (Figure 7B and Supplementary Table 3). Kaplan-Meier survival analysis was applied to evaluate the prognostic values of the upregulated hallmark pathways and different OS probabilities were observed between the high- and low-score groups for these oncogenic hallmark pathways, such as PI3K_AKT_MTOR_SIGNALING, G2M_CHECKPOINT, WNT_BETA_CATENIN_SIGNALING, and MYC_TARGETS_V1 (Figure 7C). Taken together, TIPRGPI was tightly associated with oncogenic pathways.




Figure 7 | Determination of the distinct hallmark pathways of the TIPRGPI low- and high-risk groups. (A) Differences in cancer hallmark pathway activities between the high- and low-risk groups scored by GSVA. (B) The GSEA results for the 12 overlapping upregulated hallmark pathways in terms of the TIPRGPI risk groups. (C) Kaplan-Meier survival plots showing the significant correlations between the OS and GSVA scores of typical oncogenic hallmark pathways. GSVA, gene set variation analysis. GSEA, gene set enrichment analysis.





TIPRGPI Was Associated With HCC Immune Status

Given that TIPRGPI was constructed on the basis of TIP score, which was significantly related to other immune signatures, we explored the potential relationship between TIPRGPI and the infiltration of TME cells. The boxplots showed the differential distribution of infiltrating TME cells inferred by ssGSEA algorithm between low- and high-risk groups and revealed that the infiltration of most TME cell types including activated B cell, activated CD4 T cell, gamma delta T cell, memory B cell, activated CD8 T cell, immature B cell, effector memory CD8 T cell, type 1 T helper cell, natural killer T cell, eosinophil, activated dendritic cell, immature dendritic cell, plasmacytoid dendritic cell, endothelial cell and fibroblast cell (P < 0.05) were significantly associated with risk group (Figure 8A). In addition, correlation analysis was used to pick out the TME cell types significantly correlated with the risk score and the result showed that four types were positively correlated with risk score while seven types were negatively correlated with it (Figure 8B). We also analyzed the relationships between OS and the infiltration of TME cells, whose expression levels were classed into low- and high-infiltration groups from the TCGA-HCC dataset, and the results showed 13 TME cell types were involved in the significant differences between the high- and low-infiltration groups (Supplementary Figure 4). Finally, overlapping Venn plot revealed 10 intersected TME cell types including four adaptive immune cell types (red), five innate immune cell types (green), and one stromal cell type (blue) among differential analysis, correlation analysis, and survival analysis (Figure 8C). These findings strongly suggested that the infiltration of TME cells plays a vital role in the postoperative risk stratification of HCC.




Figure 8 | The associations of TIPRGPI and infiltration of TME cells estimated by ssGSEA. (A) The differences of TME cell infiltration between low- and high-risk groups. (B) Correlations between the risk score and TME cells. (C) Venn diagram revealing 10 types of most relevant TME cells contributing to the risk stratification of HCC patients by TIPRGPI. TME, tumor microenvironment.





TIPRGPI May be a Potential Indicator to Predict Immunotherapeutic Sensitivity in HCC Patients

ICB-related gene expression levels have been reported to be correlated with therapeutic responses of immune checkpoint inhibitors (62) and ICB targeting promising checkpoints has emerged as a promising strategy in treating cancers (63). To evaluate the potential of TIPRGPI for predicting the response of HCC patients to immunotherapy, we first determined the expression of 50 immunomodulators in low- and high-risk groups. As shown in Figure 9A, the expressions of more than half of the presented immunomodulators were significantly associated with the risk score. Considering the significant correlation between the risk score and CD8 T cell and the important role of m6A methylation in impairing the anti-tumor ability of CD8 T cell, we next analyzed the expression of the CD8 T cell-related IFN-gamma pathway markers and m6A regulators in low- and high-risk groups and found most of them were significantly associated with the risk score (Figures 9B, C). These findings demonstrated the TIPRGPI had great potential in evaluating the response of immunotherapy for HCC. Subsequently, we explored the correlation between the TIPRGPI risk group and immunophenoscore (IPS), which is a recognized model based on machine learning to predict patients’ responses to immune checkpoints blockade by estimating the immunogenicity. We found that the low-risk group has a higher IPS score, indicating patients in the low-risk group might respond better to immunotherapy (Figure 9D). We also used the TIDE algorithm to predict the immunotherapeutic efficacy for immune checkpoint blockade in TCGA-LIHC, GSE14520, and ICGC datasets and the high-risk group had a higher TIDE score, indicating that high-risk patients might have a worse response to immunotherapy (Figure 9E).




Figure 9 | Application of the TIPRGPI model for immunotherapy prediction. (A–C) Expression of immune checkpoint molecules (A), IFN-gamma pathway-related markers (B), and m6A regulators (C) in low- and high-risk groups. (D) The relationship between TIPRGPI and IPS. (E) Distribution of TIDE scores in the TCGA-LIHC, GSE14520, and ICGC-LIRI-JP datasets. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, not significant.





Core Target Identification and Candidate Molecules Prediction

To identify the core target concerning TIPRGPI, a PPI network was built using the STRING database (confidence score > 0.4) and visualized by the Cytoscape software (Supplementary Figure 5). The highly interactive network contains 58 nodes and 182 edges with the clustering coefficient of 0.595. As shown in Supplementary Figure 5, CD44 lies at the hub of the network and has the highest degree among all the nodes. Thus, CD44 was considered as the core target.

Molecular docking is a structure-based computational algorithm for compound screening. In this study, the structures for a total of 9800 purchasable small molecules from the libraries of zinc15 database were obtained and subjected to molecular docking. Supplementary Table 4 showed the top six molecules (Pentostatin, Allantoin, Mizoribine, Xylose, Deoxynojirimycin, and 6-Hydroxyetodolac) that had the highest affinity with the predicted binding pocket of CD44. The 3D diagrams for the six docking models presenting the detailed binding energy were displayed in Figure 10. For instance, Mizoribine (ZINC000003812887) forms hydrogen bonds with amino acid residues ILE-96, CYS-77, ARG-78, TYR-42, and ILE-91. Besides, the probable formation of salt bridge interaction between ARG-78 and the side-chain hydroxyl group of the ligand also helped the compound connect to the active site of CD44.




Figure 10 | Putative docking models of the six candidate drugs and the core target using molecular docking analysis. 3D structures and binding modes showing the formed hydrogen bonds between the predicted pocket of CD44 and Pentostatin (A), Allantoin (B), Mizoribine (C), Xylose (D), Deoxynojirimycin (E), and 6-Hydroxyetodolac (F).






Discussions

It is well established that the tumor immune microenvironment is closely related to tumorigenesis and cancer progression (64–66). Here, using the “TIP genes”-guided strategy with multiple statistical approaches, we developed a novel immune-relevant and independent predictive model - TIPRGPI - for prognosis and immunotherapy in HCC. Based on the training (TCGA-LIHC) and two external validation (ICGC-LIRI-JP and GSE14520) datasets, the TIPRGPI signature was applied to divide HCC patients into low-risk and high-risk groups. As expected, high-risk patients had a worse prognosis and response to immunotherapy. Univariate and multivariate analysis verified it was an independent predictor for the prognosis of HCC. Moreover, a TIPRGPI-integrated nomogram model was established, which showed a better net benefit than the clinical traits in predicting 1-year, 3-year, and 5-year OS for HCC patients, thus demonstrating enhanced accuracy and potential implication in clinical practice. Besides, potential drugs targeting the signature could be predicted via molecular docking. Therefore, the TIPRGPI signature was a reliable model to predict prognosis and immunotherapeutic response in HCC and might provide valuable insight for seeking the treatment for HCC.

A growing body of gene signatures has been established to shed light on the prognosis classification of HCC. For example, Long et al. established a four-gene prognostic model that showed a good performance for HCC prognosis prediction (40). Gao et al. reported a six-gene signature for predicting OS of HCC (67). However, few studies focused on gene signatures on the basis of key genes in the tumor immune microenvironment. Tumor immunological phenotype has been emerging to be significantly related to prognosis and therapeutic responses in various types of cancer by mounting evidence (26, 68–71). TIP score, representing the expression level of fifteen TIP genes that were obtained from a previously study (26), was significantly associated with the prognosis and other immune signatures in HCC. Thus, we, for the first time, conducted WGCNA to uncover the specific gene expression pattern related to TIP score in HCC, identifying the black module that contained 432 genes, which generated an 11-gene signature called “TIPRGPI” for prognosis prediction of HCC. Another advantage of this study is the larger sample size and higher AUCs than that of most previous studies trying to building an effective risk classifier for HCC. Besides, unlike previous studies only describing a prognostic gene signature, we engaged an integrative analysis to get a deeper and comprehensive understanding of the risk model, and putative drugs were even predicted based on the model, which was rarely reported by other similar studies.

All genes involved are either related to the immune system or tumorigenesis. For example, adenosine deaminase (ADA) is produced in all cells but highest in lymphocytes and loss of ADA causes the immune system to collapse (72). IL-15RA is expressed in multiple types of immune cells including dendritic cells (DC), macrophages, and natural killer cells (NK), and it plays a prominent role in TME (73). Disabled-2 (DAB2) is considered to be an immune-regulatory factor (74), and has recently been found to be involved in the regulation of tumor-related signaling pathways (75, 76). To sum up, TIPRGPI is likely to be a prognostic indicator strongly related to the immune status in HCC.

Systematically exploring the hallmark gene sets between the low- and high-risk groups provided us more insights into the transcriptomic regulatory mechanisms of TIPRGPI in HCC. Those hallmark pathways with an increased level in the high-risk group were found to be relevant to well-recognized oncogenic signaling pathways, including PI3K pathway, Wnt pathway, Myc pathway, and Cell cycle pathway (61). The similarities and disparities of mutation status or CNV profiles gave a hint of oncogenes that linked to the TIPRGPI model. These preliminary data strongly implied the inherent associations between immune-derived signature and oncogenic pathways and could provide more clues or new strategies for candidate drug discovery in future studies.

In consideration of the importance of immune infiltration in the tumor ecosystem, ssGSEA algorithm was used to estimate the activities of TME cells in low- and high-risk groups. 11 types of immune cells were significantly associated with the risk score. In line with the survival analysis, a higher abundance of activated B cell, effector memory CD8+ T cell, and activated CD8+ T cell in the low-risk group might contribute to a better prognosis. These results suggest that the poor survival outcomes of high-risk group patients are probably due to the low infiltration of these protective immune cells, which is also the main cause for the low objective response rates to immunotherapy, agreeing with previous observations (43, 77).

In the past decade, anti-cancer immunotherapies targeting PD-1/PD-L1 and CTLA-4, have achieved positive response in HCC patients (78, 79). However, as mentioned above, only a small proportion of HCC patients can respond to immunotherapies, and the main reason might be the limitations in their tumor immunity status (80). To determine whether TIPRGPI was capable of predicting the efficiency of anti-cancer immunotherapies in HCC patients, we measured the expression levels of 50 common immune checkpoints in low- and high-risk groups and found more than half of them were significantly associated with the risk level. It is widely known that cancer immunotherapy restores or enhances the anti-tumor function of CD8+ T cells in the tumor microenvironment (81). Thus, we estimated the expression levels of the key molecules in two CD8+ T cells anti-tumor related pathways (IFN-gamma (82) and m6A pathway (83)) in low- and high-risk groups, and the results indicated that the majority of these molecules were expressed differently between two groups of HCC patients. IPS, developed from a panel of immune-related genes belonging to the four classes-effector cells, immunosuppressive cells, MHC molecules, and selected immunomodulators, was a superior predictor of response to immune checkpoint inhibitors (50). Our study showed that the low-risk group had higher IPS, IPS-PD-11/PD-L1/PD-L2, and IPS-CTLA4 scores, suggesting that HCC patients in the low-risk group might have a better response to anti-CTLA-4 and anti-PD-1 antibodies. Also, TIDE analysis showed that the low-risk group had a lower TIDE score than the high-risk group in three different datasets. Taken together, these results suggested that patients in the low-risk group might have a better response to immunotherapies and TIPGPI could be a potential biomarker for predicting the efficiency of immunotherapies in HCC.

As another application of the prognostic classifier, we demonstrated the feasibility of searching candidate drugs by combining the core target and structure-based approaches. A PPI network was constructed for these signature genes, among which CD44 was found to be the hub node. Interestingly, CD44 was a well-defined cancer stem cell (CSC) marker that was involved in tumor initiation, epithelial-mesenchymal transition (EMT), and therapy resistance in multiple types of cancer. Therefore, substantial efforts have been exerted to develop effective anti-cancer drugs or antibodies by targeting CD44 (84–87). Preclinical and clinical trials of CD44 monoclonal antibodies have also been performed to evaluate the pharmacokinetics, efficacy, and drug-related toxicity in cancer (88). In the present study, we identified six drugs with high affinity to CD44 from a total of 9800 small molecules. Among them, Pentostatin has been reported in clinical trials for chronic lymphocytic leukemia (CLL) (89). Noticeably, Deoxynojirimycin could exert anti-HCV activity through inhibiting alpha-glucosidase (90). Although more in-depth investigations should be conducted for the specific mechanisms of the small compounds, our results indicated their potential in cancer immunotherapy especially for the immunological high-risk group of HCC patients.



Conclusion

In summary, we constructed an immune-related TIPRGPI model to predict the prognosis and immunotherapy efficacy of HCC patients using a novel “TIP genes”- guided strategy, and it was well-validated from multiple aspects. Combining these results and the linkage between TIPRGPI and oncogenic hallmark pathways, our study provides new perspectives for the identification of prognostic classifiers and even the discovery of immunotherapeutic drugs. Notably, in the era, where immunotherapy offers new hope for effective cancer treatment, TIPRGPI provides certain guiding significance for clinical judgment and personalized treatment.
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Since the first approval of immune checkpoint inhibitors (ICIs) in 2011, these agents have rapidly become an integral treatment option across tumor types. However, with the increased adoption of ICIs, the incidence of immune-related adverse events (irAEs) continues to rise, and rare toxicity continues to be reported. Here, we present a case of a 70-year-old male patient with widespread metastatic melanoma who developed rapid onset anasarca and transaminitis after initiation of dual anti-PD-1/CTLA-4 inhibition with nivolumab and ipilimumab. An extensive workup was performed with serologies returning positive for anti-tissue transglutaminase immunoglobulin (tTG-IgA) and endoscopy revealing duodenal mucosal atrophy with duodenal biopsies confirming celiac disease. All symptoms resolved after initiation of a gluten-free diet without the addition of immunosuppression. This case highlights the importance of considering celiac disease in patients with suspected protein-losing enteropathy on ICI, the fulminant nature this uncommon irAE can present with, and underscores the broad differential clinicians must maintain when managing presumed irAEs.
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Introduction

Over the last decade, immune checkpoint inhibitors (ICIs) have revolutionized oncology care with these agents now approved in over a dozen tumor types with indications in the neoadjuvant, adjuvant, and metastatic setting. With their increasing use comes a critical need for clinicians to recognize the variable presentations of immune-related adverse events (irAEs). Luminal gastrointestinal (GI) irAEs are a well-known sequela of ICI (1) with common presentations ranging from mild dyspepsia to severe gastroenterocolitis; however, in rare cases, GI toxicity can also manifest as extraluminal symptoms (2).

ICI-associated celiac disease (ICI-CeD), though rare, is an established irAE (3–5). Similar to traditional celiac disease (CeD), a well-known T-cell-mediated reaction to dietary gluten, it frequently presents with diarrhea and vague abdominal discomfort. When a diagnosis is suspected in a patient with positive tissue transglutaminase (tTG)-IgA antibody, an upper endoscopy with a small bowel biopsy is recommended to confirm the diagnosis. Classic endoscopic and histologic features include mucosal inflammation, crypt hyperplasia, and villous atrophy of the small bowel (6). Recent data demonstrate that the clinical presentation, endoscopic findings, and response to gluten withdrawal in ICI-CeD mirror those seen in CeD (3). Whether ICI-CeD represents exacerbation of an underlying subclinical disease versus a de-novo condition is unclear. According to Badran et al., the approximate incidence of ICI-CeD based on a melanoma cohort is 0.3% of cases of diarrhea on ICI, which highlights the low incidence of CeD among patients treated with ICI therapy (3).

Here, we report an unusual and fulminant presentation of ICI-CeD in a patient with metastatic melanoma receiving combination nivolumab and ipilimumab.



Case Report

A 70-year-old Caucasian male patient with widespread metastatic melanoma (Figure 1A) was initiated on first-line nivolumab (1 mg/kg) and ipilimumab (3 mg/kg) administered every 3 weeks. Restaging scans after two cycles of combination therapy demonstrated a partial response, and the patient reported an improvement in energy and appetite. However, shortly after cycle 2, he developed diarrhea, which slowly escalated from a baseline of two solid bowel movements per day to 4–6 per day by the end of cycle 4. These bowel movements were initially watery but became more formed over time, and he lacked additional GI complaints such as dyspepsia, nausea, vomiting, abdominal cramping, or hematochezia. Infectious stool studies, including Clostridioides difficile testing, were negative. Endoscopy was deferred given improvement in diarrhea. During this time, he developed 1+ edema of the bilateral lower extremities (right > left). A right lower extremity deep venous thrombosis was diagnosed, and he was started on low molecular weight heparin (LMWH). Despite LMWH, his edema worsened, and serial lab tests demonstrated a slowly downtrending albumin. Upon presentation to the clinic for consideration of cycle 5 of immunotherapy with single-agent nivolumab (his regimen consists of 4 cycles of ipilimumab and nivolumab followed by nivolumab monotherapy), he reported dyspnea on exertion and his exam revealed periorbital edema, ascites, and 3+ pitting edema of bilateral lower extremities. Laboratory evaluation demonstrated significant hypoalbuminemia (1.7 g/dl), hypophosphatemia (1.4 mg/dl), and a rising transaminitis (ALT 65 U/L and AST 62 U/L). Alkaline phosphatase (ALP) was 503 U/L, with the remaining liver function tests within normal limits. He was first admitted to an outside hospital where the cause of his symptoms could not be identified and subsequently transferred to a tertiary care facility for an expedited workup of a suspected immune-mediated toxicity. On arrival, he was hypotensive, and a broad differential was considered for his anasarca and hemodynamic compromise including sepsis, tumor progression, Budd–Chiari syndrome, nephritis with an evolving nephrotic syndrome, myocarditis, heart failure, endocrinopathies (including myxedema and adrenal insufficiency), and protein-losing enteropathy with potential concurrent hepatitis. An extensive workup was performed including viral hepatitis and CMV serologies and Helicobacter pylori stool antigen which were all negative. Urinalysis did not show proteinuria and the protein/urine creatinine ratio was normal. CT imaging of the chest, abdomen, and pelvis demonstrated continued tumor control although new bilateral ground-glass opacities (GGOs) and pleural effusions were noted, as well as diffuse soft tissue edema and ascites in the abdomen and pelvis (Figure 1B). These findings raised the concern for potential pulmonary and/or cardiac immune-mediated toxicities, as the occurrence of multiple irAEs is a common pattern in hospitalized patients, especially after treatment with combination therapy. A TTE demonstrated a normal ejection fraction. EKG and troponin levels were normal, with an NT-proBNP of 9,768. While hospitalized, his ALP continued to rise with a peak of 566 U/L with ALT/AST peaking at 91 and 71 U/L, respectively. Stool alpha 1-antitrypsin and tTG Ab IgA were sent. Gastroenterology was consulted due to concern for a protein-losing enteropathy, and an upper and a lower endoscopy were performed with extensive biopsies taken. Endoscopy visualized mild gastric erythema and diffuse mucosal atrophy throughout the duodenum with the visualized colon appearing normal. Duodenal biopsies demonstrated marked villous blunting, intraepithelial lymphocytosis, and expansion of lamina propria (Figure 2). Shortly after endoscopy was performed, stool anti-alpha 1-antitrypsin returned negative and tTG-IgA returned positive (>100 U/ml) confirming a diagnosis of celiac disease. In the hospital, the patient received intravenous albumin (12.5 g on October 6, 2020) and furosemide (10 mg IV on October 6, 2020, and 20 mg orally on October 8, 2020) which improved his hypotension, bilateral lower extremity edema, and dyspnea. He was ultimately initiated on a gluten-free diet once tTG-IgA resulted. The use of systemic immunosuppression was deferred. His edema resolved after several weeks of dietary adherence. Four months later (Table 1), labs demonstrated normalization of albumin values and a decline in tTG-IgA levels (4.40 U/ml). While recovering, immunotherapy was held. Subsequent CT scan (Figure 1C) demonstrated persistent disease control and resolution of volume overload.




Figure 1 | Serial axial computed contrast-enhanced computed tomography (CT) images of the upper abdomen demonstrate (A) a left adrenal mass (circle) 4 months before admission and prior to treatment, (B) decreased tumor size by more than 50% (circle) as well as new-onset ascites and soft tissue edema (asterisks) at the time of hospital admission following therapy with combination immune checkpoint inhibitor therapy; (C) resolution of ascites and soft tissue edema and continued tumor response (circle) 8 months after admission. The patient was not receiving therapy at the time of the follow-up CT.






Figure 2 | (A) H&E-stained slide (×10) of duodenal biopsy demonstrating marked villous blunting, crypt hyperplasia, and expansion of lamina propria by lymphocytes and plasma cells. (B) H&E-stained slide (×10) of duodenal biopsy highlights the marked intraepithelial lymphocytosis (circled) without evidence of epithelial injury or neutrophils.




Table 1 | Lab values of interest on admission, discharge, and 3 months post-discharge.





Discussion

Clinicians are now well trained to identify the most common irAEs. However, less frequent toxicities with atypical presentations remain challenging to diagnose. The initial differential diagnoses entertained in this case due to the severity of symptoms included the more common and/or well-known irAEs such as enterocolitis, pneumonitis, hepatitis, myocarditis, hypothyroidism, and adrenal insufficiency. However, after an extensive workup, this patient was found to have a fulminant presentation of ICI-CeD where the initial GI complaints were mild (grade 1 diarrhea) and largely resolved despite ongoing duodenal inflammation resulting in a significant protein-losing enteropathy and hepatitis.

Data on ICI-CeD are limited and largely comprised of case reports (4, 5, 7). The largest case series highlighted eight cases of ICI-CeD, confirmed by tTG-IgA. In this report, the authors compared ICI-CeD to CeD as well as to ICI-duodenitis. The clinical presentation and histological findings in CeD, ICI-CeD, and ICI-duodenitis were similar; however, patients with CeD and ICI-CeD had positive serologies, and specifically in cases of ICI-CeD, tTG-IgA titers ranged from 104 to >300 IU/ml. Notably, in our case, rather than the common presentation of mild upper GI complaints, ICI-CeD manifested as a severe clinical syndrome of malabsorption with significant hypoalbuminemia resulting in hypotension and diffuse anasarca. As seen in our case, effective management of ICI-CeD centers on strict adherence to a gluten-free diet rather than initiation of systemic immunosuppression. This dietary change does not onlylead to the resolution of symptoms but also spares patients from systemic immunosuppression, which may reduce ICI efficacy (8). In addition to emphasizing the optimal treatment of ICI-CeD and the importance of including this toxicity in the differential diagnosis of potential GI toxicity, this case highlights the extraluminal manifestations of ICI-CeD. Rather than a concomitant ICI hepatotoxicity, our patient’s transaminitis and elevated alkaline phosphatase were secondary to ICI-CeD. Though the exact mechanism of cryptogenic liver injury in celiac disease is unknown, levels often normalize after dietary gluten exclusion as was the case in our patient.

Like other irAEs, such as inflammatory arthritis or other rheumatologic disorders, it is difficult to discern if the development of ICI-CeD represents an unmasking of a long-standing subclinical disease or de-novo development of immune-mediated gluten sensitivity triggered by ICI use. In the absence of pretreatment tTG-IgA titers in this case, we are unable to discern the exact mechanism of this patient’s toxicity. Though ICI-CeD is rare, there may be utility to obtain tTG-IgA titers prior to ICI initiation to identify patients at risk for the evolution of subclinical disease to symptomatic gluten sensitivity. At this time, there are no reliable clinical factors (e.g., age, sex, tumor type, or type of ICI) that are associated with the development of ICI-CeD. Additionally, like other well-known immune-mediated toxicities, we currently lack predictive biomarkers (clinical and/or translational) to identify patients and/or tumor types at risk to develop ICI-CeD. Further research in this space is critical.

In conclusion, ICI-CeD is a rare irAE that often resembles ICI-mediated colitis; however, it can also present with extraluminal manifestations. As highlighted in our case, ICI-CeD can be a fulminant process. Clinicians needs to maintain a high level of suspicion for ICI-CeD in patients with new-onset GI complaints including LFT abnl as early and  accurate diagnosis is important to avoid complications. Furthemore, with an accurate diagnosis of ICI-CeD, clinicians can employ the optimal treatment of gluten restriction rather than high-dose immunosuppresssion.
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B-cell precursor acute lymphoblastic leukemia (BCP-ALL) is a malignancy characterized by the aberrant accumulation of immature B-cell precursors in bone marrow and other lymphoid organs. Although several intrinsic regulatory signals participating in BCP-ALL have been clarified, detailed intrinsic and extrinsic mechanisms that regulate BCP-ALL progression have not been fully understood. In the current study, we report that miR-582 is downregulated in BCP-ALL cells compared with normal B cells. Forced overexpression of miR-582 attenuated BCP-ALL cell proliferation and survival. We found that miR-582 overexpression disturbed the mitochondrial metabolism of BCP-ALL cells, leading to less ATP but more ROS production. Mechanistically, we identified PPTC7 as a direct target of miR-582. MiR-582 overexpression inhibited the activity of CoQ10, which is downstream of PPTC7 and played an important positive regulatory role in mitochondrial electron transportation. Finally, we found that overexpression of miR-582 upregulated the expression of immune checkpoint molecule CD276 and reduced NK cell-mediated cytotoxicity against BCP-ALL cells. CD276 blockade significantly increased NK cell-mediated cytotoxicity against miR-582-overexpressing BCP-ALL cells. Together, our research demonstrates that miR-582 acts as a negative regulator of BCP-ALL cells by reducing proliferation and survival, but protects BCP-ALL cells from NK cell-mediated cytotoxicity, suggesting that miR-582 may be a new therapeutic biomarker for BCP-ALL with CD276 blocker.
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Introduction

B-cell precursor acute lymphoblastic leukemia (BCP-ALL) is a type of hematopoietic malignancy found both in children and adults, and is characterized by the aberrant expansion of immature clonal B-cell precursors in bone marrow (BM), peripheral blood and lymphoid organs (1, 2). Although the prognosis of BCP-ALL has improved, the therapeutic effect of BCP-ALL patients with relapsed and drug-resistant remain unsatisfactory, and specifically, the 5-year survival rate for these types of patients is 35-40% (3). Previous studies have reported that during the development of B cells in BM, the disruption of the balance between pre-B cell proliferation and apoptosis is one of the important factors leading to the pathogenesis of BCP-ALL (4). Therefore, elucidating the regulatory mechanisms of BCP-ALL cells’ proliferation and survival is an important research focus for developing novel therapeutic approaches for BCP-ALL.

The progression of BCP-ALL is influenced by cell-intrinsic programs and the tumor microenvironment (TME) (5). In the TME of progressive BCP-ALL, anti-tumor immune cells, such as natural killer (NK) cells and CD8+ T cells, are prone to exhaust, lose or attenuate their cytotoxic activity against tumor cells, thus promoting tumor cell survival and proliferation (6, 7). Cell-intrinsic programs such as energy metabolism also play critical roles in regulating the survival and proliferation of BCP-ALL cells (8). For instance, electron transport chain (ETC) in mitochondria plays an essential role in energy metabolism, which is critically involved in the expansion of BCP-ALL cells (9). Specifically, the main function of ETC is transports electrons to generate ATP, which ultimately provides energy for cell survival and proliferation (10). Coenzyme Q10 (CoQ10), which is a crucial electron transporter of ETC, is involved in regulating the survival of B cells and T cells (11). Previous studies have shown that, compared with the control group, increasing the concentration of CoQ10 can promote the electron transport and improve the ATP synthesis, and reduce the generation of reactive oxygen species (ROS) (12). Protein phosphatase targeting CoQ7 (PPTC7), an important member of the protein phosphatase 2C (PP2C) family, has been reported to regulate the phosphorylation and dephosphorylation of protein complex-associated molecules which involved in electron transport (13) and CoQ10 production (14). Previous studied have shown that PPTC7 is a regulator of CoQ10 biosynthesis, and PPTC7/CoQ10 signaling facilitates ATP synthesis while preventing the accumulation of ROS, further promoting cell survival (14). However, whether PPTC7/CoQ10 signaling regulates BCP-ALL cell proliferation and survival, and the underlying regulatory mechanisms, remain unknown. Therefore, more studies are required to elucidate the exact regulatory mechanisms of PPTC7/CoQ10 signaling in BCP-ALL cell proliferation and survival.

miRNAs are endogenous ∼22 nt non-coding RNAs that downregulate protein expression by inhibiting target mRNA translation or promoting mRNA degradation (15). Previous reports indicated that miR-582 serves as an anti-oncogenic biomarker in many cancers, such as in intermediate risk AML (16), colorectal carcinoma (17). Recently, our lab found that miR-582 was highly expressed in murine pre-B cells, and knockout of miR-582 promotes the proliferation of murine pre-B cells (18). Relevant clinical studies also found that, compared with normal B cells, the expression of miR-582 is significantly lower in B cells of multiple sclerosis and B cells of dysregulated chronic lymphocytic leukemia (19, 20). MiR-582 expression in B cells from MLL rearranged pediatric acute lymphoblastic leukemia patients was significantly lower than that in other ALL patients (21). The above-mentioned research results indicated that dysregulated miR-582 expression may be involved in BCP-ALL progression. However, the specific regulation and mechanism of miR-582 in BCP-ALL needs further verification.

In the TME, miRNAs can not only regulate intracellular signaling pathways involved in cell survival and proliferation, but also alter the expression of immune checkpoint (IC) proteins on cell surface, such as PD-1/PD-L1 (22), CTLA-4 (23), CD276 (24), to subvert host immune surveillance. Recently, increasing evidence has indicated that IC molecules regulate the cytotoxic activity of T cells and NK cells. NK cells are important innate immune cells and have the ability to directly kill tumor cells without prior sensitization (25). Previous researches have shown that, in the TME, low expression of miR-29c and miR-142-5p upregulates the expression of some IC molecules such as CD276 and PD-L1, which further suppress the cytotoxic activity of NK cells and CD8+ T cells (26, 27). In diffuse large B cell lymphoma (DLBCL), overexpression of miR-5590-3p upregulates PD-L1 expression, and the high expression of PD-L1 on DLBCL cells promotes immune escape by inhibiting the cytotoxic activity of CD8+ T cells (28). However, whether miR-582 can regulate the expression of IC molecules on BCP-ALL cells and affect the cytotoxic activity of NK cells remains unknown. In this study, we show that overexpression of miR-582 inhibits the proliferation and survival of BCP-ALL cells. Moreover, we demonstrate that miR-582 directly regulates PPTC7/CoQ10 signaling to regulate BCP-ALL. We also showed that miR-582 overexpression promotes the expression of CD276 and protect BCP-ALL cells from NK cell-mediated cytotoxicity, which was reversed by anti-CD276 antibody.



Materials and Methods


Human Samples

BM samples were collected from BCP-ALL patients (n = 5) and non-BCP-ALL controls (n = 4, patients with unexplained anemia but excluded hematopoietic malignancies) hospitalized in the Department of Hematology, Xi’an International Medical Center Hospital, with signed informed consent and approved by the Ethics Committee of Fourth Military Medical University for use of human samples (Supplementary Table S2). B cells were enriched from BM by using MACSxpress B cell isolation kit (Miltenyi Biotec, USA) and erythrocyte depletion kit (Miltenyi Biotec, USA). The purity of the enriched B cells was > 90% as determined by using flow cytometry after CD19 staining. In some cases, B cells were further purified to > 99% purity by using FACS Aria II cell sorter (BD Biosciences, USA) after gating on CD19+ cells.



Mice

NCG (NOD/ShiLtJGpt-Prkdcem26Cd52Il2rgem26Cd22/Gpt) mice (8 weeks old, female) were purchased from Gem Pharmatech (Nanjing, China). Mice were maintained in a specific pathogen-free (SPF) facility. All animal experiments were performed in accordance with the protocols approved by the Animal Experiment Administration Committee of the Fourth Military Medical University.



Cell Culture, Infection, and Treatment

BCP-ALL cell lines (NALM-6, KOPN-8, and SUP-B15) and NK cells were obtained from the Beijing Beina Chuanglian Biotechnology Institute (Beijing, China). Specifically, NALM-6 and SUP-B15 cells were maintained in Roswell Park Memorial Institute 1640 (RPMI-1640) medium (Invitrogen, USA) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin. KOPN-8 cells were maintained in Iscove’s Modified Dulbecco Medium (IMDM) (Invitrogen, USA) supplemented with 10% FBS, 2 mM L-glutamine, 100 U/mL penicillin and 100 μg/mL streptomycin and incubated at 37°C in 5% CO2 and 95% air. NK cells were maintained in complete medium with 1000 U/ml recombinant human IL-2. Cells were routinely tested for the absence of mycoplasma using MycoAlertTM PLUS Mycoplasma Detection Kit (Lonza, USA).

In order to test the infection efficiency of lentivirus on BCP-ALL cells, we infect cells with EGFP-labeled lentivirus (MOI of 60), after 24 hours (h), we tested the infection efficiency by flow cytometry, and found that the infection efficiency of BCP-cells > 99% (Supplementary Figure S1A). Then, to overexpress human single-stranded mature miR-582 in BCP-ALL cells, a synthetic precursor miR-582 [pre-miR-582] gene fragment was inserted into the lentiviral vector GV309. After the lentivirus package and infection of BCP-ALL cells, pre-miR-582 was expressed and further cleaved by Dicer to form single-stranded, mature miR-582. Specifically, for infection, cells (1 × 106/well) were seeded in 96-well plates. Lentivirus particles were added at a multiplicity of infection (MOI of 60), and cultured for 12 h, then the medium was changed and cultured for 72h according to experimental designs. In some experiments, PPTC7 overexpressing lentivirus (MOI of 60), PPTC7 overexpressing lentivirus (MOI of 60) with pre-miR-582 overexpressing lentivirus (MOI of 60) was used to infect BCP-ALL cells. In some experiments, the anti-CD276 antibody (100ng/well, MGA271) was added to the cultures.



Cell Proliferation and Apoptosis

Cell proliferation and apoptosis assays were performed as described previously (18). Specifically, after infection with lentivirus for 48 h, NALM-6, KOPN-8 and SUP-B15 cells (1 × 106/well) were resuspended in PBS in tubes and incubated with 5,6-carboxyfluorescein diacetate succinimidyl ester (CFSE) (Biolegand, USA) at the concentration of 3 μM for 20 min in cell incubator, followed by adding 10% FBS-containing medium to quench CFSE. After washing twice by using10% FBS medium, cells were resuspended in culture medium and cultured in 96-well U bottom plates for another 24 h, and the proliferation was analyzed by flow cytometry.

To evaluate apoptosis, cells (1 × 106 cells/well) were resuspended in 100 μl binding buffer, prior to the addition of 5 μL Annexin V (Biolegand, USA) and incubated for 15 min. Then, cells were washed twice with the binding buffer, and 200 μL of binding buffer and 5 μL 7-AAD were added. The percentage of live cells, early and lately apoptotic cells were analyzed by flow cytometry.



ATP Measurement

ATP level was determined by using an ATP assay kit (Beyotime Biotechnology, China) according to the manufacturer’s instructions. Briefly, cells were broken by the lysis buffer, and the supernatant was gathered and mixed with the ATP detecting solution. The ATP level was detected by firefly luciferase activities with a luciferase assay system (Promega, USA).



Extracellular Flux Analysis

Extracellular flux analyses were carried out with a Seahorse XF-24 analyzer. BCP-ALL cells (5 × 105/well) are adhere-cultured with PLL-coated plate for 12 h. Then, cells were washed three times in the Seahorse assay medium. Mitochondrial metabolism (OCRs) was analyzed with Seahorse Mito Test kits (Agilent, Waldbronn, Germany) according to the manufacturer’s instructions.



ROS Generation Assay

For cellular total ROS detect, 2’,7’-dichlorofluorescin diacetate (DCFH-DA, Beyotime, China) was diluted by serum-free medium to a concentration of 10 μM. Then, cells were re-suspended in DCFH-DA medium and incubated at 37°C for 30 min. For mitochondrial ROS detect, cells were re-suspended in medium containing 10 μM DCFH-DA and 25 nM MitoTacker (Invitrogen, USA), and incubated at 37°C for 30 min. Cells were washed twice with serum-free medium and analyzed by flow cytometry.



Glucose Uptake Assay

For glucose uptake assay, cells were pelleted at 500 g for 5 min at 4°C and then washed twice with glucose-free medium. The 2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG, Cayman Technologies, USA) was diluted to the concentration of 150 μg/mL in glucose-free medium. Then, the 2-NBDG dilution (100 μL) was added to the glucose-free medium and incubated at 37°C for 30 min. Finally, the cells were washed twice with PBS to remove the residual 2-NBDG and analyzed by flow cytometry.



RNA-Seq Analysis

NALM-6 cells were infected with pre-miR-582 lentivirus or pre-miR-Ctrl lentivirus for 72 h, and total cellular RNA was isolated using the TRIzol reagent. RNA was reverse-transcribed into cDNA for constructing the library. Then, RNA sequencing was conducted with the cDNA library. RNA sequencing using Illumina Novaseq6000 by Gene Denovo Biotechnology Co. (Guangzhou, China). The raw reads were filtered, and clean reads were mapped to Ensembl_release103 whole genome using HISAT2.2.4. The mapped reads of each sample were assembled by using StringTie v1.3.1 in a reference-based approach. For each transcription region, a FPKM (fragment per kilobase of transcript per million mapped reads) value was calculated to quantify its expression abundance and variations, using the StringTie software. Original RNA-seq data have been deposited in the NCBI (https://www.ncbi.nlm.nih.gov/sra/PRJNA811525). The online tools (http://www.omicshare.com/tools) were used for the subsequent bioinformatic analysis.



Human BCP-ALL Xenograft Mouse Model

NCG mice were inoculated with 1 × 106 NALM-6 cells which infected with lentivirus expressing pre-miR-Ctrl or pre-miR-582 together with luciferase through tail veins (day 0). On day 14 and 21, tumor burden was determined by IVIS® Spectrum In Vivo Imaging System in each mouse. BM and spleen cells were collected on day 21, and the proportion and number of human CD19+ NALM-6 cells were detected by flow cytometry. Finally, the survival days of tumor-bearing mice were recorded and a survival curve was drawn.



Cytotoxicity Assay

Cytotoxicity assays were performed as described previously (25). NALM-6, KOPN-8 and SUP-B15 cells were co-cultured with the effector NK cells in a 96-well V-bottom plate at 37°C for 4 h. At the end of the co-culture, cells were collected and incubated with anti-human CD56, anti-human CD107a antibodies against surface markers to label NK cells and the degranulation marker of NK cells. Cells were then washed and resuspended in Cytofix/Cytoperm solution (BD Biosciences) at 4°C for 30 min. Fixed and permeabilized cells were stained with anti-human Granzyme B (GZMB) antibody for analysis by flow cytometry. Data were analyzed using FlowJo V10 software (Tree Star, Ashland, OR).



Statistical Analysis

GraphPad Prism 7.0 software (GraphPad Software, USA) and SAS8e software were used for statistical analyses. Student’s t-test or paired t-test was used to compare two independent or paired groups. Kaplan-Meier method was used to estimate survival functions and log-rank test was used to compare any two survival curves. All results are expressed as mean ± SD. P < 0.05 was considered statistically significant.




Results


miR-582 Is Downregulated in BCP-ALL Cells

Aberrant expression of miR-582 has been implicated in several solid tumors including non-small cell lung cancer (29, 30), prostate cancer (31), and hepatocellular carcinoma (32). Our lab recently found that miR-582 represses pre-B proliferation in early B cell development in mice (18). To evaluate whether miR-582 regulates BCP-ALL progression, we examined the expressions of miR-582-5p and miR-582-3p in B cells from BCP-ALL patients or controls, and BCP-ALL cell lines NALM-6, KOPN-8, and SUP-B15. The results showed that, compared with the controls, miR-582-5p and miR-582-3p were downregulated in B cells from BCP-ALL patients and the BCP-ALL cell lines (Figures 1A, B), suggesting that miR-582 is potentially involved in BCP-ALL.




Figure 1 | Overexpression of miR-582 inhibits the survival of BCP-ALL cells. (A, B) Relative expression of human miR-582-5p and miR-582-3p in normal B cells, BCP-ALL patients B cells, NALM-6, KOPN-8 and SUP-B15 cells were determined by qRT-PCR. (C) BCP-ALL patients B cells, NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their control lentivirus, and cultured for 72 h. Apoptosis was evaluated by using flow cytometry after staining of Annexin V and 7-AAD. The percentages of infected live (Annexin V-/7-AAD-) BCP-ALL cells, infected early and late apoptotic (Annexin V+/7-AAD-/+) BCP-ALL cells were quantitatively compared (n = 3-4). (D) BCP-ALL cells were infected with pre-miR-582 lentivirus or their control lentivirus for 72 h, and Cleaved Caspase-3, Cleaved PARP proteins were determined by Western blotting, with β-actin as an internal control (n = 3). Bars represent means ± SD, *P < 0.05, **P < 0.01.





miR-582 Inhibits the Proliferation and Promotes the Apoptosis of BCP-ALL Cells

We next accessed the function of miR-582 in BCP-ALL cells. BCP-ALL cells were infected with pre-miR-582 or pre-miR-Ctrl (control) lentivirus, firstly, we evaluate the overexpression efficiency by using qRT-PCR method, the results showed that, compared with control group, the expression of miR-582-5p is significantly increased in pre-miR-582 group (Supplementary Figure S1B). Then we stained with Annexin V and 7-AAD prior to flow cytometry. The result showed that, compared with pre-miR-Ctrl infected cells, the proportion of apoptosis (Annexin V+/7-AAD+/-) cells was significantly increased and the proportion of live (Annexin V-/7-AAD-) cells was significantly decreased in pre-miR-582 infected cells (Figure 1C). Western blotting confirmed that overexpression of miR-582 significantly increased the expression of Cleaved caspase-3 and Cleaved PARP proteins, two makers of apoptosis (33, 34) (Figure 1D). We also examined the role of miR-582 in regulating BCP-ALL proliferation. BCP-ALL cells were infected with pre-miR-582 or control lentivirus for 48 h, and labeled with CFSE for another 24 h prior to flow cytometry analysis. The result showed that, compared with the control infected cells, the proportion of CFSElow/- BCP-ALL cells in pre-miR-582 infected cells was significantly decreased (Figure 2A). By using the MTT assay, we found that, compared with control group, the cell viability and proliferation ability in pre-miR-582 infected BCP-ALL cells were significantly reduced, which confirming the above data (Figure 2B). These results suggested that miR-582 inhibits the proliferation and promotes the apoptosis of BCP-ALL cells.




Figure 2 | Overexpression of miR-582 inhibits the proliferation of BCP-ALL cells. (A) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their control lentivirus. Cell proliferation of infected cells was determined using the CFSE labeling assay (n = 3-6). (B) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their control lentivirus, and cultured for 72 h. Cell viability was detected by MTT method (n = 6). (C, D) Experimental timeline for in vivo study. luciferase (luci)-labeled NALM-6 were infected with pre-miR-582 lentivirus or their control lentivirus, then, an orthotopic xenograft BCP-ALL mouse model was established by i.v injecting 1 × 106 luci-labeling pre-miR-582 NALM-6 cells or pre-miR-Ctrl NALM-6 cells into NCG mice on day 0. Tumor burden was determined on day 14 and 21. (E, F) On Day 21, single cell suspensions of BM and spleen from BCP-ALL mouse model were analyzed by flow cytometry (E), and the percentage of human CD19+ B cells were quantitatively compared (F) (n = 3). (G) Survival of NCG mice which injected with miR-582-overexpressing NALM-6 cells and control NALM-6 cells. Bars represent means ± SD, *P < 0.05, **P < 0.01.



Next, firefly luciferase-expressing NALM-6 cells were infected with pre-miR-582 or control lentivirus for 24 h, and cells were injected intravenously (i.v) into NCG mice to establish an orthotopic xenograft NALM-6 model. Tumor growth was monitored by bioluminescence imaging, starting at day 14 after the infusion of tumor cells (Figure 2C). The results showed that, compared with the control group, tumor progression in the pre-miR-582 infected group was significantly inhibited on day 14 and 21 (Figure 2D). Consistently, the proportion and number of tumor cells in BM and spleen were significantly decreased in pre-miR-582 infected group as compared with the control (Figures 2E, F). The survival of tumor-bearing mice was significantly longer in the pre-miR-582 infected group than the control group (Figure 2G).



miR-582 Inhibits Mitochondrial Energy Metabolism of BCP-ALL Cells

Previous studies have demonstrated that mitochondrial energy metabolism plays an important role in regulating BCP-ALL cell survival and proliferation (8). We next tested whether mitochondrial energy metabolism is involved in regulating BCP-ALL cell proliferation and survival by miR-582. We found that overexpression of miR-582 significantly reduced the content of ATP in BCP-ALL cells (Figure 3A). We then used the extracellular flux analyses with a Seahorse device to detect the O2 consumption rate (OCR) of BCP-ALL cells. The result showed that overexpression of miR-582 reduced the OCR (the basal respiration, ATP production and maximal respiration) of BCP-ALL cells (Figure 3B). However, the spare respiratory capacity did not decrease significantly in pre-miR-582-infected BCP-ALL cells, except in NALM-6 cells (Figure 3B and Supplementary Figure S3). These results suggested that miR-582 inhibits mitochondrial energy metabolism of BCP-ALL cells, but there is no difference in the ability of BCP-ALL cells to respond to the demand for spare respiratory capacity, except in NALM-6 cells.




Figure 3 | Overexpression of miR-582 inhibits mitochondrial energy metabolism of BCP-ALL cells. (A) After infection with pre-miR-582 lentivirus or their control lentivirus for 72 h, the contents of ATP in NALM-6, KOPN-8 and SUP-B15 cells were measured by using a luciferase reporter assay system. The luminescence level was normalized to pre-miR-Ctrl group in each individual (n = 3). (B) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their control lentivirus for 72 h, the mitochondrial metabolic pressure was detected by using XF Extracellular Flux Analyzer (n = 3). (C, D) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus and their control lentivirus for 72 h, the total intracellular ROS and mitochondria ROS were determined by flow cytometry, total intracellular ROS was labeled by DCFH-DA, the mitochondria ROS was labeled by MitoTacker and DCFH-DA (n = 3-5). (E) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their control lentivirus for 72 h, 2-NBDG was added to glucose-free medium for 30 min and intracellular 2-NBDG was analyzed by flow cytometry and quantitatively by statistics the proportion of 2-NBDG+ cells (n = 3-5). Bars represent means ± SD, **P < 0.01.



Next, we investigated the effect of miR-582 on ROS production in BCP-ALL cells, the results showed that miR-582 overexpression significantly increased total and mitochondrial ROS production in BCP-ALL cells as compared with the control (Figures 3C, D; Supplementary Figure S2). Moreover, compared with the control, overexpression of miR-582 significantly inhibit the glucose uptake in BCP-ALL cells (Figure 3E). These results indicated that miR-582 overexpression inhibits mitochondrial energy metabolism and promotes ROS production in BCP-ALL cells.



miR-582 Downregulates PPTC7 in BCP-ALL Cells

To address the molecular mechanism of miR-582 regulating energy metabolism in BCP-ALL cells, we compared the transcriptomes of NALM-6 cells infected with pre-miR-582 or control lentivirus. The result showed that miR-582 overexpression upregulated the mRNA expression of 106 genes and downregulated 140 genes (Figure 4A). Among the 140 downregulated genes, 94 genes are metabolism-related genes (Figure 4B). Further analyses of RNA-seq data and potential miR-582 targets using the TargetScan 6.2 database identified 7 metabolism-related and downregulated genes as predicted target genes of human miR-582-5p (Figure 4C), including PPTC7, a gene reported to play an important role in mitochondrial energy metabolism (Figures 4D, E). QRT-PCR confirmed that infection of the pre-miR-582 lentivirus significantly downregulated the mRNA expression of PPTC7 in all three BCP-ALL cell lines (Figure 4F).




Figure 4 | miR-582 downregulates PPTC7 in BCP-ALL cells. (A) Significantly different expressed genes (differentially upregulated genes and differentially downregulated genes) in pre-miR-582 NALM-6 cells/pre-miR-Ctrl NALM-6 cells. (B) 94 genes which related to metabolism are significantly downregulated in pre-miR-582 NALM-6 cells. (C) 7 significantly downregulated metabolism-related genes were predicted target genes of human miR-582-5p by combined with RNA-seq data and TargetScan 6.2 database. (D, E) The mRNA expression of PPTC7 in pre-miR-Ctrl NALM-6 cells and pre-miR-582 NALM-6 cells were showed by volcano plot and heatmap. (F) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their control lentivirus for 72 h, and PPTC7 mRNA were determined by qRT-PCR, with β-actin as an internal control (n = 3). (G) Alignment of the seed sequence of human miR-582-5p with human PPTC7 3’UTR. Complementary bases are marked with blue color. (H) The sequences of PPTC7 3’UTR-wt and PPTC7 3’UTR-mut used for schematic of the reporter constructs. (I) HEK293T cells were transfected with miR-582-5p and different 3’UTR reporters of human PPTC7 for 72 h. Luciferase activity in cell lysates were determined by the dual luciferase reporter assay (n = 3). (J, K) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their controls for 72 h, and PPTC7 protein were determined by Western blotting, with β-actin as an internal control (n = 3). Bars represent means ± SD, *P < 0.05,**P < 0.01.



The 3’UTR of PPTC7 contains a miR-582-5p recognition site. We cloned the PPTC7 3’UTR fragment harboring the miR-582-5p binding site, and constructed reporter genes with the wild type of fragment or the fragment with the mutated binding site (Figures 4G, H). Transfection of miR-582-5p mimics into HEK-293T cells significantly suppressed the wild-type (WT) reporter activity but failed to suppress the reporter with the mutated (MUT) PPTC7 3’UTR (Figure 4I). Moreover, we found that overexpression of miR-582 significantly inhibited the protein expression of PPTC7 in NALM-6, KOPN-8 and SUP-B15 cells (Figures 4J, K). Taken together, these results verified that miR-582 directly targets the 3’UTR of PPTC7 to inhibit PPTC7 expression in BCP-ALL cells.



miR-582 Attenuates Mitochondrial Energy Metabolism by Inhibiting PPTC7/CoQ10 Signaling in BCP-ALL Cells

To further evaluate the role of PPTC7 in miR-582-mediated mitochondrial energy metabolism, we examined the effects of miR-582 overexpression on CoQ10 production, which is reported to be a downstream molecule of PPTC7 in Hela cells (14). BCP-ALL cells were infected with pre-miR-582 or control lentivirus for 72 h, and CoQ10 content was examined. The results showed that miR-582 overexpression inhibited the CoQ10 production in the three BCP-ALL cell lines (Figure 5A). We then infected BCP-ALL cells with PPTC7 overexpression lentivirus, and found that PPTC7 overexpression strongly promotes the mitochondrial energy metabolism, including promote the production of CoQ10 and ATP, inhibit the production of ROS (Figures 5B–E), which demonstrated that PPTC7 positively regulate mitochondrial energy metabolism through COQ10 in BCP-ALL cells. However, compared with the PPTC7 overexpression group, simultaneous overexpression of PPTC7 and miR-582 partially suppressed the increase in COQ10 and ATP production, and promoted the generation of ROS (Figures 5B–E). These results suggested that miR-582 attenuates mitochondrial energy metabolism of BCP-ALL cells via inhibiting PPTC7/CoQ10 signaling.




Figure 5 | miR-582 attenuates BCP-ALL cells mitochondrial energy metabolism by inhibiting PPTC7/CoQ10 signaling. (A) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or their control lentivirus for 72 h, CoQ10 contents in cell lysates was evaluated and compared (n = 3). (B) NALM-6, KOPN-8 and SUP-B15 cells were infected with PPTC7 overexpression lentivirus (LV-PPTC7), with/without cultured with pre-miR-582 lentivirus for 72 h. CoQ10 contents in cell lysates was evaluated and compared (n = 3). (C) NALM-6, KOPN-8 and SUP-B15 cells were infected with LV-PPTC7, with/without cultured with pre-miR-582 lentivirus for 72 h, relative ATP level in cell lysates was evaluated and compared. (D, E) NALM-6, KOPN-8 and SUP-B15 cells were infected with LV-PPTC7, with/without cultured with pre-miR-582 lentivirus for 72 h, the total ROS and Mitochondria ROS were determined by flow cytometry, total intracellular ROS was labeled by DCFH-DA, the mitochondria ROS was labeled by MitoTacker and DCFH-DA. Bars represent means ± SD, *P < 0.05, **P < 0.01.





miR-582 Overexpression Protects BCP-ALL Cells From NK Cell-Mediated Cytotoxicity

The IC molecules, such as PD-1, CTLA-4 and CD276, inhibit the cytotoxic activity and promote the exhaustion of NK cells and T cells (26, 27). RNA-seq results of NALM-6 cells showed that, compared with the control, miR-582 overexpression significantly upregulated the mRNA expression of CD276, which is an important IC molecule inhibiting NK-mediated cytotoxicity (26) (Figure 6A). Then, three BCP-ALL cell lines were infected with pre-miR-582 and control lentivirus for 72 h, and the expression of CD276 was examined. The results showed that, compared with the control, miR-582 overexpression significantly increased the mRNA and protein expression of CD276 (Figures 6B, C and Supplementary Figure S4A). We further determined whether miR-582 overexpression could protect BCP-ALL cells from NK cell-mediated cytotoxicity by upregulating CD276. The cytotoxicity assay showed that, compared with the control group, the expression of CD107a and GZMB was significantly reduced in NK cells co-cultured with miR-582-overexpressing BCP-ALL (NALM-6, KOPN-8, as well as SUP-B15) cells (Figures 6D, E; Supplementary Figures S4B, C). Treat with anti-CD276 antibody significantly increased the NK cell-mediated cytotoxicity on BCP-ALL cells with miR-582 overexpression (Figures 6D, E). These results suggested that miR-582 upregulates CD276 to protect BCP-ALL cells from NK cell-mediated cytotoxicity.




Figure 6 | Overexpression of miR-582 protects BCP-ALL cells from NK cell-mediated cytotoxicity. (A) NALM-6 cells were infected with pre-miR-582 lentivirus or its control lentivirus for 72 h, and CD276 mRNA were determined by RNA-seq. (B, C) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus or its control lentivirus for 72 h, and CD276 mRNA were determined by qRT-PCR (B); the proportion of CD276+ cells were determined by flow cytometry (C). (D, E) NALM-6, KOPN-8 and SUP-B15 cells were infected with pre-miR-582 lentivirus and their control lentivirus, cultured with or without anti-CD276 antibody, and co-cultured with NK cells for 4 h, the proportion of CD107a+ NK and GZMB+ NK cells were determined by flow cytometry. (F) The signaling pathway of miR-582 regulate the progression of BCP-ALL and protect BCP-ALL cells from natural killer cell-mediated cytotoxicity, figure created with BioRender.com. Bars represent means ± SD, *P < 0.05, **P < 0.01.






Discussion

In this study, we report that miR-582 regulates BCP-ALL progression by negatively regulating the survival and proliferation of BCP-ALL cells. We have identified that the PPTC7, which regulates CoQ10 production and mitochondrial energy metabolism, is the downstream target of miR-582 involved in regulating the survival and proliferation of BCP-ALL cells. We also found that miR-582 overexpression promotes the expression of CD276 and protects BCP-ALL cells from NK cell-mediated cytotoxicity, which can be overcome by CD276 blockade with a specific antibody (Figure 6F). Our observations in clinical samples suggest that miR-582 is downregulated in BCP-ALL, therefore these findings provide a new molecular mechanism of BCP-ALL progression, and suggest that low miR-582 may provide progression advantages in human BCP-ALL, which may insensitive to anti-CD276 therapy.

Previous studies have established a link between miR-582 and tumor procession (30, 35). For instance, in hematopoietic malignancies and solid tumors, such as acute myeloid leukemia (36), chronic lymphocytic leukemia (37), multiple myeloma (38), bladder cancer (39), and human colorectal carcinoma (17), miR-582 serves as an anti-oncogenic biomarker and can inhibit proliferation and induce apoptosis of these malignant cells by targeting different genes, such as cyclin B2, HNRNPA1, HMGB2 and Rab27a (17, 35–38). These studies have shown that miR-582 plays a negative regulatory role in tumor progression. Recently, miR-582 has also been found to participate in regulating several energy metabolism-related genes, such as ERO1A (40) and AKT/mTOR signaling (41), in different biological processes. Our lab has found that miR-582 is highly expressed in murine pre-B cells, and knockout of miR-582 promotes pre-B cell proliferation, while overexpression of miR-582 inhibits pre-B cell proliferation (18). Consistently, in this study, we revealed an anti-oncogenic role of miR-582 in BCP-ALL. These findings indicated that miR-582 may serve as an important molecule in BCP-ALL progression, and miR-582 overexpression in BCP-ALL cells could be a potential strategy for inhibit BCP-ALL progression.

Tumor cells are characterized by extensive proliferation, in which mitochondrial energy metabolism plays an important role (42). Previous researches have shown that improving mitochondrial energy metabolism promotes the survival and proliferation of BCP-ALL cells (8). A recent study further found that mitochondrial energy metabolism was significantly decreased in PPTC7 downregulated cells, resulting in decreased ATP synthesis and increased ROS production (13), indicating that PPTC7 plays a key role in the mitochondrial energy metabolism pathway of cells. In our study, we have provided evidence that miR-582 downregulates mitochondria energy metabolism at least partially via directly targeting PPTC7, which contributes to attenuated the survival and proliferation of BCP-ALL cells. Moreover, a previous research has shown that CoQ10, which is an crucial downstream molecule of PPTC7, facilitates ATP synthesis while prevents the accumulation of ROS, further promoting cell survival (14). In our study, we have provided functional evidence that miR-582 negatively regulates CoQ10 synthesis through inhibiting PPTC7, resulting in less ATP synthesis and more ROS production. Therefore, we suggest that miR-582 downregulates PPTC7 and reduces CoQ10 production by directly targeting PPTC7, and thereby functions as a novel negative regulator of the electron transport chain in mitochondrial energy metabolism of BCP-ALL cells.

During the progression of various tumors, tumor cells in the TME often tend to promote the exhaustion of anti-tumor immune cells, such as NK cells, by upregulating the expression of IC molecules, to reduce cytotoxicity and enhance immune escape (43). Previous researches have shown that CD276, an important IC molecule, is often highly expressed in neuroblastoma (44) and non-small cell lung cancer cells (45), inhibits the cytotoxicity of NK cells. CD276-CAR NK cells or blocking CD276 with anti-CD276 antibody often rescues the anti-tumor ability of NK cells (44–46). A previous study showed that miR-29c negatively regulates CD276 expression in tumor cells (43). However, in our research, we found that miR-582 positively regulates the CD276 expression in BCP-ALL cells, resulting in reduced NK cell-mediated cytotoxicity to BCP-ALL cells. The specific mechanism of miR-582 in regulating the expression of CD276 is still unknown. miR-582-mediated metabolic remodeling could be involved in, but more studies are required to access this question. Our study further suggests that CD276 blockade can relieve the inhibition of NK cell-mediated cytotoxicity likely in BCP-ALL cells with high miR-582 expression, and therefore miR-582 may serve as a biomarker for anti-CD276 therapy of BCP-ALL.

In conclusion, our research reported here has uncovered a role of miR-582 as a negative regulator of human BCP-ALL cells proliferation and survival. Our findings provide novel insights into how miR-582 inhibits the proliferation and survival of BCP-ALL cells by targeting PPTC7 to reduce CoQ10 level and further inhibit mitochondrial energy metabolism in BCP-ALL cells. miR-582 also promotes the expression of CD276 and protect BCP-ALL cells from NK cell-mediated cytotoxicity, which might of significance in treatment of BCP-ALL with anti-CD276 antibodies.
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The protocol used to induce cell death for generating vaccines from whole tumor cells is a critical consideration that impacts vaccine efficacy. Here we compared how different protocols used to induce cell death impacted protection provided by a prophylactic whole tumor cell vaccine in a mouse melanoma model. We found that melanoma cells exposed to γ-irradiation or lysis combined with UV-irradiation (LyUV) provided better protection against tumor challenge than lysis only or cells exposed to UV-irradiation. Furthermore, we found that the immunoregulatory cytokine, IL-27 enhanced protection against tumor growth in a dose-dependent manner when combined with either LyUV or γ-irradiated whole tumor cell vaccine preparations. Taken together, this data supports the use of LyUV as a potential protocol for developing whole tumor cell prophylactic cancer vaccines. We also showed that IL-27 can be used at low doses as a potent adjuvant in combination with LyUV or γ-irradiation treated cancer cells to improve the protection provided by a prophylactic cancer vaccine in a mouse melanoma model.
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Introduction

A key objective of cancer immunotherapy is to enhance immune recognition of tumors for elimination. Cancer vaccines can be delivered therapeutically to treat established tumors (1) or applied prophylactically to prevent tumor development or recurrence (2, 3). The immune system recognizes tumors using tumor associated antigens (TAAs), which provide targets for antigen specific CD8+ T lymphocyte (CTL) activation (4–8). Therefore, a successful cancer vaccine has the potential to promote robust CTL activation against TAAs (9). In addition to activating CTLs, cancer vaccines have also investigated the role of CD4+ T helper cells. Studies have elucidated a prominent role of CD4+ T cells in cancer vaccine clinical trials against multiple cancer types, including melanoma (10, 11).

In addition to providing TAAs, therapeutic cancer vaccines need to overcome an immunosuppressive tumor microenvironment (TME). Therefore, early intervention with prophylactic vaccination may be highly effective in preventing a tumor while also reducing the potential for recurrence following surgical removal of the tumor (12). Whole tumor cell vaccines consisting of dead tumor cells (DTCVs) can be used in prophylactic settings. Different protocols are used to produce DTCVs, including exposure to irradiation, γ-irradiation and ultraviolet (UV)-irradiation, oxidizing treatment, and lysis using heat-shock/snap-freezing and thawing (F/T) (13–15). Cancer cells exposed to these treatments can undergo immunogenic cell death (ICD) (16), releasing danger-associated molecular patterns (DAMPs), such as adenosine triphosphate (ATP), high mobility group box protein 1 (HMGB1), and heat shock proteins (HSPs) (17). DAMPs can activate professional antigen presenting cells (pAPCs), including dendritic cells (DCs). This activation is characterized by an increase in co-stimulatory molecule expression and release of cytokines that can enhance T cell activation (18, 19). CTL activation can be achieved when pAPCs present TAAs on major histocompatibility complex (MHC) class I to CTLs via antigen cross-presentation (20–23). DTCVs reduce the need to select a predictive TAA as it provides access to all potential tumor antigens, including uncharacterized and unique antigens not yet identified. Additionally, cancer cell variants can escape immune detection by downregulating antigens. Using DTCVs in a prophylactic setting may reduce escape variants from arising because they provide access to multiple antigens at once (24). However, tumor cells alone are poorly immunogenic, and studies have investigated how adjuvants can improve cancer vaccine efficacy (16).

The use of cytokines as adjuvants to enhance cancer vaccine efficacy has been well documented and can influence both innate and adaptive immune responses (25–28). Interleukin (IL)-12, for example, has been used as a cancer vaccine adjuvant; however, toxicity is a concern, and dosage requires careful consideration (29, 30). IL-27, a cytokine belonging to the IL-12 family of cytokines, has been identified as a potential cancer vaccine adjuvant (31). IL-27 can signal in T cells, macrophages, and monocytes while also directly impacting cancer cell death and proliferation (32, 33). Although IL-27 has been associated with both pro- and anti-tumor effects (34), elevated levels of IL-27 have demonstrated success in reducing cancer progression (31, 35). However, the use of IL-27 as an adjuvant to improve prophylactic cancer vaccines needs further investigation. Furthermore, understanding the impacts of different doses of IL-27 in combination with DTCVs has yet to be investigated.

In the present study, we examined how different protocols were used to generate a DTCV in combination with recombinant mouse (rm)IL-27 as an adjuvant, impact tumor growth focusing on the potential MHC-I/CD8+ T cell interactions. Using the B16-OVA murine melanoma model, we determined that the addition of rmIL-27 at a lower dose, rather than a higher dose, improved protection by a DTCV against tumor challenge. We also showed that despite the added protection against initial tumor challenge with the addition of rmIL-27 to a DTCV, rmIL-27 did not protect against tumor rechallenge. These results have implications on the potential use of IL-27 as an adjuvant in combination with vaccines generated from whole tumor cells.



Methods


Mice and Cell Lines

Male and female C57BL/6 (H-2b) mice (6-8 weeks old) were purchased from JAX® Laboratories (Bar Harbour, USA) and kept under specific pathogen-free conditions. All animal experiments were conducted in accordance with the Canadian Council of Animal Use and approved by Queen’s University Animal Care Services.

The murine melanoma cell line B16F10 (H-2kb) was maintained in DMEM (Gibco, Fisher Scientific, Canada) supplemented with 5% FBS (Gibco, Fisher Scientific, Canada) (36). B16F10 cells transfected with chicken ovalbumin (OVA), a gift from Dr. Yewdell (NIAID, NIH, USA), were maintained under 500 μg/mL of G418 sulfate (Bioshop, Canada) selection in complete DMEM medium. The DC2.4 cell line (kindly provided by Dr. Rock, University of Massachusetts Medical School, USA), isolated from C57BL/6 mice bone marrow and transduced with retroviral vectors expressing murine granulocyte-macrophage colony-stimulating factor (GM-CSF) and myc and raf oncogenes (37), was maintained in RPMI media (Gibco, Fisher Scientific, Canada) supplemented with 5% FBS. All cells were maintained at 37°C and 5% CO2.



Induction of Cell Death

B16-OVA cells were exposed to one of the following protocols of inducing cell death. Cell lysis: five consecutive rounds of F/T where cells were frozen using liquid nitrogen and thawed in a water bath at 37°C. Ultraviolet-irradiation (UV-irradiation): Cells were exposed to UV-irradiation at a total exposure of 1500 mJ//cm2 using a CL-1000 ultraviolet crosslinker (Ultra-Violet Products Ltd., United Kingdom). LyUV: Cells were exposed to a single F/T cycle followed by UV-irradiation, as previously described (38, 39). γ-irradiation: Cells were exposed to 60 Gys of irradiation using a cesium irradiator as the source (Cs137 GammaCell 20 Irradiator, Queen’s University).



Microscopy

Light microscopy was used to visualize the morphology of cancer cells following the protocols used to induce cell death. Cells were seeded into 6-well plates at a density of 1x106 cell/well and observed using a light microscope (Lecia DM IRE2, Germany) at 20X magnification. Images were acquired using Lecia DFC340 cooled monochrome digital camera.



Detection of Cell Viability

To measure the induction of cell death, annexin-V (AV) and propidium iodide (PI) staining was conducted as outlined by the manufacturer. Briefly, B16-OVA cells were washed twice in AV binding buffer (10 mM Hepes, pH 7.4, 0.14mM NaCl and 2.5 mM CaCl2) followed by staining with APC-conjugated AV (Biolegend, USA) for 15 min protected from light at room temperature. PI (Biolegend, USA) was then added 5 min before acquisition at a concentration of 1.5 μg/mL. Data was acquired using a CytoFLEX flow cytometer (Beckman Coulter, USA) and analyzed using FlowJo software (BD, USA).



Evaluation of MHC-I Expression on Irradiated Tumor Cell by Flow Cytometry

Following exposure to either γ-irradiation or UV-irradiation or treatment with 50 ng/mL of interferon-γ (IFN-γ) (Shenandoah Biotechnology, USA), B16-OVA cells were incubated for 18 hrs. in a 6-well plate at a density of 1.0x106 cells/well. After incubation, the cells were harvested and washed with 1X PBS, then transferred to a 96-well round-bottom plate (Corning, USA). Cells were then washed twice in flow staining buffer (1X PBS, 0.1% sodium azide, 1% BSA) and then stained with PE-anti-MHC-I (Biolegend, clone: 28-8-6) for 30 min at 4°C. Data was acquired using a CytoFLEX flow cytometer and analyzed using FlowJo software (BD, USA).



Co-Incubation of DC2.4 Cells With Dead B16-OVA Supernatants

B16-OVA cells were exposed to the indicated protocol of inducing cell death as described earlier. After exposure, cancer cells were left to incubate for 24 hrs. in complete RPMI media at a concentration of 1.0x106 cells/mL in a 6-well plate (Corning, USA) constituting the tumor conditioned media (TCM). Following the incubation period, supernatants were collected and centrifuged at 1000g for 5 min to remove debris and immediately added at a 1:1 ratio by volume (TCM: complete media) to 1.0x106 DC2.4 cells in a total volume of 1.5 mL. The DC2.4 cells were subsequently left to incubate for 24 hrs, after which cells were collected and prepared for flow cytometry, as previously described. Cells were then stained with the following antibodies: FITC-anti-MHC-II IA/IE (Biolegend, clone: M5/114.15.2), PE-anti-CD80 (Biolegend, clone: 16-10A1), APC-anti-CD86 (Biolegend, clone: GL-1), and PerCP-anti-CD40 (Biolegend, clone: 3/23) for 30 min at 4°C. Data was acquired using a CytoFLEX flow cytometer and analyzed using FlowJo software (BD, USA).



Phagocytosis Assay

The phagocytosis assay was performed as previously reported (40). Briefly, cancer cells were stained with carboxyfluorescein succinimidyl ester (CFSE) (0.2 μM/mL) for 15 min at 37°C then washed extensively and exposed to the indicated protocols to induce cell death. Cancer cells were then co-cultured with DC2.4 cells at a ratio of 3:1 in a 96-well round-bottom plate for 3 hrs. at 37°C in a total volume of 200 μL/well. After the co-incubation, DCs were stained with PE-Cy7-anti-CD11c (Biolegend, clone: N418) for 30 min at 4°C. Data was acquired using a CytoFLEX flow cytometer and analyzed using FlowJo software to identify the cells that were CFSE+/CD11c+ double-positive cells.



Preparation of a Prophylactic Cancer Vaccine Containing IL-27

B16-OVA cells were harvested and exposed to the indicated protocol to induce cell death. Cells were then resuspended at 5.0x106 cells in 0.2 mL 1X PBS and delivered to each mouse via intraperitoneal (i.p) injection. Mice were injected with the corresponding vaccine 14 and 7 days before the tumor challenge. For vaccines that included rmIL-27 (Biolegend, USA), mice received 0.2 mL of either 10 ng/mouse or 100 ng/mouse of rmIL-27 suspended in 1X PBS alone or with dead tumor cells. For tumor engraftment, 1.0x106 live B16-OVA cells were injected subcutaneously (s.c) into the right hind flank. Tumor growth was monitored by calipers every second day by measuring volume using the modified ellipsoidal formula: V=1/2 (length x widgth2) (41).

For tumor rechallenge experiments, mice that remained tumor free following the prophylactic vaccination and tumor engraftment were rechallenged on day 60 with 1.0x106 live B16-OVA cells s.c into the opposite hind flank of the original engraftment.



Statistical Analysis

Statistical significance was determined using GraphPad Prism. Comparison between two groups was done using Student’s t-test. One-way ANOVA was used when comparing differences between more than two groups. For Kaplan-Meier survival curves the Log-rank (Mantel-Cox) test was used. All values are reported as mean ± SD. A p-value ≤0.05 was considered significant.




Results


Cell Morphology Is Influenced by the Protocol Used to Induce Cell Death

The protocol used to induce cell death can result in differences in the level of protection observed by a prophylactic vaccine. Using B16-OVA melanoma cells, we visualized the impact of four different protocols used to induce cell death. Cancer cells were exposed to five consecutive rounds of freeze/thaw (lysis) which resulted in higher mean fluorescence intensity (MFI) of PI-positive cells although no differences in the percent of PI-positive cells was detected when compared to one round of lysis (Supplementary Figure 1). B16 cells were exposed to UV-irradiation at a total exposure of 1500 mJ/cm2, either delivered alone (UV-irradiation) or in combination with a single round of F/T (LyUV) as has been previously described (40, 42). For γ-irradiation, a range of doses (20 – 100 Gy) were tested but yielded no differences in the induction of cell death 24 hrs. after exposure (Supplementary Figure 2), or proliferation (data not shown). Based on these results and previous literature, we used 60 Gys of γ-irradiation exposure based on previous literature using B16 cells (43).

Following induction of cell death, B16-OVA cells were incubated for 24 hrs, and morphological differences and adherence were determined via light microscopy (Figure 1). Exposure to lysis resulted in few detectable intact cells with a large quantity of debris. Exposure to UV-irradiation did not yield adherent cells, most cells remained intact with a circular and swelled appearance compared to the elongated appearance of live (control) B16-OVA cells. Interestingly, LyUV yielded a combination of debris (similar to lysis) and intact cells (similar to UV). Compared to UV-irradiation, cells exposed to γ-irradiation did not demonstrate the same swelled appearance and yielded a mixture of adherent and non-adherent cells. Taken together, each protocol used to induce cell death yields morphological differences.




Figure 1 | Differences in cell morphology 24 hrs. after induction of cell death. Cancer cells were exposed to lysis (5 cycles of F/T), UV-irradiation (1500 mJ/cm2), LyUV (1 round of F/T followed by 1500 mJ/cm2 UV-irradiation), or γ-irradiation (60 Gys). After exposure, cancer cells were seeded into a 6-well plate at 1.0x106 cells/well and left to incubate for 25 hours. After the incubation period, morphological differences were observed by light microscopy at 20X magnification. (A) Live cancer cells. (B) Cells exposed to lysis. (C) UV-irradiated cells. (D) LyUV treated cells. (E) Cells exposed to γ-irradiation. One representative experiment of three is shown.





Generating Apoptotic and Necrotic Cancer Cells for Use in a DTCV

With observable differences in cell morphology, we next assessed cell viability using AV and PI staining at 3 hrs. and 24 hrs. after cell death was induced. After 3 hrs. of incubation following induction of cell death, lysis and LyUV resulted in a majority of the cells being late apoptotic (AV+/PI+) with 84.7% and 69%, respectively, with LyUV yielding a greater number of necrotic cells (AV-/PI+, 24.5%) (Figure 2). Cell viability following exposure to lysis and LyUV remained similar between the 3 hr and 24 hr time points. There were differences observed in cell viability when B16-OVA cells were exposed to UV- or γ-irradiation. Following 3 hrs. post-exposure to UV- or γ-irradiation, cancer cells that remained alive (AV-/PI-) were 38.5% and 80%, respectively (Figure 2). After 24 hrs. post-exposure, UV-irradiation resulted in most of the cells being late apoptotic (87%) whereas γ-irradiation resulted in the majority of cells being early apoptotic (AV+/PI-) (63.3%) (Figure 2). Overall, these results indicated that lysis and LyUV are comparable in the type of cell death induced, while UV- and γ-irradiation result in different proportions of apoptotic and necrotic cells while requiring 24 hrs. to yield the greatest reduction in cell viability.




Figure 2 | Comparison of cancer cell death in protocols used for DTCV production. Cancer cells were exposed to the indicated method of cell death and left to incubate for either 3 hrs. (top panels) or 24 hrs. (bottom panels). Cells were then examined by flow cytometry for annexin V and propidium iodide (AV/PI) staining. Percentages of cells found in each quadrant are the average from 4 independent experiments. Representative dot plots are depicted.





Irradiation Can Promote B16-OVA Cell Immunogenicity by Increasing MHC-I Expression

In addition to inducing cell death, exposure to irradiation can enhance MHC-I expression (44–47). Increasing MHC-I expression has the potential to enhance CTL recognition of poorly immunogenic tumor cells. The expression of MHC-I on B16-OVA was measured by flow cytometry, and IFN-γ (50 ng/mL) stimulation was used as a positive control. We observed a significant increase in MHC-I on B16-OVA cells exposed to either UV- or γ-irradiation (Figure 3A). Compared to γ-irradiation, UV-irradiation resulted in a greater increase of MHC-I expression, although neither form of irradiation could increase the expression of MHC-I to the same extent as IFN-γ (Figure 3B). These results indicate that both forms of irradiation increase the expression of MHC-I on B16-OVA cancer cells, although UV-irradiation does this to a greater extent.




Figure 3 | Exposure to UV- or γ-irradiation enhanced expression of MHC-I on B16-OVA cells. B16-OVA cancer cells were exposed to either 1500 mJ/cm2 of UV-irradiation, 60 Gys of γ-irradiation, 50 ng/mL of IFN-γ, or left untreated. The cancer cells were then left to incubate for 18hrs. followed by staining for MHC-I and analysis by flow cytometry. (A) MHC-I surface expression on B16-OVA cells. The histogram shown is one representative experiment of 5 independent experiments. The filled histogram represents the isotype control, the solid black line is untreated B16-OVA cells (), the dotted black line is B16-OVA cells exposed to γ-irradiation (), dotted grey line is B16-OVA cell exposed to UV-irradiation (), and the solid grey line is B16-OVA cell treated with IFN-γ (). (B) Bar graph showing the mean fluorescence intensity (MFI) ± SD of 5 independent experiments. *p < 0.05,****p ≤ 0.0001.





Supernatants From B16-OVA Cells Impact Dendritic Cell Activation Which Is Dependent on the Protocol Used to Induce Cell Death

In addition to inducing cell death, lysis and irradiation can result in the release of DAMPs, which can influence DC activation, assessed by an increased expression of co-stimulatory molecules (CD80, CD86, CD40) and MHC-II (48). To evaluate DC activation, we used the well-characterized dendritic cell line, DC2.4, originally derived from the bone marrow of C57BL/6 mice (37). Regardless of the protocol used to induce cell death, B16-OVA supernatants did not affect the expression of MHC-II on DC2.4 cells (Figure 4A). DC2.4 cultured in lysis, LyUV or UV-irradiation supernatants had a significant increase in CD80, whereas a significant reduction in CD80 was seen in DC2.4 cell culture in γ-irradiation supernatants (Figure 4B). DC2.4 cells incubated with LyUV or UV-irradiation supernatants both displayed an increase in CD86 and CD40 expression (Figures 4C, D). Taken together, these results indicate that the protocol used to induce cell death can influence the impact of the TCM on DC2.4 activation.




Figure 4 | Supernatants from dead tumour cells induce different expression patterns of co-stimulatory molecules on dendritic cells. After induction of cell death, cancer cells were seeded into a 12-well plate at a final concentration of 1.0x106/mL and left to incubate for 24 hrs. After which supernatants were collected and spun down at 1000g for 5 min to remove cell debris. The tumour cell-conditioned media (TCM) was then added to the DCs at a ratio of 1:1 (TCM: complete media). The DCs were incubated for 24 hrs. in the presence or absence of TCM before being analyzed by flow cytometry for surface marker expression. Bar graphs show expression levels of (A) MHC-II, (B) CD80, (C) CD86, and (D) CD40. The control represents DCs incubated in complete media alone. Each bar graph shows the mean fluorescence intensity (MFI) ± SD of 4 independent experiments. *p < 0.05,**p < 0.01, ****p  ≤  0.0001. ns denotes not significant.





The Mode of Cancer Cell Death Influences the Rate of Their Phagocytosis by Dendritic Cells

Phagocytosis of dead cancer cells by antigen presenting cells leads to TAA presentation resulting in T cell priming. Therefore, we next determined how DCs phagocytosed tumor cells following exposure to each of the methods of cell death being evaluated. Cancer cells were stained with CFSE and exposed to the protocols of cell death induction. After exposure cancer cells were left to rest for 3- or 24-hrs, after which the cancer cells were co-incubated with DCs (3:1) for 3 hrs. to evaluate phagocytosis. Following co-incubation, cancer cell phagocytosis by DCs was determined based on the percent of double-positive DC cells (CFSE+/CD11c+). After incubation times of 3 and 24 hrs, we observed the greatest amount of phagocytosis with lysed cells (Figure 5). 25% of cancer cells exposed to LyUV were phagocytosed after 3 hrs, which increased to 40% if the cells were left to incubate for 24 hrs. before incubation with DCs. In comparison, UV- and γ-irradiation resulted in lower percentages of phagocytosis after 3 hrs., 15% and 7% respectively. However, if the cancer cells were left for 24 hrs. before co-incubation with DCs, the rate of phagocytosis increased significantly compared to live cells with UV-irradiation increasing to 21% and γ-irradiation increasing to 17%. Overall, these results indicate that when cancer cells are exposed to either lysis or LyUV, phagocytosis by DCs can occur more rapidly than when cancer cells are exposed to UV- or γ-irradiation.




Figure 5 | Phagocytosis of B16-OVA cells by dendritic cells is influenced by the cell death protocol employed. Cancer cells were stained with 0.2 μM of CFSE for 15 min at room temperature before induction of cell death. After which cancer cells were left to rest for either (A) 3 hrs. or (B) 24 hrs., then co-incubated with dendritic cells for 3 hrs. at a 3:1 ratio (cancer cells: DC). Cancer cell phagocytosis was determined by flow cytometry and identified by double-positive cells (CFSE+/CD11c+). Bar graphs show percent phagocytosis as ± SD of 3 independent experiments. **p < 0.01, ***p < 0.001 ****p ≤ 0.0001. ns denotes not significant.





Prophylactic Vaccination With LyUV-Treated or γ-Irradiated B16-OVA Cells Promotes Better Tumor Free Survival When Compared to Unvaccinated Control Mice

We next proceeded to determine how each protocol used to induce cell death impacted the efficacy of a DTCV delivered in a prophylactic model. A prime-boost model of vaccination showed that two DTCV injections provided greater tumor protection than a single injection (Supplementary Figure 3). Vaccines were administered immediately following induction of cell death on days -14 and -7, followed by live tumor challenge on day 0 (Figure 6A).




Figure 6 | A prophylactic cancer vaccine consisting of dead tumour cells following LyUV or γ-irradiation can enhance tumour free survival. (A) Schematic representation of prophylactic vaccination preparation. A total of 5.0x106 B16-OVA cells were exposed to the indicated protocols of inducing cells death (lysis n = 8, UV n = 6, LyUV n = 8 or γ-irradiation n = 8) and injected i.p. into C57BL/6 mice 14 and 7 days before live tumour engraftment. Control mice were injected with 1X PBS (n = 4) instead of tumour cells for each vaccination. Seven days after the second vaccination (day 0) mice were injected with 1.0x106 live B16-OVA cells subcutaneously and tumour growth was then monitored every second day for the duration of the experiment. (B) Kaplan-Meier survival curve of mice receiving each of the vaccinations. **p < 0.005, ***p < 0.001. ns denotes not significant.



Compared to PBS control mice, prophylactic vaccines consisting of lysed or UV-irradiated B16-OVA cancer cells did not provide significant protection against tumor challenge (Figure 6B). However, increased survival was observed when mice were vaccinated with B16-OVA cells exposed to LyUV or γ-irradiation, with 12% and 25% of the mice remaining tumor free for 60 days post tumor engraftment, respectively (Figure 6B). These results indicate that in addition to γ-irradiation, LyUV has the potential to be used as a protocol for generating DTCV and should be explored further in cancer vaccine development.



IL-27 Improves the Efficacy of the Prophylactic Cancer Vaccine With a Lower Dose Providing Enhanced Protection

In our model, we observed partial protection against tumor growth using B16-OVA cells that were exposed to LyUV or γ-irradiation. Therefore, we wanted to determine if rmIL-27 could influence the efficacy of the LyUV or γ-irradiated DTCV. Using the same vaccination schedule as previously described (Figure 6A), rmIL-27 was added at 10 or 100 ng/mouse in combination with the DTCV (LyUV or γ-irradiation) at days -14 and -7. While rmIL-27 alone at 10 ng/mouse showed a slight increase in protection relative to PBS, 100 ng/mouse rmIL-27 did not (data not shown). The combination of rmIL-27 at 10 ng/mouse provided significant improvement in protection in both LyUV and γ-irradiation DTCV models compared to unvaccinated controls (PBS), with ≥50% of the mice remaining tumor free at 60 days post engraftment (Figure 7). Interestingly, the combination of rmIL-27 at 100 ng/mouse to mice vaccinated with either LyUV or γ-irradiation based DTCV did not improve protection when compared to the DTCV alone. We also observed a similar trend with DTCVs produced using the B16 melanoma cells that do not express OVA following LyUV exposure, where the lower dose of rmIL-27 provided better protection than the higher dose (Supplementary Figure 4). Although the use of rmIL-27 as an adjuvant in our model provided significant protection against tumor growth, the differential effects observed with the addition of rmIL-27 indicate that the dose required careful consideration.




Figure 7 | The addition of IL-27 to the DCTV at 10 ng/mouse enhances protection against tumour progression. (A) Cancer cells death was induced by LyUV, whereby cancer cells were exposed to a single round of F/T followed by 1500 mJ/cm2 of UV-irradiation. A total of 5.0x106 LyUV treated cells in the presence or absence of 10 ng/mouse or 100 ng/mouse of IL-27 were injected i.p. into C57BL/6 mice. Vaccines were delivered 14 and 7 days before live tumour engraftment. Control mice were injected with 1X PBS instead of tumour cells for each vaccination. Seven days after the second vaccination (day 0) mice were injected with 1.0x106 live B16-OVA cells subcutaneously and tumour growth was then monitored. (B) Following the same vaccination schedule as in A, however, cancer cells death was induced by γ-irradiation at a dose of 60 Gys. Kapan-Meier survival graph of n= 7 mice. **p < 0.01, ***p < 0.001, ****p < 0.0001. ns denotes not significant. The statistical difference is compared to PBS for each vaccination group.





IL-27 Can Improve Protection Against Initial Tumor Engraftment but Not Tumor Rechallenge

With the increased protection observed using rmIL-27 as a vaccine adjuvant, we next evaluated whether the addition of rmIL-27 could provide long-term protection in a tumor rechallenge model. To assess this, mice that remained tumor free after the first challenge were later rechallenged at day 60 (Figure 8A). Upon rechallenge, all mice that were clear of tumors initially after 60 days exhibited rapid tumor growth which resulted in no significant improvement in tumor free survival when compared to the age-matched controls challenged at day 60 (Figures 8B, C). This indicates that in our model rmIL-27, as an adjuvant in the prophylactic vaccine preparations provides initial protection against tumor development; however, is not effective in providing protection against further tumor challenges.




Figure 8 | The use of IL-27 as a vaccine adjuvant does not provide long-term protection against tumour rechallenge. (A) Schematic representation of prophylactic vaccination preparation with tumour rechallenge. A total of 5.0x106 B16-OVA cells were exposed to the indicated protocol of inducing cells death (LyUV or γ-irradiation) in the presence or absence of 10 ng/mouse or 100 ng/mouse of rmIL-27 and subsequently injected i.p. into C57BL/6 mice 14 and 7 days before live B16-OVA cancer cell engraftment. Control mice were injected with 1X PBS instead of cancer cells for each vaccination. Seven days after the second vaccination (day 0) mice were injected with 1.0x106 live B16-OVA cells subcutaneously and tumour growth was then monitored. Mice that remained tumour free were rechallenged on day 60 via subcutaneous injection with 1.0x106 live B16-OVA cells over the opposite hind flank. (B, C) LyUV and γ-irradiation Kapan-Meier survival curve. No significant differences were observed.






Discussion

A challenge that immunotherapies face is to overcome an immunosuppressive TME to enhance an anti-tumor immune response (49, 50). Prophylactic therapies, such as cancer vaccines, promote an anti-tumor immune response in the absence of an immunosuppressive TME (3, 51, 52). Although there are different types of cancer vaccines being studied, those vaccines designed to target multiple TAAs increase the potential for tumor recognition and reduce the potential for escape variants (53–58). Using whole tumor cells provides access to all potential TAAs, and targets that may be unidentified for use by immune cells. In addition, whole tumor cell vaccines that incorporate dead or dying tumor cells resulting from ICD provide a more robust immune response (59, 60), and constitute what we refer to as a DTCV. The robust immune response associated with induction of ICD is attributed to the increase in DAMPs including high HMGB1 (61, 62), HSPs (63, 64), and pentraxin-3 (PTX3) (65), and ATP (66). In addition to the presence of DAMPs, exposure to irradiation can increase the expression of calreticulin (CRT) and phosphatidylserine (PS) on the surface of the cancer cells (67–70) which also contributes to immune recognition of dying cells.

Previous studies have reported that the protocol used for generating a DTCV impacts their efficacy. For example, cancer vaccines consisting of apoptotic cells demonstrated better protection than necrotic cells in colon, melanoma, and renal cancer models (15). However, opposing results have been reported in melanoma where comparable protection was observed when DCs were pre-loaded with necrotic or apoptotic cancer cells (71). Exposing cancer cells to irradiation, UV-irradiation and γ-irradiation can result in apoptosis (72, 73), while necrosis can be achieved through repeated F/T cycles, with the number of cycles contributing to the necrotic state of the cells (74). UV and γ-irradiation have previously been compared in colon cancer (75), and in human melanoma (76). Vandenberk et al. showed that irradiating lysed tumor cells in a model of high-grade glioma is more effective than either irradiation or lysis alone (13). In the present study, we focused on comparing four different protocols used to generate a DTCV, consisting of cancer cells that were either exposed to lysis, UV-irradiation, LyUV, or γ-irradiation. LyUV utilized a single round of F/T as multiple rounds induced more necrosis and debris, while a single cycle had the potential to promote antigen cross-presentation, while also keeping membranes intact (22, 74). By using a single round of F/T, subsequent exposure to UV-irradiation, which is the case in our LyUV treatment, has the potential to act on tumor cells that may have partially intact membranes.

We found that LyUV, although by visual observation appears to be a combination of lysis and UV-irradiation. Further analysis by flow cytometry 24 hrs. post induction of cell death results in minimal differences between lysis, UV-irradiation and LyUV. However, at the 3 hr time point after induction of cell death, there are greater differences seen in the flow cytometry analysis, with LyUV resembling UV-irradiation, although UV-irradiation alone yielded live cells. Lysis and LyUV resulted in more rapid induction of cell death when compared to UV- or γ-irradiation alone. The induction of cell death can increase the potential of TAA acquisition by APCs. With antigen quality being an important factor to consider when designing antigen specific immune responses (77); this may provide insight into the improved protection of LyUV (single round of F/T) compared to lysis (5 rounds of F/T), as repeated F/T cycles may decrease TAA quality (78).

Cancer cells develop immune escape mechanisms (79), and each of these mechanisms highlight challenges and potential targets for cancer immunotherapies. An example of this is through the downregulation of MHC-I on cancer cells, making these cells less immunogenic (80) and unable to be detected by CD8+ T cells (24). We show that exposure to both UV- and γ-irradiation can increase MHC-I expression, and in the B16-OVA model, UV-irradiation was able to increase MHC-I expression to a greater extent than γ-irradiation at the doses compared. We were not able to test MHC-I expression levels following exposure to lysis or LyUV because the large increase in cellular debris present after 24 hrs. of incubation rendered these protocols of inducing cell death unsuitable for analysis by flow cytometry. However, with LyUV having the potential to yield intact cells these cells may have increased MHC-I expression that could promote CD8+ T cell recognition of the tumor cells. Although the focus of inducing cell death was to evaluate changes in MHC-I expression, which would have the potential to improve CD8+ T cell recognition of cancer cells, future studies could also investigate how DTCVs could impact CD4+ T cell development, as CD4+ T cells can help promote and sustain anti-tumor CD8+ T cell responses (81).

Appropriate DC stimulation can promote effective T cell activation, while the absence of appropriate co-stimulation can lead to T cell anergy (82). In our study, supernatants from dead cancer cells influenced DC2.4 activation. We observed an increase in the co-stimulatory molecules CD80, CD86 and CD40 following UV and LyUV protocols. Indicating, that the supernatants from these cells can promote co-stimulatory molecule expression on DCs, which are required for T cell activation. Interestingly we observed an increase in CD80 expression following lysis, while following exposure to γ-irradiation we observed a decrease in expression. This may be attributed to the timing at which CD80 expression was observed, as CD80 is increased later when compared to CD86 (83). To this point, supernatants from cancer cells exposed to γ-irradiation did not result in DC upregulation of any markers tested. This may be a result of γ-irradiation yielding many cells in early apoptosis following the 24 hr incubation, leading to fewer DAMPs being present at the time of collection. Previous research has indicated that apoptotic or necrotic tumor cells can activate DCs, while other studies indicated opposing results (84).

We demonstrated that LyUV can induce rapid cancer cell death and effective activation of DCs. The timing of DC activation and maturation can dictate antigen cross-presentation (20, 85). We found that DC phagocytosis of cancer cells was greater 3 hrs. after LyUV compared to UV-irradiation or γ-irradiation but not that of lysis. If cancer cells were left for 24 hrs. before co-incubation with DCs, LyUV still resulted in greater phagocytosis than UV- or γ-irradiation, but the difference between lysis and LyUV was not significant. This indicates that LyUV can provide the benefits of lysis (increased antigen acquisition) and the benefits of UV-irradiation (DC activation). Furthermore, induction of cell lysis by F/T cycles has been shown to be poor at activating the immune response (86). However, cell lysis results in the formation of cellular fragments that are easier for acquisition by DCs. This may help indicate why a more significant amount of phagocytosis was observed with lysis when compared to LyUV. Moreover, DCs in an immature state are well recognized for their capacity for endocytosis of extracellular components, however upon maturation they have reduced antigen acquisition and improved antigen processing and presentation (87). This may explain why cell lysis would allow a higher degree of phagocytosis while not improving DC activation as compared to LyUV.

We next wanted to determine how other protocols for generating DTCVs influenced protection against tumor challenge. A prime-boost model was used because it provides better protection than a single vaccination in our model. We found that LyUV, but not lysis or UV-irradiation, significantly improved protection compared to PBS. B16-OVA cells exposed to UV-irradiation and γ-irradiation had comparable effects on DC activation and resulting phagocytosis, however γ-irradiation provided better protection against tumor challenge than UV-irradiation. This may be attributed to the high dose of UV irradiation used in this study impacting the resulting cell death observed following injection. In contrast γ-irradiation results in a more gradual induction of cell death going through early apoptotic and late apoptotic stages. However, at the high dose of UV-irradiation used here the cells progress from live to dead rapidly after vaccination, potentially explaining the reduced efficacy in protection observed. Although others have reported that cancer cell death induced by lysis or UV-irradiation alone or antigen preloaded DCs can enhance protection (71, 88). The increase in the protection provided by LyUV was comparable to γ-irradiation. These results indicate that LyUV can be used as an additional protocol of inducing cell death that can be completed faster and safely.

Studies have explored using irradiated tumor cells that are transduced with genes encoding an adjuvant, such as a cytokine, in cancer vaccines to help orchestrate a desired immune response (89, 90). With LyUV, it is not possible to transfect these cells and ensure continual expression of the desired cytokine after exposure. Therefore, with incomplete protection and an inability to transfect LyUV exposed B16-OVA cells, we next wanted to determine how the addition of a recombinant cytokine could improve the efficacy of our DTCVs.

IL-12 has been explored as a cancer vaccine adjuvant by promoting anti-tumor effects (30, 91), however, the use of IL-12 has been limited due to toxicity concerns (92, 93). Studies have used inducible IL-12 expression in chimeric antigen receptor (CAR) T cell therapy to reduce toxicity associated with IL-12 (94). Furthermore, IL-27 is a member of the IL-12 family of cytokines and is well tolerated and does not exhibit toxicity concerns (31). In the current study, we asked whether rmIL-27 would be capable of enhancing the efficacy of the DTCV. IL-27 can promote Th1 differentiation (95, 96), while also providing enhanced CTL activation in vivo (97, 98). In addition, IL-27 can improve DC-mediated antigen presentation and result in Treg depletion (35, 99). However, IL-27 has been identified as a pleiotropic cytokine (32) with the capacity to also activate Tregs (100) and induce immunosuppression through DCs (101, 102), which may depend on their maturation state (103). In this study, we tested two different doses of rmIL-27 to determine the effects of IL-27 in our DTCVs. We observed that rmIL-27 was able to enhance protection by both LyUV and γ-irradiated DTCVs; however, the dose of rmIL-27 drastically impacted the efficacy of the vaccine in the B16-OVA model used. Interestingly, the addition of rmIL-27 at a lower dose (10 ng/mouse) to vaccinations consisting of LyUV or γ-irradiated B16-OVA cells provided significant increases in survival of mice challenged with live tumors. However, at a higher concentration of rmIL-27 (100ng/mouse), there was a decrease in protection compared to LyUV or γ-irradiated cells alone. This indicates the potential of rmIL-27 at higher doses having an immunosuppressive effect. Previous studies using IL-27 transfected B16 cells have non-specified concentrations (104, 105), while delivery using viral vectors yields varying concentrations (35, 106). The levels of IL-27 may be an important factor to consider where higher amounts may reduce the potential for an anti-tumor immune response to ensue in a prophylactic model.

With a significant improvement in survival observed with the addition of rmIL-27 at a lower dose, we asked if the surviving mice could be protected against tumor rechallenge. Regardless of the protocol used to induce cell death, or the addition of rmIL-27 to the DTCVs, mice that originally demonstrated protection did not survive longer than 30 days following tumor rechallenge. This may indicate that in our model, rmIL-27 can promote anti-tumor effector T cell responses without the induction of memory. Other researchers have indicated that IL-27 is required for the induction of T cell activation and memory in response to immunization (107, 108). The development of effector versus memory responses can be dictated by distinct cytokines and transcription factors (109). Based on our results, it appears that the effects of IL-27 as an adjuvant in a DTCV to develop anti-tumor responses are not long-lasting and could be due to the lack of establishing robust memory responses. The lack of a robust memory response could also be attributed to weak induction of CD4+ T cell help, which is required for memory CD8+ T cell generation (81). However, the presence of IL-27 during the initial vaccination may help promote innate immune cell activation to establish strong anti-tumor responses. NK cells can also respond to IL-27 and promote effector cell function in viral and tumor models (110, 111). Therefore, future research should investigate how a prophylactic vaccine consisting of tumor cells exposed to a method of ICD and IL-27 affects T cell (effector and memory) and NK cell responses.

Although LyUV and γ-irradiation could protect against tumor challenges, it is essential to recognize the limitations of these methods. The main restriction is the need to obtain high cell number; unlike DNA and peptide cancer vaccines, where the target can be synthetically made, DTCVs require isolating tumor cells in large quantities. The DTCVs evaluated here would be easier to prepare and deliver following tumor resection from the patient, to prevent tumor recurrence, similarly to that of BCG vaccination protocol to avoid the recurrence of bladder cancer (112). These challenges would not be present if a DTCV was used therapeutically, where the tumor cells would be detectable and accessible. IL-27 is known to directly impact both CD4+ and CD8+ T cells and both cell types have a role in promoting cancer vaccine efficacy. Therefore, future studies should investigate the mechanisms involved in establishing the increase in DTCV efficacy with the addition of IL-27.

In conclusion, we demonstrate in a prophylactic setting that different protocols to induce cell death can impact the efficacy of DTCVs and that the LyUV is a robust protocol of inducing cell death that can give significant protection against tumor growth in vivo. Moreover, we highlight the potential of using rmIL-27 as an adjuvant to improve cancer vaccines, while emphasizing the importance of dose consideration. Therefore, IL-27 shows promise in enhancing anti-tumor responses but requires further investigation into the mechanisms that are responsible for its pleiotropic effects.
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Supplementary Figure 1 | Evaluation of propidium iodide staining following exposure to different numbers of F/T cycles. Cancer cells were exposed to the indicated number of rounds of F/T cycles (0, 1, or 5) and subsequently stained with propidium iodide (1.5 μg/mL) and analyzed via flow cytometry. (A) Fold change in MFI compared to untreated cells with data expressed as ± SD of three independent experiments. (B) Representative dot plot of total PI positive cells as a percent following the indicated number of rounds of F/T cycles. The percent PI positive cells are shown in the dot plots. n = 3, **p < 0.01. ns denotes not significant.

Supplementary Figure 2 | Comparison of different doses of γ-irradiation on B16-OVA cell death 24 hrs. after treatment. Cancer cells were exposed to the indicated dose of γ-irradiation and left to incubate for 24 hrs. Cells were then harvested, and the type of cell death was determined through AV/PI staining and flow cytometry.

Supplementary Figure 3 | Prophylactic cancer vaccine consisting of γ-irradiated B16-OVA cells delivered in a prime-boost vaccination model provides better protection than a single vaccination with DTCV. γ-irradiated B16-OVA cancer cells were injected intraperitoneally (i.p.) at 5.0x106 cells/mouse: either once, one week before engraftment; or twice, one and two weeks before engraftment. Seven days after the final vaccination, mice were engrafted with 1.0x106 live B16-OVA cells subcutaneously and tumour growth was monitored. Kapan-Meier survival analysis, n = at least 5. *p < 0.05, ns denotes not significant.

Supplementary Figure 4 | The addition of IL-27 at a lower dose to the prophylactic cancer vaccine consisting of LyUV-treated B16 cells improved protection. B16 cells (not expressing OVA) were exposed to LyUV treatment and were injected intraperitoneally (i.p.) at 5.0x106 cells/mouse in the absence or presence of rmIL-27 at 10ng/mouse or 100 ng/mouse. The vaccine was delivered 14 and 7 days before tumour engraftment with 1.0x106 B16 cells injected subcutaneously on day 0. Tumour outgrowth was then monitored. Kapan-Meier survival analysis, n = 3. *p < 0.05.
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Objective

To investigate the role of chemokines in Wilms tumours, especially their chemotaxis to immune cells and the role of DNA methylation in regulating the expression level of chemokines.



Methods

RNAseqV2 gene expression and clinical data were downloaded from the TARGET database. DNA methylation data were downloaded from the GEO and cBioPortal database. The difference analysis and Kaplan-Meier(KM) analysis of chemokines were performed by edgeR package. Then predictive model based on chemokines was constructed by lasso regression and multivariate COX regression. ROC curve, DCA curve, Calibration curve, and Nomogram were used to evaluate the prognostic model. MCPcounter and Cibersort algorithm was used to calculate the infiltration of immune cells in Wilms tumour and para-tumour samples. Then the difference analysis of the immune cells was performed. The relationship between chemokines and immune cells were calculated by Pearson correlation. In addition, DNA methylation differences between Wilms tumour and para-tumour samples was performed. The correlation between DNA methylation and mRNA expression was calculated by Pearson correlation. Western blot(WB)and immunofluorescence were used to confirm the differential expression of CX3CL1 and T cells, and the correlation between them.



Results

A total of 16 chemokines were differentially expressed in tumour and para-tumour samples. A total of seven chemokines were associated with survival. CCL2 and CX3CL1 were positively correlated with prognosis, while high expression of CCL3, CCL8, CCL15, CCL18 and CXCL9 predicted poor prognosis. By lasso regression and multivariate COX regression, CCL3, CCL15, CXCL9 and CX3CL1 were finally included to construct a prediction model. The model shows good prediction ability. MCPcounter and Cibersort algorithm both showed that T cells were higher in para-tumour tissues than cancer tissues. Correlation analysis showed that CX3CL1 had a strong correlation with T cells. These were verified by Weston blot and immunofluorescence. DNA methylation analysis showed that various chemokines were different in para-tumours and tumours. CX3CL1 was hypermethylated in tumours, and the degree of methylation was negatively correlated with mRNA expression.



Conclusion

1. There is low T cell infiltration in nephroblastoma. 2. Chemokines such as CX3CL1 indicate a favourable prognosis and positively correlate with the number of T cells. 3. chemokines such as CX3CL1 are negatively regulated by DNA hypermethylation.
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Introduction

Wilms tumour is a common abdominal malignant tumour in children, accounting for 90% of renal tumours in children aged 0-14 years (1). Surgery combined with radiotherapy and chemotherapy has made significant progress in treating nephroblastoma, with a 5-year overall survival rate of 90% (1, 2). However, there are still some recurrent subgroups (3). Some cases remain challenging to heal, and new treatment options need to be explored (2). At present, the treatment of cancer has entered a new era. The discovery of PD1 and PDL1 brought immunotherapy into a new field. Nivolumab and Pembrolizumab are the main PD-1 inhibitors that have been approved in clinical practice (4). They are humanized IgG4 antibodies targeting PD-1 with high affinity, Approved for non-small cell lung cancer metastatic melanoma (4). However, none of these new methods has been applied in Wilms tumours. The progress of nephroblastoma treatment seems to enter a plateau. Fresh calls have been made to explore targeted therapies and immunotherapy (2).

Immune checkpoint inhibitors have been successful in various adult tumours but are rarely reported in children with solid tumours. The causes of poor immunotherapy in children with tumours are related to ‘ cold tumours’, which are known as tumours that lack infiltration of effector CD8+ T cells or include massive accumulation of Tregs that suppress their activities (5, 6).

Despite this immune deficiency, this does not imply that immunotherapy is useless for ‘cold tumours’. There are two complementary solutions in response to this part of the patients with ineffective immunotherapy. One focuses on accurate identification of immune therapy sensitive patients. Another is committed to converting immune-insensitive patients into immune-sensitive patients or combining them with traditional treatment methods (5). For the second strategy, some successes have been achieved. For example, U3 - 1402 can enhance the infiltration of immune cells to enhance the therapeutic effect of PD1 monoclonal antibodies (7). More extensive research has focused on interfering with chemokines to induce immune cell infiltration (5, 8, 9). GPR182 ablation increases the concentration of various chemokines in tumours, making tumours with poor immunogenicity sensitive to immune checkpoint blockade and excessive cell therapy (10). Those inspired our interest to explore the role of chemokines in nephroblastoma.

Chemokines are a class of secretory inflammatory cytokines with the directional movement of chemokine cells. The primary function is to manage the migration of white blood cells to their respective positions during inflammation and homeostasis (11). According to the amino acid particular structure and conserved sequence of cysteine amino acid residues, they are divided into four categories: XC, CC, CXC and CX3C. These chemokines mainly produce a series of biological effects by binding to the homologous receptors of the G protein-coupled receptor (GPR) family located on the cell membrane surface. They are widely involved in the physiological functions of cell growth, development, cellular immunity and humoral immunity and play an essential role in various pathological processes, such as the aggregation of lymphocytes to inflammatory sites, HIV infection, and tumour growth and metastasis (11).

Chemokines play an essential role in tumour metastasis, homing and regulating the tumour microenvironment (9, 12). In different types of cancer, the role of chemokines in tumours is controversial because chemokines have the effects of both promoting and inhibiting cancer (9, 13–15). This dual role of chemokines may be associated with the chemotaxis to immune cells (8). For example, in Mouse skin melanoma cancer, CX3CL1 kills tumour cells by chemotaxis of NK cells and T cells (16). However, the role of chemokines in nephroblastoma and their chemotaxis to immune cells is not clear. Here, we analyzed the chemokines and immune cell infiltration in nephroblastoma and the potential relationship between them. In addition, we analyzed the regulation of DNA methylation on chemokine expression.



Materials and Methods


Data Download and Processing

The nephroblastoma (TARGET-WT) mRNA expression and clinical data were downloaded by the TCGAbiolink package of R software (R4.0.1) from the TARGET database. Screening criteria are as follows: 1. From primary tumours and para-tumour samples. 2. There are both mRNA expression data and clinical data. A total of 130 samples were obtained, including 124 tumour samples and 6 para-tumour samples. The clinical data collected included gender, age at diagnosis, stage, survival status and survival days. We downloaded the corresponding DNA methylation-related data from the cBioPortal database. DNA methylation data and mRNA expression data came from the same cohort of patients. A total of 118 samples both had DNA methylation data and mRNA expression data. In addition, another DNA methylation data were downloaded from the GEO database (GSE163372), including a total of 7 pairs of primary tumours and para-tumour.



Analysis of Differentially Expressed Chemokines

We used raw counts for the difference analysis.The genes with an average expression level of less than 3 were removed. And finally, we obtained 32 chemokines that were expressed in Wilms tumour. These chemokines are used for differential analysis. | Log2FC | > 1 and p < 0.05 were considered significant. Peatmap and ggplot2 packages were used to draw a pheatmap.



KM Analysis

Survival and Survminer R packages were used for KM analysis, and the samples were divided into high and low groups according to the median expression value. p < 0.05 was considered statistically significant.



Construction and Validation of Prediction Model

To find the chemokines most related to prognosis and solve the collinearity problem, all chemokines were included in the lasso regression, and the parameters were set as family = ‘cox’, nlambda = 100. The variables screened by lasso were used for multiple stepwise regression. The R packages used here were Glmnet and Survminer. To verify the model’s prediction ability, the ROC curve, Calibration curves, and DCA curve were used. In addition, to verify whether the prediction model is independent of clinical information, we further conducted multiple stepwise regression based on the risk scores, gender, age at diagnosis and stage, then we draw a nomograms through the rms package.



Immune Infiltration

There are mainly two algorithms to evaluate immune infiltration based on gene expression data. One is the ssGSEA-like algorithm based on marker genes, represented by MCPcounter (17). The other algorithm is based on deconvolution, and the classic one is Cibersort (18). They were both used to infer the infiltration of immune cells in Wilms tumour samples. Visualization mainly uses the ggplot2 package.



Correlation Analysis Between Chemokines and Immune Cells

The correlation between immune cells and chemokines were analyzed by Pearson correlation. The Ggcorrplot package was used to calculate correlation, and p < 0.05 was conspicuous.



DNA Methylation Difference Analysis and DNA Methylation Regulation mRNA Identification

To further understand the reasons for the change of chemokines, the differences analysis of DNA Methylation was performed by limma package between the para-tumour and tumour tissues. In addition, we analyzed the correlation between the degree of methylation and the expression of this mRNA by Pearson. p < 0.05 and |r| >0.3 were considered significant.



Patient Samples

A total of 24 Wilms tumour tissues and 24 para-tumour tissues from patients undergoing urological surgery in the children’s Hospital of Chongqing Medical University were collected. This study has got the approval of the Ethics Committee of Children’s Hospital of Chongqing Medical University, and all patients and their parents signed informed consent before joining this study. Immediately, specimens were placed in liquid nitrogen and stored at -80°C for further examination.



Western Blot

Protein samples were lysed in RIPA buffer (Beyotime) supplemented with 1% proteinase inhibitors (Beyotime). The protein concentration was determined using a bicinchoninic acid (BCA) assay kit (Beyotime). Equal amounts of proteins (10 µg) were separated on an 8% SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) gel and transferred onto polyvinylidene fluoride (PVDF; Millipore) membranes. The membranes were then blocked in rapid blocking solution and incubated with the primary antibodies overnight at 4°C. The following antibodies were used: CD4 (1:1,000), CD8 (1:1,000), CD3(1:1,000), CX3CL1(1:1000, GAPDH (1:1,000). Finally, the membranes were incubated with HRP−conjugated secondary antibody (1:1,000) for 2 h at room temperature. The immunoblots were visualized using the Immobilon Western Chemiluminescent HRP Substrate, and the bands were quantified, relative to GAPDH, by densitometric analysis (GeneGnome, Syngene UK).



Immunofluorescence

We co-stained CX3CL1 with T cell markers CD3, CD4 and CD8. The details are as follows. tumour and para-tumour samples were fixed with 4% paraformaldehyde (PFA), dehydrated overnight at 4°C. Paraffin embedding, sectioning, routine deparaffinization, 0.5% BSA blocking and incubated with primary antibody overnight. The primary antibodies were rabbit anti-CD4 (1: 200), rabbit anti-CD8 (1: 200), rabbit anti-CD3 (1: 200), and mouse anti-CX3CL1 (1: 200). CY3 – coupled and FITC - coupled fluorescent secondary antibodies (1:200) were incubated at 25°C for 30 min, and the nucleus was stained with DAPI for 15 min. At least three optical fields were selected for each section for morphological evaluation.



Statistical Method

Difference analysis was undergoing by edgeR package and limma package. The KM method was performed to evaluate the expression of patients’ chemokines and immune cells and OS. A log-rank test was used to compare the survival differences between the groups. Lasso and multi-factor Cox regression were used to constructing the model, and the ROC curve and correction curve was used for evaluation. The difference of immune cells between tumour tissues and para-tumour was compared by Kruskal.test. Pearson correlation analysis was used. The above statistics were performed using R software (version 4.0.1). Bilateral P < 0.05 was considered statistically significant.




Results


Chemokines Are Abnormally Expressed in Wilms Tumour

Of all 32 chemokines, 16 were differentially expressed between Wilms tumour and para-tumour sample (Figure 1A) Three chemokines were down-regulated in Wilms tumour samples, and 13 chemokines were up-regulated. Comprehensively evaluating the expression abundance and stability of chemokines, it was found that the three down-regulated chemokines CX3CL1, CXCL14 and CXCL2 had extremely significant differences and high expression abundance.




Figure 1 | Difference analysis and Kaplan-Meier analysis of Chemokines: (A) heat map of significantly differentially expressed chemokines. (B–H) KM analysis of chemokines CCL2, CX3CL1,CCL3, CCL8, CCL15, CCL1 z8 and CXCL9.





Chemokines Are Associated With Prognosis

A total of 7 chemokines were associated with survival, of which CCL2 and CX3CL1 were positively correlated with prognosis, while high expression of CCL3, CCL8, CCL15, CCL18 and CXCL9 predicted poor prognosis (Figures 1B–H).



Establishment of an Chemokines-Based Prognosis Model

Four genes were included in the final model, namely CCL3, CCL15, CXCL9 and CX3CL1 (Figures 2A–C). CX3CL1 was associated with a good prognosis, while CCL3, CCL15 and CXCL9 predicted poor prognosis. This is consistent with the previous KM analysis results.




Figure 2 | Construction and validation of prognostic model. (A, B) LASSO Cox regression analysis based on OS. (C) Forest plots presenting the multivariate Cox proportional hazards regression analysis of prognostic chemokines in OS. (D) Time-dependent ROC curves. (E) DCA curves based on 4 Chemokines of 3 and 5 years. (F) Calibration curves for predicting the fitness of the model in 5 years. (G) Nomogram shows that the risk scores of the model is independent of clinical data. ** represents P value less than 0.01, *** represents P < 0.001.





Verification of the Predictive Power of the Model

The area under the ROC curve was 0.721 (Figure 2D). The Calibration curves and DCA curves showed that the prognostic model composed of four chemokines had a good predictive ability (Figures 2E, F). Nomograms shows that age and clinical stage are associated with prognosis, and the role of risk scores in judging prognosis is independent of clinical information (Figure 2G).



Low Infiltration of T Cells in Tumors

Cibersort and MCPcounter algorithm calculated the infiltration of 22 and 9 immune cells in Wilms tumour (Figures 3A, C). Cibersort algorithm showed that T cells, including CD8+ T cells, CD4+ T cells and regulatory T cells, were lower in tumour tissues than para-tumor tissues. (Figure 3B). MCPcounter showed significant different expression of total T cells while CD8+ T cells did not differ between tumour and para-tumour (Figure 3D).




Figure 3 | The infiltration of immune cells in Wilms tumors and para-tumors. (A, B) The infiltration of immune cells in each sample and Immune cells difference between tumors and para-tumors evaluate by Cibersort algorithm. (C, D) The infiltration of immune cells evaluate by MCPcounter. * represents P < 0.05, ** represents P value less than 0.01, *** represents P < 0.001, **** represents P < 0.0001, ns represents P > 0.05.





The Number of T Cells Correlates With CX3CL1 Expression

Most chemokines are positively correlated with immune cells (Figures 4A, B). MCPcounter algorithms consistently showed that CX3CL1 was positively correlated with T cells, with a correlation coefficient of 0.6 (Figure 4A). Cibersort algorithms showed that CX3CL1 was positively correlated with CD8+ T cells, with a correlation coefficient of 0.6 (Figure 4B).




Figure 4 | Heat map of correlation between immune cells and chemokines. (A) Heat map of correlation between immune cells and chemokines estimated by MCPcounter. (B) Heat map of correlation between immune cells and chemokines estimated by Cibersort algorithm.





The Expression of Chemokines Is Regulated by DNA Methylation

We found that the DNA methylation state of Wilms tumour tissue was significantly different from that of the para-tumour tissues. Further analysis of the methylation status of chemokines showed that 35 methylation sites were differentially methylated in 19 chemokines (Figure 5A). The mRNA expression levels of 12 chemokines correlated with the degree of DNA methylation. It is worth noting that all chemokine methylation levels were negatively associated with mRNA expression (Figure 5B). The degree of DNA methylation of CCL28, CX3CL1 and CCL5 was strongly correlated with mRNA expression, with a correlation coefficient of -0.71, -0.52, and-0.52, respectively.




Figure 5 | DNA methylation in wilms tumor. (A) Heat map of significantly Differential methylation chemokines. (B) Correlation between gene expression and DNA methylation.





The Differential Expression and Correlation of CX3CL1 and T Cells Were Verified by WB and Immunofluorescence

The result of Weston blot showed that CX3CL1 was more abundant in para-tumor samples (Figure 6). CD3+ T cells, CD4+ T cells, and CD8+ T cells were lower in tumor samples than para-tumor samples (Figure 6). Immunofluorescence also showed that CX3CL1 was highly expressed in para-tumour, mainly around renal tubules (Figures 7A–C). This is consistent with previous reports (19, 20). The degree of T cell infiltration was lower in tumor. Most tumor samples were difficult to find T cells, but there were still a small number of tumor samples with high T cells infiltration. These T cells were mainly distributed in the tumor stroma, especially around the blood vessels. In the area with abundant blood vessels, the number of T cells was even higher than the average amount of T cells in kidney (Figures 7A–C). The expression of CD4+ and CD8+ subsets was similar to that of total T cells. Additionally, to verify the relationship between T cell infiltration and CX3CL1 expression, we divided tumor tissues into high T cell infiltration and low T cell infiltration. In tumor tissues, the higher the expression of CX3CL1, the higher the number of T cells, whether it is CD8+ T cells or CD4+ T cells (Figure 7D).




Figure 6 | The differential expression of CX3CL1 and CD3, CD4, CD8+ T cells in tumor and para-tumor tissues. (A) The WB image of CX3CL1 and CD3, CD4, CD8+ T cells in tumor and para-tumor tissues. (B) The summary graph of the expression level of CX3CL1 and CD3, CD4, CD8+ T cells in tumor and para-tumor tissues. ** represents P value less than 0.01, *** represents P < 0.001, **** represents P < 0.0001.






Figure 7 | Immunofluorescence of CX3CL1, CD3, CD8 and CD4 positive T cells in high- T cells and low-T cells infiltration tumor tissues and para-tumor tissues. (A) The Immunofluorescence of CX3CL1 and CD3+ T cells. (B) The Immunofluorescence of CX3CL1 and CD4+ T cells. (C) The Immunofluorescence of CX3CL1 and CD8+ T cells. (D) The summary graph of the expression level of CX3CL1 and CD3, CD4, CD8+ T cells in tumor and para-tumor tissues [(A–C) the scale bar:100μm]. * represents P < 0.05, ** represents P value less than 0.01.






Discussion

As a common solid tumour in children, nephroblastoma has made significant progress in treatment. At present, the treatment of nephroblastoma is mainly surgery, radiotherapy and chemotherapy (2). However, radiotherapy and chemotherapy may have serious side effects on children, the long-term impact on patients is unclear (2). Some patients are poorly treated, and new treatments need to be explored. Immunotherapy has shown significant advantages in clinical practice. Drugs based on PD1 and PDL1 block have been successful in many tumours, such as lung cancer and melanoma (21, 22). But there are few reports of childhood tumours. Previous studies have shown that a significant increase in plasma EV PD-L1 in WT patients contributes to the immunosuppression of peripheral CD8+ T cells (23). This suggests that nephroblastoma also has immunosuppression similar to that in adult tumors. However, children with Wilms tumors are faced with another major problem, low T cell infiltration. Therefore, the effect of immune checkpoint inhibitors alone may not be ideal. Although we found that a small number of patients also have rich immune cell infiltration, accurate selection of such patients for individual immune checkpoint inhibition therapy may have some effect. But for most nephroblastoma patients, increasing immune cells infiltration in tumor is the key to immunosuppressive therapy. After all, if there is no T cells, how can the function of T cells be enhanced by immune checkpoint inhibitors? in fact, Studies have shown that the therapeutic effect of immunosuppressants is related to tumour immune checkpoints and the infiltration degree of immune cells (24).

To solve the problem of low infiltration of immune cells in tumour. We focused our attention on chemokines. Chemokines are named for their chemotaxis to immune cells. Numerous studies have shown that chemokines regulate immune cell trafficking in tumours and are associated with tumour development, progression and angiogenesis (16, 25). Chemokines can recruit tumour-associated macrophages and regulatory T cells to promote tumour progression, which is related to poor prognosis (26–28). At the same time, chemokines can also recruit CD8+ T cells to inhibit tumour progression (29, 30). For example, chemokines can increase the aggregation of CD8+ T cells in melanoma, thereby promoting immune monitoring and controlling cancer growth (30). CX3CL1 exerts antitumor activity through NK cells and T cells (16). CCL7 is a key chemokine that recruits dendritic cells (DCs) (25). This role of chemokines undoubtedly laid the foundation for immunotherapy.

In this study, we performed a comprehensive analysis of chemokines in nephroblastoma. We found that nearly half of the chemokines were abnormally expressed in nephroblastoma. The expression of CX3CL1, CXCL14 and CXCL2 in nephroblastoma was significantly decreased. Further, we explored the chemokines related to prognosis. CCL2 and CX3CL1 were positively correlated with prognosis, while the high expression of CCL3, CCL8, CCL15, CCL18 and CXCL9 predicted a poor prognosis.

To explore the immune infiltration of nephroblastoma, we evaluated the immune cells both by MCPcounter and Cibersort algorithm. We found that the expression of total T cells in tumours was significantly reduced. Further analysis of the T-cell subpopulation found that the CD8+ T cell infiltration calculated by Cibersort was significantly reduced in tumours, while MCPcounter showed no difference. To identify whether T cells differ in the Wilms tumour and para-tumour, We experimentally verified by WB and immunofluorescence. The expression of CD3 in the tumour was significantly lower than that in para-tumour, indicating that total T cells were poorly infiltrated in tumours. Furthermore, we performed WB and immunofluorescence to investigate the expression and distribution of CD3+, CD4+ and CD8+ T cells in the tumour and para-tumour tissues. It was found that CD8+ T cells were scattered around renal, but almost no distribution in most tumour tissues. This is a little different from the previous calculation of MCPcounter which showed that CD8+ T cells was no differentially expression in the tumour and para-tumour tissues,while identical to the Cibersort algorithm. These results suggest that, In Wilms tumour,Cibersort can be used to assess immune cells Infiltration more accurately than MCPcounter. There are still a small number of patients with abundant immune cell infiltration, and these immune cells are mainly distributed in tumor stroma, especially in areas rich in blood vessels.

To explore the chemotaxis of chemokines to immune cells, we conducted a correlation analysis between chemokines and immune cells. Whether MCPcounter or Cibersort algorithm, It was found that CX3CL1 was strongly correlated with total T cells. Cibersort algorithm shows that CX3CL1 was positively correlated with CD8+ T cells with a correlation coefficient of 0.6. In addition, we found that T cells were positively correlated not only with CX3CL1 but also with CCL2, CXCL12 and other chemokines, indicating that a variety of chemokines can show chemotaxis to T cells. Co-staining confirmed that CX3CL1 strongly expressed tumor tissues had more T cell infiltration.

The expression of chemokines is affected by many pathways; NF-kappa B, NOTCH, MYC or WNT are related to the expression of chemokines (27, 31). It has been reported that TNFα, IL-1β, and LPS can stimulate the expression of CX3CL1 (32). The hypoxia microenvironment of tumours affects the expression of chemokines (33). In addition, DNA methylation plays an essential role in the expression of chemokines (34). It has been reported that DNA methylation is the main negative regulatory mechanism of CCL5, and low-dose DNA methyltransferase inhibitor 5 - azacytidine can affect the expression of chemokines and immune infiltration (35). Here, we found that CX3CL1 was down-regulated in Wilms’ tumour. To explore the reasons for the abnormal expression of chemokines, we analyzed the methylation of gene expression sites of chemokines. It was found that the methylation of chemokine DNA was significantly different in tumours and para-tumour tissue, and the CX3CL1 gene was seriously hypermethylated at cg27664018 in Wilms tumour tissues. Further correlation analysis between methylation level and mRNA expression was performed. The degree of methylation of all chemokines was negatively correlated with mRNA, which was consistent with the negative regulation of gene expression by DNA methylation (36). In particular, the correlation between the methylation BETA value of CX3CL1 and the expression of CX3CL1 reached -0.52. This evidence provides a basis for applying DNA methylation inhibitors in tumour immunotherapy.

In summary, this study found a deficiency of T cells and other immune cells in Wilms tumours. This phenomenon may be caused by the lack of chemokines such as CX3CL1. Furthermore, we found that chemokine deficiency was associated with DNA hypermethylation. Regulating immune cell infiltration by regulating chemokine expression with DNA methylation inhibitors may provide a new approach for treating nephroblastoma in the future.
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Background

Although checkpoint blockade is a promising approach for the treatment of hepatocellular carcinoma (HCC), subsets of patients expected to show a response have not been established. As T cell-mediated tumor killing (TTK) is the fundamental principle of immune checkpoint inhibitor therapy, we established subtypes based on genes related to the sensitivity to TKK and evaluated their prognostic value for HCC immunotherapies.



Methods

Genes regulating the sensitivity of tumor cells to T cell-mediated killing (referred to as GSTTKs) showing differential expression in HCC and correlations with prognosis were identified by high-throughput screening assays. Unsupervised clustering was applied to classify patients with HCC into subtypes based on the GSTTKs. The tumor microenvironment, metabolic properties, and genetic variation were compared among the subgroups. A scoring algorithm based on the prognostic GSTTKs, referred to as the TCscore, was developed, and its clinical and predictive value for the response to immunotherapy were evaluated.



Results

In total, 18 out of 641 GSTTKs simultaneously showed differential expression in HCC and were correlated with prognosis. Based on the 18 GSTTKs, patients were clustered into two subgroups, which reflected distinct TTK patterns in HCC. Tumor-infiltrating immune cells, immune-related gene expression, glycolipid metabolism, somatic mutations, and signaling pathways differed between the two subgroups. The TCscore effectively distinguished between populations with different responses to chemotherapeutics or immunotherapy and overall survival.



Conclusions

TTK patterns played a nonnegligible role in formation of TME diversity and metabolic complexity. Evaluating the TTK patterns of individual tumor will contribute to enhancing our cognition of TME characterization, reflects differences in the functionality of T cells in HCC and guiding more effective therapy strategies.
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Background

Hepatocellular carcinoma (HCC) is the most common primary malignant cancer in the liver. It ranks sixth in morbidity and fourth in mortality among cancers worldwide. The mortality rate of HCC in the United States increased by 43% % between 2000 and 2016, and the average 5-year survival is only 12% in China and 18% worldwide (1, 2). The World Health Organization predicts that in 2030, HCC will account for approximately one million deaths (3).

The single or combined administration of checkpoint inhibitors has shown good efficacy in HCC. In the CheckMate-040 trial, patients with advanced HCC received nivolumab as a single second-line agent and showed a median overall survival (OS) time ranging from 15.6 to 28.6 months, irrespective of the use of sorafenib (4). A clinical trial in China (NCT02989922) involving 220 patients with progressive HCC from 13 centers showed a similar treatment efficacy for camrelizumab and other PD-1 monoclonal antibodies, with an objective response rate of 14.7%, 6-month survival rate of 74.4%, and median OS time of 13.8 months (5).

Although immune checkpoint blockade has become an effective immunotherapeutic approach for HCC, it is very difficult to identify subsets of patients expected to benefit from this strategy before the start of therapy. Immune cells (especially various T cell subtypes), stromal cells, and molecules expressed in the tumor microenvironment (TME) are key determinants of the response to checkpoint blockade. Thorsson et al. classified 33 tumors into six immune subtypes based on data from The Cancer Genome Atlas (TCGA), among which HCC cases were classified as inflammatory or lymphocyte-depleted subtypes (6). In a proteomic study of paired tumor and adjacent normal tissues, 159 cases of hepatitis B virus-related HCC were divided into subtypes with metabolic, proliferative, and tumor immune microenvironment (TIME) disorders, and PYCR2 and ADH1A were found to be differentially expressed and involved in metabolic reprogramming in the subtypes (7). However, the clinical utility of these models for predicting the response to immunotherapy in HCC is limited, and they have not been verified in clinical cohorts.

Using a genome-scale gRNA library knockout screen, Pan et al. revealed that inactivation of Prbm1, Arid2, and Brd7, encoding components of the polybromo and BRG1-associated factors chromatin remodeling complex sensitized melanoma cells to T cell-mediated killing (8). Ru et al. integrated high-throughput screening data including CRISPR/Cas9, shRNA, and RNAi data, and determined that PTPN2 and CD47 are genes associated with the sensitivity of tumor cells to T cell-mediated killing (referred to as GSTTKs) (9).

