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Editorial on the Research Topic 


Gastrointestinal cancer immune response and immune related adverse effects


Gastrointestinal (GI) cancers, including the cancers originating from esophagus, stomach, liver, biliary system, small intestine, colon and pancreas, (1), are among the most common and lethal solid tumors worldwide, and emerge as major health burdens, especially in China. Surgery, chemotherapy, and radiotherapy are the traditional treatments for GI cancers, but many patients have poor outcome with low 5-year survival rate (2). Recently, treatments for solid tumors targeting the crosstalk between tumor and immune system have achieved significant success in gastrointestinal cancer. Immune checkpoint inhibitor (ICI) therapy and related combination therapy have become new treatment options for gastric cancer (3), colon cancer (4), liver cancer (5), and esophageal cancer (6).

However, many questions following the application of immunotherapy raise, such as, the dynamic immune response within tumor microenvironment (TME) during cancer development and treatment. Understanding the responses of the immune system in different periods and/or changes of immune response caused by multiple treatments are necessary to reveal potential molecules as novel immune targets or biomarkers and guide personal medicine in the future.

Within this context, we proposed the research topic, aiming to publish advances in the field of the immune regulation during different cancer stages or treatment that may significantly contribute to shed light on the immunotherapy of GI cancer. After almost one year, we had received more than 50 article submissions, and 12 of them were accepted including 6 original articles, 4 review articles and 2 case reports.


Therapeutic strategies and efficacy for GI cancers

In gastric cancer with serosal invasion, Lin et al. reported that camrelizumab combined with nab-paclitaxel plus S-1 can improve the rate of tumor regression grade (TRG 1a/1b) and pCR (pathological complete response) significantly. Duan et al. demonstrated that the combination of neoadjuvant immunotherapy and chemotherapy is correlated with high pathological and immunologic response in the tumor microenvironment (TME) of esophageal squamous cell carcinoma (ESCC). Lv et al. reported a case of advanced Epstein-Barr virus-associated gastric cancer (EBVaGC) patient, with high tumor mutation burden (TMB), positive expression of PD-L1 and PD-L1+ CD68+ macrophages enrichment, who had a long-term manageable toxicity and partial response to the combination of camrelizumab and oxaliplatin plus oral S-1 (SOX). Wang et al. reported a case of HER2-positive gallbladder cancer (GBC) patients who were resistance to trastuzumab-based targeted therapy and chemotherapy may benefit from trastuzumab plus anti-PD-1. A network meta-analysis (NMA) comparing the efficacy and safety of immunotherapy plus oxaliplatin- or cisplatin- based chemotherapy in the first-line treatment of advanced gastric cancer (AGC) was conducted by Guo et al. It suggested that the progression free survival (PFS) was prolonged significantly in patients treated with PD-1 inhibitor plus oxaliplatin- based chemotherapy. In addition, a review by Westdorp et al. discussed pathways that were altered in ICI-mediated colitis (IMC) in both human colon biopsy samples and mouse models, and revealed a complicated interplay between the gut microbiome and several types of immune cells. Thus, understanding the cellular mechanisms that induce immune related adverse events (irAEs) may provide opportunities for prevention and management.



Identification of biomarkers in GI cancer for diagnosis and prognosis

Xu et al identified a nine-lncRNA-based signature as the ferroptosis-related prognostic model for hepatocellular carcinoma (HCC) patients. According to the prognostic signature, patients were divided into high and low risk groups, and the regulation of several immune-associated signaling pathways were correlated with the low-risk group shown by GSEA analysis. In HCC patients, Huang et al. reported that H2AFY expression was an independent unfavorable prognostic factor and correlated with immune infiltration in TME. Moreover, mitosis, cell cycle, chromatin assembly and spliceosome may be regulated by H2AFY and its co-expressed genes through E2F family and cancer-related kinases pathways shown by functional network analysis. Knockdown H2AFY inhibited the migration and proliferation of HCC cells, promoted apoptosis and cycle arrest of cells in vitro.

Studies by Yue et al. indicated that CX3CR1, expressed in colorectal cancer (CRC) patients and cell lines, was chosen as a TME-related hub gene. It was positively correlated with CD8+T cells, CD4+T cells, B cells, macrophages, dendritic cells and neutrophils and negatively correlated with tumor purity. Moreover, CX3CR1 expression correlated with the recruitment of immune-infiltrating cells, and it might control CRC progression through inhibiting tumor-associated macrophage (TAM) polarization. These findings suggested that CX3CR1 indicate better survival in CRC. Xie et al. reported that for CRC patient`s peripheral blood immune cells (PBIC) m6A RNA was a diagnostic biomarker. Compared with those in the healthy controls, the PBIC m6A RNA levels in the CRC group were apparently elevated, even higher in progressed and metastasized CRC, while reduced after treatment. Impressively, the area under the curve (AUC) of the PBIC m6A levels was 0.946, which was higher than the AUCs for CA125, CA19-9, and CEA. Gene set variation analysis implied that monocytes resulted as the specific immune cells most correlated with high PBIC m6A levels in CRC patients.



Reviews in GI cancer progression and immunotherapy

Dugage et al. highlighted three immunotherapeutic strategies in Gastrointestinal stromal tumors (GIST). Firstly, patients involved in clinical trials must be better screened, according to the driver mutation and the tertiary lymphoid structures (TLS) or PD-L1 expression. Secondly, during imatinib therapy, indoleamine 2,3-dioxygenase (IDO) targeting should be explored after disease progression. Finally, combination of c-kit inhibition with ICI is recommended.

Kim and Lee. described the gut microbiome strains such as Salmonella, E. coli, F. nucleatum, B. fragilis and P. anaerobius in each stage of the tumorigenesis process of CRC. This review provided an overview of the microbiota species involved in the associations between the gut microbiome and CRC. It also indicated treatments which regulate the gut microbiome could improve the efficacy of CRC treatment.



Conclusion

In conclusion, a group of original and review articles are collected in this Research Topic “Gastrointestinal Cancer Immune Response and Immune Related Adverse Effects”. We believe that this published knowledge can help us to understand the immune response in each stage of cancer development or during different types of treatment more deeply, find biomarkers and develop new therapeutic approaches for GI cancer which will contribute to improve immunotherapeutic efficacy and prognosis for GI cancer patients.
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Gastrointestinal stromal tumors (GISTs) are a subtype of soft tissue sarcoma (STS), and have become a concept of oncogenic addiction and targeted therapies.The large majority of these tumors develop after a mutation in KIT or platelet derived growth factor receptor α (PDGFRα), resulting in uncontrolled proliferation. GISTs are highly sensitive to imatinib. GISTs are immune infiltrated tumors with a predominance of tumor-associated macrophages (TAMs) and T-cells, including many CD8+ T-cells, whose numbers are prognostic. The genomic expression profile is that of an inhibited Th1 response and the presence of tertiary lymphoid structures and B cell signatures, which are known as predictive to response to ICI. However, the microtumoral environment has immunosuppressive attributes, with immunosuppressive M2 macrophages, overexpression of indoleamine 2,3-dioxygenase (IDO) or PD-L1, and loss of major histocompatibility complex type 1. In addition to inhibiting the KIT oncogene, imatinib appears to act by promoting cytotoxic T-cell activity, interacting with natural killer cells, and inhibiting the expression of PD-L1. Paradoxically, imatinib also appears to induce M2 polarization of macrophages. There have been few immunotherapy trials with anti-CTLA-4 or anti-PD-L1drugs and available clinical data are not very promising. Based on this comprehensive analysis of TME, we believe three immunotherapeutic strategies must be underlined in GIST. First, patients included in clinical trials must be better selected, based on the identified driver mutation (such as PDGFRα D842V mutation), the presence of tertiary lymphoid structures (TLS) or PD-L1 expression. Moreover, innovative immunotherapeutic agents also provide great interest in GIST, and there is a strong rationale for exploring IDO targeting after disease progression during imatinib therapy. Finally and most importantly, there is a strong rationale to combine of c-kit inhibition with immune checkpoint inhibitors.
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Introduction

Gastrointestinal stromal tumors (GISTs) represent a subtype of soft tissue sarcoma (STS) and are characterized by the malignant proliferation of Cajal cells in the bowel (1). Although rare with an annual rate of around 1 patients per 100.000 inhabitants, GISTs represent around 20% of STSs, making them the most frequent type of STS (2). Although they most frequently develop from the gastric stroma, GISTs can occur on every part of the digestive tract, and secondary locations are often liver and peritoneum (3). In most cases, the underlying mechanism is a mutation in the KIT gene (also known as CD117), coding for an activated transmembrane receptor c-kit and resulting in uncontrolled proliferation (4). Other cases are due to mutations in platelet derived growth factor receptor α (PDGFRα), NF1(coding for neurofibromin 1) or in the genes coding region for succinate dehydrogenase (SDH) (5). Treatment with imatinib results in deep (6) as well as sustained responses (7), but subsequent therapies offer a less durable clinical benefit. There is therefore an important need for new treatments for advanced GIST.

We conducted a literature review to describe the GIST microenvironment and current approaches to immunotherapy. The immune system seems to play a crucial role this controlling the disease, but the results of immunotherapy are disappointing to date. New molecular targets could be of interest.



Gastrointestinal Stromal Tumors as a Specific Tumor Model

GISTs are a model of oncogenic addiction: its tumor cells are totally dependent on the activation of one molecular pathway, due to an identified mutation. Whereas some soft-tissue sarcomas are characterized by complex genomic variations (5) and are supposed to be more immunogenic, GIST oncogenesis is driven by a mutation in the KIT gene, coding for the transmembrane receptor c-kit (in 80% of all cases). This mutation occurs in exon 11 (coding for an intracellular domain), and more rarely, in exon 9 (coding for an extracellular domain). An activating KIT mutation leads to a signal for proliferation as well as the inhibition of apoptosis, through phosphatidylinositol-3,4-bisphosphate kinase (PIK3CA)/AKT/mammalian target of rapamycin (mTOR) and mitogen activated proteins (MAP) kinase pathways. PDGFRα is the second most frequent molecular alteration in GIST (in about 8% of cases), on various loci (such as D842V or V561D) and the D842V mutation is the most frequent alteration (8). The remaining 10-15% of tumors are KIT/PDGFRα wild-type, but several other mutations have been identified. SDH-deficient GISTs represent around 7% of all GISTs and are most frequent in young adults, occurring in around 50% of cases because of a loss-of-function germline mutation in one of the SDH complex genes (9). Mutations in the gene NF1 can also be found, and autopsies of patients with Neurofibromatis 1 show undiagnosed GIST in one third of patients (10). BRAF V600E mutations have also been described in a small subset of patients, representing around 3.5% of all cases (11).

Advanced GIST is naturally chemoresistant with a response rate of about 7% to doxorubicin-based regimens (12). Prior to the introduction of imatinib and other tyrosine kinase inhibitors (TKIs), GISTs were associated with a very poor outcome with overall survival (OS) of only 12-19 months (13). However, the development of targeted therapy has revolutionized the prognosis of these patients. Imatinib is a multikinase inhibitor (multi-TKI) which was developed at the end of the 1990s and targets c-kit, PDGFRα, Vascular endothelium growth factor (VEGFR), basic fibroblast growth factor (b-FGF) among others kinases (14). Treatment with imatinib leads to progression-free survival (PFS) of around 30 months. The sensitivity of GISTs to imatinib mainly depends on the mutation locus and is higher in KIT exon 11 mutations (15). Unfortunately, not all GIST benefit from imatinib: SDH-deficient, NF1 and D842V-mutated GIST are imatinib resistant (5, 8, 9, 16). In imatinib-sensitive GIST, disease progression eventually occurs, mainly due to new oncogenic alterations. KIT-mutated GISTs can harbor secondary mutations in KIT, which most often occur in the imatinib target on c-kit, namely the adenosine triphosphate (ATP)-binding pocket (exon 13-14), or on the activation loop (exon 17-18) (5). In most cases, these mutations remain sensitive to sunitinib in a second-line setting or regorafenib in a third-line setting. Sunitinib is a multi-TKI targeting c-kit, PDGFRα and VEGFR, among others, which allows a meaningful median progression-free survival (median PFS) of around 6 months (17). After progression under sunitinib, regorafenib can be administrated, allowing a median PFS of around 5 months (18). Using all of these treatments sequentially results in a median OS of around 8 years in advanced GIST (15). More recently, ripretinib has been shown to result in median PFS of 6 months after three previous lines of treatments (19). This drug is currently being investigated as second-line versus sunitinib (20). The consensual strategy concerning advanced GIST is summarized in Table 1.


Table 1 | Therapeutic options in the treatment of gastrointestinal stromal tumors (NCCN Guidelines, October 2020).



Drug development in advanced GIST mainly focuses on new multi-TKI, with interesting activity (19, 21, 22), especially with the FDA (Food and Drug Administration) approval of avapritinib in D842V mutated GIST and ripretinib as fourth-line therapy. However, as in other tumor types, clinical benefit to systemic treatments decreases with the number of previous lines, and, in the very particular model of GIST, with the accumulation of resistance mutations. In the first-line setting, no TKI has improved outcome compared to imatinib. New treatment strategies are therefore needed.

Evidence is accumulating of an associated immune escape, leading to drug resistance and disease progression and this evidence opens up the field of immunotherapy for the treatment of advanced GIST.



A Highly Infiltrated Tumor Microenvironment

Despite an oncogenesis based on a single pathway alteration and a low tumor mutational burden (23) suggesting a poor immunogenicity, GIST commonly harbors a rich immune infiltrate, suggesting a recognition of tumor cells by the immune system.

The microenvironment of GISTs is characterized by a high density of immune cells, with two main cell populations: tumor-associated macrophages (TAMs) and T-cells (CD4+, CD8+ and FoxP3+) in both untreated and treated tumors (24). There also seems to be some natural killer cells (NK cells) and a few B-cells. This microenvironment plays a major role in disease control, and Rusakiewicz et al. demonstrated that CD3+ cell and NKp46 cell infiltrates were independently positively correlated with PFS in both imatinib-treated and untreated localized GISTs, contrary to FoxP3 infiltrate (25). The type of KIT mutation did not seem to play a role in PFS in multivariate analysis. The worst prognosis was found amongst patients with a high Miettinen score but a low CD3+ cell count, and a low NKp46+ cell infiltrate.

The most common cells found in this immune infiltrate are TAMs, around twice more as T cells. M1 macrophages are differentiated from monocytes when exposed to Granulocyte-macrophage colony-stimulating factor (GM-CSF), Lipopolysaccharide (LPS) or Interferon gamma (IFN-γ) and promote an inflammatory microenvironment through the expression of IL-1, IL-6, IL-12 or Tumor necrosis factor α (TNFα). In contrast, M2 macrophages differentiate from monocytes in the presence of Macrophage colony-stimulating factor (M-CSF), IL-4 or IL-10 and are known to promote immune escape through the high expression of Programmed death ligand 1(PD-L1), IL-10 or Transforming growth factor β (TGFβ) (26). The polarization of TAMs is still controversial: in a cohort of 31 GIST samples with a majority of untreated primary tumors, these macrophages were in a majority of cases M2-polarized (27), whereas Cavnar et al. described an important M1 contingent in 25 untreated GISTs (28). In this study, TAMs became M2-polarized after treatment by imatinib (see infra). Although the most common T-cells are CD4+ helper lymphocytes, CD8+ T-cells are highly represented in this dense immune infiltrate. Regulatory T-cells (CD4+, FoxP3+) are also present but in much lower numbers (24). CD8+ T-cells are the key lymphocytes for killing tumor cells, and it has been proven that their presence is necessary to achieve a response to a treatment with anti-PD-1 (programmed cell death 1) antibodies (29). Furthermore, their density has been shown to be positively correlated with a response to immune checkpoint inhibitors (ICIs) in advanced melanomas (30) and renal cell carcinomas (31).

B-cells are described in GIST, but they seem to be present in higher numbers in metastatic lesions, where they represent around 2% of all immune cells, than in the primary tumor in untreated GISTs (32). The interest is rising regarding their importance in the immune response against cancer, where they play a role in tertiary lymphoid structures (see infra). Moreover, tumor infiltrating B-cells are known to provide a humoral antitumor response, leading to antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) (25, 27).

As in other tumor models, there also seems to be immune activity mediated through NK cells. NK cells are lymphocytes belonging to the innate immune system and are involved in the first line defense against infection or tumors. They recognize pathological cells through a sum of activatory or inhibitory signals on their surface. They particularly target cells with a reduced expression of major histocompatibility complex 1 (MHC I), which is common in GISTs. NK cells are described in the GIST microenvironment, and their presence is associated with a lower proliferation index and a better prognosis in untreated metastatic GIST (32). NK cells are activated by dendritic cells via the NKp30 receptor. However, in the peripheral blood of patients with advanced GIST, the NKp30c isotype is overexpressed at diagnosis. This isotype is the result of a splice variant due to genetic polymorphism and is immunosuppressive, in contrast to NKp30a and NKp30b. This leads to a decrease in TNFα, CD107a and IFNγ secretion, and seems to be associated with poorer OS (33).

Overall, with a tumor microenvironment highly infiltrated with different immune cells, whose proportion has a prognostic impact, the immune response seems to be of interest in GIST. Some studies have investigated the immune signatures in GIST more closely.



An Inflammatory Profile Suggesting the Benefit of Immunotherapy

In a study analyzing the immune infiltrate of 31 patients with a majority of primary untreated tumors by RNA sequencing, Pantaleo et al. demonstrated that their tumor microenvironment is similar to that of melanomas, which is the very paradigm for efficacy of immunotherapy (27). The TIS (T-cell inflamed signature) encompasses 18 genes related to antigen presenting cell abundance, T-cell/NK cell abundance, IFN activity and T cell exhaustion and has been shown to be predictive for response to immunotherapy in melanomas (34) and head and neck carcinomas (35). TIS score for GIST was between the 65th and 70th percentile of the Cancer Genome Atlas dataset, which shows that there is an inhibited T cell activity as found in lung or renal carcinomas (27, 35). Interestingly, this signature was positively correlated with PD-L1 expression.

Based on the RNA-sequencing of 608 tumor samples of patients with STS, Petitprez et al. have recently investigated the role of tumor microenvironment (TME) in STS and its association with response to anti-PD1 immunotherapy. They created the Sarcoma Immune Classification (SIC), a classification that sorts STSs based on their tumor microenvironment, ranging from SIC-A (immune desert) to SIC-E (rich immune infiltrate).The main features of each group are described in Table 2 (36). When applied to the pretherapeutic biopsies of 47 patients included in the SARC028 trial, SIC was found to be predictive of response to anti-PD-1 antibody therapy with around 50% of responders in the SIC E group. GIST is the most represented histologic subtype in this group, with around 25% of all 60 GISTs studied (versus around 20% in all sarcomas). This study highlights the role of B-cells in the immune response, with the importance of CXCL13 (an attractive TLS-associated B-cell chemokine) in the SIC-E group. As described above, B lymphocytes are part of the immune infiltrate in advanced GIST. Tertiary lymphoid structures (TLS) are ectopic lymphoid structures developing in non-lymphoid structures where intense and chronic inflammation takes place, including tumors. They are composed of a T-cell zone with mature dendritic cells and a B-cell follicle with a germinal center. More and more studies suggest their crucial involvement in antitumor immunity (37–41), where they seem to promote a T-cell response (42). Their clinical impact has also been shown in localized GIST, where they are very frequent (found in around 45% of patients) and seem to be positively correlated with a better OS and reduced risk of relapse (43).


Table 2 | Tumor microenvironment features across the different groups in the Sarcoma Immune Classification (36).



The impact of the driver mutation on tumor microenvironment (TME) remains controversial. In Pantaleo et al, no relationship was found between the identified mutation and TME (27). In constrast, Vitiello et al. found in a cohort of 75 untreated GISTs that PDGFRα-mutated GISTs were more infiltrated with immune cells, especially CD8+ cells, expressed more neoepitopes as well as regulatory T cell indicators and harbored a higher expression of ICP such as T cell immunoreceptor with Ig and ITIM domains (TIGIT), CD48 or B- and T-lymphocyte attenuator (BTLA) than KIT-mutated GISTs (44). This difference was even more important in D842V-mutated GISTs, which was corroborated by the comparison of RNA sequencing between 5 D842V- PDGFRα and 5 non-D842V- PDGFRα tumors (45). Immune control could explain the relatively low aggressiveness of these tumors.

These data provide a strong basis for the evaluation of immunotherapy approaches in GISTs.



Mechanisms of Immune Escape in GIST

Some micro-GISTs (0.2-1cm) remain asymptomatic and will not evolve even if driven by the same oncogenic mutations as described above (46). This suggests the presence of other mechanisms of tumor development and progression to aggressive disease. Among other mechanisms, immune escape might play a major role.


Immunosuppressive M2 Macrophages

As described previously, TAMs in GIST represent the most important immune cell subset in untreated GISTs and are often described as M2-polarized, thus promoting a rather immunosuppressive microenvironment (24, 27). Imatinib could accentuate this polarization (see infra) (2650).



Indoleamine 2,3-Dioxygenase (IDO) Overexpression

The constitutional activation of c-kit induces, via transcription factor Etv4, the expression of IDO (47) (see Figure 1). IDO metabolizes the essential amino acid tryptophan into kynurenin, which is known to change the microenvironment from immunogenic to tolerogenic. IDO induces the differentiation of CD4+ lymphocytes into regulatory T lymphocytes and directly inhibits CD8+ T cells (48–50). Moreover, in the presence of tryptophan metabolites, antigen presenting cells (such as macrophages) are more likely to polarize to an immunotolerant phenotype, secreting TGFβ or IL-10 (51). In a Phase 2 trial evaluating the combination of pembrolizumab and cyclophosphamide in STS, IDO was overexpressed in 63% of cases in imatinib pretreated GISTs (52). The decrease in this ratio has been shown to be a major factor in the immune escape (24).




Figure 1 | Immunosuppressive microenvironment in GIST is mediated by IDO and M2 macrophages. IDO expression is mediated through Etv4 and KIT activation, which results in an overexpression of IDO. IDO is responsible for a recruitment of regulatory T cells, an inhibition of CD8+ T Cells complementary to a macrophage M2-polarization.





Loss of MHC 1 Expression

Another crucial element of the immunosuppressive environment, described by Van Dongen et al, is the loss of expression of the MHC I, described in 70% of GISTs, leading to a decrease in the recognition of tumor cells by cytotoxic T lymphocytes. MHC I presents antigens on the surface of the cell, leading to antigen recognition by T-cells and antitumor immunity. This MHC I lower expression is well described in the immune escape of cancers and is often due to a loss of β2-microglobulin by tumor cells (53). Loss of MHC I is also an identified mechanism of secondary resistance to immunotherapy in melanomas (54).



Immune Checkpoint Proteins Expression

Cytotoxic T-lymphocytes are inhibited by significant expression of immune checkpoint proteins (ICP). In comparison to circulating immune cells, tumor infiltrating lymphocytes (TILs) have a greater expression of PD1, T-cell immunoglobulin and mucin containing protein-3 (TIM-3) or Lymphocyte-Activation Gene 3 (LAG3) in imatinib-naive as well as imatinib-sensitive and resistant-tumors (55). This expression is independent of the type of mutation and seems to be increased in the case of resistance to imatinib. PD-L1 expression on tumor cells, described in about 70% of cases, has recently been identified as a poor prognostic factor in GIST and is inversely correlated with the presence of CD8+ T-lymphocytes (56, 57), suggesting a real lymphocyte anergy induced by PD-L1 expression on tumor cells. CD8+ T cells are also inhibited by regulatory T-cells and it has recently been shown that GISTs harbor a particularly high density of FoxP3+ T-cell-associated ICPs, such as Glucocorticoid-Induced TNFR-Related protein (GITR) or Inducible T-cell costimulator (ICOS). These ICPs are associated with a poorer outcome, underlining the role of regulatory T-cells in the immune escape of GIST (58).




Immunological Effect of Imatinib

Imatinib is a TKI that targets c-kit and PDGFRα by interacting with the ATP binding site. However, in addition to an oncogenic addiction inhibition mechanism, accumulating evidence seems to point to immunologic activity.

On the one hand, it appears that imatinib, through the activation of CCAT enhancer binding protein β (C/EBPβ), is responsible for a reversible M2 polarization of macrophages (28). This effect is supported by the study by Van Dongen et al. which describes that M1 macrophages secrete IL-10 during imatinib treatment (24), and also by data showing that TAMs express less CD40 (59). Moreover, another off-target effect of imatinib is to inhibit differentiation and function of normal dendritic cells, as shown in a murine model (60).

