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Osteopontin (OPN) is a multifunctional phosphorylated protein. It is widely involved in solid tumor progression, such as intensification of macrophage recruitment, inhibition of T-cell activity, aggravation of tumor interstitial fibrosis, promotion of tumor metastasis, chemotherapy resistance, and angiogenesis. Most of these pathologies are affected by tumor-associated macrophages (TAMs), an important component of the tumor microenvironment (TME). TAMs have been extensively characterized, including their subsets, phenotypes, activation status, and functions, and are considered a promising therapeutic target for cancer treatment. This review focuses on the interaction between OPN and TAMs in mediating tumor progression. We discuss the strategies for targeting OPN and TAMs to treat cancer and factors that may affect the therapeutic outcomes of blocking OPN or depleting TAMs. We also discuss the role of cancer cell- vs. TAM-derived OPN in tumorigenesis, the mechanisms of how OPN affects TAM recruitment and polarization, and why OPN could mediate anti-tumor and pro-tumor effects, as well as previously reported discrepancies.
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Introduction

Osteopontin (OPN) is encoded by the secreted phosphoprotein 1 (SPP1) gene. OPN is named for its role as a bridge between cells and hydroxyapatite through the function of Arg-Gly-Asp (RGD) and polyaspartic acid motifs (1). It has also been shown that activated T cells express high levels of OPN in the early stage, which is therefore named the early T-lymphocyte activation-1 (Eta-1) protein in the view of immunology (2).

The expression of OPN is negatively correlated with the prognosis of patients with colorectal, head, and neck cancers (3, 4), and it has been identified as a biomarker for tumor progression in prostate cancer (5), non-clear cell renal cell carcinoma (6), hepatocellular carcinoma (HCC) (7), and non-small cell lung cancer (NSCLC) (8). OPN can promote the malignant progression of various cancers by regulating tumor angiogenesis (9), distant metastasis (10–12), maintenance of a stem-like phenotype (13), tumor stromal fibrosis (14), activation of cell proliferation pathways (15, 16), medical treatment resistance (17), and interference with immune function (18–20).

The tumor microenvironment (TME) contains multiple cells that play a crucial role in cancer pathogenesis. There are immune cells, fibroblasts, extracellular matrix, and related cytokines harbored in the TME. In contrast, tumor-associated macrophages (TAMs) are the main component of TME and are considered promising targets for the diagnosis and treatment of cancer. TAMs interact with cancer-associated fibroblasts (CAFs) and other immune components to facilitate the development and progression of cancers.

It was reported that OPN is expressed in activated TAMs and OPN plays an essential role in TAM function during tumorigenesis and tumor progression. But the underlying mechanisms of the OPN in the regulation of TAMs have not been thoroughly investigated. This review summarizes the recent studies of OPN and TAMs and discusses the potential mechanisms for the function of OPN on TAMs.



OPN and Its Receptors

OPN protein, which is produced by tumor cells, endothelial cells, smooth muscle cells, fibroblasts, and immune cells, is extensively modified after translation. The molecular weight of OPN varies from 44 to 75 kd, depending on the living organ species and cell types (21). The structure, regulation, physiological, and pathological effects of OPN have been well summarized in the recently published reviews, especially for age-related nonalcoholic fatty liver disease, chronic liver disease, cardiac fibrosis, pulmonary fibrosis, and multiple sclerosis (7, 22–25).

The structure of OPN consists of the RGD sequence, SVVYGLR sequence, thrombin cleavage site, matrix metalloproteinase (MMP) site, calcium and heparin binding domains (Figure 1) (26, 27). Human OPN can form five different isoforms: OPN-a (full length), OPN-b (lacks exon 5), OPN-c (lacks exon 4), OPN-4 (also termed OPN-d, lacks exon 4 and 5), and OPN-5 (the longest isoform, with an extra exon located between canonical exons 3 and 4) (7, 28, 29). The elevated level of OPN-a suggests a poor clinical prognosis in gastric cancer (30). OPN-b resists tumor cell apoptosis in glioma (31). OPN-c is not present in normal breast tissue but is highly expressed in breast cancer and promotes tumor progression independent of traditional prognostic molecules, such as ER, PR, and HER2, as a marker of breast cancer progression (32, 33). OPN-4 and OPN-5 are expressed in esophageal adenocarcinomas and distinct cancer cell lines (34). OPN-5 is expressed higher than OPN-b and OPN-c in normal skin (29). However, the mechanism of OPN-4 or OPN-5 in regulating tumor progression is not fully investigated.




Figure 1 | Schematic of the human OPN protein structure. There are seven exons encoded in human OPN protein. CD44 and integrins are the receptors of OPN, and their corresponding binding regions are different.



The functions of OPN also vary with different receptors. CD44 and partial integrin proteins (integrins αVβ1, αVβ3, αVβ5, αVβ6, α4β1, α5β1, and α9β1) are known OPN receptors (23). By binding to these receptors, OPN triggers various signaling pathways and regulates tumor progression (Figure 2).




Figure 2 | Receptors of OPN and their signaling pathways in tumor progression. The different signaling pathways between OPN and its major receptors, CD44 and integrins, are shown to mediate pathological processes in TME (17, 35–40).



CD44 proteins, which form a multifunctional family of single-chain transmembrane glycoproteins, play an essential role in tumor progression and metastasis (41). CD44 isoforms, CD44v6 and v10, are engaged in the interaction of OPN. OPN which was secreted by tumor-associated cells, increases the expression of CD44v6 in colorectal cancer stem cells (CR-CSCs) by activating the PI3K/AKT pathway, thereby promoting the migration and metastasis of CR-CSCs (42). In malignant pleural mesothelioma, OPN transfection significantly increases the adhesion of tumor cells to hyaluronic acid (HA), which acts as a barrier to drugs, resulting in drug resistance of tumor cells to NVB, VP-16, and gemcitabine (GEM) (43).

Integrins play a central role in the interaction with receptors that are involved in cell adhesion and signal transduction. Numerous studies have demonstrated that integrins have multiple functions in tumorigenesis (44). Combined with integrins, particularly αVβ3 and α9β1, OPN could mediate cell–cell and cell–ECM interactions and promote tumor progression (45, 46).

Integrin αVβ1. Integrin αVβ1 is highly expressed in mesenchymal cells (MSCs). Further studies have revealed that the expression of C/EBPα and C/EBPβ, which play an important role in promoting adipogenic differentiation, is upregulated in the absence of OPN or the blockade of integrin αVβ1. Therefore, OPN maintains a balance between normal adipogenesis and osteogenesis of MSCs by inhibiting C/EBP activation through integrin αVβ1 (47, 48).

Integrin αVβ3. In non-small-cell lung cancer, OPN promotes inhibitor resistance of acquired epidermal growth factor receptor tyrosine kinase (EGFR-TKI) by upregulating integrin αVβ3 expression and activating downstream FAK/AKT and ERK signaling pathways that promote tumor cell proliferation (17).

Integrin αVβ6. Integrin αVβ6 binds with OPN on the surface of the porcine Tr cell line (pTr2) to promote the adhesion of pTr2 cells and cationic dependence. Similar to pTr2 cells, porcine uterine epithelial cells (pUE) also bind with OPN through integrin αVβ3 expressed on their surfaces. OPN regulates trophoblast ectodermal cell migration and epithelial cell adhesion by binding with integrin αVβ6 or αVβ3 respectively on their surfaces (49).

Integrin α4β1. In rheumatoid arthritis and alcoholic hepatitis models, monocytes and neutrophils recruited by cleaved OPN highly express integrin α4β1 on inflammatory sites by binding with the exposed SLAYGLR motif. In line with this finding, OPN-mediated migration of monocytes and neutrophils is almost entirely inhibited by antibodies against the SLAYGLR motif (M5 antibody) (50, 51). In multiple sclerosis models, OPN increases phosphorylation of IKKβ and activation of the NF-κB pathway in target cells by binding to integrin α4β1 expressed on the surface of target cells (52).

Integrin α5β1. The presence of the divalent cation Mn2+ and/or phorboester TPA significantly increases the activation of α5β1, which is required for the binding of integrin α5β1 to OPN by RGD motifs (53).

Integrin α9β1. The results from melanoma B16F10 mouse model studies revealed that OPN significantly increased the infiltration of CD31+ cells and cyclooxygenase subtype 2 (COX-2) positive macrophages in tumor cells. OPN was found to activate the ERK and P38 signaling pathways by binding with integrin α9β1, leading to the expression of COX-2, a key rate-limiting enzyme that regulates prostaglandin synthesis in macrophages (9).

OPN can also interact with some G protein coupled receptors (GPCRs) (e.g., through β2-adrenergic receptors (ARs) to regulate cardiomyocyte fibrosis and bone metabolism). In terms of cardiomyocyte fibrosis, OPN inhibits the expression of cAMP and exchange protein directly activated by cyclic-adenosine monophosphate1 (Epac1), where cAMP is the downstream signaling and major second messenger generated by β2-ARs, and Epac1 is one of the effectors of cAMP that can impede collagen synthesis (54, 55). In bone metabolism-associated processes, isoproterenol (ISO) stimulates sympathetic nervous system tension and causes bone mass loss in WT mice but does not affect OPN-KO mice. However, neutralized extracellular OPN yields limited improvement in ISO-induced bone loss. The mechanism may have two aspects: 1) OPN is the necessary element of ISO-inducing bone metabolism; and 2) intracellular OPN (iOPN) inhibits GPCRs, inhibiting the production of cAMP generated by β2-ARs and cAMP-response element transcription in osteoblasts (56).



TAMs in Tumor

Solid tumors are in vivo three-dimensional organ-like structures consisting of tumor cells and non-malignant stromal cells. Tumor-associated macrophages (TAMs) are the major components of tumor-infiltrating immune cells (57, 58). TAMs are the only colonies of macrophages present in TME. Macrophages in TME could harbor either an activated M1 or an alternatively activated M2 polarization profile by factors in TME (59). Strictly speaking, TAM is not a macrophage classification, which dictates the opposing effects on plasticity or heterogeneity in TME. Current studies have shown that TAMs consist of tissue-resident macrophages and peripheral blood-derived monocytes (60). TAMs can constantly be subjected to transition between M1 and M2, and different phenotypes of macrophages can co-exist in TME (61, 62). Activated M1-like TAMs are characterized as producing reactive oxygen species/reactive nitrogen species and pro-inflammatory cytokines (e.g., interleukin-1β, interleukin-6, and tumor necrosis factor-α) and contributing to the innate immune defense and the role of killing tumor cells. Therefore, activated M1-like TAMs are considered anti-tumor M1 (63). However, M2-like TAMs consist of low efficiency of antigen presentation and promote cancer progression through the production of the immunosuppressive cytokines, such as IL-10 and transforming growth factor-β (TGF-β), which have been identified as the main factor of immunosuppression and the marker of poor prognosis in the tumor microenvironment (64). M2-like TAMs could be defined into four subtypes: M2a, M2b, M2c, and M2d (65). Furthermore, the M2d subset plays a role in immune suppression and pro-tumor, which could be activated by growth factors and cytokines in the TME. Most TAM phenotypes were M2-type macrophages, which facilitate tumor growth and metastasis, tissue remodeling, promotion of angiogenesis, and adaptive immune suppression (66).

Triple-negative breast cancer (TNBC) is famous for its high tumor heterogeneity, which may lead to reduced patient response to medical treatment (67). Tumor heterogeneity is not only related to the cancer cells themselves but also to the immune cells infiltrating the TME. RNA sequencing results revealed that M2-type TAMs are the main constituents of TME in TNBC (68). In these TAMs, the expression of TGF-β1, MS4A6A, CD163, IL8, and PLAUR genes were significantly increased, which are closely related to angiogenesis and epithelial–mesenchymal transition (EMT) (67). Meanwhile, other immunosuppressive cells in the TME, such as T-reg cells, indirectly promote the activation of M2-type macrophages to protect tumor cells from cytotoxic killing and inhibit the immune response (69). Furthermore, TAMs could counteract the anti-tumor effect of tumor infiltrating NK and T cells and exert a synergistic promotion effect on immunosuppressive TME with myeloid-derived suppressor cells, tumor-associated DCs, and neutrophils (70).



Interactions Between OPN and TAMs

OPN is identified as an immunomodulatory molecule of activated T lymphocytes and is known as early T lymphocyte activation-1 (Eta-1) (71). It functions as a proinflammatory cytokine and chemokine that plays a crucial role in immune cell functions, including T, B, NK, and NKT cells; macrophages; DCs; monocytes; neutrophils; and eosinophils (72–74). OPN, released by tumor cells and TAMs in TME, has been identified as a multifunctional factor in cancer promotion and metastasis in several cancers (21), including breast, stomach, lung, prostate, liver, and colon cancer. It has been revealed that TAMs secrete excess colony-stimulating factor-1 (CSF1) with the help of OPN in hepatocellular carcinoma TME. This process facilitated the recruitment of macrophages and the transformation of the TAMs, which increased the expression of PD-L1 and the immune suppressive microenvironment (18).

The OPN in TAMs is known as TOPN. OPN expressed by myeloid and tumor cells endows tumor immune tolerance by inhibiting CD8 T-cell activation and recruiting inhibitory macrophages (18, 75, 76). Interferon regulatory factor 8 (IRF8) is an important transcription factor in myeloid cells and plays a key role in the development of monocytes and plasmacytoid dendritic cells (77, 78). IRF8 is mostly silent in MDSCs and could directly bind to the SPP1 promoter to inhibit OPN expression (79). In this way, the silencing of IRF8 in MDSCs and tumor cells led to increased expression of OPN. When OPN was overexpressed, it inhibited IFNγ production in mouse CD8 T cells, thereby reducing the antitumor activity of CD8 T cells (75). The results reported by Li et al. indicated that OPN secreted by TAMs upregulated PD-L1 expression through the NF-κB/P65 pathway in an NSCLC mouse model, and TOPN was positively correlated with PD-L1 expression in NSCLC patients (19). FAP+ fibroblasts and SPP1+ macrophages are the major components of TME in colorectal cancer, which are characterized as major contributors to the desmoplastic tumor structure and immunotherapy resistance against PD-L1 in colorectal cancer (80). Some pieces of evidence have demonstrated that OPN infiltrating macrophages facilitated tumor cell survival and angiogenesis in glioblastoma multiforme (GBM) (81). In TNBC, TOPN released by TAMs can also regulate tumor metastasis. TAMs release cytokines including OPN, CCL7, CCL19, CXCL7, NRG3, HGF, and TGF-β3 and regulate tumor metastasis (82). Understanding the link between TOPN and TAMs in TME and their various functions in tumor progression, angiogenesis, and stromal remodeling may provide a novel target for cancer treatment. Moreover, OPN secreted from tumor cells is one of the crucial drivers of TAMs recruitment and polarization, tumor angiogenesis, and tumor fibrosis promotion, which will be discussed later.

Given the supporting functions of TME for tumor cells, an appropriate TME is important to the development and progression of tumors, except for the malignant characteristics of tumor cells themselves. The TME plays an important role in the recruitment of immunosuppressive cells, education or destruction of normal stromal cells and vascular endothelial cells, and metastasis to distant areas to escape immune surveillance of the host. Numerous studies have confirmed that tumor-associated OPN participates in TAMs migration and recruitment, polarization, tumor fibrosis, tumor angiogenesis, and immune homeostasis (Figure 3).




Figure 3 | Functions of OPN and TOPN secreted by tumor cells and macrophages separately in TME. OPN played roles in tumor progression through TAMs (right part) and the effect of macrophage-derived OPN, termed TOPN, functioned in tumor tissue summarized (left part).





OPN Promotes Tumor Progression by Acting on TAMs

Various cancer models have confirmed that OPN can regulate tumor progression by recruiting macrophages. In tumor tissues, OPN, as a major chemokine, can regulate macrophage migration by interacting with integrin αVβ5, CD44, GPCR, or the CSF1–CSF1R axis. With the accumulation of macrophages in TME, they are educated to become M2-type TAMs, and further promote tumor stromal fibrosis by secreting TGF-β or platelet-derived growth factors (PDGFs). Recently, single-cell RNA sequencing (scRNA-seq) verified that the cluster of SPP1+ TAMs can also be active CAFs. Meanwhile, in the presence of OPN, TAMs promote angiogenesis through JAK/STAT3, NF-κB, and ERK/p38 signaling pathways.


OPN Facilitates the Migration and Recruitment of TAMs

OPN can act as a chemotaxin for macrophages and is involved in the control of macrophages migration and recruitment. It has been well demonstrated both in vivo and in vitro that integrins, CD44, chemokines, GPCRs are intimately involved in the regulation of macrophage migration, which process can be regulated by OPN.

In hepatocellular carcinoma (HCC), tumor-released OPN can stimulate macrophages to secrete CSF1 through the PI3K–ATK–p65 signaling pathway and then induce infiltration of macrophages. Excessive macrophages play an important role in the recurrence of HCC (18, 83). In GBM patients, high OPN expression is positively correlated with TAMs infiltration and tumor progression and negatively correlated with survival prognosis. In line with the studies in humans, depletion of OPN in mice resulted in reduced TAM infiltration and increased the survival rate of mice with GL261 GBM (76). The mechanism of these phenotypes is associated with integrin αVβ5, which is highly expressed in GBM-infiltrated TAMs (76). Zhu et al. (84) found that OPN and GPCRs are related to the migration of macrophages. Their study indicated that in the presence of N-formyl-methionyl-leucyl-phenylalanine (fMLP), which can activate GPCRs, WT macrophages migrate nearly twice as much as OPN−/− macrophages. CD44−/− macrophages exhibit the lowest migration rate. With the supplement of exogenous OPN, the migration of OPN−/− macrophages can be restored in an OPN dose-dependent manner. However, exogenous OPN did not rescue the impaired chemotaxis of CD44−/− macrophages to fMLP. These results indicate that CD44 is the necessary factor in the GPCRs-mediated migration and that iOPN could modulate the CD44 activity.

However, in the spontaneous tumor model of breast cancer, although OPN is highly expressed in the tumor tissues of transgenic mice, the incidence of spontaneous tumor and tumor volume are independent of the presence of OPN. Unexpectedly, the number of macrophages in tumors of WT and OPN-KO mice has been found to be independent of the OPN genotype (85). The authors speculated that the lack of OPN may lead to compensatory mechanisms that promote tumor progression or the dependence of spontaneous tumor models on OPN, which may be different from orthotopic implanted tumor models. It has been demonstrated in another study that OPN-KO mice showed a reduction of infiltrating macrophages in tumor tissue, while OPN-KO treatment has little effect on infiltrating macrophages in normal tissue (9). The above studies indicated that OPN can be used as a specific factor to regulate the roles of macrophages in the infiltration of tumor tissues.



OPN Induces and Maintains the Alternative M2 Activation of TAMs

Alternatively, the activated M2 polarization profile of TAMs is considered an indispensable component of TME. Although most literature has confirmed that OPN has a recruitment effect on macrophages, this is inconsistent with the effects of OPN on the TAM polarization (18, 76). OPN originating from tumor cells can induce the monocytes to undergo alternative M2 activation. The percentage of M2 macrophages was significantly increased when the human monocyte cell line U937 was treated with OPN-positive conditioned medium of the human gastric cancer cell line AGS. While a mixture of co-cultured OPN+ AGS and U937 cells was inoculated into the back skin of nude mice, the xenografts from the mixture showed faster growth and correlated with poorer survival compared with the inoculation of OPN+ AGS cells alone (86). In HCC patients, the expression of OPN was positively correlated with the infiltration of TAMs in tumor tissues. By analyzing the numbers of tumor-infiltrating immune cells and profiles of chemically induced liver tumors from WT and OPN-KO mice, OPN derived from host and HCC cells was found to stimulate macrophages to secrete CSF-1 and then activate the CSF1-CSF1R axis of macrophages to promote macrophage chemotaxis and M2-like polarization in HCC cells (18). These studies show that OPN participates in the process of M2-like macrophage polarization and maintains an M2-like macrophage phenotype.

However, Wei et al. (76) have indicated that OPN maintained the genetic characteristics and phenotype of M2 TAMs but did not induce TAM polarization (76). In this study, the healthy donors were treated with various concentrations of recombinant OPN protein. After that, the representative markers of M2-like macrophages were examined. Interestingly, the markers of M2-like macrophages did not respond to the treatment with recombinant OPN protein, and the number of M2-like macrophages did not significantly change (76).

Tissue macrophages have long been thought to develop from monocytes that enter tissues after circulating in the blood. However, with the development of molecular technology and the establishment of new animal models, this concept is increasingly questioned (87, 88). Studies on mice and humans have shown that macrophages in tissues can be divided into tissue-resident macrophages (TRMs) and blood-derived macrophages according to their sources and physiological characteristics, and the proportions of blood-derived macrophages and TRMs in different organs are different. Microglia in the brain are derived from primitive macrophages in the embryonic yolk sac, and erythrocytic myeloid progenitor cells (EMPs) in the yolk sac are the primary source of Kupffer cells (89–92). In tumor tissues, macrophages are derived not only from peripheral blood but also from a group of TRMs that are involved in the formation of TAMs. In the above experiments, macrophages were considered a single population without considering different sources of macrophages. Not only is the polarization effect of OPN on the blood source and TRM unclear, but also the polarization effect of OPN on TRM has different origins. Although lacking experimental evidence, the reported different effects of OPN on TAM polarization between different mouse models may be possible due to the difference in TRMs.

It has been reported that PD-L1 is downregulated in OPN deficient macrophages and the markers of M1-like macrophages exist predominately rather than M2-like macrophages (93). Meanwhile, OPN in HCC promoted PD-L1 expression in macrophages by activating the CSF1-CSF1R pathway. The combination of anti-PD-L1 antibody and CSF1R inhibitor could promote the infiltration of CD8+T cells and reduce the location of TAMs, which are beneficial to the HCC therapeutic effect of anti-PD-L1 antibody (18).



OPN Promote Tumor Fibrosis via TAMs

OPN can promote tumor fibrosis through its chemotactic effect on macrophages and activation of cancer-associated fibroblasts (CAFs) in TME (14, 94–96). TAMs and CAFs can cross-talk in the TME: CAFs can secrete chemokines to attract monocytes into the tumor microenvironment and differentiate into TAMs; TAMs can promote fibroblast activation by secreting TGF-β or promote fibroblast proliferation by secreting PDGFs (97). Single-cell RNA sequencing (scRNA-seq) analysis from colorectal cancer patients showed that SPP1+ TAMs expressing syndecan-2 (SDC2) were more likely to interact with CAFs expressing MMP-2 through the combination of SDC2 and MMP-2 to promote the activation of CAFs and tumor tissue fibrosis. Notably, SPP1+ TAMs were resistant to CSF1R blockade in a mouse model, and high infiltration of SPP1+ TAMs in colon cancer patients had a poor prognosis (96).

Although TAMs have a significant feature of promoting fibrosis (such as collagen synthesis and deposition, etc.), studies on hepatic fibrosis disease models have found that macrophages play different or opposite roles in different stages of fibrosis progression (98, 99). In the case of inflammatory injury, clearance of macrophages helps alleviate the accumulation of abnormal collagen in the injured liver. Unexpectedly, during the recovery phase, macrophages promoted matrix degradation and absorption. After macrophage depletion, the proportion of Sirius red-staining positive collagen matrix in the liver increases from 1% to more than 3% (98). In a CCL4-induced hepatic fibrosis mouse model, the M1-type macrophages not only had a therapeutic effect on liver fibrosis by increasing the apoptosis of hepatic stellate cells but also recruited more endogenous anti-fibrosis macrophages into the liver by producing chemokines CCL2 and CCL3 (99). Since TAMs are highly heterogenic (100), OPN may play different roles in tumor fibrosis depending on the composition of TAMs in the tumor.



OPN Promotes Tumor Angiogenesis Through TAMs

Angiogenesis plays a vital role in promoting malignant tumor growth, diffusion, and metastasis. Numerous studies have indicated that TAMs are the crucial factors in regulating tumor angiogenesis (60, 101). TAMs can secrete pro-angiogenic growth factors and release MMPs to promote the degradation of extracellular matrix around blood vessels and facilitate the extension of tumor blood vessels (102).

A few studies have reported that OPN can promote tumor-associated angiogenesis by regulating macrophages with different phenotypes. Immunohistochemistry results of tumor tissue indicated that GBM-related macrophages express metalloprotease-disintegrin 8 (ADAM8), which is associated with invasive and poor prognosis (103–105). It has been reported that the supernatant of ADAM8 overexpressed macrophages can induce human umbilical vein endothelial cells (HUVEC) to form more tube-like structures than the ADAM8 deficient group. However, ADAM8 has no correlation with the polarization of macrophages (106). Nevertheless, the expression of OPN is reduced in ADAM8-deficient macrophages (105). Finally, they found that OPN regulates the angiogenesis of ADAM8-deficient macrophages through JAK/STAT3 and NF-κB signaling pathways (105). In melanoma, the expression of COX-2 in macrophages and the angiogenesis capacity of HUVEC cells were enhanced through an ERK/p38-dependent pathway which was regulated by the OPN secreted by tumor cells (9).

OPN can also promote tumor angiogenesis in a TAM-independent manner. OPN could promote endothelial cell proliferation and activate tumor cells to secrete VEGF. OPN residues in tumors bind to CD44 and integrin receptors to mediate NF-κB, PI3K/Akt, VEGF, uPA, and MMPs to promote endothelial cell proliferation (107, 108). Moreover, OPN regulates the proliferation and growth of muscle-derived angiogenic progenitor cells (MDPCs) through the PI3K/Akt pathway (109). In the breast cancer mouse model, exogenous and tumor-derived OPN can promote VEGF expression and tumor angiogenesis by activating the Brk/NF-κB/ATF-4 signaling pathway (110). However, in the neuroblastoma mouse model, OPN promotes intratumor angiogenesis by stimulating vascular endothelial cell migration (111).




Conclusions and Perspective

OPN, as a secreted protein, has complicated biological functions and plays an important role in the regulation of tumorigenesis, anti-tumor immunity, and modulation of TME. The effects of OPN on immune regulation have been confirmed in diverse diseases, such as inflammatory and autoimmune disease models. It is not surprising that the neutralizing antibodies of OPN have been proven to alleviate various inflammatory-mediated diseases, such as osteoporosis, hepatitis, and arthritis. Furthermore, some monoclonal antibodies to OPN have been used in therapy strategies in the context of cancer. For example, anti-OPN antibodies retard the growth and reduce metastasis of breast cancer in mice (112). Unfortunately, the detailed mechanisms of OPN function in TME have not been fully developed. Simply neutralizing or completely depleting their activities is unlikely to be an optimal or effective approach (113–115).

Recently, the potential of programmed macrophage subsets has been explored, while OPN participating in the redefinition of TAMs subpopulations and functions in the steady state would be a promising tumor immune treatment strategy. However, we believe that the following issues should be considered when developing OPN or TAM-targeted strategies: Firstly, OPN is a multifunctional factor that plays a cell-specific role in inflammation, immunity, and tissue repair, and it has various variants with different activities (116). In the TME, macrophages are the major constituent cell population, but not the only one. The depletion of TAMs may impair the antitumor effect of TME or compensatory stimulation of the proliferation of other cells with immunosuppressive function (i.e., MDSC) and aggravate tumor progression. Secondly, some reports suggest that OPN exhibits anti-tumor characteristics under certain circumstances: 1) OPN deficiency in squamous cell carcinoma mouse models leads to accelerated tumor growth (117). In intrahepatic cholangiocarcinoma, the high expression level of OPN in tumors indicates better overall survival and decreased lymph node metastasis (118), 2) OPN-deficient macrophages exhibit impaired antitumor cytotoxicity (117), and 3) stromal-derived OPN enhances NK cell infiltration into the prostate tumor in the genetically modified mice (119). Thirdly, both OPN and TAMs are phenotypically and functionally heterogeneous (120, 121), and there are still many gaps in our understanding of the effects of OPN on TAMs. Therefore, further in-depth studies are warranted to understand the underlying mechanisms of OPN and TAMs in tumorigenesis and tumor progression, which may offer new hope for future cancer treatments.
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Patients with metastatic cancer refractory to standard systemic therapies have a poor prognosis and few therapeutic options. Radiotherapy can shape the tumor microenvironment (TME) by inducing immunogenic cell death and promoting tumor recognition by natural killer cells and T lymphocytes. Granulocyte macrophage-colony stimulating factor (GM-CSF) was known to promote dendric cell maturation and function, and might also induce the macrophage polarization with anti-tumor capabilities. A phase II trial (ChiCTR1900026175) was conducted to assess the clinical efficacy and safety of radiotherapy, PD-1 inhibitor and GM-CSF (PRaG regimen). This trial was registered at http://www.chictr.org.cn/index.aspx. A PRaG cycle consisted of 3 fractions of 5 or 8 Gy delivered for one metastatic lesion from day 1, followed by 200 μg subcutaneous injection of GM-CSF once daily for 2 weeks, and intravenous infusion of PD-1 inhibitor once within one week after completion of radiotherapy. The PRaG regimen was repeated every 21 days for at least two cycles. Once the PRaG therapy was completed, the patient continued PD-1 inhibitor monotherapy until confirmed disease progression or unacceptable toxicity. The primary endpoint was objective response rate (ORR). A total of 54 patients were enrolled with a median follow-up time of 16.4 months. The ORR was 16.7%, and the disease control rate was 46.3% in intent-to-treat patients. Median progression-free survival was 4.0 months (95% confidence interval [CI], 3.3 to 4.8), and median overall survival was 10.5 months (95% CI, 8.7 to 12.2). Grade 3 treatment-related adverse events occurred in five patients (10.0%) and grade 4 in one patient (2.0%). Therefore, the PRaG regimen was well tolerated with acceptable toxicity and may represent a promising salvage treatment for patients with chemotherapy-refractory solid tumors. It is likely that PRaG acts via heating upthe TME with radiotherapy and GM-CSF, which was further boosted by PD-1 inhibitors.




Keywords: radiotherapy, tumor microenvironment, PD-1 inhibitor, granulocyte macrophage-colony stimulating factor, chemotherapy refractory



Introduction

Immunotherapy, in particular programmed cell death protein-1/programmed cell death ligand-1 (PD-1/PD-L1) blockade, significantly changed treatment paradigms in oncology and achieved considerable therapeutic efficacy across major types of solid tumors (1). However, the majority of patients did not respond to single-agent PD-1/PD-L1 blockade therapy, and the objective response rate (ORR) was only about 15–25% in most solid tumors such as non-small cell lung cancer (NSCLC), head and neck, gastroesophageal, bladder, and urothelial cancers (1). Additionally, in the second line or above treatment for patients with various metastatic cancers, particularly for patients with PD-L1 negative or microsatellite stability (MSS)/mismatch repair deficiency (dMMR) or low tumor mutation burden (TMB), the efficacy of single-agent PD-1/PD-L1 inhibitors were even much lower (2). It is thus challenging but urgently needed to provide beneficial treatment options for patients insensitive to single-agent immunotherapy. Several recent studies aimed to investigate the potential synergistic effects of PD-1/PD-L1 blockade therapy with radiotherapy in patients with advanced cancer (3–5), however it remains uncharacterized whether PD-1/PD-L1 blockade therapy, radiotherapy could also be combined with other immunomodulating strategy to achieve maximal therapeutic efficacy particularly for those cancer patients with advanced and metastatic diseases.

Radiotherapy has been shown to stimulate the antitumor immune response and might synergize with PD-1/PD-L1 inhibitors (4, 6–8). Technological advances enable the delivery of higher doses of localized radiation to tumor targets, which would be a potentially curable approach for oligometastatic disease and effective treatment for multiple metastatic cancer (9, 10). High-dose radiotherapy (≥5 Gy) often results in the tumor microenvironment (TME) modulation such as inducing an immunostimulatory form of cell death, called immunogenic cell death (ICD) (3, 11). In this regard, irradiation can uncover or release previously hidden antigens and trigger remarkable immune-stimulatory effects, such as enhancing the expression of MHC-I on the tumor cell surface, upregulating FAS/CD95, normalizing aberrant tumor vasculature, and promoting the release of cytokines and chemokines, which can improve the infiltration of multiple immune cells into the tumor (8, 12–14). These synergistic effects ultimately lead to the recruitment and priming of immune effector cells in the TME, resulting in significant antitumor activities in local irradiated, and distant unirradiated tumors (12–14).

Radiotherapy can upregulate PD-L1 expression (4, 15), and emerging evidence has shown clinical efficacy of radiotherapy in combination with pembrolizumab in metastatic NSCLC (16–18), especially in those PD-L1 negative subgroups (17). Furthermore, chemo-radiotherapy (CRT) can increase TMB and dysregulation of MMR system-related genes, thus altering MSI status (19). For instance, in a phase II trial, MSS colorectal and pancreatic adenocarcinoma patients, considered insensitive to anti-PD-1 immunotherapy, could benefit from the combined radiotherapy and immunotherapy (20). Notably, irradiation to most metastatic sites might be more effective when combing with immunotherapy (10, 21).

In addition, granulocyte-macrophage colony-stimulating factor (GM-CSF) may display multiple immunostimulatory activities such as improved dendritic cells (DCs) function and further augment the anti-tumor effects with radiotherapy or PD-1 inhibitors (22, 23). Given that PD-1 inhibitors, radiotherapy, and GM-CSF (PRaG regimen) act specifically via distinct components of the cancer-immunity cycle, we aim to assess the clinical efficacy of triple-combination therapy in chemo-refractory patients with metastatic solid tumors. To this end, we conducted a phase II study in which the three modalities, PD-1 inhibitor, GM-CSF, and radiotherapy, were sequentially administered. And we believe that repeated cycles of radiotherapy in combination with GM-CSF might have multiple immune-stimulatory effects and reduce tumor burden, which possibly maximize a continuously synergistic effect with PD-1 inhibitors. To our knowledge, our present study provided the first evidence of efficacy and safety of multi-cycles of PRaG regimen in patients with chemotherapy-refractory solid tumors.



Patients and Methods


Patients

Patients ≥18 years old with chemo-refractory metastatic solid tumors and exhausted standard treatment and Eastern Cooperative Oncology Group performance status (ECOG)≤3 were eligible for enrollment. A patient must have at least three measurable lesions by Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1) and at least two lesions amenable for radiotherapy. Patients were required to have adequate organ function, including absolute neutrophil count ≥1,500/mL, serum creatinine level ≤1.5 upper limit of normal (ULN), AST and ALT ≤2.5 ULN (or ≤5 ULN for patients with liver metastases), and albumin level ≥3.5mg/dL. Details of inclusion and exclusion criteria are available in Supplement 1.



Study Design and Interventions

This was an investigator-initiated, single-center (The Second Affiliated Hospital of Soochow University), single-arm, open-label, phase II study to evaluate the clinical efficacy and safety of PRaG regimen in patients with chemo-refractory metastatic solid tumors. The study protocol and amendments were approved by the Ethics Committee of The Second Affiliated Hospital of Soochow University. All patients signed written informed consent before enrollment. This trial was registered at http://www.chictr.org.cn/index.aspx (ChiCTR 1900026175).

Eligible patients received at least two cycles of PRaG. In a PRaG cycle, stereotactic body radiotherapy (SBRT) or hypofractionated radiotherapy (HFRT; 5 Gy or 8 Gy × 3 fractions) was delivered for one unirradiated metastatic lesion on day 1, followed by GM-CSF 200 μg subcutaneous injection daily for 2 weeks starting within 24 h after the completion of radiotherapy. An anti-PD-1 antibody was intravenously administered within 1 week after completion of radiotherapy. PRaG was repeated every 21 days for at least two cycles until there were no appropriate lesions for irradiation or reaching the tolerance dose of normal tissues. Patients who completed or discontinued PRaG for reasons other than immune-related adverse events and without confirmed disease progression proceed with a PD-1 inhibitor (Supplement 1) as maintenance monotherapy until clinical or radiographic disease progression or unacceptable toxicity. Treatment was allowed through disease progression until confirmed disease progression, unacceptable toxicity, or loss of clinical benefit as judged by the investigator. The patient was not allowed to receive other systemic anticancer therapies during treatment. The treatment scheme is illustrated in Figure 1. The details of the treatment regimen are available in Supplement 1.




Figure 1 | Treatment schedule of the study.



Symptomatic or clinically relevant metastasis was prioritized when selecting the irradiation sequence of metastases. Radiotherapy was delivered using photons with linear accelerators once daily at 8 Gy for three fractions for each lesion. If the irradiated target was close to hollow organs or other safety considerations, the fractionation was allowed to adjust to 5 Gy for three fractions.



Efficacy and Safety Assessment

Adverse events (AEs) were collected from the time patient signed informed consent forms (ICF) until 90 days after the last administration of study treatment. AEs were graded according to Common Terminology Criteria for Adverse Events (CTCAE), version 4.0, and the investigator assessed its causality. The highest severity and level of the cause of AEs were reported. Tumor response was evaluated by an independent radiologist review of enhanced computed tomography scan or magnetic resonance imaging scan scheduled every eight weeks according to RECIST v1.1. The target lesions were selected before treatment for evaluation and were not allowed for radiotherapy.



Endpoints

The primary endpoint was objective response rate (ORR) in intention­to­treat (ITT) patients by RECISIT v1.1. Secondary endpoints included safety, disease control rate (DCR), progression-free survival (PFS), and overall survival (OS). ORR was defined as the proportion of patients with complete response (CR) or partial response (PR). DCR was defined as the percentage of patients with CR, PR, or stable disease (SD) from enrollment. OS was calculated from the enrollment date to the date of death or last known alive. PFS was calculated from the enrollment date to disease progression, death, or censored at the last clinical follow-up. The nature, frequency, and severity of adverse events were assessed based on CTCAE 4.0. Lymphocyte subset counts and cytokine analysis were examined as exploratory endpoints.



Flow Cytometry

Blood samples were collected before and after each treatment cycle. Peripheral venous blood (2 mL) was placed in an EDTA anticoagulant tube for mixing. The detection was carried out according to the direct immunolabeling method. The erythrocytes were lysed by the Optilyse procedure, and then 20 μL of mixed color fluorescent antibody reagent of anti-CD3, anti-CD4, anti-CD8, anti-CD19, anti-CD16, and anti-CD56 (BD Biosciences, USA) samples were added into 50 μL of fully mixed blood samples. The samples were incubated in the dark at room temperature for 15 - 20 minutes, and 450 ul of hemolysin was added to lyse red blood cells in the dark at room temperature for 10 minutes. Then data were acquired by FACS Canto (Becton Dickinson, CA) and the acquired data were analyzed with Flowjo 8 software.



Cytometric Beads Array

Blood samples before and after each treatment cycle were collected. Collected 5 mL of venous blood, placed it in an ordinary vacuum tube without anticoagulant, warmed it in a water bath for 30 min, centrifuged at 3,500 rpm for 10 min, and took the upper serum. Prepared 2 mL diluent to reconstitute the standard and diluted with 1:2, 1:4, 1:8, 1:16, 1:32, 1:64, 1:128, and 1:256 times ratio. The reagents were IL-2, IL-4, IL-6, IL-10, IL-17A, TNF, and IFN-γ capture microsphere tubes (Becton Dickinson, CA), and captured microspheres according to the detection technique including standards and quality control calculation, fully shaken and mixed each tube of microspheres, and sucked them out into one tube, labeled “Mixed capture microspheres”. Centrifuged the mixed capture microspheres at 200×g for 5 min, discarded the supernatant, and transferred 50 uL of the standards of different concentrations to the corresponding quality control tubes. Added 50 μL of mixed capture microspheres to each detection tube, added 50 μL of the sample, added PE-labeled detection antibody, and incubated for 2 h at room temperature in the dark. Added 1 mL washing solution, centrifuged at 200×g for 5 min, discarded the supernatant, added 300 μL washing suspension weight PCM to be tested, and used FACS instrument for testing (Becton Dickinson, CA).



Statistical Analysis

This phase II study was not designed to test a specific hypothesis around the primary end point. A sample size of 50 patients was chosen to provide relatively certain level of precision as described in Supplement 1.

Normally distributed variables with equal variance were compared with one-way ANOVA among CR+PR, SD, and PD groups. The Kruskal–Wallis test was used to compare numerical variables either with abnormal distribution or unequal variance among the three groups. Categorical variables were described with n (%) and compared with the Chi-square test or Fisher’s exact test among the CR+PR, SD, and PD groups. A general linear model (GLM) was used to analyze prognostic factors at different time points among the three groups. The PFS and OS endpoints in ITT patients were estimated with the Kaplan–Meier method. The p value less than 0.05 (two-sided) was considered statistically significant. PASS 15 was used for sample size calculation and SPSS 22 for statistical analyses.




Results


Patient Characteristics

Between March 2019 and December 2021, 54 patients were enrolled in the ITT population. The median age of the patients was 60 years old (range: 31–76 years). Most of the patients enrolled in this study were heavily treated with a median of three prior lines of systemic therapies (range: 1–9). Thirty-nine patients (72.2%) had poor ECOG performance status of 2, 3. Five patients (9.3%) failed previous anti-PD-1/PD-L1 therapy before enrollment. Thirty patients (55.6%) had more than five metastatic lesions, and eighteen patients (33.3%) had more than ten metastases. The most common sites of metastasis were lymph nodes (44.4%), liver (31.5%), lung (29.6%), bone (27.8%), pleuroperitoneum (13.0%), and brain (11.1%). Of the patients, 62.7% had two or fewer organs of metastasis, and 37.3% of patients had more than two sites (median, 2 sites; range, 1 to 5 sites). The baseline characteristics of the 54 patients are summarized in Table 1. Fifty patients were evaluable for safety and forty-eight patients for efficacy (Figure 2).


Table 1 | Patient characteristics.






Figure 2 | Consort diagram.





Treatment

As of the data cutoff date of December 31st, 2021, the median duration of follow-up was 16.4 months (range: 1.7–33.1 m). Four patients have withdrawn consent and one patient received only one cycle of PRaG and discontinued from the study due to the epidemic situation of COVID-19. Forty-nine patients received at least two cycles of PRaG with a median of four PRaG cycles (range: 2–12) and had at least one imaging follow-up. Forty-eight patients were evaluable for nonirradiated target lesions. The median number of total treatment cycles (PRaG cycle and PD-1 inhibitor maintenance cycle) was six (range: 2–16). In a total of 214 PRaG cycles, RT of 8 Gy × 3 fractions were delivered in 145 (67.8%) cycles. A low dose of 5 Gy × 3 fractions was delivered in 68 cycles (31.8%). Except for one patient who had RT dose modification to 8 Gy × 2 fractions due to irradiation target in the previously radiated field, there was no other adverse event leading to RT dose and fractionation reduction. The median number of irradiated sites was three (range: 1–9),and the most common irradiated tumor sites were lymph nodes in 23 patients (42.6%), followed by lung lesions in 15 patients (27.8%), liver lesions in 13 patients (24.1%), bone lesions in 11 patients (20.4%), brain lesions in 8 patients (14.8%), and chest wall metastases in 4 patients (7.4%).



Efficacy

Forty-eight patients with at least one nonirradiated site assessment after treatment were included in the response-evaluable population. In response-evaluable patients, three patients had confirmed complete response (CR), six patients had confirmed partial responses (PR), 16 patients had stable diseases (SD), and 23 patients experienced progressive disease (PD; Figure 3). The ORR was 18.8% and DCR was 52.1% in evaluable patients. The ORR was 16.7%, and DCR was 46.3% in ITT patients. The three patients who achieved CR included one MSS colon cancer patient, one MSS gastric cancer patient and one driver gene negative (wide type for EGFR, ALK, ROS1, and BRAF) NSCLC patient with PD-L1 combined positive score (CPS) of 30. The NSCLC patient who had progressed on previous first line chemotherapy and second line combinational pembrolizumab with bevacizumab achieved CR since cycle 8 and maintained for 15 months by data cut-off. Tumor response by primary tumor was shown in Supplementary Table 2. Median PFS was 4.0 months (95% CI, 3.3 to 4.8), and median OS was 10.5 months (95% CI, 8.7 to 12.2; Figure 4).




Figure 3 | Waterfall plots of maximum percent change in nonirradiated RECIST target lesions.






Figure 4 | Kaplan–Meier curves of progression-free survival and overall survival.





Safety

All the treatment-related adverse events (TRAEs) reported in the safety analysis are shown in Table 2. TRAEs of any grade occurred in 35 (70.0%) patients, the most common TRAEs were fatigue (66.0%), anorexia (48.0%), fever (38.0%), and thyroid dysfunction (30.0%). There was no grade 5 TRAE. Grade 3 and 4 TRAEs were observed in 6 subjects (12.0%), which included pneumonitis (grade 3), hepatic toxicity (grade 3), fatigue (grade 3), anorexia (grade 3), fever (grade 3), and pneumonia (grade 4) for each patient, and five patients (10.0%) discontinued the treatment due to TRAEs. The two patients who received irradiation at lung metastases developed pneumonia/pneumonitis during PD-1 inhibitor maintenance therapy. In particular, the patient who developed grade 4 pneumonitis received irradiation to three distinct right lung metastases during three cycles of PRaG. Notably, pneumonitis was localized at the irradiated right lung, which was likely related to radiotherapy with a potential contributing factor that the patient received mediastinum radiotherapy 12 months ago. But the patient also developed pneumonia caused by bacterial infection. The patient discontinued anti-PD-1 therapy and had hormone and antibiotic therapy. The patient with grade 3 pneumonitis presented at the irradiated right lung and the non-irradiated left lung, was related to PD-1 inhibitor. The grade 3 hepatic toxicity was related to anti-PD-1 antibody, and the patient suspended immunotherapy, and liver function was recovered after hepatoprotective therapy. Three patients experienced a transient decrease in pulse oxygen saturation after GM-CSF administration and rapidly recovered after oxygen inhalation. Nineteen patients (38.0%) had grade 1–3 fever related to GM-CSF (Supplementary Table 1).


Table 2 | Treatment-related adverse events (TRAEs).





Analysis of Baseline Characteristics and Prognostic Factors

The association of baseline factors and clinical outcomes between the CR+PR, SD, and PD groups were analyzed and shown in Table 3. Baseline age and liver metastases were associated with tumor response. Patients with liver metastases (p = 0.001) and a lower baseline CD4+/CD8+ ratio (p = 0.026) had worse therapeutic effects when comparing the PD group with the SD group. Furthermore, the irradiated sites, baseline peripheral neutrophil to lymphocyte ratio (NLR), the cycle number of PRaG treatment, and metastatic organs and numbers were not correlated with disease response (p > 0.05). Baseline of peripheral lymphocyte subset numbers of three groups (CR+PR, SD, PD) has no significant differences: baseline absolute CD3+T cell numbers (p = 0.408), CD3+CD4+T cell (p = 0.258), CD3+CD8+T cell (p = 0.343), and CD19+B cell (p = 0.937; Table 3). The changes in lymphocyte subset percentage after treatment from baseline between the three groups (CR+PR, SD, PD) were shown in Figure 5. Peripheral CD3+T cell, CD3+CD4+T cell, CD3+CD8+T cell, and natural killer (NK) cell numbers increased after one cycle of PRaG in the CR+PR group compared with the other two groups (Supplementary Figure 1). None of the lymphocyte subset percentage changes showed statistical differences (p > 0.05; Supplementary Figure 2). The levels of IL-2, IL-4, IL-6, IL-10, TNF, and IFN-γ had no difference among the three groups (Supplementary Figure 3).


Table 3 | Comparison of characteristics between complete response (CR)+partial response (PR), stable disease (SD), and progressive disease (PD) groups after treatment.






Figure 5 | Lymphocyte subset percentage changes after treatment from baseline between the three groups (CR+PR, SD, PD). The red boxplot represents percentage changes after one cycle of treatment from baseline. The green boxplot represents percentage changes after two treatment cycles from baseline. The blue boxplot represents percentage changes after three cycles of treatment from baseline. The differences in the proportion of changes after the first cycle of treatment, after the second cycle of treatment, and after the third treatment cycle was compared separately between the three groups (CR+PR, SD, PD). The one-way ANOVA was used for the homogeneity of consistent variance, and the rank-sum test was used for the homogeneity of inconsistent variance. None of the other lymphocyte subset percentage changes showed statistical differences (p > 0.05). (A) CD3+T cells percentage changes from baseline. (B) CD3+CD4+T cells percentage changes from baseline. (C) CD3+CD8+T cells percentage changes from baseline. (D) CD16+CD56+T cells percentage changes from baseline.






Discussion

Treatments for patients with metastatic solid cancers who failed previous standard systemic therapies are limited, especially for patients with a high tumor burden and multiple sites of metastases. Multisite radiotherapy in combination with pembrolizumab was studied in a phase I trial in heavily pretreated solid tumor patients, with ORR of 13.2%, median PFS of 3.1 months (95% CI, 2.9 to 3.4 months), and median OS of 9.6 months (95% CI, 6.5 months to undetermined) (5). In the present study, most of the patients had poor ECOG performance score of 2–3 and received a median of three previous lines of therapy. The ORR was 16.7% and DCR was 46.3% in the ITT population, and the median PFS of 4.0 months (95% CI, 3.3 to 4.8) and median OS of 10.5 months (95% CI, 8.7 to 12.2) in ITT population. TRAEs were reported in 70.0% of these subjects, while grade 3 or 4 events were reported in 12.0% of subjects. Notably, the NSCLC patient who have obtained CR in the present study failed previous single-agent PD-1 blockade immunotherapy, indicating the potential superior efficacy of the PRaG regimen. Altogether, all those findings strongly suggested that the PRaG regimen was safe and displayed potential clinical benefits in patients who failed the current standard treatments.

Radiotherapy may cause multiple pro-immunogenic changes within the TME, which convert cancer into an in-situ vaccine via releasing abundant levels of tumor-derived antigens, and GM-CSF was often used as a vaccine adjuvant (24, 25). GM-CSF can also enhance the antigen presentation by promoting the differentiation and activation of monocytes/M1 macrophages and DCs (26, 27). In addition, GM-CSF can upregulate HLA-DR expression and reverse the immune-suppressive effects of myeloid-derived suppressor cells (MDSCs) and regulatory T cells Tregs. In this regard, we hypothesized that the addition of GM-CSF may improve the therapeutic effects of radiotherapy in terms of enhanced tumor antigen presentation and recognition by tumor antigen specific T cells, which was likely further boosted by PD-1 immunotherapy, given that radiotherapy, GM-CSF, and PD-1 antibody treatment specifically targeted different components of the cancer-immunity cycle. But we should also pay attention to that in recent study tumor can induce CD45+ erythroid precursor cells (EPCs) subpopulation to differentiate into erythroid-differentiated myeloid cells (EDMCs). And tumor-derived GM-CSF directs EDMCs development from EPCs. EDMC can develop into MDSC-like subset, which damage the function of T cells and suppress immune activity (28). But the impact of exogenous GM-CSF on EDMCs amplification remains to be further investigated in cancer patients.

Moreover, multisite radiotherapy was suggested instead of single-site irradiation to expose sufficient tumor-associated antigens and decrease tumor burden (17, 23). But it was recognized that lymphocytes, in particular, the proliferating lymphocytes, were also radiosensitive, and their LD50 was 2 Gy and LD90 was 3 Gy (29). Of note, lymphocytopenia was an anti-PD-1/PD-L1 immunotherapy-related adverse event associated with efficacy (30). Large radiation fields, high RT doses, and multiple numbers of fractions were also risk factors for lymphocytopenia, primarily when RT was delivered by traditional fractionated external beam radiation therapy. In the present study, multiple irradiation cycles but with one distinct lesion irradiated each time and small volume each cycle might protect lymphocytes from damage. Tumor-draining lymph nodes (TDLNs) irradiation might lead to early short-term elimination of immune function due to lymphocyte depletion. Although it was not advisable for patients with node-negative disease, it should be beneficial for patients with extensive lymph nodes metastasis. In addition, the balance of immune cells in the invaded TDLN could shift to the regulatory pathway. It was necessary to eliminate Tregs, immunosuppressed DC and monocytes by irradiation, so that “healthy” blood derived immune cells could proliferate in the presence of systemic immune response.Immunostimulatory cytokines, such as GM-CSF, might help to restore such effector TDLN function (31).

The overall safety profile of PRaG therapy was acceptable and controllable. Continuous 14-day administration of GM-CSF was related to transient fever (38.0%) and G1–2 fatigue (16.0%). However, the incidence rates of all-grade TRAEs, or grade 3 and above events were comparable to those of other combination radiotherapy trials with PD-1/PD-L1 inhibitors (32). Early studies in lung cancers, including the KEYNOTE-001 and PACIFIC trials, demonstrated controllable toxicities with combined radiotherapy with PD-1 inhibitors (33, 34). However, with further analysis of KEYNOTE-001, patients who received radiotherapy had a higher incidence of pneumonia compared to those who did not (13% vs. 1%, p = 0.046). Still, no significant difference was shown in severe pulmonary toxicities. Similarly, the PACIFIC trial showed that the occurrence rate of severe TRAEs did not differ significantly between the durvalumab and the placebo arm (29.9% vs. 26.1%). At present, no evidence was shown that GM-CSF could increase the incidence of severe pneumonia in this study. Three patients experienced a transient decrease in pulse oxygen saturation after GM-CSF administration which was rarely reported in previous studies, and required further in-depth investigations.

Importantly, we intended to evaluate the potential prognostic factors at baseline in our study. Previous studies have shown that NLR can be a prognostic marker in certain cancer patients treated with PD-1 blockade (35–37). Yet, we did not find any association between NLR and PRaG therapeutic efficacy. In addition, baseline levels of lymphocyte subsets including CD4+T cells, CD8+T cells, NK cells, and B cells were not correlated with the response to PRaG treatment. In contrast, the CD4+/CD8+ ratio showed a significant correlation between the SD and PD groups. High CD3+T cells, CD3+CD4+T cells, CD3+CD8+T cells, and NK cell levels after one cycle of the PRaG regimen might be associated with better therapeutic effects (Supplementary Figure 1) but these still need to be confirmed with large sample size. It remains to be characterized in future studies regarding the dynamic changes of specific subsets such as CD4+Teff and Tregs.

Previous studies indicated that increased interleukin (IL)-6 was related to poor PFS in non-small cell lung carcinoma patients treated with anti-PD-1 inhibitors (38, 39). The activation of IL-6/STAT3 signaling pathway promotes tumorigenesis by increasing immunosuppressive myeloid-derived suppressor cells (MDSC) generation and inhibiting DC, NK, and T cell function in the TME (39). To this end, lower IL-6 levels or decreased IL-6 levels after two cycles of PRaG might be a potential predictor for improved therapeutic effect, but we did not observe significant correlation which might be due to the small sample size or detection sensitivity (Supplementary Figure 3). PD-L1 status, TMB, and MSI-H/dMMR were demonstrated to have certain predictive values of response to single-agent immunotherapy (2, 40). In particular, PD-L1 negative patients or those patients with MSS and low TMB might potentially benefit from the combined immune checkpoint inhibitors and radiotherapy, given the possible increased PD-L1 expression, elevated TMB upon radiation therapy. We have noticed that one patient obtained CR, and one got PR among thirteen NSCLC patients lacking driver gene mutations enrolled in this study. It is worth noting that the CR patient failed previous anti-PD-1 therapy (Supplementary Figure 4), and the PR patient had an immune non-responsive signature, including a lack of PD-L1 expression and low TMB. Moreover, among eight colorectal cancer patients, one patient was evaluated CR and one patient with MSS tumors had a PR (Supplementary Figure 4). Yet, further molecular profile analysis is needed to help identify potential predictive biomarkers for patients who benefit from this treatment modality. In the future, we will perform in-depth analysis of the mechanistic insights into the encouraging therapeutic efficacy of the PRaG regimen, in particular the patients that are largely insensitive to PD-1/PD-L1 inhibitor monotherapy and patients who failed prior immune checkpoint inhibitors therapy.

To our knowledge, this study was the first to investigate the efficacy and safety of multiple cycles of radiotherapy combined with PD-1 blockade and GM-CSF in patients with chemo-refractory metastatic cancers. The considerable therapeutic effects of the PRaG regimen were likely attributed to both local and systemic immunity triggered by irradiation, which was further boosted by PD-1 blockade and GM-CSF. The combinational effects might be related to the dose and fraction size of radiotherapy, combination timing schedule, the volumes and numbers of irradiated targets, the characteristics of primary and metastatic tumor types, and their intrinsic radio-sensitivity. Nevertheless, the current trial has several limitations. First, our study was carried out in a single study center with small sample size. A randomized, multi-center trial with a selected tumor type will be needed to validate the efficacy and safety of the PRaG regimen. Second, we could not characterize the precise action of mode of the combined therapy. Finally, it is of great interest to identify valuable biomarkers for probing the treatment efficacy and safety concerns in the era of precision medicine.



Conclusion

In summary, the PRaG regimen was conducted in patients across multiple types of solid tumors with advanced stage of disease and metastases. Importantly, we did observe encouraging therapeutic effects of the PRaG treatment in certain fraction of patients who even failed previous single agent PD-1 blockade therapy. In this regard, the PRaG regimen was well tolerated with acceptable toxicity and may represent as a potential salvage treatment for patients with chemotherapy-refractory metastatic solid tumors.
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The tumor microenvironment (TME) plays crucial roles in regulating tumor occurrence, progress, metastasis and drug resistance. However, it remains largely elusive how the components of TME are regulated to govern its functions in tumor biology. Here, we discussed how the two novel functional proteins, chemokine-like factor (CKLF)-like MARVEL transmembrane domain-containing 6 (CMTM6) and CMTM4, which involved in the post-translational regulation of PD-L1, modulate the TME functions. The roles of CMTM6 and CMTM4 in regulating TME components, including immune cells and tumor cells themselves were discussed in this review. The potential clinical applications of CMTM6 and CMTM4 as biomarkers to predict therapy efficacy and as new or combined immunotherapy targets are also highlighted. Finally, the current hot topics for the biological function of CMTM6/4 and several significant research directions for CMTM6/4 are also briefly summarized in the review.
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Introduction

CMTM is a family of proteins linking transmembrane 4 superfamily (TM4SF) and chemokines, containing a MAL and related proteins for vesical trafficking and membrane link (MARVEL) domain (1). This family is encoded by 9 genes including CKLF and CKLFSF1-8 in humans (1, 2). CMTM genes are mainly distributed on chromosomes 3, 14 and 16 and included two distinct gene clusters (1). The roles of the CMTM family have been reported in many previous studies, including involvement in occurrence of tumors and regulation of the immune system and the male reproductive system (3–11). For example, CMTM1, CMTM2 and CMTM3, which are highly expressed in testis, may play a significant role in spermatogenesis (7–9). In addition, CMTM3 can regulate angiogenesis (5). CMTM5 and CMTM7 demonstrate tumor suppressor activities by inhibiting the proliferation of tumor cells (3, 10). CMTM7 has also been reported to be involved in B cell receptor (BCR) signaling (6). CMTM8 has the function of inducing apoptosis and regulating epidermal growth factor receptor endocytosis (11).

In 2017, two studies simultaneously reported in Nature revealed that CMTM6 and CMTM4 are key proteins that regulate the stability of PD-L1 (12, 13). They found that CMTM6 and CMTM4, but not other CMTM family members, enhanced the expression of both inducible and constitutive PD-L1 at the cell membrane via protecting PD-L1 from 26s protease or lysosome-mediated degradation. In the absence of CMTM6, CMTM4 will alternatively exert the important function in regulating the expression of PD-L1 (13). PD-L1, encoded by the CD274 gene, is mainly expressed on the cell membrane surface of tumor cells and some immune cells including macrophages and dendritic cells(DCs) (14). PD-L1 binds to its receptor and inhibits the function of many immune cells, especially CD8+T cells (15, 16). As an immunosuppressive factor, PD-L1 is frequently upregulated in TME and thereby inhibiting the function of cytotoxic T lymphocytes (CTLs) and promoting the development of tumor (17)

CMTM6 has been shown to have oncogenic properties and be highly expressed in various tumors such as head and neck squamous cell carcinoma (HNSCC) (18), glioma (19, 20), colorectal cancer (21), ovarian cancer (22), oral squamous cell carcinoma (OSCC) (23, 24), hepatocellular carcinoma (HCC) (25, 26), and renal cancer (27) (Table 1). The high expression of CMTM6 is closely correlated with poor prognosis in different tumors (18–20, 24, 25, 27, 29, 32–37, 39) (Table 1). In addition to directly affect tumor proliferation, the tumor-promoting effect of CMTM6 may also be accomplished by indirectly regulating TME (18, 40, 41). CMTM4 and CMTM6 share 55% sequence similarity, and the former is the most conserved member of the family. CMTM4 expression is upregulated in HNSCC patients and correlated with worse prognosis (42). Therefore, CMTM6 and CMTM4 are potential biomarkers for predicting immunotherapy efficacy (28, 30, 31, 38, 43) (Table 1).


Table 1 | Correlation of CMTM6 expression in different tumors with clinical prognosis and immune molecules in TME.



TME is the ecosystem which includes the extracellular matrix, immune cells, blood vessels, tumor cells and other cells. The tumor and its surrounding TME interact with and influence each other (44). Firstly, TME remarkably influences cancer development through affecting metabolic, epigenetic, immune or other microenvironments (45). Secondy, tumor cells can shape and train the TME and ultimately help their survival and migration in an organism (44). Moreover, immune effector cells in TME are comprehensively reprogrammed as accomplices of tumor cells, which could protect cancer from immune destruction, subsequently evade immune surveillance and ultimately promote tumor progression and metastasis (17, 46–51). Accumulating evidences showed that TME might be a main obstacle for effective cancer immunotherapy (52, 53) and confers resistance to the immunotherapies (54). The in-depth understanding of the effect of tumor microenvironment on immunotherapy is necessary for developing novel immunotherapy strategies.

The microenvironment properties are important for TME in regulating the tumor occurrence and development. Stromal cells including vascular endothelial cells, fibroblasts and pericytes are the main components of TME (55–58). The immune effector cells and immune suppressor cells are the two populations of the immune cells in TME. The immune effector cells mainly include CD4+ T cells, CD8+ cytotoxic T cells and NK cells. The immunosuppressive cells mainly include Treg, Breg, M2-like macrophages and myeloid-derived suppressor cells (MDSCs) (59–63). Immunosuppressive cells can inhibit T cell- and NK cell-mediated tumor killing through multiple mechanisms and lead to immunotherapy resistance (64–66). In addition, cytokines, chemokines, growth factors and exosomes are also important components of the TME.

Recent studies have revealed potential links between CMTM6/4 and immune cells in TME. Not only CMTM6/4 could inhibit the activity of cytotoxic T cells by stabilizing PD-L1, but also CMTM6 can promote the polarization of M2 macrophages through exosome shuttling. Furthermore, CMTM6 and CMTM4 influence the functions of multiple important components of the TME. Here, we briefly summarized and discussed the latest progresses regarding the roles of CMTM6 and CMTM4 in regulating TME and its components, thus highlighted their roles in shaping the immune tolerance state.



The expression of CMTM6/4 is associated with the immune-related signatures in TME

In addition to tumor cells, CMTM6 and CMTM4 are also expressed on antigen-presenting cells including macrophages and DCs (28, 41, 67). CMTM6 is associated with immune-related molecules in TME (Table 1). CMTM6 correlates with immune-associated pathway, infiltration of immune cells and the expression of most genes related to immune response in TME. The potential relationship between CMTM6 and inflammatory or immune response was explored in tumors such as gliomas (20), lung cancer (41, 68, 69), and ovarian cancer (22) by using functional annotation enrichment analysis, gene set enrichment analysis (GSEA), gene set variation analysis (GSVA), and other analytical methods. All the results indicated that CMTM6 might be crucial in modulating the TME.

Currently, most results indicated that CMTM6 helps to establish an immunosuppressive microenvironment in many tumors, such as gliomas, renal carcinomas and colorectal cancer (CRC) (20, 27, 28). Guan and colleagues demonstrated that CMTM6 modulated T lymphocyte-mediated antitumor immunity in gliomas (20). Gene ontology analysis results reveal that CMTM6 can influence the inflammatory activation and immune response of glioma (20). The GSVA results showed that CMTM6 could promote Treg differentiation and induce T cell tolerance. Wu et al. found that CMTM6 was negatively correlated with the infiltration of CD8+ T cells and positively correlated with the infiltration of M2 macrophages and CD4+ T cells (28). By establishing models of BALB/c mice implanted with CMTM6 knockdown Renca cells Wang et al. concluded that CMTM6 expression was negatively correlated with the intratumoral infiltration of CD4+ and CD8+ T cells, but positively correlated with MDSC and macrophages (27). Zhou et al. found that expression level of CMTM4 mRNA was negatively correlated with the infiltration of cytotoxic cells, DCs, and CD8+ T cells in HCC based on the TCGA database (70). Their results indicated that CMTM4 may play a significant role in TME and correlate with the infiltration of immune cells in tumor tissues (70). Altogether, the above results elucidated CMTM6 and CMTM4 play crucial roles in regulating the function of related immune cells and tend to participate in maintaining the immunosuppressive state of TME.


CMTM6 regulates the functions of M2 macrophages in TME

As important components of TME, tumor-associated macrophages (TAMs) can be simply divided into two categories according to their functions: M1 and M2 macrophages. In contrast to the function of M1 macrophages, M2 macrophages are functionally characterized by immunosuppression and promotion of angiogenesis (71). Cytokines derived from tumors and tumor-associated immune cells educate macrophages in the TME to differentiate toward M2 macrophages (72). M2 macrophages in turn inhibits the activity of T cells and NK cells through immunosuppressive metabolites and cytokines (71, 73). M2 macrophages facilitate immune evasion of tumor cells by inducing the expression of CD47 and PD-L1 in various cancers including pancreatic cancer and OSCC (74–76).

Recent studies showed that CMTM6 was related to M2 macrophage polarization. In addition, the infiltration proportion of M2 macrophages in tumor tissues was positively correlated with the expression of CMTM6 (68). A recent study revealed a new mechanism by which tumor cells interact with immune cells. The results demonstrated that the exosomal CMTM6 from OSCC cells could induce the polarization of M2-like macrophages in the TME (77). Moreover, in OSCC patients, a positive correlation was found between CD163+ macrophage infiltration and CMTM6 expression. Furthermore, by using a transwell system of tumor cells co-cultured with the PMA-differentiated human THP-1 monocytes (M0 macrophages), they found CMTM6 in tumor cells was negatively correlated with M1-specific markers CD80 and CD86, while positively correlated with M2-specific marker CD163 in macrophages, further supporting the conclusion that CMTM6 promotes M2 polarization. In addition, knockdown of CMTM6 in OSCC cells promoted the expression of pro-inflammatory factors TNF-α and IL-12p40 in macrophages and reduce the expression of anti-inflammatory factor IL-10 in macrophages. The authors further explored the mechanism by which OSCC cells influence M2 polarization. The results were surprising to find that CMTM6 can shuttle to macrophages through cell-derived exosomes and activate ERK1/2 signaling to promote M2 polarization (77). Other studies also found that CMTM6 expression was positively correlated with the M2 macrophage polarization-related genes such as IL-10, STAT3 and IL-33 in CRC, which further supporting the above viewpoint (28). Therefore, the polarizaiton of M2 macrophages may be regulated by CMTM6 (Figure 1).




Figure 1 | Mechanisms of CMTM6 and CMTM4 in regulating the function of the immune cells in TME. (A) CMTM6 protein can stabilize the PD-L1 protein on tumor cell, and this function is shared by CMTM4. CMTM6 co-localizes with PD-L1 at the plasma membrane and in recycling endosomes, where it inhibits PD-L1 being targeted for lysosome-mediated degradation. Moreover, CMTM6 inhibits the ubiquitination of PD-L1. CMTM6/4 enhancedPD-L1-mediated T cell suppression through the above pathways, as indicated by decreased secretion of perforin, TNF-α and IFN-γ.(B) CMTM6 promotes M2 macrophage polarization through exosome shuttling by activating ERK1/2 signaling in M0, whereas it inhibits M1 macrophage polarization. It is mainly manifested by the up-regulation of M2-specific markers such as CD163 and IL-10 and the down-regulation of M1-specific markers such as CD80, CD86, TNF-a and IL-12p40.





CMTM6 regulates the functions of MDSCs in TME

Tumor cells can remodel myeloid cells including neutrophils and monocytes, which makes them showing increased immature phenotype and morphology, decreased phagocytosis and enhanced secretion of anti-inflammatory cytokines (78). These immature myeloid cells consequently proliferate and are converted to myeloid-derived suppressor cells  (79). MDSCs, an important class of immunosuppressive cells in the TME, exert the immunosuppressive function mainly by enhancing the secretion of IL-10 and TGF-β and promoting the expression of PD-L1 (79). Wang et al. analyzed the tumor microenvironment in BALB/c mice models implanted with CMTM6 knockdown Renca cells and found that knockdown of CMTM6 in tumors can significantly reduce the infiltration MDSCs in TME (27).



CMTM6 regulates the functions of Tregs in TME

Tregs are essential for mainting immune tolerance by suppressing host immunity to self and nonself antigens (80). Tregs can be recruited into tumor cells by chemokines in TME (81). Tregs are infiltrated into tumors, and secret inhibitory cytokines to exert their suppressive function by limiting the activation and proliferation of effector T cells and NK cells (82, 83). Through analyzing GSVA data, Guan et al. found that the differentiation of Treg was positively correlated with the expression of CMTM6, which implies that CMTM6 can promote the immune escape of glioma by inhibiting the function of T cells (20).



CMTM6 regulates the functions of DCs in TME

DCs are major antigen-presenting cells involved in the regulating anticancer immunity (84). The mature DCs capture tumor-associated antigens (TAAs) by binding with their MHC molecules and deliver TAAs to T cells, subsequently initiate and activate the effector T cells (85). The mature DCs also secrete immunostimulatory cytokines to activate T cells against tumors (85). The TME induces the population of immature DCs or the DCs without function of activating T cells, which may even lead to immune tolerance and then impair antitumor immunity (84). Mezzadra et al. reported that CMTM6 is not only expressed on tumor cells, but also on DCs (13). CIBERSORT method was used to evaluate differences in the composition of immune cells between CMTM6 high and CMTM6 low groups of lung adenocarcinoma samples (68). DCs were included in the 11 immune cells affected by CMTM6 expression. The proportion of DCs was significantly positively correlated with the expression of CMTM6 (68). Yin et al. investigated the correlation between CMTM6 and immune cells in ovarian cancer by means of bioinformatics analysis (22). The infiltration of dendritic cells was closely associated with CMTM6 expression in ovarian cancer (22). Therefore, CMTM6 might has a certain regulatory effect on DC.



CMTM6 and CMTM4 regulate the functions of CD8+ T cells in TME

T cell receptor (TCR) interacts with the tumors or DCs` MHC class I molecules bound to TAA, which turns naive CD8+ T cells into cytotoxic T lymphocytes (CTLs). CTLs are transported and infiltrated into tumors through blood or lymphatic vessels (79). CTLs can directly kill tumor cells by releasing perforin, granzyme, interferon-γ, and TNF-α. However, in TME, CTLs will encounter an immunosuppressive environment and they will enter the “exhaustion” state with decreased proliferation and reduced production of cytotoxic mediators. The immunosuppressive mediators released by tumor and stromal cells in the TME negatively regulate CTLs-mediated tumor killing by inducing expression of indoleamine 2,3-dioxygenase 1, PD-L1, cyclooxygenase 2, and STAT3 (79, 86).

CMTM6 promotes tumor progression in multiple tumor types through PD-L1-mediated T cells suppressing (18, 20). Depletion of CMTM6 in melanoma significantly reduces PD-L1 expression and promotes CD8+ T cell activity (12, 13). Burr et al. found that CTLs can more effectively kill melanoma cells with reduced PD-L1 expression following CMTM6 knockout (12). The activity of CTLs could be enhanced when co-cultured with CMTM6 depletion tumor cells, mainly manifested by increased secretion of perforin, TNF-α, IFN-γ and IL-2. CMTM6 has also been validated to inhibit T cell activation and antitumor responses in mouse melanoma models. Similarly, Mezzadra et al. concluded that CMTM6 depletion ameliorates PD-L1-mediated T cell suppression (Figure 1) (13).

Accumulating evidences indicated that CMTM6 may play a significant role in T cell suppression in many tumors. Guan et al. found that CMTM6 may inhibit the antitumor immunity of T cells in glioma through the positive regulation of PD-L1 (20). Chen et al. found that the expression levels of immune checkpoint markers such as B7-H3, LAG-3, VISTA, TIM-3 and PD-L1 in HNSCC were highly positively correlated with CMTM6 protein levels (18). Their results indicated that CMTM6 protein may promote tumor immune escape in HNSCC by inhibiting the function of effector T cells (18). In their xenograft C3H/He mice models, depletion of CMTM6 significantly increased the infiltrating proportion of T cells (CD4+ and CD8+ T cells) in tumor. ELISA results additionally showed that the expression of CMTM6 was negatively correlated with the secretion of INF-γ, TNF-α and granzyme B, which suggests that T lymphocyte was activated upon CMTM6 knockout in vivo. Wang et al. analyzed the alteration of TME in CMTM6 knockdown renal cell carcinomas of xenograft mouse models and found that T cells (CD4+ and CD8+) were significantly increased in the shCMTM6 group (27).

CMTM4 has the same function as CMTM6 to stabilize PD-L1, therefore, it may also negatively regulate CD8+ T cells and suppress T cell antitumor immunity. Routh et al. found that CMTM4 was enriched in low CD8+ T cell infiltration tumors by analyzing RNA-seq data from 23 solid tumor sources (87). In HCC, CMTM4 mRNA levels had negative correlations with cytotoxic cells which indicated that CMTM4 negatively influenced immune cell infiltration in HCC tissues (70). Chui et al. found that CMTM4 could promote HCC growth in immunocompetent mice by inhibiting the infiltration of CD8+ T cells (88) (Figure 1).



CMTM6 and CMTM4 regulate the functions of immune cells through stabilizing PD-L1 protein

It was reported that CMTM6 and CMTM4 are directly and/or indirectly regulates the expression of PD-L1 in cancer cells and in different immune cells including DCs, macrophages, and monocytes (13, 28, 33, 77). Furthermore, CMTM6 expression was positively correlated with PD-L1 expression in various cancers including HNSCC (18), lung cancer (30, 69), gliomas (20), gastric cancer (33, 36), and colon cancer (40) (Table 1). Similarly, CMTM4 was also identified as the positive regulator of PD-L1 in many tumors, such as in HCC (88) and in HNSCC (42). Mechanistically, CMTM6 could stabilize PD-L1 by preventing PD-L1 from lysosome-mediated degradation. CMTM6 depletion does not affect MHC-I expression but reduces PD-L1 expression (12). In line with the notion, Mezzadra et al. identified the function of stabilization of PD-L1 protein by CMTM6, which is shared by CMTM4 but not other CMTM family members (13). Therefore, PD-L1 might depend on CMTM6/4 to efficiently exert its immunosuppressive function. It is well known that the PD-1/PD-L1 pathway is the significant mechanism of tumor immune escape (89, 90). PD-1 is an important co-inhibitory receptor on T cells. Upon PD-1 binding to its ligand, Src homology 2 domain-containing protein tyrosine phosphatase-2 will be recruited after phosphorylation of PD-1. This event will lead to limit the function of effector T cells by inhibiting the TCR and CD28 pathways (91, 92) (Figure 1).