In this study, we utilized a set of identified GSTTKs to distinguish between HCC patient populations with different immunophenotypes and immune cell infiltration characteristics. Additionally, we investigated the metabolic and genomic features of patients and developed a new independent prognostic marker based on T cell-mediated tumor killing (TTK) with the potential to guide individualized treatment of HCC.



Methods


Raw Data Retrieval and Preprocessing

A total of 660 HCC samples datasets were procured from three publicly available datasets. Raw RNA sequencing data were standardized by variance-stabilizing transformation (VST) using the DESeq2 package in R, include 349 samples from the Cancer Genome Atlas (https://portal.gdc.cancer.gov/) TCGA-LIHC cohort (10) and 196 samples from the International Cancer Genome Consortium (https://dcc.icgc.org/) ICGC-LIRI-JP cohort (11). The microarray datasets, 115 samples of GSE76427, was downloaded from the Gene Expression Omnibus database (GEO, https://www.ncbi.nlm.nih.gov/geo/) (12). Genes associated with a favorable response to TTK in cancer immunotherapy were obtained from the TISIDB database (http://cis.hku.hk/TISIDB/) and used to established a gene set, referred to as GSTTKs (9).



Integrated Multi-Omics Analysis

GSTTKs differentially expressed between paracancerous and cancerous tissues were identified using the R package DESeq2 (13), with a false discovery rate < 0.05 and |Log fold change | > 1 as thresholds for significance. GSTTKs significantly associated with OS in HCC were identified by univariate Cox regression using the Survival package in R. A Venn diagram was generated using the VennDiagram package to identify the intersection of differentially expressed GSTTKs and prognostic GSTTKs. Somatic mutations in these genes in patients were described using the maftools R package (14). The copy number variation (CNV) status of each gene was retrieved from TCGA and delineated using GISTIC 2.0 to obtain chromosome information along with the gain or loss status, which was visualized in a circos plot (15). A principal component analysis (PCA) was performed using the PCAtools package in R to determine whether specific GSTTKs in the TCGA-LIHC dataset can distinguish between liver tumor samples and non-tumor samples.



Recognition of Different TTK Patterns by Unsupervised Clustering

The ConsensusClusterPlus package was employed for unsupervised clustering using the following parameter settings: partitioning around medoid (PAM) based on the center point, merge based on Ward’s distances using the minimum variance method (16). In addition, 1000 times repetitions were conducted for guaranteeing the stability of classification. The proportion of ambiguous clustering (PAC) was used to automatically select the optimal number of subtypes. PCA and tSNE analysis were performed to compare the transcriptional profiles between the different immune subtypes. For the clustering results for the TCGA-LIHC and ICGC-LIRI-JP cohorts, Kaplan–Meier survival curves were plotted and log-rank tests were performed using the survminer and survival packages in R.



Evaluation of Tumor-Infiltrating Immune Cells

Based on TCGA-LIHC dataset, a single sample gene set enrichment analysis (ssGSEA) was performed to quantitatively detect the relative levels of infiltration of 28 immune cells in the TME (17). The genetic signatures for these 28 immune cells were derived from Charoentong et al. (18). In the ssGSEA, differentially expressed marker genes were employed to evaluate the abundance of immune cells in individual samples. The relative abundance of each type of immune cell was represented as an enrichment score. To further explore the relationship between HCC subtypes and immune cell infiltration in HCC, the Wilcoxon rank sum test was used to analyze the differences in immune cell abundance between HCC subtypes. TIDE (Tumor Immune Dysfunction and Exclusion) algorithm developed by Liu can simulate the two main mechanisms of tumor immune escape: the induction of T cell dysfunction at high cytotoxic T lymphocyte (Cytotoxic T Lymphocytes, CTL) and the prevention of T cell infiltration at low CTL, and predict the response potential of tumor immunotherapy. This algorithm was used to evaluate the LIHC cohort, which is verified with the results of ssGSEA analysis to explore the difference of TME among different TTK patterns of HCC (19). The stromal and immune score was determined using the ESTIMATE package in R to assess the level of immune infiltration. These analyses were performed using the gene set variation analysis (GSVA) (20), ComplexHeatmap and estimate packages in R.



Annotation and Functional Enrichment Analyses

To evaluate the correlation between molecular subtypes and immune markers, the characteristic signatures related to differentially infiltrating immune cells in the HCC subtypes were collected from previous studies. Data for 148 immunomodulators and inhibitory immune checkpoints, including 41 chemokines, 21 major histocompatibility complex molecules, 18 receptor molecules, 44 immunostimulant molecules, and 24 inhibitory immune checkpoint molecules, were collected from previous studies (18, 21, 22). The Wilcoxon rank sum test was used to analyze the differential expression of these genes between the HCC subtypes. To determine the correlation between molecular subtypes and specific biological processes, annotated gene sets derived from the Kyoto Encyclopedia of Genes and Genomes (KEGG), Molecular Signatures Database (MSigDB), and a study by Mariathasan et al. were used for enrichment analysis and for comparing biological processes among subtypes (20, 23). For typing based on glycolipid metabolism, a glycolysis-cholesterol synthesis axis-related gene set was obtained from Schaeffer et al. (24) and modeling was completed using the R package ConsensusClusterPlus package. GSEA, GSVA, and over-representation analysis (ORA) were performed using the ClusterProfiler (25) and GSVA (20) packages in R.



Study of Etiology Based on Whole-Genome Data

Somatic mutation information in the mutect2 format for patients with HCC in TCGA-LIHC was converted to the mutation annotation format. The maftools package was used to generate waterfall diagrams to visually represent genes with high mutation frequencies. To investigate differences in the distribution of mutations among the HCC subtypes, differentially mutated genes were identified using p < 0.05 as the threshold for significance. Non-negative matrix factorization was carried out to reduce the dimensionality of the mutation matrix for the LIHC dataset, and the optimal number of mutation signatures in different HCC subtypes was identified (26). Thirty tumor mutational signatures that have been reported in COSMIC (https://cancer.sanger.ac.uk/cosmic) were downloaded for comparison with signatures identified by NMF, and mutational signature features of HCC were determined (27). A bar graph of 96 trinucleotide changes was generated for each sample to show the base change profile of each mutation feature. The whole process was performed using the NMF, BSgenome, and MutationalPatterns packages in R.



Calculation of the TCscore and Assessments of Clinical Significance

The index to represent the TTK level was establish based on the expression data for 18 GSTTKs including risk factors of CA9, SLC1A7, E2F1, RECQL4, AURKA, CENPF, RFPL4B, H2AFZ, KIF11, CDC7, TGIF2LX, MCM10, GRM4 and protective factors of SLC4A10, CAPN11, MYO1B, NR4A3, FGF12. The enrichment score (ES) of gene set that positively or negatively regulated TTK was calculated using single sample gene set enrichment analysis (ssGSEA) in the GSVA package (20), and the normalized differences between the ES of the risk factors minus protective factors was defined as the TTK potential index (TCscore) to computationally dissect the TTK trends of each sample:

	

The relationships between the TCscore and clinical characteristics, sensitivity to chemotherapeutics were evaluated. AJCC guidelines recommend the use of antineoplastic drugs such as doxorubicin, mitomycin, vincristine, cisplatin and sorafenib in the treatment of HCC. We predicted the chemotherapy response of each sample to these five drugs based on the GDSC database (the Genomics of Drug Sensitivity in Cancer, https://www.cancerrxgene.org/). The prediction process is realized by pRRophetic (28) packages in R.



Statistical Analysis

All statistical analyses were conducted using R versions 3.6.3 and 4.0.2. For comparisons of continuous variables between two groups, normally distributed variables were evaluated using independent Student’s t-tests, and non-normally distributed data were analyzed using Mann–Whitney U tests (the Wilcoxon rank sum test). The chi-square test or Fisher’s exact test was used for comparisons of categorical variables between two groups. The relationships between gene expression levels were evaluated on the basis of Spearman correlation coefficients. Univariate and multivariate Cox analyses were used to identify independent prognostic factors. Receiver operating characteristic curves were plotted using the SurvivalROC package, and the area under the curve was used to evaluate the accuracy of the TCscore in predicting prognosis. The Rtsne package was used for a t-distributed stochastic neighbor embedding (tSNE) analysis. Two-sided p < 0.05 was the threshold for significance.




Results


Identification and Characterization of GSTTKs Involved in HCC Progression

Comprehensive analysis of GSTTKs using multi-group data of TCGA-LIHC cohort. The result of difference analysis of transcriptome data shows that 92 of 641 GSTTKs were upregulated or downregulated in HCC, as shown in a volcano map in Figure 1A and a heatmap in Figure S1A. Univariate Cox regression analysis revealed that 125 out of 641 GSTTKs were related to prognosis in HCC. Taking the intersection of the two sets of genes, 37 GSTTKs simultaneously exhibited differential expression and prognostic value in HCC (Figure 1B). The univariate Cox analysis of 37 GSTTKs showed that 11 GSTTKs were protective factors with HR < 1 and 16 GSTTKs were risk factors with HR > 1 for HCC prognosis (Figure 1C). According to the genomic data of TCGA-LIHC, the top 10 oncogenic pathways and effects of HCC are shown in Figure S1B. The mutational landscape for the 37 GSTTKs is displayed in a waterfall plot in Figure 1D. Eighteen out of the 37 GSTTKs had a mutation frequency of >1% and were closely associated with progression or recurrence in HCC. Results of univariate cox regression analysis and differential analysis for 18 GSTTKs were shown in Table S1. As shown in Figure S1C, the co-occurrence of CA9 mutations and MCM10 mutations was significantly overrepresented in HCC. In addition, we detected widespread CNV in these 18 GSTTKs (Figure 1E). Copy number gains were most frequent, and RECQL4, CAPN11, and FGF12 showed extensive CNV amplification, whereas H2AFZ showed a copy number loss. The chromosomal locations of the 18 GSTTKs with CNV are shown in Figure 1F. HCC and non-tumor samples could be completely separated by the PCA (Figure 1G) based on these 18 GSTTKs with differential mRNA levels (Figure 1H), indicating high heterogeneity in the mutation status and expression of GSTTKs between normal and HCC tissues. Thus, GSTTK expression changes may play a crucial role in HCC occurrence and progression.




Figure 1 | Identification of GSTTKs and detection of mutations in liver hepatocellular carcinoma (HCC). (A) Volcano map shows 92 of 641 GSTTKs show differential mRNA expression in HCC based on transcriptome profiling data for patients with HCC from TCGA-LIHC cohort. Red indicates up-regulation and blue indicates down-regulation. (B) Venn diagram shows 37 GSTTKs exhibiting both differential expression and prognostic value in HCC. (C) Univariate Cox regression analysis of 37 GSTTKs associated with clinical prognosis in HCC. (D) Waterfall plot displays the mutational landscape of the 37 GSTTKs along with clinicopathological characteristics. (E) Copy number variation (CNV) in 18 GSTTKs in HCC. Deletions, blue dots; Amplifications, red dots. (F) CNV locations of 18 GSTTKs are labeled on the chromosome. (G) Principal component analysis separates tumor (green) and normal samples (red). (H) The 18 GSTTKs are differentially expressed between HCC and normal tissues. Tumor, red; Normal, blue. The upper and lower ends of boxes represent the interquartile range. Lines in the boxes represent median values, and black dots show outliers. Asterisks indicate significance, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no statistical significance.





TTK Patterns in HCC

Based on RNA-seq data and clinical data for TCGA-LIHC, we identified four different patterns which show that comprehensive landscape of 18 GSTTKs interactions and their prognostic significance for HCC patients was depicted with the 18 GSTTKs network correlations (Figure 2A). The R package of ConsensusClusterPlus was used to classify patients with qualitatively different TTK patterns based on the expression of 18 GSTTKs, and two distinct modification patterns were eventually identified using unsupervised clustering, including 146 cases in Cluster1 and 203 cases in Cluster2 (Figure 2B). PCA algorithm and tSNE algorithm are used to evaluate the differences between the two TTK patterns, and it is found that there are significant differences in transcriptional profile among different TTK patterns (Figures 2C, D). To verify the stability and applicability of two TTK patterns in HCC, we repeated the unsupervised clustering analysis using LIRI-JP cohort from ICGC (Figure S2A) and GSE76427 cohort from GEO (Figure S2D); both populations could be well classified into two groups. The PCA (Figures S2B, E) and tSNE analysis (Figures S2C, F) results corroborated the two distinct patterns of TTK in HCC. Based on TCGA-LIHC expression profiling data, 16 out of 18 GSTTKs in the two clusters were significantly differentially expressed (Figure S2G). The clinical prognostic value of TTK patterns in patients with HCC was assessed through a survival analysis. Patients in the two clusters showed a significant difference in survival in both TCGA dataset (p = 0.0016, Figure 2E) and the ICGC dataset (p = 0.0025, Figure 2F).




Figure 2 | Patterns of TTK and their prognostic value in HCC. (A) Interactions among 18 GSTTKs in HCC. The circle size represents the effect of each regulator on prognosis, and comparisons were made using the log-rank test (p < 0.05, p < 0.001, p < 1E-05 and p < 1E-08). Green dots in the circle represent risk factors for prognosis; gray dots represent favorable factors for prognosis. The lines linking the regulators show interactions, and the line thickness indicates the strength of the correlation. Positive correlations are marked in red and negative correlations are shown in blue. The regulator clusters A–D are marked in red, blue, purple, and orange, respectively. (B) Two patterns of TTK were identified by unsupervised clustering. Cluster1, red; Cluster2, blue. (C, D) PCA and tSNE verified the two patterns in HCC. Two subgroups without intersection were identified, indicating that Cluster1 and Cluster2 samples could be clearly distinguished based on GSTTK expression profiles. (E, F) Survival analysis indicated that patients assigned to the two clusters had significantly different survival outcomes in TCGA-LIHC and ICGC-LIRI-JP cohorts.





Mechanisms Underlying the Immunotherapy Response in Patients With Different TTK Subtypes

By comparing the infiltrating immune cell composition in the TME of HCC between the two TTK subtypes (Figure 3A), we obtained the following key findings. 1) Samples in Cluster 1 mostly showed low immune cell infiltration, whereas samples in Cluster 2 mostly exhibited high immune cell infiltration. 2) The high immune infiltration zone in the heatmap contains immune cells that are established to mediate antitumor immune response (e.g., activated CD8+ T cells, type 1 T helper (Th1) cells, and dendritic cells) and multiple immunosuppressive cells (e.g., bone marrow-derived suppressor cells, regulatory T cells(Treg), immature dendritic cells, and neutrophils), suggesting that there may be a feedback mechanism, that is, TME may promote the recruitment or differentiation of immunosuppressive cells.




Figure 3 | TME immune cell infiltration characteristics and immune components in distinct TTK patterns. (A) Heatmap showing the unsupervised clustering of TCGA-LIHC cohort using the ssGSEA score based on 28 immune cell subpopulations. Survival status, alcohol use, hepatitis C or B virus infection, sex, ARID1A mutation, AXIN1 mutation, CTNNB1 mutation, TTN mutation, TP53 mutation, stage, and sensitive cluster are annotated in the lower panel. (B) Relative abundance of each infiltrating cell type that differed between the two clusters. (C) Box plots showing the TIDE score for the two clusters in HCC. The upper and lower ends of the boxes indicate the interquartile range. Lines in the boxes indicate median values, and black dots show outliers. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no statistical significance.



In order to determine the specific immune components that cause the difference of TME between Cluster 1 and Cluster 2, the differences of 28 immune cells among different subtypes were calculated. Combined with the results of the survival analysis (Figure 2E), samples in Cluster 2 corresponding to favorable survival outcome showed abundant infiltration by effector memory CD8+ T cells, Th1 cells, CD56 natural killer cells, eosinophils, natural killer T cells, neutrophils, and plasmacytoid dendritic cells, whereas those in Cluster 1 corresponding to an unfavorable clinical prognosis showed the infiltration of activated CD4+ T cells, effector memory CD4+ T cells, Th2 cells, and natural killer T cells (Figure 3B). A TIDE analysis based on RNA-sequencing data revealed that samples in Cluster 2 had higher scores for T cell dysfunction, microsatellite instability, and tumor-associated fibroblasts than those in Cluster 1, whereas samples in Cluster 1 scored higher for T cell exclusion, myeloid-derived suppressor cells, and tumor-associated M2 macrophages than those in Cluster 2; these findings were generally consistent with the ssGSEA results (Figure 3C).

Furthermore, we compared the two clusters with respect to biomarkers of infiltrating immune cells (Figure S3A) and molecular markers of the response to immunotherapy, including 41 chemokines, 21 major histocompatibility complex molecules, 18 receptor molecules, 44 immunostimulant molecules, and 24 inhibitory immune checkpoint molecules (Figure S3B). In addition, we also evaluated the correlations between the 18 GSTTKs and immune-infiltrating cells (Figure S4A) and identified significant correlations between NR4A3 and RECQL4 expression and most immune cells. Analysis of the differences in immune-infiltrating cells between the groups with high and low NR4A3 and RECQL4 expression were further analyzed (Figures S4B, C), and these results indicated that these genes may contribute to the difference between the TTK patterns.



TTK Patterns and the Metabolic Microenvironment in HCC

Based on an enrichment analysis of TCGA-LIHC dataset by GSVA (Figure 4A), the two TTK clusters differed significantly with respect to metabolic pathways, suggesting that metabolic alterations as well as the TIME contributed to the distinct TTK patterns. Subsequent ORA (Figure S5A) and GSEA (Figure S5B) confirmed the difference in metabolic status between the two clusters. Next, we extracted glycolytic and cholesterogenic genes (Figure S6A) and used them to classify HCC into four metabolic subtypes: quiescent, glycolytic, cholesterogenic, and mixed (Figure 4B). PCA revealed a substantial separation among these four metabolic patterns (Figure S6B). The expression levels of genes involved in glycolipid metabolism are presented in Figure S6C. We detected significant differences in OS among the four metabolic clusters, with the quiescent and cholesterogenic subtypes being superior to the glycolytic and mixed subtypes (Figure 4C, p = 0.0032). This is consistent with the Warburg effect, in which aerobic glycolysis contributes to the aggressive cellular proliferation in malignant tumors. To investigate whether expression patterns across the glycolytic-cholesterogenic axis could underlie the differences between previously established immune subtypes (29), we determined the various HCC subtypes for each sample and investigated their degree of overlap with the metabolic phenotypes (Table S2). Quiescent and cholesterogenic subtypes could be classified into Cluster 2, whereas the glycolytic and mixed subtypes were mostly assigned to Cluster 1 or Lymphocyte Depleted Subtype (Figure 4D), suggesting that there is a relationship between TTK subtypes and the metabolic microenvironment in HCC. Analysis of the expression levels of the 18 GSTTKs (Figure S7A) and tumor-infiltrating cells (Figure S7B) according to the metabolic clusters uncovered the relationship between the immune and metabolic microenvironment in HCC.




Figure 4 | TTK patterns vary with respect to the metabolic microenvironment. (A) GSVA enrichment analysis disclosing biological pathway differences between TTK patterns. The heatmap was generated to visualize these biological processes; red represents activated pathways and blue represents inhibited pathways. (B) Scatter plot showing median expression levels of co-expressed glycolytic (x-axis) and cholesterogenic (y-axis) genes in each HCC sample. Metabolic subgroups were assigned on the basis of the relative expression levels of glycolytic and cholesterogenic genes. (C) Kaplan–Meier survival analysis of patients with HCC stratified by four metabolic subtypes clustered by glycolytic and cholesterogenic genes. (D) Circle diagram shows HCC subtypes for each sample and investigated their degree of overlap with TTK patterns, immune subtypes and metabolic phenotypes.





Genomic Features and Signaling Pathways Associated With the Two TTK Subtypes of HCC

We analyzed the distribution of somatic mutations in the two clusters using genomic data from TCGA-LIHC datasets (Figures 5A, B). Mutations in CTNNB1, a common therapy resistance gene in HCC, were predominant in Cluster 1, whereas mutations in TP53, a cardinal driver gene of HCC, were predominant in Cluster 2. Comparison of the mutant genes in the two clusters (Figure 5C) and revealed that both TP53 and RB1 showed the largest difference in mutation frequency between the two clusters. As somatic mutations are the result of multiple mutation processes, including DNA repair defects, and exposure to exogenous or endogenous mutagens, different mutation processes contribute to different combinations of mutation types or characteristics. To comprehensively characterize the landscape of genomic features, we identified five mutational signatures for the two HCC subtypes (Figure S8). C > A_DNA_Repair and DNA_MMR_Deficiency predominated in Cluster 1 (Figure 5D), whereas Smoking and DNA_MMR_Deficiency were the main patterns in Cluster 2 (Figure 5E).




Figure 5 | Somatic mutations, mutational signatures, and related signaling pathways for the TTK patterns. (A, B) Waterfall plots revealing the somatic mutation distributions of the 25 genes with the highest mutation frequencies in Cluster 1 (A) and Cluster 2 (B). (C) Forest plot showing differentially mutated genes in the two clusters. (D, E) Upper panel, Bayesian NMF was used to identify five mutational signatures in Cluster 1 (D) and Cluster 2 (E). The y-axis shows the number of mutations of each type in each specific sequence. The middle and lower panels show the total number of mutations associated with five mutational signatures (middle) and relative proportion of mutation types (lower panels) in each TTK pattern. (F, G) Differences in signaling pathways involved in patterns of TTK based on gene sets related to stromal-activated pathways and oncogenic signaling cascades. The upper and lower ends of the boxes indicate the interquartile range. Lines in the boxes represent median values, and black dots show outliers. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, no statistical significance.



We selected several markers of the stromal TME for a ssGSEA and found that the score for DNA damage response was significantly higher for Cluster 1 than for Cluster 2, whereas the scores for angiogenesis and epithelial interstitial transformation were significantly higher for Cluster 2 than for Cluster 1 (Figure 5F). To confirm these results, we calculated the stromal score as well as the ESTIMATE score for cases in TCGA-LIHC using the ESTIMATE algorithm and found significant differences between the two TTK types (Figures S9A, B). Moreover, there were significant differences in the stromal and ESTIMATE scores among the four metabolic subtypes (Figures S9C, D). Based on the differences in expression patterns and mutation frequencies between the two clusters, we selected genes involved in oncogenic pathways from the MsigDB and KEGG databases for a ssGSEA and found that only the receptor tyrosine kinase (RTK)-RAS pathway differed significantly between the groups (Figure 5G). Thus, RTK-RAS is the main pathway mediating the TTK patterns.



Establishment of the TCscore to Predict the TTK Type in Patients With HCC

We developed a scoring system, referred to as the TCscore, to quantify TTK patterns based on the expression levels of the above 18 GSTTKs from TCGA-LIHC. A Spearman correlation analysis of the TCscore, stromal pathway score, and oncogenic pathway score revealed relationships between the TCscore and intertumoral or tumor microenvironment signaling pathways (Figure S9E). Most variables were negatively correlated with TCscore, but angiogenesis was most strongly related. TCscore were calculated for patients in the ICGC-LIRI-JP cohort using the formula applied to the TCGA-LIHC cohort to validate the prognostic ability of the GSTTKs signature. The sensitivity and specificity of the TCscore was assessed through time-dependent ROC analysis. The AUC values were 0.724 in TCGA-LIHC cohort (training set) and 0.729 in ICGC-LIRI-JP cohort (testing set), respectively (Figures 6A, B). A best threshold value of 0.738 was further selected for classification and Kaplan–Meier and cox regression analysis was performed after classification. Kaplan–Meier curves for OS were plotted according to the optimal cutoff value for TCscore for cases from TCGA-LIHC (p < 0.0001, Figure 6C) and ICGC-LIRI-JP (p < 0.0001, Figure 6E). Patients with high TCscore showed a relative shorter survival time than that of patients with low TCscore. The univariate (Figure S10) and multivariate cox regression analyses suggested that the TCscore is an independent prognostic factor for patients with HCC in TCGA-LIHC (p < 0.0001, hazard ratio (HR) = 1.910, 95% confidence interval (CI): 1.470–2.482, Figure 6D) and ICGC-LIRI-JP (p < 0.0001, HR = 2.136, 95% CI: 1.458–3.129, Figure 6F).




Figure 6 | Development of the TCscore based on GSTTKs for the detection of TTK patterns. (A, B) time-dependent ROC analysis shows sensitivity and specificity of TCscore in TCGA-LIHC cohort (training set) and ICGC-LIRI-JP cohort (testing set). (C–F) evaluation of prognosis for overall survival based on TCscore for cases from the (C) TCGA-LIHC cohort and (E) ICGC-LIRI-JP cohort. Multivariate Cox regression analyses were performed for patients with HCC from the (D) TCGA-LIHC cohort and (F) ICGC-LIRI-JP cohort. (G) Box plots show the correlation between TIDE score and TCscore in HCC. (H) A Spearman correlation analysis indicated that the TCscore is positively related to the TIDE score. (I–M) Response to four common chemotherapeutics for high and low TCscore in HCC. *p < 0.05; ***p < 0.001; ****p < 0.0001; ns, no statistical significance.



We combined the TCscore with other factors, including the mutation status of known oncogenes (e.g., TP53, ARID1A, AXIN1, CTNNB1, and TTN) and clinical characteristics (e.g., history of alcoholism, hepatitis B or C virus infection, expression of PDCD1, and tumor mutation burden), and plotted the Kaplan–Meier survival curves based on these parameters for cases from the TCGA database (Figure S11). When we also investigated the relationships between the TCscore and clinicopathological characteristics, we found significant correlations of the TCscore with survival, sex, T stage, grade, clinical stage, and TP53 and CTNNB1 mutation statuses (Figure S12). To assess the predictive value of the TCscore in immunotherapy, we used the TIDE algorithm to evaluate the associations with the treatment response and found that the differences in the TIDE score in view of the TCscore were similar to the TTK patterns (Figure 6G). A Spearman correlation analysis showed that the TCscore was negatively correlated with CAF cell (r = -0.4) and positively correlated with MDSC (r = 0.68, Figure 6H).

Using drug information from the GDSC database to calculate the half-maximal inhibitory concentration (IC50) values of common chemotherapeutics for HCC, we found that the IC50 value of sorafenib in the high TCscore group than in the low TCscore group (Figure 6I), whereas the IC50 values of four other drugs (doxorubicin, vinblastine, mitomycin, and cisplatin) showed the opposite pattern (Figures 6J–M), providing a basis for the selection of chemotherapy drugs when immunotherapy is combined with chemotherapy in clinical practice.




Discussion

Immunotherapy agents, such as anti-PD1, anti-PD-L1, and anti-CTLA4 antibodies, are increasingly being used in cancer treatment; however, only a subset of patients with HCC benefits from these therapies. Therefore, it is crucially important to characterize the organ-specific TME in HCC and to identify the patient population expected to respond to treatment.

We adopted GSTTKs identified by high-throughput experimental methods to subtype HCC and used unsupervised clustering analysis to further identify TTK patterns. Next, we performed an integrated analysis to evaluate differences in the TIME (e.g., the abundance of tumor-infiltrating cells, molecular markers of immune cells, and immunomodulatory gene expression) and metabolic features (e.g., glycolipid metabolism) between the TTK subtypes. In addition, we evaluated genetic variation, including somatic mutations, mutational signatures, and related signaling pathways, to explore the etiological drivers of the TTK patterns. Finally, we developed a scoring system, the TCscore, based on the TTK types and investigated its clinical and predictive value for the response to immunotherapy.

There is a close connection between immune infiltration and the response to immunotherapy; immune cell dysfunction facilitates the immunosuppressive status in tumors. In this study, we stratified patients with HCC into two stratified according to clinical data from TCGA and validated our findings in an Asian population using data from LIRI-JP in the ICGC. We found that Cluster 2 was dominated by immune cells mediating anti-tumor therapy and that patients in this cluster showed better survival than those in Cluster 1, which was enriched in some of the same immune cells. Chen et al. have reported that tumors with the immune-excluded phenotype also could show abundant infiltration of immune cells trapped in the stroma and excluded from the parenchyma. Conversely, tumors with the immune-inflamed phenotype had greater levels of immune cell infiltration and activation and a better response to immunotherapy (30). Thorsson et al. performed an immunogenomic analysis of cases of 33 cancer types in TCGA and found that HCC can be classified into two types: C3 (inflammatory) and C4 (lymphocyte-depleted) (6). The former type is characterized by the activation of Th1 and Th17 cells and low-to-moderate proliferation of tumor cells, whereas the latter type is characterized by the suppression of Th1 cells and a high response by M2 tumor-associated macrophages. In fact, some pro-inflammatory factors and effector cytokines are released by tumors with the immune-inflamed phenotype, and in some cases, PD-L1 is also expressed, indicating that patients with the immune-inflamed phenotype may show a clear response to immunotherapy (31–33).

We found that NR4A3 and RECQL4, which are involved in the regulation of immunity and metabolism, showed significant associations with most immune-infiltrating cells (34–37). NR4A3, a member of the steroid-thyroid hormone-retinoid receptor superfamily, acts as a transcriptional activator by binding to promoter regions to regulate gene expression (38). NR4A3 binds to NBRE to induce the expression of VCAM1 and ICAM1 and the adhesion of monocytes, resulting in a tumor necrosis factor-stimulating inflammatory response (39). Li et al. have suggested that NR4A3 regulates Treg differentiation and maintains the Treg/Th17 balance to improve the symptoms of immune thrombocytopenic purpura (40). Liu et al. have found that NR4A3 augments glucose uptake in insulin target cells by promoting the translocation of the glucose transporter SLC2A4 to the cell surface for glucose transport (41). Wang et al. have demonstrated that the suppression of NR4A3 promotes cell proliferation and disease progression in HCC (42). RECQL4 is a DNA helicase that modulates chromosome segregation. Wang et al. have revealed that cancer-related RECQL4 mutations stimulate abnormally high levels of mitochondrial DNA synthesis, resulting in disorders in mitochondrial metabolism. Kumari et al. have reported that RECQL4 localizes to the mitochondria and dysfunctions in mitochondrial RECQL4 promote aerobic glycolysis and invasive phenotypes in cells (43). The results of our bioinformatics analyses may guide further experimental studies of the functions and mechanisms of action of these genes (43).

Genes involved in glycolysis-cholesterol synthesis axis have been associated with immune infiltration and prognosis in ovarian, cervical, endometrial, breast, and pancreatic cancers, indicating that there is an interaction between the TME and tumor metabolism (24, 44, 45). Glucose deprivation attenuates the anti-tumor immune response triggered by Cytotoxic T Lymphocytes (CTLs) in glycolytic-dependent tumor cells, whereas checkpoint antagonists, such as anti-PD1 or anti PDL1 antibodies, provide glucose to CTLs by inhibiting glycolysis (46, 47). We hypothesized that this metabolic competition also contributes to TKK and identified four metabolic subtypes in HCC with differences in prognosis, tumor immune-infiltrating cells, GSTTKs expression, and the stromal score.

A recent study revealed that tumor mutations are correlated with the responsiveness or tolerance to immunotherapy (48). Comprehensive genomic analyses have indicated that mutation profiles, including the frequencies of TP53 and CTNNB1 mutations, which act as major oncogenic drivers, rather than drug targets in HCC, vary among subtypes (49). In this study, Cluster 1 was characterized by CTNNB1 mutations and the lymphocyte-depleted phenotype in the TME, suggesting that patients with CTNNB1 mutations may not be sensitive to immunotherapy. These results were in agreement with those reported by Pinyol et al. (50). Cluster 2 was characterized by a high frequency of TP53 mutations and the inflammatory phenotype in the TME, suggesting that patients with TP53 mutations may show favorable responses to immunotherapy. These results were consistent with the previous finding that TP53 mutations represent the tumor mutational burden in HCC and predict a longer survival time in patients receiving immunotherapy (51). Furthermore, this study revealed other significant indicators of the response to combination therapies. For instance, as EGFR and TSC2 mutations were detected in Clusters 1 and 2, immunotherapy combined with EGFR tyrosine kinase inhibitors (erlotinib or gefitinib) or mTOR inhibitors (sirolimus or everolimus) may be effective for individuals with characteristics of both subtypes.

We identified five mutational signatures in Clusters 1 and 2. Samples in Cluster 1 mainly exhibited two signatures: C > A_DNA_Repair and DNA_MMR_Deficiency, whereas samples in Cluster 2 displayed various signatures, such as Smoking and DNA_MMR_Deficiency. Baecker et al. have reported that tobacco smoking is a risk factor for HCC (52). The difference in DNA damage repair between Clusters 1 and 2 may explain why patients in Cluster 1 showed a worse response to immunotherapy. The mutation pattern in Cluster 1 may contribute to lymphocyte depletion in the TME and the response to immunotherapy. Additional studies are needed to verify these hypotheses.

The mitogen-activated protein kinase pathway and RTKs make up the RKT-RAS-ERK axis, which is crucial for the malignant behavior of common tumors (53). Akalu et al. have reported that TAM receptors, a subfamily of RTKs comprising three members (Tyro3, Axl, and Mer), are an emerging innate immune checkpoint for immune escape and that the inhibition of TAM signaling may promote T cell checkpoint blockade (54). Our results indicated that the RTK-RAS pathway may be the key signaling pathway mediating different TTK modes in HCC. This finding improves our understanding of the biological function and mechanisms of action of T cells in HCC.

We integrated transcriptome data and data for the 18 GSTTKs to establish a new independent quantitative marker, the TCscore, which could be used for individual evaluations of clinicopathological characteristics, sensitivity to chemotherapeutics, and survival outcomes.

This study had some shortcomings. The TTK patterns and TCscore were based on bioinformatics analyses and require validation in a clinical trial with a large sample size. Key GSTTKs and related pathways in TTK patterns, such as NR4A3, RECQL4, and RTK-RAS signaling, need to be experimentally validated in the future.



Conclusions

In summary, we identified two TTK patterns in HCC based on GSTTKs, providing insight into T cell activity in HCC. Additionally, we evaluated the mechanism underlying the TTK patterns, including characteristics of the TME, metabolic processes, and multi-omics properties. Finally, the newly developed TCscore, a composite reflection of the TTK patterns of individual tumors, is expected to improve our understanding of the TME and genomic features and to be useful for guiding immunotherapy and combination therapy strategies.
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Supplementary Figure 1 | Identification of GSTTKs and survey of mutations in these genes in HCC. (A) Heatmap displaying 92 GSTTKs differentially expressed in HCC. (B) Cellular signaling pathways enriched in mutated genes in HCC. (C) Co-occurrence of mutations in pairs of GSTTKs.

Supplementary Figure 2 | Patterns of TTK in HCC. (A–C) Qualitative classification by unsupervised clustering based on 18 GSTTKs in cases from the LIRI-JP dataset in the ICGC followed by PCA and tSNE analyses. (D–F) Qualitative classification by unsupervised clustering based on 18 GSTTKs in cases from the GSE76427 dataset followed by PCA and tSNE analyses. (G). Expression of the 18 GSTTKs in the two TTK patterns in TCGA-LIHC cohort.

Supplementary Figure 3 | Immunomodulator biomarkers and involvement in patterns of TTK in HCC. (A, B) Heatmaps suggested that signatures of (A) nine tumor-associated immune cells and (B) immunomodulators as well as immune checkpoints were differently expressed between the two patterns. *p < 0.05; **p < 0.01; ***p < 0.001.

Supplementary Figure 4 | Eighteen GSTTKs are related to tumor immune cell infiltration. (A–C) Correlations among 18 GSTTKs and tumor-infiltrating immune cells were studied (A). The expression levels of (B) NR4A3 and (C) RECQL4 were positively associated with various immune cells. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Supplementary Figure 5 | Enrichment analysis indicates a difference in metabolic status between the TTK patterns. A, B. (A) ORA and (B) GSEA revealed differences in metabolic processes between the TTK patterns.

Supplementary Figure 6 | Re-clustering of patients according to the glycolipid metabolism patterns in HCC. (A) The TCGA-LIHC cohort was re-clustered according to both glycolytic and cholesterogenic genes. (B) PCA suggested satisfactory separation among four metabolic patterns. (C) A heatmap shows glycolytic and cholesterogenic genes expressed in the four subgroups.

Supplementary Figure 7 | Tumor immune microenvironment differed among the four metabolic subgroups. (A) Eighteen GSTTKs were generally differentially expressed among the four metabolic subtypes. (B) Most tumor immune cells showed differential infiltration among the four metabolic subtypes. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

Supplementary Figure 8 | Comprehensive genomic analyses revealed distinct mutational signatures between the TTK patterns. (A, C) Bayesian non-negative matrix factorization was used to determine the optimal number of mutational signatures. (B, D) Based on 30 mutation features summarized in the COSMIC database, five signatures for the two clusters were annotated.

Supplementary Figure 9 | Investigation of the stromal TME in HCC. (A–D) The stromal tumor microenvironments (A, B) for the two clusters and (C, D) four metabolic subtypes were assessed based on the stromal score and ESTIMATE score. e A Spearman correlation analysis was performed to evaluate relationships among the TCscore, stromal pathway score, and oncogenic pathway score.

Supplementary Figure 10 | The TCscore predicts prognoses in HCC. (A, B) Univariate cox regression analysis suggests that the TCscore is associated with a poor prognosis in patients in the TCGA (A) and ICGC (B) datasets.

Supplementary Figure 11 | Survival analysis using the TCscore combined with other factors. (A–J). Kaplan–Meier survival analyses were performed based on the TCscore plus the following factors: mutation statuses of (A) TP53, (B) ARID1A, (C) AXIN1, (D) CTNNB1, and (E) TTN, (F) history of alcoholism, (G) hepatitis B virus infection, (H) hepatitis C virus infection, (I) PDCD1 expression, and (J) tumor mutation burden.

Supplementary Figure 12 | The TCscore was related to clinicopathological characteristics of patients with HCC. (A–G) Relationships between the TCscore and clinicopathological characteristics, such as (A) survival status, (B) gender, (C) TP53 mutations, (D) CTNNB mutations, (E) T stage, (F) grade, and (G) TNM stage, were investigated.
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With programmed death 1/ligand 1 (PD-1/PD-L1) as the cornerstone, anti-PD antibodies have pioneered revolutionary immunotherapies for malignancies. But most patients struggled to respond to anti-PD owing to primary or acquired resistance or even hyperprogression, pointing to more efforts needed to explore this axis. PD-1 constrains T-cell immunoreactivity via engaging with PD-L1 of tumor/myeloid cells is the canonical PD-1/PD-L1 axis function mode. Studies are increasingly aware of the impact of noncanonical PD-1/PD-L1 expression in various cancers. PD-L1 induced on activated T-cells ligates to PD-1 to mediate self-tolerance or acts on intratumoral myeloid cells and other T-cells, affecting their survival, differentiation and immunophenotyping, leading to tumor immunosuppression. Myeloid PD-1 interferes with their proliferation, differentiation, cytokine secretion and phagocytosis, mediating remarkable pro-tumor effects. Tumor cell intrinsic PD-1 signaling has diverse functions in different tumors, resulting in pro-proliferation or proliferation inhibition. These nonclassical PD-1/PD-L1 functions may be novel anti-PD mechanisms or causes of treatment resistance. This review highlights the nonnegligible role of T-cell-intrinsic PD-L1 and tumor/myeloid PD-1 in the cell interplay network and the complex impact on the efficacy of anti-PD antibodies. Reconsidering and rational utilization of the comprehensive PD-1/PD-L1 axis could cumulate breakthroughs in precision treatment and combination for anti-PD therapies.
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Introduction

Programmed death-1 (PD-1) was discovered in 1992 as an apoptosis-associated gene (1). Subsequent studies identified PD-1 as a negative regulatory immune molecule to maintain self-tolerance, containing cytoplasmic immunoreceptor tyrosine-based inhibitory motif (ITIM) and switch motif (ITSM), and predominantly expressed in T/B-lymphocytes (2–5). Programmed death ligand 1 (PD-L1) was discovered in 1999 as a novel member of the B7 family (6). In 2000, PD-L1 was found to be a ligand for PD-1, which inhibits T-cell proliferation (7). Later studies revealed that PD-L1, abundantly expressed on tumor and myeloid cells, induces T-cell apoptosis and immunosuppression to achieve tumor escape, and is a potential tumor therapeutic target (8–10).

Since 2012, numerous clinical reports (11–19) have shown the unprecedented efficacy of anti-PD antibodies for the treatment of metastatic bladder cancer, renal-cell cancer, colorectal cancer (CRC), non–small-cell lung cancer (NCSLC), and melanoma, etc. Frustratingly, durable responses to PD-1/PD-L1 antibodies are only achieved in about 10-40% of patients, with the majority not benefiting (20). In parallel to the necessity to address resistance and hyperprogression, immune-related adverse events cannot be neglected (21, 22), emphasizing in-depth investigation of the physiological-pathological functions and regulatory mechanisms of the PD-1/PD-L1 axis is paramount.

This review focuses on significant advances in the nonclassical PD-1/PD-L1 axis, summarizes and discusses the roles of T-cell-intrinsic PD-L1 and myeloid/tumor cell-intrinsic PD-1 in cancer progression and the complex implications for anti-PD efficacy, hoping to inspire more rational anti-PD drug design and combination strategies.



Classical Expression and Location of PD-1/PD-L1

Generally, the PD-1/PD-L1 axis is involved in tumor immune escape via antigen-presenting cell (APC) or tumor cell surface PD-L1 mediating suppression of PD-1+ CD8+ T-cells and blocking PD-1/PD-L1 ligation can reinvigorate anti-tumor adaptive immunity (20, 23). The classical PD-1/PD-L1 axis is the main attraction for drug development.


PD-1 on T-Cells

Earlier studies concluded that PD-1 was mainly expressed on thymic and splenic T-cells (3, 24, 25) and that PD-1 ligation on CD8+ T-cells inhibits naive-to-effector differentiation, cytotoxicity, proliferation, and survival during chronic infections and tumor progression (26–32). PD-1/PD-L1 blockade rescues CD8+ T-cells from exhaustion or dysfunction (26, 29, 32). Increased PD-1+ CD8+ T-cells are positively correlated with anti-PD responses (33, 34). Notably, PD-1 expression does not necessarily determine T-cell exhaustion (35). Partial PD-1 intermediate T-cells maintain proliferation and interferon-γ (IFN-γ)/tumor necrosis factor-α (TNF-α) secretion and show well potential for anti-PD reinvigoration (36, 37). PD-1 signaling also affects other T-cell subsets. PD-L1 engagement on CD4+ T-cells affects cytokine secretion and induces differentiation into regulatory T-cells (Tregs) (38–40). Follicular helper T-cells, natural killer T-cells (NKT) and γδ T-cells also reduce antitumor activity or exert regulatory functions due to PD-1 function (41–45). Recent advances demonstrated that PD-1 ligation also regulates the metabolic reprogramming and migration of T-cells (45–47).



PD-L1 on Tumor Cells and Myeloid Cells

PD-L1, abundantly expressed on tumor or myeloid cells, engages on antitumor T-cells to accelerate their apoptosis and malfunction (8, 10). Anti-PD-L1 antibodies are effective in reversing the tumor immunosuppression microenvironment (9, 10). The contribution of host and tumor PD-L1 to the efficacy of anti-PD blockade remains controversial. Recently, researchers suggested that PD-L1 of host myeloid cells mainly determines the efficacy of PD-L1 antibodies (48–51). Tumor cell-derived PD-L1 exosomes were also shown to inhibit the anticancer activity of T-lymphocytes (52). Additionally, complicated membranal protein interactions and intracellular signaling of PD-L1 were revealed, suggesting there are multiple unresolved gaps in PD-L1 function. The cis-CD80/PD-L1 interactions on APCs impede PD-L1/PD-1 and CD80/cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4) inhibitory signaling but do not affect CD28 co-stimulatory signaling (53, 54). Ongoing studies have indicated that PD-L1 as a receptor could transmit signals and impact the anti-apoptosis, chemotaxis, neoantigen presentation, and glycolysis of tumor cells or APCs (55–59). Moreover, cytoplasmic or nuclear translocation of PD-L1 could modulate genomic stability, DNA damage response, pyroptosis, and gene transcription of tumor cells (60–63).




PD-L1 Expressed on T Cells

Although the T-cells-intrinsic-PD-L1 has been insufficiently studied, in fact, as early as when PD-L1 was identified, Lieping Chen’s team already found that although PD-L1 was not expressed in freshly isolated human and mouse T-cells, but could be upregulated in activated T-cells (6, 64), especially in CD4+ T-cells and CD45RO+ memory T-cells (65). They also found that autoantibodies against PD-L1 in rheumatoid arthritis patients acted on primary CD4+ T-cells to promote apoptosis of activated CD4+ T-cells in an interleukin-10 (IL-10)-dependent manner. Subsequently, via PD-L1-deficient mice, researchers found that PD-L1 depleting led to increased CD4+ T-cell cytokine production, increased CD8+ T-cell expansion and cytotoxicity, and increased intrahepatic accumulation and survival of CD8+ T-cells, as well as impaired autoimmune tolerance (25, 66, 67). Su-Kil Seo et al. reported that T-cell-associated PD-L1 interacted with PD-1 on T-cells via the alloreactive T–T interaction, resulting in reduced T-cell proliferation and IFN-γ and IL-2 production (68). And Nuriban Valero-Pacheco et al. observed that PD-L1+ CD8+ T-cells were related to a lower T-cell proportion in patients infected with the H1N1 virus (69). These early findings revealed that PD-L1 was expressed on activated T cells and may also act as a receptor to receive signals that affect T-cell activation and self-tolerance maintenance.

Nonetheless, several researches conducted during the same period discussed that T-cell-intrinsic-PD-L1 functions appeared to contradict the preceding conclusions. Oezcan Talay et al. demonstrated that activation and proliferation of PD-L1-/- CD8+ T-cells in the initial phase against influenza virus was impaired and that PD-L1 expressed on naive T-cells was required for T-cell-mediated dendritic cell (DC) maturation (70). Seung-Joo Lee and colleagues also found a significant increase in PD-L1 on CD4+ T-cells during Salmonella infection and that PD-L1-deficiency did not affect specific antibody production and CD4+ T-cell expansion but affected CD4+ T-cell maturation and function (71). For anti-tumor immunity, Vesna Pulko et al. found that PD-L1 upregulation on primed T-cells helped effector T-cells survive the contraction phase, but anti-PD-L1 hindered T-cell survival (72). Their results also showed that PD-L1-deficient CD8+ T-cells were more sensitive to cytotoxicity, whereas adoptive PD-L1-deficient T-cell therapy was ineffective in restraining the growth of B16-OVA tumors. According to Asim Saha et al., upregulated PD-L1 expression in donor T-cells promoted graft-versus-host responses (73). PD-L1-deficient T-cells had fewer gut homing receptors, produced fewer inflammatory cytokines, enhanced apoptosis and multiple bioenergetic pathways.

Additional studies have reported puzzling roles for anti-PD-L1 antibodies in antitumor, anti-infection and anti-autoimmune diseases (74–77). For example, two publications found that Listeria infection enhanced T-cell PD-L1 expression, whereas PD-L1 antibody blockade selectively obstructed the anti-intracellular bacterial responses of CD8+ T-cells (75, 76). Notably, partial anti-PD-L1 antibodies caused apoptosis of PD-L1+ T-cells, even PD-1-knockout T-cells, by activating p38 MAPK, and that such antibodies failed to suppress B16-OVA and RENCA tumor growth in vivo (77). And these PD-L1+ T-cells inhibited the apoptosis of activated CD8+ T-cells via altering phosphorylation of p38 MAPK through intracellular interactions with DNA-PK. These results have sparked a debate about whether T-cell-intrinsic PD-L1 regulates the immune system positively or negatively. Researchers are reminded to focus on the complexity of T-cell-intrinsic PD-L1 function, where the different phases of immune responses, immune cell crosstalks, unexpected protein interactions, and specific anti-PD-L1 functions all require careful exploration.

In recent years, important progresses have been made regarding the expression pattern and immunomodulatory function of T-cell-intrinsic PD-L1 (Figure 1). Donnele Daley and colleagues found that PD-L1 expression switched positive in approximately 50% of γδ T-cells in human and murine pancreatic ductal adenocarcinoma (PDA), and that blocking PD-L1 in γδ T-cells enhanced activation and infiltration of CD4+ and CD8+ T-cells (78). Subsequently, Brian Diskin et al. used extensive experiments to elucidate the regulatory role and mechanisms of T-cell-intrinsic PD-L1 in PDA tumors (79). They detected that PD-L1 was expressed on >50% of intratumoral T-cells in the orthotopic PDA model and increased with progressive oncogenesis. And 63% of T-cells in B16 tumors and 17% of T-cells in MCA38 tumors also expressed PD-L1. Intriguingly, the highest PD-L1 expression in human PDA was found in T-cells, rather than in tumor cells or macrophages as commonly thought. Based on the fact that conditional ablation of PD-L1 in T-cells promoted adaptive anti-tumor responses and activated macrophages, they elucidated that PD-L1+ T-cells reinforce an immune tolerant environment to accelerate carcinogenesis through three ways: (1) PD-L1 engagement on T-cells inhibits Th1 differentiation but promotes Th17 differentiation via a STAT3-dependent manner, while inducing an anergic phenotype in CD8+ T-cells (2) PD-L1+ T-cells deliver inhibitory signals to PD-1+ T-cells; (3) PD-L1+ T-cells engage PD-1+ macrophages to promote M2-preference differentiation. Giorgia Fanelli et al. proved that PD-L1 ligation accompanied by CD3/TCR stimulation tended to transform memory T-cells but not naive T-cells into highly suppressive Tregs by triggering the PD-L1 intracellular pathway as reducing ERK phosphorylation and decreasing AKT/mTOR/S6 signaling (80). And Fabienne Mazerolles et al. suggested that T-cell proliferation was correlated with the PD-L1 expression of activated naive CD4+ effector T-cells regulated by DCs and Tregs (81). Thus, T-cells-intrinsic PD-L1 has bidirectional signaling that affects CD4+ T-cell and macrophage differentiation and attenuates cytotoxic T-cell effects to drive immune tolerance.




Figure 1 | Negative regulation of anti-tumor immune responses by T-cell intrinsic PD-L1. (1) Tumor-infiltrating PD-L1+ T-cells act on intratumoral PD-1+ macrophages to induce M2 polarization. M2 can promote tumor progression. (2) PD-1+ cells act on PD-L1+ T-cells to limit the differentiation of Th1 and Th2 and promote the differentiation of Th17 and Tregs, leading to an increase in pro-tumor immunosuppressive factors such as IL-10, IL-17 and TGF-β. (3) PD-L1+ T-cells and PD-1+ T-cells achieve bidirectional signaling through PD-1/PD-L1 interactions, resulting in bidirectional immunosuppression: inhibition of CD4+ T-cells activation, expansion and cytokine secretion; inhibition of CD8+ T-cells activation, expansion and cytotoxicity. PD-L1+ γδ T-cells suppress the activation, intratumoural infiltration and antitumor activity of αβ T-cells via the PD-L1/PD-1 axis.



In addition, numerous evidences have shown peripheral or tumor-infiltrating PD-L1+ T-cell levels have the potential to be served as clinical indicators. Two papers reported that melanoma patients had greater PD-L1+ circulating T-cell levels than healthy volunteers, and PD-L1+ CD8+ T-cells were raised in disease relapsed or disease-related dead patients (82, 83). Furthermore, PD-L1+ circulating CD4+/CD8+ T-cells may be a predictive biomarker for anti-CTLA-4 therapy resistance. Bruktawit A. Goshu et al. demonstrated that anti-PD-L1 (Avelumab) targeting PD-L1+ HIVGag-specific-CD8+ T-cells combined with rhIL-15 enhanced CD8+ T-cell activity during HIV infection (84). Xia Li et al. identified dynamic fluctuations in PD-L1 on CD4+/CD8+ T-cells around the partial mission phase of type 1 diabetes and suggested PD-L1 may be a potential target for prolonging this phase (85). Several analyses (86–91) of patient samples involving ovarian cancer, NSCLC, and chronic lymphocytic leukemia (CLL) suggested an association between low circulating or infiltrating PD-L1+ CD8+ T-cells and prolonged survival, but high PD-L1+ CD8+ T-cell levels predicted a better anti-PD-1/PD-L1 therapy response. Among them, Libin Zhang et al. used a cohort of 378 NSCLC cases to speculate that CD8+ PD-L1+ TILs might indicate a hot but immunosuppressive tumor microenvironment with a high mutation burden (90). Nikolaos Ioannou et al. found that avadomide, via triggering IFN signaling in T-cells to increase PD-L1 expression on T cells, reprogramed patients’ T-cells, which complements PD-L1/PD-1 blockade (91).



Tumor Cell-Intrinsic PD-1

Given the predominant biofunction of PD-1 on T-lymphocytes, T-cell-extrinsic PD-1 has been largely neglected. Yet persistent studies focusing on the non-classical PD-1 are shedding further light on previously incomprehensible biological and clinical phenomena. Currently, PD-1 has been identified to be expressed on various clinical tumor cells or tumor cell lines of CRC, melanoma, hepatocellular carcinoma (HCC), NSCLC and PDA (92–102). However, the ramifications of tumor cell-intrinsic PD-1 on oncogenesis have sparked much controversy.

For most oncological diseases, tumor cell-intrinsic PD-1 augmented cancer advancement independently of adaptive immunity (Figure 2A). Sonja Kleffel and colleagues earlier identified that preferential expression of PD-1 by ABCB5+-melanoma cells mediated increased tumorigenic capacity (94). Then they noticed that 3.5% to 16.5% of clinical melanoma cells expressed PD-1, and PD-1 positive frequencies ranged from 11.3% to 29.5% in eight human melanoma cell lines and from 6.6% to 9.4% in two murine melanoma cell lines (95). Through PD-1 knockdown/overexpressing B16 phenotype in NSG, they determined tumor PD-1 on B16 promoted tumorigenesis independently of immunity. By mutating the tyrosine sites of ITIM and ITSM, it was determined that melanoma-PD-1-driven tumorigenesis required the interactions between melanoma-PD-1 and host/melanoma-PD-L1 to initiate the PD-1 intracellular signaling via the mTOR pathway. Hui Li et al. later reported that five HCC cell lines and clinical HCC tissues contained subpopulations upregulating PD-1 (96). PD-1 interacted with and promoted phosphorylation of the mTOR effectors eIF4E and S6 to enhance tumor growth. Ning Pu et al. believed that PD-1 of PDA cells promoted tumor growth and apoptotic resistance via PD-L1 ligation and Hippo signaling (99).




Figure 2 | Impact of tumor and myeloid cell-intrinsic PD-1 on tumor progression. (A) The effect of tumor cell-intrinsic PD-1 on melanoma, liver cancer, and other malignancies. PD-L1 expressed by tumor cells or other cells acts on PD-1+ tumor cells to mediate PD-1 signaling in tumor cells via ITIM and ITSM. The Hippo pathway and phosphorylation of mTOR downstream effector molecules eIF4E and S6 can enhance tumor-promoting gene transcription and protein expression. Anti-PD antibodies can block the PD-1/PD L1-mediated tumor promotion independent of adaptive immunity. (B) The role of tumor cell-intrinsic PD-1 in lung cancer. PD-L1 expressed by tumor cells or other cells acts on PD-1+ tumor cells to suppress tumor growth by dampening AKT and ERK signaling. Acetylation of p53 promotes gene transcription of PD-1. Anti-PD antibodies block PD-1/PD-L1-mediated tumor suppression, leading to hyperprogression in immunocompromised patients. (C) Effects of myeloid PD-1 on cell development, differentiation and function. (1) PD-1 expression promotes common myeloid progenitors (CMP) differentiation into granulocyte/macrophage progenitors (GMP), leading to increased MDSCs in granulocyte lineages and suppressing the activity of anti-tumor CD8+ T-cells. (2) PD-1 suppresses M1 polarization by reducing STAT1 and NF-κB phosphorylation and promoted M2 polarization by increasing STAT6 phosphorylation. (3) PD-1 suppresses DC maturation, survival and co-stimulatory molecules expression, consequently downregulating antigen-specific T-cell activity.



These teams also showed that blocking PD-1 inhibited the growth of xenografts in immunodeficient mice, and innovative combination strategies have been proposed and practiced (95, 96, 99). Li Hui et al. tried mTOR inhibitors in combination with anti-PD-1 to accomplish more durable and synergistic tumor regression (96). Ning Pu et al. found that Hippo pathway inhibitors together with anti-PD-1 treatment showed remarkable tumor eradication (99). Besides, the two teams highlighted that tumor cell PD-1 levels were positively correlated with poorer prognosis, further underlining the clinical value of tumor PD-1.

Nevertheless, tumor cell-intrinsic PD-1 has been found to depress malignancies in several lung cancer studies (Figure 2B). Shisuo Du et al. described a NSCLC patient with hyperprogression after palliative radiotherapy and pembrolizumab treatment, and tumor biopsy found PD-1 positive NSCLC cells (97). Increased viability of PD-1+-NSCLC cells M109 following PD-1 blockade was measured in vitro. Anti-PD-1 could significantly promote M109 growth in NSG. Yunlong Zhao et al. reported that PD-1 and PD-L1 were co-expressed in NSCLC subpopulations (98). They found that co-expressed PD-1 bound to PD-L1 in cis and inhibited PD-L1 to bind T-cell-PD-1 in trans to repress canonical PD-1/PD-L1 signaling. Selective blockade of tumor-intrinsic PD-1 could release tumor PD-1 to inhibit T-cell function. Xiaodong Wang et al. identified four lung cancer cell lines and 2/7 NSCLC patients expressing PD-1 protein (100). They demonstrated that in an immune-free condition, knockdown/overexpression of PD-1 in tumor cells altered AKT and ERK1/2 phosphorylation dependent on PD-L1, while Nivolumab and Pembrolizumab administration activated AKT and ERK1/2 signaling to promote the growth of PD-1+ lung cancer cells and even colon cancer cells. This suggests that the anti-tumor function of PD-1 may not be confined to NSCLC. Zhijie Cao et al. unexpectedly identified that the acetylated p53 preferentially recruited the transcriptional co-activator p300/CBP/TIP60 to the promoter region of PD-1 and elevated the accessibility of PD-1 transcription by upregulating the local histones H3K18/27 and H4K16 acetylation (101). PD-1 in cancer cells inhibited NSCLC (H1299) tumor growth, whereas interference with PD-1 transcriptional activation significantly attenuated the p53-dependent tumor suppression, confirming the materiality of the p53-PD-1 axis. These findings imply that anti-PD-1 for PD-1+ NSCLC patients may result in tumor hyperprogression. However, a recent study has suggested that PD-1 expression in lung cancer cell lines (A549, H1975, H1299 and HCC827) can enhance their proliferation and clone formation (102). Therefore, the multifaceted effects of PD-1 on NSCLC still need further research and debate.



Myeloid Cell-Intrinsic PD-1

Soon after PD-1 was identified, Tasuku Honjo’s team noted that PD-1 was also expressed on myeloid cells (103). Studies have confirmed that PD-1 is expressed on monocytes (104–106), macrophages (79, 107–113), DCs (114–119) and myeloid-derived suppressor cells (MDSCs) (120). Myeloid-PD-1 was markedly upregulated during infections, tumor progression, organ injury and compound induction. Researchers have found that toll-like receptor (TLR) agonists, NOD-like receptor agonists, cytokines, and growth factors all augmented myeloid-PD-1 expression dependent on NF-κB and STAT3, etc. Alexander P. R. Bally and colleagues revealed an NF-κB binding site located in conserved region C upstream of PDCD1 was required for NF-κB-dependent macrophages PD-1 induction (109). Sorim Nam et al. also noticed that PD-1 of MDSCs was regulated by the NK-κB signaling (120). Purushottam Lamichhane et al. found that IL-10 mediated increase in PD-1 of DCs was STAT3 dependent (119). Besides, histone modifications in the PD-1 promoter region are also involved in myeloid-PD-1 induction (109, 112). However, controversy remains in these studies. For example, Sheng Yao et al. reported that PD-1 of spleen DCs was inhibited by TLR9 agonists but not affected by IL-6 and TNF-α (114), but Elias A Said et al. found that TLR9 agonists, IL-6 and TNF-α all promoted PD-1 upregulation in monocytes (104). The differential responses of inducers may be due to cell types and microenvironment, emphasizing that much work remains to be done to investigate the regulatory mechanisms of myeloid-PD-1.

PD-1 engagement affects the differentiation, maturation, survival, metabolism, and effects of myeloid cells (Figure 2C). Myeloid-PD-1 altered the balance of differentiation into monocyte and granulocyte cells (106). PD-1 suppressed M1 polarization by reducing STAT1 and NF-κB phosphorylation and promoted M2 polarization by increasing STAT6 phosphorylation (108, 110, 121). Classical phosphorylation of ITIM and ITSM of PD-1 and recruitment of SHP-2 remained upstream of these signals (110). But PD-1 on DCs suppressed antigen presentation via MHC I expression inhibition dependent on the NF-κB pathway but independent of SHP-2 (117). In addition to host/tumor cells PD-L1 acting on PD-1+ macrophages, T-cell PD-L1 ligation induced M2 differentiation (79). Notably, studies have observed that anti-PD-1 promoted M1 polarization, which may directly function on PD-1+ macrophages besides the indirect effect of PD-1+ T-cells (122–124). PD-1 ligation on myeloid cells hampered glycolysis and cholesterol metabolism (105, 106). In addition, PD-1-deficient DCs exhibited prolonged longevity dependent on increased MAPK1 and CD40 signaling, as well as maturation-promoting and increased cytokines and co-stimulatory molecules expression, consequently promoting antigen-specific T-cells activity (114–116, 118). Similar phenomena have been observed in monocytes/macrophages (104, 107).

Myeloid-PD-1 expression has been shown in ovarian cancer (115), melanoma (125), gastric cancer (121), NSCLC (98), pleural mesothelioma (112), etc, and generally increased with tumor progression. Tumor-infiltrating PD-1+ myeloid cells exhibited immunosuppressive phenotypes with upregulated of PD-L1 and IL-10 and could directly inhibit anti-tumor T-cells infiltration or effects via the PD-1/PD-L1 axis (115, 119). New mechanisms of myeloid-PD-1 involvement in tumor immunity have been unearthed in recent years. Sydney R. Gordon et al. found that tumor-associated macrophages (TAMs) PD-1 expression impeded phagocytic potency against tumor cells, and blockade of PD-1 increased phagocytosis and reduced oncogenesis dependent on macrophages (111). Yunlong Zhao et al. reported that co-expressed PD-1 bound to PD-L1 in cis on APCs to hinder PD-L1 acts on T-cell-intrinsic PD-1 in trans (98). The work of Laura Strauss et al. focused on how myeloid-PD-1 affected myeloid cell differentiation, metabolism and effects, particularly during cancer-driven emergency myelopoiesis (79). They discovered a significant reduction in granulocyte/macrophage progenitors (GMP) in PD-1-deficient mice, and myeloid cells of tumor-bearing mice were skewed toward the LY6C+ monocytic lineage, which was determined by myeloid-PD-1 deletion. PD-1 deficiency or blockade suppressed monocytic immunosuppressive functions. Myeloid-PD-1-knockout was superior to systemic PD-1-knockdout and T-cell PD-1 conditional knockout for tumor inhibition, even in MC38 tumors where T-cells PD-1 knockout functioned slightly but myeloid-PD-1 deletion completely inhibited MC38 growth. Notably, anti-PD-1 antibodies were still effective in mice lacking T-cells.

Thus, the role of myeloid-PD-1 in anti-PD-1 therapy is gaining attention, and several combination strategies have been proposed. Purushottam Lamichhane et al. found that DCs responded to PD-1 blockade by increasing IL-10 production (119). The combination of PD-1 and IL-10 blockade significantly reduced tumor burden. Hirotake Tsukamoto et al. found that blocking PD-1/PD-L1 prompted PD-1+ TAMs to produce IL-6. Depletion of macrophages in melanoma-bearing mice reduced the levels of IL-6 during PD-1/PD-L1 blockade, suggesting that IL-6-neutralizing antibodies are potential candidates for combination with anti-PD-1 antibodies (125). In addition, inhibition of EZH2 methyltransferase was found to promote PD-1 expression on macrophages, and the combination of EZH2 inhibitors and anti-PD-1 antibodies could achieve better anti-tumor efficacy (112).



Other Noncanonical PD-1/PD-L1 Expression

In addition to the above discussion, unacquainted PD-1/PD-L1 expression in other cell types also requires attention. Taking NK cells as an example, although less studied, available reports have supported that NK cells can express PD-1/PD-L1. PD-L1 engagement can inhibit PD-1+ NK cell-mediated antitumor responses (126, 127). Increased NK cell PD-1 expression is associated with tumor progression and poor prognosis in patients (128, 129). Anti-PD-1 treatment can promote NK cell activation, intratumoral recruitment, and anti-tumor cytotoxicity (130–132). Studies on PD-L1 in NK cells are much rarer. Existing results suggest that the TME can upregulate PD-L1 in NK cells (129, 133). PD-L1 inhibitors can not only block the inhibitory signal of PD-1, surprisingly, also directly activate PD-L1+ NK cells (133).

Furthermore, the expression of PD-1/PD-L1 in other non-immune cells may also affect the efficacy or safety of anti-PD therapy. For example, PD-1 was found to be expressed by primary sensory neurons in the dorsal root ganglion and to affect their signaling, and administration of anti-PD-1 antibodies to mice or non-human primates led to altered opioid-induced antinociception (134).



Discussion of Noncanonical PD-1/PD-L1 Axis Associated Therapy Strategies

Shifting the focus of anti-PD therapies from the classical PD-1/PD-L1 axis to noncanonical axis may provide opportunities to broaden the benefits of PD-1/PD-L1 blockade through rational drug design and combination based on the regulatory role of noncanonical PD-1/PD-L1 axis in tumorigenesis.

The involvement of T-cell intrinsic PD-L1 in immunosuppression is increasingly recognized as an additional mechanism for anti-PD-L1 efficacy. Considering several studies emphasized that many anti-PD-L1 antibodies could trigger apoptosis of PD-L1+ T-cells (72, 77), excluding such antibodies via T-cell apoptosis assays and using of Fc with weak effects are spurred. Besides, potential cis-interactions of PD-1/PD-L1 and CD80/PD-L1 on T-cells need to be investigated. They have been shown to contend with PD-1/PD-L1 and CD80/CTLA-4 trans-interactions (54, 98), so that anti-PD-1/PD-L1 antibodies alone lead to the release of inhibitory signals after breaking cis-interactions. Coadministration of anti-PD-1, anti-PD-L1 and anti-CTLA-4 antibodies or treatment of anti-PD-1/PD-L1/CTLA-4 trispecific antibodies may be candidate approaches to completely unleash innate and adaptive immunity to eradicate tumors, which also fits well with cancers with PD-1+ tumor or myeloid cells.

Intracellular signals of tumor-intrinsic PD-1 as accomplices of malignancies are candidate strategies for combination with anti-PD-1 antibodies, such as Hippo and mTOR pathways. Notably, PD-1 of tumor cells has been found to depress NSCLC tumor growth, and anti-PD-1 treatment may even lead to tumor hyperprogression. In general, anti-PD therapies result in significant activation of T-cells in patients to eliminate tumors. However, in immunocompromised patients with low initial activated T-cells, anti-PD antibodies administration could not normalize the intratumoral T-cells function, but may raise the pro-tumor signaling, thus leading to tumor hyperprogression (21). Therefore, for NSCLC or cancers with hyperprogression caused by immunotherapies, caution is needed for anti-PD-1/PD-L1 treatment. Combination with AKT and ERK1/2 inhibitors is an approach to contain the tumor-promoting signaling activated by anti-PD-1 antibodies (100), and combination with innate immune agonists can boost the antitumor responses of patients. Combining them may be a beneficial strategy for patients with hyperprogression.

For myeloid cells, increased secretion of IL-6/IL-10 induced by anti-PD-1 antibodies is also a potential target for combination to further repress the alternative inhibitory molecules (119, 125). In addition, the noncanonical expression of other checkpoint molecules such as lymphocyte activation gene-3 (LAG-3) (135, 136) and T cell immunoglobulin domain and mucin domain-3 (TIM-3) (137) on myeloid cells also needs attention and investigation, and combination with these checkpoint inhibitors holds promise for overcoming antitumor resistance.



Conclusion and Perspectives

In summary, the noncanonical PD-1/PD-L1, represented by T-cell-intrinsic PD-L1, tumor cell-intrinsic PD-1, and myeloid PD-1, exhibits unique protein interactions, signaling and cell crosstalk to regulate cell growth, differentiation, metabolism and effects dependently on immunity or not. But noncanonical signaling contributes to both anti-PD efficacy and resistance, and further studies are needed to resolve, balance, or even exploit these controversies for clinical applications of the noncanonical PD-1/PD-L1 axis. Integrating the classical and non-classical PD-1/PD-L1 axes and revisiting the role of the holistic PD-1/PD-L1 axis on tumor progression in specific cancer types and stages, improved therapeutic efficacy and safety of anti-PD therapies will be achieved through rational drug design and combination.
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Introduction

Immunotherapy with programmed death-1 (PD-1) inhibitors has emerged as frontline option in patients with advanced or metastatic gastric cancer. However, two-thirds of patients who received PD-1 inhibitors treatment still had disease progression in 1 year. Subsequent treatment strategies as salvage options always lead to limited efficacy.



Case Description

Herein, we presented a case of recurrent metastatic gastric adenocarcinoma that had progressed on first-line treatment with nivolumab, in which systematic inflammation parameters with neutrophil to lymphocyte ratio (NLR), lymphocyte to monocyte ratio (LMR), and platelet to lymphocyte ratio (PLR) were significantly changed by palliative radiotherapy on metastatic lymph nodes. The patient achieved persistent response to the re-challenge of immune checkpoint inhibitor, which resulted in survival time reaching 52 months, and is still in extension.



Conclusions

We supposed that the palliative radiotherapy may lead to the correction of NLR, LMR, and PLR and finally contribute to the efficacy of the re-challenge treatment by PD-1 inhibitor.
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Introduction

Gastric cancer constitutes a global health problem, with more than one million new cases and 768,000 deaths in 2020, making it the fifth most frequently diagnosed cancer and the third leading cause of cancer-related deaths all over the world (1, 2). Patients with gastric cancer always had a poor prognosis, since gastric cancer is generally diagnosed at an advanced or metastatic stage, with limited opportunity to receive radical operation. The median survival time for patients diagnosed with advanced or metastatic disease is <12 months (3, 4). It should be an urgent need to prolong the survival time in such patients.

Nivolumab, a fully human IgG4 monoclonal antibody inhibitor of programmed death-1, has emerged as the first one to show superior survival time, with a median overall survival time exceeding 1 year in the first-line setting for patients with non-HER2-positive gastric, gastroesophageal junction, or esophageal adenocarcinoma (5). However, 64% of patients who received nivolumab plus chemotherapy as first-line regimen still had disease progression in 1 year (5). Subsequent monotherapy with pembrolizumab, another immune checkpoint inhibitor, has failed to improve survival time compared with paclitaxel for advanced gastric or gastroesophageal junction cancer with PD-L1 CPS of 1 or higher (6). The current efficacy of further line treatment strategies could not satisfy clinical demand.

In most recent years, it is reported that the re-challenge of PD-1/PD-L1 inhibitors as further line treatment might still be effective in selective patients (7). However, few studies were conducted to investigate the specific profiting population, with the mechanism of re-challenge remaining to be explored. A recent retrospective pooled analysis demonstrated that high pretreatment neutrophil to lymphocyte ratio (NLR) was significantly associated with poorer progression-free survival time (PFS, HR = 1.44, 95% CI 1.26–1.65; p < 0.001) and overall survival time (OS, HR = 2.86, 95% CI 2.11–3.87; p < 0.001) compared with those with low pretreatment NLR in patients with non-small cell lung cancer (8). In addition, similar outcomes were also observed in metastatic melanoma and renal cell carcinoma (9, 10). Even so, a majority of publications focused on the relationship between pretreated level of systematic inflammation markers including NLR, lymphocyte to monocyte ratio (LMR), and platelet to lymphocyte ratio (PLR), and clinical outcomes. Few studies have been conducted to investigate the strategies to correct the level of NLR, LMR, and PLR, aiming to improve the clinical outcomes. Herein, we presented a case of recurrent metastatic gastric adenocarcinoma that had progressed on first-line treatment with nivolumab, in which systematic inflammation parameters with NLR, LMR, and PLR were changed by palliative radiotherapy on metastatic lymph nodes. The patient achieved persistent response to the re-challenge of immune checkpoint inhibitor, which resulted in survival time reaching 52 months, and is still in extension. We supposed that the palliative radiation may lead to the correction of NLR, LMR, and PLR and finally contributed to the persistent efficacy of the re-challenge treatment by PD-1 inhibitor.



Case Description

A 74-year-old Chinese man was admitted to our hospital on September 11, 2017 with repeated abdominal distension for 3 months. The patient denied smoking, alcohol, or any other medical or family history. Abdominal CT showed thickened gastric wall in the antrum and surrounded by enlarged lymph nodes (Figure 1A), along with multiple lesions in liver, suggesting metastasis (Figure 1B). Subsequently, the patient received gastroscopy examination, the results of which revealed a large ulcer (3.5 cm × 3.5 cm), with dirty surface and scattered bleeding spots (Figure 1C). Based on the biopsy findings by gastroscopy, the patient was diagnosed as having gastric adenocarcinoma, with metastasis on interstitial lymph nodes of the liver and stomach, and liver (Figure 1D). Immunohistochemistry outcomes were presented as CDX2 (positive), CK18 (positive), CK19 (positive), CEA (negative), CK20 (negative), and Her-2 (negative). Additionally, results of next-generation sequencing (NGS) using tissues revealed microsatellite stability (MSS), programmed cell death ligand-1 (PD-L1) negative, and low tumor mutation burden (TMB). His palliative therapy was started with regimen XELOX (oxaliplatin of 130 mg/m2 on day 1 and oral capecitabine of 1,000 mg/m2 twice a day, from day 1 to 14, every 21 days) combined with immune checkpoint inhibitor nivolumab on September 15, 2017. After three cycles’ exposure of the treatment strategy, the efficacy was evaluated as partial response (PR), with complete response (CR) for lesions on liver according to the criteria of Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. He finally completed six cycles of first-line treatment, with manageable toxicities, and subsequently received maintenance therapy with mono-nivolumab. However, after 2 months of maintenance, significantly elevated glutamic-pyruvic transaminase (ALT = 637 U/ml) was detected, which was considered as immunotherapy-related hepatitis. Based on that, maintenance therapy was terminated, but follow-up continued. On July 11, 2020, his regular abdomen CT showed re-enlargement and fused interstitial lymph nodes of the liver and stomach (Figure 2A1), suggesting progressive disease (PD). Metastatic lymph nodes invaded the portal and splenic veins (Figure 2B1). The symptom of abdominal distension appeared again, leading to performance status (PS) being degraded to 3. The patient refused any cytotoxic medication treatment but agreed to receive palliative medical care. After discussion by the multidisciplinary team including medical oncologist, surgical oncologist, radiation oncologist, and medical imaging doctors, intensity modulated radiotherapy (IMRT) on enlarged and fused interstitial lymph nodes of the liver and stomach was finally adopted as symptomatic care. Radiation schedule was set as 95% planning-gross target volume (P-GTV), with a total of 50 Gy for 25 times. The palliative radiation was started on August 11, 2020 and ended on September 19, 2020. Abdominal distension was relieved. Efficacy assessment for radiation was conducted by abdomen CT scan in October 2020 (Figures 2A2,B2), which suggested a stable disease (SD, by 16% regression for target lymph nodes). During the radiotherapy, we surprisingly detected a dynamic change in elevated level of LMR, accompanied with lowered level of NLR and PLR (Figure 3A), which suggested a potential response to systematic therapy with immune checkpoint inhibitor (11–14). In addition, we also observed a significant variation in the means of LMR, NLR, and mPLR (PLR/50) before radiotherapy (2 months before radiotherapy) and after radiotherapy (2 months from the beginning of radiotherapy), the results of which are presented in Figure 3B. Based on this, re-challenge treatment of PD-1 inhibitor was considered as consolidation therapy. However, due to the elevated ALT observed during the treatment of nivolumab, monotherapy of sintilimab, another PD-1 inhibitor, was prescribed as maintenance treatment from November 20, 2020. After 2 months treatment of sintilimab, repeat abdomen CT scan revealed a partial response (PR, by 64% regression for target lymph nodes; Figures 2A3, B3). The latest CT scan was performed on August 4, 2021, the results of which still suggested a continuous PR, with complete regression on portal vein and splenic vein (by 67% regression for target lymph nodes; Figures 2A5, B5). There was no treatment-related adverse event observed during the administration of sintilimab. The patient still received the regimen regularly, with overall survival time of 52 months. The variation in tumor size for target lymph nodes is presented in Table 1. It should be noticed that the main gastric tumor was presented as thickened gastric wall with ulceration. There was no clear boundary for the thickened gastric wall with ulceration, which caused difficulty in measurement. That was the reason why the enlarged and fused interstitial lymph nodes of the liver and stomach, rather than the main gastric tumor, were selected as target lesion. In addition, the timeline with relevant data during the treatment is presented in Table 2.




Figure 1 | Abdominal CT scans and gastroscopy findings at baseline. (A) Abdominal CT scans suggested thickened gastric wall in the antrum (red arrow for tumor). (B) Abdominal CT scans showed liver metastasis (red arrows for tumors). (C) Gastroscopy examinations revealed gastric ulcer. (D) Histological finding with hematoxylin and eosin–stained biopsy specimen from gastroscopy (400×).






Figure 2 | Abdominal CT presentations after recurrence (from July 11, 2020 to August 4, 2021, red arrows for tumors). (A1/B1) July 11, 2020. (A2/B2) October 22, 2020. (A3/B3) January 25, 2021. (A4/B4) April 6, 2021. (A5/B5) August 4, 2021.






Figure 3 | (A) The variations in ratios for LMR (lymphocyte to macrophages ratio), NLR (neutrophils to lymphocyte ratio), and mPLR (modified platelet to lymphocyte ratio, platelet to lymphocyte ratio/50) from July 3, 2020 (No. 1 at x-axis) to August 31, 2021 (No. 31 at x-axis). (B) The means of LMR, NLR, and mPLR before radiotherapy (2 months before radiotherapy) and after radiotherapy (2 months from the beginning of radiotherapy). *p = 0.016, **p = 0.037, ***p = 0.002.




Table 1 | Variations of enlarged lymph nodes size after recurrence according to RECIST version 1.1.




Table 2 | Timeline with relevant data during the treatment.





Discussion

We herein presented a case of recurrent metastatic gastric adenocarcinoma, in which systematic inflammation parameters with NLR, LMR, and PLR have been changed by palliative radiotherapy and has achieved persistent response to the re-challenge of immune checkpoint inhibitor, with survival time reaching 52 months, and is still in extension.

In recent years, systematic inflammation markers including NLR, LMR, and PLR have been reported as indicators of systematic response for cancer treatment strategies. High NLR and PLR and low LMR are supposed as markers of unspecific immune system activation, correlating significant poor clinical outcomes in various cancers including advanced gastric cancer patients (15), small cell lung cancer (16), colorectal cancers (17, 18), pancreatic cancer (19), and non-small cell lung cancers (8). However, in previous literatures, only internal factors including NLR, LMR, and PLR, which were evaluated before systematic treatment, had been adequately investigated. For patients with possible negative prognostic parameters (higher NLR, higher PLR, and lower LMR, without a standard range), few studies have been conducted to explore strategies to correct the unspecific immune system activation, such as lowering the level of NLR and PLR and improving the level of LMR. In recent decades, published literatures suggested a significant association between tumor response and treatment-related neutropenia and thrombocytopenia (20–22). In a pooled analysis, researchers performed a post-hoc analysis pooling data prospectively collected in six randomized phase III trials in non-small cell lung cancer. In multivariable overall survival (OS) analysis, chemotherapy-induced neutropenia (CIN) was significantly predictive of prognosis (hazard ratio of death, 0.71; 95%CI: 0.53–0.95) (22), which might be caused by the decline in NLR, as lymphocytes were little influenced by cytotoxic agents (23–25). In addition, NLR was also reported as a meaningful predictor of outcome in patients with extensive small-cell lung cancer who received radiation treatment (26). It was reported that radiotherapy also reduced the level of NLR, which may contribute to a longer survival time, even in patients with advanced or metastatic disease (27). Although the above clinical evidence reported a meaningful predictive value of NLR/LMR/PLR in practice, few basic experiments were conducted to investigate the intrinsic mechanism for the phenomenon. According to the varied data of NLR in the present case, we detected that the decrease in neutrophil might be the dominant reason for the decrease in NLR. We supposed that the count of neutrophil, rather than lymphocyte, may be easier influenced by anti-tumor treatment including chemotherapy or radiotherapy. We speculated that the ratio of circulating neutrophils to lymphocytes was supposed to correlate with the interaction between inflammation and immunity, especially the potential mechanism in tumor microenvironment. The potential mechanism of the interesting clinical phenomenon has been discussed with our basic experimental researchers. We hope that there would be something to be discovered by the cooperation of basic and clinical findings in the future. Even so, parameters correction (NLR/PLR/LMR) by systematic or local treatment is supposed to be beneficial for the improvement of clinical outcomes, which is also suggested in our study. In the present case, we scheduled palliative radiation on the metastatic fused interstitial lymph nodes of the liver and stomach nodes. As a result, we amazingly found the correction of immune systematic parameters including the reduction in NLR and PLR and the improvement of LMR (Figure 3A). Based on this, re-challenge of immunotherapy was administrated, which may have finally led to the persistent response in the present case.

Most recently, there were several retrospective studies that reported the efficacy and safety of the re-challenge of PD-1/PD-L1 inhibitors (7, 28), the results of which indicate that the effectiveness of treatment with a PD-1 inhibitor is maintained during retreatment and that this may be a valid therapeutic option for routine clinical practice in selected patients. Although the mechanism of PD-1 inhibitors re-challenge still remains uncovered, authors described that the patients who received a second course of PD-1 inhibitor after an intervening course of standard chemotherapy presented a better survival time compared to a drug holiday following nivolumab discontinuation (median OS of 18.1 versus 14.8 months) (7). However, it was not mentioned whether or not the variation in immune systematic parameters (NLR/PLR/LMR) contributes to the difference between the groups (7). Even so, with the superior efficacy presented in the present case, we still supposed that intervening treatment with radiotherapy may lead to the correction of immune systematic parameters, which might finally contribute to the response of cancer and the extension of survival time.

The leading limitation of the present case report comes from the nature of a case report. Although we supposed that the improvement of systematic inflammation parameters with NLR, PLR, and LMR may contribute to the re-challenge of immune checkpoint inhibitor in advanced gastric cancer, the conclusion still needs further identification in prospective clinical practice and basic experiments.

Briefly, we presented a case of recurrent metastatic gastric adenocarcinoma, whose systematic inflammation parameters with NLR, LMR, and PLR were changed by palliative radiation and has achieved persistent response to the re-challenge of immune checkpoint inhibitor, with survival time reaching 52 months, and is still in extension.
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Oncolytic virotherapy is an emerging therapeutic approach based on replication-competent viruses able to selectively infect and destroy cancer cells, inducing the release of tumor-associated antigens and thereby recruiting immune cells with a subsequent increase in antitumoral immune response. To increase the anticancer activity, we engineered a specific oncolytic adenovirus expressing a single-chain variable fragment of an antibody against PD-L1 to combine blockage of PD-1/PD-L1 interaction with the antitumoral activity of Onc.Ad5. To assess its efficacy, we infected B16.OVA cells, a murine model of melanoma, with Ad5Δ24 -anti-PD-L1-scFv and then co-cultured them with C57BL/6J naïve splenocytes. We observed that the combinatorial treatments were significantly more effective in inducing cancer cell death. Furthermore, we assessed the efficacy of intratumoral administrations of Ad5Δ24-anti-PD-L1-scFv in C57BL/6J mice engrafted with B16.OVA and compared this treatment to that of the parental Ad5Δ24 or placebo. Treatment with the scFv-expressing Onc.Ad induced a marked reduction of tumor growth concerning the parental Onc.Ad. Additionally, the evaluation of the lymphocytic population infiltrating the treated tumor reveals a favorable immune profile with an enhancement of the CD8+ population. These data suggest that Onc.Ad-mediated expression of immune checkpoint inhibitors increases oncolytic virotherapy efficacy and could be an effective and promising tool for cancer treatments, opening a new way into cancer therapy.




Keywords: oncolytic virotherapy, oncolytic adenoviruses, programmed death ligand 1 (PD-L1), Programmed cell death 1 (PD-1), single-chain variable antibody fragment (scFv), B16.OVA cells, C57BL/6J mice



Introduction

Despite scientific efforts and the development of new therapies, cancer remains one of the leading causes of death in the 21st century (1). Recently, some promising findings involving the use of the immune system (IS) as a weapon against tumors have been reported (2). Indeed, the IS can be activated, making it able to identify and eradicate tumor cells (3). However, some hurdles make the work difficult for the IS; the most relevant of these is the tumor microenvironment (TME). The TME is a very complex structure with multiple components (4), which altogether create an immune-suppressive environment and induce the immune-escape of cancer cells (Figure 1A) (5). Programmed cell death ligand 1 (PD-L1)/programmed cell death (PD-1) interaction and its downstream pathway plays a crucial role in cancer cell immune-escape (6). At TME, the interaction between PD-L1 on the surface of tumor cells and PD-1 on the surface of T cells induces suppression of T-cell function, causing T-cell tolerance, inhibition of their proliferation, and lowering their cytokine production. This combination produces, as a result, the immune escape of tumor cells (7, 8). To prevent PD-1/PD-L1 interaction several approaches have been developed; the most popular one consists of the use of antibodies (Abs) against one of the two partners, thus interfering with their binding (9, 10). Clinical efficacy and safety of monoclonal Abs (mAbs) have been demonstrated in several studies (11–14), and recently, different types of antibody-like proteins have been developed: they are capable of antigen-binding but have modifications that change some of their properties. The single-chain Fragment variable (scFv) is an antibody fragment made up of the variable regions of heavy (VH) and light chains (VL) joined by a flexible linker peptide, and it is the smallest immunoglobulin fragment endowed with antigen-binding activities. The scFv smaller size, compared to that of the whole mAbs, could offer several advantages in therapeutic applications, such as: i) major penetration capability into the tissue and, in particular, into the tumor; ii) Efficient localization at the tumor sites and no up-take by the kidney; iii) faster blood clearance than the whole-sized antibody; and iv) adaptable size for development of specific viral and non-viral targeting vectors for therapeutic gene delivery. Additionally, to overcome this hostile and immunosuppressive TME, strategies that involve the use of oncolytic viruses (OVs) have been adopted (15). OVs can exert anticancer activity in different ways: i) virus-mediated direct lysis of cancer cells mediates the release of tumor neoantigens (TNAs) and tumor-associated antigens (TAAs) that induce a tumor-specific T-cell response; ii) infected cells can promote a potent inflammatory response by stimulating cytokine production, leading to a lower immunosuppressive TME; and iii) induction of immunogenic cell death (ICD) due to the release of danger-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) as viral DNA or capsid proteins (16, 17). Adenoviruses (Ads) are among the most extensively studied OVs because their genome can be easily modified (18) without interfering with their capacity to infect host cells (19). After two decades of clinical studies, Ads appear safe and can be used as effective therapies against cancer (20). They can be engineered to express one or multiple transgenes (20) and can accommodate a thousand base pairs of extra genomic DNA. In this study, we decided to evaluate the efficacy of an engineered Ad5Δ24 expressing an anti-PD-L1-scFv (Ad5Δ24-anti-PD-L1-scFv). This approach can exert antitumoral activity in two ways: i) reduction of immune escape following the mobilization of the immune system, principally CD8+ T cells; and ii) Ad-mediated cell lysis with consequent TANs and TAAs release (Figure 1A). In other words, the immune system can be awakened against tumor cells killing them with mechanisms that are properly used for canonical defense (21).




Figure 1 | Design and characterization of a novel Ad5delta24-anti-PD-L1-scFv. (A) The interaction between PD-L1 on the surface of tumor cells and PD-1 on the surface of T cells induces as a result the immune escape (left panel). The injection of Ad5Δ24 into TME, results in a potent lytic effect on tumor cells, leading to a tumor-specific T cells response (central panel). The injection of Ad5Δ24-anti-PD-L1-scFv into TME, induces not only a potent lytic effect on tumor cells, due to Ov. Ads, but also, inhibit the interaction between PD-L1 and PD-1 through the expression of an scFv, resulting in a failure of immune escape (right panel). Regulatory T cells (Tregs), natural killer (NK) cells, tumor cells, and effector T (Teff) cells in the tumor microenvironment (TME). (B) A schematic representation of oncolytic adenovirus serotype 5 (Ad5) DNA viral backbone containing a deletion of 24 bp (Δ24 or D24) in the Rentinoblastoma (Rb) binding constant region 2 of E1 gene. Dashed line indicate the insertion site of a nucleic acid sequence encoding a single chain fragment variable (scFv) anti-PD-L1, in the place of the deleted gp 19k/6 in the adenoviral E3 region. (C) A549 cells were infected with 50MOI of Ad5Δ24 (ii) or Ad5Δ24-anti-PD-L1-scFv (iii). Images show that compared to control cells (i) at 48hrs post-infection a potent lytic effect was noted confirming that the remodeling of Ad5delta24 DNA does not interfere with its oncolytic action. (D) To test the scFv production A549 cells were infected with 500 MOI of Ad5Δ24-anti-PD-L1-scFv, and the media was collected at 48 and 72 h to test the presence of scFv by using an anti-Hys-tag as primary antibody. Collected media from A549 cells infected with Ad5Δ24 were used as a negative control, while media from A549 cells transfected with pcDNA 3.1+ scFv anti-PD-L1 at 24 h was used as positive control. A band of 27 kD was detected in the media of infected or transfected cells while was absent in the negative control. (E) A549 were infected with increasing MOI of Ad5Δ24 (in black) or Ad5delta24-anti-PD-L1-scFv (in gray) and cell count was performed at 48hrs post-infection. The graphs show the survival rate expressed in the percentage of the cell still alive and compared to the uninfected control. The data were analyzed with GraphPad Prism version 5.02 through One-way analysis of variance. The significance was evaluated with Turkey’s Multiple Comparison Test comparing each condition to the uninfected control. In the graph, SEM is reported for each column. (F) Comparison of survival rate in A549 infected with different MOI of Ad5Δ24 or Ad5delta24-anti-PD-L1-scFv at 48 h post-infection. The graphics were obtained through GraphPad Prism 5.02 version. *≤ 0.05, *** ≤ 0.001 and ns, not significant.





Materials and Methods


Cloning Techniques

The expression cassette for the anti-PD-L1scFv has been excised by pcDNA3.1-anti-PD-L1 (Proteogenix) with BsiWI and MfeI (New England Biolabs) digestion and inserted into pTHSN, generating pTHSN-anti-PD-L1. The resulting shuttle vector with the gene of interest (pTHSN-scFv-anti-PD-L1 plasmid) was recombined with pAd5Δ24 (IVT lab, Faculty of Pharmacy, Helsinki) in the Escherichia coli BJ5183 strain (Agilent) via electroporation. The electroporation was performed using cuvettes according to the standard protocol from Bi-orad and bacterial cells were plated on LB-agar with kanamycin resistance.



ELISA

To confirm the binding specificity of the purified immunomodulatory scFv, ELISA assays were performed on both human and mouse chimeric proteins (coated at 5 μg/ml on microplates), and untreated or activated hPBMCs. The ELISA assays on coated chimeric protein were performed by coating NuncTM flat-bottom 96-well plates (ThermoFisher Scientific) with 5 μg/ml of recombinant proteins in a solution of 0.05 M NaHCO3 for 72 h at 37°C. After blocking off the coated 96-well plates with 5% nonfat dry milk in PBS for 1 h at 37°C, the purified scFv was added at increasing concentrations (10–200 nM) to the plates in 2.5% nonfat dry milk in PBS and incubated for 2 h at room temperature by gently shaking. Cell ELISA assays were performed by plating the cells in round-bottom 96-well plates (2 × 10E5 lymphocytes for each well) and incubating them with increasing concentrations of the scFv in 2.5% nonfat dry milk for 2 h at room temperature with gentle agitation. After the incubation with the primary antibodies, extensive washes were carried out with PBS, then the plates were incubated with an appropriate HRP-conjugated antibody for 1 h at room temperature, washed again, and incubated with 3,3’,5,5’-tetramethylbenzidine (Sigma-Aldrich) reagent for 10 min before quenching with an equal volume of 1 N HCl. Absorbance at 450 nm was measured by the Envision plate reader (Perkin Elmer, 2102).



Competitive ELISA Assays

To investigate the ability of the selected anti-PD-L1-scFv to compete in the PD-L1/PD-1 or PD-L1/B7.1 binding, competitive ELISA assays were performed by testing the binding of each biotinylated chimeric protein (PD-1/Fc or B7.1/Fc) to PD-L1 in the absence or presence of unlabeled competitive scFv. For this aim, a 96-well plate was coated with 200 ng/ml of PD-L1 recombinant protein in 0.005 M NaHCO3 solution for 72 h at 4°C. Then, the PD-L1 coated plate was pre-incubated with competitor scFv (at a 10:1 M/M excess ratio), and then further treated with biotinylated PD-1 or B7.1 chimeric proteins, which were added to the plate at the same concentrations of competitive antibodies (2 μg/ml). For detecting bound biotinylated proteins, HRP-conjugated Streptavidin (Biorad) was added to the plate, whereas an anti-human antibody was used in parallel assays for the detection of bound anti-PD-L1 antibodies. The error bars were based on the results obtained in triplicate by at least two independent experiments.



Adenovirus Production and Purification

The replication-competent pAd5Δ24 adenovirus was provided by the IVT lab (IVT lab, Faculty of Pharmacy, Helsinki). The plasmid containing the anti-PD-L1-scFv gene was provided by Proteogenix. A549 cells were transfected with Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. After 14 days, cells were harvested, centrifuged at 1,000 rpm for 10 min, and stored at −80°C. Then, we performed three freeze-thaw cycles to lyse cells and obtain virions. The supernatant was collected, treated with DNase, and then subjected to two rounds of ultracentrifugation in a CsCl (Roche) gradient (2.5 ml of CsCl 1.45 gr/ml and 3 ml of CsCl 1.25 gr/ml) for 2 h and, subsequently, for 20 h at 27,000 rpm at 4°C. The viral band was collected and transferred to a dialysis cassette (Thermo Scientific) with 1 L of dialyzing solution (TM: 10 mM Tris–HCl, pH 8.0; 2 mM MgCl2). After 2 h, the TM solution was substituted with 1 L of freezing solution (10 mM Tris–HCl, pH 8.0; 2 mM MgCl2; 4% sucrose) and dialyzed overnight. Finally, the virus was collected, aliquoted, and stored at −80°C. The concentration was measured as the number of viral particles, determining absorbance at 260 nm. Furthermore, virus infectious units (ifu) have been calculated using the Adeno-XTM Rapid Titer Kit (Clontech Laboratories Inc.) based on immunodetection of the adenoviral hexon protein in transduced cells, according to the instructions of the manufacturer. The titer of Ad5Δ24-anti-PD-L1-scFv after amplification and purification was 2.4 × 1012 vp/ml. The titer of Ad5Δ24, was 2.2 × 1013 vp/ml.



PCR Analysis

Viral DNA was extracted with a standard phenol/chloroform (Sigma) extraction protocol. DNA is quantified with Nanodrop (Euroclone) and analyzed by PCR. We used HotMasterMix from Quantabio, following the instructions of the manufacturer. Primers were synthesized by the DNA LAB facility at the CEINGE-Biotecnologie Avanzate:

Forward oligonucleotide -5’AAAACACCACCCTCCTTACCT3’-

Reverse oligonucleotide -3’GCTCCGTTCAAATCCTCTTCG5’ -.

Their complementary regions are at both ends of the transgene.



Cell Culture and Transfection

The A549 and SK-MEL-28 cells (provided by CEINGE-Biotecnologie Avanzate cell culture facility) were cultured respectively with alpha-MEM and D-MEM (Sigma Aldrich), supplemented with 10% fetal bovine serum (FBS, Gibco), 50 U penicillin/50 μg streptomycin (Microgem) and 4 mM L-glutamine (Gibco) in a humified incubator at 37°C with 5% CO2. A549 were seeded in a 60-mm dish and transfected the following day with Lipofectamine 2000 transfection reagent (Life Technologies, USA), according to the instructions of the manufacturer. B16.OVA cells (donated by the IVT lab of Vincenzo Cerullo, Helsinki, Finland) were cultured with RPMI (Gibco) supplemented with 10% FBS, 50 U penicillin/50 μg streptomycin, and 4 mM L-glutamine in a humified incubator at 37°C with 5% CO2.



Co-Culture Experiments

B16-OVA cell lines were seeded in 96-well plates and were infected with a range of 1 to 100 MOI of modified or un-modified Ads as a control. The splenocytes were extracted from the C57BL/6J naïve spleen, smashed with a cell strainer 70 μm Nylon (Falcon), and cultured in R10 medium (RPMI supplemented with 10% FBS, 50 U penicillin/50 μg streptomycin, and 4 mM L-glutamine, 1% sodium pyruvate 100 m, and 0.1% 2beta-mercaptoethanol 50 mM Gibco). The splenocytes were primed for 24 h with 100 MOI of Ad5Δ24 or Ad5Δ24-anti-PD-L1-scFv in a humified incubator at 37°C with 5% CO2. After 24 h, primed splenocytes were added to the B16-OVA cells. After 24 h B16-OVA cells that were still alive were counted with the trypan blue (0.4%, Sigma) method.



Western Blot Analysis

Three 100 mm dishes of A549 were infected with 500 MOI of our modified Ads; infections were collected at three different times (24, 48, and 72 h), centrifuged at 1,000 rpm for 5 min, and subjected to 4 freeze-thaw cycles. Later, 40 µl of supernatant of each sample was added with 5 µl of loading + reducing buffer (Life Technologies) and denatured at 75°C for 5 min. These samples were loaded onto a 12% SDS-polyacrylamide gel and separated for ~3 h at 80 V. Proteins were electrophoretically transferred onto a nitrocellulose membrane (Life Technologies) and then blocked with 5% BSA in PBS/Tween (0.1%) for 1 h at 37°C to prevent non-specific antibody binding. Subsequent immunostaining was obtained using an anti-His HPR-conjugated antibody that recognizes His-tag in the an-ti-PD-L1-scFv. It was diluted 1:2,500 in 1% BSA with PBS/Tween (0.1%). The Pierce® ECL Western Blotting Substrate from Thermo Scientific was used according to the instructions of the manufacturer to reveal the signal. We cannot normalize the sample using a housekeeping protein but for volume used (22).



Animal Studies

Animal studies were conducted by the National Institutes of Health guidelines in accordance with ethical and safety rules and guidelines for the use of animal studies in biomedical research provided by relevant Italian laws and European Union’s directives (no.86/609/EC). The Ministry of Health has approved this work. All efforts were made to minimize the suffering of the animal. Food and water were provided ad libitum. For all the experiments, we used an 8-week-old female C57BL/6J (Jackson Laboratory) engrafted subcutaneously into the right and left flank with 3 × 105 B16.OVA cells. The viral dose was 2 × 1,010 vp/kg and was injected directly into the tumor.



Flow Cytometry

Surface staining was conducted using the following antibodies: CD3 PerCP-Cy5.5 (eBio-science, San Diego, California); CD8 FITC (eBioscience); CD4 PeCy7 (eBioscience); CD45R/B220 APC (Biolegend, San Diego, California); anti-mouse CD45 APC-Cy7 (Sony Biotechnology, San Jose, California). Cells were initially stained with surface markers (CD3, CD8, CD4, CD45R/B220, and CD45) and then stained for FOXP3 (Fox-P3/Transcription Factor Staining Buffer Set, eBioscience) using a protocol for nuclear detection, according to the instructions of the manufacturer.



Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5.02 for Windows (GraphPad Software, La Jolla, California, USA) as reported in each figure legend. As reported in the figure legend, the statistical significance was evaluated with a one-way analysis of variance (ANOVA) analysis with a p-value <0.05. Tukey’s Multiple Comparison test was used to compare the difference between un-treated values and other values. All data are reported as ± SEM.




Results


Ad5Δ24-Anti-PD-L1-scFv Infection Induces Tumor Cell Lysis and Interferes in PD-L1/PD-1 Binding

We isolated a novel human anti-PDL1-scFv by phage display technology that allows for selecting binders from large antibody phage libraries containing up to 1010 different variants. The isolation of anti-PD-L1 scFvs consisted of alternate panning rounds of the phage antibody library on live activated hPBMCs expressing the target protein and on immobilized recombinant purified targets to increase the specificity. This approach guaranteed the efficient selection of a large number of clones with high specificity for PD-L1 antigen in its native conformation, like that presented on the cell membrane. Subtractive selection rounds to subtract the phages that recognize the Fc domain present in the PD-L1/Fc chimeric proteins used in the following two parallel rounds, as previously reported for other selections (23–25) The screening of scFvs cross-reactive for human and mouse PD-L1 proteins was performed by parallel ELISA assays on both human and mouse recombinant proteins. We identified a clone capable of recognizing both mouse and human targets and we expressed it in bacteria for its biological characterization. After purification from the periplasmic extract by IMAC (Supplementary Figures 1A, B), we tested it by ELISA assays for its binding to recombinant PD-L1 at increasing concentrations (Supplementary Figure 1C). The scFv showed high affinity for its target with an obvious Kd value of 4nM. Then we tested for its ability to inhibit the interaction between PD-L1/PD-1 and PD-L1/B7.1, the principal receptors involved in the interaction with PD-L1. To this aim, we performed a competitive ELISA by measuring the binding to immobilized PD-L1 of biotinylated PD-1 or B7.1 in the absence or presence of saturating concentrations of unlabeled anti-PD-L1-scFv. As shown in Supplementary Figure 1D, the samples treated with anti-PD-L1-scFv show a reduction in the absorbance compared to the untreated controls in both cases. These data suggest that the selected anti-PD-L1-scFv can interfere with the interaction of the ligand with its receptors, demonstrating a significant ability to bind to PD-L1 and, consequently, inhibit the interaction with PD-1 and B7. Afterward, we engineered Ad5Δ24 introducing an expression cassette containing a cDNA encoding the anti-PD-L1-scFv (Ad5Δ24-anti-PD-L1-scFv, Figure 1B) for subsequent in vitro and in vivo evaluation. Expression and secretion of the anti-PD-L1-scFv were confirmed by infecting adenocarcinoma human alveolar basal epithelial cells (A549) with a dose of 50 vp/cell of either modified or un-modified Ad, used as a control, and assessing scFv secretion by Western blotting analysis with an anti-Hys-tag mAb on media conditioned with infected cells for 48 and 72 h. Cells infected with Ad5Δ24-anti-PD-L1-scFv showed a cytopathic effect 24 h post-infection and at 48 h, cells began to die (Figure 1C). The expression and secretion of the anti-PD-L1-scFv were evaluated until 72 h post-infection. As shown in Figure 1D, expression and secretion of scFv in the media are maintained for up to 72 h, suggesting that Ad5Δ24-anti-PD-L1-scFv does not only replicate, inducing cytopathic and lytic effects, but also expresses and secretes scFv encoded by the expression cassette, which is stable in the serum at 37°C. Furthermore, we evaluated the effect of Ad5Δ24-anti-PD-L1-scFv compared to Ad5Δ24 on A549, a PD-L1− cell line. Therefore, we infected A549 with different multiplicity of infection (MOI) of either Ad5Δ24-anti-PD-L1-scFv or Ad5Δ24, used as a control, starting from an MOI of 0.5 up to 100. Both Ads induce the same effect on this cell line, with a mortality rate of almost 37.5% at 0.5 MOI that increases at high MOI (almost 80% of mortality at 100 MOI) (Figure 1E). Additionally, the comparison of the survival rate between the two Ads, related to the increased MOI of the Ads, reveals that both viruses had the same effect on the A549, with differences not significant as shown in Figure 1F.



Ad5Δ24-Anti-PD-L1-scFv Infects and Kills Human Melanoma Cell SK-MEL 28

After assessing the ability of Ad5Δ24-anti-PD-L1-scFv to express and secrete the anti-PD-L1-scFv, we evaluated its efficacy in vitro. For this aim, we evaluated the effects of Ad5Δ24-anti-PD-L1-scFv on SK MEL 28, a human malignant melanoma cell line. SK-MEL 28 expresses a high level of PD-L1, making this a suitable model to test the engineered Ad (26). Therefore, we infected SK-MEL 28 with a different multiplicity of infection (MOI) of either Ad5Δ24-anti-PD-L1-scFv or Ad5Δ24, used as a control, starting from an MOI of 10 up to 100. At the highest MOI of Ad5Δ24-anti-PD-L1-scFv, only 40% of cells survived, whereas 60% cell survival was observed with Ad5Δ24 (Figure 2A). Ad5Δ24-anti-PD-L1-scFv retains the typical cytopathic effect of Ad5Δ24 (Figure 2B). Furthermore, at 48 h post-infection, when the replicative cycle of Ad is almost complete, cell counts demonstrated that cell death increased with the higher MOI of the virus, indicating a dose–response correlation as reported in Figure 2C. This suggests that expression of the anti-PD-L1-scFv in the absence of the immune system had the same effect as Ad5Δ24, and indeed, the difference between both Ads was not significant (Figure 2C).




Figure 2 | Effects of infection with Ad5Δ24-anti-PD-L1-scFv on human melanoma cell lines SK-MEL28. (A) Human melanoma cells line SK-MEL28 were infected with increasing MOI of Ad5Δ24 (in black) or Ad5delta24-anti-PD-L1-scFv (in white) and cell count was performed at 48 h post-infection. The graphs show the survival rate expressed in the percentage of the cell still alive and compared to the uninfected control. The data were analyzed with GraphPad Prism version 5.02 through One-way analysis of variance with a P-value of <0.0001 for Ad5Δ24 and 0.0026 for Ad5delta24-anti-PD-L1-scFv. The significance was evaluated with Turkey’s Multiple Comparison Test comparing each condition to the un-infected control. In the graph, SEM is reported for each column. (B) Representative images of SK-MEL28 infected with Ad5Δ24 or Ad5delta24-anti-PD-L1-scFv at 48 h post-infection. The images clearly show the cytopathic effect associated with both Ads while absent in the un-infected control. (C) Comparison of survival rate in SK-MEL28 infected with different MOI of Ad5Δ24 or Ad5delta24-anti-PD-L1-scFv at 48 h post-infection. The graphics were obtained through GraphPad Prism 5.02 version. The data were analyzed with GraphPad Prism 5.02 version via T-test with a P-value of 0.1797 indicating that the differences were not significant (ns). *≤ 0.05, ** ≤ 0.01 and ***≤ 0.001.





Co-Culture of B16.OVA With Naïve C57BL/6J Splenocytes Increases the Anti-Tumor Effects of Ad5Δ24-Anti-PD-L1-scFv

After assessing the ability of Ad5Δ24-anti-PD-L1-scFv to infect and replicate in SK-MEL 28, we determined its ability to infect B16.OVA, a murine melanoma cell line. As reported in the literature, B16.OVA cells express PD-L1 on their surface at constant levels in vitro (27), making these cells a suitable model for testing Ad5Δ24-anti-PD-L1-scFv. Furthermore, to mimic the interaction of IS with tumor cells in vitro, we used naïve C57BL/6J splenocytes, which contains a heterogeneous immune cell population composed mainly of B and T lymphocytes. We assume that splenocytes could represent a simplified in vitro IS, that could enhance the oncolytic effect of the Ads in killing cancerous cells. Therefore, to corroborate our hypothesis, we evaluated tumor cell survival after treatment with Ad5Δ24-anti-PD-L1-scFv or Ad5Δ24 alone or along with splenocytes primed by incubation for 24 h with 100 vp/cell of Ad5Δ24-anti-PD-L1-scFv or Ad5Δ24, respectively (Figure 3A). We then infected B16.OVA cells with either Onc.Ads (using MOI from 1 to 100), alone or along with primed splenocytes. Forty-eight hours post-infection, cell counts demonstrated that combinatorial treatments were more effective than Ads alone (Figure 3B). Moreover, a combination of Ad5Δ24-anti-PD-L1-scFv and primed splenocytes had a significant efficacy even at the lowest MOI (1 MOI) with only 55% cell survival compared with the 87% observed in B16.OVA cells were treated with Ad5Δ24-anti-PD-L1-scFv alone (Figure 3B). Additionally, we plotted these data in different graphics to compare the effects of both Ads at different MOI with or without splenocytes. Thanks to these comparisons, we are able to observe a trend in the reduction of cell survival when scFv is expressed (Figure 3C). In detail, in Figure 3CI, we compared the Ad5Δ24 infection with and without splenocytes. Even though the differences between treatments were not significant, we report a trend in which the presence of the splenocytes improves the virus efficacy; this is probably due to the ability of the lymphocytic population to recognize tumor cells after infection. In Figure 3CII, we compared Ad5Δ24-anti-PD-L1-scFv infection with and without splenocytes. In this graphic, the differences between treatments were insignificant, but the presence of the splenocytes induced a reduction in survival rate of 66% compared to the treatment with the virus only, in which the reduction of the survival rate was 54%. In Figure 3CIII, we compared the Ad5Δ24 and Ad5Δ24-anti-PD-L1-scFv with splenocytes. Even in this graphic, differences were insignificant. However, we observed a reduction in survival rate of 66% for the Ad5Δ24-anti-PD-L1-scFv and splenocytes compared to 54% for the Ad5Δ24 and splenocytes. In Figure 3CIV, we compared infections with either Ads, that in the absence of the immune system had the same effects on the cells. Indeed, Ad5Δ24 induced a cell death of 45% while Ad5Δ24-anti-PD-L1-scFv induced a cell death of 55%. In summary, these data suggest that the combinatorial treatment (splenocytes and Onc.Ads) seems to show a trend in which the addition of splenocytes induces a reduction in cancer cell survival compared to any single treatment (splenocytes or Onc.Ads alone). In addition, the best results were obtained with the combination of Ad5Δ24-anti-PD-L1-scFv with splenocytes shown in Figure 3CII. However, expression of the anti-PD-L1-scFv results in a strengthening of Onc.Ads therapy because it likely blocks PD-1/PD-L1 interactions, stimulating the IS, and in particular, the T cell population, to recognize and kill cancer cells (Figure 1A).




Figure 3 | In vitro evaluation of Ad5Δ24-anti-PD-L1-scFv infection. (A) Schematic representation of splenocytes derived from C57BL/6J (6–8 weeks old) naïve, primed with 50 MOI of Ad5Δ24-anti-PD-L1-scFv or Ad5Δ24 for 16–18 h before the incubation with infected B16 OVA cells. The number of splenocytes was five times more than B16 OVA cells and remains in contact with the cells for 24 (h) (B) Mouse melanoma cell line B16. OVA cells were infected with increasing MOI of Ad5Δ24 (in black) or Ad5delta24-anti-PD-L1-scFv (in white). At 24 h post-infection the same number of splenocytes were added to the cells and indicated in the graph with “+s”. Cell viability was assessed at 48 h post-infection. The graphs show the survival rate expressed in the percentage of cells still alive with or without splenocytes and compared to the uninfected control. The data were analyzed with GraphPad Prism version 5.02 through One-way analysis of variance with a p-value of <0.0001 for both Ads. The significance was evaluated with Turkey’s Multiple Comparison Test comparing each condition to the un-infected control. In the graph, SEM is reported for each column. (C) I) Comparison of survival rate in B16.OVA infected with different MOI of Ad5Δ24 with and without splenocytes at 48 h post-infection. II) Comparison of survival rate in B16.OVA infected with different MOI of Ad5Δ24-anti-PD-L1-scFv with splenocytes at 48 h post-infection. III) Comparison of survival rate in B16.OVA infected with different MOI of Ad5Δ24 or Ad5Δ24-anti-PD-L1-scFv with splenocytes at 48 h post-infection. IV) Comparison of survival rate in B16.OVA infected with different MOI of Ad5Δ24 or Ad5Δ24-anti-PD-L1-scFv at 48 h post-infection. The dose–response analysis was performed with GraphPad Prism. The statistical analysis was performed GraphPad Prism 5.02 version via T-test with respectively p-values of 0.4206, 0.1508, 0.1580, and 0.8413. ** ≤ 0.01 and *** ≤ 0.001 and ns, not significant.





Intratumoral Administration of Ad5Δ24-Anti-PD-L1-scFv Improves OV Efficacy in Reducing Tumor Growth in a Melanoma Mouse Model

After assessing the ability of the Ad5Δ24-anti-PD-L1-scFv in vitro in SK MEL 28 and B16.OVA, we decided to evaluate its efficacy in vivo. For this aim, we implanted 3 × 105 B16.OVA cells into the right and left flanks of 6/7-week-old C57BL/6J female mice. After 10 days, when the tumor size was about 5 mm, we intratumorally administered 2 × 1010 vp/kg of either Ad5Δ24-anti-PD-L1-scFv or Ad5Δ24; a control group was treated with PBS. Ads and PBS administrations were repeated three times (11, 14, and 17 days) and tumor growth was evaluated until the day of sacrifice, corresponding to 25 days after B16.OVA cell implantation (Figure 4A). Analysis of tumor growth showed that the administration of Ad5Δ24 produced mild growth inhibition, whereas treatment with Ad5Δ24-anti-PD-L1-scFv significantly reduced tumor size at day 19 compared to the other treatments (Figure 4B). These data demonstrate that both Onc.Ads are effective in tumor growth inhibition, underlining a stronger effect of Ad5Δ24-anti-PD-L1-scFv. As previously discussed, we expected that scFv expression could contribute to tumor growth inhibition by blocking PD-L1 interaction with PD-1 on effector T cells and, therefore, increasing lymphocyte recruitment. For this aim, we analyzed by flow cytometry the intratumoral CD3+CD8+ lymphocyte population, namely the tumor-infiltrating lymphocytes (TILs). Among the CD3+ positive population, CD8+ is increased in tumors treated with Ad5Δ24-anti-PD-L1-scFv compared to the other groups, indicating that the Onc. Ad-induced expression of the anti-PD-L1-scFv potentiates T-cell infiltration in treated tumors (Figure 4C). Additionally, the tumor treated with Ad5Δ24 showed a mild increase in CD8+, a feature of the Onc. Ads treatment (Figures 4CI). Furthermore, immunological analyses performed on TIL (Table 1) revealed that administration of Ad5Δ24-anti-PD-L1-scFv induced an expansion of the CD3+CD8+ cell population; indeed, the percentage is 68% while a milder effect was observed in Ad5Δ24 treated tumors with a percentage of 48% (Figure 4C II–III). Finally, the B220+ cells were significantly decreased in the group treated with Ad5Δ24-anti-PD-L1-scFv compared to the mock and the group treated with Ad5Δ24 in which the B population was 36 and 37% (Figure 4CIV).




Figure 4 | Effect of Ad5Δ24-anti-PD-L1-scFv infection in melanoma mouse model. (A) Timeframe of the in vivo experiment. Five to six animals per group received subcutaneous B16.OVA melanoma cells (day 0) that were left to grow for 10 days. Then, 2 × 10E10 vp/kg mice of Ad5Δ24 or Ad5Δ24-anti-PD-L1-scFv or PBS were injected intratumorally. The intratumoral injection is repeated at days 11, 14, and 17 while at day 25 mice were sacrificed and tumors were collected. (B) Analysis of tumor size described in panel (A). Tumors volumes were analyzed for each experimental group every 2–3 days until the day of sacrifice. The data are plotted as the mean ± SEM. The statistical analysis was performed with GraphPad Prism 5.02 version via Spearman test, with a p-value of 0.0028 for Ad5delta24 and 0.0004 for Ad5delta24-scFv-anti-PD-L1. (C) Percentage of CD3+ CD8+ tumor-infiltrating lymphocytes by flow cytometric analysis are plotted by Tukey box and whiskers for each group of animals (I). Statistical analysis was done by two-way ANOVA with a p-value of 0.0134. Flow cytometric analysis of CD3+CD4+, CD3+CD8+, and B220+ cells in tumor samples from each group of mice (II–III–IV). *≤ 0.05, ** ≤ 0.01 and *** ≤ 0.001.




Table 1 | Cytofluorimetric evaluation of TILs.






Discussion

Melanoma is the most dangerous and aggressive form of skin cancer. Despite the easier detection and the effectiveness of surgery in the early stages, patients with advanced melanoma have a median survival of 7 months and a 5-year survival rate of less than 10% (13, 26), making melanoma among the more difficult cancers to eradicate. The first therapeutic approaches in melanoma treatment involved the administration of IL-2 and interferon alone or in combination with chemotherapy. Although these treatments have had some success, the most relevant progress has been made with therapies based on the use of ICIs (12). The first ICI therapy for melanoma approved by the FDA was ipilimumab (12, 13). Ipilimumab is a mAb that targets CTLA-4, resulting in a blockade of inhibitory signals allowing T cells to respond against TAAs. An additional extremely relevant target for immunotherapy is the PD-1/PD-L1 binding that also causes a block of T-cell response. Antibodies against PD-1 and PD-L1 block interactions between these proteins (28). Unfortunately, despite several immune-based cancer treatments being currently available, not all patients benefit from them or respond to treatments only for an initial period (13). Additionally, mAb production is expensive and requires maintenance of transfected cells (29), and the Fc domain of mAb induces immunogenicity that can lead to complement fixation or phagocytosis of bound cells interfering with therapeutic effects. Furthermore, systemic administration of mAbs is hampered by several limitations that include: i) unpredictable patient response, ii) low tumor penetration, and iii) slow clearance from the blood with retention in several organs, including the liver (30). Finally, several tumor types have poor lymphocyte infiltration and are defined as “cold” tumors; in these tumors, immunotherapy has a poor effect due to the lack of a suitable number of cells to be primed by TAAs (15, 27). To overcome some of these obstacles, we have decided to develop an anti-PD-L1 antibody in scFv format and express it in an OV. After intratumoral administration, Ad5Δ24 induces an antiviral as well as antitumoral immune response. The antiviral response is directly involved in the initial priming of the antitumoral response, promoting the recruitment of immune cells. It has been observed that OVs can turn a “cold” TME into a “hot” one; therefore, even tumors defined as “desert” for the absence of a lymphocytic population could benefit from a viro-immunotherapeutic treatment (31). Additionally, OVs induce cancer cell lysis, generating the immunogenic cell death signal (ICD) that has a main role in the activation of tumor-specific responses mediated by CD4+ helper cells, CD4+ and CD8+ cells (2). Hence, the association of OVs with classical immunotherapy has been proven extremely powerful (27) in animal models and clinical trials are underway to evaluate this combination in patients. The use of scFvs can also promote a more potent and specific immune response against cancer. Indeed, the smaller size of the scFv overcomes some of the limitations (large size) and possible unwanted side-effects of the whole antibodies, such as non-specific activation of circulating lymphocytes due to prolonged half-life, and promotes more efficient tumor tissue penetration (32). In this work, we have expressed the scFv-anti-PD-L1 in Ad5Δ24. We have chosen the Onc.Ad5Δ24 because of its well-known ability to induce an antitumoral immune response in the immunogenic tumor model of melanoma. Expression of the anti-PD-L1-scFv in Ad5Δ24 is a way to combine the advantages of “passive” immunotherapy with “active” virotherapy, capable of inducing recruitment of immune cells. Recently, it has been demonstrated that OV-based virotherapy is less effective in advanced melanoma management compared to OV virotherapy combined with ICIs, suggesting that the addition of ICIs increases efficacy (33). Furthermore, additional studies have examined the treatment with different OVs in combination or expressing a variety of scFv targeting ICIs (18, 34, 35). For example, Wu et al. engineered a vesicular stomatitis virus (VSV) to express an scFv-anti-PD-L1, demonstrating that this system shows a potent therapeutic effect in a lung carcinoma mouse model (35), while Tanoue et al., in 2017, demonstrated that the PD-L1 mini body expressed by a system of Onc.Ads and helper-dependent Ads (HD-Ad) blocks, with high efficacy, the PD-1/PD-L1 pathway enhanced the antitumoral effect in a prostate cancer engraft mouse model. In this study we explored the combination of the antitumor effect of the Ad5Δ24 Onc.Ad together with the expression of an anti-PD-L1-scFv identified by phage display, in a C57BL/6J melanoma mouse model. The selected anti-PD-L1-scFv binds to PD-L1 thus interfering in PD-1 and B7.1 interactions, representing the principal PD-L1 receptors on immune cells, and does not interfere with the ability of Ad5Δ24 to induce cell death in an in vitro model of melanoma, actually enhancing it. Treatment of the B16.OVA murine melanoma cells with different MOI of Ad5Δ24 anti-PD-L1-scFv in the presence of splenocytes, resembling an in-vitro simplified tumoral immune system environment, induced a more robust effect compared to the treatments with the virus or splenocytes alone. A major effect on cell death was seen (Figures 3B, C), demonstrating that PD-L1-scFv expression enhanced the splenocyte action. Most importantly, in vivo intratumoral administration of Ad5Δ24-anti-PD-L1-scFv in murine melanoma model resulted in the prolonged survival of mice compared to the unmodified Ad5Δ24 (Figure 4B). Specifically, we observed that untreated mice showed a rapid increase in tumor size, progressive deterioration of physical conditions and, consequently, had to be sacrificed on day 19. In contrast, mice treated with Ad5Δ24 resulted in a mild reduction of tumor progression, highlighting that the sole oncolytic process is not sufficient to completely block tumor growth. In this study, the addition of a control group treated with an anti-PD-L1 mAb was not considered appropriate, since scFvs have different features, as we previously described; in addition, for the purpose of this study, we did not purify the anti-PDL-1 scFv. Finally, we observed that although mice treated with Ad5Δ24-anti-PD-L1-scFv did not show a complete remission, the association of the oncolytic process with PD-L1 inhibition significantly slowed down tumor progression resulting in an important reduction of tumor size and an amelioration of survival condition. In support of the hypothesis that reduction in tumor growth was due to increased antitumoral immune response, we observed an increment in the CD8+ T-cell population in the tumors of mice treated with Ad5Δ24 anti-PD-L1-scFv, suggesting that the combination of OV action and PD-L1 inhibition is beneficial for the recruitment and activation of cytotoxic T cells. Furthermore, this data confirmed the main role of the CD8+ T-cell population in the detection and destruction of tumor cells (36–38). Additionally, based on the literature and our observation of the T and B population analysis, we assumed that the anti-PD-L1-scFv could also act on Breg, reducing the PD-1 positive Breg population at the tumor site and therefore restoring an anti-tumoral response mediated by the CD8+ T-cell population that increased in mice treated with Ad5Δ24-anti-PD-L1-scFv (39). Finally, we plan to compare in future studies the efficacy and toxicity of Ad5Δ24-anti-PD-L1-scFv with the commercially available mAbs and, additionally, to evaluate its efficacy in different tumor models characterized by lower T-cell infiltrations.



Conclusions

This study demonstrates that combining Onc.Ads with anti-PD-L1-scFv can lead to a more effective antitumoral therapeutic approach by combining active and passive immunotherapy. Although more efforts need to be made to improve the versatility and safety of Onc.Ads, this intriguing approach could have the potential to usher in a new era in cancer treatment.
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Immunotherapy has become the breakthrough strategies for treatment of cancer in recent years. The application of messenger RNA in cancer immunotherapy is gaining tremendous popularity as mRNA can function as an effective vector for the delivery of therapeutic antibodies on immune targets. The high efficacy, decreased toxicity, rapid manufacturing and safe administration of mRNA vaccines have great advantages over conventional vaccines. The unprecedent success of mRNA vaccines against infection has proved its effectiveness. However, the instability and inefficient delivery of mRNA has cast a shadow on the wide application of this approach. In the past decades, modifications on mRNA structure and delivery methods have been made to solve these questions. This review summarizes recent advancements of mRNA vaccines in cancer immunotherapy and the existing challenges for its clinical application, providing insights on the future optimization of mRNA vaccines for the successful treatment of cancer.
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Introduction

Cancer is one of the most lethal diseases in the world. In the recent decades, achievements in the understanding of the immune system have shed light on the treatment of cancer by immunotherapies (1). Various immune cells are able to identify antigens on the surface of cancer cells and interact with the antigenetic peptides to destroy cancer cells. Therefore, immunotherapies including immune cell-based cancer vaccines were considered as promising approaches to cure cancer. Cancer vaccines have drawn great attention since the clinical application of several novel cancer vaccines such as immune cell-based vaccines, viral vector-based vaccines and RNA or DNA-based vaccines (2, 3). Among these, mRNA-based cancer vaccines demonstrate exceptional advantages in comparison with the other types of vaccines (4). First, unlike virus-based vaccines which can be infectious in some circumstances, mRNA-based vaccines are safer and free of contamination. Second, once delivered into the cells, the genetic information of antigen carried by mRNA can be translated into protein very rapidly. Third, mRNA-based cancer vaccines can stimulate immune response and overcome vaccine resistance that is often observed in conventional chemotherapies. In addition, mRNA-based cancer vaccines encode the cancer antigens in full-length and thus can overcome the restrictions of human leukocyte antigen to activate a broader immune response. Last but not least, mRNA-based cancer vaccines are free of mutations since mRNA can’t insert into the chromosome. Given the advantages of mRNA vaccines over conventional cancer vaccines, this novel immunotherapy has become the hotspot of research for the development of new generation cancer therapies. However, the expected substantial application of mRNA-based cancer vaccines was not seen due to several problems regarding the instability of mRNA, immunogenicity and the inefficiency of in vivo delivery.

Research on mRNA-based vaccines have focused on overcoming the instability and the delivery of mRNA. One strategy is to use synthetic mRNA or modified mRNA analogs, which can enhance the stability and protein expression of mRNA. For example, circular RNA is used to avoid the detection of pathogen-associated pattern receptors; self-amplifying RNA greatly increased the expression level of proteins (5). Another strategy is to modify the in vivo delivery methods of RNA vaccines to achieve higher efficiency. For instance, in addition to electroporation, novel vectors such as polyplexes, lipid nanoparticles, peptides and cationic nanoemulsions have been used for the delivery of RNA vaccines (6). The success of RNA-based vaccines for the COVID19 pandemic has witnessed the significant progress made on the clinical application of mRNA vaccines and the increasing necessity of developing novel RNA vaccines for treatment of diseases (7).

In this review, we will focus on the most recent progress that have been made on the stability and in vivo delivery of mRNA-based vaccines for the treatment of cancer and discuss the existing challenges on the current clinical application of mRNA-based immunotherapies, hoping to accelerate the clinical application of mRNA-based cancer immunotherapy.



Evolution of mRNA-based Vaccines in Cancer Immunotherapy

The first introduction of mRNA to activate immune response in vivo could be dated to the year 1993, when Martinon and co-workers constructed a liposome-mRNA expressing influenza hemagglutinin that activated CD8+ T cell responses for the detection and lysing of virus-infected cells (8). In 1995, mRNA construct expressing cancer embryonic antigen was reported to induce the generation of antibodies in mice, demonstrating the potential of mRNA vaccines in cancer therapies (9, 10). Over the past decades, mRNA vaccines quickly became the spotlight of cancer immunotherapy due to their abilities to provide safe vaccination, to improve antigen expression and to avoid gene integration. The earliest mRNA vaccines in cancer immunotherapy normally use RNA virus genomes, which have shown good efficacy against viral cancer in mouse models (11). Later, a liposome-mRNA vaccine was developed and its ability to induce cognate cytotoxic T cells has resulted in the destroy of melanoma cancer cells (12). These mRNA-based vaccines have demonstrated great advantage over conventional vaccines and thus have been established as novel strategies for cancer therapies. Since then, more and more kinds of mRNA-based vaccines are developed for treatment of cancer.

To date, replicating modified mRNA, unmodified mRNA, and virus-derived mRNA are the three main types of mRNA vaccines in cancer immunotherapy (1). The basic structure of non-replicating mRNA consists of an open reading frame flanked by a 5′-prime region and a 3′-prime untranslated region (UTR), a 5′ cap structure and a 3′ poly (A) tails (13). The ORF of mRNA encodes the sequences of the target antigen. The target antigen will be translated into proteins once mRNA is transited to the cytosol of the cell. The expressed antigen will further be post-translationally modified and fold into a full-functional protein whereas the remaining mRNA will be quickly degraded to reduce potential toxicity. However, the rapid degradation of naked mRNA also dramatically affects its stability. In addition, the intrinsic immunogenicity of mRNA further promotes the rapid degradation of mRNA, resulting in decreased expression levels of antigen. Moreover, the inefficient in vivo delivery of mRNA-based vaccines will reduce the protein expression of mRNA. These disadvantages have greatly limited the clinical application of mRNA vaccines in cancer immunotherapy. We will discuss the limitations and highlight the current state-of-the-art strategies to overcome these limitations in the next section.