On the other hand, the inhibition of c-kit by imatinib has a meaningful immunologic benefit in GISTs. First, imatinib seems to interact with NK cells as c-kit is located on the surface of dendritic cells and inhibits the cross-activation of NK lymphocytes. Imatinib, by inhibiting c-kit, induces NK cell activation and an increase in the Th1 response, with an increased secretion of IFNγ (61). This off-target activity seems to be relevant in terms of mechanism of action since the increase in secretion of IFNγ after 2 months of treatment with imatinib, which defines a group of “good immunological responders”, is a major prognostic factor (85% PFS at 2 years, vs. only 50% in non-responders) (62). It also appears that imatinib amplifies a pre-existing CD8+ immune response by inducing the influx of CD8+ T cells into the tumor and drainage node in a murine model, with decreased activity in the case of CD8 lymphodepletion (47). This influx is mainly related to the inhibition of tumor overexpression of IDO by imatinib, since a decrease in IDO1 mRNA (independent of the decrease in the number of tumor cells) was mainly observed, leading to a depletion of intratumoral regulatory T cells and thus an increase in the CD8/Treg ratio. The decrease in this ratio has been shown to be a major factor in immune escape (24). This result is consistent with the analysis of human tumors, where imatinib-sensitive GISTs are enriched in CD8 T cells and have fewer regulatory T cells. The remaining question concerns resistance mutations and their implications for a recovery of IDO overexpression and eventually for imatinib escape. An additional mechanism suggested is the release of neoantigens by imatinib-induced lysis of tumor cells, with tumor cells in GISTs variably expressing peptides from the cancer testis antigens group (63). In addition, imatinib may decrease the immune escape by decreasing the expression of PD-L1 on tumor cells. The overexpression of PD-L1 induced by the presence of IFNγ is mediated by the Janus kinase (JAK)- Signal Transducers and Activators of Transcription (STAT) pathway and is blocked by the presence of imatinib (55). In models of chronic myeloid leukemia, imatinib has been shown to inhibit vascular endothelial growth factor (VEGF) transcription, through Sp1 and Sp3 transcription factors (64). VEGF is known to induce an immunosuppressive microenvironment, notably through a decrease in CD8/FoxP3+ T cell ratio and is a promising target in combination with immunotherapy (65). This inhibition probably has an important impact on the immunomodulatory microenvironment of GISTs by imatinib.



Immunotherapy in GIST: Clinical Data


Immune Checkpoint Inhibitors in GIST

Immune checkpoint inhibitors have been poorly explored in the management of GIST although, as discussed previously, preclinical data suggest they may be effective.


Anti-PD(L)1 Antibodies

Anti-PD(L)1 antibodies have not shown any efficacy against GIST as a monotherapy (Table 3). The Pembrosarc trial was a multicentric phase II trial evaluating pembrolizumab in combination with metronomic cyclophosphamide in advanced STS (52). The results were not encouraging in GIST: out of nine cases of GIST, there was no objective RECIST (Response Evaluation Criteria in Solid Tumours) response and 3 patients only had a stable disease as best overall response. PFS at 6 months was only 11%. In this study, the authors highlight the relevance of targeting IDO, as the tumor infiltrate was enriched in M2 macrophages overexpressing IDO in 63% of GISTs. In the preliminary results of a randomized phase II trial evaluating nivolumab or nivolumab and ipilimumab, 15 heavily pretreated patients with advanced GIST received nivolumab as a monotherapy: no partial responses were observed and the median PFS was 8.57 weeks (68). Seven patients had a stable disease as their best response, resulting in a clinical benefit rate of 46.7%. Alliance A091401 is a multicentric randomized phase II trial evaluating nivolumab alone or in combination with ipilimumab in advanced soft-tissue sarcomas. The results of the expansion cohorts were presented in 2020. In the 9 patients with GIST received nivolumab alone, the results were disappointing: no partial responses were observed as well, and the median PFS was 1.5 months.


Table 3 | Results of clinical trials evaluating immunotherapeutic approaches in GIST.





Anti-CTLA-4 Antibodies

Anti-CTLA-4 (cytotoxic T-lymphocyte-associated protein 4) antibodies have not, to our knowledge, been studied as monotherapy in GIST.

In 2011, while describing the immunological effect of imatinib, Balachandran et al. suggested its synergy with anti-CTLA-4 antibodies (47). This synergy has not yet been observed in the clinic. In a phase Ib trial, the combination of dasatinib (multi-TKI with an anti-KIT activity) plus ipilimumab (anti-CTLA-4 antibody), 20 extensively pretreated patients with GIST were enrolled. This association did not demonstrate any efficacy (67): median PFS was 2.8 months and median OS was approximately 13 months. There appeared to be no response according to RECIST, but of the 13 evaluable cases, there were seven responses according to Choi criteria, which are known to have a better positive correlation to OS and PFS in GIST (70). Once again, one of the crucial elements of the immunosuppressive environment in GIST was IDO. Of 6 patients with evaluable biopsies, the only patient who had a loss of IDO expression following dasatinib and anti-CTLA-4 therapy had a stable disease for 19 weeks. Two patients without IDO suppression had progressive disease at first evaluation. One patient with SDH-deficient GIST had a stable disease for 47 weeks, without IDO suppression, but can reflect the natural history of this indolent subtype.



Association of Anti-PD-1 and Anti CTLA-4 Antibodies

The trials evaluating PD-1 and CTLA-4 antibodies coinhibition have also proven disappointing. In 2019, Singh AS et al. reported on 12 patients treated with nivolumab and ipilimumab after progression under imatinib in a phase II trial (68). One patient achieved a partial response, and 2 patients had a stable disease as best overall response. The median PFS was 9.1 weeks. Similarly, Chen et al. reported on the results of nivolumab in association with ipilimumab in the A091401 phase II trial (69). Nine patients received the combined therapy, and no objective response was observed. Median PFS was 2.9 months in this cohort, and median OS was 12.1 months. In comparison to the median overall survival of 9.1 months with nivolumab alone, the association seems to increase survival. However, the number of patients was not powered for overall survival, and the absence of objective response to both nivolumab and combination therapy did not support synergy. Once again the issue of the relevance of RECIST to evaluate PFS in GIST is apparent as is the importance of maintaining KIT inhibition when treating GIST with immunotherapy.




Other Immunologic Approaches

An interesting approach has been to combine imatinib with pegylated IFNα2b(peg-IFNα2b). In a non-comparative monocentric phase II trial, eight patients with advanced imatinib-naive (or who had progressed more than 10 months after the end of adjuvant imatinib) GIST were treated by peg-IFNα2b weekly for 22 cycles in combination with imatinib, followed by imatinib maintenance. The safety profile was acceptable. The combination therapy resulted in an increase in IFNγ-producing lymphocytes, both in peripheral blood and inside the tumor. This immunological shift was responsible for an impressive 100% response rate, and lasting responses. Median PFS was not reached but no patients had disease progression before 2 years of treatment. Interestingly, after 3.6 years of median follow-up, the only patient who had tumor progression on imatinib maintenance monotherapy achieved a new partial response after the re-introduction of peg-IFNα2b (66).




Perspectives and Promising Study Designs: The Need for Combination Therapies

With the combination of a rich inflammatory infiltrate, an inhibited Th1 response, identified mechanisms of immune escape and the demonstration of an immunologic effect of the main systemic therapy, exciting perspectives are opening up in the world of immune-oncology of GIST, a disease with an unfavorable evolution after the development of resistance to TKIs.

In spite of this, clinical trials evaluating anti-PD-(L)1 antibodies alone or in combination with anti-CTLA-4 antibodies have failed to demonstrate any efficacy in GIST so far. However, some responses or sustained stable diseases were described and recent translational studies in the field should encourage us to persevere: closer characterization of the immune infiltrate, frequency of TLSs, and immunologic classification of sarcomas (see Figure 2). In 2019, Zhao et al. demonstrated in vitro that imatinib was less effective in patients with high PD-L1expression, but there was a benefit of adding an anti-PD-L1 antibody in this population (56). Moreover, data are accumulating in favor of the early introduction of immunotherapy in the tumor course (71). Future trials evaluating anti-PD(L)1 should therefore focus on the first- or second-line setting and on the biological approaches, for example an evaluation of anti-PD(L)1 antibodies by selecting patients with a better chance of benefiting from these drugs: higher PD-L1 expression on tumor cells, patients with PDGFRα D842V mutation or classified in the SIC-E group (36).




Figure 2 | Global characteristics of tumor microenvironment and immunotherapeutic perspectives in GIST. PGFRα: platelet derived growth factor receptor α, SDH, succinate dehydrogenase; NF1, Neurofibrimin 1; NK cell, Natural killer cells; IDO, Indoleamine 2,3-dioxygenase; MHC, Major histocompatibility complex; ICP, Immune checkpoint protein; VEGF, vascular endothelium growth factor; IFN- γ, Interferon- γ; TLS, Tertiary lymphoid structure; PD-1, programmed cell death 1; TIM-3, T-cell immunoglobulin and mucin containing protein-3; LAG-3, Lymphocyte-Activation Gene 3; GITR, Glucocorticoid-Induced TNFR-Related protein; ICOS, Inducible T-cell costimulatory; TIGIT, T cell immunoreceptor with Ig and ITIM domains); BITEs, Bispécific T cell Engager antibodies; ICI, immune checkpoint inhibitors.



Innovative immunotherapeutic approaches could also be of interest in GIST, and some are currently being investigated. One of them is to activate T cells in contact with tumor cells thanks to bispecific T-cell engager antibodies. A trial is currently evaluating XmAb18087, an antibody targeting CD3 and SSTR2, a surface antigen expressed by tumor cells in GIST (72). Moreover, even though the results of clinical trials evaluating IDO inhibitors have been disappointing to date in other tumors (73), targeting IDO in GISTs is of great interest considering its oncogenic overexpression. Epacadostat is currently being studied in combination with pembrolizumab in GIST (Table 4). We believe that the most promising strategy would be to study IDO inhibitors in combination with imatinib, following progression during imatinib monotherapy, in order to inhibit IDO-mediated immune escape. As discussed above, TAMs play a key role in the immunosuppressive TME and may be involved in tumor escape in GISTs. One strategy could be to promote their intratumor maturation and activation, and a CD-40 agonist antibody could allow better CD8+ T lymphocyte activation, while inhibiting imatinib-induced M2 polarization. In an in vivo model, the combination of imatinib with a CD-40 agonist provided better anti-tumor activity than imatinib alone, while there seemed to be effective activation of TAMs (59). In addition, a number of therapeutic approaches are currently being developed to target M2 macrophages such as STING (Stimulator of Interferon Genes) agonists (74), or anti-CLEVER-1 (Common lymphatic endothelial and vascular endothelial receptor-1) antibodies (75). Cellular therapies also seem interesting, but although Katz et al. succeeded in developing a 1st and a 2nd generation modified T-Cell with a KIT-ligand combined with an intracellular activation domain, no clinical study using such a strategy has been conducted so far (76).


Table 4 | Ongoing studies of immunotherapy in gastrointestinal stromal tumors.



Eventually, there are strong arguments pushing to evaluate anti-PD-(L)1 in combination with imatinib. Imatinib enhances IFN-γ secretion by NK cells, lowers VEGF and IDO expression in TME, thus resulting in an influx of CD8+ T cells and a decrease of regulatory T cells. Moreover, it seems unreasonable not to target KIT or PGFRα mutations in a disease in which oncogenic addiction plays such an important role. This supposition is corroborated by the work by Chen et al, and the impressive 100% response rate to imatinib combined with peg-IFNα2b (66). Based on these observations, it would be interesting to combine anti-PD(L)1 and imatinib treatment, before immunologic escape of the tumor, in a first-line setting. Therapeutic trials are currently exploring the relevance of inhibiting KIT and PD(L)1 pathways concomitantly (see Table 4), but to our knowledge, no association evaluates such an association with imatinib. With regard to the activity of anti-CTLA-4 antibodies, the synergy reported by Balachandran et al. has not been demonstrated clinically with the combination of dasatinib plus ipilimumab (67). However, dasatinib has been less studied for its immunological impact than imatinib. A phase 1 trial evaluating a combination of ipilimumab and imatinib is currently underway (see Table 4). Finally, as described above, some other ICP lead to T cell exhaustion and to immune escape in GIST, such as LAG-3 or TIM-3, and could be of interest in combination with imatinib. ICI targeting regulatory T cells, such as GITR agonists or ICOS, also seem promising in this setting.

Overall, this review summarizes the rationale to evaluate immunologic therapeutics in GIST, the paradigm for oncogenic driver mutation, and the limits of current investigative approaches. We believe three approaches must be highlighted: a better selection of patients included in clinical trials (presence of TLS, PD-L1 expression, PDGFRα-D842V mutation), the use of innovative immunotherapeutic drugs (especially IDO inhibitors), and most importantly the combination of c-kit inhibition with immune checkpoint inhibitors. One of the limits of this review is that we chose to focus on therapeutics which are developed specifically in GISTs and thus restricted the field of promising therapies. On the other hand, we think the comprehensive analysis of TME in GIST we provide and its correlation in terms of treatment strategies might help drug development in this very particular disease.



Conclusion

The GIST microenvironment is highly infiltrated with immune cells, with a large infiltrate of CD8+ T-cells (associated with a genomic signature of inhibited Th1 immune response), the presence of B-cells and TLSs, and NK cell activity. Despite this inflammatory infiltrate, however, an immune escape is observed, mediated primarily by the recruitment of immunosuppressive M2 macrophages, secretion of IDO by tumor cells, recruitment of regulatory T cells, loss of MHC type 1 and expression of ICPs.

Imatinib has demonstrated immunologic activity in the management of GIST and appears to promote a CD8+ T-cell response. However, the results of clinical trials of immunotherapy treatments (anti-PD(L)1 and anti-CTLA-4 antibodies) after progression during imatinib treatment have been disappointing to date.

Promising perspectives are based on a better selection of patients (presence of TLS, PD-L1 expression, PDGFRα-D842V mutation), innovative therapeutic agents (especially IDO inhibitors) and the association on immunotherapeutic agents with imatinib.
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Ferroptosis is an iron-dependent cell death process that plays important regulatory roles in the occurrence and development of cancers, including hepatocellular carcinoma (HCC). Moreover, the molecular events surrounding aberrantly expressed long non-coding RNAs (lncRNAs) that drive HCC initiation and progression have attracted increasing attention. However, research on ferroptosis-related lncRNA prognostic signature in patients with HCC is still lacking. In this study, the association between differentially expressed lncRNAs and ferroptosis-related genes, in 374 HCC and 50 normal hepatic samples obtained from The Cancer Genome Atlas (TCGA), was evaluated using Pearson’s test, thereby identifying 24 ferroptosis-related differentially expressed lncRNAs. The least absolute shrinkage and selection operator (LASSO) algorithm and Cox regression model were used to construct and validate a prognostic risk score model from both TCGA training dataset and GEO testing dataset (GSE40144). A nine-lncRNA-based signature (CTD-2033A16.3, CTD-2116N20.1, CTD-2510F5.4, DDX11-AS1, LINC00942, LINC01224, LINC01231, LINC01508, and ZFPM2-AS1) was identified as the ferroptosis-related prognostic model for HCC, independent of multiple clinicopathological parameters. In addition, the HCC patients were divided into high-risk and low-risk groups according to the nine-lncRNA prognostic signature. The gene set enrichment analysis enrichment analysis revealed that the lncRNA-based signature might regulate the HCC immune microenvironment by interfering with tumor necrosis factor α/nuclear factor kappa-B, interleukin 2/signal transducers and activators of transcription 5, and cytokine/cytokine receptor signaling pathways. The infiltrating immune cell subtypes, such as resting memory CD4(+) T cells, follicular helper T cells, regulatory T cells, and M0 macrophages, were all significantly different between the high-risk group and the low-risk group as indicated in Spearman’s correlation analysis. Moreover, a substantial increase in the expression of B7H3 immune checkpoint molecule was found in the high-risk group. Our findings provided a promising insight into ferroptosis-related lncRNAs in HCC and a personalized prediction tool for prognosis and immune responses in patients.
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Introduction

Hepatocellular carcinoma (HCC) is a heterogeneous tumor with increased incidence in the world (1, 2). As a common malignancy, many factors have been proven to be involved in its development, such as virus infection and cirrhosis (3). Currently, the effective treatment options for HCC predominantly include percutaneous approaches, liver transplantation, hepatic resection, etc. (4, 5). Even with advances in therapeutic management, the prognosis for patients with HCC remains unfavorable and poses a challenge to clinical therapists (6). Thus, uncovering novel and reliable screening methods is urgently needed to improve the diagnostic accuracy and therapeutic effect, facilitating the efforts to ameliorate the prognosis.

During the past few years, the literature suggested an increasing research progression in the area of tumor ferroptosis. Ferroptosis is a recently discovered form of reactive oxygen species (ROS)-mediated programmed cell death, which is dependent on iron metabolism and lipid peroxidation (7). The importance of ferroptosis has been demonstrated in the regulation of metabolism and redox biology, affecting the pathogenesis and treatment of cancers, including HCC. Shan and colleagues reported that ubiquitin-like modifier activating enzyme 1 promoted the development of HCC by upregulating the Nrf2 signaling pathway and downregulating Fe2+ levels, triggering ferroptosis inhibitory bioactivities (8). Sorafenib and sulfasalazine could synergistically inhibit the activation of branched-chain amino acid aminotransferase 2, a key enzyme participating in sulfur amino acid metabolism, resulting in ferroptosis in HCC HepG2 cells in vitro and in vivo (9). In addition, Liu et al. reported a ferroptosis- and immune-related signature and found that this prognostic signature could be used to screen the HCC patients for immunotherapies and targeted therapies (10). Therefore, understanding the underlying mechanisms and functions of ferroptosis-associated gene changes in HCC is of vital importance.

Long non-coding RNAs (lncRNAs) are non-coding transcripts of 200 nucleotides in length, which could regulate the expression of various cancer-associated genes. Recently, Zhu et al. comprehensively investigated the molecular profiles of lncRNAs in plasma samples from HCC patients and revealed that the differentially expressed lncRNAs were mainly enriched in the biological functions related to tumorigenesis, such as cell metastasis, immune response, and metabolism regulation (11). A high level of LINC00958 aggravated HCC lipogenesis and progression through sponging miR-3619-5p, further upregulating the hepatoma-derived growth factor expression (12). To date, emerging evidence have shown the potential of lncRNAs in regulating ferroptotic cell death for cancer biology. In HCC cells, a high level of lncRNA GABPB1 antisense RNA 1 enhanced erastin-induced ferroptosis by blocking GA-binding protein subunit beta-1 (GABPB1) translation and suppressing peroxiredoxin-5 peroxidase, leading to inhibition of cellular antioxidant capacity and cell viability (13). However, the application of ferroptosis–lncRNA combinations in prognostic prediction for patients with HCC remains to be elucidated.

Here a promising prognostic model for HCC was developed based on ferroptosis-associated differentially expressed lncRNAs that could be used for prognosis prediction and selection of patients for immunotherapies.



Materials and Methods


Data Collection

Data from 424 samples, including 374 HCC tissues and 50 normal hepatic tissues, were downloaded from TCGA database up to April 1, 2021 (https://portal.gdc.cancer.gov/repository) as depicted in Figure 1A. The Data Transfer Tool of GDC Apps was utilized for downloading gene expression profiles and clinical information (https://tcga-data.nci.nih.gov/). The gene expression profiles were normalized using the scale method provided in the “limma” R package. Based on the set cutoff criteria of |fold-change| >2 and P <0.001, the differentially expressed genes (DEGs) between HCC and normal hepatic tissues were identified, and these included lncRNAs, protein-coding genes, miRNAs, etc. The lncRNA expression profiles and clinical information of another 59 tumor samples (GSE40144) were obtained from the GEO database (http://www.ncbi.nlm.nih.gov/geo) as testing cohort. The follow-up for the patients described in GSE40144 did not exceed 5 years.




Figure 1 | A screen of the differentially expressed ferroptosis-associated lncRNAs in hepatocellular carcinoma (HCC). (A) Flow chart of the analytical process in this study. (B) Volcano plot representing the differentially expressed genes (DEGs) between the normal and the HCC groups. The upregulated and downregulated DEGs are highlighted in red and green, respectively. (C) Venn diagrams of the differentially expressed ferroptosis-related genes. (D) Heat map showing the Pearson’s correlation between the differentially expressed-lncRNAs and the differentially expressed ferroptosis-associated genes.





Identification of Ferroptosis-Related lncRNAs

To identify ferroptosis-related lncRNAs, 60 ferroptosis-related genes were retrieved from the previous literature (Supplementary Table S1) (14), which contains an up-to-date list of ferroptosis-related genes. Pearson’s test was performed to examine the correlation between ferroptosis-related DEGs and differentially expressed lncRNAs. Pearson’s R >0.5 was considered to be statistically significant.



Cell Culture

The human embryonic hepatocyte—HHL-5—and HCC cells—MHCC97H and HUH-7—were cultured in Dulbecco’s modified Eagle’s medium, supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The cultures were placed in a sterile incubator maintained at 37°C with 5% CO2. The cells in logarithmic growth phase were collected for subsequent experiments.



RNA Extraction and Quantitative PCR

Total cellular RNA was extracted using the TRIzol reagent (Invitrogen, 15596-026) according to the protocol of the manufacturer. The cDNA synthesis was reverse-transcribed using the PrimeScript RT reagent kit (Takara, 6210, China). The qPCR assay was conducted with iTaq Universal SYBR green Supermix (Bio-Rad, 172-5850, USA). The gene expression levels of candidate lncRNAs were normalized to 18srRNA expression levels. The relative quantification of lncRNAs was calculated using the 2-ΔΔCT method (15–17). The sequences of all primers used in this study are provided in Supplementary Table S2.



Apoptosis Analysis

For apoptosis analysis, HUH-7 cells were transfected with the lncRNA-targeted siRNAs (GenePharma, China). The sequences of all siRNAs used in this study are provided in Supplementary Table S2. Afterward, the cell apoptosis rate was analyzed using Annexin V-fluorescein isothiocyanate (BD Biosciences, USA). The Dxp AthenaTM flow cytometer (Cytek, Fremont, CA, USA) was used to analyze the results of the flow cytometry.



Colony Forming Assay

The HUH-7 cells were transfected with lncRNA-targeted siRNAs for about 48 h. Afterward, 1,000 cells were plated in six-well culture plates and cultured for about 15 days. The cellular colonies were counted by staining with crystal violet.



Lipid Peroxidation Assay

Lipid peroxidation was analyzed using a lipid peroxidation assay kit (Sigma, MAK085) according to the protocol of the manufacturer. Upon oxidative stress, one of the end products, such as malondialdehyde (MDA), could act as a promising marker for lipid peroxidation. Then, the reaction of MDA with thiobarbituric acid results in a pink color with a maximum absorption at 532 nm. Therefore, the levels of cellular lipid peroxidation can be identified by measuring the absorbance at 532 nm.



Iron Assay

The concentration of ferrous (Fe2+) and/or ferric (Fe3+) iron in biological samples could be determined using an iron assay kit (Abcam, ab83366). In brief, in the acid assay buffer, the ferric carrier proteins could dissociate ferric into the solution. Then, the reaction of free ferrous iron with Ferene S results in stable-colored complexes with absorbance at 593 nm. Therefore, the levels of intracellular iron can be identified by measuring the absorbance at 593 nm.



Construction and Validation of Ferroptosis-Related lncRNA Signature

Least absolute shrinkage and selection operator (LASSO) Cox regression of overall survival (OS) with a 10-fold cross-validation was performed to screen for ferroptosis-related lncRNAs with prognostic values. A total of 374 lncRNA-seq samples and the latest clinical follow-up information were downloaded from TCGA using GDC API (https://portal.gdc.cancer.gov/repository). Patients with unknown clinical information were excluded (n = 92), leaving 255 lncRNA-seq samples in the final cohort for analysis. The R package “glmnet” was used to identify the gene signature that contains the most helpful biomarkers for prognosis, and the risk score of each sample in all the datasets was calculated based on the signature (18). For the training group, the lncRNA-based prognosis risk score was established by linearly combining the following formula with the expression level-multiplied regression model (β): risk score = βlncRNA1 × lncRNA1 expression + βlncRNA2 × lncRNA2 expression + · ···· + βlncRNAn × lncRNAn expression. To evaluate the predictive power of the lncRNA-based prognosis risk classifier, receiver operating characteristic (ROC) of 10-year survival was analyzed using the R package “timeROC” in the training and testing datasets (19). For survival analysis, the samples were divided into high-risk group and low-risk group based on the optimal cutoff value of risk score as analyzed by the R package “survival” (20). Kaplan–Meier analysis was used to explore the prognostic significance of the ferroptosis-associated nine-lncRNA signature on HCC. Next, univariate and multivariate Cox regression analyses were conducted to assess whether this risk score model displayed good predictive ability for prognosis independent of other clinicopathological features, such as body mass index, age, gender, and pathologic staging. In addition, a prognostic nomogram was established based on the TCGA-HCC dataset. All independent prognostic parameters and relevant clinical parameters were included in the construction of a prognostic nomogram via a stepwise Cox regression model to predict the 3-, 5-, and 10-year OS of HCC patients in the TCGA dataset.