Exosome mediated intercellular shuttling of CMTM6 in TME

Extracellular vesicles (EVs) are mainly divided into exosomes, microvesicles and apoptotic bodies. Most cells could secrete EVs both under physiological and cellular stress conditions (93). Recent evidences suggest that EVs, particularly exosomes, can regulate interaction between cells in TME (94–96). Several studies have reported that EVs induce immune tolerance in TME, contributing to the immunosuppressive effect (97, 98). EVs secreted by tumor cells can carry immunosuppressive molecules including PD-L1, Fas ligand (Fas-L), TGF-β and prostaglandin E2 to the surrounding immune cells and contribute to the occurrence and development of tumors (99–104). Pang et al. have found that CMTM6 regulates the physiological state of immune cells in TME through exosome mediated shuttling (77). CMTM6 was found in M0 macrophages co-cultured with OSCC cells and contained in the exosomes derived from OSCC cells. It suggested that CMTM6 can shuttle to macrophages from OSCC through exosomes secreted by OSCC cells (77). Therefore, exosomal CMTM6can promote the polarization of M2-like macrophages which contributes to an immunosuppressive state of TME (Figure 1).



CMTM6 and CMTM4 affect proliferation, migration, and invasion of tumor cell in TME

CMTM6 and CMTM4 can affect tumor proliferation, metastasis, maintain the tumor stem cells phenotypes and promote epithelial-mesenchymal transition (EMT). CMTM6 promoted tumor proliferation, migration, and invasion in various tumors, such as RCC (27), gliomas (19), and HCC (105). Wei et al. found that in gliomas, depletion of CMTM6 inactivated the mTOR pathway and exerted a suppressive function on glioma cell behaviors (the proliferation, invasion, and migration) (19) (Figure 2). Moreover, CMTM4 was identified as one of the 37 genes needed for cell division (106). Li et al. found that CMTM4 knockdown by small interfering RNA inhibited the migration and invasion abilities of HNSCC cells (42). However, CMTM4 has also been reported to play a tumor suppressor role in some tumors, which can inhibit cell proliferation in clear cell renal cell carcinoma (107) and colorectal cancer (108).




Figure 2 | Effects and mechanisms of CMTM6 and CMTM4 in regulating the function of tumor and endothelial cells in TME. (A) CMTM6 promotes tumor proliferation, migration and invasion by activating the mTOR pathway. (B) CMTM6 maintains stem cell-like properties through affect Wnt/β-catenin signaling pathway, mainly manifested by elevated expression of several CSC-related markers such as CD44, ALDH and BMI1. (C) CMTM6 induces epithelial-mesenchymal transition (EMT) by stabilizing vimentin, which behaved as the E-cadherin decreased. (D) CMTM4 positively affected CSC-like properties via the AKT pathway, mainly manifested by significantly elevated expression of CSC markers (CD44, ALDH1, BMI1, and SOX2). (E) CMTM4 promotes EMT through positive regulation of SLUG. (F) CMTM4 plays an important role in regulating angiogenesis by enhancing the bio-availability of VE-cadherin at cell-cell adherens junctions and promoting endothelial barrier function.





CMTM6 and CMTM4 maintain the cancer stem cell phenotypes

Cancer stem cells (CSCs) are cells with stem cell properties in tumor tissues. They have both multicellular differentiation potential and self-renewal ability. CSCs reprogram relevant cells in the tumor microenvironment to favor tumor development while suppressing the tumor-killing effect of immune cells (109, 110). Chen et al. found that targeting CMTM6 suppresses stem cell-like properties in HNSCC (18). Elevation of CMTM6 contributes to maintaining the CSC phenotype in HNSCC. After CMTM6 depletion, the expression of several CSC-related markers including ALDH1, CD44, and BMI1 were significantly downregulated. Wnt/β-catenin signaling is essential for cancer cell stemness and differentiation with mesenchymal features (111, 112). Interestingly, CMTM6 is highly associated with the Wnt/β-catenin signaling pathway and CMTM6 may influence the maintenance of CSC through this pathway (18). CMTM6 was positively correlated with the expression and the nuclear translocation of β-catenin in HNSCC. It was also reported that knockdown of CMTM4 negatively affected CSC-like properties via the AKT pathway and was manifested by reduced expression of SOX2, CD44, BMI1 and ALDH1 (42) (Figure 2).



CMTM6 and CMTM4 promote epithelial-mesenchymal transition

Epithelial-mesenchymal transition (EMT) is the process by which epithelial phenotype cells differentiate into mesenchymal phenotype cells. Epithelial cells gain the ability to migrate and invade while losing polarity and intercellular adhesion during EMT. EMT contributes to tumor proliferation, metastasis, tumor stem cell differentiation, and drug resistance. EMT-induced epithelial plasticity could be manifested by changes in the expression of epithelial markers including E-cadherin and mesenchymal proteins including N-cadherin and vimentin (113). Recent study demonstrated that CMTM6 induces EMT by stabilizing vimentin, which in turn promote migration and invasion of tumor cells in HCC (105). The effect of CMTM6 on EMT may be mediated through Wnt/β-catenin signaling (18). Li et al. found that the EMT process was downregulated by knockdown of CMTM4 (42). Mechanically, CMTM4 was positively correlated with SLUG which is a pivotal associated transcription factor mediating the activation of EMT. Furthermore, CMTM4 inhibited the expression of E-cadherin and conversely promotesd the expression of MMP2, SNAIL and N-cadherin expression (Figure 2).



CMTM4 regulates angiogenesis through modulating the functions of endothelial cells

Chrifi et al. have identified CMTM4 silencing impaired vascular sprouting and growth in vitro and in vivo and discovered a key role for CMTM4 in regulating angiogenesis (114). Mechanistically, VE-cadherin can co-localize with CMTM4. CMTM4 promotes the recycling of the VE-cadherin to the cell surface of endothelial adherens junctions, which enhances the endothelial barrier function and improves the bio-availability of VE-cadherin. However, the underlying mechanisms for CMTM4 in regulating angiogenesis in cancer needs further in deep investigation (Figure 2).



Potential clinical application of CMTM6 and CMTM4

Currently, immunotherapy has achieved great success in cancer treatments and lead a new direction in tumor therapy. However, the response rates to immunotherapy vary among tumor types due to the complex TME (115–117). Identification of new and effective immunotherapy targets in TME might help to maximize the clinical efficacy of immune checkpoint inhibition-resistant patients (17). To improve the efficacy of immunotherapy and predict patient outcomes, better efficacy and safety biomarkers need to be discovered to better describe TME (118, 119). CMTM6 and CMTM4 might have a high potential for clinical application, including as biomarkers to predict efficacy and as new or combined immunotherapy targets to enhance the clinical benefits of immunotherapy.

CMTM6/4 can stabilize PD-L1 protein, promote the polarization of M2 macrophages and negatively regulate CD8+ T cells activity, which tends to build an immunosuppressive TME and contribute to tumor immune escape. Chui et al. found that CMTM4 depletion sensitized HCC tumors to anti-PD-L1 treatment (88). Therefore, CMTM6 and CMTM4 may be attractive to development novel immunotherapeutic stategy for cancer patients with poor outcomes treated by current methods.

Currently, many biomarkers demonstrate the capability to effectively predict antitumor response, such as PD-L1 expression, mismatch repair deficiency, tumor mutational burden, tumor neoantigen burden, and TILs (120–123). However, these markers may not fully explain the underlying mechanisms for the lack of response to checkpoint blockade observed in the majority of patients (124–127). In many tumors, the CMTM6 and CMTM4 expression levels correlate with patient response to PD-1/PD-L1 blockade (28, 30, 31, 38, 88). Patients with high expression of CMTM6 in macrophages can obtain the greatest benefit from PD-1/PD-L1 blockade in colorectal cancer (28) and in NSCLC (41). Wang et al. found that Co-expression of CMTM6 or CMTM4 with PD-L1 on tumor cells can predict the therapeutic efficacy of anti-PD-1/L1 in gastric adenocarcinoma (33). Another study showed that high coexpression of CMTM6 and PD-L1 in stromal compartment was significantly associated with longer survival in treated patients (38). Recent evidence indicated that tumor-derived EVs can be a potential cancer immunotherapy biomarker which speculating that exosomal CMTM6 is a potential safety biomarker (77). If the expression levels of CMTM6 and CMTM4 are potential biomarkers to predict the efficacy of immunotherapy, then it will facilitate the development of novel predictive models for patient screening before immunotherapy and the personalized medicine. Furthermore, CMTM6 also confers resistance to cisplatin by regulating Wnt signaling through the ENO-1/AKT/GSK3β axis. Therefore, CMTM6 could be a new promising drug-resistant therapeutic target (128).




Conclusion and outlook

CMTM6 and CMTM4 are novel proteins found to promote tumor progression by stabilizing PD-L1 in recent and ongoing research. The expression of CMTM6 and CMTM4 correlated heavily with the prognosis of various cancers. CMTM6 has a tumor-promoting effect and CMTM6 is associated with a poor prognosis, especiallyin gastric cancer (34) and HNSCC (18). Additionally, CMTM6 and CMTM4 have been reported that they tend to establish an immunosuppressive microenvironment in tumors, such as gliomas, renal carcinomas and CRC (20, 27, 28). The relationship between CMTM6 and many kinds of cells in TME has been well studied. These cells included M2 macrophage, CTL, and MDSC (12, 27, 77). CMTM6 can shuttle to macrophages through tumor cell-derived exosomes, which induces M2-like macrophage polarization (77). However, currently there is a limited number of studies on CMTM4. Whether CMTM4 has the same function warrants further in deep investigation to better explore the clinical application of CMTM4.

Although CMTM6 plays an important role in the TME, the regulatory pathways for CMTM6/4 in regulating different components of TME are complicated and vary in different tumor microenvironments which implicated that the effect of CMTM6/4 on TME might be cancer type dependent. The overall landscape analysis of CMTM6 and CMTM4 in multiple tumors may be useful for understanding their function. It is very interesting whether CMTM6 and CMTM4 could be new targets to benefit immunotherapy which might warrant further in deep investigation to facilitate the immunotherapy.

Understanding the mechanisms underlying the regulation of CMTM6/4 might be helpful to develop new therapeutic method to target CMTM6/4. Liu et al. found HuR stabilizes CMTM6 mRNA via direct association with AU-rich elements in its 3′UTR and predominantly upregulates CMTM6 (129). Furthermore, CMTM6 expression levels in OV are also regulated by copy number variation CNVs and epigenetic modifications of DNA (22). CDR1-AS promotes PD-L1 expression in colorectal cancer by enhancing CMTM6/4 expression (40). Moreover, The expression of CMTM6 and its interaction with PD-L1 are involved and regulated by ATM and WEE1 enzymes (130). Recent studies suggest that NRP1 may be involved in the maintenance of CMTM6 stability (24). There is still a lack of relevant research on CMTM4.

In summary, CMTM6 and CMTM4 play important roles in the TME through regulating PD-L1, immune cells, tumor cells and different components of TME. CMTM6 and CMTM4 might have great potential as biomarkers to predict immunotherapy efficacy and as targets to improve the immunotherapy efficacy in combination with PD-L1 blockage.
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Understanding the role of N6-adenosine methylation (m6A) in the tumor microenvironment (TME) is important since it can contribute to tumor development. However, the research investigating the association between m6A and TME and cervical cancer is still in its early stages. The aim of this study was to discover the possible relationship between m6A RNA methylation regulators, TME, PD-L1 expression levels, and immune infiltration in cervical cancer. We gathered RNA-seq transcriptome data and clinical information from cervical cancer patients using The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression (GTEx) databases. To begin, researchers assessed the differences in m6A regulatory factor expression levels between cervical cancer and normal tissues. Clustering analysis was adapted to assess PD-L1 expression, immunological score, immune cell infiltration, TME, and probable pathways in cervical cancer samples. The majority of m6A regulators were found to be considerably overexpressed in cervical cancer tissues. Using consensus clustering of 21 m6A regulators, we identified two subtypes (clusters 1/2) of cervical cancer, and we found that WHO stage and grade were associated with the subtypes. PD-L1 expression increased dramatically in cervical cancer tissues and was significantly linked to ALKBH5, FTO, METTL3, RBM15B, YTHDF1, YTHDF3, and ZC3H13 expression levels. Plasma cells and regulatory T cells (Tregs) were considerably elevated in cluster 2. Cluster 1 is involved in numerous signature pathways, including basal transcription factors, cell cycle, RNA degradation, and the spliceosome. The prognostic signature-based riskscore (METTL16, YTHDF1, and ZC3H13) was found to be an independent prognostic indicator of cervical cancer. The tumor immune microenvironment (TIME) was linked to m6A methylation regulators, and changes in their copy number will affect the quantity of tumor-infiltrating immune cells dynamically. Overall, our research discovered a powerful predictive signature based on m6A RNA methylation regulators. This signature correctly predicted the prognosis of cervical cancer patients. The m6A methylation regulator could be a critical mediator of PD-L1 expression and immune cell infiltration, and it could have a significant impact on the TIME of cervical cancer.
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Introduction

Cervical cancer is the fourth most common cancer among women in the world, and it has 604,000 new cases and 342,000 deaths in 2020 (1). Long-term infection with human papillomavirus (HPV) may be a main risk factor for cervical cancer development (2, 3). The major treatment strategies for cervical cancer are hysterectomy, radiotherapy, chemotherapy, and radiochemotherapy (4). However, recurrent and metastatic cervical cancer has a dismal prognosis (5). Recently, immunotherapy has advanced fast, extending the survival in advanced and metastatic cancer patients who are previously thought to be incurable (6). However, only a small percentage of cervical cancer patients may benefit from immunotherapy due to individual differences (7).

Immune system dysregulation plays a key role in the development of cervical cancer. For instance, the density of CD4+ and CD8+ T-cell infiltrate correlated with the severity of lesions in cervical cancer (8). When compared to stage I cervical cancer patients, researchers discovered that stage II patients had lower levels of circulating Th1 cells and higher levels of Th2 cells, Th17 cells, and regulatory T cells (Tregs) (9). Moreover, accumulated evidence suggested that increased Treg levels were also found at the cervical tumor site and in the lymph nodes of cervical cancer patients (10, 11). It is believed that the mechanism of the tumor immune microenvironment (TIME) needs to be further investigated in order to have a better treatment effect on cervical cancer patients.

Post-transcriptional modification (PTM) is thought to be involved in the progression of many diseases (12). N6-adenosine methylation (m6A) is the most abundant RNA modification, and plays crucial roles in multiple physiological processes and disease progression (13, 14). Currently, m6A has a variety of methyltransferases, including m6A “writers” (METTL3, METTL14, METTL16, WTAP, KIAA1429, RBM15, RBM15B, and ZC3H13), m6A “erasers” (FTO and ALKBH5) and m6A “readers” (EIF3A, IGF2BP1, IGF2BP2, IGF2BP3, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC, and HNRNPA2B1) (15). Accumulated evidence has proved that m6A is correlated with the progression and prognosis of cervical cancer (13). For instance, patients with greater levels of YTHDF1 in cervical cancer had a poor prognosis (13), and YTHDF1 knockdown reduced the carcinogenesis of cervical cancer cells (16). Another study found that METTL3 was highly increased in cervical cancer tissue and cells, which was linked to lymph node metastases and a poor prognosis in cervical cancer patients (17). METTL3 accelerated cervical oncogenesis and Warburg effect via modification of YTHDF1/HK2 (17). However, the mechanisms of other m6A methylation regulators in cervical cancer remain unclear. Moreover, the association between m6A methylation regulators and programmed death ligand 1 (PD-L1) need to be further studied.

Our research investigated the relationship between m6A methylation regulators and PD-L1, prognosis, and TIME in cervical cancer. Furthermore, we separated the TCGA cohort into two clusters and developed a signature based on m6A methylation regulators to better predictive risk classification and treatment decisions in patients with cervical cancer. We thoroughly investigated the association between clustering subgroups, risk models, PD-L1 expression, immunescores, and immune cell infiltration. The study also aimed to explore potential regulatory pathways regulating TIME and cervical cancer therapeutic methods (Figure 1).




Figure 1 | Graphical abstract is illustrated.





Materials and methods


Dataset acquisition

This study gained data from The Cancer Genome Atlas (TCGA-CESC) cohort. The mRNA expression data and corresponding clinicopathological data were obtained from 304 cervical cancer patients. Meanwhile, mRNA expression data were from three cervical cancer adjacent tissues. The Genotype-Tissue Expression (GTEx) data gateway was also used to gather mRNA expression data from 10 normal cervical epithelial tissues. Since the TCGA-CESC clinical data contain all cervical cancer patients, there are varying numbers of cervical cancer patients for mRNA expression patterns, which we will match later. The mRNA expression data were normalized by fragment per kilobase of exon model per million (FPKM, mean fragment per kilobase million). Clinicopathological information included survival state, survival time, age, HPV status, cisplatin using, grade, and Tumor Node Metastasis (TNM) staging.



Detection of 21 m6A regulators

In this study, 21 genes (METTL3, METTL14, METTL16, WTAP, KIAA1429, RBM15, RBM15B, ZC3H13, FTO, ALKBH5, EIF3A, IGF2BP1, IGF2BP2, IGF2BP3, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC, and HNRNPA2B1) were selected as classical m6A regulators. The mRNA expression data were then used to extract the expression of the 21 m6A regulators. The “pheatmap” and “vioplot” R packages were used to create a heatmap and a violin plot to better visualize the difference in m6A methylation regulators between cervical cancer and control groups. Additionally, mutations in those genes were retrieved from mutation annotation format (MAF) data and shown as a waterfall plot using the oncostrip function in the “maftools” package. Moreover, many studies found that tumor mutation burden (TMB) and neoepitopes were strongly linked to immunotherapy in a variety of cancer types. Therefore, the TMB of each sample was also calculated by the “maftools” R package. We used The Search Tool for the Retrieval of Interacting Genes/Proteins database to better understand m6A interactions (STRING, version 11.0, http://string-db.org/) (18). Then, this study employed Gene Ontology (GO) to analyze a preliminary understanding of their biological functions of 21 m6A methylation regulators. Furthermore, the correlation between different m6A methylation regulators was elucidated using Spearman correlation analysis.



Prognostic signature model

We screened the signature in 21 m6A regulators using univariate Cox regression, with a hazard ratio of more than 1 indicating a higher risk and a hazard ratio of less than 1 indicating a lower risk. Then, using the least absolute shrinkage and selection operator (LASSO) regression, we created predictive risk signatures for m6A regulators. The coefficients obtained from the LASSO regression were used to yield the following riskscore equation: riskscore = sum of coefficients * m6A regulator expression levels. In the current investigation, this method was used to calculate the riskscore of each cancer cervical patient. The median riskscore was utilized as the cutoff criterion for categorizing the samples into high-risk and low-risk groups.



Evaluating the prognostic value of the m6A signature

To analyze the difference in overall survival (OS) between the high- and low-risk groups, a Kaplan–Meier analysis was used. Receiver operating characteristic (ROC) curves were used to examine the prognostic capacity of the riskscores, and the area under the curve (AUC) was calculated. The distribution of clinicopathological traits in high- and low-risk groups was depicted using the R package “heatmap”. Cox regression models were employed in univariate and multivariate analyses to see whether riskscores may serve as independent prognostic indicators when combined with other clinical features.



PD-L1 genomic variation and co-expression level

The cBioPortal tool was used to identify possible PD-L1 copy number variations and mutations in cervical cancer. OncoPrint displayed a summary of PD-L1 genomic changes in cervical cancer samples. The changes in PD-L1 expression between tumor samples and normal samples, the two clusters, and the high- and low-risk groups were also depicted in this study. The link between PD-L1 expression and m6A regulators was calculated using Spearman correlation.



The relationship between m6A regulators and TIME in cervical cancer

Each cervical cancer patient’s immunescore was calculated using the R programme “estimate.” The fraction of 22 immune cell subtypes in each cervical cancer sample was determined by determining relative subtypes of RNA transcripts. This study has adapted the 1,000 permutations algorithm clustering, and riskscores were used to compare differences in immune infiltration levels between subgroups. Tumor Immune Estimation Resource assessed the influence of somatic copy number alternations (CNAs) in m6A regulators on the amount of immune cell infiltration.



Cell culture

Human cervical cancer cells (HeLa and CaSki) were purchased from the National Collection of Authenticated Cell Cultures. Cells were maintained with Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA) or RPMI 1640 medium supplemented with 10% fetal bovine serum (Gibco, USA) at 37°C with 5% CO2.



Immunohistochemical staining

All tissues were obtained from cervical cancer patients who underwent radical hysterectomy at the Second Affiliated Hospital of Wenzhou Medical University. Patients did not receive chemotherapy or radiotherapy before surgery. IHC was performed in cancer tissues and surrounding normal tissues using a previously described method (19). This study was approved by the ethics committee of the Second Affiliated Hospital of Wenzhou Medical University.



Western blot analysis

The siRNA sequences were purchased from Tsingke Biotechnology Co. and listed in Supplementary Table 1. The transfected HeLa and CaSki cells were treated with radio immunoprecipitation assay (RIPA) lysis buffer. Bicinchoninic acid (BCA) protein determination kits were applied to extract and quantify the total protein in the cells. Proteins were electrophoresed in a PVDF membranes. Membranes were incubated with primary antibodies at 4°C overnight. PD-L1 (1:1,000; ab213524; Abcam), YTHDF1 (1:1,000; ab230330; Abcam), METTL16 (1:300; orb679493; Biorbyt), ZC3H13 (1:1,000; ab70802; Abcam), and GAPDH (1:3,000; AB-M-M 001; GoodHere Technology) were purchased and used in this study. The Western blotting analysis was performed as described before (20).



Statistical analysis

All statistical tests were performed using R software (version 3.6.1). The Wilcoxon test and one-way analysis of variance (ANOVA) were used to calculate differences between two groups and among several groups. Kaplan–Meier analysis and a log-rank test were used to compare the OS of the two groups. A Spearman correlation test was used to evaluate the subtypes, clinicopathological characteristics, riskscores, PD-L1 expression, and immune infiltration levels. Only a p-value below 0.05 was regarded statistically significant.




Results


The m6A methylation regulators are expressed differently in cervical cancer

The occurrence of copy number variations and somatic mutations of 21 m6A regulators in cervical cancer was initially summarized. Mutations of m6A regulators were found in 46 of the 289 samples, with a frequency of 15.92% (Figure 2A). The highest mutation frequency was found in ZC3H13, followed by YTHDC2. Moreover, WTAP, KIAA1429, EIF3, IGF2BP1, IGF2BP2, IGF2BP3, RBM15, RBM15B, YTHDF1, YTHDF2, YTHDF3, HNRNPC, HNRNPA2B1, and ALKBH5 had a high expression in cervical cancer tumor tissues as compared to 13 normal and 304 malignant tissues. METTL3, METTL14, METTL16, YTHDC1, YTHDC2, and ZC3H13 expression levels were significantly greater in tumor tissues (p < 0.05, Figures 2B, C). The findings suggested that m6A regulators may play a role in the biological development of cervical cancer.




Figure 2 | (A) The mutation frequency of 21 m6A regulators in 289 patients with cervical cancer from the TCGA-CESC cohort. Each column represented individual patients. The upper bar plot showed TMB, and the number on the right indicated the mutation frequency in each regulator. The right bar plot showed the proportion of each variant type. The stacked bar plot below showed fraction of conversions in each sample. The expression levels of m6A RNA methylation regulators between tumor and normal samples in TCGA CESC and GTEx cohorts. (B) Heatmap of m6A RNA methylation regulator expression level in each sample. (C) The expression difference of m6A RNA methylation regulator between tumor and normal samples. *p < 0.05; **p < 0.01; ***p < 0.001.





Correlation and functional enrichment between m6A RNA methylation regulators

A PPI network was created using the STRING database to better understand the interactions between the 21 m6A methylation regulators. We discovered that the PPI network included 21 nodes and 111 edges after eliminating all separated elements with no connection (Figure 3A). The hub genes in the interaction network were found to be KIAA1429, METTL14, and METTL3 (Figure 3B). These genes were highly enriched in mRNA metabolic process regulation, mRNA stability regulation, RNA stability regulation, mRNA catabolic process regulation, and RNA modification (Figure 3C). Furthermore, we discovered that the majority of m6A RNA methylation regulators were positively associated with METTL14 having the strongest connection with EIF3A (Figure 3D) (r = 0.74).




Figure 3 | Interaction and correlation between m6A RNA methylation regulators in cervical cancer. (A) A PPI network was constructed to evaluate the interaction between m6A RNA methylation regulators. (B) Histogram of key M6A regulators. (C) Functional annotation of 21 m6A methylation regulators. (D) The correlations among m6A RNA methylation regulators were analyzed by Pearson correlation.





The consensus cluster of m6A methylation regulators was significantly associated with clinical signatures of cervical cancer patients

Based on the similarity of the expression level of m6A regulators and the proportion of fuzzy clustering measures, it is established that k = 2 has the best clustering stability from k = 2 to 9 (Supplementary Figure 2). A total of 304 cervical cancer patients were divided into clusters 1 and 2 (N1 = 152, N2 = 152) based on the expression levels of the m6A regulators (Figure 4A). The results showed that m6A methylation regulators were expressed at a higher level in cluster 1 than in cluster 2 (Figure 4B). Furthermore, the clinical prospects of clusters 1 and 2 were compared. The WHO stage and grade of cervical cancer differed considerably between the two groups (p < 0.05, Figure 4B). However, the OS did not differ considerably across the two clusters (Figure 4C).




Figure 4 | Consensus clustering identified two cervical cancer patient clusters and their relationship with clinicopathological parameters. (A) The cervical cancer cohort from TCGA was divided into two distinct clusters when k = 2. (B) Comparison of the relationship between the clinicopathological characteristics of two clusters. (C) The clinicopathological features between the two subtypes were then compared. Cluster 2 was preferentially associated with a low WHO stage and grade (p < 0.05).





Correction between PD-L1 and m6A methylation regulators

The types and frequency of PD-L1 mutations in cervical cancer were investigated using the cBioPortal platform. PD-L1 is mutated in PD-L1 is mutated in 4% of cervical cancer patients, including missense mutations, amplifications, and deep deletions (Figure 5A). Amplifications account for the vast majority of PD-L1 changes in cervical cancer. The sites of PD-L1 mutations in cervical cancer patients were visualized using a lollipop diagram (Figure 5B). We evaluated the difference in PD-L1 expression between tumor samples and controls, clusters 1 and 2, and high- and low-risk groups to determine the link between PD-L1 and m6A regulators. In cervical cancer samples, PD-L1 expression was much higher than in normal surrounding tissues (Figure 5C, p < 0.001). The expression of PD-L1 in clusters 1 and 2 differs statistically significantly (Figure 5D). Furthermore, ALKBH5, FTO, METTL3, RBM15B, YTHDF1, YTHDF3, and ZC3H13 were all inversely linked to PD-L1 (p < 0.01, Figure 5E).




Figure 5 | Association of PD-L1 with m6A RNA methylation and the landscape of immune cell infiltration in cervical cancer. (A) OncoPrint of PD-L1 alterations in the TCGA-CESC cohort identified by cBioPortal. (B) Lollipop of PD-L1 alterations in the TCGA-CESC cohort identified. (C) PD-L1 expression was significantly higher in cervical cancer than that in controls. (D) The expression level of PD-L1 in cluster 1/2 subtypes. (E) The correlation of PD-L1 with m6A methylation regulators in cervical cancer.





Association of distinct immune cell infiltration with m6A methylation regulators

Immune cells and stromal cells are two important non-tumor components of the TIME (18). To investigate the relationship between m6A regulators and TIME in cervical cancer, we scored immune cells (Figure 6A) and stromal cells (Figure 6B) in each sample and summed the two scores to get the total estimatescore (Figure 6C). A lower tumor purity was associated with higher total scores. According to our findings, immunescores, stromalscores, and estimatescores were all higher in cluster 2 (p < 0.05). The infiltration levels of 22 immune cell subtypes were then compared between clusters 1 and 2 (Figure 6D). Cluster 2 had greater amounts of plasma cell (p = 0.0028) and Treg (p = 0.0051) infiltration (Figures 6E, F). GSEA was utilized to determine the underlying regulatory mechanisms that result in temporal differences between clusters 1 and 2. Lastly, the findings revealed that cluster 1 was associated with basal transcription factors, the cell cycle, RNA degradation, and the spliceosome (Figure 6G).




Figure 6 | Differences in the level of immune cell infiltration between the two clusters in cervical cancer and the biological pathways involved. (A) Immunescore, (B) stromalscore, and (C) estimatescore in the cluster 1/2 subtypes. (D) The infiltrating levels of 22 immune cell types in cluster 1/2 in cervical cancer. (E) The infiltrating levels of the plasma cells and (F) regulatory T cells in two clusters. *p < 0.05; **p < 0.01. (G) GSEA shows signaling pathways involved in cluster 1.





Accurate prognostic prediction of signatures for m6A methylation regulators

The predictive efficacy of these 21 m6A methylation regulators in cervical cancer was next investigated using univariate Cox regression analysis. Then, three m6A regulators were recognized: METTL16, YTHDF1, and ZC3H13 (Supplementary Table 2). The LASSO technique was used to calculate the coefficient of each prognostic gene (Figures 7A, B). Three m6A regulators (METTL16, YTHDF1, and ZC3H13) were chosen as the minimum standard for constructing a predictive signature, and the riskscore of each cervical cancer patient was determined. Riskscore = (0.0369 * YTHDF1 expression) + (0.2248 * METTL16 expression) + (0.1619 * ZC3H13 expression). The patients were then separated into high- and low-risk groups based on their median riskscore. Furthermore, Kaplan–Meier curve analysis revealed that the high-risk group had a worse prognosis than the low-risk group (Figure 7C). Following that, a time-dependent ROC curve was built to assess the specificity and sensitivity of prognostic signals related with m6A methylation regulators. The AUC of three risk signatures was 0.666, 0.712, and 0.784 at 3, 5, and 10 years, respectively (Figure 7D). Three risk signatures demonstrated a good predictive power in the prognosis of cervical cancer. Furthermore, we used the TCGA-CESC cohort to do univariate and multivariate Cox regression analysis to see if the riskscore based on prognostic markers is an independent prognostic indicator for cervical cancer patients. Univariate analysis revealed that the riskscore (p = 0.002, HR = 5.203), tumor stage (p = 0.001, HR = 1.515), T stage (p = 0.006, HR = 1.436), M stage (p = 0.005, HR = 3.175), and N stage (p = 0.004, HR = 2.627) were significantly correlated with OS, and subsequent multivariate Cox regression analyses indicated that the riskscore (p = 0.001, HR = 7.830) and N stage (p = 0.001, HR = 3.640) (Figures 7E, F) were independent prognostic factors for cervical cancer.




Figure 7 | Construction of the prognostic signature based on the TCGA cervical cancer cohort. (A, B) The prognostic signature constructed by the minimum criterion of the LASSO Cox regression algorithm. (C) The Kaplan–Meier curve shows that the riskscore based on the prognostic signature of m6A RNA methylation is significantly correlated with OS in cervical cancer patients. (D) Time-dependent ROC curves were applied to assess the predictive efficiency of the signature in TCGA. (E) Univariate and (F) multivariate Cox regression analysis of the riskscores in TCGA.





Riskscores are related to clinical features in cervical cancer

The association between riskscore and clinical features as well as cluster subgroups was investigated further in the cervical cancer study (Figure 8A). METTL16 (p = 1.1E-08) was found to be more abundant in the high-risk group (Figure 8B). YTHDF1 (p = 3.4E-10) and ZC3H13 (p = 2.4E-15) were considerably lower expressed in the high-risk group (Figures 8C, D). Furthermore, neither PD-L1 nor the riskscore were shown to have statistical significance (Figure 8E). In terms of cervical cancer living stage, there was a substantial difference between the high-risk and low-risk groups (Figure 8A). The connection between riskscore and immunescore, cluster, TNM stage, grade, HPV stage, cisplatin use, and tumor size were also investigated (Figures 9A–G). Even though the differences in immunescores and riskscores were not significant, the high immunescore group had a higher median riskscore than the low immunological score group (Figure 9A). Furthermore, no statistically significant differences were detected in cluster 1/2 (Figure 9B), TNM stage (Figure 9C), grade (Figure 9D), HPV stage (Figure 9E), cisplatin use (Figure 9F). The data demonstrated that after treatment, cervical cancer patients with tumors had a considerably higher riskscore than those without tumors (p = 0.002, Figure 9G). The association between TMB and m6A regulators was also investigated in our study; however, no statistically significant variations in immunescore, PD-L1 expression, riskscore, or clustering were found between the high TMB and low TMB groups (Supplementary Figure 2). These data suggest that the riskscore of cervical cancer patients may have a significant impact on clinical outcomes.




Figure 8 | Prognostic riskscores correlated with stage, immunescore, and clinicopathological parameters in cervical cancer. (A) Heatmap and clinicopathologic parameters of high- and low-risk groups. (B–D) The differences of METTL16, YTHDF1, and ZC3H13 expression in low- and high-risk groups. (E) The relationship between riskscore and PD-L1 expression *p < 0.05; ****p < 0.0001.






Figure 9 | The relationship between riskscore and immunescore (A), cluster 1/2 (B), TNM staging (C), grade (D), HPV (E), cisplatin (F), and tumor stage (G) **p < 0.01.





The relationship between m6A regulator signature genetic alterations and immune cell infiltration

The impact of three m6A methylation regulators on the cervical cancer TIME was evaluated by examining the link between the riskscores of 22 immune cell types and the extent of infiltration. The riskscore was found to be negatively correlated with plasma cell infiltration (p = 4.2E-4, Figure 10A) and Treg infiltration (p = 0.02, Figure 10B). The cervical cancer TIME was associated with risk signatures based on m6A regulators. Furthermore, the influence of somatic CNA based on m6A modulator signal on immune cell infiltration was investigated to preliminarily elucidate the potential mechanism of riskscore and diverse immune cell infiltration. The infiltration of CD8 + T cells, dendritic cells, and neutrophils in cervical cancer was dramatically affected by the detected CNAs of m6A regulator signatures, including arm-level deletion, diploid/normal, arm-level gain, high amplification, and deep deletion (Figures 10C, D). This study adds to the evidence that m6A methylation regulators play a significant role in the TIME of cervical cancer patients.




Figure 10 | Relationships between the riskscore and infiltration abundances of nine immune cell types. (A) Plasma cells. (B) Regulatory T cells. Effect of the genetic alterations of m6A regulator-relevant signature on the immune cell infiltration. (C) YTHDF1. (D) ZC3H13. *p < 0.05.





The association between m6A and PD-L1 in cervical cancer tissues and cells

In human cervical cancer tissues, the expression of PD-L1, METTL16, ZC3H13, and YTHDF1 was highly expressed in cervical cancer patients compared with surrounding normal tissues (Figure 11). Moreover, downregulation of METTL16, YTHDF1, or ZC3H13 in two cervical cancer cell lines elevated the expression of PD-L1 (Figure 12). This study indicated that METTL16, YTHDF1, and ZC3H13 could regulate the expression of PD-L1 in cervical cancer.




Figure 11 | IHC was performed to measure the expression of PD-L1, METTL16, YTHDF1, and ZC3H13 in cervical cancer tissues and surrounding normal tissues.






Figure 12 | Western blotting was used to detect the relationship between m6A regulators and PD-L1 in cervical cancer. Immunoblot of METTL16, YTHDF1, ZC3H13, and PD-L1 in CaSki cells and HeLa cells after depletion of METTL16 (A, B), YTHDF1 (C, D), and ZC3H13 (E, F). GAPDH was used as a loading control.






Discussion

The main treatments for cervical cancer are surgery in combination with radiotherapy, chemotherapy, and targeted therapy. The survival rate for recurring is still a big concern (21). Although relevant immunotherapies for cervical cancer are still in the early stages of development, some related inhibitors have entered clinical trials and showed long-term anticancer effectiveness with manageable side effects, indicating that the immunological microenvironment of cervical cancer is worth investigating further (22, 23). Simultaneously, m6A methylation, the most prevalent type of mRNA alteration, has been shown to promote or repress cancer in a variety of tumor types (24, 25), but there have been very few investigations in cervical cancer. Therefore, there is a need to further explore the role of m6A methylation in cervical cancer and the impact on the TIME infiltration of cervical cancer. Furthermore, the impact of m6A methylation on cervical cancer TIME is still unknown. Therefore, the expression patterns, prognostic values, and impacts of m6A RNA methylation regulators on TIME in cervical cancer were investigated.

With the exception of FTO, the expression levels of m6A regulators in cervical cancer were much greater than in normal tissues. METTL3, METTL14, and WTAP methylation levels in cervical cancer were reported to be considerably greater than in surrounding normal tissues in a prior investigation (17, 26). Furthermore, high levels of METTL3 and YTHDF1 expression in cervical cancer patients were linked to a poor prognosis (16, 17). According to a recent study, KCNMB2-AS1 and IGF2BP3 established a positive regulatory circuit that increased KCNMB2-AS1’s tumorigenic activity in cervical cancer (27). Moreover, one study reported that knocking down IGF2BPs greatly reduced MYC expression and hindered cancer cell proliferation, colony forming ability, and cell migration/invasion, mimicking the effect of MYC silencing (28). A PPI network containing 21 m6A RNA methylation regulators was created in STRING, and the biological roles of the regulators were analyzed by using GO functional annotation.

Consensus clustering of 21 m6A methylation regulators was then used to identify two molecular subtypes (clusters 1/2). Cluster 2 was confirmed to be associated with low tumor stage and grade. In terms of prognosis, no significant difference was found in OS between two subtypes. PD-L1 was overexpressed in cervical tumor tissues. Furthermore, PD-L1 was found to be associated with ALKBH5, FTO, METTL3, RBM15B, YTHDF1, YTHDF3, and ZC3H13. Further research is needed to be study whether these regulatory parameters predict the success of immunotherapy in patients with cervical cancer. We also investigated immune cell infiltration in cervical cancer patients. Cluster 2 had a higher amount of plasma cell and Treg infiltration than cluster 1. Tregs are critical for maintaining immunological self-tolerance to self-antigens and preventing immune diseases, and cervical cancer patients with increased Treg infiltration have a worse prognosis. Cluster 2 also has much higher immunological and stromalscores by using the ESTIMATE technique, indicating a significant difference in cervical cancer patients’ TIME. Furthermore, GSEA revealed that basal transcription factors, cell cycle, RNA degradation, and the spliceosome were among the signature pathways engaged in cluster 1.

Furthermore, this study created a three-gene prognostic marker consisting of an m6A methylation regulatory factor, namely, METTL16, YTHDF1, and ZC3H13, and the calculated riskscore had a good predictive effect on cervical cancer patients. Riskscore and N stage were independent prognostic factors. The high riskscore of cervical cancer patients is associated with poor prognosis and is an independent prognostic factor. Among these risk factors, elevated YTHDF1 expression was linked to a poor prognosis in cervical cancer patients, and it was thought to be an oncogene in the disease (17, 29). YTHDF1 aggravated the carcinogenesis of cervical cancer via m6A-induced promotion of RANBP2 (16). Another study discovered that the YTHDF1/eEF-2 complex and IGF2BP3 increase the translation elongation and mRNA stability of pyruvate dehydrogenase kinase 4 to control glycolysis in cervical cancer cells (30). Moreover, METTL16-mediated m6A methylation boosted gastric cancer cell proliferation by increasing cyclin D1 expression (31). Furthermore, METTL16 was shown to be substantially expressed in gastric cancer and colorectal cancer cells, and was linked to a poor prognosis (31, 32). In contrast, increased METTL16 expression predicts a longer survival in individuals with liver cancer (33). Notably, accumulating evidence showed that METTL16 has been associated with a bad prognosis and has been found to be highly expressed in gastric cancer and colorectal cancer cells (31, 32). However, one study suggested that greater METTL16 expression predicted a longer survival in people with liver cancer (33). The fact that the same gene encoding the methyltransferase has different functions in various malignancies could explain the difference in METTL16’s prognostic efficacy between gastric cancer and liver cancer (13). ZC3H13 expression was shown to be drastically reduced in endometrial carcinoma tissues in a prior study, and it was found to inhibit endometrial carcinoma cell lines from increasing proliferation and invasion (34). ZC3H13 enhanced stemness and chemoresistance via modulation of CENPK mRNA in cervical cancer cells (35). However, the relevance of METTL16 and ZC3H13 in cervical cancer is still not fully known.

Recent studies have also focused on immune-related prognostic features associated with cancer immune invasion (36). For example, a growing body of literature strongly suggested that YTHDF1 may regulate the immune microenvironment of breast cancer, influencing tumor growth as well as immunotherapy efficacy (36). According to a recent study, YTHDF1 and YTHDF2 induced inflammation in the TIME in non-small-cell lung cancer (37). Another study found that YTHDF1 was involved in the regulation of long-term neoantigen-specific immunity, and YTHDF1-deficient mice had an increased antigen-specific CD8+ T-cell antitumor response in colon cancer (38). The research on the other two risk signatures, as well as immune cell infiltration, is still in the early stages. In terms of additional m6A regulators, one study observed that in mice tumors missing YTHDF1, the degree of CD8+ T and NK cell infiltration was increased, enhancing in vivo tumor antigen cross-expression and CD8+ T-cell cross-priming (38). The loss of METTL3 or METTL14 causes T-cell proliferation and differentiation to be disrupted, lowering the sensitivity of interleukin 7 (IL-7) in vivo (39). Our findings also revealed that CNAs of m6A methylation regulators, such as arm-level deletion, diploid/normal, arm-level gain, high amplification, and deep deletion, had a substantial impact on CD8+ T cells, dendritic cells, and neutrophil infiltration in cervical cancer. TIME is believed to be regulated by the m6A methylation regulator in cervical cancer patients.

There are various limitations to this study. Firstly, the small sample sizes may have an impact on the results. Future studies must increase the sample size, sequencing data, and clinical information of cervical cancer patients. Furthermore, our findings are based on bioinformatic analysis of datasets containing genetic and other molecular information from patient tissues, which will need to be validated using cell lines, animal models, and clinical trials. In conclusion, the research looked at the expression of m6A RNA regulators in cervical cancer, their relationship with PD-L1, and putative regulation mechanisms. The difference in the degree of immune cell infiltration in the TIME was assessed using consensus clustering of m6A regulators. The m6A regulators may boost immunotherapy response in cervical cancer patients by modulating TIME and PD-L1 expression. More importantly, we created a prognosis marker incorporating three m6A RNA methylation genes and identified the riskscore as an independent prognostic factor in the cervical cancer cohort, indicating that prognostic markers are a viable tool for predicting survival outcomes in cervical cancer patients.
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Myeloid-derived suppressor cells (MDSCs) are a group of heterogeneous cells which are abnormally accumulated during the differentiation of myeloid cells. Immunosuppression is the main functional feature of MDSCs, which inhibit T cell activity in the tumor microenvironment (TME) and promote tumoral immune escape. The main principle for immunotherapy is to modulate, restore, and remodel the plasticity and potential of immune system to have an effective anti-tumor response. In the TME, MDSCs are major obstacles to cancer immunotherapy through reducing the anti-tumor efficacy and making tumor cells more resistant to immunotherapy. Therefore, targeting MDSCs treatment becomes the priority of relevant studies and provides new immunotherapeutic strategy for cancer treatment. In this review, we mainly discuss the functions and mechanisms of MDSCs as well as their functional changes in the TME. Further, we review therapeutic effects of immunotherapy against MDSCs and potential breakthroughs regarding immunotherapy targeting MDSCs and immune checkpoint blockade (ICB) immunotherapy.
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Introduction

It is known that the incidence of cancer is still rising with poor prognosis and high mortality, despite the continuous improvement of treatment modalities (1). At present, the main treatments for cancer include surgery, radiotherapy, chemotherapy. However, those treatments have severe side effects on healthy cells, and have limitations such as drug resistance. Immunotherapy has increasingly attracted wide attention due to its unique advantages, especially its long-lasting therapeutic effects (2, 3). Recently, it was reported that the immune checkpoint blockade (ICB) immunotherapy, such as those targeting CTLA-4, PD-1, and PD-L1. ICB greatly improved treatment efficacy on tumors with high mutation rates, such as non-small cell lung cancer (NSCLC). In the clinical data statistics of NSCLC, it was found that the composite mutation characteristics are closely related to the pro-inflammatory tumor microenvironment (TME). In addition, the checkpoint proteins are the most commonly used biomarkers for NSCLC patients, especially for high expression of PD-L1 on tumor and PD-1 on T cells (4, 5). However, the response rate for ICB immunotherapy is only 15-20% in various types of solid tumors, which is far from clinical request due to complex TME (6).. Therefore, the impact of cancer on the immune system still needs to be explored.

The immune system consists of many negative feedbacks of inhibitory pathways that are found to suppress the development of excessive immune responses to avoid autoimmune reactions (7, 8). In the process of cancer development, there is a balance complex between cancer and the immune system. The occurrence and development of cancer cause immune escape, promoting cancer progression (9). The long-term inflammatory invasion of cancer cells disrupts the balance of the immune system, making immune cells exhausted, finally leading to continuous tumor growth and metastasis. Therefore, researchers are paying more attention to the anti-tumor immune responses on the TME, where there are plenty of cancer suppressor factors such as tumor-related stromal cells, regulatory T cells (Treg) and immunosuppressive myeloid cells (IMCs) (10). The immunosuppressive cytokines in TME produced by tumor cells, MDSCs and CAFs are crucial factors that mediate T-cell and other immune cell dysfunction. TGF-β signaling pathway, for example, plays an important role in tumor promotion (11, 12). A hallmark of cancer development is persistent inflammatory invasion and immune escape, which induce oncogene protein, reduces tumor suppressor genes, and produces IMCs which include TAMs and MDSCs (13, 14). Plenty of IMCs in TME and their strong inhibitory roles on lymphocytes have become the main obstacle to tumor immunotherapy (15). Here we focus on one type of cell of IMCs, MDSCs, which suppress T cell to promote tumor cell proliferation, metastatic growth and immunotherapy resistance (16).

MDSCs are a class of highly heterogeneous cells derived from immature myeloid progenitors, consisting of myeloid progenitors and precursors of macrophages, granulocytes and DCs, trigger the abnormal state of hematopoietic stem cells in the differentiation process and display immunosuppressive activity on T cells and NK cells during the progression of cancer (17) (Figure 1). MDSCs mainly consist of two cell subsets: granulocytic/polymorphonuclear MDSCs (PMN-MDSCs) and monocytic MDSCs (M-MDSCs) (18). During cancer development, it is stimulated by long-term inflammatory factors and cytokines (e.g., high levels of GM-CSF, VEGF, IL-6, IL-1β, adenosine, HIF1α). This leads to myelogenesis and regulation in the bone marrow, which transforms into pathologically activated cells in tissues; Moderate myelogenesis, changes in cellular metabolism, thereby inhibiting immune function. Immunosuppression roles of MDSCs are mainly regulated through STAT3, STAT1, STAT6, NF-κB, ER stress pathway, Down-regulation of cAMP, COX2, PTGES, CEBPβ, IRF8, RB1 and lipid oxidation (19, 20). MDSCs participate in promoting tumor progression by enhancing tumor angiogenesis and invasion, and facilitating pre-metastatic niche formation (21, 22). Thus, MDSCs play an important role in determining the therapeutic effect of immunotherapy. In this review, we address the regulatory mechanisms of MDSCs as well as their functional changes in the TME, and summarize combined therapeutic effect of targeting tumor MDSCs and ICB.




Figure 1 | During normal myelogenesis, bone marrow hematopoietic stem cells differentiate into immature cells, which migrate to corresponding peripheral organs and further differentiate into macrophages, dendritic cells or neutrophils. However, in a chronic inflammatory or tumor microenvironment, the differentiation of immature bone marrow cells is blocked, and abnormal accumulation of immature bone marrow cells is induced. Tumor MDSCs are increased to inhibit T/NK cells anti-tumor immune response. Promotion: →; Inhibition: ┤.





Characteristics and functioning mechanisms of MDSC in the TME

During normal myelopoiesis, the major myeloid populations include granulocytes (with the most representative being neutrophils), monocytes, terminally differentiated macrophages (MΦ), and DCs. Those mature myeloid cells are one of the main protective mechanisms against pathogens (23–25) (Figure 1). For instance, classical activation of myeloid cells occurs in response to antipathogenic signals, mainly in the form of toll-like receptor (TLR) ligands, various damage-associated molecular pattern (DAMP) molecules, and pathogen-associated molecular pattern (PAMP) molecules (26). The activation leads to the production of monocytes and neutrophils in the bone marrow, markedly increase phagocytosis, a respiratory burst, the production of pro-inflammatory cytokines and the upregulation of both the major histocompatibility complex (MHC) class II and co-stimulatory molecules. This process usually lasts for only a short time and the reaction disappears with the threat (i.e., pathogen) lost. MDSC formation is different from normal myelogenesis, which is a pathological activation state resulting from continuous stimulation of tumor or chronic inflammation on bone marrow compartment, leading to high levels of ROS, MPO, NO, and most anti-inflammatory cytokines, which prevent the generation of mature bone marrow cells (27, 28). C/EBPα and C/EBPβ play the important role in the formation of bone marrow and affect the formation and development of MDSC. C/EBPα makes the granulocyte lineage specific transition from CMP to granulocyte-monocyte precursors (GMPs), GMP. After the GMP phase, C/EBPα is dispensable, while C/EBPβ plays a major role. C/EBP family members have been found to control the expansion and functional properties of MDSC, and may regulate MDSC differentiation into neutrophils and macrophage. Under pathological conditions, C/EBPα may be down-regulated in MDSCs, but C/EBPβ, C/EBP-δ may be strongly up-regulated (29). MDSC-like cells are continuously activated through signal transduction and activator of transcription 3 (STAT3) or NF-κB pathway (20).However, in some chronic infections and cancers, the signals that activate myeloid cells are quite different (24, 30). These signals are relatively weak and long-lasting in the present of growth factors and inflammatory mediators. Both neutrophils and monocytes under these conditions exhibit immature phenotype and morphology, relatively weak phagocytic activity, increased levels of reactive oxygen species (ROS), nitric oxide (NO) production, Arginase and Prostaglandin E2 (PGE2) (23, 26, 30, 31). Those myeloid cells in the pathological state suppress T cell anti-tumor immune response, are now referred to as MDSCs (32, 33) (Figure 2).




Figure 2 | (A) Classical activation of bone marrow cells occurs in response to pathogen signals, mainly in the form of Toll-like receptor (TLR) ligands, various damage-related molecular pattern (DAMP) and pathogen-associated molecular pattern (PAMP) molecules. This results in rapid activation of monocytes and neutrophils in the bone marrow, a significant increase in phagocytosis, respiratory bursts, production of pro-inflammatory cytokines and upregulation of major histocompatibility complex (MHC) class II and costimulatory molecules. (B) In chronic infections and cancer, Immature cell differentiation is blocked. They exhibit relatively weak phagocytic activity, increased levels of reactive oxygen species (ROS) and nitric oxide (NO) production, arginase and PGE2, promoting tumor growth. Promotion: →, Inhibition: ┤.



MDSCs are the main suppressive immune cells with the ability to suppress the adaptive and innate immune responses (34–36). However, the functional mechanisms of MDSCs in immune suppression have been completely uncovered. They can be further divided into two subtypes: PMN-MDSCs and M-MDSCs) (37). PMN-MDSCs are phenotypically and morphologically similar to neutrophils, whereas M-MDSCs are similar to monocytes (38). MDSCs in mice have two distinct subtypes due to different markers on them in mice and humans; In mice, MDSCs are characterized by co-expression of CD11b of α-M integrin, which is considered to be a marker of ubiquitination, and bone marrow differentiation antigen Gr-1 which is a glycosylphosphatidylinositol junction protein, is composed of Ly6C and Ly6G subunits, resulting in two subtypes: CD11b+Ly-6G+Ly-6ChighandCD11b+Ly-6G+Ly-6Clow (39). Since the CD11b+ Ly-6G+ Ly-6 Chigh subtype is morphologically similar to monocytes, it is termed M-MDSCs, and the CD11b+Ly-6G+Ly-6Clow subtype displays a granulocyte-like morphology and is termed granulocytic MDSCs (PMN-MDSCs or G-MDSCs) (34). In human, M-MDSC expression is characterized by CD11b, CD14, HLA-DR and CD15 (40). M-MDSCs can be defined as CD11b+CD15-CD14+HLA-DR-/low MDSCs, while PMN-MDSCs are usually defined as CD11b+CD14-CD15+ (or CD66b+) MDSCs (20, 33). Recently, third subgroup of MDSCs in humans are found to be called early MDSCs, which lacks expression of mature blood cell markers (including CD3, CD14, CD15, CD19 and CD56), thus it is called Lin-HLA-DR-CD33+ (41). consisting mainly of cells with colony-forming potential and other myeloid precursor cells (33, 42).

In the TME, MDSCs are accumulated to suppress immune function and promote tumor growth through inducing some tumor-derived factors, cytokines and/or chemokines such as interleukin (IL)-6, interferon (IFN)-γ, IL-1β, granulocyte-macrophage colony-stimulating factor (GM-CSF), tumor necrosis factor (TNF)-α and vascular endothelial growth factor (43, 44). In Esophageal Squamous Cell Carcinoma (ESCC), the increase of MDSCs is upregulated through IL-6 or other signaling pathways mediated by aldehyde dehydrogenase (6, 45). The continuous recruitment of MDSCs to tumors is also mediated by interactions between chemokines and chemokine receptors, particularly the interaction between the CC chemokine receptor 5 (CCR5) and its ligand to exaggerate ESCC progression. In melanoma, tumor-infiltrating CCR5+ MDSCs was found to show elevated expression levels of immunosuppressive markers such as PD-L1, Arg1, ROS and NO, exerting stronger immunosuppressive activity compared with its CCR5- counterparts (12). In breast cancer, BCC-Ex induced the increase of myeloid cells by activating the STAT3 signaling pathway, promoting the expansion of MDSCs (27, 46). In the TME, the immunosuppressive function of MDSCs is also mediated through endoplasmic reticulum stress and inhibitor-related enzymes, which include cyclooxygenase 2(COX2), NADPH oxidase 2 (NOX2), Indoleamine 2, 3-dioxygenase (IDO) and arginase 1 (ARG-1) which induces nitrogen Nitric oxide synthase (iNOS or NOS2) (47). MDSCs also regulate the functional activity of other immune cells, such as macrophages, NK cells, Treg, and B cells (48, 49). In a mouse non-T-cell inflammatory oral cancer model (MOC2), peripheral CXCR2+ PMN-MDSCs are pathologically accumulated to enter tumors, inhibiting the functions of NK cells (50, 51). MDSCs also interact with other IMCs such as TAMs to promote their immunosuppressive activities (37, 52) Tables 1, 2.


Table 1 | Roles of cytokine and chemokines on tumor MDSCs.




Table 2 | Function of target protein on tumor MDSCs.



MDSCs exert its immunosuppressive function through the induction of different cytokines or chemokines. Porta et al. found that inhibition of PGE2/P50/NO axis could prevent the inhibitory function of MDSC and restore the functional effect of anticancer immunotherapy. IFNγ treatment block M-MDSC to produce the tumor-promoting molecule nitric oxide (NO) and PGE2, which promote nuclear accumulation of P50 NF-κB in M-MDSCs, indicating that IFNγ treatment may reverse NO-mediated immunosuppression of MDSCs through PGE2/NO/P50 pathways (53). It has been found in prostate cancer studies that IL-23 produced by MDSCs can promote the development of prostate cancer through activating androgen receptor pathways in castration-resistant prostate cancer (CRPC), promoting cell survival and proliferation in androgen deficiency. Therefore, IL-23 blockage can resist MDSC-mediated castration resistance and produce synergistic effects (54). The expansion of MDSCs is induced in melanoma through NLRP3/IL-1 signaling, suggesting that NLRP3 inhibitors may restore T cell function through reducing the numbers of tumor MDSCs, and the combined treatment with NLRP3 inhibitor and anti-PD-1 is more effective (55). Therefore, Immunotherapy targeting related cytokines or chemokines reverses the suppressive roles of MDSCs on T cells.



Therapeutic effects of MDSCS on immunotherapy

In tumor treatment, the durable effects of surgery, radiotherapy, and chemotherapy are relatively low, and immunotherapy has a relatively higher and long-lasting treatment outcome. However, Our data have demonstrated that drug resistance is common in most current immunotherapies due to the immunosuppressive cells in the TME, where MDSC-mediated immunosuppression represents a potential mechanism of resistance to immunotherapy (36). Targeting MDSCs may be an important strategy to overcome immunotherapeutic resistance. In renal cell carcinoma (RCCs), it was found that the recruitment of MDSCs into the tumors induced by a tumor-promoting factor, IL-1β led to immune-suppression on cancer cells. After combined treatment with both anti-IL-1β and anti-PD-L1 antibodies, the number of PD-L1+PMN-MDSCs was reduced in the tumors, blocking tumor progression (56). In an LKB1-deficient NSCLC mouse model, ELR+CXC chemokine promoted NSCLC development and increased levels of ELR+CXC chemokines were positively correlated with the abundance of G-MDSCs in the TME. The depletion of G-MDSCs by anti-Gr-1 antibodies or functional blockade of G-MDSCs by ATRA reverses immunosuppression and made LKB1-deficient tumors sensitive to anti-PD-1 treatment (27, 57).

In head and neck squamous cell carcinoma (HNSCC), the infiltration numbers of CXCR1/2+CD15+ PMN-MDSCs and CD14+ M-MDSCs with immunosuppressive function are significantly increased. Researchers inhibit the infiltration of CXCR2+ PMN-MDSCs into MOC2 tumors through dual inhibitors of CXCR1/2 and SX-682 to enhance the CTL infiltration and increase the therapeutic effects of adoptive transfer of NK cells (12). In neuroblastoma patients, researchers have developed genetically modified NK cells with chimeric receptors NKG2D, which is a cytotoxic receptor activated by non-classical MHC molecules expressed during stressful events such as DNA damage, hypoxia or viral infection. NKG2D is fused to the ζ chain of the cytotoxic T cell receptor (NKG2D.ζ) to become NKG2D.ζ-NK cells (58). Targeting MDSCs with NKG2D.ζ-NK cells inhibits the function of MDSCs and improves the anti-tumor role of tumor-directed chimeric antigen receptor (CAR)-modified T cells (CAR-T) in a xenograft tumor model (59). The liver X nuclear receptor (LXR)/apolipoprotein E (ApoE) axis has been implicated in enhancing anti-tumor activity. LXRβ and LXRα are two members of the nuclear hormone receptor transcription factor family that drive the transcriptional activation of ApoE and other genes involved in cholesterol, fatty acid, and glucose metabolism. Studies have confirmed that LXR and its transcriptional target ApoE can reduce the abundance of MDSCs to inhibit melanoma development (60). Therapeutic LXR agonists reduced the abundance of MDSCs in a mouse tumor model (61). Therefore, Targeting MDSCs treatment may improve the immunotherapy results on the TME.

In the TME, some immunoglobulins are co-expressed in immunosuppressive cells, influencing their immunosuppressive roles (62). The tandem action of CD39 and CD73 ectonucleotidases expressed on MDSCs can convert ATP to adenosine on Tregs which is thought to be important mediators of immunosuppression in the TME (63, 64). In NSCLC and melanoma, it was found that high expression levels of CD39 and CD73 on tumor MDSCs are positively correlated with tumor progression (65, 66). TGF-β was found to trigger the phosphorylation of mammalian targets of rapamycin, which subsequently activated hypoxia-inducible factor-1α (HIF-1α) that induced CD39/CD73 expression on MDSC to inhibit T cell function. Therefore, CD39/CD73 on MDSCs may be the novel therapeutic target for tumor treatment (67, 68). Their expression levels on MDSCs are reduced to slow down the tumor progression (69). In the TME, the myeloid cell receptor tyrosine kinases (RTKs) (i.e., TYRO3, AXL, and MERTK) and their ligands (i.e., Gas 6 and protein S) suppress immune responses. In tumor-bearing mice, the expressions of TYRO3, AXL, and MERTK, and their ligands increased >20 folds in M-MDSCs and >15 folds in PMN-MDSCs. Mertk-/-, Axl-/- and Tyro3-/- tumor models were revealed to reduce RTK enzymatic activity, exhibit defective MDSC roles, and display poor tumor migration capacity to tumor-draining lymph nodes (TDLN) (70). The inhibition of TYRO3, AXL, and MERTK reduced the immune suppression function of MDSCs in a STAT3-dependent manner, increased CD8+ T cell infiltration and enhanced treatment efficacy of anti-PD-1 treatment on melanoma (71, 72). These findings suggest that TYRO3, AXL and MERTK, are immunosuppressive and innate immune checkpoint protein, whose inhibitors may improve the TME through downregulating the roles of MDSCs.

CD33 is composed of type 1 membrane proteins and is a transmembrane sialic acid-binding immunoglobulin-like lectin (SIGLEC) possessing two immunoglobin domains that bind to sialic acid and intracellular immunoreceptor tyrosine inhibitory motif (ITIM) (73). CD33 is pathologically overexpressed on MDSCs in blood and tumor tissues from cancer patients to promote tumor growth. Therefore, targeting CD33+ MDSCs can effectively reduce the immunosuppression of MDSCs, slowing down tumor growth (74).



Synergistic roles of ICB and targeting MDSCs

ICB and CAR-T therapies have provided further advantages for cancer immunotherapy (75). Immune checkpoint inhibitors target immune checkpoint molecules, primarily PD-1, PD-L1, and CTLA-4 to restore anti-tumor immune function. Even though some of checkpoint proteins (such as PD-L1) are expressed on the surfaces of both tumor and MDSCs and a few cancer patients show good long-lasting clinical effects after ICB treatment, immunotherapeutic resistance develops in the late stage of most solid tumors.

MDSCs in the TME induced by chemokines or cytokines become major obstacle to compromise the effect of ICB (76, 77). Targeting MDSCs may be a potential breakthrough for ICB (78). It is reported that single immunotherapy treatment on the malignant cholangiocarcinoma (CCA) is not effective due to complex TME. In a mouse model of CAA, PD-L1 is found to be mainly derived from TAMs and MDSCs, promoting tumor progression (79). The response rate for anti-PD-1 treatment is less than 10%. One of the reasons is that the compensatory G-MDSCs mediate immune evasion by impairing the T cell response, and the blockage of TAM alone fails to slow down tumor progression (80). Indeed, the survival time in mice with CCA was longer after combined treatment of G-MDSCs-specific antibodies (i.e., anti-Ly6G antibody, anti-PD-1 antibody and anti-CSF1R antibody), compared with single-antibody treatment (81). In an advanced gastric cancer mouse model, it was found that anti-PD-1 treatment alone was ineffective, since strong infiltration of PMN-MDSCs into tissues inhibited the immune function of CD8+ T cells by increasing the expression of some chemokines or cytokines (i.e., ROS, NO, arginase-1, PGE-2) and interacting with PD-L1/PD-1. Therefore, combination therapy of both blocking PD-1 and targeting MDSCs may overcome the drug resistance in the single immune checkpoint inhibitor treatment (82). In the TME, hypoxia attracts immunosuppressive cells such as MDSCs and TAMs, which are important components of TME, upregulated the expressions levels of both immune checkpoint receptors (such as PD-1 and CTLA-4) and their ligands (such as PD-L1, PD-L2, CD80, and CD86), and induced rapid and selective upregulation of PD-L1 on MDSCs, which is mainly dependent on hypoxia-inducible factor 1α (HIF-1α) rather than HIF-2α. The blockage of PD-L1 under hypoxia reverses the immunosuppressive roles of MDSCs on T cell activation, accompanied by down-regulation of IL-6 and IL-10 in MDSCs. Thus, co-blocking of PD-L1 and HIF-1α reduces the immunosuppressive activity of both MDSCs and TAMs to inhibit tumor development (83). In HNSCC, it was found that the efficacy of anti-CTLA-4 treatment was not significant, mainly due to the recruitment and accumulation of MDSCs. The combined treatment of both G-MDSCs depletion and CTLA-4 inhibitor can achieve an excellent anti-tumor treatment (50). In triple-negative breast cancer (TNBC), aberrant SMAD3 activation promotes metastasis of TNBC through the recruitment of MDSCs. SMAD3 is identified as a non-histone substrate of lysine acetyltransferase 6A (KAT6A). Targeting KAT6A in combination with anti-PD-L1 therapy in TNBC-bearing xenografts models reduced MDSC recruitment, significantly alleviated metastasis potential and increased overall survival (84). For advanced prostate cancer (PCa), the majority of patients are resistant to ICB, due to the accumulation of MDSCs. ICB synergizes with targeting MDSCs therapy with multikinase inhibitors (such as cabozantinib and BEZ235) exhibited stronger anti-tumor activity (85). The inhibition of CXCR4 can promote T-cell infiltration through diminishing the immunosuppressive roles of MDSCs in pancreatic ductal adenocarcinoma (PDAC) (86, 87). Indeed, a clinical study using the combined treatment, including CXCR4 antagonist BL-8040 (motixafortide), Pembrolizumab and chemotherapy has been displayed to increase CD8+ effector T cell infiltration and decrease MDSC infiltration, leading to tumor suppression (88). Therefore, the combination immunotherapy of ICB and targeting MDSCs may provide some evidence for their clinical efficacy Table 3.


Table 3 | Combination immunotherapy of targeting MDSCs and ICB .



Recent studies found that serine/threonine kinase PIM1 was upregulated in MDSCs in melanoma, which was closely associated with increased FAO and PPARγ-driven lipid metabolism in MDSCs. the increased expression of PIM is negatively related to the therapeutic effect of ICB (89, 90). The inhibition of PIM1 on MDSCs led to the reduced number of MDSCs in the TME, restoring the anti-tumor function of cytotoxic T cells, improving the efficacy of PD-L1 blockade, and overcoming the resistance in ICB-resistant patients (91). In PDAC, CD200 (OX-2; OX-90), a regulator of myeloid cell activity, whose expression is upregulated (92). In preclinical studies, the expression levels of CD200 were elevated in MDSCs in PDAC. The blockade of anti-CD200 antibody reduced the number of intra-tumoral MDSCs, restricting PDAC tumor growth and significantly enhancing the anti-tumor efficacy of ICB and anti-PD-1 antibody (92, 93). Therefore, in the TME, targeting both MDSCs and their surface proteins may reverse the immunotherapy resistance to tumor, providing the theoretical basis and potential breakthrough for clinical treatment of cancer using immunotherapies.



Potential of immunometabolic therapy in MDSC

During tumor development, competent metabolic programs promote the proliferation and migration of tumor cells and enhance the immunosuppressive tumor microenvironment (TME) (94, 95). In addition, the exaggerated metabolic activity allows cancer cells to hijack essential nutrients and outcompete neighboring invasive immune cells, thereby weakening anti-tumor immunity (96). As the main heterogeneous population of immunosuppressive cells, MDSCs can be regulated by various mechanisms to affect tumor development, and can also change the metabolic environment of its surrounding environment to exert immunosuppressive function (97, 98). It has been found that the combination of bone marrow (BM) precursors with GM-CSF and IL-6 in vitro has been found to activate L-arginine metabolic enzymes responsible for the immunosuppressive potential of MDSC. The inhibition of L-arginine metabolism enzymes in MSC-1 cells, one cell line derived from primary MDSC, was found to reduce AMPK activity in MSC-1 cells. Subsequently, the inhibition of AMPK activity by specific inhibitor compound C (COMP-C) resulted in the inhibition of L-arginine metabolic enzyme activity to eliminate the immunosuppressive activity of MDSCs (99, 100). The glycolytic metabolite phosphoenolpyruvate (PEP), an important antioxidant, can prevent excessive ROS production, thus reducing the accumulation of MDSCs and inhibiting their immunosuppressive roles. These findings suggest that glycolytic metabolites play an important role in regulating MDSC and may be a potential target (101). In addition, fatty acid metabolism is also proved to be an important part of the development and functional role of MDSC (100, 101). Polyunsaturated fatty acids (PUFA) promote the accumulation of MDSC and enhances the immunosuppressive function of MDSC on T cells through activating the JAK/STAT3 pathway. JAK inhibitor JSI-124 almost completely prevented the effect of PUFA on MDSCs, indicating that fatty acid metabolism may play an important role in the function of MDSC (102, 103). Similar increases in fatty acid uptake and FAo-related enzyme expression are also observed in MDSCs from blood and tumors in Lewis lung cancer (LLC) and McA-38 colorectal adenocarcinoma mouse models. It was also found that MDSCs promoted the increased fatty acid uptake and activated fatty acid oxidation (FAO) (104). The inhibition of FAO alone delays tumor growth and plays an anti-tumor role. FAO inhibition combined with low-dose chemotherapy can completely inhibit the immunosuppressive effect of MDSC, providing better treatment for anti-tumor therapy (105). Therefore, immune-metabolic therapy is now emerging as a major breakthrough direction in the study of MDSCs, which will provide a new strategy for anti-tumor therapy.



Conclusion and prospects

The review focuses on immunotherapies against MDSCs and their therapeutic efficacy. In the TME, MDSCs have become the main obstacle to immunotherapy, since they lead to immunotherapeutic resistance. The accumulation of MDSCs can be reduced after targeting chemokines or inflammatory factors, improving the TME and suppressing tumor growth. Moreover, combination treatment with both ICB and targeting MDSCs can effectively inhibit tumor development and progression. These data suggest the effectiveness of targeting MDSCs in TME. Many scientists have conducted in-depth explorations of the immunoglobulins expressed on MDSCs to reveal the regulatory mechanism of these immunoglobulins on the function of MDSCs. However, the functional mechanisms of many immunoglobulins expressed on MDSCs need to be investigated further. In conclusion, immunotherapies targeting MDSCs have significantly increased efficacy and can suppress tumor activity, showing a strong potential to be a new therapeutic strategy for the immunotherapeutic treatment of cancer.
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Stereotactic radiotherapy (SRT) is one of the main treatment modalities for lung cancer, and the current SRT approach combined with immunotherapy has initially presented good clinical efficacy in lung cancer. SRT activates the immune system through in situ immunization, releasing antigens into the blood, which promotes the antigen–antibody response and then induces tumor cell apoptosis. Dose fractionation has different effects on the immune microenvironment, and the tumor microenvironment after SRT also changes over time, all of which have an impact on SRT combined immunotherapy. Although much research on the immune microenvironment of SRT has been conducted, many problems still require further exploration.
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Introduction

Stereotactic radiotherapy (SRT) is one of the main methods used to treat lung cancer, and SRT combined with immunotherapy has presented good clinical efficacy in the treatment of lung cancer (1–4). Compared to conventional radiotherapy, SRT is characterized by a large single dose and a small number of fractionations. Traditionally, radiotherapy has achieved local tumor control by inducing irreversible DNA damage in irradiated tumor cells. However, the radiobiological mechanism of SRT has not been fully elucidated. Recent studies have reported that SRT changes the tumor microenvironment (TME) (5–7), activating the immune system via in situ immunization and releasing antigens into the blood, promoting antigen–antibody responses, and inducing apoptosis of tumor cells through anti-tumor immunity (8) and vascular injury (9). Dose fractionation of SRT results in different effects on the immune microenvironment (10), and the TME after SRT also changes over time, both of which have an impact on the effect of SRT combined with immunotherapy. Although there have been many studies on SRT in the immune microenvironment, many problems require further exploration. Here, we review the literature and summarize the research progress of SRT combined with immunotherapy to improve the understanding of the SRT effect on the immune microenvironment of lung cancer.



Effect of SRT on immune microenvironment of lung cancer

The TME is the internal environment for tumor survival and progression, and is related to tumor growth and metastasis (11). The tumor immune microenvironment (TIME) in the TME is composed of a series of immune cell types that have various roles. Effector cells with cell-killing functions kill cancer cells through different mechanisms in both innate and adaptive immune responses (12). Immunosuppressive cell populations in the TIME include CD4+ FOXP3+ regulatory T cells (Tregs), myeloid-derived suppressor cells (MDSCs), anti-inflammatory macrophages, and some B-cell subsets (12), as well as antigen-presenting cells such as dendritic cells (DCs), which play an important role in maintaining adaptive immune responses in the TIME (12). Moreover, the radiosensitivity of these cells is significantly different. Generally, NK and B lymphocytes are the most radiosensitive immune cells and DCs and Tregs are more radioresistant (13). Thus, the changes in the TIME after radiotherapy vary depending on dose fractionation, because dose fractionation leads to different proportions of various cell types in the TIME.


Effect of SRT on in situ immune microenvironment

The main mechanism of radiotherapy is to induce irreversible DNA damage in tumor cells directly or indirectly through free radicals. SRT induces immunogenic cell death and activates the adaptive immune response by promoting cross-presentation of tumor antigens by DCs to T cells (14). The antitumor response of effector T cells includes recognition of tumor antigens and attacking of cancer cells, which is related to MHC-I, the PD-1/PD-L1 axis, and T cell receptor (TCR). Elevated MHC-I expression in tumor tissues after stereotactic body radiotherapy (SBRT) promotes the recognition of CD8+ T cells by in situ tumor-specific antigens. In early preclinical studies, the effects of hypofractionated radiotherapy protocols on the TIME are better than those of the conventional protocol, and the expression of MHC-I and related tumor peptides is higher with increasing radiotherapy dose (15, 16). A higher dose has been reported to enhance the upregulation of other immune signals, thereby improving tumor-specific CD8+ T cell infiltration (17, 18). SRT improves TCR sequence diversity and PD-L1 expression in the TME of lung cancer patients (5), but its promotion of the infiltration of CD8+ T cells and NK cells in the TME has not been observed, possibly because of differences in fractionated radiotherapy doses or sampling time points. A recent phase II randomized trial of SBRT combined with durvalumab or durvalumab alone in patients with early-stage operable NSCLC reported major pathological response rates of 53.3% (95%CI 34.3%–71.7%) and 6.7% (95%CI 0.8%–22.1%), respectively, with statistical significance (19). Importantly, significantly higher MHC-I gene expression was identified in post-treatment tumor specimens of patients with significant pathological remission in the combination group. Furthermore, CD8+ T cells recognized tumor neoantigens that were upregulated by RT when metastatic NSCLC patients were treated with the same treatment (20).



Effect of SRT on humoral immunity

Increasing evidence indicates that SRT can induce significant antitumor effects (5, 16, 21, 22). Generally, cellular immunity is dominant among antitumor immunity, and humoral immunity usually plays a synergistic role only in some cases. For most tumors with strong immunogenicity, specific immune responses are predominant, but for those with weak immunogenicity, non-specific immune responses may be of higher importance. Humoral immunity is a non-specific immune response, and circulating antibodies mainly produce immune responses against tumor cells with weak antigenicity in a free state (Figure 1). B lymphocytes are not only antigen-presenting cells but also important antibody-producing cells. Studies have indicated that tumor immunity is induced in NSCLC patients receiving SBRT through upregulated IgG and/or IgM (23). Zhang et al. (24) analyzed the peripheral blood immune cells of NSCLC patients after hypofractionated SRT (HSRT) and found that the proportion of naive B cells and double-negative B cells was low after moderate-dose HSRT (48 Gy/8 F or 48 Gy/6 F). However, the proportions of MZ-like B cells, transition B cells, and plasmablastic cells were higher. Lei et al. (25) found that compared with single low-dose irradiation (2 Gy), single high-dose irradiation (10 Gy) significantly stimulated the secretion of A549-related exosomes in a dose rate-dependent manner. Exosomes derived from ultra-high dose-rate radiation contribute to the polarization of B and NK cell subsets in peripheral blood mononuclear cells, thereby achieving greater antitumor immune responses.