Strategies to Improve the Stability of mRNA-based Cancer Vaccines

Previous studies have found that the inadequate methylation of mRNA, impurity and immunogenicity could lead to low efficiency of mRNA translation (14, 15). A better understanding of the structure of mRNA has provided new strategies to improve the stability and the translation efficiency of mRNA.

mRNA consists of an ORF, a 5′-prime UTR, a 3′-prime UTR, a 5′ cap structure and a 3′ poly (A) tails (Figure 1). Firstly, modification of the 5’ cap of mRNA has been utilized to improve stability. There are mainly two types of mRNA capping methods: the in vitro post-translational capping enzymatic method that utilizes the Vaccinia virus Capping Enzyme (VCE) and the chemical capping methods (16). These capping methods largely improve mRNA translation but are limited by reverse incorporation. This limitation could be overcome by the development of anti-reverse cap analogs (ARCA), which is methylated at the C3 position. ARCA significantly increases the expression of mRNA. However, the disadvantages of ARCA including de-capping of mRNA, exogeneous motif, and relatively low capping efficiency (60-80%) in contrast to the enzymatic capping method (100%) (17, 18). To increase the capping efficiency and prevent de-capping of ARCA, a novel co-transcriptional cap analog termed CleanCap has been developed, which can generate an unmodified cap structure with high efficiency (>90%) (19).




Figure 1 | The structure of mRNA and lipid-based nanoparticles. The structure of mRNA (top) consists of a 5’ cap, a 5’UTR and a 3’ UTR, an open reading frame and a poly(A) tail. Lipid nanoparticles (LNPs) are the most commonly used vectors for the delivery of mRNA vaccines. LNPs often comprise of ionizable lipid, Cholesterol, phospholipid and PEG-conjugated lipids.



Secondly, post-translational modifications of mRNA can inhibit the immune recognition of mRNA. Studies have revealed that minimization of mRNA reorganization by the innate immune system could prevent sensing and destruction of mRNA translation, resulting in increased expression (15, 20). For example, removal of the uncapped phosphate of mRNA by phosphatases can effectively avoid immunogenicity. In addition, modifications of mRNA through substitution of natural uridine and cytidine with pseudouridine (Ψ) or 1-methylpseudouridine (m1Ψ) can also effectively avoid immunogenicity and improve stability (21, 22). Pseudouridine is an isomer of uridine in which the nitrogen-carbon glycosidic bond of uridine is replaced by a carbon-carbon bond. N1-Methylpseudouridine is the methylated derivative of pseudouridine and is usually used for mRNA vaccines. Substitution of uridine with pseudouridine (Ψ) or 1-methylpseudouridine (m1Ψ) in mRNA synthesis can reduce cytotoxicity of mRNA vaccines because Ψ/m1Ψ mRNAs trigger low-to-no immune responses to the cells and enhance the expression of tumor antigen (23, 24).

Thirdly, increased purity of RNA and removal of impurities can prevent the degradation of mRNA. During the process of transcription, double stranded RNA impurities are easily formed, which leads to the immunogenicity of mRNA cancer vaccines. Thess and co-workers have shown that the RNA impurities could be removed by optimization of the sequence and purification of RNA by high-pressure liquid chromatography (HPLC), which could result in reduced immunogenicity and improved stability of mRNA vaccines (25). However, HPLC is limited by low yield and high cost. A better way to achieve high purity of mRNA is to use synthetic mRNA (26).

Fourthly, optimization of the ORF of mRNA can improve mRNA translation. Increased GC content in the ORF can be applied to improve stability (27). Methods to increase GC content including codon optimization of ORF and depletion of uridine (28). For example, rare codons in ORF are often substituted by codons with higher tRNA abundance to achieve higher translation rate (29). However, high translation rate sometimes can be harmful, which is the major limitation of codon optimization (30). The reason underlying this observation is that the correctly folding of some proteins may require a low translation rate rather than a high translation rate. Despite the defects of codon optimization, this strategy is one of the most important methods for improving mRNA translation.

Finally, optimization of the untranslated 5’ UTR and 3’ UTR of mRNA can also significantly improve stability and protein expression (31). For example, start codon AUG or CUG at 5’ UTR can inhibit the translation of mRNA (22). Therefore, avoiding these can improve translation rate of mRNA. Increasing the 3’UTR sequence in tandem may also improve mRNA translation (32). In conclusion, modifications of mRNA structure have proven to be of great importance to improve the stability and protein expression of mRNA vaccines. Future studies will focus on overcoming the limitations of current strategies and developing novel mRNA vaccines with higher stability and translation rate.



Optimization of the Vectors for Efficient Delivery of mRNA Cancer Vaccines

Despite the many advantages of mRNA cancer vaccine described above, the difficulties of in vivo delivery of mRNA vaccine have greatly inhibited its clinical application. Therefore, it is of urgency to increase the delivery efficiency of mRNA vaccines. There are mainly three types of vectors used for in vivo delivery: viral, non-viral and cell-based vectors. Dendritic cells (DCs) are usually used as cell-based vectors for adoptive transfer of mRNA cancer vaccines. Designated ‘nature’s adjuvants’, dendritic cells (DCs) are a group of bone marrow-derived antigen-presenting cells that play essential roles in activating and mediating immune response (33, 34). DCs can transit antigen to T cells and facilitate the transduction of immunomodulatory signals via cytokines and cell interactions. The generation of mRNA-based cancer vaccines using DCs as vectors involves the use of mRNA extracted from autologous cancers (35). In this process, dendritic cells were isolated from patients, cultured ex vivo, induced to maturation via adjuvant, loaded with mRNA encoding target antigens and injected back to patients to activate efficient anti-cancer immunity (36). DC-based mRNA cancer vaccines have been examined by clinical trials (Table 1). The initial results from phase I/II have shown that these mRNA vaccines display dramatically increased survival rate and reduced toxicity (37). However, the differentiation, maturation and antigen loading of DCs impact T cell co-stimulation and lead to weak immune response (38, 39). In addition, low production and high variability of mRNA-based DC vaccines have limited the application of this novel immunotherapy. Future studies may focus on the direct injection of mRNA as an alternative approach to overcome the limitations of mRNA-based DC vectors.


Table 1 | Representative clinical trials of LNP-based and DC-based mRNA cancer vaccines.



Viral vectors have been extensively studied for the development of mRNA cancer vaccines, with promising preliminary results being reported (33, 40, 41). For instance, mRNA vaccines for Covid19 pandemic have used viral vectors. In fact, an adenovirus type-5 (Ad5) vector-based RNA vaccines had been on clinical trials in China as early as March 2020 (42). The most used viral vector is self-amplifying mRNA (replicons or saRNA), which encodes target antigen and self-replicates in the cytoplasm of the host cell for expression of target antigen. The viral structural protein is deleted from the sequences of the self-amplifying mRNA thus it is unable to generate infectious virus in the host cells. In the past decades, we have witnessed the utilization of self-amplifying mRNA derived from the genomes of RNA viruses including picornaviruses, alphaviruses and flaviviruses (43, 44). In comparison with non-viral vectors, viral-based mRNA vaccines demonstrate advantages such as modular design, rapid manufacturing and low dose requirement because of its self-replicative properties (45). Viral-based mRNA vaccines against colorectal tumor, urothelial carcinoma, gastroesophageal tumor and rabies have been applied in clinical trials (46). However, the infectious property of virus vectors and the difficulties for large-scale manufacturing of virus vectors have limited the applicability of this approach.

The most famous non-viral vector used for mRNA vaccine is the lipid nanoparticle-based mRNA delivery system, which has been used for the mRNA vaccine of Covid19 and has been very successful (47, 48). LNPs usually consists of an ionizable lipid-like molecule, polyethylene glycol (PEG)-conjugated lipid, cholesterol and a helper phospholipid. Lipid-based nanoparticles (LNPs) could significantly improve delivery efficiency of mRNA cancer vaccines and reduce the system toxicity. Since the ionized lipid is positively charged at low pH, it could enhance the encapsulation of the negatively charged mRNA by electrostatic interaction and promote membrane fusion and destabilization upon delivery. In addition, the neutrality of lipid at the physiological environment improves the stability of mRNA. The first-generation lipids used for LNPs including Dlin-DMA, DLin-KC2-DMA and cKK-E12, etc (49, 50). The second-generation lipids are the derivatives of DLin-KC2-DMA and cKK-E12 (51). In addition to lipid, the other components of LNPs such as cholesterol and phospholipid could facilitate membrane fusion and improve mRNA stability, whereas the diffusive PEG could inhibit particle aggregation, leading to increased stability of mRNA vaccines. Over the past decades, improvements have been made to LPNs. Current LPNs have demonstrated enhanced delivery specificity and improved capacity to be rapidly metabolized and cleared, leading to reduced toxicity of the system and increased stability of mRNA vaccines. Studies have shown that LNPs act as an effective vector for delivery of mRNA vaccines to liver cancers (52, 53). In addition, LPNs have also been reported to target tumours in other organs such as lung, spleen and bone marrow. For example, the Selective Organ Targeting approach developed by Cheng and co-workers using cationic or anionic lipid can target liver, lung and spleen (54, 55). Overall, LNPs have made great contributions to the clinical application of mRNA vaccines.

In addition to LNP vectors, peptide vectors and polymer vectors also play important roles in facilitating the delivery of mRNA cancer vaccines. Polyethylenimine (PEI) is one of the most commonly used polymer-based vectors for mRNA vaccine delivery (56, 57). The efficacy of PEI-based hemagglutinin antigen from influenza virus has been evaluated in mice models (58). In comparison with LNP-based delivery system, polymer vectors display lower purity and reduced clearance rate but higher toxicity. Peptide-based delivery system have been widely studied (59–61). For example, cationic cell-penetrating peptides (CPPs) can condense mRNA complexes and induce strong immune response upon injection (62). However, the precise mechanism of this delivery system remains to be understood.



Conclusion and Future Perspectives

The successful application of mRNA vaccines for Covid19 has demonstrated the great potential of mRNA vaccines as novel therapies for the treatment of lethal diseases. It’s reported that mRNA-based vaccines can induce immune response in cancer cells, leading to the destruction of cancer cells and the control of tumour growth. Conventional therapies of cancer treatment such as chemotherapy and radiotherapy often suffer from multi-drug resistance and strong toxicity, whereas mRNA-based cancer vaccines have shown enhanced efficacy and reduced toxicity. Therefore, mRNA-based vaccines have gained more and more popularity for the development of novel immunotherapies. However, the instability and in vivo delivery of mRNA cancer vaccine have impaired its clinical application. Although progress has been made over the past decades to overcome these limitations, challenges still exist on the development of mRNA cancer vaccines. To promote the wide application of mRNA cancer vaccines, more strategies should be taken to improve the stability and translation rate of mRNA vaccines.

In conclusion, mRNA vaccines have the potential to significantly affect the battle against cancer. Future studies should cast more investigations on the combination of mRNA cancer vaccines and conventional cancer therapies.
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Background

Pancreatic adenocarcinoma (PAAD) is a treatment-refractory cancer with poor prognosis. Accumulating evidence suggests that squalene epoxidase (SQLE) plays a pivotal role in the development and progression of several cancer types in humans. However, the function and underlying mechanism of SQLE in PAAD remain unclear.



Methods

SQLE expression data were downloaded from The Cancer Genome Atlas and the Genotype-Tissue Expression database. SQLE alterations were demonstrated based on the cBioPortal database. The upstream miRNAs regulating SQLE expression were predicted using starBase. The function of miRNA was validated by Western blotting and cell proliferation assay. The relationship between SQLE expression and biomarkers of the tumor immune microenvironment (TME) was analyzed using the TIMER and TISIDB databases. The correlation between SQLE and immunotherapy outcomes was assessed using Tumor Immune Dysfunction and Exclusion. The log-rank test was performed to compare prognosis between the high and low SQLE groups.



Results

We demonstrated a potential oncogenic role of SQLE. SQLE expression was upregulated in PAAD, and it predicted poor disease-free survival (DFS) and overall survival (OS) in patients with PAAD. “Amplification” was the dominant type of SQLE alteration. In addition, this alteration was closely associated with the OS, disease-specific survival, DFS, and progression-free survival of patients with PAAD. Subsequently, hsa-miR-363-3p was recognized as a critical microRNA regulating SQLE expression and thereby influencing PAAD patient outcome. In vitro experiments suggested that miR-363-3p could knock down the expression of SQLE and inhibit the proliferation of PANC-1. SQLE was significantly associated with tumor immune cell infiltration, immune checkpoints (including PD-1 and CTLA-4), and biomarkers of the TME. KEGG and GO analyses indicated that cholesterol metabolism-associated RNA functions are implicated in the mechanisms of SQLE. SQLE was inversely associated with cytotoxic lymphocytes and predicted immunotherapy outcomes.



Conclusions

Collectively, our results indicate that cholesterol metabolism-related overexpression of SQLE is strongly correlated with tumor immune infiltration and immunotherapy outcomes in patients with PAAD.





Keywords: pancreatic adenocarcinoma, SQLE, prognosis, miRNA, tumor immune infiltration, immunotherapy



Introduction

Pancreatic adenocarcinoma (PAAD) is currently one of the most aggressive and malignant tumors with a 5-year survival rate of only 10% (1, 2). It is the seventh leading cause of cancer-related death worldwide (3). Given the long asymptomatic disease progression and poor early detection, 80% of patients with PAAD have an advanced or metastatic stage at diagnosis, rendering a grim prognosis (4–6). In recent years, despite improvements in perioperative chemotherapy, radiotherapy techniques, immune checkpoint inhibitors, and comprehensive treatments, the number of deaths due to PAAD has been steadily increasing (7, 8). Immunotherapy has shown favorable prospects for the treatment of solid tumors, especially when combined with other targeted drugs (9). Although tumor mutational burden (TMB), microsatellite status, and programmed cell death-ligand 1 (PD-L1) expression have been used to predict the effect of immunotherapy (10, 11), the efficiency was limited in PAAD. Therefore, there is an urgent need to identify more effective therapeutic targets and develop new promising strategies for PAAD.

Cholesterol is the major sterol in mammalian cell membranes, maintaining cell integrity and fluidity and forming intracellular homeostasis (12). The biosynthetic pathway from acetyl-CoA to cholesterol involves nearly 30 enzymatic reactions, including the initial mevalonate (MVA) pathway, subsequent squalene biosynthesis, and ultimate sterol conversion (13–15). Squalene epoxidase (SQLE) is the second rate-limiting enzyme in cholesterol biosynthesis that catalyzes the conversion of squalene to 2,3-epoxysqualene (16, 17). SQLE promotes the initiation and progression of non-alcoholic steatohepatitis by regulating cholesterol metabolism (18). Notably, an increasing number of studies have shown that SQLE expression is closely correlated with the progression, invasion, and metastasis of multiple tumors, such as breast cancer (19), hepatocellular carcinoma (20), esophageal cancer (21), prostate cancer (22), colorectal cancer (23), and lung cancer (24). In addition, the inhibitor terbinafine, which targets SQLE, showed efficient tumor suppression and represents a new strategy for solid tumor treatment (25). Recent research has emphasized that the glycolysis-cholesterol synthesis axis affects the outcome and prognosis of PAAD (26). However, a comprehensive analysis, including the expression, prognosis, and mechanism of SQLE in PAAD, has not yet been conducted. Additionally, the relationship between SQLE and the tumor immune microenvironment in PAAD remains unclear.

In this study, we first analyzed the expression level of SQLE and its prognostic value in various types of human cancers, illustrating its potential oncogenic role. Subsequently, microRNAs (miRNAs) were determined to be vital regulators of SQLE and to influence the outcome of patients with PAAD. Our results confirmed that SQLE is significantly associated with tumor immune cell infiltration, immune checkpoints, and biomarkers of the tumor immune microenvironment. RNA functions associated with cholesterol metabolism were found to be implicated in the mechanisms of SQLE. Finally, a high SQLE level was indicative of a poor immunotherapy effect in melanoma and PAAD. Together, cholesterol metabolism-related overexpression of SQLE is strongly correlated with poor prognosis, tumor immune infiltration, and immunotherapy outcomes in PAAD.



Materials and Methods


Cell Culture

The human PDAC cell line PANC-1 was obtained from the American Type Culture Collection (ATCC) and cultured in DMEM medium (Gibco, Carlsbad, CA) supplemented with 10% FBS (Gibco, Carlsbad, CA) and 1% penicillin/streptomycin (Gibco, Carlsbad, CA) in 5% CO2 at 37°C.



Western Blotting

Total proteins were extracted in RIPA buffer, and the protein concentration was measured by BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). Protein was resolved in 10% Tris-SDS-PAGE gels and transferred to PVDF membranes (Millipore, Darmstadt, Germany). The membranes were incubated with anti-human SQLE antibody (Proteintech, Chicago, IL) at a dilution of 1:1000 and then probed with HRP-conjugated secondary antibody (Proteintech, Chicago, IL).



Cell Transfection

The miR-363-3p mimics (Genepharma, Shanghai, China) or negative control (NC) was transfected into PANC-1 cells using Lipofectamine 3000 Transfection Reagent (Invitrogen, Karlsruhe, Germany) according to the manufacturer’s instructions.



Cell Viability

Cells were plated in 96-well plates at a density of 2000 cells per well. Cell viability was assessed using CCK-8 (Gaithersburg, MD). OD450 values were determined on Day 0, 1, 2, 3, and 4.



Correlation Between SQLE Expression and Immune Cell Infiltration

TIMER (27) and TIMER2.0 (28) were used as servers for the comprehensive analysis of SQLE expression in 33 types of human cancer, infiltration of tumor immune cells, and the expression of immune checkpoints in PAAD. EPIC (29) and McP-Counter (30) were used to validate the immune cell infiltration from SQLE expression profiles. One-way ANOVA was used to test the significant differences. Statistical significance was set at p < 0.05.



GEPIA Database Analysis

GEPIA (31) is a web tool for gene expression analyses based on The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression databases. We used GEPIA to analyze SQLE expression in 10 types of human cancers, namely, ACC, DLBC, LAML, LGG, OV, PAAD, SKCM, TGCT, THYM, and UCS. Statistical significance was set at p < 0.05. We also conducted survival analyses for SQLE, including overall survival (OS) and disease-free survival (DFS). The correlation of SQLE with ACAT2, HMGCR, HMGCS1, IDI1, and LDLR in PAAD and pan-cancer was analyzed, and the top 100 SQLE-correlated genes were identified using GEPIA.



StarBase Database Analysis

The Starbase database (32) was first used to predict the miRNAs upstream of SQLE. PITA, RNA22, miRmap, microT, miRanda, PicTar, and TargetScan were used to identify miRNAs binding to SQLE, and miRNAs that were present in more than two programs were included in further analyses. We also used starBase to perform miRNA expression and correlation analyses for miRNA and SQLE in PAAD.



Kaplan-Meier Plotter Analysis

Kaplan-Meier plotter (33), a database evaluating the genes or miRNAs that are associated with survival in human cancer types, including PAAD, was used to perform survival analysis for miRNAs in PAAD. A log-rank p < 0.05 was defined as statistically significant.



Genetic Alteration Analysis

cBioPortal web (34, 35) was used to analyze the alteration frequency, mutation type, and copy number alteration of SQLE in human cancers. The mutated site information of SQLE is displayed in a schematic diagram of the protein structure. The prognostic value of SQLE alterations, including OS, disease-specific survival (DSS), DFS, and progression-free survival (PFS), was determined using survival analysis. In addition, immunohistochemical images of SQLE in tumor and normal tissues were obtained. Log-rank p-values were also generated.



TISIDB Database Analysis

TISIDB is a web portal for tumor and immune system interaction (36). The relationship between SQLE expression and tumor immune biomarkers in PAAD, including lymphocytes, MHC molecules, immune inhibitors, and immunostimulators, was analyzed using TISIDB. The p-value and Spearman’s correlation coefficients (rho) were calculated automatically.



Gene Enrichment Analysis

STRING website (37) was used to determine the SQLE-binding proteins network. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was performed by “hiplot” (unpublished, https://hiplot.com.cn), which is a free and comprehensive cloud platform for scientific computation and visualization. Gene ontology (GO) analyses, including biological process (BP), cellular component (CC), and molecular function (MF), were obtained from the DAVID database (https://david.ncifcrf.gov). A two-tailed p < 0.05 was considered statistically significant.



Statistical Analysis

Data are shown as the mean ± standard deviation of at least three independent experiments. Kaplan-Meier survival analysis was used to compare survival times with the log-rank test. Spearman’s correlation coefficient was used to determine the relationship between the two variables. Statistical significance was set at p < 0.05.




Results


SQLE Expression in the Pan-Cancer Analysis

We first explored SQLE expression levels in 33 types of human cancers based on TCGA dataset. As shown in Figure 1A, SQLE expression was significantly higher in tumors than in normal tissues in BLCA, BRCA, CESC, COAD, ESCA, HNSC, LIHC, LUSC, READ, STAD, and UCEC. SQLE expression was distinctly downregulated in KIRC, KIRP, PRAD, and THCA cells. Owing to an insufficient number of normal tissues as controls for several cancer types in the TCGA dataset, we verified the difference in SQLE expression between normal and tumor tissues in 10 types of human cancers by including normal tissue from the GTEx consortium of the GEPIA database. SQLE expression level was prominently increased in ACC, DLBC, OV, PAAD, THYM, and UCS and was dramatically downregulated in LAML. However, no significant differences were observed in LGG, SKCM, and TGCT (Figures 1B–K). Notably, SQLE expression in PAAD was markedly upregulated when an adequate number of normal tissues were used as controls. In summary, aberrant SQLE expression was observed in 22 types of human cancers, implying that SQLE has a tumorigenic function.




Figure 1 | SQLE expression level in human cancers. (A) SQLE expression in 33 types of human cancer based on TCGA dataset. (B–K) SQLE expression in ACC (B), DLBC (C), LAML (D), LGG (E), OV (F), PAAD (G), SKCM (H), TGCT (I), THYM (J), and UCS (K) compared with corresponding TCGA and GTEx normal tissues. *p < 0.05; **p < 0.01; ***p < 0.001.





SQLE Is Associated With the Prognosis of Multiple Human Cancer

To further reveal the significance of SQLE in tumors, we performed survival analyses, including OS and DFS, in 33 types of human cancers. As shown in Figure 2, high SQLE expression predicted unfavorable OS in the following 11 cancer types: ACC (p = 0.02), BRCA (p = 0.041), CESC (p = 0.018), HNSC (p < 0.001), KIRP (p = 0.021), LUAD (p < 0.001), MESO (p = 0.016), PAAD (p = 0.0031), SARC (p < 0.001), THCA (p < 0.001), and UVM (p = 0.0026). Moreover, overexpression of SQLE was linked to poor DFS in ACC, BLCA, HNSC, LUSC, PAAD, SARC, and UVM (Supplementary Figure S1, p < 0.05). In other types of human cancers, there was no significant difference observed in SQLE expression between the high and low groups. Taken together, our results reveal that SQLE overexpression correlates with poor prognosis in patients with PAAD.




Figure 2 | Overall survival (OS) analysis for SQLE in multiple human cancers. (A–K) The OS curves of SQLE in ACC (A), BRCA (B), CESC (C), HNSC (D), KIRP (E), LUAD (F), MESO (G), PAAD (H), SARC (I), THCA (J), and UVM (K).





Analysis of SQLE Alterations in PAAD

To investigate the frequency and category of SQLE mutations in human cancers, we conducted a gene alteration analysis. The highest alteration frequency of SQLE (> 25%) was observed in patients with ovarian epithelial tumors, with “amplification” as the dominant type (Figure 3A). Significantly, more than 10% of SQLE alterations (including “amplification” and “mutation”) were detected in PAAD patients (Figure 3A). Furthermore, we explored the location and number of SQLE alterations and found that the P85Lfs*25/E86* domain was detected in 4 cases, which was the most mutated location (Figure 3B). Additionally, the relationship between SQLE alterations and PAAD prognosis was demonstrated. Our results indicate that PAAD patients with SQLE alterations had worse OS (p = 2.603e-4), DSS (p = 0.0347), DFS (p = 1.021e-3), and PFS (p = 1.425e-3) than patients without SLQE alterations (Figures 3C–F). Together, SQLE alterations were frequently probed in PAAD and found associated with an unfavorable prognosis in patients with PAAD.




Figure 3 | Mutation characteristics of SQLE determined using the cBioPortal database. (A) The alteration frequency with mutational types of SQLE. (B) The mutational sites of SQLE. (C–F) The correlation between SQLE and OS (C), DSS (D), DFS (E), and PFS (F) in PAAD.





Analysis of Upstream miRNAs Regulating SQLE in PAAD

MicroRNAs (miRNAs) can bind to and regulate the expression of target genes. To identify the miRNAs that regulate SQLE expression, we analyzed the upstream miRNAs that could potentially target SQLE. We found 21 miRNAs that could be responsible for regulating SQLE expression in the pan-cancer analysis (Table 1). Next, we focused on these miRNAs in PAAD. As shown in Figures 4A–C, the expression of hsa-miR-194-5p, hsa-miR-363-3p, and hsa-miR-429 was different in the tumor and normal tissues, and therefore these miRNAs were confirmed as vital regulatory molecules (p < 0.05). High expression of these three miRNAs predicted favorable OS in PAAD (Figures 4D–F, p < 0.05). This phenomenon was not observed for the other 18 miRNAs in PAAD. It is well known that miRNAs negatively regulate their target genes (38). As presented in Table 1, SQLE expression showed a negative correlation with hsa-miR-363-3p but a positive correlation with hsa-miR-194-5p and hsa-miR-429 in PAAD. Thus, we hypothesized that hsa-miR-363-3p is an upstream miRNA of SQLE.


Table 1 | The expression correlation between predicted miRNAs and SQLE in PAAD analyzed by starBase database.






Figure 4 | Identification of miRNAs as potential upstream regulators of SQLE in PAAD. (A–C) Expression of miR-194-5p (A), miR-363-3p (B), and miR-429 (C) in PAAD and control normal tissues. (D–F) The prognostic values of miR-194-5p (D), miR-363-3p (E), and miR-429 (F) in PAAD obtained using the Kaplan-Meier plotter. (G) The SQLE knockdown efficiency of 50 nM and 100 nM of miR-363-3p mimics on Day 2. (H) The effects of 50 nM and 100 nM of miR-363-3p mimics on in vitro proliferation in PANC-1. Two-way ANOVA test (n=3). **p value < 0.01; ***p value < 0.001; NS, no significance.



To explore the function of hsa-miR-363-3p in PAAD, we performed in vitro experiments using miR-363-3p mimic. Western blot results confirmed that both 50 nM and 100 nM mimics could effectively knock down the expression of SQLE in PANC-1 (Figure 4G). Subsequently, CCK8 results showed that the mimic could inhibit the proliferation ability of PANC-1 (Figure 4H). These results indicated that miR-363-3p could regulate the expression of SQLE and then inhibit cell proliferation in PAAD.



SQLE Expression Was Closely Related to Immune Cell Infiltration in PAAD

SQLE is a key enzyme in cholesterol metabolism and is involved in important lymphocyte functions (39, 40). Therefore, we explored the relationship between SQLE expression and immune cell infiltration in PAAD patients. The copy number of SQLE could affect the infiltration of B cells, CD8+ T cells, and CD4+ T cells (Figure 5A). In addition, SQLE expression was negatively correlated with CD4+ T cells (Figure 5B). In contrast, SQLE expression positively correlated with the infiltration of CD8+ T cells (Figure 5C) and neutrophils (Figure 5D). Our results also demonstrated that SQLE expression did not affect the infiltration of the other three types of immune cells: B cells, dendritic cells (DCs), and macrophages (Figures 5E–G).




Figure 5 | Relationship of immune cell infiltration with SQLE expression in PAAD. (A) Infiltration of immune cells under different alterations of SQLE in PAAD. (B–G) Correlation of SQLE with CD4+ T cells (B), CD8+ T cells (C), neutrophils (D), B cells (E), dendritic cells (F), and macrophages (G). (H, I) Differences of immune-infiltrating cells between SQLE high (n = 89) and low (n = 89) groups performed by McP-Counter (H) and EPIC (I). *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. NS, no significance.



Furthermore, these results were validated in 178 patients with PAAD from the TCGA cohort. Patients were divided into two groups according to the median expression level of SQLE. McP-Counter and EPIC methods were performed to validate the immune cell infiltration in 2 groups. The McP-Counter results showed that there were significant differences in T cell, CD8+ T cell, B cell, NK cell, DC, and endothelial cell (Figure 5H), which was consistent with EPIC results (Figure 5I). In conclusion, SQLE expression has a complex regulatory effect on immune cell infiltration in PAAD.



Correlation of SQLE With Biomarkers of Tumor Immune Microenvironment

To further investigate the relationship between SQLE and tumor immune biomarkers, we used the GEPIA and TISIDB databases. Our results showed that SQLE expression was significantly negatively correlated with PDCD1 (Figure 6A), LAG3 (Figure 6C), cytotoxic T-lymphocyte associated protein 4 (CTLA4, Figure 6E), and CD160 (Figure 6G)-all checkpoint inhibitors in the GEPIA database analysis. Our TISIDB database analysis confirmed these findings. SQLE expression was related to PDCD1 (Figure 6B, rho = -0.347, p < 0.01), LAG3 (Figure 6D, rho = -0.334, p < 0.01), CTLA4 (Figure 6F, rho = -0.241, p < 0.01), and CD160 (Figure 6H, rho = -0.447, p < 0.01). We performed further analyses to reveal the correlation among SQLE expression, copy number, methylation, and tumor immune features in PAAD, including lymphocytes (Supplementary Figure S2-A), immuno-inhibitors (Supplementary Figure S2-B), MHC molecules (Supplementary Figure S2-C), and immunostimulators (Supplementary Figure S2-D). Remarkably, the relationship between SQLE expression and tumor immune features was always contrary to the results of SQLE methylation (Supplementary Figure S2). Our results indicate that SQLE might function as a regulator of the immune microenvironment in PAAD.




Figure 6 | SQLE expression is closely related to PDCD1, LAG3, CTLA4, and CD160 expression in PAAD. (A, B) Spearman correlation of SQLE expression with PDCD1 expression in PAAD adjusted by purity in TIMER (A) and TISIDB (B). (C, D) Spearman correlation of SQLE expression with LAG3 expression in PAAD adjusted by purity in TIMER (C) and TISIDB (D). (E, F) Spearman correlation of SQLE expression with CTLA4 expression in PAAD adjusted by purity in TIMER (E) and TISIDB (F). (G, H) Spearman correlation of SQLE expression with CD160 expression in PAAD adjusted by purity in TIMER (G) and TISIDB (H).





Enrichment Analysis of SQLE

SQLE is a pivotal gene regulating cholesterol biosynthesis. Therefore, we performed an enrichment analysis of SQLE-related partners. A list of 50 SQLE-binding proteins was obtained from the STRING database. We constructed a network of 20 proteins that were most strongly associated (Figure 7A), and most of these proteins were involved in cholesterol metabolism. The top 100 genes related to SQLE expression pan-cancer were selected from the GEPIA2 database analysis. As presented in Figures 7B–F, SQLE expression level was positively correlated with ACAT2 (R = 0.53), HMGCR (R = 0.5), HMGCS1 (R = 0.56), IDI1 (R = 0.51), and LDLR (R = 0.49) genes (all p < 0.001). We obtained similar results for PAAD (Figures 7G–K, all p < 0.001). A combined analysis of the two datasets suggested three common molecules, namely, DHCR7, NSDHL, and MSMO1 (Figure 7L). Subsequently, we conducted KEGG and GO enrichment analyses. The results of the former showed that “metabolic pathways” and “steroid biosynthesis” were involved in the function of SQLE in carcinogenesis (Figure 7M). The results of the latter implied that these genes were related to oxidation-reduction, cholesterol biosynthesis, iron ion binding, and oxidoreductase activity, among other reactions (Figure 7N). The annotations of the X-axis in Figure 7N are presented in Supplementary Table S1.




Figure 7 | SQLE-related gene enrichment analysis. (A) The top 20 SQLE-binding proteins using the STRING tool. (B–F) The expression correlation between SQLE and the targeting genes ACAT2 (B), HMGCR (C), HMGCS1 (D), IDI1 (E), and LDLR (F) in human cancers. (G–K) The expression correlation between SQLE and the targeting genes ACAT2 (G), HMGCR (H), HMGCS1 (I), IDI1 (J), and LDLR (K) in PAAD. (L) Interaction analysis of the SQLE-binding and related genes. (M) KEGG pathway analysis of the SQLE-binding and interacting genes. (N) GO analysis for the molecular function of the SQLE-binding and interacting genes.





SQLE Is Associated With Immunotherapy Outcome of Cancer

TMB is a favorable predictor of immunotherapy. Our results suggest that SQLE alteration correlated with high TMB pan-cancer and in PAAD (Figure 8A, p < 0.001). We also analyzed the results of two clinical trials of anti-PD1 treatment in melanoma and found that SQLE expression was inversely associated with cytotoxic lymphocyte levels (CTLs), OS, and PFS in melanoma patients (Figure 8B, p < 0.05). Subsequently, we analyzed SQLE expression and its association with biomarkers of MHC (B2M, HLA-B, HLA-C, TAP1, and TAP2), dendritic cells (BATF3), macrophages (CD68 and IL1A), type-I anti-tumor responses (CD8A and GZMB), and cell proliferation (MKI67) in 178 PAAD tissues (Figure 8C). SQLE was positively associated with MHC molecules (B2M, r = 0.221; HLA-B, r = 0.146; HLA-C, r = 0.143; TAP1, r = 0.187; and TAP2, r = 0.240), macrophages (CD68, r = 0.196 and IL1A, r = 0.275), and cell proliferation (MKI67, r = 0.380) but negatively associated with dendritic cells (BATF3, r = -0.181) and type-I anti-tumor responses (CD8A, r = -0.173 and GZMB, r = -0.171). Furthermore, our results showed that high SQLE expression indicated low CTL infiltration and poor OS in PAAD patients (Figure 8D, p < 0.05). These results suggest that high SQLE expression predicted depletion of cytotoxic lymphocytes and loss of anti-tumor ability, leading to unfavorable responses to immunotherapy.




Figure 8 | SQLE predicts poor outcome of immunotherapy in cancer. (A) The association of SQLE alteration and tumor mutational burden (TMB) pan-cancer (left) and in PAAD (right). The Wilcoxon test was used for statistical analyses. (B) The results of two clinical trials suggest that SQLE expression correlates with the unfavorable outcome of immunotherapy in melanoma. (C) Correlation between SQLE expression and biomarkers of MHC (B2M, HLA-B, HLA-C, TAP1, and TAP2), dendritic cells (BATF3), macrophages (CD68 and IL1A), type-I anti-tumor responses (CD8A and GZMB), and cell proliferation (MKI67) in 178 tumor tissues of PAAD. (D) SQLE correlates with the outcome of immunotherapy in PAAD.






Discussion

Presently, the prognosis of PAAD remains poor despite radical resection, mainly because of the lack of effective adjuvant therapy; therefore, the development of effective target biomarkers or promising drugs is urgently needed. Previous studies have demonstrated that SQLE promotes oncogenesis and metastasis in multiple human cancers by regulating cholesterol metabolism. However, a comprehensive understanding of SQLE in PAAD remained to be achieved.

In this study, we first performed pan-cancer analysis of SQLE expression and demonstrated that SQLE is highly expressed in PAAD. Survival and gene alteration analyses suggested that high expression and alteration of SQLE predicted the grim prognosis of PAAD, including OS, DFS, DSS, and PFS. miRNAs can modulate target gene expression through complex regulatory networks (41, 42). Therefore, it is essential to identify upstream miRNAs that participate in regulating SQLE expression. Twenty-one miRNAs were identified as pivotal regulators of SQLE. Among them, miR-194-5p was considered to potentiate the survival of tumor-repopulating cells, leading to radiotherapy failure in PAAD (43). Interestingly, microRNA-205, as a tumor suppressor, could re-sensitize gemcitabine-resistant pancreatic cancer cells and reduce the proliferation of cancer stem cells and tumor growth in mouse models (44). In addition, miR-92a-3p promotes EMT progression and metastasis by inhibiting PTEN and activating Akt/Snail signaling in hepatocellular carcinoma (45). miR-429 can be inhibited by an X-inactive specific transcript and upregulate the expression of ZEB1 to promote migration and invasion in PAAD (46).

After a comprehensive analysis of these 21 miRNAs in PAAD, including expression and survival analyses, miR-363-3p was recognized as the most potential upstream regulator of SQLE. Reportedly, miR-363-3p may play a crucial role in the progression of ovarian cancer (47). However, the role and function of miR-363-3p in PAAD have not been previously reported. We therefore speculate that miR-363-3p is involved in the pathological processes of PAAD by regulating SQLE function.

Immune cell infiltration into the tumor microenvironment is closely related to the therapeutic efficiency and prognosis of multiple human cancers, including gastric cancer (48) and colorectal cancer (49–51). Different immune cell-infiltrating subsets in the PAAD microenvironment were considered as independent prognostic characteristic factors (52). Furthermore, single-cell transcriptomics of PAAD indicated substantial immunological heterogeneities and T cell infiltration differences in the microenvironment. (53, 54). Our results emphasized that SQLE expression is negatively correlated with the infiltration of CD4+ T cells and NK cells, whereas it is positively correlated with the infiltration of CD8+ T cells and neutrophils in PAAD. Our findings suggest that SQLE may regulate the immune microenvironment in PAAD.

Immune checkpoint inhibitors comprise the most promising strategy for treating solid tumors (55), especially targeting PD-1 and CTLA4. However, the PD-1/PD-L1 blockade has proven to have limited effectiveness in PAAD (56). Therefore, we evaluated the relationship between SQLE expression and tumor immune biomarkers to identify new therapeutic strategies. Our results showed that SQLE expression was negatively correlated with PDCD1, LAG3, CTLA4, and CD160 expression, suggesting that the combined application of the SQLE inhibitor terbinafine and immune checkpoint blockade may improve the efficacy of PAAD. Moreover, the relation between SQLE expression and tumor immune feature was always consistent with the copy number of SQLE, whereas contrary to the results of SQLE methylation. We hypothesized that the methylation may inhibit the expression of SQLE, and thus caused these results.

We hypothesized that SQLE regulates the immune microenvironment through metabolic pathways. Enrichment analysis showed that SQLE-related partners are involved in cholesterol and lipid metabolism. KEGG and GO analyses suggested that “metabolic pathways” and “steroid biosynthesis” are associated with the function of SQLE in carcinogenesis. Yang et al. reported that cholesterol metabolism affects CD8+ T lymphocyte function (39). Cholesterol homeostasis is regulated by SCAP-SREBP2 and is essential for macrophage function (57). Moreover, statin use, by inhibiting cholesterol biosynthesis, could reduce mortality risk and improve survival of patients with PAAD (58). Finally, SQLE alteration was associated with high TMB, and its expression is negatively correlated with the infiltration of CTLs in melanoma and PAAD, leading to poor outcome of immunotherapy. Although the correlation between TMB and outcome of immunotherapy for PAAD has not been adequately elucidated, the lack of CTLs appears to underlie the ineffectiveness of immunotherapy in PAAD (59–61). Preclinical mouse models have suggested that increasing the infiltration of CTLs could improve the efficiency of checkpoint blockade in PAAD (62). In summary, our results indicate that SQLE influences the immune microenvironment and immunotherapy outcomes in patients with PAAD. Immunotherapy based on metabolic intervention may be a novel approach in treating PAAD, and interdisciplinary combination therapy may help overcome the bottleneck of cancer treatment.

Taken together, we demonstrate that SQLE expression is upregulated in multiple types of human cancer (including PAAD) and negatively correlated with the prognosis of PAAD. We also report an upstream miRNA, miR-363-3p, as a key regulator of SQLE expression in PAAD. SQLE could regulate the infiltration of tumor immune cells and the expression of immune checkpoints. SQLE plays a crucial role in cholesterol metabolism, and high SQLE expression is associated with poor immunotherapy outcomes. SQLE blockade may improve the efficiency of PAAD immunotherapy. Nevertheless, these results should be validated through additional wet experiments and clinical trials in the future.
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Supplementary Figure 1 | Disease-free survival (DFS) analysis for SQLE in multiple human cancers. (A–G) DFS curves of SQLE in ACC (A), BLCA (B), HNSC (C), LUSC (D), PAAD (E), SARC (F), and UVM (G).

Supplementary Figure 2 | SQLE expression, copy number, and methylation are associated with tumor immune features. (A–D) Correlation of SQLE with lymphocyte (A), immuno-inhibitor (B), MHC molecule (C), and immunostimulator (D).
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Background

Radiofrequency ablation (RFA) destroys tumors through hyperthermic injury, which induces the release of immunogenic intracellular substrates and damages associated molecular patterns (DAMPs) to evoke a systemic immune response, but its therapeutic effect is limited. This study aimed to combine RFA with an immunomodulator, resiquimod (R848), to enhance the RFA-induced antitumor immunity.



Methods

We performed RFA on subcutaneous tumors in immunocompetent mice and intraperitoneally injected R848 to observe the efficacy of the combination therapy. Our research investigated changes in the composition of tumor-infiltrating immune cells in primary and distant tumors by flow cytometry. Natural killer (NK) cell depletion experiment was applied to confirm the role of NK cell in the combination therapy. The expression levels of cytokines and chemokines were detected by real-time quantitative PCR. Immunohistochemical test was conducted to reveal tumor angiogenesis, tumor proliferation, and apoptosis after the different treatments.



Results and Conclusion

Compared with RFA or R848 monotherapy, the combination therapy significantly slowed the tumor growth, prolonged the survival time, and shrank the tumor-draining lymph nodes of tumor-bearing mice. The flow cytometry results showed that tumor-infiltrating immune cells, total T cells, the ratio of CD8+ T and NK cells to CD45+ cells, and functional NK cells were obviously increased after the combined treatment. Distal tumor growth was also suppressed, and the profile of tumor-infiltrating immune cells was remodeled, too. In addition, the additive effect of the combination therapy disappeared after NK cell depletion. Furthermore, immunohistochemical results verified that R848 inhibited tumor angiogenesis in murine liver cancer, and the combination therapy promoted tumor cell apoptosis. In conclusion, our data suggest that RFA combined with R848 stimulated a stronger antitumor immune response and effectively inhibited liver cancer progression in a NK cell-dependent manner. Meanwhile, we confirmed that R848 inhibited tumor angiogenesis and promoted apoptosis in murine liver cancer. Overall, this is a promising therapeutic strategy to improve the efficacy of RFA in the treatment of liver cancer and provides a novel option for combined thermal ablation and immunotherapy.
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Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant tumors worldwide and the fourth leading cause of cancer-related deaths (1–3). East Asia and Africa are currently the regions with the highest incidence and mortality of HCC. The incidence and mortality of HCC in Europe and the United States have also been increasing in recent years (4, 5). At present, liver transplantation, surgical resection, and local ablation are the three major treatments for HCC (4, 6). However, the occult onset of HCC and the scarcity of donor livers severely limit the clinical application of surgical resection and liver transplantation (7–9). Local ablation therapy is especially suitable for these patients who are not suitable for surgery, and it is estimated that more than half of HCC patients have received local ablation therapy during their lifetime (10).

Radiofrequency ablation (RFA) is the most commonly used local ablation technique for HCC (11), and several studies have shown that RFA can achieve a similar therapeutic effect as surgical resection in the treatment of small HCC (single nodules ≤2 to 3 cm) (12–15). Interestingly, RFA induces tumor tissue coagulation necrosis and apoptosis, which lead to the release of immunogenic intracellular substrates to stimulate local anti-tumor immunity (16–20). Nevertheless, for a large tumor or a tumor located close to large blood vessels, RFA cannot completely destroy the tumor (incomplete ablation), and the residual tumor results in the recurrence and distant metastasis of HCC in the future (10, 21, 22). Therefore, it is clear that the anti-tumor immunity elicited by RFA monotherapy is too weak to effectively inhibit tumor recurrence and distant metastasis. In recent years, the combination of local ablation and immunotherapy for liver cancer is considered as a promising approach to boost RFA-induced immune response. Clinical trials of thermal ablation combined with immunotherapy, such as anti-PD1/anti-PDL1/anti-CTLA4 antibody, in the treatment of liver cancer have been widely carried out. Patients who received combination therapy had different degrees of improvement in overall survival or progression-free survival (23).

Resiquimod (R848) is a novel immunomodulatory agent which binds to Toll-like receptor7/8 and stimulates the release of various immunoregulatory cytokines, such as IFN-α, IL-6, and TNF-α, through MyD88-dependent or MyD88-independent pathways, thereby activating a cascade of signaling pathways to induce innate and adaptive immune response (24–26). Although R848 was originally used to study the role of antiviral and antibacterial immunity and the research on tumor has only started in recent years, several studies have shown that R848 significantly increases the number and function of CD8+ T cell and inflames the tumor immune microenvironment (TIME) (27–29). In addition, R848 has been used as an adjuvant in combination with anti-PD1/PDL1 antibody to treat colon cancer (30) and squamous cell carcinoma (31, 32) and achieved great therapeutic effects.

Here we demonstrated that the combined treatment of RFA and R848 not only ignited the TIME compared with RFA monotherapy but also increased the number and function of NK cell and CD8+ T cell and boosted the expression levels of multiple proinflammatory cytokines and NK cell-related chemokines in tumors. Meanwhile, we found that the combination therapy significantly inhibited HCC angiogenesis and proliferation but promoted tumor apoptosis (Schematic Illustration).



Materials and Methods


Cell Lines and Mice

Murine liver cancer cell line hepa1-6 was purchased from the cell bank of Chinese Academy of Sciences (Shanghai, China). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and 1% penicillin–streptomycin at 37°C and 5% CO2. The cells were digested for subsequent use when they reached 70% density.

Six- to 8-week-old male C57BL/6 mice were obtained from Shanghai SLAC Laboratory Animal Co. Ltd. Hepa1-6 cells (4 × 106) were resuspended in 100 ul phosphate-buffered saline (PBS) and were subcutaneously injected into the right flank of C57BL/6 mice. In the abscopal effect assay, hepa1-6 tumor cells (3 × 106) were simultaneously inoculated into the bilateral flanks of the mice. Tumor progression was measured with a vernier caliper. Tumor volume was calculated with the following formula: (length × width2)/2. At about 1 week later, the tumor-bearing mice were randomly divided into four groups to receive different treatments. All animal experiments followed relevant experimental animal ethic requirements and were approved by the Laboratory Animal Welfare Ethics Review Committee of Zhejiang University.



Radiofrequency Ablation Therapy

For the radiofrequency ablation (RFA) and RFA+R848 groups, the mice were anesthetized with ketamine + xylazine solution (i.p., 90 + 8 mg/kg). After the mice were fully anesthetized, the abdominal hair was shaved, and they were fixed on the electrode plate in prone position; then, 1 ml PBS was sprayed on the contact area between the electrode plate and the mouse’s skin to increase the conductivity. A 480-kHz RFA generator (S-1500, MedSphere, Shanghai) was then connected, and a 17-gauge monopolar electrode was inserted along the long axis of the tumor so that the electrode tip reached the center of the tumor, and the ablation was performed with parameters of 5 W and 15 s. For the control and R848 groups, the mice received the same treatments but with the RFA generator turned off. After the RFA procedure, all mice were resuscitated on a 37°C blanket. A picture of the tumor RFA model is shown in Supplementary Figure S6.



Resiquimod Therapy

The powder of resiqumod (R848) was obtained from MedChemExpress (Monmouth Junction, NJ, USA). The powder was prepared into a solution according to the manufacturer’s instructions and filtered with a 0.2-um syringe filter before administration. For the mice in the R848 and RFA+R848 groups, R848 solution (1 mg/kg,100 ul) was intraperitoneally injected on the same day as with the RFA treatment and then once every 2 days until the mice were sacrificed or dead. For the control and RFA groups, the mice were injected in the same way with a control solution without R848.



Flow Cytometry

Flow cytometry was performed to analyze the tumor-infiltrating immune cells. In brief, tumors were peeled off the skin after the mice were sacrificed. The edge of the tumor was cut into 1-mm3 size, and then the fragments were placed for an hour in 5 ml DMEM containing 0.1 mg/ml DNase-I and 1 mg/ml collagenase IV at 37°C to get a single-cell suspension. Next, the cell suspensions were filtered through a 70-μm strainer to filter out incompletely digested residues. For cell membrane staining, Zombie Aqua Fixable Viability Kit was first applied, according to the manufacturer’s instructions, to distinguish live cells from dead cells, and then a suspension of various antibodies was used for cell membrane staining. For intracellular cytokine staining, the cells need to be stimulated with Cell Activation Cocktail (with Brefeldin A) first, followed by live–dead staining, cell membrane staining, fixation and permeabilization, and incubation of anti-IFN-γ and anti-Granzyme B monoclonal antibodies with cell suspensions. After dyeing, the excess dye was washed off with PBS, and the suspension was filtered again with a 40-μm nylon mesh to get the final single-cell suspension. All samples were acquired on BD LSR Fortessa (BD Biosciences), and data was analyzed with FlowJo 10.5.3 software (FlowJo LLC, Ashland, USA). The gating strategy is provided in Supplementary Figure S2.

The antibodies and reagents used in the flow cytometry analysis were obtained from Bio-Legend (San Diego, CA, USA), namely: Zombie Aqua Fixable Viability Kit, BV605-conjugated anti-CD45, APC-conjugated anti-CD3, Perp-Cy5.5-conjugated anti-NK1.1, PE-conjugated anti-CD4, FITC-conjugated anti-CD8, APC-conjugated anti-TCRβ, PE-conjugated anti-CD11b, BV711-conjugated anti-Ly6C, BV650-conjugated anti-Ly6G, APC-conjugated anti-F4/80, APC-Cy7-conjugated anti-I-A/I-E (MHCII), APC-Cy7-conjugated anti-CD45R (B220), PE-Cy7-conjugated anti-CD11c, FITC-conjugated anti-CD86, PE-Cy7-conjugated anti-IFN-γ and FITC-conjugated Granzyme B, Cell Activation Cocktail (with Brefeldin A), fixation buffer, and permeabilization wash buffer.



NK Cell Deletion

The tumor-bearing mice were divided into three groups, and then they received RFA, RFA+R848, or RFA+R848+anti-NK1.1 antibody (Bio-Legend, San Diego, CA, USA). R848 was administered as previously described. Anti-NK1.1 (300 μg/mouse) or sham antibodies were injected intraperitoneally into the mice starting on the day before the RFA and then once every 3 days—for a total of 3 injections. Detection of NK cell in mouse blood was performed using flow cytometry to verify the efficiency of NK1.1 antibody.



Real-Time Quantitative PCR

Approximately 0.1 g of tumor tissue was homogenized, and then total RNA was extracted using RNeasy Mini Kit (Qiagen, Germany), according to the manufacturer’s instructions. The synthesis of cDNA from RNA was achieved with Prime-Script™ RT reagent kit (TaKaRa). qPCR was performed on LightCycler 480 II system (480II-384, Roche, Germany) in a 10-µl reaction mixture containing SYBR Green I (Yeasen, Shanghai). The parameters are set to 40 cycles of 95°C for 15 s, 60°C for 15 s, and 72°C for 30 s. The expressions of the desired genes were normalized to GAPDH, and data were further analyzed by the 2−ΔΔCT formula. The final results are presented as fold change to the control group, and the primer sequences are provided in Supplementary Table S1.



Immunochemistry Staining

Tumor tissues were fixed in 10% neutral buffered formalin and then embedded in paraffin. For immunochemistry (IHC), the paraffins are cut into 4-μm slices. In the deparaffinization of sections to water, xylene and various concentrations of ethanol (100, 95, 85, and 75%) were used. Endogenous peroxidase was inactivated, antigen was retrieved, followed by goat serum blocking and incubation with primary anti-CD31 (AF3628, Bio-Techne) antibody, anti-VEGFA (19003-1-AP, Proteintech) antibody, anti-cleaved-caspase3 (9661L, Cell Signaling) antibody, and anti-ki67 (12202S, Cell Signaling) antibody. Next, the samples were incubated with a horseradish peroxidase-conjugated secondary antibody, and a color developer (diaminobenzidine) was used to develop color at an appropriate concentration. Finally, five fields of each section were randomly selected at ×400 magnification for counting of positive cells, and for ki67 staining, the integrated optical density value was calculated by ImageJ software (https://imagej.nih.gov/nih-image/) under the same threshold conditions.



Statistical Analysis

All data analyses were performed by GraphPad Prism 8.0.2 (GraphPad Software, Inc.), and p-value <0.05 was regarded as statistically significant. The detailed statistical methods are presented in the figure legend.




Results


Combination of RFA With R848 Constrains the Growth of HCC and Extends the Survival of Tumor-Bearing Mice

To evaluate whether RFA, R848, and the combo treatment elicit an effective anti-tumor immunity, hepa1-6 liver cancer cells were subcutaneously implanted into the right flank of C57BL/6 mice. At 1 week later, the mice were randomly assigned to four groups when the diameter of the tumor has reached 6–8 mm. The mice in the four groups received no treatment (control), RFA treatment, R848 treatment, and combined treatment (RFA+R848), respectively. Tumor volume was recorded every day, and tumor growth curves were plotted (Figure 1A).




Figure 1 | Potent antitumor efficiency following radiofrequency ablation combined with resiquimod. (A) Diagram of the experimental design for assessment combo treatments in mice liver cancer model (hepa1-6). (B) Tumor growth curves of mice that received different treatments. (C) Tumor growth in each mouse after different treatments. (D) Representative image of hepa1-6 tumor excised at day 6. (E) Quantitative analysis of tumor weight at sacrifice in different groups; summary analysis of the result of the two experiments. The experiments represented in (B–E) were repeated 3 times, with 4–6 mice per group. All data are shown as mean ± SEM, and two-tailed Student’s t-test was performed to compare the statistical differences between the two groups. (F) Kaplan–Meier overall survival analysis (n = 10 for each group), and this experiment was repeated 2 times. Statistical significance was evaluated by log-rank (Mantel–Cox) tests. **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.



As shown in Figures 1B–D, in contrast to the control or monotherapy group, the tumors of mice treated with RFA+R848 grew significantly slower and were smaller at the end of the experiment, whereas only a negligible tumor growth inhibitory effect was detected in the RFA and R848 groups. Combo treatments especially distinctly constrained the growth of tumor in the first 3 days after RFA. The tumor growth kinetics of mice that received different treatments is shown in Figure 1C. Both the RFA and combo treatments evidently reduced the tumor weight compared with the control group, but the tumor in the RFA+R848 group was significantly lighter than that in the RFA group (Figure 1E). Besides this, we observed that the tumor-draining lymph node in the RFA+R848 group was a little bit smaller than that in the control group, but there was no significant difference between the RFA and control groups (Supplementary Figure S1A). In addition, spleen size was not different among the groups (Supplementary Figure S1B). On the other hand, we also showed that combo treatments obviously extended the survival of tumor-bearing mice compared with those from the monotherapy or control group (Figure 1F). The median survival for mice treated with RFA+R848 was 15 days, an increase of 36.4 and 57.9% compared with the RFA (11 days) and R848 (9.5 days) group, respectively. We additionally found that RFA alone can also slightly improve the survival time of tumor-bearing mice.



Combination of RFA With R848 Modulates the Profiles of Tumor-Infiltrating Immune Cells

We then revealed the effect of the combo treatments on tumor-infiltrating immune cells by flow cytometry (the gating strategy is shown in Supplementary Figure S2). Mice that received different treatments were executed on the 6th day, the tumors were peeled off the skin, and the edge of the tumor was cut into pieces to get single-cell suspensions. As shown in Figure 2A, there was a distinct increase in intra-tumoral CD45+ immune cells after the combined treatments compared with the control or RFA monotherapy, but no significant difference was found between the RFA+R848 group and the R848 group.




Figure 2 | The composition of tumor-infiltrating immune cells is changed after combination therapy. (A) Ratio of tumor-infiltrating immune (CD45+) cells to live cells in different groups; quantitative analysis results are shown on the right. (B) Representative flow cytometry plots of the percent of tumor-infiltrating NK (CD3-NK1.1+) cells in CD45+ cells and the corresponding quantitative results. (C) Intra-tumoral CD8+ T cells were gated from CD3+ cells, and then the ratio of CD8+ to CD45+ was calculated; %CD8+ T in CD45+ cells = %(CD8+CD3+CD45+/CD45+). (D) The proportion of IFNγ-secreting NK (IFNγ+NK1.1+) cells to total NK cells in the tumors of mice that received different treatments. The experimental results from one of the two independent experiments are shown; n = 4 per group. Statistical comparison was performed by two-tailed Student’s t-test. All error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. IFNγ, interferon γ; NK, natural killer.



Natural killer (NK) cells and CD8+ T cells play an important role in liver cancer progression (33–36). We found that the combination therapy clearly elevated the ratio of NK, CD3+T, and CD8+ T cells to CD45+ immune cells compared with those in the control or RFA monotherapy (Figures 2B, C; Supplementary Figure S3A). Furthermore, the proportion of NK cells in the combined treatment group is significantly higher than in the R848 group, whereas the ratio of CD8+ T cells is not. In addition, the proportion of IFNγ+ cells in NK cells in the combined treatment group is higher than that in the RFA or control group (Figure 2D). Only a slight increase was observed after the combo treatments in terms of the frequency of IFNγ+ CD8+ T cells compared with no treatments, and there was no statistical difference between the combined group and the RFA group (Supplementary Figure S3D). Besides this, the ratio of Granzyme B+ cells in NK cells and CD8+ T cells was not different among the four groups (Supplementary Figures 3E, F). This implies that the combinational effect is mainly attributed to NK cells.




Figure 3 | Systemic antitumor immune response is elicited after the combination of radiofrequency ablation with resiquimod. (A) Schematic diagram of the experiment to understand the different operations at different points in time. (B) Distant tumor growth curves of tumor-bearing mice treated with different approaches and the tumor weight (from two independent experiments) on the untreated side when the mice were sacrificed. (C, D) Tumors from the untreated side were dissected and made into single-cell suspensions for flow cytometry. The representative flow cytometry plots of tumor-infiltrating immune (CD45+) cells and natural killer (NK; CD3-NK1.1+) cells as well as the relative quantification of the ratio of CD45+ cells to live cells and the proportion of NK cells to CD45+ cells are shown. The results represent one of two independent experiments; n = 5 in each group. Statistical analysis was performed by two-tailed Student’s t-test. All error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ns, not significant.



The flow cytometric assay also detected that the proportion of CD4+ T cells, B cells (CD3-CD45R+), macrophages (Ly6c-CD11B+F4/80+), monocytes (CD11B+MHCII-Ly6c+Ly6g-), and neutrophils (CD11B+MHCII-Ly6c+Ly6g+) to CD45+ immune cells was not different among the four groups. Moreover, there was also no difference between the ratio of M1 (MHCII+ macrophage)/M and M2 (MHCII- macrophage)/M (Supplementary Figures S3B, C, S4A–E). However, interestingly, similar to the role of R848 in pancreatic cancer (27), the percentage of dendritic cells (DCs, CD11B+MHCII+CD11C+F4/80-) as a percent of CD45+ cells in both the R848 group and the RFA+R848 group was significantly reduced, while there was no difference in the proportion of CD86+ DCs to the total DCs between groups (Supplementary Figures S4F, G).



Abscopal Effect Is Induced by RFA+R848 Treatments

To investigate the systemic antitumor immune response of combo treatments, we simultaneously implanted hepa1-6 liver cancer cells into the bilateral flanks of C57BL/6 mice. After a week, the mice were divided into four groups when the tumors have reached approximately 100 mm³. The tumor on the right flank was regarded as the primary tumor for RFA therapy, while the contralateral tumor was considered the distant tumor for monitoring and flow cytometry analysis. R848 was injected intraperitoneally once every 2 days—for a total of 4 injections. The mice were sacrificed on the 7th day after RFA (Figure 3A). The volume and weight of distant tumors manifested that only a negligible tumor growth inhibition was induced by RFA or R848 monotherapy. Nevertheless, the RFA+R848 treatment significantly reduced the tumor burden of the tumors that were left untreated (Figure 3B). Corresponding to these results, the flow cytometry analysis revealed that the combo treatments showed a stronger ability to increase the frequencies of both CD45+ and NK cells in the distant tumors compared with the control or RFA treatment. Furthermore, the proportion of NK cells to CD45+ cells in the combination therapy group was highest among the four groups (Figures 3C, D). This phenomenon further proves the role of NK cells in combination therapy. However, unlike a tumor in situ, no difference was detected in the ratio of CD3+ and CD8+ T cells to CD45+ cells in distant tumors among the four groups. The proportion of CD4+ T cells was not changed either (Supplementary Figure S5). What is more, similar to the primary tumor, except for DCs, the tumor-infiltrating myeloid immune cells in mice with different treatments almost did not differ in the distant tumor. The data is not presented.



NK Cells Are Essential for the Antitumor Immunity Elicited by the Combined Treatments

On the basis of the research that we have made, those mice that received the combination therapy not only had the highest proportion of NK cells among the four groups but also had enhanced NK cell function (Figures 2B, D). Hence, to directly confirm the role of NK cells in combination therapy, we performed a NK depletion test. Anti-NK1.1 antibody was injected intraperitoneally at 1 day before the RFA and then once every 3 days until the mice were sacrificed. The rest of the operation was similar to Figure 1A. The depletion efficiency is shown in Figure 4A. The tumor growth curves indicate that the RFA+R848 treatment evidently reduced the tumor burden compared with RFA monotherapy, whereas the inhibition of tumor growth disappeared in the absence of NK cells (Figure 4B). Correspondingly, the tumors in the RFA+R848 group were the lightest and smallest among the three groups, but the tumor size was not reduced after using anti-NK1.1 antibody (Figures 4C, D).




Figure 4 | The superimposed effects induced by combination therapy are natural killer (NK) cell dependent. (A) NK1.1 antibodies were injected intraperitoneally at 1 day prior to radiofrequency ablation (RFA) and once every 3 days until the mice were sacrificed at 3 days after injection tail vein blood was collected to verify the clearance efficiency. (B) Tumor growth curves of mice depleted for NK cells and treated with RFA + resiquimod. (C, D) Tumor weight and a representative picture of the tumor excised at sacrifice. One of the two independent experiments is shown; n = 5 in each group. Statistical analysis was performed by two-tailed Student’s t-test. All error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.





RFA+R848 Treatment Promotes the Expression of Lymphocyte-Related Cytokines and NK Cell-Related Chemokines in Tumor Tissue

Various cytokines and chemokines play a crucial role in the tumor microenvironment (24, 37–39), and chemokine networks are essential for NK cells exerting antitumor effects in solid tumor (40). We discovered that the expression of IL-2, IL-6, and IL-12 in these tumors, associated with the activation of T cells and NK cells, was evidently increased after the combo treatments (Figures 5A–C). At the same time, the expression of IFN-α/βR and cytokines related to the function of T cells and NK cells, such as TNF-α and IFN-γ, was also significantly increased after the combination therapy (Figures 5D–F). This inflammatory phenomenon is a reflection of the widespread and powerful immune activation within the tumor microenvironment and is consistent with the changes that we observed earlier in tumor-infiltrating lymphocytes. Although NK cells express many chemokine receptors, CCR2, CCR5, CCR7, CXCR3, CX3CR1, and their ligands are thought to play a major role in attracting NK cells to infiltrate tumors (40). As depicted in Figures 5G–O, the expression levels of the ligands corresponding to the aforementioned chemokine receptors in the RFA+R848 group were markedly higher than those in the RFA group. In summary, these multivariate data suggest that the combination therapy evidently reshaped the HCC immune microenvironment, leading to the inhibition of tumor growth.




Figure 5 | The profile of cytokines and chemokines are remodeled after radiofrequency ablation and resiquimod treatments. (A–C) qPCR detected the intra-tumoral mRNA expression of cytokines associated with the activation of T cells and natural killer (NK) cells following different treatments. (D–F) Expression levels of IFN-α/βR and cytokines related to the function of T cells and NK cells. (G–O) Expression of multiple chemokines with chemotaxis to NK cells. All results are presented as fold change relative to the control group. One of the two independent experiments is shown; n = 7–10 per group. Statistical analysis was performed by two-tailed Student’s t-test. Error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001.





Combo Treatments Suppress Angiogenesis and Promote the Apoptosis of Liver Cancer

Previous studies have shown that R848 alone can inhibit angiogenesis and promote apoptosis in breast cancer (41). To assess whether R848 plays a similar role in liver cancer, we selected two tumor vascular markers—CD31 and VEGFA—for immunohistochemical staining of tumor tissues. Apparently, the micro-vessel density and VEGFA+ cells were decreased in the R848 group and the RFA+R848 group (Figures 6A, B, E, F), while RFA+R848 did not further reduce the tumor micro-vessels compared with R848 monotherapy. This indicates that the reduction of tumor micro-vessels is mainly caused by R848. In addition, cleaved caspase3 and ki-67 were stained to indicate tumor apoptosis and proliferation. The number of cleaved caspase3+ cells in the RFA+R848 group was significantly higher than in the other three groups, and the quantity of cleaved caspase3+ cells in the R848 group was also slightly higher than that in the RFA group and the control group (Figures 6C, G). Meanwhile, both the RFA and R848 treatments have a certain degree of inhibitory effect on tumor proliferation, but no obvious additive effect was observed in the combined treatment (Figures 6D, H). Overall, these findings are consistent with the changes in tumor size and TIME that we described earlier.




Figure 6 | The combination of radiofrequency ablation and resiquimod reduces tumor vascularization and induces apoptosis. Representative images of immunohistochemistry (IHC) staining for CD31 (A) and VEGFA (B) of tumors collected from mice that were treated with different approaches. (E, F) Quantitative analysis of tumor micro-vessel density and the number of VEGFA+ cells per field; n = 4–6. (C, G) Detection of the expression of apoptosis marker cleaved caspase 3 in tumors by IHC and its corresponding quantitative analysis; n = 4. (D, H) IHC analysis of the tumor sections stained with Ki67 following different treatments; n = 6. Scale bars, 50 μm. The P-values were calculated by two-tailed Student’s t-test. Error bars represent mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.






Discussion

HCC is one of the most common malignant tumors worldwide and remains a global health challenge (9). Local ablation is one of the top three treatment options for HCC, and it is estimated that more than half of HCC patients have received this treatment throughout their lifespan (10). As one of the most commonly used treatment modalities in local ablation, RFA destroys tumor tissues by generating heat through a radiofrequency electrode (16, 42). The heat causes mechanical damage to tumor cells, which, in turn, leads to the release of abundant immunogenic intracellular substrates and damage-associated molecular patterns, such as heat shock proteins, high mobility group protein B1, RNA as well as DNA (16, 43). These elicit a certain degree of anti-tumor immune response as an in situ vaccine, but the response is too weak to effectively inhibit tumor progression (10, 42–45). Combined immunotherapy, on the basis of local ablation therapy, is an ideal method to enhance the efficacy of thermal ablation therapy (10, 23, 46). As a novel immunomodulatory agent, R848 has attracted widespread attention in recent years, which plays an important role in promoting the activation of NK cell and CD8+ T cell as well as the release of proinflammatory cytokines, such as IFN-α, IL-2, IL-6, and TNF-α (27, 47–49). The purpose of this study was to examine whether RFA in combination with R848 could meaningfully inhibit HCC progression and inflame the TIME.

Some preclinical studies have confirmed that R848 alone can slightly inhibit the progression of pancreatic cancer (27), breast cancer (41), and colorectal cancer (47). Here we demonstrated that RFA combined with R848 further inhibited HCC growth and prolonged the survival time of tumor-bearing mice compared with R848 or RFA monotherapy. This study also revealed the changes in the composition of tumor-infiltrating immune cells by flow cytometry. We found that the total tumor-infiltrating immune cells, the ratio of CD8+ T cells and NK cells to the total immune cells, and the percentage of functional NK cells were effectively increased after the combination therapy compared with RFA treatment alone. However, unlike previous studies about TLR7/8 agonist (50–54), our findings suggest that the systemic administration of R848 (1 mg/kg) did not evidently alter the composition of macrophages nor did it effectively promote type I macrophage polarization in murine liver cancer, and the percentage of DC cells in liver cancer and pancreatic cancer (27) was slightly decreased after R848 administration, which is inconsistent with the stronger antitumor immunity induced by R848—so further research is necessary.

Another critical finding of our research is that the combined treatment of RFA and R848 induced a potent abscopal effect. The total tumor-infiltrating immune cells and NK cells in distant tumor tissues were significantly increased. NK cells are abundant in the liver, and studies have shown that the proportion of NK cells in the liver is approximately five times that in the blood and spleen, but it is significantly decreased in the occurrence and development of HCC (34, 55). Moreover, the number of NK cells is positively correlated with the prognosis of HCC patients (56). Previous research had also shown that both RFA (17, 57) and TLR7/8 agonist (58–61) alone can stimulate the activation of NK cells. Our study shows that the proportion of tumor-infiltrating NK cells in both primary and distant tumors of the combined treatment group was higher than that in the RFA or R848 treatment group, suggesting that the combination therapy further promotes the infiltration of NK cells into the HCC and formed a superimposed effect. Furthermore, the NK deletion test clearly proved that the inhibition of liver cancer by the combination therapy is NK cell dependent.

Chemokine networks are critical for driving the intra-tumoral infiltration of NK cells (40). Previous studies have confirmed as well that CXCL10, CX3CL1 (62), and CXCL11 (63) play an important role in the infiltration of NK cells into the melanoma. Correspondingly, we observed that the expression levels of NK cell-related chemokines were the highest in the combined treatment group, especially CCL7, CXCL10, CXCL11, and CX3CL1, which was consistent with the phenomenon that the proportion of NK cells was the highest in the combined treatment group, reflecting that they are responsible for the infiltration of NK cell into the tumor. Moreover, the expression of CXCL11 in the combination therapy group was significantly higher than those in the R848 group, which might be the reason for the additive effect of the combined treatments. However, we have not been able to clarify which chemokine drives the NK cell to infiltrate liver cancer; this needs to be further explored in the future. The expression level of CXCL10 in the RFA group was higher than that in the control group as well. It is a manifestation of the immunogenic cell death of tumor after RFA. On the other hand, recent studies have demonstrated that R848 binding to TLR7/8 stimulates the production of IFN-α, IL-6, IL-12, TNF-α, and other proinflammatory cytokines through MyD88-dependent or MyD88-independent pathway (24, 25, 47), and RFA treatment can also promote the expression of multiple cytokines, such as IL-1β, IL-6, IL-8, and TNF-α (16, 43, 64, 65). Our data shows that the expression levels of IL-2, IL-6, IL-12, TNF-α, and IFN-α/βR in the combination group were significantly higher than those in the RFA or R848 group. This is evidence that RFA and R848 work together to activate anti-tumor immunity. In addition, several studies reported that R848 can inhibit angiogenesis and promote apoptosis in breast cancer (24, 41). Our IHC results certified that the RFA+R848 treatment effectively reduced the vascular density and VEGF expression of liver cancer, but the mechanism of this has not been elucidated; it is an aspect for further research. Besides this, cleaved-caspase3 and ki-67 staining indicated that the combination therapy promoted tumor apoptosis but failed to further inhibit tumor proliferation compared with RFA monotherapy.

In conclusion, this study demonstrated that the combination of RFA with R848 ignited a robust anti-tumor response and significantly constrained HCC progression in a NK cell-dependent manner. Meanwhile, we confirmed that R848 inhibited angiogenesis and promoted apoptosis in murine liver cancer (Schematic Illustration). Overall, our research explored the potential of RFA combined with R848 in the treatment of liver cancer and provided a novel insight into the combination of thermal ablation with immunotherapy.
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Supplementary Figure 1 | Radiofrequency ablation, in combination with resiquimod, shrinks the tumor-draining lymph node, but monotherapy does not. Representative pictures to show the tumor-draining lymph node (A) and spleen (B) size in the mice with different treatments. The quantitative analysis of the TLN and the spleen weight were taken from two independent experiments; n=4-5, *P < 0.05. Error bars represent mean ± SEM. Statistical analysis was performed by two-tailed Student’s t-test.

Supplementary Figure 2 | Gating strategy to facilitate the understanding of how different types of cells are defined.

Supplementary Figure 3 | The profile of tumor-infiltrating lymphoid immune cells is slightly altered after the combination therapy. (A–C) The proportion of tumor-infiltrating CD3+, CD4+, CD45R+ cells to total CD45+ immune cells. (D–F) Cumulated ratio of CD8+ T cells and NK cells expressing IFN-γ or GZMB; n = 4. Statistical significance was calculated by two-tailed Student’s t-test; *P < 0.05. Error bars indicate mean ± SEM. GZMB, Granzyme B.

Supplementary Figure 4 | Changes in tumor-infiltrating myeloid immune cells after the combination therapy. (A–E) The frequencies of macrophages (Ly6c-CD11B+F4/80+), monocytes (CD11B+MHCII-Ly6c+Ly6g-), and neutrophils (CD11B+MHCII-Ly6c+Ly6g+) in the total CD45+ immune cells and the ratio of M1 (MHCII+ macrophage) and M2 (MHCII- macrophage) to the total macrophages. (F, G) The proportion of dendritic cells (DCs, CD11B+MHCII+CD11C+F4/80-) to CD45+ immune cells and the frequencies of CD86+ DCs in total DCs; n = 4. Statistical significance was calculated by two-tailed Student’s t-test; *P < 0.05, **P < 0.01. All error bars represent mean ± SEM.

Supplementary Figure 5 | Distant intra-tumoral T lymphocyte composition is not altered by the combination therapy. Hepa1-6 tumor cells were simultaneously inoculated on the bilateral flanks of immunocompetent C57BL/6 mice; the tumor on the right side is seen as a primary tumor for radiofrequency ablation therapy, and the contralateral tumor was considered as a distant tumor for flow cytometry analysis. resiquimod was injected intraperitoneally once every 2 days for a total of 4 injections. (A–C) Percentage of CD3+, CD4+, and CD8+ T cells as a percent of CD45+ immune cells in distant tumor; n = 4. Statistically significant differences were calculated by two-tailed Student’s t-test. All error bars indicate mean ± SEM. ns, no significance.

Supplementary Figure 6 | Representative picture of the tumor radiofrequency ablation model.


Supplementary Table 1 | List of qPCR primer sequences.


Schematic Illustration | Both RFA and R848 can stimulate the production of pro-inflammatory cytokines and chemokines in tumor tissue, thereby stimulating the formation of anti-tumor immunity. The combination of the two treatments further promoted the expression of NK cell-related chemokines and cytotoxic lymphocyte-related cytokines, such as CXCL10, CXCL11, IL2, IFN-γ, TNF-α, etc., which drove lots of NK cells to infiltrate the tumor and enhanced the NK cell function. In addition, R848 inhibited tumor angiogenesis and promoted the apoptosis of liver cancer. As a result, the combination of RFA with R848 improved the anti-tumor immune response induced by RFA and significantly inhibited the progression of liver cancer. RFA, radiofrequency ablation; R848, resiquimod; DAMPs, damage-associated molecular patterns; IICSs, immunogenic intracellular substrates; APC, antigen-presenting cell; NK cell, natural killer cell.
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F-box protein 5 (FBXO5), an essential subunit of the ubiquitin protein ligase complex, is increasingly recognized to exhibit important biological effects in regulating tumor occurrence and progression. The present research was intended to systematically investigate the latent roles of FBXO5 in prognosis and immunological function across cancers. Pan-cancer analyses of FBXO5 were performed based upon publicly available online databases, mainly including the Cancer Genome Atlas (TCGA), Genotype-Tissue Expression (GTEx), UCSC Xena, cBioPortal, and ImmuCellAI, revealing the possible relationships between FBXO5 and prognosis, DNA methylation, tumor microenvironment (TME), infiltration of immune cells, immune-related genes, immune checkpoints, tumor mutation burden (TMB), and microsatellite instability (MSI). The results suggested that FBXO5 was expressed at a high level in numerous tumor cell lines with significant upregulation in most cancers as opposed to normal tissues. Of note, elevated expression of FBXO5 was significantly related to an unfavorable prognosis in many cancer types. Furthermore, DNA methylation and TME were confirmed to display evident correlation with the expression of FBXO5 in several malignancies. Moreover, FBXO5 expression was remarkably positively correlated with the levels of infiltrating Treg cells and Tcm cells in most tumors, but negatively correlated with tumor-infiltrating CD8+ T cells, NK/NKT cells, and Th2 cells. Meanwhile, FBXO5 was demonstrated to be co-expressed with the genes encoding immune activating and suppressive factors, chemokines, chemokine receptors, and major histocompatibility complex (MHC). Immune checkpoints, TMB, and MSI were also overtly associated with FBXO5 dysregulation among diverse kinds of cancers. Additionally, the enrichment analyses showed close relationships between FBXO5 expression and the processes related to cell cycle and immune inflammatory response. These findings provided a detailed comprehension of the oncogenic function of FBXO5. Because of its crucial roles in cancer immunity and tumorigenesis, FBXO5 may serve as a novel prognostic indicator and immunotherapeutic target for various malignancies.
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Introduction

Malignant tumor poses a threat to global public health as a leading cause of human death and the main hazard factor reducing people’s quality of life, and so far, there is still a lack of absolutely effective treatment for cancer (1). Although early screening and surgery make heavy contributions to decreasing the incidence and mortality of malignancies, the prognosis and survival rate of most cancers remain unsatisfactory due to their characteristics of metastasis, recurrence, and heterogeneity (2). Tumor microenvironment (TME), containing various immune cells, stromal cells, and extracellular matrix, exhibits pivotal effects on tumor invasion and metastasis, cancer immunity, and clinical outcomes (3, 4). In recent years, immunotherapy has gradually become a prominent strategy for tumor treatment, especially immune checkpoint blockade therapy. Immune checkpoint inhibitors, such as CTLA-4-, PD-1-, and PD-L1-blocking antibodies, have been approved for the standard therapy in different malignancies (5). Nevertheless, the objective response rate remains minimal in many cancer patients receiving the same therapy (5, 6). Therefore, it is full of prospects to discover novel immunotherapeutic targets by analyzing gene expression in pan-cancer and exploring its correlations with clinical prognosis and tumor immunity.

F-box protein 5 (FBXO5), also referred to as early mitotic inhibitor-1 (EMI1), encodes a member of the F-box protein family and functions as an essential cell cycle regulating gene, which modulates the progression to S-phase and mitosis via the mechanism of blocking the anaphase-promoting complex (APC) (7, 8). According to previous reports, overexpression of FBXO5 produces chromosome instability and mitotic disorder, possibly resulting in the tumorigenesis in ovarian clear cell carcinoma (9), esophageal squamous cell carcinoma (10), breast carcinoma (11), and hepatocellular carcinoma (12). Existing evidence has suggested that FBXO5 affects tumor prognosis and clinical phenotypes. FBXO5 accumulation is tightly related to mitotic abnormalities including centrosome overduplication and aberrant spindle formation, which cause the emergence of tetraploidy in ovarian clear cell carcinoma (9). Moreover, elevated expression of FBXO5 is significantly correlated with an unfavorable prognosis among patients suffering from esophageal squamous cell carcinoma (10) and hepatocellular carcinoma (12). In addition, FBXO5 exhibits a pro-proliferative effect in breast cancer tissues through PI3K/Akt signaling pathway, while PI3K inhibitor can reduce FBXO5 expression and arrest cell growth (11). Based upon these findings, FBXO5 may perform an integral function in cell cycle abnormalities and the disruption of genomic stability, both of which can enhance tumor growth (13). At present, specific studies on FBXO5 in tumors appear to be restricted to certain human cancers, but lack of systematic pan-cancer investigation (9–12). In consequence, it is urgent to elucidate the significance and role of FBXO5 expression and alteration across different cancers.

In this research, we attempted to conduct a thorough data-mining analysis using multiple public databases to assess the expression and alteration of FBXO5 and visualize the prognostic profiles of FBXO5 in pan-cancer, as well as analyze its correlations with tumor-infiltrating immune cells along with associated immune indicators. Figure 1 illustrated the design flow and implementing approaches of this study. This work integrally revealed that FBXO5 influenced the prognosis of cancer patients. Upregulation of FBXO5 expression was detrimental to survival in most cancers, with inconsistent findings in only a few types of tumors. Furthermore, the potential biological effects were likely to be linked with DNA methylation, tumor microenvironment, and immune microenvironment. In summary, our findings proposed a comprehensive view of the oncogenic role of FBXO5 in multiple kinds of cancers and suggested that FBXO5 might function as a viable indicator for predicting clinical prognosis and immune therapy response in cancer patients.




Figure 1 | Flow chart of systematic pan-cancer analysis of FBXO5.





Material and Methods


Collection of Pan-Cancer Data and Analysis of Gene Differential Expression

FBXO5 gene expression pattern and clinical data in pan-cancer and corresponding normal tissues obtained from the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov) and Genotype-Tissue Expression (GTEx, https://www.gtexportal.org) were analyzed using UCSC Xena (https://xena.ucsc.edu), an online tool for exploring gene expression and processing clinical and phenotypic information. The Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle) database was employed for the purpose of acquiring tumor cell line-related data. Differential expression of FBXO5 in 33 distinct kinds of cancers in contrast with normal samples was explored by means of merging normal tissue data accessed from both the GTEx and TCGA databases. R language software and publicly available R-package “ggplot2” were applied to evaluate the differential expression levels by drawing box plots. All expression data preprocessing and normalization were conducted by log2(transcripts per million (TPM)+0.001) or log2(TPM+1) transformation. Full names and corresponding abbreviations of the 33 types of tumors were listed in the section of Abbreviations.



Survival and Prognostic Analysis of FBXO5

The survival information and clinical phenotype data concerning each sample were acquired from TCGA database. A total of four survival prognosis indexes, namely overall survival (OS), disease-specific survival (DSS), progression-free interval (PFI), and disease-free interval (DFI), were used to investigate the correlation of FBXO5 expression with the prognosis of cancer patients. The R-packages “survival” and “forestplot” were employed to conduct a univariate Cox analysis. The median levels of FBXO5 expression were recognized as the expression threshold for classifying the low- and high-expression subgroups. Subsequently, the curves of Kaplan-Meier survival were established utilizing the R-packages “survminer” and “survival”. The log-rank test was employed to determine statistically significant differences.



Immunohistochemistry Analysis of FBXO5

The expression pattern of FBXO5 at the protein levels was examined by means of the Human Protein Atlas (HPA, http://www.proteinatlas.org) database containing the protein data of tumor and normal clinical samples. Immunohistochemistry (IHC) photomicrographs of FBXO5 in different types of tumor tissues and corresponding normal control were collected from the HPA. Specifically, the immunohistochemical results based on the antibody against FBXO5 (Cat No. HPA029048; Atlas Antibodies, Sigma-Aldrich) in various normal tissues were downloaded from the tissue section of HPA database, while these data in different tumor tissues were obtained from the pathology section. All sample data are independent of each other. FBXO5 protein staining intensity in cancer tissues was quantified as fold of their respective normal control using Image-Pro Plus 6.0 (Media Cybernetics, USA). According to the statistical differences of these data generated from unpaired two-tailed Student’s t-test, representative FBXO5 protein staining pictures were displayed.



DNA Methylation Analysis of FBXO5

To assess the association between the expression of FBXO5 and DNA methylation in each cancer type involved in this study, we analyzed HM450 methylation data acquired from the cBioPortal database (http://www.cbioportal.org). The correlation between the levels of FBXO5 expression and gene promoter methylation levels was examined and visualized through the R-package “ggpubr” for each malignancy studied. Further, the correlation analysis between FBXO5 methylation and tumor prognostic value was also evaluated according to the determination of OS, DSS, DFI, and PFI through applying the survival R-packages to construct the Kaplan-Meier curves.



Relevance amongst FBXO5 Expression and Tumor Microenvironment

Numerous research reports have demonstrated that tumor microenvironment (TME) performs an integral function in multidrug resistance and tumorigenesis and metastasis (3, 4). To establish the connection between TME and FBXO5 expression, a previously reported method developed by Zeng et al. was applied to estimate the related effects of FBXO5 within TME of 33 cancers (14). Visualization of the associations between FBXO5 expression and TME indicators such as stromal- and immune-relevant signatures was performed in a heatmap using R-based packages.

In addition, ImmuneScore, StromalScore, and ESTIMATEScore for the 33 types of cancers studied were calculated by the algorithm of ESTIMATE (Estimation of Stromal and Immune Cells in Malignant Tumor Tissues Using Expression Data). Increased scores computed in ImmuneScore or StromalScore were deemed to be favorably correlated with the elevated ratio of immunity or stroma, which signified a greater proportion of the corresponding components in TME. Besides, ESTIMATEScore was described as the sum of ImmuneScore and StromalScore, which denoted the combined percentage of both constituents in TME. In this assessment, ImmuneScore and StromalScore of various tumors were subjected to estimation utilizing the R-package “estimate” and Pearson’s correlation test.



Immune Infiltration Analysis of FBXO5

A total of three methods were employed for the purpose of investigating the abundance of infiltrating immune cells in diverse cancers, such as neutrophils, dendritic cells (DCs), CD4+ and CD8+ T cells, natural killer (NK) cells, mast cells, macrophages, monocytes, and B cells. The first method investigated the associations between the levels of FBXO5 expression and the extent of 24 infiltrating immune cells in 32 distinct cancers except for LAML without immune infiltration data by using the R-packages “ggplot2”, “ggpubr”, and “ggExtra” and the tool CIBERSORT to estimate immune infiltration data from the ImmuCellAI database (http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/). Besides, the TIMER2.0 database (Tumor Immune Estimation Resource, http://timer.comp-genomics.org/) was employed as the auxiliary technique in order to assess the correlations between FBXO5 expression and the levels of tumor-infiltrating immune cells. The third method involved the use of R-packages “limma”, “reshape2”, and “RColorBreyer” for the aim of identifying the relevance between FBXO5 expression and immune-associated genes, such as immune-activating genes, immunosuppressive genes, chemokine genes, chemokine-receptor genes as well as major histocompatibility complex (MHC) genes.



Correlations Between FBXO5 Expression and Immune Checkpoints, Tumor Mutation Burden, Microsatellite Instability, and DNA Mismatch Repair

The investigation of relationships between FBXO5 and the recognized immune checkpoint genes such as CTLA4, CD274, TIGIT, PDCD1, and LAG3 was conducted in accordance with the database of TCGA. Tumor mutation burden (TMB) is a quantitative biological marker of immune response that reflects the proportion of somatic mutations present in tumor cells (15). The somatic mutation data of the 33 tumors involved in this study were acquired from the UCSC Xena repository (https://tcga.xenahubs.net) for the calculation of TMB scores using a Perl script with the correction by dividing based upon the total exon length. Microsatellite instability (MSI) as a result of DNA mismatch repair deficiency is related with patient outcomes (16, 17), and the MSI data were acquired according to a previously published report (18). Both TMB and MSI are associated with the effectiveness of immunotherapy across diverse cancers. The correlation between FBXO5 expression and TMB or MSI was explored by means of Pearson correlation coefficient, with these findings displayed in the form of radar plots. Mismatch repair (MMR) is an intracellular DNA repair mechanism. Downregulation or functional defects of MMR genes such as MSH2, MSH6, PMS2, MLH1, and EPCAM can lead to irreparable DNA replication errors, resulting in high-frequency somatic mutations and thereby increasing susceptibility to cancer (19). The correlation between FBXO5 and MMR gene expression was determined based upon gene expression profile data from the TCGA cohort and visualized as a heatmap using the R-packages “reshape2” and “RColorBrewer”.



FBXO5-Associated Enrichment Analysis in Pan-Cancer

An investigation into the biological effects of FBXO5 in the human cancers studied was conducted by means of Gene Set Enrichment Analysis (GSEA) and Gene Set Variation Analysis (GSVA). The R-packages “ClusterProfiler”, “limma”, and “enrichplot” were employed for the enrichment analyses of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). GO and KEGG gene sets were obtained from the GSEA website (https://www.gsea-msigdb.org/gsea/index.jsp). GSVA gene set was downloaded from the module “hallmark gene sets” in the Molecular Signatures Database (MSigDB, https://www.gsea-msigdb.org/gsea/msigdb/index.jsp). Moreover, GSVA scores were measured as the correlations between 50 well-defined biological processes or states and FBXO5 expression levels for all tumors.



Drug Resistance Analysis of FBXO5

For exploring the correlation of FBXO5 expression with drug resistance or sensitivity of tumor cells, the information of various compounds and the corresponding IC50 values and FBXO5 expression data in cancer cell lines were obtained from the GDSC2 dataset (Genomics of Drug Sensitivity in Cancer, https://www.cancerrxgene.org). IC50 here refers to the half maximal inhibitory concentration, which represents the concentration of an inhibitor that is required for 50% inhibition of tumor cell survival. IC50 reflects the tolerance of cells to drugs, i.e., the lower the IC50 value, the more sensitive the cells are to drugs. The correlation between IC50 value of each compound and the levels of FBXO5 expression in cancer cells was analyzed using Spearman correlation coefficient and shown in Table S1.



Statistical Analysis

Statistical data analyses were carried out with the help of R software (https://www.r-project.org/). Comparison of differences between two groups was conducted using Student’s t-test or Wilcoxon rank sum test. One-way analysis of variance (ANOVA) was used to compare more than two experimental groups. All survival analyses were performed by applying the Kaplan-Meier product-limit method with a log-rank test and Cox proportional hazards regression model. The correlation between two variables was assessed utilizing Pearson product-moment correlation coefficient. For all statistical differences, p-values of less than 0.05, 0.01, 0.001, and 0.0001 were judged to be statistically significant and presented as “*”, “**”, “***”, and “****”, respectively. Besides, “ns” indicated no significance.




Results


Differential Expression of FBXO5 Between Tumor and Normal Samples

The physiologic gene expression profiles of FBXO5 among various normal tissues were first analyzed and ranked from low to high, using the GTEx and TCGA data sets (Figure 2A). FBXO5 exhibited the highest expression level in bone marrow, but, in general, a majority of other normal samples were found to exhibit low levels of FBXO5 expression. Next, comparative gene expression profiles of FBXO5 among different tumor cell lines that had been obtained from the CCLE database were described in Figure 2B, which showed that FBXO5 expression levels were generally higher in up to 30 types of cancer cell lines. Besides, FBXO5 expression levels in various tumors were assayed by the TCGA database, and the findings illustrated that from the 33 cancer tissues analyzed, FBXO5 was expressed with the lowest expression in KICH and with the greatest expression in TGCT (Figure 2C).




Figure 2 | Comparison of FBXO5 expression levels in pan-cancer. (A) FBXO5 expression pattern in 31 forms of normal samples from GTEx database. (B) FBXO5 expression pattern in 30 kinds of tumor cell lines from CCLE database. (C) FBXO5 expression profile in 33 types of cancers from TCGA database.



Moreover, differential expression levels of FBXO5 across tumor and normal samples were computed with the aid of the TCGA database (Figure 3A). Apart from those tumors with no available normal tissue data including MESO and UVM, statistical significance of FBXO5 expression differences between normal and tumor samples was detected in 27 types of cancers. Among these, highly expressed FBXO5 was further observed in 24 types of cancers, namely ACC, BLCA, BRCA, CESC, CHOL, COAD, DLBC, ESCA, GBM, HNSC, KIRC, LGG, LIHC, LUAD, LUSC, OV, PAAD, READ, SKCM, STAD, TGCT, THYM, UCEC, and UCS (p-value < 0.001 in the above tumors except p-value < 0.01 in KIRC). Notably, the fold change of upregulation of FBXO5 expression levels among tumor tissues was the highest in GBM compared with the corresponding normal tissues. On the contrary, FBXO5 expression levels showed significantly downregulated in KICH, LAML, and THCA in comparison to their respective normal control (p-value < 0.001). Besides, the expression levels of FBXO5 presented no significant differences in KIRP, PCPG, PRAD, and SARC tissues relative to the corresponding normal tissues.




Figure 3 | Differential analysis of FBXO5 expression in different kinds of tumors. (A) FBXO5 expression differences in tumor tissues from TCGA database compared with normal tissues from GTEx and TCGA databases. (B) Paired differential analysis of FBXO5 expression in matched tumor and normal samples from TCGA. (C) Differential analysis of FBXO5 expression based on cancer patient age in TCGA. (D) Differential analysis of FBXO5 expression based on tumor pathological stages in TCGA. * p-value < 0.05, ** p-value < 0.01, and *** p-value < 0.001. “ns” indicated no significance.



Additionally, the paired differential expression analysis of FBXO5 among tumor and normal tissues was performed followed by a paired Student’s t-test. Increased expression of FBXO5 in BLCA, BRCA, CHOL, COAD, ESCA, HNSC, LIHC, LUAD, LUSC, and STAD while decreased expression in KICH and THCA was respectively confirmed in comparison of matched normal samples (Figure 3B).

Next, the differential analysis of FBXO5 expression in each tumor type were examined in accordance with the age of patients, which suggested that patients aged > 60 years old had lower expression levels of FBXO5 compared with those aged ≤ 60 years old in several tumor types including BRCA, ESCA, HNSC, LIHC, and THYM, while patients aged > 60 years old with OV had higher FBXO5 expression than those aged ≤ 60 years old (Figure 3C). Moreover, the comparison of FBXO5 expression across different pathological stages of each cancer type was assessed, which indicated that FBXO5 expression was higher in more advanced stages of the four malignancies, namely ACC, KICH, LIHC, and UCEC. However, the expression of FBXO5 in higher stages appeared lower in SKCM and THCA (Figure 3D).

Subsequently, we further explored the protein expression levels of FBXO5 across tumor and normal clinical samples based upon the HPA database, as depicted in Supplementary Figures 1A–J. Quantitative analysis of IHC showed that FBXO5 protein staining intensity in BRCA, CESC, COAD, LIHC, OV, PAAD, STAD, TGCT, and UCEC tissues was respectively detected to be more obvious than weak FBXO5 staining of normal breast, cervix, liver, ovaries, pancreas, and stomach tissues, and also stronger compared with moderate FBXO5 staining of normal colon, testes, and endometrium tissues (Supplementary Figure 1K). In contrast, FBXO5 IHC staining in THCA was lighter than that in normal thyroid gland samples (Supplementary Figure 1K). Therefore, these IHC staining data were consistent with the sequencing results of FBXO5 at the transcriptome level.



Pan-Cancer Prognostic Value of FBXO5

For the purpose of clarifying the correlation between FBXO5 expression and tumor prognosis, hazard ratio statistics for OS, DSS, DFI, and PFI were processed via forest plots for each cancer included in this study. According to the univariate Cox regression analysis, FBXO5 was a remarkable risk factor for OS in LGG, ACC, MESO, LIHC, KICH, KIRP, LUAD, and BRCA (p-value < 0.001 except LUAD and BRCA in which p-value < 0.01), while a protective factor in THYM (p-value = 0.008) and READ (p-value = 0.009) (Figure 4A). Next, Cox regression analysis of DSS identified that FBXO5 was a prominent risk factor in LGG, ACC, MESO, LIHC, KICH, KIRP, and LUAD (p-value < 0.001 other than LUAD in which p-value = 0.002). On the other side, FBXO5 served as a protective factor in THYM (p-value = 0.036), as displayed in Figure 4B. Subsequently, DFI Cox regression analysis regarded FBXO5 as a risk factor in HNSC (p-value < 0.001) and LIHC (p-value = 0.005) but a protective factor in STAD (p-value = 0.044), as depicted in Figure 4C. Furthermore, Cox regression analysis of PFI revealed that FBXO5 acted as an unfavorable factor for patients with ACC, LIHC, KIRP, KICH, PRAD, and LGG (p-value < 0.001 for ACC and LIHC, p-value = 0.001 for KIRP, and p-value < 0.01 for KICH, PRAD, and LGG), whereas a protective factor in STAD (p-value < 0.05), as shown in Figure 4D.




Figure 4 | Correlation of FBXO5 expression with survival prognosis in the distinct malignancies studied. (A–D) Forest plots revealing the associations of FBXO5 with OS (A), DSS (B), DFI (C), and PFI (D) in the indicated tumors, respectively. (E–H) Kaplan-Meier curves showing the relationships of FBXO5 expression with OS (E), DSS (F), DFI (G), and PFI (H) in the indicated cancers, respectively.



Correspondingly, Kaplan-Meier survival analyses of OS, DSS, DFI, and PFI were further investigated in the 33 forms of cancers studied. Kaplan-Meier survival curves for OS showed that elevated FBXO5 expression levels were evidently correlated with an unfavorable prognosis of cancer patients suffering from ACC, KICH, KIRP, LGG, LIHC, LUAD, and MESO (p-value < 0.01 other than KICH in which p-value < 0.05), whereas significantly correlated with longer survival time in patients with READ (p-value = 0.043) (Figure 4E). Meanwhile, Kaplan-Meier DSS survival analysis demonstrated a remarkable relationship of high levels of FBXO5 expression and poor survival outcomes in patients having ACC, ESCA, KICH, KIRP, LGG, LIHC, LUAD, MESO, and SARC (p-value < 0.01 other than ESCA and SARC in which p-value < 0.05) (Figure 4F). Then, Kaplan-Meier survival analysis of DFI revealed a significant connection between high FBXO5 expression and poor prognosis in KIRP (p-value = 0.00034) and LIHC (p-value = 0.025). Nevertheless, increased expression of FBXO5 exhibited a protective effect on THCA patient outcomes (p-value = 0.049) (Figure 4G). Moreover, Kaplan-Meier PFI analysis showed that patients with ACC, KICH, KIRP, LIHC, and MESO had relatively longer survival time probably because of low expression levels of FBXO5 (p-value < 0.01 other than KICH and MESO in which p-value < 0.05). However, contrasting results were observed in PFI survival of patients with GBM (p-value = 0.029) (Figure 4H). Taken together, these results implied that high FBXO5 expression generally contributed to unfavorable patient prognosis and survival in a variety of tumor types.



Correlativity of FBXO5 Expression and DNA Methylation Modification

Next, FBXO5 promoter methylation levels accompanied by changes in FBXO5 expression were estimated using the cBioPortal database and the results reflected significant correlations between FBXO5 expression and methylation in a total of 25 tumors as indicated by the lollipop chart in Figure 5A. Among these 25 cancer types, FBXO5 expression all showed Pearson’s negative correlations with gene promoter methylation levels, and the former eight malignancies with the greatest inverse association were respectively presented in Figure 5A, including STAD, CHOL, DLBC, ACC, LIHC, LUAD, UVM, and ESCA (p-value < 0.001 except CHOL, DLBC, and UVM in which p-value < 0.01). Pearson’s correlation analyses of the other different cancers were displayed in Supplementary Figure 2.




Figure 5 | Association between FBXO5 expression and gene promoter methylation in pan-cancer. (A) Lollipop plot and Pearson’s analyses depicting the correlation between FBXO5 expression and DNA methylation in the indicated tumors. (B–E) Kaplan-Meier curves illustrating the relationships between FBXO5 methylation levels with OS (B), DSS (C), DFI (D), and PFI (E) in the indicated cancers, respectively.



On the other hand, for the aim of exploring the correlation between FBXO5 promoter methylation and survival prognosis (OS, DSS, DFI, and PFI), Kaplan-Meier analyses were performed for the 33 forms of cancers studied. Enhanced FBXO5 methylation was demonstrated to be a protective indicator for superior OS in patients diagnosed with ACC, KIRP, LGG, MESO, and SARC (p-value < 0.05 except KIRP in which p-value < 0.01), whereas a deleterious indicator that was prone to result in low survival probability of KIRC (p-value = 0.024) and LAML (p-value = 0.023) (Figure 5B). DSS analysis demonstrated that FBXO5 methylation functioned as a protective marker in patients experiencing KIRP (p-value = 0.031) and LGG (p-value = 0.047) (Figure 5C). Besides, FBXO5 methylation levels exhibited a significant positive correlation with DFI survival in patients experiencing KIRC (p-value = 0.0021) although FBXO5 methylation acted as a harmful factor in patients with BLCA (p-value = 0.038), HNSC (p-value = 0.019), and THCA (p-value = 0.0072) (Figure 5D). Moreover, as far as PFI be concerned, a lower FBXO5 methylation level was overtly relevant with a poorer prognosis in LIHC patients (p-value = 0.048) (Figure 5E).



Association Between FBXO5 Expression and Tumor Microenvironment

Emerging researches have established that TME exerts a pivotal function during the onset and progression of tumors (3, 4). Therefore, it is essential to examine the correlation between TME and FBXO5 expression levels. Figure 6A described a heatmap of the correlation strength between FBXO5 expression and TME terms, showing that DNA damage response, DNA replication, nucleotide excision repair, mismatch repair as well as base excision repair were highly positively connected to the expression of FBXO5 in the indicated cancers. Subsequently, the ESTIMATE algorithm was implemented to compute the ImmuneScore, StromalScore, and ESTIMATEScore in the 33 distinct malignancies and analyze the Pearson’s correlations between the expression of FBXO5 and the above three scores in pan-cancer. The lollipop plots presented an in-depth understanding of FBXO5 expression and TME scores in different cancers (Figures 6B–D). In PAAD and KIRC, the findings indicated that FBXO5 expression exhibited significant positive correlations with the ImmuneScore (Figure 6B), StromalScore (Figure 6C), and ESTIMATEScore (Figure 6D), respectively. Conversely, notable inverse correlations were discovered between FBXO5 expression and all three scores of SARC, CESC, UCEC, LUSC, STAD, and GBM (Figures 6B-D). Furthermore, regarding the value of Pearson’s r, the top three cancers with predominant negative correlations and the top two cancers with remarkable positive correlations of FBXO5 expression and TME-relevant scores included TGCT, GBM, UCS, PAAD, and KIRC (Figure 6E, sorted by ImmuneScore); GBM, STAD, LUSC, KIRC, and PAAD (Figure 6F, sorted by StromalScore); GBM, TGCT, UCEC, PAAD, and KIRC (Figure 6G, sorted by ESTIMATEScore), respectively. In addition, the Pearson’s correlations of FBXO5 expression levels with ImmuneScore, StromalScore, and ESTIMATEScore of the other malignancies investigated were separately displayed in Supplementary Figures 3, 4 and 5.




Figure 6 | Association between FBXO5 expression and TME. (A) Heatmap presenting the correlation strength between FBXO5 expression and TME-related terms in pan-cancer. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, and **** p-value < 0.0001. (B–D) Lollipop plots displaying the correlations of FBXO5 expression with ImmuneScore (B), StromalScore (C), and ESTIMATEScore (D) in pan-cancer, respectively. (E-G) Pearson’s analyses of the relationships between FBXO5 expression and ImmuneScore (E), StromalScore (F), and ESTIMATEScore (G) in the indicated tumor types, respectively.





Correlation of FBXO5 Expression With Pan-Cancer Immune Cell Infiltration

Growing researches have suggested that tumor-infiltrating immunocytes could have a critical impact on the survival status of patients (20). From this point of view, the correlations between the expression levels of FBXO5 and the infiltration abundance of 24 distinct immune cell subtypes were analyzed at a pan-cancer level using the ImmueCellAI database. It was revealed that immune cell infiltration degree was strongly related to FBXO5 expression in most cancers (Figure 7A). For instance, the expression of FBXO5 exhibited a remarkable positive correlation with regulatory T (Treg) cells and central memory T (Tcm) cells. In comparison, the FBXO5 expression exhibited a substantial negative correlation with natural killer (NK) cells, CD8+ T cells, and T-helper 2 (Th2) cells. Interestingly, various relationships between FBXO5 expression and distinct T cell subsets were further discovered, as illustrated in Supplementary Figure 6A. For example, the expression of FBXO5 presented an inverse association with the infiltrating levels of CD4+ Tcm cells, CD4+ effector memory T (Tem) cells, and natural killer T (NKT) cells in most tumors based upon the XCELL algorithm. Besides, a close positive correlation between FBXO5 expression and infiltrating macrophages was observed in PRAD (p-value < 0.0001), whereas a notable negative correlation was identified in GBM, THCA, and THYM (p-value < 0.0001 for the three cancers) (Figure 7A). By use of the TIMER2.0 database, similar results about FBXO5 expression-related macrophage infiltration were also found in PRAD based upon the TIMER algorithm, and GBM, THCA, and THYM based upon the XCELL algorithm (Supplementary Figure 6A).




Figure 7 | Correlation between FBXO5 expression and tumor immunity. (A) Heatmap showing the association between FBXO5 expression and the infiltration of immune cells in pan-cancer generated by using the ImmuCellAI database. (B–E) Heatmaps indicating the co-expression of FBXO5 with immune-relevant genes in pan-cancer, including immune activation genes (B), immunosuppressive genes (C), chemokine genes (D), and chemokine-receptor genes (E). * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, and **** p-value < 0.0001.



Afterwards, the correlations of expression levels between FBXO5 and immune-related genes that encode immune-activating, immunosuppressive, chemokine, chemokine-receptor proteins as well as MHC were investigated across cancers (Figures 7B–E and Supplementary Figure 6B). The heatmaps demonstrated that FBXO5 exhibited a significant co-expression relationship with most immune activation and immunosuppressive genes in various cancers, particularly in KICH, PAAD, UVM, LIHC, KIRC, DLBC, OV, READ, HNSC, PRAD, and KIRP (Figures 7B, C). Furthermore, both chemokine and chemokine-receptor genes were strongly co-expressed with FBXO5 in pan-cancer (Figures 7D, E). For example, in KICH and PAAD, there was a positive connection of the expression levels of FBXO5 with most chemokine and chemokine-receptor genes. Concurrently, Supplementary Figure 6B elucidated that FBXO5 expression was positively associated with almost all MHC genes in KIRC, UVM, PAAD, KICH, and OV, while inversely correlated in THYM, TGCT, and GBM. To conclude, these data inferred that FBXO5 might contribute to regulating immune cell infiltration and the biological functions of various immune-related genes in the tumor immune microenvironment of most tumor types.



Associations of FBXO5 Expression With Immune Checkpoints, Tumor Mutation Burden, Microsatellite Instability, and DNA Mismatch Repair

Immune checkpoints that are responsible for regulating the degree of immune activation and play a crucial role in autoimmunity and immune surveillance of tumor cells, have already been identified as the inhibitory targets of cancer immunotherapy (5, 6). Subsequently, the correlations were studied between FBXO5 and five major immune checkpoint genes, namely CTLA4, CD274, TIGIT, PDCD1, and LAG3. In most cancers, FBXO5 expression was highly related with the levels of immune checkpoint gene expression (Supplementary Figure 7).

Additionally, considering the essential roles of TMB and MSI in the prediction of the response to immune therapy across cancers, the link between FBXO5 expression and the values of TMB or MSI was also explored. Overall, these two metrics varied remarkably among different cancer types (Figures 8A, C). FBXO5 expression showed to be positively relevant to TMB in KICH, LUAD, ACC, STAD, TGCT, SKCM, COAD, and OV (Figure 8B). In contrast, FBXO5 expression inversely correlated to TMB in THCA and KIRP (Figure 8B). Furthermore, FBXO5 expression had a positive correlation with MSI in STAD, TGCT, and SARC (Figure 8D). Nonetheless, FBXO5 expression inversely correlated to MSI in PRAD and DLBC (Figure 8D). On balance, the aforementioned results strongly indicated that FBXO5 was well associated with tumor immunity. Thus, FBXO5 might be taken as a viable biomarker for indicating the immunotherapy response in these tumor types.




Figure 8 | Correlations of FBXO5 expression with TMB, MSI, and MMR. (A) Radar map of the association between FBXO5 expression and TMB levels in pan-cancer. The values in blue stand for the range and the lines in red stand for the correlation coefficients. (B) Pearson’s correlation between FBXO5 expression and TMB levels in the indicated cancers. (C) Radar map of the association between FBXO5 expression and MSI frequencies in pan-cancer. (D) Pearson’s correlation between FBXO5 expression and MSI frequencies in the indicated cancers. (E) Heatmap illustrating the association between FBXO5 expression and five MMR genes (MSH2, MSH6, PMS2, MLH1, and EPCAM) in pan-cancer. * p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, and **** p-value < 0.0001.



Furthermore, deficient mismatch repair (dMMR) is an unneglected mechanism of tumorigenesis and development, which suggests that the potential relationship between FBXO5 and MMR needs to be studied in pan-cancer. The results displayed that FBXO5 expression was significantly positively associated with almost each of the five MMR genes (MSH2, MSH6, PMS2, MLH1, and EPCAM) in most tumors (Figure 8E). Specially, FBXO5 expression was negatively correlated with EPCAM in LGG (Figure 8E). These data indicated that FBXO5 might regulate the tumor progression by mediating the repairment of DNA mismatch across cancers.



Enrichment Analysis of FBXO5 in Pan-Cancer

Further, GSEA and GSVA were carried out to explore the underlying biological relevance of FBXO5 in tumor tissues. GO analysis indicated that FBXO5 was significantly linked to the functions of cell division and cell cycle regulation, including sister chromatid segregation, telomere maintenance, nuclear division, cell cycle checkpoint, RNA splicing, and DNA damage checkpoint in malignancies of various types, such as BLCA, BRCA, LIHC, LUAD, OV, and STAD (Figures 9A–F). KEGG-enriched terms revealed that the major associations of FBXO5 with the above six cancers existed in the processes of nucleocytoplasmic transport, cell cycle, cellular senescence, ubiquitin-mediated proteolysis, and microRNAs in cancer (Figures 10A–F). Of note, FBXO5 was found to be critically involved in immune-associated tumorigenic virus infectious diseases, including hepatitis B, hepatitis C, human T-cell leukemia virus 1 infection, and Epstein-Barr virus infection (Figures 10A–F).




Figure 9 | GO annotations of FBXO5 in the indicated six types of tumors using GSEA, including (A) BLCA, (B) BRCA, (C) LIHC, (D) LUAD, (E) OV, and (F) STAD.






Figure 10 | KEGG annotations of FBXO5 in the indicated six types of tumors using GSEA, including (A) BLCA, (B) BRCA, (C) LIHC, (D) LUAD, (E) OV, and (F) STAD.



Meanwhile, the GSVA data reinforced that FBXO5 expression was positively correlated with mitotic spindle, G2/M checkpoint, mTORC1 signaling, PI3K/Akt signaling, and protein secretion in the above six malignancies, as well as inflammatory response of cell immune factors in BLCA, BRCA, and LIHC such as interferon-alpha, interferon-gamma, IL6, and TGF-beta, but in general it was inversely associated with K-ras signaling DN, myogenesis, bile acid metabolism, xenobiotic metabolism, and p53 pathway (Supplementary Figures 8A–F). These results together implied that FBXO5 played a key role in regulating the tumor occurrence and progression and immune microenvironment.



Correlation of FBXO5 Expression With Drug Resistance

At present, in clinical practice, multidrug resistance (MDR) of cancer cells is an unneglected link leading to recurrent tumor and affecting prognosis and survival. Hence, for evaluating the potential of FBXO5 in guiding clinical treatment, the correlation between FBXO5 and drug resistance of tumor cells was computed based upon IC50 values of drugs along with FBXO5 expression levels. The results suggested that FBXO5 exhibited a significant positive association with IC50 values of seven compounds but a notable negative correlation with IC50 values of 153 compounds (Table S1). Besides, there were no significant relevance between FBXO5 and IC50 in a total of 32 compounds (Table S1). Therefore, increased expression of FBXO5 can make tumor cells more sensitive to most kinds of compounds, which implies that the therapies of most compounds become effective in cancer patients with high FBXO5 expression. From the perspective of translational medicine, detection of FBXO5 expression may be used to guide the efficacy prediction of drug clinical treatment in tumors, and also contribute to the accurate selection of antitumor drugs.




Discussion

APC is well known to be a critical ubiquitin ligase that governs the cell cycle progression through mitosis to G1-phase (21). FBXO5-encoded protein is a significant regulator of APC activity and it functions in cell cycle modulation through effectively stabilizing the ubiquitination substrates of APC after preventing ubiquitin chain elongation (22). Recently, several bioinformatics researches proved that FBXO5 could specifically regulate multiple tumor behaviors and exhibited a crucial role in the tumorigenesis and prognosis of several cancers, including squamous cell lung carcinoma (23), breast cancer (24), hepatocellular carcinoma (25), and HPV-positive cervical cancer (26). Above all, these studies speculated that FBXO5 could be regarded as a potential oncogenic factor or therapeutic target among the above tumor types.

On the premise of existing evidence, the current work performed a thorough investigation for pan-cancer analysis of FBXO5 across malignancies. This study constructed a detailed exploration of FBXO5 expression differences, underlying functions, and prognostic significance in 33 human cancers. Rising FBXO5 expression was confirmed to be remarkably correlated with unfavorable clinical outcomes in a variety of cancers. Further demonstration revealed that abnormal FBXO5 expression in most cancers was significantly correlated with TME, immune infiltration, DNA methylation, immune checkpoints, TMB, MSI, and MMR. Collectively, FBXO5 might confer an instrumental function in indicating tumorigenesis, prognosis, as well as tumor immunity, which is briefly summarized in Table S2.

Our data first showed a significant increase of FBXO5 expression in 24 cancers, while decrease in KICH, LAML, and THCA in contrast to the corresponding normal tissues. These findings were in agreement with earlier research reports on ovarian clear cell carcinoma (9), esophageal squamous cell carcinoma (10), squamous cell lung carcinoma (23), breast cancer (11, 24), hepatocellular carcinoma (12, 25), and cervical cancer (26). Meanwhile, FBXO5 expression was analyzed to be correlated with the tumor stage. In patients having UCEC, LIHC, KICH, and ACC, FBXO5 expression was higher at stage III or IV than stage I or II. Hence, the current data provided a hint that FBXO5 could serve as an oncogene in most tumors.

The present research also discovered that FBXO5 expression was related to tumor prognosis, which suggested that the overexpression of FBXO5 was a hazard factor of cancers and could cause a poorer prognosis in terms of OS, DSS, PFI, and DFI. Similarly, existing researches also demonstrated that FBXO5 upregulation was critically correlated to the poor prognosis of esophageal squamous cell carcinoma (10), hepatocellular carcinoma (12), squamous cell lung carcinoma (23), and breast cancer (11, 24). Notably, highly expressed FBXO5 in STAD (stomach adenocarcinoma) was a protective factor for DFI and PFI survival, and this was different from most cancers in which increased FBXO5 acted as an unfavorable prognostic factor, implying that FBXO5 may have specific functions in STAD. A previous study on the role of CRIP1 can well explain the protective role of FBXO5 in gastric cancer (27). Simply put, CRIP1 is overexpressed in gastric cancer and CRIP1 deficiency inhibits the process of homologous recombination and increases susceptibility to chemotherapy in gastric cancer cells. FBXO5 can block CRIP1-promoted homologous recombination repair by preventing nuclear enrichment of RAD51, thereby restoring chemotherapy sensitivity of gastric cancer cells with high CRIP1 expression. Due to the negative correlation between CRIP1 expression and survival time in gastric cancer patients, FBXO5 may exhibit a potential protective role in the prognosis of gastric cancer through inhibiting the identified function of CRIP1 in this report.

DNA methylation is a type of DNA chemical modification that functions as a crucial regulator of gene transcription. Abnormalities of DNA methylation levels perform an indispensable function in the onset and progression of many tumors (28). Pan-cancer survival analysis showed that FBXO5 promoter methylation levels were obviously correlated with better OS in patients diagnosed as ACC, KIRP, LGG, MESO, and SARC, which was opposite in KIRC and LAML patients. These results uncovered that FBXO5 could be developed as a promising predictive biomarker for clinical prognosis of various malignancies.

TME comprising various infiltrating immune and stromal cells confers instrumental functions in the pathogenesis and development of cancer (3, 4) and meanwhile it can also prominently affect therapeutic response and clinical outcomes (29). The findings of the present research elucidated that FBXO5 expression in 33 malignancies positively correlated to TME involving DNA damage and repair. Of note, DNA damage response (DDR) genes are frequently mutated in almost all cancer types (30). Consequently, deficiency of DDR/DNA repair can lead to accumulative somatic mutations and increased susceptibility to cancer (31). This study suggested that FBXO5 might affect DNA damage and repair and induce carcinogenesis. Typically, the function of ESTIMATEScore is its ability to determine the purity of tumor. The higher the ESTIMATEscore, the lower the tumor purity, and a low purity denotes an advanced cancer stage with a poor prognosis (32, 33). In terms of the ESTIMATEscore, a positive correlation with FBXO5 expression was found only in PAAD and KIRC. On the contrary, a negative relationship with FBXO5 expression existed in diverse cancers.

In addition, tumor-infiltrating immunocytes can promote or antagonize the tumorigenesis and progression in a two-way manner (34). In order to truly comprehend the implications of the tumor immune microenvironment, the correlation between FBXO5 expression and the abundance of infiltrating immune cells in the 33 malignancies described was evaluated in the present study, which highlighted that FBXO5 expression showed a positive correlation with tumor-infiltrating Treg and Tcm cells, and contrastingly a negative correlation with the infiltration degree of NK/NKT cells, CD8+ T cells, and Th2 cells. Furthermore, there was a positive relationship between FBXO5 expression and infiltrating macrophages in BLCA, KICH, KIRC, LUAD, and PRAD. Thus, FBXO5 was likely to interact with immunocytes across many malignancies, exhibiting a wide range of applicability. Subsequently, the co-expression correlations of FBXO5 and the genes encoding immune activating and suppressive factors, chemokines, chemokine receptors, as well as MHC were examined, and the findings together illustrated that FBXO5 expression was widely correlated with different immune factors and immunocytes infiltrating into tumors.

MSI and TMB are two valuable indexes both having essential connections with the sensitivity of immune checkpoint inhibitors (35–37). Gastroesophageal cancer patients manifested as high-frequency MSI (MSI-H) present an increased response rate and favorable outcomes to immunotherapy (16). Of note, MSI-H in colorectal cancer is proved to be an independent predictor for clinical features and prognosis (17). Moreover, recent clinical studies also revealed that survival prognosis was effectively improved across cancers with high somatic TMB levels following immune checkpoint inhibitor therapy (38, 39). The present data uncovered that FBXO5 expression had a general relationship with multiple immune checkpoint genes and MMR genes in most cancers. Further, FBXO5 expression was also significantly correlated with MSI or TMB in multiple cancer types. Summarily, the results mentioned above suggested that aberrant FBXO5 expression affected the values of TMB and MSI, thus impacting the treatment effects on patients receiving immunotherapy. Hence, FBXO5 could become a potential immunotherapeutic target for tumors.

Regarding possible regulatory mechanisms, both GO and KEGG enrichment analyses indicated that FBXO5 was closely related to the functions of cell division and cell cycle regulation. Notably, FBXO5 was reported to promote the proliferation of breast cancer cells through PI3K/Akt signaling pathway, leading to a grim prognosis, whereas PI3K inhibitor LY294002 repressed FBXO5 expression and cell proliferative capacity (11). Interestingly, in mammalian cells, FBXO5 initiated the progress of cell cycle via the mechanism of converting from an APC/CCDH1 substrate to an APC/CCDH1 inhibitor (40). In line with previous studies (9–13, 23–26), GSEA and GSVA analyses obtained herein demonstrated that FBXO5 might influence the pathogenesis or immunity of cancer by participating in the processes of DNA damage checkpoint, cellular senescence, inflammatory response, PI3K/Akt/mTOR signaling pathway, and p53 signaling pathway. In brief, these results offered a theoretical basis for interpreting the oncogenic role and immunological function of FBXO5 in pan-cancer.

However, the current study has several limitations. First, systematic bias exists due to multiple information sources retrieved from different databases for analysis. Second, there are only a few molecular studies on FBXO5 in cancers, including ovarian clear cell carcinoma (9), esophageal squamous cell carcinoma (10), breast carcinoma (11), and hepatocellular carcinoma (12), and thus the findings on FBXO5 in this research need to be further validated in other tumor types. Third, only bioinformatic analyses were conducted to access the correlations between FBXO5 expression and prognostic and immunological features based upon public databases. Therefore, the experimental verification should be performed in the future to overcome this issue.



Conclusion

In conclusion, the present research demonstrated that FBXO5 was a potential oncogene that could serve as an independent prognostic biomarker in various cancer types. FBXO5 expression was also correlated with DNA methylation modification, TME, infiltration of immune cells, immune-related genes, immune checkpoints, MSI, TMB, and MMR. These discoveries expanded the knowledge about the roles of FBXO5 in tumorigenesis and progression, proposing new insights for personalized cancer immunotherapy. Prospective studies focusing on tumor immunity and FBXO5 expression may be beneficial in providing a definite answer, thereby facilitating the development of an immunotherapy approach targeting FBXO5 for tumor in the future.
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The tumour microenvironment (TME) of clear cell renal cell carcinoma (ccRCC) comprises multiple cell types, which promote tumour progression and modulate drug resistance and immune cell infiltrations via ligand-receptor (LR) interactions. However, the interactions, expression patterns, and clinical relevance of LR in the TME in ccRCC are insufficiently characterised. This study characterises the complex composition of the TME in ccRCC by analysing the single-cell sequencing (scRNA-seq) data of patients with ccRCC from the Gene expression omnibus database. On analysing the scRNA-seq data combined with the cancer genome atlas kidney renal clear cell carcinoma (TCGA-KIRC) dataset, 46 LR-pairs were identified that were significantly correlated and had prognostic values. Furthermore, a new molecular subtyping model was proposed based on these 46 LR-pairs. Molecular subtyping was performed in two ccRCC cohorts, revealing significant differences in prognosis between the subtypes of the two ccRCC cohorts. Different molecular subtypes exhibited different clinicopathological features, mutational, pathway, and immune signatures. Finally, the LR.score model that was constructed using ten essential LR-pairs that were identified based on LASSO Cox regression analysis revealed that the model could accurately predict the prognosis of patients with ccRCC. In addition, the differential expression of ten LR-pairs in tumour and normal cell lines was identified. Further functional experiments showed that CX3CL1 can exert anti-tumorigenic role in ccRCC cell line. Altogether, the effects of immunotherapy were connected to LR.scores, indicating that potential medications targeting these LR-pairs could contribute to the clinical benefit of immunotherapy. Therefore, this study identifies LR-pairs that could be effective biomarkers and predictors for molecular subtyping and immunotherapy effects in ccRCC. Targeting LR-pairs provides a new direction for immunotherapy regimens and prognostic evaluations in ccRCC.




Keywords: ccRCC, ligand-receptor, single-cell, TCGA, tumor microenvironment



Introduction

Clear cell renal cell carcinoma (ccRCC) is the most common (70%–80%) histological subtype of kidney cancer with the worst prognosis (1). ccRCC exhibits a broad range of metastatic phenotypes, and patients with ccRCC displaying metastases have a 5-year survival rate between 10% and 20% (2). Various clinical trials using immune-based combinations for the treatment of metastatic ccRCC have shown long-term benefits (3). However, a comprehensive analysis of the effect of clinicopathological features on survival in patients treated with first-line immune checkpoint inhibitors and tyrosine kinase inhibitors for ccRCC can aid in clinical decision-making (4) as their efficacy remains limited (5–7). Few patients treated with immune-based combinations displayed unresponsive reactions and intrinsic or acquired resistance (8). A recent study showed that tumour and tumour-infiltrating cells are involved in drug resistance or unresponsiveness to cancer treatment strategies (9). However, the mechanisms underlying these phenomena remain unclear. Therefore, studying the intra-tumoral heterogeneity of cancer is vital to cancer research. ccRCC is highly heterogeneous, and varying patients show significant differences in the composition of the tumour and other cells within the tumour microenvironment (TME), affecting tumour progression and treatment resistance (10). Furthermore, intra-tumoral heterogeneity hinders accurate prognosis prediction and appropriate treatment development. Although the application of genetic signatures from the bulk RNA-seq data shows promise in identifying patient subgroups who respond to treatment, it provides a limited mechanistic understanding of the cell types responsible for regulating clinical benefit (11).

Conversely, single-cell RNA sequencing (scRNA-seq) enables a more comprehensive characterisation of cellular composition and transcriptional state, thereby providing insights into the transcriptional state of different cells and cell-cell interactions in the TME (12) and the impact of these events on disease progression and treatment (10). The TME consists of multiple cell types, including malignant, stromal, and immune cells (13). The heterogeneity of each cell type further increases the complexity and heterogeneity of the tumours, which eventually creates tumour cell or immune cell subpopulations (14). The different cell types in the TME communicate via ligand-receptor(LR) interactions, and this communication is associated with tumorigenesis, tumour progression, therapeutic resistance, immune cells infiltration and inflammation (15, 16). Therefore, it is crucial to understand the cell-cell interactions occurring within the TME and their effect on clinical outcomes to accurately determine risk stratification.

In this study, by combining the analysis of the single-cell dataset of ccRCC and high-throughput large scale sequencing data from TCGA-KIRC, the complex cell types in the TME of ccRCC are described. Additionally, a cellular regulatory network is constructed based on cell-cell communication analysis, and the potential clinical implications of cell-cell interactions in ccRCC are described. On further analysing LR-pairs in different cell types, two LR-pairs associated with molecular subtyping models were established. The molecular subtyping models were significantly associated with survival in both cohorts. Patients grouped using molecular subtyping showed different clinical-pathological characteristics, mutation characteristics, route characteristics, immunological characteristics, and immunotherapy response degrees.



Methods and Materials


Datasets

scRNA-seq data (GSE159115) of ccRCC was obtained from the Gene Expression Omnibus (GEO) database, which comprises 14 samples from nine patients with kidney cancer, including seven ‘ccRCC’ tumour samples, one ‘Chromophobe RCC’ tumour sample, and six adjacent normal samples. The seven ‘ccRCC’ tumour samples were included in subsequent analyses. The cell count of the GSE159115 primary tumour sample was obtained from gse159115.raw_cellCount.txt. 526 samples of ccRCC RNA-Seq data downloaded from the TCGA-KIRC portal were used as the training cohort. Additionally, the Research Concept and Research Activities- European Project (RECA-EU) dataset, comprising 91 ccRCC samples downloaded from the International Cancer Genome Consortium (ICGC) database, was used as an independent validation cohort.



scRNA-seq Data Analysis

R (version 3.6.0) and the Seurat R package (version 3.6.3) were used for the analyses. Using the Seurat R package, Seurat objects were created for each sample with the cell-by-gene count matrix using CreateSeuratObject (arguments: min. cells = 5). Cells with high mitochondrial content (25% for tumour libraries) and low gene number detection (<300) were considered low-quality cells and discarded. Potential doublets identified via scrublet were also removed from further analyses. Subsequently, 20851 high-quality cells were obtained after quality checks. The relationship between the percentage of mitochondrial genes and mRNA reads was detected and visualised as the relationship between the number of mRNAs and reads of mRNA. Furthermore, all highly variable genes in single cells were identified after controlling for the average expression and dispersion relationship. Subsequently, principal component analysis with variable genes was used as the input to identify significant principal components (PCs) based on the jackStraw function. When different samples were pooled, highly variable genes were identified, and batch correction using canonical correlation analysis via Seurat was applied based on the highly variable genes to remove the batch effect before clustering. Cells were projected into a 2-D map with t-distributed stochastic neighbour embedding for visualisation. With a resolution of 0.2, cells were clustered using the ‘FindClusters’ function into 14 different cell types (clusters 0-13). The ‘FindAllMarkers’ function was used to identify differentially expressed genes (DEGs) in each cluster. Moreover, a few classical markers of cell subset definition were obtained from previous studies (17) and manually annotated according to marker expression.



Cell-Cell Communication Analysis

Cell communication analysis was performed using CellPhoneDB (18). A permutation test calculated the significant mean and significance of cell communication based on cell interactions and the normalised cell matrix. LP-pairs were obtained for each cell pair with nominal p  <  0.05. Moreover, LR interactions are based on the annotations from the database included in the current study. At least one gene in the LR-pairs is the receptor. Additionally, receptor-receptor and other receptor-not-defined interactions were excluded.



Correlation of LR-Pairs

The co-expression of a ligand and its corresponding receptor is essential for cell-cell communication. Therefore, Pearson’s correlation coefficients for the significant LR-pairs were calculated in the cell communication analysis using the TCGA-KIRC dataset. LR-pairs with Pearson’s correlation coefficient greater than 0.4 (p < 0.01) were used for consensus clustering analysis to identify molecular subtypes.



Molecular Subtyping Based on LR-Pairs

Using the significantly relevant LP-pairs, the molecular subtypes of the samples were identified using consensus clustering in both the TCGA-KIRC and RECA-EU cohorts. ‘euclidean’ was chosen as the distance metric for the PAM algorithm, and 500 bootstrap replicates were performed, each of which included 80% of the training set. The number of clusters (k) was set from 2 to 10, and the best classification was determined by computing the consensus matrix and cumulative distribution function.



Gene Set Enrichment Analysis and Functional Annotation

To study the biological pathways in different molecular subtypes, GSEA was used. The ‘hallmark’ gene set collection from the molecular signature database was used for pathway enrichment analysis. The clusterProfiler (19) package was used for functional annotation.



Cell Culture and Transfection

Human ccRCC cell line 786-O (KCB200815YJ, Kunming, China) and renal epithelial cell HK-2 (KCB200941YJ, Kunming, China) were obtained from the Chinese Academy of Sciences. All cell lines were cultured in a DMEM medium containing 10% FBS. 786-O cells were infected with CX3CL1 lentivirus (Ubi-MCS-CBh-gcGFP-IRES-Puro-CX3CL1) (Shanghai Gene Chem Co., Ltd.) to against the CX3CL1 gene.



RNA Analysis

Total RNA was extracted from 786-O and HK-2 cells using the TRIzol Reagent (Cowin Biosciences, Beijing, China) and converted into cDNA using Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, USA). RT-qPCR was performed based on SYBR Green (Cowin Biosciences, Beijing, China) and an ABI 7500 instrument (Thermo Fisher Scientific, Inc.). The sequences of the primer pairs are listed in Table S1. RT-qPCR experiment was performed in triplicate.