Immune Infiltrate Analysis

CIBERSORT (21) was used to analyze 22 types of tumor-infiltrating immune cells (TIICs) from each sample, such as naive CD4+ T cells, CD4+ resting memory T cells, CD4+ memory-activated T cells, naive B cells, memory B cells, plasma cells, CD8+ T cells, follicular helper T cells, regulatory T cells, gammadelta T cells, M0 macrophages, M1 macrophages, M2 macrophages, resting natural killer cells, activated natural killer cells, monocytes, resting dendritic cells, activated dendritic cells, resting mast cells, activated mast cells, eosinophils, and neutrophils. The original gene expression data downloaded from TCGA was normalized prior to the CIBERSORT analysis. The statistical significance of the deconvolution results was evaluated by a derived P-value (P < 0.05) to filter out the samples with less significant accuracy. The association between the risk score of the signature and immune cells was assessed using Spearman’s correlation test. Pearson’s test was used to assess the correlation between the risk score of the signature and the expression of the immune checkpoint genes, such as programmed cell death protein 1 (PD1), PD ligand 1 (PDL1), cytotoxic T-lymphocyte-associated protein 4 (CTLA4), V-set immunoregulatory receptor (VSIR) (22), and B7H3 (23).



Function Enrichment Analysis

Gene set enrichment analysis (GSEA) (24) was performed to identify the potential molecular mechanisms or potential functional pathways that involve the ferroptosis-related lncRNA signature. The TCGA samples were divided into a high-risk group and a low-risk group according to the optimal cutoff values. GSEA was performed in java GSEA v. 4.0.3 on the molecular signature dataset, h.all.v7.4 symbols.gmt [Hallmarks], and Kyoto Encyclopedia of Genes and Genomes (KEGG) dataset, c2.cp.kegg.v7.4.symbols.gmt, to identify enriched pathways between the high-risk group and the low-risk group. |NES| >1 and false discovery rate <0.05 were considered statistically significant.



Statistical Analysis

All statistical analyses were performed using RStudio and its appropriate packages. P-values <0.05 were regarded as statistically significant.




Results


Identification of Differentially Expressed Ferroptosis-Associated lncRNAs

We identified 3,714 genes (3,433 upregulated and 281 downregulated) that were differentially expressed in the TCGA-HCC dataset (Figures 1A, B and Supplementary Table S3). Moreover, the pie chart exhibited that the differentially expressed lncRNAs (DE-lncRNAs) accounted for up to 32.70% of the DEGs (Supplementary Figure S1 and Supplementary Table S4). Ferroptosis has been reported to be involved in the development of HCC (25, 26), so we wanted to explore whether ferroptosis-related genes existed in the DEGs. As shown in the Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/), seven ferroptosis-associated genes (ACSL4, FANCD2, G6PD, MT1G, NQO1, PTGS2, and SLC7A11) were identified among the 3,714 DEGs (Figure 1C). A total of 24 DE-lncRNAs were determined as the ferroptosis-related lncRNAs (Supplementary Table S5). Moreover, compared with normal hepatic tissues, 23 DE-lncRNAs were highly expressed in the HCC tissues, while only one DE-lncRNA (RP11-295M3.4) was lower in the HCC tissues (Supplementary Table S6). The heat map indicated a correlation between the 24 DE-lncRNAs and the seven ferroptosis-associated genes (R > 0.5, Figure 1D).

From the abovementioned 24 ferroptosis-associated lncRNAs, nine lncRNAs (CTD-2033A16.3, CTD-2116N20.1, CTD-2510F5.4, DDX11-AS1, LINC00942, LINC01224, LINC01231, LINC01508, and ZFPM2-AS1) were ultimately identified to be related to prognosis (Figures 2A, B and Supplementary Table S7). Kaplan–Meier survival analysis was further used to evaluate the significance of lncRNA expression on the prognosis of patients. As shown in Figures 2C–K, high levels of these candidate lncRNAs were all correlated with poor prognosis in patients with HCC. Furthermore, the time-dependent ROC analyses for the survival prediction of these key lncRNAs obtained area under the curve (AUC) values of 0.893 for CTD-2033A16.3, 0.828 for CTD-2116N20.1, 0.865 for CTD-2510F5.4, 0.849 for DDX11-AS1, 0.876 for LINC00942, 0.892 for LINC01224, 0.870 for LINC01231, 0.917 for LINC01508, and 0.917 for ZFPM2-AS1 (Figure 2L). In addition, qPCR showed that the expression levels of the nine candidate lncRNAs were significantly increased in two HCC cell lines—MHCC97H and HUH-7—compared to the normal liver cell line, HHL-5 (Figure 3A). Given that the roles of several lncRNAs, such as CTD-2033A16.3, LINC01231, and LINC01508, in HCC have not been reported, we wanted to explore whether these lncRNAs affect the apoptosis and proliferation of HCC cells. As expected, the knock-down of CTD-2033A16.3, LINC01231, and LINC01508 by siRNAs significantly promoted cell apoptosis and attenuated cell survival in the HCC cells HUH-7 (Supplementary Figures S2A–E). In addition, studies have indicated that intracellular iron and MDA are the characteristic features of ferroptosis (27). Next, we wanted to assess how these candidate lncRNAs regulate the cellular iron and MDA. As shown in Figures 3B, C, the knock-down of CTD-2033A16.3, LINC01231, and LINC01508 by siRNAs significantly improved the concentration of cellular iron and MDA in the HCC cells HUH-7, indicating their anti-ferroptosis effects. The results suggest that these ferroptosis-associated lncRNAs play important roles in HCC pathology.




Figure 2 | Identification of ferroptosis-associated nine-lncRNAs with prognostic value in hepatocellular carcinoma (HCC) patients. (A, B) LASSO Cox regression with a 10-fold cross-validation for the prognostic value of the ferroptosis-associated nine-lncRNAs, including CTD-2033A16.3, CTD-2116N20.1, CTD-2510F5.4, DDX11-AS1, LINC00942, LINC01224, LINC01231, LINC01508, and ZFPM2-AS1. (C–K) Kaplan–Meier analytical evaluation of the prognostic values of the candidate lncRNAs. (L) Time-dependent receiver operating characteristic curves for the prognostic model based on the expression of nine-lncRNAs in The Cancer Genome Atlas–HCC cohort.






Figure 3 | Evaluation of candidate lncRNAs in the ferroptosis of hepatocellular carcinoma cells. (A) The levels of candidate lncRNAs were normalized to 18srRNA. (B) The intracellular iron was analyzed using an iron assay kit. (C) The cellular malondialdehyde concentration was analyzed using a lipid peroxidation assay kit. The values are displayed as mean ± SD for three independent replicates. *p < 0.05, **p < 0.01, ***p < 0.001.





Construction of the Prognostic Signature Based on Ferroptosis-Associated Nine-lncRNAs

The nine-lncRNA expression risk score (risk score = 2.677e-05 × CTD-2033A16.3 + 1.841e-02 × CTD-2116N20.1 + 9.499e-03 × CTD-2510F5.4 + 1.016e-02 × DDX11-AS1 + 1.779e-04 × LINC00942 + 3.657e-03 × LINC01224 + 4.413e-03 × LINC01231 + 1.673e-03 × LINC01508 + 9.253e-04 × ZFPM2-AS1) for each sample was calculated (Supplementary Table S8). Subsequently, an X-tile diagram was used to produce the optimal cutoff point for the risk score. According to this cutoff value of risk score, the TCGA-HCC patients were divided into a high-risk group and a low-risk group. A prognostic curve and a scatter plot were used to indicate the risk score and the survival status of each HCC patient (Figures 4A, B). Moreover, most of the death cases were mainly distributed in the high-risk group (Figure 4B). In addition, the heat map of the expression profiles of candidate lncRNAs demonstrated that CTD-2033A16.3, CTD-2116N20.1, CTD-2510F5.4, DDX11-AS1, LINC00942, LINC01224, LINC01231, LINC01508, and ZFPM2-AS1 were all highly expressed in the high-risk group (Figure 4C and Supplementary Table S9). Taken together, these findings presented the ferroptosis-associated nine-lncRNAs as the prognostic signature for HCC patients.




Figure 4 | Distribution of hepatocellular carcinoma (HCC) patients based on the risk score. (A) Risk curve and (B) scatter plot for the risk score and survival status of each HCC case. The red and green dots in (B) represent death and survival, respectively. (C) Heat map showing the expression profiles of ferroptosis-associated nine-lncRNAs in the high-risk group and the low-risk group.





The Prognostic Value of Ferroptosis-Associated lncRNA Signature

Kaplan–Meier analysis validated that the HCC-TCGA patients in the high-risk group displayed a significantly worse survival than those in the low-risk group for the 3-, 5-, and 10-year survival times (Figures 5A–C). Furthermore, the time-dependent ROC analyses showed that the AUC of the risk score model was 0.812 at 3 years, 0.846 at 5 years, and 0.908 at 10 years (Figures 5D–F). To demonstrate its prognostic generality, we further verified this nine-lncRNA-based risk score model with a GEO dataset (GSE40144), which contains lncRNA expression profiling and clinical survival data from 59 HCC patients. Consistent with the results from the HCC-TCGA cohort, the Kaplan–Meier curves revealed that the survival of HCC cases in the high-risk group was significantly lower than those in the low-risk group (Supplementary Figure S3A), and the AUC of a time-dependent ROC curve for the survival prediction of risk score model was 0.635 at 3 years (Supplementary Figure S3B). All these data demonstrated the superior specificity and sensitivity of this ferroptosis-associated nine-lncRNA signature than other clinical parameters.




Figure 5 | Prognostic value of ferroptosis-associated lncRNA signature in The Cancer Genome Atlas–hepatocellular carcinoma cohort. (A–C) Kaplan–Meier analyses for the prognostic prediction of risk score model at 3-, 5-, and 10-year survival time, respectively. (D–F) Time-dependent receiver operating characteristic curves for the prognostic prediction of risk score model at 3-, 5-, and 10-year survival times, respectively. (G, H) Univariate and multivariate Cox regression analyses for the risk score model as an independent prognostic factor. (I) A combined nomogram for the risk score model and other clinicopathological factors.



Next, univariate Cox analysis revealed that lncRNA-based signature (hazard ratio: 2.211, 95% confidence interval: 1.696–2.882) as well as T stage (hazard ratio: 1.483, 95% confidence interval: 1.919–1.847) were independent factors for the prognosis of HCC patients (Figure 5G). The multivariate Cox analysis revealed likewise that both the lncRNA-based signature (hazard ratio: 2.382, 95% confidence interval: 1.818–3.120) and the T stage (hazard ratio: 1.572, 95% confidence interval: 1.250–1.977) were independent prognostic risk factors for HCC patients (Figure 5H). To make the lncRNA-based signature more applicable in the clinic, a nomogram was established to explore the probability of the lncRNA signature in predicting the 3-, 5-, and 10-year survival in the TCGA-HCC cohort. As shown in Figure 5I, the predictive factors in the nomogram contained the novel risk score model and other clinicopathological features. In this combined nomogram, the risk score model was proven to exert the most excellent weight among all these clinically relevant covariates, which was similar to the findings from the multivariable Cox regression analysis. These studies collectively verified that this novel ferroptosis-associated lncRNA signature could reliably serve as an independent prognostic factor for patients with HCC.



GSEA Enrichment and Immunity Analysis of the Risk Score

The GSEA analysis indicated that the tumor hallmarks correlated with the low-risk group, which may be involved in the regulation of several immune-associated signaling pathways, such as tumor necrosis factor α (TNFα)/nuclear factor kappa-B (NFκB), interleukin 2 (IL2)/signal transducers and activators of transcription 5 (STAT5), etc. (Figures 6A, B). Moreover, the GSEA analysis, along with the KEGG pathways, further revealed that the pathways correlated with the low-risk group were mainly involved in the regulation of cytokine/cytokine receptor signaling pathways (Figure 6C). Previous studies reported that TNFα could promote NFκB activation through binding with TNF receptor, facilitating the production of elevated levels of T-helper 1/T-helper 17-related cytokines that drive proinflammatory signaling (28). Inhibition of the TNFα/NFκB-driven proinflammatory signaling resulted in the suppression of tumor growth and progression in vivo and in vitro (29). In addition, IL2 and its downstream target STAT5 have been proven to exert an effect on multiple aspects of immune responses, for example, the regulation of T cell development and function (30, 31). Thus, GSEA enrichment confirmed the biological significance of the ferroptosis-associated lncRNA signature in immune regulation.




Figure 6 | Gene set enrichment analysis enrichment analysis for ferroptosis-associated lncRNA signature. (A, B) Two remarkably enriched immune-associated HALLMARK pathways in low-risk patients. (C) Two remarkably enriched immune-associated Kyoto Encyclopedia of Genes and Genomes pathways in low-risk patients.



To determine whether this nine-lncRNA signature was related to tumor immunity, we next evaluated the association between the risk score and the 22 types of TIICs in HCC from the CIBERSORT algorithm (Supplementary Figure S4). As shown in Figure 7A and Supplementary Table S10, the heat map of immune responses based on CIBERSORT displayed that M0 macrophages and T cell functions, including follicular helper T cells, regulatory T cells, and resting memory CD4(+) T cells, were all significantly different between the high-risk group and the low-risk group. We observed significantly higher proportions of resting memory CD4(+) T cell and lower proportions of follicular helper T cells, regulatory T cells, and M0 macrophages in the high-risk group (Figures 7B–E). These observations implied that the infiltration of these immune cell subtypes might exert an important influence on the prognosis of HCC patients. Given the clinical importance of therapeutic strategies based on immune checkpoint blockade in HCC (32, 33), we then explore the association between the risk score and several immune checkpoints, such as PD1, PDL1, CTLA4, VSIR, and B7H3. As shown in Figure 7F, the heat map showed the positive relations between risk score and these immune checkpoints. Moreover, a substantial increase in the expression of B7H3 was found in the high-risk group (Figure 7G). Taken together, these data suggested that the ferroptosis-associated lncRNA signature might affect the response to immunotherapy in HCC patients.




Figure 7 | Relationship between the lncRNA-based signature and immune responses in hepatocellular carcinoma. (A) Heat map of immune responses based on CIBERSORT in the low-risk group and the high-risk group. The proportion of (B) resting memory CD4(+) T cell, (C) follicular helper T cells, (D) regulatory T cells, and (E) M0 macrophages in the low-risk group and the high-risk group. (F) Heat map showing the positive relations between risk score and several immune checkpoints. (G) B7H3 is upregulated in the high-risk group.






Discussion

HCC is one of the most common malignancies with a high mortality in the world. Identifying reliable and effective biomarkers for HCC prognosis is of great importance. Here we identified a novel ferroptosis-related nine-lncRNA signature in a large-scale HCC cohort, including a testing dataset and a validation dataset, demonstrating its sensitivity and specificity.

In previous investigations, the lncRNA signatures for prognostic prediction have been described in many kinds of cancers, such as breast cancer (34), gastric cancer (35), etc. Similarly, based on the differentially expressed lncRNAs and disease pathogenesis, several lncRNA-associated signatures have also been developed to predict the outcome of HCC patients. A six-lncRNA signature (MSC-AS1, POLR2J4, EIF3J-AS1, SERHL, RMST, and PVT1) could be used to effectively predict the HCC recurrence risk (36). Another autophagy-related four-lncRNA signature (LUCAT1, AC099850.3, ZFPM2-AS1, and AC009005.1) has been developed to evaluate the autophagy-related regulatory mechanisms of identified lncRNAs in HCC outcome (37). However, the ferroptosis–lncRNA interaction in the HCC prognostic model remains to be clarified. Here we report for the first time the ferroptosis-related lncRNA signature for prognosis and immune response of HCC populations, providing a promising strategy with an important clinical implication for guiding individual therapy and improving outcome prediction. In addition, the biological functions of candidate lncRNAs in the pathology of human cancers have been proven in several independent reports, for example, the high-level expression of CTD-2510F5.4 strengthened the malignant phenotype in gastric cancer (38). Knockdown of DDX11-AS1 significantly inhibited cell proliferation and migration in HCC in vitro and in vivo (39). LINC01224 silently repressed the HCC progression through sponging of microRNA-330-5p (40).

To date, ferroptosis has been recognized as a form of regulated cell death (41), which displays functional roles in HCC tumorigenesis and immune regulation. A newly identified circular RNA, Circ0097009, could upregulate the expression of SLC7A11, a key ferroptosis-associated regulator, by sponging miR-1261 in multiple HCC cell lines (42). O-GlcNAcylation-mediated YAP stabilization enhanced the sensitivity of HCC cells to RSL3-induced ferroptosis in vitro and in vivo (43). Recent studies have reported the direct crosstalk between ferroptosis and anti-tumor immunity. Tumor-infiltrating lymphocyte-mediated ferroptosis can effectively enhance the efficacy of immune checkpoint inhibitors. Iron overload in cancer cells is considered to boost the immune checkpoint blockade in HCC therapy via stimulating ROS accumulation and sensitizing cancer cells to ferroptosis (44, 45). Thus, explorations focusing on the detailed mechanisms and functions of ferroptosis in HCC will help pave the way to identify ferroptosis induction as a promising therapeutic method.

Through strengthening the immune system of patients, immunotherapy has been shown to be successful in making cancer a curable disease in various malignancies. A considerable body of preclinical and clinical literatures highlight that immune-based therapeutic strategies offer survival benefits for HCC. Moreover, a combination of immunotherapy and other therapeutic methods is likely to become an alternative option in HCC treatment (46, 47). Wen et al. synthetized a double-stranded polyinosinic-polycytidylic acid (polyIC) and demonstrated that the combination of polyIC with checkpoint inhibitors could distinctly activate the anti-tumor immune, thus effectively preventing liver tumorigenesis (48). In addition, emerging studies have proven the importance of tumor-infiltrating lymphocytes in driving immune evasion during HCC progression, including regulatory T cells, tumor-associated macrophages, etc. (49). The exhaustion of follicular helper T cells induced by intra-tumoral PDL1 resulted in the defective B cell function, facilitating the progression of advanced HCC (50). In this study, high levels of follicular helper T cells, regulatory T cells, and M0 macrophages were found in the high-risk group, indicating immune tolerance in the high-risk HCC patients. Thus, the ferroptosis-related lncRNA signature could provide potential cues for the patient selection for more effective anti-tumor immunotherapies. However, additional validation is required to understand the roles of our signature in the prediction of immunotherapeutic response in HCC patients.

However, there are several limitations in our study. Our report is mainly based on integrative bioinformatics, and effective experimental validation for these findings is currently lacking. Furthermore, the accuracy of ferroptosis-related lncRNA signature for the prognosis and immune regulation of HCC patients will remain an important issue in the clinic. In particular, the guidelines for the clinical use of this prognostic risk score model needs to be further defined.



Conclusion

In conclusion, a novel ferroptosis-related nine-lncRNA signature was constructed as an efficient computational technique for predicting the prognosis and immune response of patients with HCC. This signature was robustly connected to the risk scores, survival time, and tumor clinical parameters. Immune analysis supported the association between the risk value of this signature and specific immune cell populations. Thus, our findings suggested a promising insight into ferroptosis-related lncRNAs in the HCC population and provided a personalized prediction tool for prognosis and immune responses.
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Supplementary Figure 1 | Pie chart for the composition of differentially expressed genes (DEGs). The DEGs consisted of 53.28% protein-coding genes, 32.70% lncRNAs, 0.44% miRNAs, etc.

Supplementary Figure 2 | Effects of CTD-2033A16.3, LINC01231, and LINC01508 on the apoptosis and proliferation of hepatocellular carcinoma (HCC) cells HUH-7. (A) qPCR analysis of lncRNA expression after transfection with the lncRNA-targeted siRNAs. (B, C) The inhibition of CTD-2033A16.3, LINC01231, and LINC01508 by siRNAs leads to the promotion of cell apoptosis rate. (D, E) The inhibition of CTD-2033A16.3, LINC01231, and LINC01508 by siRNAs leads to the inhibition of the cell colony forming rate. Values are displayed as mean ± SD for three independent replicates. *p < 0.05, **p < 0.01.

Supplementary Figure 3 | Prognostic value of ferroptosis-associated lncRNA signature in GSE40144. (A) Kaplan–Meier analysis was used to verify the prognostic values of novel lncRNA-based signature in hepatocellular carcinoma patients from GSE40144. (B) Time-dependent receiver operating characteristic curve for the survival prediction of the risk score model in the GSE40144 cohort.

Supplementary Figure 4 | Spearman’s correlation on the association between the risk score of the signature and immune cells.
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Effective biomarkers for the diagnosis of colorectal cancer (CRC) are essential for improving prognosis. Imbalance in regulation of N6-methyladenosine (m6A) RNA has been associated with a variety of cancers. However, whether the m6A RNA levels of peripheral blood can serve as a diagnostic biomarker for CRC is still unclear. In this research, we found that the m6A RNA levels of peripheral blood immune cells were apparently elevated in the CRC group compared with those in the normal controls (NCs) group. Furthermore, the m6A levels arose as CRC progressed and metastasized, while these levels decreased after treatment. The area under the curve (AUC) of the m6A levels was 0.946, which was significantly higher than the AUCs for carcinoembryonic antigen (CEA; 0.817), carbohydrate antigen 125 (CA125; 0.732), and carbohydrate antigen 19-9 (CA19-9; 0.771). Moreover, the combination of CEA, CA125, and CA19-9 with m6A levels improved the AUC to 0.977. Bioinformatics and qRT-PCR analysis further confirmed that the expression of m6A modifying regulator IGF2BP2 was markedly elevated in peripheral blood of CRC patients. Gene set variation analysis (GSVA) implied that monocyte was the most abundant m6A-modified immune cell type in CRC patients’ peripheral blood. Additionally, m6A modifications were negatively related to the immune response of monocytes. In conclusion, our results revealed that m6A RNA of peripheral blood immune cells was a prospective non-invasive diagnostic biomarker for CRC patients and might provide a valuable therapeutic target.
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Introduction

Colorectal cancer (CRC) is a common malignancy and the fourth leading cause of cancer-related deaths globally (1). If diagnosed in the early stage, the 5-year survival rate of CRC patients is as high as 70%–90% (2). Nevertheless, CRC patients with tumor metastases present a worse prognosis, with a 5-year survival rate of only approximately 20% (3). Furthermore, due to changes in people’s dietary and lifestyle habits, a growing number of patients with CRC are diagnosed at an advanced stage, which leads to challenging therapeutic resection of primary tumors and metastases (4).

Consequently, improving the prognosis of CRC patients largely depends on early and accurate diagnosis. At present, colonoscopy and tissue biopsy are the most efficient methods for CRC screening (5). Nonetheless, colonoscopy is an invasive procedure that can be traumatic for subjects, and the whole operation is occasionally hard to complete due to poor compliance of patients with CRC (2). Additionally, considering the invasiveness and cost of these operations, it is impractical to perform comprehensive screening as part of a general physical examination. Therefore, there is an urgent demand for more noninvasive and efficacious biomarkers for clinical diagnosis. Over recent years, the identification of blood biomarkers has become an important issue because of the pain-free operation of blood biomarkers testing (6). Blood biomarkers such as carbohydrate antigen 19-9 (CA19-9), carbohydrate antigen 125 (CA125), and carcinoembryonic antigen (CEA) are broadly applied for CRC detection (7, 8). Yet, these three biomarkers, alone or in combination, are not sufficient for diagnosing CRC due to their poor specificity and sensitivity (8, 9). Hence, there is an urgent need to optimize the diagnosis of CRC by other efficient blood biomarkers.

N6-methyladenosine (m6A) modification, which was encoded by the methyltransferase complex consisting of “writers”, “erasers”, and “readers”, has emerged as a critical regulator in a multitude of diseases (10, 11). The modification of m6A is enriched close to the 3′ untranslated terminal region (UTR) and the stop codon, thus influencing RNA transcription, processing, and translation (12, 13). Over recent years, activation of m6A modification has been reported in CRC tumor cells (10, 13). Upregulated m6A modification contributes to tumor progression by maintaining SOX2 expression in CRC cells through IGF2 mRNA binding proteins 2 (IGF2BP2)-dependent mechanisms (14, 15). Moreover, activating the glycolytic pathway by m6A methylation promotes CRC tumorigenesis, indicating that m6A modification of CRC tumor cells might become a therapeutic target (16, 17). Besides, the m6A-modified status of peripheral blood has been recently reported as a new promising hallmark in diabetes and gastric cancer (18, 19). Nevertheless, whether the m6A modification of peripheral blood RNA may act as a new diagnostic biomarker or therapeutic target for CRC remains unclear.