Figure 1 | Mechanism of anti-tumor humoral immunity after SBRT. After SBRT, many tumor-associated antigen (TAA) fragments are released into the blood and stimulate the differentiation of B lymphocytes into plasma cells. Furthermore, plasma cells produce antibodies and bind to tumor cells to form antigen–antibody complexes, and are then phagocytosed and cleared by macrophages.






Differences in SRT dose effects on the immune microenvironment

Radiotherapy in clinical treatment aims to maximize the damage to the target area and minimize the damage to the adjacent healthy tissue. Generally, stereotactic radiosurgery (SRS) or stereotactic ablative radiotherapy refers to a one-time dose of 20–34 Gy or a single dose of 10–15 Gy for a total of 3–5 times (26, 27), as well as hypofractionated protocols, i.e., a single dose of >2 Gy and <10 Gy, accumulating until the total dose of ablation (defined as the dose achieving >90% local control) or the total sub-ablation is achieved depending on the tumor location, type, and therapeutic purpose. These radiotherapy protocols differ in their immunomodulatory effects (28) (Table 1). Most preclinical studies of the immunomodulatory effects of SRT applied solid tumor models and single RT doses of 10 to 20 Gy or hypofractionated non-ablative protocols (e.g., 8 Gy × 3 F). Among them, the 8 Gy × 3 F hypofractionated radiotherapy protocol is a common immunomodulatory protocol in early preclinical studies (36) that can induce a stronger IFN-I response than the conventional protocol (37). Ablation doses, such as 20 Gy/Fx, lead to severe cell death and depletion of radiation-resistant inhibitory immune cells in the TME, but may also result in elevated levels of fibrosis and chronic inflammatory/immunosuppressive pathways (38, 39). In 2020, Lu et al. initiated a triple therapy of low-dose radiotherapy, hypofractionated radiotherapy and immunotherapy, and preliminarily verified its efficacy in a tumor-bearing mouse model and retrospective clinical data (10). This study revealed the potential mechanism of therapy combining different radiotherapies and immunotherapy: hypofractionated radiotherapy induces apoptosis of in situ tumor cells, exposes tumor-specific antigens, produces an “in situ vaccination” effect, and sensitizes tumor-specific T cells; low-dose radiotherapy promotes migration of tumor-specific T cells into the distal tumor and regulates the immune microenvironment of the distal tumor, which jointly produces CD8+ T cell-dependent immune effects; and PD-1 inhibitors restore the tumor-killing activity of T cells by loosening the “inhibitory brake” on the surface of T cells and further enhancing systemic anti-tumor effects. The results of this study suggest the potentially important clinical application value of low-dose radiotherapy in immune activation. Thus, high- or low-dose treatment is ultimately determined by the purpose of clinical treatment.


Table 1 | Pre-clinical and clinical reports using RT ± immunotherapy as radiation dose difference of immune activation.





Changes in immune microenvironment correlated with different phases of SRT

The TIME has different manifestations before and after SRT. In a preliminary study, changes in circulating blood immune cell populations were observed in lung tumor patients treated with SRT, which included an increase in immunoreactive components and a decrease in immunosuppressive components. Although these changes did not show statistical significance, they appeared 72 h after SBRT and continued until 6 months after treatment (21). Zhang et al. (24) analyzed peripheral blood immune cells from six NSCLC patients with stage I disease who received HSRT and found that HSRT greatly activated the immune response 3 weeks after treatment. Another preclinical study (33) reported increases in cell-surface markers of immune regulation (CD80), stress (CRT, HSP70, FAS, and MHC-I), and immunosuppression (CD47 and PD-L1) at 6 h after radiotherapy in 3LL tumor-bearing mice treated with ablative radiotherapy. Moreover, mice sequentially exposed to low-dose post-ablation modulation had significantly delayed tumor growth and improved survival. Moreover, by increasing the infiltration of immune effector cells and reducing Tregs in irradiated tumors and secondary lymphoid organs, TME remodeling was promoted, and immunogenic potential was improved after ablative radiotherapy even 6 days after the initiation of radiotherapy (33). A recent study (35) analyzed the dynamic changes in the TIME after hypofractionated radiotherapy in mice and NSCLC patients. The results showed that HFRT induced an increase in CD8 T cells and positive immune cytokine responses at specific periods and fractionated doses. In this study, the optimal time window of the immune response was from 48 hours to 2 weeks, especially in the 6.2 Gy group. The optimal immune response was observed in the 10 Gy × 2 group after 96 h, and the intervention with immunotherapy may achieve better outcomes within such a time window. These studies provide a reference for the timing of SBRT combined with immunotherapy in the clinic.

Buchwal et al. reviewed several preclinical studies and suggested that, ideally, anti-PD-1/L1 and RT should be conducted simultaneously; if not, at least RT should be conducted at first (40). In a retrospective analysis of 125 patients who received SBRT/SRS immunotherapy including 90 patients (72%) with lung cancer, patients who completed immunotherapy before SBRT/SRS appeared to have worse OS than those receiving immunotherapy simultaneously or later (41). Multivariate analysis indicated that the timing of immunotherapy is still a significant prognostic factor for OS when considering age, sex, cancer type (lung cancer and other cancers), and radiotherapy type (P = 0.0), which is consistent with previous preclinical studies. Given that immunomodulators have different targets, the sequence of immunotherapy and radiotherapy depends on the mechanism of immunomodulators.



Discussion

With the emerging efficacy of SRT combined with immunotherapy, the mechanism of SRT effects on the immune microenvironment needs to be explored. Although there have been many studies on the SRT immune microenvironment, there are still some problems.


Insufficient research on the SRT immune microenvironment

Although there are increasing preclinical and clinical data on the combination of radiotherapy and immunomodulators, and the application prospect is exciting, most of the available data are currently from retrospective or small cohorts. Many problems related to the use of SRT to improve clinical conversion to immunotherapy efficacy remain unsolved, such as dose fractionation, treatment sequence, selection of immunomodulators, and biomarkers predicting treatment response (42). In particular, there are few studies about the immune microenvironment of SRT in some special sites of metastases. For example, brain metastases (BM), as the brain is a common distant metastatic organ of NSCLC. Compared with extracranial tumors, the immune microenvironment of intracranial tumors is unique and highly specific. The specific immune cells in the intracranial TIME mainly include microglia and astrocytes, showing heterogeneity (43). The TIME of BM is generally immunosuppressive compared to the primary foci of lung. Although there is no research on the impact of SRT on the immune microenvironment of lung cancer BM, a case report (44) showed an extracranial abscopal effect after BM stereotactic radiotherapy as second-line treatment with atezolizumab in a patient with lung adenocarcinoma. These need to be explored in large, randomized studies.



Effects of SRT on the immune microenvironment targeting the dominant population

The immune microenvironment varies in different tumors, pathological types, and stages of tumor progression. The effect of SRT on the TIME is also different. Thus, more targeted studies are needed to identify the dominant population and to implement individualized treatment to maximize the clinical benefits.



Study of the immune microenvironment of SRT to solve clinical problems in SRT patients

All types of studies must ultimately serve the clinic. SRT studies on the immune microenvironment aim to solve the clinical problems of SRT patients, improve clinical outcomes to a maximum extent, and contribute to the eventual implementation of survival benefits.
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In the past decade, the emergence of chimeric antigen receptor (CAR) T-cell therapy has led to a cellular immunotherapy revolution against various cancers. Although CAR-T cell therapies have demonstrated remarkable efficacy for patients with certain B cell driven hematological malignancies, further studies are required to broaden the use of CAR-T cell therapy against other hematological malignancies. Moreover, treatment failure still occurs for a significant proportion of patients. CAR antigen loss on cancer cells is one of the most common reasons for cancer relapse. Additionally, immune evasion can arise due to the hostile immunosuppressive tumor microenvironment and the impaired CAR-T cells in vivo persistence. Other than direct antitumor activity, the adverse effects associated with CAR-T cell therapy are another major concern during treatment. As a newly emerged treatment approach, numerous novel preclinical studies have proposed different strategies to enhance the efficacy and attenuate CAR-T cell associated toxicity in recent years. The major obstacles that impede promising outcomes for patients with hematological malignancies during CAR-T cell therapy have been reviewed herein, along with recent advancements being made to surmount them.
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1 Introduction

In recent years, cellular immunotherapy has emerged as one of the leading areas of on-going researches and clinical therapies. Allogeneic hematopoietic stem cell transplantation (HSCT) is one of the oldest forms of cellular immunotherapy, and it forms the theoretical basis for cellular immunotherapy and provides us the ability to harness immune system to eradicate malignancies. The underlying curative mechanism associated with HSCT against hematological malignancies is the graft-versus-leukemia (GVL) or graft-versus-tumor (GVT) effect (i.e., donor immune cells against abnormal leukemia/tumor cells in patient’s body) (1, 2). The ability of immune cells to recognize target cells to exert their function forms the basis of GVL or GVT. Therefore, a new era in cellular immunotherapy was initiated with the advent of genetically engineering T cell receptor to enable the targeting of a specific tumor antigen, which became the rational basis for chimeric antigen receptor (CAR) T-cell therapy (3, 4).

Since its first Food and Drug Administration (FDA) approval in 2017, CAR-T cell therapy has shown promising efficacy against certain hematological malignancies and even provides a curative treatment strategy for patients with advanced diseases, such as B cell acute lymphoblastic leukemia (B-ALL) or lymphoma. Currently, the major approved CAR-T cell therapy targets are B cell maturation antigen (BCMA) for multiple myeloma (MM) (5) and CD19 for various lymphoid malignancies including B-ALL and diffuse large B-cell lymphoma (DLBCL) (6–9).

Despite great success, barriers still remain that prevent the extension of CAR-T cell therapy beyond B cell/plasma cell driven hematological malignancies. Moreover, even for B cell driven cancers, the efficacy of CAR-T cell therapy is far from being satisfactory and great efforts should be done to improve clinical outcomes. As a newly emerged therapeutic strategy, newly developed direct modifications or combination therapies for CAR-T cell therapy are booming in recent years and they have deeply reshaped CAR-T cell therapy in hematological malignancies. These approaches can be categorized into four major aspects, aiming to address the four major hurdles for CAR-T cell therapy in hematological malignancies: tumor heterogeneity/antigen loss, immunosuppressive tumor microenvironment, CAR-T cell exhaustion (or poor persistence) and severe adverse-effects. This review will focus on recent novel approaches that have provided refinements and potential solutions to these limitations.



2 Target exploration and strategies to overcome antigen loss after CAR-T cell therapy

Despite the robust efficacy of the currently approved CAR-T cell products, follow-up studies still demonstrated a high rate of posttherapy relapse (10). The most common cause of resistance is via antigen loss/downregulation, which is for the selective pressure of CAR-T cells (11, 12). Such target antigen-negative relapses after CAR-T cell therapy usually arise from pre-existing antigen-negative cancer cells, or cells with altered/mutated antigen expression (12). Therefore, expanding the potential CAR-T cell target repertoires or overcoming antigen loss are key to ensure outcomes of CAR-T cell therapy. Besides the commonly adopted multi-specific CAR or dual CAR strategies, here we will discuss several novel aspects of antigen selections and methods to overcome antigen loss.


2.1 TCR-like CAR-T cells for intracellular antigens

Currently, CAR-T cell targets have mostly been restricted to extracellular tumor-associated antigens (TAA), which greatly limits the wider application of this promising therapy. This is a more pressing concern for hematological malignancies, as their mutation burden is lower, leading to a lower abundance of usable TAAs (13). Whereas, a rich range of intracellular oncoproteins have not been explored as targets. Therefore, T-cell receptor (TCR)-like CARs have been proposed as a means to utilize these targets. For example, intracellular protein Wilms tumor 1 (WT1) is an oncogene that promotes cell proliferation and differentiation. It is overexpressed in leukemia and lymphoma with limited expression in normal tissues (14, 15). The use of TCR-like WT1-CAR-T cell therapy has led to enhanced survival of leukemia-bearing mice (16, 17). Its principle is to combine an extracellular single chain variable fragment (scFv) that recognize the WT1 peptide-human leukocyte antigens (HLA) complex (as a full TCR do) with other CAR elements to generate TCR-like CAR-T cells (16, 17). Besides WT1, other intracellular antigen peptide-HLA complexes for CAR-T cell therapy have been investigated, including NY-ESO-1/HLA-A2 for potentially MM (18), HA-1H (derived from minor histocompatibility antigen 1, HMHA1)/HLA-A2 for chronic myelogenous leukemia (19), and SSX2/HLA∗0201 for acute myeloid leukemia (AML) (20). However, one of the difficulties of TCR-like CAR is that the target peptide and its associated HLA allele vary in different patients and cancers (e.g., WT1235-243/HLA-A*2402 (16) or WT1126-134/HLA-A*02:01 (17)). Hence, the applicability of TCR-like CAR-T cell needs to be evaluated on a case-by-case basis.



2.2 Monospecific CAR-T product with multiple targets

The increasing potential target repertoires enable the development of more comprehensive strategies against tumor heterogeneity and antigen loss. However, we should not limit our sights in simply identifying an excessive number of antigens and generating numerous CAR-T cell products to combat antigen loss. Previous studies suggest that the combination of multiple types of CAR-T cells may lead to growth competition, which severely impairs CAR-T cell proliferation (21). With proper design, a monospecific CAR-T product can be directed to multiple targets. For instance, the B-cell activating factor (BAFF) ligand binds to three different receptors BAFF receptor, BCMA, as well as transmembrane activator and CAML interactor (TACI) on mature B cells (22). Almost all B cell driven cancers express at least one of these receptors (23–27). Therefore, a single ligand-based BAFF-CAR-T cell product is capable of binding to all three of these receptors, which avoids the possibility of growth competition, enables broad antitumor activity and greatly minimizes the possibility of antigen escape (28).



2.3 Methods to prevent antigen loss


2.3.1 Antigen independent targeting of cancer cells

Natural killer (NK) cells are ideal candidate for the elimination of antigen-negative cancer cells. Therefore, CAR-T cells can be converted into NK-like cells by pharmacologic agents to obtain the ability to overcome antigen loss and tumor heterogeneity. Bryostatin is an oxygenated macrolide that increases CD22 expression in ALL and chronic lymphocytic leukemia cells (29, 30). Combination therapy of bryostatin and CD22-CAR-T cells increases the CAR-T cell activity by increasing CD22 expression and sensitizing leukemia cells to CAR-T cell antigen-non-specific killing (31). However, this effect is limited to B-ALL cells, and does not affect Burkitt lymphoma cells.



2.3.2 Preventing antigen loss

Perhaps the simplest way to prevent an antigen-negative relapse is to actively avoid antigen loss. Moreover, CAR-T cell activity is closely related to the expression level of its antigen on the cell surface. Therefore, treatments that maintain high antigen concentration on the cell surface may be able to prevent loss-of-antigen relapse. Combination of bryostatin and CD22-CAR-T cells discussed in previous section is an example of this strategy (31). In addition, gamma (γ)-secretase cleaves BCMA on cell surface (32) and therefore leads to loss of targets for BCMA-CAR-T cells. Inhibition of γ-secretase in murine models can reduce BCMA antigen loss and improve BCMA-CAR-T cell anti-tumor effect (33). Clinical trials combining γ-secretase inhibitors and BCMA-CAR-T cells are currently ongoing (NCT03502577). Similarly, all-trans retinoic acid (ATRA) can enhance BCMA expression on MM cells. It acts synergistically with the γ-secretase inhibitor to boost the function of BCMA-CAR-T cells (34).

Another direct way to prevent loss-of-antigen relapse is to artificially display antigen on cancer cells. Su et al. (35), designed a novel CAR-T cell engager which binds CD20 and displays CD19 on CD20+ lymphoma cells. In mice transplanted with JeKo mantle cell lymphoma cells, co-administration of CAR-T cell engager and CD19-CAR-T cells successfully eliminates both CD19+ and CD19- lymphoma cells and prevent antigen-negative relapse. By changing the specificity of the engager, single type of CAR-T cells can be directed to different cancer subclones to overcome tumor heterogeneity. Moreover, by using single type of CAR-T cells, growth competition of multiple types of CAR-T cells can be avoided, further enhancing the anti-tumor activity.





3 Approaches to mitigate the immunosuppressive tumor microenvironment

The tumor microenvironment (TME) can greatly impact the efficacy of CAR-T cell therapies. Numerous signals from cancer cells and surrounding cells have significant impacts on anti-tumor immunity (36–39). As the TME of hematological malignancy is mainly immunosuppressive, therefore it becomes another major cause of treatment failure. Indeed, the inhibitory immune checkpoint ligands Programmed death-1 ligand-1/2 (PD-L1/L2) are expressed in B cell driven malignancies (40). They bind to Programmed death-1 (PD-1) expressed on activated CAR-T cells, inhibiting their function. Recent study also showed that the TME of large B cell lymphoma is the key determinant of CD19-CAR-T cell activity (41). Several strategies have been proposed to overcome the immunosuppressive effects of the TME, including the blockade of immune checkpoints, promoting CAR-T cell activity and remodeling the TME (Figure 1).




Figure 1 | Immunosuppressive effects of the TME on CAR-T cells and strategies to overcome them. The activity of CAR-T cells can be severely impaired by the tumor microenvironment (TME). The immunosuppressive effects of the TME are due to increased level of immune checkpoints/inhibitors and immunosuppressive factors/cells. Strategies to overcome them include: (1) removing or modifying related signaling pathways; (2) eliminating or remodeling immunosuppressive cells and (3) enhancing the activation of CAR-T cells. PD-1, Programmed death-1; PD-L1, Programmed death-1 ligand-1; CAF, cancer-associated fibroblasts; MDSC, myeloid-derived suppressor cells; TAM, tumor associated macrophages; Treg, regulatory T cells; TGF-β, transforming growth factor -β; D2HG, D-2-hydroxyglutarate.




3.1 Circumventing immune checkpoints during CAR-T cell therapy

By directly removing or blocking the immune checkpoints on CAR-T cells, their inhibitory effects might be avoided and therefore the anti-tumor effects of CAR-T cells are promoted. For example, the production of PD-1 resistant CD19-, CD133- and C-type lectin-like molecule-1 (CLL-1)-CAR-T cells achieved by the knockout of PD-1/PD-1 homolog genes can enhance CAR-T cell therapy (42–44). Recently, two relapsed/refractory AML patients who received HSCT and CD38-CAR-T cell therapy before showed continuous remission after receiving PD-1-silenced CLL-1-CAR-T cell therapy (45). Resistance to PD-1 signaling could also be acquired by CAR-T cells secreting soluble PD-1-blocking scFv (46). This strategy demonstrated matching efficacies against hematological malignancy models when compared to a combination therapy that incorporated CAR-T cells and an anti-PD1 antibody.

Besides direct blockade of PD-1, high levels of PD-L1 in the TME can also be leveraged by generating CD19-directed CAR-T cells that secrete soluble PD-1. These cells exhibited enhanced eradication efficiency against CD19+PD-L1+ cancer cells. It is thought that the increased efficacy associated with PD-1 secretion is due to a protective effect from apoptosis that enhances CAR-T cell persistence (47). Similar approaches are used for another immune checkpoint T-cell immunoglobulin and mucin-domain containing-3 (TIM-3) by generating TIM-3-CD28 fusion proteins in CD19- or CD138-CAR-T cells. It converts the immunosuppressive TIM-3 signaling to CAR-T cells immunostimulation (48, 49).

Other than PD-1 and TIM-3, Carnevale et al. (50), identified a novel immune checkpoint, RAS P21 Protein Activator 2 (RASA2), in T cells. RASA2 is a RAS GTPase-activating protein and is upregulated upon chronic stimulation. As demonstrated in multiple murine models including leukemia, CD19-CAR-T cells with RASA2-ablation experience increased RAS/MAPK signaling and activation, leading to enhanced and persistent anti-tumor activity (50).

However, it is notable that the effect of PD-1 removal in CAR-T cells should be carefully evaluated. Studies showed that using protein trap to remove PD-1 in CD19-CAR-T cells is associated with increased CAR-T cell activation, but also with diminished T cell survival and therefore reduced T cell cytotoxicity (51). Furthermore, these CAR-T cells also mature earlier and are quickly exhausted by T cell immunoreceptor with Ig and ITIM domains (TIGIT) upregulation (51).



3.2 Other approaches to avoid an immunosuppressive TME


3.2.1 Targeting immunosuppressive effects (other than immune checkpoints)

Other than immune checkpoints like PD-1 signaling, numerous pathways have been linked to the modulation of CAR-T cell activity within an immunosuppressive TME. Although transforming growth factor beta (TGF-β) is a tumor suppressor in the premalignant stage, it promotes tumor transformation and growth at later disease stages (52). TGF-β also suppresses T cell function and therefore T cells with a dominant-negative form of the TGF-β receptor are resistant to TGF-β-mediated inhibition (53). As TGF-β is commonly expressed in NY-ESO-1+ cancers (53), the combination of TCR-like CAR-T cells targeting NY-ESO-1/HLA (18) with TGF-β blockade could be applicable for NY-ESO-1+ hematological malignancies as well.

Additionally, expression of Fas ligand in the TME can induce T cell apoptosis (37). Therefore, the expression of a dominant negative form of Fas receptor protects T cells in adoptive cell therapy (ACT) from Fas-induced apoptosis (54). Furthermore, Fas signal can be converted into T cell stimulatory signal via the transduction of T cells with Fas-4-1BB, which linked the Fas intracellular tail with costimulatory 4-1BB (CD137, Tumor necrosis factor receptor superfamily 9). This construct leads to increased T cell survival and enhanced T cell therapy against murine leukemia models (55). Similar strategies could be applied to CAR-T cells as well.

The TME modulates CAR-T cell metabolism as well. In the TME, kynurenine is often present, which inhibits glucose uptake and T cell function (56). Therefore, overexpression of kynureninase in CD19-CAR-T cells can protect them from immunosuppression by catabolizing kynurenine, and they exhibit excellent anti-tumor activity in mice bearing ALL cells (56). Similarly, the production of D-2-hydroxyglutarate (D2HG) by IDH1/2-mutated cancer cells can have critical implications for tumorigenesis and immunosuppression in the TME (38, 39). The overexpression of D2HG dehydrogenase (D2HGDH) in CD19-CAR-T cells decreases serum D2HG in mice bearing NALM6 leukemia cells with mutation IDH1 leading to enhanced T cell function and persistence (57).



3.2.2 Pre-activating CAR-T cells prior to immunosuppressive TME exposure

The site of injection is also important for CAR-T cells activity. The intracerebroventricular (ICV) injection, rather than intravenous (IV) injection, of CD19-CAR-T cells is most effective (in terms of complete and durable eradication) for the treatment of murine model of central nervous system and systemic lymphoma (58). The superior CAR-T cell activity in this case is due to cerebrospinal fluid exposure of CAR-T cells in the ICV environment, which may alter cellular metabolism (58). Hence, the infusion of CAR-T cells to an immunostimulatory environment can pre-activate CAR-T cells and prevent immunosuppression.




3.3 Activating CAR-T cells to enhance their function in immunosuppressive TMEs

Rather than targeting immunosuppressive signaling, the activation of CAR-T cells can increase cytotoxicity within the TME. CD58 is a ligand for T cell costimulatory receptor CD2 (59, 60), which is frequently mutated in B cell driven malignancies. Notably, these mutations are associated with poor CD19-CAR-T cell therapy outcomes (61). The linkage of a second CAR construct (the CD2-signaling domain with a CAR intracellular domain) allows CAR-T cells to be activated in the absence of CD58 expression and increases their function (61). However, further investigations are needed to examine whether this results in T cell exhaustion.

In addition to CD58, other methods to promote CAR-T cell activity focus on improvements to their persistence, which are discussed in a separate section (“Approaches to prolong the persistence of CAR-T cells”).



3.4 Targeting and remodeling TME during CAR-T cell-therapy

Besides promoting CAR-T cell resistance to immunosuppression, directly targeting or even remodeling the TME provides an alternative approach to overcome its immunosuppressive effect.


3.4.1 Targeting immunosuppressive TME

In MM, cancer-associated fibroblasts (CAFs) in the immunosuppressive TME play important roles in promoting tumor growth and inhibiting CAR-T cell function (62, 63). Therefore, Sakemura et al. (63), developed a dual-targeting CAR-T cell strategy, which targets both bone marrow CAFs (via SLAMF7 or Fibroblast activation protein/FAP) and MM cells (via BCMA). Under this condition, the anti-tumor activity of CAR-T cells is significantly improved. Besides CAFs, tumor associated macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs) are also major contributors to the immunosuppressive effects in the TME via producing immunosuppressive cytokines and expressing immune checkpoints, which lead to T cell inactivation (64). Ultimately, these factors can cause CAR-T cell treatment failure. For example, it has been demonstrated that increased TAM infiltration is associated with a poorer CD19-CAR-T cell therapy outcome against B-cell non-Hodgkin’s lymphoma (65). Therefore, targeting MDSCs/TAMs by Gemtuzumab ozogamicin (66, 67), or Phosphoinositide 3-kinase (PI3K) blockade (68) are able to boost CAR-T cell activity against multiple cancer types, such as non-Hodgkin’s lymphoma and AML.



3.4.2 Remodeling the immunosuppressive TME

TME remodulation is an alternative strategy for the prevention of immunosuppressive effects on CAR-T cells, which can even further increase CAR-T cell functions and contribute to sustained cancer remission. The use of CAR-T cells expressing immunostimulants or cytokines has been proposed for this purpose. IL-12 can enhance T cell activity, interferon γ (IFNγ) production and Th1 polarization, as well as serve as chemoattractant for various immune cells (69). Thus, CD19-CAR-T cells with IL-12-secreting ability could reshape the TME and induce robust T cell activity against lymphoma (70). However, constitutive IL-12 secretion is associated with toxic adverse effects, which necessitates the development of an inducible IL-12 secretion system (71). Recently, IL-12 nanostimulant-engineered CAR-T cells (INS-CAR T) provides a potential solution for this problem. In the presence of tumor antigen, IL-12-loaded human serum albumin (HSA) nanoparticles are released from INS-CAR T, allowing for local and controlled IL-12 release (and recruitment of other CAR-T cells) (72). Besides IL-12, IL-18 also enhances Th1 function, and IL-18-expressing CD19-CAR-T cells exhibit augmented activity in mice bearing ALL tumor (73).

Furthermore, whilst TAMs and MDSCs are known to be immunosuppressor, they have the plasticity to be transformed into M1-like pro-inflammatory phenotypes (74), which can enhance CAR-T cell activity. This transformation can be achieved by the co-administration of folate-targeted Toll-like receptor 7 agonist (FA-TLR7-1A) (75) or attenuated bacterial strain (Brucella melitensis) with TME homing ability (76). Engineered CAR-T cells secreting immunostimulatory RNA RN7SL1 are also able to inhibit MDSC development and activate immune cells in the TME (77). Although these approaches are initially designed to improve CAR-T cell activity against solid tumors, CD19-CAR-T cells are still used in these studies (75, 77). Therefore, it is worthy to investigate if similar strategies can be applied to certain hematological malignancies like lymphomas.

Recently, an immunostimulatory gene therapy using oncolytic viruses has been developed. Oncolytic viruses can specifically infect and kill tumor cells, promote TME remodeling and induce an enhanced immune response (78, 79). In murine models of human B-cell lymphoma, oncolytic adenovirus LOAd703-infected lymphoma cells exhibited enhanced immunogenic profiles with upregulated co-stimulatory molecules and chemokines, leading to enhanced CD19-CAR-T cell recruitment and anti-tumor activity (80). However, type I IFN expressed upon oncolytic virus infection may dampen the efficacy of CAR-T cells (81). Therefore, further investigations are required to optimize the combination therapy of oncolytic viruses and CAR-T cells.





4 Approaches to prolong the persistence of CAR-T cells

The poor persistence of CAR-T cells is another major obstacle that stands in the way of long-term cancer remission of CAR-T cell therapy (82). This is often due to a combination of inter-related factors, including T cell exhaustion, transcriptional changes, metabolic changes and influences from the TME (83, 84). The persistence of CAR-T cells can be prolonged by enhancing CAR-T cell activity and expansion, improving fitness, reducing exhaustion, engineering the cells to have a less-differentiated state, altering their metabolism, and improving CAR design (Figure 2). These factors are inter-related. For example, cytokines that regulate T cell activity will alter the state of T cell differentiation and metabolism (85). The following sub-sections mostly focus on the major direct effects associated with each approach.




Figure 2 | Approaches to promote CAR-T cell persistence in vivo. The persistence of CAR-T cells during treatment is crucial to achieve a durable and long-lasting outcome. CAR-T cell persistence can be extended via (1) the promotion of CAR-T cell activation or expansion; (2) enhanced CAR-T cell fitness; (3) proper CAR construct design and (4) increased CAR-T cells stemness. TM, transmembrane; ROS, reactive oxygen species.




4.1 Ensuring CAR-T cell persistence by promoting their activity and expansion


4.1.1 Cytokine-secreting/responsive CAR-T cells

Various cytokines are closely related to a diverse array of T cell behaviors. Thus, efforts have been made to engineer CAR-T cells with the ability to deliver cytokines in situ, or with special cytokine-induced signaling pathways to promote their efficacy. Cytokines can function in paracrine fashion that remodeling the surrounding TME (as introduced in the “Remodeling the immunosuppressive TME” section). They can also directly enhance CAR-T cells in an autocrine manner to boost their activity and expansion. IL-2 is one of the most important cytokines for T cell proliferation and activation. Therefore, the expression of orthogonal human IL-2Rβ on CD19-CAR-T cells allows for controllable expansion upon administration of orthogonal human IL-2, which leads to enhanced antitumor activity against leukemia and lymphoma (86, 87).

Additionally, IL-15 has been shown to promote CD8+ T cell activation and proliferation, which can enhance antitumor activity (88). A case report has described the use of CD19-CAR-T cells with membrane-bound IL-15 for B-ALL (following CD19- and CD22-CAR-T cell therapy failure) (89), demonstrating such IL-15-expressing CAR-T cells can be applied to hematological malignancies. These CD19-CAR-T cells with membrane-bound IL-15 are phenotypically similar to stem-cell memory T cells with prolonged proliferating persistence (90). Additionally, CD123- or CLL-1-CAR-T cells that express IL-15 also have a superior capacity of expansion in AML animal models (91, 92). However, this strategy is also associated with tumor necrosis factor α (TNFα)-induced acute toxicity, which requires an adjuvant anti-TNFα treatment (91).

IL-7 is another valuable cytokine, which is required for T cell development, survival, homeostasis and expansion (93). Studies have demonstrated that co-expression of IL-7 and CCL19 prolongs the survival and improves the activity of CD20-CAR-T cells (94). Furthermore, CD19-CAR-T cells expressing IL-7 and CCL19 are currently being explored in a clinical trial for relapsed/refractory B cell lymphoma (NCT04833504). A similar clinical trial for relapsed/refractory DLBCL is to use CD19-CAR-T cells with IL-7 and CCL19 co-expression in combination with an anti-PD1 monoclonal antibody (NCT04381741). Similar strategy has also been proven for T cell adoptive cellular therapy (ACT) (95), which further strengthened the case for IL-7 and CCL19 overexpression in CAR-T cells.

Recently, IL-36γ-secreting CD19-CAR-T cells have been generated to promote CAR-T cell expansion and persistence (in an autocrine manner), resulting in superior anti-tumor activity in mice bearing EL4-CD19+ T lymphoblast tumor. Moreover, IL-36γ also activates surrounding antigen presenting cells (APCs) and endogenous T cells, which might even facilitate the formation of an immune memory against antigen-negative tumors (96).



4.1.2 Modulating signaling networks

The provision of a constitutive signal is an option that is being explored to ensure durable CAR-T cell persistence. Toll-like receptor (TLR) adaptor MyD88 and tumor necrosis factor family member CD40 are nonconventional costimulatory molecules for the activation of T cells. Unlike the conventional stimulatory domains like CD28 or 4-1BB commonly used for CAR-T cells, MyD88/CD40 are unable to trigger T cell expansion upon transduction. However, they provide a costimulatory signal to the conventional CAR-T cell activation pathway, which greatly enhances CAR-T cell proliferation and expansion. This effect has been tested in CD123- or CD19-CAR-T cells against hematological malignancies (97, 98). However, MyD88/CD40 co-stimulated CAR-T cell therapy (like IL-15-expressing CAR-T cells) also requires anti-TNFα treatment to prevent severe toxicity (98).

Besides MyD88/CD40, in a murine model of B cell malignancies, miR155 overexpression together with Lysine-specific demethylase 1 (LSD1) knocking down can induce rapid expansion of CD19-CAR-T cells and improve their antitumor function (although the detailed mechanism remains unclear) (99).



4.1.3 Other combinatory therapies

Several combination therapies have been reported to promote in vivo CAR-T cell expansion. The well-known immunomodulatory drug, lenalidomide, induces WT1235-243/HLA-A*2402-directed CAR-T cell expansion, leading to enhanced anti-tumor activity in mice inoculated with chronic myelogenous leukemia K526 cells (100).

Additionally, CAR-T cell expansion can be induced by vaccination. Vaccination with dendritic cells containing a modified WT1 peptide (WT1236Y) has successfully achieved in vivo WT1235-243/HLA-A*2402-CAR-T cell expansion, which enhanced CAR-T cell efficacy against murine K526 cell tumor model (16). Moreover, cytomegalovirus (CMV)-specific T cells from patients are isolated, enriched and transduced with a CD19-CAR. Therefore, CMV vaccination is able to promote the expansion of such CAR-T cells. These CMV-CD19-CAR-T cells are studied in CD19+ tumor bearing murine models, and have potential utility for B cell non-Hodgkin’s lymphoma treatment (101, 102). Similarly, amphiphile-bound ligand of CAR can bind to endogenous albumin upon injection, which traffics to lymph nodes as well as inserts into cell membranes of APCs (103). APCs can present these ligands to CAR-T cells together with endogenous cytokines and costimulation signaling, leading to significant CAR-T cell expansion (including CD19-CAR-T cells). Hence, the amphiphile-bound ligands serve as booster vaccine (104).




4.2 Maintenance of CAR-T cell fitness to prolong persistence

CAR-T cell exhaustion and the subsequent reduction of CAR-T cell fitness are among the factors that diminish long-lasting beneficial therapeutic outcomes. T cell fitness and exhaustion are determined by metabolic alterations, transcriptional/epigenetic regulations, treatment strategies, and signaling dynamics. Newly developed approaches that enhance CAR-T cell fitness from the listed aspects are assessed herein.


4.2.1 Regulation of signaling dynamics by CAR design

Proper CAR design plays an essential role in CAR-T cell fitness, as it determines the fate and manner of T cell activation. By limiting the activation level of CAR-T cells, T cell exhaustion is prevented and thereby T cell persistence is maintained (105). While the co-stimulation of CAR-T cells via the CD28 pathway can lead to PI3K-AKT activation and rapid T cell exhaustion; 4-1BB-depedent co-stimulation via the p38-MAPK pathway can improve mitochondrial biogenesis (106), which enhances CD19- and CD33-CAR-T cell activity and persistence (106–108). However, contrasting results were obtained for CD28-based CD33-CAR-T cells, which are more potent than 4-1BB-based CD33-CAR-T cells against patient-derived xenograft (PDX) models of childhood AML (109). Therefore, the use of CD28-based or 4-1BB-based CARs needs to be evaluated with caution. It is notable that 4-1BB-based CAR-T cells appear to be less hematological toxic than CD28-based CAR-T cells (110), which is perhaps due to their lower activation capacity. Other than 4-1BB, integration of costimulatory domains, ICOS and CD27, can promote CAR-T cell fitness as well (111, 112), although further investigations are required to validate these constructs. Additionally, inclusion of the aforementioned MyD88/CD40 in CAR has also been proposed. However, study has reported that such integration severely affects the stability of CAR (98).

Regions other than the costimulatory domain also play important roles in the regulation of CAR-T cell activation. Increasing TCR affinity above a certain threshold is known to reduce T cell activity (113, 114), which might also be similar for CAR-T cells. Indeed, Ghorashian et al. (115), generated a CD19-CAR with low affinity to CD19, namely CAT. They demonstrated that this CAT T-cells exhibits improved proliferation and antitumor activity, without a significant increase in toxicity (115). This strategy is proven effective in clinical study as well (NCT02443831), as 12/14 relapsed/refractory pediatric B-ALL patients achieved molecular remission and CAR-T cell persistence was found in 11/14 patients (115). Furthermore, the reduction of hinge domain flexibility also decreases the affinity of CD19-CAR-T cells to CD19, which leads to reduced proinflammatory cytokine secretion without changing their specific cytotoxicity. When being tested in murine model of leukemia, these CAR-T cells with reduced affinity are able to prolong the survival of mice (116). Alternatively, mutation of the immunoreceptor tyrosine-based activation motif (ITAM) region of CD3ζ of CAR also results in lower affinity of CD19-CAR. Therefore, it can modulate CAR-T cell activation and prolong CAR-T cell persistence (117).

Similar efforts to limit CD19-CAR-T cell activation have been made by increasing the hinge and transmembrane region of CAR (such construct is called CD19-BBz (86) CAR) (105). These CAR-T cells are activated at lower levels, proliferate slowly and retain their cytotoxicity. A clinical trial using CD19-BBz (86) CAR-T cells enabled 6/11 patients with B cell lymphoma to achieve complete remission (NCT02842138) (105).



4.2.2 Altering CAR-T cell metabolism to boost fitness

During chronic activation, mitochondrial dysfunction accumulates in CD8+ T cells. This is accompanied by a significant increase in reactive oxygen species (ROS), which impairs mitochondrial function and contributes to T cell exhaustion (118). Therefore, methods that optimize metabolism can provide a straightforward mechanism for the improvement of CAR-T cell fitness. The expression of H2O2 catalase in CAR-T cells can protect CAR-T cells from H2O2-induced oxidative stress and limit ROS accumulation, leading to maintained fitness (119). Although it was initially validated in solid tumors, similar strategies can be applied in hematological malignancies. It is noteworthy that ROS is not always harmful. Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1α activation can lead to increased mitochondrial metabolism and ROS accumulation in T cells, improving their antitumor effects (120, 121). Therefore, CD19-CAR-T cells with PGC1α-overexpression are able to improve mitochondrial function and T cells activity (122). The double-edged role of ROS in CAR-T cells probably results from complex influence of ROS on T cells (123). Therefore, further knowledge about the regulation of ROS and T cells is required. Besides ROS metabolism, the inhibition of cholesterol acyltransferase with avasimibe can alter T cell metabolism and increase CD19-CAR-T cells fitness and activity (124).



4.2.3 Modulating transcriptional/epigenetic regulations in CAR-T cells

T cell exhaustion is closely regulated by transcriptional/epigenetic alterations. Recently, a study reported that CD8+ CD19-CAR-T cells in ALL patients undergo exhaustion-related DNA methylation (125), thus demethylation therapy might provide means to ensure CAR-T cell fitness. Indeed, Khawanky et al. (126). employed a 5′-Azacitidine (AZA) demethylation therapy in combination with CD123-CAR-T cell therapy against AML. AZA increases the number of Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)-negative CD123-CAR-T cells, preventing T cell exhaustion, although anti-TNFα treatment may be required to reduce the accompanied toxicity (126). Similarly, DNA methyltransferase 3α (DNMT3A) deletion in CD19-CAR-T cells also prevents T cell exhaustion and improves CAR-T cell efficacy (127).



4.2.4 Other treatment strategies to preserve CAR-T cell fitness

Anti-cancer drugs can impact CAR-T cell fitness too, although the precise mechanisms remain unclear. An in vitro study demonstrated that JQ1, an epigenetic inhibitor, reverses the exhaustion of CAR-T cells obtained from nonresponding chronic lymphocytic leukemia patients (128). Ibrutinib, a bruton tyrosine kinase inhibitor for mantle cell lymphoma and chronic lymphocytic leukemia, was also shown to increase CD19-CAR-T cell fitness against leukemia (129, 130).

The possibility of rejuvenating exhausted CAR-T cells has also been explored. Luo et al. (131) constructed a fluorescein-targeted-CAR-T cells with both antigen recognition and drug internalization ability. These CAR-T cells were directed toward the folate receptor+ cancer cells via a fluorescein-folate bispecific adaptor. Upon CAR-T cell exhaustion, TLR7-1A linked fluorescein is administered and then internalized by fluorescein-CAR-T cells, leading to their reactivation. This type of strategy could also be applied to hematological malignancies via the use of a bispecific adaptor targeting CD19 or CD22.




4.3 Conferring stemness on CAR-T cells

Clinical studies have indicated that CAR-T cells with a less-differentiated phenotype (such as memory stem cell-like T cells, TSCM-like) can exhibit longer proliferation and superior antitumor function (132–134). Therefore, generating CAR-T cells in a less differentiated state can guarantee their persistence and enormous achievements have been made in recent years. Although these protocols vary in different platforms, the key step is to inhibit terminal differentiation of CAR-T cells. While IL-21 plays a key role in the maintenance of memory T cells (including TSCM and central memory T cells, TCM) by inducing naïve T cells into an early differentiation phenotype (135), IL-15 prevents T cell differentiation by inhibiting mTORC1 (85). Therefore IL-21 or IL-15 were commonly administrated during manufacturing. Indeed, several studies reported that the addition of IL-21 or IL-15 results in increased proportion of CAR-TSCM and TCM (including WT1- and CD19-CAR-T cells) associated with enhanced persistence and anti-tumor effects (85, 136–140). Furthermore, induced secretion of IL-21 by CD19-CAR-T cells can even maintain CAR-T cells in early memory phenotype and enhance anti-tumor activity in vivo, which was already demonstrated in mice transplanted with Ramos B cells (139).

Besides cytokine administration, other methods could be applied to move CAR transduction toward a less differentiated phenotype. Upon costimulatory molecule CD81-mediated ex vivo T cell activation during manufacturing, CD19-CAR-T cells are enriched with naïve T cell-derived. These T cells are less differentiated with increased CAR expression and antitumor activity (141). Moreover, CAR-T cell stemness can also be maintained by modulating signaling pathways. PI3K or AKT inhibition can preserve CAR-T cell persistence by preventing T cell differentiation. Therefore, CAR-T cells are maintained in a less differentiated state, as demonstrated in CD33- (142), CD5- (143), CD19- (144, 145) and Minor histocompatibility antigen (MiHA)- (146) CAR-T cells against various hematological malignancies. Besides the PI3K-AKT pathways, the modulation of other pathways could maintain CAR-T cells memory stem cell-like features and even revive exhausted CAR-T cells, including Notch activation (147) and tyrosine kinase inhibition (148, 149) for CD19-CAR-T cells against humanized murine leukemia model. Recently, the role of MEK inhibition in CD8+ TSCM formation has been discovered (150), making it another strategy for CAR-TSCM generation.



4.4 Novel factors affecting CAR-T cell persistence

Besides exhaustion, CAR-T cells also undergo activation-induced cell death (AICD) upon repeated activation, which is a manner of cell apoptosis through Fas-dependent pathways (151). Methods of Fas blockade or limiting CAR activation were introduced in previous sections (“Targeting immunosuppressive effects (other than immune checkpoints)” and “Regulation of signaling dynamics by CAR design”). ACID can also be prevented by Bcl-2 activation. CD20-CAR-T cells with Bcl-2 overexpression exhibit enhanced viability and antitumor activity in mouse xenograft lymphoma model (152).

As discussed above, many strategies that enhance CAR-T cell activity and expansion also increase the risk of adverse effect, some even need adjuvant treatment. However, as lessons learnt from HSCT, the onset of a mild graft-versus-host disease (GVHD, the major complication) may be associated with a lower risk of disease relapse after HSCT (153). Indeed, enhanced function of T cells probably leads to improved immune response toward both cancer cells and health cells. Therefore, adverse effects might not be solely a bad thing and researchers should treat them accordingly. Nevertheless, some adverse effects of CAR-T cells are life-threatening and require special attentions. These will be covered in the next sections.




5 Mitigating toxic adverse effects associated with CAR-T cell therapy

Despite the superior therapeutic success and efficacy that have been achieved by CAR-T cell treatment, several concerning adverse effects require special attention, including: cytokine release syndrome (CRS)/neurotoxicity, on-target-off-tumor effects and off-target effects. These adverse effects greatly limit patient prognosis and restrict the outcomes associated with CAR-T cell therapy. Extensive efforts have been made to minimize these adverse effects. In the following sub-sections, we will focus on the strategies that directly modify CAR-T cells to minimize unintended toxicity and related preclinical studies.


5.1 The direct management of CRS/neurotoxicity during CAR-T cell therapy

Upon CAR-T cell activation, massive cytokines are produced by CAR-T cells and bystander cells. High concentrations of circulating pro-inflammatory cytokines can lead to the hyperactivation of the cytokine signaling network, and potentially lead to cytokine toxicity or CRS (154). It has been suggested that the presence and severity of CRS may be related to the treatment outcomes (155), but this notion remains controversial. Nevertheless, CRS is a life-threatening symptom and requires urgent therapeutic interventions (156). Immune effector cell-associated neurotoxicity syndrome (ICANS) is the second most frequent adverse effect associated with CAR-T cell therapy. Its underlying mechanisms appear to be similar to that of CRS, i.e., Both of them are due to the action of CAR-T cells and bystander cells (157). Therefore, numerous improved CAR-T cell designs and treatment strategies have been proposed to mitigate CRS/neurotoxicity by avoiding excessive cytokine release. IL-6 and IL-1 are closely related to CRS (158–160). Therefore, CD19- or BCMA-CAR-T cells with the capacity of anti-IL-6 scFv and IL-1 receptor antagonist (IL-1RA) secretion can help self-neutralize IL-6 and IL-1β. CRS and neurotoxicity are minimized in patients treated with these anti-IL-6 scFv and IL-1RA-secreting CAR-T cells (ChiCTR2000032124; ChiCTR2000031868) (161). Besides IL-6 and IL-1, cytokine-profiling assay identified granulocyte-macrophage colony-stimulating factor (GMCSF) as a key CRS-promoting protein released from CAR-T cells (162). Therefore, the reduction of GMCSF from CAR-T cells via antibody-mediated neutralization or GMCSF knockout significantly decreases the secretion of key CRS-associated cytokines from CAR-T cells without affecting their antitumor function, as shown in CD19-CAR-T cells in murine leukemia model (163) and CD22-CAR-T cells (162).

IFNγ inhibition is considered to be a possible salvage option for refractory CRS when IL-6 inhibition and glucocorticoids treatment fail. Whilst IFNγ production is an indicator of CAR-T cell activity, IFNγ blockade or deletion do not significantly impair the antitumor effect of CD19-CAR-T cells in murine models. Moreover, IFNγ removal results in attenuated cytokine toxicities due to reduced bystander macrophage activation. It also reduces the immune checkpoints expression on CAR-T cells and ensures their persistence (164). Moreover, it should be noted that IFNγ blockade is only applicable in CAR-T cells against hematological malignancies, as IFNγ receptor pathway is required for CAR-T cell killing activity in solid tumors (165).



5.2 Eliminating on-target off-tumor effects of CAR-T cells

For most forms of cancers, it is rare to find tumor-specific antigens that are exclusively expressed in cancer cells and shared by most cancer patients. Therefore, on-target off-tumor toxicity is a major concern of CAR-T cell therapy as the target antigens are also expressed on normal tissues. The development of single cell sequencing might improve the target antigen analysis, and provide valuable guidance on on-target, off-tumor toxicity evaluation (166). Nevertheless, several strategies have been proposed to attenuate or mitigate on-target off-tumor effect of CAR-T cells, including refined T cell regulation and the administration of preventive measures.


5.2.1 Gating strategies for CAR-T cells

To avoid the cross-reactivity on normal tissues, a variety of gating strategies of AND, OR and NOT have been implemented for CAR-T cells for a long time. In recent years, several studies have proposed further improvements to this gated system for a more refined regulation of CAR-T cell activity.

AND-gated CAR-T cells have two (or more) CAR-like receptors and are only activated upon two (or more) antigens binding. Further increased modulation of this AND-gated CAR-T cell system can be achieved by the incorporation of a synthetic Notch receptor. The synthetic Notch receptor recognizes the first antigen and triggers the expression of a second CAR that recognizes another antigen (167). Roybal et al. (167) introduced the use of CAR-T cells with a CD19-synNotch receptor and an inducible α-mesothelin CAR gene in vitro. These CAR-T cells are not activated in the presence of mesothelin alone, they need to encounter CD19 first to express the α-mesothelin CAR. The author further demonstrated that synNotch receptors are able to induce tumor-localized CAR expression in vivo, by using CAR-T cells with GFP synNotch receptor and inducible CD19-CAR gene against GFP+ CD19+ tumor cells (167).

NOT-gated CAR-T cells, or inhibitory CAR (iCAR) T-cells are CAR-T cells with an activating receptor and an inhibitory receptor. The inclusion of an inhibitory receptor that targets antigens expressed on normal tissues minimizes the potential for cross reactivity. For example, CAR-T cells with CD19-CAR and HLA-A*02-iCAR have been constructed (168). Such CAR-T cells exploit the loss of heterozygosity (LOH) commonly observed in tumors. The presence of HLA-A*02-iCAR allows CAR-T cells to selectively eliminate hemizygous lymphoma cells which lost HLA-A*02 via LOH among heterozygous normal cells. By switching different types of HLA-iCAR, this approach can be extended to patients beyond HLA-A*02 heterozygotes.

And-, NOT- and OR-gated (the OR-gated strategy, i.e., the bispecific CAR) can be combined to produce more complex/refined regulation networks. Williams et al. (169) developed a system with multiple input circuits, which enables the production of CAR-T cells with complex activation mode like “A and B and C”, “A and B not C” or “[A or B] and C”. Moreover, multiple synNotch receptors have also been included in this system. Several combinations have been investigated, including an HER2-NOT-gate with an AND-gate of CD19 and GFP against K562 cells. However, most of the gated designs in this study were only tested in vitro and in vivo for K562 cells engineered to express different combinations of the antigens. Whether such multiple input circuits system can be applied to unmodified or spontaneous tumor models requires further investigation.



5.2.2 Preventive measures for on-target off-tumor toxicity

Preventive measures provide an alternative approach that can be applied to relieve damage incurred by on-target off-tumor toxicity. For example, whilst CD7-CAR-T cells are able to target T-ALL, normal CD7+ T cells and NK cells are eliminated as well, leading to immunodeficiency. To protect normal cells, Kim et al. genetically deleted CD7 in hematopoietic stem cells (HSCs) which were then engrafted into mice prior to the CD7-CAR-T cell treatment. These CD7-KO HSCs generated functional CD7- T cells and NK cells, although they are different from CD7+ T cells/NK cells. As the results, the mice are protected from CD7-CAR-T cell-induced immunodeficiency (170). Similarly, infusion of CD33-KO HSCs is able to restore immunity upon CD33-CAR-T cell treatment against AML (171, 172). Although the infusion of these antigen-removed HSCs provides an ideal strategy to maintain hematopoiesis during CAR-T cell therapy, concerns about the safety of genetic modification and phenotype of the antigen-removed HSCs exist. Moreover, in case of antigen-negative relapse and a second type of CAR-T cells is need, these antigen-removed HSCs become useless. It will only be applicable to clinics after all related techniques are mature.




5.3 CAR-T cells with On-switch

The development of an On-switch for CAR-T cells enables the tight regulation of CAR-T cell activity and toxicity. Recently, On-switch system which takes the advantage of the tetracycline-on (Tet-On) system (173) has been developed. In the presence of doxycycline (Dox), reverse Tet transactivator (rtTA) fusion protein drives the expression of protein of interest. This Tet-On system has been applied to CD19-CAR-T cells against leukemia cells (174), and CD38-CAR-T cells against MM cells (175). In these studies, peak CAR expression is observed within 24 to 48 hours of Dox administration; and upon Dox withdrawal, CAR expression decay occurs within 24 to 48 hours. As Dox is generally well tolerated and allergic reactions are uncommon (176), this system may have a wide application.

Hypoxia is closely related to gene regulation and is a common feature shared by various TME. Therefore, a hypoxia-inducible transcription amplification system (HiTA-system) has been developed to control the expression of CAR in T cells (HiTA-CAR-T) (177). He et al. (177) have demonstrated that Her2-directed HiTA-CAR expression and HiTA-CAR-T activity are tightly restricted to hypoxic environments, with nearly no CAR expression in normoxic tissues in a mouse xenograft liver cancer model (177). As bone marrow niches are hypoxic, this technique has great potential for the treatment of hematological malignancies as well.

The light-switchable CAR (LiCAR) T-cells is a light-controlled system of On-switch. The intracellular domains of CAR are split into half, each half with a photoresponsive module. The two halves of CAR can only reassemble in the presence of near-infrared (NIR)-to-blue light, thereby allowing the transduction of T cell activation signals. This spatial-temporal regulation system can achieve attenuated toxicity and has been tested for CD19-CAR-T cells against lymphoma both in vitro and in vivo (178). Moreover, Kobayashi et al. (179) introduced a light-controlled binary switch system for CAR-T cell activation. They used the aforementioned fluorescein-directed CAR-T cells and an adaptor in which fluorescein is conjugated to small molecules targeting CD38. Therefore, the CAR-T cell activity is directed to CD38+ Ramos B cells in vitro. Such adaptors are initially trapped in an ultraviolet (UV)-light-sensitive cage. They are released upon UV exposure to induce CAR-T cell function in vitro (179).

Besides light, light-induced heat serves as another means of spatial-temporal CAR expression modulation, which is developed by Miller et al. (180). In this system, CD19-CAR expression is controlled by synthetic gene switches. When temperature reaches 40-42°C by photothermal heating, CAR expression is induced. In murine models with B cell driven cancer (i.e., Raji cells), plasmonic gold nanorods (AuNRs) were injected intravenously to convert NIR light into heat, together with heat-controlled CD19-CAR-T cells. When heating with NIR laser light directly to induce local CAR expressions, CAR was expressed in T cells and the tumors were irradiated with enhanced safety and efficacy (180). The major concern of these light/heat-based systems is that whether light/heat can penetrate into body. It is unlikely for a UV-based system (179) to reach site of hematological malignancies. By contrary, deep-tissue-penetrable NIR light is able to directly target tumor sites for precise control of CAR-T cells, as demonstrated in murine models of lymphoma (178, 180). However, further investigations are required to explore whether NIR light-controlled CAR-T cells are applicable in large and complex human body.



5.4 CAR-T cell control using an Off-switch


5.4.1 CAR-T cell elimination

Besides switches that activate CAR-T cells, CAR-T cell activity can be switched off by the incorporation of a suicide genes. By overexpressing an inducible caspase9 (iCasp9 by AP1903 induction), majority of CD20- or CD19-CAR-T cells are eliminated within 72 hours upon AP1903 administration (181, 182). Other studies have further demonstrated that it improves CAR-T cell therapy safety through the use of iCasp9 in CD33-CAR-T cell against AML (183), interleukin-1 receptor accessory protein (IL-1RAP)-CAR-T cell against chronic myeloid leukemia (184) and CD19-CAR-T cell against various hematological malignancies (98).

The binding of monoclonal antibodies to cells induces antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity, leading to cell elimination. This phenomenon has been exploited for CAR-T cell elimination and the overexpressed CD20 or CD34 in lymphocytes are good candidates for elimination targets (185–187). For example, Sommer et al. (188) developed a rituximab-base (targeting CD20) off-switch system to eliminate FLT3-CAR-T cells in AML models. The application of this strategy enables rapid elimination of CAR-T cells to enhance bone marrow recovery without impairing antitumor activity (188). However, as CAR-T cells for hematological malignancies are likely to impair immunity, whether patients can survive the side effects of another lymphocyte-targeting treatment requires careful evaluation.



5.4.2 Off-switch by CAR expression regulation

The small molecule–assisted shutoff (SMASh) system was firstly developed by Chung et al. (189), which offers another strategy to eliminate CAR-T cells. In this system, proteins of interest are fused to a SMAsh tag (consisting of an HCV protease and a degron) at the C-terminal via HCV NS3 protease recognition site. After protein folding, the internal protease cleaves at the fusion site to release the protein of interest, while the SMAsh tag is degraded due to degron activity. HCV protease inhibitors can block tag removal and the degron then leads to rapid degradation of the protein-tag fusion (189). This SMAsh strategy was implemented into CAR construct (SWIFF-CAR) by Juillerat et al. (190). In the absence of asunaprevir (a protease inhibitor), CAR is normally expressed on the cell surface in vitro. Upon administration of asunaprevir to the medium, the protease activity is inhibited within 48 hours, leading to rapid degradation of the newly synthesized CAR (190). Cao et al. (191) further applied this SMAsh technique in vivo: CD19-CAR-T cells with the SMAsh tag can efficiently kill human CD19+ tumor cells in mice. They also demonstrated that asunaprevir administration/withdrawal can control repeated surface CAR expression in a dose-dependent manner (191). Such repeated control of CAR expression might be helpful to avoid chronic antigen stimulation and prevent CAR-T cell exhaustion.





6 Novel approaches of CAR-T cell therapy


6.1 CAR-T cells as activator of prodrug

As discussed above, the current limitations of CAR-T cells include antigen-negative relapse, immunosuppressive TME, poor persistence and severe toxicities. To address these limitations, Gardner et al. (192) developed a novel class of CAR-T cells, namely synthetic enzyme-armed killer (SEAKER) cells. By taking advantages of the high specificity of CAR-T cells, engineered SEAKER cells which express prodrug-activating enzymes can activate systemically administered small molecule prodrugs specifically at tumor site. In murine lymphoma and leukemia models, CD19-directed SEAKER cells exhibited enhanced anti-tumor activity which is due to both direct CAR-T cell intrinsic function and activated prodrugs. Moreover, activation of prodrug allows CD19-directed SEAKER cells to kill CD19-negative cancer cells as well, making this strategy possible to eradicate heterogeneous tumor and prevent antigen-negative relapse. In addition, prodrug-activating capability is maintained in exhausted CD19-SNEAKER cells after multiple courses of prodrug treatment, indicating the superior persistence of this therapy. Finally, as prodrugs activation is independent of the immune activity of SEAKER cells, it is not affected by the immunosuppressive TME and the dose of infused SEAKER cell can be reduced to minimize immune toxicity (192). Therefore, SEAKER cell is an excellent approach to address multiple major limitations of CAR-T cells in hematological malignancies.



6.2 Tackling fratricide of CAR-T cells

Currently, majority of CAR-T cell therapies for hematological malignancies are against B cell driven cancers. A major difficulty of the development of CAR-T cells against T cell driven cancers is that the attractive antigens (such as CD7) are expressed on normal T cell surfaces as well, leading to potential fratricide of CAR-T cells (i.e., CAR-T cells attack each other due to the presence of CD7). Such fratricide can be avoided through genetic modification of CD7 in CAR-T cells (193, 194). However, Freiwan et al. (195), developed a modification-free approach by isolating the naturally occurring CD7-negative T cells to generate CD7-negative CD7-CAR-T cells. These CD7-negative CD7-CAR-T cells closely resemble CD4+ memory T cells and exhibit promising persistence. Moreover, CD7-negative CD19-CAR-T cells also show enhanced anti-tumor activity compared to normal CD19-CAR-T cells. Therefore, CD7-negative T cells may be an ideal source of CAR-T cells for T cell driven cancers and other hematological malignancies.

Besides CD7-negative CD7-CAR-T cells, naturally selected CD7-CAR (NS7CAR)-T cells may be another promising modification-free therapy against T cell driven cancers. These CD7-negative NS7CAR-T cells were generated from fratricidal “natural selection” after the transduction of CD7-CAR constructs into bulk T cells. When compared to CD7-negative CD7-CAR-T cells, NS7CAR-T cells exhibited similar anti-tumor properties and have already passed phase 1 clinical trial recruiting patients with T-ALL or T-cell lymphoblastic lymphoma (NCT04572308) (196). However, extensive immune response occurs during “natural selection”. Whether this leads to pre-mature exhaustion of NS7CAR-T cells requires further study.




7 Conclusion

CAR-T cell therapy has revolutionized both the field of immunotherapy as well as the treatment of hematological malignancies. Although limitations still exist, great endeavor has been done to address them. Continuous development and improvement of antigen discovery, together with strategies to avoid antigen loss, impart us an arsenal to tackle tumor heterogeneity and antigen-negative relapse. Barriers of the immunosuppressive TME can be overcame via circumventing, targeting or remodeling TME. In addition, CAR-T cell persistence inside patient’s body is also crucial for a durable response of the treatment and it can be prolonged by proper CAR construct design, as well as ensuring CAR-T cell expansion, fitness and stemness. Moreover, strategies to enhance, refine and control CAR-T cell activity through various switch or gated systems are being established to mitigate the adverse effects during CAR-T cell therapy (Figure 3).




Figure 3 | Major causes of CAR-T cell treatment failure and strategies to avoid them. The main reasons for CAR-T cell treatment failure are (1) loss of antigen relapse, (2) the immunosuppressive TME, (3) poor CAR-T cell poor persistence in vivo and (4) severe toxicity. Numerous efforts have been made to propose strategies to overcome these obstacles. The efficacy of CAR-T cell therapy can be enhanced by addressing these factors. TCR, T-cell receptor; TME, tumor microenvironment; PD-1, Programmed death-1; TGF-β, transforming growth factor -β; MDSC, myeloid-derived suppressor cells; TAM, tumor associated macrophages; Treg, regulatory T cells; CRS, cytokine release syndrome; iCasp9, inducible caspase9; SMAsh, Small molecule–assisted shutoff; ADCC, antibody-dependent cellular cytotoxicity.



CAR-T cell therapy is a booming field that incorporates both fundamental and clinical researches. Its great success in certain hematological malignancies has completely reshaped the approach to cancer and cancer therapies. The sophisticated immune evasion strategies of cancer cells and the complex immune microenvironment still limit CAR-T cell activity, but we are on the right track to unveil them. Fortunately, numerous solutions are already on the horizon. We envision that there will be a giant leap for CAR-T cell therapy once these recently developed preclinical improvements are translated into clinics. Besides the aspects related to the direct modifications on CAR-T cells discussed in this review, other factors that need to be further addressed for CAR-T cell therapy include: improving manufacturing practices with a shorter processing time, allogeneic or off-the-shelf CAR-T cells, improving CAR-T cell infiltration for solid tumors, pre-conditioning strategies for patients and the use of other immune cells for CAR transduction (e.g. NK cells, macrophages etc.). With advances in the understanding of cancer biology, immune systems and bioengineering/biomaterials, ways have been paved for the rapid developments of CAR-based therapies from different disciplines. We hope this review may provide new viewpoints for multidisciplinary approaches and the obstacles of effective CAR-T cell therapy will be overcome in the near future.
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Bile duct, pancreatic, and gastric cancers are deadly digestive system tumors with high malignancy and poor patient prognosis. The efficiencies of conventional surgical treatment, radiation therapy, and chemotherapy are limited. In contrast, chimeric antigen receptor (CAR) T-cell therapy represents a landmark therapeutic approach to antitumor immunity with great efficacy in treating several hematological malignancies. CAR T-cell therapy involves genetically engineering the expression of specific antibodies based on the patient’s T-cell surface and amplifying these antibodies to identify and target tumor-associated antigens. CAR T-cell therapy can effectively inhibit disease progression and improve the survival of patients with bile duct, pancreatic, and gastric cancers. The effectiveness of CAR T cells in tumor therapy can be validated using xenograft models, providing a scientific testing platform. In this study, we have reviewed the progress in CAR T-cell production and its development, focusing on the current status and optimization strategies for engineered CAR T cells in the bile duct, pancreatic, and gastric cancers.
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Introduction

Tumor treatment has long been an important topic of continuous research in medical science. Conventional surgery, chemotherapy, and radiation therapy can cure only a small number of early-stage tumors with low malignancy and impair the proliferation and differentiation of both normal cells and tumor cells (1). Bile duct, pancreatic, and gastric cancers are the most common digestive system tumors with high malignancy and poor patient outcomes from conventional treatment (2–4). Bile duct cancer (CCA) is a type of hepatobiliary cancer with a high mortality rate. Early-stage bile duct cancer can be removed surgically, whereas advanced cases can only be managed by bile duct drainage surgery (5). CCA tumors contain large numbers of a cluster of differentiation (CD)8+ T cells and programmed cell death-ligand 1 (PD-L1). Current immunotherapy strategies using immune checkpoint inhibitors (ICIs) have not shown satisfactory results in CCA (6). Pancreatic cancer is a common malignant tumor of the gastrointestinal (GI) tract. It has a worse prognosis than almost all other tumor types because of its low early diagnosis rate and high surgical mortality (3). Although patients with pancreatic cancer contain high PD-L1 levels, their immunogenicity is inherently poor, and do not respond well to systemic therapy consisting of vaccines and ICIs (7). Gastric cancer is the third most common cause of cancer death worldwide and shows high molecular and phenotypical heterogeneity (4). Gastric cancer cells contain a high content of CD8+ T cells. The results of treating patients with gastric cancer using immune checkpoint blockade vary greatly depending on a tumor microenvironment (TME) (8). Patients with gastric cancer suffer from poor prognoses with strong recurrence risks (9). Therefore, developing therapies targeting malignant tumors has become a crucial yet challenging area of oncology research.

Immunotherapy is an emerging tool used in cancer treatment (1). Chimeric antigen receptor (CAR) T-cell therapies have reached milestones in preclinical research and clinical treatment and are the most promising cancer immunotherapies available today (10). CAR T-cell therapy has shown promising efficacy for treating hematologic malignancies (11). Four commercially available CAR T-cell products, Kymriah, Yescarta, Tecartus, and Breyanzi, have been authorized by the U.S. Food and Drug Administration and the European Commission for patients who suffer from recurrent or refractory B-cell precursor asthmatic lymphoblastic leukemia and intractable large B-cell lymphoma (11–18). Currently, CAR T-cell therapy does not work well in solid tumors, and many characteristics of solid tumors pose great challenges for using CAR T-cell therapy. As these cancers are largely refractory to conventional treatment, bile duct, pancreatic, and gastric cancers have been treated with CAR T-cell therapy (19). In most preclinical studies, researchers have used xenograft models to test CAR T-cell therapy in treating bile duct, pancreatic, and gastric cancers (20).

In this study, we have highlighted CAR T-cell therapy in the bile duct, pancreatic, and gastric cancers, summarized existing studies, briefly discussed the role of xenograft models in CAR T research, and discussed the future of engineered CAR T cells for treating digestive system tumors.



CAR T-cell therapy

CAR T-cell therapy is a perinatal T-cell therapy using a patient’s immune system for treatment, as T cells collected from a patient are designed genetically to express specific antigen-binding domains that bind with intracellular signaling domains on the surface of T cells to identify specific tumor antigens and amplify these T cells (21). Lymphatic clearance is performed to enable effective cell transplantation. CAR T-cell therapy is then reinfused into the patient so that the engineered T cells target the patient’s specific antigens (22). CAR T-cell therapy has breathed new life into the field of cancer immunotherapy.


Engineered CAR protein structures

A CAR is a synthetic receptor that activates T cells to target and recognizes tumor-associated antigens (TAAs), and a CAR binds to target antigens with no restrictions within the major histocompatibility complex (MHC) (19). A CAR works as a recombination receptor and includes one domain for extracellular antigen recognition, one transmembrane domain, and one intracellular signaling domain (Figure 1A) (23). The antigen-binding domain is typically found in the variable region of immunoglobulins (Igs) and consists of VH and VL chains linked by junctions into a single chain variability domain (scFv) (24). The “spacer domain” is usually an IgG1 hinge-CH2-CH3 Fc region with a constant structure between the scFv and spacer domain, which provides the flexibility to overcome spatial blockage (25). Most structural regions across the membrane consist of natural proteins, including CD3ζ, CD4, CD8α, and CD28 (26). The expression of CARs allows T cells to identify diverse cell surface antigens, expanding the range of tumor antigen targets (27). The structural properties of CARs increase the scope that CAR T-cell therapy can offer, providing more possibilities for tumor immunotherapy.




Figure 1 | (A) CAR T-cell therapy and the structure of CARs. (B) Engineered CAR T cells in bile duct cancer. (C) Engineered CAR T cells in pancreatic cancer. (D) Engineered CAR T cells in gastric ancer.





The evolution of CAR engineering

CAR T cells have undergone five generations of updates and optimization thus far. The first-generation CARs provided signals via only one intracellular signaling domain, CD3ζ or FcRγ, and could not induce a considerable expansion of T cells (28). CD28 or 41BB was added between the scFv and CD3ζ chain in the second-generation CARs to strengthen the antitumor activity of CAR T cells (29). Third-generation CARs included more co-stimulatory structural domains including CD28 and 41BB as well as OX40 and CD40, in addition to exhibiting a stronger ability to activate and induce T-cell proliferation (30–32). The fourth-generation CARs added genes encoding cytokines (interleukin [IL]-12 and IL-15) to be released by the CARs to improve CAR T-cell survival in a TME (32). The fifth-generation CARs build on the second-generation CARs by adding cytoplasmic structural domains from the IL-2 receptor beta chain and signal transducers and activators of transcription (STAT)3/5 binding pattern, triggering three signals including T-cell receptors (CD3ζ structural domain), co-stimulatory factors (CD28 structural domain), and cytokines (Janus Kinase-STAT3/5 signaling) to improve the proliferation, survival, and antitumor activity of CAR T cells markedly (33). Overall, CAR T-cell therapy is upgraded mainly by optimizing the engineering of CARs, and the improvement in CAR performance effectively improves the success rate in treating tumors using CAR T cells.



Mechanism of CAR-T therapy

T cells kill tumor cells by two mechanisms. One is the release of perforins and granzymes by cytokinesis. The other is tumor cell binding to tumor necrosis factors (TNFs) and thus undergoing apoptosis (34). When T cells are attached to an engineered CAR construct to form CAR T cells, they kill bile duct, pancreatic, and gastric cancer cells by three main mechanisms (Figure S1) (35, 36). These mechanisms are as follows: 1) CAR-T cells exert signal transduction and cell activation functions with the massive release of perforins and granzymes. Perforins specifically target tumor cell membranes in MHC- and Fas-independent manners to induce the formation of pores from which granzymes subsequently enter the interior of tumor cells. Granzymes trigger an enzyme chain reaction that leads to cell death by apoptosis. CAR T cells release more perforins/granzymes and have a higher affinity than natural T cells (37). 2) The main death receptor pathways are Fas and the corresponding death ligand FasL as well as TNFR and the corresponding death ligand TNF. The death receptor binds to specific death ligands, receives extracellular death signals, activates intracellular apoptotic mechanisms, and induces apoptosis. CAR-T cells are highly expressed on the surface of Fas or TNF ligands, which do not depend on antigen–antibody binding to induce apoptosis in a heterogeneous tumor environment (38). 3) CAR-T cells secret particular cytokines, such as interferon-gamma (IFN-γ). These cytokines can promote CAR-T activity, induce the tumor stroma expression of IFN- γ receptors, modify the cancer microenvironment, and enhance CAR T-cell activity against tumors, thereby mediating the killing of target cells (33). The complex and diverse mechanisms of CAR T-cell therapy potentially expand their application scope in immunotherapy oncology. Engineered CAR T cells may mediate multiple effector mechanisms simultaneously, enhancing their potential for tumor therapy.




CAR T-cell therapy for digestive system tumors

CAR T-cell therapy is one of the most promising immunotherapeutic strategies (39). Most bile duct, pancreatic, and gastric cancer studies have applied only first-generation CAR T-cell therapies and have been limited by off-target toxicity (40). Current preclinical studies involving CAR T-cell therapies against these three GI tumors are focused on the refinement and optimization of CAR T-cell engineering.


Bile duct cancer

CCA is treatment-resistant and prone to recurrence (41). One clinical study used a cocktail of CAR T therapies in patients with terminal CCA with the sequential infusion of epidermal growth factor receptor (EGFR)-specific and CD133-specific CAR T cells, which effectively inhibited tumor progression(Figure 1B) (42). Another study showed that CART–EGFR cell therapy was a secure and useful strategy for CCA (43). The targeted recognition and binding of tumor cell surface antigens is an important factor affecting the efficacy of CAR T cells in solid tumor therapies (44). Fourth-generation anti-CD133-CAR4 T cells tracking the antigen CD133 exhibited efficient antitumor effects. Fourth-generation A20-4G CAR T cells showed an antitumor activity by targeting integrin αvβ6, providing a viable experimental demonstration to support subsequent in vivo studies and clinical trials (45). Fourth-generation anti-mucin 1 (MUC1)-CAR4 T cells exhibited a specific killing activity by increasing the production of antitumor cytokines (46). This is the first study to show the therapeutic potential of anti-MUC1-CAR4 T cells for CCA. The antitumor activity that CAR T-cell therapy provides is better than traditional therapies, such as radiotherapy and chemotherapy, and can be applied to treat patients with CCA.



Pancreatic cancer

Pancreatic cancer presents one of the toughest GI malignancies, and patients are usually diagnosed at a late stage because of a lack of obvious early symptoms; thus, novel therapeutic approaches need to be developed to improve the poor prognosis of patients with pancreatic cancer (47). CAR T-cell therapy efficacy may be limited by cell surface antigen-specific expression (48). Carcinoembryonic antigen (CEA) and mesothelin (MSLN) were highly expressed in pancreatic cancer, and dual-receptor CAR T cells targeting both antigens were found to target tumor sites precisely and reduce tumor load in pancreatic cancer mouse models (Figure 1C) (49). hYP218 CAR T cells directed to MSLN at proximal membrane surface sites induced durable antitumor immunity in mice (50). Notably, immunosuppressive cytokines could create barriers to tumor treatment (51). Inducible IL-18 CAR T cells were effective in inducing the regression of advanced pancreatic cancer in mouse models (52). In addition, IL-8 receptor-modified CARs with CD70 enhanced CAR T-cell efficacy in pancreatic cancer therapy (53). The combination production with IL-7 and chemokine (C-C pattern) ligand 19 (CCL19) 7×19 CAR T cells showed better antitumor activity against pancreatic cancer compared with regular CAR T-cell therapy (54). IL-7/CCL19 anti-MSLN CAR T cells eliminated malignant tumors in situ in mouse models (55). Targeting trophoblast surface antigen 2 (Trop2) using CAR T cells offered another potential resolution for pancreatic cancer (56). Similarly, CARs targeting chimeric programmed death receptor 1 increased survival in pancreatic cancer-bearing mice (57). Third-generation ICOSBBz CAR T cells inhibited pancreatic cancer progression while increasing CAR T-cell survival in vivo (58). Microbial molecules can regulate immune cell motility, and valeric acid and butyric acid can increase the antitumor activity of CD8+ CAR T cells (59). Second-generation KD2-natural killer group 2D (NKG2D)-CAR T cells exhibited a stronger antitumor activity compared with first-generation NKG2D-CAR T cells in a pancreatic cancer xenograft model (20). Thus, CAR T-cell therapy can inhibit cancer progression in pancreatic cancer, circumvent drug resistance arising from conventional treatments, and has great potential in clinical applications in the future.