Cells Clone, Transwell Migration, Invasion, Western Blot and Immunofluorescence Assay

786-O cells were plated onto the upper 8μm transwell chamber (corning, USA) per-coated with Matrigel (Corning, USA). Cells were fixed with paraformaldehyde and stained with 0.1% crystal violet solution to perform Transwell Assay. For Colony Assay, 786-O cells were re-seeded onto 24-well plates at a density of 100 cells per well and stained with 0.1% crystal violet solutions after 4% paraformaldehyde solution was fixed. For Western Blot and Immunofluorescence, cells were incubated with anti-CX3CL1(Cat# DF12376, Affinity Biosciences), anti-β-Tubulin (Cat#T0023, Affinity Biosciences) and anti-GAPDH (Cat# T0004, Affinity Biosciences) as described by previous study (20).



Analysis of Immune Infiltration in ccRCC

The 22 immune-cell proportions for each sample and immune cell subsets were inferred using the CIBERSORT algorithm (21) with the LM22 gene set. Meanwhile, the scores for stromal cells and immune cell infiltration levels in ccRCC tumour tissues were calculated using the ESTIMATE algorithm.



Risk Model

The risk score for each patient was calculated using the following formula: LR.Score = ∑betai × Expi, where i indicates the expression level of LR-pairs and beta indicates the coefficient of the LR-pairs of multivariate Cox regression. Based on the threshold of 0, patients were divided into high and low-score groups, and the survival curve was plotted using Kaplan–Meier analysis.



Statistical Analysis

GraphPad Prism 8.0 software was used for data analysis. All data were computed as the means ± standard (SD) deviation under three independent experiments. The significance of two group differences was analyzed with Student’s t-test. P<0.05 was statistically significant.




Result


Single-Cell Transcriptome Landscape of ccRCC

Before quality control, correlations between unique molecular identifier (UMI) numbers, mitochondrial genes and mRNA numbers were analysed (Figure S1A, B), which revealed that UMI number was not significantly correlated with mitochondrial gene percentage (Figure S1A) but was positively correlated with mRNA number (Figure S1B). Additionally, the number of mRNAs, the readings of mRNA and the distribution of mitochondrial and nuclear chromosome genes were also analysed (Figure S1C). Most gene numbers showed a distribution around 0–8000 while the mitochondrial percentage was below 25%. Further, cells with more than 25% mitochondrial genes and fewer than 300 genes were deleted. Potential doublets were also predicted via ‘scrublets,’ which were removed in subsequent analyses. The gene expression profile of 20851 cells was obtained, and the number of cells in each sample was counted (Table 1). The number of filtered mRNAs, the readings of mRNA and the distribution of mitochondrial and nuclear chromosome genes are shown in Figure S1D. Highly variable genes (the first 3000) were shortlisted after quality control for further downstream analysis (Figure S1E). Cell features were extracted using principal component analysis, identifying 14 clusters (Figure 1A, B, cell_cluster.txt), with cluster 0 being derived from patient SCS_2023 and cluster 10 from patient SCS_2026 (Figure 1C). The identification of DEGs in each cluster was conducted using Wilcoxon rank and testing, and the top 3 DEGs in each cluster were labelled using a heat map (Figure 1D). Finally, 14 clusters were annotated to eight cell types based on classical markers (Table 2). Further, the Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of marker genes for different cellular subsets was performed (Figure 1F), revealing that different cellular subsets share common pathways, such as Antigen processing and presentation, Fluid shear stress and atherosclerosis pathways.


Table 1 | Statistical analysis of cell numbers for seven clear cell renal cell carcinoma (ccRCC) samples.






Figure 1 | Single-cell atlas of ccRCC tissues. (A) tSNE of 20851 cells of seven clear cell renal cell carcinoma (ccRCC) samples. (B) Distribution of cells from different samples; (C) Stacked bar plots showing the frequencies of 14 cell types in seven samples. (D) Heatmap of the top three marker genes for different clusters. (E) tSNE demonstrating different cell types in ccRCC. (F) Kyoto Encyclopedia of Genes and Genomes pathway enrichment analysis of cell subset marker genes.




Table 2 | Annotation of cell types for 14 cell clusters.





Complex Intercellular Communication Networks in ccRCC

The single-cell analysis identified eight cell types in the TME. To further investigate the potential interactions between different cell types in the TME of ccRCC, cell-to-cell interactions were analysed using cellphoneDB, wherein ccRCC was revealed to have many interactions with other cell subsets, showing the highest interaction strength with endothelial and macrophage cells. Additionally, endothelial cells had a strong interaction with vascular smooth muscle cells(vSMC) (Figure 2A). The interaction network between the eight cell subsets aids in visualising the many interactions within and between the cell subsets (Figure 2B), with thicker lines and larger nodes indicating more significant LR between the cell subsets. Moreover, the cell subsets of ccRCC, macrophages and vSMC showed the most cell-to-cell interactions within and between the cell subsets (Figure 2C). Genes in the Hedgehog, Notch, TGFβ, WNT signalling and EGFR signalling that are related to tumour proliferation, metastasis and progression were selected to further determine the presence of a significant interaction between the cell subsets. The result shows many interactions between the receptor HLA−DPA1 and its corresponding ligand TNFSF9 in the cell subset of macrophage and ccRCC while EGFR and MIF have strong interactions between different cell subsets (endothelia, ccRCC, vSMC) (Figure 2D).




Figure 2 | Communication and networking between cells in ccRCC. (A) Network of the number of significant interaction events between different cellular subsets. (B) Overview of selected statistically significant interactions between clear cell renal cell carcinoma, macrophages and other cell types. (C) Detailed network of cell-cell interactions among eight cell subsets. (D) tp Intensity and specificity of ligand-receptor pairs in different cell types.





Construction of Molecular Subtypes Based on LR-Pairs

LR interactions between different cell types in the TME play a vital role in the occurrence and development of tumours. Thus, LR-pairs that interact significantly in different cell types were extracted based on Pearson’s correlation coefficient between ligand and receptor expressions. A total of 126 LR-pairs that were significantly correlated in TCGA-KIRC were identified (tcga.LR.cor.res.txt). Furthermore, the expression level of LR-pairs was determined by the sum of the expression values of the receptor and ligand genes in TCGA-KIRC. A total of 46 LR-pairs that were significantly associated with patient prognosis in TCGA-KIRC (p < 0.01) (tcga.LR.HR.res.txt) were used in molecular subtyping analysis. A total of 526 ccRCC samples in the TCGA-KIRC cohort were clustered using ConsensusClusterPlus. The optimal number of clusters is determined by the cumulative distribution function and delta area curve (Figures 3A, B), and k = 3 was selected to obtain three molecular subtypes (Figure 3C; tcga.subtype.txt) which showed significant differences in prognosis (p < 0.0001)(Figure 3D). On comparing the three subtypes, the C3 subtype had a better prognosis, while the C1 subtype had a worse prognosis. Similarly, patients with ccRCC in the RECA-EU cohort were typed (icgc.subtype.txt). The results showed that there were significant differences in prognosis among the three molecular subtypes (p = 0.0093) (Figure 3E), which was consistent with the training set.




Figure 3 | Molecular subclassification of ccRCC in different cohorts. (A) CDF curves for k = 2–10 in the TCGA-KIRC cohort. (B) CDF delta area curve in the TCGA-KIRC cohort. (C) Heatmap clustering of TCGA-KIRC datasets when consensus (k) = 3. (D) The difference in survival among different molecular subtypes in the TCGA-KIRC cohort. (E) The difference in survival among different molecular subtypes in the Research Concept and Research Activities- European Project cohort.





Comparison of Different Molecular Subgroups With Clinical Features

The distribution of clinical features in the three molecular subtypes was compared using the TCGA-KIRC cohort. The results showed that patients with poor prognosis in the C1 subtype had higher TNM stages, with significant differences between the C1 and C3 subtypes in terms of T and M stage distribution (p < 0.05) (Figures 4A–C). In the C1 and C2 subtypes, patients with Stage III and Stage IV ccRCC were higher in number than those in the C3 subtype (p < 0.05) (Figure 4D). A significant difference was also observed in Grade between different subtypes (p < 0.05) (Figure 4E). Additionally, significant differences in age and gender were observed among different subtypes (Figures 4F, G) (p < 0.05).




Figure 4 | Comparison of different molecular subgroups with clinical information. (A–G) The distribution of samples in different groups in the TCGA-KIRC cohort. The horizontal axis represents the different groupings of samples while the vertical axis represents the percentage of clinical information in the corresponding grouped sample. Different colours represent different clinical information. The table above represents a certain clinical feature distribution in any two groups and analyses the p value using the chi-square test.





Mutational Characteristics of Different Molecular Subtypes

The differences in genomic alterations of these three molecular subtypes in the TCGA cohort were further explored. The C1 and C2 subtypes showed higher levels of aneuploidy (p = 5.2e-15), homologous recombination defects (p = 0.019), fraction altered genome (p = 1.4e-20), segment numbers (p = 0.00015) and tumour mutation burdens (p = 0.0093) (Figure 5A). Additionally, information on the immune molecular subtypes of TCGA-KIRC was obtained from a previous study (22). The relationship between the six immune subtypes and three molecular subtypes defined in this study was compared. Between the C3 subtypes, the C3 immune subtype accounted for a more significant proportion. Among the C1 subtypes, the C1, C2, C4 and C6 immune subtypes accounted for a more significant proportion (Figure 5B). Furthermore, four additional subtypes (KIRC-C1, C2, C3, C4), which were obtained from a previous study (23), were compared with the three molecular subtypes defined in this study. The results showed that KIRC-C4 accounted for more significant proportion in the C1 molecular subtype, while KIRC-C1 accounted for the most proportion in the C3 molecular subtype (Figure 5C). Finally, the analysis of the correlation between gene mutations, copy number variants and molecular subtypes revealed a significant correlation between subtypes and gene mutations. The mutation frequencies of VHL, PBRM1 and BAP1 genes vary significantly among subtypes, with more mutation frequencies observed in the C1 subtype (Figure 5D).




Figure 5 | Mutation characteristics of different molecular subtypes. (A): Difference analysis of homologous recombination defects, aneuploidy score, fraction altered genome, segment numbers and tumour mutation burden in the TCGA-KIRC cohort; (C): Comparison of somatic mutation variation analysis in three molecular subtypes. nsp ≥ 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





Pathway Analysis of Different Molecular Subtypes

Pathways that are differentiated in different molecular subtypes were analysed using GSEA. The results showed the significant enrichment of 26 pathways in the C1 subtype compared with the C3 subtype in the TCGA cohort and 40 pathways in the RECA-EU cohort (Figures 6A, B). Overall, the inhibition pathways contain few immune marker pathways, such as INTERFERON_GAMMA_RESPONSE, COMPLEMENT, INTERFERON_ALPHA_RESPONSE and INFLAMMATORY_RESPONSE. (Figure 6A). Additionally, abnormal pathways between the C1 and C3 subtypes in different ccRCC cohorts are shown in Figure 6B. The pathways for TCGA-KIRC cohorts between C1 and C2 subtypes, C1 and C3 subtypes and C2 and C3 subtypes are shown in Figure 6C. Overall, immunomodulatory pathways in patients with the C1 subtype are inhibited.




Figure 6 | Pathway analysis of different molecular subtypes. (A) Analysis of signalling pathways for differentially expressed genes in the C1 vs. C3 subtypes of the TCGA-KIRC cohort. (B) Pathway analysis of the differentially expressed genes in the C1 vs. C3 subtypes in two clear cell renal cell carcinoma cohorts. (C) Gene set enrichment analysis of the comparison between different molecular subtypes.





Immune Characteristics of Different Molecular Subtypes

To further elucidate the differences in the immune microenvironment of patients in different molecular subtypes, the degree of infiltration of 22 immune cells in the two ccRCC cohorts was assessed using the CIBERSORT algorithm. In both cohorts, resting mast cells, M1 macrophages and activated/memory CD4+ T cells showed significant differences in different molecular subtypes (Figures 7A, C). ESTIMATE algorithm was also used to assess immune cell infiltration in each sample. The ‘ImmuneScore’ of the C3 subtype in the TCGA and RECA-EU cohorts was higher than the C1 subtype, indicating that the C3 subtype has a high immune cell infiltration degree (Figure 7B, D).




Figure 7 | Immune characteristics of different molecular subtypes. (A, B) Difference analysis of immune cell scores in the TCGA-KIRC cohort calculated using the CIBERSORT and ESTIMATE algorithms. (C, D) Difference analysis of immune cell scores in the Research Concept and Research Activities- European Project cohort calculated using the CIBERSORT and ESTIMATE algorithms. nsp ≥ 0.05; *p < 0.05; **p<0.01; ***p<0.001; ****p<0.0001.





Model Construction Based on the LR-Pairs Score

The above analyses show that the LR-pair molecular subtypes have different mutation landscapes, pathway characteristics and immune infiltration degrees. A total of 46 LR-pairs were significantly associated with patient prognosis, with 37 of them significantly different in both the TCGA-KIRC and RECA-EU datasets (all.LR.genes.diff.kruskal.res.txt) (FDR < 0.001). The 37 LR-pairs with significant differences were further compressed using LASSO cox regression in the TCGA-KIRC cohort to reduce the number of genes in the risk model. The trajectory of each independent variable is shown in Figure S2A, wherein with the gradual increase of lambda, the number of independent coefficients tending to 0 also gradually increases. Model performance was evaluated using 10-fold cross-validation.

On analysing the confidence interval under each lambda (Figure S2B), the model was found to be optimal when lambda = 0.0137, and 12 LR-pairs at lambda = 0.0137 were selected for further analysis. Furthermore, the model was optimized using stepwise multivariate regression analysis. Finally, 10 LR-pairs, including ‘APLNR_APLN’, ‘CSF1R_CSF1’, ‘CX3CR1_CX3CL1’, ‘EPHA4_EFNB3’, ‘FGFR3_EPHA4’, ‘HGF_CD44’, ‘KDR_VEGFC’ ‘NGF_NGFR,’ ‘TEK_ANGPT1’ and ‘TEK_ANGPT4’ were identified as crucial LR-pairs. The multivariate Cox regression coefficient results for these 10 LR-pairs are shown in Figure S2C. Furthermore, the LR-pairs scoring model was constructed using the 10 LR-pairs to facilitate the quantitative analysis of LR-pair scores in patients with ccRCC. The results showed that the LR.score in the C1 subtypes was significantly higher than that in the C2 and C3 subtypes (Figure 8A). To further assess the clinical relevance of LR-pair scores, patients were defined as high LR.score group if the LR.score > 0 and low LR.score group otherwise. Patients with low LR.score in the TCGA-KIRC cohort had a better prognosis than patients with high LR.score (p < 0.0001) (Figure 8B). The area under the curve (AUC) of the time-dependent receiver operating characteristic (ROC) curves of the LR.score was 0.79, 0.78 and 0.78 at 1, 3 and 5 years, respectively (Figure 8C). Univariate and multivariate cox regression analyses were also used in analysing the TCGA-KIRC cohort, which showed that LR.score is a reliable and independent prognostic biomarker for assessing the prognosis of patients with ccRCC (Figures 8G, H). Furthermore, the reliability of the LR.score was validated using 91 samples from the RECA-EU cohort. A study about LR.score in different molecular subtypes reported similar conclusions using the RECA-EU cohort (Figure 8D). Patients with low LR.score in the RECA-EU dataset showed a significant survival benefit (p = 0.001) (Figure 8E). The AUC of the time-dependent ROC curves of the LR.score was 0.61, 0.68 and 0.79 at 1, 3 and 5 years, respectively (Figure 8F).




Figure 8 | Construction of LR.score model. (A) The difference in LR.score between the different molecular subtype groups in the TCGA-KIRC cohort. (B) Survival benefit of LR.score in the high and low LR.score groups in the TCGA-KIRC cohort. (C) The predictive value of LR.score in patients among the TCGA-KIRC cohort. (D) The difference of LR.score between the different molecular subtype groups in the Research Concept and Research Activities- European Project (RECA-EU) cohort. (E) Survival benefit of LR.score in the high and low LR.score groups in the RECA-EU cohort. (F) The predictive value of LR.score in patients among the RECA-EU cohort. (G) Univariate cox regression analysis of LR.score, age, gender, TNM stage and grade for overall survival (OS) in the TCGA-KIRC cohort. (H) Multivariate cox regression analysis of LR.score, age, gender, TNM stage and grade for OS in the TCGA-KIRC cohort; ns, p≥ 0.05; ***p<0.001; ****p<0.0001.





Differences in LR.score in Different Clinical Subgroups

To examine the relationship between LR.score and clinical features of ccRCC, the differences in LR.score between subgroups of different clinical features in the TCGA-KIRC dataset were compared. Patients showed significant differences in TNM stages, pathological stages and histological grades when compared with LR.score. LR.score varied significantly between different clinical feature subgroups, with high malignancy degree correlating to high LR.score (Figure 9A). Additionally, the relationship between the LR.score and clinical-pathological features in RECA-EU was analysed. The results showed that the differences in the different subgroups of LR.score were not apparent, possibly due to the insufficient sample size in the RECA-EU cohort (Figure 9B).




Figure 9 | Clinical features of LR.score. (A) Differences in LR.score in different clinical subgroups in the TCGA-KIRC cohort. (B) Differences in LR.score in different clinical subgroups in the Research Concept and Research Activities- European Project cohort. nsp≥0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001.





Correlation Between LR.score and Immune-Related Features

The distribution of 22 immune cells in the TCGA-KIRC cohort and the differences between the LR.score groups were analysed. Significant differences in immune cell infiltration levels were observed between patients (Figure 10A). Additionally, immune cell infiltration levels showed significant differences between different LR.score groups. Further, CD8+ T cells exhibited a high level of infiltration, with the high LR.score group showing significantly higher infiltration levels than the low LR.score group (Figure 10B). Additionally, immune infiltration levels were also compared for different LR.score groups using the ESTIMATE algorithm, wherein the Immune score and ESTIMATE score in the high LR.score group were significantly higher than those in the low LR.score group (Figure 10C). Further, the correlation between LR.score and 22 immune cell scores in the TCGA-KIRC cohort was analysed using Pearson’s correlation coefficient. The result shows that LR.score was significantly positively correlated with activated/memory CD4+ T cells, follicular helper T cells and regulatory T cells but negatively correlated with resting mast cells (Figure 10D).




Figure 10 | Correlation between LR.score and immune-related characteristics. (A) Distribution and expression of the 22 types of immune cells in the TCGA-KIRC cohort. (B) Analysis of the immune cell scores between the different LR.score groups using the CIBERSORT algorithm. (C) Analysis of the immune cell scores between the different LR.score groups using the ESTIMATE algorithm. (D) Correlation between LR.score and immune cell score. ns p≥0.05; *p< 0.05; **p<0.01; ***p<0.001; ****p<0.0001.





The Relationship Between LR.score and Immunotherapy

To identify the relationship between LR.score and immunotherapy, the value of LR.score to predict a patient’s response to immune checkpoint blockade(ICB) treatment was examined. In the anti-PD-L1 cohort (IMvigor210 cohort), 348 patients exhibited varying degrees of response to anti-PD-L1 receptor blockers, including complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD). Patients with SD/PD had a higher LR.score than patients with CR/PR (Figure 11A). Percentage statistics between the high and low LR.score groups showed significantly better treatment outcomes in patients with low LR.score (Figure 11B). Survival analyses further showed that LR.score was associated with overall survival in patients receiving immunotherapy (p < 0.0001) (Figure 11C). In early-stage patients receiving immunotherapy, LR.score was associated with overall survival (p = 0.000051) (Figure 11D) while in advanced patients it was also associated with overall survival (p = 0097) (Figure 11E).




Figure 11 | Correlation between LR.score and response to anti-PD-L1 immunotherapy. (A) Differences in LR.score between responders and non-responders in the IMvigor210 cohort. (B) The proportion of patients responding to immunotherapy in the high and low LR.score groups in the IMvigor210 cohort. (C) Prognostic differences between the high and low LR.score groups in the IMvigor210 cohort. (D) Prognostic differences between the high and low LR.score groups in early-stage patients in the IMvigor210 cohort. (E) Prognostic differences between the high and low LR.score groups in advanced patients in the IMvigor210 cohort. (F) LR.score differences between responders and non-responders in GSE78220. (G) The proportion of patients responding to immunotherapy in the high and low LR.score groups in GSE78220. (H) Prognostic differences between the high and low LR.score groups in GSE78220. ns p≥0.05; *p< 0.05; **p<0.01.



Additionally, in another cohort of anti-PD1 (GSE78220), patients with SD/PD patients showed higher LR.score than those with CR/PR (Figure 11F). Moreover, percentage statistics between the high and low LR.score groups also showed that patients with low LR.score had significantly better treatment outcomes (Figure 11G), clinical benefit and prolonged overall survival (p = 0.036) (Figure 11H).



CX3CL1 Knockdown Accelerates Migration and Invasion of ccRCC Cell In Vitro

To further confirm the results of databases, 10 LR-pairs, including ‘APLNR_APLN,’ ‘CSF1R_CSF1’, ‘CX3CR1_CX3CL1’, ‘EPHA4_EFNB3’, ‘FGFR3_EPHA4’, ‘HGF_CD44’, ‘KDR_VEGFC,’ ‘NGF_NGFR,’ ‘TEK_ANGPT1’ and ‘TEK_ANGPT4’ were subjected to RT-qPCR assay in ccRCC cell line. As shown in Figure 12A, the mRNA levels of APLNR, APLN, CSF1R, CSF1, CX3CR1, CX3CL1, CD44, KDR, VEGFC, NGF, NGFR, ANGPT1 in the 786-O cell were up-regulated compared with normal renal epithelial cell HK-2, whereas the mRNA levels of EPHA4, EFNB3, FGFR3, HGF, ANGPT4, TEK in the 786-O cell were down-regulated compared with HK-2 cell. Recently some research found one such chemokine that plays a critical role in the anti-cancer procession is CX3C chemokine ligand 1 (CX3CL1) and its receptor CX3C chemokine receptor 1 (CX3CR1). In Figure 12B, we found that the protein expression of CX3CL1 was increased in the 786-O cell compared with the HK-2 cell. To demonstrate the specific role of CX3CL1, we knocked down the CX3CL1 gene in the 786-O cell (Figures 12C, D). We found that the numbers of clone formation (Figure 12D), as well as the migration (Figure 12E) and invasion capacities (Figure 12F), were notably increased in 786-O cells with CX3CL1 knockdown.




Figure 12 | CX3CL1 Knockdown promoted migration and invasion of ccRCC cell in vitro. (A) Real-time RT-PCR assay of 10 LR-pairs mRNA expression levels in human ccRCC cell line 786-O and renal epithelial cell HK-2. (B, C) the protein expression of CX3CL1 was performed by Western Blot assay. (D) The subcellular localization of CX3CL1 was identified by immunostaining assay. Scale bar: 10μm. (E) Cell colonies of 786-O cell in normal control and CX3CL1-KD group. (F, G) 786-O cell migration assay (F) and invasion assay (G) were performed in normal control and CX3CL1-KD group. ns, p≥0.05; *p< 0.05; **p<0.01; ***p<0.001.






Discussion

scRNA-seq approaches are rapidly being employed to describe the quantity and functional status of tumour-associated cell types in the TME, revealing previously unknown data about cellular heterogeneity (24). However, in addition to characterising the cellular makeup of tumours, it is crucial to understand how different cell types in the TME interact to initiate tumour progression (25). Although there exist studies examining cell-to-cell communication using bulk-seq and scRNA-seq data, investigations relating these features to biological outcomes and studies elucidating the significance of these interactions with specific clinical outcomes remain scarce. This study integrated bulk-Seq and scRNA-Seq data of ccRCC for analyses. After examining cell-to-cell communication, few critical LR-pairs were obtained, revealing cell complexity in the TME. Additionally, two molecular subtyping models were constructed based on these LR-pairs, and the prognostic evaluation and immunotherapy utility of different molecular subtyping was found. These findings aid in better understanding the role of cell-cell communication in the TME of ccRCC and developing novel therapy options for ccRCC.

Accumulating evidence shows that immune cell dysfunction within KIRC-TME induces immunosuppression and plays a critical role in tumour growth and treatment (25). In this study, eight different cell types were identified in the ccRCC’s TME, indicating its compositional complexity. Malignant solid tumour tissues contain not only tumour cells but also normal epithelial, stromal, immune and vascular cells, with stromal and immune cells as the most prominent components (26). Stromal cells play an essential role in tumorigenesis and drug resistance (27), while infiltrating immune cells are specific to certain environments (28). For example, T cell that infiltrates tumours has been demonstrated to have an anti-cancer effect in ovarian cancer, whereas it is associated with tumour growth, invasion and metastasis in colorectal cancer (28). These cells can impact the results of genomic analysis of tumour samples (such as expression profiles or copy numbers), thus, understanding the TME and the interactions between tumours and other cells could provide important insights into tumour biology and help build reliable prognostic, predictive models.

Therefore, to further study the interaction between different cell types in the TME of ccRCC, a comprehensive and systematic analysis of cell communication in the TME of ccRCC was conducted. Previous studies have shown that the interaction of ligands and receptors differs significantly in different types of tumours. These differences can lead to the activation or inhibition of different pathways, resulting in tumour development and drug resistance. Therefore, based on the significantly different LR-pairs obtained in this study, a new molecular subtyping model was constructed. According to the LR-pairs model, patients in different KIRC cohorts can be effectively divided into three subtypes, and the prognosis of patients with different molecular subtypes is significantly different. Additionally, varying clinical-pathological features, mutation features, pathways and immune features showed significant differences in different molecular subtypes.

Furthermore, to further confirm the effectiveness of our typing analysis, data on the immune subtypes of TCGA-KIRC were obtained from a previous pan-cancer study, wherein ccRCC samples were divided into six molecular subtypes based on 160 different immune gene signatures (22). This study compared the relationship between these six immune subtypes and the three LR-pairs subtypes defined in the current study. The results showed that the C3 immune subtypes obtained from the previous study accounted for more of the C3 molecular subtype defined in this study. In previous studies, the C3 immune subtype was described as an ‘inflammatory’ subtype. Furthermore, the C3 immune subtype was distinguished from other subtypes by increased Th17 and Th1 gene expression, low to medium cancer cell proliferation and lower levels of aneuploidy and total somatic copy number changes. Additionally, it showed the best prognosis among these six immune molecular subtypes, which is consistent with the best outcome of the C3 molecular subtype defined in the current study. Moreover, the immune subtypes C1, C2, C4 and C6 with worse prognosis accounted for more than the C1 molecular subtypes defined in this study, which coincides with the poor prognosis of C1.

Additional molecular subtypes were provided in previous studies, and four molecular subtypes (KIRC-C1, C2, C3, C4) were identified via consensus clustering (23). The KIRC-C3 subtype was associated with the worst prognosis while the KIRC-C1 subtype had the best prognosis. The relationship between these four molecular subtypes and our three molecular subtypes was compared, wherein the KIRC-C4 subtype accounted for more than the C1 subtype, while the KIRC-C1 subtype accounted for the most significant proportion of the C3 subtype. Consistent with previous studies, the reliability of the present study is reinforced, providing a base for further understanding of the interactions between cells in the TME and developing new molecular typing methods for patients with ccRCC.

Currently, individualised models based on the specific biomarkers of tumour subtypes have been established in breast and colorectal cancers to improve patients’ prognoses (29, 30). However, clinically efficient individualised models for patients with ccRCC are scarce. Considering the individual heterogeneity of the TME, it is urgent to quantify the scoring pattern of individual tumours and establish an effective treatment and prognosis evaluation model for patients with ccRCC. Although previous studies have explored the value of different signatures in the prognostic evaluation of ccRCC, their validity remains limited (31, 32). Meanwhile, the analysis of cell-cell communication reveals that the expression of ligands and receptors and the type of interaction vary in different tumour types. Therefore, focusing on the communication of different cell types in the TME and their interactions could aid in diagnoses and treatment options. In the current study, based on the previous analysis of LR-pairs with significant differences in both the TCGA-KIRC and RECA-EU datasets, 10 LR-pairs were identified as potential ‘subtype biomarkers’. The LR-pairs scores model was established to quantify different risk scores among individuals.

CX3CL1 is a chemokine with a unique motif -Cys-X-X-X-Cys- at the N-terminal end structure and the only member of the δ-chemokine families. CX3CR1 is a specific receptor for the chemokine CX3CL1. CX3CL1-CX3CR1 plays a critical role in the anticancer immune response (33). Previous studies found that an increase in CX3CL1-CX3CR1 in tumor is associated with the forming of anti-cancer NK cells and CD8+T cells in tumor, which improves the prognosis for patients with gastric adenocarcinoma and glioma (34, 35). In this study, we investigated the anti-cancer effects of CX3CL1 in ccRCC. We found that CX3CL1 knockdown markedly promoted the migration and invasion of ccRCC cell in vitro. Targeted CX3CL1 therapy might provide new treatment directions for ccRCC patients.

Furthermore, molecular subtype analyses showed that the LR.score of the C3 subtype was low in both cohorts. Conversely, C1 showed higher scores in both cohorts, which is consistent with previous analyses and thereby confirms the effectiveness of LR-pairs. Meanwhile, in different cohorts, the prognostic model established using LR.score showed high validity and accuracy for the prognostic evaluation of patients. Furthermore, analysis of the differences in the LR.score between different clinicopathological features in two cohorts showed a significant association between the LR.score and patient’s malignancy grade. Therefore, LR.score can be used as a reliable biomarker for evaluating the prognosis of patients with ccRCC.

Infiltrating immune cells play various roles in different tumours, hence, the differences in immune score were assessed between patients in the different LR.score groups using ESTIMATE. The result showed that patients in the high-risk group showed higher immune score. A high immune score generally predicts a better prognosis, but patients in the high LR.score group showed a worse prognosis. However, the current findings are consistent with previous studies, revealing a significant positive correlation between immune score and malignancy degree in patients with ccRCC in the TCGA-KIRC cohort. High immune score and ESTIMATE scores have been associated with worse prognosis (36, 37). Additionally, the high infiltration levels of exhausted CD8+ T cells and immunosuppressive M2-like macrophages have been reported in advanced renal disease (8), suggesting that immune scores could indicate progressive T cell dysfunction in patients with ccRCC. This suggestion could also be used to explain a worse prognosis in patients with ccRCC that show a high immune score. Further, to explore the relationship between LR.score and immune cell infiltration levels, the immune cell infiltration levels of patients with ccRCC were quantified using CIBERSORT. Subsequently, the differences in the infiltration of 22 immune cells were compared, revealing that the CD8+ T cell infiltration level was significantly higher in the high LR.score group than in the low LR.score group. Previous studies have confirmed that the infiltration levels of CD8+ T cells are usually associated with a better prognosis in most solid tumours (38). Interestingly, the infiltration of CD8+ T cells was associated with a worse prognosis in ccRCC (39), which is consistent with the current findings. Therefore, the specificity of the TME of ccRCC can be accurately described using the LR.score model.

ccRCC is an immune-sensitive malignancy, and cytokine-based (IL-2 and IFN-α2b) regimens have been accepted for clinical use. Recent regimens that use immune checkpoints as a therapeutic modality have changed the treatment paradigm of ccRCC (40). However, a significant proportion of patients with kidney cancer do not respond to these therapies and those who initially respond show eventual tumour progression (41). Therefore, this study examined the relationship between immunotherapy and LR.score to assess the benefit of LR.score in different immunotherapy cohorts. The results showed that patients who responded to immunotherapy had significantly lower LR.score than those who responded less. Furthermore, the patients with higher LR.scores showed less favourable responses to immunotherapy. This suggests that single-agent immunotherapy could benefit patients with a lower LR.score. Additionally, the significant differences in survival between the high and low LR.score groups in both immunotherapy cohorts illustrate its association with immunotherapy.

Advances in high-throughput sequencing can lead to personalised therapeutics, wherein each patient’s cancer can be treated based on their genomic profile. Although high-throughput sequencing provides a large amount of genomic information, it requires professional bioinformatics analysis and interpretation. Moreover, linking key phenotypes or molecular reactions together remains challenging for most of the data. This study provides concise analysis and novel insights and directions for the personalized treatment of patients with ccRCC. Although high-throughput sequencing could provide a more refined research direction for disease treatment, the current cost of treatment remains high. Reducing treatment costs while maintaining treatment efficacy remains a challenge. Currently, there exists a large amount of research data that require accurate and effective analyses for better clinical application. Although the current study provides a clear view of cell types in the TME of ccRCC and increases our understanding of the importance of LR and cell-to-cell interactions in the microenvironment, there exist a few limitations. While multiple cohorts of patients with ccRCC were used as validation, clinical trial-based validation in larger ccRCC cohorts could better validate the current findings. Additionally, the current high-throughput sequencing data are based on transcriptome data. However, transcription levels are not necessarily associated with protein expression (42)since essential cellular functions are performed and regulated by the proteome, which is also worth considering. The interactions between adjacent cells are the basis of many biological processes, including signalling between cell ligand receptors. Current single-cell genome techniques analyse each cell individually after tissue dissociation, thus losing data on the location between cells. The LR interactions identified by the study may not occur when different cell types do not undergo spatial co-localization in the tumour, thus, spatial transcriptome analysis will help us further understand our findings. Various bioinformatics methods were used to simulate the cellular composition of TME in patients, and some conclusions are consistent with previous studies. However, in silico cell composition inevitably has limitations; for example, the cellular composition of TME cannot be fully displayed. Therefore, using multiple algorithms to simulate the composition of the patient’s TME simultaneously and conducting a more comprehensive analysis could better address the limitations of bioinformatic analyses.

In conclusion, the current study elucidates themicroenvironmental landscape of ccRCC, providing a comprehensive view of the cellular composition of TME in patients with ccRCC. The interaction and communication of LR-pairs between different cell types are evaluated while studying their cellular complexity in the TME. Two valuable LR-pairs models for the molecular subtyping of patients with ccRCC were identified based on LR-pairs in various cell types. Notably, this study provides new insights into cancer immunotherapy, where the expression patterns of LR-pairs effectively evaluate the prognosis of patients with ccRCC and are associated with the efficacy of immunotherapy. Therefore, the development of potential drugs targeting these LR-pairs could contribute to the clinical benefits of immunotherapy. This study provides a new direction in understanding TME and its clinical applications. It also provides novel ideas for identifying different tumour molecular subtypes and developing accurate and personalised tumour immunotherapy.
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Pediatric acute lymphoblastic leukemia (ALL) is the most common subtype of childhood leukemia, which is characterized by the abnormal proliferation and accumulation of immature lymphoid cell in the bone marrow. Although the long-term survival rate for pediatric ALL has made significant progress over years with the development of contemporary therapeutic regimens, patients are still suffered from relapse, leading to an unsatisfactory outcome. Since the immune system played an important role in the progression and relapse of ALL, immunotherapy including bispecific T-cell engagers and chimeric antigen receptor T cells has been demonstrated to be capable of enhancing the immune response in pediatric patients with refractory or relapsed B-cell ALL, and improving the cure rate of the disease and patients’ quality of life, thus receiving the authorization for market. Nevertheless, the resistance and toxicities associated with the current immunotherapy remains a huge challenge. Novel therapeutic options to overcome the above disadvantages should be further explored. In this review, we will thoroughly discuss the emerging immunotherapeutics for the treatment of pediatric ALL, as well as side-effects and new development.
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Introduction

Acute lymphoblastic leukemia (ALL), characterized by the abnormal clonal proliferation of the early lymphoid stem cells or progenitor cells and the depletion of the normal hematopoietic cells in the marrow, is the most prevalent subtype of leukemia with a rapidly growing incidence worldwide (1–5). Although ALL occurs in both adults and children, children represent up to 80% of cases (6). Currently, improved long-term survival rates have increased to more than 90% in pediatric ALL thanks to the contemporary therapeutic regimens (7, 8). However, approximately 20% of the patients remain refractory to primary therapy or suffer from relapse after initial complete remission (CR), leading to a poor prognosis (9, 10). Therefore, the exploration of novel therapeutic approaches for pediatric refractory/relapse (R/R) ALL are urgently needed and will eventually benefit this population.

Until now, accumulating evidence has suggested that tumor microenvironment (TME) contributes to the cancer development and progression (11–13). As key members in TME, immune cells consisting of T cells, macrophages, and natural killer cells (NKs) have reduced activity and poise in an immunosuppressive state. Activating the immune system to recognize and eradicate cancer cells rather than remove or directly attack the cancer cells, termed immunotherapy, has been proposed as an alternative to conventional cancer treatment and widely explored over the last decade (14, 15). In particular, immunotherapy promoted rapid development for the treatment of the hematologic malignancies (16–18). The approval for market of blinatumomab, a bispecific CD3/CD19 T-cell engager, and tisagenlecleucel, a CAR T cell therapy, has demonstrated dramatic progress in the treatment of pediatric R/R B-cell precursor ALL (R/R BCP ALL). Combination or replacement of conventional chemotherapy with immunotherapy to further improve the cure rates and life quality of pediatric patients with ALL has become the priority issue for the moment (19–21). Generally, pediatric cancers are not smaller versions of adult cancers (6, 22). The progress and development in pediatric cancers lags behind adult patients (23). Herein, we aim to provide a comprehensive overview of the emerging immunotherapeutic approaches in pediatric ALL, thus guiding the development of novel therapeutic options. The preclinical research and ongoing clinical trials in this field will be extensively summarized in this review (Table 1). Due to T-cell ALL accounts for merely 15% of the pediatric ALL patients and has a different immunophenotype from B-cell ALL, immunotherapy for pediatric T-cell ALL is outside the scope of this article.


Table 1 | Emerging immunotherapeutic approaches for pediatric B-cell ALL.





T Cell-Based Immunotherapy

T cells have become an ideal weapon and attracted great research enthusiasm in cancer immunotherapy due to its capacity for antigen-directed cytotoxicity (45–47). Over the last decade, various T cell-based immunotherapeutic approaches, including blocking programmed cell death-1 (PD-1)/programmed cell death-ligand 1 (PD-L1) axis, bispecific/trispecific T-cell engagers, and chimeric antigen receptor (CAR) T cells have revolutionized the field of cancer therapeutics. The following context will highlight the T cell-based immunotherapeutic strategies available to attenuate pediatric B-cell ALL (Figure 1).




Figure 1 | Current immunotherapeutic strategies in pediatric Acute Lymphoblastic Leukemia (ALL). T-cell engagers, CAR T cell therapy, macrophages-based immunotherapy, NK cell-based immunotherapy and other emerging immunotherapies are in development for pediatric B-cell ALL. SIRPα, signal regulatory protein alpha; NKp46/CD16A/CD19-NKCE, a NK cell engager with CD16A on the surface of NKs binding NKp46 and CD19 on the surface of B-cell ALL cells.




Bispecific CD3/CD19 T Cell Engagers

Bispecific antibodies are designated to recognize and bind two distinct epitopes or antigens simultaneously, which have demonstrated great therapeutic potential toward cancer immunotherapy and are in rapid clinical development (48, 49). Blinatumomab, which is comprised of two different single-chain variable fragment regions (scFv) linked via a glycine-serine linker (50), triggers a cytotoxic immune response and shows significant cytotoxic activity at ultra-low concentrations, through binding specifically to antigen CD19 that is overexpressed on the surface of B-cell ALL lymphocytes and antigen CD3 on the surface of T cells (51–53). As the benchmarking case, blinatumomab conveyed good efficiency and safety in a phase I/II study (NCT01471782), which demonstrated that blinatumomab was maximumly tolerated at 15 μg/m2/day in 49 children with R/R BCP-ALL, 39% of whom achieved CR with single-agent blinatumomab treatment (24, 25). In the subsequent multi-center, expanded access study (RIALTO trial, NCT02187354), 63% of children had CR and the MRD negativity was obtained in 83% of responders after the first two cycles of blinatumomab treatment, further confirming the efficiency of blinatumomab (26, 27). Accordingly, blinatumomab was approved to treat R/R B-cell ALL in children by the US Food and Drug Administration (FDA) in 2018. Recently, two randomized trials (NCT02393859 and NCT02101853) exemplify the advantages of blinatumomab as post reinduction consolidation treatment vs chemotherapy before allogeneic hematopoietic stem cell transplant (alloHSCT), resulting in superior in eradicating MRD (28, 29). Therefore, blinatumomab gained accelerated approval by FDA to treat BCP ALL with MRD greater than or equal to 0.1% after the first or second CR. Moreover, a phase II study (NCT02807883) has proved the feasibility of blinatumomab maintenance following alloHSCT for patients with B-cell ALL at high-risk for relapse, with the 1-year overall survival (OS), progression-free survival (PFS), and nonrelapse mortality (NRM) rates of 85%, 71%, and 0%, respectively (30). In addition, to incorporate blinatumomab as part of upfront treatment for pediatric B-cell ALL, several trials are currently ongoing (NCT03643276 and NCT03914625) (31). Of note, the main toxicities including cytokine release syndrome (CRS) and neurotoxicity are tolerable under blinatumomab therapy (54, 55).

Although blinatumomab has obtained an authorization for treating pediatric R/R BCP ALL and eliminating the MRD, several disadvantages, such as the short half-life caused by the low molecular weight, leading to the need to continuous intravenous infusion, limited wide clinical application (56). Besides, blinatumomab resistance caused by the loss of CD19 expression and lineage switch in BCP ALL remains a significant problem (57, 58). For example, in a phase I/II study, four patients harboring CD19 negative B-cell ALL relapsed after prior blinatumomab-induced hematologic remission and one patient with CD19-negative had disease progression (57). In the future, screening tumor markers to predict CD19-negative relapse should be paid more attention. What’s more, overexpression of checkpoint molecules including T-cell immunoglobulin and mucin domain 3 (TIM-3) on T cells and PD-L1 on tumor cells represented an additional potential escape mechanism from immunosurveillance (30, 59, 60). Adding immune checkpoint inhibitors to blinatumomab treatment thus overcoming resistance may be feasible (60) and are under clinical investigation (NCT03160079, NCT03512405 and NCT04546399).



Bispecific CD3/CD20 T-Cell Engagers

In addition to CD19, other antigens on the surface of leukemic blasts are currently under active research and development. CD20 is a signature B cell differentiation antigen and its overexpression is identified as an inferior prognosis marker associated with a worse event-free survival (EFS) in childhood BCP ALL according to the Pediatric Oncology Group treatment protocols (61). Also, CD20 expression was significantly up-regulated in pediatric B-cell leukemias during induction treatment (62), rendering it an appealing target for immunotherapy. Currently, several promising bispecific antibodies of anti-CD3/CD20, such as glofitamab, mosunetuzumab, REGN1979, and epcoritamab, may be of interest for future studies in B-cell Non-Hodgkin Lymphoma (NHL) (63, 64). However, further investigation is warranted to evaluate this strategy in pediatrics with B-cell ALL.



Trispecific CD3/CD19/CD20 T-Cell Engagers

A-2019, a novel trispecific CD3/CD19/CD20 T-cell engagers possessing the anti-CD19 and anti-CD20 scFvs, was designed by Wang lab (65). It mediated autologous B cell depletion ex vivo by inducing the activation and proliferation of T cells, and the production and release of cytokines (65). Furthermore, A-2019 bound to CD19 with a lower affinity compared with blinatumomab (1.06 × 10-8 mol/L vs. 1.49 × 10-9 mol/L, respectively), which potentially reduce the off-target effect on mural cells, thus lowering the risk of neurotoxicity (66). Plus, a general decrease in overall cytokine including IL-6 and IFN-γ induced by A-2019 was observed in preclinical study, reducing the risk of CRS. In short, trispecific T-cell engagers targeting CD3/CD19/CD20 represents a novel strategy for not only preventing and treating CD19 negative relapse, but also has the potential for the treatment of CD20 positive and/or CD19 positive B-cell ALL. In a more recent preclinical study, CMG1A46, another CD3/CD19/CD20 T-cell engager generated from Chimagen’s TRIAD platform, displayed superior potency and safety in comparation with CD3/CD20 bispecific T-cell engagers (67). The phase I/II clinical trial is undergoing to evaluate the safety and efficacy of CMG1A46 in adult patients with advanced CD19 and/or CD20 positive B-cell NHL or ALL (NCT05348889).



CAR T Cell Therapy

CAR T cells that commonly consists of an antigen-binding domain and costimulatory signaling domain such as CD28 and/or 4-1BB (68, 69), is a revolutionary and promising immunotherapy approach in cancer treatment (70). Antigen markers on B-cell ALL cells surface such as CD19 and CD22 can be specifically recognized by CAR that is independent from the major histocompatibility complex receptor, thus activating T cells to kill tumor cells.


CD19 Targeting CAR T Cell Therapy

Tisagenlecleucel, also named CTL019, is autologous T cells engineered ex vivo with a CAR containing a 4-1BB domain (71). In 2012, two children diagnosed with R/R B-cell ALL were infused with tisagenlecleucel and both achieved CR, although one patient had a CD19 negative relapse (72, 73). These encouraging data brought a hope of this therapy for the treatment of R/R B-cell ALL. Subsequently, a trial was expanded to 30 patients with the age of 5 to 22 years with R/R B-cell ALL in a phase I/IIa study (NCT01626495), which demonstrated a 90% rate of CR at the first month, an EFS rate of 67% and overall survival (OS) rate of 78% at 6 months after the single infusion of tisagenlecleucel (32). An international phase II study using tisagenlecleucel in pediatric and young adult patients with R/R B-cell ALL showed a CR rate of 81% at 3 months, EFS rate of 73%, and OS rate of 90% at 6 months (NCT02435849) (33). Given the unprecedented successes in clinical trials, tisagenlecleucel was commercially approved by the FDA and was indicated for R/R B-cell ALL patients up to 25 years old in 2017.

Brexucabtagene autoleucel, also named KTE-X19, is another CD19CAR T cell therapy with a CD28 costimulatory subunit generated from peripheral blood monocular cells by removing CD19 positive malignant cells to avoid T cell exhaustion, and has received FDA approval for mantle cell lymphoma (74). Based on the data from the pivotal phase I/II clinical trial (ZUMA-3, NCT02614066), brexucabtagene autoleucel was successfully manufactured and administered as a single infusion in 55 adult patients with R/R BCP ALL (34–36). Ultimately, 31 (56%) patients achieved CR and 8 (15%) patients achieved CR with incomplete haematological recovery, 38 (97%) of whom had MRD negativity. Due to the striking efficacy of brexucabtagene autoleucel in R/R BCP ALL adult patients, study to evaluate brexucabtagene autoleucel in pediatric and young adult patients with BCP ALL is ongoing (ZUMA-4, NCT02625480) and the results will be anticipated. Furthermore, several other CD19CAR T cell therapies are undergoing clinical research (Table 1) (75–77).

Although CD19CAR T cell therapy has shown great success for pediatric B-cell ALL, some patients displayed no response and a great part of patients suffered from relapse with poor outcomes (NCT01593696) (37, 38). Unfortunately, even a secondary infusion of CD19CAR T cells can’t prevent CD 19-positive relapse, which may be partly due to immune-mediated clearance of CAR T cells (78, 79). Antigen loss caused by mutations or alternate splice variants of CD19 have been elucidated as the major resistance mechanism to CD19CAR T cell immunotherapy, which is widely acknowledged as an urgent problem to be solved (80, 81). Therefore, new therapeutic approaches are required for R/R B-cell ALL patients who have failed previous CD19CAR T cell therapy.



CD22 Targeting CAR T Cell Therapy

CD22 represents an alternative target with a high expression level on most B-cell ALL cells, while has restricted expression on normal B cells, especially in the absence of CD19 expression (82–84). Recently, a phase I dose escalation study of CD22CAR T cells with a 4-1BB costimulatory domain in pediatric and young adults with recurrent or refractory CD22 positive B cell malignancies was conducted sponsored by National Cancer Institute (NCT02315612). The results showed that 70.2% of the patients achieved CR and 87.5% of whom were MRD negative (39, 85). However, an CD22CAR possessing the similar structure with the above mentioned CD22CAR but the heavy and light chains were connected by a standard 20-aminoacid linker instead of a short 5-amino acid sequence, proved surprisingly poor response in pediatric and adult patients with B-cell ALL (NCT02588456) (40). By performing detailed interrogation responsible for the entirely different findings from the two independent clinical trials, mechanisms that short scFv linker and tonic signaling enhanced the antileukemic function of 4-1BB-based CAR T cells induced the phenomena (40). Based on this work, the pilot study (NCT02650414) was amended to determine the feasibility and safety of a single dose administered CD22CAR T cells expressing 4-1BB costimulatory domains in pediatric R/R B-cell ALL patients (40). Moreover, Pan and his colleges constructed an CD22CAR with a 4-1BB costimulatory domain and initiated a clinical trial, which demonstrated a CR rate of 80% on day 30 after infusion in 34 R/R B-cell ALL pediatric and adult patients who have mostly failed from first CD19CAR T cell therapy (ChiCTR-OIC-17013523) (41). However, most patients relapsed with a diminished CD22 site density on B-cell ALL cells (85), which raised the question that single target therapy permit the occurrence of resistant variants. Combinatory or tandem CARs, which contain two or more antigen-recognition moieties, may prevent from relapse due to escape variants but need further validation (86, 87).



Dual CD19 and CD22 Targeting CAR T Cell Therapy

The downregulation or loss of pre-designed antigen on ALL cells leads to the failure of CD19CAR T or CD22CAR T cell monotherapy. Therefore, a dual CD19 and CD22 antigen targeting CAR T cell therapy such as CD19/CD22 bispecific CAR T cell therapy and sequential CD19CAR T and CD19CAR T cell therapy, appears to be a strategy to prevent the escape mechanism given that B cells are unlikely to downregulate both CD19 and CD22 simultaneously in a single cell.

AUTO3 is a representative CD19/CD22 bispecific CAR T cell therapy, which is designed and developed through transduction of autologous T cells expressing two CARs targeting CD19 and CD22 by Autolus Therapeutics. A multi-center, phase I/II study has been completed to explore the safety and efficacy in pediatric and young adult patients with B-cell ALL (AMELIA trial, NCT03289455) (42). In the phase I dose-escalation study, dose-limiting toxicities, severe CRS, and neurotoxicity were not reported, which demonstrated a favorable safety profile for clinical application. 13 of 15 patients achieved CR or CR with incomplete bone marrow recovery after AUTO3 infusion for one month. The OS and EFS rates were 60% and 32%, respectively. Consequently, FDA has granted orphan drug designation of AUTO3 for ALL treatment. Nevertheless, unavailability of long-term persistence of AUTO3 in patients resulted in disease relapse. Hence, prolongation of CAR T cell persistence are needed to fully fulfill the therapeutic potential of dual targeting CAR T cell in B-cell ALL. Another phase I trial (NCT03448393) sponsored by National Cancer Institute to evaluate the safety and efficiency of dual CD19/CD22 targeting CAR T cell therapy is undergoing.

CTA101, also called CRISPR-edited allogeneic off-the-shelf CD19/CD22 bispecific CAR T cells, was composed of scFV targeting CD19 and CD22, 4-1BB costimulatory domain, and CRISPR/Cas9-disrupted TRAC region to avoid host immune-mediated rejection (88). The phase I clinical trial (NCT04227015) to evaluate the safety and efficiency of a single dose of CTA101 in R/R B-cell ALL patients aged from 3 to 70 years is ongoing.

In addition to CD19/CD22 bispecific CAR T cells, sequential infusion of CD19CAR T and CD22CAR T cells are investigated in a phase I trial in pediatric patients with R/R B-cell ALL (ChiCTR-OIB-17013670). 17 of the 20 patients remained CR at the study end point and only 2 patients relapsed caused by loss of CD19, indicating that the risk of relapse associated with antigen escape was greatly reduced (43).



Strategies to Reduce Toxicities of CAR T Cell Therapy

Despite the huge clinical success, CAR T cell therapy-related severe toxicities such as CRS, cannot be neglected and are remained to be resolved (33, 89, 90). For example, around 50% of children and young adult patients treated with tisagenlecleucel for R/R B-cell ALL had ≥ Grade 3 CRS (33, 91), 24% of adult patients infused with brexucabtagene autoleucel had ≥ Grade 3 CRS (36), while lower incidence of ≥ Grade 3 CRS, 8.6% and 2.9% respectively, was observed after CD22-CART cell treatment (39, 41). Moreover, no ≥ Grade 3 CRS was observed in pediatric patients with R/R B-cell ALL receiving AUTO3, which is in concordance with the modest elevation of cytokines production (42). Finally, extensive studies to ameliorate CAR T cell related toxicities are ongoing, such as altering CAR structure, modifying CAR transduced T cells, and inserting CAR “off-switches” (70, 92, 93). Optimizing CAR binding affinity by developing a new CD19 scFV with a lower affinity than FMC63 could be a useful approach to enhance CAR T cell expansion and persistence, and alleviate toxicity in the pediatric R/R B-cell ALL as illustrated in the CARPALL clinical trial (NCT02443831) (44).



Strategies to Increase the Efficacy of CAR T Cell Therapy

Besides reducing toxicities of CAR T cell therapy, attempts have been made to increase the efficacy of CAR T cell therapy. As mentioned above, targeting two or more antigens by dual CD19 and CD22 targeting CAR T cells or sequential infusion of CD19CAR T and CD22CAR T cells broadened the spectrum of targets, decreased the risk of antigen negative relapse and enhanced the potential therapeutic efficiency. Moreover, tisagenlecleucel and other CAR T cell therapies for pediatric B-cell ALL were commonly composed of the costimulatory domains with CD28 and/or 4-1BB (Table 1), which were the second and third generation CARs (94). CAR T cells were further optimized to secrete cytokines or express cytokine receptors to generate the fourth and fifth generation CARs. In a relapsed patient with B-cell ALL after treatment with CD19CAR and CD22CAR T cell therapy, autologous murine CD19CAR T cells expressing membrane-bound IL-15 achieved CR for five months (95). CD19CAR T cells encoded with interleukin 2 receptor β-chain and a STAT3-binding tyrosine-X-X-glutamine motif in the cytoplasmic domain showed grater antitumor effects and superior duration than CAR T cells without this structure (96). Besides, upregulation of TIM-3 increased the risk of relapse in pediatric B-cell ALL (97). Hence, TIM-3-CD28 fusion proteins were combined with the first and second CD19CAR T cells to enhance the proliferation capacity of T cells and improve the functionality of conventional CAR T cells by turning inhibition into activation of T cells (98, 99). Relapse due to the short persistence of CAR T cells and resistance to same murine CAR T cell therapy were attributed to immunogenicity caused by murine scFv (37, 38). 68% of the pediatric and adult patients after failure of murine CD19CAR T cell therapy achieved CR treated with 4-1BB based humanized CD19 CAR-T cells (ChiCT R1900 024456) (100). In brief, various strategies have been developed to increase the efficacy of CAR T cell therapy and warranted to be applied in the treatment of pediatric B-cell ALL.




Combination Therapy

Numerous studies have demonstrated that immune responses by maintaining negative regulatory pathways via PD-1/PD-L1 axis played a significant role in the immune escape, thus leading to growth and spread of malignant tumors (101, 102). In this regard, blocking PD-1/PD-L1 pathway has aroused great success as an effective therapeutic approach in a variety of cancers. Significantly, there is a high expression level of PD-1 on the surface of T cells in B-cell ALL pediatric patients, which is associated with an inferior prognosis (103). Inspired by the encouraging therapeutic outcomes of blocking the PD-1/PD-L1 pathway in the treatment of solid tumors, researchers nowadays have tried to integrate PD-1/PD-L1 inhibitors into the treatment course of hematological malignancy (104, 105). Pembrolizumab is a humanized anti-PD-1 monoclonal antibody with a wide range of indications (106). However, the phase II study of single-agent pembrolizumab in treating minimal residual disease (MRD) in adults with ALL was terminated due to lack of efficacy despite good tolerability (NCT02767934) (107). Immunosuppression due to chemotherapy prior treatment and relatively low mutational rate may lead to the treatment failure of targeting PD-1/PD-L1 pathway (107). That said, monotherapy by blocking PD-1/PD-L1 signaling pathway seems not a viable therapeutic method for the treatment of ALL. Nevertheless, combinatory treatment of immune checkpoint inhibitors including pembrolizumab and nivolumab with blinatumomab for B-cell ALL in adults and pediatrics are undergoing clinical trials (NCT03160079 and NCT03512405 and NCT04546399), which may prove the potential advantage of anti PD-1 antibody as an adjunct or rescue strategy. Besides immune checkpoint inhibitors, blinatumomab in combination of with chemotherapy in patients with newly diagnosed B-lymphoblastic leukemia aged 365 days to 31 years are being investigated (NCT03914625).



Other Emerging T-Cell Based Immunotherapies

Donor-derived tumor associated antigen-specific T cells termed TAA-T (108), reported by Kinoshita and colleges, is capable of targeting three overexpressed and immunogenic tumor associated antigens WT1, PRAME and survivn in most hematologic malignancies (109–111). A phase I clinical is currently ongoing at Children’s National and Johns Hopkins Hospitals and Johns Hopkins University to evaluate the safety of TAA-T for the treatment of very high-risk hematopoietic malignancies (NCT02203903). Preliminary results showed that none of the included acute myeloid leukemia (AML) and ALL patients developed CRS or neurotoxicity, and only one patient developed grade 3 graft-versus-host disease (GVHD), which demonstrated the good safety of TAA-T (108). Moreover, persist remissions were observed in high-risk and relapsed patients (108). Later phase of the study is required to determine long-term clinical disease outcomes.

Adoptive cell therapy using T-cell receptor (TCR)-engineered T cells represents another novel and potential strategy for cancer treatment (112–114). ET190L1-AbTCR is one of TCR-T cell therapies generated by replacing the α and β chains of the TCR in the antigen recognition domain with an anti-CD19 antibody-derived Fab fragment (115). Compared with the clinically commonly used CD19CAR T cells with a CD28 or 4-1BB costimulatory subunit, ET190L1-AbTCR activated cytotoxic T-cell responses, but showed less cytokine release in xenograft mouse models of primary B-cell ALL.

B-cell activating factor receptor (BAFF-R) is a B-lineage marker expressed almost exclusively on B cells (116, 117), making it an ideal target for immunotherapy. BAFF-R-CAR T cells with a 4-1BB costimulatory signaling domain demonstrated therapeutic effects against CD19 negative B-cell ALL in vitro and in vivo (117), and are currently undergoing clinical trials for the treatment of adult ALL (NCT04690595). Moreover, dual CD19/BAFF-R CAR T cells were developed and exhibited anti-ALL activity in vivo, supporting clinical translation of BAFF-R/CD19 dual CAR T cells to treat ALL (118).




Macrophage-Based Immunotherapy


Targeting CD47/SIRPα Pathway

Macrophages are important components of mononuclear phagocytic system, and generates a “don’t eat me” signal to suppresses phagocytosis by expressing a signal regulatory protein alpha (SIRPα) that interacts with CD47 (CD47/SIRPα axis), thus contributing to the development and progression of most cancers (119–121). Therefore, the CD47/SIRPα axis has been identified as an essential and promising immune checkpoint in the homeostatic clearance by macrophages. Generally, CD47 is overexpressed on the surface of B-cell ALL cells and recognized as an inferior prognosis marker associated with worse outcomes in pediatric ALL patients, such as treatment failure and even death (122, 123). Additionally, the anti-CD47 antibody and anti-SIRPα antibody both increased phagocytosis of ALL cells in vitro, suggesting that blockade of the CD47/SIRPα signaling enhanced phagocytosis (123). In vivo, anti-CD47 antibody inhibited tumor engraftment and induced remission in ALL engrafted mice (123). These data provided pre-clinical evidence for disrupting CD47/SIRPα signaling as a potential therapy for ALL.

TTI-621 is a novel soluble fusion protein composed of human SIRPα and IgG1, and exerts its effect by blocking CD47/SIRPα pathway (124) (Figure 1). Recently, a phase Ia/Ib dose escalation and expansion trial of TTI-621 in R/R hematologic malignancies and selected solid tumors is ongoing (NCT02663518). TTI-621 was well-tolerated in the dose escalation phase. The expansion phase conducted in R/R NHL patients has been completed and demonstrated a sound efficacy. The evaluation of clinical efficacy and safety of TTI-621 in ALL patients is still ongoing.

Additionally, several strategies have been proposed and are being intensively explored, for example, anti-CD47 antibody (124–128), anti-SIRPα antibody (129), bi-specific antibodies to CD47 or SIRPα or other molecules (129), SIRPα-related fusion proteins (130), and others (131), to improve therapeutic efficacy during targeting CD47/SIRPα pathway while overcome on-target/off-tumor effects (132, 133). A large number of clinical trials related to cutting off the CD47/SIRPα pathway are currently undergoing at various stages, which are centered on solid tumors and hematological malignancies such as NHL and AML (132). The research on blocking the CD47/SIRPα pathway in pediatric ALL is lagging behind and is undergoing preclinical study.

Notably, targeting CD47 induced hematotoxicity including anemia and thrombocytopenia due to the off-target effect on the blocking of CD47 expressed on surface of platelets and erythrocytes (134). Designing and developing SIRPα fusion proteins could diminish the hematotoxicity, thereby safeguarding the clinical safety. For example, TTI-621 exhibited minimal impact on human erythrocytes, resulting in a lower incidence of anemia than that reported in a phase I study of combinatory treatment of humanized anti-CD47 antibody and rituximab (13% vs 41%) (124, 135). Moreover, thrombocytopenia associated with TTI-621 was transient and reversible, and no bleeding events were observed in the clinical trials (136).




NK Cell-Based Immunotherapy

NKs derived from lymphocyte cell lineage were discovered to be critical to the innate immunity (137). NKs are composed of two subtypes, i.e., CD3-/CD56dim/CD16+ NKs and CD3-/CD56bright/CD16- NKs (138). CD3-/CD56dim/CD16+ NKs display strong cytotoxic activity on targeted cells by perforin and granzyme B in peripheral blood, and CD3-/CD56bright/CD16- NKs produce and release cytokines such as IFN-γ and TNF-α in response cytokines stimulation in lymphoid tissues (139, 140). Mounting studies have demonstrated the innate lymphoid cells as the first line of defense by exerting cytotoxicity against diverse tumor cell types (141, 142), especially in the field of hematologic malignancies (143). The presence of NK cells in bone marrow conferred a better response to chemotherapy and prognosis, and has a high chance of efficacy in pediatric patients with ALL (144, 145). Hence, different artificial engagers have been equipped to selectively redirect NK cells towards tumor cells. In vitro, NKp46/CD16A/CD19-NKCE, a NK cell engager with CD16A on the surface of NKs binding NKp46 and CD19 highly expressed on the surface of B-cell ALL cells, enhanced the activation of NKs and promoted NK cell-mediated lytic effects against pediatric BCP ALL (Figure 1) (146).

Moreover, immunotherapy based on NKs displayed several advantages (147, 148). As the important immune system components, NKs exerted the cytotoxicity upon recognizing specific patterns without prior antigen sensitization. CAR modified NK cells (CAR NKs) are qualified for simultaneously improving efficacy and controlling adverse effects including CRS, neurotoxicity, and GVHD, which offer an alternative option to CAR-T cells (149, 150). To date, two phase I studies to determine the maximum tolerated dose of genetically modified haploidentical NKs infusions targeting CD19 to treat B-cell ALL have been completed in St. Jude Children’s Research Hospital (NCT00995137 and NCT01974479). However, the results have not been disclosed.



Conclusion and Future Perspectives

Immunotherapy represents a novel and promising therapeutic weapon against pediatric B-cell ALL. As alluded to above, T cell engagers and CAR T cell therapies were successful in treating pediatric R/R B-cell ALL. Currently, blinatumomab has been approved for treating R/R BCP ALL in pediatrics and is further investigated in removing MRD as post-reinduction consolidation treatment, which is believed to be more efficacious and less toxic than chemotherapy. In addition, the approval of tisagenlecleucel, a typical representative of CAR T cell therapies, provided us an alteration when none was available for children and young adults with R/R B-cell ALL, although a large proportion of patients suffered relapse with poor outcomes. However, monotherapy by immune checkpoint inhibitors targeting PD-1/PD-L1 pathway achieved poor clinical efficiency. Immune check inhibitors including anti-PD-1 and anti-CD47 antibodies as an adjunct strategy in pediatric B-cell ALL required to be verified in the further study and may be worth awaiting. Moreover, strategies targeting CD47/SIRPα pathway and CAR-NKs demonstrated potential for treating pediatric ALL and were evaluated in clinical trials.

Since native macrophages are critical effectors and regulators of the innate immune system, CAR macrophages can directly target the desired cancer cells and has been developed to phagocytose human solid tumor cells (151, 152). Nevertheless, treatment of pediatric ALL by using this promising immunotherapy is absent (153). Neoantigen, a new mutation-derived protein in tumor cells, is a non-normal cellular product and has proven to be a breakthrough for therapeutic immune targets (154–157). Immunotherapy by harnessing neoepitope-CD8+ T cells to recognize and respond to the neoantigens in pediatric patients with ALL provided us an alternative treatment option (158).

Despite all these advances, the resistance and toxicity should be taken into consideration and further studies should focus on the development of new agents guided to ameliorate some of the toxicities and prevent the recurrence. Variable mechanisms including the downregulation/loss of antigens and antigen escape through lineage switch influence responses to immunotherapy result in resistance or relapse. The relationship between genetic and cytogenetic alterations and immunotherapy responses are warranted to be further explored in the future. Moreover, novel potential targets such as cell surface antigens, kinases and signaling pathways should be consistently identified and explored. On the other hand, blocking a single cell surface antigen or pathway of B-cell ALL may lead to drug resistance. It is anticipated that immunotherapy targeting multiple antigens such as trispecific CD3/CD19/CD20 T-cell engagers and dual CD19 and CD22 targeting CAR T cell therapy will not only overcome the challenge of antigen modulation but also dramatically enhance therapeutic efficacy.

To sum up, the successful outcome of immunotherapy from clinical trials as described in our context has proved the effectiveness of immunotherapy in the treatment of pediatric B-cell ALL and lead to dramatic improvements in outcome for R/R subtype. We believe that the integration and expansion of these therapeutics into frontline therapy and the discovery of novel anti-multiple antigens modifications will further augment efficacy and reduce toxicity, thus improving long-term outcomes in pediatric B-cell ALL patients.
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Objective

This study aims to identify prognostic factors for low-grade glioma (LGG) via different machine learning methods in the whole genome and to predict patient prognoses based on these factors. We verified the results through in vitro experiments to further screen new potential therapeutic targets.



Method

A total of 940 glioma patients from The Cancer Genome Atlas (TCGA) and The Chinese Glioma Genome Atlas (CGGA) were included in this study. Two different feature extraction algorithms – LASSO and Random Forest (RF) – were used to jointly screen genes significantly related to the prognosis of patients. The risk signature was constructed based on these screening genes, and the K-M curve and ROC curve evaluated it. Furthermore, we discussed the differences between the high- and low-risk groups distinguished by the signature in detail, including differential gene expression (DEG), single-nucleotide polymorphism (SNP), copy number variation (CNV), immune infiltration, and immune checkpoint. Finally, we identified the function of a novel molecule, METTL7B, which was highly correlated with PD-L1 expression on tumor cell, as verified by in vitro experiments.



Results

We constructed an accurate prediction model based on seven genes (AUC at 1, 3, 5 years= 0.91, 0.85, 0.74). Further analysis showed that extracellular matrix remodeling and cytokine and chemokine release were activated in the high-risk group. The proportion of multiple immune cell infiltration was upregulated, especially macrophages, accompanied by the high expression of most immune checkpoints. According to the in vitro experiment, we preliminarily speculate that METTL7B affects the stability of PD-L1 mRNA by participating in the modification of m6A.



Conclusion

The seven gene signatures we constructed can predict the prognosis of patients and identify the potential benefits of immune checkpoint inhibitors (ICI) therapy for LGG. More importantly, METTL7B, one of the risk genes, is a crucial molecule that regulates PD-L1 and could be used as a new potential therapeutic target.





Keywords: METTL7B, PD-L1, prognosis prediction, glioma, m6A (N6-methyladenose), RNA stability



Introduction

Central nervous system (CNS) malignant tumors have one of the worst prognoses among all cancers, and glioma is the most common primary tumor of the CNS, accounting for approximately 80% of malignant brain tumors (1, 2). At present, the clinical classification of gliomas still follows the histological diagnostic criteria proposed by the WHO in 2007 (3). This classification method has significant limitations (4). One reason is that subjective preference easily differentiates judgments based on tumor histology between observers (5). As a result, the survival time of a group of patients with glioma may vary from weeks to years. It is difficult to explain this difference based only on histological grade. Although diffuse low- and intermediate-grade gliomas collectively constitute low-grade gliomas (LGGs, WHO grades II and III), which are rarer than grade IV gliomas (GBM, glioblastoma) due to their highly invasive nature, complete neurosurgical resection is impossible, leading to recurrence and malignant progression, eventually progressing to glioblastoma (3, 6–8). Therefore, it is necessary to propose new detailed diagnostic criteria that integrate the molecular changes in glioma.

For the treatment of glioma, traditional surgical resection is difficult and the residual tumor cells will further deteriorate. Radiotherapy has also been associated with epilepsy and mild dementia (9). Given these limitations, immune checkpoint inhibitor (ICI) drugs have proven to be promising treatments (10). In a phase III clinical trial of glioblastoma, the overall response rate of patients to nivolumab (PD-1 monoclonal antibody) was only 8%, but the overall survival time doubled (11). Considering the good therapeutic effect and high medical cost of glioma, there is an urgent need for a valuable biomarker to predict the benefits of immunotherapy in patients with glioma.

In this study, we focused on all genes in the LGG transcriptome data. We tried to develop a prognostic marker of LGG that can predict the routine prognosis of patients and the potential benefits of immunotherapy. We found that the immune response, extracellular matrix remodeling, and cytokine release were accelerated in the high-risk groups. In addition, high-risk patients are accompanied by the upregulation of most immune checkpoints represented by PD-1/L1 and the increase in tumor mutation burden (TMB) and CNV, suggesting that patients may respond better to the ICI of PD-L1 (12–15). We proved this through the TIDE score (16). In short, the model can predict the prognosis of patients and determine the possible benefits of ICI treatment. Finally, we also found a new molecule, METTL7B, in glioma, which reduces the expression of PD-L1 in cells by inhibiting the stability of PD-L1 mRNA and lead to the apoptosis of co-cultured T cells.



Methods


Publicly Available mRNA Data and Immune Gene Sets

Data from two publicly available datasets were incorporated into our study. TCGA RNA-seq data (FPKM) of samples from patients with LGG (Illumina HiSeq 2000) were acquired from the Genomic Data Commons (GDC) (http://portal.gdc.cancer.gov). According to the whole survival time, age, radiotherapy status, and glioma grades, 420 patients were collected and randomly (in a 7:3 ratio) categorized as training set and internal validation set. 529 glioma data was downloaded with complete clinical data and molecular subtyping data (IDH1 mutation, 1p19q codeletion, and MGMT methylation) from Chinese Glioma Genome Atlas (CGGA) (http://www.cgga.org.cn) to serve as external validation sets.



Construction and Verification of Multivariate Cox Signature

According to the mRNA expression of risk genes, a stepwise Cox proportional hazards regression model was used. RF realized by the R package “randomforestsrc”, the number of feature trees was 100, and the number of random splits was 1. LASSO realized by R package “glmnet”, and 100 times cross-validation was carried out. Signature genes were obtained by taking the intersection of these two gene lists. Risk score formula was calculated by taking into account the expression of signature genes and correlation estimated Cox regression coefficients: Risk score = (exp Gene1 * coef Gene1) + (exp Gene2 * coef Gene2) +… +(exp Gene7 * coef Gene7). Patients with LGG were classified into a high-risk or low-risk group by ranking the given risk score. The thresholds of high- and low-risk groups were selected through the “survminer” package. The R package “timeROC” was used to test the time-dependent receiver operating characteristic curve (ROC) (17). The difference of overall survival (OS) between two groups in the three cohorts was assessed using Kaplan–Meier method and the two-tailed log-rank test. A Cox proportional hazards regression model was used to identify independent prognostic factors.



Construction and Validation of Multigene Containing Nomogram

Nomogram was used to predict the survival probability by specific clinical parameters (18). We constructed the nomogram containing the multigene signature and other independent prognostic factors. The nomogram was calibrated at 1-year, 3-years, and 5-years using the R package “rms”. Decision curve analysis (DCA) analysis was used to assess the clinical application benefits of the multigene panel in the TCGA set (19).



Biological Process and Pathway Enrichment Analysis

Using the R package “DESeq2” (20), DEGs between high- and low-risk groups were identified. Then, using Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis, different pathways and items were identified between the two risk groups. In addition, we used GSEA (21) to dynamically score different enrichment items in the high- and low-risk groups.



Weighted Gene Co-Expression Network Analysis

The R package “WGCNA” (22) was used to perform weighted gene co-expression network analysis (WGCNA) using the TCGA LGG expression matrix (FPKM). To build a scale-free network and calculate the network topology matrix, the gene expression matrix is weighted by a soft threshold. We use a dimension reduction algorithm to visualize the network module composed of co-expressed genes in glioma samples after clustering with the dynamic cut tree algorithm and merging similar modules.



Evaluation of Immune Microenvironment With CIBERSORT and ssGSEA

The LM22 signature matrix, which is included in CIBERSORT, was used to estimate the distribution of 22 immune cell types (23). We ran 1000 iterations in R studio using the script provided in this paper to assess the difference in 22 immune cell infiltrations between the high and low risk groups and displayed the results in heatmap. ssGSEA was realized through the R package “GSVA” according to the analysis process and method provided by the official instruction (24).



Analysis of Gene Mutation and Copy Number Variation

The copy number variation data in the TCGA database was downloaded through the ‘TCGAbiolinks’ R package (25), and the risk score and CNV were integrated. snp6 grch38 annotation file was downloaded in TCGA and analyzed with GISTIC2.0 (26). Gene mutation data was also obtained from the TCGA database. The occurrence of mutation events was calculated and matched with the risk score. Finally, the ‘maftools’ R package was used for visualization (27).



Cell Culture and Construction of Stable Cell Lines

U251 cells, A172 cells, and Jurkat cells were purchased from the National Collection of Authenticated Cell Cultures. U251 and A172 were grown in DMEM medium with 10% fetal bovine serum (Gibco, California, USA). Jurkat cells were cultured in RPMI 1640 Medium with 10% fetal bovine serum. All medium was supplemented with 10 U/ml of penicillin-streptomycin, and all cells were cultured in a 5% CO2 humidified incubator at 37°C. The control shRNA and Lentivirus-based LINC00472-targeting shRNA vectors were purchased from GENECHEM (Shanghai, China). U251 cells were transiently transfected with these vectors and screened by puromycin at a 2 mg/ml concentration to generate stable monoclonal cell lines.



PCR and Real-Time Quantitative PCR Analysis

According to the manufacture’s protocol, the total RNA was isolated using AG RNAex Pro Reagent AG21101. Real-time quantitative PCR was performed using the TransScript All-in-One First-Strand cDNA Synthesis SuperMix for qPCR (One-Step gDNA Removal) (TRANS, AT341-01) and the PerfectStart SYBR Green qPCR SuperMix (TRANS, AT601-01). The primers used are listed in Supplemental Table S1, and all the levels of mRNAs were measured and normalized to β-actin.



Western Blotting

Western blotting was performed as previously described (28). The antibodies used for western blotting include METTL7B (Abclonal, A7200), CD274 (Abcam, 243877), and β-actin (CST, 8480S).



Coculture Study and Assessment of Apoptosis

To examine the effect of tumor cells on lymphocyte apoptosis, a total of 5×106 U251 cells were cocultured with 5×105 Jurkat leukemia T cells in 6-cm plates for 24 h. Jurkat cells were collected and washed three times with PBS diluted in annexin binding buffer. For each sample, 5 ml (2.5 mg/ml) annexin V–FITC and 5 ml (50 mg/ml) propidium iodide were added to the cell suspension and incubated for 15 min at room temperature (25°C) in the dark. The extent of apoptosis in Jurkat cells was determined by flow cytometry using FITC–annexin V.



Total m6A Modification Level and RNA Stability of Cells

The total amount of m6A in total RNA was measured using the m6A RNA Methylation Assay Kit (Fluorometric) (Abcam, ab233491), following the manufacturer manual. For each sample, 200 ng of total RNA from U251 cells were used. For RNA stability detection, cells were cultured overnight and then treated with actinomycin D 10 mg/mL at 0, 2, 4 and 6 h before trypsinization collection. The total RNA was extracted by TRIzol. Quantitative RT-PCR was conducted to determine the relative level of indicated mRNA.



Statistical Analysis

The R software (version 4.1.2) was used for the statistical analysis. Statistical analysis of cell and molecular biology experiments was performed using GraphPad Prism 8.0 version. “ggplot2”, “ggpubr”, “vioplot” were applied to visualize the results of data analysis. Wilcoxon Signed Rank test and Student’s t test were used for statistical analysis between two groups, while the Kruskal-Wallis test was applied for statistical tests of more than two groups. When p less than 0.05, we considered the difference to be statistically significant.




Results


Identification of Prognosis-Related Genes in Low-Grade Glioma

In this study, 529 LGG samples were acquired from the TCGA database, and a total of 530 patients were obtained from the CGGA database. The glioma data from TCGA were randomly divided into a training set and a validation set at a ratio of 7:3. The process is shown in Figure 1; 32622 genes were selected because the gene expression level in half of the samples was more than zero. The expression of these genes in LGG samples was used for univariate Cox regression analysis. A total of 3432 genes were significantly (p < 0.001) associated with the overall survival of patients in the TCGA training set.




Figure 1 | Schematic diagram of a gene screening strategy for prognosis prediction in this study.



We included these significant genes in LASSO and RF regression (Figures 2A, B), two algorithms screened 31 and 146 genes related to the clinical outcome of glioma patients, respectively. Then, we obtain the intersection of these two algorithms. Figure 2C shows that 10 genes existed simultaneously in the two regression analysis results. Multivariate Cox regression analysis was performed on these ten genes, and seven genes with P values < 0.05 were selected (Table 1).




Figure 2 | Identification of prognostic genes and survival prediction of patients with low-grade gliomas in the TCGA training cohort. (A) 100-fold cross-validation for tuning parameter selection in the LASSO model. (B) The distribution of regression coefficients of significantly related genes in the model. (C) Gene selection through two algorithms based on the Venn plot. (D) Kaplan–Meier curves of overall survival (OS) in low-grade glioma are based on the risk score. (E) Time-dependent ROC curve of the risk gene signature at 1, 3, and 5 years in the TCGA training cohort. (F) Distribution of risk score, survival time, and gene expression panel. (G) Subgroup analysis shows the effect of different clinical features in TCGA for OS patients with low-grade glioma. Hazard ratios with 95% confidence intervals are shown in each different group. *p < 0.05, ***p < 0.001.




Table 1 | Multivariate Cox analysis was used to further screen prognostic factors and corresponding coefficients of the linear model.





The 7-Gene Signature Can Accurately Predict the Prognosis of Patients With Low-Grade Glioma

According to the above feature selection algorithm, CTC-548K16.2, EFHB, METTL7B, MLLT3, SEL1L3, SOX13, and FAM66C were used to build a multigene signature for predicting the survival of LGG patients. The risk score of each patient was estimated based on the expression of these genes and their corresponding coefficients, which were obtained by multivariate Cox regression analysis. Patients were categorized into a significant risk group based on the optimized risk value based on the results of ROC analysis.

First, we investigated the performance of the multigene signature in predicting the OS of LGG patients. The K–M curve suggested that the clinical outcome was significantly worse in the high-risk group than in the low-risk group (p < 0.0001) (Figure 2D). Furthermore, the time-dependent ROC curve shown in Figure 2E shows that the multigene signature has excellent performance in predicting survival events (the areas under the curves (AUC) at one year, three years, and five years were 0.91, 0.85, and 0.74, respectively). Figure 2F illustrates the risk score distribution of patients, the survival time, and the heatmap of the seven gene expression profiles in each patient. In short, the risk score proved to be highly significant for patients with glioma in the training set.

We identified clinically independent prognostic factors. As shown in Figure 2G, young age (HR = 0.45, 95% CI: 0.28~0.71, p < 0.001) and low-risk score (HR = 0.28, 95% CI: 0.17~0.44, p < 0.001) were protective factors, and glioma grade (HR = 1.61, 95% CI: 0.96~2.70, p = 0.071) and radiotherapy (HR = 2.18, 95% CI: 1.16~4.10, p = 0.016) seemed to be risk.



The 7-Gene Signature Still Has Good Performance in the Internal and External Validation Sets

To validate the performance forecast of the multigene signature, we used glioma patient data from TCGA and CGGA as the internal verification and external verification cohort, respectively. With the same coefficients, patients were divided into a high-risk group (N=26 in TCGA, N=221 in CGGA) and a low-risk group (N=110 in TCGA, N=192 in CGGA) based on the expression of 7 signature genes (Figures 3A, D). In the internal verification cohort of TCGA, K–M survival analyses showed that patients in the low-risk group had significantly better OS than those in the high-risk group (Figure 3B, p < 0.0001). The time-dependent ROC curve revealed that for predicting prognosis at 1, 3, and 5 years, the AUCs were 0.87, 0.88, and 0.81, respectively (Figure 3C). Because the CGGA dataset still contains grade IV gliomas, it suggests that the signature also has potential application value in high-grade gliomas.




Figure 3 | Validation of the prognostic performance of the risk stratification gene signature in TCGA and CGGA cohorts. (A, D) Distribution of risk score, survival time, and gene expression panel in TCGA and CGGA validation cohorts. (B, E) Kaplan–Meier curves of OS based on the risk score in the TCGA and CGGA cohorts. (C, F) ROC curve of the risk gene signature at 1, 3, and 5 years in the TCGA and CGGA cohorts. (G, H) Time-dependent ROC curve of the risk gene signature at 1, 3, 5, 7, and 10 years in the TCGA cohort with and without CTC-548K16.2. (I) The area under the ROC curve (AUC) of prognosis prediction using different risk stratification models in the TCGA dataset.



However, in the CGGA external verification cohort, CTC-548K16.2 was removed due to probe loss. We used the same coefficient to integrate other genes for analysis. The 6-gene signature in the CGGA external verification set also had a superior ability to distinguish the clinical outcomes of the high-risk group and the low-risk group (Figure 3E, p < 0.0001). The 1-, 3-, and 5-year AUCs of the time-dependent ROC curves were 0.76, 0.75, and 0.75, respectively (Figure 3F). The results showed that although one variable was removed, the multigene prediction model still had good differentiation for the prognosis of glioma patients.

CTC-548K16.2 is a noncoding RNA that has low expression in the TCGA cohort. Next, we evaluated the significance of CTC-548K16.2 in the prediction signature. In the TCGA dataset, the AUC of the seven-gene model considering CTC-548K16.2 was 0.91 (1 year), 0.85 (3 years), 0.74 (5 years), 0.77 (7 years), and 0.67 (10 years) (Figure 3G). With the increase in survival time, the AUC showed a downward tendency. However, the 1-, 3-, 5-, 7-, and 10-year AUCs were 0.91, 0.85, 0.71, 0.72, and 0.57, respectively, when the 6-gene signature was used for prediction (Figure 3H). Figure 3I shows that the AUC decreased sharply at approximately 1800 days. These results suggest that CTC-548K16.2 may be related to the late prognosis of glioma patients.



The Signature Has Suitable Identification for Different Clinical Subgroups and Molecular Subgroups

We aimed to determine whether the signature has universal applicability, whether it has a more accurate prediction for different types of patients, such as age or gender, and whether is unsuitable for a specific type of patient. We divided the patients into different subgroups according to clinical information. For all subgroups in the internal training set, the OS time of high-risk patients was shorter than that of low-risk patients (Figure S1). Signatures can achieve satisfactory identification in most subgroups in the validation set, except for G2 gliomas (Figure S2). One reason may be that the prognosis of G2 is usually good, so the number of samples identified as high-risk is minimal (only 3 patients in the high-risk group).

In terms of molecular subgroups, the IDH1 wild-type group (76%) had a higher proportion of high-risk patients than the IDH1 mutant group (34%) (Figure S3A). In addition, the percentage of high-risk patients in the 1p19q codeletion group (33%) was lower than that in the nondeletion group (58%) (Figure S3B). There was no significant difference in MGMT promoter methylation (Figure S3C). Regarding different molecular characteristics, the OS time of the high-risk group was significantly shorter (Figures S3D-I).



The Nomogram Integrated Signature Shows That the Clinical Benefit to Patients Has Been Improved

A prognostic nomogram is a quantitative method for clinicians to predict the survival of LGG patients (29). We integrated clinically independent prognostic factors that were identified before. Nomogram was constructed based on these factors to predict the 1-year, 3-year, and 5-year survival probability of glioma patients (Figure 4A). The calibration plot closely resembled the ideal diagonal curve at 1-year, 3-year, and 5-year (Figures 4B–D), and the C-index of the nomogram was 0.807, suggesting that the performance of the nomogram was reliable.




Figure 4 | Construction of the nomogram. (A) Nomogram predicts 1-, 3-, and 5-year OS for low-grade glioma patients based on the risk signature and other clinicopathological parameters. (B–D) The calibration curves of the nomogram for predicting and observing 1-, 3- and 5-year OS. (E) ROC curve of the risk gene signature and other parameters at one year. (F) The decision curve analysis (DCA) shows the clinical benefits of patients after risk stratification.



Figure 4E shows that the AUC of the 1-year ROC curve was significantly higher than that of age (AUC = 0.791) and radiation (AUC = 0.505). In addition, we included independent prognostic factors to compare the decision curve analysis (DCA) of the predictive models with or without risk scores. We found that the clinical benefit of patients with risk score integration was much greater than that of patients with only age, grade, and other factor integration (Figure 4F). In other words, compared to the conventional clinical classification system, the nomogram with the risk score had a better performance in predicting survival outcomes. Therefore, these results illustrated that the nomogram could be used to predict the prognosis of glioma patients in clinical practice.



Immune Response and Extracellular Matrix Remodeling Were Significantly Activated in High-Risk Patients

To further determine the functional position of risk stratification genes in glioma progression. We selected 20000 genes according to the median absolute deviation and transformed glioma expression profiles (TCGA) into gene co-expression networks using the WGCNA package, as described previously (22). The soft threshold (beta = 4) was selected to build a scale-free network and check the mean connectivity of the network (Figure S4A). Figure S4B is used to verify the network node connection statistics and scale-free distribution. The fractional-step algorithm constructs the modules and calculates the correlation (Figure S4C). Then, the clusters with a degree of difference less than 0.2 were merged, and 19 different co-expression modules were finally obtained (Figure 5A).




Figure 5 | The immune response, extracellular matrix remodeling, and other pathways were significantly activated in high-risk patients. (A) Combining the modules with slight dissimilarity, 19 weighted gene coexpression subnetworks were obtained by a dynamic tree cut algorithm. (B) GO enrichment analysis was performed on all genes in the coexpression module where mettl7b is located. (C) Volcano plot of differentially expressed genes between high- and low-risk patients. (D) Dot plot of Gene Ontology (GO) enriched terms colored by p values. (E) Significant GO items were clustered according to biological function. (F) Dot plot of Kyoto Encyclopedia of Genes and Genomes (KEGG) enriched terms colored by p values. Gene set enrichment analysis between high- and low-risk patients. There was a significant enrichment of immune (G) and extracellular matrix remodeling (H) in the high-risk group. NES, normalized enrichment score.



Through the enrichment analysis of the WGCNA co-expression modules, we found that the risk stratification genes were located in four different co-expression modules. MLLT3 and FAM66C are light green in the network, and SEL1L3 and SOX13 are turquoise. The genes in these two modules are mainly related to the nervous system and synapses (Figures S5A, B). EFHB, which is depicted in brown, is primarily involved in DNA metabolism and chromatin remodeling in gliomas (Figure S5C). Finally, METTL7B, depicted in royal blue, is engaged mainly in vasculogenesis and extracellular structure organization (Figure 5B), suggesting that METTL7B has the closest relationship with glioma invasion, migration, and vasculogenesis among the risk stratification genes.

Then, based on the DESeq2 algorithm (20), we analyzed the differentially expressed genes between the high- and low-risk groups from the TCGA cohort, including 3883 upregulated and 1101 downregulated genes. The log2 enrichment ratio and -log10 adjusted p were visualized in a volcano plot (Figure 5C). GO analysis indicated that these genes could be categorized into inflammatory signaling pathways and immune responses, including T-cell activation and leukocyte and lymphocyte activation (Figure 5D). GO items with statistical significance were mainly concentrated in three clusters: immune response, extracellular matrix remodeling, and interferon-gamma mediated immune response (Figure 5E). KEGG analysis showed that the DEGs were mainly associated with essential biological processes, including ECM-receptor interactions, phagosomes, focal adhesion, the JAK-STAT signaling pathway, and the cAMP signaling pathway (Figure 5F). Fold changes in the mRNA expression levels of DEGs between the high- and low-risk groups were calculated and preranked in GSEA, and it revealed that the low-risk group was significantly associated with immune system development (NES = -1.75, p.adj = 0.03, Figure 5G) and extracellular matrix structural constituents (NES=-2.46, p.adj < 0.0001, Figure 5H).



High-Risk Patients Have Prominent Immune Cell Infiltration and Increased Expression of Immune Checkpoints

Functional enrichment analysis (GO, KEGG and GSEA) found immune response activation in high-risk patients, and we further analyzed this difference. We conducted different machine learning approaches to integrate multidimensional immune-related variables for every patient. CIBERSORT used a linear model to predict the content of immune cells in the tumor microenvironment and evaluated the accuracy of the results by 1000 permutation tests. In Figure 6A, patients in the high-risk group had a significantly higher proportion of CD8+ T cell, M1, and M2 types of macrophages and a substantially lower proportion of activated mast cells. The increased ratio of macrophage infiltration is associated with a worse prognosis in LGG, which seems to be unrelated to patients with glioblastoma (Figure 6B). We also conducted ssGSEA to evaluate the association with immune-infiltrating cells and the gene signature in individual glioma samples; however, the two algorithms are different. We obtained similar conclusions, and ssGSEA indicates that we should pay more attention to the general upregulation of the proportion of immune cell infiltration (Figure 6C).




Figure 6 | Immune infiltration and immune checkpoint expression in the high-risk group. (A) Heatmap and boxplot of the CIBERSORT algorithm evaluating the proportion of 22 kinds of immune cell infiltration in high- and low-risk solid tumors. (B) The proportion of macrophage infiltration was significantly correlated with the overall survival time of patients with low-grade glioma. (C) Heatmap of the immune cell infiltration landscape in high- and low-risk solid tumors using the ssGSEA algorithm. (D) The heatmap integrated the clinical features and the expression of the immune checkpoint in the TCGA dataset. (E) In TCGA datasets, most of the immune checkpoints were activated in high-risk groups. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns. (no significance).



The huge difference in the immune landscape suggests that high-risk patients may have different benefits from immunotherapy. Therefore, we expanded our analysis to 28 immune checkpoint molecules, including the B7-CD28 family (30, 31), TNF superfamily (32), and others (33–35). Surprisingly, most immune checkpoints were upregulated (Figure 6D), including the B7-CD28 family (p < 0.0001: CD274, CD276, ICOS, PDCD1 and PDCD1LG2), TNF superfamily (p < 0.0001: CD40, CD40LG and TNFRSF14) and others (p < 0.0001: HAVCR2) (Figure 6E). Based on the outstanding performance in the therapeutic effect of PD-1/L1 inhibitors, PD-L1 and PD-1 in glioma deserve more attention (36).



The Amplification of TMB and CNV in the High-Risk Group Confirmed the High Response of ICI Therapy

We found that the majority of immune checkpoints in patients in high-risk group were upregulated, especially PD-1/L1. The high expression of these molecules has been proven to be related to patients’ better response to ICI therapy. In addition to the detection of PD-1/L1 molecules, the increase in TMB has also been proven to be related to the effectiveness of immunotherapy and TMB detection has been used as a clinical reference guide (12, 13). Therefore, we analyzed gene mutation and CNV, hoping to support our view further.

The analysis of SNP in the high- and low-risk groups (Figures 7A, B, respectively) revealed that IDH1 and TP53 were in the top two with the highest frequency of gene mutation. Among them, there were 39% IDH1 mutations in the high-risk group and 91% in the low-risk group, which is consistent with previous reports that IDH1 wild-type gliomas tend to have a significantly worse prognosis (37). We analyzed the TMB (the frequency of mutation events per million bases). The results showed that the average TMB of high-risk patients was 0.64/MB (Figure 7C), and that of low-risk patients was 0.38/MB (Figure 7D), which was nearly twice the difference. CNV analysis also showed significant copy number amplification in the high-risk group, which mainly involved three regions (1q32.1, 7p11.2, and 12q14.1, Figures 7E, F). All these conclusions confirm that the high-risk group may have higher benefits from immunotherapy. The TIDE score was used to test our conclusion. A higher TIDE score means that patients are unlikely to benefit from immunotherapy (16). We found that the TIDE score in the high-risk group was low, suggesting more significant benefits of immunotherapy. We also observed a higher proportion of T-cell inactivation, indicating the existence of immune escape (Figure 7G).




Figure 7 | Analysis of single-nucleotide polymorphisms (SNPs) and copy number variations (CNVs) in patients in the high- and low-risk groups. Single-nucleotide polymorphisms in patients in the (A) high- and (B) low-risk groups. Tumor mutation load in patients in the (C) high- and (D) low-risk groups. Copy number variation in patients in the (E) high- and (F) low-risk groups. (G) Based on the calculation of TIDE, the prediction score of each sample (left) the difference of T-cell dysfunction and (right) the difference of TIDE score between high-risk and low-risk groups. ***p < 0.001. (H) Spearman correlation between risk stratification genes and extracellular matrix remodeling markers (green), chemokines (lilac), inflammatory factors (yellow), and immune activation markers (cyan). Gene function annotation is from the MSigDB database.



By integrating all the current conclusions, we returned to the risk grading gene itself and selected genes related to extracellular matrix (KEGG_ECM_RECEPTOR_INTERACTION, NABA_ECM_REGULATORS, and REACTOME_ECM_PROTEDGLYCANS, total of 366 genes), chemokines (KEGG_CHEMOKINE_SIGNALING_PATHWAY and WP_CHEMOKINE_SIGNALING_PATHWAY, total of 354 genes), inflammatory factors (HALLMARK_INFLAMMATORT_RESPONSE, total of 200 genes) and immune activation (GO_BP_ACTIVATION_OF_IMMUNE_RESPONSE, total of 563 genes) from the MsigDB database (https://www.gsea-msigdb.org/gsea/msigdb/) to analyze the relationship of signature genes and these signaling pathways.

We found that the extracellular matrix and immune activation-related genes, chemokines, and inflammatory factors were significantly activated in high-risk solid tumors (Figure S6). These results confirm that the signature genes regulate a molecular signaling network in glioma, which is strongly associated with tumor extracellular matrix remodeling and immune response. Figure 7H shows that METTL7B has the closest relationship with these immune response-related genes among the risk stratification genes. Additionally, METTL7B has the highest correlation coefficient.



Knockdown of METTL7B in Glioma Promotes the Expression of PD-L1

At present, there is no report on the definite function of METTL7B in glioma, especially its relationship with the immune response. Considering the expression difference between the two risk groups in Figure 6E, we analyzed PD-L1, which is mainly expressed on the side of tumor cells and has been widely developed as a target of tumor immunotherapy. The relationship between this molecule and METTL7B was studied in vitro.

We selected the human glioma cell line U251 and glioblastoma cell line A172 to realize the knockdown of METTL7B through small interfering RNA (siRNA), as shown in Figure 8A. qRT–PCR showed that the two siMETTL7B targets could achieve a specific inhibition efficiency. We detected the expression of PD-L1 in two cell lines transfected with siMETTL7B and the results showed that the transient inhibition of METTL7B increased the mRNA level of PD-L1 (Figure 8B). We also verified this conclusion by Western blotting (Figure 8C). To further confirm this change, we transfected shRNA with lentivirus and transfected exogenous plasmids to knock out and overexpress METTL7B (Figures 8D, E). Consistent with the above conclusions, knockout of METTL7B further increased the expression of PD-L1, and overexpression reduced the level of PD-L1 (Figures 8F, G). Interferon-gamma is usually produced by activated T cells and NK cells and is responsible for inhibiting the growth of tumor cells (38). We used interferon-gamma to simulate the immune process of the body. We found that interferon-gamma can make this change more significant, and the Western blot results obtained a consistent conclusion (Figures 8H, I).




Figure 8 | METTL7B affects the expression of PD-L1 in glioma. qRT–PCR showed that the METTL7B siRNAs in (A) U251 and (B) A172 cells could significantly downregulate METTL7B at the transcriptional level. (C) The expression of METTL7B and PD-L1 in U251 siMETTL7B and A172 siMETTL7B cells was detected by Western blot. (D) The expression of METTL7B mRNA in the U251 shMETTL7B cell line was detected by qRT–PCR. (E) The expression of METTL7B mRNA in U251 METTL7B-overexpressing cells was detected by qRT–PCR. The expression of PD-L1 in (F) U251 shMETTL7B and (G) overexpression cell lines in the presence and absence of interferon-gamma (80 ng/mL) was detected by qRT–PCR. The expression of PD-L1 in (H) U251 shMETTL7B and (I) overexpression cell lines in the presence and absence of interferon-gamma (80 ng/mL) was detected by Western blot. *p < 0.05, **p < 0.01, ***p < 0.001.





METTL7B Inhibits the Stability of PD-L1 mRNA, and This May Involve m6A Modification

At present, there are few reports on METTL7B, and there is no thorough report on its role in glioma. We analyzed other family members and found that the three members METTL3, METTL14, and METTL16 of the family have been reported to play the role of m6A writers and play vital roles in the occurrence and development of various tumors (39, 40). Considering an in vitro experiment by Franjic et al., it was verified that METTL7B functions as a methyltransferase via S-adenosylmethionine (SAM) as a methyl donor (41). We tried to study the relationship between METTL7B and intracellular m6A modification. The results showed that siMETTL7B reduced the overall m6A change in cells (Figure 9A), which seemed more evident in the shMETTL7B cell line (Figure 9B). Moreover, an increase in m6A modification was observed in overexpressing cells (Figure 9C). We predicted the posttranscriptional modification of RNA by the SRAMP method (42) and found 15 possible m6A modification sites on PD-L1 mRNA (Figure 9D). One of the most direct consequences of modifying intracellular RNA m6A is the change in the stability of the modified RNA. We verified that METTL7B inhibited the stability of PD-L1 mRNA. As shown in Figure 9E, knockdown of METTL7B in two different glioma cell lines increased the level of PD-L1 mRNA but decreased it in overexpressed cells. All these results suggest that the changes in total m6A modification in cells caused by METTL7B changes may affect the stability of PD-L1 mRNA molecules.




Figure 9 | The change in METTL7B in glioma through m6A modification affects the stability of PD-L1 mRNA. (A) In U251 and A172 cells transfected with siMETTL7B, the total level of m6A modification decreased significantly. (B) In the U251 shMETTL7B cell line, the whole level of m6A modification decreased significantly. (C) In U251 cells overexpressing METTL7B, the total level of m6A increased significantly. (D) The potential m6A modification sites on PD-L1 mRNA molecules were predicted based on SRAMP. (E) Actinomycin D (10 µg/mL) inhibited the transcription of nascent RNA in different treatment groups. Cells were collected at 0 h, two h, four h, and six h. The PD-L1 mRNA content in cells was detected by qRT–PCR. (F) The U251 shMETTL7B cell line was incubated with suspended Jurkat lymphocytes for 24 hours (10:1), and the supernatant was collected to detect lymphocyte apoptosis. (G) Correlation coefficient between METTL7B and RNA m6A modification-related molecules in low-grade gliomas. *p < 0.05, **p < 0.01, ***p < 0.001.



The PD-L1 molecule expressed on the surface of tumor cells binds to the PD-1 receptor on the surface of T lymphocytes, inhibits the function of T lymphocytes, and induces lymphocyte apoptosis. We cocultured Jurkat lymphocytes and U251 glioma cells to simulate the immune process of the body. The results showed that shMETTL7B cells increased the apoptosis of Jurkat lymphocytes coincubated (Figure 9F).

All the results show that METTL7B may regulate the expression of PD-L1 molecules through m6A, and m6A modification is likely to be an essential method for METTL7B to play a role in glioma cells, which has not been fully demonstrated at present. In glioma, we analyzed the correlation between METTL7B and the widely reported m6A writer, m6A eraser, and m6A reader. As we speculated, METTL7B has a significant correlation with many molecules, such as ZBP1, IGFBP2, and IGFBP3 (Figure 9G).




Discussion

At present, many studies on the prognostic prediction of glioma patients have been reported. Most studies are based on predefined gene sets to screen prognostic factors. A very detailed analysis based on 24 autophagy characteristic genes constructed an accurate model to predict the prognosis of glioma patients (AUC of 3 years is 0.795) (43). Another study also accurately predicted the prognosis of glioma patients by integrating the expression of 19 lncRNAs related to hypoxia (AUC of 0.862 in one year) (44). We obtained much inspiration from these analyses. The risk prediction model based on a specific gene set can distinguish the prognosis of patients to a certain extent. However, the occurrence and development of the tumor is a highly complex biological process involving a variety of regulatory pathways. We believe that it is not comprehensive to predict only from several aspects of tumor cell development. Given this, we selected the most significant gene as the predictor through various machine learning screening methods starting from the whole genome. We analyzed the tumor as a whole, which achieved an excellent prediction effect (AUC of 0.91 in one year), showing the feasibility of the screening strategy and providing a reference for the development of subsequent cancer prognosis models.

Among these risk genes, the specific biological functions of SEL1L3 and CTC548K16.2 are rarely reported. FAM66C is a long noncoding RNA that has been found to regulate glycolysis and inhibit the proliferation and migration of tumor cells (45, 46). Consistent with these conclusions, we found that the expression of FAM66C in high-risk patients was significantly lower than that in low-risk patients, suggesting that FAM66C is more likely to play the role of a tumor suppressor gene in tumor cells and prevent tumor progression. As a widely reported transcription factor, SOX13 affects cell migration, invasion, and angiogenesis in various cancers and plays a role in an oncogene (47–49). This is closely related to the activation of extracellular matrix remodeling in high-risk people found in our study. For the EFHB gene, Takaoka et al. found through complete exon sequence analysis that EFHB single-nucleotide variation may induce the accumulation of DNA double-strand breaks in human AML cells (50). Similarly, we found that the coexpression subnetwork of EFHB in glioma regulates DNA metabolism and chromatin remodeling of tumor cells. In addition, MLLT3, as a developmental active epigenetic modifier during the generation of cortical projection neurons, participates in the development of the cerebral cortex by regulating the methylation of histone H3K79 (51). The WGCNA part of this study identified this gene as a factor participant in the development of the nervous system, neuronal differentiation, and ion transport. These results suggest the potential function of MLLT3 in glioma. Most studies on the biological function of risk grading genes are consistent with our results in glioma. These results also suggest that the above genes may have similar roles in glioma.

For predicting whether patients can benefit from PD-1/PD-L1 inhibitor therapy, at present, the detection of PD-L1 has been proven to be an effective method, and the conclusion that patients with high expression of PD-L1 have better overall survival and remission rates after receiving immunotherapy has been widely recognized. In addition to detecting the expression level of PD-L1 at the genomic level, it has also been confirmed that the higher the TMB is, the higher the efficacy of immunotherapy, and the detection of TMB has been written into the guidance guidelines of multiple clinical immunotherapy trials (52, 53). In addition to these two, a recent study also reported that CNV of plasma cell-free DNA in blood could predict the clinical results of PD-1 inhibitors combined with lenvatinib and other ICI-based hepatobiliary cancer treatments (15). In this study, we found that in the high-risk patients identified by the signature, the expression of PD-L1 increased significantly, accompanied by an increase in TMB and CNV, indicating the high potential benefits of PD-L1 ICI therapy in high-risk patients in all aspects. Therefore, this signature can accurately predict the prognosis of glioma patients and help identify the benefits of ICI therapy. We verified our conclusion through the TIDE score.

We identified a new functional molecule, METTL7B, for the first time in an in vitro experiment in a risk grading gene. We found that knockdown of METTL7B leads to increase in PD-L1, and high expression of PD-L1 is often accompanied by immune escape and malignant progression of the tumor. Recently, Song et al. reported that METTL7B in lung adenocarcinoma reversed resistance to epidermal growth factor receptor (EGFR)-tyrosine kinase inhibitors by changing m6A modification (54). As a new molecule in glioma, we demonstrated that METTL7B participates in the cellular immune response by affecting the mRNA stability of PD-L1 and showed the critical role of m6A in this process. These results suggest that we should pay attention to the role of METTL7B in the occurrence and development of glioma, especially in T cells apoptosis and immune response. In addition, we should also consider the unique correlation between METTL7B and the widely identified m6A participants in gliomas. Considering all the factors, we still need to carry out a large number of in vitro experiments to clarify the function of this molecule in gliomas.



Data Availability Statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.



Author Contributions

CL, SW, WX, SH, NX and YZ contributed to conception and design of the study. CL and SW organized the database. WS, SH provides methodological support. CL and SW performed the statistical analysis. QX and TY visualized the project. CL wrote the first draft of the manuscript. WS, WL, SZ, and YW wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



Funding

This work was supported by the basic research fund of Shenzhen (JCYJ20170405103953336).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.909189/full#supplementary-material

Supplementary Figure S1 | 


Survival analysis of cases in TCGA training cohort stratified by gender, WHO grades and Radiotherapy. Kaplan-Meier curves of OS in (A) male, (B) female, (C) G2, (D) G3, (E) with or (F) without radiotherapy patients based on risk score in low grade glioma population.




Supplementary Figure S2 | 


Survival analysis of cases in TCGA validation cohort stratified by gender, WHO grades and Radiotherapy. Kaplan-Meier curves of OS in (A) male, (B) female, (C) G2, (D) G3, (E) with or (F) without radiotherapy patients based on risk score in low grade glioma population.




Supplementary Figure S3 | 


Validation the prognostic performance of patients carrying wild‐type IDH1 genes, 1p19q codeletion or MGMT methylation. (A) IDH1 wild-type (WT) and mutation (Mutant) proportions in High Risk or Low Risk. (B) Chromosome 1p19q codeletion or not (Non) proportions in different risk groups. (C) MGMT methylation or not proportions in different risk groups. Kaplan-Meier curves of OS in IDH1 WT (D), IDH1 mutant (E), 1p19q codeletion (F), 1p19q non-codeletion (G), MGMT methylation (H) and MGMT unmethylation (I) based on risk score.




Supplementary Figure S4 | 


Construction of weighted risk stratification gene co-expression network and functional enrichment analysis. (A) The scale-free fit index for soft thresholding powers. (B) Selecting the soft threshold of 4, checking the node connection number, and verifying the network connectivity of a scale-free network. (C) The correlation between network modules.




Supplementary Figure S5 | 


Functional enrichment analysis of co-expression networks which containing risk stratification genes. The co-expression module of weighted gene and the Gene Ontology Analysis of all the module gene within (A) MLLT3, FAM66C, (B) SEL1L3, SOX13, (C)EFHB colored by specific cluster ID.



Supplementary Figure S6 | 


Correlation between marker genes and risk grading genes. Marker genes related to (A) extracellular matrix remodeling, (B) immune response, (C) cytokine, and (D) chemokine release were selected from MsigDB database, and the correlation between the above marker genes and risk grading genes was analyzed in TCGA-LGG data set.
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The tumor immune microenvironment and immunotherapy have become current important tumor research concerns. The unique immune microenvironment plays a crucial role in the malignant progression of isocitrate dehydrogenase (IDH) mutant gliomas. IDH mutations in glioma can inhibit tumor-associated immune system evasion of NK cell immune surveillance. Meanwhile, mutant IDH can inhibit classical and alternative complement pathways and directly inhibit T-cell responses by metabolizing isocitrate to D-2-Hydroxyglutaric acid (2-HG). IDH has shown clinically relevant efficacy as a potential target for immunotherapy. This article intends to summarize the research progress in the immunosuppressive microenvironment and immunotherapy of IDH-mutant glioma in recent years in an attempt to provide new ideas for the study of occurrence, progression, and treatment of IDH-mutant glioma.




Keywords: glioma, isocitrate, dehydrogenase, tumor microenvironment, immunotherapy



Introduction

According to the 2016 WHO revised categorization of central nervous system malignancies and recognized histological characteristics associated with the natural course of the disease, diffuse oligodendrocytes and astrogliomas in adults are rated from grade II to grade IV (1). The presence or absence of isocitrate dehydrogenase (IDH) mutation and chromosomal co-deletion of 1p/19q are used to further classify these malignancies (1, 2). Adult gliomas are classified into three groups: IDH-mutated tumors, 1p/19q co-deletion tumors, and primary oligodendrogliomas. IDH-mutated tumors are associated with a favorable prognosis; non-1p/19q co-deletion tumors and primarily astrocytic gliomas are associated with a moderate prognosis; and IDH wild-type tumors and primarily WHO grade III or IV glioblastomas are associated with a poor prognosis (3). Although most glioblastomas belong to the IDH wild type, IDH mutant glioblastomas have now been identified as a separate disease entity linked to IDH mutant WHO II and III gliomas.

IDH-mutant astrocytomas and oligodendrogliomas (IDH-As and IDH-Os) share the same developmental hierarchy and lineage of glial differentiation, and the volume differences between them can be largely explained by discrete TME and landmark genetic events, as tumor grade increased, malignant cell proliferation was enhanced, undifferentiated glioma cells increased, and macrophage expression programs overtook microglia in the TME (4). IDH-A is characterized by a loss of function in ATRX that is essentially universal (inactivated in 86 percent of IDH-A). However, in IDH-O, ATRX mutations are uncommon. Comparing IDH-A and IDH-O cells of the same type, there are considerable changes in transcription factor expression and targeting (5). More than 70% of the WHO grade II and III astrocytomas, oligodendrogliomas, and glioblastomas originating from these low-grade lesions have mutations affecting amino acid 132 of IDH1, and alterations affecting IDH2-like amino acids R172 are common in tumors without IDH1 mutations (6). IDH mutations linked to cancer are most commonly found in the arginine residue, which is required for isocitrate recognition (R132 for IDH1, R140, or R172 for IDH2). Isocitrate is effectively converted to D-2-hydroxyglutarate (2-HG) by mutant IDH, resulting in exceptionally high concentrations in TME (7, 8). Tumor-derived 2-HG may operate as an intercellular mediator in TME, affecting non-tumor cells.

Immune surveillance relies heavily on the immune system. The immune system can continuously monitor abnormal cells in the body, identify, and destroy them. Immune cells in brain tumors typically include NK cells, T lymphocytes, dendritic cells (DCs), and microglia (9). Tumor-infiltrating immune cells are part of the complex tumor microenvironment (TME) and may play a significant role in either preventing or promoting tumor growth. Tumorigenesis is characterized by immune evasion, which is a significant obstacle to effective treatment for cancer (10). Although significant progress has been made in tumor immunotherapy approaches and clinical efficacy over the previous years, the association between IDH mutations and a better prognosis in glioma remains largely unknown. IDH may be an ideal target for targeted therapy and is expected to become the preferred target of immunotherapy, thus providing a new perspective for the clinical treatment of glioma. Much of the discussion below is primarily related to the immune microenvironment and immunotherapy in IDH-mutant gliomas.



The Immune Microenvironment of Isocitrate Dehydrogenase Mutant Gliomas


IDH Mutations Suppress the Tumor-Associated Immune System

In the process of tumorigenesis and malignant progression, tumor-infiltrating immune inflammatory cells play an important role. Once recruited into the tumor microenvironment, these cells can promote the malignant progression of the cancer cell phenotype. In addition, they also establish a complex network of cell-to-cell interactions, which help to improve and maintain the immunosuppressive microenvironment, promote immune escape, and ultimately promote the development of tumors. Immune infiltration is lower in Mutant IDH1/2 gliomas than in wild-type IDH1/2 gliomas (11–13). IDH-As are more heavily infiltrated by monocytic-lineage cells derived from circulation, they upregulate myeloid-cell chemotaxis genes (CSF1, FLT3LG) and upstream transcription factors (NFKB1), compared to IDH-Os (5). Moreover, immune cell (including M0, M1, and M2 macrophages) infiltration in WHO II IDH-As was generally higher than in WHO II IDH-Os, whereas T cells (CD3+, CD4+, and CD8+), cytotoxic cells, and T helper cells infiltrated in IDH-Os were significantly higher than those in IDH-As (14, 15). Reduced tumor purity (i.e., increased invasion of glioma by non-tumor cells such as immune and stromal cells) was linked to higher malignancy and shorter survival (16). A significant increase in T cells (CD3+), cytotoxic cells, and T helper cells infiltration were observed in recurrent IDH-mutant gliomas compared with primary IDH-mutant tumors, while the opposite was observed for regulatory T cells, this change was associated with prior or not radiotherapy (14). CCL-2 is thought to attract white blood cells (monocytes, memory T cells, and DCs) to inflammatory areas caused by tissue damage or infection, CXCL-2 has chemotactic effects on neutrophils, monocytes, and macrophages (17, 18). C5a is a mediator of chemotaxis and cellular release reactions, playing an essential role in innate immunity and adaptive immunity as well (19, 20). Cytokine arrays revealed that the three genes mentioned above were down-regulated at the mRNA and protein levels in IDH1-mutated tumors, suggesting that immune infiltration and chemotaxis are regulated by IDH1 mutations and that a reduced aggressive part of the tumor-associated immune system could provide IDH-mutant glioma patients with a longer survival duration (12).



IDH Mutations Evade NK Cell Immune Surveillance

The accumulation of natural killer cells and regulatory T cells leads to leukopenia and immune impairment (21). Natural killer (NK) cells serve as the main effector cells of cancer in innate immunity and are the first line of defense against diseases including malignancies. To evade NK cell-mediated immunity, malignant tumors employ a variety of tissue and mutation-specific strategies. NK cell activity is regulated by the combination of signals that activate and inhibit NK cell surface receptors (22). The activation of NK cells leads to the release of cytotoxic granules containing perforin, various granzymes, and cytokine production, most prominently IFN-γ (23, 24) Killer cell Lectin-like receptor K1 (also known as NKG2D, KLR) is an activated NK cell and CD8+ T cell receptor that mediates cytotoxicity by attaching stress-induced ligands to target cells. MHC class I associated chains A and B (MICA, MICB) and the UL16-binding protein family (ULBP1-6) are among the NKG2D ligands (NKG2DLs) (25). The expression of NKG2DLs in tumor cells is induced by oncogenic stress caused by genetic instability or metabolic derangement, and the expression of these ligands may be essential for antitumor immunity during the elimination phase of innate immune tumor surveillance (26, 27). Following activation of NKG2DLs, NKG2D-activated receptors enhance cytokine production and perforin-mediated cytotoxicity (28), when the expression of NKG2DL in tumors is proportionate to NK-mediated cytotoxicity (29).

ULBP1 and ULBP3 are MHC class I proteins bound through the glycosylphosphatidylinositol anchor membrane (30). Both ligands are members of the UL16 bound NKG2DLs with 6 members (ULBP1-6) (31). NKG2D receptors on NK cells identify membrane-bound ULBP1 and ULBP3, and these ligands activate NK cells and cause target cell lysis through NKG2D binding (26). IDH wild-type tumors had significantly high levels of NKG2DLs, ULBP1, and ULBP3, while IDH mutant tumors did not. the promoter methylation levels of ULBP1 and ULBP3 were higher in IDH-mutant tumors than in IDH wild-type tumors, ULBP1 and ULBP3 were transcriptionally silenced when their promoters were hypermethylated, thus decreasing the NKG2DL expression, which in turn affected NK cell activation and enhanced resistance to NK-mediated cytotoxicity (32), thereby evading immune surveillance by NK cells. Interestingly, in IDH1-mutant gliomas, 2-HG can activate NF-κB, regulate CX3CL1 expression, and then CX3CL1 recruits NK cells to the tumor location (5, 33). Moreover, decreased MHC-I expression in IDH-mutant gliomas is associated with higher DNA methylation levels of MHC-I HLA genes (34). Reduced expression of HLA class I molecules leads to upregulation of activated NK receptor recognized ligands, facilitating NK cells mediated lysis (35) (Figure 1).




Figure 1 | An IDH1 mutation lowers the expression of CCL-2, CXCL-2, and C5a, which reduces immune cell recruitment and chemotaxis, thus inhibiting the tumor-associated immune system. IDH mutations cause hypermethylation of the ULBP1 and ULBP3 promoters, as well as a decrease in NKG2DL, which affects NKG2DL-NKG2D interaction, inhibits NK cell activation, and ultimately escapes immune surveillance by NK cells. 2-HG can activate NF-κB, regulate CX3CL1 expression, and then CX3CL1 recruit NK cells to the tumor location.





2-Hydroxyglutarate Inhibits Classical and Alternative Complement Pathways

Complement is an important aspect of immune surveillance mechanisms in host tumor cells but may play an opposite role in carcinogenesis, as activating complement causes inflammation, which promotes tumor development. Complement on tumor cells could indeed be directly activated by tumor cells themselves (36, 37), or by tumor-reactive antibodies that attach to neoantigens on the surface of tumor cells, allowing membrane attack complex (MAC) mediated lysis and boosting tumor phagocytosis (38).

C3b (iC3b) was deposited on target cells after complement activation, facilitating phagocytosis (39). C3(C3b) was deposited on the surface of IDH wild-type and mutated glioma cells. Compared with IDH wild-type gliomas, IDH mutants tend to have lower complement depositing on the surface of tiny blood vessels and capillaries. IDH mutant glioblastoma had lower levels of C3 (C3b) deposition in the necrotic area as compared with IDH wild-type glioblastoma. 2-HG significantly reduced C3 deposition on cells through a dose-dependent approach, inhibited C3b (iC3b) complement-mediated phagocytosis and opsonization, and inhibited the assembling of C5 but not C3 convertases in the classical complement activation pathway. Complement-mediated cellular damage is inhibited at numerous phases of the complement activation process (40), rather than inhibiting complement activity through simple calcium linkages (41). The alternate complement route is a separate main complement activation mechanism that amplifies complement activation triggered by other pathways. C3b is required with both C3 but also C5 convertases in the alternate pathway. The assembling of C3/C5 conversion enzymes in the complement activation alternative route was inhibited by 2-HG, while the activity of prebuilt C3/C5 conversion enzymes in the complement activation alternative route was not significantly affected. During pre-assembly and assembly, there was a biochemical and functionality transition that occurs. Complement activation was inhibited by 2-HG, which reduces MAC-mediated brain cancer cell damage (40).



2-Hydroxyglutaric Acid Directly Inhibits T Cell Responses

Tumor-reactive T cells, which are triggered by tumor antigen-presenting cells like DCs, multiply and release cytotoxin-like granzymes and create inflammatory cytokines like IFN-γ, playing a crucial role in tumor immune surveillance (42, 43). T cells also stimulate humoral responses, inducing the production of tumor-specific antibodies to activate complement on tumor cells, resulting in the assembly of MAC pores, lysis, identification, and phagocytosis by giant cells. T-cell factors are a core component of acquired immunity, and DCs plays a key role in T-cell activation. In primary IDH1-R132H grade II/III gliomas, less infiltration of CD8+ T cells in the TME is associated with long-term survival (11, 44). Extensive infiltration of Treg cells into tumor tissue is often associated with poor prognosis in cancer patients, and Treg cell depletion enhances antitumor immune responses, but may also trigger autoimmunity (45). Studies demonstrated that 2-HG in IDH mutant grade III and IV gliomas neither decreased the differentiation of DCs nor the functionality of differentiated DCs nor interfered with the processing or presentation of DC antigens. 2-HG did not inhibit T cell function indirectly through DC differentiation, rather it directly suppressed CD4+ and CD8+ T cells, activated Th1 and Th17, and regulated T cell (Treg) proliferation and cytokine generation in malignancies. IFN-γ production by activated T cells was inhibited in a dose-dependent manner, which inhibited the migration of T cells (40). In addition, 2-HG reduces antigen-presenting characteristics in macrophages, suppresses macrophage phenotype, and affects T-cell proliferation and effector cytokine production (46). 2-HG generated from tumors with IDH mutations can be taken up by T cells, the accumulation of intracellular 2-HG leads to increased apoptosis, decreased proliferation, and decreased Treg (47). Furthermore, high levels of 2-HG were found in T cells of IDH mutated AML patients, D-2HG caused HIF-1α protein instability, which led to a metabolic shift toward oxidative phosphorylation, an increase in regulatory T cell (Treg) frequency, and a decrease in Th17 polarization (48). It was also reported that NFAT transcription and polyamine synthesis were disturbed after 2-HG uptake, thus decreasing the ATP/ADP ratio and thereby inhibiting T cell activity and proliferation (49).

Cytotoxic CD8+ T cells can recognize tumor-associated antigens in the presence of major histocompatibility complex (MHC) class I expressing tumors (50–52). Tumor-specific type 1 CD8+ T cells (mainly secreting IFN-γ) can effectively enter brain tumor sites through the type 1 chemokine CXCL10 and effectively kill tumor cells (53–56). Gary et al. (32) detected a lower level of type 1-related effector molecules, chemokines, and CD8+ T cells in IDH mutant gliomas after analyzing the clinical specimens and TCGA RNA-seq data. Their orthotopic syngeneic glioma model demonstrated that IDH1 R132H mutation suppressed the STAT1 protein expression via 2-HG, thus decreasing the type 1-associated chemokines such as CXCL10 and affecting CD8+ T cell aggregation (13) (Figure 2).




Figure 2 | Isocitrate is metabolized to 2-hydroxyglutarate by mutant IDH, and 2-HG reduces C3 deposition on cells in a dose-dependent manner. In addition, it inhibits C3b (iC3b) opsonization and complement-mediated phagocytosis, and complement activation assembly of C5 convertases in the classical pathway, thereby inhibiting MAC-mediated tumor cell damage. 2-Hg inhibited the protein expression level of STAT1, thus decreasing chemokines related to type 1 (such as CXCL10), and affecting the aggregation of CD8+ T cells. in addition, it also directly inhibited the proliferation and cytokine production of CD4+ and CD8+ T cells, activated Th1, Th17, and Treg in tumors, and inhibited IFN-γ production by activating T cells in a dose-dependent manner, thereby inhibiting T cell migration.





Tumor-Derived Tiny Extracellular Vesicles and Immune Microenvironment

Tumor-derived tiny extracellular vesicles (TEX) contain a series of proteins, nucleic acids, and lipids that are similar in origin to tumors (57). TEX could transmit information from the tumor to cells near or far away from the tumor (including the bone marrow and lymphatic system), enabling cell-to-cell communication (58). To drive tumor growth, TEX can mediate juxtacrine, paracrine, and endocrine-like signals (59–62). TEX is an appealing candidate for regulating systemic tumor immune responses due to its physiologic origins and biodistribution features. The immunosuppressive effects of TEX are mediated by their immunosuppressive freight, and the intercellular distribution of these cargo components triggers pro-tumorigenic reprogramming of immune cells, which eventually promotes tumor growth (63–65).

Recent studies have shown that IDH mutant glioma cells produced more TEX than IDH wild-type glioma cells and were able to cross the blood-brain barrier to target anatomical sites (bone marrow, spleen) with abundant immune cells for phenotypic/functional regulation of circulating immune cells. Meanwhile, the expression of immune cell-related genes (ULBP1, ULBP3, RBP1, and CCL2) was decreased in IDH mutant glioma TEX, which were important regulators of immunosuppression and shape the immune cell composition of the systemic and local immune landscape (66).




Immunotherapy of Isocitrate Dehydrogenase Mutant Glioma

Neurosurgical resection and adjuvant chemoradiation can prolong the survival of glioma patients, but recurrence occurs in most diffuse glioma cases, which largely limits the expected lifespan of the patients. Most currently available novel biological therapies have failed to significantly reduce the mortality and recurrence rate, which urges researchers to develop new therapeutic methods for glioma patients. Immunotherapies that target particular immunoregulatory molecules, known as ICIs and vaccine-mediated immunity, have demonstrated clinically meaningful effectiveness in a variety of tumor types, and have emerged as a distinct therapeutic strategy in cancer biology.

Immune checkpoints are a variety of immunosuppressive pathways in the immune system which are important for keeping self-tolerance and controlling the timing and amplitude of physiological immune responses in peripheral tissues to reduce collateral tissue injury (67). Tumor cells stimulate myeloid-derived suppressor cells to upregulate PD-L1 on the cell surface involvement in T cell immune checkpoints (68–71). Under normal circumstances, PD-L1 can bind to PD-1 on T cells and inhibit the activation of T cells, thereby avoiding the occurrence of autoimmune diseases. In tumors, after the combination of PD-L1 on the tumor cell membrane and PD-1, killer CD8+ T cells no longer recognize and kill tumor cells, which provides tumor cells with an opportunity to survive and develop. In gliomas, IDH mutant has been linked to reduced immunological checkpoint(PD-1, CTLA-4, LAG3, and IDO1) expression and immunosuppressive cell infiltration (72, 73). Compared with IDH-Os, IDH-As appear to be more responsive to checkpoint immunotherapy, one reason for the relatively poor anti-checkpoint immunotherapy of IDH-Os is its reduced expression of PD-L1 and other checkpoint molecules, another reason is higher levels of T cell rejection, promoting T cell dysfunction and immunotherapy resistance (15, 74, 75). Berghoff et al. observed that the IDH mutation status was the main factor affecting PD-L1 expression in diffuse gliomas, 2-hydroxyglutarate enhanced DNA methylation and suppresses PD-L1 expression (76–78). Because IDH mutant patients have lower PD-L1 expression, inhibitors of the PD1/PD-L1 immunological checkpoint are not recommended and other options should be explored (79). Some scholars have also proposed that targeted immunotherapy of IDH-mutant gliomas with decitabine can recover NKG2DLs expression and NK cell activation in experimental gliomas (32). In lung cancer and colorectal cancer, decitabine triggers tumor PD-L1 expression by inducing DNA hypomethylation, triggering an anticancer immune response, and remodeling the tumor microenvironment to improve the effect of PD-L1 immunotherapy (80, 81). We speculate that decitabine can also trigger PD-L1 expression in IDH-mutant glioma cells.

IDH is a promising target for immunization from an immunological standpoint since it is a tumor-specific latent neoantigen with significant homogeneity and penetration in all cancerous cells (82, 83). In glioma patients, R132H-mutated IDH1 is spontaneously processed, and an immunodominant epitope in the p123-142 region of MHC class II molecules is presented to CD4+ T cells, inducing spontaneous mutation-specific TH1 polarization and generation of mutation-specific antibodies. Schumacher et al. (43) discovered that IDH1R132H contained immunogenic epitopes suitable for mutation-specific vaccination, and inoculation of peptide vaccine IDH1 (R132H) P123-142 in homologous MHC humanized mice induced specific therapeutic T-helper cell responses and mutation-specific antibodies (84).

This notion is further supported by the study of Serena et al. (44), who constructed a mouse intracranial glioma model with IDH1R132H mutation and treated mIDH1-GL261 with mIDH1 peptide glioma mice. They found that the immune system could effectively target the R132H mutation and modify TME, increase the number of peripheral CD8+ T cells, IFN-γ production, and anti-IDH1 mutant antibodies, up-regulated intratumoral IFN-γ, granzyme-β, and perforin-1, and downregulated TGF-β2 and IL-10, thereby significantly prolonging survival of the mice. NOA-16 is the first IDH1R132H peptide vaccine in a multicenter stage I clinical study in humans. According to the latest report from this trial, more than 90% of patients developed vaccine-induced IDH1R132H-specific T cell reactions and peripheral T cell responses (85).

R132H-IDH1 inhibitor (AGI-5198) blocked, in a dose-dependent manner, the ability of the mutant enzyme (mIDH1) to produce R-2-hydroxyglutarate (R-2HG), delayed growth and promoted differentiation of glioma cells (86). IDH-C35, a unique IDH1 inhibitor, can reverse the immunosuppressive effect of mutant IDH1. In immortalized NHAs and a homogeneous mouse glioma model, Gary et al. demonstrated that restoration of STAT1 with IDH-C35 reversed the reduction in CXCL10 and T cell accumulation, when combined with the vaccine, it could enhance anti-tumor immune function and the performance of peptide vaccines and improve asymptomatic survival of IDH-mutant glioma patients (13, 78). In addition, IDH-C35 can also reduce the level of PD-L1 DNA methylation, increase the expression of PD-L1 on mIDH1 glioma cells in vivo, reshape the tumor microenvironment, and improve the effect of PD-L1 immunotherapy (87). Therefore, IDH inhibitors should be used in conjunction with immunotherapy. Moreover, granulocyte colony-stimulating factor (G-CSF) released by mutIDH1 glioma stem-like cells promoted myeloid cell reprogramming, which improved the efficiency of immune-stimulatory gene therapy (88) (Figure 3).




Figure 3 | Administration of peptide vaccine IDH1 (R132H) induced specific therapeutic T-helper cell responses and mutation-specific antibodies. After mIDH1 peptide injection, the immune system can effectively target R132H mutation and modify the tumor microenvironment by increasing the number of peripheral CD8+ T cells, IFN-γ production and anti-IDH1 mutant antibodies, up-regulating intratumoral IFN- γ, granzyme-b, and perforin-1, and downregulating TGF-β2 and IL-10, thereby significantly prolonging survival of the mice. IDH-C35 reduces ULBP1, ULBP3, and PD-L1 DNA methylation levels and restores STAT1 to reverse CXCL10 and T cell accumulation.