In this study, we examined the levels of m6A in peripheral blood RNA of CRC patients and NCs to assess its value as a diagnostic biomarker. We also used bioinformatics, which revealed that elevated m6A levels were mainly associated with monocytes and suppressed their immune response, indicating that m6A modifications of peripheral blood immune cells might become a therapeutic target for CRC.



Materials and Methods


Human Samples

The Institutional Review Board of Zhongshan People’s Hospital approved this retrospective study (IRB number: K2020-20) on March 20, 2020. Between March 2020 and June 2021, peripheral blood samples from 105 CRC patients and 64 NCs who had no history of basic or chronic diseases were collected from the Zhongshan People’s Hospital, using EDTA anticoagulation tubes. Whole blood (0.5 ml) and 1 ml of red blood cell lysate (TIANGEN, Beijing, China) were mixed and centrifuged. The precipitate was taken and dissolved with 1 ml TRIzol to stabilize RNA, after which the mixed samples were stored at −80°C for no longer than 6 months. All CRC patients were diagnosed on the basis of the histopathology by biopsy or endoscopic examination, and informed consent was obtained for all participants. A total of 105 CRC patients’ peripheral blood samples were collected at the time of diagnosis before surgery or radiochemotherapy. Of these, peripheral blood was collected for the first time on admission and for the second time 14 days after surgery in 33 CRC patients. Ethics approval was obtained from the Ethics Committee of the Zhongshan People’s Hospital. The clinical and biological characteristics of the patients are described in Table 1.


Table 1 | Correlation between the levels of m6A and clinicopathological characteristics in CRC.





RNA Isolation and qRT-PCR

Total RNA was extracted using TRIzol (Thermo Scientific, MA, USA) according to the manufacturer’s protocol. First-strand cDNA synthesis was performed using 500 ng of total RNA, and the qRT-PCR analysis system was performed using iQ SYBR Green Supermix (Accurate Biology, Changsha, China) and the iCycler Real-time PCR Detection System (Bio-Rad, California, USA). β-actin was used for normalization. Primers of targeted genes are listed in Supplementary Table S1.



Monocyte Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from peripheral blood samples from CRC patients and normal subjects via density gradient centrifugation. Whole blood was collected in EDTA tubes. The blood was diluted 1:1 with PBS free of calcium and magnesium. PBMCs were obtained by Ficoll density gradient isolation (Stemcell Technologies, Cologne, Germany). From the freshly isolated PBMCs, CD14+ monocytes were isolated using the EasySep Human Monocyte Isolation Kit (Stemcell Technologies, Cologne, Germany).



RNA m6A Quantification

The m6A levels in total RNA were measured using EpiQuik m6A RNA Methylation Quantification Kit (Colorimetric) (Epigentek, New York, USA) according to the manufacturer’s protocol. RNA (200 ng) was added to assay wells covered with binding solution. Capture antibody solution, detection antibody solution, and enhancer solution were sequentially added to assay wells with diluted concentration, as specified in the manufacturer’s instructions. Developer solution and stop solution were added to the color reaction, after which the absorbance of each well at a wavelength of 450 nm was measured. The m6A levels were calculated based on the standard curve.



Bioinformatics Analysis

The RNA-seq data and clinical data of the peripheral blood of CRC and NCs were obtained from GEO (Gene Expression Omnibus) databases (GSE164191). Differential expression analysis was conducted by “limma” package of R studio (3.6.1) software. Gene set variation analysis (GSVA) was performed to estimate m6A modified pathways based on GO molecular function N6 methyladenosine containing RNA binding gene set and Figure 4B listed genes. Immune infiltrates of peripheral blood were estimated via MCP-counter method. Gene Set Enrichment Analysis (GSEA) was manipulated to predict the GO biological process gene sets of the Molecular Signature Database v7.4 (http://www.broadinstitute.org/gsea/msigdb) based on IGF2BP1/IGF2BP2/IGF2BP3 high and low expressed phenotype. A leading edge analysis was performed by GSEA 4.1.0 to elucidate key genes related to selected genes sets. EnrichmentMap plugin in Cytoscape 3.8.2 software was utilized with the following parameters: p-value cutoff = 0.05; similarity coefficient cutoff = 0.5. The protein–protein interaction (PPI) networks were constructed using The Search Tool for the Retrieval of Interacting Genes (STRING), which is a publicly available software for assessing the interaction between proteins and proteins (https://string-db.org/).



Statistical Analysis

The variability of the data, which was presented as the SD (mean ± SD), was assessed with unpaired Student’s t test between two groups for normally distributed data. Otherwise, the data were analyzed by nonparametric Mann–Whitney test. Paired t-tests were used to analyze the effects of treatment on m6A levels. For multiple groups, significant differences were determined using one-way ANOVA. Pearson correlation analysis was conducted to determine the correlation between GSVA scores and immune infiltrates. Forest plot of multivariate logistic regression analysis was performed to access risk indicators associated with CRC diagnosis. Statistical significance was defined at p < 0.05.




Results


The m6A RNA Levels of Peripheral Blood Immune Cells in CRC Patients and NCs

First, we analyzed the m6A levels of total RNA in NCs (n = 64) and CRC patients (n = 105) so as to evaluate the status of m6A modification in peripheral blood immune cells. The m6A levels in peripheral blood immune cells were remarkably increased in patients with CRC (0.271 ± 0.051) than in NCs (0.185 ± 0.038; Figure 1A). Furthermore, statistical analyses of the relationship between the m6A levels and clinicopathological features of CRC are performed in Table 1. Our data indicated that the m6A levels correlated with M classification (p < 0.001), but not with clinical stage, T classification, N classification, differentiation, tumor budding, as well as other common CRC tumor markers, including CEA, CA125, and CA19-9 (Table 1). As shown in Figure 1B, the levels of m6A were dramatically elevated in the stage IV group (n = 26, 0.302 ± 0.063) than in stage I (n = 6, 0.243 ± 0.031), II (n = 20, 0.263 ± 0.031), or III groups (n = 31, 0.260 ± 0.048). In addition, CRC patients with distant tumor metastasis (n = 26, 0.302 ± 0.063) had apparently increased m6A levels compared to those without distant metastasis (n = 57, 0.259 ± 0.041; Figure 1C). These results suggested that peripheral blood m6A RNA levels could partially distinguish the various pathological stages in patients with CRC.




Figure 1 | The m6A RNA levels of peripheral blood immune cells in CRC patients and NCs. (A) The m6A levels of peripheral blood RNA in NCs (n = 64) and CRC patients (n = 105). (B) The m6A levels of peripheral blood RNA at different clinical stages of CRC patients (stage I, n = 6; stage II, n = 20; stage III, n = 31; stage IV, n = 26). (C) Comparison of m6A levels of peripheral blood RNA between CRC patients with (n = 26) and without (n = 57) metastasis. (D) Comparison of m6A levels of peripheral blood RNA between CRC patients with (n = 70) and without (n = 105) treatment. (E) The m6A levels of peripheral blood RNA in CRC patients (n = 33) before and after 14 days of treatment. Bars represent the mean ± SD of the results from replicate measurements; *p < 0.05, **p < 0.01 and ***p < 0.001.



To elucidate whether m6A could be used to assess treatment status in CRC patients, we compared the m6A levels of peripheral blood between the pre-treatment group and post-treatment group. The obtained results demonstrated that m6A levels were markedly reduced in the post-treatment group (Figure 1D). We also observed significant changes in m6A levels before and after surgery (14 days) in 33 CRC patients, indicating that m6A RNA levels of peripheral blood immune cells could be used as a promising indicator for post-treatment follow-up (Figure 1E).



Clinical Utility for CEA, CA125, CA19-9, and the m6A RNA Levels of Peripheral Blood Immune Cells to Diagnose CRC Patients

We plotted ROC curves to further assess the diagnostic capability of m6A RNA levels of peripheral blood immune cells for CRC. The area under the curve (AUC) of m6A was up to 0.946 (95% CI, 0.914–0.977), indicating that m6A levels could differentiate CRC patients from NCs (Figure 2A). Also, the optimum m6A cutoff value was 0.235 (specificity, 0.953; sensitivity, 0.800; Figure 2B). Impressively, the diagnostic ability of m6A was superior to the usual CRC blood biomarkers, such as CEA, CA125, and CA19-9, with AUCs of 0.817, 0.732, and 0.771, respectively (Figure 2C and Table 2). Moreover, the ROC curve for the multivariate combination of m6A, CEA, CA125, and CA19-9 increased the AUC to 0.977 (95% CI, 0.961–0.994; Figure 2C). Furthermore, the forest plot of multivariate logistic regression analysis demonstrated that the m6A levels were an independent factor associated with CRC diagnosis (Figure 2D). Taken together, these results clarified that the m6A RNA levels of peripheral blood immune cells presented satisfactory diagnostic utility for CRC patients.




Figure 2 | Clinical utility for CEA, CA125, CA19-9, and the m6A RNA levels of peripheral blood immune cells to diagnose CRC patients. (A, B) ROC curve (A) and cutoff value (B) of the m6A levels of peripheral blood RNA in NCs (n = 64) and CRC patients (n = 105). (C) ROC curve of the m6A levels of peripheral blood RNA compared and combined diagnosis with CEA, CA125, and CA19-9. (D) Forest plot of multivariate logistic regression analysis demonstrated that the m6A levels were an independent factor associated with CRC diagnosis; ***p < 0.001.




Table 2 | Sensitivity and specificity of the diagnostic value of various markers alone and in combination.





Expressions and Diagnostic Values of IGF2BP1, IGF2BP2, and IGF2BP3 in Peripheral Blood Immune Cells of CRC Patients

To screen for core molecules that regulate m6A modifications in peripheral blood immune cells RNA, we analyzed the GSE164191 dataset, containing RNA-seq data on peripheral blood leukocytes of CRC patients and normal subjects. Surprisingly, members of the IGF2BP family (IGF2BP1, IGF2BP2, and IGF2BP3) were the most dramatically altered molecules in the methyltransferase complex consisting of “writers”, “erasers”, and “readers” (Figures 3A, B). Meanwhile, the strongest increase in IGF2BP2 was observed in CRC patients, suggesting a potentially vital role in m6A modification of peripheral blood immune cells (Figures 3A, B). qRT-PCR analysis also proved significantly higher expression of IGF2BP1, IGF2BP2, and IGF2BP3 in CRC patients compared to normal subjects (Figures 3C–E). We further discovered a relationship between the levels of m6A and the expressions of IGF2BP2, but no correlation with the expressions of IGF2BP1 and IGF2BP3 (Figures 3F, G and Supplementary Figure 1). The AUCs of IGF2BP1, IGF2BP2, and IGF2BP3 were 0.710, 0.795, and 0.710, respectively (Figure 3H). Their AUCs were similar to common CRC blood biomarkers CEA, CA125, and CA19-9 but still smaller than the AUC of m6A. Collectively, IGF2BP2 in peripheral blood immune cells was a potentially valuable diagnostic biomarker for CRC associated with m6A modification.




Figure 3 | Expressions and diagnostic values of IGF2BP1, IGF2BP2, and IGF2BP3 in peripheral blood immune cells of CRC patients. (A) Screening key molecules related to m6A modification in peripheral blood of CRC patients (n = 59) compared to normal subjects (n = 62) by limma differential analysis. (B) Heatmap of key molecules related to m6A modification in peripheral blood of CRC patients. (C–E) qRT-PCR analysis of IGF2BP1 (C), IGF2BP2 (D), and IGF2BP3 (E) mRNA expression levels in peripheral blood of NCs and CRC patients. (F, G) Correlation between the levels of IGF2BP2/IGF2BP3 and m6A in peripheral blood of CRC patients. (H) ROC curves of the IGF2BP1, IGF2BP2, and IGF2BP3 mRNA expression levels in peripheral blood of CRC patients. Bars represent the mean ± SD of the results from replicate measurements; **p < 0.01, ***p < 0.001.





Correlation Between Immune Infiltrating Cell Types and m6A Modification in Peripheral Blood Immune Cells of CRC Patients

To further elucidate the specific immune cells associated with elevated m6A levels of peripheral blood in CRC patients, we analyzed the GSE164191 database by GSVA. The obtained results suggested that the methyltransferase complexes, consisting of “writer”, “eraser”, and “reader”, all exhibited the strongest positive correlation with monocytes infiltrating (Figure 4A). Detection of monocytes isolated from peripheral blood of CRC patients and normal subjects also revealed that monocytes from CRC patients possessed higher levels of m6A (Supplementary Figure 2). Meanwhile, infiltration of monocytes was also markedly correlated with IGF2BP2 expression, consistent with the results in Figure 3 regarding the importance of IGF2BP2 in m6A modifications (Figure 4B). In conclusion, monocytes resulted as the specific immune cells most strongly associated with upregulated m6A levels of peripheral blood immune cells in CRC patients.




Figure 4 | Correlation between immune infiltrating cell types and m6A modification in peripheral blood immune cells of CRC patients. (A) Heatmap of correlation between immune infiltrating cell types and m6A modification pathways in peripheral blood of CRC patients by Gene set variation analysis by GSVA (n = 59). (B) Heatmap of correlation between immune infiltrating cell types and m6A modification related gene in peripheral blood of CRC patients by GSVA.





IGF2BP2 Involved in the Immune Response of Monocytes in Peripheral Blood of CRC Patients

The function of IGF2BP2 in the monocytes of the peripheral blood of CRC patients was investigated using the EnrichmentMap plugin in Cytoscape 3.8.2 software. The corresponding association network showed that the IGF2BP2 high-expression phenotype presented a robust positive association between several monocyte immune response pathways (Figure 5A). GSEA was applied to predict the biological processes of monocytes in peripheral blood based on IGF2BP2 expression. Likewise, high IGF2BP2 expression was mainly enriched in the immune response pathways, such as “Negative regulation of immune effector process”, “Regulation of monocyte chemotaxis”, and “Cytokine production” (Figures 5B, C). Additionally, the results of leading edge analysis identified the intersection of important genes associated with the immune response pathways (Figure 5D). Meanwhile, the PPI networks structured by the STRING database suggested that IGF2BP2 may interact with the above vital genes (Figure 5E). IGF2BP1 and IGF2BP3 also performed approximately the same immune functions as IGF2BP2 in monocytes (Supplementary Figure 3). Taken together, IGF2BP2 exerted an essential role in the immune response of peripheral blood monocytes of CRC patients.




Figure 5 | IGF2BP2 involved in the immune response of monocytes in peripheral blood of CRC patients. (A) EnrichmentMap pathways network revealed overlaps among IGF2BP2 high-expressed phenotype enriched pathways relating to immunity in peripheral blood of CRC patients. Nodes are colored by Enrichment Score, and edges are sized on the basis of the number of genes shared by the connected pathways. (B) GSEA indicated that IGF2BP2 was negatively correlated with the immune response of monocytes. (C) GSEA indicated that IGF2BP2 was positively correlated with monocyte chemotaxis and cytokine production. (D) Leading edge analysis of their intersection genes indicates the vital genes shared by the IGF2BP2 high-expressed phenotype associated with the immune response of monocytes. (E) STRING database analysis revealed that IGF2BP2 interacted with the above vital genes related to the immune response of monocytes.






Discussion

Most patients are already at an advanced stage by the time they are diagnosed with CRC, which substantially contributes to the poor prognosis (4). Hence, improving the prognosis of CRC patients depends on an early and accurate diagnosis. However, the currently used clinical tumor biomarkers for CRC such as CEA, CA125, and CA19-9 are not specific or sensitive enough to detect CRC patients (7, 9). Therefore, optimizing the diagnosis of CRC with other validated biomarkers is of urgent importance. The present study identified the m6A status of peripheral blood immune cells as a novel marker for CRC screening. In addition, it might also serve as a new target for CRC treatment.

Despite a growing body of reports that have linked m6A dysregulation to various cancers, the role of m6A modifications in CRC tumor tissues remained controversial (10, 20). Stimulating m6A modification promotes β-catenin translation to drive the epithelial–mesenchymal transition of CRC cells, while some studies found that m6A regulation suppresses proliferation and metastasis (15, 21, 22). Our research revealed for the first time that the m6A RNA levels of peripheral blood immune cells were dramatically higher in patients with CRC than in healthy subjects (Figure 1A). Our results demonstrated that m6A RNA was more strongly modified in peripheral blood immune cells of CRC, yet m6A modification in CRC tumor tissue needs to be further explored. Additionally, the m6A status of peripheral blood immune cells was substantially elevated in CRC patients with distant metastases compared to those without metastases, implying that it could also discriminate if the tumor had metastasized (Figures 1B, C). Although the m6A levels were reduced in treated CRC patients, more clinical samples were requested to determine whether they could be used as an indicator of oncologic efficacy, such as relapse and drug resistance (Figures 1D, E). It has been discussed that the m6A levels might be applied as a biomarker for gastric cancer, but the regulation of m6A modification in different tumors varied significantly (18, 23). Therefore, it is worthwhile to investigate further whether the m6A levels had diagnostic value in other tumors.

CEA, CA125, and CA19-9 are widely used in physical screening for CRC (9). Nevertheless, due to their poor specificity and sensitivity, these three biomarkers alone or in combination are not sufficient to diagnose CRC (7). As shown in Figure 2, the AUC for m6A to differentiate CRC patients from healthy subjects was 0.946 (95% CI, 0.914–0.977), which was significantly higher than the AUC for CEA (0.817; 95% CI, 0.754–0.881), CA125 (0.732; 95% CI, 0.659–0.806), and CA19-9 (0.771; 95% CI, 0.700–0.842). The combination of CEA, CA125, and CA19-9 with m6A further increased the AUC to 0.977 (95% CI, 0.961–0.994). Besides, forest plots from multiple logistic regression analysis showed that the m6A levels were an independent risk factor associated with the diagnosis of CRC compared to these common tumor biomarkers (Figure 2D). Our study presented a considerable challenge to the value of these tumor biomarkers.

“Writers”, “erasers”, and “readers” together formed the methyltransferase complex responsible for m6A modification. Wilms tumor 1-associated protein (WTAP), Methyltransferase-like 3 (METTL3), and METTL14 were classified as “writers” catalyzing the formation of m6A (24–26). AlkB homolog 5 (ALKBH5) and Fat mass and obesity-associated protein (FTO) represented “erasers”, meaning they could induce selective removal of methylation code from the target mRNA (27, 28). “Readers” were able to decode m6A modification, comprising YT521-B homology domain-containing protein (YTHDF) as well as IGF2BP families (16, 29). m6A modifications altered the expression of target genes and changed the consequent biological features (30). To further understand the role of the elevated m6A levels in CRC tumor progression, we screened for the most variable “writers”, “erasers”, and “readers” in CRC peripheral blood immune cells by limma differential analysis. Members of the IGF2BP family (IGF2BP1, IGF2BP2, and IGF2BP3), which belonged to “readers”, were the most markedly changed molecules in the methyltransferase complex (Figure 3). Simultaneously, IGF2BP2 revealed the greatest increase, thus suggesting a potentially crucial role in peripheral blood immune cell m6A modification (Figure 3). Unlike other readers, IGF2BPs acted as a unique family of m6A readers that target a multitude of mRNA transcripts and enhance the conservation and stability of their candidate mRNAs in an m6A-dependent way (14, 15, 31). Our study further demonstrated that elevated IGF2BP2 might interact with several essential genes to negatively regulate immunity, such as cytokine production and chemotaxis (Figure 5 and Supplementary Figure 3). Although we found that increased IGF2BPs expression combined with elevated m6A levels affected cancer immunity in CRC, we have not yet clarified the mechanism of increased IGF2BPs, which is also the biggest limitation of the current study. Taken together, m6A modification and IGF2BPs expression were likely to be novel targets for CRC treatment, but further in vivo experimental studies are required.

Previous studies reported that elevated m6A levels of peripheral blood in patients with gastric cancer might be due to downregulation of FTO and ALKBH5, which belonged to “erasers” (18). Our qRT-PCR results also revealed a slight downregulation of FTO and ALKBH5 in peripheral blood cells of CRC patients, partially explaining the increased m6A levels (Supplementary Figure 4). Other unknown methylases and demethylases may also be involved in the changes of m6A levels that deserved further exploration (32). Additionally, monocytes were identified as the immune cells most strongly associated with the increased regulation of upregulated m6A levels in peripheral blood of CRC patients (Figure 4). It has been noted that the presence of a large number of m6A-modified infiltrating immune cells in the tumor tissue microenvironment promotes tumor progression (33, 34). Furthermore, imbalanced m6A regulation strongly conferred immune disruption and tumor evasion, primarily by affecting immune cell migration, rather than apoptosis or survival (35). These observations were generally consistent with our findings in peripheral blood immune cells. Moreover, the number of monocytes in the CD14+CD16+HLA-DRhi subpopulation of patient’s peripheral blood was found to be the most accurate predictor of progression-free survival and overall survival after receiving PD-1 inhibitor therapy (36). Whether the subset of monocytes with elevated m6A levels had a similar role in tumor immunotherapy to the CD14+CD16+HLA-DRhi subset deserves further investigation.

In conclusion, the highlights of our research were the first identification of m6A RNA levels in peripheral blood immune cells as a novel biomarker for the diagnosis of CRC and the provision of a new strategy for the treatment of CRC by targeting m6A levels or IGF2BPs expression in peripheral blood immune cells.
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Supplementary Figure 1 | Correlation between the levels of IGF2BP1 and m6A in peripheral blood of CRC patients. Absence of correlation between the m6A levels and IGF2BP1 expression.

Supplementary Figure 2 | The m6A levels of monocytes isolated from peripheral blood of CRC patients and normal subjects. The m6A levels of monocytes isolated from CRC patients was higher than those in monocytes from normal subjects.

Supplementary Figure 3 | IGF2BP1 and IGF2BP3 expression are negatively associated with several immune response pathways. (A, B) EnrichmentMap pathways network exhibited connectivity among IGF2BP1 (A) and IGF2BP3 (B) high-expressed phenotype enriched pathways relating to immunity response in peripheral blood of CRC patients. (C, D) GSEA indicated that IGF2BP1 (C) and IGF2BP3 (D) were negatively correlated with the immune response of monocytes.

Supplementary Figure 4 | Expressions of FTO and ALKBH5 in peripheral blood RNA of CRC patients. (A, B) Q-PCR analysis of FTO (A) and ALKBH5 (B) mRNA expression levels in peripheral blood of NCs and CRC patients.
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Immune checkpoint inhibitors (ICIs) have provided tremendous clinical benefit in several cancer types. However, systemic activation of the immune system also leads to several immune-related adverse events. Of these, ICI-mediated colitis (IMC) occurs frequently and is the one with the highest absolute fatality. To improve current treatment strategies, it is important to understand the cellular mechanisms that induce this form of colitis. In this review, we discuss important pathways that are altered in IMC in mouse models and in human colon biopsy samples. This reveals a complex interplay between several types of immune cells and the gut microbiome. In addition to a mechanistic understanding, patients at risk should be identifiable before ICI therapy. Here we propose to focus on T-cell subsets that interact with bacteria after inducing epithelial damage. Especially, intestinal resident immune cells are of interest. This may lead to a better understanding of IMC and provides opportunities for prevention and management.
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Introduction

Immune checkpoint inhibitors (ICIs), such as anti-programmed cell death-1 (PD-1), anti-programmed cell death ligand-1 (PD-L1), and anti-cytotoxic T-lymphocyte antigen-4 (CTLA-4), have revolutionized the treatment of cancer in the past decades. ICI therapy resulted in overall survival benefit for patients with advanced stage cancer, shifting standard clinical practice (1). ICIs are now often administered instead of or along with conventional therapies, such as chemotherapy and radiation therapy, in several advanced cancer types (2).

ICIs release the brake of the immune system during priming of naive T-cells [anti-CTLA-4, but more recently also shown for anti-PD-(L)1 (3, 4)] and during reactivation of memory anti-cancer T-cell responses (anti-PD-(L)1), rather than inducing direct tumor cell death as conventional therapies. However, one may argue that ICIs work by normalization rather than enhancement of the immune system (5). This means that an immune defect, in this case inactivation of T-cells, is normalized. Naive T-cell activation needs three signals: I) T-cell receptor binding to an antigen presented in the context of MHC; II) a signal mostly generated by binding of costimulatory molecules CD80 and/or CD86 on antigen presenting cells (APCs) to receptors of the B7 family (6), and III) cytokine-derived signals mediating T-cell differentiation and expansion (7).