Gastric cancer

Gastric cancer represents one of the most popular causes of death (60). As conventional surgical treatment and antitumor drugs have limited effects, CAR T-cell therapy can provide targeted immunotherapy to patients with gastric cancer without developing drug resistance and effectively control the progression and metastasis of gastric cancer (61). Targeting specific antigens on solid tumors can increase the efficacy of CAR T-cell therapy (39). Claudin18.2-specific CAR T cells can inhibit tumor growth with great efficacy and safety, and these studies were performed in mouse models (Figure 1D) (61, 62). Mesenchymal-epithelial transforming factor (c-Met) cMet-PD1/CD28 CAR showed no off-target toxicity in gastric cancer treatment (63). Targeting human epidermal growth factor receptor 2-expressing cells with CAR T cells suppressed tumors significantly (64). CAR T cells targeting MSLN region III (meso3 CAR, proximal membrane region) effectively mediated antitumor responses (65). Anti-MSLN CAR (M28z10) T cells also exhibited strong antitumor activity (66). Third-generation MSLN-CAR exhibited significant antitumor effects in gastric cancer patient-derived xenografts (PDXs) (67).

In addition to TAAs, the immunosuppression of cytokines in a TME represents an important candidate for optimizing CAR T-cell therapy. The TME affected a CAR T-cell activity in part via procedural cell death protein 1 (PD-1) (68). Third-generation bispecific Trop2/PD-L1 CAR T cells notably prevented the growth of tumors in mouse models (69). The CAR vector CARPD-L1z targeting PD-L1 inhibited tumor progression in a PDX model of gastric cancer (70). EGFR-CAR T cells, which secrete PD-1 scFv, could kill tumor cells in a gastric cancer model for a long time (71). Moreover, the scFv and an IL-2 fusion protein of scFv-IL2 CAR T cells enhanced antitumor activity against gastric cancer cells (72). CEA-CAR T cells showed strong antitumor activity in combination simultaneously with recombinant human IL-12, overcoming the limitations of each as an anticancer monomer (73). Similarly, the combination of cisplatin and anti-CD133 CAR T effectively inhibited the progression of gastric cancer (74). NKG2D-CAR T cell treatment combined with cisplatin also enhanced the antitumor activity against gastric cancer compared with cisplatin or NKG2D-CAR T cells alone (75). CAR T cells aimed at intercellular adhesion molecule 1 effectively inhibited disease progression (76). B7H3-specific CAR T cells with a humanized antigen recognition structural domain could effectively kill gastric cancer cells while targeting cancer stem cells to improve immune therapy efficacy, which was considered a potential strategy to treat gastric cancer (77). Optimized CAR T cells identify antigens specific to a patient’s particular gastric tumors, avoiding the killing of non-tumor cells caused by radiation and chemotherapy and providing more effective treatment for gastric cancer.




Animal models for CAR T-cell therapies

The efficacy and safety of CAR T-cell therapy in cancer should be tested in experimental animal models. Animal models with xenotransplantation, in situ transplantation animal models, and gene editing animal models are the more commonly used models to study CAR T-cell therapy. In bile duct cancer, pancreatic cancer, and gastric cancer, xenograft animal models are commonly used to show the therapeutic efficacy of CAR T-cell therapy (20, 52, 59, 61, 70, 71).

Xenograft models are divided into cell-derived xenografts (CDXs) and PDXs based on the source of the xenograft (78). CDX models involve the transplantation of human-derived tumor cells into the subcutis of mice and other experimental animals after culturing cells in vitro, which allows the cells to be transplanted in large numbers under the same conditions (Figure 2A) (79). CDX models are widely used due to their short experimental cycles and high modeling success rate. However, PDX models have significant advantages over CDXs. PDXs tend to induce tumors more easily in animals. PDX models are generated by directly transplanting fresh human tumor tissue into immunodeficient mice. Because the tumor tissues are directly transplanted from patients into mice, genomic integrity and tumor heterogeneity are maximized (Figure 2B) (80). In addition, the tissues used for transplantation are not artificially cultured, and they simulate TME more accurately and have higher clinical similarity than CDX models, making PDXs the best animal model for tumors at this stage. However, they have to be implanted into immunodeficient mice. In situ transplantation is the inoculation of a human tumor into the host organ tissue corresponding to the primary site of the tumor (52). It has a microenvironment similar to human tumors, which is more suitable for tumor development and transfer of tumors. The in situ transplantation model better simulates the development and transfer process over clinical cancer and is an ideal model for tumor prevention and treatment and anti-metastasis research. Animal models are constructed by gene editing to mimic specific biological characteristics of human diseases to introduce target genes or delete and modify endogenous genes (81). Gene editing animals can accurately mimic human diseases caused by gene mutations, and contribute to the study of tumorigenesis mechanisms. In CAR T-cell therapy applications, constructing the appropriate animal models to build these methods that evaluate the therapeutic effects of engineered CAR T cells in vivo can be considered an important milestone to optimize CAR T-cell therapy that can be translated into clinical practice.




Figure 2 | Illustration of the construction method of the xenograft model. (A) CDX model. (B) PDX model. P0 indicates mice directly inoculated with patient tumor tissue. P1 indicates mice with tumor tissues isolated from P0 generation mice for transplantation into the body. Pn indicates the Nth generation of mice passed on in accordance with the abovememtioned process.





Discussion

Bile duct cancer, pancreatic cancer, and gastric cancer are common digestive system tumors. Compared with other cancers, these digestive system tumors are prone to metastasis and have limited therapeutic effects from surgery, radiation, and chemotherapy (82). CAR T-cell therapy provides a more useful treatment for these types of cancers (42, 56, 67). CAR T-cell therapy acts as an innovative backbone for cancer therapy that expands the landscape of tumor immunotherapy (39). CAR T-cell therapy has promising clinical utility in hematologic diseases and has been approved as a commercial treatment (15, 17, 18). Nevertheless, CAR T-cell therapy is limited in solid tumors because of factors such as antigen escape, TME, and cell-related toxicity (83). CAR T cells can be programmed to improve antitumor efficacy in solid tumors while modulating the targeting and non-tumor toxicity of CAR T-cell therapy (84, 85). Because CAR T-cell therapy effectively inhibits the progression of tumors, overcomes patient drug resistance, improves poor prognosis, and prolongs patient survival in the bile duct, pancreatic, and gastric cancers, it is the best treatment for digestive system cancers until now (83, 86). In studies that optimize CAR T cells and use them to treat tumors, animal models are required to characterize and validate the anti-tumor effects of CAR T cells (67). Therefore, xenograft animal models, especially PDX models, should be selected to accurately mimic aspects of the human TME (80). The tumor tissue implanted in PDX models is directly derived from patients; therefore, it can maintain genomic integrity and tumor heterogeneity. PDX models can provide a stable scientific animal platform for CAR T-cell therapy research.

Presently, CAR T treatment strategies targeting solid tumors have been effectively improved. Notably, engineered CARs using gene editing technology have the potential of enhancing CAR T-cell therapy for the treatment of solid tumors (85). Gene editing technology and CAR T-cell therapy target tumor surface-specific antigens for precision therapy (87). Compared with traditional CAR T therapies, it significantly enhances the therapeutic effect on tumors while effectively avoiding the damage caused by off-target effects. Therefore, coupling gene editing technology and CAR T-cell therapy will increase the effectiveness of cancer treatments. Further optimization and modification are required to establish better immunotherapy strategies for CAR T-cell therapies which improve the therapeutic efficacy of CAR T-cell therapies for solid tumors by minimizing the issues of targeting and non-tumor toxicity to effectively suppress or eliminate tumors.



Conclusion

In this review, we presented many designed and optimized CAR T-cell therapies in three digestive system cancers (bile duct cancer, pancreatic cancer, and gastric cancer). CAR T-cell therapy has been applied in these three digestive system tumors with promising results as a potential strategy for immunotherapy of solid tumors and has great oncological value. New strategies and treatment options for CAR T-cell therapy are under development. They can offer a promising road to safer and more successful immunotherapy of solid tumors.
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A corrigendum on 


Advances in CAR T-cell therapy in bile duct, pancreatic, and gastric cancers
 by Feng Q, Sun B, Xue T, Li R, Lin C, Gao Y, Sun L, Zhuo Y and Wang D (2022) Front. Immunol. 13:1025608. doi: 10.3389/fimmu.2022.1025608


In the published article, the reference for Immunotherapy is an emerging tool used in cancer treatment (1) was incorrectly written as Ruhlmann CH, Iversen TZ, Okera M, Muhic A, Kristensen G, Feyer P, et al. Multinational study exploring patients’ perceptions of side-effects induced by chemo-radiotherapy. Radiother Oncol (2015) 117(2):333–7. doi: 10.1016/j.radonc.2015.09.014. It should be Mohanty R, Chowdhury CR, Arega S, Sen P, Ganguly P, Ganguly N. CAR T cell therapy: A new era for cancer treatment (Review). Oncol Rep (2019) 42(6):2183-95. Epub 2019/10/04. doi: 10.3892/or.2019.7335.

In the published article, the reference for The fourth-generation CARs added genes encoding cytokines [interleukin (IL)-12 and IL-15] to be released by the CARs to improve CAR T-cell survival in a TME (32) was incorrectly written as Haso W, Lee DW, Shah NN, Stetler-Stevenson M, Yuan CM, Pastan IH, et al. Anti-Cd22-chimeric antigen receptors targeting B-cell precursor acute lymphoblastic leukemia. Blood (2013) 121(7):1165–74. doi: 10.1182/blood-2012-06-438002. It should be Chmielewski M, Kopecky C, Hombach AA, Abken H. IL-12 release by engineered T cells expressing chimeric antigen receptors can effectively muster an antigen-independent macrophage response on tumor cells that have shut down tumor antigen expression. Cancer Res (2011) 71(17):5697-706. Epub 2011/07/12. doi: 10.1158/0008-5472.Can-11-0103.

In the published article, the reference for The fifth-generation CARs build on the second-generation CARs by adding cytoplasmic structural domains from the IL-2 receptor beta chain and signal transducers and activators of transcription (STAT)3/5 binding pattern, triggering three signals including T-cell receptors (CD3ζ structural domain), costimulatory factors (CD28 structural domain), and cytokines (Janus kinase-STAT3/5 signaling) to improve the proliferation, survival, and antitumor activity of CAR T cells markedly (33) was incorrectly written as Chmielewski M, Kopecky C, Hombach AA, Abken H. IL-12 release by engineered T cells expressing chimeric antigen receptors can effectively muster an antigen-independent macrophage response on tumor cells that have shut down tumor antigen expression. Cancer Res (2011) 71(17):5697–706. doi: 10.1158/0008-5472.Can-11-0103. It should be Kagoya Y, Tanaka S, Guo T, Anczurowski M, Wang CH, Saso K, et al. A novel chimeric antigen receptor containing a JAK-STAT signaling domain mediates superior antitumor effects. Nat Med (2018) 24(3):352-9. Epub 2018/02/06. doi: 10.1038/nm.4478.

In the published article, the reference for As conventional surgical treatment and antitumor drugs have limited effects, CAR T-cell therapy can provide targeted immunotherapy to patients with gastric cancer without developing drug resistance and effectively control the progression and metastasis of gastric cancer (62) was incorrectly written as Durães C, Almeida GM, Seruca R, Oliveira C, Carneiro F. Biomarkers for gastric cancer: Prognostic, predictive or targets of therapy? Virchows Arch (2014) 464(3):367–78. doi: 10.1007/s00428-013-1533-y. It should be Jiang H, Shi Z, Wang P, Wang C, Yang L, Du G, et al. Claudin18.2-specific chimeric antigen receptor engineered T cells for the treatment of gastric cancer. J Natl Cancer Inst (2019) 111(4):409-18. Epub 2018/09/12. doi: 10.1093/jnci/djy134.

In the published article, the reference for Animal models are constructed by gene editing to mimic specific biological characteristics of human diseases to introduce target genes or delete and modify endogenous genes (83) was incorrectly written as Hu W, Lazar MA. Modelling metabolic diseases and drug response using stem cells and organoids. Nat Rev Endocrinol (2022) 1–16. doi: 10.1038/s41574-022-00733-z. It should be Platt RJ, Chen S, Zhou Y, Yim MJ, Swiech L, Kempton HR, et al. CRISPR-Cas9 knockin mice for genome editing and cancer modeling. Cell (2014) 159(2):440-55. Epub 2014/09/30. doi: 10.1016/j.cell.2014.09.014.

The authors apologize for these errors and state that these do not change the scientific conclusions of the article in any way. The original article has been updated.

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 Feng, Sun, Xue, Li, Lin, Gao, Sun, Zhuo and Wang. 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.




REVIEW

published: 06 October 2022

doi: 10.3389/fimmu.2022.1025218

[image: image2]


Exosomes in the tumor microenvironment: Promoting cancer progression


Ye Jin 1†, Jianming Xing 2†, Kejin Xu 1, Da Liu 1,3* and Yue Zhuo 1,3*


1 School of Pharmacy, Changchun University of Chinese Medicine, Changchun, China, 2 School of Life Sciences, Jilin University, Changchun, China, 3 School of Acupuncture-Moxi Bustion and Tuina, Changchun University of Chinese Medicine, Changchun, China




Edited by: 

Peng Qu, National Institutes of Health (NIH), United States

Reviewed by: 

Shi Qiu, Shanghai University of Traditional Chinese Medicine, China

Wei Kang, Dalian University of Technology, China

Chunmeng Sun, China Pharmaceutical University, China

*Correspondence: 

Da Liu
 liuda_1986@163.com

Yue Zhuo
 18686691176@163.com













†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: 22 August 2022

Accepted: 20 September 2022

Published: 06 October 2022

Citation:
Jin Y, Xing J, Xu K, Liu D and Zhuo Y (2022) Exosomes in the tumor microenvironment: Promoting cancer progression. Front. Immunol. 13:1025218. doi: 10.3389/fimmu.2022.1025218



Exosomes, which are extracellular vesicles produced by endosomes, are important performers of intercellular communication functions. For more than three decades, there has been a growing awareness of exosomes as the contents of the tumor microenvironment and their intimate connection to the development of cancer. The composition, generation, and uptake of exosomes as well as their roles in tumor metastasis, angiogenesis, and immunosuppression are discussed in this paper. In order to stop the progression of cancer, it is crucial to find new diagnostic biomarkers and therapeutic targets for the disease. Knowing the biological characteristics of exosomes and their functions in tumor development helps in this endeavor.
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Introduction

In the 1970s, Johnstone discovered vesicle-like lipid particles secreted by cells during the culture of sheep reticulocytes, which were isolated and named as exosomes (1). Exosomes are a type of extracellular vesicles (EV), and based on occurrence, size and biophysical properties, EVs are divided into three main categories, exosomes (30-200 nm), microvesicles (100-1000 nm) and apoptotic vesicles (>1000 nm) (2, 3). In this paper, we mainly discuss exosomes. Initially, exosomes were thought to be waste excreted by cells; however, as research progressed, it was discovered that exosomes are not useless, but rather are important players in intercellular communication. James E. Rothman et al. were awarded the 2013 Nobel Prize in Physiology or Medicine for their work on the mechanisms regulating intercellular vesicular transport. Gradually, exosomes have been found to be associated with many pathological processes (4, 5). Because of this, they are at the forefront of biological research. Exosomes are rich in DNA, RNA, proteins, lipids and other substances, and the composition of exosomes originating from different cells varies considerably (6). Exosomal tRNA-derived small RNAs (tsRNA) are enriched in human esophageal squamous cell carcinoma and have diagnostic and prognostic potential (7). In the study by Shu et al. the proteins of breast cancer cells with epithelial and mesenchymal phenotypes differed, and the two breast cancer subtypes were distinguished by analysis of exosomal protein content (8). Normal alveolar cells are distinguished from lung cancer cells by comparing the Raman spectra produced by lipids and membrane proteins of exosomes (9).Compared to normal tissues, tumor tissues contain more exosomes (6), which is a reflection of the frequent communication between tumor cells. Tumor-derived exosomes (TEXs), with cytokines, chemokines and other extracellular vesicles, form the tumor microenvironment where they assist intercellular communication and further contribute to cancer progression (10).

In this review, we describe the biological properties of exosomes in terms of their origin, uptake processes, and composition, which are the basis for the exercise of intercellular communication by exosomes. We describe the role of exosomes in tumor promotion in terms of metastasis, angiogenesis and immunosuppression. This is enlightening for the development of anti-cancer drugs, diagnosis and prognosis of cancer (11–13). The research on the composition and function of exosomes is still in its early stages, but in the future, the research and application of exosomes will become more in-depth, which may be the key to overcoming cancer.



Exosome biology

Extracellular vesicles are important mediators of proximal and remote communication between cells and mediate intercellular communication through the transmission of genetic information (14). Exosomes are secretory intraluminal vesicles (ILVs) formed by the inward outgrowth of multivesicular vesicles (MVBs) and are one of the three endings of MVBs. The other two types either fuse with lysosomes or recycle through the trans-Golgi network (15). Tumor-derived exosomes (TEXs) contain large amounts of nucleic acids, transcription factors, proteins and lipids (Figure 1). TEXs reflect the composition of tumor cells because they are secreted by tumor cells. Compared to exosomes secreted by normal cells, TEXs have more specific proteins and RNAs, which provide a reference for tumor detection (16). Tumor cells can be distinguished from normal cells based on the examination of one of the components of exosomes. MicroRNA is a non-coding RNA approximately 22 nucleotides long, one of the most abundant RNAs in exosomes, which can regulate gene expression by binding to mRNA and inhibiting the translation process (17). MicroRNAs exist stably in body fluids and differ between tumor cells and normal cells, between tumor cells of different origins, and between benign diseases and malignant tumors, so microRNAs are used as biomarkers for cancer diagnosis (18). Taylor et al. found significant differences in exosomal microRNA between patients with benign ovarian disease and those with ovarian cancer, a non-invasive method that could be used for screening for symptoms (19). Other RNA molecules such as mRNAs, ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), long non-coding RNAs (lncRNAs), small nuclear RNAs (snRNAs), and single-stranded DNA and double-stranded DNA molecules have been found in exosomes, and their diagnostic and therapeutic potential for cancer is gradually being discovered (19–23).In addition, proteins play an important role in the functional execution of exosomes. The protein content of TEXs differs from that of exosomes produced by normal cells, and this difference is also associated with different stages of the disease. Exosomes isolated from the plasma of patients with acute myeloid leukemia (AML) have high levels of transforming growth factor-β1 (TGF-β1) and the levels change gradually during chemotherapy (24). Therefore the specific protein content of TEXs provides information for the diagnosis and prognosis of cancer.




Figure 1 | Schematic representation of exosome composition. The main substances are proteins, nucleic acids and lipids, which are the structural and functional basis of exosomes. The components in exosomes secreted by different cells may vary.



Similar to exosomes secreted by normal cells, some components of TEXs perform duties during exosome movement. Surface components such as tetraspanins, glycoproteins, and adhesions, are significant in the production, transport, and uptake of exosomes. GTPases and ESCRT proteins are involved in component selection and secretion during exosome formation (2). Since exosomes are “messengers” between cells, they contain cytokines, signaling receptors and MHC molecules that can efficiently and accurately activate downstream signals, induce immune responses and enable intercellular communication (20). Another class of components cannot be left out: lipids such as cholesterol, sphingomyelin, phosphatidylcholine, etc. (25, 26), which provide anchoring sites for membrane proteins, encapsulate cargo in a separate space, and enable exosomal activity through fusion and separation. In astrocytes cholesterol was found to regulate exosome release through stimulation of the PI3K/Akt signaling pathway (27). Qi et al. inserted phosphatidylcholine into the exosome to deliver the drug, which effectively improved the uptake rate of the drug (28). It may seem that the components are not related to each other, but the fact is that they work together for the formation, release and uptake of exosomes (Figure 2).




Figure 2 | Pathway of exosomes: origin, formation, secretion and uptake. (1) Plasma membrane invagination. (2) Formation of early endosome. (3) Cargo loading and production of intraluminal vesicles. (4) Formation of multiple vesicle bodies. (5) Secretion of exosomes from the source cell to the outside. (6) Mode of exosomes with target cell.



Formation of exosomes is a multi-step process. Initially, the plasma membrane remodels and begins endocytosis, which is clathrin-mediated and involves a variety of proteins (29). The endocytic proteins in the cytoplasm accumulate on the inner leaflet of the plasma membrane and recruit other proteins to form a “coating” that bends and invades the plasma membrane. The vesicles are shed by the action of actin and shear proteins and are called early endosomes (30). Endosomes function in a variety of signaling systems through the sorting and transport of ligand-receptor complexes at specific times (31). Subsequently, intraluminal vesicles begin to form in the endosomes, which then become late endosomes or multivesicular bodies (MVBs). Some nucleic acids and proteins are assembled into vesicles via the Golgi apparatus or cytoplasm, some cargoes are assembled via the endosomal-sorting complex required for transport (ESCRT) machinery. The ESCRT complex consists of about 20 proteins that assemble to form four complexes (ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III) with associated proteins (VPS4, VTA1, ALIX), and these components collaborate to recognize ubiquitinated proteins, promote vesicle division, and cargo loading (32, 33). Several ESCRT-independent mechanisms based on lysobisphosphatidic acid (LBPA) and ceramides have also been identified, and these lipids help endosomal traps to form vesicles (34, 35). MVBs are transported near the cell membrane and fused to the plasma membrane, driven by Rab GTPase with soluble N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) complex, and exosomes are secreted outside the cell. Screening of five Rab GTPases that promote exosome secretion, among which Rab27a is associated with the size of exosomes and Rab27b is associated with the regional distribution of multivesicular endosomes (MVEs) (36). Multiple SNARE complexes contribute specificity to the process of membrane fusion, and SNAREs are classified as v-SNAREs and t-SNAREs. The v-SNAREs on MVBs recognize and bind to t-SNAREs on the plasma membrane, allowing membrane fusion and secretion of exosomes (37). When the exosome reaches the target cell, there are three main possible outcomes: (і) activation of downstream signals through ligand binding to receptors on the surface of target cells; (ii) release of cargo by fusion with the plasma membrane of target cells; (ii) release of cargo after internalization by the target cell, dependent on clathrin (38), lipid raft or caveolin (39). The uptake of exosomes differs between cells, and this difference does not depend on the expression of exosome marker proteins but on the recipient cells. Horibe et al. showed that variance in exosomes uptaken by receptor cells was relevant to organ-specific transfer of exosomes (40). Exosomes interact with receptor cells to transmit signals that underlie a series of events such as metastasis, invasion, and immunosuppression in tumor tissue.



Tumor microenvironment

The tumor microenvironment (TME) is the dynamic multicellular environment in which the tumor exists, and it also contains immune cells, stromal cells, extracellular matrix, growth factors, chemokines, exocysts, blood and lymph (41). It is a vast collection with inhibition and promotion process of tumor development, and it’s perhaps far more complex than imagined. Tumors continue to develop along with the evolution of TME and are influenced by several factors: (i) Cancer cells secrete exosomes, whose active substances produce intercellular effects; (ii) Environmental conditions, such as hypoxia, low pH, and nutritional deficiencies that stress the cells; (iii) Induction of inflammatory and immune reactions (42, 43). Extracellular matrix (ECM), as part of the TME, changes in response to changes in the TME, affecting the downstream signals. The ECM consists of a complex network of macromolecules that provide the basis for the organization of the structure. However, the ECM not only acts as a scaffold for the tissue, but also provides critical biological signals. Cancer cells stiffen the ECM and further produce downstream effects that direct cellular activity and regulate vascular development and immune function (44, 45). ECM further affects the migration of cancer cells by altering their physical properties and composition, and provides an environment for intercellular communication.

Cell-to-cell interaction is an important process in tumor immunotherapy. Inhibitor targeting colony-mulating factor 1 receptor (CSF1R) inhibits transmembrane tyrosine kinase class III receptor, and then inhibits macrophage differentiation and survival, reducing the number of tumor-associated macrophages (TAMs) (41, 46, 47). In addition to designing drugs targeting receptors, cytokine-based drugs have also been the target of ongoing exploration. Interleukin 2 (IL-2), which activates T cells and NK cells, has been used in the clinic for a long time and is approved by the FDA for the treatment of melanoma (48). Researchers have used orthogonal IL-2 cytokines to transmit natural IL-2 This allows for the selective production of desired T cell subsets that hold promise in the cell therapy of cancer (49). In summary, targeting the immune compartment of the TME is the key to tumor therapy, but also the greatest resistance because of the complexity of the tumor microenvironment. In TME, the signaling networks are interconnected and exosomes, cytokines, and chemokines make the whole system constantly and dynamically changing (50).

Cancer cells secrete more exosomes than normal cells, which is inextricably linked to the influence of TME. Conditions such as hypoxia and nutritional deficiency in TME promote the formation and secretion of TEXs (51). TEXs play vital roles in cellular communication between tumor cells and between tumor cells and stromal cells in TME, and these roles are mainly generated through the transfer of cargoes of nucleic acid molecules, lipids, proteins, etc., mainly including: (і) altering normal cells to tumor cells; (ii) inhibiting the immune response of immune cells against tumor cells; (iii) promoting angiogenesis; (iv) stimulating the EMT process and thus promoting metastasis (42). Therefore, studying how TEXs in the tumor microenvironment contribute to tumor development will deepen the understanding of cancer and provide a biological basis for cancer diagnosis and treatment.



Exosome and metastasis

Metastasis is one of the essential stages of tumor development and a major cause of cancer death. An understanding of metastasis begins with Stephen Paget’s “seed and soil” hypothesis (52): The hypothesis refers to cancer cells that can proliferate malignantly as seeds and the microenvironment suitable for their growth as soil. The metastasis is the result of the action of “seed” and “soil” (52). Metastasis is divided into three main steps: (i) Activation of epithelial-mesenchymal transition (EMT); (ii) Formation of premetastatic niche (53); (iii) Uncontrollable development of cancer cells (54). Exosomes, as part of TME, play an important role in every step of metastasis. The understanding of the role of exosomes in metastasis helps to grasp the process of cancer development and provides more possibilities for cancer diagnosis and treatment (21, 55, 56).

The proteins in exosomes are crucial factors affecting metastasis (Figure 3). In a study by Xie et al, pancreatic ductal adenocarcinoma (PDAC)-derived exosomes delivered CD44v6/C1QBP complexes to the plasma membrane of hepatic satellite cells and promoted hepatic metastasis of PDAC (57). Nuclear exosomes (nEXOs) are exosomes rich in nuclear proteins and DNA, and are potential tumor markers. nEXOs overexpress high mobility group box 3 (HMGB3), which promotes nasopharyngeal carcinoma metastasis by accelerating angiogenesis, and HMGB3 provides inspiration for finding markers of nasopharyngeal carcinoma metastasis (58). Complex signaling networks in TME influence cancer progression, and exosomal proteins often promote metastasis through signaling pathways. Exosomal cytotoxic T lymphocyte antigen 4 (CTLA-4) promotes hepatocellular carcinoma metastasis by regulating the PTEN/CD44 pathway (59). Similarly, exosomes transport Wnt10b from fibroblasts to breast cancer epithelial cells, which in turn induce EMT to promote cancer progression via the Wnt pathway (60). EMT is the initiating step of tumor metastasis, a process in which epithelial cells are transformed into a mesenchymal type and acquire invasiveness. Subsequently, a premetastatic niche is formed through extracellular matrix remodeling as well as angiogenesis (53). Colon cancer cell-derived exosomal ADAM-17, a catabolic integrin and metalloproteinase, promotes colon cancer metastasis by cleaving E-cadherin junctions and participating in the formation of premetastatic niche (61). However, Liu et al. showed that the role of exosomes alone is not sufficient to promote metastasis. Although CD97 is exosome-dependent in the premetastatic niche, there are several soluble components whose functions have not been identified (62). Enzymes are key components of the signaling pathways, and exosomes promote tumor metastasis by delivering enzymes or influencing them. Hepatocellular carcinoma cells secrete exosomes that deliver circ_MMP2 to human hepatocytes and hepatoma cells to increase matrix metalloproteinase 2 levels (63). Exosomes also use lysine oxidase-like 4 (LOXL4) to promote invasion and metastasis of hepatocellular carcinoma cells, and intracellular LOXL4 activates the FAK/Src pathway to promote cancer cell migration (64).




Figure 3 | Tumor-secreted exosomes (TEXs)-mediated metastasis, angiogenesis and immunosuppression. TEXs promote angiogenesis, metastasis and immunosuppression by delivering “cargo” such as proteins and nucleic acids to cancer cells and other cellular influences. These processes contribute to the development of cancer and cause changes in TME as well.



MircroRNA, by binding to mRNA and repressing translation, is often abnormally abundant in cancer, with higher levels of TEX-derived microRNA having an impact on metastasis (65). Metastatic colorectal cancer (CRC)-derived exosomes deliver miR-335-5p to other cancer cells, promoting EMT and thus CRC cell metastasis (66). CRC cell-derived exosomal miR-221/222 plays a role in the formation of premetastatic niche (67). P53 is a tumor suppressor gene and mutated p53 protein is frequently expressed in a variety of cancers (68, 69). In the study by Ju et al., mutations in p53 increased the levels of exosomal miR-21-3p and miR-769-3p, activated fibroblasts, and induced EMT (70). Nonetheless, not all miRNAs are found to be cancer-promoting, and exosomes from urothelial carcinomas (USs) cells can transport miR-128 to inhibit the proliferation of USs cells and promote their apoptosis (71). Other types of RNA in exosomes have also been found to play a role in metastasis (72). Exosomal long non-coding RNAs (lncRNAs) are non-coding RNAs over 200 nucleotides in length, and in pancreatic ductal adenocarcinoma (PADC) cells exosomal lncRNA-Sox2ot binds competitively to miR-200 to promote PADC metastasis (72). The lncRNA FGD5-AS1 involves in the Stat3/NF-κB pathway to stimulate the polarization of M2 macrophages, leading to the proliferation of pancreatic cancer cells (73). Furthermore, exosomal circular RNA has been found to be associated with cancer cell metastasis (22, 74).



Exosome and angiogenesis

Angiogenesis is an important step in tumor development and metastasis and is usually induced under conditions of hypoxia and nutritional deficiency (75). Angiogenesis is composed of multiple steps: In the beginning, endothelial cells divide rapidly under stimulation and there is an imbalance between activating and inhibiting mechanisms. The vascular basement membrane is degraded, breaking homeostasis and entering the angiogenic phase; Vascular sprouting leading to expansion of the vascular plexus and formation of a network of small and large vessels; Pericytes and smooth muscle cells cover the nascent endothelial channels and become mature vascular network (76, 77). The whole process of angiogenesis consists of regulatory factors acting with stimulatory signals. In addition to the components shed by the extracellular compartment, some of them are delivered to the target via exosomes, and exosomes of different origins are all involved in angiogenesis (78).

Hypoxia is one of the characteristics of tumor microenvironment (79), which occurs due to the rapid multiplication of tumor cells and insufficient blood supply. Hypoxia induces the production of large amounts of exosomes, which has been demonstrated in a variety of cancers, but the detailed mechanism is not clear (10, 80). Exosomes carry “cargo” and are internalized by endothelial cells to induce angiogenesis (Figure 3). Vascular endothelial growth factor (VEGF) (81), fibroblast growth factor (FGF) (5), and transforming growth factor β (TGF-β) (82) are angiogenesis-stimulating factors frequently carried by exosomes. Soluble E-calmodulin (sE-cad) has also been shown to induce angiogenesis in ovarian cancer, where sE-cad-positive exosomes act on endothelial cells and activate the β-catenin and NFκB signaling pathways (83). Exosomes also affect angiogenesis through the delivery of non-coding RNA. From Li et al, exosomes promote angiogenesis by delivering small nucleolar RNA host gene 16 (SNHG16), a long noncoding RNA that activates the PI3K/Akt/mTOR pathway (84). Exosomal miR-205 was found to accelerate angiogenesis via the PTEN-AKT pathway in ovarian cancer (85). Circular RNAs (circRNAs) are single-stranded circular RNA molecules, and a large number of circRNAs have been shown to play a role in cancer (86). For example, the exosomal circular RNA molecule circMTM3 is shown to promote tumor angiogenesis (87). However, recent studies have found that not all non-coding RNAs carried by TEXs are pro-angiogenic. miR-21, although shown to promote angiogenesis through delivery of VEGF, exhibits anti-angiogenic effects in leukemia (88, 89). In addition to TEXs, stem cell-derived exosomes have also been shown to participate in the angiogenic process. Exosomes from MSCs inhibit angiogenesis by downregulating VEGF expression in breast cancer cells (81). An increasing number of studies have shown that exosomes are important players in the angiogenesis of tumor tissues.



Exosome and immunosuppression

Exosomes produced by tumor cells have been shown to be heavily involved in immunosuppression and promote tumor progression (Figure 3). TEX acts on immune cells through programmed death-ligand 1 (PD-L1), transforming growth factor-beta (TGF-beta), fas cell surface death receptor ligand (FasL) and other proteins to cause immunosuppression (6). PD-L1 binds to PD-1 and then suppresses immune suppression by transducing signals to CD8+ cells. Numerous studies have demonstrated that tumor cells upregulate PD1 levels and promote immune escape (90). This process is found to function in breast cancer cells through exosomes carrying PD-1 (91). PD-L1 has also been found on exosomes, and TGF-β directly regulates PD-L1 loading on exosomes in breast cancer, ultimately inhibiting CD8+ cells by controlling the phosphorylation of TCR signaling proteins (92). Exosomes inhibit CD3-ζ and Janus kinase 2 (JAK) expression as well as induce apoptosis of CD8+ T cells through Fas-FasL interaction, reduce CD8+ T cells and increase CD4+ T cells to suppress immunity (93–95). NKG2D is a C-type lectin-like receptor expressed on subpopulations of NK cells, CD8+ T cells and CD4+ T cells that triggers cytotoxicity through the binding of its ligand to target cells. Exosomes expressing NKG2D ligands induce NKG2D downregulation in NK and CD8+ T cells, leading to impaired cytotoxic function (96). Yin et al. revealed that TEXs deliver fatty acids to dendritic cells (DCs), activating the peroxisome proliferator-activated receptor(PPAR) α of DCs in response to excess fatty acids. This reaction shifts metabolism from glycolysis to mitochondrial oxidative phosphorylation, ultimately causing immune impairment in DCs and aiding immune evasion of cancer cells (97, 98). Pan et al. found that exosomal delivery of circNEIL3 to tumor-associated macrophages (TAM) stabilized the oncogenic IGF2BP3 (insulin-like growth factor 2 mRNA binding protein 3) and obtained immunosuppression (99). IGF2BP3 activates PI3K and MAPK pathways to promote glioma cell proliferation, invasion, and chemoresistance (100).

Also of note, TEXs create immunosuppression by promoting the differentiation of immune cells in the direction favorable to tumor. Regulatory T cells (Treg) are suppressor T cells that inhibit the proliferation and activation of CD4+ and CD8+ T cells. TEXs induce Treg production and upregulate the immunosuppressive function of Treg (101). Similarly, TEXs disrupt the differentiation of monocytes to dendritic cells and promote the generation of myeloid immunosuppressive cells (102). It has been demonstrated that TEXs induce the transformation of CD14+ monocytes into myeloid-derived suppressor cells (MDSCs) (103, 104). MDSCs are immature myeloid cells with significant immunosuppressive effects. The main targets of MDSCs are T cells, and MDSCs produce VEGF, basic fibroblast growth factor(bFGF) to influence TME remodeling and angiogenesis, thus promoting tumor progression (51, 105, 106). M2 macrophages are important cells involved in immunity and their function is to suppress inflammation and promote angiogenesis. However, exosomes induce the production of M2 macrophages which promote tumor growth (107) and metastasis (108) as well as stimulate tumor recurrence (109). In epithelial ovarian cancer, exosomal miR-222-3p regulates the SOCS3/STAT3 pathway to induce macrophage differentiation toward the M2 phenotype (110). Exosome-mediated lncRNA HCG18 transfer promotes M2 macrophage polarization in gastric cancer (111).



Discussion

Cancer is one of the major causes of death and seriously affects human health. However, cancer is not caused by just a group of malignantly proliferating cancer cells but is the result of a combination of multiple stromal cells and signaling molecules. These components coordinate and constrain each other to form the TME and further promote cancer. The exosomes in TME encapsulate proteins, nucleic acids, and other substances to transport cargo from the origin cell to the target cell. The exosomes also matches the surface molecules of the recipient cells to accomplish selective delivery of the signal. Moreover, the high level of exosomes in tumor tissues corroborates more frequent intercellular communication than in normal tissues. This promotes cancer invasion, metastasis, immunosuppression, etc., and provides favorable conditions for cancer development. Although the tumor-derived exosomes are mainly discussed in this paper, however, various stromal cells and immune cells in the tumor microenvironment all secrete different exosomes, forming a complex regulatory network.

The exosomes in the tumor microenvironment reflect the nature of the cells that secrete them, and the molecules carried by TEXs reflect the differences between cancer cells and normal cells. Such differences may be used to find targets for drugs, biomarkers for diagnostics, and tracking of disease progression. The relationship between TME and TEXs is complex, with TME influencing the production and secretion of TEXs, and TEXs influencing tumor processes through cargo delivery, further influencing TME. However, not all components of TEXs are cancer-promoting, and more regulatory processes need to be discovered. Exosomes also play a role in drug resistance, increasing tumor tolerance to drugs and affecting treatment outcomes. In recent studies, various RNAs from exosomes have been found to be involved in tumor drug resistance: lncRNA (112, 113), miRNA (114–116), circRNA (117), etc. They enhance the resistance of tumor cells to chemotherapeutic agents by affecting the production of proteins and by participating in various signaling pathways (118). Treatment using exosomes may be an effective way to fight cancer, such as making drug delivery systems. However, several issues need to be addressed before application: Is there a comprehensive understanding of the composition and function of exosomes? How are immunogenicity and safety determined? How can efficiency and stability be improved during delivery? All of these issues need to be further addressed. Therefore, an understanding of the biological properties and functions of exosomes is essential. This is a prerequisite for effective application and the purpose of this review. Research on the heterogeneity, long-distance delivery, and diverse mediation network of exosomes in TME will provide more references for the clinical application and bring more options for cancer treatment.
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Background

Uveal melanoma (UVM) is the most common primary intraocular malignancy in adults with a poor prognosis. B7 family is an important modulator of the immune response. However, its dysregulation and underlying molecular mechanism in UVM still remains unclear.



Methods

Data were derived from TCGA and GEO databases. The prognosis was analyzed by Kaplan-Meier curve. The ESTIMATE algorithm, CIBERSORT algorithm, and TIMER database were used to demonstrate the correlation between B7 family and tumor immune microenvironment in UVM. Single-cell RNA sequencing was used to detect the expression levels of the B7 family in different cell types of UVM. UVM was classified into different types by consistent clustering. Enrichment analysis revealed downstream signaling pathways of the B7 family. The interaction between different cell types was visualized by cell chat.



Results

The expression level of B7 family in UVM was significantly dysregulated and negatively correlated with methylation level. The expression of B7 family was associated with prognosis and immune infiltration, and B7 family plays an important role in the tumor microenvironment (TME). B7 family members were highly expressed in monocytes/macrophages of UVM compared with other cell types. Immune response and visual perception were the main functions affected by B7 family. The result of cell chat showed that the interaction between photoreceptor cells and immune-related cells was mainly generated by HLA-C-CD8A. CABP4, KCNJ10 and RORB had the strongest correlation with HLA-C-CD8A, and their high expression was significantly correlated with poor prognosis. CABP4 and RORB were specifically expressed in photoreceptor cells.



Conclusions

Dysregulation of the B7 family in UVM is associated with poor prognosis and affects the tumor immune microenvironment. CABP4 and RORB can serve as potential therapeutic targets for UVM, which can be regulated by the B7 family to affect the visual perception and immune response function of the eye, thus influencing the prognosis of UVM.
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Introduction

Uveal melanoma (UVM), as a rare disease, occurs mainly in Caucasians and is the most common primary intraocular tumor in adults (1). The most common sites of UVM are choroid in 8033 cases, iris 285 (4%), ciliary body 492 (6%), and choroid 7256 (90%) (2). White skin, eyes with light color, skin or iris or choroid nevus, and mutations in BRCA1 associated protein 1 are all the host predisposing factors for UVM (3). But the complex pathogenic mechanism still remains unclear. UVM has a high tendency to rotate migration, leading to high mortality, poor long-term prognosis and more than 50% of deaths (4). The basic treatment methods include surgical treatment, radiotherapy and chemotherapy. Though effective, nearly 50% of patients still develop metastatic disease, and the current treatment of patients with metastasis is still poor (5). Immunotherapy, as a new cancer treatment, has shown encouraging results in clinical trials and may become a major treatment option in many cancers over the next decade (6). However, the clinical benefit of immunotherapy in UVM is limited (7). Thus, we aimed to better understand the immunological features of UVM and pave the way for designing successful immunotherapy for this disease.

B7 family, as co-stimulatory or co-suppressive molecules of immunity, not only provides critical positive signals to stimulate and support the role of T cells but also provides negative signals to control and inhibit T cell responses (8). The growing B7 family now consists of 10 members: B7-1, B7-2, B7-DC, B7-H1, B7-H2, B7-H3, B7-H4, B7-H5, B7-H6, B7-H7. Each member contains at least 15% of the binding amino acid sequence expressed by antigen-presenting cells (APC) or tumor cells (9). Current studies have concluded that B7 family is dysregulated in multiple cancers and has implications for cancer infiltration, metastatic potential and prognosis. Thus, they can be used as new cancer biomarkers, such as soluble B7-H3 and soluble B7-H4, which have been shown to be prognostic biomarkers in ovarian and renal cancers (10–13). Furthermore, dysregulation of B7 family affects TME. Sai Han et al. found that B7-H3 and B7-H4 overexpression plays a negative role in cervical cancer microenvironment (14). PD-L1/PD-1 signaling pathways regulate TME and mediate tumor escape (15). The overexpression of B7-H2 promotes the formation of TME in colorectal cancer (16). In UVM, existing studies have found that members of the B7 family are also differentially expressed (17), the TME is affected (18), and anti-tumor immunity is positively or negatively regulated (19, 20). However, the expression patterns of each member of the B7 family are still unclear and little progress has been made in the study of their biological functions and mechanisms.

As an entity composed of multiple cell groups, tumor is characterized by high complexity and heterogeneity (21). With the development of high-throughput sequencing, there has been a major breakthrough in the analysis and understanding of tumors (22), making it possible to analyze life activities and elucidate genomes and transcriptomes at the molecular level. RNA sequencing (RNA-seq) has high resolution and coverage, which can not only quantify gene expression, but also identify alternative splicing genes, discover new transcripts and detect allele-specific expression (23). However, RNA sequencing (RNA-seq) is typically performed “in bulk” and represents an average of gene expression patterns, thus potentially hiding biologically relevant differences between cells, especially for tumors with complex heterogeneity (24). Single-cell RNA sequencing (scRNA-seq) is a powerful tool for analyzing the complexity of solid tumors, including genomics, transcriptomics, proteomics, epigenomics and metabolomics sequencing, to decipher the cellular and molecular landscape at single-cell resolution (25). The potential to differentiate gene expression at the single-cell level has transformed cancer research into a new paradigm and provided new insights into cancer evolution, tumor heterogeneity, and the TME (26).

In this study, we combined RNA-seq and scRNA-seq analyses to explore the expression levels and prognostic value of B7 family members, as well as the relationship of B7 family with the UVM immune microenvironment. We also analyzed B7 family related biological functions and signaling pathways. Moreover, potential therapeutic targets for UVM, which can be regulated by the B7 family, were determined.



Materials and methods


Data sources and processing

The Cancer Genome Atlas (TCGA) database (http://cancergenome.nih.gov/) was used to obtain the UVM gene expression data and clinical data. Data for 80 patient samples were obtained. Single-cell sequencing data for 3 metastatic and 8 orthotopic tumor samples was obtained from GSE139829 data set in the Gene Expression Omnibus (GEO) database. B7 family differential expression analysis data were downloaded from GSE176345 dataset in GEO database. cBioPortal (http://cbioportal.org/) is a Web resource for exploring, visualizing, and analyzing multidimensional cancer genomics data (27). In cBioPortal website, the relationship between mRNA expression level of B7 members and DNA methylation and copy number change was analyzed, and the DEGs were obtained according to the high and low expression of B7 family. Tumor immune estimate resources (TIMER) (https://cistrome.shinyapps.io/timer/) is used for the comprehensive study of the interaction between tumor and immune molecules (28). Using the TIMER website, we visualized the correlation between B7 expression, gene alteration and the level of immunologic infiltration in UVM. There is no data of B7-H6 in UVM in TIMER website.



ESTIMATE, CIBERSORT and correlation analysis

Stromal score and immune score were obtained by limma and estimate R packages. CIBERSORT was applied to immune cell analysis by using TCGA gene expression data (29). We conducted CIBERSORT analysis through limma and GENE. CIBERSORT packages in R software. And the correlation analysis was carried out by ggcorrplot and ggthemes packages in R software. R software version is 3.6.1.



Single cell sequencing analysis

Single-cell sequencing data from 11 samples were analyzed by the Seurat (4.1.1) package. Firstly, quality control was performed in three steps: the first step creates Seurat objects based on the uniform criteria of min.cells = 3 and min.features = 50, the second step filters the data based on nFeature_RNA > 200 and percent.mt < 10, and finally, the data are normalized using the “LogNormalize” method. 11 samples were progressively quality controlled and the respective top 2000 highly variable genes were identified based on the FindVariableFeatures function. Anchors were identified through the FindIntegrationAnchors function. Subsequently, the 11 samples were integrated by the CCA algorithm. In summary, integrated Seurat objects containing 171941 single cells were obtained. Finally, dimensionality reduction clustering was performed based on the first 20 principal components using the t-distributed stochastic neighbor. Cumulatively, 34 different cell clusters were obtained.



CellChat analysis

To study the interactions between cells and identify the mechanism of the communicating molecules at a single-cell resolution, the R package “CellChat” (v1.1.3) was used for cells involved in 13 cell groups. A database of signaling molecular interactions exists in this package, consisting of 60% of paracrine/autocrine signaling interactions, 21% of extracellular matrix (ECM)-receptor interactions and 19% of cell-cell contact interactions. Quantification of intercellular interactions is calculated based on differential expression of ligand-receptor pairs (30).



Consistency cluster analysis and principal component analysis

Consistency cluster analysis was performed according to the expression profile of B7 family, and the results of consistency cluster analysis were used to make a principal component analysis (PCA). Consistency cluster analysis was performed by the ConsensusClusterPlus package in R software. The heatmap was constructed by the ggplots package in R software.



Function and pathway analysis

We divided the samples into two groups according to the high and low expression of B7 family by consistency cluster analysis. DEGs were obtained by limma R software packages. For enriched genes, the significant change in expression was determined by Log2 based ratio (μ mean altered/μ mean unaltered) (log > 2 for over-expression, log < 2 for under-expression), and the querying event results were FDR < 0.05. The genes with -log10 FDR > 1.3 and log ratio > 2 or log ratio < -2 were selected for further analysis. Finally, the DEGs were used for GO (Gene Ontology) enrichment analysis and KEGG (Kyoto Encyclopedia of Genes and Genomes) enrichment analysis of B7 family members in the DAVID function annotation tool (https://david.ncifcrf.gov). GO includes biological process, molecular function and cellular component. To obtain important metabolic process, the count and P values were considered together.



Statistical analysis

Statistical analysis was performed by using GraphPad Prism 7. Student’s t-test was used to compare the difference of two groups and one-way ANOVA to compare multiple groups. Overall survival was shown as a Kaplan-Meier curve, which was calculated by using the log-rank test. P < 0.05 was considered statistically significant.




Results


The dysregulation and prognostic potential of B7 family members in UVM

The ten B7 family members, as co-stimulatory or co-suppressive molecules of immunity were shown in Figure 1A. The expression level of B7 family members between non-metastatic and metastatic UVM was compared (Figure 1B). Results showed that there was significant elevation in metastatic UVM in B7-1, B7-2, and B7-H6. Comparison of B7 family expression between UVM and normal samples was shown in Supplementary Figure 1 and the data was downloaded from GEO database (GSE176345). Then, for further study of the mechanism of B7 family members’ dysregulation in UVM, we explored the relationship of their mRNA expression level with gene alteration (shallow deletion, diploid, copy number gain, and gene amplification) and DNA methylation (Figure 1C, D). Gene alterations were associated with the expression of B7-1, B7-2, and B7-H3 (Figure 1C). Moreover, there was a negative correlation between promotor methylation and mRNA expression for B7-1, B7-2, B7-DC, B7-H3, B7-H5 (Figure 1D), suggesting that promotor methylation might also be involved in B7 members’ dysregulation. Then, we combined clinical information and gene expression data from the TCGA database to evaluate the effect of B7 expression on the survival rate of UVM patients. Kaplan-Meier analysis showed that the low expression of B7-2, B7-H2, B7-H3, B7-H5, B7-H6 was significantly associated with longer OS in UVM patients (Figure 1E).




Figure 1 | Expression level and survival curve of B7 family in UVM (A) Multiple denominate names of each B7 family member. (B) The comparison of mRNA expression of B7 family members between non-metastatic and metastatic UVM. Expression data and clinical information were from the TCGA database. N represented the sample size. (C) Association of B7 family member mRNA expression with gene alteration. (D) Correlation of B7 family member mRNA expression with promotor methylation. (E) Kaplan-Meier survival curves of B7 family genes in UVM based on the expression level. (* P < 0.05**, P < 0.01, and *** P < 0.001).





Relationship between B7 family expression and infiltrating stromal and immune cells

ESTIMATE (Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression data) is a new algorithm to measure tumor cellularity and different infiltrating normal cells by transcriptional profile (31). Based on specific gene expression signatures of stromal and immune cells, we used stromal and immune scores to predict the level of infiltrating stromal and immune cells. First, we downloaded information of 80 UVM samples from TCGA database and got stromal and immune scores through the algorithm of ESTIMATE. The stromal score was between -1767.77 and -51.50 and the immune score was between -1172.97 and 2149.71. Prognosis analysis of ESTIMATE score, stromal score and immune score indicated that higher immune and stromal scores were significantly associated with worse prognosis (Figure 2A). Then, the expression of B7 family Was compared by dividing stromal score and immune score into high and low groups (Figure 2B). Results revealed that the expression of B7-1, B7-2, B7-DC, B7-H1, B7-H2, B7-H3 and B7-H5 was significantly higher in the high score group both in stromal and immune score. Next, we analyzed the correlation between B7 family expression and immune score and stromal score (Figure 2C). Consistent with the result in Figures 2A, B, the expression of B7-1, B7-2, B7-DC, B7-H1, B7-H2, B7-H3 and B7-H5 was significantly and positively correlated with both stromal score and immune score.




Figure 2 | Relationship between stromal and immune score and expression of B7 family. Stromal and immune scores were obtained using expression data of UVM from the TCGA database. (A) Kaplan-Meier survival curves of ESTIMATE score. (B) The expression of B7 family was compared according to high and low score in stromal or immune score by median. The blue boxes represent low score, and the red boxes represent high score. annotation: ‘ns’: none significance. (* P < 0.05**, P < 0.01, and *** P < 0.001). (C) The correlation betweenB7 expression and stromal score and immune score.



To further understand the relationship between B7 family expression and infiltrating immune cell type, we analyzed six tumor-infiltrating immune cell types (B cells, CD4 T cells, CD8 T cells, neutrophils, macrophages, and dendritic cells) in the immune microenvironment. Using TIMER (https://cistrome.shinyapps.io/timer/), we analyzed the correlation between gene expression of B7 family and the infiltration level of immune cells in the immune infiltration fluid and compared the abundance of tumor-infiltrating immune cells with different somatic copy number aberrations for B7 family (Figure 3). As shown in Figure 3A, results revealed that the expression of B7-1 and B7-2 showed a weak positive correlation with CD8+ T cell infiltration level, and the expression of B7-DC and B7-H5 has a weak positive correlation with neutrophils and a weak negative correlation with B cell infiltration level. B7-H2 expression is significantly negatively related to neutrophils and has significant positive correlations with dendritic cells infiltration level. B7-H3 expression showed significantly negatively related to neutrophils and has significant positive correlations with CD8+ T cells but weak positive correlation with B cells infiltration level. The expression of B7-H7 is significantly positively related to CD4+ T cells and macrophages infiltration level. Furthermore, we compared immune cell infiltration level with different somatic copy number alterations of B7 family in UVM (Figure 3B). Alteration in B7-1, B7-2, B7-H2, B7-H3, B7-H4 and B7-H7 significantly associated with the infiltration levels of CD8+ T cells and B7-H2, B7-H3 and B7-H5 significantly associated with the infiltration levels of B cells. B7-DC, B7-H1, B7-H3 significantly associated with the infiltration levels of CD4+ T cells and macrophages. B7-1, B7-2, B7-H5, B7-H5, B7-H7 significantly associated with the infiltration levels of neutrophils.




Figure 3 | Association of immunologic infiltration with B7 family. (A) Correlation between B7 expression and infiltration level of immune infiltrating fluid cells. (B) Association of immune cell infiltration level with B7 family somatic copy number alterations. The infiltration abundance in every somatic copy number alteration category was compared to the diploid/normal. (* P < 0.05**, P < 0.01, and *** P < 0.001).





Immune cell composition in UVM and its relationship with B7 family expression

To further explore the relationship between B7 family and TME, we conducted the CIBERSORT analysis (a method for characterizing cell composition of complex tissues from their gene expression profiles) (29). First, we evaluated the composition of 22 immune-related cell types in each UVM sample (Figure 4A) and their cellular composition in the TME (Figure 4B). The results showed that different sample had varied TME composition and the main cell composition were macrophages, NK cells, and T cells. In addition, we analyzed correlations between 22 immune cells and estimate score, which revealed they have a significant correlation (Figure 4C). High immune responses were positively correlated with CD8+ T cells and M1 macrophages. Further analysis of the association of the B7 family and 22 immune cells demonstrated that the expression of the B7 family was significantly correlated with immune cells, especially positively correlated with CD8+ T cells, M1 macrophages, T helper cells and activated NK cells while negatively correlated with M2 macrophages (Figure 4D). Thus, we conclude that expression of the B7 family may participant in the immune response of different immune cells, thus affecting the TME in UVM.




Figure 4 | Correlation between B7 family and CIBERSORT score. (A) Cell composition in each UVM sample. (B) Composition of 22 immune-related cells in TME. (C) Correlation analysis among 22 immune-related cells, stromal score, immune score and ESTIMATE score. (D) Correlation analysis between 22 immune-related cells and B7 family.





Single cell sequencing analysis further reveals the correlation of B7 family with immune cell types

To further explore the relationship of B7 family expression with the TME of UVM, we analyzed single-cell sequencing data (a total of 171941 cells) from 3 metastatic and 8 orthotopic tumor samples in the GSE139829 data set, and the expression distribution of B7 family in different cells of UVM was described. The overall distribution of the 13 cell types is shown in Figure 5A and related data shown in supplementary Figure 2. Results showed that B7 family was mainly expressed in immune cells, such as monocytes/macrophages, NK cells, T cells, and B cells (Figure 5B). Further specific analysis of the expression of each member of the B7 family showed that the expression of B7-2, B7-H3 and B7-H5 were significant (Figure 5C). Among them, B7-2 was specifically distributed in macrophages, B7-H5 was mainly distributed in macrophages, NK cells, T cells and B cells, while B7-H3 was mainly distributed in malignant tumor cells. Thus, these results suggested that the B7 family might be involved in TME reconstitution by influencing immune cells and malignant tumor cells.




Figure 5 | Expression distribution of the B7 family in eight primary and three metastatic UVMs from GSE139829 dataset. (A) 13 cell type distribution and the cell type annotations. (B) The overall expression distribution of the B7 family in 13 cell types. (C) The respective expression distribution of the B7 family in 13 cell types.





Function and pathway analysis of B7 family members

We conducted correlation analysis and obtained 8 B7 family members with significant correlation, namely B7-1, B7-2, B7-DC, B7-H1, B7-H2, B7-H3, B7-H5 and B7-H6 (Figure 6A). Due to the weak correlation between B7-H6 and immunity and the other family members, we excluded it from subsequent clustering analysis. 80 UVM samples were divided into two groups according to expression level of these B7 members through consistency cluster analysis (Figure 6B). One group contained 19 high-expression samples and the other consisted of 61 low-expression samples. The expression heatmaps of the two groups were shown in Figure 6C. In addition, principal component analysis (PCA) was performed and the results showed that the high and low expression of B7 family can distinguish UVM patients (Figure 6D).




Figure 6 | Co-expression analysis of B7 family. (A) Correlation analysis of B7 family. (B) Consensus clustering matrix for k = 2. (C) Expression heatmap of B7 family grouped by consistency of k = 2. (D) Principal component analysis (PCA) of 2 subtypes based on high and low expression of the B7 family.



To explore the function and signaling pathways of differentially expressed genes (DEGs) in the B7 family, KEGG and GO enrichment analyses were performed. First, the DEGs were identified by the high and low expression level of B7 family according to consistency cluster analysis. The volcano map showed significant DEGs (FDR<0.05) for further analysis (Figure 7A). We used DAVID website to enrich the functions of the DEGs in B7 family. The upregulated DEGs of the B7 family primarily affect immune response and visual perception function (Figure 7B). KEGG pathway enrichment analysis revealed that the up-regulated DEGs mainly affected immune-related pathways, such as Th1 and Th2 cell differentiation, Th17 cell differentiation and primary immunodeficiency (Supplementary Figure 3A). Down-regulated DEGs of the B7 family mainly affected positive regulation of cell death function and glutathlone metabolism pathways (Supplementary Figures 3B, C).




Figure 7 | Main functions affected by B7 family. (A) Volcano plot was drawn to identify DEGs affected by B7 members. The Y axis is the value of fold change of expression level that based on the logarithmic ratio (mean of changed expression/mean of unchanged expression). -log10 p-value > 1.3 and log ratio > 2 or log ratio< -2 is considered to be significantly different. (B) The most significant functions were shown according to P value and gene count. The overall expression distribution of DEGs in immune response function (C) and visual perception function (D) in 13 cell types. (E) An overview of cell-cell interactions in 13 cell types. Arrow and edge color indicate direction. Edge thickness indicates the weights/strength of interaction between cells. (F) cell-cell interactions map between photoreceptor cells and other 12 cell types.



Next, we analyzed the overall distribution of DEGs in immune response function and visual perception function in 13 cell types using scRNA-seq data. As shown in Figures 7C, D, genes enriched in immune function were mainly expressed in macrophages, NK cells, T cells and B cells, while genes enriched in visual perception function were mainly expressed in photoreceptor cells. CellChat is used for complex cell-to-cell communication analysis. Cell Chat analysis was used to further explore the interaction relationship between 13 cell types (Figures 7E, F) and results showed that photoreceptor cells had significant interaction with NK cells (Figure 7F).



Target gene analysis of B7 family members

To explore the main target gene of B7 family in UVM, we determined the receptor ligand pair with the strongest interaction between immune-related cells and photoreceptor cells and found HLA-C-CD8A (Figure 8A). The correlation analysis of HLA, CD8A and DEGs enriched in visual perception function showed that three target genes with the strongest correlation were CABP4, KCNJ10 and RORB (Figure 8B). Further differential expression analysis and prognosis analysis of these three target genes showed that they were differentially expressed in UVM and their high expression was associated with poor prognosis, which was consistent with B7 family (Figures 8C, D). Finally, expression distribution analysis showed that CABP4 and RORB gene were specifically expressed in photoreceptor cells (Figure 8E). Therefore, CABP4 and RORB gene may be the main potential target gene of B7 family in UVM.




Figure 8 | Main target genes of B7 family. (A) Receptor ligand pairs in which photoreceptor cells interact with immune-related cells. (B) Correlation analysis between receptor-ligand pair genes and DEGs in visual perception function. (C) The comparison of mRNA expression of top 3 DEGs between high and low expression group of B7 family. (D) Prognosis analysis of top 3 DEGs. (E) Violin plots show the expression levels of the top 3 DEGs in 13 cell types. *P < 0.05, **P < 0.01, and ***P < 0.001.






Discussion

Although UVM is an uncommon tumor, its impact on the eyes and lethality prompt us to study its mechanism and potential therapeutic target. About 50% of all UVM patients will have metastatic disease, mainly in liver. There are several local treatment options at present, but none of these strategies has provided survival benefit for patients with hepatic metastatic UVM (32). Currently, there is no standard treatment for metastatic UVM. Immunotherapy as a potential treatment has been studied in UVM (33). Immune checkpoint inhibitor (ICI) is a hot topic in the immunotherapy of various types of cancer in recent years. Cytotoxic T lymphocyte antigen 4 (CTL-4) and programmed cell death protein 1 (PD-1)/programmed cell death-ligand 1 (PD-L1) are representative ICI s and antibodies against them have been widely approved by the FDA for cancer treatment (34). Cutaneous melanoma (CM) is the first tumor treated with immune checkpoint inhibitors approved by PDA, and its treatment has achieved excellent results (35). However, in UVM, the response to ICIs is disappointing (33). Therefore, controlling the local tumor, reducing the risk of metastasis, protecting the eye and maintaining visual function are the main goals of UVM treatment. Low mutational burden, poor immunogenicity and low expression of PD-L1 may be the direct factors leading to the poor response of UVM immunotherapy (17, 36). B7 family members, as immune stimulator or suppressor molecules, participate in immune checkpoint and tumor angiogenesis, and play an important role in the development of malignant tumors (8). However, there are few studies of B7 family in UVM, and only a few members have been mentioned, such as B7-1, B7-DC, B7-H1, B7-H3 and B7-H4 (18, 37). The expression pattern, the effect on immune cells and TME and the downstream signaling pathway of B7 family in UVM have not been well elucidated. Therefore, we conducted bioinformatics analysis of B7 family members in UVM.

In this study, we first obtained the expression profile and clinical data from TCGA, and analyzed the expression of B7 family in non-metastatic and metastatic UVM. The results showed that the expression of B7-1, B7-2 and B7-H6 in metastatic UVM was significantly higher than that in non-metastatic UVM (Figure 1B), indicating that increased expression of B7-1, B7-2 and B7-H6 may promote metastasis of UVM. Studies have shown that B7-1 may play an important role in regulating the development and metastasis of gastric cancer (38, 39). High expression of B7-1 and B7-2 may indirectly affect the lymph node metastasis of colorectal cancer by influencing the expression of CD14 + macrophages (40). B7-H6 expression also affects the invasion and metastasis of a variety of tumors, such as glioma cells, ovarian cancer (41, 42). There is still lack of research on the effect of B7-1, B7-2 and B7-H6 on metastasis of UVM. Next, we further analyzed the dysregulation mechanisms of B7 family. By determining the association of genetic alteration and DNA methylation with gene expression, we found that genetic alteration (shallow deletion, diploid) in B7-1, B7-2, B7-H3 affected their expression and DNA methylation in B7-1, B7-2, B7-DC, B7-H3, B7-H5 played a part in their dysregulation (Figures 1 C, D). In order to explore whether the expression of B7 family members was an independent prognostic factor for UVM, Kaplan- Meier analysis was conducted. The results showed that the higher expression of B7-2, B7-H2, B7-H3, B7-H5, B7-H6 was significantly correlated with poor overall survival (OS) (Figure 1E). Previous studies have shown that high expression of B7-2, B7-H2, B7-H3, B7-H5, B7-H6 were also associated with poor prognosis in other cancers, which is consistent with our results (43–46).

The TME has been shown to be extensively involved in tumorigenesis because it contains tumor cells that interact with surrounding cells through the lymphatic and circulatory systems, thereby influencing cancer development and progression. In addition, non-malignant cells in the TME play a critical role in all stages of carcinogenesis by stimulating and promoting uncontrolled cell proliferation (47). Among the immune checkpoint molecules, B7 family is significantly involved in immune escape of tumor cells, which exists in different stages of TME formation and promotes tumorigenesis and tumor progression (48). B7 family has been found to affect the formation of tumor immune microenvironment in a variety of cancers (49). For example, B7-H3 and B7-H4, as co-regulatory ligands in B7 family, play a negative role in cervical cancer microenvironment by regulating the expression of IL-10 and TGF-β1 (14). Till now, the association of B7 family on the formation of UVM TME remains unknown.

In order to explore the relationship between B7 family and TME formation, we first analyzed the relationship between B7 family expression and infiltrating stromal and immune cells. Infiltrating stromal and immune cells constitute the main part of normal cells in tumor tissues, which not only interfere with tumor signals in molecular research, but also play an important role in cancer biology (31). Stromal cells are thought to have important roles in tumor growth, disease progression, and drug resistance (50–52). Infiltrating immune cells act in a context-dependent manner and affects treatment and prognosis (53). We calculated stromal and immune score by the ESTIMATE algorithm and found that higher immune and stromal scores were significantly associated with worse prognosis (Figure 2A). The immune score was higher than stromal score. As stromal scores and immune scores were generated to reflect the presence of stromal and immune cells respectively (54), we concluded immune cells may have a greater effect on UVM than stromal cells. By further studying the effect of B7 family on stromal cells and immune cells, we found that high expression of B7-1, B7-2, B7-DC, B7-H1, B7-H2, B7-H3, B7-H5 were significantly and positively correlated with high stromal and immune score (Figure 2B, C), suggesting that the high expression of B7 family was associated with stromal and immune cell infiltration in UVM. Besides, the expression of B7 family was more significantly correlated with immune scores than stromal scores, indicating they had greater correlation immune cell infiltration in UVM.

In UVM, immune cell infiltration is a marker of poor prognosis (55). Increasing evidence revealed that B7 family has a great impact on immune modulation. For example, CD80 expression can prevent PDL1-mediated immunosuppression of tumor cells and restore T cell activation (56). The expression of B7-1 negatively regulates T cell immune responses by inhibiting T cell activation rather than by promoting T cell apoptosis (19). The molecules B7-1 and B7-2 together stimulate T cells to mediate antitumor immunity (39). Previous studies have found that some B7 family members have an effect on immune infiltration, such as B7-H1 and B7-H4 (57, 58), but there has been no comprehensive study of the effect of B7 family members on immune infiltration in UVM. To further understand the relationship between B7 family and immune cell infiltration in UVM, we explored the correlation between the expression of B7 members and the infiltration levels of different immune cell types (Figure 3A, B). We observed that B cell, CD8+ T cell and neutrophil were the main immune cells affected by B7 family. B cell mainly had negative correlation and CD8+ T cell had positive correlation with B7 expression. Moreover, the expression of B7-DC, B7-H2, B7-H3, B7-H5 and B7-H7 were significantly associated with more immune cell type than other B7 members. Furthermore, we compared infiltration levels with different somatic copy number alterations for B7 family in UVM (Figure 3B). We found that somatic changes in the B7 family also have an effect on immunocyte infiltration.

By CIBORSORT analysis, we further explored the relationship between B7 family and TME cells in UVM. Recent study has similarly demonstrated that B7-H3-rich tumors were rich in macrophages M1, CD8+ T cells and NK cells in rhabdomyosarcoma (59). Significantly higher CD8 + T cell infiltration and enrichment of CD56bright NK cells were found when PD-L1 was highly expressed in the non-small-cell lung carcinoma TME (60). However, low expression of PD-L1 significantly increased the expression of CD4 + T cells, CD8 + T cells, NK cells and CD11C + M1 macrophages in ovarian cancer, whereas significantly inhibited the expression of regulatory T cells (61). In UVM, we found most members of B7 family were significantly correlated with immune cells, especially macrophages, NK cells and T cells (Figures 4A–D). In particular, the high expression of B7 family may promote the immune response of macrophages M1, NK cells and CD8+ T cells, thereby affecting the TME of UVM. Single-cell sequencing analysis also revealed that the B7 family is generally abundant in monocytes/macrophages, NK cells, T cells, and B cells (Figures 5A–C). Interestingly, B7-2 is specifically distributed in macrophages. By combining multiple analyses, we conclude that the B7 family plays a significant role in UVM, primarily by influencing immune cells to modulate the TME.

At present, studies of UVM have elucidated many mechanisms and found new predictors and potential targets (62–64), but no specific mechanism of the B7 family has been studied. To explore the mechanism of B7 family, we performed GO and KEGG analysis. We found DEGs affected by B7 family mainly play an important role in the regulation of immune response function, visual perception function and immune-related pathways (Figures 7A, B; Supplementary Figure 3). Furthermore, genes enriched in immune response function were found to be mainly expressed in macrophages, NK cells, T cells and B cells, whereas genes enriched in visual perception function were mainly expressed in photoreceptor cells (Figures 7C, D). Immune-related genes interact significantly with photoreceptors, especially NK cells (Figure 7F). We hypothesize that the B7 family affects the function of photoreceptors by influencing the actions of immune-related cells in UVM. Studies have shown that cutaneous malignant melanoma or uveal melanoma can lead to melanoma-associated retinopathy (Mar) (65, 66). Mar is a paraneoplastic syndrome in which anti-retinal antibodies cross-react with retinal bipolar cells, leading to night blindness and progressive loss of field of vision (67). Current studies have shown that microglia and immunity are associated with loss of photoreceptors in the retina (68). Infiltration of microglia/macrophages and upregulation of cytokines are related to apoptosis and regulated necrosis of photoreceptors in Retinitis pigmentosa (69, 70). Activated microglia, macrophages and Müller glia can release inflammatory factors, such as TNF α, leading to apoptosis or necroptosis in photoreceptors (71, 72). In addition, IFN-γ and IL-17A of specific T cells in mice with autoimmune uveitis have cytotoxic effects on photoreceptor cell proliferation (73). T cells may play a major role in the pathology of retinal choroiditis (74). However, the mechanism of interaction between immune cells and photoreceptors remains unclear in UVM. Next, the receptor ligand pair HLA-C-CD8A with the strongest interaction between NK cells and photoreceptor cells were obtained (Figure 8A). This receptor ligand pair mainly plays a role in cell adhesion molecules pathway. Finally, by correlation analysis, differential expression analysis, prognostic analysis and expression distribution analysis, the main potential target genes of B7 family, which are CABP4 and RORB, were identified (Figures 7B–E). CABP4, a member of a sub-family of neuronal Ca2+-binding proteins that are highly similar to calmodulin, is located at the synaptic end of photoreceptors and is required for normal neurotransmission between photoreceptors and bipolar cells (75). CABP4 is associated with retinopathy and plays an important role in visual perception (76, 77). RORB exists in immature neurons and is hypothesized to play a role in neuronal differentiation. RORB has two different isoforms, RORβ1 and RORβ2, and RORβ2 is mainly expressed in retina and pineal gland (78). Recently, studies have found that these two genes play an important regulatory role in the development and progression of various cancers (79–81). CABP4 has been reported to be associated with the TME of urothelial carcinoma of the bladder currently (79). RORB can down-regulate the activity of Wnt signaling pathway, thus inhibiting the stemness of gastric cancer cells (82). RORB has also been found to be a prognostic marker of breast cancer (83). In addition, we found that CABP4 and RORB have a significant prognostic impact in UVM. We hypothesize that CABP4 and RORB might be involved in the interaction of NK cells and photoreceptor cells, which can be influenced by B7 expression and might participate in symptoms associated with UVM, like retinopathy or loss of photoreceptor. Thus, targeting these genes might possibly alleviated these symptoms. Our analysis reveals the important role of the CABP4 and RORB genes in UVM for the first time. They may hold more therapeutic promise than the weak effects of ICIs.



Conclusions

As far as we know, this is the first systematic study on the expression pattern, immune cell infiltration, downstream signaling pathway and hub genes of B7 family members in UVM. Dysregulation of the B7 family in UVM is associated with poor prognosis and affects the tumor immune microenvironment. In particular, we found that B7-2, which can serve as a marker for macrophages in UVM, had a significant effect on the metastasis, prognosis and immunocyte infiltration of UVM through bioinformatics analysis. Thus, it may be important in the development and progression of UVM. Moreover, CABP4 and RORB can serve as potential therapeutic targets for UVM, which are regulated by the B7 family to affect the visual perception and immune response function of the eye, thus influencing the prognosis of UVM. In general, our findings provide new insights into the role of B7 family members in UVM, and may be of great significance for immunotherapy of UVM in the future.
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The tumor microenvironment is complicated and continuously evolving. This study was devoted to the identification of potential prognostic biomarkers based on the tumor microenvironment associated with immunotherapy for melanoma. This study integrates a couple of melanoma single cell and transcriptome sequencing datasets and performs a series of silico analyses as nicely as validation of molecular biology techniques. A core set of immune escape related genes was identified through Lawson et al. and the ImmPort portal. The differential proteins were identified through the cBioPortal database. Regression analysis was used to profile independent prognostic factors. Correlation with the level of immune cell infiltration was evaluated by multiple algorithms. The capacity of LCK to predict response was assessed in two independent immunotherapy cohorts. High LCK expression is associated with better prognosis, high levels of TILs and better clinical staging. Pathway analysis showed that high expression of LCK was significantly associated with activation of multiple tumor pathways as well as immune-related pathways. LCK expression tends to be higher in immunotherapy-responsive patients and those with lower IC50s treated with chemotherapeutic agents. RT-qPCR detected that LCK expression was significantly upregulated in melanoma cell lines. Single-cell transcriptome analysis showed that LCK was specifically highly expressed on T cells. CellChat analysis confirmed that LCK in C2 subpopulations and T cell subpopulations exerted immune promotion between cells by binding to CD8 receptors. In conclusion, LCK is a reliable biomarker for melanoma and will contribute to its immunotherapy.
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Introduction

Melanoma is commonly located on skin, and its major metastatic sites include mucous membranes and internal organs. Due to its high aggressiveness and dangerousness, melanoma accounts for up to 75% of skin cancer deaths, even though it accounts for only 5% of skin cancers (1). Related data suggest that there will be approximately 98,000 confirmed cases of melanoma and 7,700 melanoma deaths in the United States in 2022 (2). However, according to the World Health Organization, the morbidity and mortality rates of melanoma have shown a decreasing trend every year (3). Treatment options for melanoma include traditional surgery, radiation therapy, chemotherapy, and emerging treatments including immune checkpoint inhibitors and targeted therapies, among others. The widespread use of new therapeutic approaches has largely improved the prognosis of melanoma (4). The extremely high immunogenicity of melanoma and the high mutational load of its genome make it highly susceptible to triggering specific antitumor immune responses (5). Furthermore, melanoma is a classical model for detecting innovative immunotherapies such as checkpoint inhibitors, engineered chimeric antigen receptor T cells, among others (6, 7). Nevertheless, like the suppressive mechanisms that arise in other cancers, melanoma evades detection by the immune system in concert with these mechanisms and eventually leads to metastasis (5).