Conclusion

IDH1 is a reliable diagnostic and prognostic marker for identifying low-grade gliomas and distinguishing between secondary and primary GBM (89). IDH-mutant gliomas evade immune cell surveillance by reducing the immune-related cellular content and function of effector immune cells, downregulating NKG2D ligand expression, and overproducing 2-HG to inhibit complement pathways and T cell responses to interfere with immune surveillance and affect TME. The immune evasion ability of tumors provides an opportunity to harness immunotherapies against cancer cells.

Immunotherapies, particularly immune checkpoint inhibitors, have seen dramatic responses in various tumor types. Nevertheless, existing immunotherapies do not work on all malignancies, and even when they do, the results aren’t necessarily long-lasting. IDH-mutant gliomas have a unique immune microenvironment, 2-hydroxyglutarate is an oncogenic metabolite produced by mutant IDH with neurotoxic effects. Controlling 2-HG production and its effects may hold great promise for glioma therapy. Currently, the therapeutic efficacy of mutation-specific IDH inhibitors may partly depend on restoring the immune response in solid tumors by removing 2-HG. The combination of checkpoint blockade, decitabine, and IDH1R132H-specific vaccine may be more effective. Growing evidence certainly suggests that IDH mutations may play a broad role in glioma-associated immunosuppression. However, our understanding of the molecular mechanisms responsible for this unique immune microenvironment remains limited. For example, Why IDH-Os and IDH-As have different immune cell infiltration and PD-L1 expression? Does the localization of IDH1 in different places (cytoplasmic and peroxisome) affect immune cell infiltration and WHO grade? The research on IDH-mutant gliomas and the immunosuppressive mechanisms in the glioma microenvironment will help develop immunotherapy drugs and design new immunotherapies to target potential glioma therapeutic targets and kill tumor cells more efficiently.
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High-risk human papillomavirus (hrHPV) infection has been associated with a higher probability of progression to cervical cancer. However, several extensive studies have reported that the presence of hrHPV can lead to a better prognosis, but the mechanism of how this occurs is unclear. In this study, microbiological analysis was used to identify HPV infection as a factor for the prognosis of patients with cervical squamous cell carcinoma (CSCC). Comparing the interactions of HPV+ and HPV- malignant cells with immune cells as well as the trajectory of malignant cells either with or without HPV, we found that most of the HPV+ cells are well differentiated while HPV- cells appear to be hypo-fractionated. Using transcriptomic and immunostaining data, we validated a set of unfavourable molecules in the HPV- CSCC cells, including KRT16, ITGB1, CXCR1, VEGFA, CRCT1 and TNFRSF10B/DR5. This study provides a basis for the development of a rational post-operative follow-up programme and the development of an appropriate treatment plan for patients with cervical cancer.
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Introduction

Persistent high-risk human papillomavirus (hrHPV) infection, particularly the subtypes HPV16 and HPV18 of alpha-HPV, is known to be associated with a higher likelihood of progression to cervical cancer and hrHPV testing has been considered as a routine test for screening for this disease (1). However, several studies using either PCR or sequencing methods to define the HPV infection and its subtypes have reported that mortality rates were significantly lower in the hrHPV+ when compared to hrHPV- groups (2, 3). The fact that the presence of hrHPV can lead to a better prognosis in patients has also been observed in oropharyngeal cancer (4). To date the mechanisms involved are not clear and these need to be further explored.

In this study we analysed the clinical parameters of cervical cancer patients as well as their single-cell RNA sequencing (scRNA-seq) data in order to explore the relationships and mechanisms of hrHPV and progression of the cancer. This allowed us to determine the immune extent of cell infiltration as well as the related signaling pathways associated with HPV infection with a view to unravelling relevant potential treatment targets of the disease. This could provide a basis for developing a sound post-operative follow-up programme thus allowing the formulation of appropriate treatment plans for combatting CSCC in the future.



Materials and Methods


Collection and Processing of the CSCC RNAseq Dataset

The RNA sequencing dataset and the clinically related data for patients with CSCC originated from the TCGA database (https://portal.gdc.carcinoma.gov/) and consisted of 248 samples. The raw gene expression dataset was processed. Each probe ID received an annotation with respect to the gene from the corresponding platform annotation profile of the GDC website and the raw matrix data received the quantile normalization and log2 conversion. Samples with missing data were excluded. The scRNA-seq data from patients with cervical cancer originated from the gene expression omnibus database and were accessed through NCBI GSE168652 (5). Raw fastq data of scRNA-seq were processed using UMI-tools (6) and viruses present in the single cells were detected using the Viral-Track approach (7). In brief, the sequencing data containing the single cell index were mapped to the virus genome reference database and the status of the single cell was added to the expression matrix so as to correlate with the presence of HPV infection and the corresponding transcriptome. In order to distinguish between benign and malignant cells, inferCNV was used for the analysis of copy number variations (CNVs) in single cell transcriptomes (https://github.com/broadinstitute/inferCNV).



Building a Microbial Signature

Tumor microbiomes were obtained from the pan cancer microbiome of cBioportal and these were integrated with their respective clinical data (8). The association between the CSCC microbiome and overall survival time in patients from the cancer genome atlas (TCGA) program was studied. Univariate Cox regression analysis was carried out in order to identify the genes associated with survival of individuals (p value < 0.05). Subsequently, the significance of candidate genes was selected using variable importance by using a randomized survival forest (RSF) algorithm. A risk score model with the selected microbial signature was built using multi-variate Cox regression approaches. In addition, the Kaplan-Meier test was employed for a number of gene features and the p-values (log) were determined. Receiver operating characteristic (ROC) analysis was performed for 3- 5- and 10- year overall survival rates and area under the curves (AUCs) were determined for assessing the specificity and sensitivity of the microbial signature.



Microbiome Analysis

Based on the results generated by sample sequencing of the operational taxonomic unit (OTU), the phyloseq R package was used to calculate the alpha diversity distance matrices. Microbiome analysis was otherwise performed using the http://microbiomeanalyst.ca website. Beta diversity analysis is a comparative analysis between groups of species diversity among different ecosystems or microbial communities and can be used to obtain potential similarities or differences in community composition among differently grouped samples.



Single Cell RNA Sequencing Analysis

Specific to the integrated analysis that can be obtained from single-cell data, the data from infected new coronavirus and bacterial pneumonia samples as well as non-pneumonia samples were normalized using the SCTransform method (9). These were then analyzed by conducting mutual principal component analysis (PCA). PCA analysis was further conducted for the integrated datasets, and cluster analysis was performed by using uniform manifold approximation and projection (UMAP). The cluster analysis of single-cell data was performed with Seurat’s graph-based clustering method. The resolution of the FindClusters feature was set to 0.1. Subsequently, the clusters were visualized with the UMAP version 0.2.6.0 graph. The R software package Seurat, (version 2.3.4), was subsequently used for data analysis. During quality control, unique molecular modifier (UMI) counts of less than 500 and those with double multiples were removed. Furthermore, cells with >5% of mitochondrial genes and >50% of ribosomal genes were filtered out.



Functional Assay

The gene features were processed and then analyzed by the method from the WebGestalt webserver for the annotation of involved GO ontology and KEGG pathway (10). Cell-cell communication was analyzed with the CellphoneDB approach and some of the data were illustrated using the InterCellar method (11, 12). Pseudotime analysis was performed using Monocle (version 2.10.1).



Immunofluorescent Imaging

Biopsies were taken from six cervical patients with cervical cancer. After embedding with a frozen section compound (Leica, #3801480), biopsies were sectioned into 4-μm on a microtome (Leica CM1950). For immunofluorescent staining, the sections were fixed in pre-cooled methanol (-20°C) for 5 minutes, after washing twice with PBS. The sections were then blocked with PBS/5%BSA/Fcγ blocker at 4°C for 1 hour. Primary antibodies were incubated with sections at 4°C overnight. After washing twice with PBS, the sections were incubated with fluorescent-coupled secondary antibodies for 1 hour at room temperature. After two further washes, the sections were mounted and imaged on an immunofluorescence microscope (Leica DMI3000B).

The antibodies/materials used for immunofluorescent imaging included: A488 mouse-anti-human CD206 (Invitrogen, #MA5-23656), PE mouse-anti-human CD163 (Invitrogen, #12-1639-42), A488 mouse-anti-human EpCam (Abcam, #ab237395), mouse-anti-human KRT16/Cytokeratin Pan Antibody Cocktail (Invitrogen, #MA5-13203), rabbit-anti-human CRCT1 (Invitrogen, #PA5-23539), A594 goat-anti-mouse IgG (Invitrogen, #A11032), A594, goat-anti-rabbit IgG (Affinity, #S0006), rabbit-anti-human DR5 (Invitrogen, # PA1-957), A647 donkey-anti-rabbit IgG (Invitrogen, #A32795) and DAPI (Invitrogen, #D21490).



Statistical Methods

Statistical analyses were carried out using R software (version 3.6.0). Kaplan-Meier tests and ROC analysis were performed as described previously (13, 14). In brief, the “survivor” and “survROC” software packages were utilized for both types of analyses (15). Optimal cut-off data points were calculated using the “survminer” package (16). Single-variate and multi-variate Cox regression correlations were used to assess the prognosis-correlated factors of interest. Hazard ratios and 95% confidence intervals are presented for all the prognosis-correlated factors. Analysis of differences between groups was performed using GraphPad Prism 8.0 software. Student t-test was used for comparison between two groups and P < 0.05 was considered as statistically significant.




Results


Microbiome Analysis Grouped Alpha-HPV to Low-Risk CSCC Patients

The CSCC microbiomes were obtained from the pan cancer microbiome of cBioportal and then integrated with their respective clinical data. In order to screen for any crucial survival-related viruses, all the viral genomes from the CSCC samples were analysed using multi-variate Cox regression and compared to the TCGA dataset. The CSCC samples were subsequently divided into high and low risk cohorts (Supporting Data 1). Kaplan-Meier curves showed that the high-risk group survived for shorter periods when compared to the patients with the low risk viruses (Figure 1A). ROC curve analysis of the CSCC cases were then plotted and this showed AUCs of 0.999, 0.981 and 0.99 for 3-, 5- and 10-year survival, respectively (Figure 1B). Analysis of the community compositions of both CSCC high and low risk groups showed a similar range of viruses in patients with CSCC at the Class level (Supplementary Figure 1A). However, the beta diversity test showed a significant difference in the viruses between high and low risk individuals and those in the high-risk group had significantly lower virus diversity and abundance (Supplementary Figure 1B). Correlations between clinical risk and viruses associated with CSCC were investigated based on the Spearman’s correlation test and a significant positive correlation between the low-risk group and alpha-HPV was found (Supplementary Figures 1C, D). When correlated with the previous findings, linear discriminant analysis (LDA) classified alpha HPV to the low-risk patients (Figure 1C). Also, we found a higher abundance of alpha HPV in the low -risk group compared to that of the high-risk group (Figure 1D). The pan cancer microbiome of CSCC data also suggested that the HPV+ CSCC patients had a better prognosis compared to the HPV- CSCC patients (Figure 1E).




Figure 1 | Virus analysis of the prognosis of high and low risk groups of CSCC patients. (A) Kaplan-Meier analysis of the risk groups that were defined with prognosis-correlated viruses in the TCGA dataset for CSCC patients. (B) Three-, five- and ten-year ROC survival curves of the risk groups for the CSCC TCGA dataset. (C) The contribution to the classification is ranked and alpha HPV is observed to support the low-risk group. Linear discriminant analysis was used to study the degree of influence of differential bacteria on sample groupings. (D) The abundance of alpha HPV in the low and high risk groups. (E) Kaplan-Meier survival analysis of the HPV+ group in CSCC patients.





Transcriptome Profiling of HPV–Infected Cells

Cervical cancer scRNA-seq data was used to study HPV infection responses in vivo so as to be able to study the transcriptome of different cells within the whole organism. During data mining, human cervical cancer cells were classified into 13 clusters (Figure 2A, Supplementary Figures 2A, B). HPV-infected cells could be identified by using the raw reads of cervical cancer cells together with the viral track approach (Figure 2B, Supplementary Figure 2C, Supporting Data 2). The infected cells could be separated from any uninfected ones in the main cell types by using the expression levels of HPV (Figure 2C). Approximately half of the cells from tumor tissues were found to be infected (Figure 2D). As indicated from the analysis, there was a significant level of viral gene expression not only in tumor cells but also in the macrophages and the levels found in the latter were significantly higher than the former (Figures 2E, F).




Figure 2 | Transcriptome profiling of HPV+ cells. (A) A UMAP diagram showing the cell clusters (B) UMAP diagrams showing HPV+ and - cells. (C) The bar graph quantifies and compares the proportion of HPV+ and - cells in the main cell types. (D) A bar graph to quantify and compare the proportions of HPV+ and HPV- cells. (E) Violin plots indicating the expression of HPV in the main cell types. (F) The bar graph depicts the proportion of HPV high and low cells in the infected cell types. HPV high refers to the cells with hpv16 counts of more than 1.





Identification of Malignant Cells Based on Their CNV Scores

We used infercnv to explore single-cell RNA-seq data from tumours, analysing them for large-scale chromosome copy number alterations (CNA), such as gains or deletions of whole chromosomes or large segments of chromosomes. We used a set of ‘normal’ cells from non-tumour tissues as a reference to analyse the changes in gene expression intensity at various locations on the tumour genome. The relative expression of genes on each chromosome is shown in the form of a heat map, and the tumour genome is either over- or under-expressed when compared to normal cells (Figure 3A). Using the infercnv approach, we identified the non-malignant and malignant cells present in the tumor tissue samples, and in these it was found that clusters 0 and 2 in the HPV- cells displayed a higher malignant status when compared to the HPV+ cells (Figures 3B, C). The CNV scoring were found to be roughly correlated with the most markers of malignancy such as CDH1, EPCAM, CDKN2A and SERPINB3 (Figure 3D, Supplementary Figure 3A). As CNV scoring may represent the malignant cells more accurately compared with the malignant markers, we used the CNV-defined cells for the further analysis. By doing this, we were able to separate the HPV infected malignant cells from the non- malignant cells and these were then compared to the non-infected malignant cells with respect to the transcriptomic analysis (Supplementary Figures 3B–E). We found that keratin 16 was upregulated in most of the HPV- tumor cells. In addition, we validated the gene expression by immunostaining the tissue from HPV- and HPV+ patients with both KRT16 and EPCAM antibodies (Supporting Data 3, Figure 3E).




Figure 3 | CNV analyses of HPV+ tumor cells. (A) CNV plots showing the malignant cells in the normal and tumor tissues. (B) UMAP diagrams showing non- malignant and malignant cells in the normal and tumor tissues. (C) CNV scores in the tumor cell clusters. (D) Violin plots indicating the levels of malignant-related gene expression in the non- malignant and malignant cells. (E) Representative immunostained photomicrographs of KRT16 in the tissues from HPV- and HPV+ patients. EpCam staining refers to the squamous cell carcinoma. Scale bar indicates 50μm. The bar graphs show the mean fluorescent intensity of the indicated staining. * indicates p<0.05 of six samples.





Pseudotime Analysis of HPV Infected Tumor Cells

Each tumor cell could represent a step in time during the development of CSCC. Studying the transcriptome at the single-cell level allows us to identify genes in intermediate states of biological processes, as well as genes in transition states between two different cellular fates. Using the pipeline of Monocle, HPV+ and HPV- tumor cells can be sequenced and pseudotimes can be constructed based on the expression trends of the order of genes (Figures 4A, B, Supplementary Figure 4A, Supporting Data 4). 7 trajectory states have been identified and States 1 and 7 refer to the early phase of the pseudotime, and therefore correlate with cancer stemness (Figures 4A, B). HPV- tumor cells displayed a high proportion of cancer stemness compared to HPV+ cells, while HPV+ cells and HPV expression were upregulated in the later states (Figures 4C, D). When correlated with the pseudotime states, differential gene expression analysis of State 1 revealed a set of malignant genes such as KRT16 and VEGFA (Figure 4E). GSEA functional analyses of DEGs in the HPV+ State 1 cells clearly indicated the virus induced signaling and reaction of innate immunity (Figure 4F, Supplementary Figures 4B, D), while GSEA functional analyses of State 1 correlated with the squamous cell metaplasia and tumorigenesis (Figure 4G, Supplementary Figure 4C).




Figure 4 | Trajectory analysis of HPV+ cervical cancer cells. (A) Pseudotime of cervical cancer cells. (B) Trajectory analysis of tumor cells in the seven states and in the correlated Seurat clusters (0, 2, 3 and 8). (C) The bar chart indicates the ratio of HPV- and HPV+ tumor cells in different trajectory states. (D) Violin plots showing the expression of HPV16 in the seven states. (E) Volcano plots demonstrating the expression patterns and levels of the genes in State 1. (F) The enriched KEGG signaling pathway of GSEA analyses for HPV+ State 1 cell-correlated gene signatures. (G) The enriched KEGG signaling pathway of GSEA analyses for cancer stemness (State 1)-correlated gene signatures. (H) CNV scores in different trajectory states.



Using a branched expression analysis modelling approach, we identified a set of genes that were regulated in a branch-dependent manner based on the trajectory analysis (Supplementary Figure 4E), in which CRCT1 was upregulated in the HPV- cells and appeared to play a significantly negative role in the survival prognosis of cervical cancer patients (Supplementary Figures 4F–H). In general, the cells in States 1 and 7 displayed a high CNV scores, which were correlated with cancer stemness and progression. Compared to HPV- cells, HPV+ malignant cells were enriched in the intermediate phases, suggesting a crucial role of HPV infection in the progression of cervical cancer cells (Figure 4H).



Cell-Cell Communication Between Immune and HPV-Infected Tumor Cells

In order to investigate the interactions of HPV+ and HPV- cells with immune cells in the tumor microenvironment, where tumor cells develop and immune cells interact very closely with them, we constructed an intercellular communication network by using the cellphoneDB method (12). The results showed that endothelial cells and macrophages had much more interactions with tumour cells when compared to T cells (Figure 5A, Supporting Data 5). Specifically, HPV- tumor cells displayed more unique cell-cell interactions when compared to HPV+ cells, and this is mainly due to the presence of the intergrin b1-extracellular matrix complex (Figure 5B, Supporting Data 5).




Figure 5 | Cell-cell communication between immune cells and HPV+ tumor cells. (A) A network of interactions between immune and either HPV+ or HPV- tumor cells. The lines represent the pointing relationships. (B) A Venn diagram showing the shared and unique cell-cell interactions of immune cells with HPV+ or HPV- tumor cells. (C) Dot plots showing the most significant interactions (mean>1) of macrophages with either HPV+ or HPV- tumor cells and the significance of their relationships. The horizontal coordinates are cell type interactions and the vertical coordinates are protein interactions, with the larger dots indicating smaller p-values and the colours representing the average expression. (D) Kaplan-Meier survival analysis of VEGFA, CD2, TNFRSF10B and TNFRSF1B in the CSCC patients. Representative immunostained photomicrographs of TNFRSF10B/DR5 (E) on the biopsied sections from HPV+ or HPV- patients. CD206 and CD163 staining refer to the tumor infiltrated macrophages. Scale bar indicates 15μm. (F) Bar graphs showing the quantification of TNFRSF10B DR5 and CD206 respectively. ** indicate p<0.01 of six samples.



Of those unique cell-cell interactions of HPV- cells, ITGB1 and CXCR1 were found to be associated with unfavourable prognosis of CSCC (Figure 5B, Supplementary Figures 5A, B). In particular, tumour cell type 0 appeared to have a significantly higher amount of cellular communication with macrophages, which correlated with the high proportion of tumor infiltrated macrophages in CSCC (Figure 5A, Supplementary Figure 5C). Also, it was found that there was a significantly enhanced VEGFA and TNFRSF10B/DR5 signaling association with macrophages interacting with HPV- types 0 and 2 tumor cells, which was confirmed by tissue staining and appeared to play a significantly negative role in the prognosis of cervical cancer patients (Figures 5C–F). On the other hand, HPV+ tumor cells upregulated the favourable gene TNFRSF1B derived pathway (Figures 5C, D). Also, T cells interacting with various HPV+ of tumor cells had significantly upregulated CD2 signalling pathways (Figure 5C, Supplementary Figure 5D), while both HPV+ and – cells showed similar interactions with endothelial cells (Supplementary Figure 5E). Taken together, these data indicate a distinct scenario of HPV+ and HPV- tumor cells in cervical cancer, which might explain the observation that mortality rates were lower in the hrHPV+ when compared to hrHPV- CSCC patients.




Discussion

HPV infection is a critical factor involved in the etiology and progression of cervical cancer. In this study, we used microbiological analysis to identify HPV as a favourable virus for the prognosis of CSCC patients. In addition, we used scRNA data and viral tracking methods to identify HPV infections and their subtypes. Then we identified malignant cells which together with the viral tracking methods allowed identification of DEGs by comparing HPV+ and HPV- malignant cells. We also built a trajectory analysis for both HPV+ or HPV- cells and identified the interactions between immune and malignant cells (Figure 6). We found that HPV+ cells upregulated the favourable gene-derived signaling, including CD2 and TNFRSF1B, whereas HPV- cells upregulated the signaling that was derived by the CSCC unfavourable molecules such as ITGB1, CXCR1, VEGFA and TNFRSF10B/DR5. Monoclonal antibody targeting of these molecules, such as Bevacizumab and Tigatuzumab (17, 18), have been developed and are currently under clinical trials for cancer patients other than CSCC, which suggests that they may be beneficial to the HPV- CSCC patients in accordance with our study.




Figure 6 | Workflow diagram of the current study.



The fact that hrHPV negativity is associated with a good prognosis for tumors does not necessarily mean that hrHPV is not involved in the etiology of cancer development as the HPV- cases may have been infected with the virus at an earlier time-point before the cancer was diagnosed. HrHPV negativity is usually associated with advanced tumors, suggesting that these viruses may become undetectable at later stages of the carcinogenic process (19). Our data would suggest that hrHPV- cells in tumor tissues are likely to indicate a loss of hrHPV expression in a subset of cells during carcinogenesis. However, the mechanism whereby this loss occurs is not fully understood. It is possible that hrHPV- tumor cells may lose their internal mutational control and thus acquire genetic mutations associated with malignant growth and proliferation potential. In this scenario, the hrHPV+ tumor cells may be under better control of the viral protein by the immune system due to their expression and, therefore, this results in a relatively more positive prognosis of CSCC in these patients. In the present study we identified DEGs of hrHPV+ and hrHPV- tumor cells in different clusters and states, as well as differential cellular communication and interactions of these cells with immune cells. However, due to limitations in the sequencing depth of scRNA-seq, we were unable to investigate possible gene mutations in hrHPV- tumor cells. In the future, we hope to remedy this failing by increasing the sequencing depth of single-cell sequencing with a view to obtaining a more comprehensive comparison between hrHPV+ and hrHPV- tumor cells.

HPV infection is a major cause of cervical cancer and this study focuses on the correlation between HPV positivity and prognosis. In contrast to the single cause of cervical cancer, HNSCC is a cancer that arises as a result of exposure to carcinogens (e.g. alcohol and/or tobacco) or through malignant transformation due to HPV infection. Indeed, HPV-associated HNSCC has been found to exhibit unique biological and clinically relevant features, and the presence of the virus provides a survival advantage compared to its absence. However, because of the large number of cases of HPV-unrelated tumours, it cannot be ruled out that the difference in prognosis between HPV+ and HPV- cases is due to the fact that they have distinct etiologies, which differ in terms of pathogenesis. Therefore, a long-term follow-up of the presence of HPV in HNSCC patients is needed to establish the relevance of HPV changes in the disease.

In this study, the clinical and single-cell sequencing data of cervical cancer patients were analyzed in order to explore the relationships and mechanisms of hrHPV and cervical cancer progression. Our current data suggest that HPV- cervical cancer cells can exhibit more cancer stemness properties, both with respect to analysis of the gene expression profile characteristics of the cancer and experimental validation. We also found that regulatory programs controlling stemness function are active in cancer, and continued research in this area will contribute to a better understanding of the mechanisms of the progression of HPV- cervical cancer and help to combat treatment resistance in cancer patients.

The current study yielded information regarding the immune cell interactions and the related signaling pathways associated with HPV infection in cervical cancer patients. It is hoped that this will reveal potential targets for treatment regimens for CSCC patients. In addition, it may provide a basis for the development of a useful post-operative follow-up programme that will benefit the prognosis of future patients with CSCC.
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Supplementary Figure 5 | Cell-cell communication between immune cells and HPV-infected tumor cells.Kaplan-Meier survival analysis of the HPV- tumor cells using the interaction genes (A) ITGB1 and (B) CXCR1 in the CSCC patients. (C) A bar graph showing the CIBERSORT estimated infiltration of immune cell subsets of samples from HPV+ and HPV- CSCC patients. Dot plots showing the most significant interactions (mean>1) of endothelial cells (D) and T cells (E) with either HPV+ or HPV- tumor cells and the significance of their relationships. The horizontal coordinates are cell type interactions and the vertical coordinates are protein interactions, with the larger dots indicating smaller p-values and the colours representing the average expression.
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Activin A, a critical member of the transforming growth factor-β (TGF-β) superfamily, is a pluripotent factor involved in allergies, autoimmune diseases, cancers and other diseases with immune disorder. Similar to its family member, TGF-β, activin A also transmits signals through SMAD2/SMAD3, however, they bind to distinct receptors. Recent studies have uncovered that activin A plays a pivotal role in both innate and adaptive immune systems. Here we mainly focus its effects on activation, differentiation, proliferation and function of cells which are indispensable in the immune system and meanwhile make some comparisons with those of TGF-β.
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Introduction

Activin A was initially defined as a factor which could induce the gonad to secrete follicle-stimulating hormone (FSH) (1). Encoded by inhibin β A (INHBA), activin A is a homodimer of two inhibin β A subunits, and is referred to as the predominant member of activin branch of the transforming growth factor-β (TGF-β) superfamily (2). Theoretically, dimers composed of arbitrary two inhibin β subunits could exist, such as homodimer activin B and heterodimer activin AB (2), however, the vast majority of research has been carried out on activin A.

In the last few decades, activin A has been proven to be involved in a variety of biological processes apart from its original function, including hematopoiesis, tissue repair, angiogenesis and immune regulation (3, 4). In the aspect of immune regulation, activin A plays an important role in the development of diseases such as allergies, autoimmune diseases and cancers (5). However, how activin A modulates the immune system remains controversial and needs further exploration.

This review focuses on the effect of activin A signaling on the major components of the immune system. In view of the fact that it shares a classical downstream pathway with TGF-β, we choose to elaborate the difference between their functions throughout the paper.



Activin A Signaling Pathway

All the members of TGF-β superfamily transmit signal via a serine/threonine kinase receptor system which involves seven type-I and five type-II receptors (6). The formation of receptor complex needs at least one type-I and one type-II receptor. Even though each TGF-β superfamily member favors a certain receptor complex, promiscuity or overlap of ligand-receptor interactions exists since any one of the 12 receptors binds to more than one ligand (6). The predominant receptors of activin A include activin receptor like kinase 4 (ALK4, type I) and activin receptor type IIB, activin receptor type IIA (ActRIIB, ActRIIA, type II) (2). The canonical downstream pathway of activin A is identical to that of TGF-β. Activin A first binds and promotes phosphorylation of type II receptors, and then recruits type I receptors to form phosphorylated heteropolymers. Activated receptor complex will phosphorylate mothers against decapentaplegic (SMAD) 2 and 3 at their carboxyl-terminal SSXS motif (6). Afterwards, SMAD4 is recruited to help form a transcriptional complex, which then translocates to the nucleus and affects transcription of genes Pax-6, FSH, p21 and follistatin (3, 7, 8). Apart from SMAD2/3, SMAD1/5/8 is also involved in the signaling of TGF-β superfamily members such as bone morphogenetic protein (BMP)s (9).

Some means can be used to intervene activin A signaling for the mechanism study. Activin A is strictly modulated by various molecules physiologically. Follistatin, a natural ligand of activin A, can bind to activin A with high affinity and is most commonly used to block the activity of activin A (10–13). Besides, a heterodimer comprised of inhibin α (INHA) and inhibin β (INHB) called inhibin, which also belongs to the activin family, is able to suppress activin A signaling by binding to activin A directly or competing for type II receptor (10). Antibodies designed for receptors are the major exogenous interventions. Notably, most of the TGF-β superfamily members bind to ActRIIB or ActRIIA while only a few ligands bind to ALK4 with high affinity, even excluding activin B and activin AB (14). In order to avoid nonspecific blockage as far as possible, it is better to use ALK4 inhibitor. For example, SB-431542 is the one that has been widely used in scientific research (11, 15–17).

In addition to the canonical receptor serine/threonine kinase-SMAD axis, activin A has also been shown to be involved in p38, ERK, PI3K, Wnt and other pathways (Figure 1) (18–21).




Figure 1 | Activin A signaling pathway. A simplified illustration of the canonical and non-canonical signaling pathways of activin A. All the pathways are initiated by the formation of the activin A-heteropolymer receptor complex. The canonical pathway is Smad-dependent, while the non-canonical pathway can be mediated by ERK1/2, p38, Wnt, or PI3K. Endogenous ligand follistatin and activin family member inhibin can both bind to activin A directly to avoid the formation of activin A-heteropolymer receptors complex. Inhibin can also compete for the type II receptor. Antibodies targeting ALK4 are able to suppress downstream pathways as well. Created with BioRender.com.





Activin a Regulation of the Innate Immune System

In general, innate immune cells including macrophages, dendritic cells (DCs) and natural killer (NK) cells are the sources of activin A (12, 22–24). Here, we describe the relationship between activin A and these cells, and make some comparison with those of TGF-β.


Monocytes/Macrophages

Although it has been demonstrated that tumor necrosis factor (TNF)-induced activation of RAW264.7, a macrophage cell line derived from BAB/14 mice, did not influence expression of activin A (22), an earlier study showed that INHBA could be up-regulated by LPS-induced human peripheral blood monocytes (23), suggesting that the activated monocytes/macrophages in specific conditions could be the source of activin A.

When macrophages are activated, secretion of pro-inflammatory cytokines including IL-1β and IL-6 will be increased, and cell surface markers like CD14 and CD80 will be up-regulated (25). It was reported that activin A could induce macrophages to release nitric oxide (NO), IL-1β, IL-6 and TNF, and up-regulate the expression of CD80, CD86 and CD14 on the cell surface as well (22, 26, 27). However, the above studies all used resting macrophages as research subjects, while in immune disorders, macrophages are usually activated (25). In the latter case, the results are contrary to previous ones. Activin A inhibited production of NO by LPS-activated mouse peritoneal macrophages and also down-regulated the expression of CD14 (28). Moreover, activin A could significantly down-regulate the expression of CD80/CD86 and inhibit secretion of cytokines including IL-1β, IL-6 and TNF-α by peripheral blood mononuclear cell (PBMC)-derived monocytes from acute Kawasaki disease patients (29).

For innate immunity, macrophages exert functions of phagocytosis and pinocytosis, while they play a role in presenting antigens to lymphocytes for adaptive immunity (25). Studies have shown that activin A can facilitate the pinocytic and phagocytic activities of both mouse peritoneal macrophages and RAW264.7 (26, 27). Change of the major histocompatibility complex (MHC) expression was uncertain in resting macrophages after being exposed to activin A (26, 27). Similarly, activin A plays a different role in LPS-activated mouse peritoneal macrophages by inhibiting phagocytosis and down-regulating expression of MHC-II (28). Lower percentage of MHC-II+ CD206+ cells in testicular leukocytes from Inha+/- C57BL/6 mice with elevated activin A supports the above phenomenon (30). Besides, whether activated or not, activin A did not affect the proliferation of macrophages (26–28). Overall, these lines of evidence suggest that activin A could facilitate activation and phagocytosis of resting macrophages and exert the opposite function in the activated macrophages. In contrast, TGF-β tends to serve as an immunosuppressive cytokine which suppresses activation and antigen presentation function of monocytes/macrophages (31). It is likely that activin A boosts priming of a macrophage response, while maintains the homeostasis when macrophages are over activated.

Several researches focused on whether activin A, could skew macrophage toward M2 type. It was reported that activin A could up-regulate M2 signature arginase-1 expression on RAW264.7 (32). Furthermore, kidney of mice exposed to androgen was found to release higher levels of activin A, which was accompanied with the polarization of renal macrophages to M2 type (33). Finally, compared with wildtype mice, the proportion of MHC-II-CD206+ cells in testicular leukocytes from Inha+/- C57BL/6 mice was also declined (30). All of these results indicated that activin A is related to M2-biased macrophages polarization. Although it was shown that TGF-β secreted by mesenchymal stem cells (MSCs) induced M2-like polarization of macrophages, defining TGF-β as a contribution factor for promoting M2 polarization currently still lacks evidence (34).

In addition, activin A has been found to act in human monocyte chemotaxis (35) and participate in crosstalk between macrophages and tumor cells (15). INHBA was up-regulated in melanoma-treated monocytes, and the exposure of activin A to human PBMC-derived monocytes and melanoma-treated monocytes, rather than wide type monocytes, could directly promote the transcription of protumoral cytokines such as CCL20, TNF and VEGFA, as well as immunosuppressive cytokines such as IDO-1 and PTGS2. Conditioned media of melanoma-treated monocytes could inhibit T cell proliferation and advance the invasion of melanoma cells. Administration of SB-431542 abolished these phenomena, while direct exposure to activin A showed no observable alterations. Such results suggested that melanoma cells could interact with monocytes through activin A to indirectly affect the tumor microenvironment (TME). Besides, activin A was enriched in tumor associated macrophages (TAM) of melanoma patients and its expression level in TAM was significantly associated with a worse prognosis for melanoma patients (15).



Dendritic Cells

Expression of both activin type I and type 2 receptors exists on the surface of dendritic cell and exogenous activin A can activate DC via SMAD2 or ERK1/2 signaling (36). After stimulation by CD40L/LPS, the mRNA levels of ALK4, ACTRIIA and ACTRIIB in human monocyte-derived DC (MoDC) changed with the extension of time, accompanied by increased secretion of activin A (12). While other members in the TGF-β superfamily, such as Nodal, TGF-β, BMP4, BMP7 and myostatin, remained unchanged during this process (12). These lines of evidence support that DCs are not only donors but also targets of activin A.

Blocking MoDC endogenous activin A after CD40L stimulation resulted in significant up-regulation of cytokines like IL-6 (12). As TGF-β is able to induce mouse antigen presenting cell (APC) to release BAFF (37), which can indirectly modulate immunoglobulin production of B cells, activin A could induce DCs and macrophages to secrete BAFF via ALK4/Smad3 pathway (36, 38). However, activin A was not found to impact on growth of DCs (38). Numerous studies have shown that TGF-β can inhibit maturation and antigen presentation function of DCs (39–42), while whether activin A plays a similar role to TGF-β is uncertain.

DCs require collaboration with other immune cells to function sophisticatedly. Although TGF-β is known to be an inhibitor of NK function (43), production of TGF-β by DCs was not found. It was confirmed that human NK cells expressed receptors of both activin A and TGF-β (44). Addition of activin A on the basis of IL-2 plus IL-12 stimulation to human NK cells gave rise to up-regulation of ALK4 together with down-regulation of TGF-BRII and TGF-BRI mRNA (44). Strong up-regulation of activin A and no change of TGF-β was observed in the NK-DC co-cultured system, and it was demonstrated that DC but not NK could contribute to production of activin A (11). Activin A elevation was blocked by neutralizing antibodies of various cytokines including granulocyte-macrophage colony stimulating factor (GM-CSF), TNF-α, interferon-γ (IFN-γ) and IL-1β, which implied that cytokines exposure was responsible for the up-regulation of activin A in the co-cultured system (11). Given that activin A could not be released by NK and activin A blockage boosted NK cell IFN-γ production prior to IL-12 plus Poly I:C stimulation in a co-cultured MoDC-NK system, activin A might be the mediator for MoDCs to regulate NK activity (44). Moreover, incubation of follistatin or SB-431542 in the co-cultured system significantly promoted secretion of IL-6, TNF-α and other DC-derived cytokines, while BMP inhibitors showed no effect (11). Additionally, activin A may serve as a regulator of DC maturation triggered by NK, since CD83 and CD86 were up-regulated following activin A inhibition in an NK-DC co-culture system (11).

Activin A also affected the effect of DCs on T cells. Different from TGF-β, which is known to exert immunosuppressive function by up-regulating regulatory T cells (Tregs) (45), activin A-stimulated DC mixed with T cells would not cause the up-regulation of CD25+Foxp3+ regulatory T cells (36). It was also shown that activin A could promote proliferation and inhibit apoptosis of T cells via BAFF and APRIL respectively (36). Whether these two factors are involved in differentiation and functions of T cells has not been reported. As tumor immunotherapy has become a hot spot in tumor research in recent years, the researchers fed activin A-treated DC back to B16/LLC tumor bearing mice to figure out whether activin A-treated DC could affect tumor progress in vivo (36). As a consequence, tumor progression was greatly inhibited and this function could be abolished by BAFF/APRIL knockdown (36). In vitro, activin A-treated DC also facilitated IFN-γ production from mouse splenic T cells (36). Considering that exposing DC to TGF-β-induced Foxp3+ Treg could weaken DC’s ability to stimulate naïve T cell immune responses (46), activin A induced-Foxp3-IL-10 producing Treg (Activin A-iTreg) was generated. Activin A-iTreg was able to inhibit DCs to prime Th2 response in vivo, presented by reduced release of IL-4 and IL-13 (47).



Natural Killer Cells

NK cells play roles as both activin A donors and activin A target cells in certain context. INHBA, ACVR2B, SMAD2/3/4 were all shown to be expressed in mouse peripheral blood NK cells (24). Stimulation of these cells with IL-2 in vitro could promote the release of activin A in a dose-dependent manner (24).

It was reported that exogenous activin A or TGF-β both could inhibit IFN-γ production in human NK cells (44). Apart from IFN-γ, addition of activin A to NK cells stimulated with IL-12 plus Poly I:C also led to the down-regulation of cytokines including IL-6, TNF-α, GM-CSF and IL-1β together with chemokines including MCP-1, IL-8 etc. (44). Moreover, IL-10 expression in NK cells was not altered after activin A administration, while IL-2 expression was up-regulated (24, 48).

Activin A was found to have no effect on the expression of perforin, granzyme A, granzyme B, IL-12RBI, and IL-12RBII in IL-2/IL-12 stimulated human NK cells. In contrast, TGF-β significantly suppressed the secretion of granzyme B, IL-12RBI, and IL-12RBII (44). It was also pointed out that the lytic function of NK was not affected by activin A (44). Instead, activin A was considered to be an inhibitor of NK cell proliferation, as well as cytotoxicity by inhibiting the release of LDH with a decreased killing rate of YAC-1 cells (13, 24, 44).

Rautela, J. et al. compared the effects of activin A and TGF-β on NK cells (13). Despite activin A might inhibit proliferation, cytokine secretion and cytotoxicity of NK cells, its function always tended to be inferior to TGF-β (13). However, treating TGF-βRII-deleted mice with melanoma with follistatin could further reduce melanoma lung metastasis, indicating that activin A functioned independently from TGF-β (13).




Activin a Regulation of the Adaptive Immune System

The suppression effect of TGF-β for adaptive immunity has been widely reported. Whether activin A shows a similar function is the main topic in the following sections.


B Lymphocytes

B cells also serve as donors and targets of activin A (49). Pretreatment of naïve B cells with activin A before LPS stimulation resulted in enhanced proliferation and immunoglobulins (Ig) production ability of B cells. However, co-treatment of activin A and LPS did not affect B cell proliferation and Ig production, which implied that only resting B cells responded to activin A (49, 50). The potential reason accounting for this might be the down-regulation of activin A receptor in LPS-activated B cells (49). Different from activin A, TGF-β suppresses proliferation, Ig production and survival of B cells (49, 51).

Activin A, like TGF-β, promoted IgA secretion by B cells, according to Lee, H. J. et al. (50). Notably, this effect could not be reversed by TGF-β antibody (50). Activin A was reported to be involved in Th2-type responses, which are characterized by IgE production. Even though IgE production by B cells could not directly be increased by activin A in vitro, activin A neutralization in vivo significantly decreased IgE production in mice immunized with OVA (49). It was possible that activin A indirectly induced IgE production by B cells with the help of IL-4 released from other immune cells such as macrophages (49).

Increased secretion of activin A by inflammatory monocytes could subsequently activate APC to release BAFF (38). Small-molecule drug-P4N was able to induce activin A production by monocytes, thereby promoting B cell proliferation and antibody production via activin A/BAFF pathway (52).



T Effector Lymphocytes

TGF-β is known to be an immune suppressive factor for inhibiting proliferation, survival, cytokine secretion and differentiation of T cells (53). Ogawa, K. et al. showed that activin A was unable to make a difference in proliferation of CD4+ CD25- T cells (32). However, activin A significantly reduced proliferation of human T cells and percentages of effector-producing CD4+ T cells, but greatly up-regulated IL-10+ CD4+ T cells (54). Blockade of TGF-β did not affect the function, demonstrating that activin A functions independently (54).

TGF-β can suppress the activity of CD8+ T cells (31), while the effects of activin A on CD8+ T cells are rarely explored. Similar to TGF-β blockade, knockdown (KD) of activin A induced CD8+ T cells priming during radiation therapy of 4T1 tumor-bearing mice, and combination of TGF-β blockade with acitivin A KD significantly augmented this effect (55, 56). Activin A could also inhibit the activity of CD8+ T cells in peripheral blood of acute Kawasaki disease patients (57).

Both activin A and TGF-β are involved in tumor immunology. In accordance with existing research and properties of TGF-β, activin A may also suppress tumor immune microenvironment. In contrast, Morianos, I. et al. provided evidence which might uncover activin A’s role as an anti-tumor factor (58). Treatment of OVA-expressing Lewis Lung Carcinoma mice with activin A attenuated tumor progression and heightened the ratio of tumor-infiltrating effectors to regulatory CD4+ T cells (58). The expression of immune checkpoints including programmed cell death protein 1(PD-1), lymphocyte-activation gene 3 (LAG-3), cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) on tumor-infiltrating CD4+ T cells was reduced as well (58). Adoptive transferring of activin A-treated lung tumor-infiltrating CD4+ T cells into CD4 (-/-)-tumor-bearing mice could suppress tumor progression without CD4+ T cell exhaustion (58).. All of these results indicated that activin A might be a novel therapeutic molecule for lung cancer.

Multiple studies described activin A as a Th2 cytokine, as it mediates Th2-priming immune responses in allergic airway disease and some other diseases (4, 32, 59–61). When CD4+ T cells differentiated into Th cells, the release of activin A was increased (32). The mRNA level of INHBA was more abundant in Th2 rather than Th1 cells (32). Compared with activated Th1 cells, activated Th2 cells secreted higher levels of activin A (32).

Activin A is also associated with Th17 pathogenicity. Experimental autoimmune encephalomyelitis (EAE) and relapsing-remitting multiple sclerosis (RRMS) are both kinds of autoimmune neuro-inflammatory disease driven by Th17. In EAE and RRMS mouse models, INHBA up-regulation was detected in serum and supernatant of spinal cord tissue of mice (62).

Th17 can be classified as pathogenic or non-pathogenic, and TGF-β1 was considered to be dispensable for generation of pathogenic Th17 (63). Notably, activin A secretion increased markedly during the pathogenic Th17 instead of non-pathogenic Th17 differentiation (62). Neutralizing activin A in vitro in the process of CD4+ T cells differentiating into Th17 led to reduced Th17 generation, lower levels of Il23r and Csf2 (considered as pathogenic Th17 genes), higher levels of Il10 and Cd5l (considered as non-pathogenic Th17 genes) (62). In line with this, an in vivo experiment discovered that T cell-derived activin A signaling was conducive to pathogenic Th17 cell-induced EAE rather than activin A signaling from microenvironment (62). Activin A might confer Th17 pathogenicity by inducing ERK activation, while TGF-β might inhibit ERK signaling (62). TGF-β1 receptor ALK5 transduction into T cells elicited milder EAE compared with activin A receptor ALK4 transduction and increased Il10 expression could be observed, supporting that activin A and TGF-β1 favor pathogenic and non-pathogenic Th17 cell differentiation respectively (62). Despite this, role of activin A in Th17 cell differentiation remains controversial. RNA-sequencing (RNA-seq) detected down-regulation of pathogenic Th17 signatures including Tbx21 and Batf in activin A treated Th17 cells, whereas non-pathogenic genes including Ahr, Maf and Ctla4 were enriched (64). Furthermore, reconstitution of Rag-1-/- mice with activin A treated Th17 resulted in dampened EAE severity, indicating that activin A restrained pathogenic potential of Th17 cells (64). The reason for this contradiction may be the source of activin A. T cell-derived and exogenous activin A may have different functions in Th17 differentiation.



Regulatory T Lymphocytes

Regulatory T cells (Tregs) can be divided into three main groups: thymus regulatory T cells (tTregs), peripheral regulatory T cells (pTregs) and induced regulatory T cells (iTregs) (65). iTregs include Th3 and type 1 regulatory T (Tr1) and some other types (65). TGF-β is crucial in the differentiation of naïve CD4+ T cells into CD4+ CD25+ Foxp3+ T cells (66). Studies on activin A modulating Tregs are mainly carried out around allergic airway diseases. Activin A plays an important role in pathogenicity of allergic respiratory diseases (59). In asthma patients, serum activin A levels, rather than TGF-β levels, are significantly correlated with severity of asthma. INHBA mRNA expression in CD4+ T cells of asthma patients is also increased, while TGF-β is not (60).

It was demonstrated that the differentiation and function of Tr1 were promoted by activin A via transcription factor IRF4 (54). Adoptive transfer of activin A-induced Tr1 protected against asthma (54). Semitekolou, M. et al. unraveled that activin A could induce the generation of antigen-specific CD4+ IL-10+ Tregs to suppress Th2 immune response, thus resisting allergic airway disease (61). TGF-β assisted activin A to suppress Th2 immune response, however, it functioned by inducing another Treg group, CD4+ CD25+ Foxp3+ Tregs (61).

Activin A also impacts on Tregs in the TME. Tumor focal radiation therapy can lead to the up-regulation of Tregs in both mice and patients (67, 68). After radiation therapy or TGF-β blockade, secretion of activin A from breast cancer cells could be promoted (56). Both TGF-β and activin A contributed to generation of Tregs in 4T1 tumors, and they acted to complement each other in terms of the final effect (56). In comparison to TSA, which expressed lower levels of INHBA, 4T1 expressed higher levels of INHBA. 4T1-bearing mice presented significant up-regulation of Tregs in response to TGF-β blockade (56). What’s more, in breast cancer patients, the expression of INHBA was positively correlated with tumor-infiltrating Tregs signatures (56). All of above findings indicate that activin A may induce Tregs in breast tumor microenvironment after radiotherapy. Due to the complementary action between activin A and TGF-β, dual blockade of both molecules may reverse immune suppression driven by radiation therapy (69).




Discussion and Perspectives

In this review, we focus on modulation of activin A on the major components of the immune system (Figure 2). Although sharing similar canonical signaling pathway, activin A functions differently from TGF-β in certain contexts, which is possibly owing to spatio-temporal distribution of the receptors, crosstalk with other pathways, and expression of related signaling molecules. Although the role of activin A in antitumor immunity remains controversial, existing evidence has proved the potential of activin A as a novel target of tumor immune therapy. On the one hand, endogenous activin A may suppress anti-tumor immunity by inducing differentiation of Tr1, deactivating innate immune cells or inhibiting cytokine secretion from CD4+ T cells. On the other hand, surprisingly, adoptive transfer of exogenous activin A-treated DCs or CD4+ T cells prevents tumor cells from growing, which provides a brand new insight on functions of TGF-β superfamily (36, 58).




Figure 2 | Effects of activin A and TGF-β on major components of both the innate and adaptive immune system respectively. (A) Effects of Activin A on the immune system: in regulation of the innate immune system, activin A suppresses proliferation, inflammatory cytokine secretion and chemotaxis of NK cells, while effects on cytotoxicity remain uncertain. The effects of activin A on macrophages depend on the activation state. Activin A promotes activation and phagocytosis of resting macrophages while suppressing that of macrophages in an activation state. Despite the elusive function in antigen-presenting, activin A seems to skew macrophages toward M2 type. Meanwhile, activin A shows inhibition of secretion of a variety of cytokines by activated DC cells. In regulation of the adaptive immune system, activin A directly induces proliferation and IgA production of resting B cells without affecting activated B cells. It can also induce IgE production indirectly by means of other immune cells in vivo. Activin A is significantly related to Th2-mediated response and suppressive in CD8+ T activity. Its role in Th17 differentiation remains controversial. In contrast to TGF-β, activin A may be inclined to induce the differentiation of IL-10-producing Tr1s. (B) Effects of TGF-β on the immune system. In regulation of innate immune system, TGF-β exert similar effects on NK cells to activin A It suppresses activation and antigen presentation of macrophages. More evidence is needed to prove it can induce M2-like polarization. TGF-β also inhibits maturation and antigen presentation of DCs. In regulation of adaptive immune system, TGF-β shows a wide range of immune suppressive effects. It suppresses the survival of both B and T cells. In line with activin A, it can induce IgA production by B cells and suppress CD8+ T activity. However, it favors differentiation of non-pathogenic Th17 and Foxp3+ Tregs. Suppressive effect (downward arrow); promoting effect (upward arrow); uncertain effect (question mark); NK cell, natural killer cell. Created with BioRender.com.



However, reports on the clinical management strategy of using activin A for cancer therapy remain rare. Multiple reasons give rise to challenges for targeting activin A in tumor immune therapy, for example: presence of similarities and compensatory mechanisms with other TGF-β superfamily members, involvement in other processes of tumor development: including tumor migration, invasion or angiogenesis and tissue or cell sources for targeting. Furthermore, limited targeting specificity may lead to adverse effects and uncertainty to what extent the benefits are due to the impact of targeting activin A. As a consequence, it is critical to find approaches to identify those functions mainly performed by activin A rather than other similar ligands. Based on the immune repressive role of endogenous activin A, we expect to validate activin A as an anti-tumor factor in a wider context. Considering activin A is a pleiotropic factor, precise cell or tissue targeting design is needed to avoid affecting basic physiological functions and to maximize therapeutic efficacy as well. In addition, patient collectives suitable for receiving activin A-targeting treatment, perhaps those with poor response to immune checkpoint blockade (ICB) or high expression of INHBA in tumor microenvironment, should be clarified. Further studies will better be carried out around these aspects in order to filter out the clinical scenarios where cancer patients will receive the highest benefit with the least side effects from targeting activin A.



Author Contributions

FL and LG conceived the topic. FL drafted the manuscript and prepared figures. Others reviewed the manuscript. All authors read and approved the final manuscript.



Funding

This work was supported by Foundation of Shanghai Science and Technology Committee (No.22S11902100), Zhongshan Municipal Bureau of Science and Technology (No. 2020SYF08) and the Department of Science and Technology of Guangdong Province (No. 2019B090904008 and No. 2021B0909050003).



Acknowledgments

All the figures were created with BioRender.com.



References

1. Gregory, SJ, and Kaiser, UB. Regulation of Gonadotropins by Inhibin and Activin. Semin Reprod Med (2004) 22(3):253–67. doi: 10.1055/s-2004-831901

2. Namwanje, M, and Brown, CW. Activins and Inhibins: Roles in Development, Physiology, and Disease. Cold Spring Harb Perspect Biol (2016) 8(7):a021881. doi: 10.1101/cshperspect.a021881

3. Kaneda, H, Arao, T, Matsumoto, K, De Velasco, MA, Tamura, D, Aomatsu, K, et al. Activin A Inhibits Vascular Endothelial Cell Growth and Suppresses Tumour Angiogenesis in Gastric Cancer. Br J Cancer (2011) 105(8):1210–7. doi: 10.1038/bjc.2011.348

4. Kariyawasam, HH, Semitekolou, M, Robinson, DS, and Xanthou, G. Activin-A: A Novel Critical Regulator of Allergic Asthma. Clin Exp Allergy (2011) 41(11):1505–14. doi: 10.1111/j.1365-2222.2011.03784.x

5. Chen, W, and Ten Dijke, P. Immunoregulation by Members of the TGFbeta Superfamily. Nat Rev Immunol (2016) 16(12):723–40. doi: 10.1038/nri.2016.112

6. Weiss, A, and Attisano, L. The TGFbeta Superfamily Signaling Pathway. Wiley Interdiscip Rev Dev Biol (2013) 2(1):47–63. doi: 10.1002/wdev.86

7. Pituello, F, Yamada, G, and Gruss, P. Activin A Inhibits Pax-6 Expression and Perturbs Cell Differentiation in the Developing Spinal Cord In Vitro. Proc Natl Acad Sci U.S.A. (1995) 92(15):6952–6. doi: 10.1073/pnas.92.15.6952

8. Attardi, B, and Miklos, J. Rapid Stimulatory Effect of Activin-A on Messenger RNA Encoding the Follicle-Stimulating Hormone Beta-Subunit in Rat Pituitary Cell Cultures. Mol Endocrinol (1990) 4(5):721–6. doi: 10.1210/mend-4-5-721

9. Sconocchia, T, and Sconocchia, G. Regulation of the Immune System in Health and Disease by Members of the Bone Morphogenetic Protein Family. Front Immunol (2021) 12:802346. doi: 10.3389/fimmu.2021.802346

10. Harrison, CA, Gray, PC, Vale, WW, and Robertson, DM. Antagonists of Activin Signaling: Mechanisms and Potential Biological Applications. Trends Endocrinol Metab (2005) 16(2):73–8. doi: 10.1016/j.tem.2005.01.003

11. Seeger, P, Bosisio, D, Parolini, S, Badolato, R, Gismondi, A, Santoni, A, et al. Activin A as a Mediator of NK-Dendritic Cell Functional Interactions. J Immunol (2014) 192(3):1241–8. doi: 10.4049/jimmunol.1301487

12. Robson, NC, Phillips, DJ, McAlpine, T, Shin, A, Svobodova, S, Toy, T, et al. Activin-A: A Novel Dendritic Cell-Derived Cytokine That Potently Attenuates CD40 Ligand-Specific Cytokine and Chemokine Production. Blood (2008) 111(5):2733–43. doi: 10.1182/blood-2007-03-080994

13. Rautela, J, Dagley, LF, de Oliveira, CC, Schuster, IS, Hediyeh-Zadeh, S, Delconte, RB, et al. Therapeutic Blockade of Activin-A Improves NK Cell Function and Antitumor Immunity. Sci Signal (2019) 12(596):eaat7527. doi: 10.1126/scisignal.aat7527

14. Seeger, P, Musso, T, and Sozzani, S. The TGF-Beta Superfamily in Dendritic Cell Biology. Cytokine Growth Factor Rev (2015) 26(6):647–57. doi: 10.1016/j.cytogfr.2015.06.002

15. Gutierrez-Seijo, A, Garcia-Martinez, E, Barrio-Alonso, C, Parra-Blanco, V, Aviles-Izquierdo, JA, Sanchez-Mateos, P, et al. Activin A Sustains the Metastatic Phenotype of Tumor-Associated Macrophages and Is a Prognostic Marker in Human Cutaneous Melanoma. J Invest Dermatol (2021) 142(3):653–661.e2. doi: 10.1016/j.jid.2021.07.179

16. Zheng, J, Zhang, T, Han, S, Liu, C, Liu, M, Li, S, et al. Activin A Improves the Neurological Outcome After Ischemic Stroke in Mice by Promoting Oligodendroglial ACVR1B-Mediated White Matter Remyelination. Exp Neurol (2021) 337:113574. doi: 10.1016/j.expneurol.2020.113574

17. Chen, B, Chang, HM, Zhang, Z, Cao, Y, and Leung, PCK. ALK4-SMAD3/4 Mediates the Effects of Activin A on the Upregulation of PAI-1 in Human Granulosa Lutein Cells. Mol Cell Endocrinol (2020) 505:110731. doi: 10.1016/j.mce.2020.110731

18. de Guise, C, Lacerte, A, Rafiei, S, Reynaud, R, Roy, M, Brue, T, et al. Activin Inhibits the Human Pit-1 Gene Promoter Through the P38 Kinase Pathway in a Smad-Independent Manner. Endocrinology (2006) 147(9):4351–62. doi: 10.1210/en.2006-0444

19. Dean, M, Davis, DA, and Burdette, JE. Activin A Stimulates Migration of the Fallopian Tube Epithelium, an Origin of High-Grade Serous Ovarian Cancer, Through Non-Canonical Signaling. Cancer Lett (2017) 391:114–24. doi: 10.1016/j.canlet.2017.01.011

20. Tamminen, JA, Yin, M, Ronty, M, Sutinen, E, Pasternack, A, Ritvos, O, et al. Overexpression of Activin-A and -B in Malignant Mesothelioma - Attenuated Smad3 Signaling Responses and ERK Activation Promote Cell Migration and Invasive Growth. Exp Cell Res (2015) 332(1):102–15. doi: 10.1016/j.yexcr.2014.12.010

21. Heinz, M, Niederleithner, HL, Puujalka, E, Soler-Cardona, A, Grusch, M, Pehamberger, H, et al. Activin A is Anti-Lymphangiogenic in a Melanoma Mouse Model. J Invest Dermatol (2015) 135(1):212–21. doi: 10.1038/jid.2014.328

22. Thomas, AL, Castellanos, K, Mancinelli, G, Xia, Y, Bauer, J, Yazici, C, et al. Activin A Modulates Inflammation in Acute Pancreatitis and Strongly Predicts Severe Disease Independent of Body Mass Index. Clin Transl Gastroenterol (2020) 11(5):e00152. doi: 10.14309/ctg.0000000000000152

23. Eramaa, M, Hurme, M, Stenman, UH, and Ritvos, O. Activin A/erythroid Differentiation Factor Is Induced During Human Monocyte Activation. J Exp Med (1992) 176(5):1449–52. doi: 10.1084/jem.176.5.1449

24. Ma, C, Liu, Z, Shang, S, Jiang, L, Lv, X, Qi, Y, et al. Activin A Regulates Activities of Peripheral Blood Natural Killer Cells of Mouse in an Autocrine and Paracrine Manner. Exp Cell Res (2019) 374(1):114–21. doi: 10.1016/j.yexcr.2018.11.013

25. Shapouri-Moghaddam, A, Mohammadian, S, Vazini, H, Taghadosi, M, Esmaeili, SA, Mardani, F, et al. Macrophage Plasticity, Polarization, and Function in Health and Disease. J Cell Physiol (2018) 233(9):6425–40. doi: 10.1002/jcp.26429

26. Ge, J, Wang, Y, Feng, Y, Liu, H, Cui, X, Chen, F, et al. Direct Effects of Activin A on the Activation of Mouse Macrophage RAW264.7 Cells. Cell Mol Immunol (2009) 6(2):129–33. doi: 10.1038/cmi.2009.18

27. Wang, Y, Cui, X, Tai, G, Ge, J, Li, N, Chen, F, et al. A Critical Role of Activin A in Maturation of Mouse Peritoneal Macrophages In Vitro and In Vivo. Cell Mol Immunol (2009) 6(5):387–92. doi: 10.1038/cmi.2009.50

28. Zhou, J, Tai, G, Liu, H, Ge, J, Feng, Y, Chen, F, et al. Activin A Down-Regulates the Phagocytosis of Lipopolysaccharide-Activated Mouse Peritoneal Macrophages In Vitro and In Vivo. Cell Immunol (2009) 255(1-2):69–75. doi: 10.1016/j.cellimm.2008.11.001

29. Wu, Q, Yang, Z, Huang, Y, Wang, L, Weng, R, and Yang, J. Effect of Activin A on Activation Status of Monocytes in Acute-Phase Kawasaki Disease. Clin Exp Med (2021) 21(3):407–14. doi: 10.1007/s10238-021-00695-y

30. Indumathy, S, Pueschl, D, Klein, B, Fietz, D, Bergmann, M, Schuppe, HC, et al. Testicular Immune Cell Populations and Macrophage Polarisation in Adult Male Mice and the Influence of Altered Activin A Levels. J Reprod Immunol (2020) 142:103204. doi: 10.1016/j.jri.2020.103204

31. Sanjabi, S, Oh, SA, and Li, MO. Regulation of the Immune Response by TGF-Beta: From Conception to Autoimmunity and Infection. Cold Spring Harb Perspect Biol (2017) 9(6):a022236. doi: 10.1101/cshperspect.a022236

32. Ogawa, K, Funaba, M, Chen, Y, and Tsujimoto, M. Activin A Functions as a Th2 Cytokine in the Promotion of the Alternative Activation of Macrophages. J Immunol (2006) 177(10):6787–94. doi: 10.4049/jimmunol.177.10.6787

33. Hreha, TN, Collins, CA, Daugherty, AL, Griffith, JM, Hruska, KA, and Hunstad, DA. Androgen-Influenced Polarization of Activin A-Producing Macrophages Accompanies Post-Pyelonephritic Renal Scarring. Front Immunol (2020) 11:1641. doi: 10.3389/fimmu.2020.01641

34. Liu, F, Qiu, H, Xue, M, Zhang, S, Zhang, X, Xu, J, et al. MSC-Secreted TGF-Beta Regulates Lipopolysaccharide-Stimulated Macrophage M2-Like Polarization via the Akt/FoxO1 Pathway. Stem Cell Res Ther (2019) 10(1):345. doi: 10.1186/s13287-019-1447-y

35. Petraglia, F, Sacerdote, P, Cossarizza, A, Angioni, S, Genazzani, AD, Franceschi, C, et al. Inhibin and Activin Modulate Human Monocyte Chemotaxis and Human Lymphocyte Interferon-Gamma Production. J Clin Endocrinol Metab (1991) 72(2):496–502. doi: 10.1210/jcem-72-2-496

36. Shurin, MR, Ma, Y, Keskinov, AA, Zhao, R, Lokshin, A, Agassandian, M, et al. BAFF and APRIL From Activin A-Treated Dendritic Cells Upregulate the Antitumor Efficacy of Dendritic Cells In Vivo. Cancer Res (2016) 76(17):4959–69. doi: 10.1158/0008-5472.CAN-15-2668

37. Kim, HA, Jeon, SH, Seo, GY, Park, JB, and Kim, PH. TGF-Beta1 and IFN-Gamma Stimulate Mouse Macrophages to Express BAFF via Different Signaling Pathways. J Leukoc Biol (2008) 83(6):1431–9. doi: 10.1189/jlb.1007676

38. Kim, JH, Seo, GY, and Kim, PH. Activin A Stimulates Mouse APCs to Express BAFF via ALK4-Smad3 Pathway. Immune Netw (2011) 11(4):196–202. doi: 10.4110/in.2011.11.4.196

39. Geissmann, F, Revy, P, Regnault, A, Lepelletier, Y, Dy, M, Brousse, N, et al. TGF-Beta 1 Prevents the Noncognate Maturation of Human Dendritic Langerhans Cells. J Immunol (1999) 162(8):4567–75.

40. Dong, Y, Tang, L, Letterio, JJ, and Benveniste, EN. The Smad3 Protein is Involved in TGF-Beta Inhibition of Class II Transactivator and Class II MHC Expression. J Immunol (2001) 167(1):311–9. doi: 10.4049/jimmunol.167.1.311

41. Yang, L, Huang, J, Ren, X, Gorska, AE, Chytil, A, Aakre, M, et al. Abrogation of TGF Beta Signaling in Mammary Carcinomas Recruits Gr-1+CD11b+ Myeloid Cells That Promote Metastasis. Cancer Cell (2008) 13(1):23–35. doi: 10.1016/j.ccr.2007.12.004

42. Kobie, JJ, Wu, RS, Kurt, RA, Lou, S, Adelman, MK, Whitesell, LJ, et al. Transforming Growth Factor Beta Inhibits the Antigen-Presenting Functions and Antitumor Activity of Dendritic Cell Vaccines. Cancer Res (2003) 63(8):1860–4.

43. Rook, AH, Kehrl, JH, Wakefield, LM, Roberts, AB, Sporn, MB, Burlington, DB, et al. Effects of Transforming Growth Factor Beta on the Functions of Natural Killer Cells: Depressed Cytolytic Activity and Blunting of Interferon Responsiveness. J Immunol (1986) 136(10):3916–20.

44. Robson, NC, Wei, H, McAlpine, T, Kirkpatrick, N, Cebon, J, and Maraskovsky, E. Activin-A Attenuates Several Human Natural Killer Cell Functions. Blood (2009) 113(14):3218–25. doi: 10.1182/blood-2008-07-166926

45. Li, MO, Sanjabi, S, and Flavell, RA. Transforming Growth Factor-Beta Controls Development, Homeostasis, and Tolerance of T Cells by Regulatory T Cell-Dependent and -Independent Mechanisms. Immunity (2006) 25(3):455–71. doi: 10.1016/j.immuni.2006.07.011

46. Chattopadhyay, G, and Shevach, EM. Antigen-Specific Induced T Regulatory Cells Impair Dendritic Cell Function via an IL-10/MARCH1-Dependent Mechanism. J Immunol (2013) 191(12):5875–84. doi: 10.4049/jimmunol.1301693

47. Semitekolou, M, Morianos, I, Banos, A, Konstantopoulos, D, Adamou-Tzani, M, Sparwasser, T, et al. Dendritic Cells Conditioned by Activin A-Induced Regulatory T Cells Exhibit Enhanced Tolerogenic Properties and Protect Against Experimental Asthma. J Allergy Clin Immunol (2018) 141(2):671–684 e7. doi: 10.1016/j.jaci.2017.03.047

48. Ma, C, Qi, Y, Liu, H, Wu, C, Cui, X, and Liu, Z. Inhibitory Effect of Activin A on IL-9 Production by Mouse NK Cells Through Smad3 Signaling. Biol Chem (2020) 401(2):297–308. doi: 10.1515/hsz-2019-0245

49. Ogawa, K, Funaba, M, and Tsujimoto, M. A Dual Role of Activin A in Regulating Immunoglobulin Production of B Cells. J Leukoc Biol (2008) 83(6):1451–8. doi: 10.1189/jlb.1007710

50. Lee, HJ, and Kim, PH. Further Characterization of Activin A-Induced IgA Response in Murine B Lymphocytes. Immune Netw (2009) 9(4):133–7. doi: 10.4110/in.2009.9.4.133

51. Arsura, M, Wu, M, and Sonenshein, GE. TGF Beta 1 Inhibits NF-Kappa B/Rel Activity Inducing Apoptosis of B Cells: Transcriptional Activation of I Kappa B Alpha. Immunity (1996) 5(1):31–40. doi: 10.1016/s1074-7613(00)80307-6

52. Lin, YL, Tsai, NM, Hsieh, CH, Ho, SY, Chang, J, Wu, HY, et al. In Vivo Amelioration of Endogenous Antitumor Autoantibodies via Low-Dose P4N Through the LTA4H/activin A/BAFF Pathway. Proc Natl Acad Sci USA (2016) 113(48):E7798–807. doi: 10.1073/pnas.1604752113

53. Gorelik, L, and Flavell, RA. Transforming Growth Factor-Beta in T-Cell Biology. Nat Rev Immunol (2002) 2(1):46–53. doi: 10.1038/nri704

54. Tousa, S, Semitekolou, M, Morianos, I, Banos, A, Trochoutsou, AI, Brodie, TM, et al. Activin-A Co-Opts IRF4 and AhR Signaling to Induce Human Regulatory T Cells That Restrain Asthmatic Responses. Proc Natl Acad Sci U.S.A. (2017) 114(14):E2891–900. doi: 10.1073/pnas.1616942114

55. Vanpouille-Box, C, Diamond, JM, Pilones, KA, Zavadil, J, Babb, JS, Formenti, SC, et al. TGFbeta Is a Master Regulator of Radiation Therapy-Induced Antitumor Immunity. Cancer Res (2015) 75(11):2232–42. doi: 10.1158/0008-5472.CAN-14-3511

56. De Martino, M, Daviaud, C, Diamond, JM, Kraynak, J, Alard, A, Formenti, SC, et al. Activin A Promotes Regulatory T-Cell-Mediated Immunosuppression in Irradiated Breast Cancer. Cancer Immunol Res (2021) 9(1):89–102. doi: 10.1158/2326-6066.CIR-19-0305

57. Wu, Q, Weng, R, Xu, Y, Wang, L, Huang, Y, and Yang, J. Activin a Suppresses Peripheral CD8(+) T Lymphocyte Activity in Acute-Phase Kawasaki Disease. BMC Immunol (2021) 22(1):17. doi: 10.1186/s12865-021-00407-x

58. Morianos, I, Tsitsopoulou, A, Potaris, K, Valakos, D, Fari, O, Vatsellas, G, et al. Activin-A Impedes the Establishment of CD4(+) T Cell Exhaustion and Enhances Anti-Tumor Immunity in the Lung. J Exp Clin Cancer Res (2021) 40(1):295. doi: 10.1186/s13046-021-02092-5

59. Hardy, CL, O'Connor, AE, Yao, J, Sebire, K, de Kretser, DM, Rolland, JM, et al. Follistatin is a Candidate Endogenous Negative Regulator of Activin A in Experimental Allergic Asthma. Clin Exp Allergy (2006) 36(7):941–50. doi: 10.1111/j.1365-2222.2006.02523.x

60. Karagiannidis, C, Hense, G, Martin, C, Epstein, M, Ruckert, B, Mantel, PY, et al. Activin A is an Acute Allergen-Responsive Cytokine and Provides a Link to TGF-Beta-Mediated Airway Remodeling in Asthma. J Allergy Clin Immunol (2006) 117(1):111–8. doi: 10.1016/j.jaci.2005.09.017

61. Semitekolou, M, Alissafi, T, Aggelakopoulou, M, Kourepini, E, Kariyawasam, HH, Kay, AB, et al. Activin-A Induces Regulatory T Cells That Suppress T Helper Cell Immune Responses and Protect From Allergic Airway Disease. J Exp Med (2009) 206(8):1769–85. doi: 10.1084/jem.20082603

62. Wu, B, Zhang, S, Guo, Z, Bi, Y, Zhou, M, Li, P, et al. The TGF-Beta Superfamily Cytokine Activin-A is Induced During Autoimmune Neuroinflammation and Drives Pathogenic Th17 Cell Differentiation. Immunity (2021) 54(2):308–323 e6. doi: 10.1016/j.immuni.2020.12.010

63. Ghoreschi, K, Laurence, A, Yang, XP, Hirahara, K, and O'Shea, JJ. T Helper 17 Cell Heterogeneity and Pathogenicity in Autoimmune Disease. Trends Immunol (2011) 32(9):395–401. doi: 10.1016/j.it.2011.06.007

64. Morianos, I, Trochoutsou, AI, Papadopoulou, G, Semitekolou, M, Banos, A, Konstantopoulos, D, et al. Activin-A Limits Th17 Pathogenicity and Autoimmune Neuroinflammation via CD39 and CD73 Ectonucleotidases and Hif1-Alpha-Dependent Pathways. Proc Natl Acad Sci U.S.A. (2020) 117(22):12269–80. doi: 10.1073/pnas.1918196117

65. Shevach, EM, and Thornton, AM. Ttregs, Ptregs, and Itregs: Similarities and Differences. Immunol Rev (2014) 259(1):88–102. doi: 10.1111/imr.12160

66. Liu, Y, Zhang, P, Li, J, Kulkarni, AB, Perruche, S, and Chen, W. A Critical Function for TGF-Beta Signaling in the Development of Natural CD4+CD25+Foxp3+ Regulatory T Cells. Nat Immunol (2008) 9(6):632–40. doi: 10.1038/ni.1607

67. Schaue, D, Xie, MW, Ratikan, JA, and McBride, WH. Regulatory T Cells in Radiotherapeutic Responses. Front Oncol (2012) 2:90. doi: 10.3389/fonc.2012.00090

68. Kachikwu, EL, Iwamoto, KS, Liao, YP, DeMarco, JJ, Agazaryan, N, Economou, JS, et al. Radiation Enhances Regulatory T Cell Representation. Int J Radiat Oncol Biol Phys (2011) 81(4):1128–35. doi: 10.1016/j.ijrobp.2010.09.034

69. De Martino, M, Daviaud, C, and Vanpouille-Box, C. Activin A Backs-Up TGF-Ss to Promote Regulatory T Cells. Oncoimmunology (2021) 10(1):1883288. doi: 10.1080/2162402X.2021.1883288




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


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

Copyright © 2022 Li, Long, Yu, Tong and Gong. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 14 June 2022

doi: 10.3389/fimmu.2022.922315

[image: image2]


Development and Validation of a Novel Ferroptosis-Related LncRNA Signature for Predicting Prognosis and the Immune Landscape Features in Uveal Melanoma


Xiaochen Ma 1†, Sejie Yu 1†, Bin Zhao 2, Wei Bai 1, Yubo Cui 3, Jinglan Ni 1, Qinghua Lyu 3* and Jun Zhao 3*


1 The Second Clinical Medical College, Jinan University, Shenzhen, China, 2 Biomedical Research Institute, Shenzhen Peking University-The Hong Kong University of Science and Technology Medical Center, Shenzhen, China, 3 Department of Ophthalmology, Shenzhen People’s Hospital, The Second Clinical Medical College of Jinan University & The First Affiliated
Hospital of Southern University of Science and Technology, Shenzhen, China




Edited by: 

Xian Zeng, Fudan University, China

Reviewed by: 

Xiaopei Shen, Fujian Medical University, China

Du Liping, Chongqing Eye Institute, China

*Correspondence: 

Qinghua Lyu
 Lyuqh2020@163.com 

Jun Zhao
 doctorzhaojun@163.com

†These authors have contributed equally to this work and share first authorship

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


Received: 17 April 2022

Accepted: 10 May 2022

Published: 14 June 2022

Citation:
Ma X, Yu S, Zhao B, Bai W, Cui Y, Ni J, Lyu Q and Zhao J (2022) Development and Validation of a Novel Ferroptosis-Related LncRNA Signature for Predicting Prognosis and the Immune Landscape Features in Uveal Melanoma. Front. Immunol. 13:922315. doi: 10.3389/fimmu.2022.922315




Background

Ferroptosis is a newly iron-dependent mode of programmed cell death that is involved in a variety of malignancies. But no research has shown a link between ferroptosis-related long non-coding RNAs (FRLs) and uveal melanoma (UM). We aimed to develop a predictive model for UM and explore its potential function in relation to immune cell infiltration.



Methods

Identification of FRLs was performed using the Cancer Genome Atlas (TCGA) and FerrDb databases. To develop a prognostic FRLs signature, univariate Cox regression and least absolute shrinkage and selection operator (LASSO) were used in training cohort. Kaplan-Meier (K-M) and receiver operating characteristic (ROC) curve analyses were used to assess the reliability of the risk model. The immunological functions of FRLs signature were determined using gene set enrichment analysis (GSEA). Immunological cell infiltration and immune treatment were studied using the ESTIMATE, CIBERSORT, and ssGSEA algorithms. Finally, in vitro assays were carried out to confirm the biological roles of FRLs with known primer sequences (LINC00963, PPP1R14B.AS1, and ZNF667.AS1).



Results

A five-genes novel FRLs signature was identified. The mean risk score generated by this signature was used to create two risk groups. The high-risk score UM patients had a lower overall survival rate. The area under the curve (AUC) of ROC and K-M analysis further validated the strong prediction capacity of the prognostic signature. Immune cells such as memory CD8 T cells, M1 macrophages, monocytes, and B cells showed a substantial difference between the two groups. GSEA enrichment results showed that the FRLs signature was linked to certain immune pathways. Moreover, UM patients with high-risk scores were highly susceptible to several chemotherapy drugs, such as cisplatin, imatinib, bortezomib, and pazopanib. Finally, the experimental validation confirmed that knockdown of three identified lncRNA (LINC00963, PPP1R14B.AS1, and ZNF667.AS1) suppressed the invasive ability of tumor cells in vitro.



Conclusion

The five-FRLs (AC104129.1, AC136475.3, LINC00963, PPP1R14B.AS1, and ZNF667.AS1) signature has effects on clinical survival prediction and selection of immunotherapies for UM patients.





Keywords: ferroptosis, lncRNA, immune microenvironment, uveal melanoma, bioinformatics, prognostic value



Introduction

Uveal melanoma (UM) is a rare subtype of melanoma that differs significantly from cutaneous and other types of melanoma in terms of biological and clinical characteristics, with extremely high mortality rates (1, 2). The mean incidence of UM in the USA was five per million (3, 4). Approximately half of UM patients will develop hepatic metastasis (5–8). Although various therapies, such as radiotherapy, local resection, immunotherapy, chemotherapy, and phototherapy, increase the possibility of preserving useful vision, the unsatisfied prognosis of UM has not improved appreciably (9, 10). In addition, recent investigations show that prospective diagnostic tools for UM are rare and limited, indicating the challenge of early diagnosis of UM (11). Therefore, novel predictive models and useful biomarkers for UM patients need to be found and used in clinical practice as soon as possible.

Dysfunction of anti-tumor immunity in tumor microenvironment is a hallmark of melanoma and re-balance of immunosuppressive microenvironment is crucial for melanoma treatment (12). Recently, several immune check-point blockage immunotherapies have been approved for the treatment of melanoma, which contributed to survival of UM patients and provided effective disease control in a fraction of patients (13). Recently clinical practices reported that programmed cell death 1(PD-1) inhibitors only achieved 3.6-4.7% of response rate in patients with UM, and blood biomarkers represented a hopeful mean to evaluate the efficacy of immunotherapy in UM (14, 15). These studies recapped the different characteristics of tumor immune microenvironment of UM and highlighted the importance of developing novel prognostic prediction tools for UM immunotherapy.

Recent years, ferroptosis, as a new category of regulated cell death, is triggered by intracellular iron and it participates in a variety of physiological activities, such as lipid peroxidation and iron metabolism (16–18). The abnormalities of ferroptosis have been associated with the development of hepatocellular, cervical, breast, lung, ovarian, prostate, colorectal, renal carcinomas, and melanoma (17, 19–22). The tumor‐suppressive effect of ferroptosis in carcinomatosis is crucial, including UM (23). Oleic acid prevented melanoma cells from entering ferroptosis, and enhanced lymphatic exposure protected melanoma cells against ferroptosis and boosted their ability to survive (24). Moreover, drugs-induced ferroptosis could potentially enhance anti-tumor immunity response by inhibiting the dedifferentiation of melanoma cells (25, 26). So, evaluation of ferroptosis-related genes (FRGs) or FRLs may provide new clues for diagnoses and prognosis prediction of UM.

Long noncoding RNAs (lncRNAs), as a form of non-coding RNA, play a pivotal role in cellular processes, such as metabolism, neurodegenerative dysfunction, cell cycle regulation, and neoplasia (27–29). LncRNAs are involved in essential carcinogenesis pathways in melanoma, such as the PI3K/Akt, NF-kappa B, and MAPK/ERK (30). Currently, fast-growing studies have explored the ferroptosis-related roles of lncRNAs in tumorigenesis (31). For examples, miR-9 promotes ferroptosis through targeting GOT1 in melanoma cells (32). The miR-137 inhibits necroptosis, and the knockdown of miR-137 boosted anticancer efficacy of erastin by enhancing ferroptosis both in vitro and in vivo(33). As a result, lncRNA might be examined as a possible target for novel RNA-based anti-UM treatments (34, 35).

Based on the above facts, we hypothesized that FRLs might benefit in the identification of high-risk UM patients and the development of customized treatment plans for them. Herein, we constructed a FRLs signature and confirmed its prognostic value for UM patients. Then, we evaluated the relationship between the immune infiltration landscape and FRLs signature. Finally, we conducted cell experiments to further verify the biological functions of three identified FRLs with known primer sequences.



Materials and Methods


Collection and Sorting of Data

The RNA sequencing data in FPKM format and clinicopathological characteristics of UM patients (n=80) were downloaded from TCGA (https://portal.gdc.cancer.gov/). Our research only included UM patients with known survival time and status. Additionally, patients with overall survival of fewer than 30 days in TCGA-UM were excluded to ensure the reliability of the study. The ‘caret’ R package randomly allocated all the selected patients (n=74) into the training and validation cohorts in a 1:1 ratio (36). The ensemble expression matrix was converted into a gene symbol expression matrix using Perl language. Log2 conversion of the data was performed.



Selection of Potential FRLs

In total, 382 FRGs were obtained from the FerrDb website (http://www.zhounan.org/ferrdb/index.html) database (37). Then, we determined the association between FRGs and lncRNAs by the ‘limma’ R package with Spearman correlation coefficient > 0.6 and p < 0.001 as the threshold (38).



Construction of a Prognostic FRLs Signature

Prognostic FRLs were screened using a univariate Cox regression analysis. Those FRLs with p-value < 0.01 were chosen for an overall survival-based LASSO regression analysis to reduce overfit and the number of FRLs by the ‘glmnet’ R package. The risk formula were calculated based on the FRLs expression levels and relevant regression coefficient as follows:

	



Evaluation of Risk Model Prediction Ability

The predictive efficacy of the FRLs signature was assessed using K-M and ROC curve analyses by the ‘survival’ and ‘survminer’ R packages. The principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) analysis further examined the clustering ability of risk score. We also compared the prediction ability of the FRLs signature with additional clinical characteristics, such as gender, age, and tumor classification.



Construction of Ferroptosis‐Related LncRNA-mRNA Network

The lncRNA-mRNA coexpression network was created to show the relationship between the FRLs and their related mRNAs using the ‘ggalluvial’ R package and Cytoscape software (version 3.9.0) (39).



Functional Analysis

Background biological enrichment analyses, such as the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways and GO biology functions, were examined using GSEA (Version 4.1.0) by ‘ggplot2’ R package. Gene sets items with normal p < 0.05 with FDR q < 0.25 were considered significant.



Comprehensive Analysis in the Immune Infiltration Response, Antitumor Drug Sensitivity, and Tumor Mutation Burden

The difference in immune cell infiltration, the stromal, tumor purity, immune, and ESTIMATE score between the two groups was evaluated using the CIBERSORT and ESTIMATE algorithm (40). The immune function and cell subgroups were investigated using the ssGSEA. In addition, the immune checkpoint and m6A-related genes collected from prior publications were also investigated using ‘limma’ and ‘ggplot2’ R package. The IC50 of frequently used chemotherapeutic medicines was calculated by using R package ‘pRRophetic.’ (41). Tumor Mutation Burden (TMB) was also analyzed using the ‘maftools’ R package.



Cell Culture and siRNA Transfection

Human highly invasive UM cell line (C918) was purchased from Procell Life Science &Technology, Wuhan, China. C918 cells were cultivated in Roswell Park Memorial Institute medium. Small interfering and negative control RNA were used in knockdown experiments. After 48 hours transfection, cells were collected for RNA extraction or other functional assays. The sequences of siRNA utilized are listed in Supplementary Table 1.



RNA Collection and Quantitative Real Time‐PCR

TRIzol (Invitrogen, Carlsbad, CA) was used to extract total RNA from cell samples. The reverse transcription of the RNA into complementary DNA was subsequently performed using a GoScript reverse transcription system (Promega). Quantitative Real Time‐PCR (qRT‐PCR) validated the transfection efficiency. The list of the primer sequences utilized is shown in Supplementary Table 2. The following were the qRT-PCR conditions: initial denaturation takes 5 minutes at 95°C, followed by 40 cycles of denaturation (15 sec at 95°C), annealing (30 sec 59°C), elongation (30 sec at 72°C), and ultimate extension (5 min at 72°C).



Cell Invasion Assays

Transwell assays were used to assess C918 cell invasion ability. 1.5×104 cells were placed in the top chamber. After a 24-hour incubation period, C918 cells shifted through the membrane were kept for 15 min in methanol and dyed with 10% crystal violet. For invasion assays, Matrigel (Basement Membrane Matrix) was placed into the top chambers 24 h before the trials. The number of C918 cells was counted in ten randomly chosen fields.



Cell Proliferation

The capacity of C918 cells to proliferate was assessed using the Cell Counting Kit-8 (CCK-8) assay (MCE). After 48 h transfection, C918 cells were seeded at a density of 3500 cells per well in 96-well plates in six repetitions. After 12 h, 24 h, 36 h, and 48 h, the C918 cells were incubated with 10% CCK-8 solution for 1 h at 37°C. A 450 nm wavelength was used to measure the absorbance of living cells.



Scratch Test

C918 cells were collected and implanted into a six-well plate, where they were grown until 80% fusion. Then the C918 cells were starved in a serum-free medium for 24 hours. The plate was scratched with a one-line design using a 1000μl pipette tip. Scratch healing was examined under the microscope and photographed after a 24-hour culture period.



Statistical Analysis

The R language software was used to conduct all statistical computations in this research. The Wilcoxon method was used for the two-sample tests. The Kruskal-Wallis test was utilized to assess differences in data among the multiple groups.




Results


Acquisition of LncRNA Associated With Ferroptosis

The FRLs signature was constructed following the flowchart shown in Figure 1. We identified 14,057 lncRNAs and 240 FRGs from the TCGA-UM data. 535 FRLs were identified with the threshold of Pearson correlation coefficients > 0.6 and p < 0.001 (Supplementary Table 3).




Figure 1 | The study flowchart.





Development and Validation of Prognostic FRLs Signature

49 lncRNAs were uncovered after univariate Cox analysis with p < 0.01 filtering (Figure 2), five of which were determined using LASSO regression and finally included in the prognostic model (Figures 3A, B). The patients were divided into two groups (high-risk and low-risk) according to the median risk score, and the risk score was as follows: risk score = (4.9674 × AC136475.3) + (0.2274 × AC104129.1) + (1.4277 × PPP1R14B.AS1) + (-0.3151 × LINC00963) + (-0.6063 × ZNF667.AS1) (Figure 3C).




Figure 2 | Prognosis-related FRLs from the training set screened using univariate Cox regression analysis.






Figure 3 | Development of FRLs signature. (A, B) LASSO regression model of the prognostic FRLs. (C) Forest plot of five FRLs revealed by multivariate Cox regression. **p < 0.01.



The predictive value of the five-FRLs signature was investigated. The K-M curves showed that patients with a high risk score had a considerably increased risk of mortality (Figures 4A–C). The areas under the ROC (AUC) values in the training and testing cohorts were 0.904 and 0.740 at 1 year, which showed high accuracy (Figures 4D–F). In addition, the survival status, survival times, and expression patterns of patients with UM are shown in Figures 5A–C. The ROC findings also revealed that the risk signature was a more relatively precise prognostic indicator than other clinical alternative prediction models for UM (Figures 5D–F). Patients with the elevated expression of the discovered FRLs, such as AC104129.1, AC136475.3, LINC00963, and PPP1R14B.AS1, showed a shorter overall life expectancy (p < 0.01) (Figures 6A–C). The lncRNA distribution of the two groups was shown in the PCA and t-SNE analyses (Figures 6D-F), and we obviously judged that the selected UM patients might be better discriminated between the two groups. Furthermore, univariate and multivariate Cox regression analysis showed that only the five FRLs signature could serve as an independent prognostic factor for UM patients (Figures 7A–C). Additionally, as the stages and T classification progressed, the risk score increased (p < 0.05) (Figures 7D–G). This finding implies that the FRL signature is strongly involved in the development and prognosis of UM. Sankey diagram depicted the link between FRLs and FRGs, as well as their risk types in UM (Figure 8A). The blue nodes represent genes, whereas the pink nodes indicate FRLs co-expressed with those genes (Figure 8B).




Figure 4 | The K-M survival curve and ROC curve of risk score based on five FRLs signature. (A–C) Differences in the overall survival of UM patients between the high- and low-risk groups in the (A) training, (B) test, and (C) all cohorts. (D–F) ROC curves of risk scores at 1, 2, and 3 years in the (D) training, (E) test, and (F) all sets.






Figure 5 | Evaluation of the FRLs signature predictive ability. (A–C) The distribution plots, survival status, and expression trends of the different risk score in the (A) training, (B) test, and (C) all cohorts. (D-F) ROC curves of risk score, age, gender, stage, and T classification in the (D) training, (E) testing, and (F) all sets.






Figure 6 | Kaplan–Meier survival analysis of five hub FRLs and discrimination analysis of the risk score. (A–C) The K-M survival curve analysis of the five optimal FRLs signature (AC104129.1 AC136475.3, LINC00963, and PPP1R14B.AS1, and ZNF667.AS1) in the (A) training, (B) test, and (C) all cohorts. (D–F) PCA and t-SNE diagrams of genome-wide expression profiles of TCGA-UM in the (D) training, (E) validation, and (F) all groups, respectively.






Figure 7 | The independent prognostic value. (A–C) The forest plots for univariate and multivariate Cox regression analysis in (A) training, (B) validation, and (C) total groups. (D–G) Different levels of risk scores in UM patients stratified by (D) age, (E) gender, (F) stage, and (G) T classification.






Figure 8 | Diagram of lncRNA-mRNA coexpression network and functional analysis. (A, B) Alluvial diagram of the relationship between lncRNA and co-expression mRNA with different risk-subgroups. (C) GO function annotation of different risk groups. (D) The significantly enriched KEGG pathways by GSEA using immune gene set.





Functional Analysis

Immune-related GO terms and KEGG pathways were analyzed by GSEA. The high-risk group had an accumulation of immune-related GO items (Figure 8C), including macrophage activation involved in immune response, immunological memory process, lipopolysaccharide mediated signaling pathway, mature B cell differentiation, and innate immune response. In addition, the KEGG pathways proteasome, cytosolic DNA sensing, Toll-like receptor (TLR), leukocyte transendothelial migration, and Leishmania infection were also enriched in the high-risk group (Figure 8D). The details are presented in Supplementary Table 4. These results suggested that the newly identified FRLs signature was strongly associated with tumor immune function.



Differences in the Immune Cell Infiltration, Anti-Tumor Targeted Drug Sensitivity, and Tumor Mutation Burden

We used the CIBERSORT algorithm to examine the immune cell infiltration landscape in UM patients to comprehend more about the association between the FRLs signature and antitumor immune regulation. A heatmap was used to demonstrate the changes in immune cell infiltration between the two groups (Figure 9A). Figure 9B shows the percentage of each typical immune cell. We found that CD8 T cells, M1 macrophages, memory B cells, CD4 memory T cells, Monocytes, and resting mast cells were significantly different between the two groups. The different immune cell correlation was displayed in Figure 9C. Figures 9D–G showed that the immune, ESTIMATE, and stromal score were all considerably higher in the high-risk group. Almost all scores of immune cell proportion and immune-related functions differed substantially between the two groups (Figures 10A, B). As shown in Figure 10C, some validated effective checkpoint immunotherapy targets were overexpressed in the high-risk group, such as PDCD1 (PD-1) and CTLA4. Furthermore, the expression of m6A-related genes YTHDF1 and ALKBH5 was obviously higher in the high-risk group (Figure 10D). These revealed that the immune responses of the two groups differed, which might be applied to anti-tumor immunotherapy in UM.




Figure 9 | (A) Heatmap of immune cell expression using a variety of algorithms. (B) The proportion of each typical immune cell between the two groups. (C) The correlation of immune cells shown in a heatmap. (D–G) Comparison of the (D) immune, (E) ESTIMATE, (F) tumor purity, and (G) stromal score. *p < 0.05, **p < 0.01, and ***p < 0.001.






Figure 10 | (A, B) The score of (A) immune cell infiltration proportions and (B) immune function by ssGSEA. (C, D) The differential gene expression of (C) checkpoints and (D) m6A between two groups. *p < 0.05, **p < 0.01, and ***p < 0.001. ns, no significance.



We evaluated the estimated IC50 levels of some chemotherapy medicines between the two groups, and ten typical drugs are shown in Figure 11A. The results showed that cisplatin, imatinib, nilotinib, rapamycin, bortezomib, and pazopanib may be potential medications for treating UM patients in the high-risk group.




Figure 11 | Differences in sensitivity of chemotherapeutic drugs and TMB. (A) The IC50 levels of two prognostic risk groups for ten common chemotherapy drugs. (B, C) Top 20 gene mutations in (B) low- and (C) high-risk groups. (D) Violin plot of TMB in UM patients between two risk groups. (E) The differences in high- and low-TMB levels between high- and low-risk groups in UM patients. (F) Kaplan–Meier plot of overall survival for UM patients.



Although there was no statistically significant difference in TMB levels between the two groups (Figures 11B–D), we found that higher TMB had a tendency for lower overall survival rate (Figures 11E–F).



Experimental Validation Analysis

The roles of the five identified FRLs have not been reported in UM. In addition, the detailed primer sequences of AC104129.1 and AC136475.3 are unavailable in gene banks. Thus, to further explore the potential cell function of the other three lncRNAs (LINC00963, PPP1R14B.AS1, and ZNF667.AS1), we used the C918 cell line to construct the lncRNAs knockdown phenotypes. The transfection efficiency was confirmed by qRT–PCR (Figure 12A), and both siRNA fragments dramatically reduced the expression of LINC00963, PPP1R14B.AS1, and ZNF667.AS1. Then, we performed a series of assays to study cell function change. CCK-8 assay results suggested that the down-regulation of PPP1R14B.AS1 inhibited the proliferation ability of C918, while the underexpression of ZNF667.AS1 enhanced the proliferation of C918 cells. The knockdown of LINC00963 in the C918 cells could not change the proliferation capacity (Figure 12B). Scratch test suggested that after culture for 24 h, scratches of the knock-down group healed slowly and the area of cell migration decreased, indicating that inhibition of LINC00963, PPP1R14B.AS1, and ZNF667.AS1 expression could reduce the migration ability of C918 cells (Figure 12C). Furthermore, knockdown of LINC00963, PPP1R14B.AS1, and ZNF667.AS1 attenuated the invasion ability of C918 cells via transwell assay (Figure 12D). These findings suggest that LINC00963, PPP1R14B.AS1, and ZNF667.AS1 serve as high-risk predictors in C918 cells, and their high expression promotes cancer growth in some way.




Figure 12 | Characteristics of FRLs signature and its functional effect on C918 cells. (A) The transfection efficiency verified by qRT-PCR. (B) The viability of C918 detected through CCK-8 assay after knockdown of three identified FRLs. (C) Cell migration observed under the microscope. (D) The differences in the invasive ability of C918 cells. *p < 0.05, **p < 0.01, and ***p < 0.001. “ns” means no significance.






Discussion

Patients with advanced stage UM have a death rate of more than 95% within 5 years (42), so discovering new and effective prognostic biomarkers is crucial for UM. Several studies have recently begun to mine the prognostic lncRNA value in tumors from public databases. For examples, a FRLs signature could be utilized to accurately predict the prognosis of glioma (43). BASP1-AS1 might be used as a biomarker to detect cutaneous malignant melanoma (44). However, to our knowledge, there is a scarcity of studies focusing on FRLs in UM. Many cellular processes, including ferroptosis, are regulated by lncRNAs in experimental studies. Several previously identified lncRNAs are related to shape, TNM stages, diagnosis, and progression of melanoma (45). Therefore, developing a FRLs signature may be useful in predicting UM prognosis and optimizing therapeutic methods.

In this study, we first obtained 240 FRGs and 535 FRLs in TCGA-UM data. Patients with UM were allocated to the training and test groups in a 1:1 ratio. We first identified 49 prognostic FRLs using univariate Cox regression analysis. Then We obtained five FRLs signature using LASSO Cox regression. The following K-M survival analysis showed that UM patients with the high-risk score had a terrible prognosis, but those in the low-risk group had a better life expectancy, demonstrating strong prognostic potential of the newly discovered signature. Additionally, AUC analysis suggested stable performance in different risk-level UM patients. As a result, once the expression levels of the five FRLs are identified, we can forecast the probability of mortality in patients with UM. We also found that risk score was significantly higher in advanced stage (IV) and T classification (IV), indicating that the FRLs signature has a significantly discriminable ability for UM patients. Then, we conducted a series of cell tests to verify the function of these discovered FRLs. These findings suggested that the FRL signature might be exploited as a viable UM prognostic biomarker.

Our FRLs signature included AC104129.1, AC136475.3, LINC00963, PPP1R14B.AS1, and ZNF667.AS1. The roles of the five FRLs have not been reported in UM. This research was the first to utilize the lncRNA AC104129.1 as a biomarker for cancer. Nevertheless, further research on AC104129.1 is needed to understand the deeper mechanisms in the future. The other four lncRNAs have been reported as biomarkers for different carcinoma. For instance, AC136475.3 could be considered as a prognostic factor hepatocellular carcinoma (46). LINC00963 could serve as an oncogene by regulating biological processes, including survival, metastasis, and differentiation (47), was up-regulated in prostate cancer (48), hepatocellular carcinoma (49), osteosarcoma (50), and cutaneous squamous cell carcinoma (51, 52). PPP1R14B-AS1 was identified to be highly expressed in 12 malignancies in the TCGA database. The inhibition of PPP1R14B-AS1 can repress growth and migration in human hepatocellular carcinoma (53). ZNF667-AS1, as a tumor suppressor, could inhibit the viability, migration, and invasion of esophageal squamous cell carcinoma (54). In this study, the CCK-8 experiment revealed that the down-regulation of PPP1R14B.AS1 decreased C918 proliferation. In contrast, C918 cells proliferated more when ZNF667.AS1 was underexpressed. In addition, the knockdown of LINC00963 had no obvious effect on the proliferation of C918 cells. For the scratch migration and transwell assay, the knockdown of the three identified FRLs (LINC00963, PPP1R14B.AS1, and ZNF667.AS1) could suppress migration and invasion in the C918 cell line, similar to the above-mentioned findings.

Additionally, we investigated the correlation between the immune infiltration and the five-FRLs signature. We found that memory B cells, M1 macrophages, activated CD4 memory T cells, Monocytes, CD8 T cells, and resting mast cells were significantly different between the two groups. CD8 T cells have the capacity to promote ferroptosis in vivo (55, 56). In a recent case report, the accumulation of CD8 T cells was detected in hepatic metastases lesions in a patient with UM (57). In our study, the percentage of CD8 T cells was greater in patients with a high risk score. Recent findings show that interferon-gamma produced by CD8 T cells has a tumor-suppressing impact when ferroptosis is activated, suggesting that the immune system may help to prevent carcinogenesis through ferroptosis (55). This could provide fresh insights into the association between ferroptosis and tumor immune microenvironment.

Immune checkpoint inhibitors (including PD-1, CTLA-4, PD-L1, and TIM-3) reduced the activation of immune cell, leading to immunosuppression of the tumor immune microenvironment (58, 59). Anti-PD-1 drugs, such as pembrolizumab, nivolumab, or atezolizumab, were already used to treat individuals with metastatic UM, displaying limited response rates and therapeutic effects in UM patients (14, 60, 61). Anti CTLA-4 drugs, such as tremelimumab and ipilimumab, were also used in patients with metastatic UM. A previous meta-analysis showed that immune checkpoint blockade immunotherapy was helpful for the treatment of UM patients in terms of long-term survival (62). In this study, the PD-1 expression was increased in the high-risk group. CD8 T cells could regulate endocytic recycling of PD-1 and exert synergistic effects with anti-PD-1 therapy in hepatocellular carcinoma (63), and inducing immunogenic ferroptosis in cancer cells also potentiates anti-PD-1 therapy (64), highlighting a promising strategy for cancer immunotherapy.

GSEA results showed that immune system hallmarks, such as immunological memory process, activation of innate immune response, mature B cell differentiation, lipopolysaccharide mediated pathway, and TLR, were considerably enriched in the high-risk score group. TLR is an essential protein molecule in innate immunity and a major regulator of ferroptosis (65–67), and the anti-tumor effectiveness of immunotherapy was aided by enhanced ferroptosis (55). TLR stimulation activated immunoinhibitory signaling pathways such as PD-1 expression (68), which indicates that new targets may be developed to improve therapeutic efficacy for UM.

Predicting the drug sensitivity facilitated in avoiding ineffective use of drugs, revealed new applications for existing drugs, and increased the success rate of therapy (69). Chemotherapy may cause clinical benefits in UM, particularly in patients without bulky liver metastases. The combination of nivolumab and ipilimumab was found to be highly beneficial in metastatic UM (70). Chemotherapy regimens adapted from cutaneous melanoma, such as cisplatin, dacarbazine, and temozolomide, have been utilized in UM patients, and response rates vary between 0% and 15% (71, 72). A triple-drug treatment regimen consisting of cisplatin, vinblastine, and dacarbazine also improved UM patient survival (73). Recent studies have shown that the inducing ferroptosis by blocking STAT3/Nrf2/GPx4 signaling makes osteosarcoma cells more sensitive to cisplatin (74). Our research demonstrated that patients in high-risk group were more susceptible to cisplatin, mitomycin C, gefitinib, bortezomib, pazopanib, lapatinib, rapamycin, and temsirolimus. This may provide novel therapeutic strategies targeting ferroptosis in UM patients.

Admittedly, this study has some limitations. Firstly, the research only covered a limited number of patients owing to the low prevalence of UM, and some deviations might occur. Secondly, the stages N and M of UM patients were excluded because of the unavailable data. Therefore, it is unclear whether they are predictive factors. Lastly, the exact process through which these lncRNAs influence ferroptosis is uncertain. The association between these lncRNAs and FRGs has to be investigated further.

In summary, for the first time, we report and confirm a five-FRLs signature that could be used as a potential biomarker and treatment option for UM. Our results may contribute to predicting the prognosis and developing effective chemotherapy and immunotherapy for UM patients.
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Background

Relapsed/refractory (r/r) primary central nervous system lymphoma (PCNSL) is an intractable situation without sound treatment. Bruton’s tyrosine kinase (BTK) represents an attractive drug target in PCNSL. Orelabrutinib is a new-generation BTK inhibitor with high cerebrospinal fluid (CSF) concentration. This study aimed to evaluate the efficacy and safety of orelabrutinib-containing combination therapy in patients with r/r PCNSL.



Methods

We retrospectively analyzed r/r PCNSL patients who received combination therapy with rituximab, high-dose methotrexate, temozolomide, orelabrutinib and lenalidomide, and further explored the relationship between the efficacy and genetic characteristics.



Results

A total of fifteen patients were included in this retrospective study. The overall response rate (ORR) was 86.7%, the complete remission (CR) rate was 73.3% and the disease control rate (DCR) was 93.3%. Among 13 responders, 9 patients are still receiving oral orelabrutinib and lenalidomide. The most common adverse event (AEs) was transaminase increase (66.7%). No grade 4 AE or drug-related death was reported. Genomic sequencing showed that patients who responded to orelabrutinib had abnormal NF-κB activation, while those who had no response were mainly enriched with transcriptional misregulation. Patients who had mutations in TLR, BCR, or NF-κB pathway achieved complete or partial response to the orelabrutinib-containing therapy. Moreover, the blood and cerebrospinal fluid circulating tumor DNA (ctDNA) were closely associated with tumor recurrence and treatment response and sustained tumor responses correlated with the clearance of ctDNA.



Conclusion

Orelabrutinib-containing regimen was effective and well-tolerated in patients with r/r PCNSL. Genome sequencing of tumor samples could help to screen patients who may respond to the orelabrutinib-containing regimen, and liquid biopsy may contribute to tracing tumor burden and monitoring treatment response.
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Introduction

Primary central nervous system lymphoma (PCNSL) is a rare and aggressive subtype of non-Hodgkin’s lymphoma, confining to the central nervous system (CNS) or eyes without systemic involvement. PCNSL incidence is approximately 5 per million and has been gradually increasing in recent decades (1). Approximately 95% of PCNSL pathology is represented by diffuse large B-cell lymphoma (DLBCL) (2). Compared to other extranodal DLBCL, PCNSL is associated with a relatively poor prognosis, with a 5-year survival rate of only 20%-30% (1). High-dose methotrexate (HD-MTX)-based chemotherapy has been recommended as the first-line treatment, however, about 30% of PCNSL cases are refractory to the HD-MTX-based chemotherapy, and up to 60% will eventually relapse (3–6). Moreover, about 25% of relapsed PCNSL cases fail to respond to the initial treatment (7). It was reported that the median survival for relapsed/refractory (r/r) PCNSL was only 8-18 months despite intensive treatment (3). Few effective treatment options and novel therapeutics exist for patients with refractory and early relapsed PCNSL, and thus a standard of care remains to be established. Although guidelines recommend whole-brain radiotherapy (WBRT) or autologous stem cell transplantation (ASCT), the usage is limited due to the late neurotoxicity associated with radiotherapy and the high mortality of myeloablative chemotherapy prior to ASCT. Notably, targeted therapy and immunochemotherapy may play an important role in this situation (8).

Compared to DLBCL without CNS, PCNSL has its unique genomic signature. Myeloid differentiation factor 88 (MYD88, 60%-80%) and CD79B (50%-60%) are more frequently mutated in PCNSL, and present not only in inactivated B cell-like-DLBCL (ABC-DLBCL) but also in germinal B cell-like-DLBCL (GCB-DLBCL) (9–11). MYD88 L265P and CD79B Y196 are the two most common gain-of-function mutations in PCNSL, which are parts of toll-like receptors (TLR) and B-cell receptor (BCR) signaling pathways, respectively (10–12). The mutation of MYD88 and CD79B was also used to classify DLBCL into a MCD subtype with a poor prognosis (13). Bruton tyrosine kinase (BTK) mediates the nuclear factor (NF)-κB signaling pathway downstream of TLR and BCR. Activation of NF-κB signaling continues to provide survival signals to tumor cells. Therefore, BTK plays an important role in maintaining the malignant phenotype of PCNSL and is an attractive drug target in PCNSL.

The first-generation BTK inhibitor ibrutinib has shown antitumor activity in r/r PCNSL patients as a single agent or combination treatment (14, 15). Although ibrutinib revolutionized the treatment of B cell malignancies, its use has been limited by serious adverse events (AEs), such as fungal infections and atrial fibrillation resulting from off-target inhibition (15, 16). This has led to the development of highly selective BTK inhibitors with fewer off-target effects. Orelabrutinib, a new generation of BTK inhibitor, not only has higher blood-brain barrier permeability and higher bioavailability but also has excellent kinase selectivity and little off-target side effect (17). It has been approved by National Medical Products Administration for the treatment of mantle cell lymphoma and chronic lymphocytic leukemia. Results of several studies have demonstrated the anti-tumor activity and manageable safety profile of orelabrutinib (18, 19). Besides, tirabrutinib as a BTK inhibitor was approved for the treatment of PCNSL (20). More importantly, per-clinical data showed the synergistic effect of orelabrutinib as a partner for combination therapy (21). Therefore, we conducted a retrospective analysis of 15 patients with r/r PCNSL to evaluate the efficacy and safety of combination therapy with rituximab, high-dose methotrexate (HD-MTX), and temozolomide (RMT), as well as orelabrutinib and lenalidomide. Additionally, we also explored genetic differences between responders and non-responders to orelabrutinib and the changes in circulating tumor DNA (ctDNA) in blood and cerebrospinal fluid (CSF) before and during the treatment.



Materials and Methods


Patients

Adult immunocompetent consecutive patients with r/r PCNSL who have received the combination therapy with RMT, orelabrutinib, and lenalidomide were retrospectively analyzed at the Department of Neurosurgery, Beijing Tiantan Hospital between October 2020 and February 2022. The diagnosis of the CNSL and diffuse large B-cell lymphoma subtype (non-germinal center B-cell-like [non-GCB], GCB, unknown) was made according to the Lymphoid Malignancies Guidelines 2021, which were established by the Chinese Society of Clinical Oncology (22). Relapsed lymphoma was defined as lymphoma that relapsed after the complete response (CR) to prior treatment (23).

According to the NCCN Guidelines for Central Nervous System (CNS) Cancers, the diagnosis of PCNSL was made according to the following findings: 1) Diffuse large B-cell lymphoma (DLBCL) confirmed by stereotactic biopsy of brain lesions; 2) No invasion outside the CNS confirmed by physical examination (PET and CT examination, ophthalmic examination, and bone marrow aspiration and biopsy). Refractory lymphoma was diagnosed if any of the following criteria were met: the tumor shrank < 50% or progressive disease after 4 courses of chemotherapy; CR was achieved by standard chemotherapy but relapsed within 6 months; there were two or more relapses after CR; and relapse after hematopoietic stem cell transplantation (24). The inclusion criteria were as follows: age ≥ 18 years, a physician’s diagnosis of r/r PCNSL, and receiving orelabrutinib combination regimens. Patients with mental disorders, unstable systemic disease, immunodeficiency, or pregnancy were excluded. This retrospective study was approved by the Medical Ethics Committee of the Beijing Tiantan Hospital (Ethics Approval No. YW2020-038-02) and was conducted in accordance with the principles of the Declaration of Helsinki.



Treatment Regimen

All patients had received the combination regimens, including rituximab, HD-MTX, temozolomide, orelabrutinib, and lenalidomide. Rituximab (dosed at 375 mg/m2) was administered intravenously (IV) on day 1, followed by HD-MTX (dosed at 3.5 g/m2) over 4 hours on day 2. In order to reduce toxicity, approximately 24 hours after chemotherapy, leucovorin (50 mg) was injected intramuscularly every 6 hours until the MTX plasma concentration decreased to 0.05 μmol/L. Temozolomide was administered at a dose of 150 mg/m2 once daily on days 4 to 8. The rituximab, HD-MTX, and temozolomide (RMT) regimen were administrated every 4 weeks. Oral orelabrutinib (150 mg once a day) and lenalidomide (25 mg once a day) along with prednisone (10 mg once a week) were administered until disease progression, death, or intolerable toxicity. The maximum duration of the RMT regimen was decided by the clinicians according to the patient’s disease condition.



Assessment

Tumor responses were evaluated using magnetic resonance imaging (MRI), positron emission tomography (PET), CSF examination, ocular slit lamp, and bone marrow biopsy, according to the International PCNSL Collaborative Group (IPCG) guidelines (17). MRI evaluation was performed every cycle, and the time interval was gradually extended to 3-6 cycles after the patient reached a CR. Total tumor volume was the sum of volumes of lesions calculated by the largest longitudinal diameter multiplied by its perpendicular diameter on the MRI image. The efficacy endpoints were overall response rate (ORR), disease control rate (DCR), progression-free survival (PFS), and overall survival (OS). ORR was defined as the proportion of patients who achieved partial response (PR) and CR. DCR was defined as the proportion of patients who achieved PR, CR, and stable disease (SD). PFS was calculated from the initiation of treatment to the time of disease progression or death. OS was defined as the time from treatment to death due to any cause.

Safety and tolerability were evaluated through physical examination, vital signs, laboratory tests (including urinalysis, hematology, and blood chemistry), electrocardiography, and adverse events (AEs). AEs were collected and assessed following the Common Terminology Criteria for Adverse Events (CTCAE) version 5.0.



Sample Collection and Genomic Analysis

To explore the association between genomic characteristics and tumor response to orelabrutinib, we collected available baseline tumor biopsy samples from patients treated with orelabrutinib for genomic sequencing. Besides, all blood and CSF samples were collected before the RMT therapy and after 2 cycles of orelabrutinib and lenalidomide therapy. Archived blood samples were used for gene mutation assessments of MYD88 L265P and CD79B Y196H using the droplet digital polymerase chain reaction (ddPCR) or the next-generation sequencing (NGS).



Statistics Analysis

Statistical analyses and visualization were performed using R 4.0.0 and GraphPad Prism version 6.0 statistical software. Continuous variables were expressed as means (standard deviations) and medians (range); Categorical variables were expressed as numbers (proportions). The PFS and OS were estimated using the Kaplan-Meier method with 95% confidence intervals (CIs). A two-sided p<0.05 was considered statistically significant.




Results


Patients’ Characteristics

Between October 2020 and February 2022, a total of 15 eligible patients with r/r PCNSL (5 males, 10 females) were included in this retrospective study (Table 1), with a median age of 62 years (range, 33 to 78 years) and a median Karnofsky performance score of 60 (range, 40-90). Of these, 10 patients (66.7%) were relapsed disease and 5 (33.3%) were refractory to HD-MTX-based chemotherapy. Regarding the histological subtypes of PCNSL, there were 4 (26.7%) patients with GCB and 11 (73.3%) patients with non-GCB. Nine (60%) patients had tumors involving the deep brain, including the periventricular tissue, basal ganglia, corpus callosum, brainstem, and/or cerebellum. None of the patients received ASCT or radiotherapy before treatment, while 3 patients (P4, P5, and P6) received WBRT after treatment. Of all included patients, 5 had previously received orelabrutinib therapy; 4 (P1, P2, P3, and P15) of whom had a PR to orelabrutinib therapy and 1 (P4) had a progressed disease (PD). Seven of the 15 patients had previously received the RMT regimen. The median number of prior regimens was 2 (range, 1-5); and 3 patients (P1, P4, and P5) have received ≥3 prior lines. The median cycle of RMT therapy was 1 (range, 1-5). 9 patients received 1 cycle of RMT treatment and 6 patients received ≥2 cycles. The median follow-up time was 219 days (range, 62-498).


Table 1 | Baseline characteristics of the relapsed/refractory PCNSL patients.





Efficacy

All the 15 eligible patients were included for efficacy analysis. The best responses were achieved, including 11 CR (11/15, 73.3%), 2 PR (2/15, 13.3%), 1 SD (1/15, 6.7%, P4) and 1 PD (1/15, 6.7%, P14), which resulted in an ORR of 86.7% (13/15) and DCR of 93.3% (14/15). The best changes in tumor diameter from baseline to the study closing date are shown in Figure 1A. Among these responders, 9 patients are still receiving orelabrutinib and lenalidomide therapy (Figure 1B). The median TTR was 23 days (range, 4-54 days), and the median time to best response was 66 days (range, 6-224 days). In addition, of 9 patients treated with 1 cycle of RMT, the best responses after this treatment regimen were 6 CR (66.7%), 1 PR (11.1%), 1 SD (11.1%), and 1 PD (11.1%), respectively; of 6 patients received ≥2 cycles of RMT, 5 (83.3%) achieved a CR and 1 (16.7%) achieved a PR after this treatment regimen. The median PFS was 9.8 months (294 days, 95% CI: 137-NA) for the cohort (Figure 1C). Two patients (P4 and P5) died due to tumor progression. The median OS was not reached (Figure 1D). Patients who received 1-2 prior lines showed a longer PFS (p=0.022; Figure 2A) and OS (p=0.038; Figure 2B) than these received ≥3 prior lines. The treatment regimens and disease progression of each patient were summarized in Table S1.




Figure 1 | Clinical response to orelabrutinib-containing combination therapy in r/r PCNSL. (A) Tumor volume change between best response and baseline. (B) Best response and the duration of the combination therapy. (C) Kaplan-Meier analysis for progression-free survival. (D) Kaplan-Meier analysis for overall survival.






Figure 2 | Kaplan–Meier survival curves among patients with 1-2 prior lines and ≥3 prior lines. (A) Progression-free survival. (B) Overall survival.



Three patients (P4, P5, and P6) received etoposide or programmed death (PD)-1 antibody due to the excessive tumor burden, and patient P4 also received chidamide (the selective inhibitor of histone deacetylase). The best response of these 3 patients was SD (P4), PR (P5), and CR (P6), respectively. Notably, 2 patients (P7 and P9) experienced the regimen adjustment by replacing the lenalidomide with temozolomide due to due to hypersensitivity to lenalidomide. As a result, P7 still achieved and maintained CR, and P9 achieved PR. None of the patients received antifungal prophylaxis treatment. Of the 5 patients receiving prior orelabrutinib treatment, 4 achieved CR(P1, P2, P3, P15)and 1 (P4) achieved SD after orelabrutinib-containing combination therapy (Figure 3). Of the 7 RMT prior treated patients, 4 achieved CR (P1, P7, P8, P12), 2 PR (P5, P9) and 1 PD (P14) (Figure 3).




Figure 3 | Representative MRI images of two patients (P3 and P7) during treatment. (A–D) and (E–H) are MRI images of the treatment process of P3 and P7, respectively. (A) Before orelabrutinib therapy. (B) After orelabrutinib therapy. (C) Before combination therapy. (D) After combination therapy. (E) Before RMT therapy. (F) After RMT therapy. (G) Before combination therapy. (H) After combination therapy.





Clinical Response and Genomic Characteristics

Baseline tumor biopsy samples were available for 9 patients receiving orelabrutinib therapy. Of these, 5 patients were orelabrutinib-responders with the best response of PR, and 4 were non-responders with the best response of SD (1 patient) or PD (3 patients). We explored the association between treatment response and tumor gene mutation. As shown in Figure 4A, the most frequently mutated genes were CREBBP, GNA13, CARD11, HIST1H1C, KMT2D, PAX5, and TP53 in this cohort. Additionally, patients who had CARD11 mutation also responded to orelabrutinib. There were no significant differences in efficacy between different ages, genders, pathological subtypes, or tumor sites. However, significant differences were observed in genomic traits between orelabrutinib-treated patients in different response groups; that is, non-responders had much higher copy number instability (CNI) score, indicating that non-responders had a higher degree of chromosomal instability (Figure 4B). Mutual exclusion analysis of gene co-mutation showed that IRF4, ARID5B and CDK4, PTPRT were co-occurrent mutations, while CDKN2A, KMT2D were exclusive mutations in this cohort (Figure 4C).




Figure 4 | The relationship between clinical response and genetic characteristics in 9 patients treated with orelabrutinib therapy. (A) The gene mutation spectrum. (B) Significant differences showed between responders and non-responders in copy number instability (CNI), and non-responders had much higher CNI. (C) Analysis of gene co-mutation and mutual exclusion. (D) Gene enrichment analysis of non-responders. (E) Gene enrichment analysis of responders.



Gene enrichment analysis demonstrated that the mutated genes in non-responders were mainly enriched in transcriptional misregulation pathways (Figure 4D), while the mutated genes in responders were mainly enriched in NF-κB abnormally activated pathways (Figure 4E). As shown in Table 2, patients who had gene mutations in the TLR pathway (MYD88), BCR pathway (CD79B, CARD11, TNFAIP3), NF-κB pathway (PIM1, IRF4, BTG2), and cell cycle pathways (TP53, CDKN2A) achieved better response (CR or PR) to the orelabrutinib-containing combination therapy, while patients without the above gene mutations achieved a poor response. PCNSL that relies on the activation of the BCR or TLR signaling pathway to activate the NF-κB signaling pathway has a better response to the orelabrutinib-containing combination therapy. The mechanism of action of BTK inhibitor orelabrutinib is summarized in Figure 5.


Table 2 | Gene mutations in pathways in pretreatment tumor tissue.






Figure 5 | Signaling pathways involved in the mechanisms of orelabrutinib.





Disease Surveillance Through ctDNA

In the combination therapy, the ddPCR detection of MYD88 and CD79B mutations was performed in 9 patients using blood samples and the NGS was performed in 1 patient using CSF. Among these patients, 3 patients (P7, P9, P15) showed MYD88 or CD79B positive before the combination therapy and turned negative after two cycles of the combination therapy. Two patients (P7 and P9) showed no system involvement. P15 showed gastric involvement which was confirmed DLBCL two months later by biopsy. Additionally, one patient (P6) was detected as negative by blood ddPCR and negative CSF cytology, but positive in the next-generation sequencing of CSF. However, the tumor relapses about two months later, and the blood ddPCR detection was still negative at that time. The mutational genes in CSF were consistent with that of his baseline tumor biopsy sample.



Safety

The overall incidence of AEs was summarized in Table 3. 10 patients (66.7%) experienced treatment-related AEs. Most common treatment-related AEs of any grade were transaminase increase (10/15, 66.7%), fatigue (6/15, 40%), and leukopenia (4/15, 26.7%). The reported grade 3 or worse AE was fatigue (6, 40%). Two patients (13.3%) had grade 3 hypersensitivity reactions and diarrhea to lenalidomide, respectively, and had resolution of symptoms after withdrawal of lenalidomide. No other patients required lenalidomide dose reduction. Most grade 2 or fewer toxicities were transaminase increase (66.7%), leukopenia (26.7%), and drowsiness (20%). No fungal infection was observed. Reported AEs were generally manageable and resolved soon after supportive treatment. No grade 4-5 toxicity was reported.


Table 3 | Adverse events of Orelabrutinib-containing therapy.






Discussion

This study is the first report of orelabrutinib, lenalidomide plus immunochemotherapy in r/r PCNSL. In this study, the use of this combination regimen showed inspiring antitumor activity with ORR of 86.7% and DCR of 93.3%, as well as acceptable toxicity in r/r PCNSL patients. Our findings supported the clinical application of this combination regimen in r/r PCNSL, which could provide a promising therapeutic strategy for this patient population.

The present study demonstrated an encouraging result in r/r PCNSL. The ORR achieved with orelabrutinib-containing regimen was 86.7%, which was comparable with other BTK inhibitor-containing regimens, such as results from ibrutinib (ORR, 52%) (25), temozomide/ibrutinib (ORR, 55%) (26), and the phase I/II study of tirabrutinib (ORR, 64%) (27). Nevertheless, a phase II showed that lenalidomide plus rituximab without orelabrutinib only induce an ORR of 35.6% (28). These results supported that various BTK inhibitors are potent therapeutic options against r/r PCNSL and especially adding orelabrutinib may provide additional benefit for this population. Actually, we observed a relative high ORR and DCR in this study. As a preliminary study reported, the favorable blood-brain barrier permeability of orelabrutinib could induce a high CSF concentration of 20.10 ± 14.70 ng/mL (29), which may partly explain the better response in these patients. Besides, the synergistic effects of BTK inhibitor and Combination of drugs may be another reason for better response, such as the combination of orelabrutinib and rituximab (21), BTK inhibitor and lenalidomide (30). The combination therapy eliminates tumor cells from multiple aspects by killing tumor cells directly with chemotherapy, blocking proliferation pathways with targeted therapy, and modulating the tumor microenvironment with immunotherapy. Besides, there were no treated-death or intolerable toxicity after combination therapy, which induced the better medication compliance. Most importantly, tumor load was reduced quickly through short-course RMT therapy combined with orelabrutinib and lenalidomide therapy, thus reducing the physical requirements for patients to tolerate intensive chemotherapy and achieving a certain short-term tumor remission effect and prolongating the survival of patients in this study. Overall, this novel combination regimen has a favorable tumor remission efficacy and survival.

Genetic signature analysis may contribute to individualized targeted therapy (31). As reported, patients with abnormal activation of NF-κB signaling achieved better efficacy (32), which supports our results of the orelabrutinib-containing regimens. Notably, BTK is a crucial regulator of BCR and TLR signaling, especially for PCNSL with NF-κB pathway activation. BTK inhibitors disrupt BCR downstream signaling and induce apoptosis (33, 34). The patients with mutations in all three pathways achieved a CR or PR after treatment, while the patients without mutations achieved a poor response, even PD. In addition, ctDNA monitor is equally important. The blood ctDNA of most patients was negative, and the positive results often indicated the possibility of PD or peripheral invasion. The negative ctDNA after combination therapy indicated that the patient responded to the treatment. Thus, we recommend simultaneous NGS of ctDNA in blood and cerebrospinal fluid. The main reasons are as follows: firstly, the positive rate of ctDNA in CSF is higher; secondly, the gene mutation spectrum detected by next-generation sequencing is broader; thirdly, the recurrence and invasion in and out of CNS can be monitored simultaneously. Moreover, we also found that the gene mutation profiles of CSF were high concordant with that of the tumor sample, which was consistent with the previous study (14).

In the present study, several intriguing cases were observed. Of the 7 RMT prior treated patients continued receiving orelabrutinib and immunochemotherapy therapy, and achieved 4 CR, 2 PR, and 1 PD, suggesting that this combination therapy might induce long-term immune-modulatory effects. For these patients with tumor progression after the RMT regimen, targeted therapy is likely to potentially reduce the burden of tumor and produce the long-term benefit, orelabrutinib has synergistic effects with the immunomodulator lenalidomide. Due to the sample size limitation, findings should be confirmed in future trials with larger data sets.

Regarding the safety analysis, our study demonstrated an acceptable safety profile for the orelabrutinib-containing regimen in patients with r/r PCNSL. Here reported AEs (ie, transaminase increase, fatigue and leukopenia) were mild to moderate and manageable with supportive care. Besides, we found that most AEs were known and also uncommon, and the safety profile are generally similar to lenalidomide/rituximab regimen (35) or HD-MTX/temozolomide/rituximab regimen (36). This implicated that most of these AEs mostly resulted from the rituximab, HD-MTX, or temozolomide alone; and orelabrutinib did not increase the risk of toxicity. In addition, short-course RMT therapy may reduce toxicity in our study. As known, atrial fibrillation, bleeding and infectious complications are common AEs related to BKT inhibitors (37); however, these were not reported in our study, which may be attributed to the high target selectivity and low off-target reactivity of orelabrutinib (18). Besides, no unexpected AEs and grade 4 or more AEs and cardiotoxicity were observed in the present study. Taken together, the orelabrutinib-containing regimen is well-tolerated and manageable in patients with r/r PCNSL.

This preliminary study had several limitations. First, the present results are based on limited sample size and non-randomized retrospective design, which may generate inevitable selection bias. Second, there is a lack of longitudinal CSF sequencing data to elucidate the role of ctDNA of CSF in the treatment monitor and prognosis assessment. Finally, long-term efficacy was not evaluated because of the limited observation period. Thus, strictly designed, large-scale, and high-quality clinical trials should be conducted to validate our findings.



Conclusions

In conclusion, the high response rate and good tolerance observed in this study suggested that orelabrutinib-containing regimens are a promising therapeutic option for r/r PCNSL. The results also indicated that gene sequencing of tumor specimens can help to screen the patient population responding to BTK inhibitor targeted therapy. The results provide preliminary evidence for the application of orelabrutinib-containing regimens in r/r PCNSL.
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Pyroptosis is a proinflammatory programmed cell death pathway mediated by gasdermins. Exploring the role of pyroptosis can provide new insights into tumor malignancy. The most recent studies on pyroptosis have focused on tumor cells. However, the effects of pyroptosis on the tumor microenvironment (TME), immunotherapeutic responses, and efficacy have been neglected, especially in case of glioma. In this study, four independent glioma cohorts comprising 1,339 samples and a pan-cancer cohort comprising 10,535 tumor samples were analyzed. The relationships among pyroptosis status, prognosis, microenvironment cellular components, and clinical and biological phenotypes were investigated through the identification of pyroptosis subtypes, construction of a gasdermin-related prognostic index (GPI), and evaluation of immunological characteristics in glioma. The Genomics of Drug Sensitivity in Cancer database and “pRRophetic” package in R were used to estimate temozolomide (TMZ) sensitivity. The “Submap” package and external immunotherapy cohorts were used to investigate and confirm the role of GPI in response to and efficacy of immunotherapy in glioma. Finally, potential small-molecule compounds related to GPI were identified using the connectivity map database and mode-of-action analysis. We identified three different pyroptosis subtypes: cluster 1 (C1) characterized by a higher GPI, while cluster 2 (C2) and cluster 3 (C3) characterized by a lower GPI. The high GPI of C1 was associated with glioma progression and worse prognoses, whereas the low GPI of subtype C2 and C3 was associated with better prognoses. However, patients with high GPIs were found to be more sensitive to TMZ and immune checkpoint blockade than those with low GPIs. Furthermore, gasdermin D may be a principal potential biomarker and play key roles in pyroptosis-inducible therapy combined with immunotherapy in glioma. This study provides a clinical, biological, and molecular landscape of pyroptosis and suggests that pyroptosis of glioma cells may perform the dual function of promoting both tumorigenesis and antitumor immunity.
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Introduction

Diffuse glioma is the most common primary brain tumor, classified as World Health Organization (WHO) grades II, III, and IV (1, 2). Gliomas are highly heterogeneous tumors, ranging from low-grade glioma (LGG; WHO grade II) to high-grade glioma (HGG; WHO grades III and IV), depending on the malignancy of the tumor. Isocitrate dehydrogenase (IDH) mutations, chromosome arm 1p and 19q (1p/19q) codeletion, and O(6)-methylguanine-DNA methyltransferase (MGMT) promoter methylation are homogeneously present in gliomas (3). Patients with glioblastoma, the most malignant glioma, has a median overall survival (OS) of only 14–17 months, even when subjected to surgical resection combined with radiotherapy, temozolomide (TMZ) chemotherapy, and tumor-treating fields (4–6). Given the low survival outcomes, novel treatment strategies are urgently required to treat gliomas.

Pyroptosis, a gasdermin-mediated programmed cell death program, presents a novel paradigm for cancer treatment (7–9). The executors of pyroptosis, gasdermins, comprise a protein family encoded by six paralogous genes: gasdermin A (GSDMA), gasdermin B (GSDMB), gasdermin C (GSDMC), gasdermin D (GSDMD), gasdermin E (GSDME), and pejvakin (PJVK) (10). Gasdermins play extensive and complicated roles in cancers (11), such as esophageal and gastric tumors, non-small cell lung cancer, colorectal and breast cancers, bladder carcinoma, and melanoma (12–19). Unfortunately, only a few studies have investigated the role of pyroptosis in gliomas. A recent study showed that high GSDMD expression is associated with IDH-wildtype and WHO grade IV gliomas as well as shorter OS and is a response marker for TMZ treatment in glioma (20). Chen et al. reported that kaempferol, a major flavonoid present in various edible plants, increased reactive oxygen species levels and further led to GSDME-mediated pyroptosis, thereby suppressing glioma cell proliferation (20). However, most recent studies on pyroptosis have mainly focused on tumor cells, and the contingent effects of pyroptosis in the tumor immune microenvironment (TIME) have been neglected. Hence, exploring the impact of pyroptosis on the microenvironment of gliomas will provide insights into malignant progression and may even help developing novel treatment strategies, especially for immunotherapy combined with pyroptosis-inducible therapy.