ICI antibodies interfere during different time points of T-cell activation. CTLA-4 is a costimulatory molecule that negatively regulates activation of T-cells. It is a direct antagonist of CD28 (8). CTLA-4 is frequently expressed on regulatory T-cells (Tregs) (9). In mouse models the important role of CTLA-4 expression by Tregs is demonstrated: CTLA-4 deficiency leads to fatal auto-immunity (10). Blocking of the CTLA-4 receptor with ipilimumab, a clinically approved monoclonal IgG1 antibody (11), increases the number of CD4+ and CD8+ T-cells (12). It was debated for a long time whether anti-CTLA-4 therapy causes depletion of Tregs. In a prospective study in humans, the ratio of CD8+ T-cell/Treg increased due to anti-CTLA-4 treatment. However, the density of Tregs in the tumor increased upon anti-CTLA-4 treatment in most cancer types studied (13). Increased levels of Tregs are also observed in patients with autosomal dominant immune dysregulation syndrome due to CTLA4 mutations. The Tregs in these patients were not functional, most likely related to the inability of the CTLA-4 protein to bind and antagonize the T-cell costimulatory molecule CD80. In contrast to healthy controls, Tregs from these patients were not able to inhibit proliferation of CD4+ T-cells (14). Although patients with germline CTLA4 gene variants and response of cancer patients to ICI therapy are fundamentally very different, both result in an impairment of CTLA-4 binding, impacting the function of Tregs.

PD-1 and the known PD-1 ligands, PD-L1 and PD-L2, are immune checkpoint proteins involved in cell-cell interaction and downstream signal transduction. PD-1 expression has been well characterized on T-cells. Upon binding to PD-L1, T-cell proliferation is inhibited or T-cells are inactivated by inducing a state of anergy (15, 16). PD-L1 is expressed on almost all tumors, as well as on T-cells, B-cells, DCs, and macrophages. In some tumor types PD-L1 expression has proven utility as a predictive response biomarker, whereas certain PD-L1 positive patients do not respond to anti-PD-(L)1 therapies (17). Nevertheless, assessment of PD-L1 expression on protein level on tumor tissue has become clinical practice even though its predictive value is moderate at best. Methods to detect and quantify tumor PD-L1 expression vary greatly (18). The expression and function of PD-L2 is rather similar to PD-L1 (19). PD-L2 is mainly expressed on DCs and macrophages (20). Its expression is also observed in several solid tumors and in hematologic malignancies (21). PD-1 is blocked with FDA- and EMA-approved antibodies nivolumab, pembrolizumab, and cemiplimab, and PD-L1 with atezolizumab, avelumab, and durvalumab (22–27). There are no approved drugs that target PD-L2 directly. Blocking the PD-(L)1 axis leads to increased numbers of CD8+ cells, predominantly near the tumor site, with high expression of the cytotoxic granzyme B pathway (28).

Taken together, described anti-CTLA-4 and anti-PD-(L)1 antibodies restore the ability of the immune system to attack the tumor. However, this systemic activation of immune cells and induction of potentially self-reactive T-cells also leads to off-target activity.



Immune-Related Adverse Events (irAEs)

Dual ICI therapy with anti-CTLA-4 and anti-PD-1 antibodies frequently leads to severe irAEs in more than half of the patients (29, 30). All-grade irAEs have been reported in up to 90% of patients receiving both ICIs (30, 31). IrAEs range from mild (50-90%) to severe (10-50%) according to Common Terminology Criteria for Adverse Events (CTCAE). Common immunotoxicity includes dermatitis, rash, endocrinopathy, diarrhea, colitis, hepatitis, and pneumonitis (32, 33). Of these, ICI-mediated colitis (IMC) most frequently requires discontinuation of ICI therapy and is also responsible for at least 3 out of 10 fatal irAEs (33, 34). This particular inflammation in the colon is often characterized by excessive, watery diarrhea, possibly with blood or mucus in the stool, or abdominal pain (35). As discussed, anti-CTLA-4 therapy leads to more naïve T-cell priming, hence expected to be more frequently accompanied with systemic adverse events, such as IMC. Indeed, a higher occurrence of high-grade ICI-mediated diarrhea (IMD) or IMC is observed after ipilimumab monotherapy (15%) compared to anti-PD-1 monotherapy (3%) in patients with metastatic melanoma and non-small cell lung cancer. In combination therapy with anti-CTLA-4 and anti-PD-1 severe IMD/IMC was observed in 17% of treated patients (30).

Ideally, one would like to be able to restore homeostasis in irAE tissues while maintaining an antitumor response, or to be able to predict which patients are at risk of severe irAE development. To do so, understanding the origin and mechanisms of action of irAEs is essential. In this review, we discuss the current knowledge on mechanisms, biomarkers, and risk factors of IMC. Based on our review of the existing literature, we make recommendations for future research aimed at enhancing fundamental knowledge of the mechanisms and risks of IMC development.



Mechanisms of IMC Development

While the antitumor mechanisms of ICIs have been carefully studied, large studies trying to unravel the mechanisms involved in irAEs are still lacking. The clinical picture of IMC is often considered comparable to inflammatory bowel diseases (IBD), but there are also many differences. Normal colonic mucosa consists of a normocellular inflammatory infiltrate, which is a mixture of lymphocytes, plasma cells, eosinophilic granulocytes, and histiocytes. In IBD there is an increase in cells, predominantly more plasma cells and neutrophilic granulocytes. In patients with IMC, an increase in cell numbers, intraepithelial lymphocytes, and neutrophilic granulocytes is observed (36). For a better understanding of IMC, and to gain insight in possible differences between ICI therapies in IMC, it is imperative to understand the mechanisms by which IMC is developed in these patients.


Immune Cell Profile

A CTLA-4 deficiency downregulates Treg functionality in mice, leading to resistance to the inhibitory effects of Tregs on CD4+ and CD8+ T-cell induction (10). Accordingly, an increased frequency of activated CD4+ and CD8+ T-cells with a concomitant decrease in naive T-cell populations was seen in blood of ipilimumab-treated patients (12, 13). Histopathologic features of IMC patients treated with ipilimumab showed mainly neutrophilic inflammation, but also increased CD4+ cells in the lamina propria and increased CD8+ cells within the crypt epithelium were observed (36). A recent study by Luoma et al. has shown that in particular the numbers of cytotoxic T-lymphocytes (CTLs) and proliferating T-cells (Ki-67+) were increased in IMC biopsies following ipilimumab monotherapy or ICI combination therapy (37). In contrast, tissue-resident memory (Trm) T-cells, a T-cell subset that does not recirculate (38), were reduced in IMC patients as a fraction of total T cells. Interestingly, ICI treated patients who did not develop IMC did not show changes in colonic Trm cells. In IMC patients only, T-cell receptor clonotypes overlapped between CD8+ Trm cells and CTLs, suggesting differentiation from the former to the latter (37). This might indicate that there is a shift from CD8+ Trm cells towards CTLs in patients with IMC specifically. In non-small cell lung carcinoma, Trm cells have indeed shown to be capable of becoming cytotoxic (39). These potentially Trm-derived CTLs of IMC patients exhibited a genetic profile strongly related to an interferon gamma (IFNγ)-mediated T-helper 1 (Th1) response (37). If IFNγ is indeed abundantly secreted by CTLs in IMC, this could cause disruption of the epithelial barrier function or even apoptosis of human colonic epithelial cells, as shown in in vitro models (40, 41). This might explain colonic inflammation and damage that is seen in colonoscopies.

Under normal circumstances, Tregs are able to suppress intestinal inflammation (42), which is evidently compromised in IMC. Similarly to intratumoral Tregs (13), in colonic biopsies of patients with IMC, ipilimumab treatment tends to increase the number of Tregs, defined as FOXP3+ cells (43, 44). In a study with IMC patients who received combination therapy, an altered genetic Treg expression profile was seen. These alterations were considered beneficial for suppressing an IFNγ-mediated Th1 response (37). Likewise, elevated mRNA expression of interleukin-10 (IL-10) has been reported in colonic mucosa of IMC patients after anti-CTLA-4 treatment (44). This cytokine is typically secreted by Tregs to dampen inflammation and is an important mediator to suppress colon inflammation (45). However, IL-10 is regulated by various factors on the posttranscriptional level, and its mRNA stability and degradation may vary immensely based on extrinsic signals (46, 47). Thus, while Tregs of IMC patients show expression of Th1-suppressive mechanisms, it may very well be attenuated at the translational or protein level, thereby limiting Treg functionality.

In the context of reduced Treg-mediated immune suppression, Th17 cells may become more pronounced in IMC. Th17 cells are capable of developing colitis in mouse models when the IL-10 receptor (IL-10R) is deleted in Tregs (48), highlighting the importance of IL-10 in maintaining intestinal homeostasis. In addition to IL-10, CTLA-4 is required for Tregs to suppress Th17 cells (48, 49). Inability to suppress Th17 cells possibly explains why CTLA-4 blockade leads to increased mucosal IL-10 mRNA in IMC biopsies without successfully resolving IMC (44). Th17 cells, which are potent secretors of IL-17, are present in IMC. Serum IL-17 levels correlated strongly with ipilimumab-induced IMC, from onset to resolution, while the other examined cytokines did not express such a pattern (50). Parallel to serum levels, in ipilimumab-induced IMC IL-17A mRNA is significantly increased in colonic biopsies, as is similar to IBD (44). Together, these findings indicate an important role for Th17 cells in IMC.

The Th17/IL-17 axis is, amongst others, responsible for production of the chemokines CXCL8 and GM-CSF by intestinal epithelial cells (51). These chemokines attract neutrophils and prevent their apoptosis, employing them as a mucosal barrier defense (52–54). Neutrophil infiltration in the epithelial layers is indeed a characteristic of human IMC biopsies after both anti-CTLA-4 (36) and anti-PD-1 therapy (55). Th17-mediated neutrophil recruitment may thus be an important mechanism of inflammation in IMC. Furthermore, the mouse equivalent of human CXCL1, an important chemokine for neutrophil recruitment (56, 57), was found in serum following ICI therapy in colitis mouse models (58, 59). The same mouse models showed high serum levels of IL-6, which has a significant role in the balance between Tregs and Th17 cells, after ICI treatment. IL-6 skews transforming growth factor-beta-mediated differentiation of naïve CD4+ cells into Tregs towards Th17 differentiation, even by reprogramming Tregs into Th17 cells (60, 61). The serum levels of CXCL1 and IL-6 thus indicate that neutrophil recruitment and the Treg/Th17 balance are important mechanisms in IMC.

In IBD, CXCL1 and IL-6 are secreted by activated macrophages. This cell type may play a significant role in neutrophil recruitment and the skewed Th17 balance in IMC (62, 63). Indeed, in human IMC biopsies macrophages have been reported to upregulate CXCL9/10 expression, alongside their ligand CXCR3 on T-cells (37), and are therefore responsible for recruiting T-cells to a site of Th1-type inflammation (64). CXCR3 deficient mice have shown to be resistant to dextran sulfate sodium-induced colitis (65), highlighting the role of this pathway in the development of colitis. Moreover, macrophage-derived CXCL9 and CXCL10 is also required for T-cell infiltration in tumor sites, indicating the importance of this pathway (66). However, macrophages form a heterogeneous cell population, which has been studied to a limited extent in the context of IMC. Taken together, these data suggest that macrophages potentially have a significant role in T-cell recruitment in IMC. It is therefore to be expected that macrophages are important in more aspects of IMC.



Anti-Microbial Immunity

The lumen of the colon contains a multitude of mostly bacteria, together referred to as the microbiome. Under certain conditions, some bacteria may become pathogenic. Epithelial tight-junctions, mucus covering the mucosa, and tissue resident macrophages are the first line of defense against such intestinal pathogens. Macrophages detect these pathogens through recognition of exogenous pathogen-associated molecular patterns (67). As a response, macrophages secrete many pro-inflammatory cytokines, such as TNFα, IL-1 and IL-6, but also the anti-inflammatory cytokine IL-10 (68). In ulcerative colitis (UC) and Crohn’s disease (CD), both IBDs, an abnormal reaction to commensal bacteria leads to mucosal inflammation. Several bacteria in IBD stimulate a pathogenic Th1/Th17 response while other bacteria are associated with regulation of Tregs and regulatory B-cells (69). Whether this also applies to IMC is yet to be investigated.

Next to macrophages, Th17 cells are prominent actors in resistance against intestinal pathogens. Interestingly, the composition of commensal bacteria in the gut can skew differentiation of Tregs into Th17 cells (60), a phenomenon that is important in IMC, as discussed above. Noteworthily, a knockout of IL-10R leads to Th17-mediated colitis in regular mice (48), but not in germfree mice (70). This strengthens the idea of a significant role for the microbiome in the onset of UC, and probably also IMC. It is evident that active UC, and most probably also IMC, share a shift toward a Th1/Th17-mediated immune response to the commensal and/or pathogenic microbiota.

Another cell type that leads us to the importance of the microbiome is mucosal-associated invariant T (MAIT) cells. These cells are elevated in gut biopsies of patients with IMC after ipilimumab and nivolumab combination therapy, but not in patients that remained free of adverse events or in patients with UC (71). MAIT-cells are activated indirectly upon bacterial infection and exert antimicrobial properties on bacterial-infected cells (72, 73). The fact that these cells were specifically enhanced in IMC patients, provides a link between the microbiome and IMC that is not seen in similar pathologies. Antimicrobial activity of MAIT-cells against epithelial cells may lead to an impaired barrier function and immune regulation towards intestinal bacteria in patients with IMC.



Bacterial Strains

The importance of intestinal bacteria has been especially highlighted in mouse models of IMC, induced by oral administration of dextran sulfate sodium prior to anti-CTLA-4 therapy. Treatment with vancomycin, an antibiotic agent that depletes Gram-positive bacteria, reportedly exacerbated severity of IMC histologically and clinically (58, 74). Interestingly, re-introduction of a genus of Gram-positive anaerobic bacteria, Bifidobacterium (74) or Lactobacillus (58), after vancomycin treatment caused significant amelioration of IMC, both clinically and histologically. Specific strains of these genera, at least Lactobacillus reuteri, Lactobacillus rhamnosum and Bifidobacterium breve, have shown to be responsible for this positive effect in mice (58, 59).

In humans, Abu-Sbeih and colleagues tested the effect of antibiotic treatment on IMC, including IMD, in a cohort of 826 patients (75). Whereas the use of antibiotics strongly correlated with a lower occurrence of total IMC and IMD, it caused more severe IMC and more hospitalizations. More specifically, anaerobic antibiotics were clinically more detrimental than aerobic antibiotics. This is in accordance with the observations in aforementioned mouse models that Gram-positive anaerobic bacteria were required for IMC resolution (58, 59, 74). The importance of the anaerobic bacterial strains used in those mouse studies is possibly enhanced by it being Gram-positive bacteria that are capable of inducing anti-inflammatory cytokines, rather than induction of only a Th1 secretome by Gram-negative bacteria (76). Nevertheless, the lower overall occurrence of total IMC and IMD following antibiotic therapy in humans, but on the other hand a clinically more severe IMC phenotype, could indicate that IMD and IMC are mechanistically different. Data supporting this hypothesis are currently lacking.

In mouse models of IMC, aiming to get more insight in the underlying bacterial-related mechanisms has yielded various important observations. Anti-CTLA-4 treatment induced a decline in the relative abundance of Lactobacillus in stool samples (58). Probiotic Bifidobacterium treatment, however, increased the relative abundance of Lactobacillus, thereby showing a relation between the two genera (59). These strains may be important to protect the colon against IFNγ-induced epithelial barrier disruption, as shown in human organoid models in vitro (40). Any protective function of Bifidobacterium is Treg-mediated, since depletion of Tregs abrogated beneficial effects of Bifidobacterium in IMC mouse models (59). This bacterial strain caused a genetic upregulation of IL-17R in Tregs of the colonic lamina propria, suggesting Treg behavior in response to IL-17, and thus Th17 cells, may be altered. To date, the effect of IL-17R activation in Tregs remains unknown, but an increase in the receptor for IL-17 might indicate increased sensitivity to Th17 cytokines, allowing Tregs to regulate these cells properly. Tregs may indeed reduce Th17 differentiation and neutrophil infiltration following either Bifidobacterium or Lactobacillus treatment, since those treatments lead to a decrease in serum levels of IL-6 and keratinocyte-derived chemokine (58, 59).

Another indication for Tregs suppressing inflammation following Bifidobacterium administration is the upregulation of the IL-10R on these cells. Interestingly, not only IL-10 was required for attenuation of IMC, but IL-22, a key modulator of epithelial homeostasis (77), also showed to be important (59). This fits with an observation by Wang et al. in mice treated with Lactobacillus reuteri (58). They reported that the presence of type 3 innate lymphoid cells (ILC3s), a lymphoid line innate immune cell type known to secrete IL-22 (78), is strongly related to IMC severity. Beneficial probiotic treatment reduced ILC3 cell numbers and improved inflammation in these mice. However, ILC3 cell numbers may be a consequence of IMC, rather than a cause, since crosstalk between ILC3s, macrophages, and the microbiome is reported to be essential for maintaining intestinal homeostasis (79). In addition, a recent study showed that IL-22 producing ILC3s were able to protect against colitis in mice, even when the mice were modified to express abnormal pro-inflammatory secretion profiles (80). However, ILCs, among which those of group 3, are also known for secretion of IL-17 (81, 82), indicating that there could be an ambivalent role for ILCs in IMC.

In general, mouse studies have shed light on the importance of certain genera for protection against IMC. However, fundamental data are limited and thus many other genera or species could be beneficial or detrimental for IMC. Probiotic treatment has not been tested in humans in the context of IMC. Nevertheless, in two out of the three patients who received fecal microbiota transplantation (FMT), a quick reduction of inflammation, as observed by colonoscopy, was noticed (83, 84). Following FMT, Bifidobacterium was elevated, even though the patients had a distinct taxonomy from each other prior to FMT (83). This finding might indicate that this particular genus is as important in IMC in humans, as it is in mice.



Anti-CTLA-4 vs Anti-PD-1

Most studies regarding IMC focus on ipilimumab-induced IMC, either through monotherapy or combination therapy. Several differences in T-cell behavior in IMC between ipilimumab and nivolumab or pembrolizumab treatment are shown (85, 86). In anti-PD-1 treated patients, mucosal infiltration of T-cells was dominated by CD8+ T-cells, whereas CD4+ dominated after ipilimumab (85). Additionally, ipilimumab led to more epithelial infiltration of lymphocytes and significantly higher levels of mucosal TNFα compared to anti-PD-1 treatment (85, 86). This suggests that mechanisms by which IMC is induced are, to some extent, different between ICI therapies. Furthermore, endoscopic evaluation following anti-PD-1 treatment often does not show aberrations, as opposed to ipilimumab-induced IMC (87). Other than that, mechanistic understanding of IMC and the differences between ICI therapies are mostly suggestive, such as CTLA-4 blockade increasing the numbers of Th17 cells (88), while PD-1 blockade leading to a Th1 dominancy as described in a case report of two IMC patients (89). However, in-depth, head-to-head comparisons are still lacking.

Any additional functional discrepancies between ICI treatments in IMC might be hypothesized by the role of each receptor in colonic homeostasis. In mice, the PD-1/PD-L1 axis is important to maintain tolerance against self-antigens in peripheral tissues, including the gut, by limiting expansion of CD4+ and CD8+ T-cells (90, 91). That seems to indicate that anti-PD-1 therapy predisposes to intestinal toxicity. However, it has been suggested that PD-L1 can also affect T-cells in the absence of PD-1 (92), thereby possibly remaining functional to some extent after anti-PD-1 blockade. CTLA-4 affects Treg accumulation in the intestinal lamina propria, but not in the thymus, spleen, and mesenteric lymph nodes (93), highlighting its importance in the gut in particular. Considering the difference in frequency of IMC between ICI treatment strategies, CTLA-4 indeed appears to have a more pronounced role in maintaining intestinal homeostasis. The evidence for this difference is mostly suggestive, as data is difficult to compare across studies and different ICI regimens were not studied head-to-head. Hence, it is not yet clear why blockade of CTLA-4 causes IMC more frequently than anti-PD-1 therapy in humans, even though it is clear that both CTLA-4 and PD-1/PD-L1 are important for maintaining mucosal homeostasis in mice.

Overall, more evidence is emerging suggesting that some immune cells are predominantly responsible for IMC. As described, in IMC the functional balance between Tregs and Th17s is skewed towards Th17s, leading to increased neutrophil infiltration. Moreover, there is a Th1-dependent inflammatory state, in which in particular IFNγ is suggested to disrupt the epithelial barrier (Figure 1). Epithelial permeability leads to interaction between the microbiome and immune cells, although potentially pathogenic microbes and/or commensal microbes that trigger an uncontrolled inflammatory response have not been identified in IMC. However, there are also some subsets for which it is not clear what their exact role is, such as MAIT-cells, ILC3s, and macrophages. In addition, it is not understood why these pathways are induced in some patients and not in others. Answers to these uncertainties may explain the occurrence of immune-related toxicities in certain patients, whereas others remain free of adverse events.




Figure 1 | Mechanisms of immune checkpoint inhibitor-mediated colitis (IMC). Pro-inflammatory pathways (CTL, Th17 cells, and neutrophils) are predominantly enhanced in IMC, while anti-inflammatory pathways (Treg differentiation and IL-10 secretion) are inhibited. Other cell types, such as macrophages and ILC3s, are expected to play a role in IMC, but to which extent is unknown. This image was created with BioRender.com. CTL, Cytotoxic T-lymphocyte; CXCL, C-X-C motif chemokine ligand; GM-CSF, Granulocyte-macrophage colony-stimulating factor; IFN, Interferon; IL, Interleukin; ILC, innate lymphoid cell; Th17, T helper 17 cell; TNF, Tumor necrosis factor; Treg, regulatory T-cell; Trm, tissue-resident memory T-cell.






Biomarkers

In-depth understanding of the mechanisms underlying IMC development is critical to select appropriate immunosuppressive treatments, or to prevent the development of IMC. Another way to reduce the incidence and severity of IMC is to identify markers which predict patients at risk of developing IMC, either all grade or specifically high-grade toxicity. Being able to predict the risk of IMC for patients allows closer monitoring of those that are likely to develop high-grade toxicities, or enables selection of an alternative anti-cancer treatment.


Cellular Indicators

Several cell types are involved in or correlate with IMC. Cellular products or even the mere presence of cells are potential candidates for biomarkers of IMC development.

As already discussed, IL-17 secreting Th17s are important mediators. While baseline IL-17 serum levels do not correlate with all grade ipilimumab-induced IMC occurrence (50), it significantly correlated with grade 3 IMC in a cohort of 33 patients (94). Baseline serum IL-17 is therefore a potential marker for high-grade colitis, although it remains to be confirmed in larger cohorts.

Another cell type that is abundantly present in IMC is neutrophils. A high neutrophil to lymphocyte ratio (NLR) in serum is known to correlate with worsened ICI clinical outcome (95–97). Although its predictive correlation with all irAEs is mostly weak, NLR distinguishes grade 3 and higher irAEs from low grade irAEs after pembrolizumab therapy and it can be used to monitor the onset of irAEs (98, 99). For IMC in particular, a baseline NLR higher than 5 correlated with development of IMC (100). However, in the same study, a validation cohort failed to show a significant correlation between NLR and IMC. Another interesting marker related to neutrophils is the genetic expression of CD177, a modulator of neutrophil migration (101), in circulating cells. At week 3 after the first ipilimumab treatment, this marker showed high specificity for predicting patients who later developed gastrointestinal adverse events (102). However, the sensitivity was low in this study, meaning CD177 is unable to capture all patients at risk of IMC on its own.

Other potential neutrophil-related biomarkers are based on similarities with IBD. Fecal calprotectin and lactoferrin are established markers for active inflammation in IBD (103). Calprotectin is abundantly present in the cytoplasm of phagocytes and has pro-inflammatory functions upon secretion (104). A major source of calprotectin release is cell death of neutrophils (105). Lactoferrin is, amongst others, released in granules by activated neutrophils (106). Neutrophil infiltration is often observed in IMC biopsies. Accordingly, levels of fecal calprotectin and lactoferrin correlate with endoscopic findings of ulceration and histological signs of IMC (107). Furthermore, fecal calprotectin is increased upon the onset of diarrhea and reduced when clinical remission is observed (108, 109). This could therefore be a promising marker to monitor disease activity and relapse in patients, as already suggested in American Society of Clinical Oncology guidelines (110). The predictive value of fecal calprotectin and lactoferrin has not yet been investigated. However, since these are both markers for neutrophil infiltration, distinguishing IMC from an IBD exacerbation will not be possible for IBD patients who underwent ICI therapy (111, 112).