The immune system plays a crucial role in the development and treatment of cancer. Adaptive immunity can prevent or constrain cancer through immune surveillance, while innate immunity and inflammation often promote tumorigenesis and malignant development of neoplastic cancers (8). Immunotherapy targeting tumor microenvironment (TME) in the human immune system represents a revolutionary approach to cancer treatment, which enhances anti-tumor immunity by stimulating or mobilizing the body’s immune system (9). TME significantly affects the immunotherapeutic response and clinical prognosis of cancer patients (10–12). As an example, it has been noted that cancer patients with high CD8+ T-cell infiltration levels generally have a better prognosis (13, 14). Conversely, poor prognosis in cancer patients is also thought to be associated with the presence of M2-polarized macrophages (15–17). The TME consists of stromal cells, fibroblasts, endothelial cells, and innate and adaptive immune cells (18). Among them, immune cells, cytokines and cell surface molecules constitute the tumor immune microenvironment, which is described as the “seventh hallmark feature” of tumors. The complex regulatory network in the tumor immune microenvironment plays a key role in tumor progression (19, 20). The vast majority of tumor cells express antigens that mediate recognition by host immune cells (21). However, the presence of tumor immune escape phenomenon makes tumor cells exempt from immune elimination. Mechanisms of tumor immune escape include loss of antigenicity and immunogenicity, as well as coordination of immunosuppressive effects in the microenvironment, among others (22). Although immunogenic antigens are better expressed in tumors, the effect of immunodetection is also dependent on the antigen-presenting ability of the peptide-MHC (major histocompatibility complex) complex (22). However, it has been previously shown that the expression of MHC class I molecules is downregulated in approximately 20-60% of common solid malignancies such as melanoma and lung cancer (23). Tumors that lose MHC expression or present with defective antigen presentation are highly susceptible to immune escape (24). CD8+ effector T cells recognize immune cells through antigens presented by MHC I molecules and inhibit tumor progression by inducing cytotoxicity of tumor cells to inhibit tumor progression (25). In recent years, the wide application of bioinformatics techniques in the field of cancer immunotherapy has helped us to explore more deeply the connection between tumor cells and immune cells. Transcriptome, single cell RNA sequencing, and molecular biology are all sturdy bridges to study the tumor microenvironment.

In this study, RNA transcriptome profiles were extracted from the TCGA database and core immune-related genes were identified from previous studies. Independent prognostic factors significantly associated with prognosis were identified by multiple prognostic analysis methods. The relationship between independent prognostic factors and TME was explored by four methods, EPIC (Estimate the Proportion of Immune and Cancer cells), TIMER, quanTiseq and MCPcounter, and the strong association of LCK with immune components of the tumor microenvironment was confirmed. The specific mechanism of action of LCK acting in tumor cells and immune cells was finally confirmed using single-cell RNA sequencing technology and its related analytical methods.



Materials and methods


Data collection

A set of melanoma immune escape related genes were extracted from the Lawson et al. (26) (Supplementary Material 1). Immune-related genes were extracted from the IMMPORT database (Supplementary Material 1). Gene expression profiles, clinical follow-up information, and somatic mutation data were extracted from The Cancer Genome Consortium (TCGA) database through the ‘TCGAbiolinks’ package. In addition, we extracted normal control samples from the Genotype-Tissue Expression Project to compensate for the absence of normal sample controls in the TCGA cohort. Single cell transcriptome data as well as external validation datasets were downloaded from the Gene Expression Omnibus (GEO) and International Cancer Genome Consortium (ICGC) databases (Table 1). Duplicate genes are processed by the avereps function of the ‘limma’ package. Processing of gene expression values into Transcripts Per Kilobase of exon model per Million mapped reads (TPM) and normalized by log2. With different batches of GEO datasets we remove the batch effect by using the combat function of the ‘sva’ package.


Table 1 | Melanoma External DataSets Summary.





Somatic cell mutation analysis

Somatic mutation data in mutation annotation format (MAF) were visualized through ‘maftools’ R package, which provides a large number of analysis and visualization modules commonly used in cancer genomic studies (27).



Identification of differentially expressed proteins

cBioPortal provides a Web resource for exploring, visualizing, and analyzing multidimensional cancer genomics data (28). Differentially altered proteins (both unphosphorylated and phosphorylated) associated with immune escape related genes were identified in cBioPortal by the Reverse Phase Protein Array (RPPA) module.



Protein-protein interaction

Protein-protein interaction network of protein-coding genes constructed by STRING database. Minimum required interaction score 0.4 and disconnected nodes in the network were hide.



Construction of risk prognostic models

The melanoma patients from TCGA cohort were divided into a training set (TRS) and a testing set (TES). The TRS was used to construct a prognostic risk model of melanoma and the TES was utilized to valid the predictive capability of this model. ICGC-SKCM-US is used as external dataset validation. Risk prognostic models were constructed by univariate cox regression, least absolute shrinkage and selection operator (LASSO) regression analysis, and multivariate cox regression analysis. The risk score for each sample is calculated as follows:

	

Exploring the diagnostic value of risk scores for 1-year, 3-year, 5-year, 8-year and 10-year survival status with the ‘pROC’ package.



Functional enrichment analysis

‘GSVA’ package was used to explore the signaling pathways in which the screened protein-coding genes are involved and the c2.cp.kegg.v7.5.1.entrez.gmt gene sets was used to calculate differences in enrichment scores for pathways in different populations in the tow group.



Tumor microenvironment analysis

To explore the role of our screened protein-coding genes and the tumor microenvironment, we used ESTIMATE, EPIC, TIMER, quanTiseq and MCPcounter algorithms to calculate the proportion of various immune factors infiltrating the tumor microenvironment and explored the correlation between protein-coding gene expression and immune factor infiltration levels.



Single cell sequencing analysis

Considering that the number of cells in one single cell dataset is too small, we removed the batch effect and merged GSE72056 and GSE186344 via the ‘harmony’ package. The integrated single cell data was then analyzed using the ‘Seurat’ package, including finding highly variable genes, centralization, PCA downscaling, cell clustering, tSNE (t-Distributed Stochastic Neighbor Embedding) and UMAP (Uniform Manifold Approximation and Projection) nonlinear downscaling, finding differential genes, and cell annotation. To investigate cell-to-cell interactions and to determine the mechanisms of communication molecules at single-cell resolution, 8 cell subgroups were studied using the R package ‘CellChat’.



Drug sensitivity analysis

To explore the potential of the screened protein-coding genes as predictive biomarkers for chemotherapy or immunotherapy, we attempted to assess the correlation between different expression populations of protein-coding genes and responsiveness. ‘oncoPredict’ is an R package for predicting in vivo or cancer patient drug response and biomarkers from cell line screening data (29). We extracted immunotherapy cohort (PRJEB23709 and PRJEB25780) from Tumor Immune Dysfunction and Exclusion (TIDE) to explore the potential of protein-coding genes as predictors of immunotherapy response (Supplementary Material 2).



Cell culture

The PIG1 cells (Otwo Biotech, ShenZhen Inc. China), A2058 and SKMEL28 cells (the Chinese Academy of Sciences) were cultured in the Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, Thermo Fisher Scientific, Inc.) medium containing 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) in an incubator at 37˚C, and the air of the incubator consisted of 5% CO2.



RT-qPCR

The cells were cultivated in a 6-well plate at a density of 40×104 cells per well and incubated at 37˚C. Following collected the cells after the cell’s density reached 80%. Total RNA was extracted from the 6-well plate using TRIzol reagent (Thermo Fisher Scientific, Inc.), then subjected to reverse transcription-quantitative polymerase chain reaction (RT-qPCR) to detect the mRNA expression of LCK. qPCR was performed with a SYBR Green Real Time PCR kit (Thermo Fisher Scientific, Inc.) on CFX96 Touch Real Time PCR System (BioRad Laboratories, Inc.). The primers used for real-time PCR were at Table 3 (Table 2). qPCR was performed under the following conditions: 3 min at 95˚C for 1 cycle, 10 sec at 95˚C, 30 sec at 65˚C for 39 cycles, and 95˚C for 5 sec. Changes in the expression of target genes were calculated using the 2-ΔΔCq method.


Table 2 | The premier sequences.






Results


Landscape of immune escape related genes in melanoma

A set of immune-escape related genes and a set of immune-related genes were extracted from the previous study and from the IMMPORT website respectively, which contains 182 genes and 2483 genes respectively in total. Overlapping these two gene sets, 31 core immune-escape related genes (Table 3) were determined as the subjects for further analysis (Figure 1A). In addition, 472 (including 471 tumor samples and 1 normal sample) and 398 normal samples were obtained from the TCGA and GTEx databases, respectively. Prognostic Analysis showed that except CALR, TNFRSF1A, HDAC1, JAK1 and TFRC, which were not significantly different, and MAPK1, which was an unfavorable prognostic factor, the rest of all the core immune-escape genes were favorable prognostic factors, and all of them were significantly different (Figure 1B). Expression analysis showed that the expression of all core immune escape related genes was dysregulated. IFNGR1, JAK2, SOCS1, IKBKG, JAK1, TNFAIP3, TNFRSF1A, FAS, IKBKG, TBK1 and TGFBR2 were highly expressed in normal tissues, while the expression of the remaining genes were upregulated in tumor tissues, all of the above differential expression analysis results were significantly different (p-value< 0.05) (Figure 1C). Genes with significantly different in both expression difference analysis and prognostic analysis were initially screened out for inclusion in the next analysis. Somatic mutation profiles of 467 melanoma patients downloaded from TCGA database were analyzed and visualized via the ‘maftools’ R package (30). The results showed that they all had low mutation rates (Figure 1D). In addition, identification of differentially expressed proteins regulated by primary screening genes through the RPPA module of the cBioPortal database and 164 differentially expressed proteins were obtained in total (Figure 2).


Table 3 | A list of core immune-escape related genes.






Figure 1 | Core immune escape related genes are favorable prognostic factors for melanoma and are significantly upregulated in tumor tissue. (A) 31 core immune-escape related genes were identified as shown in Venn diagram. (B) Prognostic analysis of core immune-escape related genes. Green dots represent favorable prognostic factors, red dots represent unfavorable prognostic factors, and grey dots represent genes that are not significantly different in the Kaplan-Meier survival curve. The bigger the dot is, the smaller the P value is. The line between the different dots represents the correlation between them. The red line indicates a positive correlation between them, the blue line indicates a negative correlation between them; the grey line indicates that the two are not related. P value calculated by log-rank test and the correlation coefficient between the core immune-escape related genes were evaluated using Spearman’s correlation analysis. (C) Expression analysis of core immune escape-related genes. Blue and yellow half-violins represented normal and tumor samples, respectively. (D) Waterfall plot of detailed mutation information of 26 genes after initial screening in each sample, with various color annotations to distinguish different mutation types. *P < 0.05, ***P < 0.001.






Figure 2 | Volcano plots of the differentially expressed proteins of 26 genes after initial screening. The circles with green, gray and blue represent significantly down-regulated, no significant change and significantly up-regulated differentially expressed proteins, respectively.





Assessment of risk characteristics associated with prognosis of melanoma

Through STRING database, protein-protein interaction network was constructed based on the above differentially expressed proteins, including 188 nodes and 3670 edges in summary. Subsequently, we filtered out the top 60 nodes in the entire network in terms of connectivity (Figure 3A). Meanwhile, the melanoma samples were divided into TRS and TES in a roughly 1:1 ratio (228 samples in TRS and 226 samples in TES). The result of univariate cox regression analysis of TRS showed that a total of 15 prognostic factors were determined. Except CDKN1B, LCK, and RICTOR which were favorable prognostic factors, the rest of these prognostic factors were associated with reduced overall survival (p-value< 0.05) (Figure 3B). Immediately, LASSO regression analysis of prognostic factors was performed and 10 representative protein-coding genes were identified (Figures 3C, D, Table 4). Multivariate cox regression analysis was conducted within these 10 representative protein-coding genes and 4 independent prognostic factors were finally identified which were related to prognosis in melanoma (Figure 3E). Overall, all 4 independent prognostic factors were associated with reduced overall survival, except for LCK, which was favorable factor (Figure 3E). Overlapping the top 60 nodes in the protein-protein interaction network in terms of connectivity and the 4 significant independent prognostic factors, we obtained 3 key prognostic factors, respectively KIT, EGFR and LCK (Figure 3F).




Figure 3 | KIT, EGFR and LCK may serve as key independent prognostic factors for melanoma. (A) Circular bar plot of the top 60 nodes in the protein-protein interaction network in terms of connectivity. (B) Forest plot of the results of univariate COX regression analysis of 164 differentially expressed proteins. Different colors indicate differentially expressed proteins. (C, D) The LASSO regression analysis for the 15 prognostic factors. The coefficient profile plot (D) was generated against the log (lambda) sequence (C). (E) Forest plots of 6 independent prognostic factors in multivariate COX regression analysis. Red represents unfavorable prognosis and blue represents favorable prognosis. (F) Venn diagram of the results of the overlapping protein-protein interaction network analysis and multifactor COX regression analysis. 3 key independent prognostic factors were identified, namely KIT, EGFR, and LCK.




Table 4 | The results of LASSO regression analysis.





Risk-prognosis models constructed by independent prognostic factors may prolong overall survival of melanoma

Through analyzing the independent prognostic factors in TRS, a risk prognostic model was constructed in TRS, using which the prognosis of patients could be effectively predicted. To verify the predictive efficacy of the model, the same model was constructed in TES and the ICGC cohort. The results of the risk factor analysis showed that the number of patient deaths clustered significantly as the risk score increased (Figure 4A). Survival analysis in the high- and low-risk score groups showed that the high-risk group was associated with lower overall survival (p-value< 0.05) (Figure 4B). Finally, time-independent ROC curves were established to verify the accuracy of the model. The AUC values of the ROC curves for the three cohorts indicate that the model has good accuracy (Figure 4C).




Figure 4 | Low-risk group in prognostic risk model associated with longer overall survival. (A) Risk factor analysis of the three cohorts, with samples divided into two groups of high and low risk based on risk scores, with green dots representing surviving samples and red dots representing dead samples. As the risk score increases, the number of dead samples increases. (B) Survival curves for high and low risk scores for the three cohorts. In all cohorts, low-risk scores were associated with improved overall survival. (C) Time-dependent ROC curves for the three cohorts. Curves with different colors indicate different time points. The AUC values above 0.6 at different time nodes demonstrate the accuracy of the prognostic model.





LCK is a promising indicator for remodeling the tumor microenvironment of melanoma

The infiltration level of immune cell was calculated for each sample of melanoma using four methods, EPIC, TIMER, quanTiseq and MCPcounter, respectively. Focusing on the three key independent prognostic factors mentioned above, we found that samples with high LCK expression were accompanied by higher levels of immune infiltration (Figure 5A). Therefore, we suggest that LCK may affect prognosis by altering the tumor microenvironment of melanoma and thereby. Survival analysis in both the TCGA cohort and the GSE54467 cohort of melanoma showed that the group with high LCK expression levels was associated with prolonged overall survival (p-value< 0.05) (Figure 5B). In normal and tumor tissues, differential expression analysis based on TCGA cohort and GTEX cohort showed that LCK was highly expressed in tumor tissues (p-value< 0.05) (Figure 5C). To verify the expression pattern of LCK, RT-qPCR was used to detect the mRNA expression of LCK. The results showed that the expression level of LCK was significantly higher in melanoma cell lines (A2058, SKMEL28) than in normal skin cell lines (PIG1, p-value< 0.05) (Figure 5D). We then analyzed the correlation between LCK expression levels and four clinical parameters, including tumor status, metastasis, pathological stage, and the extent and size of the primary tumor. The results indicated that the expression level of LCK was significantly downregulated as melanoma progressed clinically (p-value< 0.05) (Figure 5E). Subsequently, gene set enrichment analyses (GSEA) were carried out in the TCGA cohort and the GEO cohort. The GEO cohort we use here was integrated from 7 separate data, including GSE15605, GSE19234, GSE22155, GSE3189, GSE46517, GSE59455 and GSE65904 (Supplementary Figure 1). The results of the enrichment analysis showed that the gene set in the LCK high expression group was significantly enriched in cancer progression-related pathways and immune component-related pathways (Figure 5F). The above results illustrate that LCK plays an important role in remodeling the tumor microenvironment of melanoma.




Figure 5 | LCK is the most critical independent prognostic factor that may reshape the tumor microenvironment. (A) Heat map of the level of immune cell infiltration for each sample of melanoma. The four modules in the rows represent the level of immune cell infiltration calculated by the four algorithms. Columns represent samples of melanoma under three genetic groupings. The heat map from blue to red indicates the infiltration level from low to high. (B) Kaplan-Meier survival analysis for high and low expression levels of LCK in the TCGA cohort and the GSE54467 cohort. (C) Differential expression analysis of LCK in tumor and normal samples. (D) RT-qPCR of LCK in PIG1, A2058 and SKMEL28 cell lines. (E) Box plot of the correlation of LCK expression levels with clinical parameters. (F) GSEA was performed based on LCK high and low expression in the TCGA cohort and the integrated GEO cohort. **P < 0.01, ***P < 0.001.





In melanoma, LCK is highly correlated with immunity and can predict response to immunotherapy

To explore the specific role played by LCK in the tumor microenvironment of melanoma, we analyzed the immune landscape of LCK in melanoma. To begin, we focused on single-cell sequencing data from melanoma. We integrated single-cell sequencing data from two melanoma cases and further completed the dimensional reduction clustering and annotation (Supplementary Figures 2A–D, Figure 6A). We then found that LCK was significantly highly expressed in T cells and could be further used as a marker for T cells (Figure 6B). Subsequently, we calculated the ESTIMATE score for each sample in the TCGA cohort through the ESTIMATE algorithm. We further found that ESTIMATE scores were significantly higher in the group with high LCK expression levels than in the group with low LCK expression levels (p-value< 0.05) (Figure 6C). Protein-protein interaction network constructed based on LCK showed that LCK plays a key role in the T-cell antigen receptor-linked signal transduction pathway (Figure 6D). Immediately after, we classified the samples in the TCGA cohort of melanoma into cold and hot tumors based on the 12 genes extracted from the study of Chunyu Dong et al. (Supplementary Figure 3). We found that LCK expression levels were higher in hot tumors (Figure 6E).




Figure 6 | LCK is highly correlated with immunity and can predict response to immunotherapy. (A) A tSNE view of 18690 single cells, colour-coded by assigned cell type. (B) Violin plots of the expression levels of LCK in different cell types. LCK was specifically expressed in T cells. (C) Scatter plot of ESTIMATE scores in LCK high and low expression subgroups. The ESTIMATE scores were higher in the group with high LCK expression levels. (D) Protein-protein interaction network plot constructed based on LCK. (E) The grdotplot of LCK expression levels in melanoma samples under cold and hot tumor groupings. (F) Scatter density plot of the correlation analysis between the expression levels of LCK and the expression levels of the 9 immune checkpoints. The expression level of LCK showed a significant positive correlation with the expression level of immune checkpoints. (G) Violin plot of the differential expression analysis of LCK in two immunotherapy cohorts. CR/PR and SD/PD represent the response and non-response groups to immunotherapy, respectively.



Immunotherapy such as immune checkpoint inhibitors have wide application in some solid tumors such as melanoma. However, the issue of patient responsiveness is an obstacle to their effective application. Here, we analyzed the relationship between the expression levels of LCK and the expression levels of the 9 immune checkpoints. The correlation analysis showed that LCK showed a significant positive correlation with immune checkpoints (Figure 6F). That is to say, patients with high LCK expression tend to have better immunotherapeutic responses due to high levels of ICPs [31]. Thus, to verify the relationship between LCK and immunotherapy response, we examined the expression levels of LCK in the immunotherapy cohort. Based on 2 immunotherapy cohorts extracted from the TIDE database, we observed that LCK expression levels were higher in the immunotherapy response group (Figure 6G). Collectively, in melanoma, LCK is closely linked to the immune components of its microenvironment and is effective in predicting immunotherapeutic response.



LCK promotes T cell activation and suppresses immune escape of melanoma cells by binding to the CD8 receptor

We found that LCK, a marker of T cells, plays a crucial role in the immunotherapy of melanoma. Thus, we tried to elucidate the specific mechanism by which LCK acts through cellular interactions. Based on the previously annotated single cell sequencing data, we extracted the melanoma cells and T cells separately. By further dimensional reduction clustering, we obtained 14 subgroups (Supplementary Figures 4A, B). Based on the differential expression of genes, we classified melanoma cells into 4 categories (Supplementary Figure 4C, Figure 7A). Meanwhile, we classified T cells into Naive CD4+ T cells, Naive CD8+ T cells, Effector CD8+ T cells and Memory CD8+ T cells according to the specific expression of CD4, CD8 (CD8A), CD45 (PTPRC), CD197 (CCR7), CD25 (IL2RA) (Supplementary Figure 4D, Figure 7A). Subsequently, cell-cell communication was inferred by the ‘CellChat’ package on the basis of the subgroup we annotated. The results showed that there was a strong interaction between melanoma cells and T cells (Supplementary Figures 4E, F). Subsequently, we selected LCK-related ligand-receptor pairs left for further analysis. The results suggest that LCK as a ligand acts between the C2 subgroup of melanoma cells and T cell subgroups by binding to the CD8 receptor (Figures 7B–D). The binding of LCK to the CD8 receptor drives CD8 close to the TCR and ultimately stabilizes the TCR-MHCp interaction (31). TCR-MHCP interactions promote T cell activation (32). The activation of T cells further increases the response of T cells to pathogens or malignant cells (33). Therefore, we propose that LCK inhibits immune escape of melanoma cells in melanoma by promoting the activation of T cells. Finally, we examined the correlation between the expression levels of LCK and the IC50 of commonly used antitumor drugs. The results showed that the group with high expression of LCK had a lower IC50 (Figure 7E). This means that LCK can effectively enhance the inhibitory effect of antitumor drugs.




Figure 7 | LCK promotes antitumor immune responses by binding to CD8 receptors and is associated with a lower IC50 for antitumor drugs. (A) The tSNE plot of 14760 single cells for melanoma cells and T cells, colour-coded by assigned cell type. (B) Circle plots of LCK-CD8 receptor interactions in CellChat analysis of melanoma cell subgroups and T cell subgroups. The thickness of the line represents the magnitude of the action intensity; the arrow represents the action direction. (C) Bubble plots of LCK-CD8 receptor interactions in CellChat analysis of melanoma cell subgroups and T cell subgroups. (D) Violin plots of the expression levels of LCK, CD8A and CD8B in melanoma cell subgroups and T cell subgroups. (E) Drug sensitivity analysis based on the expression level of LCK. The IC50 values of the six antitumor drugs were lower in the group with high LCK expression levels.






Discussion

Although immunotherapy has been used extensively in melanoma, its annual mortality rate is not encouraging. Our findings suggest that LCK may be a novel potential biomarker for predicting immunotherapy in melanoma. The findings show that in melanoma, patients with high LCK expression have a higher degree of immune cell infiltration in vivo (Figure 5A), which also corresponds to a higher overall survival (Figure 5B). LCK (lymphocyte-specific protein tyrosine kinase) belongs to the SRC family of tyrosine kinases and has been best studied in the context of T-cell function and signaling as well as lymphocytic leukemia of the B-cell lineage (14). LCK is mainly expressed in T cells, NK cells, B cells. In the present study, based on single-cell RNA sequencing technology, we observed specific expression of LCK on T cells (Figure 6B). In addition, a growing number of studies have shown that LCK is also expressed in brain and tumor cells, where it is actively involved in the regulation of cellular functions such as proliferation and survival (14, 34, 35). LCK is highly expressed in most cancers, including breast cancer, colorectal cancer and glioma (36–39). We found that the expression level of LCK was significantly higher in melanoma tumor tissues than in normal tissues (Figure 5C). Moreover, the results of RT-qPCR showed that LCK expression was significantly upregulated in melanoma cell lines compared to normal skin cell lines (Figure 5D). In addition, LCK was detected in the C2 subgroup of melanoma cells (Figure 6D).

LCK plays a vital role in various cellular processes such as cell cycle control, cell adhesion, motility, proliferation and differentiation (40). This encoded protein is a key signaling molecule for selection and maturation during T cell development (41). In recent years, it is reported that LCK has been determined as one of the key molecules regulating T cell function, and studies using knockout LCK mice or LCK-deficient T cell lines surface that LCK regulates signal initiation, T cell development and T cell homeostasis and also can enhance or inhibit BCR signaling (35, 42). Patients with LCK deficiency frequently present with immune dysregulation and autoimmunity. Overexpression of LCK contributes to a large number of other diseases such as cancer, systemic lupus erythematosus and organ transplant rejection (43). It has been reported that knockdown of LCK significantly inhibits cell proliferation and cell invasion in Oral squamous cell carcinoma (OSCC) (44). Another report stated that inhibition or downregulation of LCK led to apoptosis in Chronic Lymphocytic Leukemia (CLL) cell lines (45). Therefore, the application of LCK inhibitors could be an important strategy for the treatment of certain cancers (46). However, it has also been reported that high expression of LCK is associated with increased cumulative survival in melanoma patients (37). This is consistent with the results of our study. In an in vivo study of mice with LCK-deficient CLL disease model, it was found that LCK-KO group mice had a significantly shorter median survival compared to wild-type healthy mice over an observation period of 350 days (47).

LCK functions primarily in lymphocytes and is involved in transduction from the T-cell receptor complex to the nucleus, and this specific expression and function in immune cells may partially explain the phenomenon that high LCK expression is often associated with extended overall survival. Interestingly, we found that LCK in melanoma cells and T cells facilitates the interaction between the two cells by binding to the CD8 receptor. Previous studies have shown that the binding of LCK to the CD8 receptor drives CD8 close to the TCR and ultimately stabilizes the TCR-MHCp interaction, which then further promotes the activation of T cells (31, 32). The activated state of T cells enhances the responsiveness to pathogens or malignant cells, while further inhibiting tumor progression (33, 48). Therefore, since LCK plays a role in cancer cell signaling as well as in T-cell function, it will be necessary to define therapeutic strategies to selectively target LCK in tumor cells without impairing the responses of tumor infiltration lymphocytes. This is a critical issue common to other kinase inhibitors targeting signaling molecules expressed in both cancer and immune cells (e.g., BRAF, AKT, mTOR inhibitors) (35).



Conclusion

In this study, through bioinformatic analysis of core immune escape related genes, we conclusively identified LCK as a prognostic biomarker that could remodel TME. LCK is associated with prolonged overall survival and is predictive of response to immunotherapy. In addition, LCK in melanoma cells and T cells further activates T cells by binding to CD8 receptors, promoting anti-tumor response of T cells and suppressing immune escape phenomenon. Notably, therapeutic approaches that target LCK in tumor cells may offer a new perspective for the treatment of melanoma.
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Head and neck tumours are common malignancies that are associated with high mortality. The low rate of early diagnosis and the high rates of local recurrence and distant metastasis are the main reasons for treatment failure. Recent studies have established that the tumour microenvironment (TME) can affect the proliferation and metastasis of head and neck tumours via several mechanisms, including altered expressions of certain genes and cytokines. Increasing evidence has shown that epigenetic modifications, such as DNA methylation, histone modification, RNA modification, and non-coding RNAs, can regulate the head and neck TME and thereby influence tumour development. Epigenetic modifications can regulate the expression of different genes and subsequently alter the TME to affect the progression of head and neck tumours. In addition, the cell components in the TME are regulated by epigenetic modifications, which, in turn, affect the behaviour of head and neck tumour cells. In this review, we have discussed the functions of epigenetic modifications in the head and neck TME. We have further examined the roles of such modifications in the malignancy and metastasis of head and neck tumours.
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Introduction

Globally, head and neck tumours are the most common malignant tumours (1). More than 430,000 people die from the disease annually (1), and 90% of the cases involve head and neck squamous cell carcinoma (HNSCC) (2). It is considered the dominant phenotype and is associated with cervical lymph node metastasis and the progression of malignancy (3). Surgical resection is the mainstay of HNSCC treatment; however, it is often unsatisfactory owing to the uncertainty of tumour boundaries and the potential for aggressive lymphatic metastasis (4). Many therapies are available for head and neck tumour microenvironment (TME), including immunotherapy and anti-angiogenic therapy (5, 6). Immunological monotherapy and combination therapy have been shown to prolong the survival of patients (7), and anti-angiogenic therapy is an attractive option for overcoming hypoxia and radiation in head and neck tumours (6). Both immunotherapy and anti-angiogenic therapy are closely linked to alterations in the TME (8, 9). Therefore, it is vital to explore the impact of TME on head and neck tumours.

The TME includes both cellular and non-cellular components, such as stromal cells, immune cells, and chemokines (10). The processes of proliferation, apoptosis resistance, invasion, migration, and immune evasion of cancer cells are considered to be related to TME (11-15). The acidic and hypoxic TME creates a unique growth environment for cancer cells, which enables them to resist the immune response (16, 17). The TME can influence tumour progression via multiple mechanisms, such as Notch and STAT3 signalling pathways (18, 19). Furthermore, m6A modifications are involved in the regulation of TME. For example, the m6A demethylase ALKBH5 can regulate the tumour immune microenvironment (TIME) of HNSCC via the RIG-I/IFNα signalling pathway (20), which suggests that epigenetic modifications are involved in the regulation of the TME in head and neck tumours. Therefore, the characteristics of the TME should be explored, and the mechanisms regulating epigenetic modifications of the TME in HNSCC must be clarified.

Epigenetic alterations lead to abnormal gene expression in the cells in the TME and are linked to the development of cancer (21). Recent studies have shown that TME is regulated by epigenetic modifications (22). In this review, we have summarised the interactions between epigenetic modifications and the TME as well as their effects on the fate of HNSCC. These insights may help in identifying new potential targets for the effective treatment of head and neck tumours.



The TME of head and neck tumours

The microenvironment of head and neck cancer is a complex system that is composed of non-tumour cells, an extracellular matrix, and a vascular system (23). The TME is characterized by hypoxia, high angiogenic factor content, and immunosuppression and is involved in tumour growth, metastasis, and invasion (6, 24, 25). In addition to conventional approaches, such as surgical treatment, radiotherapy, and chemotherapy, anti-angiogenic and immunosuppressive therapies are novel directions for treating these tumours. Therefore, we focussed on the role of the TME in angiogenesis and immune responses (Figure 1).




Figure 1 | The role of angiogenesis and immune response in the TME. Immune response in the TME: NKs and CD4+ induced DC maturation; DCs promoted the activation of CD8+T cells and induced CD4+T cells to differentiate into antigen-specific effector T cells; CD4+ secreted cytokines to activate CD8+T cells; MDSCs, Tregs and TAMs inhibited the tumour-killing effect of CD8+T cells; cancer cells released cytokines to inhibit T-cell proliferation and the effector function; PD-1/PD-L1 interaction inhibited the function of effector T cells; CTLA-4 binds to B7 ligands to inhibit T cell activation; IDO1 inhibited the function of T cells; the expression levels of CTLA-4 and IDO1 were regulated by DNA methylation. Angiogenesis in the TME: VEGF affected angiogenesis through RAS/RAF/MAPK, PI3K/AKT/mTOR, and STAT3/cycD1/Bcl-xL signalling pathways. Epigenetic modification affected the expression of VEGF and the angiogenesis in the TME.




The role of angiogenesis in the TME of head and neck tumours

The rapid proliferation of cells in malignant tumours requires a supply of oxygen and nutrients via the bloodstream (26). Angiogenesis is a key factor that affects the progression of head and neck cancers (27, 28). Microvessel density (MVD) is an indirect marker of tumour angiogenesis and is associated with poor prognosis in HNSCC (29). Disease-free survival and overall survival are significantly reduced in patients with high CD105+ MVD (29). A study has reported that increased MVD in head and neck tumours promotes the proliferation of cancer cells and leads to poor tissue differentiation and lymph node metastasis (30). Therefore, the mechanism of angiogenesis in head and neck cancer needs to be explored for developing targeted angiogenic therapy.

The downstream signalling pathway of angiogenesis is mainly mediated by vascular endothelial growth factor (VEGF) (31). It affects angiogenesis chiefly via three signalling pathways, namely, RAS/RAF/MAPK, PI3K/AKT/mTOR, and STAT3/cycD1/Bcl-xL (6). In head and neck tumours, VEGF-C has been observed to promote cell growth and migration (32). Recent studies have revealed that epigenetic modifications can directly or indirectly regulate the expression of VEGF and, thus, play a role in the angiogenesis in head and neck tumours. For instance, sevoflurane can reduce the angiogenic ability of tongue squamous cell carcinoma by enhancing DNA methylation in the VEGF promoter region (33). In nasopharyngeal carcinoma, high DNA methylation of the FBLN2S promoter inhibits the expression of FBLN2S, while overexpression of FBLN2S downregulates the expression of angiogenesis-related factors such as VEGF165 and VEGF189 and inhibits angiogenesis (34). Moreover, non-coding RNAs (ncRNAs) play a vital role in angiogenesis. A study has suggested that upregulating the expression of miR-30e-5p can inhibit mRNA expression of VEGF and inhibit angiogenesis in HNSCC in vivo, thereby reducing tumour invasion and metastasis (35). Based on these findings, it is clear that epigenetic modifications are instrumental in the angiogenesis in head and neck tumours and may provide a new target for anti-angiogenic treatment.



The role of immune responses in the TME of head and neck tumours

The role of the immune system in tumour development is widely accepted, and therapeutic modalities targeting tumour immunity have been frequently reported (36). To facilitate the development of immunotherapy for head and neck cancer, the components involved in immunotherapy, such as immune cells and immune checkpoints, deserve to be investigated.


The role of immune cells in the TME of head and neck tumours

The TME of solid tumours contains a variety of immune cells, such as CD8+ T cells, CD4+ T cells, natural killer cells (NKs), and dendritic cells (DCs), which act as anti-tumour agents. The TME also contains myeloid suppressor cells (MDSCs), regulatory T cells (Tregs), and tumour-associated macrophages (TAMs), which act as immunosuppressive agents (37, 38). These immune cells, along with cytokines, constitute TIME. DCs promote the activation of CD8+ T cells and induce CD4+ T cells to differentiate into antigen-specific effector T cells (39). CD4+ T cells and NKs induce the maturation of DCs and contribute to the activation of CD8+ T cells (40, 41). Furthermore, CD4+ T cells exert their tumour-killing effect by secreting cytokines that activate CD8+ T cells (42). The TME of solid tumours presents a highly immunosuppressed state. MDSCs, Tregs, and TAMs inhibit the tumour killing effect of CD8+ T cells and effectively achieve immunosuppression (43-45). Moreover, cancer-associated fibroblasts (CAFs), a major cellular component of the TME matrix, are involved in the immune processes of head and neck tumours. For example, in nasopharyngeal carcinoma, there is a significant correlation between the densities of CAFs and M2 TAMs (46). Furthermore, tumour cells can release immunosuppressive mediators to exert their immunosuppressive effects. Head and neck tumour cells can avoid detection by T cells and NKs by secreting various cytokines, including TGF-β, IL-6, and IL-10, which can inhibit T-cell proliferation and effector function (47–49). Another study has reported that exosomes from peripheral blood of head and neck patients containing cyclooxygenase 2, TGF-β, programmed death 1 (PD-1), and cytotoxic T lymphocyte antigen 4 (CTLA-4). These exosomes promote CD8+ T-cell apoptosis, inhibit CD4+ T-cell proliferation, upregulate Tregs and impair the function of NKs (50).



The role of immune checkpoints in the TME of head and neck tumours

Some immune checkpoints play a role in the immune escape of head and neck tumours, including PD-1/PD-L1, CTLA-4, and indoleamine 2,3-dioxygenase 1 (IDO1). In HNSCC, the expressions of PD1 and PD-L1 are upregulated, which represents one of the key immune checkpoints in HNSCC (51–53). PD-1 is mainly expressed on the surface of T cells and interacts with PD-L1 and PD-L2 ligands (54). The interaction of PD-1 and PD-L1 can inhibit the function of effector T cells and promote immunological tolerance (55). Furthermore, CTLA-4 can bind to B7 ligands on cancer cells, which results in the inhibition of T-cell activation and the promotion of HNSCC immune escape (56). IDO1 is a new immunosuppressive locus whose increased expression can inhibit the function of anti-tumour T cells (57). Recent studies have stated that epigenetic modifications are also involved in the immunomodulatory process in head and neck cancers. Investigations have suggested that CTLA-4 and IDO1 expression levels in head and neck tumours are epigenetically regulated via DNA methylation (57, 58). This finding implies that epigenetic modifications are involved in the TME of head and neck tumours. Therefore, the role of epigenetics in the TME of head and neck cancers must be clarified.





Epigenetic modifications of the TME in head and neck tumours


DNA methylation of the TME in head and neck tumours

Multiple studies have suggested that DNA methylation is involved in genetic alterations in tumour cells and in activities in the TME (Figure S1) (59, 60). A recent study showed that inhibiting the expression of DNA methyltransferase 1 can reduce MDSCs and increase tumour-infiltrating T cells to prevent tumour growth in the TME of oral squamous cell carcinoma (OSCC) (61). Furthermore, altered DNA methylation of certain genes can affect immune cells and, therefore, the TME. In HNSCC, squalene cyclooxygenase is demethylated and overexpressed, which inhibits the activation of CD8+ T cells and leads to immunity evasion (62). Another study observed that the TME of patients with ornithine aminotransferase hypomethylation had a higher degree of immune cell infiltration and ornithine aminotransferase hypermethylation exhibited higher radiosensitivity (63).

One study indicated that immune checkpoints in the TME of head and neck tumours were regulated by DNA methylation (58). According to a recent study on oral cancer, the expressions of the immune checkpoint CTLA-4 and its function-related molecules CD28, ICOS, CD80, and CD86 were regulated by DNA methylation (58). Expression of CTLA4 is negatively correlated with DNA methylation, whereas mRNA levels of CD28, ICOS, CD80, and CD86 are positively correlated (58). This evidence suggests that DNA methylation directly or indirectly influences the regulation of the TME in head and neck tumours.



Histone acetylation of the TME in head and neck tumours

Histones comprise the core histones H2A, H2B, H3, and H4 and the connective histone H1 (64). Acetylation of histone H4-Lys16 and trimethylation deletion of H4-Lys20 are common markers of human cancer (65). Many studies have shown that histone deacetylase inhibitors (HDACis) can reshape the TME and enhance the ability of the immune system to kill tumour cells (66–69). A recent study opined that head and neck tumours sustain low levels of histone acetylation, which may be the reason for the accumulation and maintenance of cancer stem cells (70). The above evidence implies that histone acetylation has an essential role in the TME of head and neck tumours.



RNA modification of the TME in head and neck tumours


m1A modification

m1A modification is closely related to the TIME in several cancers (71, 72). m1A modification has been documented to affect the TME in HNSCC and thereby influence its prognosis. A recent study has shown that the m1A gene mutation may be associated with the TME of OSCC and that it could potentially predict its prognosis (73). Researchers have analysed the methylation pattern of m1A, which revealed that the expressions of all m1A regulatory factors were significantly upregulated in 502 patients with OSCC compared with the normal control group. This upregulation was closely linked to poor prognosis in the patients (73). Moreover, m1A modification was shown to be negatively correlated with immune checkpoints, angiogenesis, and CD8+ T cells in the TME (73). A study has reported that this modification can affect the TME in head and neck tumours by influencing the long non-coding RNAs (lncRNAs). Furthermore, m1A-related lncRNA has been observed to be closely related to the prognosis, TME, and tumour mutation burden in HNSCC (74). In summary, m1A modification exerts immunomodulatory effects in the TME of HNSCC.



m5C modification

m5C modification is a key player in several biological and pathological processes, such as cell proliferation and differentiation, tumorigenesis, malignant tumour progression, and tumour immunity (75, 76). Moreover, m5C regulatory factors can regulate the TIME (77). A recent study has stated that the activities of most immune cells in the TME are significantly reduced in patients with a high expression of m5C regulators (78). This observation implies a correlation between the TME and m5C in patients with OSCC (78). Furthermore, m5C can influence the TME via lncRNAs. Another study has suggested the presence of a close relationship between m5C-related lncRNA and the HNSCC TME (74). In HNSCC, m5C regulators inhibit immune cell activity, which means that m5C can regulate the TME and influence its fate.



m6A modification

m6A modification is the most common mRNA modification in eukaryotes (79). This modification is involved in the regulation of RNA stability, localisation, output, splicing, and translation and is closely linked to several cellular activities (80). Abnormal m6A modification is associated with a TME phenotype of non-inflammation and immunorejection (81). For instance, low expression of the m6A writer METTL3 promotes the production of IL-8. Tumour-associated neutrophils are recruited to the TME for immunosuppression, which promotes the progression of papillary thyroid carcinoma (82). Moreover, m6A eraser acts in the TME, with a recent study reporting that the expression of ALKBH5 is upregulated in HNSCC (20). A subsequent study has shown that ALKBH5 downregulates the expression of RIG-I and reduces the secretion of interferon-α in the TME via the IKK-α/Tbk1/IRF3 pathway. Ultimately, the infiltration of immune killer cells is inhibited, and immune escape is promoted (20). Furthermore, m6A readers YTHDF1 and IGF2BP2 have been found to be significantly correlated with different immunological states in HNSCC. These readers may regulate the TME by blocking the expression of specific genes related to antigen recognition, signal transduction, and effector T-cell proliferation and activation (83). YTHDC2 is associated with the degree of immune infiltration of B cells, CD8+ T cells, CD4+ T cells, neutrophils, and DCs in HNSCC (84). High expression of YTHDC2 is accompanied by high immune infiltration (84). Moreover, m6A is associated with immune checkpoints in the TME. A report has suggested that the upregulation of PD-L1 expression is associated with m6A methylation (85). Also, m6A methylation and the PI3K/AKT/mTOR signalling pathway may be involved in the regulation of the HNSCC immune microenvironment (85). These reports suggest that m6A modifications are primarily associated with immune regulation of the TME in head and neck tumours.




Non-coding RNAs

ncRNAs, including circular RNAs (circRNAs), microRNAs (miRNAs), and lncRNAs, interact with the components of the TME, thereby affecting tumorigenesis and progression (Table S1) (86–88). These ncRNAs, which are enriched in exosomes of CAFs, are transmitted to the cancer cells to regulate their biological characteristics. The decreased expressions of miR-34a-5p and miR-3188 in the CAF exosomes augment the metastatic potential of head and neck tumours (89, 90). miR-382-5p transported by CAF exosomes can promote migration and invasion in OSCC (91). In addition, miR-196a transported by CAF exosomes can augment cisplatin resistance in head and neck tumours by targeting CDKN1B and ING5 (92). Moreover, miRNAs from cancer cells can influence the TME. miR-192/215 transported by exosomes in head and neck tumour cells could promote remodelling of the hypoxic TME (93). Another study has reported that deletion of the p53 gene results in the reduced expression of miR-34a, which promotes adrenergic trans-differentiation of tumour-associated sensory nerves and head and neck tumour progression (94). Furthermore, the downregulation of miR-34a promotes immune escape in head and neck tumours via upregulation of MET expression (95). Low levels of miR-9 can promote tumour growth by upregulating MDK expression and regulating the PDK/AKT signalling pathway to enhance angiogenesis in the TME of nasopharyngeal carcinoma (96). Therefore, miRNA plays a key role in the TME of head and neck tumours.

The role of lncRNAs in the microenvironment of head and neck cancer is yet to be elucidated. Like miRNAs, lncRNAs from the TME can influence the fate of the tumour. The lncRNA H19 is upregulated in CAF and participates in the glycolytic pathway of CAF via the miR-675-5p/PFKFB3 axis, which promotes the progression of oral cancer (97). The lncRNA FLJ22447 is significantly upregulated in CAFs and promotes the transformation of CAF into OSCC by upregulating IL-33 (87). Furthermore, lncRNA transported by tumour cell exosomes can act on components in the TME to regulate tumour progression. Oral leukoplasia (OL) is a precancerous state of OSCC (98). A study has shown that the lncRNA IFITM4P can induce PD-L1 expression, thereby activating the immunosuppressive process and immune escape of OL cells in the cytoplasm (98). The expression of the lncRNA DCST1-AS1 in OSCC is significantly increased, and the polarization of M2 macrophages is promoted by regulation of the NF-κB pathway to enhance tumour progression (99). These results suggest that ncRNA can regulate the TME of head and neck tumours and might serve as a potential therapeutic target.




Discussion

Head and neck tumours are associated with a poor prognosis because of their high degree of malignancy and the high rate of lymph node metastasis (3). At present, the major treatment for these tumours is surgical resection (4). However, owing to their location, surgical resection of head and neck tumours often results in physiological disorders that affect swallowing, mastication, or pronunciation. Moreover, it can exert a negative influence on the facial appearance and mental health of patients (100, 101). Therefore, therapies that are more efficient and less damaging should be immediately developed. Several studies have shown that the TME can regulate tumorigenesis, growth, and metastasis of head and neck tumours (102–105). As mentioned above, angiogenesis promotes the invasion and metastasis of head and neck tumour, and increased immunosuppression promotes the immune escape of tumour cells (8, 32). Therefore, TME is extremely important for the pathological progression of head and neck tumours. Anti-angiogenic drugs and immunotherapies that target the TME of head and neck tumours are promising alternative therapies (103, 106). However, these treatment modalities require further research to refine them. Therefore, elucidating the role of the TME in head and neck tumours is the need of the hour.

Epigenetic mechanisms are involved in a variety of pathological processes and play an essential role in tumour progression (21). These alterations can influence the TME of head and neck tumours and regulate cancer progression (Figure 2). In this regard, DNA methylation can affect tumour progression by regulating immune infiltration and immune checkpoints in the TME of head and neck tumours (58, 61, 62). Furthermore, histone acetylation can weaken the immune-killing capability of the TME in head and neck tumours and promote their growth (70). RNA modification predominantly regulates the level of angiogenesis, immune activity, and immune infiltration of immune cells in the TME of head and neck tumours and participates in tumour progression (20, 73, 78, 82–85). ncRNA secreted by certain cells in the TME of head and neck tumours can influence the behaviour of cancer cells, including invasion, metastasis, and drug resistance (89, 97). Furthermore, ncRNA in tumour cells can participate in the immune regulation of the TME in head and neck tumours and promote their progression (95, 96, 99). Succinctly, epigenetic modification holds promising potential in the regulation of the TME in head and neck tumours and is expected to provide targets for their treatment. Key proteins in epigenetic modifications can affect angiogenesis, immune responses in TME and can further affect tumour growth (Table S2) (61, 73, 78, 82). Numerous drugs targeting different epigenetic modifications have been used to treat head and neck tumours. The major DNA methylation drugs include zebularine, 5-azacytidine, 5-aza-2’-deoxycytidine, aloe-emodin, and procaine (107–109). Trichostatin A, suberoylanilide hydroxamic acid, M344 (an analogue of hydroxamic acid), and cyclic tetrapeptide are potent HDAC inhibitors that have been reported to promote radiosensitivity in head and neck tumours (110). Additionally, the HDAC inhibitor LBH589 promotes p21 expression and induces cell death (111). Therefore, the development of drugs targeting epigenetic modifications in the TME may offer new prospects for the treatment of head and neck tumours.




Figure 2 | Effect of epigenetic modifications on the TME of head and neck tumours. DNA methylation, RNA modification, and ncRNA modification resulted in different gene expression changes that affected the TME of head and neck tumours.





Conclusion

The data summarized herein establishes that the TME can affect the malignant development of head and neck tumours, including their growth, metastasis, and drug resistance. Epigenetic modifications are involved in these processes. It is essential to gain more knowledge about the molecular mechanisms involved in epigenetic modifications of TME in head and neck tumours. Therefore, the development of new drugs effectively targeting epigenetic modifications can be envisaged in the near future. In general, clarifying the role of epigenetic modifications in the TME can provide a novel therapeutic target for head and neck tumours.
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Ovarian cancer is the most deadly malignancy among women, but its complex pathogenesis is unknown. Most patients with ovarian cancer have a poor prognosis due to high recurrence rates and chemotherapy resistance as well as the lack of effective early diagnostic methods. The tumor microenvironment mainly includes extracellular matrix, CAFs, tumor angiogenesis and immune-associated cells. The interaction between tumor cells and TME plays a key role in tumorigenesis, progression, metastasis and treatment, affecting tumor progression. Therefore, it is significant to find new tumor biomarkers and therapeutic targets. MicroRNAs are non-coding RNAs that post-transcriptionally regulate the expression of target genes and affect a variety of biological processes. Studies have shown that miRNAs regulate tumor development by affecting TME. In this review, we summarize the mechanisms by which miRNAs affect ovarian cancer by regulating TME and highlight the key role of miRNAs in TME, which provides new targets and theoretical basis for ovarian cancer treatment.
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Introduction

MicroRNAs (MiRNAs) are small non-coding RNAs that were first detected in Caenorhabditis elegans in early 1990, and since then studies have confirmed their presence in almost all species (1, 2). MiRNAs influence tumor and other disease processes by regulating post-transcriptional gene expression and participating in a variety of cellular activities (3, 4). MiRNAs are dysregulated in most tumors and the expression of specific miRNAs can characterize different tumors and stages (5, 6). Hence, miRNAs are used in the diagnosis, treatment and prognosis of cancer (7). The levels of cellular miRNAs change during tumor development, and recent studies have demonstrated that miRNAs can regulate tumor microenvironment (TME) to affect tumor angiogenesis (8, 9), immune invasion (10, 11) and tumor interstitial interactions (12, 13). TME is heterogeneous and contains a variety of cell types, including fibroblasts, endothelial cells, pericytes, immune cells, stromal stem and progenitor cells derived from local and bone marrow, and extracellular matrix (14, 15) (Figure 1). Some of them are altered during tumor development. Both tumor cells and their surrounding tissues influence cancer development, and TME is the main factor regulating both (16). As research progressed, the evolution of TME was found to complicate tumor formation, metastasis, and treatment (17).




Figure 1 | TME composition.



Tumorigenesis, growth and metastasis are closely related to the internal and external environment in which tumor cells live, and tumor cells and their environment are both interdependent and competitive (18, 19). TME includes not only the structure, function and metabolism of tumor tissues, but also the intrinsic environment of tumor cells (20, 21). TME is complex and constantly evolving, including innate and adaptive immune cells in addition to stromal cells, fibroblasts and endothelial cells. Ovarian cancer is gynecologic cancer with high mortality rate (22), and due to the lack of characteristic clinical manifestations and effective diagnosis in the early stages, most patients have advanced disease and metastasis at the time of diagnosis. Ovarian cancer has a poor prognosis with a 5-year survival rate of approximately 47% (23). Previous studies have shown that the progression of ovarian cancer is not only associated with tumor cells but also with TME (24, 25). MiRNAs have been recognized as biomarkers for several human cancers, including ovarian cancer, and dysregulated miRNA expression is a prominent feature of ovarian cancer (26). Many studies have evaluated the expression profiles of miRNAs in tissue and serum samples from ovarian cancer patients in search of biomarkers (27–29). Several experiments have also demonstrated that miRNAs exert oncogenic or carcinogenic effects by degrading or inhibiting the translation of target mRNAs, such as miR-135a-3p (30), miR-200c (31), miR-216a (32)和miR-340 (33), these miRNAs regulate epithelial-mesenchymal transition and thus regulate the invasiveness of ovarian cancer cells. Recent studies have shown that the roles of miRNAs in TME include regulation of tumor angiogenesis (34, 35), tumor immune invasion (36, 37) and tumor interstitial interactions (12, 38), etc. (Table 1; Figure 2). In this review, we focus on the mechanisms by which miRNA-mediated regulation of TME affects the development of ovarian cancer.


Table 1 | Detailed information of miRNAs targeting TME to regulate ovarian cancer.






Figure 2 | MiRNAs regulates TME and participates in the development of ovarian cancer.





MiRNAs regulate tumor angiogenesis in TME of ovarian cancer

Tumor angiogenesis is a hallmark of tumor growth, infiltration, and metastasis, and an increasing number of studies have shown its close association with TME (66, 67). Tumor growth and metastasis are dependent on the growth of blood vessels within the tumor, a process stimulated by soluble factors, of which vascular endothelial growth factor and its receptors are the main drivers (68). Recent in vitro and in vivo experiments have shown that miR-204-5p promotes ovarian tumor angiogenesis through THBS1 (39). By binding to scavenger receptor class B type 1 (SCARB1), recombinant high-density lipoprotein-nanoparticles (rHDL NPs) effectively deliver miR-204-5p inhibitors to tumors to inhibit tumor growth. This result provides new insights into miR-204-5p regulating tumor angiogenesis (39, 69). Angiogenesis plays a key role in the progression and peritoneal dissemination of ovarian cancer (70), and increased expression of VEGF has been found to promote the production of malignant ascites (71). Tumor samples from 198 ovarian cancer patients were analyzed by array and RT-PCR to confirm that three miRNAs (miR-484, miR-642 and miR-217) were able to predict chemotherapy resistance in ovarian cancer. This process is regulated by modulation of the tumor vascular system induced by the VEGFB and VEGFR2 pathways and is involved in tumor angiogenesis (40). MiR-21 and miR-27a induce ovarian cancer angiogenesis through upregulation of HIF1- α and VEGF (41, 42). Other pathways affected by miRNA dysregulation also contribute to angiogenesis in ovarian cancer. For example, miR-141-3p-containing extracellular vesicles from epithelial ovarian cancer cells promote vascular endothelial cell generation by activating the JAK/STAT3 signaling pathway and inducing VEGFR2 expression (43). Through different mechanisms, upregulation of miR-205 in ovarian cancer leads to increased angiogenesis through downregulation of the tumor suppressor PTEN and upregulation of the AKT signaling pathway (44). MiR-145 has tumor suppressive effects, and downregulation of miR-145 in ovarian cancer promotes angiogenesis through the upregulation of HIF-1 α and VEGF (45). MiR-497 targets vascular endothelial growth factor A through PI3K/AKT and MAPK/ERK pathways to inhibit ovarian cancer angiogenesis (46) Overexpression of microRNA-195-5p reduces cisplatin resistance and angiogenesis in ovarian cancer by inhibiting the psat1-dependent GSK3β/β-catenin signaling pathway (47). However, the role of aberrant regulation of miRNAs in ovarian cancer angiogenesis and development remains to be further investigated, which provides future therapeutic options and targets (72). Significant advances have been made in exploring the regulatory role of miRNAs in tumor angiogenesis. The rapidly increasing discoveries shall pave the way in the use of miRNAs as predictive biomarkers for anti-angiogenic treatments and as miRNA-based strategy against tumor angiogenesis in the future, though there are some challenges.



MiRNAs regulate CAFs in TME of ovarian cancer

Fibroblasts are the main cells in solid tumors and are stimulated to become cancer-associated fibroblasts (CAFs) by a variety of factors secreted by tumor cells or immune cells. Activated fibroblasts gain the ability to provide fertile soil for tumor progression (73, 74). CAFs are the major tumor mesenchymal component of TME (75), promoting tumor growth, angiogenesis, invasion and metastasis through extracellular matrix, chemokines, growth factors, cytokines, and stromal degrading enzymes, and mediating drug resistance (76). Studies have shown that CAFs influence the malignant progression, metastasis, drug resistance, and recurrence of ovarian cancer. After co-culture of SKOV-3 cancer cells with primary cultured human normal fibroblasts FP-96, the expression of the tumor suppressor miR-29b was downregulated, migration of SKOV-3 cells was increased, and the activity of the miR-29b target MMP-2 was also increased (49). In vitro and in vivo experiments revealed that transient interference of three miRNAs, miR-31, miR-214 and miR-155, was sufficient to convert normal ovarian fibroblasts into induced CAFs, thereby promoting ovarian tumor growth and increasing the aggressiveness and migration of tumor cells. In contrast, the converse of this conclusion also holds, that by overexpressing downregulated miRNAs, CAFs can be reversed to more normal fibroblasts (77). Mitra et al. (50) identified one target of miR-214 as CCL5 and demonstrated that miR-214 inversely regulates CCL5. Importantly, downregulation of miR-214 increases the production of CCL5, leading to accelerated tumor growth. Anti-CCL5 antibodies blocked the effect of CAFs on tumor growth and migration. Cisplatin resistance is a common phenomenon in cancer treatment. CDKN1A was highly expressed in cisplatin-sensitive ovarian cancer cell lines, and silencing CDKN1A significantly promoted the proliferation and entry into the cell cycle of cisplatin-sensitive ovarian cancer cells and reduced apoptosis. MiR-98-5p is an exosomal miRNA derived from CAFs and promotes cisplatin resistance in ovarian cancer cells by targeting CDKN1A to inhibit CDKN1A expression (51). After miR-124 downregulation, normal fibroblasts exhibited tumor-associated fibroblast characteristics, including overexpression of α-smooth muscle actin (α-SMA) and fibroblast activated protein (FAP) and enhanced migratory and invasive abilities. Overexpression of miR-124 in CAFs reverses these features in normal fibroblasts (52). MicroRNA dysregulation is involved in the entire process of CAFs formation and executive function, and is closely related to the activation and formation of CAFs. These findings provide new insights into the communication between CAFs and cancer cells.



MiRNAs regulate immunosuppressive cells in TME of ovarian cancer

TME is composed of many non-tumor cells called stromal cells, including tumor-associated macrophages (TAMs) (78), CAFs (79), regulatory T cells (80), myeloid-derived suppressor cells (81), endothelial cells, pericytes, and platelets (82, 83). Macrophages are the main inflammatory cells (84) and when they are present in the TME, they are called TAMs (85). Over the past decade, convincing evidence has emerged for the tumor-promoting role of macrophages in TME (20, 86, 87). TAMs are transformed from macrophages affected by cytokines, growth factors and chemokines in TME and are classified as M1 and M2 types. The M1 type has antitumor effects, whereas the M2 type has a tumor-promoting effect (78, 88). TAMs are enriched in ovarian cancer tissues and ascites and affect ovarian carcinogenesis, metastasis and invasion via multiple mechanisms (89, 90). It was demonstrated that miR-29a-3p and miR-21-5p synergistically inhibit STAT3, regulate Treg/Th17 cells and induce an imbalance, creating an immunosuppressive microenvironment that promotes ovarian cancer progression and metastasis (53). Hyaluronic acid nanoparticles encapsulated with miR-125b specifically target TAMs in the peritoneal cavity of ID8-VEGF ovarian cancer mice and repolarize macrophages to an immune-activating phenotype (54). It was found that miR-222-3p is enriched in epithelial ovarian cancer-derived exosomes, activates macrophage polarization toward TAMs of the M2 phenotype, and participates in the SOCS3/STAT3 pathway to promote cancer progression (55). Hypoxia triggers macrophage aggregation and induces macrophages to develop a tumor-associated macrophage-like phenotype. Exosomes released from hypoxic macrophages are enriched with miR-223, which promotes drug resistance in ovarian cancer cells in vivo and in vitro via the PTEN-PI3K/AKT pathway (56).

Ovarian cancer is prone to peritoneal metastases compared to other tumors in the abdominal cavity (91, 92). Therefore, the immune microenvironment in the peritoneum is crucial for the progression of ovarian cancer (93). Previous reports have shown that the main immune cells in the peritoneum are M2 macrophages, especially TAMs (94, 95). Microarray analysis of exosomes showed that miR-221-3p was abundant in M2 exosomes and directly inhibited cell cycle protein-dependent kinase inhibitor 1B (CDKN1B). Further, miR-221-3p promoted proliferation and G1/S transition in ovarian cancer cells (58). Cav1 is a direct target gene of miR-1246 and has been shown to be involved in exosome transfer along with multiple drug resistance genes. When ovarian cancer cells were co-cultured with macrophages, miR-1246 was able to transfer macrophages to the M2 type (59). It has been noted that miR-200b is highly expressed in plasma-derived exosomes of ovarian cancer patients and induces macrophage M2 polarization through inhibition of KLF6 expression, promoting proliferation and invasion of ovarian cancer cells (60). Accumulating literature points to the central role that many miRNAs play in the regulation of these mechanisms of macrophages-mediated immunosuppression. However, the area of research remains largely unexplored.



MiRNAs regulate immunoreactive cells in TME of ovarian cancer

T lymphocytes are mainly divided into two subsets, CD4+ T cells and CD8+ T cells (96), and the specific immune responses they mediate are an important part of anti-tumor cellular immunity and are closely related to tumor development and prognosis (97). It was found that infiltration of CD8+ T cells was associated with prolongation of survival in tumor patients, but the inherent low immunogenicity of tumor cells with TME suppressed the immune activity of T lymphocytes, leading to a decrease in the anti-tumor capacity of T lymphocytes (98, 99) MiR-424 (322) regulates the PD-L1/PD-1 and CD80/CTLA-4 pathways in drug-resistant ovarian cancer (100), and restoration of its expression reverses the chemoresistance that accompanies PD-L1 immune checkpoint blockage (101). The synergistic effect of chemotherapy and immunotherapy is associated with the proliferation of functional cytotoxic CD8+ T cells and the suppression of bone marrow-derived suppressor cells and regulatory T cells (61). Chen et al. found that artesunate promoted apoptosis of ovarian cancer cells by promoting CD4+ T cell differentiation to Th1 through miR-142 downregulation of Sirt1 (62). It was found that miR-20a binds directly to the 3 -untranslated region of MICA/B mRNA, leading to its degradation and reducing its protein level at the plasma membrane. A reduction in membrane-bound MICA/B protein, a ligand for the natural killer group 2 member D (NKG2D) receptor found on natural killer (NK) cells, γδ+ T cells and CD8+ T cells, allows tumor cells to evade immune-mediated killing. In vitro and in vivo tumor models, antagonism of miR-20a enhanced NKG2D-mediated tumor cell killing (63).

Dendritic cells (DCs) are a specialized group of antigen-presenting cells that are the focus of initiating and regulating innate and adaptive immune responses. DCs are important in anti-tumor immunity by regulating TME, recruiting and activating anti-tumor T cells (102). An increase in the density of DCs within the TME was found to correlate with improved prognosis in cancer patients (103), yet ovarian cancer cells and TME evade immune control by impairing the activation, maturation, antigen presentation, differentiation, and recruitment of DCs (104). Min et al. demonstrated that miR-22 targets YWHAZ and blocks PI3K/Akt and MAPK signaling pathways, and miR-503 downregulates Bcl2 expression. The increased expression of miR-22 and miR-503 in tumor-associated DCs results in their reduced survival and lifespan. Thus, tumor-associated miRNAs can target a variety of intracellular signaling molecules and cause apoptosis of DCs in TME (65).



Exosome-derived miRNAs regulate TME of ovarian cancer

Exosomes are tiny vesicles 30-150 nm in diameter secreted by cells, which are rich in various components such as proteins, lipids and nucleic acids and are significant in cellular communication, immune response, angiogenesis and tumorigenesis (105). There are a large number of miRNAs in exosomes (106), and exosome-derived miRNAs influence cancer progression, and they mediate ovarian cancer growth, invasion, metastasis, angiogenesis, and drug resistance through regulation of TME. Therefore, they are of great value in the early diagnosis and determination of prognosis of ovarian cancer (106, 107) (Table 2; Figure 3). MiRNAs play a role in communication between tumor cells and TME through exosome secretion and transfer (107, 124). Meanwhile, exosomal miRNA expression is dysregulated in ovarian cancer, which reflects the malignant character of the tumor to some extent (125).


Table 2 | Details of exosome-derived miRNAs targeting the TME to regulate ovarian cancer.






Figure 3 | Exosome-derived miRNAs regulate TME and participate in the development of ovarian cancer.



Cancer-derived exosomal miRNAs are considered to be mediators between cancer cells and TME (126, 127). In the context of proliferation, ovarian cancer cells release exosomal miR-205 that promotes cell proliferation and invasion by targeting vascular endothelial growth factor A (128). In contrast, the widely released exosomal miR-6126 (129) and miR-940 (110) from drug-resistant and sensitive ovarian cancer cells inhibited tumor growth by targeting integrin-β1 and proto-oncogene tyrosine-protein kinase (SRC), respectively. On the other hand, non-ovarian cancer-derived exosomes also inhibit the proliferation of ovarian cancer cells (111). For example, human adipocyte-derived exosomes have inhibitory effects on two ovarian cancer cells, A2780 and SKOV-3, by blocking the cell cycle and activating the mitochondria-mediated apoptotic signaling pathway, capable of inhibiting their proliferation and wound repair (112). MiR-205 is involved in the proliferation, migration, invasion and apoptosis of ovarian cancer cells by regulating the target gene VEGFA. Transient introduction of miR-205 mimics into SKOV3 cell-derived exosomes resulted in enhanced ovarian cancer cell proliferation, migration and invasion, attenuated ovarian cancer cell apoptosis, downregulation of epithelial-mesenchymal transition protein E-cadherin, and elevated Vimentin (128). The let-7 family miRNA transcripts were found in both ovarian cancer cell lines and their exosomes and were more abundant in OVCAR-3 cells than in SKOV-3 cells. The let-7 and miR-200 families in exosomes are associated with the aggressiveness of ovarian cancer cells (130). Exosomal miR-99a-5p in the serum of ovarian cancer patients promotes invasion by increasing the expression of fibronectin and vitreous junction protein in adjacent peritoneal mesothelial cells (109). Studies have confirmed that miR-940 is highly expressed in exosomes isolated from ascites of ovarian cancer patients. Furthermore, miR-940 stimulated M2 phenotypic polarization, which in turn promoted proliferation and migration of ovarian cancer (113).

Chemotherapy is the mainstay of cancer treatment, but some patients develop chemotherapy resistance, with ovarian cancer having the highest recurrence rate associated with drug resistance, this phenomenon significantly limits the long-term outcomes of cancer patients, resulting in 5-year survival rates as low as 30%. Cellular resistance develops through long treatment cycles or intrinsic pathways. CDKN1A was highly expressed in cisplatin-sensitive ovarian cancer cell lines, and silencing CDKN1A significantly promoted the proliferation and entry into the cell cycle of cisplatin-sensitive ovarian cancer cells and reduced apoptosis. The cancer-associated fibroblast-derived exosome miR-98-5p increases ovarian cancer cell proliferation and promotes cisplatin resistance by targeting CDKN1A (51). Microarray data downloaded from the Gene Expression Omnibus database revealed that miR-574-3p, miR-30a-5p and miR-922 may mediate the HIF 1 cancer signaling pathway through regulation of CUL2, and miR-183-5p may affect cell proliferation through regulation of MECP2. Downregulation of miR-162 may promote TEAD3 expression through the Hippo signaling pathway, and this miRNA is associated with poor prognosis. Through experimental validation, researchers predicted that these genes may be potential therapeutic strategies for ovarian cancer (114). Similarly, exosomal miR-146a derived from human umbilical cord MSCs increased the sensitivity of SKOV3 ovarian cancer cells to docetaxel and paclitaxel via the LAMC2-mediated PI3K/Akt axis (108). Human ovarian cancer cell lines OVCAR3, A2780, A2780/DDP and A2780/Taxol were exposed to paclitaxel or cisplatin transfected with or without miR-186, and miR-186 was found to induce sensitivity of ovarian cancer cells to paclitaxel and cisplatin by targeting ABCB1. This finding demonstrates for the first time that miR-186 increases the sensitivity of ovarian cancer cells to paclitaxel and cisplatin by targeting ABCB1 and regulating the expression of GST-π (115). MiR-770-5p was significantly reduced in cisplatin-resistant patients, and it acts as an anti-oncogene that increases chemosensitivity in ovarian cancer patients by downregulating ERCC2. Thus miR-770-5p may be a useful biomarker for predicting sensitivity to cisplatin chemotherapy in ovarian cancer patients (116, 118). Activin receptor-like kinase 7 (ALK7) and its ligand Nodal induce apoptosis in human epithelial ovarian cancer cells. Ye et al. examined the regulation of ALK7 by miRNA and demonstrated that miR-376c was able to target ALK7. Overexpression of miR-376c blocked cisplatin-induced cell death, while anti-miR-376c enhanced the effect of cisplatin (119).



Discussion

The past research that suggested that cancer develops only from changes in tumor cells has been replaced by the fact that the cellular microenvironment plays a key role in these processes. Therefore, new studies are needed to better explain the relationship between tumor cells and other cells that make up TME. Tumorigenesis and progression have causes in the tumor cells themselves as well as in TME. In recent years, miRNAs have been extensively studied, either as biomarkers or to demonstrate their potential to inhibit cellular processes. Because of this, miRNAs have great potential for the development of new cancer therapies. It was found that miRNAs are widely involved in various biological processes, including their regulatory roles in ovarian cancer progression. Several studies have demonstrated the involvement of miRNAs in the interaction between TME and ovarian cancer cells. The specific mechanisms of miRNAs are still being explored, but some miRNAs have been considered as biomarkers of tumors and have become therapeutic targets. For example, miR-204-5p, miR-484 and miR-21 promote ovarian cancer progression by regulating tumor angiogenesis in TME; miR-29b and miR-214 inhibit ovarian cancer progression by regulating CAFs; miR-125b, miR-1246 and miR-221-3p are able to inhibit/promote ovarian cancer progression by regulating immunosuppression and immunoreactive cells. These miRNAs serve as regulatory factors not only as clinical biomarkers, but also as potential therapeutic targets. It has been widely recognized that exosomes are rich in miRNAs and that exosomal miRNAs are significant in TME as signaling molecules for intercellular communication. Tumor cells transmit exosomal miRNA to cancer cells or normal cells, and conversely, fibroblasts, macrophages, etc. can also deliver exosomes to cancer cells. Exploring the role of miRNAs in TME can contribute to the search for biomarkers and probe the pathogenesis of tumors. Although many advances have been made in this area, many problems are still faced. More clinical data are needed to support the application of miRNAs as biomarkers for clinical diagnosis and detection, as well as to develop appropriate formulations for clinical treatment.

In summary, we have highlighted recent advances in the understanding of tumor microenvironmental interactions mediated by miRNAs. This article summarizes several miRNAs target important cancer cell–regulatory molecules and are involved in a complex network of signaling between cancer cells and the tumor microenvironment. In addition to their involvement in direct cell-to-cell signaling, several miRNAs are secreted through microvesicles or exosomes and affect cancer cell growth and metastasis. Some of the current challenges in miRNAs therapeutics involve selecting the right target and optimizing the delivery systems. Advances in miRNAs therapeutics have enabled us to target miRNAs alterations in a highly specific and robust manner in preclinical models. Nevertheless, studies of miRNAs-mediated interactions, specifically those focused on understanding the origin of miRNAs alterations, are needed to improve targeted therapy.
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With cancer incidence rates continuing to increase and occurrence of resistance in drug treatment, there is a pressing demand to find safer and more effective anticancer strategy for cancer patients. Natural products, have the advantage of low toxicity and multiple action targets, are always used in the treatment of cancer prevention in early stage and cancer supplement in late stage. Tumor microenvironment is necessary for cancer cells to survive and progression, and immune activation is a vital means for the tumor microenvironment to eliminate cancer cells. A number of studies have found that various natural products could target and regulate immune cells such as T cells, macrophages, mast cells as well as inflammatory cytokines in the tumor microenvironment. Natural products tuning the tumor microenvironment via various mechanisms to activate the immune response have immeasurable potential for cancer immunotherapy. In this review, it highlights the research findings related to natural products regulating immune responses against cancer, especially reveals the possibility of utilizing natural products to remodel the tumor microenvironment to overcome drug resistance.
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1 Introduction

The incidence of cancer has been rising worldwide and is becoming a major threat to human life and health. According to a recent report on global cancer statistics, cancer is the third or fourth leading cause of death in 23 countries and the first or second leading cause of death by age 70 in 112 of 183 countries (1). The hallmarks of cancer have been proposed as a set of functions acquired by normal cells transitioning to neoplastic growth states that are essential capabilities for their ability to form malignant tumors (2). Cancer cells could acquire the following hallmarks by recruiting normal cells to create a tumor microenvironment: evade growth suppressors, resist cell death, sustain proliferative signals, induce angiogenesis, enable replication immortal, activate invasion and metastasis, deregulate cellular energetics, avoid immune destruction, acquire tumor-promoting inflammation, and generate genome instability and mutation (3). In 2022, four new hallmarks of cancer have been proposed: epigenetic changes that can affect gene expression, the ability of cells to regress from a specific specialized functional state, the role of microorganisms, and neuronal signal (2). The origin of cancer is extremely complex. The homeostasis system within body prevents excessive cell proliferation, and the development of normal cells into malignant tumors depends on a variety of inhibitory mechanisms (4). With deeper research into the mechanisms of cancer and more fully understanding mechanisms of cancer development and malignant transformation, the hallmarks of cancer are increasingly becoming logical science as an integrative concept (2). In another word, the original progression underlying tumorigenesis and further fate of cancer development might be all in the control of “tumor microenvironment” (Figure 1).




Figure 1 | The main components and associated cells within tumor microenvironment. The tumor microenvironment not only contains cancer cells and already altered cellular structures, but is also capable to recruit normal cells and release cytokines to sustain the function of tumor microenvironment.



At the present time, the clinical treatments used for cancer commonly include surgical resection, radiation therapy, chemotherapy, targeted molecular therapy, immunotherapy, and traditional Chinese medicine. Among these, cancer immunotherapy coordinates the body’s immune system to target and obliterate cancer cells by producing a lasting anti-tumor response, which can more reduce cancer cell metastasis and cancer recurrence than traditional treatment methods (5). Tumor microenvironment targets the local immune response in solid tumors to help immune cells entering the tumor and function efficiently within the tumor (6). Modulation of the tumor microenvironment is of special significance in cancer immunotherapy. However, definitive cancer management presents a major challenge, and it might need a combination of surgical, radiotherapeutic, chemotherapeutic, immunotherapeutic and traditional Chinese medicine therapy approaches. The combination therapy promises to be an effective treatment strategy to address chemotherapy drug resistance by preventing the development of resistance and better than anyone drug alone (7). The introduction of each drug in a combination therapy strategy would depend on the inhibitory pathway that they are in, which involves such questions as the stage of tumor development and which epigenetic drugs should be introduced, when, and in what doses (8). Combination therapy allows the use of corresponding cancer management strategies at each stage of tumor development to achieve optimal results through appropriate treatment modalities. Traditional Chinese medicine has demonstrated excellent antitumor effects in cancer therapy due to its multiple targets, low side effects, and high efficacy (9, 10). It is well known that traditional Chinese medicine is a rich source of natural products, thus, various natural products exhibit low toxic side effects. It has been pointed out that natural products could play an anti-tumor role via managing factors in genetics, epigenetics, cancer stem cells, and the tumor microenvironment (11). Therefore, natural products would be a critical composition of combination therapy, making up for the deficiency of surgery, chemotherapy and immunotherapy.



2 Natural products possess anti-tumor function


2.1 Natural products applicate in tumor

The antitumor effects of natural products have been broadly investigated as well as showed a strong integrative capacity in clinical applications. According to different chemical structure, there are eight major categories of anticancer natural products in usage, including volatile oils, terpenoids, quinone, alkaloids and phenylpropanoids, saponins, flavonoids, isoflavones, polysaccharides and inorganic salts (12). Since natural products always have mild effect, less toxic side effects and multi-targeted features, which are often used for prevention and improvement of symptoms at the early stage of cancer as well as in the treatment of advanced cancer. Natural products have been shown that they could induce apoptosis, anti-proliferation and inhibit metastasis of cancer cells to prevent cancer occurrence and reverse carcinogenesis. However, only a few natural products, such as resveratrol and Epigallocatechin, have been investigated clinically till now (13). Natural products can improve the chemotherapies and contribute to the delivery of nanomedicines to the tumor cells, thus vastly promoting the treatment effects on desmoplastic tumor (14). But in most of the case, natural drugs require structural optimization to improve the efficacy, safety and chemical accessibility as well as pharmacokinetics (15). Generally, natural products could carry out anti-tumor function via modulating genetic, epigenetic, cellular and microenvironmental factors (Figure 2).