In this study, to explore the effects of pyroptosis on glioma in multiple dimensions, we comprehensively analyzed the transcriptional and genetic heterogeneity of pyroptosis executors, identified three pyroptosis subtypes (C1, C2, and C3), and developed a gasdermin-related prognostic index (GPI). Our results show that the pyroptosis subtype C1 and high GPI are associated with high malignancy of glioma but may improve the sensitivity and efficacy of TMZ and immune checkpoint blockade (ICB) treatment, highlighting the value of a combination of pyroptosis-inducible therapy with chemotherapy and/or immunotherapy for glioma. Collectively, the pyroptosis of glioma cells may be a double-edged sword that promotes both tumorigenesis and antitumor immunity.



Materials and Methods


Data Sources and Processing

The RNA-sequencing datasets “TCGA-663”, “CGGA-325”, and “GSE43378” and the mRNA microarray dataset “CGGA-301”, along with corresponding clinical information for glioma samples, were retrieved from The Cancer Genome Atlas (TCGA) (version 28.0, https://portal.gdc.cancer.gov/), Chinese Glioma Genome Atlas (CGGA) (2021 Feb, http://www.cgga.org.cn/index.jsp) (21), and Gene Expression Omnibus databases (2021 April, https://www.ncbi.nlm.nih.gov/geo). The mRNA transcription values were converted to thousands of millions of thousand-based (TPM) values and further normalized to log2 (TPM + 1) for downstream analysis. The main study was conducted using TCGA-663 and validated using CGGA-325. The CGGA-301 and GSE43378 datasets were used to validate the GPI for glioma prognosis. The baseline clinical characteristics of the glioma samples are summarized in Table 1. The glioma cell line expression matrix was obtained from Cancer Cell Line Encyclopedia (CCLE) (https://portals.broadinstitute.org/ccle/about), and the unified and standardized TCGA pan-cancer dataset (n = 10535) was downloaded from the UCSC Xena database (https://xenabrowser.net/).


Table 1 | The baseline clinical characteristics of the glioma samples.





Online Databases and Tools

The cBioPortal (http://www.cbioportal.org) (22) was used to retrieve and visualize mutations and copy-number alterations (CNA) of gasdermins in the “Merged Cohort of LGG and GBM (TCGA, Cell 2016).” The Human Protein Atlas database (version 21.0, https://www.proteinatlas.org/) was used to explore the protein expression levels of gasdermins. STRING (https://string-db.org/) (23) was used to identify gasdermin-related molecules, and Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were used for term enrichment.



Identification of Pyroptosis Subtypes

Unsupervised cluster analysis was performed to identify the pyroptosis-related subtypes in glioma using the “ConsensusClusterPlus” R package (24), based on the expression of pyroptosis-related molecules, using agglomerative pam clustering with a 1-Pearson correlation distance and resampling 80% of the samples for 10 repetitions. The optimal number of clusters was determined using an empirical cumulative distribution function plot. Mutation data were downloaded from TCGA and visualized using the “maftools” R package (25) for identifying the somatic mutation landscape in distinct pyroptosis-related subtypes.



GPI and Nomogram Construction

We used the “glmnet” R package (26) to integrate survival time, survival status, and gene expression data for regression analysis using the Lasso-Cox method. In addition, we set up a 10-fold cross-validation to obtain the optimal model to yield the GPI equation with the coefficient multiplied by mRNA expression. The coefficient was derived by running “glmnet” on the entire TCGA-663 dataset with the optimal lambda value. A nomogram was created to predict the probability of OS based on the GPI combined with clinical characteristics through the “rms” R package and evaluated using a calibration plot, which compares nomogram-predicted probability with observed survival probability. Decision curve analysis (DCA) was used to evaluate the clinical application of the nomogram by assessing the net benefits of the prediction model at different threshold probabilities and concordance indices.



Gene Set Enrichment Analysis

We obtained the GSEA software (version 3.0) from the GSEA website (http://software.broadinstitute.org/gsea/index.jsp) (27) and downloaded the “h.all.v7.4.symbols.gmt” subset from the Molecular Signature Database (http://www.gseamsigdb.org/gsea/downloads.jsp) (28) to explore GPI-related pathways and molecular mechanisms based on gene expression profiles and GPI groups (high and low, separated by the median value). We adjusted the minimum gene set to 5 and the maximum gene set to 5000 and performed 1000 resamplings. P-value < 0.05 and FDR < 0.25 were considered statistically significant. Finally, the GSEA results were visualized using the “ggplot2” R package.



Evaluation of Immunological Characteristics

The “estimate” R package (29) was used to calculate the immune score and stromal score for each glioma sample. The “immunedeconv” R package (30) was utilized to estimate TME infiltrating cells for each glioma sample. The tumor mutation burden (TMB) score of each sample was calculated using the “tmb” function of the “maftools” R package (25). The microsatellite instability (MSI) score for each sample was obtained from a previous study (31). The stemness indices (mRNA expression-based stemness index, mRNAsi) for each sample were calculated using the OCLR algorithm developed by Malta et al. (32). The “deconvo_IPS” method of the “IOBR” R package (33) was used to assess the antigen processing cell (MHC), effector cell (EC), suppressor cell (SC), and checkpoint (CP) scores and immunophenoscore (IPS) of each tumor sample.



Correlation of GPI With TMZ Sensitivity

The TMZ sensitivity of each sample was estimated using Genomics of Drug Sensitivity in Cancer (GDSC, https://www.cancerrxgene.org/) (34), which is the largest publicly available pharmacogenomics database. The estimated half-maximal inhibitory concentration (IC50) was calculated using ridge regression, and the prediction accuracy was determined using the “pRRophetic” R package (35). All parameters were set to default values with the removal of the batch effect of “combat” and “allSoldTumours” tissue types, and duplicate gene expression was summarized as the mean value.



Correlation of GPI With ICB Response

The potential ICB response was predicted using Submap (36)—a tool for comparing expression profiles—in GenePattern (https://cloud.genepattern.org/gp). We used the Submap algorithm combined with human immunotherapy transcriptome data from Roh et al. (37) to further investigate the predictive value of GPI in anti-PD1 and anti-CTLA4 immunotherapy response. Furthermore, several immunotherapy cohorts from Snyder et al. (38), Nathanson et al. (39), Mariathasan et al. (40), and Rose et al. (41) were used to validate the predictive value of GPI in the response to and efficacy of immunotherapy.



Candidate Small-Molecule Drugs Based on GPI

First, weighted co-expression gene modules identified and the module-trait relationships was determined using the “WGCNA” R package (42). The module with the |correlation coefficient| > 0.5 and P-value < 0.05 was considered as a meaningful module in this study. Second, only one module associated with immunity was identified using the STRING database (https://string-db.org/) (42). Then, differentially expressed genes (DEGs) were identified between the high- and low-GPI groups using the “limma” R package. Genes with P < 0.05 and |FC| > 1 were considered significant DEGs. The GO functional and KEGG pathway enrichment analyses of GPI- and immune-related DEGs were then performed using the “clusterProfiler” R package (43). Based on the upregulated and downregulated DEGs, candidate small-molecule drugs and mechanisms of action were predicted using the connectivity map (CMap, http://portals.broadinstitute.org/cmap/) database and CMap mode-of-action (MOA) analysis (44).



Statistical Analysis

All statistical analyses were conducted using R software (version 4.0.2), with a P-value < 0.05 (two-tailed) indicating significant differences. Unpaired t-tests were performed to compare two normally distributed variables. The Wilcoxon rank-sum test was performed to compare two non-normally distributed variables. The Kruskal–Wallis test (nonparametric method) or one-way analysis of variance (parametric method) was used for comparisons of three or more variables. Pearson and Spearman correlation coefficients were used to determine correlations between variables. The “survfit” function in the “Survminer” R package was used to evaluate prognostic differences between the two groups. Kaplan–Meier (KM) analysis was used to generate survival curves, and the log-rank test was performed to determine statistically significant differences. The receiver operating characteristic (ROC) curve was used to assess the prognosis prediction performance, and the area under the curve (AUC) was calculated using the “timeROC” R package.




Results


Aberrant Expression, Genetic Alteration, and Prognostic Value of Gasdermins in Glioma

We comprehensively analyzed the molecular characteristics and prognostic significance of gasdermins—the executors of pyroptosis. The analysis of the data of glioma samples from TCGA-693 showed that GSDMA and GSDMD were more highly expressed in grade IV than in grade II–III samples. Furthermore, GSDMB, GSDMC, and PJVK expression was lower in grade IV than in grade II–III samples, while GSDME expression showed no significant differences among grades (Figure 1A). As shown in Figure 1B, GSDMA, GSDMD, and GSDME expression was higher in IDH-wildtype than in IDH-mutant samples, while GSDMB, GSDMC, and PJVK expression was lower in IDH-wildtype than in mutant samples. GSDMA, GSDMC, GSDMD, and GSDME expression was higher in 1p19q non-codel than in codel samples (Figure 1C), while PJVK expression was lower in 1p19q non-codel than in codel samples. Additionally, GSDMB expression showed no significant differences between the different 1p19q statuses. As shown in Figure 1D, GSDMA, GSDMD, and GSDME expression was lower in the MGMT-promoter methylated samples than in the unmethylated ones, while GSDMB, GSDMC, and PJVK expression was higher in MGMT-promoter methylated samples than in the unmethylated ones. Similar findings were observed for the CGGA-325 cohort (Figures S1A–D). Figure 1E shows that IDH1 expression was positively related to GSDMA, GSDMD, and GSDME expression but negatively related to GSDMB, GSDMC, and PJVK expression. However, MGMT expression was positively related to GSDMA, GSDMC, and GSDMD expression but negatively related to GSDMB and GSDME expression. The analysis of glioma cell lines from CCLE showed that GSDMD and GSDME were more highly expressed in all glioma cell lines (including A-172, LN-229, T98G, U-251 MG, and U-87 MG) than GSDMB and PJVK, but GSDMA and GSDMC were poorly expressed in those glioma cell lines (Figure 1F). To explore the subcellular distribution of gasdermin expression in U-251 MG cells, we analyzed the results of immunofluorescence (ICC-IF) and confocal microscopy from the HPA database, and found that GSDMA was mainly located in the nucleoplasm, plasma membrane, and cytosol and GSDMB in the nucleoplasm and cytosol. As HPA did not contain U-251 MG-related ICC-IF results of GSDMB, we acquired the ICC-IF data of the U-2 OS cell line. We found that GSDMD was primarily located in the nucleoplasm, GSDME in the cytosol, and GSDMC and PJVK in the mitochondria (Figure 1G). To analyze the genetic characteristics of gasdermins, we explored the genetic alterations in 794 glioma samples with mutation and CNA data on the cBioPortal database. The results showed that gasdermins were altered in 48 (6%) of the 794 samples, but no gasdermin showed alternations of more than 3% (Figure S1E). Univariate and multivariate Cox regression analyses were performed to analyze the prognostic value of gasdermins in gliomas. The univariate Cox survival analysis indicated that GSDMA (P < 0.001), GSDMB (P < 0.001), GSDMC (P < 0.001), GSDMD (P < 0.001), and PJVK (P < 0.001) expression was strongly associated with clinical outcomes, but GSDME expression (P = 0.258) had no significant effect on survival (Figure 1H). Multivariate Cox survival analyses showed that GSDMC (P < 0.001), GSDMD (P < 0.001), and PJVK (P = 0.004) were independent prognostic factors for gliomas (Figure 1I). The immunohistochemistry (IHC) results from the HPA database showed that GSDMC staining was not detected in normal brain, LGG, and HGG tissues, whereas GSDMD staining was not detected in normal brain tissues, was low in LGG tissues, and was medium in HGG tissues (Figure S1F). IHC staining data for PJVK were not available in the HPA database and therefore could not be assessed along these lines. These results suggest that gasdermins have potential target-treatment value for glioma.




Figure 1 | Aberrant expression and prognostic value of gasdermins in glioma. Boxplots showing comparison of gasdermin expression in different grades (A), IDH mutation statuses (B), 1p19q codeletion statuses (C), and MGMT-promoter methylation statuses (D) of glioma samples. (E) Heatmap showing correlation between gasdermin expression and IDH1 or MGMT expression. (F) Radar plot showing gasdermin expression in different glioma cell lines. (G) The results of immunofluorescence from HPA database showing the subcellular distribution of the gasdermin protein. (H, I) Forest plots showing the results of univariate and multivariate Cox regression analyses for gasdermins. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.





Gasdermins are Correlated With Immune Checkpoints and Glioma Stem Cell, Glioma-Associated Stromal Cell, and Glioma-Associated Immune Cell Biomarkers

Initially, we explored the potential association between gasdermins and the major components of the glioma microenvironment. We extracted the transcript and expression values of eight immune checkpoints (CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, SIGLEC15, and TIGIT). Figure 2A shows that the expression of GSDMA, GSDMD, and GSDME was positively correlated with that of most immune checkpoints, while the expression of GSDMB and PJVK was negatively correlated with that of most immune checkpoints. The specific statistical data on the correlation between gasdermins and immune checkpoints are presented in Table S1. We summarized the data on nine glioma stem cell (GSC) biomarkers (ABCG2, BMI1, CD44, FABP7, L1CAM, NES, POU5F1, PROM1, and SOX2) from published studies (45–47). Figure 2B shows that all gasdermins were positively correlated with most GSC biomarkers; GSDMD was highly associated with all GSC markers. The specific statistical data on the correlation between gasdermins and GSC biomarkers are presented in Table S2. Next, we summarized the data on 10 glioma-associated stromal cell (GASC) biomarkers (ACTA2, CD34, ENG, GFAP, NT5E, PDGFRB, PECAM1, PTPRC, S100A4, and THY1) from a published study (48). Figure 2C shows that the expression of GSDMA, GSDMD, and GSDME was positively correlated with those of most GASC biomarkers, while those of GSDMB, GSDMC, and PJVK are negatively correlated. The specific statistical data for the correlation between gasdermins and GASC biomarkers are presented in Table S3. Finally, we summarized the data on 21 glioma-associated immune cell (GAIC) biomarkers (CCR7, CD163, CD19, CD1C, CD4, CD79A, CD8A, CD8B, CEACAM8, HLA-DPA1, HLA-DPB1, HLA-DQB1, HLA-DRA, IRF5, ITGAM, ITGAX, MS4A4A, NOS2, NRP1, PTGS2, and VSIG4) from existing studies (49, 50). Figure 2D shows that GSDMA, GSDMD, and GSDME expression was positively correlated with that of most GAIC biomarkers, while GSDMB and PJVK expression was negatively correlated. The specific statistical data for the correlation between gasdermins and GAIC biomarkers are presented in Table S4. The CGGA-325 dataset showed similar results (Figures S2A–D). These results suggest that gasdermin-mediated pyroptosis has potential implications in tumor cell heterogeneity and the glioma immune microenvironment.




Figure 2 | Gasdermins are correlated with immune checkpoints and biomarkers of GSCs, GASCs, and GAICs. Heatmaps depicting correlation between gasdermin expression and immune checkpoints (A), GSC markers (B), GASC markers (C), and GAIC biomarkers (D). *P < 0.05; **P < 0.01; ns, not significant.





Three Glioma Pyroptosis Subtypes With Distinct TIME Features Identified via Gasdermin-Related Genes

We selected 54 gasdermin-related genes from the STRING database (Figure S3A and Table S5), most of which were pyroptosis-related molecules (9, 51, 52). GO functional enrichment analysis showed that the gasdermin-related genes were not only enriched in pyroptosis (GO:0070269) but also in positive regulation of T cell cytokine production (GO:0002726), cytokine production involved in the immune response (GO:0002367), positive regulation of interleukin-1 beta secretion (GO:0050718), regulation of T-helper 1 type immune response (GO:0002825), positive regulation of T-helper 1 cell cytokine production (GO:2000556), interleukin-18-mediated signaling pathway (GO:0035655), and positive regulation of T-helper 2 cell differentiation (GO:0045630) (Figure S3B and Table S6). These results imply that gasdermin-related genes are associated with the pyroptosis signaling pathway as well as with other immune system processes.

We further applied a consensus clustering method based on the expression profiles of the pyroptosis-related molecules and found that the optimal cluster number of glioma samples was three (K = 3) (Figure 3A). The division of the glioma samples of TCGA-693 into three pyroptosis subtypes (C1, C2, and C3) is shown in Figure 3B, and an overview of the pyroptosis-related molecule expression landscape in TCGA-693 is shown in Figure S4A. The glioma samples in C2 or C3 had better clinical outcomes than those in C1 (Figure 3C). Figure 3D shows the expression levels of aberrant gasdermins in different pyroptosis subtypes. GSDMA, GSDMD, and GSDME expression was higher in C1 than in C2 and C3; GSDMB expression was higher in C2 than in C1 and C3; and PJVK was expressed at a lower level in C1 than in C2 and C3. CGGA-325 showed similar results (Figures S4B–E). These results suggest that the three pyroptosis subtypes represent three major and different pyroptosis statuses with distinct OS in glioma.




Figure 3 | Three glioma pyroptosis subtypes based on the expression of gasdermin-related genes. (A) Relative change in area under CDF curve for k = 2 to 6. (B) Consensus clustering matrix for k = 3. (C) Survival analysis of the three pyroptosis subtypes C1–C3. Boxplots showing comparison of the gasdermin expression (D), CTLA4 expression (E), PD-L1 expression (F), mRNAsi (G), TMB score (H), MSI score (I), immune score (J), and stromal score (K) in the three pyroptosis subtypes. **P < 0.01; ***P < 0.001; ns, not significant.



To explore the genetic alterations in different pyroptosis subtypes, we analyzed the top 10 mutated genes in TCGA glioma samples. As shown in Figures S5A–C, 191 samples had mutations with a frequency of 83.41% in C1, 194 samples with 93.72% in C2, and 202 samples with 94.39% in C3. Missense mutations were the most common in all three clusters. TP53 had the highest mutation frequency (31%), followed by EGFR (27%), TTN (25%), and PTEN (25%) in C1; IDH1 had the highest mutation frequency (89%), followed by TP53 (67%) and ATRX (49%) in C2; and IDH1 had the highest mutation frequency (82%), followed by CIC (34%) and TP53 (31%) in C3. These results imply that genetic features may influence the pyroptosis status in gliomas. To analyze the TIME characteristics of different pyroptosis subtypes, we compared PD-L1 expression, CTLA4 expression, mRNAsi score, TMB score, MSI score, immune score, stromal score, and infiltrating cells in the three glioma sample clusters. Figures 3E, F and Figures S5D, E show that PD-L1 and CTLA4 expression was higher in C1 than in C2 or C3. The mRNAsi score was higher for C3 than for C1 or C2 (Figure 3G). The TMB score was higher for C1 than for C2 or C3, while the MSI score was lower in C1 than in C2 or C3 (Figures 3H, I). Figures 3G–K and Figures S5F, G show that the immune and stromal scores were higher for C1 than for C2 and C3. Distinct proportions and subtypes of infiltrating immune and stromal cells existed between C1 and C3, while C2 likely had an intermediate state between the two (Figure 4A and Figures S6A, B). The percentage abundance of M2 macrophages, M1 macrophages, CD8+ T cells, astrocytes, and endothelial cells in C1 were significantly higher in C1 than those in C2 and C3, while the percentage abundance of plasma B cells and mesenchymal stem cells was lower in C1 than in C2 and C3 (Figure 4B). These results imply that different pyroptosis statuses may promote or suppress the formation of an immunosuppressive TME, further influencing the progression and prognosis of glioma.




Figure 4 | Infiltration estimations of GAICs and GASCs in three glioma pyroptosis subtypes. (A) Heatmap depicting proportion and subtypes of infiltrating GAICs and GASCs in the three pyroptosis subtypes. (B) Stacked plot of the percentage abundance of infiltrating GAICs and GASCs for each sample.





Development and Validation of GPI for Glioma

Further, we developed GPI based on the gasdermins expression matrix using the Lasso-Cox method in TCGA-693 training set. Figure 5A shows the partial likelihood deviance versus log (λ), where λ is the tuning parameter. Figure 5B shows the optimal lambda (lambda.min = 0.0077) and the corresponding coefficients of the selected factors (GSDMC = -0.2321, GSDMD = 0.7436, PJVK = -0.4135). The formula for the final scoring model is as follows:

	




Figure 5 | Development of GPI for glioma. (A) Partial likelihood deviance versus log (λ), where λ is the tuning parameter. (B) The coefficients of GSDMC, GSDMD, and PJVK are shown by the λ parameter. The abscissa represents the λ value, and ordinate represents the coefficients of the corresponding independent variable. (C, top) Scatterplot showing GPI from low to high; (C, middle) scatter plot distribution represents survival time and survival status of different samples with corresponding GPI; (C, bottom) heatmap showing GSDMC, GSDMD, and PJVK expression from GPI signature. (D) Survival analysis between GPI-high and GPI-low groups. (E) ROC curve of GPI for OS.



The dotted line represents the GPI ranging from low to high and divides the patients into low- and high-GPI groups (GPI-L and GPI-H, respectively) based on the median value (Figure 5C, upper). The alive-status samples were mainly distributed in the GPI-L group, whereas the dead-status samples in the GPI-H group (Figure 5C, middle). The heatmap of the expression profiles of the prognostic genes shows that GSDMC and PJVK were highly expressed in the GPI-L group, whereas GSDMD was highly expressed in the GPI-H group (Figure 5C, lower). Figure 5D shows that patients with higher GPIs had significantly worse prognoses than those with low GPI (log-rank P < 0.001). The time-dependent ROC curve (Figure 5E) shows that GPI has a strong prognostic value for glioma and can help predict both short-term and long-term survival (1-year AUC = 0.816; 2-year AUC = 0.833; 3-year AUC = 0.850; 4-year AUC = 0.806; 8-year AUC = 0.808). Three independent glioma cohorts (“CGGA-325”, “CGGA-301”, and “GSE43378”) were used as validation sets to verify the predictive power of GPI. Figures S7A–C show that a high GPI significantly correlates with a worse prognosis in all three validation sets. The results in Figures S7D–F verify that the predictive accuracy of GPI is high in all independent validation sets (“CGGA-325,” 1-year AUC = 0.683, 3-year AUC = 0.754, 5-year AUC = 0.786; “CGGA301,” 1-year AUC = 0.601, 3-year AUC = 0.633, 5-year AUC = 0.625; “GSE43378,” 1-year AUC = 0.665, 3-year AUC = 0.836, 5-year AUC = 0.700); these results are consistent with those of TCGA-693 training set. In addition, we verified the prediction stability of GPI for gliomas in different clinical or molecular subgroups. Figures 6A–H show that the higher GPIs commonly correlated with shorter survival time, regardless of the LGG (log-rank P < 0.001), HGG (log-rank P < 0.001), IDH-wildtype (log-rank P = 0.01), IDH-mutant (log-rank P = 0.004), 1p19q codel (log-rank P = 0.056), 1p19q non-codel (log-rank P < 0.001), MGMT-promoter methylated (log-rank P < 0.001), and MGMT-promoter unmethylated (log-rank P < 0.001) groups. Similar results were observed for the CGGA-325 cohort (Figures S7G–N). These results demonstrate that GPI is generally stable and accurate for the prognosis of glioma.




Figure 6 | Prediction accuracy of GPI in glioma samples with different clinical characteristics and prognostic nomogram construction. Survival analysis between GPI-high and GPI-low in LGG (A), HGG (B), IDH-WT (C), IDH-Mut (D), 1p19q-codel (E), 1p19q non-codel (F), MGMT-promoter methylated (G), and MGMT-promoter unmethylated (H) groups in glioma. (I) Nomogram was developed with the age, grade, IDH mutational status, 1p19q codeletion status, MGMT-promoter methylation status, and GPI. (J) Calibration plot for nomogram. (K–N) Decision curve analysis (DCA) of 1-, 3-, 5-, and 7-year overall survival for GPI and nomogram.



To further refine and optimize the prediction performance of GPI for glioma, we integrated GPI and clinical factors (including age, grade, IDH mutational status, 1p19q codel status, and MGMT-promoter methylation status) to construct an OS nomogram model (Figure 6I). Figure 6J shows that the nomogram calibration curves of 1-year (green line), 2-year (red line), and 5-year (purple line) OS are close to the ideal curve (dashed diagonal line), indicating that there is a good agreement between predicted and observed probabilities. Finally, we performed DCA to evaluate the clinical utility of GPI. Figures 6K–N show that the updated nomogram model integrating GPI and clinical characteristics provided a greater predictive net benefit than a single GPI for a wide range of decision thresholds, including both short-term and long-term survival.



GPI Is Associated With Clinical Features and Immunity of Glioma Patients

Our findings demonstrate that different pyroptosis subtypes may exhibit different pyroptosis statuses. Figure 7A shows that the pyroptosis subtype C1 has the highest GPI, while the pyroptosis subtype C3 has the lowest GPI. These results indicate that, to some extent, GPI can be used as a quantitative attribute of the intrinsic pyroptosis status of glioma. To further explore the function of pyroptosis, we analyzed the correlation between GPI and different clinical features, molecular characteristics, and immune-related indices. Figure 7B shows that GPI progressively increases with the glioma grade. Figures 7C–E show that samples with IDH-wildtype, 1p19q non-codel, and MGMT-promoter unmethylated status had higher GPIs than those with IDH-Mut, 1p19q-codel, and MGMT-promoter methylated status. Figures 7F–L show that GPI was negatively correlated with mRNAsi (r = -0.490, P < 0.001) and MSI score (r = -0.330, P < 0.001) and positively correlated with immune score (r = 0.660, P < 0.001), stromal score (r = 0.700, P < 0.001), PD-L1 expression (r = 0.510, P < 0.001), CTLA4 expression (r = 0.150, P < 0.001), and TMB score (r = 0.390, P < 0.001). In addition, we analyzed the correlation between gasdermins (GSDMC, GSDMD, and PJVK) and GPI, mRNAsi, stromal score, immune score, PD-L1 and CTLA4 expression, TMB, and MSI. The results are shown in the form of a correlation heatmap (Figure 7M), and the specific statistical data are summarized in Table S7. Similar findings were obtained from the CGGA-325 dataset (Figures S8A–I). To further determine which subsets of infiltrating cells are mainly affected by pyroptosis, we compared the infiltration degrees of immune and stromal cells between the GPI-H and GPI-L groups and calculated the correlation coefficients of GPI with the proportion of specific infiltrating cells. The upper panel of Figure 8A shows that the infiltration of memory B cells, CD8+ T cells, resting memory CD4+ T cells, activated memory CD4+ T cells, regulatory T cells, resting NK cells, M0 macrophages, M1 macrophages, M2 macrophages, activated myeloid dendritic cells, activated mast cells, and neutrophils was higher in the GPI-H group than in the GPI-L group, while that of naïve B cells, plasma B cells, naïve CD4+ T cells, follicular helper T cells, activated NK cells, monocytes, and resting mast cells was lower. The lower panel of Figure 8A shows strong positive and negative correlations between GPI and each immune cell subtype, especially plasma B cells (r = -0.56), naïve CD4+ T cells (r = -0.47), resting memory CD4+ T cells (r = 0.33), regulatory T cells (r = 0.30), M1 macrophages (r = 0.31), and M2 macrophages (r = 0.40). The upper panel of Figure 8B shows that the infiltration of astrocytes, endothelial cells, fibroblasts, lymphatic endothelial cells, mesenchymal stem cells, microvascular endothelial cells, skeletal muscle cells, and smooth muscle cells was higher in the GPI-H group than in the GPI-L group, while that of myocytes, osteoblasts, and pericytes was lower. The lower panel of Figure 8B shows strong positive and negative correlations between GPI and each stromal cell subtype, especially astrocytes (r = 0.53), endothelial cells (r = 0.46), lymphatic endothelial cells (r = 0.41), microvascular endothelial cells (r = 0.35), myocytes (r = -0.38), osteoblasts (r = -0.32), and pericytes (r = -0.33). Similar results were obtained from the CGGA-325 dataset (Figures S9A, B). These results suggest that pyroptosis, as an immunogenic cell death mechanism, results in an imbalance in TIME by altering the proportion of immune cell and stromal cell infiltration.




Figure 7 | GPI is correlated with clinical characteristics, molecular features, and immunity in glioma. Boxplots showing comparison of GPI in different pyroptosis subtypes (A), grades (B), IDH mutation statuses (C), 1p19q codeletion statuses (D), and MGMT-promoter methylation statuses (E). Scatterplots showing correlations of GPI with mRNAsi (F), immune score (G), stromal score (H), PD-L1 expression (I), CTLA4 expression (J), TMB score (K), and MSI score (L). (M) Heatmap indicating correlation between GPI, GSDMC expression, GSDMD expression, PJVK expression, mRNAsi, immune score, stromal score, PD-L1 expression, CTLA4 expression, TMB score, and MSI score. *P < 0.05; **P < 0.01; ns, not significant.






Figure 8 | GPI is highly associated with GAIC and GASC infiltration. Boxplots showing comparison of the GAIC infiltration (A) and GASC infiltration (B) between the GPI-high and GPI-low groups. (C, D) Enrichment plots from GSEA. *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant.



To further explore the biological processes and pathways influenced by pyroptosis in gliomas, we performed GSEA. Figure 8C shows that several common cancer-related signaling pathways, including KRAS signaling up, angiogenesis, epithelial mesenchymal transition, apoptosis, and the P53 pathway, were active in the GPI-H group. Figure 8D shows significant activation of many immune-related signaling pathways in the GPI-H group, including interferon alpha response, inflammatory response, interferon gamma response, IL6/JAK/STAT3 signaling, IL2/STAT5 signaling, and TNFA signaling via NFκB. However, GSEA did not identify any significantly enriched pathways in the GPI-L group. All GSEA results are presented in Table S8. These results imply that these cancer- and immune-related pathways may be involved in the regulation of pyroptosis and TIME balance in glioma.



Patients With High GPIs Are More Sensitive to TMZ and Anti-PD1 Therapy

So far, the correlations among pyroptosis subtypes, GPI, prognosis, and TIME in glioma have been demonstrated. Further studying the potential therapeutic value of pyroptosis is promising, especially in the context of chemoimmunotherapy. Figure 9A shows that the C1 had the lowest TMZ IC50 among the three pyroptosis subtypes. Figures 9B, C show that the GPI-high group had a lower TMZ IC50, and the GPI levels were negatively correlated with TMZ IC50 (r = -0.360, P < 0.001), indicating that patients with higher GPI were more sensitive to TMZ treatment. To explore the predictive value of GPI for ICB response, we used the “Submap” algorithm. Figure 9D shows that patients with high GPIs were more responsive to anti-PD1 therapy (nominal P = 0.024; Bonferroni-corrected P = 0.003). To validate the predictive accuracy of GPI for the response to and efficacy of immunotherapy, we selected several external ICB immunotherapy cohorts. Figures 9E, F show that the GPIs of responders were higher than those of non-responders. Figures 9G, H show that GPI has high accuracy in predicting patients’ response to ICB (Snyder et al. cohort: GPI AUC = 0.812; Nathanson et al. cohort: GPI AUC = 0.841), and GSDMD may be one of the potential molecules influencing patient responses to immunotherapy (Snyder et al. cohort: GSDMD AUC = 0.812; Nathanson et al. cohort: GSDMD AUC = 0.909). Figures 9I–L show that the GPI-H group had a longer survival time than the GPI-L group. These results indicate that the high GPI may be associated with improved response to and efficacy of ICB therapy




Figure 9 | Patients with high GPIs are more sensitive to TMZ and ICB therapy. Boxplots showing comparison of the TMZ IC50 among the three pyroptosis subtypes (A) and between GPI-high and GPI-low groups (B). Scatterplots showing the correlation of TMZ IC50 with GPI (C). (D) Submap analysis showing differences in sensitivity of GPI-high and GPI-low groups to anti-PD1 and anti-CTLA4 immunotherapy. (E, F) Boxplots showing comparison of the GPI level between responders and non-responders. (G, H) ROC curve of GPI for immunotherapy response. (I–L) Survival analysis between GPI-high and GPI-low groups in immunotherapy cohorts. *P < 0.05; ***P < 0.001; ns, not significant.





Potential Small-Molecule Compounds Based on GPI

To determine how pyroptosis can be activated or suppressed in tumor cells, we explored potential small molecules based on GPI. First, WGCNA was performed and 10 co-expression gene modules based on a soft threshold (power) of 11 (Figures S10A, B; namely, green, purple, brown, black, magenta, blue, yellow, red, turquoise, and pink, where gray module is considered a collection of genes that cannot be assigned to any module) were obtained (Figure S10C and Table S9). Among the 10 modules, brown (r = 0.65, P < 0.05), black (r = 0.82, P < 0.05), blue (r = -0.70, P < 0.05), and turquoise (r = -0.68, P < 0.05) were associated with GPI (Figure 10A). To further identify a module that correlated with immunity, we analyzed the main functions of these four GPI-related modules one by one in the STRING database and identified that the brown module genes were mainly related to immunity. We identified 767 upregulated and 973 downregulated DEGs between the GPI-H and GPI-L groups via DEG analysis (Figure S10D and Table S10). The Venn diagram (Figure S10E) shows 249 upregulated genes and the only downregulated gene in the brown module (Table S11). The GO functional and KEGG pathway enrichment analyses for these genes showed that biological processes (BP) were mainly enriched in neutrophil activation, neutrophil-mediated immunity, neutrophil activation involved in immune response, neutrophil degranulation, regulation of immune effector process, positive regulation of cytokine production, T cell activation, response to interferon-gamma, lymphocyte-mediated immunity, and cellular response to interferon-gamma. The cellular components (CCs) were mainly enriched in the vesicle lumen, endocytic vesicle, endosome membrane, secretory granule membrane, lysosomal membrane, among other processes. The molecular functions (MF) were mainly enriched in peptide antigen binding, Toll-like receptor binding, MHC class II receptor activity, MHC protein complex binding, and MHC class II protein complex binding. The KEGG pathways were mainly enriched in tuberculosis, phagosome, and human T cell leukemia virus 1 infection. (Figure 10B and Table S12). Finally, candidate small-molecule drugs and their mechanisms of action were predicted using the CMap database and MOA analysis based on the 249 upregulated genes in the brown module and the top 51 downregulated DEGs (Table S13). The results are summarized in Table S14, and the top 38 potential small-molecule compounds and their corresponding mechanisms of action are shown in Figure 10C. These results provide new insights into the mechanisms of triggering or inhibiting pyroptosis via drugs in glioma.




Figure 10 | Potential small-molecule compounds based on GPI. (A) Module-trait relationships from the WGCNA. (B) Bubble map of GO functional and KEGG pathway enrichment analyses. BP, biological process; CC, cellular component; MF, molecular function. (C) MOA analysis results using the CMap database showing small-molecule compounds with corresponding mechanisms of action.





GSDMD Is Associated With Prognosis and Anticancer Immunity Pan-Cancers

Building on the previous analysis for the correlation of GPI with glioma pyroptosis subtypes, prognosis, and TIME features, we focused on GSDMD to provide further insights into future anticancer research (a complete list of cancer-type abbreviations is provided in Table S15). Figure S11A shows that the expression of GSDMD was significantly upregulated in 14 cancer types: GBM, LGG, UCEC, BRCA, KIRP, KIPAN, HNSC, KIRC, LIHC, SKCM, BLCA, PAAD, TGCT, and CHOL, while it was downregulated in 15 cancer types: LUAD, ESCA, STES, COAD, PRAD, STAD, LUSC, WT, THCA, OV, UCS, ALL, PCPG, ACC, and KICH. Figure S11B shows that in five cancer types (LGG, KIPAN, GBM, UVM, and ACC), high expression of GSDMD was associated with poor prognosis, while in three cancer types (KIRP, SKCM-M, and SKCM), its low expression correlated with poor prognosis. Figure S12 and Table S16 show that the expression of GSDMD was positively correlated with the majority of immunomodulators in OV, LGG, BLCA, LUSC, UVM, HNSC, KIPAN, STES, STAD, COAD, PRAD, SARC, PCPG, TGCT, KIRC, GBM, SKCM, LUAD, KICH, ESCA, CESC, THCA, and LAML and negatively correlated with those of THYM. Figure S13 and Table S17 show that GSDMD correlates positively with immune scores in GBM, LGG, CESC, LUAD, COAD, BRCA, ESCA, STES, SARC, KIPAN, STAD, PRAD, UCEC, HNSC, KIRC, LUSC, THYM, LIHC, MESO, SKCM-M, SKCM, OV, TGCT, PCPG, SKCM-P, UVM, UCS, BLCA, and KICH, whereas it was not negatively correlated with those of any cancer type. Figure S14 and Table S18 show that GSDMD expression was positively related to MHC score, EC score, and IPS in most cancers but negatively correlated with SC and CP scores, implying that GSDMC and GSDMD expression is correlated with immunogenicity in many cancers.




Discussion

We systematically analyzed the transcriptional and genetic heterogeneity of pyroptosis executors, identified three pyroptosis subtypes, constructed a pyroptosis-related scoring system, and described the effects of pyroptosis on glioma in multiple dimensions. Here, we provide valuable information about the potential interrelationships among pyroptosis subtypes, GPI, clinical features, molecular characteristics, the immune microenvironment, and the immunotherapeutic response in glioma patients. Based on these interrelationships, our research may contribute to the development of appropriate novel therapeutic strategies for glioma.

Our study shows that GSDMC, GSDMD, and PJVK have transcriptional heterogeneity and are associated with glioma prognosis. Studies have demonstrated that GSDMC is highly expressed in metastatic melanoma (53) and that the knockdown of GSDMC inhibits the proliferation of colorectal cancer cells (54), while the expression of GSDMC is suppressed in esophageal and gastric cancers (13). Our results indicate that the expression of GSDMC decreased as the tumor grade increased and is a factor that indicates favorable prognosis. Thus, it is unclear whether GSDMC promotes or inhibits cancer development. GSDMD, one of the most important executors of pyroptosis, is widely expressed in various human tissues (10, 55). A previous study showed that GSDMD expression was negatively correlated with OS and increased after TMZ treatment in a time-dependent manner in glioma (20), which is consistent with our results. These results imply that GSDMD could be a novel prognostic biomarker as well as a marker of sensitivity to TMZ in glioma. Previous studies have demonstrated that all known mutations in PJVK are associated with deafness (56–58), but few studies have shown a link between PJVK and cancer. Here, we found that high PJVK expression correlates with favorable OS, indicating that further exploration of the role of PJVK in cancer development and treatment has broad prospects. Although GSDMA, GSDMB, and GSDME expression was not significantly correlated with glioma prognosis, it had significantly different levels in different clinical or molecular subtypes, suggesting that their potential value in glioma remains to be investigated. In conclusion, although all gasdermins may act as executors of pyroptosis in glioma, they play different roles and have different effects, possibly having opposite effects. The absence of a clear correlation between gasdermin expression and glioma prognosis likely reflects the complex role of pyroptosis in tumorigenesis. Thus, it may be better to assess the pyroptosis status than to explore individual executors.

Based on the pyroptosis-related genes, we defined three pyroptosis subtypes with significant differences in the clinical and TIME characteristics of glioma. Furthermore, we developed a GPI associated with prognosis and the infiltration of antitumor immune cells in glioma. Our study indicates that the pyroptosis subtype C1 is characterized by high GPI, while the subtype C2 and C3 are characterized by low GPI. Considering the expression of GSDMD—the primary executor of pyroptosis—the glioma pyroptosis subtype C1 and a high GPI may represent a potentially activated status of pyroptosis, while the glioma pyroptosis subtype C2 and C3 and a low GPI may represent a potentially suppressed status of pyroptosis. The pyroptosis subtype C1 and a high GPI were found to be associated with glioma progression and a worse prognosis, whereas the subtype C3 and a low GPI were found to be associated with glioma suppression and a better prognosis. These findings imply that although activating pyroptosis leads to cell death, it still promotes glioma malignancy. However, patients with high GPIs were also found to be more sensitive to TMZ and anti-PD1 therapy than those with low GPIs. These paradoxical results can be interpreted from several perspectives. On the one hand, pyroptosis, a lytic and proinflammatory type of regulated cell death, is characterized by cell swelling, lysis, and the release of numerous proinflammatory factors, including IL-18, ATP, IL-1β, and HMGB1, which can promote tumor growth and progression (59–65). Chronic inflammation can increase the risk of cancers through multiple mechanisms involving not only the tumor but also tumor-infiltrating stromal cells and immune cells (66). On the other hand, the TME is composed of interstitial fluid, the extracellular matrix, and other components (tumor cells, immune cells, and stromal cells) (67), and the balance between tumor-promoting and tumor-suppressing factors in the TME regulates tumor growth (68). Therapy-induced acute inflammation boosts antitumor immunity by promoting antigen-presentation by recruiting immune cells (such as mature dendritic cells and macrophages) to the TME (11). Induction of tumor cell pyroptosis can create an opportunity to reverse the immune desert phenotype, turning a “cold” tumor into a “hot” tumor (11, 69, 70).

In this study, we found that gasdermins were significantly correlated with the biomarkers of GASCs, GAICs, and GSCs. The stromal score and immune score, calculated to predict the overall level of infiltrating stromal and immune cells, respectively, were both significantly increased in the pyroptosis subtype C1 and positively correlated with GPI. Specifically, for GASCs, the infiltration of astrocytes, endothelial cells, fibroblasts, lymphatic endothelial cells, mesenchymal stem cells, microvascular endothelial cells, and skeletal muscle cells significantly increased in C1 and was positively correlated with GPI. For GAICs, the infiltration of memory B cells, CD8+ T cells, resting memory CD4+ T cells, activated memory CD4+ T cells, regulatory T cells, resting NK cells, M0 macrophages, M1 macrophages, M2 macrophages, activated myeloid dendritic cells, activated mast cells, and neutrophils significantly increased in C1 and positively correlated with GPI. In addition, mRNAsi decreased in C1 and was negatively correlated with GPI. GASCs significantly enhance the proliferation and tumorigenicity of GSCs (71, 72) and promote glioma angiogenesis and growth in vitro and in vivo (73, 74). Multiple studies have shown that the infiltration of immune-suppressing cells (including lymphocytic B cells, M2 macrophages, myeloid dendritic cells, and regulatory T cells) enhances tumor growth and progression (75–80). A previous study demonstrated that high mRNAsi was present in GBM rather than in LGG and was associated with a poor prognosis, which is consistent with our results (32). Thus, the activation of pyroptosis may lead to an inhibitory immune microenvironment and affect the characteristics of GSCs, thereby promoting tumor progression, which could explain why subtype C1 and high GPI values were associated with aggressive phenotypes of glioma. However, studies have demonstrated that certain chemotherapeutic drugs, such as cisplatin and paclitaxel, effectively suppress tumor growth and metastasis by evoking the conversion from caspase 3-dependent apoptosis to pyroptosis (17, 81–83), which could explain why high activating levels of pyroptosis are associated with high TMZ sensitivity in glioma. Of note, Wang et al. showed that pyroptosis-inducible therapy increased the infiltration of CD8+ cells, CD4+ T cells, and NK cells in mammary tumor grafts, and the pyroptosis of less than 15% of tumor cells was sufficient to clear all 4T1 experimental breast tumors (84). Furthermore, pyroptosis in 4T1 tumor cells induced the polarization of M1 macrophages (84). Zhang et al. also found that in the pyroptosis-activated TIME, CD8+ T and NK cells induced tumor cell pyroptosis through granzyme B, thus forming a positive feedback loop (18). Similarly, NK cells and CD8+ T cells have been recently shown to trigger tumor clearance via the GSDMB-granzyme A axis (12), and higher enrichment of NK and CD8+ T cells usually reflects better ICB efficacy (85). GSDMD is required for the antitumor function of CD8+ T cells (86), and GSDMD deficiency decreases the cytolytic capacity of CD8+ T cells (87). Thus, chemotherapy and immunotherapy may rapidly induce pyroptosis and boost antitumor immunity by increasing the recruitment and activation of CD8+ and NK cells in glioma, which could explain why the pyroptosis subtype C1 and high GPIs were associated with higher TMZ sensitivity and better anti-PD1 therapy response. Furthermore, we found that gasdermins were correlated with most of the immune checkpoints; the PD-L1 expression and TMB score were increased in C1 and positively correlated with GPI, while the MSI score showed the opposite trend. TMB and MSI scores and PD-L1 levels are important predictive biomarkers for ICB effectiveness (31, 88, 89), which help illustrate the potential predictive ability of GPI for ICB response. In addition, our results show significant differences in genetic alterations in tumor driver genes (IDH1, PTEN, TP53, and ATRX) among the pyroptosis subtypes C1, C2, and C3, and many cancer-promoting pathways and immune-related processes were greatly enriched in the GPI-H group. Whether the tumor-promoting or tumor-suppressing roles dominate, the role of pyroptosis likely depends on the specific genetic and epigenetic characteristics of the tumor, combined with differences in host inflammatory status and immunity (11). These results indicate that genetic features act as intrinsic factors, leading to differences in pyroptosis status via certain pathways, further remodeling the TIME to influence prognosis and therapy effectiveness in glioma. Further studies are required to verify this hypothesis.

This study has some limitations. This retrospective study used publicly available data and algorithms. We collected glioma samples for further analysis and verification. Overall, we explored the function of pyroptosis and developed a pyroptosis-related index for glioma; however, there is a need to determine the mechanisms of certain oncogenes involved, on which we are conducting further research. The pan-cancer analysis suggests that GSDMD plays a potential role in immunotherapy. However, the specific mechanism of action requires further investigation. We hope that the pan-cancer exploration in our study will encourage further studies on this subject.



Conclusions

Taken together, the glioma pyroptosis subtype C1 and a high GPI were associated with malignant characteristics but may improve the sensitivity to and efficacy of TMZ and ICB treatment, highlighting the importance of a combination of pyroptosis-targeted therapy with chemotherapy and/or immunotherapy for glioma. Thus, pyroptosis of glioma cells may perform the dual function of tumorigenesis and antitumor immunity.
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Therapeutic tumor vaccines have become an important breakthrough in the treatment of various solid tumors including lung cancer. Dendritic cells (DCs)-based tumor vaccines targeting tumor-associated antigens (TAAs) play a key role in immunotherapy and immunoprevention. However, the weak immunogenicity of TAAs and low immune response rates are a major challenge faced in the application of therapeutic tumor vaccines. Here, we tested whether targeting an attractive target Mesothelin (MSLN) and PD-L1 immune checkpoint molecule to DCs in vivo would elicit therapeutic antitumor cytotoxic T lymphocyte (CTL) response. We generated specific MSLN fragment combined with PD-L1 and GM-CSF peptide immunogen (MSLN-PDL1-GMCSF) based on the novel anti-PD-L1 vaccination strategy we recently developed for the cancer treatment and prevention. We found that DCs loaded with MSLN-PDL1-GMCSF vaccine elicited much stronger endogenous anti-PD-L1 antibody and T cell responses in immunized mice and that antigen specific CTLs had cytolytic activities against tumor cells expressing both MSLN and PD-L1. We demonstrated that vaccination with MSLN-PDL1-GMCSF potently inhibited the tumor growth of MSLN+ and PD-L1+ lung cancer cells, exhibiting a significant therapeutic anti-tumor potential. Furthermore, PD-1 blockade further improved the synergistic antitumor therapeutic efficacy of MSLN-PDL1-GMCSF vaccine in immunized mice. In summary, our data demonstrated for the first time that this PD-L1-containing MSLN therapeutic vaccine can induce persistent anti-PD-L1 antibody and CTL responses, providing an effective immunotherapeutic strategy for lung cancer immunotherapy by combining MSLN-PDL1-GMCSF vaccine and PD-1 blockade.
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Introduction

Lung cancer is the most common malignant tumor with high morbidity and mortality in the world. Surgical treatment alone is no longer effective in further improving survival rates, and effective treatment of lung cancer remains a major challenge to be faced (1–3). Dendritic cells (DCs) are specialized antigen-presenting cells (APCs) that initiate and modulate innate and adaptive immunity (4, 5). DCs can present antigen through MHC I and MHC II molecules and activate CD4+T and CD8+T, which can activate specific anti-tumor immune response, so as to make tumor recede. Therefore, DC can be used to prepare therapeutic anti-tumor vaccine (6–8). Sipuleucel-T (Provenge), the first DCs-based cancer vaccine, which was approved by the US Food and Drug Administration (FDA) in 2010, was exploited for resistant prostate cancer (9). For the past two decades, DC therapy has been indicated to be able to induce anti-tumor immunity, which is safe and well-tolerated (10, 11). Programmed death 1 (PD-1) and programmed death ligand 1 (PD-L1) are the most well-studied immune checkpoints in recent years. Many tumor cells, including lung, ovarian, melanoma and pancreatic tumors, evade immune surveillance by upregulating PD-L1 expression (12, 13). The binding of PD-1 to PD-L1 leads to suppression of tumor-specific T cell immune responses (14). Currently, PD-1/PD-L1 monoclonal antibodies have been developed as immune checkpoint inhibitors for cancer therapy to remove the “brake” on the immune system and restore the ability of T cells to attack tumor cells (15). Nevertheless, treatment with anti-PD-1/PD-L1 antibodies has produced long-lasting and effective antitumor response in only a small percentage of patients (16–18). DCs or antigen-loaded DCs can directly induce antibody responses and promote antibody production of CD40-activated naive and memory B cells during stimulation of B cell responses (19). Moreover, our recent studies also found that DCs can activate both cellular and humoral immune responses (13). Therefore, identifying predictive biomarkers and designing rational PD-(L)1-based combination therapies has become the focus of cancer immunotherapy.

Mesothelin (MSLN) is a glycosylphosphatidylinositol-linked membrane glycoprotein which is highly expressed in a variety of tumors and is also expressed in mesothelial cells of healthy individuals, but at low levels. Therefore, it can be considered as a promising target protein for tumor-targeted therapy (20–22). In the tumor environment, MSLN plays an important role in survival, proliferation, and migration/invasion of cancer cells as well as in drug resistance (23). Over the years, evidence has accumulated with regards to the importance of MSLN as a tumor-associated antigen (TAA) overexpressed in almost one-third of human cancers. For these reasons, various types of anti-MSLN therapies have been developed, including antibodies, antibody-drug conjugates (ADCs), immunotoxins, cancer vaccines, and chimeric antigen receptor (CAR)-T cell immunotherapies (24–26). Granulocyte macrophage colony stimulating factor (GM-CSF), produced mainly by macrophages and activated T cells, is a cytokine with multiple biological activities (27). GM-CSF is a key cytokine essential for the differentiation, proliferation, and recruitment of DCs and promotes their capacity for antigen presentation, co-stimulatory molecule expression, and proinflammatory cytokine production. Therefore, it has been used as an adjuvant in several cancer vaccines to boost DC-mediated antitumor immunity (28–30). Preclinical studies have shown that GM-CSF not only has the capacity to increase antigen-induced immune responses, but it also can alter the Th1/Th2 cytokine balance. It appears that GM-CSF can stimulate both Th1 and Th2 type responses depending on immune cells and cytokines in the immediate local environment (31, 32). Therefore, GM-CSF acts an essential role as immune adjuvant played in tumor vaccine for enhancing effective immune response.

In this study, we generated a new therapeutic vaccine (MSLN-PDL1-GMCSF), with both autonomous induction of anti-PD-L1 antibody production and MSLN-specific targeting characteristics. We found that this MSLN-PDL1-GMCSF protein-loaded DCs vaccine induced an effective antigen-specific anti-tumor CTL response in vivo, and showed significant therapeutic effects in tumor-bearing mice. Furthermore, combination therapy with PD-1 blockade produced synergistic antitumor effects, which provides a new effective strategy for immunotherapy of solid tumors.



Materials and Methods


Mice and Cell Lines

Six- to eight-week-old male C57BL/6 mice were purchased from Charles River Laboratories and bred at Guangzhou Medical University under specific pathogen-free (SPF) conditions. All animal procedures were approved by the Animal Ethics Committee of Guangzhou Medical University. The mice Lewis lung carcinoma (LLC) cell line was purchased from ATCC (American Type Culture Cell Bank). Cell lines were maintained in DMEM (Gibco) supplemented with 10% FBS (ExCell), 1% Penicillin-Streptomycin (Gibco). LLC stably expressing human MSLN and PD-L1 were maintained in DMEM supplemented with 2.5μg/ml puromycin (Solarbio).



Protein Production and Purification

To obtain the PDL1-GMCSF and MSLN-PDL1-GMCSF vaccines, the fusion gene of human MSLN extracellular domain, PD-L1 extracellular domain, T helper epitope and GM-CSF sequence was synthesized and cloned into pET21a expression vector to construct pET-21a-MSLN-PDL1-GMCSF and pET-21a-PDL1-GMCSF expression plasmids, respectively. Then the plasmids were transformed into BL21(DE3) expressing strain and induced to express in inclusion body form under IPTG (0.1 mM) condition. Next, the proteins were purified using Ni-NTA columns according to the instructions of the kit (Abbkine#KTP20010). The purified proteins solution was then subjected to gradient dialysis and endotoxin removal, and the entire proteins production process were analyzed by SDS-PAGE and Western blot. The prepared proteins were stored at -80°C for further studies. In addition, recombinant human PD-L1 protein was purchased from Abcam company.



Lentiviral-Transduced Tumor Cell Lines

Lentiviral vectors expressing MSLN and PD-L1 and carrying puromycin resistance genes were constructed using a three-plasmid system (psPAX2, PMD2.G, pHBLV™) for lentiviral packaging. Mass de-endotoxin extraction of plasmids was performed using Qiagen extraction kit. 293T cells were transfected according to the instructions of LipoFiter™ reagent, and virus supernatants were collected twice at 48h and 72h after transfection. After virus resuspension, LLC cells were infected, and polybrene with a final concentration of 5μg/mL was added to improve infection rate. After 24 hours, the solution was changed, and the optimal MOI was 30. After 48 hours, fresh complete culture medium containing puromycin (5μg/mL) was added to screen stable LLC cell lines. The cells were collected for further Real-time Quantitative PCR (qPCR), Western blot and flow cytometry analysis.



Preparation of Dendritic Cells

C57BL/6 mouse bone marrow (BM)-derived dendritic cells (DCs) were prepared as we described previously (13). In brief, mouse BM was flushed from leg bones, and depleted of red cells with Red Cell Lysis Solution (Biosharp). Cells were cultured in RPMI-1640 supplemented with 10% FBS, recombinant mouse GM-CSF/ml (20ng/ml) and recombinant mouse IL-4 (10ng/ml; PeproTech). Every other day, the supernatant was replaced at half volume with fresh media containing adequate cytokines. On day 7, recombinant proteins (PDL1, PDL1-GMCSF, MSLN-PDL1-GMCSF;100µg/mL) or PBS was added, and then bacterial lipopolysaccharide (LPS; Sigma) was added at 1μg/mL after 4h of antigen loading for DC maturation. After 24h of culture, the expression of characteristic DC-specific markers (CD11c and CD80) as determined by FACS.



DC Immunization and Tumor Model

C57BL/6 mice were randomly divided into 5 groups (8 mice per group) as follows: 1) PBS control, 2) PDL1, 3) PDL1-GMCSF, 4) MSLN-PDL1-GMCSF, 5) MSLN-PDL1-GMCSF + anti-PD-1. 2x105 LLC-MSLN-PDL1 cells at exponential growth stage were subcutaneously injected into the right side of the mouse. After 7 days, the mice were immunized with 1x106 antigen-loaded dendritic cells via footpad injection, twice at one-week intervals. Tumor size was measured with a vernier caliper every three or five days. The tumor volume was calculated as follows: (longest diameter) × (shortest diameter)2×0.5. Images were taken every 7 days with a small animal live imager (IVIS Lumina XRMS Series III). The method of living image was as follows: mice were anesthetized generally and 150mg D-Luciferin was intraperitoneally injected into mice per kg, and then imaging analysis was performed after 10-15 minutes of injection.



Intracellular Staining (ICS) and Flow Cytometry Analysis

Spleens were isolated from immunized C57BL/6 mice 3 days after the last DC administration (n=3). Prepared splenocytes (1×106 cells/well) were restimulated in 24-well plates with 5 µg/mL freshly-prepared vaccine protein for 6 h in the presence of recombinant mouse IL-2 (20ng/ml; PeproTech). 50ng/mL PMA, 1ug/ml Ionomycin and 10 µg/mL Brefeldin A (Absin) was added to accumulate intracellular cytokines. After restimulation, the cells were firstly incubated with anti-mouse CD3, CD4 and CD8 antibodies for surface staining. Subsequently, intracellular staining for IL-2, IFN-γ, Granzyme B and Perforin were performed after these cells were fixed and permeabilized. Fixable viability dye was used to gate out dead cells. Data were collected on FACS verse (BD Biosciences) and analyzed with Flow Jo software. The antibodies used in this study were including FITC anti-mouse CD3 (Thermo Fisher), PE anti-mouse CD4 (BD Biosciences), PerCP-Cy™5.5 anti-mouse CD8a (BD Biosciences), PE-Cy7 anti-mouse IL-2 (BD Biosciences); BV510 anti-mouse IFN-γ (Biolegend); BV421 anti-mouse Granzyme B (Biolegend); APC anti-mouse Perforin (Biolegend); Fixable Viability Stain 780 (BD Biosciences); Fixation/Permeabilization Kit (BD Biosciences).



Antibody ELISA Assay

After immunization, serum of 3 mice in each group was collected for ELISA detection. ELISA plates were coated with recombinant PD-L1 proteins (500ng/mL) overnight at 4°C. The next day, the PD-L1-coated plates were blocked with BSA, and then added with serial dilutions of serum, and incubated at room temperature for 2h. After extensive washes, HRP-labeled anti-mouse IgG antibody (Bioss) was added and incubated at room temperature for 1 h. Then TMB was added to detect ELISA reactions. Optical density (OD) was read at 450 nm on a multi-plate reader (Varioskan Flash, Thermo).



Hematoxylin-Eosin (HE) Staining

Mice livers and kidneys (n=3) were isolated from the above immune groups and fixed in 4% paraformaldehyde. After dewaxing treatment, stain sections with Hematoxylin solution for 3-5 min, rinse with tap water. Then treat the section with Hematoxylin Differentiation solution, rinse with tap water. Treat the section with Hematoxylin Scott Tap Bluing, rinse with tap water. 85% ethanol for 5 min; 95% ethanol for 5 min; then stain sections with Eosin dye for 5 min. Finally sealed with neutral gum for dehydration. Observe with microscope inspection, image acquisition and analysis.



Statistical Analysis

All analysis was performed using GraphPad Prism 8.0 statistical software. Two-way ANOVA and log-rank (Mantel-Cox) tests were used to analyze the tumor growth and mice survival data, respectively. All the other data were analyzed using unpaired two-tailed t tests. A value of p < 0.05 was considered statistically significant.




Results


Production of Recombinant Protein Immunogens

A key problem in tumor immunotherapy is the weak immunogenicity and low immune response rate of tumor antigen (10). To generate new immunogens for cancer treatment and prevention, two specific PD-L1-containg peptides fusion proteins PDL1-GMCSF and MSLN-PDL1-GMCSF were designed and synthesized based on the recent method of peptide assembly we developed (13) and cloned them into the pET21a expression vector. Plasmid construction map is shown in Supplementary Figure 1. Then, the plasmids were transformed into BL21 (DE3) (E. coli) to express the recombinant proteins PDL1-GMCSF and MSLN-PDL1-GMCSF, respectively. After culture fermentation and induction with IPTG, cells were collected, lysed, and examined by SDS-PAGE. As indicated by the black arrows (Figure 1A), the target proteins were expressed in pellet with expected molecular weights of 41.94 kDa (PDL1-GMCSF) and 65.41 kDa (MSLN-PDL1-GMCSF) upon induction. The His-tagged protein vaccine was then purified by Ni-NTA column under denaturing conditions, and the eluted fractions was further analyzed by Western blot using His antibody, which verified the accuracy of the target proteins (Figure 1B, arrows). To create a physiological consistency, the elution enriched portion of the purified protein was further dialysis and then analyzed by Western blot (Figure 1C). Additional quality control tests for endotoxin, mycoplasma and microorganisms were also performed. The purity of the recombinant proteins PDL1-GMCSF and MSLN-PDL1-GMCSF was >90% and the endotoxin was at an acceptable low level used for further studies.




Figure 1 | Expression and purification of the recombinant protein PDL1-GMCSF and MSLN-PDL1-GMCSF. (A) The fusion protein consisting of human MSLN, PD-L1, Th epitope sequence and GM-CSF was designed. The recombinant protein PDL1-GMCSF and MSLN-PDL1-GMCSF in pellet and supernatant were inducted upon IPTG (0.1 mM) or IPTG-free at the expected size using SDS-PAGE analysis. (B) Western blot analysis of the purified protein PDL1-GMCSF and MSLN-PDL1-GMCSF using His-tagged antibody was shown. (C) Western blot analysis of the dialyzed proteins PDL1-GMCSF (lane 1) and MSLN-PDL1-GMCSF (lane 2) was performed with His-tagged antibody. M, Marker; S, Supernatant; P, Pellet; ∆, Induction by IPTG.





Maturation of DCs After Loading With Fusion Protein Vaccines

Mouse bone marrow-derived DCs were prepared as previously described (13). Approximately 2~4×107 bone marrow cells were obtained per mouse, cultured in an incubator containing 5% CO2 at 37°C, denoted as Day 0. At this time, the cells were small in size, mostly round and without obvious protuberance. After 2 days culture in vitro, the cell volume increased, some cells were semi-adherent, and a few cell colonies were formed (Figure 2A). On day 4, a large number of cells grew in clusters (Figure 2B). After 6 days of culture, the immature BMDCs were obtained with the culture in the medium containing GM-CSF. Clusters of colonies of BMDCs were formed, and amounts of floating and semi-adherent BMDCs were seen. The cell volume was larger than before, with round or shuttle shape, and some cells were visible as spines (Figure 2C). After 24h stimulation with LPS (1μg/mL), the number of cells increased, and a large number of DCs with typical morphology were released from the colonies with obvious dendritic protrusions (Figure 2D). In addition, in order to detect the maturity of BMDCs, on day 7 of culture, DCs were individually loaded with PDL1, PDL1-GMCSF, MSLN-PDL1-GMCSF protein and PBS. After 4h of antigen loading, LPS was added and stimulated overnight. Surface staining and subsequent flow cytometry analysis showed that the majority of DC cells used for immunization were induced to mature, with expression levels of co-stimulatory molecules CD11c and CD80 ranging from 68.7% to 71.7% (Figure 2E). The results show that the antigen uptake and DC maturation events have occurred during this culture and stimulation process.




Figure 2 | Morphology of murine BMDCs at different days of culture and costimulatory molecule (CD80 and CD11c) expression of murine mature-BMDCs. Murine bone marrow cells were cultured in RPMI-1640 with 10% FBS containing 20ng/ml recombinant mouse GM-CSF and 10ng/ml IL-4 for 8 days. Fresh medium was supplemented every two days. (A) Murine bone marrow cells at day 2. (B) BMDCs at day-4. (C) Immature un-treated-BMDCs at day 6. (D) BMDCs were loaded with different fusion proteins (PBS, PDL1, PDL1-GMCSF, MSLN-PDL1-GMCSF) at day 7 and then after 4 hours, stimulated by LPS (1μg/ml) for another 24 hours. (E) The expression levels of the maturation-stimulating molecules CD80 and CD11c in BMDCs were analyzed by surface staining and flow cytometry.





PD-L1-Containing MSLN Vaccine Induces Effective Th1 Cytokine Secretion and Elevated Anti-PD-L1 Antibody Production

To study whether this PD-L1-containing MSLN vaccine can induce efficient immune response, C57BL/6 mice were firstly immunized twice with 100 µg/mL protein-loaded DCs and PBS-DCs weekly. On the third day after immunization with MSLN-PDL1-GMCSF protein-loaded DC vaccine, C57BL/6 mice were intraperitoneally injected with PD-1 monoclonal antibody (McAb) (200μg/mouse) to carry out combination therapy (Figure 3A). Three days after the second immunization, spleens of immunized mice were isolated and digested into single-cell suspensions, which were then stimulated in 24-well plates with 50ng/mL PMA, 1ug/ml Ionomycin and 10 µg/mL Brefeldin A for 6 h. CD4+ T cells producing IL-2 and IFN-γ were then determined and analyzed by intracellular staining and flow cytometry. As expected, the Th cells immunized with MSLN-PDL1-GMCSF protein vaccine generated a significantly higher percentage of IL-2 compared with cells immunized with PBS-DCs (Figure 3B). Similarly, the frequency of IFN-γ producing T cells was induced by a 2.1-fold increase in total CD4+ cells, similar to IL-2 induction (Figure 3C). These results clearly demonstrated that MSLN-PDL1-GMCSF protein vaccine elicit enhanced IFN-γ and IL-2 production and might generate good capability for CTL induction. Furthermore, to further study whether DCs-loaded with MSLN-PDL1-GMCSF can induce PD-L1-specific antibody responses, we used sera of immunized mice for anti-PD-L1 ELISA detection. As shown in Figure 4A, it showed that levels of anti-PD-L1 antibodies (IgG) in sera of MSLN-PDL1-GMCSF loaded DCs immunized mice slightly increased (p<0.05) compared to other two immunized groups, similar to our previous observation immunized with PDL1-Vax (13). Interestingly, when combined with PD-1 McAb treatment, the secretion of cytokines and anti-PD-L1 production were significantly increased determined by FACS and ELISA assay in this test. To further verify the possible adverse autoimmune pathology induced by immunization with protein-loaded DCs, HE staining was performed on sections of vital organs and tissues of immunized mice, and no significant pathological toxicity was observed in immunized mice (Figure 4B). Taken together, our data implies that this PD-L1-containing MSLN vaccine can induce effective Th1 responses and anti-PD-L1 antibody production, and it a relatively safe and effective tumor vaccine.




Figure 3 | MSLN-PDL1-GMCSF protein vaccine pulsed with DCs increases IFN-γ and IL-2 secretion by Th cells. (A) C57BL/6 mice were immunized twice, weekly, with 100μg/mL of vaccine protein-loaded DCs and PBS-DC control. Splenocytes were isolated for assay 3 days after immunization. (B) The frequency of IL-2+ production in CD4+ T cells by intracellular staining analysis and flow cytometry. (C) Frequency of IFN-γ+ among CD4+ T cells was analyzed. Mean ± SD (n=3). *p < 0.05, **p < 0.01.






Figure 4 | Groups of C57BL/6 mice were immunized with protein-loaded DCs (1×106 cells/mouse) at twice weekly interval, and sera from each group mice were collected 3 days after the end of immunization. (A) PD-L1-specific IgG levels from the sera of each group were determined by ELISA. (B) HE staining analysis of liver and kidney sections from each group of mice as described in “Materials and Methods”. The original magnification of the images is ×10. Mean ± SD (n=3). *p<0.05, **p < 0.01.





Vaccination Generates Significantly Enhanced Cytotoxic T Cell Response

In human anti-tumor immune response, cellular immunity is the predominant form, and the production of CD8+ cytotoxic T lymphocyte cells (CTL) is the core of effective anti-tumor cell immunity (33). Therefore, to study whether this MSLN-PDL1-GMCSF-loaded DC vaccine can induce an effective antigen-specific CTL response, C57BL/6 mice were immunized twice with fusion protein-loaded DCs and then spleen T cells were obtained 3 days after the second vaccination as described previously. The effector molecules IFN-γ, Granzyme B, and perforin were then tested to evaluate the cytotoxic T cell response. As shown in Figure 5A, the increased expression level of IFN-γ was observed in CD8+ T cells using intracellular staining and FACS. MSLN-PDL1-GMCSF-DCs generated a significantly higher percentage of Granzyme B producing CD8+ T cells, with a 2.2-fold increase in the MSLN-PDL1-GMCSF-DCs group and had a 2.5-fold increase in the monoclonal antibody group compared to the PBS-DCs group (Figure 5B). The similar trend was observed for perforin secretion, which was increased by 3.5-fold in the MSLN-PDL1-GMCSF-DCs group and approximately 5.4-fold upregulation in the monoclonal antibody group (Figure 5C). These results suggest that DC-targeted MSLN-PDL1-GMCSF vaccine induces an efficient anti-tumor CTL response, which is even more significant in combination with PD-1 McAb.




Figure 5 | DC vaccination produced a significantly enhanced cytotoxic T cell response. Spleen cells were isolated from each group 3 days after the second inoculation of C57BL/6 mice, and incubated with RPMI-1640 containing 10%FBS for 6 hours, adding PMA (50ng/mL), Brefeldin A(10ug/ml) and Ionomycin(1ug/ml). The cells were surface stained and intracellularly stained with FACS to analyze the expression of IFN-γ (A), granzyme B (B) and perforin (C) in CD8+ T cells. Mean ± SD (n=3). *p < 0.05, **p < 0.01.





Therapeutic Vaccination With DC Loading MSLN-PDL1-GMCSF Vaccine Significantly Inhibits Tumor Growth

In order to assess whether the fusion protein-loaded DC vaccine can generate therapeutic antitumor effects, 2×105 lung cancer cell lines LLC, which stably expressing MSLN and PD-L1, were injected subcutaneously on the right flank of C57BL/6 mice for better later treatment and monitoring. After tumor establishment, tumor-bearing mice were immunized with fusion protein-loaded DC vaccine via footpad injection on day 7 after tumor cell inoculation and booster immunization on day 14. Meanwhile, combination PD-1 monoclonal antibody treatment was administered on days 10 and 17. Tumor growth was monitored by vernier calipers every 3 days, and live imaging was performed every 7 days. As shown in Figure 6A, vaccination with MSLN-PDL1-GMCSF-DCs more efficiently delayed tumor growth compared to other groups. Interestingly, immunized mice in the PDL1 protein group and the PDL1-GMCSF vaccine group also showed some efficacy in inhibiting tumor growth. In addition, the survival of tumor-bearing mice was significantly improved by vaccination with MSLN-PDL1-GMCSF-DCs (Figure 6B). After injection of luciferase, in vivo bioluminescence showed that MSLN-PDL1-GMCSF-DCs combined with anti-PD-1 group greatly inhibited tumor growth in vivo (Figures 6C, D). Thus, these data suggest that this MSLN-PDL1-GMCSF vaccine could be a more potent therapeutic vaccine compared with conventional non-PD-L1 DC-targeting protein vaccines. Strikingly, Vaccination of PD-1 McAb can synergize with MSLN-PDL1-GMCSF-DCs vaccine to produce significantly enhanced antitumor effect, and 60% of treated mice survived for at least 80 days. Therefore, the combination of protein-loaded DC vaccine and PD-1 McAb blockade could be an effective therapeutic strategy against solid tumors.




Figure 6 | Vaccination combined with PD-1 McAb blockade can synergize with DC-targeted tumor vaccines to control tumor growth. Groups of mice (5 per group) were inoculated subcutaneously with 2×105 exponentially growing and fluorescein-expressing MSLN+ and PD-L1+ LLC-luc tumor cells. Seven days later, mice were immunized twice (1×106 cells/mouse) with protein-loaded DCs at an interval of 1 week. For combination treatment, PD-1 McAb (200ug/mouse) was injected intraperitoneally in the monoclonal antibody group on day 10 and day 17 after tumor inoculation. Tumor size was measured by vernier calipers every 3-5 days, tumor growth curve is shown in panel (A) and survival curve is shown in panel (B). (C) Bioluminescence detection of LLC-luc was monitored every seven days. (D) Average radiance (photons/second/square centimeter/steradian) of tumor is determined by Living Image 4.5 software. Mean ± SD (n=5). *p < 0.05, **p < 0.01, ****p < 0.0001.






Discussion

In recent years, tumor vaccines designed based on DCs have been extensively studied. DC vaccines loaded with tumor antigens are promising approaches for cancer immunotherapy due to their ability to present specific tumor antigen and activate specific T cells, stimulate B cells and form immune memory (5). Studies have shown that DC vaccines enhance antitumor immune responses and effectively control tumor growth in various mouse tumor models with good safety and tolerability (10, 34, 35). However, despite extensive efforts, tumor regression in DC vaccine-treated cancer patients is rare and limited progress has been made in cancer treatment (6). Therefore, new strategies and approaches are urgently needed to improve the efficacy of tumor vaccines and thus improve the poor efficacy in the clinic. A fusion protein targeting MSLN was found to promote tumor-specific T cell responses by increasing tumor antigen presentation and cross-presentation via DC in vitro and enhanced tumor cell immunogenicity in vivo (36). In this study, we designed a novel fusion peptide immunogen including human MSLN, PD-L1 immune checkpoint molecule, GM-CSF sequence and T helper epitope sequence assembly as therapeutic tumor vaccine (MSLN-PDL1-GMCSF). Our results showed that the novel PD-L1-containing MSLN targeting vaccine was able to activate a MSLN and PD-L1-specific T cell immune responses in immunized mice, inhibit the growth of MSLN+ and PD-L1+ tumor cells. Meanwhile, cytokine GM-CSF component in the vaccine design as an adjuvant might elicit function in enhancing DC recruitment, activation and cross-presentation.

The immunosuppressive tumor microenvironment leading to inefficient antigen presentation is further complicated by the problem. The immune checkpoint molecule PD-1 is expressed on T cells and its binding with PD-L1 on tumor cells can down-regulate T cell proliferation, reduce T cell cytokine secretion or enhance T cell apoptosis (37–39). To date, there are five antibodies against PD-1 or PD-L1 that have been approved by the FDA and the European Medicines Agency for use in cancer immunotherapy (40). Clinical trials have shown that immune checkpoint regulation therapies have good potential, although in many cases the effect is limited, especially in solid tumors with low response rates, probably because the majority of cancer patients are resistant to PD-1/PD-L1 blockade (41). The induced anti-PD-L1 antibodies can kill PD-L1-expressing tumor cells through multiple mechanisms, including inhibition of PD-L1 interaction with PD-1 on CTLs, antibody-dependent cellular cytotoxicity (ADCC), and complement-dependent cytotoxicity (CDC) (13, 37, 42). Previous evidence supports that DCs can directly induce CTL and antibody responses, and DCs stimulating an antibody response is believed as a consequence of CD4+ Th function (13, 43). In this study, we found that this novel PD-L1-containing MSLN vaccine can induce low-dose, durable anti-PD-L1 antibodies and elicit effective tumor-specific CTL responses in vivo. As shown in the Figure 6, compared with DC vaccine loaded with PD-L1 alone, the MSLN-PDL1-GMCSF vaccine inhibited the growth of lung cancer cells more effectively, and obtained a more pronounced survival benefit, which probably because blocking the PD-1 and PD-L1 restores the anti-tumor effect of T cells in the tumor microenvironment, thus reversing the “cold” state of the tumor.

Several clinical trials are underway to evaluate the efficacy of DC-based vaccines in combination with radiotherapy, chemotherapy, immune checkpoint inhibitors, and adoptive cell therapy for the treatment of various cancers (17, 34, 41). Teng, C. et al. demonstrated that blocking the PD-1/PD-L1 immune checkpoint during DC vaccination showed better therapeutic efficacy than DC vaccination alone in an established mice model of in-situ liver tumor (15). However, in contrast to preclinical data, clinical data on the combination of immune checkpoint inhibitors and DCs vaccination are limited. Recent clinical data showed that 39 patients with metastatic melanoma who received ipilimumab plus DCs vaccine had an overall survival rate of only 38% (44). In this study, we further evaluated the therapeutic efficacy of this MSLN-PDL1-GMCSF vaccine in combination with PD-1 immune checkpoint inhibitors in an established mice model of lung cancer. The results showed that by inducing a stronger anti-tumor cytotoxic T-cell response, the combination of MSLN-PDL1-GMCSF vaccine and PD-1 antibody significantly prolonged overall survival, reduced tumor volume and increased tumor cell apoptosis compared to treatment alone. Thus, the combination therapy of this novel vaccine with PD-1 blockade may have great potential as a new treatment strategy for the treatment of other cancers, such as mesothelioma, pancreatic cancer, ovarian cancer and triple negative breast cancer with high expression of MSLN.

Nevertheless, we are aware of some limitations in this study. Firstly, more solid tumors with high expression of MSLN and PDL1 are needed to determine the overall anti-tumor effect of this novel vaccine in the future. Secondly, our next step is to optimize the MSLN epitope sequence to improve immunogenicity. Also, whether this PD-L1-containing MSLN vaccine can efficiently target in vivo needs to be determined. In addition, there are some potential clinical applications and challenges for this PD-L1-containing MSLN vaccine. Since the sequences of this novel fusion peptide immunogen (MSLN-PDL1-GMCSF) are originated from human, it is important to test this novel human MSLN-PDL1-GMCSF vaccine in cancer patients to determine whether anti-PD-L1 antibody and CTL responses can be induced and whether the PD-L1-containing MSLN vaccine is safe. Till now immunosuppression microenvironment remain a major challenge in developing effective immunotherapies, the combined therapies (CAR-T and chemotherapy, etc.) that modulate the tumor microenvironment were also needed to enhance the immune response and improve the efficacy of antitumor.

In summary, provided here for the first time is a novel PD-L1-containing MSLN therapeutic vaccine with the ability to induce persistent anti-PD-L1 antibody and CTL responses. It provides a new effective immunotherapeutic strategy for various solid tumors expressing high MSLN and PD-L1 level by combining this MSLN-PDL1-GMCSF vaccine and PD-1 blockade. This work, together with our recent reported PDL1-Vax, lays out a new strategy to overcome the problem of immune tolerance, and promotes the development of drugs targeting MSLN as the relevant antigen, which have theoretical and application values in the development of tumor immunotherapy in human. The combination of therapeutic vaccination with PD-1 blockade therapy may prove to be critical for improving the management and clinical outcomes of patients who do not respond or whose disease eventually progresses.
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Metastasis is the main fatal cause of colorectal cancer (CRC). Although enormous efforts have been made to date to identify biomarkers associated with metastasis, there is still a huge gap to translate these efforts into effective clinical applications due to the poor consistency of biomarkers in dealing with the genetic heterogeneity of CRCs. In this study, a small cohort of eight CRC patients was recruited, from whom we collected cancer, paracancer, and normal tissues simultaneously and performed whole-exome sequencing. Given the exomes, a novel statistical parameter LIP was introduced to quantitatively measure the local invasion power for every somatic and germline mutation, whereby we affirmed that the innate germline mutations instead of somatic mutations might serve as the major driving force in promoting local invasion. Furthermore, via bioinformatic analyses of big data derived from the public zone, we identified ten potential driver variants that likely urged the local invasion of tumor cells into nearby tissue. Of them, six corresponding genes were new to CRC metastasis. In addition, a metastasis resister variant was also identified. Based on these eleven variants, we constructed a logistic regression model for rapid risk assessment of early metastasis, which was also deployed as an online server, AmetaRisk (http://www.bio-add.org/AmetaRisk). In summary, we made a valuable attempt in this study to exome-wide explore the genetic driving force to local invasion, which provides new insights into the mechanistic understanding of metastasis. Furthermore, the risk assessment model can assist in prioritizing therapeutic regimens in clinics and discovering new drug targets, and thus substantially increase the survival rate of CRC patients.




Keywords: colorectal cancer, metastasis, local invasion, driver variants, machine learning



Introduction

Colorectal cancer (CRC) is one of the most frequent cancers worldwide and has the highest mortality after lung cancer (1, 2). The low survival rate and the high recurrence of CRC could be largely attributed to metastasis (3). About 20% of CRC patients already have metastases at diagnosis (4). Therefore, early assessment of metastasis risk can assist in prioritizing therapeutic regimen and thus substantially reduce the mortality of CRC patients.

Accumulating lines of evidence indicate that genetic factors may play a crucial role in CRC metastasis (5). However, CRC metastases are mechanistically heterogeneous, and the heterogeneity may answer for the poor prognosis in clinics. To date, the genomic basis of this variability has not been fully illustrated yet. With the goal of identifying driver genes/mutations in metastasis, previous works performed comparative lesion sequencing of matched primary versus metastatic CRC in cohorts of different size, race, age, and metastatic sites (4, 6–9). Some studies attempted to seek a high genomic concordance between primary and metastatic CRCs (7, 9–11), in which the concordant genomic biomarkers were thus taken as effective indicators for both diagnostic and prognostic implications of CRCs (6). These biomarkers, for example, BRAF mutations, were applied to assess mortality of metastatic CRC (12). A recent meta-analysis on 61 clinical studies and 3,565 metastatic CRCs concluded that four highly concordant gene biomarkers (KRAS, NRAS, BRAF, and PIC3KA) might drive the metastatic spread (6). However, due to the interference of “background noise” produced by extensive heterogeneity of the tumor cell variations, biomarker discordance was also often observed. For instance, the discordance rates of KRAS mutations between primary CRC and its metastases could be as high as 22% (13). PIK3CA demonstrated a 6.8-fold higher odds of discordance between the primary and the metastatic sites (14). In addition, it was reported that 65% of somatic mutations originated from a common progenitor, in which 15% were tumor-specific and 19% were metastasis-specific (15). Alternatively, some studies paid more attention to the metastasis-specific alterations (5, 16). A previous study suggested that targeted therapy of colorectal liver metastases would be more effective on the basis of the genetic properties of metastasis rather than those of the primary tumor since there was a significant genetic difference (17). However, a phylogenetic analysis of pancancer metastases manifested that many genetic biomarkers or driver genes were common to all CRC metastases, and the driver gene mutations not shared by all metastases were unlikely to have functional consequences (8). After all, these efforts discovered a bundle of potential metastasis-associated genes that were recurrently mutated at the metastatic sites, including APC, TP53, KRAS, PIK3CA, and SMAD4 (Table 1). It should be noted that many of the metastasis-associated genes are also involved in CRC origin and progress (4).


Table 1 | Summary table of the CRC metastasis-associated genes via literature research.



In recent years, several prediction models were developed for tumor metastasis assessment. Some used conventional clinical pathological characteristics, such as age, race, gender, tumor site, and tumor size, to establish the Cox regression models (or the proportional hazards models) to assess metastasis and survival outcomes for CRC patients (18–20). Some applied nomograms to perform metastasis assessment on the basis of radiomics signatures (21–24). For instance, imaging descriptors derived from computed tomography (CT) were used as prognostic or predictive biomarkers for metastasis (25). With the widespread application of high-throughput sequencing technology, some research groups also mined multiple omics data for metastasis assessment. For examples, Kandimalla et al. constructed an 8-gene classifier based on gene expression profiles to predict lymph node metastasis in T1 CRC patients (26). Ozawa et al. used five microRNA signatures to predict lymph node invasion in T1 CRC cancers (27). Regretfully, despite the enormous efforts that have been made to identify biomarkers and build prediction models for CRC metastasis risk assessment, there is still a huge gap to translate these efforts into clinical applications due to the problem of poor consistency (28, 29). In particular, they are powerless on risk assessment of early CRC metastasis.

Tumor metastasis is an invasive action of tumor cells, which refers to the process of tumor cells spread to other parts of the body. In principle, metastasis usually progresses in four steps: local invasion, intravasation into the blood circulation system, extravasation into the surrounding tissues, and colonization and proliferation in new locations (30). Local invasion of tumor cells is the initial step of almost all types of metastases (31). Before the tumor cells detach from the primary lesion, they proliferate and spread to nearby tissues, and communicate with adjacent cells in response to the microenvironment changes (32). Therefore, instead of identifying concordant gene markers between the start point (primary tumor) and the end point (metastatic tumor), exploring the driving genetic force at the initial step (local invasion) may capture the true signals of early metastasis. Unfortunately, few studies have been ever undertaken to date to identify local invasion-associated genes in malignant cancers.

In this work, we attempted to mine driver genes/mutations in early CRC metastasis. For this purpose, we elaborately designed an experiment to profile genomic alternation landscapes of cancer, paracancer, and normal tissues simultaneously in a CRC cohort. Upon the genomic mutation profiles, a new statistical parameter was introduced to quantitatively evaluate the contribution of every mutation to local invasion. Subsequently, we identified metastasis driver mutations via mining multiple omics data derived from different CRC sources. Lastly, we developed a machine learning model for rapid assessment of early CRC metastasis.



Data and Methods


The CRC Cohort

This study was approved by the Ethics Committee of the Xiamen Xianyue Hospital and was performed in accordance with the Helsinki Declaration. All patients provided written informed consent prior to inclusion in the study. A total of eight CRC inpatients from the Zhongshan Hospital, affiliated to Xiamen University, Fujian Province, China were recruited in this study. They were selected from more than 248 CRC inpatients on the basis of the following criteria: (1) the patients have no blood kinship by medical background review; (2) the patients were diagnosed with rectal differentiated adenocarcinoma of stage II or III; and (3) the patients received a similar chemotherapy regimen and the prognoses were benign. These eight patients were further divided into two groups: the NM group of four patients who had no metastasis till surgery excision, and the LM group of four patients who had local lymphatic metastasis but no distal metastasis. The medical details of the patients are briefly summarized in Table 2.


Table 2 | Detailed information of the CRC patients.





Experiment Design and Sample Collection

For every patient in the cohort, three tissue samples were collected from the tumor removal surgery under authorization in advance: the tumor sample was collected at the near edge of the tumor, and the paracancer and normal samples were taken 2 cm and 5 cm away from the tumor, respectively (Figure 1A). Overall, 24 tissue samples of eight patients were collected. The pathological status of tissue samples was determined by standard immunohistochemistry (IHC) examination. The tissue samples were frozen in liquid nitrogen soon after the surgical excision and kept at −80°C for long-term storage.




Figure 1 | Workflow of the study. (A) Criteria and procedures of the sample collection and tissue selection. (B) Schematic diagram of the LIP calculation.   Rmi stands for the invasion promotion rate, and   stands for the invasion resistance rate. (C) Schematic diagram of identification of germline driver mutations for early risk assessment of CRC metastasis.





Mutation Profiling With the Whole-Exome Sequencing

The genomic DNAs of tissue samples were extracted using the EZ-10 Spin Column Blood Genomic DNA Purification Kit (Sangon Biotech Co, Ltd., Shanghai, China). The DNA concentration was measured by a Qubit Fluorometer and diluted to 50–300 ng/µl. For each sample, 3–5 µg of DNA was applied for quality control, and its integrity was checked by the agarose electrophoresis. The whole exome was captured using the MGIEasy Exome Library Prep Kit (BGI, Shenzhen, China) and the library for sequencing was prepared according to the manufacturer’s instruction. The whole-exome sequencing (WES) was performed by the Beijing Genome Institute (BGI, Shenzhen, China) using the BGISEQ-500 platform in a 100-base pair (bp) paired-end mode.



Exome Data Preprocessing, Variants Calling, and Variant Annotation

Before variant calling, quality control was conducted to the sequencing raw data using Trimmomatic (v.0.39; parameters: LEADING=20, TRAILING=20, SLIDINGWINDOW=5:20, MINLEN=80) (51). The clean reads were mapped to the human reference genome (GRCh38.p12) using the Burrows-Wheeler Aligner (BWA, v.0.7.17; parameters: mem -t 4 -M -R) (52). We used the Genome Analysis Toolkit (GATK, v.4.1.1.0) (53) and the Samtools (v.1.9) (54) for basic processing, duplicate marking, and base quality scores recalibrating (BQSR). Variant calling for germline mutations and somatic mutations was conducted using GATK HaplotypeCaller and Mutect2, respectively. The variants were further annotated with the ANNOVAR (v2019Oct24) (55).



Estimation of Tissue Purity and Ploidy

For every tumor and paracancer samples, the tissue purity and ploidy were estimated on the basis of genome-wide somatic mutation profiles with Sclust (v.1.1, -t tumor.bam -n normal.bam -rc -minp 2 -maxp 3.5) (56), taking the corresponding normal tissue as the reference.



Calculation of Local Invasion Power

Every mutation likely plays dilemmatic roles in metastasis, promotion, or resistance. For a gene mutation, Mi if the driving potential outmatches the resisting potential, Mi is considered as the driver mutation to metastasis; otherwise, Mi is the resister mutation. To measure the summarized potential of Mi to local invasion, a novel parameter, namely, local invasion power (LIP), was introduced:



where RMi and   stand for the invasion promotion rate and the invasion resistance rate, respectively. The logarithm (log) took 2 as the base. RMi and   were calculated by:





where VMTi , VMPi and VMNi stand for the variant allele fraction (VAF) of variant Mi in tumor, paracancer, and normal tissues, respectively. They were determined by dividing reads of alternate allele Mi by total reads at this locus and further normalized by all reads count. LIP > 0 indicated that the variant Mi was prone to promoting invasion than resistance. A larger LIP suggested that the mutation had more power to drive local invasion.

Moreover, we assume that the tumor invasion is the accumulated consequence of all mutations. Some mutations likely promote tumor cells invading into nearby tissue (paracancer tissue), while some intend to resist the invasion. If the overall promotion effects at the paracancer tissue overwhelm the resistance effects, local invasion is prone to progress; otherwise, invasion unlikely happens (Figure 1B). We also assume that the impact of mutations on the invasion is linear. Accordingly, the invasion risk of whole mutation profiles can be simply determined by calculating the summation of LIPs (sLIPs):



where n is the number of mutations involved in the analysis.



Identification of Metastasis Driver Variants

We identified potential metastasis driver variants by cascade bioinformatic analyses (Figure 1C): (1) By setting a threshold of LIP > 0, we obtained the list of invasion-promoting variants that were determined upon the CRC cohort of this study. (2) We estimated metastasis-variant association for the invasion-promoting variants by conducting the odds ratio (OR) analysis on the basis of external CRC datasets collected from the NCBI BioProject. The datasets were chosen by multiple criteria: (i) the CRC cohort consisted of both metastasis and non-metastasis cases; (ii) the mutation profiles were determined by WES; and (iii) the clinical information such as metastasis status was acquirable. Results show that three datasets met all criteria and were included in the OR analysis: PRJNA494574 (10 samples) (57), PRJNA514428 (24 samples) (58), and PRJNA246044 (19 samples) (41).  Of these 53 CRC samples, 28 had either lymphatic metastasis or distal metastasis, and the remaining 25 did not observe metastasis by the time of experiment. The raw sequencing data of these datasets were downloaded and preprocessed, and germline variants were called, following exactly the same operations as described above. For OR analysis, the contingency table was constructed and the OR values for every selected variants were calculated by:



where Mm and Mn stand for the number of mutations and non-mutations (the wild type) at the selected allele in the metastasis group, respectively. Nm and Nn stand for the number of mutations and non-mutations at the selected allele in the non-metastasis group, respectively. As a result, a list of metastasis-associated variants with OR >5 was determined. (3) The genetic predisposition of metastasis-associated variants to patient survival was examined. For this, the gene expression level interfered by mutation was first determined according to the expression quantitative trait loci (eQTL) information derived from the Genotype-Tissue Expression (GTEx) (60). Only the significant (p <0.01) variants to either sigmoid or transverse colons were included in the analysis, which were 1,185,110 variants in the GTEx. Having the information of mutations on gene expression levels, we then performed survival analysis subject to high or low gene expression on the basis of 763 CRC patients (including 571 colon and 192 rectum patients) from The Cancer Genome Atlas (TCGA) using the R packages survival (v3.2-3) and survminer (v0.4.8) with default parameters. As a result, we screened out eleven effective variants that could change the host gene expressions and subsequently affect the survival of patients (p < 0.01). These eleven effective variants included ten potential metastasis driver variants that may reduce the survival rate of CRC patients and one resister variant on the opposite.



Logistic Regression Model for Metastatic Risk Assessment

To aid risk assessment of early metastasis, we built a determinant classifier. The core component of classifier was a logistic regression model. The model was constructed on the basis of four exome datasets of this study and three independent CRC cohorts (NCBI BioProject: PRJNA514428, PRJNA246044, and PRJNA494574), covering a total 61 CRC patients. The datasets were split into a training set and a testing set in a combinational way (Table 3). The training set consisted of any three of four exome datasets, which were used for model construction and internal evaluation; the remaining dataset was taken as the testing set for external evaluation, which was independent of model construction.


Table 3 | Model construction and performance evaluation.



The model took the mutation profiles of eleven metastasis-associated driver variants identified in this study as the input, and output the estimated probability of metastatic risk. In model construction, the input genetic mutation profile was converted into a one-dimension 11-feature binary vector V, corresponding to the eleven metastasis-associated variants, in which carrying the mutation was defined as 1, otherwise 0.



Meanwhile, a weighted vector L was prepared for V ,which contained the average LIPs of the eleven metastasis-associated variants determined on the basis of the training dataset.



Accordingly, we calculated the dot product of V and L (V·L) as the accumulated driving force of metastasis contributed by the eleven variants for the patient. For the metastasis issue (y = 1) . the probability of occurrence P (y = 1) can then be determined by the logistic regression:



where wi is the regression coefficient for the variant and b is the intercept. The regression coefficient wi and intercept b were estimated using the Maximum Likelihood Estimation (MLE) with the glm function of the R package stats (v3.6.0).

The model performance was evaluated by the conventional parameters of accuracy, sensitivity, and specificity, which were calculated with the R function confusionMatrix from the package Caret (v6.0-86) as follows:







where P and N stand for the positives and the negatives, respectively. The values of TP (true positives), TN (true negatives), FN (false negatives), and FP (false positives) were calculated on the basis of the confusion matrices of the classification model. The area under the receiver operating characteristic curve (AUC) was also determined with the R package pROC (v1.16.2). For evaluation of all models, the leave-one-out cross-validation (LOOCV) strategy was applied to attain unbiased estimation of training. For this purpose, the training dataset was divided 51-fold (corresponding to 51 patients), of which 50 were used for model construction and the remaining one was used for internal evaluation. The LOOCV process was repeated 51 times, and the average parameters were used to evaluate the model performance of the training set.




Results


Determination of Local Invasion Power Based on Mutation Profiling

After quality control, WES of the 8-patient CRC cohort (24 tissue samples) produced an average on-target coverage of about 197×, indicating that the sequencing was substantially deep enough for reliable variant calling. Using the matched normal samples as reference, we determined the purities of tumor and paracancer tissue for every patient based on the genome-wide somatic mutation profiles. On average, the purity of tumor samples was significantly higher than that of matched paracancer samples (one-tailed paired t-test, p = 7.97e-4). The average purity of tumors and paracancer tissues was 0.52 and 0.33, respectively (Figure 2A). This result manifests that the genetic basis of paracancer tissues has changed significantly from that of normal tissues, though the cells have not yet exhibited a morphologically visible difference.




Figure 2 | Statistics of tumor purity in the 8-patient CRC cohort and the correlation with LIPs. (A) Purity of tumor and paracancer. The one-sided paired t-test was used to determine the difference between two groups. (B) Distribution of LIPs. The blue stands for the distribution determined on germline variants and the red stands for that on somatic variants. The x-axis is the subject name and the y-axis is the value of LIP. (C) The superimposed LIP distribution. Green stands for the non-metastasis group (NM) and yellow stands for the lymphatic metastasis group (LM). The Wilcoxon rank-sum test was used to determine the difference between the two groups. (D) The boxplot of sLIP comparison between the NM group and the LM group. (E) The Pearson correlation analysis between the sLIP and the tumor-to-paracancer purity change. **p < 0.01.



In the cohort, a total of 12,880 distinct and nonsynonymous somatic mutations were called, including 5,069 SNVs (single-nucleotide variants) and 8,275 indels (inserts and deletions). For every mutation, we calculated the LIP; meanwhile, we determined the summation of all mutation LIPs (namely, sLIP) for every cohort member. Regretfully, both the LIP distribution and sLIPs were unable to differentiate the lymphatic metastasis group (LM) from the non-metastasis group (NM) (Figures 2B, C). This finding challenges somatic mutations as the major driving force to local invasion.

Alternatively, we turned to seek clues from the germline mutations. Overall, 28,966 nonredundant nonsynonymous germline mutations were called in the cohort, including 619 nonsense SNVs, 25,169 missense SNVs, and 3,178 indels. In the same way, we calculated LIPs for every potential effective germline mutations and sLIPs for every cohort member. As illustrated in Figure 2B, the cohort members had different LIP distributions but a similar style, which the majority of LIPs valued at a narrow range. The different LIP distributions indicated different risk levels of local invasion; the larger LIP, the riskier. In general, the LM members had significantly larger LIPs than NM members (Figure 2C). The LM members all had a sLIP > 0; in contrast, the NM members all had a sLIP < 0. Furthermore, the sLIP value was positively correlated with the metastatic status of CRC (Figure 2D). For instance, patients L1 and L2 of the LM group were diagnosed as early stage of local lymphatic metastasis (N1), which had significantly lower sLIP values compared to that of patients L3 and L4 of metastasis stage N2. In particular, patient L4 who was diagnosed with liver and lung metastases 10 months after surgery had the largest sLIP value (7,204.88) in the cohort. In addition, we conducted a correlation analysis between the sLIP value and the tumor-to-paracancer purity change for every patient involved. A significant negative correlation was observed (Pearson coefficient = −0.732 and p = 0.039) (Figure 2E). These results suggest that the LIP value could properly reflect the contribution of mutation to the metastasis, and sLIP could serve as a good indicator of metastasis status.



Identification of Metastasis Driver Variants

As illustrated in Figure 2C, some variants (LIP > 0) contributed positively to metastasis. These variants were the potential driver variants that, to some extent, determined the incidence of metastasis. Hence, to identify the metastasis driver mutations consensus to most CRC cases, we conducted three-step bioinformatic analyses (Figure 1C): (1) From the 8-patient cohort of this study, we extracted 13,089 distinct variants that promoted the metastasis (mean value of LIP > 0), of which 186 had mean LIP > 1. (2) Then, we affirmed the mutation-metastasis association by including 53 additional CRC cases (28 metastasis and 25 non-metastasis) from three independent cohort studies. Overall, 2,751 variants were found to be highly associated with metastasis with OR > 5, and 16 were also in the list of high metastasis-promoted variants. (3) Lastly, we examined the impact of mutations on gene expressions and thereby the penetration to metastasis via mining big data from the GTEx and the TCGA (763 CRC patients). In the end, we obtained ten potential driver variants to metastasis. These variants can enhance (six variants) or suppress (four variant) their parental gene expression, and all would consequently shorten the lifetime of half survivals for an average of 31.5 months (Figure 3). There were nine SNVs (WFDC10B rs232729, LBX2 rs17009998, CCDC78 rs2071950, RGS3 rs10817493, MC1R rs885479, LUZP1 rs477830, RARS rs244903, STXBP4 rs1156287, and C6orf201 rs619483) and one insertion (ARHGEF17 rs113363731) (Table 4). Of these ten genes, five genes (WFDC10B, LBX2, CCDC78, LUZP1, and ARHGEF17) were previously reported to participate in nearby cell invasion, and lymphatic and distant CRC metastases (Table 1). Three genes (RARS, MC1R, and RGS3) were involved in tumor metastasis other than CRC (Table 4). For the remaining two genes (STXBP4 and C6orf201), their connections with metastasis have not been reported yet. However, STXBP4 can facilitate cell directional migration (61) and C6orf201 is related to the mesodermal commitment pathway (62). It is noteworthy that all these variants were common variants in the global population, owning an estimated allele frequency >10% in the ExAC database (63). Six of them even had a high frequency >60% of population. All these results suggested that the ten metastasis driver variants/genes had a substantial population basis and could serve as good biomarkers in monitoring CRC metastasis. Other than the ten metastasis driver variants, we also detected one metastasis resister variant: PLA2G4B rs3816533 (Table 4). This variant was highly associated with (OR > 5) and resistant (LIP < −1) to CRC metastasis (Figure 3K). PLA2G4B encodes phospholipase 2A. The high expression of phospholipase 2A may accelerate decomposition of cell membrane phospholipid proteins, which enhance cellular membrane fluidity, a critical modulator of cell adhesion and migration (49). The change in cellular membrane fluidity may increase metastatic capacity (50). Notably, PLA2G4B was reported to be specifically upregulated in liver metastasis of colon carcinoma (44).




Figure 3 | The 10-year Kaplan–Meier survival analysis for ten metastasis driver mutations (gene symbol in red) and one resister mutation (gene symbol in blue).. The violin figure at the bottom left corner in each subgraph stands for mutation effect on parental gene expression based on the cis-expression quantitative trait locus (cis-eQTL) analysis of the GTEx. The x-axis stands for the genotype of allele, and the y-axis stands for the normalized expression. The red arrow indicates upregulation of the host gene expression by the mutation. The blue arrow indicates downregulation of the host gene expression by the mutation. The number under the violin figure stands for the number of corresponding genotype samples in total 318 samples involved in the cis-eQTL analysis. The significance of analysis is labeled in red.




Table 4 | Detailed information of metastasis driver/resister mutations.





Logistic Regression Model for Early Metastatic Risk Assessment 

In this study, we were also motivated to construct a logistic regression model for CRC metastatic risk assessment. The model was built on the basis of the eleven strong metastasis-associated variants (ten drivers and one resister) instead of the whole germline mutation profiles that would be much more costly in practice. The model performance was internally evaluated in a manner of LOOCV, which obtained an average result: accuracy = 0.788, specificity = 0.800, sensitivity = 0.769, and AUC = 0.839. Additional external evaluation also achieved a fairly good performance: accuracy = 0.766, specificity = 0.567, sensitivity = 0.767, and AUC = 0.709. These results affirm that the model is substantially effective for early metastatic assessment.

For user convenience, we also deployed the model as an online tool, AmetaRisk, for interactive risk assessment of CRC metastasis, which can be freely accessible at http://www.bio-add.org/AmetaRisk. The AmetaRisk was built upon an architecture of Linux + Tomcat + JSP. To initiate the assessment, the user is required to check the status (yes or no) of eleven metastasis driver/resister variants detected in the tissue samples, which can be determined on tumor, paracancer tissue, or peripheral blood. Upon submission of variant status profile, the server will return a probability value of metastatic risk, ranging from 0 to 1.0 (Figure 4). According to the probability value, the metastatic risk can be categorized into three status: high risk (0.75–1.0), moderate risk (0.50–0.75), and mild risk (<0.5).




Figure 4 | The AmetaRisk for interactive risk assessment of CRC metastasis.






Discussion

Early studies proposed that metastasis could progress via either a single lymphatic, hematogenous, or implantation route, or a combination of these (67). However, regardless of whichever route it may take, metastasis initiates through local invasion of tumor cells into nearby tissue (68, 69). The nearby tissue of cancer, or so-called paracancer tissue, is usually taken as normal control in many cases, but this study as well as several previous studies challenge this opinion. Although the cell morphology of paracancer tissue exhibits a pattern similar to that of normal tissue by IHC examination, the intrinsic genetic profile could have substantially changed. As determined by WES in this study, the mutation profiles of cancer, paracancer, and normal tissues were significantly different from each other. The cancer metastasis may have progressed already before it can be detected in the clinic. This provides us a good opportunity to investigate the genetic basis underlying metastasis.

In this study, we introduced a new statistical parameter, LIP, to characterize the contribution of genetic mutation to metastasis. The LIP value was calculated on the basis of relative variant allele frequency (VAF), a surrogate measure of the proportion of DNA molecules in the tissue specimen carrying the variant (70). The VAF to some extent reflects tumor heterogeneity, which also manifests the infiltration degree of tumor cells into paracancer tissue. Surprisingly, LIPs based on somatic mutation profiles failed to differentiate patients with local lymphatic metastasis from non-metastatic patients, which challenged somatic mutations as the major driving force to local invasion. Instead, LIPs based on germline mutation profiles could reflect the different pathological status of CRC patients. In particular, sLIPs were negatively correlated with the tumor purity change between cancer and paracancer tissues. All the results suggested sLIPs as a potential indicator for metastasis.

However, using sLIP value directly to assess metastatic risk may not be a good solution; many mutations actually contributed little to metastasis (71). The tremendous background mutations will overwhelm the true signals and thus lead to inaccurate metastatic risk assessment. Therefore, we mined the driver/resister variants that contributed most to the metastasis. Unlike previous studies that sought highly concordant genomic variants between primary and metastatic CRCs or metastasis-specific variants (6), we aimed at variants that drove local spread of tumor cells into paracancer tissue. For this purpose, we examined variant contribution to local invasion, variant-metastasis association, and variant impact on parental gene expression and patient survival. As a result, ten driver variants and one resister variant were identified. Similar attempts have not been reported previously. Upon these potential metastasis driver variants, we constructed a logistic regression model for early metastatic risk assessment and further deployed it as an online tool, AmetaRisk. To the best of our knowledge, this model would be the first model that makes quantitative risk assessment at the very early stage of metastasis before it actually occurs.

Last but not the least, unlike many studies that took somatic mutations as pathogenic drivers or biomarkers (72), this study was grounded on the hypothesis that germline mutations (inherited from the last generation) might be responsible for the “born-to-be-bad” characteristics of tumors, in which malignant progression has been determined long before visible invasion and metastasis were actually observed (73). Previous studies also identified several metastasis-associated germline variations, some of which were taken as prognosis markers of metastasis (74, 75). Many of them, such as KRAS, NRAS, BRAF, PIK3CA, and TP53, were also known as oncogenes. In Table 1, we summarized 18 potential metastasis driver genes/mutations identified to date. Comparing the gene list with the eleven driver/resister genes identified in this study, five genes (ARHGEF17, CCDC78, LBX2, LUZP1, and WFDC10B) were in common. These mutual genes have been reported to participate in the metastatic/invasive process. For instance, LBX2 is a transcription factor that is involved in diverse physiological processes and tumorigenesis. Upregulation of LBX2 in CRC may be associated with advanced tumor stage (III or IV), vascular invasion, and lymphatic invasion, which can be caused by the hypermethylation of LBX2 (59). ARHGEF17 (Rho Guanine Nucleotide Exchange Factor 17) contributes to the lung metastasis from colon cancer via participation in “phospholipase C signaling” (60).

We acknowledge that this study has several limitations. First of all, due to the difficulty of simultaneously collecting tumor, paracancer, and normal tissues, the study was demonstrated in a small cohort of eight patients. This may cause bias in LIP calculation and subsequent driver variant identification. Recently, WES studies of two larger CRC cohorts (146 patients and 618 patients, respectively) with a similar experiment design were reported (77, 78). Unfortunately, we were unable to acquire these datasets for mutation profile calling by all means. To complement the data gap, we strengthened the identification of metastasis driver variants by incorporating as many valid datasets derived from public databases such as NCBI, TCGA, and GTEx as possible. Moreover, this study focused on seeking inborn genetic bases of metastasis. However, both germline and somatic variants could together contribute to metastasis, as well as several other genetic features such as copy number variation (CNV) and structural variant (SV). Furthermore, this study used only eleven selected driver variants for metastatic risk assessment. The good part is that the variant selection largely reduces the tremendous background noise and enables achieving good performance under the circumstance of the small dataset (cohort). The bad part is that the simplified model may miss some useful information for a better performance. To improve this work, experimental validation of metastasis driver variants and involvement of more highly metastasis-associated variants are thus desired.



Conclusion

In summary, we made a valuable attempt in this study to explore the genetic basis underlying CRC metastasis. Our efforts will provide new insights into the mechanistic understanding of early metastasis, as a complement to current metastasis hypotheses such as “seed and soil”, “big-bang”, and “tumor self-seeding”. Moreover, we constructed a machine learning model for metastatic risk assessment at the early stage of local invasion. This model and its online tool, AmetaRisk, provide a rapid and economic way to assist in prioritizing a precise therapeutic regimen in advance and increasing the survival rate of CRC patients in clinics.
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Hypoxia is a critical feature of solid tumors and is considered to be a key factor in promoting tumorigenesis and progression. Beyond inducing metabolic reprogramming of tumor cells to adapt to the hypoxia tumor microenvironment (TME), hypoxia can also promote tumor growth by affecting the secretion of exosomes. Exosomes are nano-sized (30-150 nm in diameter) extracellular vesicles that can carry numerous substances including lipids, proteins, nucleic acids, and metabolites. Notably, hypoxia-induced exosomes alterations not only exist in tumor cells, but also in various TME cells including stromal cells and immune cells. Besides promoting tumor invasion, angiogenesis, and drug resistance, the secretion of these altered exosomes has recently been found to negatively regulate anti-tumor immune responses. In this review, we focus on the hypoxia-induced changes in exosome secretion and found it can contributes to immune evasion and cancer progression by recruiting protumor immune cells into TME, as well as inhibiting antitumor immune cells. Next, we also describe the recent advances of exosomes in immunotherapy and future direction. In conclusion, ongoing discoveries in this field have brought new insights into hypoxia exosome-led immunosuppression, enabling the development of exosome-based therapeutics and elucidating their potential in immunotherapy.
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Introduction

The tumor microenvironment (TME) is a complex and highly heterogeneous environment, which is composed of blood vessels, immune cells, fibroblasts, extracellular matrix, signaling molecules (i.e., chemokines, cytokines, growth factors, etc.), and metabolic wastes (e.g., lactic acid) (1). Hypoxia (low oxygen concentration) is a major feature of the TME in most solid tumors and has been reported to be associated with tumor progression, therapy resistance, and poor clinical prognosis (2). Hypoxia is caused by the increased oxygen demand of rapid tumor tissue proliferation and insufficient oxygen supply due to tumor vascular defects. In general, tumors can improve oxygen supply by activating hypoxia-inducible factor (HIF) to promote tumor neo-angiogenesis (3). Notably, hypoxia not only regulates tumor angiogenesis and metabolic reprogramming but also mediates tumor immune escape, invasion, and metastasis, as well as therapeutic drug resistance (4). Therefore, in the past decades, hypoxia TMEs have received extensive research attention and are regarded as an important target for tumor therapy. Drugs that improve tumor hypoxia, such as bevacizumab and topotecan, have been widely used in the clinical treatment of various tumors and significantly improve the prognosis of patients (5). Noteworthy, a growing number of new findings indicate that hypoxia can also affect tumor growth, invasion, and metastasis, as well as anti-tumor immunity by regulating the secretion of exosomes in the TME (6). Therefore, targeting hypoxia-induced exosomes may be the next key breakthrough in ameliorating the adverse effects of tumor hypoxia, as well as promoting the effect of tumor immunotherapy.

Exosomes are nanoscale bilayer vesicles released by various cell types (tumor cells, stromal cells, immune cells, etc.) upon fusion of multivesicular bodies with the plasma membrane (7). They carry various genetic information from parental cells and are deeply involved in the exchange of information between cells (8, 9). Therefore, the size and cargo of an exosome are directly determined by its cell of origin (10, 11). In addition, the size and cargo variables are also greatly affected by TME, such as hypoxia and acidic microenvironment (12). However, the exact mechanism of the association between exosomes and hypoxia during tumor progression needs further elucidation. Studies have shown that typical exosomes have a diameter of 30-150 nm and are usually cup-shaped (13). They all contain multiple types of proteins (such as Rab GTPases, annexin, heat shock proteins HSP60 and HSP905-7) and lipids (e.g., ceramides, cholesterol, and glycerophospholipids), nucleic acids (i.e., mRNAs, microRNAs, circRNAs, and long non-coding RNAs), and metabolites (14, 15). They are present in almost all body fluids, including blood, sweat, tears, urine, ascites, to cerebrospinal fluid. Exosomes were originally thought to be the “dumpster” of cells (16). This view remained unchanged until 1996 when Raposo et al. found that exosomes can affect the function of immune cells (17). However, subsequent studies on exosome functions have revealed their critical roles in intercellular communication, antigen presentation, cell differentiation, anti-tumor immune response, tumor cell migration, and invasion (15). Therefore, the exact mechanism of the association between exosomes and hypoxia during tumor progression needs further elucidation.



Regulation of Hypoxia on Exosomes

As mentioned above, the hypoxia TME can regulate processes such as exosome formation, loading, and release of cargo, which in turn affects intercellular communication at local and distant sites. Multiple studies have shown that tumor cells regulate the secretion of exosomes, as well as the size and distribution of exosomes through HIF-1 under hypoxia conditions (18). For instance, Li et al. found a marked increase in the number of miRNAs in exosomes secreted by oral squamous cell carcinoma (OSCC) cells under hypoxia conditions. Further mechanistic studies found that the up-regulation of miRNAs in exosomes, especially miRNA-21, was mediated by HIF-1α and HIF-2α, while closely related to tumor stage and lymph node metastasis in patients with OSCC (19). Similarly, Wang et al. exposed three human breast cancer cell lines to a hypoxia environment (1% O2, 24 h) and examined the changes in exosome secretion. Results showed that the number of exosomes was significantly increased under the regulation of the HIF-1α-dependent small GTPase Rab22A (20). In addition, Huang et al. found that HIF-1α can regulate the expression of miRNA-210 in a variety of tumors through hypoxia response elements (21). Noteworthy, other studies have also reported that miRNA-210 is also up-regulated in multiple tumors and is therefore considered to be the most extensive miRNA in hypoxia-induced exosomes (22, 23). In ovarian cancer, HIF induces the release of exosomes with elevated levels of multiple miRNAs, such as miR-21-3p, miR-125b-5p, and miR-181d-5p. Further in vivo studies found that these hypoxia-induced exosomes can promote tumor proliferation and migration by inducing M2 polarization of macrophages (24). Notably, hypoxia-induced increased exosome secretion is not a phenomenon unique to tumor cells, as Zhang et al. observed HIF-1-mediated increased exosome production and secretion in renal proximal tubule cells under hypoxia (25). Recent studies have also shown that mesenchymal stem cells (MSCs) can also promote the secretion of miRNA-126 in exosomes through HIF-1α in hypoxia (26).

Increasing evidences have shown that increased/altered exosomal protein content also responsible for tumorigenesis, invasion, and drug resistance. Notably, several studies further reported that exosomes released from hypoxia TME are more likely to cause tumor invasion and angiogenesis. Kore et al. qualitatively and quantitatively analyzed the protein content of exosomes secreted by hypoxia-treated glioblastoma cells. The results showed significantly elevated proteins levels such as thrombospondin-1 (TSP1), vascular endothelial growth factor (VEGF), and protein-lysine 6-oxidase (LOX), which have been well documented to be associated with tumor progression, angiogenesis, and treatment resistance (27). Moreover, Huang et al. found that exosomes secreted by colorectal cancer (CRC) cell under hypoxia conditions can promote the migration and invasion of normoxic CRC cell. Further quantitative analysis found that HIF1α-dependent Wnt4 was significantly elevated in these hypoxia-induced exosomes. Elevated Wnt4 in exosomes is thought to enhance the metastatic ability of normal CRC cell, which may provide a new target for CRC therapy (28). Besides proteins and nucleic acids, lipids and metabolites are also important components of exosomes, although much less information is available on their composition and effects. For instance, Schlaepfer et al. observed markedly elevated palmitic, stearic, and linoleic acids in exosomes secreted by hypoxia-treated prostate cancer cell (29). All these studies suggest that hypoxia can affect the secretion and release of various exosome contents.

HIF has been identified to induce exosome secretion by increasing the expression and activation of cell surface receptors such as glucose transporter and transferrin receptor. Specifically, Luo et al. revealed that HIF-1 promotes aerobic glycolysis of tumor cells by up-regulating the expression of M2-type pyruvate kinase (PKM2) mRNA in the hypoxia TME (30). Furthermore, Wei et al. found that PKM2 regulates exosome release mainly by phosphorylating Ser95 of synaptosomeassociated protein 23 (SNAP-23), which is a major component of the synaptosome/SNARE complex. These finding suggests that PKM2 is not just a key enzyme in the process of aerobic glycolysis but promotes the release of exosomes under hypoxia conditions. Thus, it is not surprising that shikonin was found to reduce exosomes release by inhibiting glycolysis, whereas activation of glycolysis by tumor necrosis factor-alpha (TNF-α) increased the secretion of exosomes (31).

In addition to HIF, other signaling molecules and pathways, such as Rab-GTPase, NF-κB, oxidative stress, and PI3K/Akt/mTOR, are also involved in biogenesis and releasing of exosomes under hypoxia (32). For instance, signal transducer and activator of transcription 3 (STAT3) promotes exosome release by down-regulating Rab7 and up-regulating Rab27a in ovarian cancer cells under hypoxia conditions (33). In addition, RAb5 has also been reported to regulate exosome release by regulating the transport of vesicles from the cell membrane to early endosomes and fusion with homotypic early endosomes (34). Moreover, the increase of reactive oxygen species under hypoxia can induce oxidative stress, which in turn promotes the release of exosomes. For example, Jurkat T cells secrete about 15 times more exosomes under oxidative stress conditions, while Raji cells secreted about 32 times more exosomes (35). Collectively, these findings confirm that the hypoxia TME can stimulate tumor cells to secrete more exosomes and thereby affect exosome cargo loading. However, the specific molecular mechanism by which hypoxia regulates exosome release is worth further exploration (Figure 1).




Figure 1 | The effect of hypoxia induced exosomes on immune system. Hypoxia in the tumor microenvironment can induce tumor cells to secrete a large number of exosomes, including miRNAs, mRNAs, signaling proteins, nucleotides, and immunomodulatory factors. These hypoxia-induced exosomes can mediate the immune evasion of tumor cells by affecting the activity of immune killer cells and promoting the proliferation and activation of immunosuppressive cells. For example, miR-21 and miR-29a in hypoxia-induced exosomes can inhibit the cytotoxicity of NK cell by downregulating the activating receptor NKG2D. In addition, the proliferation and activation of cytotoxic T cells were also inhibited by exosomes. In contrast, for MDSCs, Treg cells, and TAM, hypoxia-induced exosomes can promote the expansion and transformation of these cells. For example, various miRNAs have been reported to promote the M2 polarization of TAMs and thus promote the formation of an immunosuppressive microenvironment. NK cell, natural killer cell; MDSCs, myeloid-derived suppressor cells; Treg, regulatory T cell; TAM, Tumor-associated macrophages.





Regulation of the Immune System by Hypoxia-Induced Exosomes

It is well known that exosomes are responsible for intercellular communication that can influence the development, maturation, and anti-tumor activity of immune cells by regulating their molecular signaling (36, 37). On the one hand, under normoxia, exosome secretions can directly activate immune effector cells in vivo and induce stronger immune responses. For example, HSP70 on the surface of exosomes can stimulate the activation of natural killer (NK) cells and macrophages, as well as induce stronger T cell responses (38). The exosomes released by mature dendritic cells (DCs) contain elevated levels of MHC I, MHC II, and co-stimulatory molecules, which showed a stronger effect on antigen presentation and immune stimulation (39). In addition, DC-derived exosomes can also express IL-15Rα and natural killer group 2D (NKG2D) ligands, which can promote the proliferation and activation of CD8+ T and NK cells respectively (40, 41). In view of the DC-derived exosomal immunogenicity and immune activation, numerous exosome-based anti-tumor vaccines have entered phase I and phase II clinical trials. On the other hand, tumor-derived exosomes, especially hypoxia-induced exosomes, are rich in a variety of immunomodulatory proteins and chemokines, including CSF-1, CCL2, FTH, FTL, IL-10, and TGF. These hypoxia-induced exosomes promoted the generation and infiltration of immunosuppressive T regulatory (Treg) cells, promoted the polarization of M2-macrophages, and inhibited the proliferation of T cells, collectively promote the immune evasion of tumors (42). In addition, studies have shown that programmed death protein ligand 1 (PD-L1) contained in tumor cell-derived exosomes can bind to programmed death protein 1 (PD-1) receptors on T cells to inhibit T cell activation, thereby promoting immune escape of tumors (43).

In general, recent studies on hypoxia-induced exosomes have found that inhibition of immune cells in the TME may be the main reason for the failure of anti-tumor immunity. Therefore, clarifying the regulatory role of exosomes on various immune cells in the hypoxia TME is particularly important for the development of more effective and precise immunotherapy methods (Table 1).


Table 1 | Hypoxia-induced exosomes involved in anti-tumor immunity.




Macrophage

Tumor-associated macrophages (TAMs) can differentiate into either M1-type macrophages with pro-inflammatory effects or M2-type macrophages with anti-inflammatory effects, both of which are regulated by the TME (50). Furthermore, studies have shown that this polarization of macrophages can be affected by exosomes within the hypoxia TME. Specifically, exosomes derived from different parental cells will promote the polarization of macrophages into different subtypes. For example, the exosomes secreted by renal tubular epithelial cells under hypoxia can promote the polarization of M1 macrophages and induce high levels of inflammatory responses (51). On the other hand, hypoxia can alter miRNAs levels in tumor cell-derived exosomes and leading to M2 polarization of macrophages (44). Similarly, Chen et al. found that hypoxia can stimulate M2 phenotype polarization by upregulating miR-940 expression in epithelial ovarian cancer (EOC)-derived exosomes, while the M2 subtype macrophages can in turn promote the proliferation and migration of EOC cells. In addition, hypoxia can also upregulate the expression of miR-21-3p, miR-125b-5p, and miR-181d-5p in exosomes via HIF to induce the M2-polarization of macrophages (24). In another study, Qian et al. found that compared with normoxic glioma cell exosomes, hypoxia glioma cell exosomes had a stronger ability to induce macrophage polarization to the M2 type. Meanwhile, the study also indicated that the miR-1246 level was significantly enriched in the exosomes of hypoxia glioma cells, which could activated the STAT3 pathway and inhibit the NF-κB signaling pathway, thereby promoting the polarization of M2 phenotype (52). Nevertheless, although exosomes secreted by tumor cells under hypoxia stress mostly induce M2 polarization of macrophages, strategies to convert TAMs to a predominantly M1 phenotype have been proposed for novel immunotherapy.



MDSC

Myeloid-derived suppressor cells (MDSCs) are highly heterogeneous immature cells derived from bone marrow that can inhibit the activation of T cells, promote M2 polarization of macrophages, and inhibit NK cytotoxicity (53). Numerous studies have demonstrated that the activation, expansion, and immunosuppression of MDSCs can be promoted by exosomes. However, whether exosomes under hypoxia conditions would have similar effects on the proliferation and immunosuppression of MDSCs remained to be elucidated. In this regard, researchers found that hypoxia can directly stimulate the expressions of HSP72 and toll-like receptor 2 (TLR2) in exosomes, which can directly participate in the regulation of MDSCs (54, 55). Specifically, Chalmin et al. found that HSP72 in exosomes can mediate the interaction between tumor cells and MDSCs by triggering STAT3 activation (56). Similarly, Xiang et al. found that exosomes released from cultured B16 tumor cells could induce the activation and expansion of MDSC in a TLR2-dependent manner (57). All these results suggest that hypoxia-induced exosomes play a significant role in suppressing tumor immune surveillance by promoting the suppressive function of MDSC.

Although an immunosuppressive milieu mediated by MDSCs has been demonstrated in patients with glioma, the mechanisms of MDSC development and activation have not been elucidated. Guo et al. found that the expression of miR-10a and miR-21 was increased in glioma cells-derived exosomes under hypoxia conditions compared with normoxia (47). Furthermore, they also found that hypoxia-induced glioma cells can stimulate the differentiation of functional MDSCs by transferring exosomal miR-29a and miR-92a to MDSCs (58). Accumulating evidence supports that hypoxia can induce changes in miRNA expression in tumor-derived exosomes, thereby activating MDSCs and enhancing their function to promote tumor growth. This suggests that blocking the immunosuppressive effect of MDSCs may be an effective way to improve the efficacy of immunotherapy. Therefore, clarifying the exact effect of hypoxia on the immunosuppressive function of MDSCs may provide new insights for targeting exosomal secretion and its contents (especially miRNAs and proteins) for anti-tumor immunotherapy.



T Cell

T cells are considered to be the major cell subset in anti-tumor immunity. Treg cells are a specialized population of T cells thought to suppress anti-tumor immune responses (59). Studies have reported that miR-214 expression was significantly increased in tumor cell-derived exosomes under hypoxia TME (60). Yin et al. observed that exosomes from lung cancer cell lines can effectively transport miR-214 to CD4+ T cells, thereby promoting the expansion of Treg cell subsets and the secretion of IL-10 (61). A study by Mrizak et al. found that exosomes released from nasopharyngeal carcinoma cells under hypoxia conditions express the chemokine CCL20, leading to preferential recruitment of Treg cells to tumor sites. In addition, these hypoxia-induced exosomes were also able to induce Treg cell expansion and enhance their immunosuppressive effects (62). Collectively, these results suggest that hypoxia participates in Treg cell-mediated immunosuppression by modulating the cargo of exosomes.

On the other hand, hypoxia-induced exosomes can also promote tumor immune escape by directly inhibiting the activity of T cells. Rong et al. found that TGF-β can be delivered to T cells through breast cancer cell-derived exosomes, thereby inhibiting T cell proliferation, while anti-TGF-β treatment reversed the immunosuppressive effects of the exosomes (48). In addition, HIF can also exert an immunosuppressive effect by upregulating the PD-L1 expression in exosomes. The study by Poggio et al. showed that tumor cells can release PD-L1-carrying exosomes under hypoxia conditions, which can function as an immune checkpoint by binding to PD-1 on the surface of activated T cells (63). In patients with gastric cancer, exosome-carried PD-L1 resulted in decreased CD4+ and CD8+ T cell infiltration and activity (64). Similarly, higher levels of PD-L1 were found in exosomes from patients with active disease and poor survival (65). Together, these studies suggest the inhibitory effect of hypoxia-induced exosomes on T cell-mediated anti-tumor immunity.



NK Cell

There is ample evidence that hypoxia-induced exosomes can evade immune surveillance by binding to NK cells. According to literature reports, the activation of NK cells in anti-tumor immunity is mediated by surface-active receptors, such as NKG2D and NKp44 (66). However, hypoxia-induced exosomes reportedly suppress host NK cell cytotoxicity by reducing NKG2D expression, thereby disrupting the host immune system and promoting the formation of a tumor-promoting microenvironment (67). For example, hypoxia TME can increase the levels of TGF-β1, miRNA-210, and miRNA-23a in exosomes secreted by tumor cells. Specifically, the uptake of hypoxia exosomes by NK cells can transfer TGF-β1 in exosomes to NK cells and inhibit the expression of its surface-activated receptor NKG2D, thereby inhibiting NK cell function. Subsequent miRNA analysis showed highly expressed miR-23a in hypoxia-induced exosomes, which can target the expression of CD107a in NK cells, thereby inhibiting the activation of NK cells (46). Similarly, Xia et al. also described that clear cell renal cancer triggers NK cell dysfunction in an exosome-dependent manner, and this inhibitory function also activates the TGF-β/SMAD signaling pathway through TGF-β1 (68). In addition, the researchers found that exosomes isolated from the plasma of patients with melanoma contained a large amount of PD-L1, FasL, and TGF-β. These hypoxia-associated exosomes not only inhibited the activity of CD8+ T cells, but also down-regulated NKG2D expression in NK cells. In contrast, targeting these exosomes with monoclonal antibodies or pharmacological inhibitors can restore immune cell function (69).




Exosome-Based Anti-Tumor Immunotherapy

Tumor immunotherapy is a new anti-cancer strategy that kills tumor cells by activating immune cells or restoring exhausted immune cells. As an important regulator of the TME, exosomes-based therapies are considered a promising approach to promoting tumor immunotherapy. For example, exosomes secreted by tumor cells contain a vast number of tumor-associated antigens, such as MHC I and MHC II, that can be used as a tumor vaccine to promote anti-tumor immune responses (70). Hsu et al. found that dendritic cell (DC)-derived exosomes can be loaded with a variety of polypeptide antigens (such as MHC I, MHC II) and co-stimulatory molecules that contribute to the initiation and activation of T cells, such as CD80, CD83, CD86, etc. (71). In a mouse model of pancreatic cancer, subcutaneous injection of exosome-loaded DC vaccine extended survival in mice, while combination therapy with chemotherapeutics such as of gemcitabine simultaneously reduced tumor MDSCs content and increased the activation of T cells (72). In addition, the use of DC cell-derived ovalbumin exosomes to stimulate CD4+ T cells can inhibit the differentiation and proliferation of Treg cells and promote the formation of memory CD8+ T cells. This represents another attractive exosome-based anti-tumor vaccine option (73). In addition, DC-derived exosomes contain NKG2D ligands. Therefore, Viaud et al. reported that DC vaccines can activate NK cells and release TNF (40). However, due to the cargo complexity of exosomes, exosome-based tumor vaccine strategies may also inhibit anti-tumor immunotherapy by inducing apoptosis of activated CD8+ T cells (74). For example, exosomes can impair the activation of T cells by IL-2 and promote the proliferation of Treg cells for immunosuppressive effects (75). Nevertheless, it is still possible to consider optimizing the use of exosome vaccines by modifying the exosomes and adjusting their dosage. For example, Samuel et al. used IFN-γ to stimulate the secretion of exosomes from mature dendritic cells which increased the expression of co-stimulatory molecules in exosomes to enhance T cell activation (74).