Microbiota

At a bacterial level, some potential biomarkers have been reported. In two patient cohorts of 34 and 55 patients, microbiota composition analysis was performed on feces of patients prior to the start of ICI therapy for metastatic melanoma. In feces of patients later developing IMC, several families of the Bacteroidetes phylum were underrepresented (113, 114). The same observation was made for IMD in a cohort of 26 patients with lung cancer, which may suggest a gut protective role of this phylum (115). The Firmicutes phylum, on the other hand, was increased at baseline for patients later developing IMC (114, 115). Thus, a high ratio of Firmicutes to Bacteroidetes at baseline measurements of feces may provide predictive insight in which patients are likely to develop IMC, although these observations should be validated in larger patient cohorts to test clinical applicability. Whereas IMC has overlapping characteristics with several IBDs, a low Firmicutes to Bacteroidetes ratio is actually seen in CD (116). This indicates a different role of these bacterial families in IMC and CD.

Looking at resistance to IMC development rather than risk of development, polyamine transport units in bacteria may be beneficial. A prediction model using molecular levels of these polyamine transport units showed a sensitivity of 70% and a specificity of 100% for resistance to IMC development, indicating all patients that were predicted to develop IMC indeed did so, however, 30% of patients were false negatively assigned to remain free of IMC (113). Interestingly, blocking polyamine reduces the number of tumor-infiltrating immune suppressor cells, such as myeloid-derived suppressor cells, Tregs and M2 macrophages, thereby boosting the antitumor response in mouse models (117, 118). Hence, the microbiome might exert a suppressive function in the immune response through polyamine transport, which could explain its correlation with resistance to IMC.



Other Markers

While most of the potential biomarkers reported so far focused on neutrophils, Th17 cells, or the microbiome, there are also some markers that are less specific. In IBD, vitamin D intake has been reported to improve clinical outcomes (119). The importance of vitamin D is underscored in mice: immune cells from vitamin D deprived mice do show increased IL-17 and IFNγ secretion, failure to develop essential anti-inflammatory T-cell subsets, and disruption of the epithelial barrier, all of which are important mechanisms of IMC (120, 121). Indeed, vitamin D intake during ICI treatment was found to be strongly correlated with reduced risk of IMC development in a cohort of 213 patients, which was additionally validated on an independent cohort of 169 patients (100). Although this does not necessarily mean that vitamin D has a predictive value in this context, it is interesting to take vitamin D into account in the clinic, particularly in case of an insufficiency.

For irAEs in general, a wide range of predictive markers is studied. For instance, a large multi-omics study showed that a bivariate model using ADPGK and LCP1, which are both related to T-cell activation, is a promising prediction tool (122). Since such markers are not specific for IMC, we would like to refer the reader to some reviews on this topic (123, 124). While some of these markers provide a decent predictive value, it is mostly unclear whether these are applicable for IMC specifically. Such general markers, however, are definitely of interest to investigate in prospective studies regarding IMC.




Mechanism-Based Future Research and Approaches to Management

It is well established that Th17 cells, derived from Tregs or naïve T-cells, are important actors in IMC. Also, CTLs are thought to be pathogenic in IMC by disrupting the epithelial barrier and creating a state of inflammation. However, many questions still remain. It is often unclear which signals induce these cell developments, or why this signaling is evoked in certain patients. Is it directly or indirectly related to ICI therapy? In other words, does ICI treatment lead to attraction of macrophages and skewing towards Th17 cells, or is it secondary to e.g., activation of autoreactive B or T-cells? Moreover, there is still a lot to be elucidated about tissue-resident T-cells. For instance, CTLs appear to be to be partly derived from Trms, although its mechanism is unknown. In addition, several resident T-cell types involved in interactions with the microbiome, ILC3s, MAIT-cells, and macrophages, are indicated to be affected. While macrophages are suggested to promote T-cell recruitment, it is likely that their role in IMC is larger. Their secretome has strong overlap with several cytokines and chemokines that are expressed in IMC. Yet, many studies have focused on the role of T-cells in IMC. ILC3s and MAIT-cells may have more protective, antimicrobial roles. Knowledge on how these cell types are behaving in IMC is important for understanding the role of potentially pathogenic bacteria.

To answer these remaining questions, future research should focus on specific mechanisms of IMC development. Cellular composition and involved cytokines and chemokines in baseline and on-treatment sigmoid biopsies should be compared in ICI-treated patients who developed IMC. With the use of several advanced techniques, such as RNA-sequencing, multiplex immunohistochemistry, and flow cytometry, cellular and molecular data can be readily harvested from these biopsies. The microbiome should also be taken into account in prospective studies, considering its significant role. Especially those microbes in close contact with the mucosal tissue should be examined and differences in host-microbe interactions in the mucosa of patients with IMC versus patients remaining free of IMC should be explored. In future IMC-focused trials, blood, colon biopsies, and stool should be collected at standardized points in time, e.g., at baseline and during ICI cycles. Understanding the interactions between all key players in IMC is of utmost importance to improve the current clinical treatments. This research may lead to additional targets for treatment, as well as biomarkers that could identify patients at risk of high-grade IMC.

Currently, several guidelines suggest that patients diagnosed with high-grade IMC are to be treated with first-line systemic corticosteroids (110, 125, 126). In case of steroid-refractory IMC, anti-TNFα treatment with infliximab is often initiated. However, both treatments are unspecific for IMC and therefore come with several drawbacks, such as risk of infection and drug-induced comorbidities (127, 128). Infliximab has even been observed to compromise the long-term anti-tumor response in steroid refractory patients (129).

Recently, the use of immunosuppressants targeting specifically the gut in IMC has been investigated, primarily vedolizumab. This antibody blocks the α4β7 integrin, which is involved in homing of T-cells to the gut (130). Vedolizumab has adequately replaced infliximab in steroid-refractory patients, and administration within 10 days of IMC onset leads to better management and clinical remission (131, 132). However, histologic remission is often not seen six months after clinical remission, indicating that there is room for improvement (131). Prospective studies interfering with alternative pathways may provide more options for IMC-specific treatments.

Several potential targets for IMC are already in clinical trials (Figure 2). For instance, blocking IL-6 with tocilizumab could reduce Th17 differentiation, thereby restoring the dysfunctional balance between Tregs and Th17 cells (NCT03601611). Additionally, cytokine secretion by Th17 cells could be targeted using secukinumab, an anti-IL-17A monoclonal antibody. Secukinumab has already shown a beneficial therapeutic effect in patients suffering from ICI-induced psoriasis, without affecting their anti-tumor response (133). Caution is required when using this antibody to treat IMC, since secukinumab is ineffective in CD, risking fungal infections along the way (134). In UC, an antagonist of the p40 subunit of IL-12 and IL-23, called ustekinumab, showed to induce and maintain disease remission (135). It has not been studied in the context of IMC and the cytokines IL-12 and IL-23 have not been reported to be important in IMC yet. IFNγ, on the other hand, does have an important role in IMC, causing a pro-inflammatory response and epithelial damage. The function of IFNγ can be inhibited by targeting the JAK signaling pathway with tofacitinib. Tofacitinib has shown efficacy against IMC in five patients (136, 137) and will be investigated in a clinical trial with ten patients (NCT04768504). Tofacitinib has also shown efficacy in treatment of IBD (138). However, JAK signaling is reported to be important for an anti-tumor response upon ICI therapy (139), so caution with inhibition of this pathway in IMC is necessary. Future IMC trials should focus on mechanism-based approaches for selection of first-line immunomodulating agents. Such agents should interfere with IMC, without compromising the efficacy of ICI antibodies.




Figure 2 | Targets for treatment of immune checkpoint inhibitor-mediated colitis (IMC). Infliximab and vedolizumab are already standard of care in steroid-refractory IMC. The other agents are currently not routinely given to patients. This image was created with BioRender.com. CTL, Cytotoxic T-lymphocyte; IFN, Interferon; IL, Interleukin; JAK, Janus kinase; Th17, T helper 17 cell; TNF, Tumor necrosis factor; Treg, regulatory T-cell.



In addition to interfering with pathways of the immune system, targeting the microbiome is also an option for treatment of IMC. For instance, an experimental FMT immediately showed alleviation of IMC symptoms in patients refractory to corticosteroids, infliximab, and vedolizumab (83, 84). FMT has already shown promising therapeutic effects in Clostridoides difficile infections (140). Recently, a large clinical trial, 800 patients with any stage melanoma, non-small cell lung cancer or genitourinary cancer, has been set up to study potential biomarkers in the microbiome and the safety and efficacy of FMT in IMC (NCT03819296). An alternative to FMT would be the use of probiotics. Probiotics are effective in mouse models of IMC, and successfully used against necrotizing enterocolitis in human preterm infants (141). Since FMT and probiotics aim to normalize the gut microbiome, it is an attractive strategy to treat IMC without affecting the efficacy of ICI therapy. The composition of the gut microbiome can affect the antitumor response negatively or positively (142, 143). Promising is the observation in mouse models that probiotic treatment with two different bacterial genera attenuates IMC without compromising the antitumor response (58, 74). Therefore, IMC treatment with specific bacterial strains might be more suitable than unspecific FMT treatment with the risk of lowering the anticancer activity of the immune system.

All in all, it is expected that ICI therapy becomes available for more types of cancer in upcoming years (144, 145). To reduce physical harm and loss of quality of life due to irAEs, the balance between efficacy and toxicity requires optimization. Results of mechanism-based IMC research may lead to optimization of treatments and predictions of IMC. In addition, it may provide new insights concerning non-intestinal irAEs. We envision direct clinical relevance for future patients undergoing ICI therapy, in which severe irAEs with quality-of-life deterioration can be treated or even be prevented.
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Background

Hepatocellular carcinoma (HCC) is an extremely malignant cancer with poor survival. H2AFY gene encodes for a variant of H2A histone, and it has been found to be dysregulated in various tumors. However, the clinical value, biological functions and correlations with immune infiltration of H2AFY in HCC remain unclear.



Methods

We analyzed the expression and clinical significance of H2AFY in HCC using multiple databases, including Oncomine, HCCDB, TCGA, ICGC, and so on. The genetic alterations of H2AFY were analyzed by cBioPortal and COSMIC databases. Co-expression networks of H2AFY and its regulators were investigated by LinkedOmics. The correlations between H2AFY and tumor immune infiltration were explored using TIMER, TISIDB databases, and CIBERSORT method. Finally, H2AFY was knocked down with shRNA lentiviruses in HCC cell lines for functional assays in vitro.



Results

H2AFY expression was upregulated in the HCC tissues and cells. Kaplan–Meier and Cox regression analyses revealed that high H2AFY expression was an independent prognostic factor for poor survival in HCC patients. Functional network analysis indicated that H2AFY and its co-expressed genes regulates cell cycle, mitosis, spliceosome and chromatin assembly through pathways involving many cancer-related kinases and E2F family. Furthermore, we observed significant correlations between H2AFY expression and immune infiltration in HCC. H2AFY knockdown suppressed the cell proliferation and migration, promoted cycle arrest, and apoptosis of HCC cells in vitro.



Conclusion

Our study revealed that H2AFY is a potential biomarker for unfavorable prognosis and correlates with immune infiltration in HCC.





Keywords: hepatocellular carcinoma, H2AFY, prognosis, immune infiltration, biomarker



Introduction

Hepatocellular carcinoma (HCC) is the major pathological type of primary liver cancer, which is an extremely malignant and aggressive cancer with poor clinical outcome and high mortality rate (1, 2). Due to the abuse of alcohol, hepatitis virus infection, and nonalcoholic fatty liver disease, the morbidity of HCC is increasing, and it has gradually become one of the leading causes of cancer-related death worldwide (3, 4). Nowadays, the common treatment methods for HCC include curative surgical resection, liver transplantation, radiation therapy, chemotherapy, immune and molecular-targeted therapy, curative resection is still considered the preferred treatment choice for early HCC (5, 6). On account of lacking the early specific symptoms and effective biomarkers, most HCC patients were usually at an advanced stage when they were first diagnosed, and lost the opportunity for curative resection. Therefore, it is urgent to identify a novel and reliable biomarker which could be helpful for early diagnosis and prognosis prediction of HCC and even serve as a therapeutic target.

In recent years, a growing body of studies suggest that epigenetics regulation mechanisms such as DNA methylation, m6A modification, and histone variants are involved in initiation and development of various human diseases, especially tumorigenesis (7–9). Histone variants can replace their corresponding canonical histones within the nucleosome and alter the composition and structure of chromatin, thereby regulating various fundamental cellular biological processes, and, their dysregulation may lead to cancer initiation and progression (10–12). There are plenty of histone variants, but most of the histone variants are from the H2A histone family. The H2AFY gene encodes for H2A variants family member macroH2A1, which has two splicing variant isoforms, macroH2A1.1 and macroH2A1.2 respectively (13). Currently, the role for H2AFY in the tumorigenesis and progression of various solid tumors has drawn considerable attention, such as lung cancer, melanoma, breast cancer, colorectal carcinoma, bladder cancer, and gastric cancer, and it has been found to be dysregulated in these tumors (14–19).

Although H2AFY has been reported to be highly expressed in HCC which may lead to a lower survival and a poorer prognosis (20, 21), the biological function of H2AFY and its relationship with clinicopathological characteristics and tumor immune infiltrates in HCC remain largely unclear. In this study, we comprehensively investigated the expression level, mutations, diagnostic and prognostic significance of H2AFY in patients with HCC in various public databases, including Oncomine, HCCDB, The Cancer Genome Atlas (TCGA), International Cancer Genome Consortium (ICGC) and others. Furthermore, through a range of bioinformatics analyses, we explored the potential biological functions and gene regulatory networks correlated with H2AFY in HCC, and analyzed the correlation between H2AFY and infiltrating immune cells in tumor microenvironment. Additionally, we performed a series of functional assays to further evaluated the effects of H2AFY knockdown on HCC cell proliferation, migration, apoptosis, and cell cycle in vitro, and our results revealed that H2AFY regulates HCC development may in part through the regulation of STAT3 signaling.



Materials and Methods


Data Acquisition and Processing

The RNA-seq data, corresponding clinical data, and survival information of HCC patients were obtained from the TCGA database (22), and the details were shown in Table 1.


Table 1 | The clinical characteristics of patients in the TCGA-LIHC cohort.





Differential Expression Analysis of H2AFY

We used the Oncomine database to examine the expression of H2AFY in liver cancers and normal tissues, set the threshold as: P-value as 0.001, fold change (FC) as 1.5, and gene rank as top 10% (23). Besides, we also analyzed the H2AFY gene expression level in HCC via TIMER database based on TCGA data (24). The HCCDB database contains 15 public HCC datasets which were from the Gene Expression Omnibus (GEO), TCGA, and ICGC, and it was further used for verifying the differential expression of H2AFY between HCC and normal tissues (25).



Genetic Alteration and Survival Analysis

The cBioPortal database and the Catalogue of Somatic Mutations in Cancer (COSMIC) database were utilized to evaluate the alteration frequency and types of H2AFY in HCC (26, 27). In the TCGA-LIHC cohort, patients with complete follow-up information were included in survival analyses, Kaplan–Meier curves, receiver operating characteristic (ROC) curves, and Cox regression models were applied to determine the prognostic significance of H2AFY. Additionally, the impacts of H2AFY expression on overall survival of HCC patients were further validated in the ICGC dataset (LIRI-JP project), Kaplan–Meier Plotter, and GEPIA2 database (28, 29). GeneMANIA was applied to visualize the interaction network of H2AFY and predict their function (30).



Coexpression Analysis in LinkedOmics

LinkedOmics is an online analysis platform that contains multi-dimensional data of 32 TCGA cancer types (31). H2AFY co-expression statistical analysis was performed using Spearman correlation test in the “LinkFinder” module, the results were presented in volcano plot and heat maps. The survival heatmaps of top 50 co-expressed genes were plotted by GEPIA2 database. The GO annotation, KEGG pathways, kinase-target enrichment, miRNA-target enrichment, and transcription factor-target enrichment analyses were conducted by gene set enrichment analysis (GSEA) in the “LinkInterpreter” module. The simulations of 500 and the rank criterion was set as false discovery rate (FDR) <0.05.



GSEA Between H2AFY High- and Low-Expression Groups

GSEA analysis was carried out to detect different functional phenotypes between H2AFY high- and low-expression groups by using GSEA software (v.4.0.3) based on the expression profile of the TCGA-LIHC dataset (32). KEGG gene set (c2.cp.kegg.v7.4.symbols.gmt) and GO_BP gene set (c5.go.bp.v7.4.symbols.gmt were) were used as the reference gene sets, and 1,000 random permutations were performed per analysis. Nominal P-value <0.05 and FDR <0.05 were regarded significant.



Immune Infiltration Analysis

We used the TIMER database to investigate the correlations between H2AFY expression, copy number alterations and the abundance of six major tumor-infiltrating immune cells in HCC. Besides, the correlations between H2AFY and immune cell marker genes and several key immune checkpoint genes were also analyzed through the “Correlation” module of TIMER and GEPIA2. Then, we compared the expression of these immune checkpoint genes between patients with high- and low-H2AFY expression. The distribution of H2AFY expression across immune subtypes were further explored in TISIDB database (33). The relative fractions of 22 immune cell types of patients in TCGA-LIHC cohort were calculated through CIBERSORT algorithm, presenting in bar graphs, heatmap, and violin plot (34, 35).



Cell Culture and Transfection

The human normal liver cell line L02 and HCC cell lines MHCC-97H, Hep3B, Huh7 and HepG2 were gifts from gastroenterology laboratory and hepatic surgery laboratory of the Tongji Hospital, Wuhan, China. Jurkat cell line was stored in oncology laboratory of the Tongji Hospital, Wuhan, China. L02 cells and Jurkat cells were cultured in RPMI 1640 medium (HyClone, USA) and other hepatoma cells was in DMEM medium (HyClone, USA), with 10% fetal bovine serum (FBS, Gibco, USA), at 37°C in 5% CO2 incubator. The lentiviral H2AFY-specific shRNA vectors and negative control (NC) were obtained from OBiO (Shanghai, China). Transfection was carried out with polybrene (OBiO, China). The sequences of H2AFY-shRNAs were listed: H2AFY-sh1, 5′-GGATGCTGCGGTACATCAA-3′; H2AFY-sh2, 5′-GCTGAAATCCATTGCATTT-3′; H2AFY-sh3, 5′-GCGAGAGTATAGGCATCTA-3′; and NC, 5′-TTCTCCGAACGTGTCACGT-3′.



qRT-PCR

Total RNA from cells was extracted using TRIzol reagent (TaKaRa, Japan) and reverse transcribed by Hi Script II QRT SuperMix (Vazyme, China). The qRT-PCR was carried out using ChamQ Universal SYBR qPCR Master Mix (Vazyme, China). All primers were listed as follows: H2AFY, Forward: CGGATGCTGCGGTACATCAA, Reverse: CTCCGCTGTCAGGTATTCCAG. GAPDH, Forward: GACAGTCAGCCGCATCTTCT, and Reverse: GCGCCCAATACGACCAAATC. GAPDH was utilized as internal control.



CCK8 Viability Assay

Cells (3,000 cells/well) were seeded in 96-well plates, after overnight attachment, the medium was changed to 100 μl FBS-free medium with 10% CCK8 (MCE, USA) in each well and incubated for 2 h at 37°C, then the OD values at 450 nm were detected through microplate reader (BioTek, USA). These steps were repeated at 0, 24, 48, and 72 h, and the relative absorbance was calculated based on the OD values at 0 h.



Clone Formation Assay

Cells (2,000 cells/well) were seeded in 6-well plates and cultured until visible clones appeared. Then we used methanol to fix clones 15 min, 1% crystal violet to stain clones 20 min, and counted the number of clones (>50 cells).



Cell Apoptosis and Cell Cycle Assays

For cell apoptosis assay, cells were collected by EDTA-free trypsin, washed with PBS for three times, and resuspended in binding buffer. After incubation with PI and Annexin V-APC (BD Biosciences, USA) in dark for 15 min, the cell apoptosis was examined through flow cytometer (BD, Biosciences, USA) and analyzed by FlowJo 10.6.2. For cell cycle assay, cells were collected and fixed in 70% ethanol at 4°C overnight, then stained as the protocol of the cell cycle staining kit (MultiSciences, China). The cell cycle was examined using flow cytometer and analyzed by Modfit LT software.



Wound Healing Assay

Cells were seeded in 6-well plates with serum-free DMEM and cultured to 100% density, and then the scratch wounds were created using 10 μl pipette tips. Images of wounds were captured at 0, 24,  and 48 h, the area of wounds was quantified by ImageJ software (40×).



Transwell For Migration Assay

For transwell migration assay, 4 × 104 cells were seeded on the upper transwell chambers in 200 μl serum-free culture medium, and 600 μl medium containing 20% FBS was added to the lower chambers. After 40 h incubation, the cells that migrated through membranes were fixed with methanol, stained with 1% crystal violet and counted under light microscope (200×).



Western Blot

Total cellular protein was extracted with RIPA lysis buffer (Servicebio, China), denatured by mixing 5× loading buffer and boiling for 5 min. Then the denatured protein was subjected to SDS/polyacrylamide-gel electrophoresis and transferred to 0.45 µm polyvinylidene fluoride membranes. The membranes were blocked in 5% nonfat milk for 1 h at room temperature, and subsequently incubated with the following primary antibodies: H2AFY (Abcam, CAT# ab183041, 1:10,000), Cyclin B1 (Proteintech, CAT# 28603-1-AP, 1:1,000), Cyclin D1 (Proteintech, CAT# 26939-1-AP, 1:1,000), E-Cadherin (Cell Signaling Technology, CAT# 3195, 1:1,000), Vimentin (Cell Signaling Technology, CAT# 5741, 1:1,000), Bcl-2 (Cell Signaling Technology, CAT# 4223, 1:1,000), STAT3 (Cell Signaling Technology, CAT# 9139, 1:1,000), p-STAT3 (Cell Signaling Technology, CAT# 9145, 1:1,000), and α-Tublin (Proteintech, CAT# 11224-1-AP, 1:5,000) at 4°C overnight. Next, the membranes were washed with TBST three times, each for 10 min and incubated with secondary antibodies at room temperature for 1 h. Finally, the indicated proteins were visualized by West Pico plus Chemiluminescent Substrate (Thermo Fisher Scientific, USA).



Statistical Analysis

All data of this study were statistically analyzed by R software 3.6.1 and Prism 8.0. The Wilcoxon test or Kruskal–Wallis test were used to examine the mRNA expression levels of H2AFY in different clinical subgroups, logistic regression was conducted to analyze the association of the H2AFY expression and clinicopathological characteristics. The Kaplan–Meier method and log-rank test were applied for comparing overall survival. Correlation analyses were performed by Spearman correlation test. For experimental data, Student’s t-test was used to determine the differences between two groups. P <0.05 was regarded statistically significant.




Results


High H2AFY Expression in HCC

We initially analyzed H2AFY mRNA expression levels in multiple public databases to examine H2AFY expression in HCC. Data from the Oncomine database revealed that H2AFY expression was dramatically higher in HCC tissues than normal tissues (FC >1.5, P <0.01), and ranked within the top 10% (Figure 1A and Figure S1). Meanwhile, the upregulation of H2AFY in HCC compared with normal tissues was also observed in TIMER database (Figure 1B). In the HCCDB database, analysis of ten HCC cohorts further verified that H2AFY was significantly upregulated in HCC (Figure 1C).




Figure 1 | The elevated H2AFY expression in HCC. (A) Upregulated or downregulated H2AFY expression in different cancer types (Oncomine database, red color—upregulation, blue color—downregulation). (B) H2AFY expression levels in different tumor tissues and normal tissues (TIMER database). (C) Comparing the H2AFY expression between HCC and adjacent tissues in ten HCC cohorts (HCCDB database) *P < 0.05; **P < 0.01; ***P < 0.001.





Association With H2AFY Expression and Clinical Variables

Based on the H2AFY expression data and clinical information from TCGA, a total of 371 HCC patients were analyzed. The H2AFY expression in younger patients (≤65 years) was significantly higher than patients older than 65 years (P = 0.031, Figure 2A). Dead patients presented increased H2AFY expression compared to alive patients (P = 0.004). H2AFY expression was increased in dead patients compared to alive patients (P = 0.004, Figure 2B), increased in female compared to male (P = 0.004, Figure 2C).




Figure 2 | H2AFY expression in sub-groups of different clinical characteristics. Subgroup analyses of H2AFY expression based on (A) age, (B) survive status, (C) gender, (D) histological grade, (E) tumor stage, and (F) T classification.