Figure 2 | Natural products exert anti-cancer functions in multiple manners. Natural products modulate the tumor microenvironment from genetic, epigenetic and cellular levels, and they also have vital actions in the regulation of inflammatory and immunological responses.





2.2 Natural products modulate the expression of cancer associated genes


2.2.1 P53

P53 is a common tumor suppressor gene that regulates cellular senescence, apoptosis, cell cycle arrest and DNA repair, playing an important role in the control of tumorigenesis and progression (16). During the last decade, attentions have been drawn to the possibility of using natural products to control cancer proliferation by utilizing the mechanism of interaction between MDM2 and p53. MDM2 is a major negative regulator of p53. Overexpression of MDM2 is often seen in various human cancers and correlated with high-grade, late-stage tumor (16, 17). Natural drugs have been found to inhibit MDMX (2N0W) and MDM2 (4JGR) proteins to restore p53 protein activity in cancer treatment (18). For example, curcumin effectively upregulates pro-apoptotic proteins (such as p53 and Bax) and downregulates anti-apoptotic proteins (such as MDM2 and Bcl-2) in breast cancer cells (19). Another report shows that curcumin upregulates p53 protein in human colon p53+/+HCT116 cells to induce cancer cells apoptosis (20). In colorectal cancer cell lines, resveratrol enhances the expression of p53 and its target genes, such as Bax (21). G2/M phase has been found in berberine-treated human hepatoma cells with enhanced expression of Bax and Apaf-1, activation of caspase 3 and caspase 9, and pro-apoptotic effect by activating the p53 pathway in cancer cells (22). In a natural products intervention trial for skin cancer, dioxin was found to cleave caspase-3/9, significantly increase the expression level of p53, and decrease the expression level of Bcl-2 at the same time (23). Activation of p53 signaling would be contributed to enhance the anti-tumor effect of natural products (Table 1).


Table 1 | Genetic mechanisms underlying natural products-based cancer treatment.





2.2.2 Ras

Ras gene has three isoforms (N-Ras, K-Ras and N-Ras), and Ras protein is a cell surface GTP bound protein that is activated by external signals to mediate intracellular signaling pathways (37). The proteins encoded by Ras genes regulate different signaling pathways in malignant cells that are important for the development and progression of cancer cells, including angiogenesis, cell survival, proliferation, cell cycle distribution, and migration (38). Various studies have confirmed that natural products can enhance the treatment effect of cancer by inhibiting Ras gene expression and regulating Ras signaling pathway. For example, quercetin is found to enhance the sensitivity of cisplatin by modulating the miR-217-KRAS axis, suggesting that quercetin in combination with cisplatin can be used to improve the treatment of osteosarcoma (39). Piperlongumine effectively prevents colon cancer by targeting Ras protein and PI3K/Akt signaling cascade to suppress the activity of Akt/NF-κB, c-Myc and cell cycle protein D1 (40). It is well known that PI3K-Akt-mTOR signaling pathway plays an important role in various type of cancer cells (41). It has been confirmed that curcumin arrests cancer cells in G2/M phase by potentiating Erk1/2 and inhibiting Akt together with its corresponding downstream molecules (mTOR and S6K1) in Ras-activated HAG-1 human adenocarcinoma cells (24). Resveratrol is one of the common natural drugs used in cancer treatment. Previous studies have demonstrated that resveratrol can inhibit EGFR phosphorylation and subsequent activation of Ras/Rho/ROCK signaling to combat the invasive proliferation of ovarian cancer cells (27). The above information confirms that Ras signaling might center in many natural products-based cancer treatment.



2.2.3 Raf

Raf contains three subtypes: A-RAF, B-RAF and C-RAF, of which, the mutations in B-RAF are mainly correlated with carcinogenesis. B-RAF (B-RAF V600E) mutations have been suggested to be biomarkers for diagnosis and prediction of many cancers, including colorectal, thyroid and melanoma (42). Statistically, B-RAF mutations account for 66% of melanomas and 7% of all cancers (43). The genetic alterations that aberrantly activate RAS/RAF/MEK/ERK signaling mainly occur within or upstream of RAF. Nowadays, a breakthrough has been made in the development of RAF inhibitors to treat B-RAF (V600E) mutated cancers (44, 45). However, resistance to RAF inhibitors has emerged in subsequent clinical studies, thus researches are trying to look for solutions from natural products. B-RAF activates C-RAF and develops resistance to B-RAF inhibitors, three berberine derivatives (BBR-7, BBR-9 and BBR-10) are available as lead compounds against RAF kinases (43). Besides conquering resistance to RAF inhibitors, natural products might also prevent cancer development via modulating Raf expression. Curcumin has been found to regulate cellular autophagy to trigger anti-leukemic mechanism or activate the RAF/MEK/ERK pathway to induce autophagic death of early SUP-B15 cells (25). Quercetin could prevent prostate cancer by reducing the production of androgen receptor in the RAF/MEK/ERK pathway (30). Targeting Raf might be helpful to improve the application of natural products in cancer treatment.



2.2.4 Myc

Myc is a common nuclear transcription factor with three types, c-Myc, n-Myc, and l-Myc. Among them, c-Myc is always considered as an important target for cancer therapy (46, 47). Multiple oncogenes can exert carcinogenic effects by upregulating the expression of c-Myc (48, 49). Myc possesses a widespread regulatory function, embracing cell metabolism, metastasis, proliferation, differentiation and apoptosis (48). Overexpression of c-Myc contributes to the growth and migration of prostate cancer (PC) cells, as well as causing a series of resistance to radiotherapy and chemotherapy in cancer cells (50). Research related to natural drug treatment of T-cell lymphoma (NKTCL) reveals that matrine treatment effectively reduces c-Myc gene expression and accelerates the degradation of c-Myc protein (33). In addition, curcumin similarly inhibits the proliferation of gastric cancer cells by reducing the expression of the c-Myc oncogene (51). Last year, some scholars conducted an experimental of curcumin analogs targeting the formation of G-quadruplex structure in human c-Myc gene promoter against tumor by using MCTS model which microenvironment is similar to vascular tumor, revealing a new c-Myc -mediated curcumin anti-cancer pathway (52). Resveratrol suppresses the c-Myc/miR-17 pathway in breast cancer cells to upregulate major histocompatibility complex class I chain-related proteins A and B (MICA and MICB) that promote antitumor immune responses by increasing cytolysis of breast cancer cells by natural killer (NK) cells (28). A significant downregulation of c-Myc in medulloblastoma mediated by resveratrol has been found to be intimately associated with apoptosis, growth inhibition and cell cycle arrest in medulloblastoma cells (53). Several natural products, including resveratrol, myricetin, piceatannol and quercetin, could upregulate HIF-1α by activating SIRT1, thereby downregulating the expression of c-Myc, PHD2 and β-linked protein (31). These natural products could be potential inhibitors for c-Myc.



2.2.5 Src

Src gene family also owns multiple types, and Src family kinase (SFKs) acts as a cytoplasmic tyrosine kinase involved in diverse intracellular signaling cascades, in turn affecting cell differentiation and migration (54, 55). Over-activation of Src occurs in many human cancers. It has been demonstrated that Src kinases initiate multiple signaling cascades in the tumor microenvironment (TME), leading to the occurrences of tumor growth, angiogenesis, migration and drug resistance (55, 56). Therefore, investigation on Scr inhibitor may provide a more precise and efficient therapeutic pathway for cancer treatment. Natural product Tanshinone IIA could achieve anti-osteosarcoma cancer cell effect by blocking the progression in downstream of MAPK/ERK and PI3K/AKt signaling pathways through inhibition of Src kinase (34). Shikonin stunts metastasis of human ovarian cancer cells by inhibiting Src and FAK protein tyrosine kinases (35, 36). β-hydroxyisopentylshikonin, a derivative of shikonin, has been found to inhibit v-Src receptor protein tyrosine kinase (PTK) activity (35, 36). Natural products treatment in combination with Src prevention would be an alternative strategy for cancer therapy.




2.3 Natural products modulate epigenetics

Epigenetic alterations generally arise in various human cancer cells, in which normal cells are transformed into cancer cells after abnormal epigenetic alternations in critical genes that are associated with cancer (57, 58). Common epigenetic modifications mainly include histone methylation, histone acetylation, DNA methylation, microRNAs and alternative splicing. Additionally, there are some ways, such as demethylation of oncogenes or cancer-promoting genes (CpG), to upregulate gene expression through epigenetic de-repression mechanisms (58). Epigenetic mechanisms are shaped by a series of intricate crosstalk and can form distinct epigenomic profiles depending on different microenvironmental contexts, therefore, epigenetic inheritance varies across tumors (59). Polycomb group (PcG) proteins have two complex types belonging to the family of epigenetic modifiers, of which Polycomb repressive complex 1 (PRC1) is a histone ubiquitin ligase and PRC2 is a histone methyltransferase (60, 61). Misregulation of multiple comb proteins in distinct cancers leads to different results, while pan-cancer analyses indicate that epigenetic factors seem to be the primary contributor to tumorigenesis (62). As we all known, epigenetic modifications primarily occur in DNA and histone proteins, but there is a growing awareness that epigenetically modified non-coding RNAs may be the target of new therapeutic pathways for cancer (63, 64). Non-coding RNAs play an essential part in the control of epigenetic mechanisms, such as long non-coding RNAs, microRNAs and piwi-interacting RNAs (63).

Alterations in epigenetic states can be potential targets for cancer therapy, and many studies have demonstrated the possibility of epigenetic inhibitors and natural epigenetic regulatory substances to alter abnormal epigenetic states thereby inhibiting cancer progression (65). Histone lysine specific demethylase 1 (LSD1) is the basement for the development of many pathologies, and research has shown that a number of natural products such as resveratrol, curcumin, protoberberine, stilbene, diterpenoids, and flavones have an inhibitory effect on LSD1 (66). These natural products are effective chemotherapeutic agents for treating cancer through a variety of pathways and processes, including epigenetic mechanisms that alter the capacity of cancer cells in different ways (67). For example, curcumin exerts powerful anti-inflammatory response, anti-oxidative stress and anti-cancer capacity by regulating histone modifications, DNA methylation, nuclear factor-κB and nuclear factor erythroid-2-related factor 2 of epigenetic signal pathways (68). Epigenetic changes in DNA methylation, histone modifications and expression of miRNAs in resveratrol and pterostilbene have been examined, and results revealed that both natural products activated SIRT1 to enhance therapeutic efficacy as well as restore hypermethylation and hypomethylation of critical oncogenes and suppressors in tumors (69). Therefore, an in-depth study of the relationship between natural products and epigenetic modifications in cancer cells might further enhance the potential for effective cancer treatment at the epigenetic level.



2.4 Natural products maintain cellular homeostasis

Cellular homeostasis mechanism, including Ca2+ homeostasis, proteostasis, and redox homeostasis, contribute to maintain an internal stability in response to environmental disturbances. Redox regulation is intimately associated with tumorigenesis, tumor microenvironment, cellular autophagy, programmed cell death, and metabolic reprogramming, which promote cancer progression through multiple regulatory effects (70). Cancer cells tend to possess high levels of adaptive antioxidant system and highly reactive oxygen species (ROS), and increased levels of reactive oxygen species disrupt the initial redox homeostasis, which promotes tumor proliferation, metastasis and drug resistance (71, 72). Although high ROS levels can induce apoptosis of cancer cells, their prolonged activation inevitably reduces the efficacy of chemotherapy due to the establishment of drug resistance (73, 74). Combination therapies to combat chemotherapy resistance have been extensively studied in clinical trials, while cancer treatment strategies that modulate ROS to modify the tumor microenvironment urgently need more in-depth research (75). Research has shown that oxidative stress is increased in T cells and decreased in mucous cells in the gastric cancer microenvironment, while TRIM62, MET and HBA1, which are associated with oxidative stress, may be biomarkers reflecting the prognosis of gastric cancer (76). Selective targeting of ROS-mediated signal pathways, including the role of tracer elements, systems regulated by the stress response transcription factor Nrf2 and nuclear factor-κB, as well as environmental factors, may increase the precision of the redox agents used (77).

ROS are the key to anti-cancer effect of natural products, therefore, natural products with multi-targets and few adverse effects in cancer therapy have attracted widespread attention (78). Radiation causes cells to produce ROS. Radiation studies have found that epicatechin, silibinin, genistein and apigenin function as antioxidants to scavenge free radicals and anti-inflammatory agents (79). Nrf2 controls the expression of detoxification enzymes and antioxidants. Therefore, it is possible that natural products capable of suppressing the Nrf2 and NF-κB pathways are more desirable agents for radiotherapy chemotherapy (80). Curcumin has been demonstrated to trigger the rise of ROS in tumor-associated fibroblasts, which causes endoplasmic reticulum stress via the PERK-eIF2α-ATF4 axis, thus leading to cell cycle arrest and apoptosis (81). At the same time, curcumin has been shown to increase ROS accumulation, which promotes cellular senescence and apoptosis in human cervical cancer cell lines after treatment with reactive oxygen species scavengers (82). The results suggest that curcumin has good effects in raising ROS levels to stimulate apoptosis in cancer cells. In clinical trials of natural products combined with cisplatin for the treatment of melanoma, berberine acted more like a chemosensitizer, effectively activating the ROS/p38/caspase cascade that stimulates melanoma cell death (83). Moreover, berberine triggers apoptosis-related responses such as cleavage of caspase-3, release of cytochrome c and depolarization of the mitochondrial membrane in non-small cell lung cancer through activation of apoptosis signal-regulated kinase 1 (ASK1) and c-jun NH2 kinase (JNK) via the ROS pathway (84). Natural products further enhance the therapeutic efficacy of cancer treatment through regulating intracellular ROS levels via multiple signal pathways, to switch on the cell death cascade.

Ferroptosis is a mode of immune cell death. The occurrence of immune cells ferroptosis in the tumor microenvironment is also intimately correlated with ROS levels. Excessive accumulation of intracellular lipid reactive oxygen species (ROS) triggers iron sagging-mediated cellular programmed death (85). ROS-induced autophagy has been found to have a critical regulatory function on both TfR1 expression during ferroptosis and ferritin degradation (86). Iron not only provokes ferroptosis-induced cell death after raising intracellular ROS levels, but also that it is able to trigger pyroptosis death through Tom20-Bax-caspase-GSDME pathway (87). In addition, flavonoids such as quercetin and anthocyanin have been found to alter intracellular Ca2+ homeostasis by regulating plasma membrane Ca2+-ATPase (88). Studies indicate that iron may cause ferroptotic neuronal cell death through activation the redox-sensitive Ca2+ channel to disrupt Ca2+ homeostasis (89). Persistent endoplasmic reticulum stress causes the accumulation of unfolded proteins in the endoplasmic reticulum, which leads to cell death. Natural products are able to exert positive anti-cancer effects on gastric, lung, colorectal, breast and liver cancers by regulating the endoplasmic reticulum stress (90). Therefore, exploiting the ability of natural products to regulate redox homeostasis, Ca2+ homeostasis, and protein homeostasis to impact cell viability may become a cancer therapeutic means to promote cancer cell apoptosis.



2.5 Natural products regulate tumor microenvironment

Cancer possesses a complex heterotypic tumor microenvironment. Tumorigenesis and progression are not only related to cancer cells, but also intimately linked to the dynamic processes of the tumor microenvironment. As shown in Figure 1, the basic constituents of the tumor microenvironment are neuroendocrine cells, adipose cells, immune cells, inflammatory cells, myofibroblasts and fibroblasts, the blood and lymphatic vascular networks, and extracellular matrix (91). Each type of these cells has its own unique immunity, but their antitumor function is reduced in the tumor microenvironment, and the mechanism of sustained activation of the NF-κB pathway generation also appears to favor tumor survival and drive abortive activation of immune cells (92). The tumor microenvironment is frequently accompanied with inflammatory and immune responses. In order to inhibit cancer cell migration and proliferation by remodeling the tumor microenvironment, a large number of studies have been conducted to investigate the influencing factors of tumor microenvironment. The immune activation response of immune cells induces tumor cells to secrete cytokines, and the dynamic variation of cytokines in turn determines the differentiation of immune cells. For example, the coordination between long non-coding RNAs with immune cells and cytokines could accomplish the remodeling of tumor microenvironment (93). The changing state of the tumor microenvironment reflects the process of tumor deterioration. Therefore, tumor viability can be rapidly regulated by intervening in the surrounding environment which tumors directly contact.

As described above, the tumor microenvironment is a critical determinant in tumorigenesis and proliferation. Changes in the tumor microenvironment are frequently followed by immune and inflammatory responses, which are intimately linked to the remodeling of the tumor microenvironment. Components of tumor which perform immune functions also known as the tumor immune microenvironment (TIME) are inseparably associated with tumorigenesis, metastasis and problems of poor cancer prognosis (94). Initially, immune cells in the tumor microenvironment are able to kill cancer cells through immunomodulatory effects, but cancer cells gradually escape the immune cell surveillance system as cancer progresses, even through various inhibitory mechanisms to antagonize the toxic effects of immune cells (95). Long non-coding ribonucleic acids (lncRNAs) impact the occurrence and the immune response of cancer cells in the TIME through a variety of regulatory mechanisms (96). The functional analysis of lncRNA thus helps to increase the level of immune stimulation in the tumor microenvironment, enabling the immune system to eliminate cancer cells from the body (97). Bone marrow cells, cancer-associated fibroblasts, tumor-infiltrating neutrophils, and tumor-associated macrophages are critical components of the gastric cancer tumor microenvironment that ultimately dictate the direction of tumor development according to genetic and epigenetic factors (98).

Inflammation is an important hallmark of cancer, while the systemic inflammatory response and the local immune response are inextricably linked to the development of tumors and the survival of patients with cancer (99). Numerous clinical trials have demonstrated that chronic inflammation correlates with the occurrence of multiple cancers and that solid tumors also initiate the local inflammatory system to foster cancer cells proliferation and metastasis (100). Chronic inflammation is caused by the action of immune cells such as neutrophils, macrophages and eosinophils or pro-inflammatory cytokines, which initiate a sustained active inflammatory response and varying degrees of tissue damage (101). Damage to intracellular DNA and other macromolecules by the inflammatory response leads to DNA methylation and microRNAs dysregulation, while a vicious cycle of oxidative stress occurs (102). The inflammatory microenvironment is an essential component of the tumor microenvironment, where cytokines such as VEGF-A and CCL2/MCP-1 induce angiogenesis with the recruitment of monocytes and neutrophils into the tumor niche to transform into tumor-associated monocyte-macrophages (TAM) and tumor-associated neutrophils (TAN) (103, 104). At the same time, inflammatory response is tightly related to the regulation of tumor microenvironment and implementation of cancer immunotherapy. Studies have indicated that the immune phenotype associated with human tumor microenvironment is also presented in non-malignant inflammatory tissues (105). Therefore, specific studies targeting immune changes at the site of inflammatory response in the tumor microenvironment are also an option for cancer treatment. Cancer stem cells are associated with the tumor microenvironment which enable their evolution and even complete transformation into malignant cells under complex genetic and epigenetic effects (106). Modulating cancer stem cell development-associated Hedgehog, WNT, Hippo, and Notch signal pathways by inhibiting the immune mediators in the tumor microenvironment is a critical means for cancer immunotherapy (107).

Changes in tumor microenvironment are likely to lead to subsequent changes in the development of cancer cells, therefore, searching for highly targeted and less toxic therapy drugs to moderate tumor microenvironment is a feasible option for cancer treatment. For instance, carotenoids, flavonoids and polyphenols and other natural products may combat cancer by engaging in epigenetic modifications, cell signaling and cellular responses (108). In addition, combined treatment strategy of natural products with immunosuppressive agents has been shown to be more effective in halting lung cancer than monotherapy in trials of natural anticancer products for lung cancer tumor microenvironment (109). Colon cancer (CRC) clinic research has found that natural products may affect the NK cells, T cells and Tregs of CRC to perform immunomodulatory functions for anti-tumor (110). Natural products have been shown to restore immune-suppressed tumor microenvironments under a single target and organ-specific inflammatory strategy, recruiting subpopulations of immune cells to perform their functions in the microenvironment (111). Natural products also have significant actions on tumor immunosuppressive factors and cells, promoting the secretion of anti-tumor immune factors (IL-1βI, TNF-α, FN-γ), inhibiting the secretion of immunosuppressive factors (TGF-β, IL-10, PGE2), down-regulating the number of immunosuppressive cells (MDSC, Tregs, M1 macrophages) and enhancing the TEFF activity and quantity (112). Natural products promote cancer immunotherapy by influencing immune actions of critical cell populations in the tumor microenvironment, including fibroblasts, inflammatory factors, mast cells, and macrophages, thereby eliminating cancer cells.




3 Mechanisms underlying natural products remodeling tumor microenvironment: immune cells and inflammatory cytokines


3.1 T cells

T cells, are crucial lymphocytes in the body, dominate the inflammatory response, wound healing and tumor immune surveillance processes. T cells modulate other types of immune cells by producing various cytokines in cellular immune responses, which in turn elicit further immune actions (113). The capacity for infiltration and suppression of tumors varies between the different types of T cell subsets (114). According to previous studies, CD4+ T cells differentiate into T helper 1 (Th1), Th2, Th17, and T follicular helper (Tfh) effector T cell subsets under different cytokine expression patterns, while CD8+ T cells also differentiate into T helper 1 (Th1), Th2 and Th17 subsets based on cytokine expression types (113, 114). During recent years, the advantages of immunotherapy for cancer treatment have attracted considerable attention from academics. Immunotherapy usually has excellent efficacy both in addressing chemotherapy resistance and in improving the survivability of patients with mid-to-late-stage cancer. Unfortunately, solid tumors generate an immunosuppressive tumor microenvironment that makes cancer antigens poorly delivered to immune cells, evading anti-cancer immunity (115). Therefore, screening for new targets in different tumors, selecting appropriate tumor biomarkers, and combining conventional therapeutic with immunotherapeutic modalities may be superior options for improving clinical outcomes in cancer immunotherapy (116).

The specificity for tumor-expressed antigens of T cells provides an important contribution in cancer immunotherapy, while the longevity, functionality and durability of effector T cells also determine the results of immunotherapy (117). According to a previous study, single-cell RNA sequencing (scRNA-seq) analysis of more than 50,000 resting and activated T cells revealed that the activation level of CD8+ T cells is stronger than CD4+ T cells in most tumors (118). Tumor-infiltrating NKG2A+CD8+ T cells are the predominant lymphocyte subset in lung cancer, and the expression of NKG2A on tumor-infiltrating CD8+ T cells also regulated by TCR, thus NKG2A+CD8+ T cells may offer an efficient solution for immunotherapy for lung cancer (119). Urologic cancer patients have increased levels of Th2 cytokines in double positive (DP) CD4+ CD8+ T cells, while both CD8α- and CD8α-β-DP T cells induce Th2 polarization of naive CD4 T cells as well as suppress Th1 activation (120). Tumor-reactive T cells (pTRT) vary in different tumor microenvironments, with CD8+ T cells mainly switching in natural killer (NK)-like T cells and terminal exhausted T cells, CD8+ Treg cells, and type 17 CD8+ T cells (121). Disturbances from T cells internal and external factors in the tumor microenvironment as well as persistent TCR triggering may trigger T cell dysfunction, moreover, immunosuppressive responses in the tumor microenvironment may further exacerbate T cell dysfunction (122).

Natural products have incalculable potential in the treatment of cancer. Natural products regulate the immunosuppression level in the tumor microenvironment by modulating T-cells status aiming at immunotherapy of cancer (Table 2). A study of natural products regulating immune cell function in advanced colorectal carcinoma (CCA) found that regulatory T cells (Treg) in the CCA tumor microenvironment were successfully converted to T helper 1 (Th1) cells by curcumin (129). These results have been reinforced in another lung cancer study, in which curcumin increased interferon expression and inhibited forkhead protein-3 gene transcription to convert Tregs into Th1 cells, suggesting that curcumin may have anti-tumor effects by modulating Tregs cells to affect tumor-specific immune tolerance (133). In head and neck squamous cell carcinoma (HNSCC), curcumin increased tumor infiltrating lymphocytes (TILs) and decreased the expression of mucus structural domain 3 (TIM-3) cells and programmed cell death protein 1 (PD-1), which enhances the possibility of targeted therapy for HNSCC (131). Berberine has been shown to inhibit the activation of regulatory T cells (Tregs) and attenuate the activity of immunosuppressive myeloid-derived suppressor cells (MDSCs) as well as enhance tumor-infiltrating T-cell immunity resulting in antitumor effects (134). Besides, berberine inhibits tumor antigen-mediated IL-6 and TGF-β expression as well as IL-10 proliferation but restores anti-tumor cytotoxicity of T cells in the tumor microenvironment (135). Th1 immune responses were intensified and CD8+ T cell activity was significantly enhanced after resveratrol treatment of mouse lung tumors, which may be due to the downregulation of PD-1 expression on CD4+ T cells and CD8+ T cells in lungs of tested mice (136). Wogonin and Scutellaria ocmulgee leaf extract (SocL) both inhibit TGFβ1 secretion and reduce TGFβ1 induced Treg activity in malignant gliomas, thereby reversing tumor-mediated immunosuppression (134). Natural products are generally versatile active substances that can directly or indirectly modulate the immune response by affecting the activity of T-cell groups, which in turn suppress or even eliminate cancer cells.


Table 2 | Natural products participate in the regulation of T cells.





3.2 Myeloid-derived suppressor cells

Myeloid-derived suppressor cells are immature heterogeneous myeloid cells population, which have immunosuppressive function in reducing the activity of natural killer cells and suppressing the proliferation of T cells (137). Myeloid-derived suppressor cells (MDSC) are divided into two groups, monocytes (M-MDSC) and multinucleated cells (PMN-MDSC), with M-MDSC showing a remarkable plasticity and the direction of differentiation regulated by the tumor microenvironment (138). Normal tissues utilize myeloid cells as important participants in the organism’s defense to pathogenic infections and in the completion of tissue remodeling, but in abnormal tumor tissues MDSC have taken on this task (139). The main reason lies on that the sustained myelopoiesis occurs in autoimmune diseases, chronic inflammation or cancer, resulting in a suppression mechanism of B-cell, T-cell and NK-cell functions, which eventually deviates the standard differentiation pathway leading to the pathological activation (140, 141). Tumor emergence is inevitably associated with inflammation and immune response, so myeloid-derived suppressor cells perform an important function in tumor formulation and progression. The increased number of myeloid-derived suppressor cells in cancer patients, which have a significant function in promoting angiogenesis, cancer cell proliferation and metastasis, probably results from extended survival and increased viability of myeloid-derived suppressor cells induced by autophagy regulation by high-mobility group box protein 1 (137, 142). MDSCs have now become an inevitable factor influencing tumor immune responses and it is urgent to identify biomarkers that regulate this cell population to control the direction of MDSCs. In the complex tumor microenvironment, MDSC have a series of interactions with cancer cells. Therefore, shaping the tumor immune microenvironment through targeted therapy or mild natural products to regulate MDSC may be a better therapeutic method for cancer. Research in the emerging field of immunometabolism has revealed that intratumoral myeloid cells would readjust their cell metabolic profile for adaptation of the nutrient-limited tumor microenvironment, hence providing a great immunotherapeutic value by means of cell metabolically reprogramming (143).

Among the breast cancers, the breast cancer cells recruit MDSC using cytokines and chemokines via three pathways, STAT3/IRF-8, PTEN/Akt and STAT3-NF-κB-IDO, to suppress anti-tumor immune responses and facilitate cancer cell proliferation (144). In another study, myeloid-derived suppressor cells (MDSC) inhibited T-cell function under signal transducer or activator of transcription 3 (STAT3) activated conditions, eventually generating a negative immunomodulatory response to aid tumor resistance to immune defenses (145). The remarkable immunosuppressive effect of MDSC in tumors blocks the immunotherapeutic effect of target programmed cell death protein 1 (PD-1), but the cruciferous product 3,3 ‘-diindolylmethane (DIM) can promote T cell responses to enhance the therapeutic effect of PD-1 antibodies, thus arresting cancer cell proliferation (146). Natural products have better immunomodulatory functions in the tumor microenvironment, and they also have great potential in targeting MDSC to inhibit cancer cells. Research has demonstrated that berberine promotes the proliferation of granulocyte-myeloid-derived suppressor cell (G-MDSC)-like population by activating IL6/STAT3 signal pathway, furthermore, berberine significantly upregulates the transcriptional levels of Sox2 and Oct-4 to enhance the transformation efficiency of G-MDSC-like population (147). Curcumin remarkably inhibits the expression of arginase-1 (Arg-1) and ROS of MDSC in tumor tissues, and also decreases IL-6 in serum and tumor tissues of LLC-bearing mice to prevent the multiplication of MDSC (148). Curcumin suppressed the expression of granulocyte-colony stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), the TLR4/NF-κB signal pathway and inflammatory factors in liver cancer, causing a dramatic reduction of MDSC cell numbers in tumors (149). However, quercetin, a natural product frequently utilized in cancer therapies, enhances the survival of human-derived G-MDSC while also contributing to the secretion of T-cell suppressors in vitro (145). In conclusion, the modulation of MDSC by various natural products in different cancers should be adequately investigated to get a more accurate cancer immunotherapy regimen.



3.3 Mast cells

In cancer clinical therapy, the stages of tumor progression and prognostic effect always demand multidimensional target monitoring. Mast cells, which are a type of tissue-resident immune cells of the bone marrow lineage, play an important role in regulating cancer cell characteristics and anti-tumor immune responses, with enormous value of cancer immunotherapy investigations (150). Mast cells work as both positive and negative regulators of the immune response which can exert a tumor-promoting or repelling effect on cancer cells directly or through tumor microenvironment and immune response indirectly (151). Mast cells have been shown to be potentially critical coordinators of the initial phase of the antitumor immune response in cancer therapy, capable of treating cancer through mast cell stabilizers, mast cell mediator modulators, anti-targeting inhibitory receptors and ligands, FϵR1 signal pathway activators/inhibitors, TLR activators and c-KIT inhibitors (150). Mast cells can modify or even reverse the suppressive properties of Treg cells which are considered as an important constituent in the tumor microenvironment as a central component in controlling innate and adaptive immunity, a novel target to improve cancer immunotherapy efficacy (151, 152). Surprisingly, as a type of heterogeneous immune cell, mast cells showed contrasting effects in different types or in specific development stages of cancer. Analogous to a double-edged sword, mast cells have both pro-angiogenic effects to support cancer development and anti-tumor effects in certain types of cancer (153). For example, in breast cancer, mast cells may serve as functions of promoting tumor progression to produce poor prognosis and inhibiting cancer cell viability to improve cancer treatment outcomes. On the one hand, mast cells release proteases and pro-angiogenic factors to activate sequestered growth factors in extracellular matrix, further promoting fibroblast multiplication and degrading extracellular matrix, eventually accelerating cancer cell proliferation and metastasis (154). On the other hand, mast cells could assist breast cancer immunotherapy by secreting toxic cytokines, selectively inhibiting tissue remodeling and angiogenesis, as well as prohibiting auto-mediated immunosuppressive responses (155). In conclusion, the regulatory of mast cells on tumors is complicated, but regulating mast cell actions by agents is a feasible option for safe tumor treatment.

Over the recent years, with the potential of mast cells being explored in cancer immunotherapy, extensive studies revealed that natural products could regulate the function of mast cells. Paclitaxel exerts antitumor effects in non-small cell lung cancer, breast cancer, ovarian cancer and several other cancers (156). But patients frequently suffer serious hypersensitivity reactions and painful sensory neuropathy during the paclitaxel chemotherapy (157). The occurrences of adverse reactions may be associate with paclitaxel activation mast cells by the following mechanisms: complement activation, non-IgE-mediated idiosyncratic mast cell degranulation by paclitaxel, and IgE-mediated mast cell degranulation induced by paclitaxel (156). A study reveals that quercetin has the potential to improve paclitaxel-induced pain produced by neuropathy (157). An investigation of mast cell degranulation sensitization mechanisms shows that quercetin can inhibit mast cell allergic by activating Nrf2-HO-1 signal pathway (158). Quercetin functions as an anti-inflammatory, anti-oxidant and anti-cancer agent by interacting with such molecules as mitogen-activated protein kinase (MAPK), phosphatidylinositol-3-phosphate kinase (PI3K), extracellular signal-regulated kinase (ERK) and kinase (MEK)1 (159). The above information suggest that quercetin has an important contribution in regulating immune responses involved in mast cells as well as in controlling tumor proliferation. Indeed, quercetin inhibits the cross-linking of FceRI and other activating receptors on mast cells, also reduces the available of nitrite and affects vascular function thus inhibiting tumor metastasis and proliferation (159). In addition, curcumin has been shown to inhibit mast cell activation, which is mediated by blocking the ERK pathway to inhibit protease-activated receptor 2 (PAR2) and protease-activated receptor 4 (PAR4) (160). These studies prove that natural products are able to regulate the anti-inflammatory and anti-tumor effects of immune cells in the perspective of mast cells.



3.4 Tumor-associated macrophages

Tumor-associated macrophages (TAMs) are ubiquitous infiltrating immune cells within cancer tissue. Resembling the dual function of mast cells, TAMs are classified in two functional types. Of these, the activated M1 macrophages eliminate cancer cells by direct cytotoxic effect and indirect cytotoxic (ADCC) effect, while alternatively activated M2 macrophages facilitate cancer cell invasion and metastasis by promoting angiogenesis and suppressing immune cell anti-tumor function (161). There is a mutual interaction between TAMs and the tumor microenvironment. Metabolites derived from immune cells, tumor cells and stromal cells in tumor microenvironment can regulate the metabolic response of TAMs, and the cellular products of TAMs also affect the survival and progression of tumors (162). TAMs are the primary immune cell population in the tumor microenvironment with the type of activation usually determining the fate of tumor development. For example, TAMs are susceptible to polarization to the M2 type in response to colony-stimulating factor-1, M2 macrophages secrete chemokines, cytokines, exosomes and enzymes which in turn triggers cancer survival signal pathways to promote ovarian cancer cell survival and metastasis (163). Obviously, M2 macrophages effectively enhance the viability of cancer cells in the tumor microenvironment and exert immunosuppressive functions to protect them, which directly contributes to the severe deterioration and poor prognosis of ovarian cancer. This study found that the deubiquitinating enzyme (DUB) gene was highly expressed in M2 macrophages from lung cancer tissues, suggesting that reprogramming may effectively regulate the adaptive immune system of cancer immunotherapy and kill tumor cells (164). TAMs have a key function in the tumor microenvironment of many cancers, with macrophages regulating tumor cell growth by a variety of mechanisms, including inflammatory responses, infiltration and cytokine interactions. Through in-depth research on colorectal cancer-associated macrophages, it discovers that Elk-1 expression is positively related to inhibitory receptor signaling regulatory protein-α (Sirpα) expression, which may be intimately connected with the difficulties in curing colorectal cancer malignancies (165). Adequate analysis of the mechanisms underlying the action of tumor-associated macrophages in CRC and complementary macrophage immunotherapy with immune checkpoint inhibitors (CTLA-4 antibodies, anti-PD-1 and PD-L1) can strengthen the treatment outcome (166). It should conduct more detailed classification of TAMs in different cancer types, which will provide a functional analysis of heterogeneous TAMs cells in different tumor microenvironments for accurate treatment via therapeutic targeting.

Previous studies have shown that natural products may be associate with the polarization of heterogeneous macrophages, thus clarifying the molecular regulatory mechanisms of natural products within macrophages could provide novel solutions for cancer immunotherapy (167). TAMs are found in many types of cancer, including lung, ovarian and breast cancers, of which M2 macrophages are most prone to cause malignant tumors. Various natural products such as lignans, terpenoids, flavonoids, alkaloids, coumarins and polyphenols are capable to regulate M2 macrophage polarization response through several different molecular mechanisms (168). In other words, if the natural products can cause some changes in the direction of M2 macrophage polarization, they can regulate immunosuppressive effects to kill cancer cells. Quercetin in F4/80+/CD11b+/CD86+ macrophages not only inhibit macrophage polarization but also decrease interstitial fibrosis and extracellular matrix over-accumulation via antagonizing TGF-β1/Smad2/3 signaling (169). Quercetin effectively decreases the expression levels of tumor necrosis factor (TNF)-α, interleukin (IL)-6 and IL-1β in M1 macrophages and increases the expression levels of glutamate-cysteine ligase catalytic subunit (GCLC), heme oxygenase (HO)-1 and glutamate-cysteine ligase modifier subunit (GCLM) in M2 macrophages (170). Experiments further confirm that quercetin has a dual regulatory function in tumor-associated macrophages, namely inhibiting the polarization of M1 macrophages and stimulating the polarization of M2 macrophages. Curcumin also has similar functions, avoiding M1 macrophage polarization by inhibiting macrophage-inducible C-type lectin as well as inducing M2 macrophage polarization by promoting IL-4 and IL-13 gene expression (171, 172). M2 macrophages inhibit the induction of vascular endothelial cell growth factor after resveratrol treatment thereby affecting the invasion and migration of human lymphatic endothelial cells as well as effectively inhibiting lymphangiogenesis (173). Series of experiments proved that natural products have a significant contribution in regulating the activity of TAMs to suppress cancer cell proliferation and enhance immunotherapy efficacy.



3.5 Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) have high plasticity and frequently present in various kinds of tumor tissues. CAFs are capable of both producing the essential constituents of the cancer tumor microenvironment and releasing regulatory factors to promote cancer progression in the tumor microenvironment. Study shows that CAFs modulate the surrounding tumor microenvironment by synthesizing and remodeling the extracellular matrix as well as by releasing various cytokines, which in turn influence the important cancer cell processes of dormancy, growth and migration (174, 175). Indeed, CAFs refine the structure and function of the tumor stroma by producing extracellular matrix components, and also produce metabolites, cytokines and exosomes that affect tumor metabolism, immunology and angiogenesis through a series of epigenetic changes (176). CAFs have been extensively studied in the regulation of cancer generation and development. CAFs are a kind of heterogeneous cells with high plasticity, whose cellular characteristics and interactions with other cells vary with tumors and combine both tumor-promoting and tumor-suppressing functions (176). Inflammatory ligands, growth factors and extracellular matrix proteins secreted by CAFs in the tumor microenvironment further enhance the therapeutic resistance, proliferation and immune rejection of cancer cells, thereby promoting tumor progression and even causing malignant tumorigenesis (174).

Therefore, the analysis of specific cell surface markers of CAFs can provide deeper insight into the diversity of their cellular functions, while targeting therapies based on the characteristics of the markers is of great significance for both early cancer prevention and follow-up therapy. The cell surface markers of CAFs are usually applied for CAFs cell type identification, the alpha smooth muscle actin (αSMA) and fibroblast activation protein alpha (FAP) separate CAFs from other fibroblast cell pools, and more precise cell classification is what can improve the CAFs target identification accuracy (177). However, some scholars argue that CAFs markers have been restricted to only two extremely heterogeneous markers, αSMA and FAP, in past studies lacking some persuasive force. In further studies, CAFs cell populations have been discovered that they can be separated using PDGFRα/β and Thy-1 cell surface antigen (CD90), with GPR77 and CD10 as unique CAFs cell markers being able to maintain cancer cell stemness when promoting chemoresistance (178). In addition, CAFs heterogeneity is also related to multiple signal pathways. CAFs cells crosstalk with cancer cells by activating B-cell nuclear factor kappa-light-chain-enhancer signal pathways and other complicated signal networks, thereby reflecting their individual function characteristics (179). Targeting CAF cells functional signal pathways is also a means to kill cancer cells and heal cancer.

The natural products not only inhibit the proliferation of cancer cells, but also target stromal cells in the tumor microenvironment such as CAFs through various signaling pathways, thus suppressing proliferation and migration of desmoplastic tumors (14). A novel CAF population that expresses MHC class II and CD74 was discovered in pancreatic ductal adenocarcinoma, and this group of CAF cells can present antigen to CD4+ T cells (180). Many natural products possess immunoregulatory functions in the tumor microenvironment, and if the natural products can modulate the interaction between CAF cell groups and CD4+ T cells, they can regulate the pancreatic tumor immune response to kill cancer cells. So far, natural products inhibitory effects on CAF cells are mainly revealed in TGF-β signal pathway, but studies of WNT and Hh pathways are also important to inhibit desmoplastic tumor infiltration (14). Studies have found that low concentrations of curcumin could reverse tumor associated fibroblast activation to restore their normal state as well as inhibit in vitro pancreatic cancer cell migration and pancreatic cancer cell metastasis in the lung (181). Curcumin reduces the mesenchymal characteristics of CAFs to suppress pancreatic cancer migration and invasion, inducing phenotype reversal of epithelial-to-mesenchymal transition (EMT) in pancreatic cancer cells (182). In addition, it also finds that curcumin could not only reverses CAF cells phenotype into PTF cells, but also effectively reduces CAFs-mediated oncogenic actions of Cal27 by inhibiting TSCC CAFs (183). Resveratrol eliminates IL-6 secreted by CAFs to prevent Cholangiocarcinoma cells from migrating. Moreover, resveratrol induces cancer cell autophagy to reverse the cellular malignant transformation (184). Resveratrol in prostate cancer affects epithelial-stromal crosstalk in the tumor microenvironment by activating CAFs-associated TRPA1 ion channels, which ultimately promotes cancer cell apoptosis (185). Therefore, natural products can regulate TAMs by multiple signal pathways, using signal regulatory networks and specific cell surface targets as therapeutic routes may be an effective means to eliminate cancer cells.



3.6 Adipocyte

Cancer-associated adipocytes (CAAs) are closely linked to cancer occurrence and development. CAAs produces a local or larger scale effect by releasing various factors that further facilitate the development of tumor (186). Adipose tissue is able to secrete multiple hormones and chemokines that regulate the inflammatory response and the tumor microenvironment, while lipid homeostasis disorders caused by dysregulated lipid metabolism will further exacerbate cancer cell proliferation and metastasis (187). CAAs within or around tumor tissue as well as in distal tissues have been known to affect tumor development, migration, and resistance through endocrine, paracrine, and metabolic reprogramming (188). In addition, studies show that proinflammatory factors and macrophage counts are positively correlated with adipocyte size and that a vicious cycle between macrophages and adipocytes involving tumor necrosis factor-α and free fatty acids lead to an increased inflammatory response (189). The secretion of angiogenic factors, inflammatory factors and estrogen in adipocytes metabolism is strongly associated with breast cancer, while dyslipidemia, redox stress and insulin resistance caused by abnormal adipocytes metabolism may contribute to further cancer deterioration (190). The expression and secretion of adipocyte inflammatory molecules are altered in breast cancer with increased inflammatory factors TNF-α and IL-6 as well as chemokines CCL2 and CCL5, which directly results in hemangiogenesis in the tumor microenvironment along with cancer cell proliferation and metastasis (186). The breast cancer cell-macrophage-adipocyte relationship is interconnected via multiple reactive processes, notably: release of inflammatory factors, TSC1-TSC2 complex crosstalk with mTOR, insulin resistance, endoplasmic reticulum stress, oxidative stress, and elevated estrogen levels (189). The differentiation of bone marrow adipocytes is influenced by many factors, and they secrete various bioactive materials which can be used by cancer cells to trigger adenocarcinoma, breast cancer, lung cancer and multiple myeloma (191). Due to low success rates of modulating CAAs alone for cancer treatment, combination therapy using lipid metabolism inhibitors, cytostatic agents and targeted therapeutics has more potential to eliminate malignancies (188).

Natural products always have an outstanding regulatory function in the tumor microenvironment, so researchers conducted extensive studies on the effects of natural products on adipocytes cell cycle and regulatory factors. For example, a natural product of small molecules called Rutaecarpine is able to reduce the incidence of adipocyte-associated obesity by regulating the AMPK signal pathway (192). Cancer is a disease that affects the homeostasis of the whole organism. Diabetes and obesity caused by disturbed metabolism also present a great health risk for cancer patients. Treatment of human mesenchymal cells with oryzativols A dramatically enhances the expression of Runx2 and the differentiation of cells into osteoblasts, and it also suppresses gene expression of peroxisome proliferator activated receptor γ in mesenchymal stem cells (193). AMPK is a critical regulator of COX-2, ERK1/2 and p38 in cancer cells, curcumin controls the adipocytes and cancer cell survival by downregulating peroxisome proliferator-activated receptor-γ in adipocytes and COX-2 in MCF-7 cells upon stimulating AMPK (194). Curcumin inhibits the pro-inflammatory transcription factors nuclear factor kappa B and Wnt/beta-catenin and activates the Nrf2 cell signaling pathways and peroxisome proliferator-activated receptor-gamma, thereby downregulating tumor necrosis factor and monocyte chemotactic protein-1, as well as upregulating adiponectin and other gene products (195). Resveratrol inhibits adipogenesis by downregulating the fatty acid synthase (FAS) gene and upregulating the expression of pro-apoptotic genes BNIP3 and DAPK2, thus inducing cancer stem cell apoptosis, without showing obvious toxicity (196). Most natural products possess immunomodulatory functions, and modulating cancer immune system by CAAs is a mild way for natural products to treat cancer.



3.7 Inflammatory cytokines

Inflammatory cytokines are common cytokines in the tumor microenvironment that have a proven ability to regulate the inflammatory response in controlling tumor development, and thus have been explored as potential targets for cancer therapy. Inflammatory cytokines, as soluble proteins that mediates the information communication between cells, are capable of exerting immunomodulatory functions via signal transfer between cancer cells. Multiple types of cells, signal pathways, enzymes and cytokines comprise the complex inflammatory microenvironment of tumors, and inflammatory cytokines are critical targets for regulating the inflammatory microenvironment to treat cancer (197). Clinical trials have shown that the proinflammatory cytokines recombinant interferon-alpha and interleukin-2 have potent antitumor activity and could be used in various malignant tumor treatments (198). Researches reveal that under proinflammatory cytokines and chemokines, tumor necrosis factors and IL1b can activate CXCR4 receptors on prostate cancer cells to facilitate the invasion and metastasis of cancer cells (199). Normally, the quantity of inflammatory cytokines could be dramatically increased after blocking the programmed death (PD)-1/PD-L1 axis and activating immune cells such as natural killer cells, macrophages and T cells (200). In addition, a number of inflammatory cytokines including 12-o-tetradecyl foppo-13-acetate, ceramide, hydrogen peroxide, lipopolysaccharide and okadaic acid have been found able to induce cytokines TNFα and IL-1β production by lymphoma cells (U-937), fibroblasts (HFL1) and lung epithelial cells (A-549) (201). Inflammatory cytokines are intimately associated with multiple critical immune cells in the tumor microenvironment and choosing appropriate inflammatory cytokines as the targets of immunotherapy may be able to kill cancer cells more precisely. T cells are gradually depleted and exhausted in tumor tissues but targeting factors of inflammatory cytokine signal can enhance anti-tumor immune response activity by improving CAR-T cell and TCR transgenic T cell viability (202). In addition, a number of inflammatory cytokines, including 12-o-tetradecyl foppo-13-acetate, ceramide, hydrogen peroxide, lipopolysaccharide and okadaic acid, have been found to be able to induce cytokines TNFα and IL-1β production by lymphoma cells (U-937), fibroblasts (HFL1) and lung epithelial cells (A-549). The strategy of inflammatory cytokine targeting is failed to achieve satisfactory cancer therapeutic outcome, whereas the ability to target proteins or their encoding genes into the tumor microenvironment or cancer cells through a combination of cellular therapies, gene therapies, monoclonal antibodies and other drugs would achieve desirable cancer therapeutic effects (198).

Natural products widely used in cancer immunotherapy are also important in the regulation of inflammatory cytokines. Andrographolide directly inhibits NF-κB binding to promoter DNA and facilitates the secretion of inflammatory cytokines by regulating the gene expression (203). Natural products are safer than other radiotherapeutic and chemotherapeutic agents as well as being generally less resistant and toxic. Moreover, natural products usually exert antiangiogenic, antimetastatic and ant-inflammatory effects in the tumor microenvironment, thus making them significant candidates for cancer immunotherapy development. Resveratrol nanoparticles can inhibit the growth, proliferation and migration of cancer stem like cells by inducing M1-like macrophages producing inflammatory cytokines such as TNF-α, IL-6 and IL-1β (204). Pluronic block copolymer encapsulated curcumin has been demonstrated to improve the stability, solubility and sustained release of curcumin, and Pluronic micelles encapsulated curcumin promoted apoptosis by decreasing inflammatory cytokine release and inhibiting NF-κB signal pathway activation to block cell cycle in G0/G1 phase (205). Human bronchial epithelial cells treated with berberine are unaffected by MAP kinase pathway and NF-κB pathway, but nuclear STAT6 protein expression is dramatically decreased since berberine inhibited the inflammatory cytokines CCL11 and IL-6 thereby regulating STAT6 signal pathway (206). Berberine suppresses cytokines induced by inflammatory cytokines via regulating the phosphorylation and degradation of inhibitory kappaBα (201). Activation of cytokines and NF-κB signal pathways facilitate cancer cell deterioration and metastasis (207). However, natural products have incalculable potential to regulate immune responses in the tumor microenvironment by inflammatory cytokines. Therefore, finding appropriate specific targets, clarifying inflammatory cytokines regulation routes and adopting novel techniques to realize highly efficient conversion of the natural products are practical approaches for many types of cancer immunotherapy.




4 Natural products regulate the tumor microenvironment to overcome resistance


4.1 Tumor treatment resistance

With the improvement of cancer treatment technology, new treatment agents are emerging. Radiotherapy and chemotherapy agents have shown a severe resistance problem though could eliminate a huge amount of cancer cells. Declining survival rates for cancer patients due to tumor progression and cancer recurrence which arising from cancer treatment resistance is a challenge that plagues the medical community. Patients with metastatic breast cancer often have resistance to chemotherapy as well as biologic therapy, and many advanced breast cancer patients suffer from multidrug resistance due to overexpression of drug transporters or βIII-tubulin soforms, resulting in a critical requirement for novel agents effective in tumor resistance (208). While non-small cell lung cancer patients undergo empiric chemotherapy after surgical resection, lung cancer have varying degrees resistant to doublets–carboplatin and paclitaxel, cisplatin and gemcitabine, cisplatin and docetaxel, cisplatin and navelbline chemotherapeutic agents (209). Chemotherapy resistance mechanisms in gastric cancer are complicated, mainly due to the interaction between cancer cells and the tumor microenvironment, dysregulation of cell survival and death signaling pathways, altered drug targets, and reduced drug concentrations (210). Tumor resistance to androgen receptor (AR) targeted chemotherapy in metastatic castration resistant prostate cancer (MCPRC) due to intratumoral androgen mutation, expansion, steroid increase, AR splice variant expression, and androgen independent tumor cell development (211). Primary resistance or acquired resistance from chemotherapy is a major reason for clinical anti-cancer treatment failure and finding the anti-cancer products with different treatment mechanisms from chemotherapy agents is the main research direction for cancer treatment.



4.2 The tumor microenvironment and resistance

In the complicated tumor microenvironment, tumor cells, tumor stroma and immune cells interact and communicate with each other which gradually builds up resistance of cancer cells. The tumor microenvironment is commonly associated with cancer therapy-acquired resistance generation due to CAFs, highlights myeloid cells, and mesenchymal stem cells that are able to form cancer cell resistance signal pathways in the tumor microenvironment (212). Resistance is induced by tumor or stromal cells which secrete soluble factors in the tumor microenvironment, and the activation status of immune cells in the tumor microenvironment also affects the resistance generation (213). Extracellular vesicles represent an important mechanism for exchange bioactive molecules among cells, and changes in nucleic acid cargoes, proteins and lipids caused by the crosstalk of the tumor microenvironment and extracellular vesicles eventually lead cancer cells to acquire drug resistance (214, 215). Cisplatin is a commonly agent utilized in many types of cancer treatment, while the tumor microenvironment has a significant effect on the generation of cisplatin resistance. A study finds that cisplatin resistance is significantly reduced when being combined with novel agents that target components of the tumor microenvironment such as immune cells and angiogenic factors (216). The success of this regimen in clinical treatment confirms the feasibility of modulating tumor microenvironment to assist reducing cisplatin resistance. Melanoma cells exhibit resistance in both chemotherapy and targeted therapy, while tumor cells and tumor stroma binding can form an inflammatory tumor microenvironment, targeting the tumor microenvironment with multimodal therapies has potential to attenuate drug resistance (217). Therefore, searching for appropriate agents to target the regulation of bioactive molecules and immune responses in the tumor microenvironment may solve the issue of previous agents that generate resistance in cancer treatment.



4.3 Natural products overcoming resistance

Natural products have been used in the treatment of cancer because of their versatility and lower side effects. Natural products generally have more than one action target which play a significant role in reducing radiotherapy-chemotherapy side effects, improving immunity and inhibiting tumor proliferation (218). Multiple studies indicate that natural products may have an important contribution to address multidrug resistance issues that arise in cancer pharmacotherapy. Natural products are able to act on receptors, enzymes, signal pathways and other biological targets, which in turn regulate tumor cell metabolism, cell migration, oxidative stress, inflammatory response and angiogenesis (219). Multidrug resistance can be caused by a variety of factors, including changes in drug metabolic enzymes, target proteins, and ATP-binding cassette transporters, or changes in apoptotic signaling pathways in tumor cells, which may reduce cancer treatment success (218). Different types of resistance markers have variable sensitivity to natural products. For example, topoisomerases and protein kinase C are relatively insensitive to natural products, while breast cancer resistance proteins and P-glycoproteins are frequently used as action targets of natural products for cancer treatment (220). Breast cancer resistance protein (BCRP/ABCG2), multidrug resistance-associated protein 1 (MRP1/ABCC1) and P-glycoprotein are major substances to induce multidrug resistance, while alkaloids, coumarins, flavonoids and terpenoids may be the natural products that can solve multidrug resistance problems (221). Studies find that lung cancer treatment with natural products such as resveratrol, berberine, ginsenosides and silymarin can significantly reduce drug resistance in comparison to conventional treatment with regorafenib, sorafenib and ramoximab (219).

The main routes of resistance in tumors include the Renin-angiotensin system (Ras), Phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt), Epidermal growth factor receptor (EGFR), Transforming growth factor-beta (TGF-β), Notch, and Wnt signal pathways (222). Exploiting natural products that have an inhibitory effect on carcinogenic or cancer-promoting signal pathways is one of strategies to prevent drug resistance in cancer treatment. Natural products can not only modulate various drug resistance signal pathways in breast cancer stem cells, but they also have potential in targeted modification of breast cancer stem cell structures (223). If a natural product becomes available new agents to target breast cancer stem cells, it will greatly diminish the risk associated with resistance in breast cancer treatment. Studies have found that multidrug resistance is mainly caused by the premature efflux of drugs from cancer cells mediated by the ATP-binding cassette (ABC) transporter P-glycoprotein (224). While conventional targeted therapeutics struggle to modulate the complex multidrug resistance signal pathways in cancer cells, natural products have the ability to target and modulate multidrug resistance mechanisms (225). Various researches have proven that natural products such as pomegranate extracts and citronellol have anti-tumor functions and many marine derived compounds which contain poloxysterols, alkaloids, peptides and terpenoids can reverse multidrug resistance (224, 226). In addition, combination therapy with natural products and chemotherapeutic agents effectively enhances the sensitivity of tumor cells to chemotherapeutics, using nanocarriers to deliver natural products and chemotherapeutic agents maximizes synergistic effects against multidrug resistance (225). Leveraging natural products to target and modulate multidrug resistance signal pathways will improve the cancer therapeutics efficacy and reduce deaths in cancer patients.



4.4 Natural products regulate the tumor microenvironment to overcome resistance

The tumor microenvironment contains multiple types of cells which secrete cytokines to mediate signaling pathways and affect the cancer proliferation. As the space that cancer cells depend on for survival, the changes of tumor microenvironment also affect the emergence and development of drug resistance. As known, the tumor microenvironment-mediated drug resistance arising often relates to cancer cells and cellular stromal composition (227). The tumor microenvironment induces drug resistance mainly through cytokines secreted by stromal cells or tumor cells, and adhesion molecules secreted by extracellular matrix and fibroblasts also diminish the drug therapeutic effect (228). Resistance that occurs in cancer therapy is intimately linked to the tumor microenvironment, and such changes, which are not genetic and epigenetic inheritance, are most likely a non-cell-autonomous mechanism of resistance (227). The tumor microenvironment has a high level of interleukin-6 (IL-6), which is a growth factor to stimulates cell growth and also generates some degrees of resistance in radiotherapy and chemotherapy (229). IL-6 cytokines that derive from the tumor microenvironment combine with the downstream IL-6/STAT3 signal pathway to constitute a central regulator in chemotherapeutic response (230). In research on human papillomavirus type 16 (HPV16) tumor models, IL-6 secreted by tumor cells was found separately to have resistance to cisplatin chemotherapy and HPV16 vaccine immunotherapy (231). Therefore, selecting appropriate agents to regulate the secretion of IL-6 cytokines and the signal pathways that they participate in may decrease the resistance. Research has found that IL-6 paracrine loop in breast cancer cells responds to chemotherapeutic drugs, but iron metabolism can break this IL-6 local niche in the tumor microenvironment thus blocking the IL-6 signal pathway to overcome chemoresistance (229). TAMs promote phagocytosis and oxidation drugs in the tumor microenvironment to fully exploit their anticancer functions and contribute to improving the tumor microenvironment metabolic levels against drug resistance (232).

Previous research has shown that natural products can target the regulation of cytokines and immune responses in the tumor microenvironment via multiple signaling pathways, which is an excellent option to address the tumor drug resistance problem. Natural products can regulate the immune response or reshape the tumor inflammatory microenvironment to combat the side effects of oncology drug resistance. A study on traditional Chinese medicine anti-tumor found that three typical natural products of Huangqin, oroxylin A, wogonin and baicalin, may overcome anti-cancer drug resistance by modulating the tumor immunosuppressive microenvironment (233). Natural products modulate immune checkpoint-related signaling molecules via multiple signaling cascades in the tumor microenvironment combined with immune checkpoint inhibitors (ICIs), which not only enhance the effectiveness of immunotherapy but also reduce the adverse effects of resistance (234). Signal transducer and activator of transcription 3 (STAT3) hyperactivation regulates immune responses in the tumor microenvironment by cytokines, growth factors, and G protein-coupled receptors to attenuate drug resistance and control cancer metastasis (235). However, natural products can target to oncogenic signaling molecules STAT3, which may affect STAT3-associated PD-1+CD8+ T cells and IL-6/STAT3/PD-1 transcription regulation systems in the tumor microenvironment, ultimately controlling the generation and progression of drug resistance (235, 236). All in all, natural products are closely related to the immune response and cytokines in the tumor microenvironment, regulating the tumor microenvironment state to control drug resistance by natural products might achieve safer and more stable clinical treatment effects in cancer.




5 Summary and prospect

Natural products participate in regulating multiple signal pathways in the tumor microenvironment to exert anti-tumor functions from the genetic, epigenetic, molecular, and cellular levels (11). Natural products are frequently favored by researchers for their low toxicity and multi-target characteristics in tumor therapies, thus more natural products are being investigated for anti-tumor functions. In our previous study, resveratrol was found to promote endoplasmic reticulum (ER) stress response, cellular autophagy and apoptosis in gastric cancer cells at a dose-dependent manner. Moreover, the combination of resveratrol and endoplasmic reticulum stress activator further stimulated cancer cell death (237). Melatonin, a hormone synthesized and secreted mainly by the pineal gland, could prevent cancer survival via modulating ER stress, autophagy, and RAS/RAF/ERK signaling (238). Furthermore, enhancement of resveratrol-inhibited cancer cell proliferation and migration could be achieved by regulating lncRNA expression and ER stress (237). Actually, natural products such as resveratrol have the capacity to modulate immune cells and immune factors, which further authenticates the conjecture that natural products can reshape the tumor microenvironment to stimulate the death of cancer cells. Alternatively, besides subjecting cancer cells to cell death, it would be possible that applying proper strategy, such as using natural products, guides cancer cells to death or differentiate malignant to benign cells (239). It is similar to the concept of “viewing the situation as a whole” in traditional Chinese medicine.

The efficacy of most clinical anti-cancer agents is interfered by drug resistance, which directly results in reduced cure rates and prolonged treatment duration for cancer patients. The mechanisms by which drug resistance arises are complex and involve multiple cell types, cytokines, as well as signal regulatory networks. The development of drug resistance in cancer cells cannot be separated from the regulation of the tumor microenvironment, in which the interaction of immune cells, tumor stroma and tumor cells gradually establishes resistance of cancer cells. In the study of overcoming drug resistance in cancer cells, we found that the combination of cisplatin and magnesium chloride (MgCl2) could regulate the Wnt/β-catenin signaling pathway to enhance the cisplatin effect and use exosomes to control ferroptosis was also effectively inhibited cancer (240, 241). Targeted drugs are often considered to be efficient therapies for cancer, but unfortunately, targeted therapies are all subject to varying degrees of resistance. Therefore, utilizing the natural products to regulate the tumor microenvironment with targeted drugs for maximum therapeutic effect is a plausible approach to change the drug resistance condition.

Natural products in anticancer applications have problems such as poor targeting and transport difficulties, along with complex action mechanisms and influencing factors. Consequently, further clarification of the action mechanisms and crucial regulatory factors for each type of natural product in the tumor microenvironment is desired. Besides the combination treatment of natural products with conventional drugs to improve the therapeutic efficacy, there are possibilities to achieve new breakthroughs by gene editing technology, nanotechnology and so on. The exosomal molecular delivery system may assist natural products in their anti-tumor function and using gene editing technology also have potential to enhance the therapeutic effect of natural products (11). Nanoformulations can improve the accuracy when natural products being transported and released, while nanoformulations with transcytosis capability can further promote the depth of tumor penetration (242). CRISPR/Cas9 editing technology, when combined with various systems biology tools and sequencing systems, is able to modify target genes to optimize gene expression systems (243). Knock-in or knock-out effector genes of natural products by CRISPR/Cas9 editing technology in the tumor microenvironment, along with the use of exosomal molecular delivery systems and nanoformulations to improve the transfer efficiency of natural products, which may release tremendous anti-cancer potential of natural products. Relevant experimental studies are still rare, but I believe that as researchers keep researching, the puzzle will be unraveled and explored more efficient anticancer methods of natural products.
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Background

Cancer stem cells (CSCs) have been characterized to be responsible for multidrug resistance, metastasis, recurrence, and immunosuppressive in head and neck squamous cell carcinoma (HNSCC). However, the diversity of CSCs remains to be investigated. In this study, we aimed to determine the heterogeneity of CSCs and its effect on the formation of tumor microenvironment (TME).



Methods

We depicted the landscape of HNSCC transcriptome profile by single-cell RNA-sequencing analysis of 20 HNSCC tissues from public databases, to reveal the Cell components, trajectory changes, signaling network, malignancy status and functional enrichment of CSCs within tumors.



Results

Immune checkpoint molecules CD276, LILRB2, CD47 were significantly upregulated in CSCs, enabling host antitumor response to be weakened or damaged. Notably, naive CSCs were divided to 2 different types of cells with different functions, exhibiting functional diversity. In addition, CSCs underwent self-renewal and tumor metastasis activity through WNT and ncWNT signaling. Among them, Regulon regulators (IRF1_394g, IRF7_160g, NFKB1_12g, NFKB2_33g and STAT1_356g) were activated in subgroups 2 and 3, suggesting their pivotal roles in the inflammatory response process in tumors. Among all CSCs, naive CSCs appear to be the most malignant resulting in a worse prognosis.



Conclusions

Our study reveals the major signal transduction and biological function of CSCs during HNSCC progression, highlighting the heterogeneity of CSCs and their underlying mechanisms in the formation of an immunosuppressive TME. Therefore, our study about heterogeneity of CSCs in HNSCC can bring new insights for the treatment of HNSCC.





Keywords: single-cell sequencing, head and neck squamous cell carcinoma, cancer stem cell, WNT signaling pathway, prognosis



Introduction

Squamous cell carcinoma of the head and neck (HNSCC) developed from the epithelium of the pharynx and oral mucosa is the sixth most common malignancy worldwide (1). The most closely associated causative factors for HNSCC include aging, exposure to environmental pollutants, family history, Epstein-Barr virus (EBV)/human papillomavirus (HPV) infection, and poor lifestyle habits, such as smoking and alcohol abuse (2). HPV (–) is the most common type of HNSCC and results in a worse prognostic outcome than (+) HNSCC (3). Oral cancer is the most common form of HNSCC and most often presents as oral squamous cell carcinoma. In addition to the above-mentioned causes, its causative factors also include vitamin A/E/C deficiency and dysbiosis of the oral microbiota (4). According to epidemiological studies and surveys, the occurrence of oral cancer in some Asia-Pacific populations is also associated with the chewing of betel nut (5). Currently, treatment for HNSCC includes surgical resection, radiotherapy, chemotherapy, molecular targeted therapy and immunotherapy (3). Immune checkpoint inhibitor (ICI) therapy is expected to be a promising treatment for HNSCC (6). Johnson et al. have reported the effect of pembrolizumab monotherapy in HNSCC is no less than the combination treatment of chemotherapy with cetuximab (3). However, the occurrence of drug resistance greatly hinders the continued benefit of immunotherapy for the treatment of HNSCC. In addition, several clinical studies have clearly demonstrated that the combination of immunotherapies targeting different immune checkpoints or the combination of immunotherapies with molecularly targeted drugs significantly increases the objective remission rate of patients. However, in the long term, the prognosis for HNSCC remains poor.

In the human body, stem cells are a kind of special cells that can differentiate into various cells and with the ability of self-renewal (7). However, the cancer stem cells (CSCs) are different from common stem cells in the human body. CSCs are more malignant, which means there is no limit to their proliferation. CSCs is based on the theory that tumor growth is similar to common tissues (8). Similarly, in cancer stem cells hypothesis, CSCs is a kind of cell supporting the growth of tumors. Some researchers even regard cancer as a disease that takes place in stem cells (9). CSCs promote tumor progression by contributing to tumor survival, proliferation, metastasis, recurrence and resistance to conventional treatment (10). For example, related studies have shown that CSCs upregulate the immune checkpoint molecule CD276 (B7-H3) to evade the host’s immune response (11). In addition, studies by Huang B. et al. have shown that targeting the Nanog and ERK1/2 signaling pathways can prevent or reverse the CSC phenotype and epithelial-mesenchymal transition that drive tumor progression, metastasis, and radiotherapy resistance in patients with HNSCC (12). Interestingly, the vast majority of studies have focused on CSCs as a whole and have not considered the intrinsic heterogeneity of CSCs. However, it is noteworthy that Ethan J. Kilmister et al. found, through molecular biology techniques, that different markers show different expression states in CSCs and confirmed the existence of three subpopulations (13). Collectively, scant research has been conducted to target the intrinsic heterogeneity of CSCs, and the specific functions and roles of subpopulations of CSCs are still unclear.

In this study, we used single-cell sequencing data to identify CSCs specific to HNSCC. Different subpopulations of CSCs were further explored by analyzing intercellular interactions and functional annotation of different cell populations. The cellular states of subpopulations of CSCs were redefined by analysis of their transcription factors and stemness. Finally, the ability of specific markers of CSCs to identify stemness features was validated in the HNSCC cohort of TCGA.



Method


Data and processing

The original RNA sequencing data and related clinical follow-up data were collected from The Cancer Genome Atlas (TCGA). Two groups of single-cell sequencing data from the GEO database, including 4 pre-treatment samples (GSE195832) and 16 samples (GSE103322), were used to construct the HNSCC tumor microenvironment (TME) atlas. In addition, a total of 300 HNSCC samples from the GSE65858 cohort were enrolled for survival analysis. 



Determination of cell type, clustering, and annotation

Version 4.1.1 Seurat was used for downstream analysis. These samples from distinct oral cavities were integrated with CCA method to obtain a total of 33623 cells. Functions analysis of Quality Control, Normalization, Find Variable Genes, and PCA (first 20 principal components) were performed for further analysis. Both FindAllMarkers function and COSG (14) (COSine similarity-based marker Gene identification method) were used to accurately pick out the specific marker genes of each group. Then the marker genes were utilized to identify each group.



Developmental trajectory inference

Version 2.22.0 monocle (15) was performed for developmental trajectory inference. Here, Monocle selected differentially expressed genes (DEGs) of the cell cluster to learn the sequence of gene expression changes each cell must undergo, thereby calculating the pseudotime. Subsequently, an individual cell was sorted according to the proposed pseudotime to simulate the dynamic cellular trajectory. In addition, we also applied a novel computational framework (CytoTRACE) (16) for predicting differentiation states (both in the cancer cell and cancer stem cell).



Cell-cell interaction

Version 1.1.3 CellChat was used to investigate the cell-cell communication signal (17). We picked some pathways corresponding to our research, such as the MIF signaling network to show the cell-cell interactions of different groups.



Enrichment analysis of gene sets

The gene sets of hallmarks involving six biological capabilities that occurred during the development of human tumors were included for enrichment analysis (18). There are nine kinds of methods to score the functional set. irGSEA was a rank-based integration framework for single-cell gene set enrichment analysis. In this research, we chose UCell to score each group in cancer cells to measure the expressions. Gene set variation analysis (version 1.42.0 GSVA) was performed using DEGs of each group in CSC by COSG function. Six gene sets associated with the CSC differentiation timescale were also enriched for KEGG signaling pathway and GO biological processes.



Single-cell copy-number variation (CNV) evaluation

Two methods were applied to measure the CNV level: copykat (v1.0.8) (18) and inferCNV (v1.10.1) (19). Copy number karyotyping of aneuploid tumors was designed to distinguish non-malignant cell types from malignant cells via copykat. In inferCNV, cluster 4 (c4) was applied as the reference to determine if there is massive chromosome copy number variation in other cells in cancer cells.



SCENIC for assessing the regulatory network analysis

SCENIC (Single-Cell Regulatory Network Inference and Clustering) was a computational method for gene regulatory network reconstruction and cell-state identification (20). The original motif datasets were downloaded from https://resources.aertslab.org/cistarget/ to construct co-expression networks and computationally infer the potential regulon of each cell. Scoring of each regulon activity of each cell using the AUCell algorithm.



Statistical analysis

The whole statistical analysis process was achieved by R (v4.1.3) (http://www.r-project.org) language. Statistical difference between the two groups was evaluated using the Wilcoxon test. Kruskal-Wallis test was applied to assess difference among three or more groups. Kaplan-Meier survival curve was generated based on the median of stemness, and the log-rank test was utilized to evaluate the significance of differences. Statistical significance was defined as p < 0.05.




Results


Single-cell atlas and cell clustering of the TME in HNSCC

Single-cell sequencing was employed to generate single-cell profile to characterize the complexity within TME in HNSCC. A total of 33623 cells were isolated for further analysis after quality control. Uniform Manifold Approximation and Projection (UMAP), a nonlinear dimensionality reduction algorithm, was used to cluster these cells. Subsequently, specific genes expressed by each cell population were identified by COSG algorithm analysis. Finally, a total of 6 cell populations were identified according to the expression level of these marker genes (Figure 1A). Within these cells, non-immune cells are main components, including cancer cells (36.35%), endothelial cells (14.52%), and fibroblasts (16.50%), while immune cells (such as T cells (17.84%), myeloid cells (12.29%), B cell (2.50%)) only account for 32.63% of the total cells (Figure 1B). A dot plot was employed to visualize the results of the top 5 most significant gene expression levels in COSG (Figure 1C). Figures 1D, E depicted the overall cell-cell interactions of the six cell clusters within HNSCC. Notably, fibroblasts and cancer cells presented the strongest output and input signals, suggesting their essential role in TME. A comparison of the communication between cancer cells and other cells in TME elucidated that MIF-CD74/CXCR4 and MIF-CD74/CD44 were the strongest Ligand-Receptor (LR) pairs between cancer cells and immune cells (Figure 1F).




Figure 1 | Overview of cellular heterogeneity of integrated single-cell expression profiling in HNSCC. (A) UMAP plot of 33623 cells in HNSCC. (B) Pie chart of the proportion of 6 types of cells in HNSCC. (C) Bubble plot of the top five highest expressed genes within 6 types of cells in HNSCC. The size of bubble represents the percentage of gene expression in the relevant cell types. (D) Weights/Strength of cell-cell interaction between different types of cells within HNSCC. (E) Output/input interaction strength of different types of cells within HNSCC. (F) Ligand-Receptor pairs between cancer cells and other cells in TME.





Identification of CSCs in HNSCC

For the purpose of identifying CSCs, data of cancer cells were extracted separately for further dimensional reduction clustering. Finally, a total of 13 clusters (from C0 to C12) was identified (Figure 2A). In previous studies, CD44, CD98, CD47, CD276, EPCAM, ALDH1A1 and transcription factors including NANOG, SOX2 and OCT4 were regarded as markers of CSCs. CD44, CD98, CD47, and CD276 were enriched in CSCs and promoted CSCs phenotypes maintenance (11, 21–23). High expression of EPCAM and ALDH1A1 in CSCs also enhances invasiveness leading to poor prognosis in HNSCC patients (24–26). Another 3 types of transcription factors constituted the core transcriptional network and were responsible for regulating CSC self-renewal and pluripotency (27). Violin plots were applied to visualize the mRNA level of these CSCs markers, and the results suggested CSCs-associated genes mainly enriched in cells of C7, C9 and C12, but not enriched in C4 and C5, which indicating the distribution of CSCs in TME (Figure 2B). Thereafter, the heatmap visualized the markers of each cluster based on its gene expressions (Figure 2C). Notably, cells of C8 subgroup were T cell-like cancer cells and expressed specific markers of T cells, such as CD7, CD3D, and CD3E. Similarly, fibroblast-like cancer cells (C10) and endothelial cell-like cancer cells (C11) were identified based on the specific expression of fibroblast markers (DCN, COL1A2 and COL6A3) and endothelial cell markers (PCAT19, VWF and PLVAP). CellChat analysis of interactions among all the cells in the TME showed little interaction between C4 and other cells, and the cells of C5 subgroup showed similar characteristics with C4 cells (Figures 2D, E). Notably, these 2 clusters did not express any stemness related genes and were defined as CD44- cancer cells. In contrast, fibroblast-like cancer cells were with most intensive signal exchange in the TME, characterizing both extremely strong incoming signals of tumor cells and signals of outgoing fibroblasts (Figures 2D, E). In addition, we identified the communication patterns of signal output cells and signal input cells by NMF method (Figures 2F, G). CD44-cancer cells (C4, C5), CSCs (C7, C9, and C12) and other CD44+ cancer cells (C0, C1, C2, C3, C6, C8, C10, and C11) presented different signaling communication patterns in TME, demonstrating intra-tumor heterogeneity.




Figure 2 | Landscape of characteristics of different clusters in cancer cells characterized by single-cell transcriptomic sequencing. (A) UMAP plot of 11858 cells in subgroup of cancer cells. (B) Violin plots of gene expression patterns of 13 cluster of cells types in subgroup of cancer cells. (C) Heatmap of the top three highest genes within 13 clusters of cancer cells. (D) Output/input interaction strength of different clusters of cancer cells and other types of cells in TME. (E) Weights/Strength of cell-cell interaction between different cell clusters of cancer cells. (F) Outgoing communication patterns of secreting cells. (G) Incoming communication patterns of secreting cells. Bubble size represents the strength of the signal.