Conclusion

In recent years, anti-tumor immunotherapy represented by immune checkpoint inhibitors has changed the treatment option for various tumor types. As mentioned earlier, the infiltration and activation of immune cells in the TME are closely related to successful immunotherapy. Therefore, understanding the impact of exosomes on the anti-tumor immune system can further enhance the effect of immunotherapy. In fact, hypoxia-induced exosomal features have been extensively studied and consensus has been reached. First, hypoxia-induced exosomes are not vesicles loaded with cellular waste, but key mediators of intercellular communication. Second, in the adverse TME such as hypoxia, high glucose and drug therapy, the cargo carried and delivered in exosomes is significantly altered, which in turn modulates immune cell function (76, 77). Third, exosomes secreted by immune cells such as DCs and chimeric antigen receptor T cells (CAR T cells) can inhibit the growth, proliferation, and metastasis of tumor cells (78). Therefore, the preparation of exosome-based tumor vaccines to enhance tumor antigen presentation and modulate immune responses in the TME is a potential avenue for therapeutic development.



Further Perspective

While initial preclinical studies have shown promising results, clinical trials have failed to achieve comparable results. This suggests that there are still unresolved challenges with existing exosome treatments (79). For example, existing exosome therapeutics have low targeting efficiency and are easily engulfed by the immune system. In addition, the current exosome isolation methods are expensive, and large-scale exosome isolation technology still needs to be developed (80). Therefore, these problems would need to be solved before clinical application. Moreover, exosome-based immunotherapy is currently still in early clinical trials, and there are no specific international guidelines for the production and application of this novel therapeutic. Future studies should investigate the effects of hypoxia on the formation, release, and cargo components of exosomes, as well as the mechanism by which the hypoxia TME mediates the regulation of immune cell function by exosomes. These studies would not only provide insight into the poor response of cancer immunotherapy regimens in current clinical trials, but may also serve as a reference for exosome application in anti-cancer drug delivery to improve anti-tumor therapy precision.
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Insulin-like growth factor binding protein-7 (IGFBP7) was recently reported to be a ligand of CD93, a potential target to normalize vasculature and attenuate immunotherapy. However, its role in the tumor microenvironment (TME) and immunotherapy response of bladder cancer (BLCA) remains unclear. We comprehensively evaluated the correlation between IGFBP7 and multiple immunological characteristics of BLCA across The Cancer Genome Atlas (TCGA) and two external cohorts. Importantly, the response of IGFBP7-grouped BLCA patients to immunotherapy was predicted and validated by five real-word immunotherapy cohorts. Finally, we developed an IGFBP7-based immune risk model validated by five independent cohorts. IGFBP7 modulated the TME across pan-caners. In BLCA, high expression of IGFBP7 was correlated with more aggressive clinical features. IGFBP7 was positively associated with immunomodulators and promoted tumor-infiltrating lymphocyte trafficking into the tumor microenvironment. However, T cells recognition and tumor cell killing were lower in the high-IGFBP7 group. In addition, high expression of IGFBP7 displayed lower enrichment scores for most pro-immunotherapy pathways. Clinical data from IMvigor210 and GSE176307 indicated that IGFBP7 negatively correlated with the BLCA immunotherapy response. The same trend was also observed in a renal cell carcinoma (RCC) cohort and two melanoma cohorts. Notably, urothelial and luminal differentiation were less frequently observed in the high-IGFBP7 group, while neuroendocrine differentiation was more frequently observed. Mechanistically, high IGFBP7 was associated with an enriched hypoxia pathway and higher expression of key genes in ERBB therapy and antiangiogenic therapy. Furthermore, our IGFBP7-based immune risk model was able to predict the prognosis and response to immunotherapy with good accuracy (5-year AUC = 0.734). Overall, IGFBP7 plays a critical role in the immunoregulation and TME of BLCA and may serve as a novel potential target for combination treatment with immunotherapy for BLCA.
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Introduction

Bladder cancer (BLCA) is one of the most common malignancies of the urinary system, with approximately 212,536 deaths each year from BLCA (1). Generally, the treatment strategies of BLCA include surgical resection, radiation therapy, chemotherapy and immunotherapy (2, 3). Some patients with local BLCA can be curable; however, the five-year survival rate of patients with metastatic bladder cancer is low (4). In recent years, significant advantages have been made in terms of immunotherapy and targeted therapies for bladder cancer (5). Immune checkpoint inhibitors (ICIs), as one of the most promising types in immunotherapy, are widely used in treating different kinds of cancers (6, 7). ICIs have also been reported to be relatively effective for BLCA (8, 9), which may be attributed to the high tumor mutation burden and abundant infiltration of immune cells within the tumor microenvironment (TME) of BLCA (10–12). Five ICIs have been approved for the treatment of locally advanced and metastatic BLCA by the FDA (13). However, the response to ICIs varies across BLCA patients, and only a minority of BLCA patients benefit from these agents (14, 15). To date, there is still a lack of novel drugs for the development of more effective therapeutic strategies.

Insulin-like growth factor binding protein-7 (IGFBP7) is a member of the IGFBP family, which binds insulin with high affinity and IGF with low affinity (16). IGFBP7 was originally identified in normal mammary epithelial cells and meningeal cells, and its expression pattern varies with tumor type (17). In some tumors, IGFBP7 exhibits tumor suppressor activity in certain cancer types via regulation of cell proliferation, apoptosis, cell adhesion epithelial mesenchymal transition (EMT) and angiogenesis (18–20). However, IGFBP7 acts as a cancer-promoting gene in esophageal adenocarcinoma and neck squamous cell carcinomas (21, 22). Recently, Sun et al. (23) found that IGFBP7, acting as a ligand of CD93, can disrupt normalizes tumor vasculature and increase immune infiltration through the CD93/IGFBP7 pathway. Moreover, a CD93-targeting monoclonal antibody (mAb) has been demonstrated to reduce tumor growth and enhance the effects of immunotherapy in pancreatic tumors or melanoma via the CD93/IGFBP7 pathway (24). Together, IGFBP7 may provide potential value for the immunotherapy of cancer, but the role of IGFBP7 in BLCA has not been elucidated.

In this study, IGFBP7 was highly correlated with the modulation of the TME in most cancers by pan-cancer analysis. We found that IGFBP7 was negatively associated with T cells recognition and tumor cell killing. In addition, IGFBP7 negatively correlated with the BLCA immunotherapy response, and IGFBP7 had the potential to predict the molecular subtype of BLCA. Anti-IGFBP7 therapy may be a suitable therapeutic candidate for BLCA, but more studies are required for further validation.



Materials and Methods


Data Source and Preprocessing

The mRNA sequencing expression profiles and clinical information of bladder cancer patients were downloaded from The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov/). The abbreviations for various cancer types are listed in Table S1. The advanced urothelial cancer cohort (IMvigor210 cohort) (patients treated with atezolizumab) based on the Creative Commons 3.0 License was downloaded from a freely available data package (http://research-pub.gene.com/IMvigor210CoreBiologies/) (25). Five BLCA datasets (GSE176307, GSE13507, GSE31684, GSE32894, GSE48277) and two melanoma datasets (GSE78220, GSE91061) were downloaded from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). Of these cohorts, GSE176307 (patients treated with pembrolizumab or atezolizumab), GSE78220 (patients treated with pembrolizumab and nivolumab) (26), and GSE91061 (patients treated with nivolumab) (27) were all treated with immunotherapy. In addition, another immunotherapy cohort of renal cell carcinoma (RCC) (PMID29301960) (patient treated with nivolumab) was obtained from Miao’s study (28). The raw data are shown in Supplementary Material.



Pan-Cancer Analysis of IGFBP7

For the pan-cancer analysis, the R package “ggplot2” was used to identify the Spearman correlations between the expression of IGFBP7 and immunomodulators, which include immunostimulators, chemokines, major histocompatibility complex (MHC) and receptors (29). Correlations between the expression of IGFBP7 and immune checkpoints (CD274, CTLA4, HAVCR2, LAG3, PDCD1, PDCDLIG2, TIGIT, and SIGLEC15) were also computed. IGBP7 expression was measured in tumor-infiltrating immune cells (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) by using TIMER 2.0 (http://timer.cistrome.org/) (30).



Association Between IGFBP7 Expression and Clinical Features

The patients were grouped based on different clinical features, including T stage (T1&T2 versus (vs) T3&T4), N stage (N0 vs N+), lymphovascular invasion (yes vs no), pathologic stage (stage I&II vs stage III&IV), histologic grade (low grade vs high grade) and histologic subtype (papillary vs non-papillary). According to the results of the normality test and homogeneity of variances, independent samples t tests were used to evaluate the differential expression of IGFBP7 between different groups.



The Effect of IGBP7 on Immunological Characteristics in BLCA

Coexpression was analyzed statistically by using the Spearman correlation coefficient to identify the expression differences of 122 immunostimulators between the high- and low-IGFBP7 groups (The patients in the same cohort were divided into high and low subgroups based on the median IGFBP7 expression value). Single-sample gene set enrichment analysis (ssGSEA) was used to quantify the relative abundance of 15 immune cell infiltrates (31). Subsequently, the infiltration of immune cells was compared between the high- and low-IGFBP7 groups using the Wilcoxon rank sum test. The R package “ComplexHeatmap” was used to visualize the expression of genes frequently expressed on the surfaces of immune cells (32). The cancer immunity cycle consists of the following seven steps: release of cancer cell antigens (Step 1), cancer antigen presentation (Step 2), priming and activation (Step 3), trafficking of immune cells to tumors (Step 4), infiltration of immune cells into tumors (Step 5), recognition of cancer cells by T cells (Step 6), and killing of cancer cells (Step 7). Tracking tumor immunophenotype (TIP, http://biocc.hrbmu.edu.cn/TIP/) was used to analyze and visualize the cancer immunity cycle (33). The status of anti-cancer immunity was compared according to IGFBP7 groups, and we plotted a heatmap with the R package ComplexHeatmap. Pan-cancer T cell-inflamed score can also define pre-existing cancer immunity, which includes eighteen genes (34). Moreover, 18 inhibitory immune checkpoints with therapeutic potential were selected, and then the correlations between them and IGFBP7 were assessed.



Prediction of Immunotherapeutic and Chemotherapy Drug Response

We compared the different expression levels of eight immune checkpoint-related genes between the high- and low-IGFBP7 groups. Eighteen immunotherapy-positive signatures were included in our study, and their enrichment scores were calculated using gene set variation analysis (GSVA). Comparisons for predicting the response to immunotherapy were performed between the high- and low-IGFBP7 groups. The TIDE algorithm was used to predict potential ICB responses in the high- and low-IGFBP7 groups (35). The immunotherapy response data for two BLCA cohorts (IMvigor210 and GSE176307), RCC cohort (PMID29301960) and two melanoma cohorts (GSE78220 and GSE91061) were collected. We evaluated IGFBP7 expression in the PR/CR group and SD/PD group. In addition, tumor mutation burden was compared in the high- and low-IGFBP7 groups. Moreover, we predicted IGFBP7-grouped chemotherapy and tyrosine kinase inhibitor drug responses based on the Genomics of Drug Sensitivity in Cancer (GDSC) database (https://www.cancerrxgene.org/) (36). The prediction process was implemented by the R package “pRRophetic”, where the samples’ half-maximal inhibitory concentration (IC50) was estimated by ridge regression and the prediction accuracy.



Enrichment Analysis of Various Therapeutic Signatures and BLCA Molecular Subtypes

By using consensus MIBC and BLCA subtyping R packages, the samples were assigned to different BLCA molecular subtypes, which included a combined consensus subtype and six published molecular classifications (University of North Carolina (UNC), Baylor, Cancer Genome Atlas (TCGA), MD Anderson Cancer Center (MDA), Lund and Cartes d’Identité des Tumeurs (CIT)) (37–42). Afterwards, we calculated the enrichment score of the 12 molecular subtype-specific signatures for the training and validation cohorts (37). A gene set enrichment analysis was performed computed by GSVA to evaluate various therapeutic signatures in both the training cohort and validation cohort. The results are presented in the form of a heatmap, as well as bar graphs.



Identification of Gene Mutation Analysis and Drug-Related Genes of BLCA

To identify somatic mutations in patients with BLCA in the TCGA database, mutation data were retrieved from the TCGA database and visualized using the “maftools” package in R software. The waterfall plot shows the mutation data of the top 30 mutated genes. We further used the data of BLCA-related drug target genes obtained from the DrugBank database (https://go.drugbank.com/) to compare their expression in IGFBP7 groups (43).



Development of an IGFBP7-Based Immune Risk Model

We selected the dataset from TCGA as the training cohort. The DESeq2 R package was used to analyze the differentially expressed genes (DEGs) in the high- and low-IGFBP7 groups. Prognostic genes of TCGA-BLCA were screened with a P value < 0.05. Immunologic signature gene sets were downloaded from The Molecular Signatures Database (MSigDB) C7 dataset (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp). Next, the three gene sets obtained were intersected and served as the candidate gene set. The least absolute shrinkage and selection operator (LASSO) Cox regression method using the “glmnet” and “survival” R packages was applied to select the optimal corresponding coefficients for risk model construction. Based on the following formula, the risk score for each patient was calculated.

	

where exp means the gene expression value, i means each sample, j means each gene, and β means the coefficient in LASSO regression. A forest plot was used to explore the correlation between the genes and prognosis in BLCA. A Kaplan–Meier curve was drawn to compare the overall survival between the high-risk and low-risk groups. Receiver operating characteristic (ROC) curve analyses and decision curve analyses (DCA) were conducted to evaluate the model. For validation of the risk model, five independent cohorts (GSE13507, GSE31684, GSE32894, GSE48277, IMvigor210) were used. Furthermore, we explored the associations between the risk model and clinicopathological features, tumor microenvironment features, various therapeutic signatures, immune checkpoint genes, BLCA molecular subtype and BLCA-related drug target genes.



Statistical Analysis

All statistical data analyses were performed using R software, version 3.6.3. Continuous variables that conformed to the normal distribution were compared using independent t tests for comparisons between binary groups, while continuous variables with skewed distributions were compared with the Mann–Whitney U test. Categorical variables were compared by using the chi-square test or Fisher’s exact test. Spearman analysis was used for the correlation studies between quantitative variables. Survival curves were analyzed using the log-rank test (generated using the Kaplan–Meier method). All statistical tests were two-sided with a level of significance set as P < 0.05.




Result


The Immunological Role of IGFBP7 in Pan-Cancer

To determine the role of IGFBP7 in regulating the microenvironmental immunity of cancer, correlations between the expression of IGFBP7 and immunomodulators, immune checkpoints and tumor-infiltrating immune cells were performed. The results demonstrated that IGFBP7 was positively correlated with a majority of immunomodulators in the majority of cancers (Figure 1A). We also calculated the infiltration levels of TIICs in the TME using the ssGSEA algorithm. Except for KICH, KIRC, KIRP, SARC, TGCT, THCA, THYM and UVM, IGFBP7 exhibited a positive correlation with the majority of TIICs in most of the cancer types (Figure 1B). Additionally, we found that the expression of IGFBP7 was mutually exclusive to immune checkpoints in THCA, THYM, LAML, KIRC and KIRP. IGFBP7 was positively related to most immune checkpoints in other malignancies (Figure 1C). Overall, these findings indicated that IGFBP7 played a key role in regulating microenvironment immunity across most cancers.




Figure 1 | Immunological role of IGFBP7 in Pan-cancer. (A) correlations between the expression of IGFBP7 and immunomodulators (immunostimulatory, chemokine, MHC, receptor). (B) correlations between the expression of IGFBP7 and tumor infiltrating immune cells. (C) correlations between the expression of IGFBP7 and immune check point. The value of the correlation coefficient is represented by the intensity of blue or red, as indicated on the color scale. The asterisks indicate significant differences calculated using spearman correlation analysis. (*p < 0.05; **p < 0.01).





Clinical Relevance of IGFBP7

The gene expression profiling data and clinical information of BLCA patients were downloaded from the TCGA database. The patients with BLCA were divided into different groups based on clinical parameters to analyze differences in gene expression. High expression of IGFBP7 was significantly related to advanced T stage, pathologic stage and poorly differentiated histologic subtype (Figures 2A–C). There were no statistically significant differences in the pattern of gene expression between N stage, lymphovascular invasion and histologic grade (Figures 2D–F).




Figure 2 | IGFBP7 expression and clinicopathological features in BLCA. (A–C) High T stage, high pathologic stage and non-papillary subtype were associated with higher expressions of IGFBP7 in BLCA. (D–F) No statistically significant differences were found between the expression levels of IGFBP7 in BLCA and N stage, lymphovascular invasion and histologic grade. **p < 0.01; ***p < 0.001; ns, no significance.





The Immunological Role of IGFBP7 in the TME of BLCA

Based on the above pan-caner analyses, IGFBP7 showed a strong correlation with immunomodulators. We further examined the association between immunomodulators and the expression level of IGFBP7 (Figure 3A). This result indicated that IGFBP7 was significantly positively correlated with a majority of immunostimulators. Chemokines contributed to recruitment of CD8+ T cells, macrophages, TH17 cells, and antigen-presenting cells were also upregulated in the IGFBP7 high group. The results for major histocompatibility complex (MHC) and receptors demonstrated the same trend.




Figure 3 | The effect of IGBP7 on Immunological Characteristics in BLCA. (A) Differences in the expression of 122 immunomodulators (immunostimulators, chemokines, MHC and receptors) between high- and low-IGFBP7 groups in BLCA. (B) Enrichment scores of 15 immune cell infiltrates in high- and low-IGFBP7 groups. (C) Expression levels of the gene markers of the five common TIICs in the high- and low-IGFBP7 groups. (D, F, G) The activities of the various steps of the cancer immunity cycle calculated by ssGSEA algorithm in the high- and low-IGFBP7 groups in three cohorts. (E) Differences in the various steps of the cancer immunity cycle between high- and low-IGFBP7 groups. (H) Correlations between IGFBP7 and the pan-cancer T cell inflamed score in the TCGA, IMvigor210 and GSE176307 cohorts. *p< 0.05; **p<0.01; ***p<0.001. ns, no significance; ns, p≥0.05.



To further understand and characterize the microenvironment immunity with IGFBP7 expression, the profile of TME cell infiltration models was evaluated. We found that high expression of IGFBP7 prompted immune cell infiltration in the TME, with the exception of T helper cells and T17 cells (Figure 3B). The infiltration of regulatory T cells (Tregs), which have immunosuppressive effects, was also enhanced in the high-IGFBP7 group. Likewise, IGFBP7 was positively correlated with the effector genes of these TIICs (Figure 3C). Moreover, as a direct systematic performance of the functions of the chemokines and other immunomodulators, the activities of the cancer immunity cycle (Figure 3D), including the release of cancer cell antigens (Step 1), trafficking of immune cells to tumors (Step 4), and infiltration of immune cells into tumors (Step 5), were found to be upregulated in the IGFBP7 high group. Notably, the recognition of cancer cells by T cells (Step 6) was weakened by IGFBP7. These results were also presented by the heat-map graph (Figure 3E), and they are consistent with previous findings. Validation cohorts (Figures 3F, G) showed the same trend in some steps (Step 1, Step 4 and Step 5) of cancer immunity cycle. Although we did not observe that high expression of IGFBP7 could significantly weaken the Step 6, in these two validation cohorts, the killing of cancer cells (Step 7) was downregulated in the IGFBP7 high group. Collectively, IGFBP7 shaped a hostile TME. The results of the correlation between IGFBP7 gene expression and the T-cell inflamed ssGSEA score indicated that IGFBP7 expression was significantly positively related to the pan-cancer T cell inflamed score in the training cohort and validation cohorts (IMvigor210 cohort and GSE176307) (Figure 3H). Furthermore, the inflamed TME exhibited higher immune checkpoint inhibitor expression levels (44). Consistently, IGFBP7 had positive correlations with the vast majority of inhibitory immune checkpoints (Supplementary Figure S1).



IGFBP7 Predicts Immunotherapy Response in BLCA

We compared the expression of several common immunotargets, including CD274, PDCD1, PDCD1LG2, CTLA4, HAVCR2, LAG3, TIGT and SIGLEC15, between the high- and low-IGFBP7 expression subgroups by using the training and validation cohorts, and the results showed that the expression of immunotargets was higher in the IGFBP7 high group (Figures 4A–C). As expected, a higher TIDE score occurred in the IGFBP7 high group (Figure 4D), which indicated that the IGFBP7 high group showed worse clinical efficacy to ICB therapy. In addition, IGFBP7 negatively correlated with the enrichment scores of most immunotherapy-positive gene signatures in the TCGA, IMvigor210 and GSE176307 cohorts (Figures 4E–G).




Figure 4 | IGFBP7 predicts therapeutic response to immunotherapy in BLCA. (A–C) Expression levels of immune check points in the high- and low-IGFBP7 groups in the TCGA, IMvigor210, GSE32894 cohorts. (D) ICB responses in the high- and low-IGFBP7 groups using TIDE algorithm. (E–G) The enrichment scores of several immune-related signatures in the high- and low-IGFBP7 groups. (H, I) Correlation between IGFBP7 and the clinical response of cancer immunotherapy in the IMvigor210 and GSE176307 cohort. (J) Correlation between IGFBP7 and the clinical response of cancer immunotherapy in the RCC cohort and two melanoma cohorts. CR: complete response; PR, partial response; PD, progressed disease; SD, stable disease. (CR/PR means patient who are CR or PR; SD/PD means patient who are SD or PD). *p< 0.05; **p<0.01; ***p<0.001. ns, no significance; ns, p≥0.05.



Subsequently, we collected immunotherapy response data for IMvigor210 and GSE176307 and evaluated IGFBP7 expression in the PR/CR group and SD/PD group. In line with the results of the response to ICB, IGFBP7 was shown to have lower expression in the PR/CR group than in the SD/PD group (Figures 4H, I). The same trend occurred in three external cohorts (RCC cohort and two melanoma cohorts) (Figure 4J). However, there were no significant differences. The tumor mutation burden was significantly higher in the IGFBP7 low group (Figure 4I).



IGFBP7 Predicts the Response to Chemotherapy Drugs and Tyrosine Kinase Inhibitors in BLCA

We predicted the response to chemotherapy drugs and tyrosine kinase inhibitors for the high- and low-IGFBP7 groups based on the DrugBank database. The results indicated that patients with low expression of IGFBP7 were more sensitive to doxorubicin, gemcitabine, methotrexate, mitomycin C and paclitaxel (Figure 5). Nevertheless, a significantly higher response to cisplatin and sunitinib was observed in the IGFBP7 high group.




Figure 5 | IC50 of chemotherapy drugs and tyrosine kinase inhibitors in bladder cancer based on IGFBP7 expression. *p< 0.05; **p<0.01; ***,p<0.001. ns, no significance; ns, p≥0.05.





IGFBP7 Predicts Molecular Subtypes and Therapeutic Opportunities in BLCA

BLCA molecular typing was conducted in multiple research centers and named the UNC subtype, Baylor subtype, TCGA subtype, MDA subtype, Lund subtype, CIT subtype and consensus subtype. Despite these variations, all typing methods contain two fundamental subtypes: the basal subtype and the luminal subtype (45). The basal subtype has a poorer prognosis than the luminal subtype but is neo-adjuvant chemotherapy (NAC)-sensitive (46, 47). To further explore the expression patterns of IGFBP7 in BLCA, we evaluated the distribution of IGFBP7 in different molecular subtypes. In the training cohort, we found IGFBP7 to be negatively related to the luminal differentiation subtype of BLCA (Figure 6A). In addition, the enrichment scores for urothelial differentiation, the Ta pathway, luminal differentiation and mitochondria were greater in the low-IGFBP7 group. The enrichment scores for EMT differentiation, immune differentiation, smooth muscle, myofibroblast, interferon response and neuroendocrine differentiation were higher in the high-IGFBP7 group (Figure 6B). We validated these outcomes by using two external cohorts (Supplementary Figure S2A–D).




Figure 6 | IGFBP7 predicts the molecular subtype and the therapeutic response to several therapies in BLCA. (A) Correlations between IGFBP7 and molecular subtypes using different algorithms and bladder cancer signatures. (B) The enrichment scores of 12 molecular subtype-specific signature in the high- and low-IGFBP7 groups. (C, D) Correlations between IGFBP7 and the enrichment scores of several therapeutic signatures. (E) Correlation between IGFBP7 and the BLCA-related drug-target genes obtained from the Drugbank database. *p< 0.05; **p<0.01; ***p<0.001. ns, no significance; ns, p≥0.05.



In addition, we performed enrichment analysis to evaluate various therapeutic signatures in different IGFBP7 groups. The difference in enrichment scores for various therapeutic signatures between the high- and low-IGFBP7 groups was significant (Figure 6C, D). Notably, the enrichment scores for hypoxia were lower in the low-IGFBP7 group, which was not the same as other radiotherapy-predicted pathways. IMvigor210 and GSE176307 were used to validate our outcomes (Supplementary Figures S2E–H). Moreover, the results from the DrugBank database indicated a notably higher response to ERBB therapy and antiangiogenic therapy in the high-IGFBP7 group (Figure 6E; Supplementary Figures S2I, J). We further visualized the mutation data of TCGA-BLCA, and the top 30 mutated genes are displayed (Supplementary Figure 3A). Likewise, tumor mutation burden was calculated and compared between the high- and low-IGFBP7 groups. There were no significant differences between the high- and low-IGFBP7 groups (Supplementary Figure 3B).



Development and Validation of the IGFBP7-Based Immune Risk Model

A Wayne diagram showed that 543 candidate genes were significantly related to prognosis (Figure 7A). Subsequently, the LASSO algorithm was used to identify the 23 best candidate genes. The forest plots illustrated univariate Cox analysis of the prognostic impact of the candidate gene set (Figure 7B). The risk score model was constructed based on the training cohort. ROC analysis was used to test our model, and the area under the ROC curve was above 0.697, which meant a moderate sensitivity and specificity for predicting the prognosis of BLCA (Figure 7D). Furthermore, we divided the patients into high- and low-risk groups based on their risk scores. As shown in Figure 7C, there was a significant difference in overall survival between the two groups. The risk model was then validated using another five sets of validation datasets (Figures 7E–I). Considering the clinical usefulness of the risk model, we drew a DCA curve. According to the DCA, when the threshold probability for a patient was within the approximate range of 20-100%, the risk model added more net benefit than the “all positive” or “all negative” strategies in the TCGA cohort (Figure 8A). A nomogram model was constructed for predicting the prognosis of BLCA by using clinical characteristics, including age, T stage, N stage and risk score. The nomogram plot in Figure 8B shows the weight of each variable based on the multivariate Cox analysis, and the straight line down to the endpoint scales could predict the probability of survival at 1, 3, and 5 years. In addition, as expected, patients with lymphovascular invasion, high histologic grade, advanced pathologic stage and non-paillary subtype were more likely to obtain a higher risk score (Figures 8C–J).




Figure 7 | Development of IGFBP7-based immune risk model. (A) Venn diagram showing the candidate gene set. (B) Forest plot of the correlation between the candidate genes and prognosis in BLCA. (C, D) Kaplan-Meier survival curve analysis of the low- and high-risk in TCGA training set and the predictive accuracy of risk model for survival. (E–I) Validation of the risk model in five external independent sets: GSE13507, GSE31684, GSE32894, GSE48277, IMvigor210. (J, K) Correlations between riskscore, expression of IGFBP7 and pan-cancer T cell inflamed score.






Figure 8 | Validation of IGFBP7-based immune risk model. (A) DCA curve for assessment of the clinical usefulness of the risk model. (B) Nomogram for predicting the probability of 1-, 3-, and 5-year survival probability for BLCA patients. (C–J) Differences in clinicopathological features between the high- and low-risk groups in the TCGA cohort. **p<0.01; ***p<0.001.



Except for the value of predicting prognosis, our risk model significantly predicted the response to immunologic therapy. The expression of IGFBP7 and pan-cancer T cell inflamed score were both significantly positively correlated with the risk score (Figures 7J, K). Furthermore, the enrichment scores of most of the cancer immunity cycle steps were higher in the high-risk group (Supplementary Figure S4A). Similarly, the expression of a majority of immune checkpoints was higher in the high-risk group (Supplementary Figure S4B). The association between the risk score and different molecular subtypes was in line with previous findings. Patients with basal-type bladder cancer had a higher risk score and a worse prognosis (Supplementary Figures S4C, D). We also discovered that the enrichment scores of T cell infiltration inhibited oncogenic pathways were significantly higher in the high-risk group, while those in hypoxia were higher in the low-risk group (Supplementary Figures S4E, F). Finally, according to the heatmap, ERBB therapy, antiangiogenic therapy, immunotherapy and chemotherapy may be appropriate for BLCA with higher risk scores (Supplementary Figures S4G).




Discussion

As one of the most common malignant tumors of the urinary system, BLCA lacks effective targeted treatment. With the great advances of immunotherapy in BLCA, its favorable safety and tolerability are progressively manifested. However, given that the overall response rates to immunotherapy are still low, more accurate and effective targets for immunotherapy are urgently needed. It is generally known that IGFBP7 plays a role in tumorigenesis via the IGF/insulin signaling pathway. IGFBP7 can block downstream signaling and impede cell growth, apoptosis and the TME. Previous studies indicated that IGFBP7 functions as a tumor suppressor in several tumors, including hepatocellular carcinoma, colorectal carcinoma, prostate cancer cells, and breast cancer (17, 48–50). Nevertheless, some differences in results were found in esophageal adenocarcinoma and neck squamous cell carcinomas (21, 22). The role of IGFBP7 in BLCA is still unclear, and more evidence is needed to explore the association between IGFBP7 and tumor immunologic features.

In this study, pan-cancer analysis indicated that IGFBP7 was positively correlated with immunomodulators, the infiltration levels of TIICs, and immune checkpoints in the majority of cancers. It is well known that the TME mediates immune escape and regulates the sensitivity of tumors to anticancer drugs. The TME is composed of various types of immune cells, including T cells, NK cells and dendritic cells, which are responsible for anticancer immunity (51). Regulatory T cells (Tregs) have immunosuppressive effects because they can promote evasion of the recognition of tumor antigens by antigen-presenting cells and T cells (52). More importantly, IGFBP7 showed a strong correlation with the TME in BLCA. We found that most immunostimulators and TIICs were significantly upregulated in the IGFBP7 high group. Additionally, the enrichment score of Tregs was also higher in the IGFBP7 high group. In the tumor immunity cycle, IGFBP7 enhanced the release of cancer cell antigens, trafficking of immune cells to tumors and infiltration of immune cells into tumors. Theoretically, high IGFBP7 expression may result in a better immune microenvironment. However, the recognition of cancer cells by T cells eventually weakened in TCGA cohort. Meanwhile, we did not observe that the killing of cancer cells was significantly downregulated by IGFBP7 in the TCGA cohort but was found in both the IMvigor 210 and GSE176307 cohorts.

Abnormal tumor blood vessels cause the formation of an immunosuppressive microenvironment, leading to immune escape. Several studies have demonstrated that IGFBP7 is typically overexpressed in tumor-associated endothelial cells relative to normal vascular endothelial cells (53–55). Sun et al. (23) demonstrated that IGFBP7 acted as a ligand of CD93 and disrupted normalizes tumor vasculature, including reducing pericyte and smooth muscle cell coverage on blood vessels and increasing vascular permeability and leakage by the CD93/IGFBP7 pathway. Abnormal tumor vascular structure and function lead to interstitial hypertension and a hostile TME characterized by hypoxia and acidosis. These changes in the tumor microenvironment may influence immune cell function. Previous studies indicated that hypoxia and acidosis hindered the maturation of APCs and DCs, and immature DCs could not activate T cells effectively, although they can still present antigens (56, 57). Although immune infiltration can increase via the interaction of IGFBP7 and CD93, hypoxia drives the preferential recruitment of Tregs, which express negative costimulatory molecules and lead to inadequate costimulation for T-cell activation (58, 59). In the meantime, infiltrated TILs were inactive, and effector T cells were unable to recognize and kill the tumor cells. Therefore, as we demonstrate here, high expression of IGFBP7 did not seem to enhance the cancer immunity cycle but tended to diminish. Furthermore, we offer the following conjecture regarding why higher IGFBP7 expression is accompanied by more enriched TILs: the increases in tumor vascular permeability can result in leakage through the vessel wall, which allows the tumor cells and TILs to leave the tissue more easily. However, further studies are required to verify this conjecture. Overall, high expression of IGFBP7 increased TIICs, but the activities of the recognition of cancer cells by T cells and killing of cancer cells were decreased. These factors may shape the different responses to immune therapy between patients with high and low IGFBP7 expression.

In theory, the expression of immune checkpoints will be upregulated in an immunosuppressive microenvironment, and this was indeed the case. In our further analysis, we found that high IGFBP7 expression was correlated with a lower response to ICB. This result was consistent with the views of Sun et al (24). In addition, the enrichment scores of immunotherapy-positive signatures showed that most immunotherapy-positive signature enrichment scores were higher in the IGFBP7 low group. Clinical data indicated concordant findings. We found that IGFBP7 was significantly inversely correlated with the immunotherapeutic response in two BLCA cohorts (IMvigor210 and GSE176307). The same tendency was also found for two additional melanoma cohorts and the RCC cohort. Moreover, immunosuppressive oncogenic pathways, such as the FGFR3, PPARG, and β-catenin pathways, were found to suppress the infiltration of TIICs via a reduction in the expression of immunomodulators (60–62). IGFBP7 was remarkably negatively correlated with these oncogenic pathways, which was consistent with our previous results. Notably, IGFBP7 expression was positively related to the enrichment scores of immunosuppressive pathways, including anti-EGFR and hypoxia therapy. In terms of chemotherapy drug response, the lower expression of IGFBP7 could make the cancer cells more sensitive to most chemotherapy drugs but resistant to cisplatin. Furthermore, IGFBP7 expression predicted the response to therapeutic options in BLCA, and it showed a notably higher response to ERBB therapy and antiangiogenic therapy in the high-IGFBP7 group.

Molecular subtype can help prognosticate and predict the response to immunotherapies, radiotherapy, neoadjuvant chemotherapy and several targeted therapies (37–39, 63). We found that high expression of IGFBP7 was less likely to be a luminal differentiation subtype, but the luminal subtype was related to a better prognosis. Moreover, the enrichment scores for urothelial differentiation, the Ta pathway, luminal differentiation and mitochondria were higher in the high-IGFBP7 group. All the results above were validated in independent cohorts. Eventually, we constructed a risk model to predict prognosis and the response to immunologic therapy. Our model was externally validated to show good robustness.

Given the above, IGFBP7 plays an important role in the regulation of the tumor microenvironment and impacts the immunotherapy response. We hypothesize that anti-IGFBP7 therapy holds great promise to improve the response to immune therapy, making it potentially an excellent drug target for combination treatment with immunotherapy for BLCA, which certainly necessitates further studies to verify our speculations.
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Background

Combining two immune checkpoint inhibitors (ICIs) instead of using one can effectively improve the prognosis of advanced malignant tumors. At present, ipilimumab alongside nivolumab is the most widely used combinatorial regimen of ICIs. However, the risk of treatment-related adverse events is higher in combinatorial regimens than in single-drug regimens. Thus, this study aimed to evaluate the risks of common adverse events associated with the combinatorial regimen of ipilimumab and nivolumab by using meta-analysis.



Methods

We searched Pubmed, Medline, EMBASE, and Cochrane Library for reports published by 30 September 2021. A randomized controlled study was developed and analyzed using the statistical software R to determine the efficacy of the combinatorial treatment. Risk estimates (hazard ratios, RR) and 95% confidence intervals for various common serious adverse events were used.



Results

A total of 23 randomized control trials (n = 3970 patients) were included. Our meta-analysis indicated the risks of adverse events of any grade and grade ≥ 3 as 90.42% (95%CI: 85.91% ~ 94.18%) and 46.46% (95%CI: 39.37% ~ 53.69%), respectively; the risks of treatment-related death and adverse events leading to discontinuation were estimated at 0.42% (95% CI, 0.18% ~ 0.72%) and 19.11% (95% CI, 14.99% ~ 24.38%), respectively. Classification of 19 common adverse events. The top 5 grade 1-2 adverse events were found to be fatigue (30.92%, 95% CI: 24.59% ~ 37.62%), pruritus (26.05%, 95%CI: 22.29%~29.99%), diarrhea (23.58%, 95% CI: 20.62% ~ 26.96%), rash (19.90%, 95%CI: 15.75% ~ 25.15%), and nausea (17.19%, 95% CI:13.7% ~ 21.57%). The top 5 grade ≥ 3 adverse events were identified as increased alanine aminotransferase(8.12%, 95% CI: 5.90%~10.65%), increased lipase(7.62%, 95% CI: 4.88% ~ 10.89%), and colitis (6.39%, 95%CI: 3.98% ~ 10.25%), increased aspartate aminotransferase (6.30%, 95% CI: 4.61% ~ 8.22%), and diarrhea(5.72%, 95%CI: 3.50% ~ 8.44%). Subgroup analysis revealed some differences in the adverse events between the N1-I3 and N3-I1 subgroups and between subgroups of different cancer types.



Conclusion

This study summarized the risks of common adverse events in the co-treatment of malignant-tumor patients with ipilimumab and nivolumab and identified the impacts of various initial administration schemes on the risks of such events, thereby providing an important reference for the toxicity of co-treatment with ipilimumab and nivolumab.



Systematic Review Registration

https://www.crd.york.ac.uk/prospero/, identifier: CRD42020181350.





Keywords: immune checkpoint inhibitors (ICI), ipilimumab, adverse events, nivolumab, meta-analysis



Introduction

According to the estimates of the World Cancer Center and the American Cancer Center, there were 9 million cancer-related deaths worldwide in 2020 and 600000 in the United States in 2021 (1, 2). Surgical treatment, radiotherapy, chemotherapy, and targeted drug treatment are the common treatment strategies for malignant tumors. However, these approaches have limited effects on some advanced malignant tumors. The in-depth studies on immune checkpoint inhibitors (ICIs) in recent years have provided a good prospect for the treatment of advanced malignant tumors (3, 4). ICIs are monoclonal antibodies that can activate the immune system to enhance antitumor immunity. The results of many large-scale multicenter randomized control trials (RCTs) have shown that immunotherapy can effectively prolong the survival of patients with advanced malignant tumors, and some immunotherapeutic drugs have become the first-line antitumor therapeutics (5, 6). At present, common ICIs include ipilimumab, tremelimumab, nivolumab, pembrolizumab, atezolizumab, and durvalumab. Studies have shown that the efficacy of single-drug therapies is limited, and thus combinatorial immunotherapy is gradually becoming the focus of cancer research worldwide (7, 8). Multi-phase clinical trials on combinatorial therapies involving immune-targeted therapy, chemoradiotherapy, or two ICIs have yielded gratifying results. Ipilimumab alongside nivolumab is the most common combination of two ICIs in cancer treatment and has been successfully applied to malignant tumors, such as advanced malignant melanoma and lung and kidney cancers (9). Combinatorial immunotherapy can have a good curative effect but lacks selectivity and specificity, inhibits both normal and abnormal immune responses, and is often accompanied by some adverse events. Although several meta-analysis studies have reported the risk of adverse events associated with some combinatorial immunotherapy regimens, the plausible combinations of immunotherapy drugs are extensive, and no such study has been reported on the combinatorial use of ipilimumab and nivolumab (10–12). Therefore, this study aimed to evaluate the risk of various common adverse events associated with the combinatorial use of ipilimumab and nivolumab, thereby providing an evidence-based basis for the management of such events in the clinic.



Materials and Methods


Literature Review and Study Identification

This systematic review and meta-analysis was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta Analyses (PRISMA) and Assessing the Methodological Quality of Systematic Reviews (AMSTAR) guidelines. This study was registered on Prospero (Registration number: CRD42020181350). Two independent researchers searched the PubMed, EMBASE, Cochrane Library, and MEDLINE databases for the relevant literature published between the beginning of database construction and September 30, 2021, and extracted the relevant data. The search keywords were “nivolumab”, “ipilimumab”, “CTLA-4”, and “PD-1”. We also manually checked the supplementary materials and list of references in each retrieved article to further identify any potential relevant RCT and searched the websites of the relevant regulatory agencies in the United States and Europe [The Federal Drug Administration and European Drug Administration, respectively]. We reported the basis of this systematic review and meta-analysis in accordance with Cochrane’s recommendations on preferred reporting items for systematic review and meta-analysis.



Article Selection

We included only phase I–IV RCTs on ipilimumab and nivolumab combinatorial therapy of patients with malignant tumors. We excluded non-randomized trials, and studies with malignant-tumor patients, additional regimens (e.g., radiotherapy, chemotherapy, and targeted therapy), incomplete data on adverse events, or high bias in risk assessment. If two reports corresponded to the same study of a research group, we included only the most complete and up-to-date study. Two reviewers independently screened all titles, abstracts, and full texts to assess whether the corresponding studies qualified. Any disagreement among these reviewers was judged by a third researcher and finally resolved by consensus.



Data Extraction and Quality Assessment

Two researchers repeatedly extracted data according to the preset extraction table. Any inconsistency in extracted data between the two researchers was resolved via discussion with a third researcher. The extracted data included the study registration number, first author, publication year, trial stage, tumor type, number of cases, treatment scheme, and initial dose scheme of each included study. We defined adverse events ≥ 10 literatures as common adverse events. The extracted analysis data included the total number of adverse events of any grade, grade 1-2, and grade ≥ 3, as well as adverse events leading to drug withdrawal and death. We evaluated the potential bias risk of each included RCT by using the bias-risk assessment tool of the Cochrane Center.



Statistical Analysis

The meta-analysis was performed using R statistical soft-ware (packages metafor and meta, R Foundation) (13). We used the R software to calculate the risk ratio and 95% confidence interval of each outcome index and to perform logarithmic, logit, anti-sinusoidal, and double anti-sinusoidal transformations on the analysis data to test the normal distribution of each transformation. For each set of data, we finally select the set of 4 transformed data that is closest to the normal distribution for meta-analysis. If there was significant heterogeneity (I2> 50%), the random effect model was selected, otherwise, the fixed-effect model was used. For subgroup analysis, we sub-grouped the patients into N1–I3 subgroup (nivolumab 1 mg/kg + ipilimumab 3 mg/kg) and N3–I1 subgroup (nivolumab 3 mg/kg + ipilimumab 1 mg/kg), according to the different initial administration schemes. Finally, we used the Graphpad (version 9.2) software to draw the classification summary of results and used Egger’s test to evaluate publication bias. The significance level of the bilateral test was set at p < 0.05.




Results


Eligible Studies and Characteristics

We initially retrieved 1221 studies following the set retrieval strategy. Duplicate records were subsequently eliminated, leaving 832 studies after excluding trial protocol and non-cancerous disease site. Another 710 studies were excluded after reading the title and abstract, Including 584 non-randomized controlled studies(Non-RCTs), 59 were Comments, 43 were Combined chemoradiotherapy, 24 were Combined targeted therapy. Full-text reading of the 122 studies led to the elimination of 99 articles. Amongst the 99 studies, 45 were not in the field of interest, 38 were review articles, 11 were conference abstracts, and 5 had insufficient data. The remaining 23 studies were included for meta-analysis (14–36), which included 32 single arms (see Figure 1 and Table 1) and a total of 3970 patients with malignant tumors. The tumor types included malignant melanoma, non-small cell lung cancer, advanced renal cell carcinoma, malignant pleural mesothelioma, malignant sarcoma, esophageal gastric junction cancer, colorectal cancer, malignant glioma, and urothelial, ovarian, and hepatocellular carcinomas. According to the number of reports, we analyzed 19 common adverse events, namely diet, pruritus, diarrhea, rash, nausea, hyperthyroidism, hyperthyroidism, discredited appetite, pyrexia, headache, maculopapular rash, pneumonitis, adrenal insufficiency, colitis, vomiting, and increased aspartate aminotransferase (AST), increased alanine aminotransferase (ALT), increased amylase, and increased lipase.




Figure 1 | PRISMA Flow diagram.




Table 1 | Characteristics of the included studies.





Incidence of any adverse events and risk ratio of grade 3 or higher adverse events

Of the 23 studies analyzed, 19 reported adverse events of any grade, the mean incidence of any adverse events was 90.42% (95% CI, 85.91% ~ 94.18%, I2 = 93%) (see Figure 2). 22 reported adverse events of grade ≥ 3, and the mean incidence of grade 3 or higher adverse events was 46.46% (95% CI, 39.37% ~ 53.69%, I2 = 91%) (see Figure 3). Subgroup analysis revealed that the mean incidence of any adverse event and that of a grade ≥ 3 adverse event were 94.53% (95% CI, 91.18% ~ 97.21%, I2 = 71%) and 55.29% (95% CI, 46.73% ~ 63.86%, I2 = 85%) in the N1–I3 subgroup (see Supplementary Material Figure S1, S2), respectively, and 84.91% (95% CI, 80.02% ~ 90.10%, I2 = 90%) and 36.72% (95% CI, 30.51% ~ 43.39%, I2 = 81%) in the N3–I1 subgroup (see Supplementary Material Figure S3, S4).




Figure 2 | Forest plot of any adverse events.






Figure 3 | Forest plot of grade 3 or higher adverse events.





Incidence of Treatment-Related Deaths and Treatment−Related Adverse Event Leading to Discontinuation

Of the 23 studies, 20 reported a total of 31 treatment-related deaths, with a mean incidence of 0.42%(95% CI, 0.18% ~ 0.72%, I2 = 0%) (see Figure 4). 20 reported the number of adverse events leading to discontinuation, with a mean incidence of 19.11% (95% CI, 14.99% ~ 24.38%, I2 = 93%) (see Figure 5). The mean incidence of treatment-related death and that of a treatment-related adverse event leading to discontinuation were 0.06% (95% CI, 0.00% ~ 0.44%, I2 = 0%) and 27.51% (95% CI, 21.45% ~ 35.29%, I2 = 83%) in the N1–I3 subgroup(see Supplementary Material Figure S5-S6), respectively, and 0.43% (95% CI, 0.14% ~ 0.83%, I2 = 0%) and 14.65% (95% CI, 11.54% ~ 18.04%, I2 = 75%) in the N3–I1 subgroup(see Supplementary Material Figure S7-S8).




Figure 4 | Forest plot of treatment-related deaths.






Figure 5 | Forest plot of adverse events leading to discontinuation.





Risk Ratio of Grade 1 and 2 Adverse Events

Among the 19 common adverse events analyzed, the risk of grade 1–2 adverse events was > 10%. The top 5 risks were fatigue(30.92%, 95% CI: 24.59% ~ 37.62%, I2 = 93%), pruritus (26.05%, 95% CI: 22.29% ~ 29.99%, I2 = 82%), diarrhea(23.58%, 95% CI: 20.62% ~ 26.96%, I2 = 88%), rash(19.90%, 95% CI: 15.75% ~ 25.15%, I2 = 88%), nausea (17.19%, 95% CI: 13.7% ~ 21.57%, I2 = 86%), the risks of other common adverse events are presented in Figure 6. Fatigue, pruritus, diarrhea, and rash were also among the top 5 risks in the N1–I3 and N3–I1 subgroups, which additionally included nausea and hypothyroidism, respectively. The risks of other common adverse events in each subgroup are presented in Table 2.




Figure 6 | Risk ratio of grade 1 and 2 adverse events.




Table 2 | Risk ratio of grade 1 and 2 adverse events for N3-I1and N1-I3 subgroup.





Risk Ratio of Grade 3 or Higher Adverse Events

Among the 19 common adverse events, the risk of a grade ≥ 3 adverse event was > 5%. The top 5 risks were increased ALT (8.12%, 95% CI: 5.90% ~ 10.65%, I2 = 73%), increased lipase (7.62%, 95% CI: 4.88% ~ 10.89%, I2 = 77%), colitis (6.39%, 95% CI: 3.98% ~ 10.25%, I2 = 80%), increased AST (6.30%, 95% CI: 4.61% ~ 8.22%, I2 = 68%), diarrhea (5.72%, 95% CI: 3.50% ~ 8.44%, I2 = 83%), the risks of other common adverse events are presented in Figure 7. Sub-group analysis yielded the same adverse events as the top 5 risks in both N1–I3 and N3–I1 subgroups. The risks of other common adverse events are presented in Figure 7 and Table 3.




Figure 7 | Risk ratio of grade 3 or higher adverse events.




Table 3 | Risk ratio of grade 3 and higher adverse events for N3-I1 and N1-I3 subgroup.





Subgroup Analysis of the Incidence of Adverse Events Based on Cancer Type

Based on the risk of any adverse events (Supplementary Material Figure S9), melanoma had the highest risk (95.87%, 95% CI: 92.93% ~ 98.12%, I2 = 72.4%), while colorectal cancer had the lowest risk (73.11%, 95% CI: 64.75% ~ 80.73%, I2 = 0%). Similarly, based on the risk of grade 3 and higher adverse events (Supplementary Material Figure S10), melanoma had the highest risk (58.13%, 95% CI: 47.67% ~ 70.88%, I2 = 92.3%), while pleural mesothelioma had the lowest risk (26.23%, 95% CI: 17.22% ~ 39.95%, I2 = 0%). Melanoma also had the highest risk (25.83%, 95% CI: 16.79) % ~ 39.75%, I2 = 94.2%) based on risk of any adverse event leading to discontinuation (Supplementary Material Figure S11), while glioblastoma had the lowest risk (23.33%, 95% CI: 12.20% ~ 44.64%, I2 = 0%). In contrast, glioblastoma had the highest risk (1.64%, 95% CI: 0.10% ~ 25.62%, I2 = 0%) based on the risk of treatment-related deaths (Supplementary Material Figure S12), while urothelial carcinoma had the lowest risk (0.25%, 95% CI: 0.02% ~ 4.05%, I2 = 0%).




Discussion

ICIs are monoclonal antibodies against regulatory immune checkpoint factors that inhibit T cell activation. These antibodies promote immune-mediated tumor-cell clearance by enhancing T cell-mediated anti-tumor immunity. At present, their targets mainly include CTLA-4 and PD-1/PD-L1, CTLA-4 regulates the activation of T cells by preventing the generation of T cell inhibitory signals (37, 38). let’s first talk about the five common adverse events, and then describe whether the risk of grade ≥ 3 is > 5%, so as to promote the further proliferation of T cells, thereby achieving the anti-tumor effect of PD-1. PD-L1 inhibits the signal transduction by blocking the interaction between T cells and antigen-presenting cells, promotes the proliferation of activated T cells, and then kills tumor cells (39, 40). However, activation of the immune system also impairs the immune homeostasis in non-tumor tissues, resulting in a series of adverse reactions, mainly involving the skin, gastrointestinal tract, liver, lung, and endocrine glands (41, 42). In recent years, combinatorial immunotherapy has gradually become a research hotspot, and its antitumor effectiveness has been confirmed by multiple studies. However, combination of drugs seems to increase the risk of adverse events. The results of the meta-analyses by Yang et al. and Chen et al (43, 44). have shown that the antitumor effect of nivolumab and ipilimumab co-treatment was better than that of nivolumab or ipilimumab alone. The results of the meta-analysis by Xing et al. have shown that the risk of adverse events related to nivolumab and ipilimumab co-treatment was higher than that of the single-drug use (45). To the best of our knowledge, the study presented here is the largest and most comprehensive meta-analysis to evaluate the common adverse events of nivolumab and ipilimumab combination. The study by Xing et al. analyzed fewer studies than this study and did not include subgroup analysis of the initial medication regimen.

From the perspective of patient consultation, several results of this meta-analysis are crucial. Our results showed that approximately 9 of the 10 patients treated with nivolumab alongside ipilimumab had at least one adverse event, and 5 of the 10 patients had at least one grade ≥ 3 adverse event. Among them, fatigue was the most common mild adverse event (30.92%), and increased ALT level was the most common grade ≥ 3 adverse event (8.12%). Patients should also be informed that pruritus, diarrhea, and rash are also common adverse events but are remotely likely to manifest as serious complications. The fatality rate of any of these adverse events was very low (0.5%). The risk of drug withdrawal due to an adverse event was estimated at 42%. Approximately 1 of the 5 patients discontinued the treatment because of an adverse event.

In this meta-analysis, fast, headache, decreased appetite, and pyrexia were found to be subjective symptoms. Of the remaining adverse events, diarrhea, nausea, vomiting, colitis, and increased AST, ALT, amylase, and lipase levels are related to the digestive system; rash, pruritus, and maculopapular rash are skin-related; hyperthyroidism and adult insufficiency are endocrine-related; and pneumonitis is mainly related to the respiratory system. Regarding the grade 1–2 adverse events, 13 had risks of > 10%, and 15 had > 5%. Fatigue (30.92%) had the highest risk, which was higher than the risk of adverse events reported in PD-1 (18.7%) and PD-L1 (26%) meta-analysis studies by Wang et al (42). Grade 1–2 adverse events often do not have serious consequences for patients but increase patient discomfort and weaken the eagerness of the patient for the treatment. Some grade 1–2 adverse events often develop into grade ≥ 3 adverse events, such as colitis and pneumonitis, if not managed timely. We found that 5 grade ≥ 3 events had risks of > 5%, and 12 had > 1%. Among such events, increased ALT (8.12%) level was the most common. Increased ALT and AST levels are symptoms of hepatitis; increased lipase and amylase levels are symptoms of pancreatitis; hyperthyroidism and hyperthyroidism are symptoms of thyroiditis; diarrhea is a symptom of colitis. If autoimmune diseases are not identified early, they often cause severe health problems and can even be fatal. Pneumonia is the most common cause of treatment-related deaths in patients treated with immunosuppressants, and we estimated the incidence at 1.5% and 11%. In addition, our results show that the types of adverse events in the digestive system and their risks are significantly higher than those in other systems. Therefore, it is necessary to monitor the digestive system of the patients under treatment for such events to prevent development of severe problems in the digestive system.

In our study, we sub-grouped the patients according to their initial dosing regimen, namely N1–I3 and N3–I1 subgroups, and performed subgroup analysis. The N3–I1 subgroup had higher risks of adverse events of any grade, grade 1–2, and grade ≥ 3 (both with and without classification) than the N1–I3 subgroup, consistent with the results of the meta-analysis by Xu et al (46). The risk of adverse events of any grade was not classified, and nearly 10% (94.53% vs. 84.51%) of the N3–I1 subgroup had a higher risk than the N1–I3 subgroup, whereas nearly 20% (55.29% vs. 36.72%) of the N3–I1 subgroup had a higher risk of adverse events of grade ≥ 3 than the N1–I3 subgroup. Regarding the risk of classified grade 1 and grade 2 common adverse events, the most common risk in both N1–I3 and N3–I1 subgroups was fatigue (38.67% and 23.01%, respectively), whereas, regarding the classified grade ≥ 3 common adverse events, the most common risks in the N1–I3 and N3–I1 subgroups were increased ALT (11.02%) and lipase (6.14%) levels, respectively. Therefore, initial medication schemes have a certain impact on the occurrence of adverse events. When deciding on the medication scheme, treatment effectiveness and cost should also be considered in addition to treatment safety. We should be more cautious about the impact of different initial medication regimens of N3-I1 and N1-I3 on adverse events, because we did not consider the impact of treatment period and sequence.

Our preliminary analysis of the incidence of adverse events in different types of tumors further revealed that melanoma had a higher overall risk of adverse events. However, the differences between different cancer types were not significant. A meta-analysis of PD-1 and PD-L1 by Wang et al. revealed a similar average incidence of adverse events across various cancer types (42). However, this conclusion could not be fully explained in our study, possibly because of the small sample size of some tumor types. Some studies postulate that there are certain differences in the risk of adverse events for different types of tumors (47, 48). Based on the dose subgroup analysis for different cancer types, choosing the best drug regimen can prevent the occurrence of some adverse events to a certain extent. Taking timely intervention measures to the occurrence of common adverse events can further reduce the occurrence of serious adverse events and deaths.

Nonetheless, this study was limited by several factors, some with high heterogeneity (I2> 90%). We did not conduct subgroup analysis by cancer type for different types of adverse events. We also did not further analyze race, age, gender, and smoking history, amongst other demographic and clinical factors, which may have led to deviations in the analysis results. The length of treatment cycles may also have impacted the results despite performing subgroup analyses based on different initial doses. The different follow-up times for each study may have also biased the results.

In conclusion, this study estimated the risks of common adverse events in the co-treatment of malignant-tumor patients with ipilimumab and nivolumab and identified the impacts of different initial administration schemes on the risks of such events. Accordingly, this study provides an important reference for the toxicity of co-treatment with ipilimumab and nivolumab.
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Supplementary Figure 1 | Forest plot of any adverse events in N1-I3 subgroup.

Supplementary Figure 2 | Forest plot of grade 3 or higher adverse events in N1-I3 subgroup.

Supplementary Figure 3 | Forest plot of any adverse events in N3-I1 subgroup.

Supplementary Figure 4 | Forest plot of grade 3 or higher adverse events in N3-I1 subgroup.

Supplementary Figure 5 | Forest plot of treatment-related deaths in N1-I3 subgroup.

Supplementary Figure 6 | Forest plot of adverse events leading to discontinuation in N1-I3 subgroup.

Supplementary Figure 7 | Forest plot of treatment-related deaths in N3-I1 subgroup.

Supplementary Figure 8 | Forest plot of adverse events leading to discontinuation in N3-I1 subgroup.

Supplementary Figure 9 | Forest plot of any adverse events in different cancers.

Supplementary Figure 10 | Forest plot of grade 3 and higher adverse events in different cancers.

Supplementary Figure 11 | Forest plot of any adverse event leading to discontinuation in different cancers.

Supplementary Figure 12 | Forest plot of treatment-related deaths in different cancers.
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In recent years, a set of immune receptors that interact with members of the nectin/nectin-like (necl) family has garnered significant attention as possible points of manipulation in cancer. Central to this axis, CD226, TIGIT, and CD96 represent ligand (CD155)-competitive co-stimulatory/inhibitory receptors, analogous to the CTLA-4/B7/CD28 tripartite. The identification of PVRIG (CD112R) and CD112 has introduced complexity and enabled additional nodes of therapeutic intervention. By virtue of the clinical progression of TIGIT antagonists and emergence of novel CD96- and PVRIG-based approaches, our overall understanding of the ‘CD226 axis’ in cancer immunotherapy is starting to take shape. However, several questions remain regarding the unique characteristics of, and mechanistic interplay between, each receptor-ligand pair. This review provides an overview of the CD226 axis in the context of cancer, with a focus on the status of immunotherapeutic strategies (TIGIT, CD96, and PVRIG) and their underlying biology (i.e., cis/trans interactions). We also integrate our emerging knowledge of the immune populations involved, key considerations for Fc gamma (γ) receptor biology in therapeutic activity, and a snapshot of the rapidly evolving clinical landscape.
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Introduction

With the widespread clinical application of the ‘first generation’ of immune checkpoint inhibitors (ICI), namely antibody-mediated blockade of cytotoxic T lymphocyte-associated protein-4 (CTLA-4) and programmed cell death protein/ligand-1 (PD-[L]1), immunotherapy has become a mainstay approach for the treatment of cancer (1). However, despite a wealth of evidence supporting the use of anti-CTLA-4 and anti-PD-1/L1, many patients fail to derive meaningful benefit – highlighting the need for alternative and complementary immunotherapeutic interventions (2). In this regard, engagement of novel pathways, cell types, and combinations may provide therapeutic options for patients wherein the pre-existing host and tumor microenvironment factors do not favor current immunotherapeutic agents or where adaptive resistance has occurred (3).

For more than a decade, the CD226 axis have been characterized in the context of natural killer (NK) and T cell biology (4). At the core of this family, T cell immunoreceptor with Ig and ITIM domains (TIGIT) and CD96 (TACTILE) effectively compete with CD226 (DNAX Accessory Molecule-1 [DNAM-1] for binding to the necl protein CD155 (poliovirus receptor [PVR). This regulatory network is reminiscent of the interplay between cytotoxic T-lymphocyte-associated protein-4 (CTLA-4)/CD28 and B7 (CD80/CD86), where a common ligand (CD155) is shared between costimulatory (CD226) and co-inhibitory receptors (CD96 and TIGIT) (Figure 1) (5). While a parallel with the CTLA-4 axis could provide some mechanistic insight to the CD226 axis, there are some important differences in cellular expression, potential for direct inhibitory receptor signaling, and the potential impact of soluble ligand (6, 7). Adding to this complexity, the recently described PVRIG has been shown to compete with CD226 binding to CD112, another ligand in this axis (Figure 1) (8–10).




Figure 1 | Interactions between members of the CD226 axis. Dashed red lines indicate the potential for cis interactions/inhibition. The weight of each line is representative of the relative strength of interaction. Alternative interactions not shown (e.g., CD96 with CD111; TIGIT with CD113 or PVRL4). Human silhouettes signify that a motif or isoform is not present in rodents. APC, antigen presenting cell; V, variable-like domain; C, constant-like domain; I/C, I/C-like folding pattern present in isoform 2 of human CD96; P, tyrosine phosphorylation site; SHP2, Src homology 2-containing phosphotyrosine phosphatase; ITIM, immunoreceptor tyrosine-based inhibition motif; SHIP1, Src homology 2-containing-inositol-phosphatase-1.



The contiguous nature of the CD226 axis begs several questions. For example, are the family members redundant such that concurrent antagonism of multiple receptors is necessary to reveal their full functional potential, or are individual receptors dominant under distinct contexts? A thorough understanding of the dynamics of each ligand-receptor pair will be critical for the mechanistic deconvolution of a seemingly redundant family. These relationships may also inform the best approaches for successful therapeutic intervention (i.e., best indications to target individual or multiple receptors, mono- or bi-specific strategies, etc.). To help address this, we explore the structural characteristics, reported interactions, and expression patterns for each immune receptor in the CD226 axis (Table 1). We also discuss the potential for cell-intrinsic activity and present the available evidence supporting combinations with antibodies targeting the CD226 axis. In addition, given the importance of Fc-Fc gamma (γ) receptor co-engagement to CTLA-4 antibody function, and inherent similarities with the CTLA-4/B7/CD28 family, we briefly discuss the potential role of FcγRs in promoting the functional activity of antibodies targeting the immune receptors in the CD226 axis (14–16). Finally, we provide a snapshot view of the current therapeutic landscape for the CD226 axis, surveying the available clinical data for each target and highlighting current indications, safety considerations, and combination strategies for each target.


Table 1 | Expression of CD226 axis members on human immune populations.





The Core of the Axis: CD226


Discovery, Structure, and Interactions

By virtue of its role in cytotoxic T cell maturation and platelet activation, CD226 was initially identified as T lineage-specific antigen (TLiSA1) and platelet and T cell antigen 1 (PTA1) shortly thereafter (17, 18). CD226, or DNAX accessory molecule 1 (DNAM-1), has since been thoroughly characterized as a T and NK cell co-stimulatory receptor responsible for orchestrating the signaling of shared ligands CD155 and CD112 (8, 19–22). Analogous to CD28 in the B7/CTLA-4 axis, CD226 has a reduced affinity for shared ligands CD155 and CD112 relative to the inhibitory receptors TIGIT, CD96, and PVRIG, thus creating a layer of immune regulation via competitive inhibition (9, 19, 23–26). Exemplifying its important role in immune homeostasis, CD226 genetic polymorphisms are associated with various immune pathologies (27–29). Similar correlations are lacking for TIGIT, CD96, and PVRIG, highlighting the central nature of CD226 in controlling immune activity within the family.

The extracellular region of CD226 forms a unique structure whereby its two IgV domains (domain [D]1 and D2) are linked in a side-by-side arrangement (Figure 2). As a result, while interactions are primarily mediated by a conserved ‘lock-and-key’ motif in D1, the second extracellular domain (D2) can also contribute to ligand binding (25, 26). The intracellular region of CD226 harbors a conserved tyrosine (Y)/asparagine (N) motif (D/EIYV/MNY), which engages with multiple proteins, including growth factor receptor bound protein 2 (Grb2) (30). Site-directed mutagenesis of Y319 abrogates CD226-induced cellular cytotoxicity (30) (Table 2). This residue (Y319) has also been associated with regulation of CD226 expression via Casitas B-lineage lymphoma proto-oncogene-b (Cbl-b)-dependent ubiquitination/degradation following CD155 engagement (37). Additionally, although it appears to be contextual, co-localization with lymphocyte function-associated antigen 1 (LFA-1) during immune synapse formation has also been described (Figure 1) (30, 32).




Figure 2 | Predicted structures for the CD226 axis receptors CD96, CD226, TIGIT, and PVRIG. The weight of each line is representative of the relative strength of interaction. Human silhouettes signify that a motif is not present in rodents. N-gly, n-linked glycosylation; Y, tyrosine residue; ITT, immunoglobulin tail tyrosine motif; ITIM, immunoreceptor tyrosine-based inhibition motif.




Table 2 | CD226 axis receptor ICD mutational studies and associated functional effects.





Expression and Regulation

CD226 is broadly expressed on innate and adaptive immune populations and, like the associated inhibitory receptors within the axis, can be induced on peripheral human T cells following T cell receptor (TCR) activation (Table 1) (11, 38). Notably, the expression of CD226 on activated human T and intratumoral NK cells tracks closely to that of CD96 (11, 39). While co-expression could suggest some level of reactive regulation within the axis, it remains unclear if it is simply correlative or if it is biologically meaningful.

Another mechanism to temper immune activation could be the direct regulation of CD226 expression (i.e., by ligand-induced internalization/endocytosis or cleavage), as evidenced by its modulation in various disease settings including chronic viral infection and cancer (37, 40, 41). For example, in non-small cell lung cancer (NSCLC), CD226 expression is reduced on tumor-infiltrating NK cells relative to cells from normal adjacent tissues (NAT) and peripheral blood (42, 43). Moreover, CD226 has been shown to be sensitive to changes elicited by various therapeutics, such as chemotherapy (44).

While ligand-based interactions have primarily been implicated in driving the loss of cell surface CD226, recent work by Sun et al. also suggests that this effect could be mediated by soluble factors like transforming growth factor beta (TGF-β1) (37, 39, 45, 46). It is unclear if this is a direct or indirect effect, however, TGF-β-dependent modulation of CD226 has the potential to skew axis signaling in the tumor microenvironment (TME), enhancing the potential for immune evasion. Additionally, increased soluble CD226, and related loss of cell-surface expression, has been observed in the sera of cancer patients, suggesting some level of protease-dependent biology (47). Regardless of mechanism, the reduction of CD226 on immune cells in tumor-bearing hosts and prevalence of other axis members, raises several questions. Most notably, how much CD226 expression is necessary to drive functional responses following blockade of inhibitory receptors in the axis, and is this something that needs to be monitored to predict responses? As clinical efforts progress, it will be of interest to interrogate the relevance of CD226 dynamics in therapeutic responses.



Functional and Therapeutic Implications

The importance of CD226 in shaping the overall immune response has been thoroughly described in the context of autoimmunity, cancer, and viral infections (48). CD226 orchestrates the net activity of innate (NK cells) and adaptive (T cells) immunity via interplay with CD155 and CD112 (8, 49). For example, high expression of cell-surface CD155 coupled with low human leukocyte antigen (HLA) expression increases the susceptibility of immature DCs to CD226-mediated killing by NK cells. This process bridges both innate and adaptive immunity by removing Th2-polarizing iDCs, thus skewing T helper cell polarization (50–52). CD226 has been shown to play a critical role in promoting broad T cell expansion, CD8+ T cell antitumor activity, and “adaptive” NK cell responses (37, 53–55).

A significant amount of information regarding the contribution of CD226 to immune responses has been gleaned from genetic- and biologics-based approaches in mice. In contrast to delayed tumor progression in TIGIT-/- and CD96-/-, CD226-deficient mice exhibit increased susceptibility to MCA-induced fibrosarcomas as well as metastatic lung colonization (e.g., LLC lung and RM-1 prostate tumors) (19, 20, 56–58). Moreover, genetic ablation or antibody-mediated blockade of CD226 has been shown to abrogate the antitumor activity observed in CD96-deficient mice and in mice treated with anti-TIGIT, anti-PD-(L)1, and/or GITR (19, 20, 59, 60). Tumors propagated in CD226-deficient mice also exhibit increased expression of CD155 and CD112, further highlighting the dynamics within the CD226 axis (54, 57).

Given its critical immunostimulatory role, agonist approaches for CD226 seem attractive as a means to generate antitumor responses. However, CD226 is also expressed on platelets and has been associated with their adhesion/activation, potentially complicating the desired pharmacology profile (18, 61). Thus far, only one agent for CD226, LY3435151 (anti-CD226 agonist antibody, Eli Lilly), has progressed to clinical testing (NCT04099277, Table 3). Nevertheless, shortly after initiation, the phase 1 study for LY3435151 was terminated. Although one can speculate as to the reason(s) for study termination, given the critical position of CD226 in CD155 and CD112 axes, it will be of great interest to understand the limitations surrounding CD226 as a target for cancer immunotherapy.


Table 3 | Ongoing or discontinued (terminated) clinical trials evaluating CD226 axis-related antibody-based therapies in cancer patients.






Key Ligands in the Axis: CD155 and CD112


Discovery, Structure, and Interactions

Identified several decades before an association with relevant immune receptors, CD155 (poliovirus receptor [PVR], necl-5) and CD112 (PVRL2, nectin-2) represent structurally similar immunoglobulin superfamily (IgSF) adhesion glycoproteins (62–64). There are several isoforms of CD155 (α, β, γ, δ) and CD112 (short, CD112α; long, CD112δ), each with slightly different structural characteristics and tissue distribution (8, 65, 66). While the α and δ isoforms of CD155 code for cell-surface expressed CD155, the β and γ isoforms lack transmembrane (TM) domains, resulting in a soluble/secreted proteins that are not present in rodents (7, 65, 67). The extracellular region of CD155 and CD112 is comprised of an N-terminal variable (V) domain and constant (C1-C2) domains (24, 68–70). Like CD226, the V domain contains conserved ‘lock’ (AX6G) and ‘key’ (T[F/Y]P) motifs that are critical for mediating homo- and heterophilic interactions (24, 25, 68). Appropriately, CD155 and CD112 are capable of trans interactions, which can facilitate sustained cell-to-cell contact and immunoregulation (71, 72). Contrary to many nectin proteins, CD155 fails to exhibit strong homophilic interactions (71, 73). Similar evidence suggests that CD112 functions as a monomer, but also exhibits proclivity for homodimerization (74).

Outside of their conserved binding motifs, CD155 and CD112 exhibit nuances in binding orientation depending on the partner. For example, both CD155 and CD112 have been suggested to form heterotetrameric structures with TIGIT, where TIGIT dimers are sandwiched between CD155 or CD112 monomers; while other CD155 (e.g., CD226 and CD96) and CD112 complexes (e.g., CD226) are thought to be more conventional monomeric interactions (Figure 1) (25, 68–70). Differential structural attributes of TIGIT, CD96, and CD226 provide a partial explanation for their relative affinity to cell surface CD155 (26, 75). However, this is likely more complex given the variegated glycosylation patterns of the axis proteins. As mentioned previously, this affinity gradient, which favors inhibitory receptor binding (i.e., TIGIT and CD96), is reminiscent of the archetype CTLA-4 axis, whereby CTLA-4 effectively outcompetes costimulatory receptor CD28 from binding to B7 (CD80/86) (5). In a similar fashion, the inhibitory receptor PVRIG demonstrates a greater affinity for CD112 relative to CD226 (9).



Expression and Regulation

Despite detectable levels on multiple cell types (e.g., myeloid and epithelial cells) under physiological conditions, CD155 and CD112 are often elevated in various solid and hematological malignancies, correlating with a worse overall survival (12, 76–83). These correlations are not ubiquitous, however, as lack of expression in hepatocellular carcinoma (HCC) has been shown to be prognostically unfavorable (84, 85). Indeed, akin to PD-L1, CD155 expression has also been shown to be predictive of response to ICI (e.g., anti-PD-1 and anti-PD-1/CTLA-4) (86). This underscores the need for a clear etiological understanding and cancer-immune interplay in each indication. Moreover, treatment status must be considered, as CD155 and CD112 can be induced downstream of a range of cellular insults or stimuli known to activate the DNA damage response (DDR) pathway (87–92).

In addition to relatively broad expression by human tumor tissue and stromal populations, CD155 and CD112 are expressed on myeloid cells, such as monocytes and various subsets of dendritic cells (DCs) (50, 93). Given the reported expression of CD155 on follicular DCs, a key component of B cell follicles/germinal centers (GC), the involvement of the CD226 axis in tertiary lymphoid structure (TLS) biology may warrant further exploration (93, 94). This is particularly attractive in light of recent correlations between TLS generation/presence and response to cancer immunotherapy (95–97). One area where CD155 and CD112 appear to diverge is in lymphocyte expression, whereby CD155 can be induced on highly activated T cells (87, 98, 99). While the functional consequences of CD155 on activated T cells remains to be determined, CD155 has been associated with thymic selection via lymphocyte retention, underscoring its adhesion properties and potential impact on T cells (100). The expression of CD155 on T cells may also introduce complexity into the mechanistic interpretation and be derivative of certain experimental models. For example, CD155 induction on T cells may complicate our understanding of how anti-CD96 antibodies mediate functional activity even under conditions of T cell isolation (i.e., agonist activity or blockade of CD96:CD155 T cell-to-T cell interactions).

As the name suggests, CD155 or poliovirus receptor (PVR) serves as a point of cellular entry for poliovirus and, similar to the described role for soluble intercellular adhesion molecule-1 (ICAM-1) in response to rhinovirus infection, soluble CD155 has been proposed to be a partial serum-based sink for poliovirus (65, 101). Interestingly, soluble CD155 and CD112, have also been described in the serum of cancer patients and are often correlated with disease stage (7, 66, 102, 103). However, the specific contribution of soluble CD155 and CD112 to disease progression remains to be determined. Despite the longstanding awareness of CD155 and CD112 expression in cancer, an understanding of their contribution to the regulation of immune function and migration was lacking until a connection with the CD226 was established (8–10, 70, 104, 105). Functional characteristics and therapeutic implications for each interaction will be discussed in the following sections.




TIGIT


Discovery, Interactions and Structure

Several years after the description of CD226 and its association with CD155, T cell immunoglobulin and ITIM domain (TIGIT; V-set and transmembrane domain-containing 3 [Vstm3]; V-set and Ig domain-containing 9 [Vsig9]; Washington University Cell Adhesion Molecule [WUCAM]) emerged as an important member of the CD226 axis (10, 23, 93). The discovery of TIGIT was aided by searching for predicted structural similarities with cell-surface immune receptors, like PD-1. After its initial identification as a receptor for CD155, an additional ligand (CD112) and a role for TIGIT in NK cell modulation was described (10).

The extracellular region of TIGIT is comprised of a single IgV, and, consistent with other receptor-ligand pairs in the axis, trans interactions are facilitated by a lock-and-key motif in the N-terminal domain (68) (Figure 2). The majority of TIGIT function is tied to CD155, with binding to CD112 representing a lower affinity interaction (~30-fold via surface plasmon resonance [SPR]) (106). TIGIT has also been shown to interact with CD113 (PVRL3) and nectin-4 (PVRL4); however, clear functional implications remain to be seen (23, 107). Primarily facilitated by isoleucine (Ile) 42 (human; an analogous residue exists in mice) and the associated parallel interface, TIGIT exhibits a propensity for dimerization on the surface of cells (68). Accordingly, cis multimeric interactions with CD226 have also been reported, providing an additional means of CD226 regulation (36, 60).

The intracellular domain of TIGIT harbors an immunoreceptor tyrosine tail (ITT)-like phosphorylation motif and a conserved ITIM (LSYRSL) (106). While the role of each motif has been evaluated in mice and man, the relative contribution of ITT/ITIM to cell intrinsic TIGIT activity appears to be more contextual in humans (Table 2). Using a modified cytotoxicity system (YTS and 721.221 cells), Stanietsky et al. demonstrated that rescue of murine CD155-mediated NK cell suppression required mutation of both ITT and ITIM tyrosine residues (108). The same authors demonstrated that site-directed mutagenesis of only the ITIM (Y221) in human cells was able to abrogate CD155- and CD112-induced suppression of NK cell cytolytic activity (10). Further, a separate set of studies ascribed the ITT as the critical moiety for TIGIT-mediated inhibition of human NK cell IFNγ production, granule polarization, cellular cytotoxicity (34, 35). Recently, Banta and colleagues demonstrated that the intracellular domain of TIGIT was largely dispensable for impairment of CD226 phosphorylation (36). Rather, as previously mentioned, cis multimeric interactions with CD226 and/or ligand competition were found to drive TIGIT inhibition of CD226 co-stimulation. While this work brings into question the relative contribution of intrinsic signaling to TIGIT function (Table 2), it will be necessary to understand if it is selective to the experimental system, specific to TIGIT/CD226, or a more ubiquitous phenomenon.

Apart from ligand sequestration, TIGIT has been credited with additional mechanisms of action, which may be extrinsic or intrinsic depending on cell type. For instance, Yu et al. utilized human T cell and monocyte-derived DC co-cultures to demonstrate that unabated TIGIT : CD155 ligation alters antigen presenting cell (APC) cytokine profiles, indirectly impairing T cell responses (23). While multiple studies have revealed similar cell-extrinsic function of TIGIT, T and NK cell-intrinsic TIGIT signaling has also been described in both mice and man (22, 58, 108–112). For example, Joller et al. utilized an anti-mouse agonistic TIGIT antibody, in concert with TIGIT-/- mice, to characterize intrinsic TIGIT signaling in CD4+ T cells (111). The authors found that components of the T cell receptor complex (e.g., TCRα and CD3ε) were directly modulated following TIGIT engagement, adding another layer of immunoregulation to the mechanistic story of TIGIT.



Expression and Regulation

In the peripheral compartment, TIGIT is broadly represented on T and NK cell subsets, with noteworthy representation on regulatory T (Treg) cells, NKT cells, T follicular helper (Tfh) cells, and γδ T cells (Table 1) (11, 13). Apart from prominent expression of TIGIT on Treg cells, expression patterns for CD226 axis members ostensibly diverge when it comes to memory T cell populations (12). TIGIT and PVRIG are elevated on human terminally differentiated CD45RA+ TEMRA cells, whereas CD96 expression is mainly restricted to central memory (CM)/effector memory (EM) T cells (113, 114). It is intriguing to speculate about the functional effects that blockade of each immune receptor may have on peripheral or tumor/tissue-resident memory T cells. However, additional characterization, particularly on tumor-infiltrating immune populations, is required to determine if these expression patterns are indicative of any meaningful functional differentiation.

Consistent with its relatively high level of expression, TIGIT has been ascribed a role in the homeostasis and function of Treg cells. Indeed, TIGIT+ Treg cells have been shown to be highly immunosuppressive relative to their TIGIT- counterparts, inhibiting T helper (Th)1 and Th17 responses via induction of fibrinogen-like 2 (Fgl2) (59, 113, 115). This observation may be particularly relevant in cancer due to the elevated expression of TIGIT on intratumoral Treg cells (58, 116). As such, cellular depletion represents a plausible therapeutic mechanism for Fc-enabled TIGIT antibodies in cancer patients (discussed later).

In addition to readily detectable baseline expression, TIGIT is also upregulated on T and NK cells following activation. As exhausted T cells (TEX) are largely a product of tonic TCR stimulation, TIGIT has become a mainstay in several T cell ‘exhaustion signatures’ and has been implicated as a potential node for functional reversion of TEX (117, 118). However, because T cell exhaustion is a complicated process that is encumbered by progressive stages of epigenetic modification, TIGIT blockade alone is likely insufficient for meaningful functional rescue of fully exhausted T cells (119). Perhaps one way to determine a functional role for TIGIT in this process is to longitudinally characterize the impact of TIGIT inhibition on the arc of T cell activation to terminal exhaustion. Adapting these observations to the TME may inform whether TIGIT blockade could effectively prevent exhaustion or simply accelerate it. Alternatively, one could consider TIGIT blockade in concert with epigenetic modulators as a potential strategy to unmask and concomitantly enhance the activity of TEX (120). Regardless of potential functional implications, robust expression on TEX is consistent with progressive TIGIT induction following immune activation.

TIGIT expression is detectable in a wide range of human cancers and is often tightly correlated with T cell transcripts (CD4 and CD8A) (11). While its expression profile is largely consistent between the periphery and TME, TIGIT is upregulated on various TIL populations and is often accompanied by the expression of other activation-induce immune receptors, such as CD244 (2B4), TIM-3, and PD-1 (121, 122). Similar to the expression of TIGIT on TEMRA cells in the periphery, terminally differentiated intratumoral CD8+ T cells also express elevated levels of TIGIT. One could hypothesize that these cells are derivative of TIGITlow stem-like T cells residing within defined TME niches or in the periphery. Alternately, these could be newly infiltrating cytotoxic T cells that progressively acquire TIGIT during in situ differentiation or repeated TCR activation (123, 124).



Functional and Therapeutic Implications

No baseline developmental or immunological defects have been described in TIGIT (VSTM3)-deficient mice (C57BL/6 background) (125). However, the severity of induced autoimmune manifestations, such as myelin oligodendrocyte glycoprotein (MOG)-dependent encephalomyelitis (EAE) or graft-vs-host disease (GVHD) is increased relative to wildtype mice. In the context of cancer, TIGIT deficiency, or prophylactic antibody blockade, yields a modest level of protection against primary tumor growth in mice (19, 126–128). By contrast, TIGIT monotherapy is often ineffective in mice with established lesions (60). Therefore, combination with other ICI, such as anti-PD-(L)1, has been utilized to achieve more pronounced antitumor responses in a range of tumor models (60, 129, 130). In addition, the antitumor activity of murine anti-TIGIT antibodies has been tied to Fc-Fcγ receptor co-engagement (15, 131). This dependency is noteworthy given the myriad of anti-TIGIT isotypes currently under clinical evaluation (discussed later).

While the focus has largely been on solid tumors, a role for TIGIT in hematological malignancies has also been described. TIGIT is most notably upregulated on CD8+ T cells in multiple myeloma (MM), in both mice and man (128, 132, 133). Akin to what has been suggested in solid tumors, repeat antigen exposure and associated progressive exhaustion have been implicated in the upregulation of TIGIT in this setting and is of particular interest in the context of relapsed/refractory (R/R) disease. Accordingly, inhibition of TIGIT (genetic- or antibody-based) results in T cell-dependent antitumor responses in several syngeneic models of MM and is currently being evaluated in clinical studies (e.g., NCT04045028 and NCT04150965) (128). TIGIT has also been implicated in other heme cancers, such as follicular lymphoma (FL) and acute myeloid leukemia (AML) (134–136).




CD96


Discovery, Interactions and Structure

CD96 (T-cell activation, increased late expression [TACTILE]) was first identified as an orphan receptor on AML and T-cell acute lymphoblastic leukemia (T-ALL) cell lines (137). A functional role for CD96 wasn’t identified until half a decade later when the interaction between CD96 on NK cells and CD155 on tumor cells was described (105). Interestingly, this finding was influenced by observations involving NK cell expressed CD226 (8): The authors noted that, while the human NK cell line NK92 bound to the extracellular domain of CD155, the cells lacked detectable expression of CD226, thereby implicating a similarly structured receptor, CD96. This finding introduced a possible functional role for CD96 on immune cells and, with CD226, provided a framework for a novel immunoregulatory axis.

CD96 is comprised of three Ig-like extracellular domains and a flexible membrane-proximal stalk region containing multiple O-linked glycosylation sites (138) (Figure 2). Only the N-terminal domain (D1) contains a lock-and-key motif critical for binding CD155. In addition to CD155 binding, CD96 has also recently been shown to interact with human CD111; however, a functional role for this interaction remains to be elucidated (70, 75). While much of the biophysical data generated suggest that CD96 functions as a monomer, the possibility of CD96 oligomerization (i.e., cis interactions) needs to be evaluated in more complex systems to better understand how CD96 behaves on cells. As an example, the anti-mouse CD96 clone 8B10 (D2 binder) exhibits partial tumor control in an experimental model of metastases, yet is not entirely dependent on the presence of CD155 (139). This leads one to question if cis interference has a contextual biological role for CD96, if there are other important trans interactions, or whether this is the result of technical limitations.

Three isoforms of CD96 have been identified in humans, with two membrane-tethered isoforms (a longer variant [1] and a shorter variant [2]) and a less studied soluble isoform (variant 3) (75, 138, 140). Due to a truncated exon 4, the V2 isoform lacks a stretch of amino acids (~18) in the second Ig domain, resulting in an abbreviated loop structure. While less is known about the soluble form (V3), the V2 isoform is reported to be the most widely expressed and exhibits the highest affinity for CD155. The first domain of CD96 is reported to contain the epitope(s) required for CD155 binding while the second domain supports the magnitude/strength of binding (138). The intracellular domain of CD96 contains multiple tyrosine residues, with a prototypical inhibitory motif (ITIM, IXYXXI) that is conserved across species (138). The presence of an ITIM, coupled with the capacity for direct cross-competition with CD226/CD155 binding, suggests that CD96 functions as an inhibitory receptor. However, the categorization of CD96 as an inhibitory receptor has been mired due to (i) limited knowledge of CD96 signaling, (ii) conflicting functional data (particularly with NK cells), and (iii) the existence of a YXXM motif (YHEM) in primate CD96 (Figure 1) (105). Recently, Chiang et al. ascribed costimulatory properties to both mouse and human CD96 (141). While certainly not the only description of CD96 as a costimulatory receptor, caution should be taken regarding the interpretation of data in certain experimental systems. Because CD155 can be induced on TCR-activated T cells and the primordial involvement of nectin/necl proteins in cell adhesion, it is important to understand if the functional effects elicited by anti-CD96 are simply the result of blocking CD155-CD96 trans interactions (87, 98, 99). In addition, while several costimulatory receptors (e.g., inducible T-cell co-stimulator [ICOS]) harbor a YXXM motif, defining anti-CD96 functional directionality based on its presence may be shortsighted, as CD96 lacks a YxxM in mice and inhibitory receptors like CTLA-4 also contain similar sequences without a clearly defined functional role (142, 143).



Expression and Regulation

CD96 is expressed at baseline by several T cell populations (αβ and γδ), NK/NKT cells, and select B cell subsets in both mice and man (Table 1). The expression of CD96 on primary human immune cells is most evident on CD56+ NK cells and CD8+ T cells, with prominent representation on central and effector memory T cells (11, 113). Interestingly, human bone marrow-resident lymphoid tissue (lt) NK cells, which exhibit an overlapping transcriptional profile with tissue-resident memory CD8+ T cells, express both CD96 and TIGIT (144). Consistent with its alias (T-cell activation, increased late expression or ‘TACTILE’), CD96 expression also increases following TCR- or cytokine-based activation (e.g., interleukin [IL]-18 for T cells and TGF-β for NK cells) (39, 145, 146). In a recent study, Lepletier et al. described a near-homogenous level of CD96 and CD226 co-expression on TCR-activated peripheral human CD8+ T cells (11).

CD96 is also highly represented on rodent and human T cells and NK cells within the TME. A marked correlation between CD96/TIGIT messenger(m) RNA levels and CD3E/CD8a/CD4, with similar observations at the protein level (i.e., T cells), can be seen across multiple tumor types (11). Relative to T cells, the correlation between CD96 and NK cell-related genes is more infrequent despite being strong for specific indications such as HCC, head and neck squamous cell carcinoma (HNSCC), stomach adenocarcinoma, and melanoma (11, 147). Relative expression of CD96 and TIGIT on HCC-derived NK cells was shown to be dependent on tissue sub-localization, with TIGIT evenly represented across NK cells in the normal liver and intra/peritumoral space and CD96 more restricted to intratumoral NK cells (39, 148). CD96 expression in HCC is inversely correlated with several functional markers of NK cells, including T-bet (TBX21), perforin (PRF1), and granzyme B (GZMB) (39). Interestingly, TGF-β1 has been implicated in the induction of CD96 and associated CD226 downregulation in HCC, establishing a connection between two immunosuppressive pathways (39). More recently, CD96 was found to be co-expressed with PD-1 on TCF1+ exhausted precursor T cells in cervical tumors, a characteristic that the authors tied to therapeutic insensitivity (149). CD96 expression has also been noted in various hematological malignancies, such as T-ALL, myelodysplastic syndrome (MDS), and leukemic stem cells (LSCs) in AML (137, 150, 151). However, the biological relevance of CD96 in heme malignancies and its potential as a therapeutic target remains to be determined.



Functional and Therapeutic Implications

Similar to TIGIT, CD96-deficient mice (C57BL/6 background) do not exhibit overt baseline immunological defects (19, 152). However, challenge of CD96-/- mice with lipopolysaccharide (LPS) results in hyperinflammation characterized by enhanced IFNγ production by NK cells. Augmented NK cell function in CD96-/- mice is best exemplified by improved antimetastatic activity in B16F10 melanoma, RM-1 prostate cancer, and EO771 breast cancer models (127). Similar CD8+ T cell-dependent effects have been observed in CD96-defificent mice, albeit in the context of concomitant PD-1 (Pdcd1) knockout (114, 152). Notably, inflammatory responses and related antitumor activity in CD96-/- mice are abrogated following genetic ablation of CD226, underscoring the level of axis interplay (19, 152). Similar improvements in antitumor responses have been observed in mice following therapeutic inhibition of CD96, alone or in combination with other immune checkpoint inhibitors (114, 149). As an example, following neoadjuvant anti-PD-1 and gemcitabine, adjuvant therapy with anti-CD96 resulted in a significant survival benefit in pancreatic ductal adenocarcinoma (PDAC) tumor-bearing mice (153). Improvement in overall survival in this model was not solely driven by attenuation of primary tumor growth, but also by NK cell-dependent control of metastatic spread (153). Combination benefit of CD96 and PD-1 blockade has also been shown in other immunotherapy-insensitive models, such as the TC-1 (HPV+) tumor model (149).

Despite the wealth of information supporting an inhibitory role for CD96 in mice, functional data in humans is largely absent. Therefore, the progression of clinical-stage anti-CD96 antibodies, such as GSK6097608 will add important data to better understand mechanism of CD226 axis dynamics.




PVRIG


Discovery, Interactions and Structure

PVR-related Ig domain-containing (PVRIG) is the most recently discovered CD226 axis member (9). While much less is known about PVRIG, the sequestration of CD112 away from CD226 represents a regulatory mechanism similar to that utilized by TIGIT and CD96 co-inhibitory receptors (Figure 1) (9, 12). Alongside this potential for ligand competition, PVRIG has the capacity for intrinsic inhibitory signaling – which is likely facilitated by an ITIM-like motif found in the intracellular domain of PVRIG (9) (Table 2). Interestingly, this inhibitory domain is lacking in mice, suggesting that PVRIG function in mice is more dependent on ligand competition or is tied to an alternative mechanism that has yet to be described (Figure 2).



Expression and Regulation

Like TIGIT and CD96, PVRIG is expressed on various T and NK cell subsets and is upregulated on T cells following TCR stimulation (9). Elevated PVRIG expression has been described on exhausted T cells in human tumors, with noteworthy expression on TILs from ovarian, kidney, lung, endometrial, and breast cancers (12, 154). Similarly, antigen specific CD8+ T cells from virally infected mice exhibit similar upregulation of PVRIG as cells transition from activation to exhaustion (155). Despite lack of induction on in vitro-activated NK cells, increased PVRIG expression is observed on tumor-infiltrating NK cells (12). To date, little is known about regulation of PVRIG expression on different immune cell subsets.



Functional and Therapeutic Implications

Genetic- or biologics-based inhibition of PVRIG has been shown to impair tumor growth, particularly when combined with anti-PD-L1 (76, 155, 156). Notably, tumor-infiltrating CD8+ T cells and NK cells from PVRIG-deficient mice exhibit increased proinflammatory cytokine production, suggesting that PVRIG is involved in direct or indirect modulation of tumor-infiltrating T/NK cells (155, 156). In humans, in vitro blockade of PVRIG : CD112 binding results in enhanced TCR signaling and, when combined with trastuzumab (anti-HER2) and anti-TIGIT, potentiates ADCC activity and IFNγ production by NK cells (9, 157).




Clinical Landscape


Overview

This current clinical landscape for the CD226 axis is heavily represented by TIGIT antibodies, with an increasing number of agents at various stages of clinical evaluation (158, 159). Two PVRIG antagonist antibodies (COM-701, Compugen; GSK4381562, GlaxoSmithKline [GSK]), a single CD96 antibody (GSK6097608; GSK/23andMe), and a recently discontinued CD226 agonist antibody (LY-3435151, Eli Lilly & Co) round out the rest of the agents under clinical testing (Table 3).



TIGIT

As peculiar as it may sound, given that several agents have progressed into late-stage studies, the clinical landscape for TIGIT is just starting to take shape. Recent positive signs from CITYSCAPE (NCT03563716), a first-line NSCLC (1L) phase 2 clinical trial exploring atezolizumab (anti-PD-L1)/tiragolumab (anti-TIGIT) versus atezolizumab/placebo, were on display at American Society of Clinical Oncology (ASCO) 2020 (160). The most striking observation was the large jump in overall response rate (ORR) in PD-L1high patients (PD-L1 TPS > 50%; N=29 patients in each group) from 24% in the control arm (atezolizumab + placebo) to 66% with the combination. At first glance, this ORR compares favorably to similar ICI combinations (e.g., anti-PD-1/CTLA-4, Checkmate-227/NCT02477826) and is comparable to anti-PD-1 + chemotherapy (Keynote-189/NCT02578680) in a similar NSCLC patient subset (N=202 patients) (161). These data have recently enabled a breakthrough therapy designation by the FDA for 1L PD-L1high NSCLC. However, given the relatively small number of patients in CITYSCAPE, phase 3 studies from Roche and others will be critical for determining the robustness of the combination. Moreover, despite these promising results, both atezolizumab (18% [N=39 patients]) and the combination (16% [N=38 patients]) failed to elicit meaningful responses in PD-L1low patients (TPS 1-49%) relative to historical use of anti-PD-1 or anti-PD-L1 + chemotherapy (e.g., Keynote-407/NCT02775435 and Impower150/NCT02366143) (162, 163). This lack of overt activity across NSCLC patients may not be all that surprising given the nature of TIGIT antibodies (i.e., activated T cell-orientation and combination dependence), however as clinical studies progress, it will be important to establish a mechanistic understanding for the reduced activity of the combination in these patients.

The safety profile of tiragolumab combined with atezolizumab was similar to that of atezolizumab alone. Immune-related adverse events (IRAEs) were more frequent with the combination (69% versus 47%) but these were primarily manageable grade 1 and 2 immune-mediated AEs. There were also a similar number of grade 3+ AEs in the two groups (48% versus 44%) suggesting that this ICI combination will be better tolerated than ICI/chemo combinations (Keynote-189/NCT02578680, pembrolizumab + chemo [67.2%]) (161). With respect to AEs that demonstrated a >5% difference between arms, infusion-related reactions (IRR), pruritus, rash, were more frequent with the combination whereas dyspnea, productive cough, and hypercalcemia were more frequent with atezolizumab monotherapy.

Tiragolumab/atezolizumab combinations have since expanded into a suite of late-stage clinical trials dubbed the SKYSCRAPER trials. These trails are spread across indications, with SKYSCRAPER-01, -02, -03 and -06 in lung cancers, SKYSCRAPER-04 in PD-L1+ cervical cancer, and SKYSCRAPER-07, -08 and -09 in the ENT (esophageal or head and neck) sphere. Other indications including urothelial carcinoma, pancreatic cancer, and esophageal cancer are being explored via MORPHEUS umbrella studies (Table 3).

Other TIGIT molecules, including vibostolimab (MK-7684, Merck US) and ociperlimab (BGB-A1217, Beigene) are close behind with similar studies in NSCLC and a wave of studies in alternative indications (Table 3). Merck is also progressing vibostolimab and pembrolizumab as a co-formulation through phase 2 studies. This effort underscores the marriage between PD-1 or PD-L1 and TIGIT intervention strategies, however, time will tell if concurrent administration is sufficient or if dosing flexibility is required to enable optimal responses. Other agents, including Arcus (domvanalimab) and BMS (BMS-986207) are entering phase 2 and 3 studies. As opposed to the number of Fc-enabled TIGIT antibodies like tiragolumab and vibostolimab, agents like domvanalimab and BMS-986207 have attenuated Fc regions. Adding to this diversity, Fc-enhanced (SGN-TGT and BAT6021) as well as bi-specific (AZD2936 and AGEN1777) TIGIT antibodies have recently entered clinical development (Table 3). Given the non-clinical data suggesting the importance of Fc-FcγR co-engagement for anti-TIGIT function, the divergence in Fc biology between clinical molecules will be something to consider as studies read out.

Outside of solid tumor indications, TIGIT is also being evaluated in heme malignancies, such as MM and non-Hodgkin lymphoma (B-NHL) (Table 3). As discussed previously, TIGIT has been mechanistically linked to T cell exhaustion in MM and has shown promise as a therapeutic target in non-clinical models (128, 164). It will be interesting to see how well these findings translate to the clinical space, and if this is unique to TIGIT or if the therapeutic potential extends to other CD226 axis members.



PVRIG and CD96

As of Q2 2022, COM701 (IgG4) and GSK4381562 (IgG1) are the only two PVRIG molecules under clinical evaluation. Notably, COM701 demonstrated some early signs of activity, with a preliminary single-agent disease control rate (DCR) of 69% (165). Compugen also initiated a phase 1/2 study evaluating the triple combination of COM701, anti-PD-1 (nivolumab), and BMS-96820 (anti-TIGIT) in ovarian, endometrial, and select PVRL2high cancers. Clinical studies for CD96 are even more nascent, with a single molecule (GSK6097608, IgG1) in dose escalation as a monotherapy and in combination with anti-PD-1 (Table 3).




Considerations for the CD226 Axis


Stronger Together? Targeting Multiple CD226 Axis Members

Given the nuances in expression profiles and potential for promiscuity within the CD226 axis, it is intriguing to consider the possibility for compensatory regulation between different axis members, particularly under therapeutic pressure (Figure 1 and Table 1). These characteristics also highlight the potential of therapeutic collaboration in order to prevent inhibitory exigencies and/or increase coverage of various immune subsets and regulatory nodes within the axis (12). Several lines of non-clinical evidence directly or indirectly support co-inhibition of CD226 axis members. For example, antibody-mediated blockade of PVRIG has been shown to both induce rapid receptor internalization and increase TIGIT expression on antigen-specific CD8+ T cells (12). Similar dynamics have been observed with the ligands in the axis (83, 166). Moreover, genetic- or biologics-based co-blockade of TIGIT and CD96 has been shown to improve tumor control while co-blockade of TIGIT and PVRIG has also been shown to promote NK cell function (152, 157).



A PD-(L)1 Partnership

Although difficult to accurately assess due to the potential concomitant impact on TCR and CD28 activity, PD-1 signaling has been described to attenuate CD226 activity via SHP2-mediated dephosphorylation (20, 167) (Figure 1). This suggests that any CD226 signaling mediated by anti-TIGIT-, CD96- or PVRIG-based ligand redirection has the potential to be undercut by PD-(L)1 activity. Therefore, it is logical that CD226 axis therapeutics may need to be considered in the context of PD-(L)1 pathway blockade in order to reveal their full functional potential. Thus far, the available non-clinical data are consistent with this hypothesis. However, it will be interesting to see how the clinical space evolves, and whether or not PD-(L)1 blockade will become a prerequisite for the efficacy of all of the CD226 axis-based strategies.



Potential Utility of Fc-FcγR Co-Engagement

Given the relative breadth of non-clinical studies, it is not surprising that much of the data describing a potential role for Fc biology in the efficacy of antibodies targeting CD226 axis members has been restricted to TIGIT (15, 16, 114). An underlying point of contention has been the potential for antibody-mediated cellular depletion, and whether this is beneficial or detrimental, either due to safety concerns or impairment of efficacy (60, 130, 168–170). TIGIT is highly expressed on both peripheral and tumor infiltrating Treg cells. While selective depletion of Treg cells in the TME could relieve a suppressive barrier and promote antitumor responses, depletion of Treg cells in other tissues could impair peripheral tolerance and result in autoimmune manifestations, as seen in patients treated with mogamulizumab, an afucosylated antibody targeting CCR4-expressingTreg cells (11, 58, 171, 172). One could postulate that TIGIT+ effector/cytotoxic T cells would also be a target for depletion, which may attenuate the desired therapeutic effect. Thus, if these concerns were overwhelming, pursuing an Fc-attenuated TIGIT antibody would appear logical. However, given that TIGIT expression is elevated on terminally exhausted T cells, one could also posit that depleting these cells in the TME would permit the establishment of more functional T cell populations, leading to a net beneficial effect. Multiple factors, including differential cellular thresholds for target opsonization, antibody affinity, presence of effector cells mediating depletion, and FcγR polymorphisms need to be considered (14, 173, 174). Moreover, while safety concerns have been allayed with the clinical progression of Fc-competent antibodies, various non-clinical studies have demonstrated a benefit and, in some cases, a requirement for intact Fc biology to facilitate anti-TIGIT function (15, 60, 114, 169). Although the exact mechanism(s) responsible for improved anti-TIGIT activity remains to be determined, it has been suggested that Fc-FcγR co-engagement drives myeloid activation and/or T cell-APC immune synapse quality (15, 131, 169). Clinical efficacy and safety data for recently developed Fc-enhanced TIGIT antibodies should also provide visibility on potential advantages or disadvantages associated with this format. Ultimately, the clinic will be the proving ground for the seemingly disparate Fc variants under evaluation; that is, to determine if pure antagonism, effector biology, or a mixture of mechanisms are required for optimal patient responses.

Limited Fc-based characterization has been conducted for rodent/human PVRIG or human CD96 antibodies (139). However, it is important to consider that the optimal therapeutic potential for each target must integrate a thorough understanding of Fc biology. Finally, given the breadth of TIGIT antibodies with distinct Fc regions currently under clinical evaluation (Table 3), broader mechanistic insights into anti-TIGIT biology and whether these characteristics extend to other members of the CD226 axis, may begin to surface in the coming years.




Closing Remarks

In an effort to provide a framework for our evolving understanding of the CD226 axis in cancer, we discuss available non-clinical data and give an overview of the current clinical landscape. However, despite an understanding of the differential functional characteristics and expression profiles of each axis member, many questions remain regarding the mechanistic dynamics and contextual roles for each receptor. Some examples include (i) the functional implications of the variegated receptor expression (particularly with memory or stem-like memory T cell populations and regulatory T cells), (ii) the cell-intrinsic impact of individual receptor signaling, (iii) the functional consequence of ligand/receptor dynamics in different tissues (e.g., TME versus peripheral blood), (iv) the trans/cis interactions critical for activity, and (v) the contribution of FcγR biology to the function of antibodies for each receptor. As clinical programs advance and interest expands, some of these questions may begin to be addressed. Overall, it will be intriguing to see how therapeutic strategies for each receptor evolves and what mechanistic learnings precipitate from an increased amount of activity around the targets.
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Triple negative breast cancer (TNBC) remains the worst molecular subtype due to high heterogeneity and lack of effective therapeutic targets. Here we investigated the tumor and immune microenvironment heterogeneity of TNBC using scRNA-seq and bulk RNA-seq data from public databases and our cohort. Macrophage subpopulations accounted for a high proportion of tumor immune microenvironment (TIME), and M1 macrophages were associated with better clinical outcomes. Furthermore, three maker genes including IFI35, PSMB9, and SAMD9L showed a close connection with M1 macrophages. Specifically, IFI35 was positively associated with macrophage activation, chemotaxis, and migration. Also, patients with high IFI35 expression had a better prognosis. In vitro studies subsequently demonstrated that IFI35 was upregulated during the M1 subtype differentiation of macrophages. In summary, our data suggested that IFI35 maybe a promising novel target that helps to reshape macrophage polarization towards the M1 subtype for anti-tumor effects.
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Significance: This study defines IFI35 as a potential therapeutic target to remodel the polarization of macrophages towards the M1 subtype in patients with TNBC.


Introduction

Triple negative breast cancer (TNBC) accounts for 10-15% of all breast cancer cases, and lacks effective therapeutic targets due to the paucity of ER, PR, and Her2 expression (1). Recently, advances in immunotherapy such as anti-PD1, anti-PDL1, and anti-CTLA4 have dramatically ameliorated outcomes in patients with a series of solid tumors, which also brings new hope for TNBC. Currently, PD-1/PD-L1 inhibitor therapy has been approved by the U.S. Food and Drug Administration (FDA) for treating TNBC, but few patients received durable clinical responses as a result of the limitation of immunosuppressive tumor microenvironment (TME) (2). With an in-depth understanding of the tumor immune microenvironment (TIME), the most abundant macrophage subpopulation in TIME ignited our interest.

Generally speaking, macrophages can be polarized into classically activated macrophages and alternatively activated macrophages, termed M1 and M2 subsets, respectively (3, 4). On the one hand, M1 macrophages, stimulated by cytokines such as interferon gamma (IFN-γ) and lipopolysaccharide (LPS), act as phagocytic cells and antigen-presenting cells and release tumor necrosis factor-α (TNF-α), interleukin-1α (IL-1α), IL-1β, and IFN-γ, which further exert tumoricidal activity. Phenotypically, they express costimulatory molecules including CD80, CD86, and MHC II. On the other hand, in response to other cytokines such as interleukin-4 (IL-4) and IL-13, macrophages are polarized into M2 subtype that produces anti-inflammatory factors such as arginase 1, IL-10, and TGF-β, participating in angiogenesis and forming immunosuppressive microenvironment to lead to tumor growth, progression and metastasis. M2 macrophages are phenotypically characterized by CD206 and CD163 expression. At present, mounting evidence has indicated that macrophage infiltration in most tumors is dominated by the M2 subtype and is associated with tumor progression and poor patient prognosis (5–7). In TNBC, peripheral blood monocytes recruited into tumor microenvironment, in response to specific stimuli, undergo M2 activation that promotes tumor progression via several mechanisms including the secretion of inhibitory cytokines, the reduction of cytotoxic T lymphocytes, and the promotion of regulatory T cells (8, 9). Application of specific gene knockout technology and antibody against M2 macrophages infiltration improve the efficacy of immunotherapy (10, 11). In fact, tumor-associated macrophages (TAMs) in the TIME cannot be simply referred to as the M1/M2 dichotomy, they actually exist in the form of a mixture and change dynamically in response to different environment milieu, consequently enabling them potential targets for cancer immunotherapy.

Interferon induced protein 35 (IFI35) was first identified in HeLa cells treated with IFN-γ. It exists in the extracellular region, cytoplasm and nucleus, but does not co-localized with any organelle (12, 13). To date, a series of studies demonstrated that IFI35 can bind to Nmi or BTas after viral infection, thereby activating type I interferon antiviral response (14). While others also revealed that it negatively regulate RIG-I-mediated antiviral signaling through the ubiquitination pathway (15, 16). In addition, extracellular IFI35 and Nmi, as two damage-associated molecular patterns (DAMPs), activated NF-κB pathway via Toll-like receptor 4 (TLR4) from macrophages, leading to the exacerbation of inflammation-related diseases such as lupus nephritis, sepsis and multiple sclerosis (17–19). Yu et al. also identify IFI35 as a marker associated with SARS-CoV-2 or influenza virus-induced syndromes. IFI35 knockout mice and IFI35 neutralizing antibodies reduce inflammation-related lung injury (20). However, there are still very few studies on IFI35 in tumor biology, among which mainly focused on enhanced radiosensitivity of lung adenocarcinoma and colorectal cancer (21, 22). Thus, exploration for the relationship between IFI35 and macrophages polarization is an attractive direction for cancer immunotherapy.

Herein, we integrated single-cell RNA sequencing (scRNA-seq) and bulk-RNA sequencing data of TNBC to analyze the heterogeneity of the tumor and TIME. The results indicated that TAMs were highly enriched in the TIME, which reflected the potential value for remodeling TAMs. To further indentify the key genes associated with macrophages polarization, a weighted gene co-expression network analysis (WGCNA) was constructed, and correlation and survival analyzed were performed. As a result, three marker genes involved in macrophage polarization toward M1 phenotype, including IFI35, were uncovered. Ultimately, we analyzed the connection between IFI35 and M1 macrophages from two levels of cell lines and tissue samples.



Materials and Methods


Study Cohort

Our study included single-cell and bulk-RNA sequencing multi-omics data, in which a total of 360 TNBC patients from Fudan University Shanghai Cancer Center (FUSCC) and 158 TNBC patients from TCGA cohort were analyzed, with more detailed information previously described (23). The scRNA-seq data about 5 TNBC patients was downloaded from European Genome-phenome Archive with the study ID EGAS00001005061 (24).



Single-Cell RNA-Seq Analysis

In the process of data processing, the ‘Seurat’ package was used and UMAP method was applied for non-linear dimensional reduction (25). Then, the combination of the ‘singleR” package and canonical marker annotated cell clusters (26). The copy number variations from malignant epithelial cells were inferred by the ‘inferCNV’ package. The ‘Monocle 3 alpha’ package was applied to infer pseudotime cell trajectory of immune cells (27).



Bulk-RNA Sequencing Analysis

In the bulk-RNA sequencing data from FUSCC and TCGA TNBC cohorts, immune cell infiltration was estimated by the ‘CIBERSORT’ package (28). The mutational landscape between the low and high M1 macrophages infiltration group was visualized by the ‘maftools’ package (29). Weighted gene co-expression network analysis (WGCNA) was constructed, in which a power of 5 was set as soft-threshold parameter (30). The module with the highest score for M1 infiltration was identified, in which top 30 genes with high connectivity were shown.



Correlation and Survival Analysis

Pearson’s coefficient analysis was performed to explore correlation, and the ‘Survival’ package was applied to complete survival analysis. A value of p <0.05 was considered to indicate a statistically significant difference.



GSEA Enrichment Analysis

Three classical macrophage-associated gene sets were downloaded from the Molecular Signatures Database (MSigDB) (http://www.gsea-msigdb.org/gsea/msigdb/index.jsp), including GOBP_Macropahge_Activation, GOBP_Macrophage_Chemotaxis, and GOBP_Macrophage_Migration. The enrichment analysis was performed by GSEA software (version 4.1.0).



Cell Culture

Human monocyte cell line THP-1 was purchased from Chinese Academy of Science Cell Bank (Shanghai, China; catalog no. TCHu 57). THP-1 was cultured in complete RPMI 1640 containing 10% FBS (Gibco), and 1% PenStrep and induced into M0 macrophages in the presence of 100 ng/mL PMA (Peprotech; catalog no. 1652981) for 8 hours. To obtain M1 macrophages, M0 macrophages were then treated with 100ng/ml LPS (Sigma-Aldrich; catalog no. L2630) and 20ng/ml IFN-γ (Peprotech; catalog no. 300-02). While, M2 macrophages were induced by the combination of 20ng/ml IL-4 (Peprotech; catalog no. 200-04) and 20ng/ml IL-13 (Peprotech; catalog no. 200-13). All cells were found to be negative for Mycoplasma upon repeated testing every month using MycoBlue Mycoplasma Detector (Vazyme; catalog no. D101) and were maintained in 37°C with a humidified atmosphere of 5% CO2 in air.



RT-PCR

Total RNA was extracted by using Trizol reagent (Invitrogen; catalog no. 15596026). cDNA were synthesized from 500ng of total RNA using PrimeScript™ RT reagent Kit (Takara; catalog no. RR037A) and RT-qPCR was performed by ChamQ Universal SYBR qPCR Master Mix (Vazyme; catalog no. Q711) using QuantStudio™ 6 Flex Real-Time PCR System (Thermofisher Scientific; catalog no. 4485691) according to the manufacturer’s protocols. Gene expression was normalized relative to GAPDH. Data were analyzed by applying the 2−ΔΔCT calculation method. For a detailed list of RT-qPCR primer sequences, see Supplementary Table S1.



Immunoblotting

Cells were washed with PBS and lysed using RIPA cell lysis and extraction buffer (Thermofisher Scientific; catalog no. 89901) supplemented with Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermofisher Scientific; catalog no. 78440). Total protein concentration was determined using Pierce™ BCA Protein Assay Kit (Thermofisher Scientific; catalog no. 23225). Proteins were separated by gradient SDS–PAGE and transferred to PVDF membranes. Blots were blocked in PBS containing 5% milk powder and 0.1% Tween, and then incubated overnight at 4°C with primary antibodies; anti-IFI35 (1:1000, Abcam; catalog no. ab233415) and anti-β-Actin (1:5000, Proteintech; catalog no. HRP-60008). After washing, appropriate HRP-conjugated secondary antibody (SAB; catalog no. L3012) was incubated for 1 hours at room temperature. Chemoluminescence was detected by Pierce ECL Western Blotting Substrate (Thermofisher Scientific; catalog no. 32209) and captured on ChemiDoc™ XRS+ System (Bio-Rad; catalog no. 1708265).



Immunofluorescence

Cells were washed with PBS and fixed using 4% paraformaldehyde. Subsequently, cells were permeabilized using 0.5% Triton X-100 for 5 min, and blocked by protein block (Abcam; catalog no. ab64226). Then, cells were incubated overnight at 4°C with primary antibody anti-IFI35 (1:100, Abcam; catalog no. ab233415) followed by appropriate biotinylated secondary antibody (1:500, Abcam; catalog no. ab150077). Finally, cells were mounted with mounting medium with DAPI (Beyotime Biotechnology; catalog no. P0131) and images were captured on inverted microscope (Leica; catalog no. DMI6000B).



Double-Labeling Immunohistochemistry

The paraffin-embedded TNBC specimens were sectioned in 4μm thickness. After removal of paraffin with xylenes and a graded series of alcohols, tissue sections were subjected to antigen retrieval by EDTA (Beyotime Biotechnology; catalog no. P0085) in a high temperature and pressure environment for 5 min, and then were blocked by peroxidase and alkaline phosphatase endogenous blocking solution (Vector; catalog no. SP-6000) for 15 min and protein block (Abcam; catalog no. ab64226) for 1 h, respectively. After washing with PBS buffer, the sections were incubated with primary antibody mix containing mouse anti-CD86 (1:50, Abcam; catalog no. ab220188) and rabbit anti-IFI35 (1:100, Abcam; catalog no. ab233415) overnight at 4°C. The following day, the sections were incubated for 30 min in HRP-conjugated goat-anti-mouse secondary antibody (1:500, Jackson ImmunoResearch; catalog no. 115-035-003), followed by a 1-min incubation period with peroxidase substrate (Vector; catalog no. SK-4105). After washing in in distilled water, they were then incubated with AP-conjugated horse-anti-rabbit secondary antibody (Cell Signaling Technology; catalog no. 18653) for 30 min, followed by a 20-min incubation period with alkaline phosphatase substrate (Vector; catalog no. SK-5105). Between each step the specimens were rinsed three times with TBS buffer. Nuclei were counterstained with hematoxylin. Finally, the sections were coverslipped using aqueous mounting medium (Abcam; catalog no. ab64230) and images were captured on microscope (Olympus; catalog no. BX43). All tissue samples included were approval by the Ethics Committee of Fudan University Shanghai Cancer Center (050432-4-1805C).



Statistical Analysis

All data were analyzed by GraphPad Prism Version 9 software. Normal distribution of all data were first tested. Comparisons between two groups were made by using an unpaired two-tailed Student’s t-test. For scRNA-seq and bulk-RNA data, all statistical analysis were performed with RStudio (version 1.4.1106). All p-values are two-sided, and statistical significance was evaluated at the 0.05 level.




Results


Intra-Tumor and Inter-Tumor Heterogeneity of TNBC

As shown in the flowchart (Figure 1A), we first explored the intra- and inter-tumor heterogeneity of TNBC based on scRNA-seq analysis. Using the ‘SingleR’ package and canonical marker, we successfully annotated 12 cell clusters, including multiple immune cell clusters, epithelial cells, stromal cells, endothelial cells, and tissue stem cells (Supplementary Figure S1).




Figure 1 | The intra-tumor and inter-tumor heterogeneity of TNBC from scRNA-seq analysis. (A) A brief flow chart of the analysis of the entire article is displayed. (B) The malignant epithelial cells were extracted and re-clustered into 11 clusters based on UMAP method. (C) The top5 marker genes of 11 malignant cell clusters were shown in the form of a heatmap. (D) All the cell clusters were detected in each patients, with varying proportions of cell types between cases. (E) We calculated the copy number variants in every cell clusters to estimate mutational differences within tumors.



To further explore tumor heterogeneity, epithelial cells were divided into a total of 11 malignant cell subtypes (Figure 1B). Interestingly, we found that tumor cells had extensive and obvious heterogeneity, even within the same tumor type. When elucidating the characteristics of different subtypes, top five marker genes were shown in Figure 1C. In order to more effectively prove the existence of heterogeneity within and between tumors, the composition ratio of different cell subgroups in each patient’s tumor was depicted (Figure 1D). It is not difficult to find that cluster 7 accounted for more than 75% and constituted the main tumor population in patient CID44041, while this subtype was rarely found in other patients’ tumors. In addition, patient CID44971 predominantly possessed cluster 1, patient CID44991 cluster 5, and patients CID4513 and CID4515 cluster 0. Thus, varying proportions of cell subpopulations between cases were demonstrated, indicating the existence of intra-tumor and inter-tumor heterogeneity. As we all know, copy number variations (CNVs) in tumor cells are widespread. Therefore, we further explored the genomic copy number alterations in various tumor cell subtypes using inferCNV (Figure 1E). Cluster 4 showed high CNVs on chromosome 12, whereas cluster 2 had higher CNVs on chromosome 6. It can be seen that the heterogeneity within the tumor is not only reflected in the constituent components, but also in the form of genetic mutations.



Complexity and Heterogeneity of the Tumor Immune Microenvironment

In addition to research on tumor heterogeneity, TIME has gradually become an area of significant research interest in recent years (31). To investigate the complexity and variability of the TIME, we identified eight immune cell clusters using canonical markers, which included B cells, CD4+ T helper cells, CD4+ Treg cells, cytotoxic CD8+ T cells, NK cells, neutrophils, and M1 and M2 macrophages (Figure 2A). As shown in Figure 2B, marker genes were identified in different cell clusters using the combined method of SingleR and canonical markers. Specifically, CD8A and CD8B were enriched in cytotoxic CD8+ T cells, who mainly exerted antitumor immune killing. Other helper immune cells also play an important role in eliminating tumor cells, including B cells (CD79A), CD4+ T helper cells (IL7R and CCR7), NK cells (GNLY and KLRD1), M1 macrophages (CD86), and neutrophils (S100A8). In contrast, tumor cells in the TIME also recruited and induced immune cells to transform into a tumor-promoting phenotype. In our study, the classical immunosuppressive cells consisted of CD4+ Treg cells (FOXP3 and CTLA4), and M2 macrophages (CD163 and VSIG4). To effectively explore the heterogeneity of TIME, we further estimated the proportion ratio of each immune cell subpopulation in every patient (Figure 2C). The results showed that there was obvious heterogeneity in the immune cell composition among different patients with TNBC. In addition, differentiation trajectory of immune cells was constructed by pseudotime that is a measure of how much progress an individual cell has made during cell differentiation (Figure 2D). Based on this differentiation trajectory, it illustrated that myeloid and lymphoid immune cells were differentiated separately, and the differentiation trajectory of immune cells was variable. Collectively, all these results demonstrated the complexity and heterogeneity of the TIME.




Figure 2 | The complex composition of the tumor immune microenvironment. (A) Combining singleR and canonical marker, we successfully annotated 8 immune cell clusters, including B cells, CD4+ T helper cells, CD4+ Treg cells, cytotoxic CD8+ T cells, NK cells, neutrophils, M1 and M2 macrophages. (B) Representative marker genes were shown using non-linear dimensional reduction (B cells: CD79A, CD4+ T helper cells: IL7R and CCR7, NK cells: GNLY and KLRD1, M1 macrophages: CD86, neutrophils: S100A8, CD4+ Treg cells: FOXP3 and CTLA4, and M2 macrophages: CD163 and VSIG4). (C) All annotated immune cell clusters were estimated in each patients, with varying proportions of cell types between cases. (D) Pseudotime analysis was used to construct the trajectory of immune cells differentiation.





Significance of Macrophages in the Tumor Immune Microenvironment

Due to the limited sample size of the scRNA-seq analysis only representing a small number of patients, we applied bulk-RNA sequencing from FUSCC and TCGA TNBC cohorts to further dissect the TIME. In this scenario, the ‘CIBERSORT’ package was used to assess the infiltration of various immune cells from 360 FUSCC and 158 TCGA patients with TNBC(Figures 3A, B). Consistent with the scRNA-seq results, macrophages accounted for a very high proportion of all 22 immune cells. This result once again emphasized the essential role of macrophages in the TIME. Through calculating the proportion of each patient’s immune cells, we found that the heterogeneity between tumors was widespread in the TIME (Figures 3C, D).




Figure 3 | The predominant role of macrophages in TIME from bulk-RNA sequencing analysis. (A, B) We applied the ‘CIBERSORT’ package to evaluate the proportion of 22 immune cells in the entire immune microenvironment from 360 FUSCC and 158 TCGA TNBC patients. (C, D) In the bulk-RNA sequencing level, the specific proportion of each patients’ immune cell types was calculated to check the heterogeneity of TIME. E-F, Survival analysis was used to calculate the effect of high expression of M1 or M2 macrophages on the prognosis of patients. Cohorts, FUSCC (E) and TCGA (F).



To further explore the impact of different immune cell infiltrations on the prognosis of patients, we divided patients into high and low infiltration groups of 22 immune cell types according to the immune cell infiltration score estimated by the ‘CIBERSORT’ package. Then, survival analysis between the two groups was performed. In the FUSCC cohort, five immune cell subtypes were associated with patients’ prognosis, including resting CD4+ memory T cells, resting dendritic cells, and M0, M1, and M2 macrophages. However, the TCGA cohort identified seven immune cell subpopulations related to prognostic outcomes, such as activated CD4+ memory T cells, resting NK cells, monocytes, neutrophils, and M0, M1, and M2 macrophages (Figures 3E, F and Supplementary Figures S2A, B). When comparing the results of the two cohorts, we found that higher M1 macrophages infiltration was associated with better prognosis (p = 0.023 and 0.044, respectively), whereas higher M2 macrophages infiltration exhibited shortened survival (p = 0.0075 and 0.00018, respectively). Collectively, macrophage subpopulations accounted for a high proportion of TIME, and were related to patients’ prognosis.



Mutational Landscape Between High and Low Macrophage Infiltration

Generally speaking, macrophages can be induced into M1 anti-tumor or M2 pro-tumor phenotypes. Meanwhile, macrophages in the TIME are not completely dichotomous but follow a dynamic evolution process. As such, we focused on the M1 macrophages, which cause an inflammatory response and present tumor cells to cytotoxic CD8+ T cells, eliciting antitumor immunity.

On this background, we analyzed the mutational landscape between M1 high and low macrophage infiltration groups. The top 20 mutational genes were first identified (Figures 4A, B), among which the most prominent variants were TP53 (found in 74% or 77% of tumors), followed by PIK3CA (16% or 20%), and TTN (16% or 14%). When comparing the top 20 mutational genes from the two groups, we found that only nine genes were mutated in common, which included TP53, PIK3CA, TTN, MUC16, KMT2C, OBSCN, PTEN, RYR2, and DNAH9 (Figures 4C, D). As shown in Figure 4, E we also pointed out differentially mutational genes. In addition, mutually exclusive or co-occurring mutation of top 20 genes were detected (Figures 4F, G). The results indicated that PTEN and MUC16 were obviously co-mutated in the M1 low infiltration cohort, but not in the M1 high infiltration cohort. Also, we analyzed the mutational landscape of TCGA cohort (Supplementary Figure S3) and M2 infiltration groups (data not shown). Together, these data demonstrated that in TNBC, different mutational landscapes existed between the M1 high and low infiltration patient cohorts.




Figure 4 | The differentiation of mutational landscape between low and high M1 macrophage infiltration groups from FUSCC cohort. (A, B) Top20 mutational genes in M1 macrophage low and high infiltration population. (C, D) The overlap of mutations in two groups. (E) Different mutations between two groups. (F, G) Mutually exclusive or co-occurring mutation in two groups were explored separately.





Key Marker Genes Associated With M1 Macrophages Infiltration

The above results confirmed that it is possible that the discrepancy in the mutational pattern of tumor cells leads to genetic variation, ultimately shaping the inconsistent macrophage infiltration microenvironment. So which genes are involved in this process?

To identify the key marker genes associated with M1 or M2 macrophages infiltration, WGCNA was used to construct a scale-free network (Figures 5A, B). A total of 54 and 52 gene modules were identified from the FUSCC and TCGA TNBC cohorts, among which lightcyan module was associated with higher M1 macrophages infiltration in FUSCC (r = 0.44, p = 4e-18, Figure 5C), and lightyellow in TCGA (r = 0.3, p = 1e-4, Figure 5D). We further calculated the correlation between module membership and gene significance for M1 macrophages. Both of two modules showed a high correlation with M1 macrophages (cor = 0.89, p = 2.5e-64; cor = 0.61, p = 7.4e-13; Figures 5E, F). Among these two modules, intramodule connectivity of each genes were estimated, and the top 30 hub genes with the highest degrees were identified. Interestingly, when taking the intersection of top30 hub genes from two modules, we surprisingly found 22 genes were coincident, including IFIT3, IFI35, OAS2, PSMB9, SAMD9L, and so on (Figure 5G). Besides we did not find any consistent gene sets in the analysis of the M2 infiltrated groups (Supplementary Table S2). Therefore, these 22 genes were likely to be involved in the polarization of M1 macrophages in the TIME.




Figure 5 | Key marker genes associated with M1 macrophages infiltration was explored. (A, B) WGCNA was used to construct a scale-free network with a power of 5 in FUSCC and TCGA cohorts. (C, D) The correlation between 54 and 52 gene modules, respectively, and M1 macrophage infiltration were calculated. (E, F) Module membership in lightcyan and lighteyellow from FUSCC and TCGA were confirmed to be highly correlated with M1 macrophage infiltration. (G) Genes that overlap in lightcyan module from FUSCC and lightyellow module from TCGA.





Three Typical Genes Associated With M1 Infiltration Were Associated With Better Prognosis

We further compared the difference in expression of 22 genes between the M1 high and low macrophage infiltration groups. All these genes were higher expression in M1 high macrophage infiltration group from the FUSCC and TCGA datasets (IFI35: p = 9.524e-11 or 0.02669; PSMB9: p = 3.11e-16 or 1.603e-5; SAMD9L: p = 1.18e-14 or 6.261e-5; Figures 6A–F, data not all shown). To assess the relevance of these genes to the patient’s prognosis, survival analysis were used. The results showed that only three representative genes, including IFI35, PSMB9, and SAMD9L, had reached a consistent conclusion in the FUSCC and TCGA cohorts (Figures 6G–L). Interestingly, higher expression of IFI35, PSMB9, and SAMD9L was associated with better prognosis (IFI35: p = 0.03 or 0.022; PSMB9: p = 0.048 or 0.004; SAMD9L: p = 0.021 or 0.017), which was consistent with the previous conclusion that patients with higher M1 macrophages had a prolonged survival.




Figure 6 | The clinical significance of three representative genes including IFI35, PSMB9, and SAMD9L. (A–F) Expression differences of three representative genes between M1 macrophage high and low infiltration groups. (G–L) The relationship between three representative genes and patients’ survival.





Exploring the Relationship Between IFI35, PSMB9, and SAMD9L and M1 Macrophages

To further evaluate the connection between IFI35, PSMB9, and SAMD9L and the polarization of macrophages toward the M1 phenotype, we also calculated the correlation between these three genes and M1 macrophage infiltration score. As a result, all the genes were positively correlated with M1 macrophage infiltration (Figures 7A–F), in which the correlation coefficient of IFI35 was 0.36 and 0.37 (p = 1.8e-12 and 1.8e-6, respectively), PSMB9 0.49 and 0.56 (p = 2.2e-16 and 2.4e-14, respectively), and SAMD9L 0.44 and 0.6 (p = 2.2e-16 and 2.2e-16, respectively). Moreover, we extracted three classical macrophage activation, chemotaxis and migration gene sets from the GSEA datasets and analyzed the relationship between them and IFI35, PSMB9, and SAMD9L expression (Figures 7G–L). Compared with low IFI35 expression, higher IFI35 expression was positively associated with macrophages activation (FUSCC: NES = 2.26, p-val <0.001, q-val <0.001; TCGA: NES = 2.01, p-val <0.001, q-val <0.001), chemotaxis (FUSCC: NES = 1.9, p-val <0.001, q-val <0.001; TCGA: NES = 1.94, p-val <0.001, q-val <0.001), and migration (FUSCC: NES = 1.98, p-val <0.001, q-val <0.001; TCGA: NES = 1.89, p-val <0.001, q-val <0.001). In addition, PSMB9 and SAMD9L also led to the same conclusion with more detailed data shown in Supplementary Table S3. A previous study used an in vivo macrophage activation model to predict macrophage programs, and 49 gene modules were identified (32). Therefore, we further explored whether higher expression of IFI35, PSMB9, and SAMD9L was associated with these modules. The standard of higher NES, the lower p-val and q-val (NES > 1, p-val < 0.05, q-val < 0.25) were considered significant. As expected, approximately 50% of the gene sets were enriched in high expression of these three genes (FUSCC, IFI35: 23/49; PSMB9: 20/49; SAMD9L: 25/49; TCGA, IFI35: 31/49, PSMB9: 34/49, SAMD9L: 21/49; Supplementary Tables S4A, B). Taken together, we revealed that three genes that were closely associated with macrophage polarization toward the M1 subtype.




Figure 7 | Exploring the relationship between IFI35, PSMB9, and SAMD9L and M1 macrophages. (A–F), The correlation between these 3 genes and M1 macrophage infiltration score. Cohorts, FUSCC (A–C) and TCGA (D, E). (G–L), 3 classical macrophage activation, chemotaxis, and migration gene sets were used to explore their relationship with gene expression of IFI35, PSMB9, and SAMD9L.