Besides, H2AFY expression increased with the histological grade (P = 6.562e−08, Figure 2D) and T classification (P = 0.016, Figure 2F). As shown in Figure 2E, the H2AFY expression levels were significant different in the subgroups of clinical stage (P = 0.01). In logistic regression analysis, H2AFY expression as a dependent categorical variable (according to the median value), the results indicated that increased H2AFY expression in HCC was prominently associated with age (OR = 1.669 for ≤65 vs. >65, P = 0.018), survival status (OR = 1.624 for dead vs. alive, P = 0.027), histological grade (OR = 3.394 for G3–G4 vs. G1–G2, P <0.0001), T classification (OR = 1.590 for T2–T3 vs. T1, P = 0.030; OR = 4.304 for T4 vs. T1, P = 0.031), clinical stage (OR = 1.638 for stages II–III vs. stage I, P = 0.024; OR = 1.784 for stage III vs. stage I, P <0.031) (Table 2).


Table 2 |  Correlations between H2AFY expression and clinicopathological parameters by logistic regression.





Genetic Alterations of H2AFY in HCC

In the cBioPortal database, we evaluated the alteration (copy-number alteration and mutation) types and frequency of H2AFY in HCC. The TCGA–Firehose Legacy dataset was selected for analysis, which included 360 samples with complete DNA sequencing data. The alteration frequency of H2AFY was 1.1% in HCC, which include amplification in two cases, missense mutation in two cases (Figure 3A). The detailed mutation landscapes were showed in Figure 3B. Since the alteration frequency was relatively low, we failed to explore the association between H2AFY genetic alteration and the survival of HCC patients. In addition, we further evaluated the mutation types of H2AFY in another database, COSMIC. The mutation types of H2AFY were clearly displayed in two pie charts (Figures 3C, D). Approximately seven (10.29%) of the 68 samples had missense substitutions, two (2.94%) of the 68 samples had synonymous substitutions, and seven (8.82%) of the 68 samples had other mutations (Figure 3C). The substitution mutations mainly included A > C (22.22%), C > A (22.22%), G > A (22.22%), followed by A > G (11.11%), C > T (11.11%), and G > T (11.11%) (Figure 3D).




Figure 3 | Genetic alterations of H2AFY in HCC. (A) OncoPrint of H2AFY alterations in TCGA-LIHC cohort (cBioPortal). (B) Schematic presentation of H2AFY mutations in TCGA-LIHC cohort (cBioPortal). (C, D) The mutation types of H2AFY in HCC (Catalogue of Somatic Mutations in Cancer (COSMIC) database).





Prognostic Significance of H2AFY in HCC

Then, we explore the role of H2AFY in HCC patients’ survival outcomes in multiple databases. Based on the median H2AFY expression value, the HCC patients were split into high- and low-H2AFY expression groups. In the TCGA-LIHC cohort, Kaplan–Meier survival curves indicated that patients with high H2AFY expression tended to have poor overall survival (log-rank P <0.001, Figure 4A), time-dependent ROC curves indicated that H2AFY had moderate sensitivity and specificity for predicting survival (Figure 4B). Further univariate and multivariate Cox regression analyses revealed that H2AFY could function as a prognostic indicator independent of other clinical parameters for HCC patients (Figures 4C, D). In the ICGC cohort, the similar results were observed (Figures 4E, F). Besides, we verified the prognostic significance of H2AFY through K–M plotter and GEPIA online databases, the results also indicated that high H2AFY expression was associated poor survival (log-rank P <0.001, Figures 4G, H).




Figure 4 | H2AFY is associated with overall survival of HCC patients. (A) Kaplan–Meier survival curves and (B) time-dependent ROC curves of H2AFY in TCGA-LIHC cohort. (C) univariate Cox analysis and (D) multivariate Cox analysis in TCGA-LIHC cohort. (E) Kaplan–Meier survival curves and (F) time-dependent ROC curves of H2AFY in ICGC cohort (LIRI-JP project). (G) Kaplan–Meier survival analyses of H2AFY in Kaplan–Meier Plotter and (H) GEPIA2.





H2AFY Co-Expression Networks in HCC

The co-expression pattern of H2AFY was explored in TCGA-LIHC cohort through LinkedOmics (Table S1). As presented in Figure 5A, a total of 7,201 genes positively correlated with H2AFY and 2,928 genes negatively correlated with H2AFY were identified (FDR <0.01). The top 50 positively and negatively correlated genes were presented in heat maps (Figure 5B). H2AFY expression exhibited a strong positive correlation with the expression of CEP55 (positive rank #1, r = 0.663, FDR = 2.14E−44), CCNB1 (r = 0.659, FDR = 7.55E−44) and DEPDC1B (r = 0.637, FDR = 6.98E−40), etc. Remarkably, the top 50 positively correlated genes had high probability of being high-risk markers in HCC, of which 45/50 genes owned high hazard ratio (HR, P <0.05). Conversely, 23/50 genes were with low HR (P <0.05) in the top 50 negatively correlated genes (Figure 5C). The results of GO enrichment analysis by GSEA suggested that H2AFY co-expressed genes participate mainly in microtubule cytoskeleton organization involved in mitosis, organelle fission, kinetochore organization, chromosome segregation, cell cycle G2/M phase transition and regulation of cell cycle phase transition. (Figure 5D and Table S2). KEGG pathway analysis revealed enrichment in the cell cycle, homologous recombination, DNA replication, spliceosome, and mRNA surveillance pathway. (Figure 5D and Table S3). All these findings indicated the important roles of H2AFY and its co-expressed genes in cell cycle regulation for HCC progression.




Figure 5 | H2AFY co-expression networks in HCC (LinkedOmics). (A) Volcano plot of the global H2AFY highly correlated genes identified by Spearman test. (B) Heat maps of top 50 genes positively and negatively correlated with H2AFY. (C) Survival heatmaps of top 50 genes positively and negatively correlated with H2AFY. (D) Significantly enriched GO terms and KEGG pathways related to H2AFY.





Regulators of H2AFY Networks in HCC

To determine the regulatory factors of H2AFY in HCC, we further analyzed the kinase, miRNA, and transcription factor targets’ enrichment of H2AFY co-expressed genes using GSEA. The top five most significant kinase-target networks were related mainly to PLK1, CDK1, CHEK1, AURKB, and CDK2 (Table 3 and Table S4). Interestingly, no significant miRNA targets were enriched for H2AFY co-expressed genes (Table 3 and Table S5). The significantly enriched transcription factor-targets were associated primarily with E2F transcription factor family (Table 3 and Table S6), including V$E2F_Q4, V$E2F_Q6, V$E2F_02, V$E2F1DP1_01, and V$E2F1DP2_01.


Table 3 | The kinase, miRNA and transcription factor-target networks of H2AFY in HCC (LinkedOmics).





GSEA Between High- and Low-H2AFY Expression Groups

To explore the biological processes and signaling pathways that H2AFY may regulate, GSEA was performed between high- and low-H2AFY expression groups using TCGA-LIHC transcriptome data. We found some immune-related and cancer-related processes and pathways were significantly gathered in high-H2AFY expression group (Figures 6A, C), such as activation of innate immune response, innate immune response activating cell surface receptor signaling pathway, T-cell activation involved in immune response, B-cell activation involved in immune response, T-cell differentiation involved in immune response, lymphocyte activation of immune response, pathways in cancer, cell cycle, apoptosis and T-cell receptor signaling pathway, these results implied that H2AFY might be involved in immune response and impact immune infiltration. However, multiple metabolic processes like drug catabolic process, fatty acid catabolic process, lipid oxidation, drug metabolism cytochrome P450, and fatty acid metabolism were activated in low-H2AFY expression group (Figures 6B, D).




Figure 6 | GSEA in TCGA-LIHC cohort. (A, B) The GO_BP annotations enriched in HCC patients with high/low H2AFY expression. (C, D) The KEGG pathways enriched in HCC patients with high/low H2AFY expression.





Association Between H2AFY Expression and Immune Infiltration

Then, we investigate the correlation between H2AFY expression and immune infiltration levels in HCC through TIMER database. The results revealed that a significant positive correlation between H2AFY expression and infiltration level of B cells (r = 0.441, P = 8.99e−18), CD8+ T cells (r = 0.292, P = 3.85e−08), CD4+ T cells (r = 0.442, P = 7.57e−18), Macrophages (r = 0.554, P = 8.38e−29), Neutrophils (r = 0.455, P = 4.84e−19), and Dendritic cells (r = 0.462, P = 2.34e−19) in HCC (Figure 7A). Moreover, the copy number alterations of H2AFY could affect the infiltration level of six dominant immune cells, especially high amplification (Figure 7B). Next, we comprehensively explored the correlation between H2AFY expression and related marker genes of various tumor-infiltrating immune cells in HCC tissues. Correlation analysis was adjusted by tumor purity. In line with the above results, the H2AFY expression was significantly correlated with most selected immune cell marker genes (Table 4).




Figure 7 | Correlations of H2AFY expression with immune infiltration in HCC. (A) Correlation analysis of H2AFY expression and abundance of immune cells in TIMER. (B) H2AFY copy number alterations affects the immune infiltration levels. (C) Correlations between the expression of H2AFY and several immune checkpoint genes. (D) The expression of several immune checkpoint genes between high- and low-H2AFY expression patients. (E) H2AFY expression in different immune subtypes of HCC (TISIDB database) *P < 0.05; **P < 0.01; ***P < 0.001.




Table 4 | Correlations between H2AFY and markers of immune infiltrates for HCC in TIMER.



Based on reported studies, immune checkpoint molecules expression level might be tightly linked to the efficacy of immune checkpoint inhibitors. Therefore, we further investigated the correlation of H2AFY and seven key immune checkpoint molecules to clarify the role of H2AFY in immune checkpoint blockade therapy for HCC patients. The results in TIMER database pointed out that H2AFY had a close correlation with CD274 (PD-L1), CTLA4, HAVCR2, LAG3, PDCD1, PDCD1LG2, and TIGIT (P <0.001, Figure 7C), and the correlation was validated in GEPIA2 database (Figure S3). Additionally, compared with low-H2AFY expression group, these immune checkpoint genes expression levels were also higher in high-H2AFY expression group (P <0.001, Figure 7D). We further explored the relationship of H2AFY expression and immune subtypes, as displayed in Figure 7E, H2AFY expression was significantly differently distributed between six immune subtypes.

The CIBERSORT method was further employed to understand the association between H2AFY expression with 22 immune cell types in TCGA-LIHC cohort. Figure 8A summarized the relative fraction of these immune cells in each HCC patient. Within and between groups, the relative fraction of each immune cell type varied in HCC (Figure 8B). We found that high-H2AFY expression patients presented significantly higher B cell memory, T cells CD4 memory active, T cells regulatory (Tregs), T cells follicular helper, T cells gamma delta, macrophages M0 and Dendritic cells resting proportions (P <0.05), and lower B cell naive, NK cell resting, NK cell active, Monocytes, macrophages M2, Mast cells resting (P <0.05, Figure 8C). All these findings suggested that H2AFY was closely related to immune infiltration, and H2AFY might be able to predict the response of HCC patients to immune checkpoint blockade therapy.




Figure 8 | Correlation of H2AFY expression and 22 immune cell types in HCC based on CIBERSORT. (A) The relative fraction of 22 immune cell types in TCGA-LIHC cohort. (B) The heat map showing relative immune cell fraction of HCC patients (C) Violin plots showing the difference of 22 immune cell types between high- and low-H2AFY expression patients *P < 0.05; **P < 0.01; ***P < 0.001.





Effects of H2AFY Knockdown on Cell Proliferation and Apoptosis in HCC Cells In Vitro

The qRT-PCR assay was applied to detect H2AFY mRNA expression in different HCC cell lines. We found that H2AFY was also significantly overexpressed in HCC cell lines than normal liver cell line (Figure 9A), and selected HepG2 and Hep3B cell lines with relative higher H2AFY expression levels for subsequent experiments in vitro. H2AFY was knockdown in HepG2 and Hep3B cells by lentivirus transfection with shRNAs. Western blot assay examined the knockdown efficiency of shRNAs, the results showed that both shRNAs effectively inhibited H2AFY protein expression compared with negative control (NC) shRNA (Figure 9B). ShRNA-2 targeting H2AFY was used for the subsequent investigation.




Figure 9 | Effects of H2AFY knockdown on cell proliferation and apoptosis in HCC cells. (A) H2AFY mRNA expression in normal liver cell line (L02) and several HCC cell lines. (B) Evaluation of H2AFY expression in HepG2 and Hep3B cells after shRNA transfection. (C) The effect of H2AFY knockdown on cell proliferation in HepG2 and Hep3B cells examined by CCK8 assay and (D) colony formation assay. (E) The effect of H2AFY knockdown on cell apoptosis in HepG2 and Hep3B cells examined by flow cytometry ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001.



The CCK8 assays were performed to explore the effect of H2AFY knockdown HCC cell proliferation, and the results revealed that the proliferation of HepG2 and Hep3B cells was significantly decreased after H2AFY knockdown (Figure 9C). Further colony formation assays suggested that H2AFY downregulation dramatically suppressed colony formation in both HepG2 and Hep3B cell lines (P <0.05, Figure 9D). In addition, the cell apoptosis was detected by flow cytometry, and H2AFY knockdown markedly enhanced the cell apoptosis in HepG2 and Hep3B cells (Figure 9E).



Effects of H2AFY Knockdown on Cell Cycle, Migration and anti-T-Cells Killing Ability in HCC Cells In Vitro

The preceding results indicated that H2AFY may be involved in the cell cycle process, we therefore performed cell cycle analysis using flow cytometry. As showcased in Figure 10A, the H2AFY downregulation resulted in G1/S phase arrest, the percentage of cells in G1 phase significantly increased and the proportion of cells in S phase decreased in both HepG2 and Hep3B cells (P <0.05). Subsequently, to investigate the impacts of the H2AFY knockdown on HCC cell migration ability, wound-healing and transwell assays was performed to measure the migration ability following H2AFY knockdown. These assays revealed that H2AFY knockdown drastically decreased the migration ability of HepG2 and Hep3B cells, compared to NC group (Figures 10B–D). We next conducted T-cells-mediated cancer killing assay to detect the effect of H2AFY knockdown in HCC cells on anti-T-cells killing ability (36). We found that H2AFY knockdown significantly reduced the survival of HCC cells than those with NC after co-culturing with activated Jurkat cells (Figure S4). Besides, we also detected the expression of cell cycle, apoptosis and EMT related molecular markers in HCC cells with H2AFY knockdown. As expected, we observed that the expression levels of Cyclin B1, Cyclin D1, Bcl-2, and Vimentin showed significantly downward trends after suppressing H2AFY in HepG2 and Hep3B cells. Conversely, the expression of E-cadherin was significantly upregulated in HCC cells transfected with H2AFY-shRNA (Figure 10E).




Figure 10 | Effects of H2AFY knockdown on cell cycle and migration in HCC cells. (A) Cell cycle detected by flow cytometry in HepG2 and Hep3B cells after H2AFY knockdown. (B–D) Representative images of transwell (200×) and wound healing assays (40×) in HepG2 and Hep3B cells, and the quantitative result following H2AFY knockdown. (E) Western blot analysis of cell cycle, apoptosis, EMT related molecular markers in HepG2 and Hep3B cells transfected with H2AFY-shRNA or the negative control. (F) STAT3 signaling pathway was significantly enriched in high-H2AFY expression patients. (G) Evaluation of p-STAT3 and STAT3 expression in HepG2 and Hep3B cells after transfecting H2AFY-shRNA ns, no significance; *P < 0.05; **P < 0.01; ***P < 0.001.



Moreover, we noticed that H2AFY expression was positively correlated with STAT3 signaling pathway among the various pathways revealed by GSEA (Figure 10F). Some previous studies have demonstrated that the STAT3 signaling pathway was activated in HCC and associated with multiple malignant biological behaviors of HCC (37, 38). Therefore, we examined whether H2AFY might affect STAT3 signaling pathway activation in HCC cells. Western blot results indicated that H2AFY knockdown decreased the expression of phosphorylated STAT3 and inhibited STAT3 signaling pathway activation (Figure 10G). Overall, these results illustrated that H2AFY knockdown inhibited HCC progression at least partly via regulating STAT3 signaling.




Discussion

The H2AFY gene encodes for macroH2A1, a histone variant of the histone H2A that have been reported to be dysregulated in various human cancers (39, 40). Several prior published studies indicate that the decreased expression level of H2AFY was inversely correlated with cell proliferation and function as a marker for poor prognosis in lung cancer and colon cancer (14, 41). By contrast, H2AFY promoted cancer cell proliferation by interacting with HER2 and higher expression of H2AFY was associated with worse prognosis in triple-negative breast cancer (18, 19). Additionally, the expression H2AFY was reduced in metastatic cutaneous melanomas compared to benign nevi, and the loss of H2AFY promoted proliferation and migration of cutaneous melanoma cells through regulation of CDK8 (17, 42). Interestingly, however, contrary to cutaneous melanoma, the metastatic uveal melanoma has been reported to have a higher H2AFY expression level than non-metastatic uveal melanoma, and H2AFY silencing decreases the invasiveness of uveal melanoma cells by reducing mitochondrial metabolism (43). These proofs of evidence suggest that H2AFY exhibits either oncogenic function or tumor suppressor function in different tumor types, which seems to depend on the context and genetic background of the specific tumor studied. To understand more details about the potential functions and regulatory network of H2AFY in HCC, we conducted a series of bioinformatics analyses and experiments in vitro to provide new insights for HCC.

In this study, we first investigated the expression of H2AFY in HCC, and found that H2AFY mRNA expression was prominently upregulated in HCC compared to normal tissues across various public databases. Clinical association analyses demonstrated that increased H2AFY expression was correlated with higher histological grade, more advanced clinical stage and larger tumor size. Besides, we also found several genetic alterations of H2AFY in HCC, mainly amplification and missense mutation. Kaplan–Meier and Cox regression analyses further revealed that high H2AFY expression was an independent risk factor to predict poor OS for HCC patients. Therefore, our findings demonstrated that H2AFY could act as a potential diagnostic or prognostic biomarker for HCC and deserves further clinical verification.

Next, we explored the co-expression network of H2AFY and identified multiple genes co-expressed with H2AFY, which were further used for GO and KEGG enrichment analyses. The result displayed that the enrichment primarily associated with cell cycle, chromatin, mitosis, and spliceosome, and H2AFY may affect cell cycle and mitosis progression through these factors. The regulators responsible for H2AFY dysregulation were explored in HCC, and the kinase networks related to H2AFY were found, namely, PLK1, CDK1, CHEK1, AURKB, and CDK2. These kinases could regulate mitosis, cell cycle, and genome stability. All these kinase genes, except CDK2, were found to be significantly highly expressed in HCC and related to the poor OS of patients with HCC. PKL1 is a key regulator for the cell cycle progression, the main function of PLK1 is to control mitotic entry and maintain genomic stability in mitosis and DNA damage response (44). Studies have revealed the role of PLK1 in most human cancers, and established a causal association between PLK1 and hepatocarcinogenesis (45). The activity of CDK1 is often enhanced in cancer cells, it therefore has been considered as an appealing specific anti-cancer target (46). Multiple inhibitors targeting CDK1 have been developed and have entered early clinical trials for some malignancies (47). AURKB plays a crucial role for the cell cycle transition from G2 to M phase (48). In HCC, H2AFY may regulate cell cycle progression, mitosis and chromatin assembly via these interacted kinases. We also identified that the main transcription factor targets of H2AFY were E2F family members. E2F transcription factors are involved in cell cycle regulation and DNA synthesis, and the oncogenic role of the E2Fs has been reported in previous studies (49, 50). However, no miRNA targets significantly associated with H2AFY were identified, possibly because H2AFY participates in mRNA splicesome. Our results demonstrated that E2F1 is a pivotal regulator of H2AFY, and H2AFY might regulate the cell cycle and proliferation of HCC through this factor.

Furthermore, we observed many immune-related pathways significantly gathered in high-H2AFY expression phenotype, such as activation of innate immune response, lymphocyte activation of immune response, B-cell receptor signaling pathway, and T-cell receptor signaling pathway. Previous studies have manifested that infiltrating immune cells in tumor microenvironment play a major role in tumor development and metastasis, thus affecting the prognosis of cancer patients (51, 52). Recently, immunotherapeutic strategies especially immune checkpoint blockade therapy, have been considered as promising options for the treatment of various malignancies, including HCC (53, 54). Therefore, the exploration of novel immune biomarkers or immunotherapeutic targets for HCC is clinically significant. Here, we revealed a correlation between H2AFY expression and immune infiltration in HCC. H2AFY expression showed significantly positive correlations with the expression of various immune cell marker genes and immune checkpoint molecules such as PD-L1 and CTLA4. Additionally, the high-H2AFY expression patients have higher expression of these immune checkpoint genes than low-H2AFY expression patients. The upregulated PD-L1 expression is found to be associated with poor prognosis of patients with HCC, and it was an appealing immunotherapeutic target for HCC. Together, these results suggested that H2AFY may exert a vital role in modulating tumor immunity, and serve as a potential biomarker related to immune infiltration in HCC.

Furthermore, a series of functional assays in vitro verified the role of H2AFY in HCC by downregulating the H2AFY expression. The results showed that H2AFY knockdown suppressed the cell proliferation, migration and promoted apoptosis of HCC cells in vitro. In addition, we observed an increased proportion of HCC cells in G1 phase and a decreased proportion in S phase after H2AFY knockdown. The STAT3 signaling was activated in many cancers, its activation has been found to promote HCC progression (55–57). H2AFY knockdown also downregulated the phosphorylated STAT3 expression in HCC cells, and the result showed that H2AFY knockdown inhibited HCC malignant progression at least partly via regulating STAT3 signaling.

Nonetheless, several limitations in our study should be recognized. First, our finding is based on retrospective data from public databases, more prospective data and larger HCC cohorts were required to confirm its clinical suitability. Second, the role of H2AFY in tumor immune infiltration needs to be further validated in vitro or in vivo. Finally, we have demonstrated that H2AFY could regulate STAT3 signaling in HCC, but the detailed regulatory mechanism requires more functional studies to elucidate in future. Our findings should be taken with these limitations for interpretation.

In general, our study provided multi-level evidence for H2AFY as a potential biomarker and prognostic predictor for HCC. These results revealed that H2AFY was upregulated in HCC and its high expression was associated with poor prognosis of HCC patients. Moreover, H2AFY has a significantly positive correlation with immune infiltration in HCC.
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HER2 amplification/overexpression is a common driver in a variety of cancers including gallbladder cancer (GBC). For patients with metastatic GBC, chemotherapy remains the standard of care with limited efficacy. The combination of HER2 antibody trastuzumab plus chemotherapy is the frontline treatment option for patients with HER2-positive breast cancer and gastric cancer. Recently, this regime also showed antitumor activity in HER2-positive GBC. However, resistance to this regime represents a clinical challenge. Camrelizumab is a novel PD-1 antibody approved for Hodgkin lymphoma and hepatocellular carcinoma in China. In this study, we presented a HER2-positive metastatic GBC patient who was refractory to trastuzumab plus chemotherapy but experienced significant clinical benefit after the addition of camrelizumab. Our case highlights the potential of immunotherapy in combination with HER2-targeted therapy in HER2-positive GBC. We also demonstrated that two immune-related adverse events (irAEs) associated with camrelizumab can be managed with an anti-VEGF agent apatinib. This case not only highlights the importance of irAE management in patients treated with camrelizumab, but also demonstrates the potential of PD-1 antibody plus trastuzumab in HER2-positive GBC patients who have developed resistance to chemotherapy and trastuzumab-based targeted therapy.
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Introduction

Biliary tract cancers (BTCs) are low-incidence epithelial malignancies in the biliary tree, including gallbladder cancer (GBC) and cholangiocarcinoma (CCA). From 1990 to 2017, the global incidence and mortality of BTCs increased by 76% and 65%, respectively (1). Recently, FGFR inhibitors (pemigatinib and infigratinib) and IDH1 inhibitor ivosidenib have significantly improved the outcomes of CCA patients harboring FGFR2 or IDH1 alterations, respectively (2). The FDA approvals of these agents and the endorsement from the latest NCCN guideline demonstrated that the treatment of CCA finally enters the era of precision therapy (3). In contrast, chemotherapy is the only systemic treatment available for advanced or metastatic GBC patients, and its clinical benefit is limited, with a median overall survival (OS) of less than one year (2). Given the dismal prognosis of GBC patients, a biomarker-guided personalized treatment strategy should be explored in this BTC subtype without targeted therapy or immunotherapy options (3, 4).

Genomic profiling studies revealed that the amplification or overexpression of ERBB2/HER2 is a major targetable mutation in GBC (5–7). HER2 is a member of the ERBB family of receptor tyrosine kinases and an established therapeutic target in breast, gastric and gastroesophageal junction (GEJ) cancers (8). A variety of HER2-directed agents including monoclonal antibodies, tyrosine kinase inhibitors, and antibody-drug conjugates (ADCs), have significantly improved the outcomes of patients with HER2-positive breast cancer and become the front-line treatment options for this disease (8).