Complex cell-cell interaction between the CSCs and other cells in the TME

After identifying the clusters of CSCs from cancer cells, we further investigated the mechanisms of interactions between CSCs and other cells in the TME. The bubble plot displayed the LR pairs of CSCs interaction with other cells in TME, indicating that the effect of CSC on tumor cells was much stronger than other stromal cells (Figure 3A). In the LR pairs between CSCs with other cells in cancer cells, LAMININ and COLLAGEN signaling networks showed strongest interactions. Canonical WNT signaling in CSCs worked in an autocrine way (Figure 3B), promoting the maintenance of stemness via affecting the proliferation and differentiation capacity of CSCs (28, 29). CSCs, in concert with C10, were involved in non-canonical WNT signaling cascades in CD44+ cancer cells, endothelial cells and fibroblasts (Figure 3C). Macrophage migration inhibitory factor (MIF) signaling network, as the strongest signal from CSCs, which was mutually interacted by different LR pairs, mediated the cell-cell interaction between tumor cells and immune cells. However, There was no significant difference in the capacity of emitting signals between CSCs and other CD44+ cancer cells (Figure 3D). An analogous phenomenon was observed in the major histocompatibility complex (MHC) II signaling network (Figure 3E). It was reported that MHC class I and class II molecules regulate NK cell and T cell functions via binding to receptors LILRB2 and CD4 (30, 31). In this study, our results also suggested CSCs affected myeloid cells through the above receptor ligands (Figures 3E, F). The interactions between Myeloid cells, endothelial cells, CD44 cells (except CSCs) and cells of C10 and C11 subgroup might associated with drug resistance in HNSCC (32) (Supplementary Figure 1A). In addition, CSCs, C10 cells and endothelial cells could work as effector cells to promote tumor progression via VEGF signaling pathway (Supplementary Figure 1B).




Figure 3 | Comprehensive analysis of cell-cell interactions in HNSCC. (A) Ligand-receptor pair association analysis of cellular-cell interaction between CSC and other cells in HNSCC. (B) Plot of cells which interacted via WNT signaling pathways in HNSCC. (C) Plot of cells which interacted via ncWNT signaling pathways in HNSCC. (D) Cells involved in MIF signaling networks in HNSCC. (E) Plot of cells which interacted via MHC-II signaling networks in HNSCC. (F) Signal transduction of HLA-G-LILBR2 receptor-ligand pair of HLA signal in HNSCC.





Complex heterogeneity within tumor cells

We further investigated the biological functions of different clusters by the irGSEA-UCell algorithm. Downregulation of tumor-associated signaling pathways were observed in C4 and C5 clusters and indicated they were non-malignant cell clusters (Figure 4A). In our results, CSCs highly expressed tumor stemness marker genes, SOX2 and NANOG, ZNF and ZBTB families. It has been reported ZNF and ZBTB families were extensively involved in cancer development and cell differentiation (33, 34). The substantial activation of ZNF and ZBTB families indicated their potential role in resulting in heterogeneity of tumors (Figure 4B). C4 cell clusters were described as non-malignant epithelial cells because of the downregulated cancer-related pathways, low levels of signaling communication and negative expression of CSCs markers. In this study, C4 was used as control to computational infer CNV status of cells in different clusters by inferCNV analysis. Similar CNV scores was obtained in C5, indicating cells of C5 are benign tumor cell populations. Strikingly, in inferCNV analysis, CSCs were characterized by its unique CNV amplification/deletion in different chromosomes compared with other tumor cells (Figure 4C). CopyKat analysis was performed to reveal the degree of malignancy of the different subpopulations of tumor cells. Our results indicated cells of C0, C1, C3 and C7 were densely enriched with malignant cells, and C7 was the densest region (Figure 4D). CytoTRACE was employed to estimate the differentiation potential within tumor cells and the results were mapped to the UMAP plot (Figures 4E, F). Cells of C7 and C9 of subsets exhibited strongest differentiation capacity, hinting that CSCs may be a determinant of intra-tumor heterogeneity (35).




Figure 4 | Heterogeneity in HNSCC. (A) Heatmap of cancer related signaling pathways enriched in different types of cell clusters (Hallmark gene set). (B) Heatmap of expressions of different transcription factors in cells of HNSCC. (C) Heatmap of the visualized inferCNV analysis. (D) UMAP plot of distribution of non-malignant cells in cancer cells. (E) Box plots of stemness among all the clusters in cancer cells. (F) UMAP plots of intensity of stemness in cancer cells. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.





Functional diversity of CSCs at different differentiation stages

The uneven distribution of stemness markers, malignant markers, and CSCs markers in C7, C9, and C12 subpopulations indicated the heterogeneity of CSCs. Next, we focused on heterogeneity of CSCs. Seven cell clusters (subgroup0 - subgroup6, respectively) were generated based on the differential expression patterns of CSCs (Figure 5A). Pie charts and dot plots were employed to visualize the cell proportions and marker genes for each subpopulation of CSCs (Figures 5B, C). Then, pseudotime trajectory analysis were performed to sort each subgroup of CSCs along trajectories according to their expression and transition profiles. Subgroup0, 1 and 4 cells were at the beginning of the motor trajectory and could differentiation to Subgroup2/3 cells or Subgroup5/6 cells (Figure 5D). With the development of temporal trajectory, these sets of pseudotime-related genes at different developmental stages were divided into six groups involved in different KEGG pathways and GO biological processes (Figure 5E). Differentially expressed genes from different subsets were enriched in different signaling pathways which varied with the type of CSCs, showing significant phenotypic diversity (Figure 5F). Subgroup2/3 showed upregulation of inflammation-related pathways (Interferon-alpha and gamma response). In terms of interaction between different subgroup of CSCs, we found that sub0 and sub3 were the most active communicators in CSCs and send/receive the most signals, while subgroup5 was the least active communicator (Figures 5G, H). Especially, subgroup5 and 6 affected subgroups 0, 1, and 4 via WNT signaling pathway, while sub3 was not involved in cellular communication of ncWNT signaling network (Figures 5I, J).




Figure 5 | Landscape of characteristics of CSCs characterized by single-cell transcriptomic sequencing. (A) UMAP plot of 773 cells in CSCs. (B) Pie chart of the proportion of 7 types of cells in CSCs. (C) Bubble plot of the highest expressed genes within 7 types of cells in CSCs. The size of the dot represents the percentage of gene expression in the cell. (D) Pseudotime ordering of CSCs. The graph on the left is labeled with developmental time, while the graph on the right is labeled with cell state. (E) Plot of clustering of DEGs identified by the pseudo-temporal progression in CSCs. (F) Heatmap of 50 cancer-related pathways in 7 CSCs subsets using GSVA. (G) Weights/Strength of cell-cell interaction within 7 CSCs subsets. (H) Strength of output/input interaction in different CSCs subsets. (I) Plot of cells which interacted via WNT signaling pathways in CSCs. (J) Plot of cells which interacted via ncWNT signaling pathways in CSCs.





Naive CSCs are associated with a worse prognosis and clinicopathological progression in HNSCC patients

In this study, transcription factor (TF) networks of CSCs varied with the heterogeneity of subgroups of CSCs (Figure 6A). The activity of regulons was scored with AUCell. SOX2, KLF4, NANOG, and OCT4 are notorious for their specific expression in CSCs of HNSCC, which promoted stemness and tumor progression and lead to poor prognosis (12, 36, 37). Notably, these regulons differed considerably in transcriptional activity, because of the heterogeneity of CSCs (Figure 6B). Activation of Regulons (IRF1_394g, IRF7_160g, NFKB1_12g, NFKB2_33g and STAT1_356g) in subgroups 2 and 3 demonstrated a strong pro-inflammatory feature. The expression profile of CSCs using the copykat algorithm was employed to infer the genomic copy number distribution of individual cells thereby identifying naïve CSCs (subgroup 0,1 and 4) as the most malignant cell population (Figure 6C). Interestingly, regulon SOX2 and KLF4 are enriched in malignant/non-malignant respectively, suggesting that they may be a potential indicator for the identification of malignant cells within CSCs. The CytoTRACE scores of different populations within CSCs revealed the diversity of their differentiation capability (Figure 6D). Naïve CSCs had strongest differentiation potential, while subgroup5 and 6 cell populations showed lower. Combined application of CYTOTRACE and trajectory analysis revealed that the divergence between subgroup 2 and subgroup 3 ultimately exhibited an inflammation-related phenotype. Among the top 20 most positively correlated features of CytoTRACE, EPCAM was the most positively related factor (Figure 6E). The CytoTRACE score was mapped to the feature plot, and we observed an apparent enrichment of EPCAM with a trend of stemness consistent in naïve CSCs (Figure 6F). We used the top 20 features which most associated with CytoTRACE as the set of tumor stemness signature genes in the TCGA cohort and calculated the tumor stemness score for each sample by GSVA. The UMAP plot also revealed enrichment of tumor stemness signals, mainly in naïve CSCs (Figure 6G). So here, the stemness phenotype clearly reflects the presence of authentic CSCs in the tumor tissue. Higher tumor stemness scores were significantly associated with poorer overall survival, Grade grading, and Stage staging and were higher in men (Figures 6H–K), suggesting that the abundance of CSCs in HNSCC patients has meaningful effect on clinicopathological stages/grades and prognosis. Meanwhile, an external dataset was deployed to validate the survival analysis, which was consistent with our outcome (Supplementary Figure 1C).




Figure 6 | Transcription factor identification and stemness assessment in CSCs. (A) Heatmap of expression of transcription factors in different subsets of CSCs. (B) UMAP plot of distribution of SOX2, KLF4, NANOG, OCT4 (POU5F) in different subsets of CSCs. (C) UMAP plot of distribution of malignant cells and non-malignant cells in CSCs. (D) Box plots of stemness. (E) Top 20 genes which are positive correlation with CytoTRACE. (F) UMAP plot of intensity of stemness in different subsets of CSCs. (G) UMAP plot of distribution of stemness signals in cancer cells. (H) Plot of Kaplan-Meier survival analysis. (I–K) Box plot of analysis of the differences in stemness levels between different clinical parameters.






Discussion

CSCs are stem cell-like cells with self-renewal and multidirectional differentiation potential embedded in tumor tissue (35). CSCs are commonly accompanied with a high degree of immunosuppression, tumor recurrence, and metastases, resulting in becoming refractory tumors (38, 39). Therefore, eliminating CSCs is expected to be a new therapeutic target for the treatment of hyper-resistant cancers. So far, the understanding of the specific mechanism of CSCs in HNSCC still remains limited. Here, we used scRNA-seq to integrate multiple HNSCC patient data to generate single-cell transcriptome profiles and identified cancer stem cells. Our provide insights into the typing, biological characteristics, and regulatory signaling networks of CSCs in HNSCC.

In this study, we distinguished cancer cells from HNSCC tissues and isolated 13 subgroups. To better identify CSCs of HNSCC, a violin plot was employed to visualize the results of some markers’ expression of CSCs across different cell clusters (Figure 2B). The varied enrichment of OCT4 (POU5F1), SOX2, and NANOG in different types of cancer cells demonstrated the diversity of CSCs localization. C7, C9, and C12 exhibited similar incoming/outgoing cellular signaling in HNSCC tumor cells and expressed specific markers of CSCs, further confirmed the presence of CSCs. In general, CD44 is regarded as a non-negligible marker to identify CSCs in several cancer types, such as breast cancer and colorectal cancer (40, 41). However, OCT4, SOX2, and NANOG are obviously more suitable for the identification of CSCs in HNSCC (42). In our results, immune checkpoint molecules CD276, CD47 and LILRB2 were significantly up-regulated in CSCs. Previous studies have reported the upregulation of CD276 in tumor plays essential roles in tumorigenesis (11). Likewise, the highly abundance of CD47 enriched in CSCs enables CSCs to reduce NK cell- and myeloid-mediated cytotoxic activity ultimately and results in immune escaping (43, 44). The HLA-G-LILRB2 axis also has been identified to participate in the communication between CSCs and myeloid cells (Figure 3F), suggesting that CSCs may be involve in immune escape-related signaling via promoting the maturation and differentiation of different types of myeloid cells (45). In conclusion, CSCs successfully evade elimination from immune cells by up-regulating some immune checkpoints to form an immunosuppressive environment.

Unexpectedly, the C8 population of cancer cells expressed T-cell markers (CD3D, CD3E, CD7), which is recognized as a dual identity of T cells and tumor cells involved in the role of the TME. For instance, MIF signal is the strongest signal for CSCs to communicate with other cells in TME, and C8 displayed characteristics of immune cells and cancer cells in tumor by expressing different receptors (Figure 3A). Previous studies have found that T cell subsets are highly enriched for malignant epithelial markers leading perturbation of T cell function via cell-cell signaling (46). In this study, the origination of C8 subgroup and whether it affects T cell and tumor cell function remain to be investigated.

The inferred CNAs analysis revealed great genomic alterations in CSCs in HNSCC, unlike other tumor cells, including gain of chromosomes 2, 3, 12 and loss of chromosome 11(Figure 4C). Meantime, a large amount of malignant cells are computationally inferred to be present in CSCs, illustrating the extremely genomic instability of CSCs (Figure 4D). CSCs were divided into 7 subgroups to further unveil the heterogeneity within CSCs. Intriguingly, inflammation-related factors S100A8, S100A9 are highly expressed in subgroup3 of CSCs. Further GSVA analysis suggested the signaling pathways varies with the type of CSCs in tumors, showing significant functional diversity of CSCs (Figure 5F). For example, subgroup 2 and 3 both exhibited inflammation-related signals (Interferon alpha/gamma response). In the crosstalk of IRF, NFKB and JAK/STAT pathways, HBV invasion in HNSCC is highly likely to be a decisive factor in the induction of naive CSCs into inflammation-associated CSCs. Low stemness CSCs (subgroups 5 and 6) could promote the proliferation or differentiation high stemness CSCs (subgroups 0, 2 and 4) through WNT signaling pathway, elucidating a monumental way for CSCs to maintain high stemness (29). In addition, CSCs also participate in cell directed migration of CD44 cells, endothelial cells, and fibroblasts via ncWNT signaling pathway, ultimately leading to the formation of the metastatic microenvironment (29).



Conclusion

In this study, we delineated a comprehensive single-cell transcriptomic atlas of CSCs in the TME of HNSCC for the first time. Our results revealed the heterogeneity of CSCs in HNSCC and elucidated the important roles of CSCs in the formation of immunosuppressive TME. This study also investigated the functions of different types of CSCs and the complex regulatory networks between CSCs and other tumor cells. Our study about heterogeneity of CSCs in HNSCC can bring new insights for the treatment of HNSCC.
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The most common bone cancer is osteosarcoma (OS), which mostly affects children and teenagers. Early surgical resection combined with chemotherapy significantly improves the prognosis of patients with OS. Existing chemotherapies have poor efficacy in individuals with distant metastases or inoperable resection, and these patients may respond better to novel immunotherapies. Immune escape, which is mediated by immunosuppressive cells in the tumour microenvironment (TME), is a major cause of poor OS prognosis and a primary target of immunotherapy. Myeloid-derived suppressor cells, regulatory T cells, and tumour-associated macrophages are the main immunosuppressor cells, which can regulate tumorigenesis and growth on a variety of levels through the interaction in the TME. The proliferation, migration, invasion, and epithelial–mesenchymal transition of OS cells can all be impacted by the expression of non-coding RNAs (ncRNAs), which can also influence how immunosuppressive cells work and support immune suppression in TME. Interferon, checkpoint inhibitors, cancer vaccines, and engineered chimeric antigen receptor (CAR-T) T cells for OS have all been developed using information from studies on the metabolic properties of immunosuppressive cells in TME and ncRNAs in OS cells. This review summarizes the regulatory effect of ncRNAs on OS cells as well as the metabolic heterogeneity of immunosuppressive cells in the context of OS immunotherapies.
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Introduction

Osteosarcoma (OS) is a malignant mesenchymal tumour that most commonly affects children and adolescents and has a high rate of metastasis and mortality (1). OS primarily affects the epiphysis of the long bones in the extremities, with lung metastases occurring most frequently (2). Current treatments for OS include surgical resection and adjuvant chemotherapy, which typically result in a survival rate of less than 5 years for patients with distant metastases (3). Metastatic OS has been successfully treated with immunotherapy, and the mechanisms underlying this success are related to the heterogeneity of immunosuppressive cells in metastatic tumours and the interaction of stromal and immunosuppressive cells in the tumour microenvironment (TME) (4).

The TME in OS is complex and diverse and plays a critical role in tumorigenesis and development. The TME consists of stromal cells and other key factors, including cancer-associated fibroblasts (CAFs), immune cells, extracellular matrix, and vasculature (5). To promote the occurrence and development of tumour cells, stromal cells secrete cytokines, growth factors, and chemokines (6). Immune cells such as lymphocytes and natural killer cells can effectively control tumour invasion, which can be suppressed by immunosuppressive cells such as myeloid-derived suppressor cells (MDSCs), regulatory T cells (Tregs), and tumour-associated macrophages (TAMs) (7). Immunosuppressive cells and stromal cells in the TME mutually promote the growth and maturation of OS cells (8).

The proliferation, angiogenesis, and apoptosis of OS cells are closely related to noncoding RNAs (ncRNAs), including microRNAs (miRNAs), long noncoding RNAs (lncRNAs), and circular RNAs (circRNAs) (9, 10). miRNAs can regulate the proliferation and apoptosis of OS cells via their aberrant expression (11). Overexpression of mir-542-5p can enhance proliferation, but miRNA-1236-3p can decrease proliferation and promote apoptosis in OS cells (12, 13). lncRNAs can enhance OS progression, such as SNHG3, whose overexpression can speed up the migration and invasion of OS cells (14). circRNAs function as a miRNA sponge, regulating transcriptional or post-transcriptional gene expression and contributing to the control of OS incidence and development (15). lncRNA and circRNA can regulate the biological activity of OS cells by forming miRNA sponge, which act as competitive endogenous RNA (ceRNA) (10, 16). Studies on the metabolic properties of immunosuppressive cells and ncRNAs in OS cells promote the use of immunotherapy in the treatment of OS, including interferon treatments, checkpoint inhibitors, cancer vaccines, and engineered chimeric antigen receptor T (CAR-T) cells (4, 17). Among these, CAR-T cell treatment offers a significant advancement in T-cell-based immunotherapy and is predicted to be a game changer in OS immunotherapies (18). We summarize the metabolic properties of immunosuppressive cells in the TME and functional ncRNAs in OS in this paper. The targets, efficacy, and drug resistance of several recently developed immunotherapies are compared.



Noncoding RNAs in osteosarcoma

The pathophysiology of OS is related to aberrant oncogene activation and tumour suppressor gene inactivation induced by somatic mutations and epigenetic processes (19). Recent studies have increasingly focused on the dysregulation of ncRNAs, including miRNAs, lncRNAs, and circRNAs (9, 20).


MicroRNAs

miRNAs regulate cell proliferation, differentiation, apoptosis, and development by binding to the 3’ untranslated region (3’-UTR) of target mRNAs and are able to degrade or induce translational silencing in OS cells (21). miR-223-3p has been shown in studies to limit cadherin-6 expression by directly binding to the 3’-UTR of cadherin-6 and to inhibit the invasion, migration, growth, and proliferation of OS cells (22). The expression of miR-18b-5p, which is mediated by HIF-1α, is substantially increased in OS and is associated with a poor prognosis (23). In addition, miR-18b-5p promotes the incidence and development of OS by inhibiting the expression of the tumour suppressor gene PHF2 (23). miRNA-98-5p is under-expressed in OS and inhibits cell cycle progression and migration potential by down-regulating CDC25A, thereby inducing OS apoptosis (24). Overexpression of miRNA-1236-3p in HOS cells reduces proliferation, stops the cell cycle in the G0/G1 phase, and promotes apoptosis (13). A differential analysis of miRNA expression in OS (Figure 1A) shows that the expression of let-7A-2 and miR-323 is decreased, whereas the expression of miR-182 is increased, suggesting that miR-182 could be a possible therapeutic target in OS. The detailed information of differentially expressed ncRNAs in A-C is presented in Table S1.




Figure 1 | The sequencing results of ncRNAs from normal tissues and OS tissues of human are downloaded from GEO datasets of National Center for Biotechnology Information (NCBI) for difference analysis. (A) Differential expression analysis of miRNAs (GSE70367). (B) Differential expression analysis of lncRNAs (GES156344). (C) Differential expression analysis of circRNAs (GSE96964). (D) Metabolic characteristics of MDSC, TAMs and Treg cells in TME and crosstalk of them with NK cells, T cells and OS cells. MDSC promotes the growth of OS cells by secreting inflammatory factors, damages T cells and NK cells by secreting ROS, and competitively consumes arginine with T cells. Treg cells inhibit T cell function by expressing FOXP3 and myc. CD36 receptor and miR-307c in TAMs promote M2 polarization, and FAO is the main energy metabolism.





Long noncoding RNAs

The expression of lncRNA MELTF-AS1 is significantly increased in OS and promotes OS metastasis by upregulating the expression of MMP14 (25). lncRNA ODRUL can act as a competitive endogenous RNA (ceRNA) sponge of miR-3182 and promotes the proliferation, migration, invasion, and tumour growth of OS by upregulating the expression of matrix metalloproteinase (MMP) II (26). The oncogenic effects of LncRNA CBR3-AS1 are executed by regulating the network of the miR-140-5p/DDX54-NucKS1-mTOR signalling pathway, which encourages stemness and epithelial–mesenchymal transition (EMT) of OS (27). The overexpression of lncRNA EBLN3P promotes the progression of OS cells, which is indicative of the stimulating effects of EBLN3P (28). In OS cells, the expression of the lncRNAs ENSG00000233086.8 and ENSG00000269821 is much higher (Figure 1B). By examining the molecular pathways and regulatory mechanisms further, one may be able to control the development of OS.



Circular RNAs

circECE1 is highly expressed in OS tissues and cells, and its association with c-Myc promotes tumour proliferation and metastasis by boosting glucose metabolism in OS cells to prevent speckle-type POZ-mediated ubiquitination and degradation of c-Myc (29). C-Myc-targeting checkpoint inhibitors have been demonstrated to impede OS development via modulating the production of ncRNAs (30). Studies have shown that knockdown of circRNA circ_001422 significantly inhibits the proliferation and metastasis of OS cells and promotes apoptosis. Regulating the miR-195-5p/FGF2/PI3K/AKT axis produces the opposite impact of overexpression (31). circMYO10 has been confirmed as a promoter of OS progression by regulating the miR-370-3p/RUVBL1 axis and chromatin remodelling, consequently boosting the transcriptional activity of the β-catenin/LEF1 complex (32). The number of circRNAs with decreased expression was much greater than those with enhanced expression (Figure 1C), a finding that could be leveraged to design targeted therapies once the regulatory mechanisms of these circRNAs have been elucidated.

Recent research has increasingly focused on the impacts and mechanisms of microRNAs, whereas research into lncRNAs and circRNAs is still in its infancy (Table 1) (102). More research points to the importance of noncoding RNAs in OS, both in terms of diagnosis and treatment (9). An alternative mechanism for OS chemotherapeutic resistance has been proposed through the construction of ceRNA networks, in which noncoding RNAs bind to mRNAs (103). Differential expression of noncoding RNAs and the formation of ceRNA networks may lead to the development of more effective treatment techniques and the ability to overcome drug resistance in OS (Figure S1).


Table 1 | Regulation of miRNAs, lncRNAs and circRNAs in OS cells.






Immunosuppressive cells in osteosarcoma


Myeloid-derived suppressor cells

Immature bone marrow cells (IMCs) differentiate into mature macrophages, dendritic cells, and granulocytes under physiological conditions and transform into immunosuppressive MDSCs when regulated by chemokines in the TME (104). MDSCs generate pro-inflammatory substances such as NO, IL-1, and IL-6, which expose OS cells to a persistently inflammatory environment and dramatically enhance the risk of DNA damage and tumour cell proliferation, which may contribute to the progression of OS (105, 106). Through the activation of the activator for transcription 3, miR-21 and IL-6 can synergistically enhance the development of MDSCs and influence treatment resistance (107). Reactive oxygen species (ROS) produced by oxidative stress can activate the NF-κB and Nrf2 pathways, allowing tumour cells to survive (108). MDSCs generate excessive ROS via NOX2 and suppress the antitumor effects of T cells and natural killer (NK) cells, hence mediating OS immune escape while maintaining oxidative balance via glycolysis upregulation (109, 110).

The TME alters the lipid metabolism of MDSCs to enhance the uptake of fatty acids and the activation of fatty acid oxidation (FAO), thereby improving the immunosuppressive activity of MDSCs and promoting tumour growth (110). In addition to LXR agonists, liver-X nuclear receptors (LXRs) regulate cholesterol and lipid metabolism via the transcription target Apolipoprotein E (111). LXR agonists have been demonstrated to play a role in MDSC depletion, which could be related to FAO inhibition in MDSCs (112). By increasing the activities of arginase-1, MDSCs compete with T cells for the consumption of arginine, which leads to T cell dysfunction (113). L-arginine supplementation may improve the anticancer impact of cyclophosphamide (CP) and minimize T cell dysfunction caused by increased MDSCs generated by CP (114).



Tumour-associated macrophages

TAMs are the primary immune cells in the TME, which are usually produced from bone marrow monocytes, and the presence of TAMs is indicative of a poor prognosis in OS patients (115, 116). TAMs, via stimulating the COX-2/STAT3 axis and causing epithelial– mesenchymal transition, can increase OS pulmonary metastasis (117). C–C motif chemokine ligand 18 secreted by TAMs has been shown to promote the proliferation and metastasis of OS cells via the EP300/UCA1/Wnt/β-catenin pathway, which significantly reduces the survival rate of OS patients (118). Studies have demonstrated that miR-363 inhibitors can promote the migration of TAMs after transfection of OS cells (119).

TAMs can be divided into classically activated macrophages (M1), with antitumor activity, and selectively activated macrophages (M2), with tumour-promoting activity, both of which can coexist in the TME (120). It has been found that M2 can promote the deterioration of OS cells through the SOCS3/JAK2/STAT3 axis, and OS cells can enhance the M2 polarisation of TAMs (121). LncRNA RP11-361F15.2 enhances M2 polarisation mediated by cytoplasmic polyadenylate element binding protein 4 through miR-30c-5p and further promotes the occurrence of OS (122).

TAMs substitute glycolysis with FAO as a source of energy by expressing a high amount of the scavenger receptor CD36, which enhances lipid accumulation and reprograms TAMs into M2 types (123). S100A4 has been reported in mice to upregulate FAO and mediate TAM polarization to M2, as well as to have carcinogenic activity (124).



Treg cells

Extensive Treg cell infiltration into tumour tissues is often associated with a poor prognosis, whereas their removal enhances antitumor immune responses (125). FOXP3+ expression in Treg cells has been shown to predict the prognosis of osteosarcoma in vivo and in vitro and could potentially be used as a diagnostic marker in clinical practice (126–128).

Glycolysis and oxidative phosphorylation, which are essential for Treg cell metabolism, require FAO (129). Treg cells in tumours, in contrast to normal tissues, have considerably decreased glucose uptake and are dysfunctional in a high-glucose environment (130). P13K inhibitors can reduce the immunosuppressive effects of Treg cells by upregulating glycolysis and reducing FOPX3 expression (131). miR-34a targets the 3’ UTR to inhibit the expression of FOXP3, which is controlled by the NF-κB pathway and downregulated by IL-6 and TNF-α (132). It has been demonstrated that the transcriptional regulator c-Myc influences oxidative phosphorylation in Tregs via regulating mitochondrial activity, hence limiting accumulation and functional activation (133). Targeting c-Myc and associated signalling pathways as a means of treating OS has drawn a lot of interest (29, 134).

Immunosuppressive cells can regulate the occurrence and development of OS through crosstalk with stromal cells in the TME (Figure 1D), which are regulated by ncRNAs in OS cells, according to the studies on the metabolic heterogeneity of immunosuppressive cells and the regulatory mechanisms of ncRNAs.




Immunotherapy in osteosarcoma


Interferon therapy

Interferon (IFN) is a cytokine that white blood cells generally secrete during infections (135). Due to its effects as an agonist of antitumor activity in adaptive and innate immune cells, it leads to the establishment of antiproliferative and antiangiogenic activity in osteosarcoma and antagonizes inhibitory immune subsets (135, 136). IFN-γ induces PKR-dependent autophagy in OS cells through signal transduction and activation of transcription 1, phosphatidylinositol 3-kinase, and mitogen-activated protein kinase-dependent pathways (137). miR-142-5p enhances the transcription of IFN-γ by downregulating the expression of interaction protein domain 2 (138). miR-31 reduces interferon-γ production, thereby attenuating Th1 response (139). The efficiency of IFN therapy could be increased by modulating the aberrant expression of ncRNAs, which has a good synergy for drug development in the treatment of OS.



Checkpoint inhibitors


PD-1

In the tumour microenvironment of OS, PD-L1 on tumour cells interacts with PD-1 on T cells to inhibit T cell functional signalling, preventing the immune system from targeting tumour cells (140, 141). The antitumor activity of PD-1 can be aided by an SGLT2 inhibitor, and the synergistic effect stimulates the infiltration of CD4+ and CD8+T lymphocytes into the OS tumour microenvironment (142). miR-140 was found to directly regulate the expression of PD-L1 by binding to its 3’-UTR, suggesting that it could be exploited as a new therapeutic drug targeting checkpoint inhibitors in OS (143). PBMC-loaded vMyx-hTNF may synergistically interact with the immune checkpoint inhibitor anti-PD-1, which has been reported in a mouse model of lung metastatic osteosarcoma (144).



C-Myc inhibitors

The ubiquitous dysregulation of the c-Myc oncogene in human malignancies makes it a promising therapeutic target (145). Recent research has demonstrated that c-Myc not only regulates cell proliferation, apoptosis, and cancer metabolism, but also the TME and immune responses (145). C-Myc inhibition reprograms the cancer immune milieu by attracting T lymphocytes and activating the CD40/CD40L system in OS, according to studies (30). miR-449c has been demonstrated to directly target and negatively inhibit the production of the oncogene c-Myc, hence encouraging the advancement of the OS cell cycle (146). Her4 can boost glucose intake and tumour growth by promoting OS metabolic reprogramming via a c-Myc-dependent signalling pathway, suggesting that a c-Myc inhibitor may be useful in the treatment of OS (147). The S1P/S1PR3 axis has been shown to contribute to the formation of the YAP–c-Myc complex and transcription of the glycolytic enzyme PGAM1 by suppressing YAP phosphorylation and increasing its nuclear translocation, according to studies (134).



SGLT2 inhibitors

Sodium–glucose cotransporter 2 (SGLT2) is essential for epithelial glucose transport and is overexpressed in numerous cancer types in order to supply cancer cells with glucose to satisfy their high-energy needs (148). SGLT2 affects the expression of miR-210 and stimulates anaerobic glycolysis, hence modulating the energy metabolism of cancer cells (149). SGLT2 inhibitors significantly inhibit osteosarcoma tumour growth and induce immune cell infiltration in vivo by upregulating STING expression and activating the IRF3/IFN-β pathway, which could be attributable to the inhibition of AKT phosphorylation (141).




Cancer vaccines

The protein EWS-FLI1, which is overexpressed in OS, has become a specific Treg antigen for vaccine development (150). EWS-FLI1 inhibits effector T cell responses and has been found circulating in or infiltrating tumours in Ewing patients, resulting in unfavourable clinical outcomes (150). Double sialic ganglioside (GD2) is extensively expressed in osteosarcoma (OS) and soft tissue sarcomas, and immunotherapies including GD2 vaccines have been utilized to treat solid tumor (151). miR-34a can target GD-2 to enhance tumour apoptosis, which is anticipated to be a novel OS target (152). Previous studies developed fusion cell vaccines by chemically fusing human γδT cells with SAOS-2 cells, eliciting cytotoxic T lymphocyte responses against two human OS cell lines that were specific to cancer antigens (153). CD103+cDC1 vaccines produced in vitro elicited systemic and long-lasting tumour-specific T cell-mediated cytotoxicity, thereby inhibiting the growth of primary and metastatic osteosarcoma (154).



Engineered chimeric antigen receptor T cells

Chimeric antigen receptor T cell therapy has been shown to be effective in leukaemia and lymphoma, and current studies have increasingly focused on CAR-T therapy for solid tumours, such as OS (155). The efficacy of B7-H3-CAR-T cell therapy in treating solid tumours was initially proven in a model of childhood cancer (156). Following that, the efficacy of B7-H3-CAR-T cells in OS and preventing lung metastasis progression was demonstrated in a dose-dependent manner in a mouse model with orthotopic OS of the tibia and lung metastases (157). Human EpHA2-directed CAR-T cells can target human OS cells in vitro, and the injection of CAR-T cells can eradicate tumour deposits in the liver and lungs of metastatic OS models in vivo (158). CD166 is selectively expressed in OS cells and can be used as a new target for CAR-T cell therapy, which has been demonstrated in mice models of OS by injection of CD166.BBζ CAR-T cells (159). Human epidermal growth factor receptor 2 (HER2)-CAR-T cells have entered phase II clinical trials, and the safety and efficacy of this therapy have been demonstrated in a study of 19 patients with HER2-positive solid tumours (160).

To treat OS, immunotherapy particularly targets immune cells and immunosuppressive cells in the TME. ncRNAs play a crucial regulatory role and have the potential to be exploited as synergistic agents for checkpoint inhibitors as well as novel targets for interferon treatments and cancer vaccines. The evidence of clinical data in interferon therapy and checkpoint inhibitors is shown in Table S2. CAR-T cells are a new therapeutic for solid tumours that can eradicate tumour cells from primary and metastatic lesions and may provide a unique immunotherapy treatment for patients with metastatic OS.




Discussion

The most frequent primary malignant tumour in children and adolescents is OS, which has a high rate of metastasis and a poor prognosis (161). A difference in the reduction in expression of let-7a-2 and miR-323 was identified in the differential analysis of ncRNAs in OS cells. let-7a-2 and miR-323 are regarded as sensitive prognostic indicators in a number of malignancies and may have a significant role in the clinical diagnosis of OS (162–164). The expression of circRNAs in OS is mainly decreased, of which circRNA_104892, circRNA_104893, and circRNA_104891 show significant differences in the degree of reduction. Reduced expression of circRNAs often inhibits osteosarcoma migration and invasion and promotes apoptosis, which could be combined with therapeutic targets for OS (165). lncRNA SNHG16 can function as ceRNA of miR-1285-3p to reduce the expression of miRNA, thus promote the proliferation, invasion and migration of OS cells (166). lncRNA regulates the progression of osteosarcoma through the miRNA axis, and there is no evidence for the direct regulation of lncRNA expression (167–170). lncRNA and circRNA can regulate the biological characteristics and metabolism reprogramming of OS by sponging miRNAs to represent as ceRNA (70, 94). The construction of co-expression networks of ncRNAs would be beneficial for studying OS aetiology.

OS immunotherapy primarily targets immunosuppressive cells in the TME, which are regulated by cytokines, chemokines, and an anaerobic environment (171). Gemcitabine effectively inhibited the progression of osteosarcoma by inducing cell apoptosis and inhibiting the accumulation of MDSCs (172). Additionally, when it binds to specific inhibitors of indoleamine 2, 3-dioxygenase, it can more effectively prevent the recruitment of MDSCs and the differentiation of Treg cells (172). The necessity to find novel targets has led to an increase in the number of studies on regulatory factors in OS cells. Meanwhile, when compared to a single inhibitor, a combination of inhibitors can greatly boost therapeutic efficacy. The energy uptake of immunosuppressive cells is more dependent on FAO and is also regulated by glucose levels in the TME (123, 130).

The development of combination chemotherapy has significantly increased the OS survival rate; however, the evolution of drug resistance has become a critical issue that must be addressed (173). Immunotherapy is a new strategy in the treatment of OS that targets immune cells to activate the immune system and relies on autoimmune responses to fight tumour tissues, an approach that may also be useful in combatting drug resistance (4, 173). Multiple types of checkpoint inhibitors have shown significant anticancer efficacy. The synergistic effects of checkpoint inhibitors and their combination with chemotherapy are promising options for combating drug resistance (4). Therapies based on OS-related antibodies have shown promise when combined with checkpoint inhibitors (154). In recent years, CAR-T cell treatment for OS has demonstrated encouraging results. (HER2)-CAR-T cells have entered phase II clinical trials and are expected to advance the treatment of OS (160).

In conclusion, this review summarizes the role of ncRNAs in OS cells, including their differential expression, as well as the metabolic heterogeneity of immunosuppressive cells in the TME. Emerging immunotherapies have been studied and compared in recent years, and their roles in the clinical diagnosis and treatment of OS have been investigated.
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The tumor microenvironment (TME) is the tumor surrounding environment, which is critical for tumor development and progression. TME is also involved in clinical intervention and treatment outcomes. Modulation of TME is useful for improving therapy strategies. PD-L1 protein on tumor cells interacts with PD-1 protein on T cells, contributing to T cell dysfunction and exhaustion, blockage of the immune response. Evidence has demonstrated that the expression of PD-1/PD-L1 is associated with clinical response to anti-PD-1/PD-L1 therapy in cancer patients. It is important to discuss the regulatory machinery how PD-1/PD-L1 protein is finely regulated in tumor cells. In recent years, studies have demonstrated that PD-1/PD-L1 expression was governed by various E3 ubiquitin ligases in TME, contributing to resistance of anti-PD-1/PD-L1 therapy in human cancers. In this review, we will discuss the role and molecular mechanisms of E3 ligases-mediated regulation of PD-1 and PD-L1 in TME. Moreover, we will describe how E3 ligases-involved PD-1/PD-L1 regulation alters anti-PD-1/PD-L1 efficacy. Altogether, targeting E3 ubiquitin ligases to control the PD-1/PD-L1 protein levels could be a potential strategy to potentiate immunotherapeutic effects in cancer patients.
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Introduction

The tumor microenvironment (TME) is the tumor surrounding environment, including fibroblasts, blood vessels, different immune cells, the extracellular matrix, etc (1, 2). TME connects tumor cells and local normal cells to make them interactions, which is critical for tumor development and progression (3, 4). Moreover, tumor cells and TME influence each other. Because the TME contains some various immune cells, TME is involved in immunotherapy (5–7). TME often exhibits immunosuppressive in cancer patients, and this situation makes tumor cells evade immunologic surveillance (8). In addition, TME is critically involved in clinical intervention and changes treatment outcomes. Modulation of TME is useful for fine-tuning of therapy strategies (9–11).

The post-translational modifications (PTMs) have various types, such as acetylation, ubiquitination, phosphorylation, methylation, SUMOylation, glycosylation, and palmitoylation (12–14). The ubiquitin proteasome system (UPS) is one of PTMs to regulate protein ubiquitination and degradation (15). In general, UPS have several critical elements, such as ubiquitin, ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2), ubiquitin-protein enzyme (E3), 26S proteasome, and deubiquitinating enzymes (DUBs). E1, E2 and E3 tightly regulate the protein ubiquitination and degradation (16). E3 ligases specifically target substrates and have several classifications based on their structures, such as HECT E3 ligases, RBP E3 ligases and RING E3 ligases (17).

PD-L1 protein on tumor cells interacts with PD-1 protein on T cells, contributing to T cell dysfunction and exhaustion, including the suppression of T lymphocyte proliferation, reduction of cytokine production, blockage of the immune response (18, 19). Indeed, dysfunctional T cells have high expression of PD-1 in TME. Blockade of PD-1/PD-L1 signaling invigorates active T cells and increases immunotherapy efficacy (20, 21). Several antibodies against PD-1, such as cemiplimab (Libtayo), nivolumab (Opdivo), pembrolizumab (Keytruda), and antibodies against PD-L1, including avelumab (Bavencio), durvalumab (Imfinzi), Atezolizumab (Tecentriq), have been used in clinical trials (22–24). However, in clinical set, only a portion of patients with PD-1/PD-L1 positive tumors display a good response to anti-PD-1/PD-L1 immunotherapy (25). The poor response and adaptive immune resistance can hinder the treatment efficacy. One reason is the dynamic expression of PD-1/PD-L1 in cells because PD-1/PD-L1 expression can be induced by cytokines and multiple factors and be regulated by E3 ligases in TME (26–28). In-depth evaluation is necessary to discover how E3 ligases regulate PD-1/PD-L1 expression in TME to affect immunotherapy outcomes.



E3 ubiquitin ligases regulate PD-1/PD-L1

Evidence has demonstrated that the expression of PD-1/PD-L1 is linked to clinical response to anti-PD-1/PD-L1 therapy in cancer patients. It is important to discover the regulatory machinery how PD-1/PD-L1 protein is finely regulated in tumor cells. In recent years, several studies have demonstrated that PD-1/PD-L1 expression was regulated by various E3 ubiquitin ligases in TME, contributing to resistance of anti-PD-1/PD-L1 therapy in human cancers (29, 30). In the following section, we will discuss the role and molecular mechanisms of E3 ligases-mediated regulation of PD-1 and PD-L1 in TME. Moreover, we will describe how E3 ligases-involved PD-1/PD-L1 regulation alters anti-PD-1/PD-L1 efficacy.



F-box proteins

F-box protein is a subunit of SCF E3 ligase complexes and has been characterized to involve in numerous biological functions in human cancer, such as apoptosis, invasion, cell cycle, proliferation, autophagy, drug resistance, EMT, cancer stem cells and metastasis (31–34). SCF E3 ligase consists of adaptor SKP1, scaffold Cullin-1, RBX1 or RBX2 and F-box protein. So far, there are 69 F-box protein in human genome, including 37 FBXO proteins, 10 FBXW proteins, and 22 FBXL proteins (35–37). F-box proteins have been shown to regulate oncogenesis and tumor progression in numerous types of human cancers (38, 39). Liu et al. reported that FBW7-mediated PD-1 protein degradation enhanced anti-PD-1 immunotherapy in non-small cell lung cancer (NSCLC) (40). FBW7 protein is one component of the SCF E3 ubiquitin ligase, and plays a tumor suppressive role in tumorigenesis (41). FBW7 was reported to suppress M2 macrophage polarization and restrict tumor progression via regulation of c-Myc degradation in Lewis lung carcinoma cells (LLCs) (42). FBW7 was also identified as a new E3 ligase for PD-1 protein via enhancement of the K48-linked polyubiquitination of PD-1 at Lys233 site and degradation in NSCLC cells (40). CDK-1-mediated the phosphorylation of Ser261 is necessary for FBW7-involved ubiquitination of PD-1 protein. In vivo study used a natural terpenoids oridonin to activate FBW7 activation (43) and anti-mouse PD-1 monoclonal antibody to treat C57BL/6 mice with LLC cell injection. Combination treatment exhibited more profound tumor suppressive outcomes, which was accompanied with increased apoptosis of tumor cells and increased CD8+ CTLs infiltration. In human NSCLC tissues, FBW7 was negatively associated with PD-1 expression. Overexpression of FBW7 led to PD-1 destruction and in return promoted the blockade of PD-1/PD-L1 evasion pathway (40). High expression of FBW7 in the TME contributed to sensitivity of anti-PD-L1 therapy in NSCLC.

Another study revealed that inactivation of FBW7 effected double-stranded RNA (dsRNA) sensor expression and led to immunotherapy resistance (44). Melanoma patients had heterogeneous reactions to PD-1 blockade therapy. The resistant tumors displayed FBW7 mutations and sensitive tumors did not have the mutations of FBW7. Depletion of FBW7 in murine cancer cells resulted in resistance to PD-1 blockade in mice. Depletion of FBW7 altered TME, downregulated the expression of MDA5 and RIG1, two dsRNA sensors, and reduced the expression of MHC-1 and type I IFN (44). On the contrary, in FBW7-deficient cells, restoring MDA5 and RIG1 sensitized anti-PD-1 therapy. This work indicated that inactivation of FBW7 could be a key driver for anti-PD-1 resistance. Therefore, restoration of FBW7 might improve clinical therapeutic efficacy to anti-PD-1/PD-L1 treatment (44). FBXO38 mediated PD-1 poly-ubiquitination in K48-linked manner and proteasome degradation. In activated T cells, the PD-1 exhibited internalization and degradation (45). T cells with conditional knockout of FBXO38 promoted mouse tumor progression due to upregulation of PD-1 in tumor infiltrating T cells. Moreover, anti-PD-1 treatment abolished the efficacy of FBXO38 depletion on mouse tumor growth. The transcriptional levels of FBXO38 were decreased in tumor infiltrating T cells in mice and human cancer tissues (45). Furthermore, IL-2 treatment restored Fbxo38 transcription and promoted PD-l degradation and reduced PD-1 protein levels in T cells in mice (45). Hence, targeting FBXO38 could be a good choice to reduce PD-1 level and influence immunotherapy.

In addition, β-TrCP E3 ligase interacted with GSK3β and PD-L1, leading to the phosphorylation-dependent degradation of PD-L1 by β-TrCP. However, PD-L1 glycosylation sites at N192, N200 and N219 blocked the GSK3β binding. Moreover, EGF inactivated GSK3β and stabilized PD-L1 in breast cancer cells (46). Gefitinib suppressed EGF pathway and destabilized PD-L1, resulting in promotion of antitumor T-cell immunity and enhancement of treatment efficacy of anti-PD-1 therapy in mice. Hence, ubiquitination and glycosylation of PD-1 were involved in β-TrCP-mediated degradation of PD-1 and tumor immunotherapy efficacy (46). FBXO22 E3 ligase targeted PD-L1 for ubiquitination and degradation and increased sensitization of tumor cells to DNA damage (47). Inhibition of CDK5 elevated the expression of FBXO22 and subsequently inhibited PD-L1 protein levels, indicating that CDK5 was an upstream regulator of FBXO22 and that CDK5 inhibitors could increase the efficacy of immunotherapy in cancer cells (47).



NEDD4 E3 ligase

FGFR3 destabilized PD-L1 via NEDD4 to govern T-cell-involved immune surveillance in bladder cancer (48). FGFR3, a tyrosine kinase, has been known to be overexpressed and activated in human cancers (48–50). FGFR3 alterations play an essential role in the immunotherapy for bladder cancer, including amplifications, fusions, and mutations (51). One study showed that suppression of FGFR3 increased the expression of PD-L1 level via modulating its ubiquitination in bladder cancer cells, contributing to blockade of anticancer activity of CD8+ T cells (48). FGFR3 had an inverse association with PD-L1 in human cancer tissues (48). NEDD4 is a HECT domain family E3 ubiquitin ligase and targets multiple substrates, including ENaC, Notch, Deltex, VEGFR2, HER3, PTEN, AMPA receptor and IGF-1R, for ubiquitination-mediated degradation, leading to regulation of cellular processes (52, 53). NEDD4 can be phosphorylated by FGFR3 and subsequently regulates PD-L1 ubiquitination in K48-linked manner. Mice with NEDD4 knockout bladder cancer displayed impaired CD8+ T cell infiltration and reduced anticancer activity because of upregulation of PD-L1. Therefore, NEDD4 E3 ligase is associated with FGFR3 targeted therapy and PD-L1 immunotherapy. Combination treatment strategy for FGFR3 and NEDD4 could be useful for bladder cancer (48).



c-Cbl E3 ligase

It has been known that c-Cbl often acts as a tumor suppressor gene in oncogenesis (54). In immune cells, c-Cbl expression is highly expressed. One study showed that c-Cbl targeted PD-1 for proteasomal degradation and reduced PD-1 level as well as changed TME in colorectal tumors (55). In addition, c-Cbl+/- mice showed increased colorectal tumor growth and more infiltrating immune cells compared to c-Cbl wild-type mice. c-Cbl+/- mice displayed an elevated PD-1 levels in macrophages and CD8+ T lymphocytes (55). Moreover, the tumor phagocytosis in macrophages was reduced in c-Cbl+/- mice; however, this phenotype can be recovered by anti-PD-1 antibody treatment. Mechanistically, the cytoplasmic tail of PD-1 binds to C-terminus of c-Cbl, and causes c-Cbl-mediated degradation of PD-1. Hence, c-Cbl targets PD-1 expression level and alters TME, which could improve immunotherapy (55).



SPOP E3 ligase

SPOP has been reported to participate in tumor development and progression via regulating its multiple substrates, including Cyclin E1, ERG, BRD4, Cdc20, TRIM24, HDAC6, Gli2, and SIRT2 (56, 57). One elegant study revealed that SPOP destructed PD-L1 protein and controlled cancer immune surveillance (58). Zhang et al. reported that PD-L1 abundance was governed by cyclin D-CDK4 and Cullin 3/SPOP. Suppression of CDK4/6 reduced phosphorylation of SPOP, and subsequently promoted APC/C Cdh1-mediated the degradation of SPOP, contributing to high expression of PD-L1 levels (58). Strikingly, loss-of-function mutations in SPOP elevated PD-L1 protein level due to dysregulation of PD-L1 degradation, conferring to reduction of TILs in human prostate cancer tissues and mouse tumor samples (58). Inhibition of CDK4/6 by inhibitors increased the anti-PD-1 immunotherapy efficacy and prolonged overall survival rates and promoted tumor regression in mice (58). Meng et al. demonstrated that Rho-associated protein kinase (ROCK) can lead to moesin phosphorylation and competing SPOP for interacting with PD-L1 (59). Blockade of ROCK by Y-27632 inhibitor or depletion of moesin reduced the expression of PD-L1, contributing to activation of T cells. Y-27632 inhibitor retarded tumor progression and promoted CD8+ and CD4+ T cell infiltration in mice via upregulation of multiple immune response genes (59).

Aldehyde dehydrogenase 2 (ALDH2) blocked SPOP-mediated degradation of PD-L1 via binding with the intracellular segment of PD-L1 (60). Silencing of ALDH2 decreased PD-L1 protein and enhanced TILs infiltration in colorectal cancer cells. Suppression of ALDH2 also caused promotion of anti-PD-1 therapeutic efficacy in colorectal cancer mouse model, indicating that ALDH2 facilitates tumor progression and enhanced immune escape via regulation of SPOP-mediated degradation of PD-L1 (60). Casein kinase 2 (CK2) was reported to phosphorylate PD-L1 at Thr285 and Thr290 and subsequently stabilize the PD-L1 in tumor and dendritic cells. The interaction between PD-L1 and SPOP was blocked by PD-L1 phosphorylation, contributing to protection of PD-L1 degradation. Suppression of CK2 reduced PD-L1 accumulation and increased CD80 release from dendritic cells to reactivate functions of T cells (61).

ATR inhibitor destabilized PD-L1 protein due to activation of CDK1/SPOP axis. ATR inhibitors plus anti-PD-L1 treatment led to increased innate immune activation in mice (62). Sorting nexin 6 (SNX6) can bind with Cullin 3, leading to reduction of interaction between SPOP and Cullin 3, which reduces the PD-L1 degradation. Consistently, depletion of SNX6 reduced PD-L1 protein in cancer cells (63). One research revealed that c-Myb enhanced tumor immune escape via targeting miR-145-5p/SPOP/PD-L1 pathway in esophageal adenocarcinoma cells (64). Specifically, c-Myb increased miR-145-5p expression and in turn reduced SPOP and regulated PD-L1, leading to suppression of T cell functions and induction of immune escape in esophageal adenocarcinoma cells (64). Cancer stem cell-derived exosomal miR-17-5p reduced SPOP expression and increased PD-L1 accumulation, leading to suppression of antitumor immunity in colorectal cancer cells (65). Recently, SPOP was found to increase the movement of PD-1 away from PD-L1 in spatial localization, and enhanced tumor metastasis in cervical cancer (66). In ovarian cancer cells, Cullin 3/SPOP facilitated sensitivity of chemotherapy and blocked immune escape via promoting PD-L1 protein degradation (67). Recently, SPOP mutations were revealed to enhance tumor immune escape through targeting the interferin regulatory factor 1 (IRF1)-PD-L1 axis in endometrial cancer (68). Taken together, SPOP E3 ligase targets PD-L1 degradation and involves in anti-PD-1 immunotherapy in human cancers.



Other E3 ligases

Inflammation-related molecule A20 (also known as TNFAIP3) plays an essential role in antitumor immunity and inflammation via negative regulation of NF-κB pathway (69). Melanoma patients with upregulation of A20 displayed poor treatment effect to anti-PD-1 therapy and reduced CD8+ T cell activity. Modulation of A20 regulated PD-L1 expression and invigorated CD8+ T cell infiltration, leading to enhancement of immunotherapy (70). A20, acting as an E3 ubiquitin, ligase, activated STAT3 ad PD-L1 expression due to promotion of prohibitin ubiquitination and degradation (70). CDK5 inhibited the PPARγ E3 ligase activity and protected ESRP1 from degradation. CDK5 triggered Ser 273 phosphorylation of PPARγ and switched CD44 isoform from CD44s to CD44v, leading to promoting TNBC CSCs development (71). Inactivation of CDK5 and phosphorylation of PPARγ suppressed the numbers of CD44v+ breast CSCs in tissues, which inhibited tumor metastasis in TNBC mice. Blockade of stemness transformation facilitated anti-PD-1 treatment outcomes via reversing tumor immunosuppressive microenvironment in TNBC (71). KLHL22 is an adaptor of Cullin 3 E3 ligase and mediated the ubiquitination and degradation of PD-1. Therefore, deficiency of KLHL22 resulted in PD-1 upregulation, conferring to suppression of T cells-mediated antitumor response and facilitated tumor development (72). In clinical colorectal cancer patients, there was a downregulation of KLHL22 in tumor infiltrating T cells. 5-fluorouracil (5-FU) could suppress the KLHL22 transcription and elevate the expression of PD-1 (72). Hence, KLHL22 governed excessive T cell suppression via regulation of PD-1 expression in colorectal cancer. STUB1 was reported to act as an E3 ligase and lead to destabilization of PD-L1. A type-3 transmembrane protein CMTM6 could maintain PD-L1 via blocking ubiquitination in tumor cells (73). CMTM4 displayed the similar function in regulation of PD-L1 protein levels. CMTM6 accelerated the ability of tumor cells with PD-L1 expression to repress T cells (73). TMUB1 was identified as a modulator of PD-L1 PTMs, which competed with HUWE1 to bind with PD-L1 and suppressed its ubiquitination at K281 in the ER. TMUB1 recruited STT3A and accelerated PD-L1 N-glycosylation and stability, resulting in enhancement of PD-L1 maturation and contribution of immune evasion. A peptide that competed with TMUB1 elevated anticancer immunity and retarded tumor growth in mice (74).



Deubiquitinases stabilize PD-1/PD-L1

DUBs can cleave and remove ubiquitins from molecules, which is classified into two groups: metalloproteases and cysteine proteases. DUBs stabilize the protein levels of PD-1 and PD-L1 in cancer cells. For instance, COP9 signalosome 5 (CSN5) maintained PD-L1 protein accumulation via inhibition of ubiquitination and degradation of PD-L1 (75). TNF-α induced PD-L1 stabilization due to p65-mediated induction of CSN5 in cancer cells. Suppression of CSN5 by natural agent curcumin sensitized tumor cells to anti-CTLA4 blockade because of diminishing PD-L1 expression (75). The deubiquitinase USP22 can bind with PD-L1 and enhance its stability, leading to reduced T cell cytotoxicity in tumor cells (76). Similarly, another group also identified that USP22 can target PD-L1 and resulted in suppression of antitumor immunity (77). USP7 depletion led to downregulation of PD-L1 and caused sensitization of T cells killing in gastric tumor cells (78).

USP8 depletion enhanced immunotherapy by regulation of TME via targeting PD-L1 ubiquitination and activating the infiltrated CD8+ T cells (79). In line with this report, USP8 deubiquitinated PD-L1 and upregulated its expression in pancreatic cancer. Anti-PD-L1 in combination with a USP8 inhibitor attenuated tumor growth via activation of cytotoxic T cells (80). OTUB1 blocked ER-associated degradation of PD-L1 and triggered immunosuppression in tumor cells (81). Interestingly, depletion of USP12 established a tumor-promoting TME due to insufficient deubiquitination of PPM1B and activation of NF-κB in cancer cells, which contributed to desensitization of anti-PD-1 immunotherapy in lung cancer cells (82). In addition, USP14 stabilized indoleamine 2,3 dioxygenase 1 (IDO1) and enhanced immune suppression in colorectal cancer (83). Depletion of USP14 promoted anti-PD-1 responsiveness in mice and reversed inhibition of cytotoxic T cells due to inhibition of IDOI (83).



Compounds target E3 ligases to regulate PD-1/PD-L1

Evidence has revealed that several compounds regulate the expression of E3 ubiquitin ligases and modulate the expression of PD-1/PD-L1 and change the immunotherapy efficacy in human cancers. For example, 2,5-dimethylcelecoxib (DMC) induced hepatitis B virus X (HBx)-mediated PD-L1 ubiquitination and improved TIME in HCC (84). DMC, an inhibitor of mPGES-1, has been reported to repress HBV-involved HCC progression. DMC elevated the CD8+ T cell infiltrations in HCC mouse model, and mouse tumor tissues displayed the downregulation of PD-L1 and CD163. The combination of DMC and atezolizumab exhibited more significant anticancer efficacy. DMC enhanced RBX1 E3 ligase-mediated PD-1 degradation via activation of AMPK pathway in HCC cells (84). Avadomide is cereblon E3 ligase modulator and upregulates the expression of PD-L1 in CLL cells (85). Avadomide activated interferon (IFN) signaling in T cells and reactivated T cell responses and promoted chemokine expression. PDX mice displayed CD8+ T cell-inflamed TME after avadomide treatment and increased the sensitivity of anti-PD-1/PD-L1 therapy (85). Hence, avadomide could enhance sensitivity of immunotherapy in CLL cells via targeting IFN signaling pathway.

APG-115, an inhibitor of MDM2 E3 ligase, synergized with anti-PD-1 therapy via promoting anticancer immunity in the TME (86). It has been shown that p53 activation inhibited M2 macrophage polarization in myeloid. APG-115 treatment increased activation of p53 and p1 in bone marrow-derived macrophages and decreased c-Myc and c-Maf and caused a reduction number of immunosuppressive M2 macrophage (86). Mice with APG-115 treatment elevated M1 macrophage polarization in the spleen. Moreover, APG-115 in combination with anti-PD-1 therapy contributed to enhanced tumor suppressive activity in mice (86). MET inhibitors, capmatinib and tivantinib, enhanced tumor evasion of the immune response by stabilization of PD-L1 in HCC (87). MET inhibitors elevated PD-L1 expression and blocked the antitumor ability of T cells. Mechanistically, suppression of MET blocked GSK3β phosphorylation and promoted the interaction between TRAF6 and GSK3β, leading to inactivation of GSK3β because of TRAF6-induced GSK3β K63 ubiquitination, which facilitated the PD-L1 expression in HCC cells (87). Metformin attenuated the stability and membrane localization of PD-L1 and elevated the activity of CTL. Metformin activated AMPK and phosphorylated PD-L1 at S195 site, resulting in abnormal PD-L1 glycosylation and its ER accumulation and ERAD (88).



PROTACs target PD-1/PD-L1 for improving immunotherapy

PROTACs is a new technology for regulating a protein of interest (POI) by degradation by specific E3 ligases (89, 90). Numerous of E3 ligases, including cereblon, MDM2, β-TrCP, and VHL, have been applied in PROTAC strategy (91). PROTAC is a ternary complex that links a POI ligand to an E3 ligase via an optimal linker (92, 93). PROTACs have been reported to target several important signaling pathways in TME and improve antitumor therapy (94). Peptide-based PROTAC of FOXM1 inhibited the expression of PD-L1 and glucose transporter GLUT1 and attenuated carcinogenesis (95). FOXM1-PROTAC mediated degradation of FOXM1 protein in tumor cells and suppressed viability, migration and invasion in several types of tumor cells. In HepG2 and MDA-MB-231 tumor cell xenograft mice, FOXM1-PROTAC retarded tumor growth (95). Moreover, FOXM1-PROTAC reduced the expression of PD-L1, indicating that PROTACs might be used for targeting PD-L1 degradation to improve the immunotherapy in human cancer.

One group developed a new PROTAC molecule 21a that enhanced PD-L1 protein degradation in several types of tumor cells, suggesting that compound 21a might be an alternative way for immunotherapy in cancer patients (96). Another group designed a new resorcinol diphenyl ether-based PROTAC, compound P22, that impaired the interaction between PD-1 and PD-L1 and reactivated the immunity. P22 compound decreased the protein levels of PD-L1 via lysosome-mediated degradation and affected immune functions (97). Degradation of BET protein by the PROTAC technology induced death receptor 5 (DR5)-involved immunogenic cell death (ICD) in colorectal cancer cells, leading to colorectal cancer progression and enhancement of anti-PD-1 antibody blockade (98). Targeting SHP2, a protein tyrosine phosphatase, by PROTACs is useful for cancer immunotherapy partly via regulation of several signaling pathways, such as PD-1/PD-L1, PI3K/AKT, RAS/ERK, JAK/STAT pathways (99). Moreover, nano-PROTACs targeting SHP2 inactivated the CD47/SIRPα and PD-1/PD-L1 pathways, contributing to reinvigoration of T cells and macrophages as well as promotion of antitumor immune response (100). Recently, peptide-PROTACs targeting PD-1/PD-L1 degradation were designed and exhibited high potential activity to degrade PD-1/PD-L1 in tumor cells, which caused tumor cell death (101). PROTACs targeting hematopoietic progenitor kinase1 (HPK1) regulated T cell function and potentiated the efficacy of CAR-T cell-based immunotherapies (102). Cotton et al. developed antibody-based PROTACs (AbTACs) to disrupt PD-L1 protein stability. AbTACs recruited RNF43 E3 ligase and induced the lysosomal degradation of PD-L1 (103). These reports decipher that PROTACs are novel compounds for targeting PD-1/PD-L1 or other critical factors in immunosuppressive pathways to improve the efficacy of immunotherapy.



Discussion and perspectives

In conclusion, the E3 ligases govern the ubiquitination and degradation of PD-1/PD-L1 in the TME (Table 1). Targeting E3 ligases might be a potential strategy for promoting antitumor immunity in human cancer (Figure 1). Several Strategies have been proposed for developing PD-1 inhibitors, including PROTACs (104). It is important to note several issues for readers to fully understand the role of E3 ubiquitin ligases to regulate TME and PD-1/PD-L1 in immunotherapy. Some E3 ubiquitin ligases regulated specific substrates, not PD-1/PD-L1 proteins, to influence TME in tumor cells. FBXL8 downregulation increased accumulation of CCND2 and IRF5 and reduced the cancer-promoting chemokines, modulated TME, leading to repressing tumor metastasis in breast cancer (105). COP1 E3 ligase knockdown reduced chemokine secretion and macrophage infiltration, increased immune checkpoint blockade efficacy, promoted tumor suppressive immunity in the TME. COP1 acted as the E3 ligase to induce polyubiquitination and degradation of the C/ebpδ, resulting in activation of macrophage chemoattractant genes (106).


Table 1 | The E3 ubiquitin ligases regulate PD-1/PD-L1 protein levels.






Figure 1 | The role of E3 ubiquitin ligases and DUBs in regulation of PD-1/PD-L1 in cancer.



Growth differentiation factor 15 (GDF15) facilitated tumor immunosuppression via interaction with CD48 on Treg cells and downregulation of E3 ligase STUB1, leading to accumulation of FOXP3 protein in liver cancer (107). UBR5 E3 ligase augmented immunosuppressive macrophage and modulated the TME and facilitated tumor growth and metastasis in ovarian cancer via maintaining β-catenin signaling (108). NEDD4 E3 ligase suppressed T-cell-induced antitumor immunity via targeting the immune checkpoint GITR for degradation in melanoma (109). Depletion of RNF43 E3 ligase remodeled the TIME and facilitated Kras-induced oncogenesis in pancreatic cancer (110). TRAF6 E3 ligase reshaped TME by increasing the immunosuppressive functions of MDSCs via targeting K63-linked ubiquitination and phosphorylation of STAT3 (111). Knockdown of E3 ubiquitin ligase Cbl-b increased CAR T-cell effects and blocked CD8+ T-cell exhaustion, upregulated the expression of IFN-γ and TNFα, and accelerated tumor cell killing (112). Calponin 1 can bind with PDLIM7 and protect its disruption by the NEDD4-1, resulting in activation of ROCK1/MLC pathway. Calponin 1 elevated matrix stiffness in CAF and enhance 5-Fu chemoresistance by activation of YAP in gastric cancer (113).

Senescent stromal cells develop epiregulin (EREG), a member of the EGF family. EREG, a ligand of EGFR, can regulate EGFR-induced oncogenesis. EREG inhibits cellular sensitivity to TKIs treatment (114). High expression of EREG was associated with tumor stage, metastasis and survival in human cancer patients. DNA-damaging agents (DDAs), such as bleomycin, mitoxantrone, and doxorubicin, induced the expression of EREG in stromal cells (115). Stromal EREG levels were linked to adverse clinical outcomes. Moreover, EREG upregulation was due to activation of NF-κB signaling pathway. Furthermore, stromal EREG changed recipient tumor cell phenotypes in prostate cancer cells (115). MARCHF4 (membrane associated ring-CH-type finger 4), a member of E3 ubiquitin protein ligase, promoted viability of prostate cancer cells after mitoxantrone treatment. Overexpression of MARCHF4 induced EMT in prostate cancer cells. MARCHF4 overexpression caused chemotherapeutic agent resistance in prostate cancer cells. Targeting EREG in the damaged TME enhanced treatment efficacy in mice (115). Stromal cell-derived EREG-mediated drug resistance was partly due to MARCHF4 upregulation in recipient tumor cells (115).

HDM201, an inhibitor of MDM2 E3 ligase, has been reported to increase the numbers of dendritic cells in mice (116). Moreover, HDM201 elevated the CD8+/Treg ration and promoted the numbers of Tbet+Eomes+CD8+ T cells in tumor, and this phenotype alteration was abrogated by p53 depletion in tumor cells. Anti-PD-1/PD-L1 therapy in combination with HDM201 enhanced tumor regressions (116). Notably, the function of HDM201 in tumorigenesis is dependent on induction of antitumor immunity. Suppression of MDM2 by its inhibitors stimulated adaptive immunity, which can be promoted by inactivation of PD-1/PD-L1 pathway in cancer patients with p53 wild-type tumors (116). Therefore, inhibition of MDM2 E3 ligase increased anti-PD-1/PD-L1 therapeutic efficacy via regulation of immune and stromal microenvironment in p53 wild-type cancer patients. Trim35 E3 ligase influenced the TIME and reduced the DLBCL progression via targeting a regulator of circadian rhythmicity CLOCK for degradation and modulating NK cell infiltration (117). Galectin-9 augmented an immunosuppression in TME via accelerating TRIM29-mediated degradation of STING in human cancers (118). FBW7-induced degradation of ZEB2 was reported to associate with EMT and TME, resulting in enhancement of colorectal CSCs and drug resistance (119). Depletion of stromal hedgehog signaling Smoothened promoted proliferation of pancreatic cancer via initiating RNF5-induced degradation of PTEN and subsequent activation of AKT (120). In addition, UBR5 E3 ligase accelerated tumor growth and metastasis via regulation of apoptosis, necrosis, EMT and angiogenesis in TNBC (121). Besides, ubiquitination of PD-1/PD-L1, its phosphorylation, glycosylation, palmitoylation, and acetylation have been reported (28, 122). Most studies focused on PD-1 and PD-L1 regulations, whereas PD-L2 regulation by E3 ligases was largely unclear. It is pivotal to determine the PTM regulatory mechanism of PD-L2 in cancer immunotherapy. Taken together, targeting E3 ubiquitin ligases to modulate the PD-1/PD-L1 protein levels might be a promising approach to improve immunotherapeutic effects in cancer patients.
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We have previously demonstrated that scavenger receptor A (SRA) acts as an immunosuppressive regulator of dendritic cell (DC) function in activating antitumor T cells. Here we investigate the potential of inhibiting SRA activity to enhance DC-targeted chaperone vaccines including one that was recently evaluated in melanoma patients. We show that short hairpin RNA-mediated SRA silencing significantly enhances the immunogenicity of DCs that have captured chaperone vaccines designed to target melanoma (i.e., hsp110-gp100) and breast cancer (i.e., hsp110-HER/Neu-ICD). SRA downregulation results in heightened activation of antigen-specific T cells and increased CD8+ T cell-dependent tumor inhibition. Additionally, small interfering RNA (siRNA) complexed with the biodegradable, biocompatible chitosan as a carrier can efficiently reduce SRA expression on CD11c+ DCs in vitro and in vivo. Our proof-of-concept study shows that direct administration of the chitosan-siRNA complex to mice promotes chaperone vaccine-elicited cytotoxic T lymphocyte (CTL) response, culminating in improved eradication of experimental melanoma metastases. Targeting SRA with this chitosan-siRNA regimen combined with the chaperone vaccine also leads to reprogramming of the tumor environment, indicated by elevation of the cytokine genes (i.e., ifng, il12) known to skew Th1-like cellular immunity and increased tumor infiltration by IFN-γ+CD8+ CTLs as well as IL-12+CD11c+ DCs. Given the promising antitumor activity and safety profile of chaperone vaccine in cancer patients, further optimization of the chitosan-siRNA formulation to potentially broaden the immunotherapeutic benefits of chaperone vaccine is warranted.
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Introduction

It has been well established that heat shock proteins (HSPs) with their superior chaperoning property can be utilized to carry and present tumor-associated antigens for effectively inducing antitumor immune responses (1–3). Building on this unique feature, we have developed synthetic chaperone vaccines by complexing large HSPs (e.g., hsp110, grp170) non-covalently with clinically relevant tumor protein antigens (e.g., gp100, HER-2/Neu) and demonstrated their potent immunotherapeutic activities involving CD8+ cytotoxic T lymphocytes (CTLs) in multiple preclinical cancer models (4–8). Mechanistic studies reveal that chaperone vaccines preferentially target specialized antigen-presenting cells (APCs), particularly dendritic cells (DCs) (9), which can be attributed to the presence of HSP-binding receptors facilitating the efficient capture and cross-presentation of the HSP-antigen complexes (2, 10). The recombinant human hsp110-gp100 chaperone vaccine was recently tested in a phase Ib dose-escalation trial (NCT01744171), which showed minimal toxicity, measurable antitumor efficacy, and capacity to activate CD8+ T cells in patients with advanced, pretreated melanoma (11). These preclinical and clinical evidence strongly support the therapeutic applications using these antigen-targeted chaperone vaccines to generate and expand tumor-reactive T cells for cancer eradication.

Scavenger receptor A (SRA, also known as CD204) is an innate pattern recognition receptor (PRR) primarily expressed on the cells of myeloid origin (e.g., DCs, macrophages) and displays pleiotropic biological as well as pathological activities, possibly due to its ability to bind a broad spectrum of ligands or macromolecules (12–15). We have shown that SRA acts as an important regulator capable of dampening the immunostimulatory function of DCs in promoting T cell-mediated antitumor immunity (16–21), suggesting that targeted inhibition of this immunosuppressor may lead to improved DC functionality for T cell priming and DC-targeted cancer immunotherapies (22). SRA has also been considered as a phenotypic maker for alternatively activated or M2-like macrophages and is involved in the functional regulation of tumor-associated macrophage for cancer promotion (23, 24). Given that the immunosuppressive activity of SRA can similarly attenuate antitumor immune responses augmented by chaperone vaccines (e.g., hsp110-gp100 complex), which require the internalization and processing by DCs prior to their activation of CTLs (16, 25), a question was raised on whether strategic inhibition of SRA can improve T cell-mediated antitumor immunity mobilized by the chaperone vaccines.

In this study, we have examined experimental approaches involving short hairpin RNA (shRNA) and small interfering RNA (siRNA) to achieve downregulation of SRA on DCs. We demonstrate that reduction of SRA greatly enhances the immunogenicity of DCs that have captured the chaperone vaccines and consequent antitumor immune responses. Furthermore, we show that administration of SRA siRNA carried by biocompatible and biodegradable chitosan (26, 27) can effectively decrease SRA expression on DCs in vivo and potentiate immunotherapeutic efficacy of chaperone vaccines against established cancer metastases.



Materials and methods


Mice and cell lines

C57BL/6 mice, Pmel transgenic mice carrying TCR gene specific for the mouse homolog (Pmel-17) of human gp100 (28), parental FVB mice and FVBN202 transgenic mice were purchased from the Jackson Laboratory (Bar Harbor, ME). Melanoma cell line B16-gp100 (8), mammary tumor MMC line (4), and DC1.2 DC line were maintained in DMEM media supplemented with 10% heat-inactivated FBS (Life Technologies, Grand Island, NY), 2 mM L-glutamine, 100 U/ml penicillin, and 100 mg/ml streptomycin. All experimental procedures were conducted according to the protocols approved by the Virginia Commonwealth University Institutional Animal Care and Use Committee (Richmond, VA).



Reagents and antibodies

Recombinant proteins including human hsp110, gp100 and intracellular domain (ICD) of HER-2/Neu were expressed in a BacPAK™ baculovirous expression system (BD Biosciences Clontech, Palo Alto, CA) as we previously described (4, 5, 29). All glassware was depyrogenated for 4 h at 250 °C to avoid or reduce endotoxin contamination. Endotoxin levels in the recombinant protein preparations are approximately 10-15 EU/mg protein. H-2Db restricted gp10025-33 (KVPRNQDWL) peptide was purchased from AnaSpec (Fremont, CA). Chitosan G213 were purchased from Novamatrix (Lancaster, PA). siRNA for SRA (#1 siRNA GGAAAUGAGAUUUACAAUUTT; #2 siRNA GACUUAAUGAUAUUCUUCUTT; #3 siRNA CAUCUCAAGGUCCUAUGGATT; #4 siRNA AUUUGACGCACGUUCAAUGTT) were synthesized by Invitrogen (Waltham, MA). Anti-SRA polyclonal antibodies for immunoblotting and monoclonal antibodies (2F8) for flow cytometry analysis were purchased from R&D systems (Minneapolis, MN) and AbD Serotec (Raleigh, NC), respectively. Mouse monoclonal antibodies to CD4 (GK1.5), CD8a (53-6.7), IFN-γ (XMG1.2), CD90.1 (OX-7), CD11c (HL3), isotype control rat IgG2b (RTK4530), and IgG1 (RTK2071) were purchased from BioLegend (San Diego, CA).



Downregulation of SRA by genetic silencing

Lentiviruses encoding mouse SRA shRNA or scramble shRNA were packaged using Phoenix cells co-transfected with pLKO.1 construct and pMD.G and pCMVΔR8.91 as we previously described (20). Bone marrow-derived DCs (BMDCs) were generated from bone marrow cells in the presence of mouse GM-CSF from PeproTech (Rocky Hill, NJ) (16). Day 6 BMDCs were infected with shRNA-encoding lentivirus in the presence of 4 μg/ml polybrene and 20 ng/ml GM-CSF, and collected 48 h later for analyses. Preparation of chitosan-siRNA complex was performed as described (30, 31). Briefly, chitosan was dissolved in sodium acetate buffer (0.2 mol/l NaAc, pH 4.5) to obtain a 3.2 mg/ml solution and then adjusted to pH 5.5. Chitosan and siRNA were thoroughly mixed at N:P of 60 and left at room temperature for 1 h. Cells were incubated with the chitosan-siRNA complex (200 nM) in 500 μl FBS-free medium for 4 h, followed by adding 500 μl medium with 20% FBS and culturing for additional 72 h. For in vivo treatment, each mouse received 4 μg chitosan-siRNA complex i.p. in 200 μl sterile PBS.