M1 Polarization of Macrophages Upregulated IFI35 Expression

To confirm the results of our bioinformatics analysis, we selected one of the three marker genes for further verification. As we all know, tumor tissue is composed of tumor cells, immune cells, and stromal cells. Therefore, we explored the types of cells in which IFI35 was expressed based on scRNA-seq data. The results indicated that IFI35 was mainly dominated by myeloid-derived cells, including neutrophils, and M1 and M2 macrophages (Figures 8A, B). In transcriptome analysis of human M0, M1, and M2 macrophages, M1 macrophages showed higher IFI35 expression than M2 macrophages (Figure 8C) (33). In response to different stimuli, M0 macrophages were successfully induced into M1 (LPS and IFN-γ) and M2 (IL-4 and IL-13) macrophages based on a series of M1 typical markers, including IDO1, IL-1α, IL-1β, IL-6, TNF-α, CD80, and MHC II, as well as M2 ones such as ARG1, IL-10, CD163 and CD206 (Figure 8D). Obviously, IFI35 was upregulated at both the RNA and protein levels (p <0.001, Figures 8D, E). Meanwhile, we also demonstrated that IFI35 was expressed in the cytoplasm and nucleus of M1 macrophages, which showed cellular elongation in cell morphology (Figure 8F). This conclusion was consistent with the previous study that IFI35 can be transported from the cytoplasm to the nucleus in the activated state (13). Histologically, we found that M1 macrophages with high CD86 expression showed IFI35 expression, which directly reflected the close connection between IFI35 and M1-subtype macrophages (Figure 8G).




Figure 8 | M1 polarization of macrophages upregulated IFI35 expression. (A, B), UMAP and violin plots of IFI35 expression level in each cluster. (C), Heatmap showing differential expression of M1 classical markers and IFI35. (D). qRT-PCR analysis of typical M1 and M2 polarization markers and IFI35 expression in macrophages with different stimuli as indicated. (E), Levels of IFI35 in M0, M1 and M2 macrophages. (F), Representative immunofluorescence images of M1 macrophages stained with DAPI (DNA) and anti-IFI35 antibody. (G). Representative double-labeling IHC images (200×) of TNBC sections stained with CD86 (Brown) and IFI35 (Red). Experiments were performed with at least three biological replicates, and data shown are representative of at least three independent experiments. Data are presented as mean ± SEM. **p < 0.01; ***p < 0.001.






Discussion

With the approval of immune checkpoint inhibitors (ICBs) represented by PD-1/PD-L1, anti-tumor therapy has entered a new era of immunotherapy (34). Macrophages, the most abundant immune cell subgroup in the TIME, have received extensive attention. Mounting evidence has revealed that TAMs in TIME-shaped pro-tumor immune responses and were associated with worse clinical outcome in breast cancer, melanoma, lung cancer, and so on (35). Therefore, three methods of TAMs targeting emerged as required so far. Due to the dependence of TAMs on CSF1/CSF1R signaling, targeting CSF1R has become an effective way to deplete macrophages and improve patients’ outcomes (36, 37). In addition, the CCL2-CCR2 axis plays an essential role in the recruitment of classical monocytes to tumor sites. Thus, inhibition of TAMs recruitment by targeting CCL2 or CCR2 has successfully reduced tumor burden in melanoma, breast cancer, and so on. However, the depletion of macrophages also brings a series of side effects that damage tissue homeostasis. Therefore, reprogramming of TAMs has become a more promising treatment strategy. Specifically, it mainly include toll‐like receptor agonist, CD40 agonists, PI3Kγ inhibitors, inhibition of microRNA activity, anti‐CD47 antibodies, and anti‐MARCO antibody therapy (38–40). Certain efficacies have been documented. Thus, the exploration for new molecular targets regulating TAMs repolarization is an attractive direction for cancer immunotherapy.

This study not only revealed the intra- and inter-tumor heterogeneity in TNBC, more importantly, demonstrated the complexity of the TIME and explored an abundance of macrophages using the scRNA-seq data of five patients, and two bulk-RNA sequencing datasets consisting of 158 patients from TCGA and 360 patients from our cohort. From multiple perspectives, it has been fully demonstrated that macrophages were the most abundant immune cell subset in the TIME, and the infiltration of M1 macrophages were associated with a better prognosis. This suggested that awakening the function of M1 macrophages from the overall macrophage population in TNBC would bring prolonged survival. Additionally, three representative genes including IFI35, PSMB9, and SAMD9L showed positive correlation with M1 macrophages. Thus, we speculated that these genes may participate in macrophage polarization toward the M1 subtype.

IFI35 has been widely studied in inflammation-related diseases (IRDs) and antiviral immunity since its discovery in 1993 (12). In IRDs, a large number of studies have pointed out that IFI35 was a marker of inflammation. Specifically, it promoted the progression of nephritis by activating the JAK-STAT1 signaling pathway, and served as a DAMP to activate NF-κB pathway, leading to the exacerbation of neuroinflammation (18). However, it seemed to be a double-edged sword. On the one hand, IFI35 can bind with Nmi or BTas after virus infection, thereby activating type I interferon antiviral response (14). On the other hand, it also negatively regulate RIG-I-mediated antiviral signaling via K48-linked ubiquitination (15). Then, what role does IFI35 play in the local inflammatory microenvironment after tumor formation, pro-tumor or anti-tumor role, is worthy of our further study.

To date, in the field of tumor biology, only a few studies revealed that IFI35 promoted the radiosensitivity of lung adenocarcinoma and colorectal cancer (21, 22). Herein, we explored the positive correlation between IFI35 expression and M1 infiltration in TNBC from bioinformatics analysis. Since IFI35 is an interferon-inducible protein, and interferon can induce M1-subtype polarization of macrophages, we speculated that IFI35 is upregulated with M1 subtype differentiation of macrophages. From two levels of the cell line and tissue sections of TNBC, we confirmed this hypothesis (Figure 8). Given the anti-tumor function of M1 macrophages and the better prognosis of patients with high IFI35 expression (Figures 6G, J), it suggested that IFI35 plays a pro-inflammatory and anti-tumor role in the TIME. However, the exact role of IFI35 in macrophages requires further validation in knockout mice, which is the focus of our next study.

In summary, this study has uncovered the essential role of macrophages. For the first time, the link between IFI35 and M1 macrophages in TNBC was elucidated, and the anti-tumor role of IFI35 was confirmed. Thus, IFI35 may be a promising novel target that helps to reshape macrophage polarization for antitumor effects.
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Background

Centromere protein L (CENPL) is an important member of the centromere protein (CENP) family. However, the correlation between CENPL expression and cancer development and immune infiltration has rarely been studied. Here, we studied the role of CENPL in pan-cancer and further verified the results in lung adenocarcinoma (LUAD) through in vitro experiments.



Methods

The CENPL expression level was studied with TIMER 2.0 and Oncomine databases. The potential value of CENPL as a diagnostic and prognostic biomarker in pan-cancer was evaluated with the TCGA database and GEPIA. The CENPL mutation character was analyzed using the cBioPortal database. The LinkedOmics and CancerSEA databases were used to carry out the function analysis of CENPL. The role of CENPL in immune infiltration was studied using the TIMER and TISIDB websites. Moreover, the expression of CENPL was detected through RT-qPCR and Western blotting. Immunohistochemistry was used to evaluate the infiltration level of CD8+ T cells. Cell proliferation was detected by EdU and CCK8. A flow cytometer was used to analyze the influence of CENPL in cell cycle and apoptosis.



Results

CENPL was increased in most of the cancers. The upregulation and mutation of CENPL were associated with a poorer prognosis in many cancers. The results showed a significant positive correlation between CENPL and myeloid-derived suppressor cell (MDSC) infiltration and a negative correlation between CENPL and T-cell NK infiltration in most of the cancers. CENPL regulated cell proliferation and cell cycle, and was negatively correlated with the inflammation level of LUAD. The in vitro experiments suggested that CENPL was increased in LUAD tissue and cell lines. There was a negative correlation between CENPL expression and CD8+ T-cell infiltration. The knockdown of CENPL significantly suppressed the expression of CDK2 and CCNE2, and induced G0/G1 arrest and apoptosis of LUAD.



Conclusions

CENPL may function as a potential biomarker and oncogene in pan-cancer, especially LUAD. Furthermore, CENPL was associated with immune cell infiltration in pan-cancer, providing a potential immune therapy target for tumor treatment.





Keywords: pan-cancer, CENPL, immune infiltration, LUAD, G0/G1 arrest, apoptosis



Introduction

Nowadays, cancer has become a major threat to public health.  Although huge improvements have been made in cancer treatment, including immunotherapy, target therapy, and radiotherapy, patients’ 5-year overall survival (OS) remains unsatisfactory (1). In recent years, immunotherapy has made huge success in cancer treatment. For example, the immune checkpoint inhibitor has achieved great success in the clinic (2–4). Moreover, with the rapid development of the TCGA database and the GEO database, it is more convenient to further analyze the correlation and impact of a single gene on cancer prognosis and immune infiltration. Thus, it is necessary to find a novel diagnostic and prognostic biomarker for cancer. Furthermore, the huge success of immunotherapy makes the immune-related biomarker even more important.

Centromere protein L (CENPL) is a member of the centromere protein (CENP) family and plays significant roles in mediating cell division (5, 6). CENPs are important members of the centromere and kinetochore, which determine the separation of chromosomes during mitosis and meiosis. Many CENPs have been currently identified, including CENPA, CENPH, CENPI, and CENPU (7–11). Among them, CENPA plays a significant role in cancer. For example, the upregulation of the CENPA/Myc/Bcl2 axis significantly enhances the sensitivity of retinoblastoma cells to cisplatin (12). Furthermore, CENPA may function as a prognostic biomarker in lung adenocarcinoma (LUAD) (13). However, the role of CENPL in cancer remains fragmentary.

Thus, we conducted a comprehensive analysis and assessed the potential value of CENPL in cancer diagnosis and prognosis. Moreover, we also performed enrichment analysis of CENPL co-expression genes and studied its association with immune infiltration. Furthermore, we verified our bioinformatics results through in vitro experiments. All in all, our results show that CENPL can function as an oncogene and immune infiltration-related biomarker in pan-cancer, especially LUAD.



Materials and Methods


Data Collection

TCGA transcriptome RNA-seq data were downloaded using the Broad Institute platform (https://gdac.broadinstitute.org/).



Analysis of CENPL mRNA Expression

The Oncomine database (oncomine.org) and the TIMER 2.0 database (timer.cistrome.org) were used to evaluate the mRNA expression level of CENPL. At first, we searched “CENPL” in the Oncomine database, and the p-values < 0.05 and folding change < 1.5 were considered significant. Next, in the TIMER 2.0 database, the “Gene_DE” module was used to analyze the mRNA expression level of CENPL. The association between CENPL and cancer stage was analyzed with the “Stage plots” module of GEPIA (gepia2.cancer-pku.cn/#index).



Diagnostic and Prognostic Analysis

The potential value of CENPL in cancer diagnosis was detected with ROC curve with the data from the TCGA database. AUC > 0.85 was thought as a high diagnostic value. The potential value of CENPL in cancer prognosis was analyzed via OS and disease-free survival (DFS) from the GEPIA database.



Mutation Character Analysis

The mutation character of CENPL in different cancers was analyzed with the cBioPortal tool (http://www.cbioportal.org/). “TCGA Pan Cancer Atlas Studies” was selected as the cohort. Then, we entered “CENPL” in the “Query” module. CENPL alteration sites, types, and numbers can be found in the “cancer type summary” and “mutation” module. The correlation between CENPL mutation and the clinical prognosis was obtained from the “comparison/survival” module.



The Function and Enrichment Analysis

Gene co-expression analysis of CENPL was performed using LinkedOmics (www.linkedomics.org/login.php). The “HiSeq RNA” platform and “TCGA_LUAD” cohort were selected for the analysis. Pearson test was used to detect the correlation between CENPL and the co-expression genes.

The correlation between CENPL and 14 cancer functional states was analyzed using single-cell sequence data from the “correlation plot” module of the CancerSEA website (biocc.hrbmu.edu.cn/CancerSEA/home.jsp).



Immune Infiltration Analysis

The “GENE” module of the TIMER database was used to evaluate the infiltration level of immune cells in 32 cancer types. TISIDB (cis.hku.hk/TISIDB/index.php) was used to analyze the correlation between CENPL and major histocompatibility complexes (MHCs) and chemokine receptors.



Cell Culture

Beas2B (normal pulmonary epithelial cell), PC9, H1975, A549, and H1437 (human lung cancer cell lines) were derived from the Institutes of Biomedical Sciences. Cells were cultured at 37°C with 10% FBS and 1% penicillin/streptomycin in RPMI-1640.



Specimen Collection

LUAD tissues were collected from Xiangya Hospital. The specimen was stored at −80°C immediately after the surgery. All the patients received a LUAD diagnosis with the results of the histopathological examination. The studies were approved by Ethics Committees of Xiangya Hospital. The patients’ clinicopathological information can be found in Table 1.


Table 1 | Clinicopathological parameters of LUAD cohort in Xiangya Hospital.





Real-Time Quantitative PCR

The RNA was separated with Trizol reagent, and PrimeScript™ Kit was used to perform the reverse transcription. SYBR Green assay was used to carry out the RT-qPCR reaction. The primers were as follows: CENPL: F: CTGGCTGGTTCTGCTGTGTA; R: GGCAGCCATCCAGGAAAGAT. GAPDH: F: TGTGGGCATCAATGGATTTGG; R: ACACCATGTATTCCGGGTCAAT. 2−ΔΔCt values were calculated to perform the quantitative analysis.



Western Blotting

The total protein was extracted using RIPA buffer with phosphatase inhibitor and protease inhibitor. After separating by SDS-PAGE, the protein was transferred onto polyvinylidene fluoride membranes under 250 mA for 100 min. Five percent skim milk was used to block the membrane. Next, the membrane was incubated with primary antibodies at 4°C for 12 h. Subsequently, the membrane was incubated with the secondary antibody at 37°C for 60 min. After washing 3 times with TBST, the signal was detected using the ChemiDocXRS+ System. Finally, Image Lab software was used for the quantitative analysis of protein.



Immunohistochemistry Procedure

Tumor tissue sections were deparaffinized using xylene and rehydrated with ethanol. Next, these sections were boiled by microwaving with citrate for 10 min. After eliminating endogenous peroxidase activity with 3% H2O2, the slides were incubated with anti-CD8 antibody (ab101500, Abcam) at 1:100 overnight at 4°C. Next, the slides were incubated using secondary antibody at 25°C for 60 min. After staining with DAB and hematoxylin, the CD8+ T cells were calculated using a microscope.



Cell Proliferation Assays

A total of 4,000 cells were seeded into 96-well plates. Subsequently, 10 μl of the CCK-8 was mixed to every well. The absorbance at 450 nm was measured after 2.5 h.



EdU Assay

A total of 3,000 cells were seeded into 96-well plates. Next, the cells were maintained with 20 μM EdU for 3 h and fixed with 4% paraformaldehyde. Subsequently, the cells were treated with 100 μl of Apollo solution for 30 min. After washing with 0.5% Triton X-100 and staining with DAPI solution, the image was captured with a microscope.



Cell Cycle Test

A total of 100,000 cells were seeded in each well of 6-well plates. The cells were collected and treated with 1 ml of DNA Staining solution and 10 μl of Permeabilization solution for 30 min. Subsequently, the sample was detected using a flow cytometer right away.



Apoptosis Test

A total of 100,000 cells were seeded into 6-well plates. Next, the cells were collected (including the cells in medium) and treated with 5 μl of Annexin V-APC and 10 μl of 7-AAD for 5 min. Subsequently, the sample was detected using a flow cytometer right away.



Statistical Analysis

The differences among groups were detected using t-test. The correlation analysis was evaluated with Spearman’s test. The analysis was performed with SPSS 17.0 and p-value < 0.05 was considered significant.




Results


CENPL Was Upregulated in Multiple Human Cancers

At first, Oncomine was used to study the expression level of CENPL. The results obtained show that CENPL was upregulated in breast cancer, lung cancer, colorectal cancer, gastric cancer, liver cancer, cervical cancer, and ovarian cancer (Figure 1A). By contrast, CENPL was downregulated in the brain and CNS cancer and leukemia (Figure 1A). To further explore the expression level of CENPL, we analyzed CENPL expression in the TCGA datasets using the TIMER 2.0 database. The results obtained show that CENPL was upregulated in most of the cancers (Figure 1B), including bladder urothelial carcinoma (BLCA), breast invasive cancer (BRCA), cervical and endocervical cancer (CESC), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), stomach adenocarcinoma (STAD), and uterine corpus endometrial carcinoma (UCEC). CENPL was upregulated in metastatic tumor of skin cutaneous melanoma compared with primary tumor. However, CENPL was downregulated in thyroid carcinoma (THCA).




Figure 1 | CENPL expression profiles in pan-cancer. (A) The expression of CENPL in the Oncomine database. (B) The expression of CENPL in the TIMER 2.0 database. (C–H) The correlation between CENPL expression and cancer stage (**p < 0.01, ***p < 0.001).



Next, we analyzed the association between CENPL and the stages of pan-cancers in the GEPIA2 website. CENPL was associated with the stage of kidney renal papillary cell carcinoma (KIRP), adrenocortical carcinoma (ACC), LIHC, kidney chromophobe (KICH), LUAD, and testicular germ cell tumors (TGCT) (Figures 1C–H).



The Diagnostic and Prognostic Value of CENPL in Pan-Cancer

Then we analyzed the diagnostic value of CENPL in various cancers using the ROC curve. As shown in Figures 2A–M, CENPL may act as a perfect diagnostic marker in BLCA (AUC = 0.914), BRCA (AUC = 0.955), CAOD (AUC = 0.858), ESCA (AUC = 0.975), GBM (AUC = 0.999), glioma (GBMLGG; AUC = 0.887), HNSC (AUC = 0.922), LIHC (AUC = 0.952), LUAD (AUC = 0.952), LUSC (AUC = 0.993), STAD (AUC = 0.921), stomach and esophageal carcinoma (STES; AUC = 0.938), and UCEC (AUC = 0.968).




Figure 2 | The diagnostic value of CENPL in pan-cancer. (A–M). The ROC curves of CENPL in BLCA, BRCA, COAD, ESCA, GBM, GBMLGG, HNSC, LIHC, LUAD, LUSC, STAD, STES, UCEC.



Furthermore, increased expression of CENPL was linked to poor OS in LGG (p = 5.4e-07), ACC (p = 3e-06), MESO (p = 0.00025), PAAD (p = 00049), LIHC (p = 0.0024), and LUAD (p = 0.009) (Figures 3A–F). By contrast, increased expression of CENPL was linked to better OS in THYM (p = 0.0085) (Figure 3G). DFS results suggested that higher CENPL expression was correlated with poorer prognosis in LGG (p = 7.5e-06), ACC (p = 0.00011), PAAD (p = 0.0017), LUAD (p = 0.0088), BLCA (p = 0.019), and KICH (p = 0.029) (Figures 3H–M).




Figure 3 | The prognosis value of CENPL in pan-cancer. (A–G) Kaplan–Meier analysis of the association between CENPL expression and OS. (H–M) Kaplan–Meier analysis of the association between CENPL expression and DFS.





The Characteristics of CENPL Mutations in the TCGA Pan-Cancer Cohort

Next, we analyzed the CENPL alteration status of the TCGA cohorts. As shown in Figure 4A, there were 42 kinds of cancers with CENPL alteration and uterine mixed endometrial carcinoma had the highest frequency of 14.29%. The CENPL alteration sites, types, and numbers are further presented in Figure 4B. Then, we further analyzed the correlation between CENPL mutation and the clinical prognosis. The data of Figures 4C–F suggested that patients that had breast invasive carcinoma with CENPL mutation had worse prognosis in DFS (p = 0.0334), DSS (p = 3.717e-3), and PFS (p = 7.430e-3), but not OS (p = 0.0693).




Figure 4 | The mutation character of CENPL in pan-cancer. (A) Alteration frequency of CENPL in pan-cancer. (B) The subtypes and distributions of CENPL somatic mutations. (C–F) OS, DFS, PFS, and DSS analysis stratified by CENPL mutation status in breast invasive carcinoma.





CENPL Is Related to Immune Infiltration in Pan-Cancer

TIMER 2.0 was used to explore the potential role of CENPL in immune cell infiltration. The results suggested a significant positive correlation between myeloid-derived suppressor cell (MDSC) infiltration level and CENPL expression in most of the tumors (Figure 5A); the top 6 tumors were ACC (rho = 0.736, p = 1.16e-13), LIHC (rho = 0.626, p = 6.67e-39), MESO (rho = 0.573, p = 9.80e-09), UCEC (rho = 0.559, p = 1.74e-25), LUAD (rho = 0.545, p = 2.00e-39), and ESCA (rho = 0.45, p = 2.36e-10) (Figure 5B). Interestingly, the results suggested a negative association between the infiltration level of T-cell NK and CENPL expression in most of the tumors (Figure 5C); the top 6 tumors were UVM (rho = −0.724, p = 1.02e-13), PRAD (rho = −0.451, p = 3.14e-22), THYM (rho = −0.432, p = 1.42e-06), BRCA-Basal (rho = −0.372, p = 4.23e-07), DLBC (rho = −0.372, p = 1.66e-02), and SKCM-Primary (rho = −0.372, p = 1.18e-04) (Figure 5D). Finally, we studied the role of CENPL in immune cell infiltration of LUAD. There was a negative association between CENPL and the infiltration level of B cells (rho = −0.128, p = 4.41e-03), CD4+ T cells (rho = −0.092, p = 4.03e-02), CD8+ T cells (rho = −0.162, p = 3.07e-04), and T-cell NK (rho = −0.227, p = 3.48e-07) (Figure 5E).




Figure 5 | The association between CENPL expression and immune cell infiltration. (A, B) CENPL expression is positively associated with MDSC infiltration in pan-cancer. (C, D) CENPL expression is negatively associated with NKT cell infiltration in pan-cancer. (E) CENPL expression is negatively associated with the infiltration level of B cells, CD4+ T cells, CD8+ T cells, and NKT cells.



Next, we further analyzed the association between CENPL and MHCs and chemokine receptors in the TISIDB database. Our results suggested that the CENPL expression is negatively associated with most of the MHCs (Figure 6A). As for LUAD, the top 6 MHCs were HLA-MA (rho = −0.346, p = 6.76e-16), HLA-DOA (rho = −0.343, p = 1.27e-15), HLA-DPB1 (rho = −0.317, p = 1.94e-13), HLA-DQB1 (rho = −0.298, p = 5.46e-12), HLA-DRB1 (rho = −0.298, p = 2.48e-11), and HLA-DPA1 (rho = −0.252, p = 7.42e-09). Figure 6B shows the correlations between CENPL expression and 18 kinds of chemokine receptors. The results suggested that CENPL was negatively associated with many chemokine receptors in LUAD; the top 6 were CX3CR1 (rho = −0.417, p < 2.2e-16), CCR (rho = −0.398, p < 2.2e-16), CXCR5 (rho = −0.246, p = 1.69e-08), CCR7 (rho = −0.311, p = 5.71e-13), CCR4 (rho = −0.217, p = 6.86e-07), and CXCR2 (rho = −0.194, p = 9.75e-06).




Figure 6 | The correlation between CENPL expression and major histocompatibility complexes (MHCs) and chemokine receptors in the TISIDB database. (A) The expression of CENPL is negatively associated with most MHCs in pan-cancer. (B) The expression of CENPL is negatively associated with most chemokine receptors in pan-cancer.





The Function Analysis of CENPL in LUAD

Then, we chose LUAD to further explore CENPL’s biological function in LinkedOmics database. Figure 7A suggests the positively and negatively related genes with CENPL. The top 50 genes are shown in Figures 7B, C. Moreover, GO analysis (Biological function) demonstrated that CENPL mainly joins in chromosome segregation, DNA replication, cell cycle checkpoint, DNA recombination, double-strand break repair, tRNA metabolic process, spindle organization, ribonucleoprotein complex biogenesis, etc. (Figure 7D). KEGG analysis illustrated enrichment in cell cycle, spliceosome, DNA replication, proteasome, RNA transport, ribosome, Fanconi anemia pathway, etc. (Figure 7E). Biological pathway analysis showed that CENPL may participate in cell cycle, mitotic, DNA replication, mitotic M-M/G1 phase, mitotic prometaphase, M phase, aurora B signaling, FOXM1 transcription factor network, G2/M checkpoints, G2/M DNA damage checkpoints, and cell cycle checkpoints (Figure 7F).




Figure 7 | The enrichment analysis of CENPL co-expression genes in LUAD. (A) The CENPL co-expression genes in LUAD. (B, C) The top 50 genes positively and negatively correlated to CENPL. (D, E) GO and KEGG analysis of CENPL co-expression genes in the LUAD cohort. (F) The biological pathway analysis of CENPL co-expression genes in the LUAD cohort.



Next, we further analyzed the correlation between CENPL and 14 cancer functional states using single-cell sequence data of CancerSEA. CENPL was positively associated with cell cycle in most of the tumors (Figure 8A). Interestingly, CENPL was negatively associated with the inflammation status of most of the tumors, and LUAD was the top 1 (Figure 8A). As for LUAD, there is a significant positive correlation between CENPL expression and cell cycle (cor = 0.56), proliferation (cor = 0.56), DNA repair (cor = 0.55), and DNA damage (cor = 0.49), and a negative correlation with quiescence (cor = −0.43) and inflammation (cor = −0.4) (Figures 8B–G).




Figure 8 | The correlation between CENPL expression and 14 cancer functional states using single-cell sequence data from the CancerSEA database. (A) The correlation between CENPL expression and 14 cancer functional states in pan-cancer. (B–E) The expression of CENPL is positively correlated to the cell cycle, proliferation, DNA repair, and DNA damage of LUAD. (F, G) The expression of CENPL is negatively correlated to the quiescence and inflammation of LUAD.





Knockdown of CENPL Induced Apoptosis and G0/G1 Arrest of LUAD

Next, we further confirm our bioinformatics results through in vitro experiments. CENPLs were significantly upregulated in LUAD tissues (Figures 9A, E) (C: cancer P: paracancerous non-cancer). Furthermore, CENPL was significantly upregulated in lung cancer cell lines as well (Figures 9B, F).




Figure 9 | Validation of CENPL expression. (A, B) CENPL mRNA expression in LUAD tissues and cell lines. (C, D) The knockdown efficiency of CENPL mRNA in A549 and H1437 cells. (E, F) CENPL protein expression in LUAD tissues and cell lines. (G) The knockdown efficiency of CENPL protein in A549 and H1437 cells. (H) The correlation between CENPL expression and CDK1, CDK2, CCNA2, CCNB1, CCNB2, CCNE2, CCNF, and CDKN3 in the GEPIA2.0 database (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: no significance).



The biological pathway analysis in Figure 7 shows that CENPL was significantly correlated with the cell cycle in LUAD. Thus, we further detected the association between CENPL and CDK family, CDKI family, and Cyclin family expression in GEPIA2.0. The results obtained show that CENPL was positively associated with the expression of CCNA2 (R = 0.77), CCNB1 (R = 0.67), CCNB2 (R = 0.7), CCNE2 (R = 0.73), CCNF (R = 0.61), CDK1 (R = 0.67), CDK2 (R = 0.65), and CDKN3 (R = 0.72) (Figure 9H). Next, we designed 3 siRNA to knock down CENPL in A549 and H1437 cells. The knockdown efficiency is shown in Figures 9C, D, G. We found out that the knockdown of CENPL significantly decreased the expression of CDK1, CDK2, CCNA2, and CCNE2 at the mRNA level and decreased the expression of CDK2 and CCNE2 at the protein level (Figures 10A–D). Moreover, the results of immunohistochemistry indicated that CENPL was negatively associated with the CD8+ T-cell infiltration (Figures 10E, F). Next, we further detected the influence of CENPL in cell proliferation, cell cycle, and apoptosis. The results of EdU (Figures 11A, B) and CCK8 (Figures 11C, D) suggest that the knockdown of CENPL suppressed the proliferation of LUAD cells. The knockdown of CENPL significantly induced G0/G1 arrest (Figures 11E–G) and apoptosis (Figures 11H–J) of A549 and H1437 cells.




Figure 10 | Knockdown of CENPL significantly suppressed the expression of CDK2 and CCNE2. (A, B) Knockdown of CENPL suppressed the mRNA expression of CDK1, CDK2, CCNA2, and CCNE2 in A549 and H1437 cells. (C, D) Knockdown of CENPL significantly suppressed the protein expression of CDK2 and CCNE2 in A549 and H1437 cells. (E, F) CENPL is negatively associated with CD8+ T-cell infiltration. (*P < 0.05, **P < 0.01, ***P < 0.001, ns, no significance).






Figure 11 | Knockdown of CENPL significantly suppressed proliferation and induced apoptosis and G0/G1 arrest in LUAD. (A–D) EdU and CCK8 suggest that knockdown of CENPL suppressed the proliferation of LUAD cells. (E–G) Knockdown of CENPL induced G0/G1 arrest of A549 and H1437 cells. (H–J) Knockdown of CENPL induced apoptosis of A549 and H1437 cells (*P < 0.05, **P < 0.01, ***P < 0.001).






Discussion

We found that CENPL was significantly upregulated and was correlated with the clinical stage in several cancers, and the ROC curve analysis showed that CENPL may function as a diagnostic biomarker. The prognostic analysis showed that increased CENPL was related to poorer OS in LGG, LIHC, LUAD, ACC, MESO, and PAAD. The mutation analysis showed that CENPL mutation was associated with worse OS, DFS, DSS, and PFS in breast invasive carcinoma. Among them, we found out that CENPL was significantly upregulated and correlated with the stage of LUAD. Thus, we chose LUAD to verify our bioinformatics result. In the in vitro experiments, CENPL was significantly upregulated in LUAD tissues and cell lines. In terms of the mechanism, the GO and KEGG analyses suggest that CENPL was correlated with cell cycle and DNA replication, and the single-cell sequence data also suggest that CENPL was positively associated with the proliferation, DNA damage, DNA repair, and cell cycle. Correlation analysis suggested a positive correlation between CENPL and CDK1, CDK2, CCNA2, CCNB1, CCNB2, CCNE2, CCNF, and CDKN3. Meanwhile, our in vitro experiments suggest that the knockdown of CENPL may significantly suppress the proliferation abilities of A549 and H1437 cells, and induced G0/G1 arrest and apoptosis. Furthermore, CDK2 and CCNE2 were significantly downregulated after the knockdown of CENPL.

CDK2 is a member of the CDK family and plays significant roles in cell cycle and proliferation regulation (14, 15). Houguang Liu had reported that the knockout of CDK2 may induce G0/G1 arrest and apoptosis in melanocytes (16). Moreover, Jie Yang had also reported that the downregulation of CCNE2 significantly suppressed cell proliferation and induced G0/G1 arrest (17). Thus, our studies show that the knockdown of CENPL may significantly decrease the expression of CDK2 and CCNE2, and induce G0/G1 arrest and apoptosis of A549 and H1437 cells. CENPL may function as a potential biomarker and therapy target of LUAD.

Tumor microenvironment (TME) plays important roles in cancer recurrence and drug resistance (18–20). The immune cells of TME are associated with the effect of immunotherapy, including CD4+ T cells, CD8+ T cells, MDSCs, and NKT cells (21–26). Our results suggested a positive correlation between CENPL expression and MDSC infiltration and a negative correlation between CENPL and T-cell NK infiltration in most of the cancers. As for LUAD, the obtained results show that there was a negative association between CENPL and CD8+ T cells, CD4+ T cells, T-cell NK, B cells, and myeloid dendritic cell infiltration. Furthermore, the single-cell sequence data also suggest that CENPL was negatively correlated with the inflammation level of LUAD. Our in vitro experiments showed a negative correlation between CENPL and CD8+ T-cell infiltration in LUAD. Thus, CENPL is related to the infiltration level of immune cells and may function as a potential immune therapy-related biomarker in LUAD.

However, some limitations still exist in our study. Although our results indicated that CENPL was associated with the immune cell infiltration of LUAD, the mechanisms are still unclear and further investigation is necessary.



Conclusion

CENPL may function as a potential biomarker and oncogene in pan-cancer, especially LUAD. Moreover, CENPL was associated with immune cell infiltration in pan-cancer, providing a potential immune therapy target for tumor treatment.
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As one of the most common forms of solid tumours, gastric carcinoma has been revealed as the third leading cause of death worldwide. The symptom of gastric cancer is usually not obvious and thus difficult to detect at earlier stages. Therefore, gastric cancer is already in the advanced stage once detected in patients, which has a poor prognosis due to ineffective therapies and multiple resistance. Recent advance in understanding the microenvironment of cancer has significantly promoted the development of immunotherapy for advanced gastric cancer. Immunotherapy can induce immune responses in gastric cancer patients thus leads to the destruction of cancer cells. In comparison of traditional therapy, immunotherapy has demonstrated robust efficacy and tolerable toxicity. Therefore, this novel strategy for treatment of advanced gastric cancer has gain increasingly popularity. In this review, we summarize recent progress of immunotherapy in advanced gastric cancer, such as immune check point inhibitors, adoptive cell therapy, VEGF inhibitors, cancer vaccines and CAR-T cell therapy. We highlight immunotherapies involved in clinical applications and discuss the existing challenges of current immunotherapies and promising strategies to overcome these limitations.
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1. Introduction

Gastric cancer is the third leading cause of cancer-related death (1). Due to the delay in diagnosis and lack of effective therapies, patients with advanced gastric cancer suffer from poor prognosis and a short lifespan of approximately one year (2). The commonly used therapies of advanced gastric cancer are radiotherapy, chemotherapy and targeted therapy. Agents such as imatinib, larotrectinib, entrectinib and regorafenib are widely used for treatment of advanced gastric cancer (3, 4). However, multi-drug resistance and tumour relapse have largely limited the effectiveness of these traditional therapies.

In the recent years, immunotherapy has become a novel therapy to treat advanced gastric cancer and has quickly drawn the attention of researchers around the world owing to its amazing anti-tumour efficacy (5, 6). A better understanding of the tumour microenvironment has greatly facilitated the development of immunotherapies in advance gastric cancer (7). The most widely applied immunotherapies against advanced gastric cancer including immune checkpoint inhibitors (ICIs), adoptive cell therapy, cancer vaccine, vascular endothelial growth factor A (VEGFA) antibody and chimeric antigen receptor (CAR) T therapy, etc (8–10). Studies have shown that ICIs such as anti-PD-1/PD-L1 antibodies could effectively kill cancer cells via activation of the immune response (11). Clinical trials of ICIs have displayed efficacy and safety for cancer patients (12, 13). Notably, several ICIs such as pembrolizumab, avelumab, sintilimab, tislelizumab and ipilimumab have been approved for clinical application in combination with targeted therapy for treatment of advanced gastric tumour (14, 15).

In this review, we describe state-of-the-art development of immunotherapy for treatment of advanced gastric cancer, highlighting recent advances of ICIs, adoptive cell therapy, cancer vaccine and CAR-T cell therapy. In addition, we discuss the current challenges of immunotherapies, as well as potential strategies to overcome these limitations, such as combination of immunotherapy and targeted therapy.



2. Immunotherapy for Advanced Gastric Cancer

Over the past few years, a better understanding of the immune mechanism of gastric cancer has greatly facilitated the development of novel immunotherapies. ICIs could effectively interrupt the immune checkpoint interactions, leading to the destruction of tumour cells via activation of host’s immune system (16). The ongoing clinical trials of ICIs in advanced gastric cancer have been listed in Table 1. Other approaches such as adoptive cell therapy, VEGF inhibitors, cancer vaccines and CART cell therapy have also demonstrated potent anti-tumour activities (11, 17). These achievements in immunotherapy have marked a new era for advanced gastric cancer treatment (Figure 1).


Table 1 | Representative clinical trials of ICIs in advanced gastric cancer.






Figure 1 | Different types of immunotherapies in advanced gastric cancer. Immune checkpoint inhibitor, adoptive cell therapy, VEGF inhibitor, cancer vaccine and CAR-T cell therapy are the main types of immunotherapies for treatment of advanced gastric cancer.




2.1 Immune Checkpoint Inhibitors

In 2011, ipilimumab became the world-first approved ICIs to treat melanoma (18). Since then, immune therapies have revolutionized the strategies for advanced gastric cancer treatment. There are mainly three types of ICIs, anti-PD1/PD-L1 and anti-CTLA4 antibodies (19). Activated immune cells such as T cells can express PD-1. PD-L1, the ligand of PD-1, binds to PD-1 thus resulted in immune cell apoptosis and immune suppression. PD-L1 is overexpressed in advanced gastric cancer, leading to the evasion of tumour cells from immune response (20). On the other hand, CTLA-4 protein can interact with B7-1/B7-2 with high affinity, leading to CD28 signalling pathway inhibition, which plays a critical role in T cell activation (21). Inhibitors targeting these immune checkpoints have been generated and studied in pre-clinical and clinical trials.


2.1.1 PD-1 Inhibitors

PD-1 inhibitor nivolumab is a monoclonal antibody that have gained the approval of FDA in the year 2014 for advanced gastric tumour treatment (22). The effects of nivolumab against advanced gastric cancer were examined via phase III clinical trials conducted over 40 countries in Asian (13). The initial results showed that nivolumab could significantly increase the survival rate of patients compared to the placebo. Nivolumab treatment in gastric tumour patients have demonstrated 12-month overall survival rates of 26.2% in contrast to that of 10.9% survival rates by placebo treatment, suggesting a promising cure for this poor prognosis population. Notably, nivolumab has been approved for clinical application as a novel approach to treat advanced and recurrent gastric cancer (22, 23).

Pembrolizumab is another promising inhibitor targeting PD-1. The efficacy of pembrolizumab has been assessed in the phase II trials among advanced gastric cancer (24). Treatment with pembrolizumab in advanced gastric cancer patients has demonstrated 11-month overall survival rates of 45.8%. In addition to its high anti-tumour activity, pembrolizumab has also shown moderate side effects. These advantages of pembrolizumab have prompted its approval for treatment of advanced gastric tumour in 2017 (25). Clinical trials of pembrolizumab in 592 patients with non-operable advanced gastric cancer have been conducted to determine the efficacy of pembrolizumab in comparison to paclitaxel (26). However, pembrolizumab alone didn’t demonstrate significantly improved survival rates compared to paclitaxel in patients. When pembrolizumab combined with paclitaxel, enhanced anti-tumour effect and better toleration was detected (27). Tislelizumab has also been assessed for its anti-tumour effect against advanced gastric cancer, providing hope for the evolution of PD-1-based immunotherapy in advanced gastric tumour (28).



2.1.2 PD-L1 Inhibitors

PD-L1 is overexpressed on various cancer cells and plays a crucial role in T cell inhibition (29). The well-known PD-L1 inhibitors include avelumab, durvalumab and atezolizumab (30). Avelumab is an anti-PD-L1 mAb which has demonstrated well toleration in the phase III trial among patients with advanced gastric cancer (31). Avelumab among patients from Japan have exhibited high overall response rates and survival rates. In addition, the efficacy of avelumab against advanced gastric cancer is enhanced in combination with other therapeutics. However, a phase I trial in advanced gastric cancer showed that atezolizumab was effective in one case out of 171 patients (10). The response rates in this clinical trial are closely related to PD-L1 expression. The mechanism of how PD-L1 inhibitors contribute to advanced gastric cancer may be that PD-L1 inhibition could activate DC cells, T lymphocytes and natural kill cells, thus leading to the destruction of gastric tumour (32).



2.1.3 CTLA-4 Inhibitors

CTLA-4 plays important roles in human immune system. CTLA-4 is homologous to CD28, but it can interact with B7-1/B7-2 with higher affinity (21). Therefore, CTLA-4 can regulate or even inhibit CD28 signalling. CTLA-4 inhibitors tremelimumab and ipilimumab have been evaluated in clinical trials of advanced gastric cancer (10). Evaluation of ipilimumab was performed in a phase II trial among advanced gastric cancer patients (33). However, this study was terminated because ipilimumab didn’t demonstrate significant improved survival rate compared with first line targeted agents. A clinical study of tremelimumab on 12 patients with non-operable advanced gastric cancer demonstrated moderate response rate, compared with a combined therapy using both tremelimumab and other anti-cancer agents. Of note, combined therapies targeting CTLA-4 and PD-1 have shown enhanced anti-tumour immunity (34). Combination therapy of ipilimumab and nivolumab has been approved to treat advanced gastric cancer. However, the efficacy of CTLA-4 inhibitor as a monotherapy in advanced gastric cancer remains to be further investigated.




2.2 Adoptive Cell Therapy

Gastric cancer cells can express specific neoantigens of high immunogenicity, thus leading to the activation of human immune system. In this way, cancer cells can be recognized and destroyed. However, cancer cells can generate suppressive factors including lymphocyte-activation gene 3 (LAG-3), TGF-β, prostaglandin E2 and IL-10 that inhibit immune response, thus escaping detection and clearance by the immune system (35). For patients whose immune systems fail to detect and response to cancer cells, adoptive cell therapy has been proved as effective strategies to treat advanced gastric cancer (36). Adoptive cell therapy utilizes various immune cells including tumour infiltrating lymphocytes (TILs), lymphokine-activated killer cells and cytokine-induced killer (CIK) cells to induce effective immunity to clear cancer cells (2, 37).

CIK cells are derived from peripheral blood lymphocytes in the presence of CD3 monoclonal antibodies, IL-2 and IFN-γ (38). The CIK cell population consists of CD3+CD56- T cell and CD3+CD56+ T cell, with high anti-tumour activity and proliferation activity (39). Moreover, CIK cells could generate cytokines and chemokines for the regulation and elevation of immune response. A preclinical study using CIK cells demonstrated strong anti-tumour activity of CIK (40). In addition, clinical trials of combined therapy using CIK cells and targeted therapy have shown increased effect against advanced gastric cancer (41).

TILs immunotherapy has been widely applied in advanced gastric cancer. In particular, TILs derived from gastric cancer in patients have been exposed to tumour specific antigens thus are extremely advantageous in immunotherapy. Clinical trials of adoptive cell therapy among gastric cancer patients have shown that combined therapies based on tumour-associated lymphocytes could increase the survival rate to 50% in comparation with using traditional therapy alone (42, 43). Furthermore, in recent years, expanded allogenic natural kill cells has also been used as a novel immunotherapy for treatment of advanced gastric cancer (44). Natural kill cells possess high anti-tumour activity and antibody-dependent cytotoxicity. However, the clinical application of natural kill cells in cancer treatment is severely limited by the lack of strategies to obtain a large amounts of functional natural kill cells (45). Further studies will be taken to investigate novel methods to generate sufficient natural kill cells for cancer immunotherapy.



2.3 Anti-Angiogenic Therapy

Vascular endothelial growth factor A (VEGFA) play essential roles in the development of gastric cancer via its involvement in the formation of new blood vessels, a process termed as angiogenesis (46). VEGFA functions in the modulation of cancer immune response, which could result in escape of tumour cells from the surveillance of the immune system (47). In addition, VEGF can promote the transfer of Treg cells to the sites of tumour. Clinical studies of combined therapies using VEGFA inhibitors and immune check point inhibitors among patients with advanced gastric cancer have shown promising effects, with enhanced anti-tumour effect and reduced toxicity. For instance, bevacizumab and ramucirumab can significantly prevent angiogenesis (48). Clinical studies of combined therapies using bevacizumab and ICIs such as atezolizumab, ramucirumab, durvalumab in advanced gastric cancer patients have shown favourable efficacy (48). These studies suggest that combined therapy using VEGFA inhibitors and ICIs targeting PD-1 or PD-L1 may shed light on the development of effective treatment in advanced gastric cancer.



2.4 Cancer Vaccines

Another novel immunotherapy in advanced gastric cancer is the application of cancer vaccines, which can activate immune responses against tumour cells in vivo (49, 50). Proteins and peptides are commonly used antigens to trigger immune responses. The most well-studied cancer vaccines are mRNA vaccines, which carries the genetic information of antigen and can translate it into protein rapidly to induce immune response, thus leading to the destruction of cancer cells (51). Studies have revealed that mRNA cancer vaccines showed strong efficacy and moderate side effects compared to traditional chemotherapy or targeted therapy (52). Moreover, combination of cancer vaccines and chemotherapies such as cisplatin and 5-fluorouracil have exhibited significantly enhanced cytotoxicity against tumour cells in preliminary clinical trials (53). A clinical study of HLA-A24 and HLA-A2 peptides examined the peripheral blood mononuclear cells in gastric cancer patients (54). Results showed that 50% of the patients treated with cancer vaccines had increased humoral and cellular response against vaccinated peptides.



2.5 CAR-T Cell Therapy

CAR-T cell is specifically designed for the expression of synthetic receptors that can induce T cells to detect specific cancer antigen, leading to the destruction of tumour cells via the host’s immunity (55). Biomarkers such as claudin 18.2 (CLDN 18.2), human epidermal growth factor receptor 2 (HER2), mucin 1, natural-killer receptor group 2 (NKG2D), epithelial cell adhesion molecule (EpCAM), mesothelin (MSLN) and carcinoembryonic antigen (CEA) play important roles in the diagnosis and function of gastric cancer (56). Studies have shown that CAR-T therapy can effectively target the above biomarkers for treatment of advanced gastric cancer (Table 2) (57).


Table 2 | Representative clinical studies of CAR-T cell therapies in advanced gastric cancer.



HER2 is a surface antigen overexpressed in gastric cancer cells. HER2-postive gastric cancer usually exhibit multi-drug resistance that inhibit the anti-tumour activity of traditional agents. The development of drug resistance severely hampered the treatment of advanced gastric cancer (57). Of note, CAR-T therapy is an effective strategy to overcome the multiple resistance in advanced gastric cancer patients. Notably, studies of HER2 CAR-T therapy demonstrate high affinity for advanced gastric cancer. Clinical studies of CLDN18.2 CAR-T cells in CLDN18.2-positive patients-derived tumour models have demonstrated high anti-tumour activity (58). CA 72-4 is a surface glycoprotein highly expressed in advanced gastric cancer. CAR-T therapy targeting CA 72-4 has shown potent effect in tumour elimination (59). Therefore, CA 72-4 may be a potential target for advanced gastric cancer treatment. Notably, clinical studies in patients showed that CAR-T therapy in combination with other therapeutics displayed enhanced anti-tumour effects (57).

In addition, CAR-T cells targeting B7-H3 and CDH17 have made achievements in cancer treatment. Clinical studies have shown that B7-H3 is overexpressed in the tumour tissues of advanced gastric cancer patients and B7-H3 is strongly correlated to the advancement of gastric cancer. Anti-tumour effect of B7-H3 specific CAR-T cells has been evaluated in patients with advanced gastric cancer and demonstrated significant cytotoxicity against gastric tumour cells (60). CDH17 is a biomarker of gastrointestinal adenocarcinomas and plays key roles in CA2+-dependent adhesion switch and Wnt signalling. Recent progress in CAR-T cells targeting CDH17 has shed light on this novel immunotherapy as a potential safe and effective treatment for advanced gastric cancer. Pre-clinical studies using gastrointestinal carcinoma xenografts in mouse models have demonstrated that CDH17CART therapy has strong potency against advanced gastric cancer with no obvious toxicity to normal gastrointestinal epithelial cells (61).




3. Challenges and Potential Strategies

Development of immunotherapy in advanced gastric cancer has demonstrated great advantages over traditional therapies. However, there still exists various challenges that have severely limited the clinical application of immunotherapy in advanced gastric cancer, for instance, the side effects and toxicity of ICIs, cancer vaccines and CAR-T therapies.

ICIs can lead to autoimmune toxicities in cancer patients (62, 63). For example, the side effects of nivolumab including fatigue, pruritus and rash. Pembrolizumab treatment in advanced gastric cancer can lead to thyroid-related complications. In addition, ICIs can lead to high risk of transplant loss in patients with organ transplants. Although the side effects of PD-1/PD-L1 and CTLA-4 inhibitors are similar, PD-L1 inhibition can lead to more severe immune adverse events due to the loss of PD-L1 ability to bind to B7 (64). However, these side effects of immune checkpoint inhibition can be effectively prevented by immunosuppressive agents such as corticosteroids without impairing the clinical benefits of immunotherapy in advanced gastric cancer. Furthermore, combination of ICIs and targeted therapy display synergistic effects on advanced gastric cancer.

VEGF has been established as a crucial target for treatment of advanced gastric cancer. However, due to the wide expression of VEGF, side effects of VEGF inhibitors are commonly seen in clinic, including hypothyroidism, coagulation disorders, gastrointestinal perforations, hypertension, proteinuria, neurotoxicity (65).

Although cancer vaccine has shown favourable benefits in phase I and phase II trials against advanced gastric cancer, its clinical efficacy is low because of regulation and suppression from the host immune system. Novel strategies to overcome this limitation involve the development of combined therapies, for example, combination of cancer vaccine and immune modulator to avoid immune suppression, use of conventional chemotherapy in addition to cancer vaccine to enhance anti-tumour activity but reduce cytotoxicity (66).

Despite the amazing efficacy of CAR-T therapy against advanced gastric cancer, this novel treatment also exhibits strong toxicity that could be fatal (57, 67). The most commonly seen side effects of CAR-T therapy are known as cytokine release syndrome and CAR-T therapy-related encephalopathy syndrome that includes fevers, chills, nausea, headache, cardiac toxicity and neurotoxicity. Development of CAR-T cells with shorter lifespan or “on-switch” may effectively overcome the limitations of current CAR-T therapy, reduce the toxicity, and facilitate the wide clinical application of this novel immunotherapy in advanced gastric cancer (68).



4. Conclusion

Over the past decades, cancer immunotherapy has emerged as promising therapeutics for various cancers. Development of ICIs has been a breakthrough for advanced gastric cancer and demonstrated anti-tumour effect in patients. However, the toxicity and efficacy of immune checkpoint inhibition have largely limited its broad clinical application. Other immunotherapies including adoptive cell therapy, cancer vaccines and CAR-T cell therapy also showed anti-tumour activity in gastric cancer patients. Clinical trials of immunotherapy in combination with targeted therapy have shown enhanced anti-tumour activity and survival rate compared with using immunotherapy alone. Despite the advantages of immunotherapy in advanced gastric cancer, challenges such as moderate clinical efficacy and immune evasion blocks the broad application of immunotherapy in advanced gastric cancer. New strategies to overcome these challenges will involve combination of CAR-T therapy and ICIs, utilizing of immune modulators to avoid immune suppression. We believe that developing novel immunotherapy may shed lights on the treatment of advanced gastric cancer.
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Immunotherapy utilizing programmed cell death-1 (PD-1)/PD-L1 inhibitors has been regarded as a rising hope for tumor patients, and their effects have been demonstrated in many clinical trials. However, immune-related adverse events also occur in patients and can sometimes have severe consequences. Pembrolizumab (Keytruda) is a humanized monoclonal anti-PD-1 antibody that has been approved by the US Food and Drug Administration for non-small-cell lung cancer. Here, we report a rare case of an abdominal fibroinflammatory reaction that affected multiple organs during anti-PD-1 immunotherapy using pembrolizumab in a non-small-cell lung cancer patient. The patient’s case demonstrates that immunotherapy-related abdominal fibroinflammatory reactions need to be considered, especially for patients with a history of pre-existing conditions in the abdomen. Glucocorticoids may be useful as a treatment when a diagnosis is confirmed.
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Introduction

Immunotherapy has developed into a treatment option for patients with non-small-cell lung cancer (NSCLC) (1) and is regarded as a successful trend in NSCLC treatment (2). However, every successful therapy has deficiencies, and immune-related adverse events (irAEs) are observed during immunotherapy treatments. In patients using pembrolizumab, up to 60% suffered from adverse events, and less than 10% had grade 3/4 toxicities (3). IrAEs can occur in different organs with a variety of clinical manifestations. Some irAEs have phenotypes that mimic inflammatory diseases, including inflammatory arthritis, myositis, and vasculitis. Although rare, immune checkpoint inhibitor (ICI)-related fibroinflammatory diseases have been reported. Programmed cell death-1 (PD-1) inhibitor-related sclerosing cholangitis has been reported to have clinical features of biliary dilation, diffuse thickening of the extrahepatic biliary tract with or without multiple strictures of the intrahepatic biliary tract, and normal serum immunoglobulin G4 (IgG4) (4). Systemic sclerosis, characterized by progressive fibrosis of the skin and internal organs, has been reported following treatment using ICIs (5). Retroperitoneal fibrosis, a rare disease characterized by fibrotic tissue in the retroperitoneum (6), rarely occurs secondary to anti-PD-1 therapy in patients with malignant tumors (7, 8). This phenomenon requires further insights and discovery. Here, we report a rare condition of an abdominal fibroinflammatory reaction affecting multiple organs following immunotherapy with pembrolizumab.



Case Description

A 66-year-old female non-smoker presented with shortness of breath in May 2019 and was admitted to a local hospital. Chest CT revealed a spiculated mass in the left upper lobe, multiple pulmonary nodules, mediastinal lymphadenopathy, and pericardial effusion. Lung adenocarcinoma was diagnosed through a bronchoscopic biopsy. Molecular testing detected a p.L858R mutation in epidermal growth factor (EGFR) exon 21. Multiple metastases were confirmed in the lung, liver, pericardium, bone, brain, and distant lymph nodes. The tumor stage reached cT4N3M1c (stage IV B). She was prescribed gefitinib and had a progression-free period of 7 months. She was then switched to osimertinib treatment because EGFR exon 20 p.T790M (+) was detected in the progressive pleural fluid. However, four months later, the disease was characterized by progressive bone and brain metastases. The patient’s past history indicated that she had suffered intestinal obstruction without clear cause, and the abdominal surgery was compelled to perform at age 13, while the intestinal obstruction recurred twice around 2003 and 2006.

The patient received four cycles of pemetrexed, carboplatin, bevacizumab, and pembrolizumab starting in August 2020. Two cycles of pemetrexed and pembrolizumab were administered as maintenance therapy. Stable disease (SD) was achieved and persisted after 2 cycles ICIs combined treatment. Four months after the first use of pembrolizumab, the patient experienced abdominal pain caused by right ureterectasia. A double-J stent was used to relieve her symptoms. One month later, the patient experienced recurrent abdominal pain. Laboratory tests showed that her total bilirubin rose from 8.9 μmol/L to 54.2 μmol/L (normal: 5.1–22.2 μmol/L), direct bilirubin rose from 3 μmol/L to 45.9 μmol/L (normal: ≤6.8 μmol/L), alanine serum aminotransferase rose from 103 to 162 U/L (normal: 7–40 U/L), aspartate serum aminotransferase rose from 92 to 446 U/L (normal: 13–35 U/L), and gamma-glutamyl transpeptidase rose from 488 to 1,350 U/L (normal: 7–45 U/L). Laboratory testing also revealed elevated serum amylase (132 U/L, normal: 35–115 U/L) and lipase (746 U/L, normal: 2–53 U/L). Contrast-enhanced CT revealed exudation around the pancreas, slight dilatation of the pancreatic duct (Figure 1A), a thickened peritoneum, and cloudy mesentery (Figure 1B), which are encountered often in abdominal inflammatory reactions such as acute pancreatitis or lupus. An unexpected finding, however, was that the left ureter was thickened and showed avid enhancement (Figure 1C) accompanied by ureterectasia (Figure 1A). Magnetic resonance cholangiopancreatography (MRCP) showed narrowing of the distal bile duct and dilatation of the extrahepatic bile duct beyond the pancreatic portion. Instead of proportional dilatation in continuation with the extrahepatic bile duct, the intrahepatic duct showed multiple strictures (Figure 2A). The narrowed segments of the biliary tracts were thickened symmetrically, and diffusion was significantly restricted on diffusion-weighted imaging (Figure 2B). Segmental stenosis of the main pancreatic duct was noted in the pancreatic head, with slight dilation of the upstream pancreatic duct, which did not exceed 3 mm (Figure 2A). The entire pancreas demonstrated diffuse high signal on diffusion-weighted imaging (Figure 2C). A thickened mesentery and peritoneal fascia were also observed (Figure 2D). However, there was no evidence of pancreatic metastases or peritoneal seeding. In addition, obstruction of the common bile duct was confirmed, but endoscopic retrograde cholangiopancreatography failed because of severe stenosis. Percutaneous transhepatic cholangiography and drainage and biliary stent implantation was performed for obstructive cholangitis considering her continuously elevated bilirubin level. 18FFDG positron emission tomography-computed tomography (PET-CT) (Figure 3) detected left renal perirenal fascial thickening with abnormal metabolic elevation and inflammatory changes in the bile duct and pancreas, without evidence of abdominal tumor-metastasis. Laboratory tests showed that the IgG4 level was within normal limits (IgG4: 475 mg/L, normal: 80–1400 mg/L), anti-nuclear antibodies were positive with a low titer of 1/80, and anti-neutrophil cytoplasmic antibodies were negative. Meanwhile, cytokines analysis showed that the interleukin 6 (IL-6) (IL-6: 8.4 pg/mL, normal: <5.9 pg/mL)and tumor necrosis factor-alpha (TNFα) (TNFα 8.9 pg/mL, normal: <8.1 pg/mL) were slightly elevated, while IL-8 and IL-10 were within normal limits.




Figure 1 | Contrast-enhanced abdominal CT. (A) Contrast-enhanced CT reveals exudation around the pancreas and slight dilatation of the pancreatic duct, (B) a thickened peritoneum and cloudy mesentery, and (C) avid enhancement with accompanying ureterectasia (white arrow).






Figure 2 | Magnetic resonance cholangiopancreatography and abdominal magnetic resonance imaging. (A) Magnetic resonance cholangiopancreatography shows highly suspected diffuse hypertrophy of the extrahepatic biliary tract, inferior biliary tract stenosis, and multiple strictures of the intrahepatic biliary tract. (B) Abdominal magnetic resonance imaging suggests that the intrahepatic bile duct wall is significantly thickened, and diffusion was significantly restricted on diffusion-weighted imaging. (C) Diffusion-weighted imaging reveals that the entire pancreas demonstrated diffuse high signal. (D) A thickened peritoneum is evident.






Figure 3 | 18FFDG positron emission tomography-computed tomography. (A, D, E) 18FFDG PET-CT reveals left renal perirenal fascial thickening with abnormal metabolic elevation (black arrow and white arrow), and (B, C) inflammatory change in the pancreas.



Overall, the patient suffered from bile system disease, bilateral ureteral obstruction, chronic pancreatitis, and a thickened peritoneum and bilateral perirenal fascia. An abdominal fibroinflammatory reaction was highly suspected, which may have been caused by ICI treatment. The patient was treated with glucocorticoids (methylprednisolone 40mg daily, 0.8mg/kg), and her symptoms were well-controlled without aggravation. The patient was followed up for 6 months, and an enhanced abdominal CT revealed that there was less inflammatory reaction of the pancreas (Figure 4A), and the thickness of the renal fascia and peritoneum maintained without further thickening (Figure 4B). More importantly, her ureterectasia on the left side was partly relieved (Figure 4B), and a double-J stent was not needed.




Figure 4 | Contrast-enhanced abdominal CT after treatment. (A) Contrast-enhanced CT reveals less inflammatory reactions of the pancreas. (B) Thickness of peritoneum maintained without further thickening and left ureterectasia partly relieved (white arrow).





Discussion

Our patient presented with bilateral ureterectasia, bile system disease, chronic pancreatitis, and a thickened peritoneum, mesentery, and bilateral perirenal fascia. After excluding other possible causes, the ICI treatment history, imaging, and steroid-sensitive response suggested an abdominal fibroinflammatory reaction elicited by the anti-PD-1 therapy.

Immunotherapy-related events can be diagnosed only through comprehensive analysis and the elimination of other possible causes. First, it was the discovery of the thickening and hypermetabolic foci of the abdominal peritoneum and multiple organs that helped identify an extensive fibroinflammatory reaction in different organs and tissues. The thickened peritoneum detected in the radiological findings on abdominal CT also suggested an abdominal inflammatory reaction. The abdominal MRI and MRCP imaging patterns highly resembled sclerosing cholangitis and autoimmune pancreatitis (9, 10). Second, the diagnosis of the tumor made it necessary to exclude abdominal changes caused by metastasis. The results of 18FFDG PET-CT and MRI did not support abdominal tumor-metastasis-related conditions. Third, the clinical manifestations in this patient were consistent with IgG4-related disease, which is an immune-mediated fibroinflammatory disease, but it did not meet the diagnostic criteria for IgG4-related disease because a normal serum IgG4 concentration was detected. Fourth, immunotherapy-related sclerosing cholangitis, chronic pancreatitis, or retroperitoneal fibrosis can occur after immunotherapy, which may be an unusual adverse reaction and an exclusionary diagnosis. Ultimately, the diagnosis of an immunotherapy-related abdominal fibroinflammatory reaction was confirmed when the patient’s symptoms were well-controlled after steroid treatment.

Fibroinflammatory disorders can occur in a spectrum of diseases. Retroperitoneal fibrosis is a rare disease characterized by chronic inflammation and profound fibrosis in the peri-aortic and peri-iliac organs or tissues (11). Chronic pancreatitis is characterized by a pathological fibroinflammatory syndrome of the pancreas (12). Sclerosing cholangitis is characterized by inflammation and fibrosis of the bile ducts and the liver (13). The IgG4-related disease is a systemic fibroinflammatory condition that affects multiple organs (14). Scleroderma occurs because of vascular disorders and fibrosis due to genetic and molecular changes (15). Until now, sclerosing cholangitis, retroperitoneal fibrosis, and chronic pancreatitis have been reported to be induced by ICI treatment; however, rare cases of extensive fibroinflammatory disorders in specific individuals have been reported.

The mechanism of fibroinflammatory reaction as an irAE is not fully understood, but there are potential mechanisms. Fibroinflammatory disorders are caused by a combination of genetic and environmental factors. Retroperitoneal fibrosis secondary to immunotherapy may be caused by the rejuvenation of antigen presentation by antigen-presenting cells (16). The mechanism underlying sclerosing cholangitis is still not fully understood. Tissues of pancreatitis and sclerosing cholangitis tissues share dominantly CD8+ cells in a CD3+ T cells infiltrate pathologically (17). Scleroderma can also be induced by immunotherapy. T cells are thought to respond more actively after ICI treatment, which results in not only the desired treatment effects but also the production of self-reactive T cells (18). Previously existing skin damage, such as that caused by ultraviolet light, could lead to exposure of self-antigens and thereby enhance T cell generation (19).

Underlying mechanism of fibroinflammatory reaction should be further explored. When stimulated by certain antigens, B cells proliferate; some differentiate into plasma cells, and IgG is produced. However, in some cases, IgG4 production is preferred (20). The IgG4 subclass of antibodies is expressed in alternative Th2 environments characterized by high levels of IL-10 (21). Furthermore, when an enhanced Th2 signal is observed, cytokines related to Th2 signaling, such as IL-10 and IL-13 are found to be elevated (22). It is known that Th2-skewed responses favor fibrocyte differentiation. Therefore, Th2 contributes to fibrotic effects. In the treatment of malignant tumors, Th2 cells may have anti-tumor potential by modulating the tumor microenvironment (23). PD-1 blockade is believed to inhibit Th2 response (24). However, the Th2 pathway exhibits an enhancement during follow-up with increasing levels of cytokines such as IL-4 and IL-5 (25). In addition, Th2 pathways may be implicated in patients with irAEs (25). For example, the serum level of IL-6 is increased in nivolumab-associated psoriasiform dermatitis, which indicates the involvement of Th2 pathways (26). It may also induce chronic pancreatitis since IL-6 is associated with exocrine pancreatic diseases including chronic pancreatitis and its serum level in chronic pancreatitis patients was found with a remarkable elevation compared to control subjects (27). Thus, it is reasonable to propose a possible mechanism of abdominal fibroinflammatory reaction as an irAE in immunotherapy. Although Th2 pathways are often suppressed in immunotherapy, related pathways might recover during follow-up and cause irAEs such as psoriasiform dermatitis.

Similarly, in this case, considering the patient’s history of recurrent intestinal obstruction and an abdominal operation, the exudation of abdominal inflammatory lesions might have been aggravated after ICI treatment. To be specific, past abdominal inflammatory injuries expose self-antigen, which will enhance functions of T cells. At the same time, treatment effects of immunotherapy as well as APCs rejuvenated by antigen presentation would promote T cells. Activation of CD4/CD8 will start and lead to generation of follicular helper T (Tfh) cells, which could promote plasmablast differentiation (28). In fact, PD-1, which is surface receptor on Tfh cells, is responsible for negatively regulation (29). Thus, it is reasonable to suggest such process in activating plasma cells and T cells and progressively causing fibroinflammatory disorders. In summary, a pre-existing inflammatory state in the abdomen may accelerate the entire process and lead to an abdominal fibroinflammatory reaction being eventually triggered by immunotherapy.

There are some limitations. The patient did not have PD-L1 IHC test before or after osimertinib treatment, thus we do not know the PD-L1 expression situation and whether there was any change or not. Also, though abdominal fibroinflammatory reaction was obvious and typical in radiological examinations, it was hard to performed abdominal inflammatory lesions biopsy for pathological examinations.

In summary, we reported a rare condition of an abdominal fibroinflammatory reaction that affected multiple organs following immunotherapy with pembrolizumab, which is barely known and unfamiliar in clinical practice. Immunotherapy-related abdominal fibroinflammatory reactions need to be considered, especially for patients with a history of celiac disease. Glucocorticoids may be useful as a treatment when a diagnosis is reached.
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During admission (September 29, 2020)

On discharge (October 8, 2020)

3 months later (January 14, 2021)

Albumin (g/dl) 1.6 19 4.0

ALK phos (U/L) 460 371 68
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AST (UL) 44 40 21
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>100 16.88 4.40
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PARPi (Olaparib, PARP1, PARP2 Breast cancer; ovarian cancer Combine with Pembrolizumab in
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Ipilimumab in NSCLC, combine with
PD1 inhibitor in head and neck cancer
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Basic information Number Percentage

Patients 351 100.0%
Sex

Male 259 73.8%

Female 92 26.2%
Age 65 (60-70)

<60 97 27.6%

60-74 221 63.0%

>75 33 9.4%
Histology

Non-squamous carcinoma 193 55.0%

Squamous carcinoma 141 40.2%

NOS 17 4.8%
Lung cancer stage

] 76 21.7%

\% 275 78.3%
History of targeted therapy

No 283 80.6%

Yes 68 19.4%
ICI type

Pembrolizumab 229 65.2%

Nivolumab 18 5.1%

Camrelizumab 21 6.0%

Tislelizumab 24 6.8%

Sintilimab 27 77%

Others 32 9.1%
Line of therapy

First-line 188 53.6%

Second-line 101 28.8%

Third-line and beyond 32 9.1%

Others 30 8.5%
Combined chemotherapy

No 87 24.8%

Mono chemotherapy 41 11.7%

Doublet chemotherapy 223 63.5%
Combined anti-vascular therapy

No 314 89.5%

Yes 37 10.5%
Smoking status

No 124 35.3%

Yes 227 64.7%
Drinking status

No 236 67.2%

Yes 1186 32.8%
ECOG-PS

0 148 42.2%

1 162 46.2%

2 27 7.7%

3 7 2.0%

4 T 2.0%
Recorded irAEs (need glucocorticoids) 60

Grade 1 8 13.3%

Grade 2 18 30.0%

Grade 3 14 23.3%

Grade 4 20 33.3%
PD-L1 TPS 91

0% 21 23.1%

1-49% 37 40.7%

> 50% 33 36.3%
Primary efficacy assessment

PR 166 47.3%

SD 130 37.0%

PD 55 16.7%

NOS, not otherwise specified; ICl, immune checkpoint inhibitor; ECOG-PS, Eastem Cooperative
Oncology Group performance status; irAEs, immune-related adverse events; TPS, tumor cell
proportion score; PR, partial response; SD, stable disease; PD, progressive disease.
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Cox regression

Logistic regression

number Median PFS HR 95%Cl P-value ORR OR 95%Cl P-value

Total 351

Pembrolizumab 229 9.6 months Reference 0.943 45.0% Reference 0.894
Nivolumab 18 9.2 months 0.945 0.545-1.638 0.840 50.0% 0.817 0.313-2.135 0.681
Camrelizumab 21 10.4 months 1.077 0.610-1.901 0.799 47.6% 0.899 0.367-2.201 0.816
Tislelizumab 24 10.3 months 0.917 0.547-1.537 0.741 54.2% 0.692 0.297-1.609 0.392
Sintilimab 27 6.8 months 1.212 0.773-1.903 0.402 51.9% 0.759 0.342-1.687 0.499
Others 32 9.7 months 0.909 0.563-1.466 0.695 53.1% 0.721 0.344-1.514 0.388

ICls, immune checkpoint inhibitors; PFS, progression-free survival: HR, hazard ratio; 95% CI, 95% confidence interval: ORR, objective response rate; OR, odds ratio;
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Therapy line: N (%)
st

2nd

23rd

RECIST 1.1: N (%)

Nivolumab

N =11 (37.9%)

0(0)
000
2(182)
8(72.7)
101

0(0)
0(0)
5(45.4)
5 (45.4)
1(041)

Pembrolizumab
N =16 (55.2%)

8(50.0)
5(31.2)
3(188)

0(0)
3(188)
3(188)
9(56.2)
162

(12.5)
81.2)
(43.8)
(12.5)
0(0)

2
5
T
2

Atezolizumab
N =2 (6.9%)

00
1(50.0)
1(50.0)

o
2

(

=}

0)
0()

2 (100)
0(0)

0(0)
0(0)
2 (100)
0(0)
0(0)

Total
N=29

8(27.6)
13 (48.3)
8(24.1)

00
3(103)
5(17.2)
19 (65.5)
2(7.0

2(7.0
5(17.2)
14 (48.3)
7 (24.1)
1(34)

ICI, immune checkpoint inhibitor; RECIST 1.1, Response Evaluation Criteria in Solid Tumors version 1.1; MDA criteria, MD Anderson Cancer Center criteria; CR, complete response; PR,

partial response; SD, stable disease; PD, progressive disease; N/A, not available.
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ICl only ICI + DMADb (N = 20)

(n=8)or
Icl + zoL Nivolumab Pembrolizumab Atezolizumab
n=1) (N =10) N=9) N=1)
RECIST 1.1
CR 0 0 0 0
PR 0 0 3 0
SD 2 1 2 0
PD 6 8 4 1
N/A 1 1 0 0
MDA criteria
CR 0 0 2 0
PR 0 0 5 0
sD 7 4 2 1
PD 2 5 0 0
N/A 0 1 0 0

ICI, immune checkpoint inhibitor; DMAb, Denosumab; ZOL, Zolendronic acid; RECIST
1.1, Response Evaluation Criteria in Solid Tumors version 1.1; MDA criteria, MD Anderson
Cancer Center criteria; CR, complete response; PR, partial response; SD, stable disease;
PD, progressive disease; N/A, not available.
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Case/Age/Sex

1/67/M
2/TT/F
3/47/F
4/54/M
5/59/M
6/57/M
7/60/M
8/66/M
9/61/M
10/67/M
11/71/M
12/60M
13/62/M
14/74/F
15/68/F
16/46/M
17/77/F
18/66/F
19/81/M
20/64/M
21/46/F
22/75/F
28/73M
24/69/M
25/44/F
26/69/F
27/66/M
28/71/M
29/64/M

Histology

SQcCC
ADC
ADC
ADC
PPC
P/D
PPC
ADC
ADC
ADC
SQcc
ADC
ADC
ADC
ADC
ADC
ADC
ADC
ADC
ADC
ADC
ADC
SQcCC
ADC
P/D
ADC
ADC
ADC
ADC

Number of bone
metastasis

solitary
multiple
multiple
multiple
multiple
multiple
multiple
multiple
solitary
multiple
solitary
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple
multiple

PD-L1
TPS (%)

N/T
N/T
N/T
N/T
N/T
N/T
N/T
N/T
N/T
N/T
N/T
25-49
<1

75
>75
N/T
>75
100
>75
80-90
11-24
>75
25-49
24
70-80
<1
N/T
>75
<1

[«]

NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
NIV
PEM
PEM
NIV
PEM
PEM
PEM
PEM
PEM
PEM
PEM
PEM
PEM
PEM
PEM
PEM
ATE
ATE
PEM
PEM

MDA criteria

sD
PD
PD
PD
sD
sD
SD
PD
N/A
PD
PD
SD
SD
CR
SD
SD
PR
SD
SD
SD
PR
PR
SD
PD
PR
sD
sD
CR
PR

RECIST 1.1

PD
N/A
PD
PD
PD
SD
SD
PD
PD
PD
PD
PD
PD
PR
SD
PD
PD
N/A
PD
SD
PD
SD
PD
PD
PD
PD
PD
PR
PR

BMA

DMAb
DMAb
DMADb
DMAb
DMAb
DMADb
No
DMADb
DMAb
DMAb
ZoL
No
DMAb
DMAb
DMAb
No
DMAb
No
DMAb
No
DMADb
DMAb
No
No
DMAb
No
DMAb
DMADb
DMAb

irAEs
(Grade)
No
No
No
No

Encephalitis (G5)
No

No

No

No
Hypothyroidism (G2)
No

No

No

No

No

No

Pneumonitis (G2)
No

Drug eruption (G2)
No

No

Cholangitis (G2)
No

No

No

No
Hypothyroidism (G2)
No

No

Outcome

DOD
DOD
DOD
DOD
DOD
AWD
DOD
DOD
DOD
DOD
DOD
DOD
AWD
AWD
DOD
DOD
AWD
DOD
DOD
DOD
DOD
DOD
DOD
DOD
AWD
DOD
AWD
AWD
AWD

CI, immune checkpoint inhibitor; ADC, adenocarcinoma; SQCC, squamous cell carcinoma; PPC, pulmonary pleomorphic carcinoma; P/D poor-differentiated carcinoma; N/T, not tested;
RECIST 1.1, Response Evaluation Criteria in Solid Tumors version 1.1; MDA criteria, MD Anderson Cancer Center criteria; CR, complete response; PR, partial response; SD, stable
disease; PD, progressive disease; N/A, not available; DMAb, Denosumab; ZOL, Zolendronic acid; DOD, dead of disease; AWD, alive with disease.





OPS/images/fonc.2022.871675/fonc-12-871675-g001.jpg





OPS/images/fonc.2022.871675/fonc-12-871675-g002.jpg
10 Al patients (0=29)
101+ Denosumab(n=20)

ctonly(n=8)

00

o s w1 m s w3
Time (months)





OPS/images/fonc.2022.871675/fonc-12-871675-g003.jpg
104 - — MDA criteria: CR and PR
i -~ MDAiteria: D and PO (n=22)

o s 0 s w3 N %
Thea B





OPS/images/fonc.2022.871675/table1.jpg
Number

(%)
Sex Male 19 (65.5)
Female 10 (34.5)
ECOG PS 0-2 26 (89.7)
3-4 3(10.3)
Histology Adenocarcinoma 22 (75.9)
Squamous cell carcinoma 3(10.3)
Pulmonary pleomorphic carcinoma 2 (6.9
Poor-differentiated carcinoma 2 (6.9
Driver gene mutation: EGFR 0/25
(positive/total)
ALK 1/24
ROS1 0/8
Untested 4
Number of bone Solitary 3(10.3
metastasis
Mutiple 26 (89.7)
Site of bone metastasis Ribs 16 (65.2)
Pelvis 16 (65.2)
Thoracic spine 15 (51.7)
Lumbar spine 11 (37.9)
Long bone of the extremities 5(17.2)
Scapula 5(17.2)
Other 6(20.7)
Metastasis to other Yes 22 (75.9)
organs
No 7 (24.1)
PD-L1 TPS >650% 9 (36.0)
1-49% 4(16.0)
<1% 3(12.0)
Untested 13 (52.0)
ICI Nivolumab 11@37.9
Pembrolizumab 16 (55.2)
Atezolizumab 2.9
Therapy line 1st 8(27.6)
2nd 13 (44.8)
>3rd 8(27.6)
Treatment history prior to  Surgery of primary lung lesions 5(23.8)
ICI treatment
Radiation therapy of primary lung 2(9.5)
lesions
Anticancer drug 21 (100)
Molecular-targeted drug 0
BMA Denosumab 20 (69.0)
Zoledronic acid 1(3.4)

ECOG PS, Eastern Cooperative Oncology Group Performance Status; EGFR, epidermal
growth factor receptor; ALK anaplastic lymphoma kinase; PD-L1 programmed death-
ligand 1; TPS, tumor proportion score; ICI, immune checkpoint inhibitor; BMA, bone

modifying agent.
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number
Total 136
Pembrolizumab 94
Camrelizumab "
Tislelizumab 138
Sintilimab 10
Others 8

cox regression

logistic regression

Median PFS

10.2 months
9.4 months
10.4 months
12.3 months
13.8 months

HR

0.779
0.825
0.664
0.703

95%Cl

Reference
0.313-1.940
0.409-1.662
0.285-1.550
0.256-1.993

p-value

0.811
0.592
0.590
0.344
0.495

ORR

47.9%
63.6%
53.8%
60.0%
62.5%

OR

0.525
0.787
0.612
0.551

95%Cl

Reference
0.144-1.913
0.246-2.519
0.162-2.311
0.125-2.439

p-value

0.768
0.329
0.687
0.469
0.432

ICls, immune checkpoint inhibitors; PFS, progression-free survival: HR, hazard ratio; 95% CI, 95% confidence interval: ORR, objective response rate; OR, odds ratio.
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ICI
Patients

Pneumonia
Myocarditis
Skin toxicity
Colitis

Liver toxicity
Others

Total

All grade
23 grade
All grade
23 grade
All grade
23 grade
All grade
23 grade
All grade
23 grade
All grade
23 grade
All grade
23 grade

ICI, immune checkpoint inhibitor.

Pembrolizumab
229

26 (11.4%)

0 (4.4%)
2 (0.9%)

22 (9.6%)

Camrelizumab
21

0(0.0%)
0(0.0%)
1(4.7%)
0(0.0%)
3(14.3%)
2(9.6%)

Tislelizumab
24

3(12.5%)

Nivolumab
18

3(16.7%)
2 (11.2%)

Sintilimab
27

4 (14.8%)
2 (7.4%)

Others
32

4 (12.6%)

2 (6.3%)
0(0.0%)
0(0.0%)
13.7%)
1(3.7%)
0(0.0%)
0(0.0%)
1(3.1%)
0 (0.0%)
1(3.1%)
0(0.0%)

5 (15.6%)

3(9.4%)

Total
351

39 (11.1%)

22 (4.8%)
4(1.1%)
3(0.8%)
13 (3.7%)
7 2.0%)
0(2.8%)
7 2.0%)

34 (9.7%)
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Chemical name D Interaction actions Chemical name ID Interaction actions
2,2',3',4,4' 5-Hexachlorobiphenyl C029790 Decreases Flusilazole C061365 Decreases
expression expression
2,4,4'-Trichlorobiphenyl C081766 Increases Folic acid D005492 Decreases
expression expression
2,4,5,2' 4’ 5'-Hexachlorobiphenyl C014024 Increases Glycidol C004312 Decreases
expression expression
2,4,5,2',5'-Pentachlorobiphenyl C009828 Increases Methyleugenol C005223 Increases
expression expression
2,5,2' 5'-Tetrachlorobiphenyl C009407  Increases Paraquat D010269 Decreases
expression expression
4-(5-Benzo(1,3)dioxol-5-yl-4-pyridin-2-yl-1H-imidazol-2-yl) C459179 Decreases PCB 180 C410127 Increases
benzamide expression expression
Acetamide C030686 Increases Pentanal C046012 Increases
expression expression
Acetaminophen D000082  Increases Phenylmercuric acetate D010662 Decreases
expression expression
Acrylamide D020106 Decreases Propylthiouracil DO011441 Increases
expression expression
Amiodarone D000638  Affects expression  Sodium glutamate D012970 Increases
expression
Ammonium chloride D000643  Affects expression Sunitinib D077210 Decreases
expression
Atrazine D001280 Increases T-2 toxin D013605 Decreases
expression expression
Benzo(a)pyrene D001564 Increases Testosterone DO013739 Increases
expression expression
Bisphenol A C006780 Decreases Tetrachlorodibenzodioxin D013749 Decreases
expression expression
Butyraldehyde C018475 Increases Tetracycline D013752 Affects expression
expression
Chlorpromazine D002746 Affects expression Thioacetamide D013853  Affects expression
Cuprizone D003471 Decreases Titanium dioxide C009495 Decreases
expression expression
Cyclosporine D016572 Affects expression Tobacco smoke pollution D014028 Decreases
expression
Dexamethasone D003907 Decreases Trichostatin A C012589 Affects expression
expression
Dietary Fats D004041 Increases Tris(1,3-dichloro-2-propyl) C016805 Increases
expression phosphate expression
Diethylhexyl phthalate D004051  Increases Tunicamycin D014415 Decreases
expression expression
Dorsomorphin C516138 Decreases Urethane D014520 Decreases
expression expression
Estradiol D004958  Increases Valproic acid D014635 Decreases
expression expression
Ethinyl estradiol D004997  Affects expression Vanadates D014638  Increases
expression
Exemestane C056516  Increases Vorinostat D077337 Decreases
expression expression
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NCT number Author  Year Phase No. of Median age Male Cancer type Follow-up (Median Dose (I+N)

patients (years) (%) months)

NCT01927419 Hodi 2016 I 94 NA NA Melanoma 24.5 3mg/kg+1mg/
NCTO1454102 Hellmann 2017 | 77 68 (58~73) 25.00% NCLC 12.8 Smg/k;?ﬂ mg/

62 (57~73) 38.71% Bmg/k';?ﬂmg/
NCT01472081 Hammers 2017 I 47 54 (26~68) 79.63% RCC 22.3 1mg/kkg£13mg/
NCT01472081 Hammers 2017 | 47 56 (20~76) 64.29% RCC 3mg/kkgi1 mg/
NCT01844505  Wolchok 2017 1 313 NA NA Melanoma 36 1 mg/kkg%\’img/
NCT02437279 Blank 2018 | 20 54 (40~58) 12.96% Melanoma 256 Smg/kkg?ﬂ mg/
NCT02500797 D'Angelo 2018 1] 42 57 (27~81) 19.00% Sarcoma 13.6 1 mg/k';%.?mg/
NCT02374242 Long 2018 I 35 59 (53-68) 83% Melanoma 17 Smg/kkggﬂ mg/
NCT01844505 Hodi 2018 1 313 NA NA Melanoma 48 3mg/kkgi1 mg/
NCT02320058 Tawbi 2018 I 94 59 (22~81) 65.00% Melanoma 14 Smg/kkg%J mg/
NCT01928394  Janjigian 2018 I 49 53 (22~77) 34.00%  Esophagogastric cancer 24 3mg/kkg€i-1 mg/
NCT01928394  Janjigian 2018 i 52 58 (19~81) 45.00% Esophagogastric cancer 22 1 mg/:gi—&mg/
NCT02060188 Overman 2018 I 119 58 (21~88) 70.00% Colorectal Cancer 13.4 1 rng/kkgEiSmg/
NCT02017717 Omuro 2018 I 10 57 (37~68) 6.00% Glioblastoma NA 3mg/|:gg+1 mg/
NCT02017717 Omuro 2018 | 20 60 (27~73) 14.00% Glioblastoma 1 mykZ%Smg/
NCT02477826 Helmann 2019 Il 576 64 (26~87) 67.40% NCLC 24 1 mg/k;?+3mg/
NCT02714218 Lebbé 2019 WAV 180 58.5 (19~85) 58.30% Melanoma 12 1mg/kti3mg/
NCT02714218 Lebbé 2019 1INV 178 58.5 (26~85) 56.70% Melanoma 3mg/kl;i1 mg/
NCT02659059 Ready 2019 I 288 65 (39~91) 49.30% NCLC 6 1mg/kkgg+3mg/
NCT02231749 Motzer 2019 1 547 NA NA RCC 32.4 1 mg/kkggi-Smg/
NCT02977052 Rozeman 2019 I 30 64 (18~79) 19.00% Melanoma 18 3mg/k§:—1 mg/
NCT02977052 Rozeman 2019 I 30 54 (31~74) 14.00% Melanoma 1mg/k§r$mg/
NCT02716272 Scherpereel 2019 I 61 71.2 (48.1~88.1)  53.00% Pleural mesothelioma 20.1 1 mg/kkgg+3mg/
NCT01928394  Sharma 2019 VI 104 63 (39~83) 77.90% Urothelial carcinoma 38.8 1 mykz%—Smg/
NCT01928394  Sharma 2019 VI 92 64 (38~83) 80.40% Urothelial carcinoma 7.9 3mg/kkg£i-1 mg/
NCT02523313  Zimmer 2020 I 55 52 (45~59) 55.00% Melanoma 12.4 3mg/k§i—1 mg/
NCT01658878 Yau 2020 I 49 NA NA HCC 30.7 3mg/kkg€i1 mg/
NCT01658878 Yau 2020 I 97 HCC 1 mg/kkgg+3mg/
NCT02498600  Zamarin 2020 I 51 62 (38~92) NA Ovarian Cancer 33 1 mg/kkgg+3mg/
NCT02899299 Baas 2021 [l 300 69 (65~75) 77.00% Malignant pleural 29.7 1 mg/kii—:;mg/

mesothelioma kg

NCLC, Non-small-cell lung cancer; RCC, Renal cell carcinoma; HCC, Hepatocellular Carcinoma; NA, Nae.
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Target Agent Isotype Phase Indication Study Details
TIGIT Tiragolumab (Roche) higG1 3 NSCLC NCT04294810 * PD-L1-selected
(SKYSCRAPER-01) * + atezolizumab
3 ES-SCLC NCT04256421 NCT04665856 * + atezolizumab and chemo
(SKYSCRAPER-02/C)
3 NSCLC NCT04513925 * + atezolizumab
(SKYSCRAPER-03) ® + durvalumab
* No progression on CRT
3 LA Esophageal NCT04543617 * + atezolizumab
(SKYSCRAPER-07)
3 1L LA Esophageal NCT04540211 * + atezolizumab and chemo
(SKYSCRAPER-08)
2 Cervical NCT04300647 * PD-L1+ patients
(SKYSCRAPER-04) * + atezolizumab
2 NsCLC NCT03563716 (CITYSCAPE) ¢ Chemo-naive
* + atezolizumab
2 NSCLC NCT05034055 * SBRT
(SKYROCKET) * -+ atezolizumab
2 HNSCC NCT04665843 e 1LPD-L1+
(SKYSCRAPER-09) * + atezolizumab
2 Non-squam. NSCLC NCT04958811 * + bevacizumab
* + atezolizumab
2 SCLC NCT04308785 * + atezolizumab
* No progression on CRT
2 Melanoma NCT05060003 * CctDNA+ following resection
* + atezolizumab
2 Non-squam. NSCLC NCT04619797 * + atezolizumab and chemo
(SKYSCRAPER-06)
2 Rectal NCT05009069 * + atezolizumab following
neoadjuvant chemo
2 HER2-G/GEJ NCT04933227 * + atezolizumab and chemo
2 NSCLC NCT04832854 * + atezolizumab
* +/- neoadjuvant chemo
2 Melanoma NCT03554083 * + atezolizumab and chemo
(stage Ill) (NeoACTIVE)
2 HNSCC NCT03708224 * + neoadjuvant atezolizumab
* + tocilizumab
2 Mixed NCT04632992 *  Platform study
(MyTACTIC)
1b/2  GEJC NCT05251948 (Morpheus-C- ¢  Platform study
Gastric)
1b/2  HCC NCT04524871 * Platform study
(Morpheus-Liver)
1b/2 muC NCT03869190 (Morpheus-UC) e  Platform study
*  Post-platinum fail
1b/2  mPDAC NCT03193190 (Morpheus- *  Platform study
Pancreatic) e 1L/2L cohorts
1b/2  G/GEJ NCT03281369 ®  Platform study
(Morpheus) e 1L/2L cohorts
1b  TNBC NCT04584112 * + atezolizumab and chemo
1 MM/NHL NCT04045028 * R/R setting
® + daratumumab and rituximab
1 Mixed NCT02794571 ¢ Dose-escalation
* + atezolizumab and chemo
TIGIT Vibostolimab (Merck US)  higG1 3 NSCLC NCT04738487 e PD-L1+
* + pembrolizumab and chemo
2 NSCLC NCT04165070 ¢ Treatment-naive
(Keynote-01A) * -+ pembrolizumab and chemo
2 R/Rheme NCT05005442 * pembrolizumab co-formulation
malignancies
2 NSCLC NCT04725188 * Progression post-chemo/PD-1
* pembrolizumab co-formulation +
chemo
2 Mixed NCT05007106 * pembrolizumab co-formulation
+/chemo
2 NSCLC NCT04165070 * + pembrolizumab and chemo
(KEYMAKER-UO1)
12 Melanoma NCT04305041 * Platform study
(KEYMAKER-UO2A) * PD-1 refractory
* + pembrolizumab
1/2  Castration-resistant NCT02861573 * pembrolizumab co-formulation
prostate (KEYNOTE-365)
1/2  Melanoma NCT04305054 * Platform study
(KEYMAKER-U02B) e 1L patients
* + pembrolizumab
1/2  Melanoma NCT04303169 * Platform study
(KEYMAKER-U02C) * Neoadjuvant Tx
* + pembrolizumab
1 Mixed NCT02964013 * Dose-escalation
(KEYNOTE-01A) * + pembrolizumab and chemo
TIGIT Ociperlimab higG1 3 NSCLC NCT04746924 * 4+ tislelizumab
(Beigene)
3 LANSCLC NCT04866017 * + tislelizumab vs durvalumab
e +CRT
2 HCC NCT04948697 * 4+ tislelizumab and BAT1706
2 NSCLC NCT05014815 * + tislelizumab and chemo
2 NSCLC NCT04952597 * +tislelizumab and CRT
2 Esophageal NCT04732494 * 4 tislelizumab
2 BTC NCT05019677 e 1L
* + tislelizumab and chemo
2 Cervical NCT04693234 * 4 tislelizumab
2 BTC NCT05023109 * Unresectable
* + tislelizumab and chemo
1 Mixed NCT04047862 * + tislelizumab
TIGIT Domvanalimab hgG1, 3 NSCLC NCT04736173 * PD-L1+ patients
AB154 (Arcus) FeyR-null* * 1L setting
* -+ zimberelimab and etrumadenant
2 NSCLC NCT04791839 * Prior checkpoint blockade
* +zimberelimab and AB928
2 NSCLC NCT04262856 * PD-L1+ patients
(ARC-7) e 1L setting
* + zimberelimab and AB928
2 R/R melanoma NCT05130177 * +zimberelimab
1 Mixed NCT03628677 * Dose-escalation
* +zimberelimab
TIGIT BMS-986207 (BMS) hgG1, 2 NSCLC (stage V) NCT05005273 * + nivolumab and ipilimumab
FeyR-null*
o 1/2  Mixed NCT04570839 ¢ Dose-escalation
* +nivolumab and COM701
1/2  Mixed NCT02913313 * Dose-escalation
* +nivolumab
* + nivolumab and ipilimumab
172 MM NCT04150965 * R/R setting
* -+ chemotherapy
TIGIT 1BI939 higG1* 1 Advanced lung cancer NCT04672356 * Dose-escalation
(Innovent) * 4+ sintiimab
1 NSCLC NCT04672369 ¢ Dose-escalation
® + sintilimab
1 Mixed NCT04353830 ¢ Dose-escalation
* + sintilimab
TIGIT Etigilimab higG1 2 Ovarian/ NCT05026606 * +nivolumab
(Oncomed) fallopian
1/2  Mixed NCT04761198 * +nivolumab
Term.  Mixed NCT03119428 * Dose-escalation
(terminated) * -+ nivolumab
TIGIT ASP8374% (Astellas) higG4 1b  Mixed NCT03260322 * Dose-escalation
* + pembrolizumab
1 Mixed NCT03945253 * Japanese patients
1 Glioma NCT04826393 * + cemiplimab
TIGIT EOS884448 higG1 1/2 Mixed NCT04335253 * Dose-escalation
(GSK(/iTeos) (10-002)
1/2  Mixed NCT05060432 * -+ pembrolizumab
(TIG-006) * +inupadenant
TIGIT SGN-TGT higG1 FeyR- 1 Mixed NCT04254107 * Dose-escalation
(Seattle Genetics) enhanced e Solid tumors and lymphomas
+ sasanlimab
TIGIT COM902 higG4* 1 Mixed NCT04354246 * Dose-escalation
(Compugen)
TIGIT M6223 higG1* 1 Mixed NCT04457778 * Dose-escalation
(Merck KGaA) * + bintrafusp alfa
TIGIT AB308 higG1 1 Mixed NCT04772989 * Dose-escalation
(Arcus) * + zimberelimab
TIGIT BAT6021 higG1 FeyR- 1 Mixed NCT05073484 * Dose-escalation
(Bio-Thera) enhanced* * +BAT1308
TIGIT JS006 higG4 1 Mixed NCT05061628 * Dose-escalation
(Junshi Bio) * + toripalimab
TIGIT AK127 {2 1 Mixed NCT05021120 * Dose-escalation
(Akesobio) ° +AK104
TIGIT x AZD2936 @ 1/2  NSCLC NCT04995523 * Bi-specific based on COM902
PD-1 (AstraZeneca) (ARTEMIDE-01)
TIGIT x AGEN1777 ? 1 Mixed NCT05025085 * Bi-specific
? (Agenus/BMS) * Dose-escalation
e +PD-1
PVRIG COM?701 (Compugen) higG4 1/2  Mixed NCT04570839 * + nivolumab and BMS-986207
1 Mixed NCT03667716 * Dose-escalation
* +nivolumab
1 Mixed NCT04354246 * Dose-escalation
* +COM902
PVRIG GSK4381562 higG1 1 Mixed NCT05277051 * + Dose-escalation
(Compugen) * + dostarlimab
CD226 LY-3435151 Unknown Term. Mixed NCT04099277 * Dose-escalation
(Eli Lilly) (terminated) * -+ pembrolizumab
CD96 GSK6097608 (GSK/ higG1 1 Mixed NCT04446351 * Dose-escalation

23andMe)

+ dostarlimab

“to be confirmed; discontinued; LA, locally advanced; ES-SCLC, extensive-stage small cell lung cancer; mUC, metastatic urothelial carcinoma; mPDAC, metastatic pancreatic ductal
adenocarcinoma; G/GEJ, gastric or gastroesophageal junction adenocarcinoma; GEJC, gastroesophageal junction carcinoma, TNBC, triple-negative breast cancer; R/R, relapsed/
refractory; MIM/NHL, multiple myeloma/non-Hodgkin lymphoma; BTC, biliary tract carcinoma; FTIH, first time in human study; CRT, chemoradiotherapy. The “?” symbol in Table 3
symbolizes “undetermined”.
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Receptor System (cell type) Modifications Finding(s) Ref.
CD226 BWS5147 (T cell line, mouse), S329F mutation; various Prevention of protein kinase C (PKC) phosphorylation and subsequent cellular 31)
(human)  human CD226 ectopic truncations of intracellular adhesion

domain
CD226 Jurkat and NKL (T and NK cell ~ WT in NKL cells. Mutation of ~ S329F mutant failed to associate with LFA-1 32
(human) lines, human) SB329F in Jurkat cells
CD226 Jurkat (T cell line, human) and Y322F Fyn induced phosphorylation at Y322, abrogated by Y322F mutation. 32)
(human)  COS-7 (fibroblast line, monkey)
CD226 Primary murine NK cells and Ectopic expression of mouse  Increased phosphorylation of Erk and Akt, as well as calcium flux and target cell (30)
(mouse)  YTS (human NK cell line) CD226 in YTS cells lysis following CD226 engagement
CD226 YTS (NK cell line, human) and Y319F, S326A Y319F modification in CD226 attenuated mouse NK cell cytotoxicity and IFNg (30)
(mouse)  transgenic mice production
CD226 Synthetic peptide corresponding  Synthesized with Phosphorylation of the amino acid corresponding to Y319 led to capture of Grb2.  (30)
(mouse)  to 315-333 of mouse CD226 phosphorylation at Y319, Mutation of the asparagine at +2 position led to loss of Grb2 binding

D321Q
CD226 Jurkat (T cell line, human) or Y322A, S329A Y322A modification, but not S329A, reduced downstream CD226 signaling after (33)
(human)  primary (T cells, human) incubation with CHO-OKT3-PVR cells
TIGIT Jurkat (T cell line, human) Y225A, Y231A Y225A/Y231A dual mutation rescued CDB9 expression on Jurkat cells following (33)
(human) exposure to superantigen and CD155
TIGIT YTS (NK cell line, human) Truncation (Y231stop); Rescue of CD155-TIGIT induced inhibition of YTS (NK) mediated cytotoxicity (10)
(human) Y231A following truncation or Y231A mutation in TIGIT
TIGIT YTS (NK cell line, human) Y225A, Y231A CD155 induced TIGIT phosphorylation. Pervanadate treatment-induced (34)
(human) phosphorylation of TIGIT was prevented with Y225A or Y225A/Y231A, but not

Y231A alone

TIGIT YTS (NK cell line, human) Y225A, Y231A TIGIT Y225 associates with Grb2, leading to downstream inhibitory function. (34)
(human) Nominal rescue of cytotoxicity with Y231A mutation
TIGIT YTS (NK cell line, human) Y225A, Y231A Reduced association with B-arrestin 2 following mutation Y225A or Y225A/Y231A,  (35)
(human) but not Y231A alone
TIGIT Jurkat (T cell line, human) ICD truncation, Y225F, TIGIT intracellular domain is not required to prevent PVR-induced CD226 (36)
(human) Y231F phosphorylation
TIGIT Cell-free liposome ICD expressed on cell-free Lack of Shp2, Shp1, Zap70, Grb2, SHIP-1, or P50a recruitment following (36)
(human) liposome phosphorylation of TIGIT ICD by Fyn
CD96 Undescribed Undescribed Undescribed None
PVRIG HEK293T (kidney cell line, Y233F, Y293F Y233F mutation reduced phosphorylation after pervanadate treatment. PVRIG 9)
(human)  human) and MOLT4 (T cell line, associates with SHIP and Shp1/2 following pervanadate treatment

human)
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Agent Phase Target Conditions NCT number
CAR-CLDN18.2 T cells | CLDN18.2 CLDN 18.2 positive advanced gastric adenocarcinoma NCT03159819
CT041 Ib CLDN18.2 Claudin18.2-positive adenocarcinoma gastroesophageal junction NCT03874897
CT041 1 CLDN18.2 Gastric Cancer NCT04404595
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Agent

Ipilimumab
Nivolumab
Ipilimumab
Nivolumab
Atezolizumab

Durvalumab
Avelumab
Nivolumab
Pembrolizumab

Nivolumab
Relatlimab

Pembrolizumab Trastuzumab

Nivolumab
Pembrolizumab

Pembrolizumab
Pembrolizumab

Phase

Target

CTLA-4
PD-1
CTLA-4
PD-1
PD-L1

PD-L1

PD-1
PD-1

PD-1
LAG-3

PD-1
HER-2
PD-1
PD-1

PD-1
PD-1

Conditions

Adenocarcinoma of the Stomach
GastroEsophageal Cancer

Gastric Cancer

Gastroesophageal Junction Cancer

Gastric Cancer

Gastroesophageal Junction Adenocarcinoma
Advanced solid tumors (including gastric cancer)

Gastroesophageal Junction Cancer

Gastric Cancer

Gastroesophageal Junction Cancer

Gastric Cancer

Cancer of the Stomach

Esophagogastric Junction

Gastric Neoplasms

Gastroesophageal Junction Adenocarcinoma
Unresectable advanced or recurrent gastric cancer
Advanced gastric

gastroesophageal junction adenocarcinoma
Advanced gastric or gastroesophageal junction adenocarcinoma
Gastric Neoplasms

Gastroesophageal Junction Adenocarcinoma

NCT number

NCT03647969

NCT02872116

NCT03421288

NCT04157985

NCT02743494
NCT03221426

NCT03662659

NCT03615326

NCT02267343
NCT02370498

NCT02494583
NCT03019588

Other identifier

AIOSTO-0417

CheckMate-649

DANTE

CheckMate-577
KEYNOTE-585

CA224-060

KEYNOTE-811

ATTRACTION-2
KEYNOTE-061

KEYNOTE-062
KEYNOTE-063
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Adverse event Grade1 Grade2 Grade3  Total (%)

Hematological toxicities

Leukopenia 3 1 4 (26.7%)
Neutropenia 1 1(6.7%)
Purpura 1 1(6.7%)
Non-hematological toxicities
Transaminase increase 6 4 10 (66.7%)
Fatigue 6 6 (40%)
Drowsiness 3 3 (20%)
Diarrhea 1 1(6.7%)
Constipation 1 1(6.7%)

RMT, rituximab, high-dose methotrexate and temozolomide; OL, orelabrutinib and
lenalidomide.
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Id Disease Status Subtype Response TLR pathway BCR pathway NF-xB pathway Cell cycle pathway
P1 PCNSL Relapsed non- CR NA NA NA NA
GCB
P2 PCNSL Refractory non- CR WT CD79B PIM1 CDKN2A
GCB
P3 PCNSL Relapsed GCB CR WT CD79B, WT TP53
CARD11
P4 PCNSL Relapsed non- SD WT WT WT WT
GCB
P5 PCNSL Relapsed GCB PR NA NA NA NA
P6 PCNSL Relapsed GCB CR WT TNFAIP3, WT TP53
P7 PCNSL Relapsed non- CR MYD88 CD79B PIM1IRF4 WT
GCB
P8 PCNSL Relapsed non- CR WT WT BTG2 WT
GCB
P9 PCNSL Refractory non- PR MYD88 CD79B PIM1 CDKN2A
GCB
P10 PCNSL Relapsed non- PR WT CD79BCARD11 PIM1, BTG2, WT
GCB IRF4
P11 PCNSL Refractory non- PR WT WT BTG2 WT
GCB
P12 PCNSL Relapsed non- PR MYD88 CD79B PIM1 WT
GCB
P13 PCNSL Refractory GCB PR NA NA NA NA
P14 PCNSL Refractory non- PD WT WT WT TP53
GCB
P15 PCNSL Relapsed non- CR MYD88 CD79B PIM1, IRF4 TP53, CDKN2A
GCB

PCNSL, primary central nervous system lymphoma; GCB, germinal B cell-like; CR, complete remission; PR, partial remission; SD, stable disease; PD, progression disease; NA, not

available; WT, wild-type; TLR, Toll-like receptor; BCR, B-cell receptor; NF-xB, nuclear factor-kappa B.
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Characteristics

Patients (n = 15)

Age-years, median (range)
Median KPS score (range)
Sex, n (%)
Male
Female
PCNSL subtype n (%)
GCB
Non-GCB
Tumor location n (%)
Superficial brain
Deep brain

Median number of prior regimens (range)
Median cycle of RMT salvage therapy (range)

62 (33-78)
60 (40-90)

5(33.3)
10 (66.7)

4(26.7)
11(73.3)

6 (40)
9(60)
2(1-5)
1(1-5)

PCNSL, primary central nervous system lymphoma; GCB, germinal B cell-like; RMT,

rituximab, high-dose methotrexate, and temozolomide.
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Name

RNA encoding antigen Tumour Formulation ~ Administration ~ NCT number Phase
type route

FixVac MAGE-A3, NY-ESO-1, Melanoma LNP intravenous NCT02410733 |

tyrosinase, TPTE
mRNA-2416  OX40L Solid Tumor Malignancies or Lymphoma LNP Intratumoural NCT03323398 I/
mRNA-2752  OX40L, IL-23, IL-36Y Solid Tumor Malignancies or Lymphoma LNP Intratumoural NCT03739931 |
mRNA-4157  Personalized neoantigens Melanoma LNP intramuscular NCT03897881 ]
mRNA-4650  Personalized neoantigens Gastrointestinal cancer LNP intramuscular NCT03480152 7l
mRNA-5671/ KRAS antigens Colorectal cancer, non-small-cell lung cancer, LNP intramuscular NCT03948763 |
Vo41 pancreatic adenocarcinoma
W_oval Ovarian cancer antigens Ovarian cancer LNP intravenous NCT04163094 |
HARE-40 HPV oncoproteins E6 and E7  HPV oncoproteins E6 and E7 LNP intradermal NCT03418480 I/
RO7198457  Personalized neoantigens Melanoma LNP intravenous NCT03815058 I
TNBC-MERIT  Personalized neoantigens Triple-negative breast cancer LNP intravenous NCT02316457 |
MEDI1191 IL-12 Solid tumours LNP Intratumoural NCT03946800 |
SAR441000  IL-12sc, IL-15sushi, IFNo. and  Solid tumours LNP Intratumoural NCT03871348 |

GM-CSF
TriMixDC- MAGE-A3, MAGE-C2, Melanoma DC-based intravenous and NCT01066390 |
MEL tyrosinase, gp100 intradermal
TriMixDC- MAGE-A3, MAGE-C2, Melanoma DC-based intravenous and NCT01676779 I
MEL tyrosinase, gp100 intradermal
TriMixDC- CTLA-4 inhibitor ipilimumab Melanoma DC-based intravenous and NCT01302496 I
MEL intradermal

TAA-transfected DC melanoma DC-based intradermal NCT01278940 I/

Not available
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B220* CD3*CD4* CD3*CD8*

Mock 36% 27% 37%
Ad5A24 37% 15% 48%
Ad5A24scFv-anti-PD-L1 1% 21% 68%

We evaluated the mean percentages of TILs population from different tumors treated with
PBS (Mock), Ad5A24, or Ad5A24 anti-PD-L1-scFv. In the groups of animals that received
the Ad5A24 anti-PD-L1-scFv was observed an enhancement of the CD3*CD8" T-cell
population. In fact, as can be seen from the table the percentage of CD3*CD8* T-cell
population in the tumors treated with Ad5A24 anti-PD-L 1-scFv is 68% compared with 48
and 37% of Ad5A24 and Mock, respectively.





OPS/images/fonc.2022.898117/fonc-12-898117-g003.jpg





OPS/images/fonc.2022.898117/fonc-12-898117-g002.jpg





OPS/images/fonc.2022.902190/fonc-12-902190-g004.jpg
Volume (mm3)

Tumor

engrafment

11 14 17 25
Oncolytic Sacrifice

Adenovirus

Treatment time (days)

Ad5A24

(n

= CD3+CD4+

(V)

OCD3+CD8+

% of CD3+CD8+ cells

Ad5A24 anti-PD-L1-scFv
(i)

O O

= (D3+CD4+ DOCD3+(D8+ =B

» B cells Ad5A24-anti-
PD-L1-scFv

= B cells Ad5A24

O B cells mock





OPS/images/fonc.2022.902190/fonc-12-902190-g003.jpg
Splenocytes priming

Ad5A24
120
-
X100
[}
E 80
B
= 60
& 40
g
o 20
o o "
CTRL+S 1 +S 10 +S 50 +S 100 +S
MOI
U}
10

(m

§ - agsanu
8
<
=
s
2 o b ns
2
=
n
T T T
0 2 &£ &0 0 100
MOl
:\?'“ —~  AOSA2 -3
i} "% AGSA24 ant-PD-L1-scFv
= Iy
© 100
-
®
E =
3 ns
=
w

Ad5A24
® i
Ad5A24
anti-PD-L1-scFv
Ad5A24
anti-PD-L1-scFv
120
;\:100
@ 80
s
~ 60
©
2 40
=
3 20
7}
° ; :
CTRL+S 1 +S 10 +S 50 +S 100 +S
MOl
(n
150 o AGS5A24 ant-PD-L1-
- wFv+$
a‘:’ - A.;stulnﬂ-Pl)-l.l-
El“
E . ns
MOI
(Iv)

- Aosan

ns

Survival rate (%)

- AGSA24 anti-PD-L1-
wFv





OPS/images/fonc.2022.898117/fonc-12-898117-g001.jpg
Parentreerment. 1D Sumpiccacion 111 Whole-eorn sequencing
- "S Nariants calling

Fop——
[ p—

® Tuor - intiing sl ol

Three types of LI mm.,,ﬁq contributed by mutations:
P (Srong power)  LIP2(Weakpower) LIP3 (Nopower)

o> B

LIPI+ LIP2+ - + LIP:

=

All mutations

1 omon s 1

o

L I |
001

11010 drivrs and 1 resiser)

CEEeeETa






OPS/images/fonc.2022.902190/fonc-12-902190-g002.jpg
Ad5A24 Ad5A24

anti-PD-L1-scFv

8

Survival rate (%)
B 8

Survival rate (%)

o

CTRL 10 20 40 50 100

0 pm 250
At

120
> Ad5A24
3 & Ad5A24anti-PD-L1-scFv
£ 80
o
x eo
s ns
Z 40
<
3
@ 20





OPS/images/fonc.2022.898117/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.902190/fonc-12-902190-g001.jpg
Tumor Microenvironment

Ad5A24 anti-PD-L1-scFv

Tumor

I
o oncolysis cell

B
A24 AE3 6.7K.gp19K (965bp)
ITR . “: - ITR
Prae ADP a B 14.7K tail shaft knob
-, ~
/// \\\ \ ) S
e N RID Filber
-, ~
7 ~
. : ~E
Start Pl anti-PD-L1-scFv S End
P S T
< S~
e e
IL2-signal sequence 6XHis rabbit B globin poly A
D
Ad5A24
pcDNA3.1 ; ¥
AdsA24 anti-PD-L1-scFy 2ni-PD-L1-scFv
i Ctrl ii  Adsa24 jii anti-PD-L1-scFv

Ad5A24

*—4

F

poy - 150 -a Ad5D24antiPD-L1scFv
> + vs NT AdSD24antiPD-L 1scFv 3 < Ad5D24
‘5 « vs NT AdSD24 re
= 100 ® 100
(14 ns * 14
® 0o S8k esk 400 b 44 4 0 ®
> " 2> o TSN
e e B e, B
3 3 o

0 T T T T T
@ TNTNT 05051 1 10 10 50 50100100 N o 80 100

_ .

MOI





OPS/images/fimmu.2022.925217/fimmu-13-925217-g006.jpg





OPS/images/fonc.2022.902190/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.925217/fimmu-13-925217-g005.jpg





OPS/images/fonc.2022.873213/table2.jpg
Timeline Intervention

Best response

Adverse events

September 2017 to February 2018 Nivolumab, Xelox
March 2018 to May 2018 Nivolumab

June 2018 to July 2020 Follow-up
August 2020 to September 2020 Radiotherapy
November 2020 to present Sintilimab

PR
PR
NA
sD
PR

Neutropenia grade 2
Elevated ALT grade 3
NA

NO

NO

Xelox, Oxaliplatin, Capecitabine; PR, partial response; NA, not applicable; SD, stable disease; NO, not observed; ALT, glutamic-pyruvic transaminase.
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Date

2020.07
2020.10
2021.01
2021.04
2021.08

L D, longest diameter; SD, shortest diameter. A area, enlarged lymph nodes of A1-A5 in Figure 2. B area, enlarged lymph nodes of B1-B5 in Figure 2.

Exposure

Radiation
Radiation
Sintilimab
Sintilimab
Sintilimab

Duration

2 month
5 months
9 months

Enlarged lymph nodes
of A area (LDxSD, mm)

54x39
39x29
36x17
27x17
18x15

Enlarged lymph nodes of
B area (LDxSD, mm)

43x33
42x25
26x21
17x16
14x13
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Characteristics TCGA-663 CGGA-325 CGGA-301 GSE43378 Total P value
N 663 325 301 50 1339

Age 7.200E-06
<45 319 (23.86%) 191 (14.29%) 175 (13.09%) 4 (1.05%) 699 (52.28%)

245 344 (25.73%) 134 (10.02%) 124 (9.27%) 36 (2.69%) 638 (47.72%)

Gender 2.800E-01
Female 282 (21.06%) 122 (9.11%) 121 (9.04%) 6 (1.19%) 541 (40.40%)

Male 381 (28.45%) 203 (16.16%) 180 (13.44%) 34 (2.54%) 798 (59.60%)

Grade 8.400E-18
I 248 (18.52%) 103 (7.69%) 117 (8.74%) 5 (0.37%) 473 (35.32%)

1] 261 (19.49%) 79 (5.90%) 57 (4.26%) 13 (0.97%) 410 (30.62%)

\% 153 (11.43%) 139 (10.38%) 124 (9.26%) 32 (2.39%) 448 (33.46%)

NA 1(0.07%) 4 (0.30%) 3(0.22%) 0 (0.0e+0%) 8 (0.60%)

status 2.100E-29
Alive 415 (30.99%) 96 (7.17%) 112 (8.36%) 8 (0.60%) 631 (47.12%)

Dead 247 (18.45%) 220 (16.43%) 187 (13.97%) 42 (3.14%) 696 (51.98%)

NA 1(0.07%) 9 (0.67%) 2(0.15%) 0 (0.0e+0%) 12 (0.90%)

0s

Mean+SD 2.29+2.44 3.98+4.03 4.32+4.08 2.16+£1.78 3.14+3.40

Median [min-max] 1.55 [0.0E+0,17.60] 1.93[0.05,13.18] 2.23[0.06,13.22] 1.49 [0.05,8.27] 1.67 [0.0E+0,17.60]

N, the number of glioma samples; NA, unknown; OS, overall survival.
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Regulatory factors Cancer types Biological effect Mechanism Ref

Exosomal miR-940 Epithelial ovarian cancer Suppress anti-tumor immune Promotes M2 polarization of tumor-associated macrophages

responses (44)
Exosomal miR24-3p Nasopharyngeal Suppress anti-tumor immune: Inhibit T-cell proliferation and differentiation, and the induction of

carcinoma responses Tregs (45)

Exosomal TGF-B1 Hypoxic cancer Suppress anti-tumor immune TGF-B1 downregulates NKG2D and
and miR23a responses miR23a directly targets CD107a (46)
Exosomal miRLet-7a Melanoma Suppress anti-tumor immune Enhanced the oxidative phosphorylation in bone marrow-derived

responses macrophages (42)
Exosomal miR-10a and Glioma Suppress anti-tumor immune Enhanced expansion and activation of myeloid-derived suppressor
miR-21 responses cells A7)
Exosomal TGF-B Breast cancer Suppress anti-tumor immune Inhibit T cell proliferation via TGF-B, IL-10 and PGE2

responses (48)
Exosomal HSP70 Oral squamous cell Suppress anti-tumor immune Inhibit T cells through a miR-21/PTEN/PD-L1 regulation axis

carcinoma responses (49)
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dbSNP ID Ref Alt Gene Class* Odds p(cis- p (Survival Association with metastasis
ratio eQTL) analysis)

rs232729 A G WFDC10B  MP 506 1.42E-09 2.71E-08 Expression of WFDC10B significantly upregulated in the hepatic metastasis of colon
carcinoma (33)

rs17009998 G A LBX2 MP 1293 2.53E-23 4.49E-03 LBX2 was correlated with advanced tumor stage (Ill or IV), vascular invasion, and
lymphatic invasion in colorectal cancer (32)

rs2071950 A G CCDC78 MP +0  1.98E-11 5.16E-03 CCDC78 gene silencing significantly suppressed the viability, migration, and
invasion of colon cancer cells (31).

rs477830 c T LUZP1 MP +eo  3.49E-05 6.27E-03  Expression of LUZP1 was specifically downregulated for liver metastasis of colon
carcinoma (29).

rs113363731 - CTC ARHGEF17 MP +e0  9.55E-06 4.57E-03  Mutations on ARHGEF17 contributed to the lung metastasis from colon cancer
(30).

rs244903 G A RARS MP 9.05 2.83E-13 2.95E-03 RARS encodes the arginyl-tRNA synthetases involved in oral cancer cell
invasiveness (61).

rs885479 G A MC1R MP 9.36 1.41E-06 4.43E-05 MC1R is melanocortin 1 receptor gene directly connected with activation of cell
division and metastasis in malignant melanoma (62).

rs10817493 C G RGS3 MP +0  827E-06 1.68E-03 Higher expression of RGS3 was associated with a larger tumor size, lymph node
metastasis, and local invasion in gastric cancer (63).

rs1156287 G A STXBP4 MP +oo  3.92E-06 5.77E-03 STXBP4 can facilitate cell directional migration, which plays a role in tumor

metastasis with an unknown mechanism (64).

C6orf201 MP 552 1.28E-08 7.33E-03 C60rf201 is related to the mesodermal commitment pathway (65).

PLA2G4B MR 559 1.11E-07  7.00E-3  High expression of PLA2G4B can accelerate decomposition of cell membrane
phospholipid proteins, enhance cellular membrane fluidity, and then increase cell
adhesion and migration (34, 35).

rs619483
rs3816533

[eN0)
=0

MP, metastasis promotion; MR, metastasis resistance.





OPS/images/fonc.2022.898117/table3.jpg
Dataset Internal evaluation External evaluation

Training set Testing set AUC Accuracy Sensitivity Specificity AUC Accuracy Sensitivity Specificity
PRJNA246044, PRINA494574, and this study ~ PRINA514428  0.772 0.729 0.727 0.730 0.675 0.833 0.905 0.333
PRJNA514428, PRINA494574, and this study ~ PRINA246044  0.834 0.738 0.750 0.700 0.793 0.842 0.736 0.600
PRJNA514428, PRINA246044, and this study ~ PRINA494574  0.932 0.882 0.840 0.923 0.667 0.700 0.714 0.667
PRJNA514428, PRINA246044, PRINA494574  This study 0.803 0.804 0.760 0.846 0.700 0.690 0.714 0.667

Average 0.835 0.788 0.769 0.800 0.709 0.766 0.767 0.567
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Sample ID

N1
N2
N3
N4
L1
L2
L3
L4

Gender

Female
Male
Male
Male
Male
Female
Male
Male

Age

51
59
53
60
54
48
47
54

Pathological Diagnosis

RAMD, T4aNOMO, IIB
RAMD, pT4aNOMOo, IIB

RAMD, T4aNOMO, IIB
RAMD, pT4aNOMO, IIB
RAMD, pT4aN1Mo, lIB
RAMD, pT4aN1aMo, IliB
RAMD, T4aN2Mo, IIIC
RAMD, pT4aN2bMo, IIIC

Medication

Oxaliplatin, Tegafur
Oxaliplatin, Capecitabine
Oxaliplatin, Capecitabine

Xeloda
Oxaliplatin, Capecitabine
Oxaliplatin, Capecitabine
Oxaliplatin, Capecitabine
Oxaliplatin, Capecitabine

Prognosis

Benign
Benign
Benign
Benign
Benign
Benign
Benign
Benign

10-month prognosis

Benign
Benign
Benign
Benign
Benign
Not Available
Benign
Liver and lung metastases
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Gene Description

Association

NRAS N-RAS oncogene encoding a membrane protein

BRAF Encodes a protein belonging to the RAF family of
serine/threonine protein kinases

KRAS Kirsten RAS oncogene homolog from the mammalian

RAS gene family
PIK3CA Phosphatidylinositol 3-kinase

NF1 Negative regulator of the RAS signal transduction
pathway

PTEN Encodes phosphatidylinositol-3,4,5-trisphosphate 3-
phosphatase

APC Encodes a tumor suppressor protein that acts as an
antagonist of the Wnt signaling pathway

TP53 Encodes a tumor suppressor protein containing

transcriptional activation, DNA binding, and
oligomerization domains

SMAD4 Encodes a member of the SMAD family of signal
transduction proteins acts as a tumor suppressor
and inhibits epithelial cell proliferation

POLE Encodes the catalytic subunit of DNA polymerase
epsilon

RHBDD1 Rhomboid Domain Containing 1

RNF183 Ring Finger Protein 183

LUZP1* Encodes a protein that contains a leucine zipper
motif

ARHGEF17* Rho Guanine Nucleotide Exchange Factor 17

CCDC78* Protein coding gene whose function unknown
LBX2* Putative transcription factor

WFDC10B* Encodes a member of the WAP-type four-disulfide
core (WFDC) domain family

PLA2G4B*  Encodes a member of the cytosolic phospholipase
A2 protein family

*Susceptible genes identified in this study.

RAS signaling has been involved in the initiation of epithelial-to-mesenchymal transition (EMT) in
CRC leading to tumor spreading (18).
BRAF mutation was related to CRC metastasis and distant metastasis in an Asian population (18).

KRAS mutation was associated with lymphatic and distant metastases in CRC patients (19).

PIK3CA mutation was associated with lung metastases in metastatic colorectal cancer (20).
Dysregulated NF1 expression promotes cell invasion, proliferation, and tumorigenesis (21).

Loss of PTEN expression contribute to CRC development and is associated with the migration
aggressive capacity (22).

APC mutation caused intestinal adenomas and combination with Trp53R270H mutation or
TGFBR2 deletion induced submucosal invasion (23).

Combined inactivation of Mir34a and TP53 promotes azoxymethane-induced colorectal
carcinogenesis and tumor progression and metastasis by increasing levels of IL6R and PAI1 (24).

Activation of BMP signaling in SMAD4-negative cells altered protein and messenger RNA levels of
markers of epithelial-mesenchymal transition and increased cell migration, invasion, and formation
of invadopodia (25).

POLE-mutated CRCs arose in the transverse colon and rectum, and showed increased tumor-
infiltrating lymphocytes and immune cells at the tumor-stromal interface (26).

RHBDD1 regulated ser552 and ser675 phosphorylation of B-catenin to activate the Wnt signaling
pathway resulted in the recovery of signaling pathway activity, migration, and invasion in CRC cells
(27).

RNF183 promotes proliferation and metastasis of CRC cells via activation of NF-xB-IL-8 axis (28).
Expression of LUZP1 was specifically downregulated for liver metastasis of colon carcinoma (29).

ARHGEF17 was involved in Phospholipase C signaling, which contributed to the lung metastasis
from colon cancer (30).

CCDC78 gene silencing significantly suppressed the viability, migration, and invasion of colon
cancer cells (31).

LBX2 was correlated with advanced tumor stage (Ill or IV), vascular invasion, and lymphatic
invasion in colorectal cancer (32).

Expression of WFDC10B significantly upregulated in the hepatic metastasis of colon carcinoma
(39).

High expression of PLA2G4B can accelerate decomposition of cell membrane phospholipid
proteins, enhance cellular membrane fluidity, then increase cell adhesion and migration (34, 35).
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Interventions Target Patients Patients Indications Study phase Clinical Trial Ref.

number group number
T cell engagers
Blinatumomab CD3/CD19 93 Upto17 R/RBCP ALL Phase I/l NCT01471782 (24,
years 25)
Blinatumomab CD3/CD19 110 28 days to 18 R/RBCP ALL Expanded NCT02187354 (26,
years access study 27)
Blinatumomab CD3/CD19 111 Upto17 High-risk first relapse BCP ALL Phase Il NCT02393859 (28)
years
Blinatumomab CD3/CD19 670 1to 30 years Relapsed B-cell ALL Phase Il NCT02101853 (29)
Blinatumomab CD3/CD19 23 1to 70 years Maintenance for patients with B-cell ALL ~ Phase Il NCT02807883 (30)
after alloHSCT
Blinatumomab CD3/CD19 5000 Upto18 ALL Phase Il NCT03643276 31)
years
CMG1A46 CD3/CD19/ 165 18 years and  B-cell NHL and/or ALL Phase 1l NCT05348889 /
CD20 older
CAR T-cell therapy (corresponding costimulatory domain)
Tisagenlecleucel (4-1BB) CD19 30 5to 20 years R/R CD19 positive B-cell ALL Phase I/la NCT01626495 32)
Tisagenlecleucel (4-1BB) CD19 75 Up to 25 R/R B-cell ALL Phase Il NCT02435849 (33)
years
Brexucabtagene autoleucel CD19 125 18 years and R/R BCP ALL Phase I/ NCT02614066 (34~
(CD28) older 36)
Brexucabtagene autoleucel CD19 116 Up to 21 R/R BCP ALL and R/R B-cell NHL Phase I/l NCT02625480 /
(CD28) years
CD19CART cells (4-1BB) CD19 167 1to 26 years R/R CD19 positive leukemia Phase I/l NCT02028455 /
old
CD19CART cells (4-1BB) CD19 35 Up to 21 R/R CD19 positive ALL Phase I/l NCT03573700 /
years
CD19CART cells (CD28 with  CD19 64 Upto75 Advanced B-cell NHL, ALL, and CLL Phase | NCT01853631 /
or without 4-1BB) years
CD19CAR T cells (4-1BB) CD19 27 Up to 29 B-cell ALL Phase Il NCT04276870 /
years
CD19CART cells (4-1BB) CD19 121 Up to 25 R/R B-cell ALL and B-cell NHL. Phase I/l NCT03743246 /
years
CD19CAR T cells (CD28 or 4- CD19 50 3years and  B-cell malignancy Phase I/ NCT02782351 P
1BB) older
CD19CAR T cells (CD28) CD19 23 Up to 26 Relapsed B-cell ALL Phase | NCT01860937 /
Years
CD19CAR T cells (not CD19 54 3to 70 years R/RALL Phase 1l NCT03016377 /
reported)
CD19CAR T cells (CD28) CD19 53 1to 30 years B-cell leukemia or lymphoma Phase | NCT01593696 37,
38)
CD22CAR T cells(4-1BB) CD22 208 3to 39 years R/R CD22 positive B-cell malignancies Phase | NCT02315612 (39)
CD22-CAR T cells (4-1BB) CD22 5 18 yearsand R/R B-cell ALL Phase | NCT02588456 (40)
older
CD22-CAR T cells (4-1BB) CD22 15 1to 24 years R/R B-cell ALL Phase | NCT02650414 /
CD22CART cells (4-1BB) CD22 34 1to 55 years R/R B-cell ALL Observational ~ ChiCTR-OIC- 1)
study 17013523
AUTO3 (OX40 and 4-1BB) CD19/CD22 23 1to 24 years R/RB-cell ALL Phase I/l NCT03289455 42
CD19 and CD22 bispecific CD19/CD22 87 3to 39 years Recurrent or refractory CD19/CD22 Phase | NCT03448393 /
CAR T cells (4-1BB) positive B-cell malignancies
CTA101 (4-1BB) CD19 72 3to 70 years R/R CD19 positive B-cell ALL and NHL  Early Phase | NCT04227015 /
CD19CAR T cells and CD19 and 20 1to 16 years R/R B-cell ALL Phase | ChiCTR-OIB- 43)
CD22CART cells (4-1BB) CD22 17013670
CD19 CAR T cells (4-1BB) CD19 32 Up to 24 high risk, relapsed CD19 positive ALL Phase | NCT02443831 (44)
Years and Burkitt Lymphoma
CD19 CAR T cells (4-1BB) CD19 20 1to 70 years 20 Phase | ChiCTR1900024456
Combination therapy
Pembrolizumab PD-1 12 Adults MRD positive ALL Phase Il NCT02767934 (107)
Blinatumomab with PD-1, CD3/ 24 18 yearsand R/R B-cell ALL Phase I/ NCT03160079 /
pembrolizumab CD19 older
Blinatumomab with PD-1, CD3/ 36 18 years and recurrent or refractory ALL Phase I/Il NCT03512405 /
pembrolizumab CD19 older
Blinatumomab with nivolumab ~ PD-1, CD3/ 550 110 30 years first relapsed B-cell ALL Phase Il NCT04546399 /
CD19
Blinatumomab with CD3/CD19 6720 110 31 years Newly diagnosed B-cell lymphoblastic Phase Il NCT03914625 /
chemotherapy leukemia
Other emerging therapeutic approaches
TTT1-621 CcD47 260 18 years and Hematologic malignancies and solid Phase | NCT02663518 !
older tumors
CAR NK cells CD19 14 Upto 18 B-cell ALL Phase | NCT00995137 /.
years
CAR NK cells CD19 20 Up to 80 B-cell ALL Phase | NCT01974479 v
years
TAA-T Tumor 90 6 months to  R/R hematopoietic malignancies, AML Phase | NCT02203903 /
neoantigens 80 Years and MDS
BAFF-R-CAR T Cells BAFF-R 37 18 yearsand R/R B-cell ALL Phase | NCT04690595 /
older

PD-1, programmed cell death-1; MRD, minimal residual disease; R/R, refractory/relapse; BCP ALL, B-cell precursor ALL; NHL, Non-Hodgkin Lymphoma; BAFFR, B-cell activating factor
receptor; “/” represents that the detail information about the clinical information could be found in ClinicalTrials.gov or http.//www.chictr.org.crvV.
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Cell Type Cluster Number of Cells
clear cell renal cell carcinoma (ccRCC) 0 8819
Macrophage 1 3382
Endothelial 2 2584
vascular smooth muscle cells (vSMC) 3 2169
T cell 4 1176
ccRCC 5 573
Endothelial 6 534
Macrophage 7 502
Endothelial 8 498
Monocyte 9 248
Plasma cell 10 122
ccRCC " 87
ccRCC 12 85
B cell 13 72
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Sample raw_cellCount clean_cellCount percent

SCS_2005 1704 1673 0.981807512
SCS_2006 1660 1874 0.827710843
SS_2007 3674 3345 0.910451824
SS_2017 2872 2817 0.980849582
SS_2022 1953 1942 0.99436764
SS_2023 6453 6140 0.951495428
SS_2026 3635 3560 0.979367263
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