Expansion of ICD-specific T cells

The ICD-reactive CD8+ T cells were generated as we previously described (32). FVB mice were inoculated with 5 × 106 HER-2/Neu-positive MMC cells and lymph node cells harvested after three weeks. Cells (106 cells/mL) were cultured in complete RPMI1640 medium containing 15% FBS with bryostatin-1 (5 nM) and ionomycin (1 μM) plus IL-2 (80 U/mL) for 16 h. Cells were washed and cultured at 106 cells/mL in complete medium with IL-2 (40 U/mL) and media was changed every other day for a total of 5 days. T cells were isolated by centrifugation using Percoll solution from Sigma-Aldrich (Saint Louis, MO).



In vitro priming of T cells

For preparation of chaperone vaccines, recombinant hsp110 protein and gp100 protein or ICD protein (1:1 molar ratio) were incubated at 50 °C for 30 min, followed by incubation at 37 °C for 30 min as previously described (5). BMDCs were incubated with the chaperone-antigen complexes (30 μg/mL) for 3 h, and co-cultured with 5×104 Pmel cells or ICD-specific T cells in 200 μl RPMI1640 medium in a round-bottom 96-well microtiter plate. Cells were cultured for 60 h and pulsed with 3H-thymidine (0.5 μci/well) during the last 16 h of culture period, followed by 3H-TdR incorporation assays for T cell proliferation. IFN-γ production in the culture supernatant was determined using ELISA kits from eBioscience (San Diego, CA). For some experiments, T cells were labeled with 2.5 μM CFSE before co-culture with DCs. T cell proliferation was measured by flow cytometry analysis (17).



Adoptive cell transfer

Antigen-specific CD8+ T cells (5×106) were transferred into recipient mice via tail vein injection. Mice were immunized s.c. next day with chaperone vaccine-loaded DCs. In some cases, mice received i.p. chitosan-siRNA complex combined with chaperone vaccines. Spleen or lymph nodes were recovered 4 days later and subjected to intracellular cytokine staining and flow cytometry analysis (25).



Ex vivo assays for T cells

Mice were immunized twice at 2-week intervals with DCs pulsed with chaperone vaccines s.c. or with the chitosan-siRNA complex plus hsp110-gp100 vaccine. For intracellular IFN-γ staining, cells were treated with brefeldin A (5 μg/mL, BD GolgiPlug; BD Biosciences) for 3 h at 37 °C. In some cases, cells were stimulated with phorbol-12-myristate-13-acetate (PMA, 50 ng/mL) plus ionomycin (1 μg/mL). Cells were stained with anti-CD8 or CD90.1 antibodies, followed by fixation, permeabilization and staining with anti-IFN-γ antibodies (BD Biosciences). Cells were analyzed by gating on CD8+ or CD8+CD90.1+ T cells. To examine the frequency of IFN-γ-producing T cells, cells were stimulated with gp10025–33 peptide and subjected to ELISPOT analysis (25). An in vivo CTL assay was performed to determine the cytolytic activity of gp100-specific CTLs as we previously described (17).



Tumor therapy study

Mice were established with tumors by injecting 2 × 105 B16-gp100 cells s.c. on day 0, followed by immunization with differentially treated DCs on days 4, 7, and 10. Tumor growth was monitored by measuring tumor sizes with a digital caliper. The tumor volume is calculated using the formula V = (The shortest diameter2 × the longest diameter)/2. In some experiments, mice were depleted of CD4+ or CD8+ T cells using anti-CD4 (Clone GK1.5) or anti-CD8 (Clone 2.43) antibodies, respectively (16). For analysis of tumor-infiltrating immune cells, tumors were digested with collagenase D (10 μg/mL) and DNase I (100 μg/mL) for 1 h at 37˚C. Single cell suspensions were prepared for flow cytometry analysis as described (33).



Treatment of experimental lung metastases

Mice were established with lung metastases by i.v. inoculation of 4 ×105 B16-gp100 cells in 200 μL of PBS. Mice were treated i.p. with the chitosan-siRNA complex in combination with hsp110-gp100 chaperone vaccine on days 4, 7, 10, and 13. Mice were euthanized on day 16 and the lungs were subjected to hematoxylin and eosin staining.



Statistical analysis

Comparisons between two groups were performed using Student’s t test. Comparisons between multiple groups were carried out using ANOVA test. Log-Rank (Mantel-Cox) test was performed to compare the survival curves. A value of p < 0.05 is considered to be statistically significant.




Results


SRA silencing increases the immunogenicity of DCs upon interaction with chaperone vaccines

We first performed shRNA-based gene silencing to examine whether targeted inhibition of SRA enhances the immunostimulatory activity of DCs following capture of the hsp110-gp100 chaperone vaccine, which has been tested in mouse melanoma model (5, 8) and patients with advanced melanoma (11). A lentivirus encoding shRNA for SRA or scramble control was used to downregulate SRA as we previously described (Figure 1A) (20, 25). The shRNA-treated DCs were pulsed with the hsp110-gp100 vaccine prior to co-culture with CFSE-labeled, gp10025-33-specific CD8+ T cells derived from Pmel transgenic mice (28). SRA-silenced DCs were more efficient than mock-treated DCs in stimulating the proliferation of Pmel cells (Figure 1A), as shown in CFSE dilution assays (34). To determine the effect of SRA silencing on in vivo priming of naïve CD8+ T cells by these DCs, we adoptively transferred gp10025-33-specific CD90.1+ Pmel cells to mice, followed by immunization with DCs that had been loaded with the hsp110-gp100 vaccine. It was evident that SRA-silenced DCs were more immunogenic compared to those DCs treated with scramble shRNA, indicated by a significant increase in IFN-γ-producing CD90.1+ Pmel cells or CD8+ T cells based on intracellular cytokine staining and flow cytometry analysis (Figure 1B).




Figure 1 | SRA silencing in DCs enhances activation of antigen-specific CD8+ T cells. (A) DCs were treated with a lentivirus encoding short hairpin RNA (shRNA) for SRA or scramble (Scram) control followed by immunoblotting analysis of SRA expression (top). These DCs pulsed with hsp110-gp100 complex vaccine were then co-cultured with CFSE-labeled, gp100-specific Pmel T cells at a ratio of 1:5. T cell proliferation was examined using CFSE dilution assay (bottom). (B) C57BL/6 mice were adoptively transferred with naïve Pmel CD90.1+CD8+ cells on day 0 and immunized on day 1 with SRA-silenced DCs that had been loaded with the complex vaccine. Lymph node cells were subjected to intracellular cytokine staining on day 5 for IFN-γ expression on CD90.1+ cells or CD8+ T cells. (C) SRA or scramble shRNA-treated DCs were pulsed with hsp110-ICD complex vaccine, and were co-cultured with ICD-reactive T cells for 3 days. 3H-thymidine uptake assay for cell proliferation and ELISA analysis of IFN-γ production in culture medium were performed. (D) FVBN202 transgenic mice were transferred with CFSE-labeled ICD-reactive T cells on day 0, followed by immunization on day 1 with SRA-silenced DCs or scramble shRNA treated controls pulsed with hsp110-ICD complex vaccine. Lymph node cells were examined for IFN-γ-producing CFSE+CD8+ cells on day 5. The results are representative of three independent experiments. *p < 0.05.



To validate our results, we examined the immunostimulatory activity of SRA-silenced DCs after incubation with the hsp110-ICD chaperone vaccine that was designed to target breast cancer (4, 6). The SRA-silenced DCs that were carrying the hsp110-ICD complex resulted in enhanced proliferation and activation of the ICD-reactive T cells (Figure 1C). In vivo T cell priming assays showed that SRA silencing conferred DCs increased functionality in stimulating adoptively transferred ICD-reactive CD8+ T cells (Figure 1D), suggesting that targeted inhibition of SRA may be used to increase the immunotherapeutic potency of chaperone-based cancer vaccines.



SRA-silencing enhances antitumor immunity induced by chaperone vaccine carrying DCs

We next carried out in vivo CTL assays to assess the cytotoxic activity of gp100-specific CD8+ CTLs following immunization with SRA-silenced DCs presenting the hsp110-gp100 chaperone vaccine. Mice were injected i.v. with 50% CFSEhigh splenocytes cells pulsed with gp10025-33 peptides mixed with 50% CFSElow cells without peptide treatment as controls (17). Flow cytometry analysis showed that immunization with SRA-silenced DCs resulted in a higher efficiency of gp10025-33-specific killing than did those mock-treated DCs (Figure 2A). To further examine the therapeutic effect of SRA silencing in DCs, we treated B16-gp100 melanoma bearing mice with the hsp110-gp100 vaccine-loaded DCs that have received either SRA shRNA or scramble shRNA. Immunotherapy with the SRA-silenced DCs led to significantly improved tumor control (Figure 2B) and prolonged survival of mice (Figure 2C) compared to their mock-treated counterparts. We also assessed the immune status in the tumor-draining lymph nodes and spleen to understand the basis of enhanced antitumor activity of SRA-silenced DCs. It was shown that mice receiving hsp110-gp100 vaccine pulsed, SRA-silenced DCs developed a higher level of gp10025-33-specific IFN-γ+CD8+ T cells, assayed by using ELISPOT (Figure 2D) or intracellular cytokine staining (Figure 2E).




Figure 2 | SRA-silencing potentiates antitumor immunity induced by DCs carrying chaperone vaccine. (A) Mice received gp10025–33 pulsed, CFSE-labeled splenocytes, followed by immunization with SRA-silenced DCs or scramble shRNA-treated DCs that were carrying the hsp110-gp100 complex vaccine. The cytolytic activity of gp100-specific T cells was examined by in vivo CTL assay. Percentage of target killing is indicated by the numbers in parentheses. (B, C). Mice (n=5) established with B16-gp100 tumors were immunized with indicated DCs carrying the hsp110-gp100 complex vaccine. Tumor progression (B) and survival of mice (C) were followed. (D) Splenocytes (SP) and tumor-draining lymph node (LN) cells from treated mice were stimulated with gp10025–33 and subjected to ELISPOT assay for the frequencies of antigen-specific CD8+ T cells. (E) Splenocytes and tumor-draining LN cells were also examined by intracellular IFN-γ staining analysis for T cell activation. (F) B16-gp100 tumor-bearing mice (n=5) were depleted of CD4+ or CD8+ T cells using antibodies prior to immunization with DC-SRA shRNA as indicated. Untreated tumor bearing mice were used as controls. Data are representative of three independent experiments with similar results. **p < 0.01.



To determine the relative contributions of T cell subsets to the improved tumor inhibition by SRA-silenced DCs, we removed either CD4+ or CD8+ T cells from mice using respective depleting antibodies. We showed that the absence of CD8+ T cells abrogated the antitumor activity (Figure 2F), supporting a critical role of antitumor CTLs mobilized by SRA-silenced DCs.



SRA-silenced DCs carrying chaperone vaccine reprograms the tumor environment

We investigated the potential alterations of immune status in the tumor sites since tumor-immune interplay is an important determinant of immunotherapeutic outcomes. We found that there was transcriptional upregulation of the gene ifng but not tnfb (also known as lymphotoxin-α) or il10 in the tumor tissues from mice receiving SRA-silenced DCs carrying the hsp110-gp100 vaccine (Figure 3A). The increased level of the cytokine IFN-γ, a signature of Th1 dominant immunity critical for tumor suppression and elimination, was further confirmed by tissue ELISA analysis (Figure 3B). Consistent with this observation, there were more CD8+ T cells as well as natural killer (NK) cells, which are well recognized for their IFN-γ-producing capacity, in the tumors of mice receiving SRA-silenced DCs compared to those receiving mock-treated cells (Figure 3C). Additionally, this enhanced immune activation in the tumor sites correlated with increased cancer cell death, as shown by TUNEL assays (Figure 3D).




Figure 3 | Improved immune activation in the tumor sites following immunotherapy with SRA-silenced DCs carrying the chaperone vaccine. (A) Mice with established B16-gp100 tumors were immunized with SRA-silenced DCs loaded with the hsp100-gp100 complex vaccine, followed by PCR analyses of immune-related genes in tumor tissues. (B) The levels of IFN-γ was also examined using ELISA. (C) Tumor infiltrating by CD4+ or CD8+ T cells as well as NK cells was analyzed using flow cytometry. (D) Tumor tissues from treated mice were subjected to TUNEL assays for tumor cell death. Bar = 50 um. The results are representative of three independent experiments. *p < 0.05; **p < 0.01.





SRA knockdown by the chitosan-SRA siRNA complex in vitro and in vivo

We next examined the possibility of targeting SRA in vivo to improve chaperone vaccine-induced antitumor immune response. Given that biocompatible and biodegradable chitosan exhibits unique features in the formulation of siRNA and can readily form nanoparticles for efficient delivery (26, 27), we chose chitosan for complexing with siRNA to achieve targeted inhibition of SRA. Based on our pilot study, N:P ratio of 60 was used to prepare the chitosan-siRNA complex (Supplementary Figure 1A). We also showed that DCs can efficiently internalize chitosan due to their endocytic property (Supplementary Figure 1B). Using DC1.2 cell line, we first compared SRA siRNAs with different targeting sequences for their knockdown efficiency when complexing with chitosan. siRNA #2 with targeting sequence GACUUAAUGAUAUUCUUCUTT was selected based on its activity in downregulating SRA expression (Figure 4A). Consistent with other studies, the chitosan readily formed into nanoparticles with sizes of approximately 119 nm after complexing with SRA siRNA (data not shown). The knockdown effect of the chitosan-SRA siRNA complex was also confirmed using primary DCs-derived from bone marrow cells (Figure 4B). To test its ability to reduce SRA expression on DCs in vivo, we injected the chitosan-SRA siRNA complex into the peritoneal cavity. Flow cytometry analysis showed that the chitosan-siRNA formulation was effective in downregulating SRA levels on CD11c+ cells within the lavage fluid (Figure 4C).




Figure 4 | SRA knockdown by chitosan-SRA siRNA complex in vitro and in vivo. (A) Screening of small-interfering RNAs (siRNAs) in complex with chitosan for effective downregulation of SRA expression in DC1.2 cell line. (B) Validation of SRA downregulation in bone marrow-derived DCs following treatment with the chitosan-SRA siRNA nanoparticle complex. Representative flow cytometry results and quantification of SRA-expressing DCs are shown. (C) C57BL/6 mice were injected with chitosan-SRA siRNA complex (5 μg/mouse) on days 0 and 2. Cells in lavage fluid were collected on day 5 and analyzed for SRA expression on CD11c+ cells. *p < 0.05.





The chitosan-SRA siRNA complex augments chaperone vaccine-elicited CTL response

We first examined the potential effect of chitosan on DCs and showed that treatment with chitosan by itself has little effect on the maturation/activation of DCs (Supplementary Figure 1C) or their antigen-presenting activity (Supplementary Figure 1D). We next asked the question whether this chitosan-SRA siRNA complex could enhance the immunogenicity of DCs during the processing of the chaperone vaccines. To approach this, DCs were treated with either chitosan-SRA siRNA or chitosan-scramble siRNA, followed by incubation with the hsp110-gp100 chaperone vaccine and co-culture with gp10025-33-specific Pmel cells. We showed that DCs treated with the chitosan-SRA siRNA complex were more effective than similarly treated control DCs in stimulating IFN-γ production as well as proliferation of gp100-specific T cells, measured by using ELISA and 3H-thymidine incorporation assays, respectively (Figure 5A). The similar results were obtained when DCs treated with the chitosan-SRA siRNA were co-cultured with ICD-reactive T cells (Figure 5B).




Figure 5 | Chitosan-SRA siRNA complex augment chaperone vaccine-induced antigen-specific CTL response. A-B. DCs were treated with SRA or Scram siRNA complexed with chitosan, followed by pulsing with hsp110-gp100 complex (A) or hsp110-ICD complex (B) for 5 h. DCs were then co-cultured with gp100 or ICD-specific T cells, respectively. ELISA analysis of IFN-γ production and 3H thymidine uptake assays for T cell proliferation were performed. (C) C57BL/6 mice were adoptively transferred with naive Pmel cells on day 0 and immunized on day 1 with chitosan-SRA siRNA complex together with chaperone vaccine. Lymph node cells were analyzed on day 5 for gp10025-33-reactive, IFN-γ-expressing CD8+ or CD90.1+ T cells using intracellular cytokine staining and flow cytometry. (D) In vivo CTL assays were performed to assess the cytolytic activity of gp100-specific CD8+ T cells against gp10025–33-pulsed, CFSE-labeled splenocytes following immunotherapy. Percentage of target killing is indicated by the numbers in parentheses. The results are representative of three independent experiments. *p < 0.05; **p < 0.01.



We further evaluated the immunostimulatory activity of the chitosan-SRA siRNA complex in mice receiving chaperone vaccine. Mice were first adoptively transferred with CD90.1+ Pmel cells, followed by i.v. administration of the hsp110-gp100 vaccine together with SRA siRNA or scramble siRNA complexed with chitosan. Intracellular cytokine staining analysis revealed that the chitosan-SRA siRNA complex significantly increased the frequency of IFN-γ-producing CD90.1+ cells or CD8+ T cells (Figure 5C), suggesting elevated activation of gp10025-33-specific CD8+ T cells. In support of this finding, in vivo CTL assays showed that mice receiving the chitosan-SRA siRNA complex plus the hsp110-gp100 vaccine exhibited improved ability to eliminate gp10025-33-positive targets (Figure 5D), supporting the feasibility of chitosan-based SRA siRNA delivery for boosting an antigen-specific CTL response.



Targeting SRA with the chitosan-siRNA complex potentiates chaperone vaccine-induced antitumor immunity

Lastly, we evaluated the potential application of targeting SRA with the chitosan-SRA siRNA complex to improve the therapeutic outcomes of chaperone vaccines. C57BL/6 mice established with B16 melanoma-derived experimental lung metastases were treated with the hsp100-gp100 vaccine in combination with the chitosan-SRA siRNA or chitosan-scramble siRNA complex. We showed that the chitosan-SRA siRNA treatment profoundly reduced the number of metastatic nodules in mice receiving the hsp110-gp100 vaccine (Figure 6A, B). This enhanced eradication of metastases was associated with increased tumor infiltration by CD8+ and CD4+ T cells expressing IFN-γ (Figure 6C). PCR analysis of tumor tissues showed that targeted inhibition of SRA appeared to upregulate the cytokine genes ifng, il12p40 and il12p35 (Figure 6D), which are crucial for Th1-skewed antitumor immunity. Consistent with this result, the flow cytometry analysis further showed that the frequency of tumor-infiltrating IL-12p70+CD11c+ cells was significantly increased in mice receiving the chitosan-SRA siRNA compared to those treated with chitosan-scramble siRNA (Figure 6E), suggesting enhanced T cell-mediated antitumor immunity by targeted SRA inhibition involves improved functionality of DCs in vivo. Additionally, analysis of the immunization site (i.e., peritoneal cavity) showed that administration of the chitosan-SRA siRNA complex combined with the chaperone vaccine increased the recruitment of CD11c+ cells and their IL-12 expression (Supplementary Figure 2). In addition to increased activation of CTLs, we found that inhibition of SRA in the setting of immunization with chaperone vaccine resulted in elevation of antibodies to melanoma antigen gp100 (Supplementary Figure 3). We also evaluated the potential toxicity of the chitosan-SRA siRNA complex by examining the major organs (e.g., liver, kidney, spleen, lung) from mice that had been treated with or without the hsp110-gp100 vaccine. There were no detectable pathologic changes in these organs (data not shown), suggesting the chitosan-SRA siRNA formulation does cause any measurable side effects in mice.




Figure 6 | Targeting SRA using chitosan-siRNA complex augments chaperone vaccine-induced antitumor immunity. (A, B). C57BL/6 mice (n=5) established with experimental lung metastases were treated with chitosan-SRA siRNA and hsp100-gp100 chaperone vaccine as described in the scheme of experimental procedure. Gross images of lungs (A) and the number of metastatic nodules (B) are shown. (C) Tumor-infiltrating cells were analyzed for IFN-γ-expressing CD8+ or CD4+ T cells. (D) Tumor tissues from treated mice were examined for immune-related gene expression as indicated. (E) Flow cytometry analysis of the frequency of IL-12p70+CD11c+ cells. The data are representative of three independent experiments with similar results. *p < 0.05; **p < 0.01.






Discussion

The recombinant chaperone vaccine (e.g., hsp110-gp100) that is built on the superior antigen-carrying and delivering property of the evolutionarily conservative HSPs can efficiently generate antitumor immune responses in preclinical cancer models (5, 8). This melanoma antigen gp100-targeted vaccine was recently evaluated in patients with pretreated, unresectable stage IIIB/C/IV melanoma and displayed encouraging clinical tumor response, activation of gp100-specific CD8+ T cells as well as an excellent safety profile (11). In this study, we demonstrate that targeted inhibition of an immunosuppressive PRR, i.e., SRA, results in enhanced activation of antigen-specific CTLs and tumor eradication in the setting of immunotherapy with chaperone vaccines. Our findings provide experimental evidence supporting the feasibility of coupling chaperone vaccine with inhibition of SRA for improved cancer immunotherapy.

The immunological basis of chaperone vaccine involves the recognition and endocytosis of HSP-antigen complex preferentially and highly efficiently by the immune sentinel cells such as DCs (9). Our previous work uncovered an SRA-centered immunoregulatory pathway, which antagonizes the functional activation of DCs and consequent T cell priming induced by DC-targeted immunotherapies including chaperone vaccines (16, 17, 19–21, 25). Here we further elucidate that genetic silencing of SRA using shRNA increased the immunogenicity of DCs that have captured the hsp110-gp100 vaccine, assessed by DC-mediated activation of gp10025-33-specific T cells in vitro and in vivo, acquisition of cytolytic activity by T cells, growth inhibition of established melanoma, and prolonged mouse survival following DC immunization. The immunostimulatory effect of shRNA-mediated SRA downregulation on DC functionality has also been verified using chaperone vaccine targeting the breast cancer antigen HER-2/Neu, suggesting that the approaches to SRA inhibition may broadly enhance the antitumor potency of synthetic chaperone vaccines in the treatment of multiple disease indications.

Chitosan has been widely used for formulating nucleic acid-based therapeutics including siRNA due to its cationic nature, low toxicity, biodegradability and biocompatibility (26, 27), which are attractive drug delivery cargo compared to other viral or non-viral delivery vehicles. To achieve targeted inhibition of SRA in vivo to promote chaperone vaccine-elicited immune activation, we have tested the feasibility of combining the chitosan potential with the versatility of siRNA to downregulate SRA activity for an enhanced antitumor immune response in the setting of chaperone vaccine treatment. Consistent with other studies, the unique features of chitosan permit an efficient complex formation with SRA siRNA into nanoparticles. Furthermore, this chitosan-SRA siRNA complex is effective in reducing SRA expression in DCs in vitro and in vivo concomitantly with heightened DC functionality, which is supported by increased IFN-γ production and cytolytic activity of antigen-specific CTLs based on multiple complementary immune readouts, including 3H-thymidine uptake, ELISA or ELISPOT, intracellular cytokine staining, and in vivo CTL assays. Importantly, our proof-of-concept study has shown that administration of the chitosan-SRA siRNA in combination with chaperone vaccine profoundly reduces experimental lung metastases of melanoma compared to vaccination alone in mice.

In support of the robust antitumor response, the chitosan-SRA siRNA included in our combination immunotherapy regimen appears to help reprogram the immunologically ‘cold’ tumor microenvironment by recruiting more IFN-γ-producing CD8+ CTLs and IL-12+CD11c+ APCs, which are crucial for overcoming the immunosuppressive barriers in the tumor sites to achieve improved therapeutic outcomes. Since human gp100-specific CD8+ T cells were greater in the clinically responding patients with advanced melanoma in the hsp110-gp100 vaccine trial (11), our data suggest that the chitosan-based delivery of RNA-interfering therapeutic may be a promising approach to be exploited for promoting antitumor efficacy of chaperone vaccines in future clinical trials. However, additional studies in chitosan chemical modifications and formulation improvements are required to further optimize payload as well as targeting specificity and efficiency.

Another intriguing observation is that administration of the chitosan-SRA siRNA together with chaperone vaccine leads to more efficient induction of antibodies to the melanoma antigen gp100. A pattern of humoral cell responses to vaccination was not observed in patients receiving the hsp110-gp100 chaperone vaccine (11). There is also no significant difference in the levels of gp100 antibodies in wild-type or SRA deficient mice after immunization with the hsp110-gp100 chaperone vaccine (25). It is possible that the chitosan-SRA siRNA administrated combined with the hsp110-gp100 vaccine may facilitate a humoral response to the antigen target carried by the chaperone molecule, despite the recent reports showing that the chitosan nanoparticles as antigen vehicle trigger activation of antigen-specific CD8+ T cells (35). Additional studies are necessary to address whether the chitosan may be used to deliver both siRNA therapeutic and protein-based chaperone vaccine, and whether this antibody responses to gp100 also contributes to tumor suppression resulting from the combinatorial immunotherapy.

In conclusion, using shRNA and siRNA-based gene targeting approaches we provide additional evidence underscoring the immunosuppressive function of SRA in DCs that antagonizes chaperone vaccine-induced antitumor immunity. Our study supports the feasibility of using the chitosan-siRNA formulation to counteract the immunoregulatory action of SRA to improve antitumor outcomes in the context of chaperone vaccine-based immunotherapy. The de nova generation and expansion of tumor-reactive CD8+ CTLs by this combination regimen also have important implications for other cancer immunotherapies, including immune checkpoint blockade.
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Nocardia rubra cell wall skeleton (Nr-CWS) has proven to be a successful medicine for therapy of cervical human papillomavirus infection. The mechanism of action of Nr-CWS is unclear but may involve a stimulatory effect on the host immune system. We previously found that CD4+ T cells were increased in cervical tissue after Nr-CWS treatment. Microarray data from these cervical tissues revealed the significant upregulation of formylated peptide receptor 3 (FPR3). This study aimed to explore the role of Nr-CWS in immunomodulatory based on these findings. Examination of CD4+ T cell subsets in cervical tissue from patients who received Nr-CWS revealed substantial increases in Th1 cytokines and transcription factors. The regulatory effects of Nr-CWS on the function and phenotype of dendritic cells (DCs) were assessed in comparison with the traditional DC maturation inducer lipopolysaccharide (LPS). Similar to LPS, Nr-CWS potently induced DC maturation and interleukin-12 (IL-12) secretion. Differentiation of T cells induced by Nr-CWS stimulated DCs was assessed using the mixed lymphocyte reaction assay. Significant differentiation towards Th1 was evident. Finally, FPR3 expression in DCs in response to Nr-CWS and LPS was measured. Nr-CWS potently upregulated FPR3 expression, while the LPS did not. Silencing FPR3 in DCs reduced Nr-CWS-induced IL-12 production and Th1 cell polarization in co-cultured T cells. The collective findings indicate that Nr-CWS may target FPR3 on the surface of DC cells and activate a Th1-type immune response. The findings clarify the basis of the antiviral immune effects of Nr-CWS on human papillomavirus.
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  1 Introduction

Cervical cancer is the leading cause of death for women in developing countries (1). Persistent infection with high-risk human papillomavirus (HR-HPV) is responsible for almost all cervical cancers and precancerous lesions (2). The availability of a vaccine and cytological screenings have gradually decreased the incidence of cervical cancer. However, clearance of long-term persistent HPV infection is still the central dilemma in the integrative treatment of precancerous lesions.

CD4+ T cells comprise a group of cell subtypes that include helper T cells (Th1, Th2, Th17) and regulatory T cells (Treg). These cells are essential in mediating HPV infection (3, 4). Th1-type inflammatory responses characterized by secretion of interferon-gamma (IFN-γ) and interleukin-2 (IL-2) are necessary for HPV clearance (5). In contrast, Th2-type inflammatory reactions are responsible for persistent HPV infections and cervical dysplastic development via immune suppression, which is characterized by the production of IL-4 and IL-10 (6). Th17 cells secrete IL-17, which has been positively correlated with the progression of cervical lesions (7). Tregs recruited by HPV are immunosuppressive. In contrast to regressing epithelial lesions, infiltration of Treg cells (Foxp3 positive cells) increases in cervical tissues as the cervical lesion progresses (8–10).

 Nocardia rubra cell wall skeleton (Nr-CWS) has been used for the treatment of squamous intraepithelial lesions and is effective in both regressing lesions and clearing HPV infections (11). Nr-CWS might have immuno-modulating effects by directly activating the CD4+ and CD8+ T cell immunological responses (12, 13). Our previous study found that local treatment with Nr-CWS increased the number of CD4+ T cells in the cervical tissue (14). However, whether Th1-type immune responses are enhanced locally remains unclear.

Antigen-presenting cells bridge innate and adaptive immune systems. Dendritic cells (DCs), which control the destiny of naïve CD4+ T cells, are vital for inducing antiviral immune responses (15). Antigenic stimulation leads to the maturation of DCs, which is characterized by increased expressions of HLA-DR, CD80, CD83, and CD86 (16–18). Recently, it has been proposed that Nr-CWS facilitates the proliferation and viability of DCs (19). Zhang et al. reported that Nr-CWS can promote the maturation of DCs (20). Based on these findings, we explored the response of T cells to DCs stimulated by Nr-CWS.

Our unpublished microarray data revealed the significant upregulation of formylated peptide receptor 3 (FPR3) in cervical tissue from patients with effective HPV clearance by Nr-CWS. FPR3 is a member of the FPR family. The protein performs critical functions in the immune system’s initial identification of infection by detecting pathogen-associated molecular patterns that signify the presence of bacteria (21). FPR3 is only expressed in monocytes and DCs, and few ligands have been identified (22). As one of the most recently identified members, the overall function of FPR3 remains to be determined. FPR3 is reportedly a negative regulator of LPS-induced DC maturation and T cell activation (23), and participates in sensitizing lipoprotein-mediated Th2 cell differentiation (24).

In the present study, the effect of Nr-CWS on DC-induced T cell differentiation was explored in vivo and in vitro. The role of FPR3 in this process was assessed.


 2 Materials and methods

 2.1 Patients

A total of 72 patients ranging in age from 25 to 64 years (mean 41.3 ± 7.3 years) with HR-HPV infection and histological abnormalities were recruited from the Department of Gynecology of The Fourth Hospital of Hebei Medical University, Hebei, China, from 2019 to 2021. Pregnant patients and those with severe heart, lung, liver, and kidney diseases, other neoplastic diseases, immunocompromised state, and those receiving any anti-inflammatory or immunosuppressive treatment were excluded. Clinical and demographic characteristics of patients are described in  Table 1 . As previously described (14), all patients received adequate treatment with Nr-CWS. Briefly, the treatment comprised topical application of 120 μg Nr-CWS to the cervix on alternate days during a menstrual cycle for a total of 10 times. All applications were performed by a specialist physician. Cervical tissue samples were collected before (Case group) and 30 days (Nr-CWS 30D group) or 90 days (Nr-CWS 90D group) following topical administration of Nr-CWS.

 Table 1 | Clinical and demographic characteristics of patients. 



Normal cervical samples were collected from HPV-negative patients (Normal group, n=8, age range 28-41 years, mean 35.4 ± 3.1 years) who had a complete hysterectomy for uterine fibroids. No medication was administered before the surgery. All cases were histologically proven.

This study was approved by the Ethics Committees of The Fourth Hospital of Hebei Medical University (2019MEC097). Written informed consents were obtained from all patients. The study complied with the Declaration of Helsinki protocols.


 2.2 Immunohistochemical staining (IHC)

Tissues were fixed in 4% buffered formalin, descaled by EDTA, embedded in paraffin, and sectioned. Slices 5μm in thickness were incubated overnight with the following primary antibodies (1:400 dilution for each): IFN-γ (Cat#: DF-6045; Affinity Biosciences, USA); IL-4 (Cat#: AF-5142; Affinity Biosciences),IL-17a (Cat#: ab79056; Abcam, USA), Foxp3 (Cat#: ab215206; Abcam) and transforming growth factor-beta (TGF-β, Cat#: CY2179; Abways Technology, USA). Polymeric secondary antibodies coupled to horseradish peroxidase (ZsBio, China) and 3, 3’-diaminobenzidine (DAB) were used for visualization of antibody binding. Immunohistochemical analysis was performed as described previously (14).


 2.3 RNA isolation and PCR

Tissue samples for PCR were snap-frozen in liquid nitrogen after isolation and were stored at -80°C until use. Total RNA isolated from tissues using RNAprep pure Micro Kit (Cat#: DP420; Tiangen, China) was reverse-transcribed to cDNA using PrimeScript™ RT reagent Kit with a genomic DNA Eraser (Cat#: RR047A; TaKaRa Bio, Japan). Quantitative PCR was performed by QuantStudio3 (Applied Biosystems, USA) with TB Green® Premix Ex Taq™ II (Cat#: RR820B; TaKaRa Bio) according to the manufacturer’s instructions. β-actin was used as the housekeeping gene. Gene expression was calculated by the 2−ΔΔCT method. Primer sequences are listed in  Table 2 .

 Table 2 | Forward and reverse primer sequences for transcription factors. 




 2.4 Cell preparations

 2.4.1 DCs

DCs were obtained using a slight modification of a previously described method (25). Leukocyte reduction system (LRS) chambers from anonymous blood donors were obtained from the Hebei Provincial Blood Center (Shijiazhuang, China) according to the guidelines of the local blood bank. This acquisition was approved by Hebei Medical University. Human monocyte-derived DCs were derived from peripheral blood mononuclear cells (PBMCs) obtained from the LRS chambers. The DCs were cultured with 30 ng/ml recombinant human granulocyte-macrophage colony-stimulating factor (rhGM-CSF) (Cat#: 30003; Peprotech, USA) and 30 ng/ml rhIL-4 (Cat#: 20004; Peprotech) for 5 days. DCs were divided into three groups: cells treated with phosphate-buffered saline (immature DC [iDC] group), cells treated with 30 μg/ml Nr-CWS (Liaoning Greatest Bio-Pharmaceutical Co. Ltd., China) (Nr-CWS group), and cells treated with 100 ng/ml lipopolysaccharide (LPS, Cat#: L4516, Sigma-Aldrich, USA) (LPS group) for 2 days. The medium was collected for cytokine analysis and the cells were analyzed by flow cytometry.


 2.4.2 T cells

Naïve CD4+ T cells were isolated from PBMCs using the Human CD4+ Naïve T Cell Isolation Kit (Cat#: 480042; BioLegend, USA).


 2.4.3 Co‐culture experiments

The mixed lymphocyte reaction (MLR) of the co-culture of DCs and T cells was performed to examine the ability of DCs to stimulate T cells. DCs (1×105 cells per well) and allogeneic naïve CD4+ T cells (1×106 cells per well) were co-cultured for 3 days, and the medium was collected for cytokine analysis. HeLa cells were plated onto 3 μm Falcon Transwell® membranes (Corning, USA) at a density of 5×104 cells per well. When cell growth reached 80% confluency, DC and T cells were co-cultured in the lower chamber of the culture plates for 2 days.



 2.5 Flow cytometry

After 2 days treatment of Nr-CWS or LPS, DCs were washed, centrifuged, and resuspended in 200 µl PBS containing a 1:40 dilution (5 μg/ml) of antibodies to CD83 (Cat#: 305327; BioLegend), CD86 (Cat#: 305405; BioLegend), HLA-DR (Cat#:307603; BioLegend), and FPR3 (Cat#: ab172908; Abcam). After incubation at 4 °C for at least 1 h, cells were washed and resuspended in PBS buffer. Flow cytometry analysis was performed using the BD Accuri C6 flow cytometer instrument (BD Biosciences, USA). Data were analyzed by FlowJo v10 software (FlowJo, USA).


 2.6 Scanning electron microscopy (SEM)

DCs and MLR co-cultures were prepared for SEM. Cells were fixed in 2.5% glutaraldehyde buffer for 30 min and then dehydrated through an alcohol gradient. After being completely air-dried, the samples were coated with gold particles and observed with a model 8100 microscope (Regulus, Japan).


 2.7 Small interfering RNA (siRNA) transfection

The siRNAs were purchased from GenePharma (China). The sequences were: si-FPR3, 5’-GCCAUCCUACCAUUCCGAATT-3’ and si-scrambled: 5’-UUCUCCGAACGUGUCACGUTT-3’. On day 1 and 3 of the DC culture, siRNAs were transfected using Transfection Reagent Ultra Fection 3.0 (Cat#: FXP135; 4A Biotech, China) at a final concentration of 20 nM according to the manufacturer’s instructions. On day 5, DCs were harvested and used for further experiments.


 2.8 Enzyme-linked immunosorbent assay (ELISA)

Medium collected from cell culture was used for ELISA analyses of cytokines (Abclonal, China) according to the manufacturer’s instructions. The cell supernatants were collected on day 7 of DC culture and analyzed for IL-12p70 (Cat#: RK00014) and IL-10 (Cat#: RK00012). Cell supernatants of co-cultures of DC and naïve CD4+ T cells were collected after 2 days of MLR and analyzed for IL-2 (Cat#: RK00002), IFN-γ (Cat#: RK00015), IL-4 (Cat#: RK00003), TGF-β (Cat#: RK00055) and IL-17a (Cat#: RK00397).


 2.9 CCK-8 assay of cell proliferation

The optimal concentration of Nr-CWS was analyzed by Cell Counting Kit -8 (CCK-8) assay (Cat#: C0038; Beyotime, China). On day 5 of induction culture of human monocyte-derived DCs, different concentrations of Nr-CWS (3.75 to 60 µg/ml) were added. After cultured for 2 days, cells were harvested and analyzed using the CCK-8 assay. The proliferation of HeLa cells was detected with CCK-8 after 2 days of co-culture with MLR cultures in Transwell units.


 2.10 Statistical analyses

Data are shown as mean ± SD. Statistical analyses were performed using SPSS software version 25.0 (SPSS Inc., USA). Statistical significance was assessed using the one-way analysis of variance (ANOVA) or independent samples T-test. Significance was evident as P<0.05.



 3 Results

 3.1 Nr-CWS promotes Th1 differentiation in cervical tissue

Compared to the normal group, patients infected with HPV displayed higher expressions of IL-4, IL-17, TGF-β, and Foxp3 in cervical tissue (all P<0.05). These increases were markedly reduced by the 30-day Nr-CWS treatment, with the reductions being even more pronounced after 90 days ( Figures 1A, B , P<0.05). IFN-γ expression was found lower in both the normal and case groups. The expression was dramatically increased after 30 and 90 days of Nr-CWS therapy ( Figures 1A, B , P<0.05). The findings indicate that Nr-CWS treatment may improve local immune response by enhancing the Th1 type response. Gene expressions of major transcription factors involved in T cell development in cervical tissue were measured. T-bet, a transcription factor that represents Th1 cells, was significantly increased in cervical tissue following Nr-CWS therapy. In contrast, GATA3 expression by Th2 cells, RORγt expression by Th17 cells, and Foxp3 expression by Treg cells were reduced following Nr-CWS therapy ( Figure 1C , P<0.05).

 

Figure 1 | Effects of Nr-CWS on CD4+ T cells in cervical tissue of cervical dysplasia patients. (A) Representative immuno-histochemistry images of CD4+ T cell subsets in cervical tissue. Cervical samples were collected from non-HPV patients (Normal), HPV+ patients before Nr-CWS treatment (Case), and 30 days (Nr-CWS 30D) and 90 days (Nr-CWS 90D) after Nr-CWS. IL-4, IFN-γ, IL-17, TGF-β, and Foxp3 expression were checked by immuno-histological staining. Scale bars = 20 μm. (B) Modified H-scores for the expression of Foxp3, IL-4, IFN-γ, IL-17a, TGF-β, and IFN-γ in cervical tissue. (C) Relative mRNA expression of T-bet, GATA3, RORγt, and Foxp3 in cervical tissue samples was analyzed by qPCR (n=35). *P < 0.01, vs. Normal group; # P < 0.01, vs. Case group. 




 3.2 Nr-CWS promotes maturation of DCs

The cell culture procedure is shown in  Figure 2A . CCK8 assay results showed that the optimal concentration of Nr-CWS was 30 μg/ml ( Figure 2B ). This concentration was used in further experiments. To evaluate the alterations in DCs after Nr-CWS stimulation, we examined the morphology of DCs, evaluated the surface markers of DCs maturation, and co-cultured DCs with naïve CD4+ T cells to examine their capacity to attract T cells. Unstimulated iDCs and LPS-stimulated mature DCs (mDCs) were used as controls. Compared with iDCs, Nr-CWS treatment led to significantly increased expression of maturation markers CD86, CD83 and HLA-DR in DCs, indicating that Nr-CWS promotes maturation of DCs ( Figure 2C ). The maturation of DCs was accompanied by increases in size and protrusion. DCs exposed to Nr-CWS had a larger volume, with unique pseudopod-like cell protrusions and uneven surface. LPS-induced mDCs featured lengthy, burr-like cell protrusions ( Figure 2D ). In addition, Nr-CWS treatment induced DCs to attract naïve T cells. In co-cultures of DCs and T cells, iDCs included dispersed DCs that failed to recruit T cells. Naïve T cells that were connected via cell protrusions gathered around Nr-CWS treated DCs. The appearance was comparable to the effects of LPS ( Figure 2E ).

 

Figure 2 | Nr-CWS promote maturation of DCs. (A) Schematic diagram of the in vitro experimental process. (B) DC activity was measured by CCK-8 after 48 h of stimulation with different doses of Nr-CWS. Results are representative of five independent experiments. (C) HLA-DR, CD83, and CD86 expression in DCs was measured by flow cytometry. (D) Scanning electron microscopy (SEM) observation of morphological alterations of DC cells. (E) Optical microscope (OM) and SEM observations of the stimulated DCs attraction to naïve T cells. 




 3.3 DCs treated with Nr-CWS induce Th1 cell differentiation and impede proliferation of HeLa cells

IL-12p70 is necessary for Th1 activation (26), whereas IL-10 operates as a Th2-type cytokine. In the present study, compared to iDCs, Nr-CWS and LPS increased IL-12p70, while reducing IL-10 production in DCs ( Figure 3A , all P<0.05). Allogeneic naïve CD4+ T cells were added to DCs in MLR co-cultures. The culture medium was collected and secretion from T cells was determined by ELISA. Compared to iDCs, Nr-CWS treatment led to significantly increased IL-2 and IFN-γ levels, while reducing IL-4 and TGF-β levels in the medium ( Figure 3B , P<0.05). In contrast, IL-17a showed no significant differences across groups. Nr-CWS-stimulated DCs displayed significantly induced Th1 differentiation. Hela cells were treated with DC-T co-culture medium in Transwell chambers, and proliferation was measured by the CCK-8 assay. Compared to the iDC group, proliferation of HeLa cells in the Nr-CWS group was significantly inhibited ( Figure 3C , P<0.05), indicating that the immune response activated by Nr-CWS may inhibit the proliferation of HeLa cells.

 

Figure 3 | Nr-CWS induced Th1-type cell immune responses through DCs. (A) ELISA data of IL-12p70 and IL-10 cytokines in the medium. (B) ELISA data of IL-2, IFN-γ, IL-4, TGF-β, and IL-17a cytokines in the medium of DC-T cell co-cultures. (C) CCK-8 data for HeLa cell proliferation (n=5). *P < 0.05, **P < 0.001, and ***P < 0.0001, vs iDC. NS, No significance. *P < 0.05, **P < 0.01, and ***P < 0.001. 




 3.4 Nr-CWS upregulates FPR3 expression in cervical tissues and DCs

Our previous unpublished microarray data from the cervical tissue of patients after Nr-CWS treatment revealed a significant increase in FPR3, which was uniquely expressed in DCs. In the present study, FPR3 expression in cervical tissue was significantly higher as determined by PCR ( Figure 4A , P<0.05). The finding indicates d higher FPR3 expression in Nr-CWS-treated patients. Similar results were obtained in vitro studies; compared with iDCs, Nr-CWS led to significantly increased FPR3 expression in DCs at both mRNA and protein levels ( Figures 4B–D , P<0.05). However, similar alterations were not observed in LPS-induced mDCs ( Figures 4B–D , P>0.05). Therefore, Nr-CWS might achieve its effects through the upregulation of FPR3 expression.

 

Figure 4 | Nr-CWS upregulates FPR3 expression in cervical tissue and DCs. (A) FPR3 mRNA expression in cervical tissue (n=5). (B) FPR3 mRNA expression in DCs (n=3). (C) Immunohistochemical staining of FPR3 in DCs. (D) Flow cytometry detection of FPR3 expression in DCs. ***P< 0.001. 




 3.5 FPR3 participates in Th1 differentiation induced by Nr-CWS

Compared to the NC+Nr-CWS group, silencing of FPR3 led to significantly reduced cellular IL-12 production in DCs of siFPR3+Nr-CWS group ( Figure 5A , P<0.05), indicating that the effect of Nr-CWS on DC induction and T cell immunity activation was largely due to FPR3 activation. Compared to the NC+Nr-CWS group, the effect of Nr-CWS on the production of IFN-γ and IL-2 was significantly attenuated by FPR3 knockdown ( Figure 5B , P<0.05). However, silencing of FPR3 had no effects on the levels of IL-4, IL-17a, and TGF-β in Nr-CWS treated cells, indicating that FPR3 is the key factor involved in Th1 differentiation induced by Nr-CWS in DCs ( Figure 5B ). Likewise, the inhibition of HeLa cell proliferation by Nr-CWS was also impaired in cells in which FPR3 had been knocked down ( Figure 5C , P<0.05). Therefore, interfering with FPR3 activation would prevent Nr-CW-treated DCs from polarizing naïve CD4+ T cells towards Th1, suggesting that Nr-CWS induces Th1 production via FPR3.

 

Figure 5 | Effects of Nr-CWS involve FPR3 activation. (A) ELISA data of IL-12p70 and IL-10 cytokines in the medium of DCs. (B) ELISA data of IL-2, IFN-γ, IL-4, TGF-β, and IL-17a cytokines in the medium of DC-T cell co-cultures. (C) CCK-8 data for HeLa cell proliferation in medium of co-cultured with DCs and T cells following stimulation of DCs with Nr-CWS (n=5). ***P < 0.01, vs iDC. NC, Negative control. NS, No significance. **P < 0.01, ***P < 0.001. 





 4 Discussion

HPV can escape from host immune surveillance by creating an immunosuppressive microenvironment locally. Whether HPV is cleared or persists depends on the interaction of immune escape mechanisms and host immune responses (27). The eradication of HPV infection is the most important treatment for preventing early lesions from developing into cervical cancer.

The clinical effects of Nr-CWS on HPV infection and cervical lesions may be due to its immune activation of T cells (14). The present study is the first to explore the effect of Nr-CWS on CD4+ T cell subsets in cervical tissue of HPV-infected patients and found an enhanced Th1 immune response. Nr-CWS may stimulate DC maturation and induce naïve CD4+ T cell polarization towards Th1 cells.

Th1 cells that develop from CD4+ T cells are crucial for intracellular killing immune responses against HPV (28, 29). Studies have demonstrated fewer Th1 responses, but enhanced Th2 responses, to HPV-infected cervical tissue (30, 31). Th17 is increased in cervical dysplasia and may contribute to immunosuppression (32). The presence of Treg cells is correlated with a poor prognosis in tumors and contributes to HPV evasion of host immune surveillance (10, 33, 34). In the present study, Nr-CWS therapy dramatically increased the production of the Th1 cytokine IFN-γ, while decreasing the expression of Th2, Th17, and Treg-related cytokines in cervical tissue, suggesting Nr-CWS enhances the immune microenvironment against viral infection in cervical tissue.

DCs are the initiating trigger for T cell immunity. Migration of iDCs is pronounced, while mature DCs activate naïve T cells and drive the development of these cells into effector cells (16, 35). Maturation of DCs can be promoted by bacterial components, inflammatory cytokines, or antigen-antibody complexes (36). Nr-CWS is a bacterial-derived extract that activates DCs in vitro (20). In the present study, Nr-CWS enhanced HLA-DR, CD86, and CD83 expression in DCs, increased IL-12 production, and reduced IL-10 production. IL-10 and -12 are markers of Th1 differentiation. In addition, we found that DCs activated by Nr-CWS could induce Th1 differentiation, which was characterized by IFN-γ secretion. IFN-γ reportedly causes programmed death in HeLa cells (37, 38). Co-culture experiments with HeLa cells have also shown growth inhibition due to Nr-CWS.

FPR3 is continuously expressed during the maturation of bone marrow-derived DCs and may regulate the DCs of transport-T cell immunostimulatory phase by targeting unknown ligands (39). In the present study, Nr-CWS stimulated FPR3 expression in DCs, and FPR3 participated in Nr-CWS-induced Th1 differentiation. However, some ligands can promote FPR3 activation and prevent LPS-induced DC maturation and IL-12 secretion (23). Another study reported that sensitizing lipid transport proteins bind to FPR3 in DCs and inhibit T cells by releasing IL-12 and facilitating the generation of IL-10 (24). The activation of FPR3 results in a Th2-type immune response. Therefore, Nr-CWS-stimulated FPR3 activation in the present study led to a different type of immunity from what has been previously reported. Activation of FPR3 on DCs by different ligands showed different effects on the direction of T cell differentiation. Thus, FPR3 processing in DCs for antigen presentation and guidance of T cell development orientation may depend on ligand signaling. Peptide elements of Nr-CWS might be new FPR3 ligands that activate IFN-dominated antiviral immune responses. Further studies are necessary to explore this suggestion.

In summary, Nr-CWS induces Th1 immune responses in the cervical tissue of HPV-infected patients. Nr-CWS may induce DC cell maturation and direct Th1 cell differentiation by stimulating FPR3 expression on DCs. This study provides novel evidence of the influence of Nr-CWS on immunotherapy.
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Curcumin

Resveratrol

Quercetin

Berberine

Dioscin
Matrine
Myricetin
Piceatannol
Tanshinone ITA

Shikonin

gene

H-Ras

P53
RAF/MEK/ERK pathway
c-Myc

H-Ras

P53

c-Myc

H-Ras
RAF/MEK/ERK
c-Myc

P53

RAF kinases
P53

c-Myc

c-Myc

c-Myc

Ser

Scr

Underlying mechanism

Inhibition (24)
Activation (19)
Activation (25)
Inhibition (26)
Inhibition (27)
AMPK activation; SIRT1 inhibition (21)
Inhibition (28)
Inhibition (29)
Reduce (30)
Inhibition (31)
Activation (22)
Inhibition (32)
Activation (23)
Inhibition (33)
Inhibition (31)
Inhibition (31)
Inhibition (34)
Inhibition (35, 36)
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Type of T cells Natural products Underlying mechanism

Tregs Curcumin Inhibition (123)
Thl Curcumin Activation (124)
TILs Curcumin Increase (125)

tumor-infiltrating T-cell Berberine Activation (126)
Tregs Berberine Inhibition (126)
CDS8'T cell Resveratrol Activation (127)
Thl Resveratrol Increase (127)

Treg Wogonin Inhibition (128)
Treg Scutellaria ocmulgee leaf Inhibition (128)
Th17 Dioscin Inhibition (129)
Treg Dioscin Activation (129)
Treg Baicalein Activation (130)
Treg Shikonin Activation (131)
CD4'T cell Osthole Activation (132)

CDS8"'T cell Osthole Activation (132)
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miRNA

miR-204-5p
miR-484
miR-642
miR-217
miR-21
miR-27a
miR-141-3p
miR-205
miR-145
miR-497
miR-195-5p
miR-181
miR-29b
miR-214
miR-98-5p
miR-124

miR-29a-3p
miR-21-5p

miR-125b
miR-222-3P
miR-223
miR-7
miR-221-3p
miR-1246
miR-200b
miR-424(322)

miR-142
miR-20a
miR-155
miR-22

miR-503

Target genes

THBS1
VEGFB/VEGFR2

HIF1- o/VEGF

JAK/STAT3/VEGFR2
PTEN/AKT
HIF1- 0/VEGF
PI3K/AKT
GSK3p/B-catenin
RTKN2
MMP-2
ccLs
CDKNIA
SPHK1
STAT3

ID8-VEGF
SOCS3/STAT3
PTEN-PI3K/AKT
EGFR/AKT/ERK1/2
CDKN1B
Cavl/p-gp/M2
KLF6

PD-L1/PD-1
CD80/CTLA-4

Sirtl
MICA/B
Ago2
PI3K/AKT/MAPK
Bcl2

Related hallmark

Tumor angiogenesis

Tumor angiogenesis

Tumor angiogenesis

Tumor angiogenesis
Tumor angiogenesis
Tumor angiogenesis
Tumor angiogenesis
Tumor angiogenesis
Tumor angiogenesis
Tumor-associated fibroblast
Tumor-associated fibroblast
Tumor-associated fibroblast
Tumor-associated fibroblast

Immune-suppressive

Immune-suppressive
Immune-suppressive
Immune-suppressive
Immune-suppressive
Immune-suppressive
Immune-suppressive
Immune-suppressive

Immune-suppressive

Immune activity
Immune activity
Immune activity

Immune activity
Immune activity

Expression

Promote

Promote

Promote

Promote
Promote
Inhibit
Inhibit
Inhibit
Inhibit
Inhibit
Inhibit
Inhibit
Inhibit
Inhibit

Inhibit
Promote
Promote

Inhibit
Promote

Inhibit

Inhibit

Promote

Promote
Inhibit
Inhibit
Inhibit
Inhibit

reference

(10, 39)
(40)
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miRNA Target genes Related hallmark Expression reference

miR-940 CD163/CD206 Proliferation/Migtation Promote (108)
miR-124-3p BAX/CASP9/CASP3 Proliferation Inhibit (109)
miR-205 VEGFA Proliferation/Migtation Promote (110)
miR-6126 Integrin-p1 Proliferation Inhibit (111)
miR-940 SRC Proliferation Inhibit (112)
miR-200 CD63/CD9 Migtation Promote (113)
miR-99a-5p HPMCs Migtation Promote (114)
miR-574-3p CUL2 Enhance chemosensitivity Inhibit (115)
miR-30a-5p

miR-922

miR-183-5p MECP2 Proliferation Inhibit (115)
miR-162 TEAD3 Enhance chemosensitivity Inhibit (115)
miR-146a PI3K/AKT Enhance chemosensitivity Inhibit (116)
miR-451 ABCBI1 Enhance chemosensitivity Promote (117)
miR-186 ABCB1 Enhance chemosensitivity Promote (118)
miR-770-5p ERCC2 Enhance chemosensitivity Promote (119)
miR-376¢ ALK7 Enhance chemosensitivity Promote (120)
miR-130a MDRI/PTEN Enhance chemosensitivity Promote (121)
miR-374a

miR-489 AKT3 Enhance chemosensitivity Promote (122)

miR-134 NF-kB1/c-Rel/ELK1 Enhance chemosensitivity Inhibit (123)
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Primer name Oligo sequence (5’ to 3')

T-bet Forward CCCCAGTACCCTCCCAAGAT
T-bet Reverse TTCGCCCAGTCCTGAATCAC
GATA3 Forward AAGGCAGGGAGTGTGTGAAC
GATA3 Reverse AGCCTTCGCTTGGGCTTAAT
RORyt Forward GCTGATGGGAACGTGGACTA
RORYt Reverse CCCACGGACACCAGTATCTT
Foxp3 Forward ACTGGGGTCTTCTCCCTCAA
Foxp3 Reverse GACACCATTTGCCAGCAGTG
B-actin Forward CGCCACCAGTTCGCCATGGA

B-actin Reverse TACAGCCCGGGGAGCATCGT
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Nr-CWS groups

Nr-CWS Nr-CWS
30D 90D

Number 8 72 31 41
Age range 28-41 25-64 - =
(years)
Mean age 354231 43+73 = =
(years)
HR-HPV infection type
Single = 47 21 26
infection
lMulu?le . 25 10 15
infection
Pathological features
CIN I - 65 29 36
CIN II - 7 2 5
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Reported tumor types
(CMTMS6)

HNSCC

0SCC

Ovarian cancer

Gliomas
Colorectal cancer

HCC

Lung cancer

Renal cancer

Breast cancer

Gastric cancer

Sarcoma
Melanoma

Pancreatic cancer

Expression
of CMTM6

N/A
N/A
N/A
N/A

Prognostic or clinical value

Poor prognosis

Poor prognosis

N/A

Better prognosis

Poor prognosis

Poor prognosis

Favorable prognosis

Biomarker for predicting PD-1/PD-L1 inhibitors

Biomarker to predict the recurrence risk

Poor prognosis

Poor prognosis

Independent predictor for PD-1 inhibitors
Worse prognosis

Biomarker for
immunotherapy

Higher risk for disease progression

Shorter overall survival; enhances the prediction value
of PD-L1

Poor prognosis
Worse prognosis
Potential predictive factor for ICI

Shorter overall survival

Related immune molecules in
TME

PD-L1, LAG-3, TIM-3, VISTA,
B7-H4, B7-H3, CD4,CD8

N/A

PD-L1

CD4, CD8

PD-L1, PD-L2, PD-1, CD80, TIM-3
N/A

PD-L1, CD4, CD8

PD-L1, CD4, CD8, CD68, CD163

CD8, PD-LI1, PD-L2, B7- H3, and B7-
H4

PD-L1

PD-L1

PD-L1

CD4, CD8, CD11b, CD68, PD-L1
PD-L1, CD3

PD-L1
PD-L1

PD-L1
PD-L1
PD-L1, CD3, CD20, CD68
PD-L1

References

(18)

(24)
(23)
(22)
(20)
(19)
(1)
(28)
(26)

(25)
(29)
(30)
(27)
(31)

(32)
(33)

(34-36)
(37)
(38)
(39)

HNSCC, Head and neck squamous cell carcinoma; OSCC, Oral squamous cell carcinoma; HCC, Hepatocellular carcinoma; ICI, immune checkpoint inhibitors; N/A, not applicable.

The

means the expression of CMTM6 in tumor tissues is higher than that in non-tumor tissues.





OPS/images/fimmu.2022.976107/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2022.976107/fimmu-13-976107-g001.jpg
Transcription

Post
transcription

= =\
5 |

O O 0O O

Cervical cancer patients

o Epigenetics | . "
SV | microenvironment

<

o Post
~ translation

Comprehensive Analysis

Tumor immune

Cancer cell

High-risk group

Low-risk group






OPS/images/fimmu.2022.952066/table3.jpg
Baseline characteristics CR+PR SD PD p value

n=9) (n=16) (n=23)

Age, year 63.3 £9.9 65.5 £ 8.4 54.0 £ 12.2*# 0.004
Male, n (%) 5(55.6) 7(43.8) 12(62.2) 0.864
ECOG score, n (%) 0.304
0 0(0.0) 0(0.0) 1(4.4)

1 5(55.6) 2 (12.5) 7(30.4)

2 3(33.3) 13 (81.3) 11 (47.8)

3 1(11.1) 162 4(17.4)

Number of metastatic lesions 7 (3,42 6(3,12) 8(6, 18) 0.412
Number of metastatic organs 2(1,2) 32,3 22,3 0.595
Number of previous systemic therapy 3(2,4) 32,93 3(2,4) 0.49
Lymph nodes metastases, n (%) 7(77.8) 13 (81.3) 15 (65.2) 0.631
Liver metastases, n (%) 3(33.3) 0(0.0 13 (56.5)" 0.001?
PRaG cycles 5 (4,6) 43, 5) 3(2,5) 0.2
Irradiation organs, n (%) 0.525
Liver 2(222) 0(0.0) 5(21.6)

Lung 3(33.3) 2 (12.5) 2(87)

Lymph nodes 3(33.3) 6(37.7) 7(30.4)

Bone 0(0.0) 162 3(13.0)

Liver+Lung 0(0.0) 162 1(4.4)

Liver+Lymph nodes 0(0.0) 162 0(0.0)

Liver+Bone 0(0.0) 0(0.0 1(4.4)

Lung+Lymph nodes 0(0.0) 0(0.0 1(4.4)

Lung+Bone 0(0.0) 1(62) 0(0.0)

Lymph nodes+Bone 0(0.0) 2(12.5) 1(4.4)

Lung+Lymph nodes+Bone 1(11.2) 0(0.0 0(0.0)

Others 0(0.0) 2(12.5) 2(8.7)

Neutrophil to lymphocyte ratio 43+4.1 44+21 45+ 24 0.976
Baseline CD3* T cells (cells/ul) 955 + 546 721 + 404 751 + 412 0.408
Baseline CD3*CD4'T cells(cells/ul) 512 + 284 424 £ 257 358 + 200 0.258
Baseline CD3*CD8'T cells(cells/ul) 420 + 299 283 + 188 356 + 222 0.343
Baseline CD19"B cells (cells/ul) 123 + 67 149 + 66 113+ 93 0.937
Baseline CD4*/CD8" ratio 1.38 +0.62 1.70 + 0.95 1.06 +0.47* 0.026

The number of metastatic organs, number of metastatic lesions, number of previous systemic therapy and PRaG Cycles were described with Median (P25, P75) for abnormal distribution;
other numerical variables were normally distributed and described with mean + SD. The number of metastatic organs, number of metastatic lesions, number of previous systemic therapy
and PRaG cycles, and ECOG score were compared with the Kruskal-Wallis Test among groups of CR+PR, SD, and PD; other normally distributed variables were compared with one-way
ANOVA among groups of CR+PR, SD, and PD.

°Liver metastases were compared with the Chi-square test among groups of CR+PR, SD, and PD; other categorical variables were compared with the Fisher’s exact test among groups.
“Compared with the CR+PR group, the difference was statistically significant.

#Compared with the SD group, the difference was statistically significant.
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Non-coding
RNA

miR-873
miR-23b-3p
miR-367
miR-21
miR-107
miR-590-3p
miR-520a-3p
miR-491
miR-449a
miR-432-5p
miR-425-5p
miR-424
miR-377
miR-363-3p
miR-342-3p
miR-26a
miR-223-3p
miR211
miR-133b
miR-520b
miR-326
IncRNA MALAT1
IncRNA TP73-AS1

IncRNA HNFI1A-
AS1

IncRNA-BC050642
IncRNA ODRUL
IncRNA ITGB2-AS1
IncRNA ANRIL

IncRNA XIST
IncRNA TUGI
IncRNA TUGI
IncRNA TNK2-AS1
IncRNA SNHG4
IncRNA SNHG3
IncRNA SNHG1
IncRNA SNHG16
IncRNA OIP5-AS1
IncRNA OIP5-AS1
IncRNA MIR100HG
IncRNA LINCO01123
IncRNA LINC00324

IncRNA
KCNQ10T1

IncRNA JPX
IncRNA HULC
IncRNA HOXD-AS1

IncRNA HOXD-AS1

IncRNA FOXD2-
AS1

IncRNA DLEU1
IncRNA DANCR
IncRNA DANCR
IncRNA CCAT2
IncRNA CBR3-AS1
IncRNA APTR
IncRNA CAT104
IncRNA LINCO1128
IncRNA ZBTB7A
IncRNA RSF1
IncRNA PUM2
IncRNA XIST
IncRNA C2datl
hsa_circ_0008934

hsa_circ_0007534
circUSP34
circ-LRP6
circUBAP2
circTADA2A
hsa_circ_0002137
circPVT1
circECE1
circ_0078767
circ_001621
circ_001422
circ_0001721
circ-0000658
circ-0000190

Expression

upregulate
upregulate
upregulate
upregulate
upregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
downregulate
upregulate
upregulate

upregulate

upregulate
upregulate
upregulate

upregulate

upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate

upregulate

upregulate
upregulate

upregulate

upregulate

upregulate

upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
downregulate
downregulate
downregulate

upregulate

upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
upregulate
downregulate

downregulate

Function

Related to tumor size, clinical stage and distant metastasis in OS.

Inhibit OS cell proliferation.

Inhibit the proliferation, migration and invasion of OS cells.

Play a main role in proliferation, migration, invasion and apoptosis.

Promoted U,OS cell viability, migration, and invasion whereas inhibit apoptosis.

Inhibit proliferation and metastasis in OS cells.

Tumor suppressor.

Stimulate OS cell lung metastasis and suppresses CDDP-induced tumor growth inhibition and apoptosis.
Decrease cyclin A2 levels and inhibit proliferation rate, migratory potential, and colony-forming ability of OS cells.
Regulate SA and IA by targeting PDGFB genes.

Suppress OS cell proliferation, invasion and migration in vitro.

Decrease cyclin A2 levels and inhibited proliferation rate, migratory potential, and colony-forming ability of OS cells.
Inhibit tumor growth and reduce tumor size.

Inhibit the proliferation, migration, and invasion of U,OS and MG63 cells.

Inhibit the proliferation, migration, and invasion of OS cells.

Suppress the malignant behaviors of OS cells.

Inhibit cell invasion, migration, growth, and proliferation.

Increase the percentage of cell apoptosis, and suppress cell proliferation as well as cell migration/invasion.
Attenuate cell proliferation and invasion.

Inhibit cell proliferation, migration, and invasion.

Promote the proliferation and invasion of MG63 cells as well as the growth and metastasis in nude mice.
Promote OS cell viability, invasion and migration.

Suppress OS cells proliferation and invasion in vitro as well as tumor growth in vivo.

Inhibit cell proliferation and G1 /S transition, and suppress migration and invasion in OS cells.

Promote cell proliferation, induce colony formation and meanwhile inhibit cell apoptosis.
Inhibit OS cell proliferation, migration, invasion, and tumor growth in vitro and vivo.
Inhibit the proliferation and induce apoptosis of OS cells.

Associate with increased rates of metastases at diagnosis and death. A significant predictor of reduced overall survival
rate.

Responsible for OS cell proliferation and invasion.

Play an important role in the proliferation and metastasis of osteosarcoma.
Regulate OS cell metastasis, angiogenesis, and proliferation in vivo and vitro.
Inhibited proliferative, migratory, and invasive capacities while promoting apoptosis in OS cells.
Suppress cell viability and invasive potential.

Promote invasive and migratory potentials of OS cells.

Inhibit cell growth and metastasis of OS in vitro and vivo.

Contributes to the proliferation, migration and invasion of OS cells.

Increased doxorubicin resistance of OS cells.

Repress the proliferative ability and accelerated the apoptosis.

Suppress cell proliferation, cell cycle progression while promote cell apoptosis.
Promote cell progression.

Accelerate the proliferation and migration of OS cells.

Facilitate proliferation and suppressed apoptosis of OS cells.

Elevate the cell viability and proliferation.
Promote OS cell proliferation, migration and invasion and induce cell apoptosis.

Suppress cell proliferation, colony formation, migration, and invasion, and promote cell cycle arrest at G1 stage and
apoptosis in OS cells.

Inhibit the OS cells proliferation and induce G1/GO phase arrest in vitro, and repress tumor cell growth in vivo.

Repress the malignant biological properties of OS cells in vitro and vivo, including proliferation, invasion, apoptosis and
tumor growth.

Inhibit the cell proliferation, migration and invasion.

Promote tumor growth and lung metastasis of OS.

Increase OS cell proliferation, migration, and invasion.

Promote OS cell proliferation, cell cycle and invasion.

Suppress OS cells proliferation, migration and invasion, and promote cells apoptosis.
Repress human OS cell proliferation, invasion and migration, and induce apoptosis.
Inhibit OS-732 cell proliferation, migration, and invasion, but promote cell apoptosis.
Reduce the proliferation, migration and invasion of OS cells both.

Associate with OS metastasis.

Suppress OS cells proliferation and invasion.

Inhibit OS cells proliferation, migration, and stemness.

Inhibit the proliferation of OS cells.

Reduce cell viability, invasion, and migration, whereas increase cell apoptosis in OS-732 cells.

Reduce proliferation, enhanced apoptosis, block cell cycle progression, and impair migration and invasion capacities of
SAOS,; cells.

Suppress OS cell growth.

Promote the proliferation, migration, and invasion of OS in vitro and vivo.

Inhibit the proliferation, migration and invasion of OS cells.

Inhibit OS cell apoptosis.

Increase malignant tumor behavior.

Suppress the progress of OS, including cell invasion, cell cycle and cell apoptosis.

Suppress OS tumor growth and metastasis in vivo.

Suppress tumor proliferation and metastasis both in vitro and vivo.

Strengthen the proliferation, invasiveness, and migration of osteosarcoma cells.

Promote OS proliferation and migration.

Promote the proliferation and metastasis and inhibit the apoptosis of OS cells in vivo and vitro.
Facilitates cell progression in OS.

Promote cell cycle, proliferation, invasion and migration but inhibit the apoptosis of OS cells.

Exhibit an obvious reduction in tissues of OS patients.

(55)
(26)
(56)
(57)

(58)
(59)
(60)
(61)
(62)
(14)
(63)
(64)
(65)
(66)
(67)
(68)
(69)
(70)

(71)
(72)
(73)

(74)
(75)

(76)
(77)
(78)
(79)
(80)
(81)
(82)
(83)
(84)
(85)
(86)
(87)
(88)
(89)
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Characteristic

No.

Age, Median, range (years)
Gender

Male
Female
ECOG performance status

wWN = o

No. of prior systemic therapies

1
2
3
>4
Prior PD-1/PD-L1 inhibitor
Yes
No
No. of metastatic site

<5
5-10
>10
Metastatic organs involved

VSRS

4
PD-L1
<1%
21%
MMR
MSS
MSI-L
Primary cancer sites
Lung
Colorectum
Breast
Gastro
Cervix
Esophagus
Ovary
Head and neck
Liver
Others*
*Bile duct 1 (1.8%), vulva 1 (1.8%), kidney 1 (1.8%), soft tissue 2(3.7%)
metastatic tumor sites
Lymph nodes
Bone
Lung
Liver
Brain
Pleuroperitoneum
Other sites

60 (31-77)

25 (46.3%)
29 (53.7%)

1(1.9%)
14 (25.9%)
32 (59.3%)
7 (13.0%)

2(3.7%)
17 (31.5%)
19 (35.2%)
16 (29.6%)

5(9.3%)
49 (90.7%)

24 (44.4%)
12 (22.2%)
18 (33.3%)

15 (27.7%)
19 (35.2%)
13 (24.1%)
7 (13.0%)

15 (27.8%)
17 (31.5%)

14 (25.9%)
1(1.8%)

13 (24.1%)
8 (14.8%)
5 (9.3%)

4 (7.4%)
4 (7.4%)

24 (44.4%)
15 (27.8%)
16 (29.6%)
17 (31.5%)
6 (11.1%)
7 (13.0%)
9 (16.7%)

Pancreas 2 (3.7%), skin 1 (1.8%), breast 1 (1.8%), abdominal wall 1(1.8%), muscle 1(1.8%), Thyroid 1(1.8%), Appendix 1(1.8%),spleen 1(1.8%)

irradiated tumor sites

Lymph node
Lung

Liver

Bone

Brain

Chest wall
Other sites*

“Breast 1 (1.8%), diaphragm 1 (1.8%), abdominal wall1(1.8%),Stomach 2(3.8%),Rectum 1(1.8%), Vaginal stump 1(1.8%)

23 (42.6%)
15 (27.8%)
13 (24.1%)
11 (20.4%)
8 (14.8%)
4(7.4%)
7 (13.0%)
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Parameter

Any TRAES

Grade 3

Grade 4

TRAES leading to treatment discontinuation
Deaths

Patients with TRAEs

Fatigue

Anorexia

Fever

Thyroid dysfunction

Liver dysfunction

Rash

Vomiting

Pneumonia/Pneumonitis
Myocarditis

Uveitis

Pruritus

Decrease in pulse oxygensaturation
Leukocytosis

Any grade
33 (66.0)
24 (48.0)
19 (38.0)
15 (30.0)
6(12.0)
7 (14.0)
7 (14.0)
7 (14.0)
1(20)
1(2.0)
2 (4.0
3(6.0
5(10.0)

Evaluable for toxicity analyzedN=50, No(%)

35 (70.0)
5(10.0
120
5(10.0)
000
Grade 3
120
120
120
00
120
000
000
1(2.0)
00
00
00
00
000

Grade 4
00
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Gene Symbol Forward Reverse

LCK 5’- TCTGCACAGCTATGAGCCCT -3' 5"- GAAGGAGCCGTGAGTGTTCC -3"
GAPDH 5’- CTGGGCTACACTGAGCACC -3' 5- AAGTGGTCGTTGAGGGCAATG -3’
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Gene Symbol

ADAR, B2M, BECN1, CALR, ERAPI, FAS, HDACI, TFNARI, IFNAR2, IRF1, IRF9, IFNGR1, IFNGR2, IKBKG, IKBKB, JAK1, JAK2, MAPK1, PDLA3, PSMB8, SOCS1,
STATI, TAP1, TAP2, TAPBP, TBK1, TFRC, TGFBR2, TNFAIP3, TNFRSF1A, TNFRSF1B
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Gene Symbol

FOXMI, KIT, BRD4, EGFR, RAB25, CCNE1, LCK, SMADI, KDR, RICTOR
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Outcome

Increased the frequency of CD8+ T cells, but decreased the frequency of inhibitory Tregs.
Increased the proportions of MZ-like B cells, transitional B cells and plasmablast cells.
Activated the peripheral immune response.

Induced systemic anti-tumor T cells

Perlonged PFS

Increased the immune active components of the immune system,and decreased the Tregs,
granulocytic myeloid-derived suppressor cells (G-MDSCs) and monocytic (Mo-MDSCs).

Increased lung injury score

Perlonged PFS

No significant ORR improvement.

Induced tumor immunity through upregulated IgG and/or IgM.

Significant tumor growth delay and increased survival.
Increased infiltration of immune effector cells and decreased Tregs in irradiated tumors and
secondary lymphoid organs.

Improved TCR sequence diversity and PD-L1 expression in TME.

No significant RT toxicity. No benefit of adding RT.

Induced the increase in CD8+ T cells and positive immune cytokine response.
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To modulate immune activity

To improve the ability of T cells
To change the number of MDSCs

Ret

(56)
(57)
(50, 51)
(59)
(60)
(61)
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Tumor
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HNSCC
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PCa
PDAC

ICB Target

ly6G/PD-1/CSFIR
PD-1
PD-L1/HIF-1o
CTLA-4
KAT6A/PD-1
BEZ235/mCRPC
CXCR4/PD-1

Synergistic roles

To inhibition G-MDSC

To inhibition resistance of ICI

To inhibit tumor development

To enhance sensitivity of CTLA-4 inhibition
To reduce the recruitment of MDSCs

To antitumor activity

To reduce MDSC

Ret

(78)
(80)
(83)
(84)
(84)
(85)
(86, 87)

CCA, Cholangiocarcinoma; GC, Gastric carcinoma; HNSCC, Headneck squam ous Cell Carcinoma; TNBC, Triple-Negative Breast Cancer; PCa, prostate cancer; PDAC, Pancreatic

ductal adenocarcinoma.
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Cytokines/Signaling pathways

BCC-Ex/CXCR4
BCC-Ex/STAT3
IL-6

CCR5

BC, Breast cancer; ESCC, Esophageal squamous cell carcinoma.

Functions

To increase MDSC and inhibit T cells
To promote MDSC expansion

To regulate the activation of MDSC
To inhibit immune activity
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