Cancer immunotherapy agents such as immune checkpoint inhibitors have caused a paradigm shift in the landscape of cancer treatment. In addition to monotherapy, immune checkpoint inhibitors combined with HER2-directed therapies, provide a promising strategy to combat trastuzumab resistance in various HER2-positive cancers. For instance, in the phase 1b/2 PANACEA trial, the combination of PD-1 antibody pembrolizumab and trastuzumab showed activity and durable clinical benefit in patients with trastuzumab-resistant, HER2-positive breast cancer (9). Similarly, pembrolizumab plus trastuzumab and chemotherapy showed superior efficacy in HER2-positive gastric/GEJ cancers, which resulted in the accelerated approval of this triplet regime as the first-line treatment by the FDA (10). In this study, we encountered a HER2-positive, metastatic GBC patient refractory to chemotherapy and HER2-targeted therapy plus chemotherapy. Surprisingly, he responded to a series of combination therapies containing trastuzumab plus a novel PD-1 antibody camrelizumab. Our results suggest that the combination of PD-1 antibody plus trastuzumab with or without chemotherapy could be feasible treatment options for trastuzumab-resistant, HER2-positive, advanced GBC.



Case Presentation

In September 2018, a 67-year-old Chinese man was admitted to our hospital due to a gallbladder mass revealed by ultrasonography during routine physical examination. His baseline Karnofsky Performance Status (KPS) was 100. Radical resection was performed on October 9th, 2018, and postoperative pathology revealed a stage IIIA (T3N0M0) moderately-differentiated GBC. A summary of his treatment history is illustrated in Figure 1A. Immunohistochemical (IHC) staining was positive for HER2 (3+) and negative for PD-L1 (Figure 1B). The patient received five cycles of capecitabine. A follow-up chest CT scan in April 2019 revealed disease progression in the lung and his KPS score dropped to 80. Biopsy of a pulmonary lesion confirmed staged IV (T3N0M1) GBC. IHC staining was positive for HER2 (3+), CK8/18, CK19, AE1/AE3 and negative for PD-L1, TTF-1, Napsin-A, p40, and p63. Treatment was changed to S-1 monotherapy for one cycle before the addition of gemcitabine. After three cycles, a new liver lesion and increased bilirubin level were noted. Treatment was switched to oxaliplatin and paclitaxel, but left off after one cycle due to disease progression, as well as multiple adverse events including limbs numbness, grade 2 peripheral neurotoxicity, grade 3 diarrhea, increased γ-glutamyltranspeptidase level, and severe abdominal pain (numeric rating scale of 8-9).




Figure 1 | Case summary. (A) Summary of disease course, treatment procedure, and key molecular findings. PR, partial response; CR, complete response; PD, progressive disease; mo, months. (B) H&E, HER2, and PD-L1 staining of the primary tumor and lung metastasis. Scale bars: 25 µm. H&E: hematoxylin and eosin. (C) Detailed molecular alterations of the primary tumor and lung metastasis. FC, fold change; MSS, microsatellite stable; TMB, tumor mutational burden.



The failure of chemotherapy led us to explore the possibility of targeted therapy. A multi-gene next-generation sequencing (NGS) testing (Onco Panscan™, Genetron Health) was performed on the primary lesion and a pulmonary nodule to identify potential therapeutic targets (Figure 1C and Supplemental Table 1). Genomic profiling of the pulmonary lesion showed the presence of TP53 S241Y, ARID2 R273*, EGFR E872K mutations, HER2 amplification (fold change, 8.7), and a high tumor mutational burden (TMB) of 10.33 mutations per megabase (mut/Mb). The EGFR E872K mutation, originally found in a bile duct carcinoma patient, was associated with activation of EGFR signaling, a common mechanism for acquired trastuzumab resistance in HER2-positive esophagogastric (EG) cancer (11, 12). To target HER2 amplification and putative activation of EGFR signaling mediated by the EGFR E872K mutation, this patient was treated with a triplet regime consisting of trastuzumab (6mg/kg, Q3W), HER2/EGFR inhibitor afatinib (30mg, QD), and capecitabine (2500mg/m2 on days 1-14, Q3W) in August 2019. In the first dose of trastuzumab infusion, the patient experienced chills and fever, which were resolved by antipyretic treatment. In September 2019, this combination therapy was discontinued when new brain metastases and pulmonary progression of disease were noted (Figure 2A).




Figure 2 | (A) Computed tomography and MRI images showing the patient’s baseline disease, progression on S-1 plus gemcitabine in the liver metastatic lesion, progression on trastuzumab plus afatinib and capecitabine in the brain and lung metastatic lesions, and response to camrelizumab plus trastuzumab and oxaliplatin in the liver, brain, and lung metastatic lesions. (B) Dynamics of cancer antigen 199 (CA199) (U/ml) levels during the entire disease course.



Because HER2-targeting antibody-drug conjugates (ADCs) such as ado-trastuzumab emtansine (T-DM1) and fam-trastuzumab deruxtecan (T-DXd) were not approved in China at that time, we set out to explore the possibility of immunotherapy given the TMB-H status of the pulmonary metastases. In the basket study of the KEYNOTE-158 trial, pembrolizumab showed durable antitumor activity in a subset of patients with advanced biliary adenocarcinoma irrespective of PD-L1 status (13). In a single-center phase 2 trial, the combination of pembrolizumab plus trastuzumab and chemotherapy achieved a disease control rate of 100% and an objective response rate (ORR) of 83% in HER2-positive metastatic esophagogastric adenocarcinoma irrespective of PD-L1 status (14). Based on these results and the affordability of a domestic PD-1 antibody camrelizumab, a triplet regime of camrelizumab (200mg, Q3W), trastuzumab (6mg/kg, Q3W), and oxaliplatin (130mg/m2, Q3W) were administered for six cycles. In the first cycle, radical cryoablation was performed to treat the lung metastases. After three cycles, regression of all metastases involving multiple organs was noted. The lesions of the lung, liver, and brain completely regressed after five cycles (Figure 2A). The patient’s CA199, which continued to increase during chemotherapy and HER2-directed therapy, quickly fell into the normal range after the addition of camrelizumab, indicative of response to the combination regime (Figure 2B). Oxaliplatin was discontinued after six cycles due to grade 2 thrombocytopenia, which was subsequently resolved with recombinant human interleukin-11 (rhlL-11) treatment. The patient continued on maintenance camrelizumab plus trastuzumab, with a KPS score of 90. After cycle 2 of camrelizumab, the patient developed grade 1 reactive cutaneous capillary endothelial proliferation (RCCEP), a novel immune-related adverse event (irAE) observed in the majority of patients treated with camrelizumab (15, 16). The symptoms of RCCEP reached grade 2 in cycles 3-4 when the patient developed one cutaneous nodule with a diameter larger than 10mm and bleeding. Apatinib, a small-molecule VEGFR2 inhibitor, has been approved to treat gastric cancer in China (17). The addition of low-dose apatinib to camrelizumab significantly reduced the frequency of RCCEP in clinical studies (18–20). Based on these results, apatinib (250mg, QD) was added to the treatment regime. The patient’s RCCEP became grade 1 on week 3, and completely regressed on week 6 (Figure 3A). Interestingly, the addition of apatinib also led to the complete resolution of an endothelial neovessel-based nodule in the right buccal mucosa, a putative camrelizumab-related irAE (Figure 3B). Apatinib was then decreased to 250mg, twice a week with no recurrence of RCCEP. The patient remained in remission until the last follow-up in November 2021 with a KPS score of 90.




Figure 3 | The management of camrelizumab-related irAEs with anti-VEGF agent apatinib. Representative images showing irAEs of (A) RCCEP, (B) mucosal membrane and their resolution after apatinib treatment. irAE, immune-related adverse event; RCCEP, reactive cutaneous capillary endothelial proliferation.





Discussion

Biliary tract cancers (BTCs), including cholangiocarcinoma (CCA) and gallbladder cancer (GBC), are a group of gastrointestinal cancers with low incidence and poor prognosis (21). BTCs are generally refractory to chemotherapy and the 5-year survival rate of BTC patients ranges from 5% to 15% (22). HER2 overexpression is detected in 13%-31% of GBC cases and is a promising candidate for targeted therapy clinical trials (23–25). HER2 is an established therapeutic target in HER2-positive breast, gastric, and gastroesophageal junction (GEJ) cancers (8, 26). Multiple HER2-directed agents have been approved to treat HER2-positive breast cancer, including trastuzumab, pertuzumab, margetuximab, trastuzumab emtansine (T-DM1), trastuzumab deruxtecan (T-DXd/DS-8201), neratinib, lapatinib, and tucatinib (27). However, the options of HER2-targeted therapies for HER2-positive gastrointestinal cancers are very limited. For instance, only trastuzumab and trastuzumab deruxtecan are approved for HER2-positive gastric/GEJ cancer (28). Unlike HER2-positive breast cancer and gastric/GEJ cancer, there is no HER2-directed therapy approved for HER2-positive BTC. Multiple HER2-directed agents, including receptor tyrosine kinase inhibitors, monoclonal antibodies, and antibody-drug conjugates, have been or are currently being tested in ongoing trials for patients with BTC. Lapatinib, a HER2 receptor tyrosine kinase inhibitor (TKI), failed to show activity in two phase 2 trials for unselected patients with BTC (29, 30). In the phase 2 SUMMIT basket trial, neratinib achieved an ORR of 12% and a median PFS of 2.8 months in 25 patients with HER2-mutated BTC (31). The combination of trastuzumab and pertuzumab resulted in an ORR of 23% in a multicenter, open-label, phase 2a trial for HER2-positive, metastatic BTC (32). In a phase 2 basket trial (NCT02675829), trastuzumab emtansine (T-DM1) resulted in an ORR of 16.7% in 6 patients with HER2-amplified BTC (7). In a phase 1 trial for pretreated, HER2-expressing (IHC > 1+), non-breast/non-gastric solid tumors, trastuzumab deruxtecan achieved partial response in two BTC patients (33).

Cancer immunotherapy has led to a paradigm shift in cancer treatment. Recent clinical studies reported a synergistic effect of the combination of immune checkpoint inhibitors with HER2-directed agents in HER2-positive gastric/GEJ cancers (34, 35). Interim analysis of the ongoing KEYNOTE-811 trial showed that the triplet regime of pembrolizumab, trastuzumab, and chemotherapy resulted in a substantial, statistically significant increase in ORR versus the duplet regime of trastuzumab and chemotherapy as first-line therapy for HER2-positive metastatic gastric/GEJ cancer (10). Based on these results, FDA granted accelerated approval of pembrolizumab in combination with trastuzumab and chemotherapy as the first-line treatment for patients with locally advanced unresectable or metastatic HER2 positive gastric/GEJ cancer.

Currently, PD-L1 is the most widely used biomarker to guide the selection of patients to receive PD-1/PD-L1 immune checkpoint blockade therapy (36). One intriguing observation of this case study is that the clinical response to PD-1/HER2 dual blockade did not correlate with the PD-L1-negative status of the primary tumor and lung metastases. Interestingly, in some PD-1/HER2 dual blockade trials of HER2-positive gastrointestinal cancers, the clinical benefit did not correlate with PD-L1 status either. For instance, in the CP-MGAH22–05 phase 1b/2 trial for HER2-positive gastroesophageal carcinoma patients, pembrolizumab plus HER2 antibody margetuximab resulted in disease control rate of 72% and 56% in HER2 IHC-positive/PD-L1-positive and HER2 IHC-positive/PD-L1-negative patients, respectively (34). Similarly, in the phase 2 trial testing the efficacy of pembrolizumab plus trastuzumab in patients with HER-2 positive esophagogastric cancer, the median PFS in the PD-L1-negative group was numerically longer than that of the PD-L1-positive group (14.6 versus 10.3 months, respectively; p = 0.56) (35). Together, these results indicated that HER2-positive GBC patients with PD-L1-negative status should be enrolled in future clinical trials of dual PD-1/HER2 blockade therapy as well.

Tumor mutational burden (TMB) is a useful but imperfect predictive biomarker for cancer immunotherapy. Based on results of the KEYNOTE-158 trial, FDA recently approved pembrolizumab for patients who have solid tumors with a TMB greater than 10 mut/Mb (37). This threshold was determined by the FoundationOne CDx (F1CDx) assay, which targets a genomic region of ~0.8 Mb covering 324 cancer-related genes (38). The gold standard to measure TMB is whole exome sequencing (WES), which is impractical to use in the clinic right now. For accurate TMB assessment, multi-gene panels covering at least 1 Mb are generally recommended (38, 39). The phase 2 KEYNOTE-158 trial covered 10 different rare cancers including biliary adenocarcinoma (37). Whether the results of these rare cancers can be extended to common cancers is a controversial issue (40, 41). It is recommended that the application of TMB as an immune biomarker should be cancer-type specific and in combination with other immune biomarkers (38–40). Further investigations are required to fully explore the potential of TMB as an immune biomarker for GBC treatment.

The timely recognition and mitigation of serious immune-related adverse events (irAEs) are essential for the optimal management of cancer patients treated with ICIs. A novel ICI-related irAE, reactive cutaneous capillary endothelial proliferation (RCCEP), represents the most common irAE associated with camrelizumab (42–44). To address this issue, the Chinese Society of Clinical Oncology (CSCO) recently developed an RCCEP management guideline, which recommended special interventions for grade 2 RCCEP with large nodules or bleeding (45). Although the mechanism of RCCEP is still unknown, it was observed that RCCEP correlates with increased expression of VEGF-A and activation of VEGFR-2 receptor, two key players of VEGF signaling (45). Interestingly, a retrospective meta-analysis revealed that the median resolution time of RCCEP was 6.5 months in patients treated with camrelizumab alone but 2.2 months if camrelizumab was combined with anti-VEGF therapy (45). Consistently, several clinical studies showed that the addition of VEGFR-2 inhibitor apatinib significantly reduced the frequency of RCCEP or alleviated symptoms of RCCEP in patients treated with camrelizumab (46–49). Together, these results indicated that anti-VEGF therapy could be a promising strategy for the management of camrelizumab-related RCCEP.

In summary, we applied a triplet combination of camrelizumab, trastuzumab, and chemotherapy to overcome the resistance to chemotherapy and HER2-targeted therapy in a HER2-positive GBC patient. The response was maintained after the withdraw of chemotherapy. Our case demonstrated that the combination of PD-1 antibody plus trastuzumab with or without chemotherapy can produce robust and durable responses in metastatic HER2-positive GBC resistant to trastuzumab and chemotherapy. Some of the camrelizumab-related irAEs may be managed by the anti-VEGF agent apatinib. Future investigation of PD-1 antibody plus trastuzumab with or without chemotherapy as the frontline treatments for HER2-positive GBC is warranted.
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An increasing number of studies have revealed that the progression of colorectal cancer (CRC) is related to gut microbiome composition. Under normal conditions, the gut microbiome acts as a barrier to other pathogens or infections in the intestine and modulates inflammation by affecting the host immune system. These gut microbiota are not only related to the intestinal inflammation associated with tumorigenesis but also modulation of the anti-cancer immune response. Thus, they are associated with tumor progression and anti-cancer treatment efficacy. Studies have shown that the gut microbiota can be used as biomarkers to predict the effect of immunotherapy and improve the efficacy of immunotherapy in treating CRC through modulation. In this review, we discuss the role of the gut microbiome as revealed by recent studies of the growth and progression of CRC along with its synergistic effect with anti-cancer treatment modalities.
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Introduction

Colorectal cancer (CRC) is one of the most common types of cancer and is the third highest leading cause of death worldwide (1). Numerous epidemiological studies have demonstrated that the prevalence of CRC is related to a western diet and intake of dietary fiber, thus highlighting the important relationship between diet and CRC (2–5). In this context, the gut environment, including the microbiome, has been in the spotlight and has emerged as an important factor related to CRC (6).

A multitude of microorganisms live in the intestines of mammals. In the human intestine, there are more than 1000 species and 1014 microorganisms forming a colony (7). They play an important role in maintaining a normal physiologic environment, including energy metabolism, interacting with the normal gut barrier system, promoting the survival of epithelial cells, and, importantly, protecting our body against other external or opportunistic pathogens (8). Over the past few decades, studies have shown that the gut microbiome influences the host significantly (9–11). Dysbiosis in the intestines is known to be associated with the pathogenesis of a variety of diseases, including neurological, gastrointestinal, and metabolic diseases (12). Changes in the gut microbiome can be induced by eating habits or changes in environmental factors and studies have shown that changes in the gut microbiome induce CRC through inflammatory diseases, microbial metabolites, or virulence factors (13–15). The gut microbiome has been demonstrated to affect not only the generation of CRC, but also its progression. Furthermore, the gut microbiome has been associated with controlling the efficacy of cancer treatment and the toxicities of therapeutic agents. Thus, therapeutic agents, such as probiotics, that can control the gut microbiome are expected to among the most effective approaches for helping to fight CRC (16, 17).

Recent advances in our understanding of the role of the gut microbiome are due to the development of technologies, such as 16S rRNA sequencing, that enable the discovery of many microorganisms in the intestine that could not be identified previously (18). Many studies related to metabolomics and metagenomics describe the effects of these gut microbes on the human body, and some studies revealed their involvement in cancer prevention, tumorigenesis, and anti-cancer effects (19, 20). In particular, changes in gut microbial metabolites, such as short-chain fatty acids (SCFAs), polyphenols, vitamins, tryptophan catabolites, and polyamines produced or affected by the gut microbiota, may have a wide range of effects on the formation and progression of CRC and even metastasis (21). As our understanding of the role of the anti-cancer immune response in the tumor microenvironment during cancer progression and treatment increases, the effect of the gut microbiome on tumor immunity is also receiving greater attention (21). It is known that changes in the gut microbiota not only affect tumor immunotherapy, but also affect therapeutic toxicity (22). Thus, modulation of the gut microbiome can be used as a novel treatment modality.

The gut microbiome has emerged as an important factor in various diseases, and the relationship between the gut microbiome and CRC has become an important issue in several studies. In this review, the potential role of the gut microbiome will be reviewed with a focus on how the gut microbiome affects the tumorigenesis processes associated with CRC. Furthermore, we discuss methods of gut microbiome modulation that can be used to treat CRC.



Correlation Between CRC and Gut Microbiome

With changes in western dietary habits worldwide, the incidence of CRC is expected to increase steadily, resulting in 2.2 million new cases by 2030 (23). Studies have shown that approximately 90% of CRC occurs sporadically and the remainder is caused by genetic factors or exposure to specific environmental factors (24–27). In particular, lifestyle factors such as physical inactivity, smoking history, western diet, low fiber intake, alcohol intake, and obesity are major influences on CRC. It is important to note that most of these environmental factors can induce changes in the gut microbiota (26, 28, 29). Many studies have confirmed that susceptibility to CRC or tumor progression is affected by changes in the gut microbiome, which has been found to induce inflammation, DNA damage, or metabolites produced from microorganisms (30).

Evidence from several studies has suggested the existence of a close link between the gut microbiome and the host during the development of CRC (31–33). Studies using high-throughput microbiome sequencing have been conducted to investigate the microbiome community in tumor-formed and normal colon tissues (27), enabling a better understanding of the differences in gut microbiome between CRC and healthy patients. Reports have shown that the diversity and richness of the gut microbiome decreases in CRC patients (33, 34). In particular, analysis of the gut microbiome of CRC patients revealed that significant changes in specific microbial groups occurs, leading researchers to hypothesize that these changes might have a greater impact on the mucosal immune response of CRC patients compared to that of healthy individuals (34). A total of 11 operational taxonomic units (OTUs) belonging to the genera Enterococcus, Escherichia/Shigella, Klebsiella, Streptococcus, and Peptostreptococcus were significantly found to be more abundant in the gut microbiota of CRC patients, while 5 OTUs belonging to Roseburia and other butyrate-producing bacteria from the Lachnospiraceae family were less abundant (35). In addition, dysbiosis was observed in the gut microbiome of CRC patients as the balance between microorganisms was disrupted (36). Dysbiosis of gut microbiota and increased intestinal permeability induce colonic inflammation and may cause the promotion or progression of CRC (37). Fusobacterium nucleatum (F. nucleatum) is significantly increased in human CRC compared to healthy patients (38). Moreover, early-stage CRC patients (advanced adenoma) have a different microbiome composition compared to advanced-stage CRC patients (definitive CRC) (35, 39). These studies indicate a very close correlation between CRC and the gut microbiome; however, further investigation is still required to fully elucidate the effect of the gut microbiome on CRC.



Influence of the Gut Microbiome on CRC Formation

Although much is still unknown about the formation of CRC, chronic inflammation has been implicated in the initiation of malignancy. It is estimated that approximately 20% of malignant tumors occurring in the colon are preceded by chronic inflammation (40). During carcinogenesis, inflammatory cytokines and chemokines produced by cancerous cells attract immature myeloid cells or pro-inflammatory helper T cells. This pro-tumorigenic microenvironment is characterized by the synthesis of growth and angiogenic factors, as well as tissue remodeling enzymes, and the suppression of anti-tumor T-cell responses, favoring tumor progression (41).

Knowledge that the gut microbiome affects CRC formation was first obtained in the early 1970s. When the colon was exposed to a carcinogen called 1,2-dimethlylhydrazine in a germ-free mouse model, the degree of CRC formation was found to be significantly reduced (42). At the time, it was not possible to specify which bacteria caused this phenomenon. However, a similar experiment using various colon cancer models confirmed that the presence or absence of intestinal microbes had a significant effect on the formation of colon cancer (43, 44). Since then, many studies using high-throughput microbiome sequencing have identified the various intestinal microorganisms that affect CRC formation.

Streptococcus bovis (S. bovis) has been reported as one of the risk factors for CRC (45–47). S. bovis is normally colonized in the gastrointestinal tract. Thus, the occurrence of S. bovis-induced endocarditis or bacteremia was an early clue to its involvement in colon cancer (45). The association between inflammation and colon carcinogenesis was confirmed when the relationship between the pro-inflammatory potential of S. bovis proteins and their carcinogenic properties was observed (48, 49). S. bovis has been found to play an active role in CRC development, perhaps through an inflammation-based sequence of tumor development or propagation involving interleukin (IL)-1, cyclooxygenase-2 (COX-2), and IL-8 (48).

F. nucleatum is one of the most widely known strains related to CRC tumor formation (50). Metagenomic analysis showed that the commensal Fusobacterium spp. are associated with CRC in humans; however, it remains unclear whether this is indirect or causal (38). Castellarin and coworkers confirmed that the transcripts of the strain were increased approximately 400 times in CRC tumor tissue compared to normal tissue (50). In a study using the adenomatous polyposis coli (APC) +/- mouse CRC model, F. nucleatum developed a pro-inflammatory environment which induced neoplasia progression in intestinal epithelial cells and recruited tumor-infiltrating immune cells (38). In addition, studies demonstrated that IL-17a was highly expressed in CRC patients with abundant F. nucleatum (51). This strain induces early carcinogenesis through increased bacterial adherence in the mucosal surface (52). F. nucleatum produces a unique protein called Fusobacterium adhesin A (FadA), which induces activation of the β-catenin signaling pathway after binding to E-cadherin, which is a potent oncogenic stimulator.

Enterococcus faecalis (E. faecalis) is a gut commensal bacterium that produces a superoxide from the autoxidation of membrane-associated demethylmenaquinone (53). Infection with E. faecalis induces DNA damage to intestinal epithelial cells by forming the superoxide. Thus, the abundance of E. faecalis was shown to be significantly increased in CRC patients compared to healthy individuals (35, 54, 55). Moreover, in vitro and in vivo studies demonstrated that E. faecalis can produce hydroxyl radicals (56, 57), which are potent mutagens that cause DNA breaks, point mutations, and protein-DNA crosslinking, thereby contributing to chromosomal instability and CRC risk (58).

Enterotoxigenic Bacteroides fragilis (ETBF) is a bacterium that produces B. fragilis toxin (BFT) and causes diarrhea and inflammatory bowel disease (IBD) (59–62). This strain plays a role in promoting tumors by elevating signal transducer and activator of transcription 3 (STAT3) and the Th17 response during colon tumorigenesis (60). Although STAT3 activation is required for colon tumorigenesis, it alone is not sufficient to trigger colon tumorigenesis by ETBF. Notably, IL-17-dependent nuclear factor kappa B (NF-κB) activation results in the formation of a proximal to distal mucosal gradient of CXC chemokines, which mediates the recruitment of CXCR2-expressing polymorphonuclear immature myeloid cells to cause ETBF-mediated distal colon tumorigenesis in parallel (62).

Peptostreptococcus anaerobius (P. anaerobius) induces a pro-inflammatory immune microenvironment and promotes tumor formation in the intestine. This strain plays a role in tumor formation by increasing the expression of pro-inflammatory cytokines in a mouse model and recruiting tumor-infiltrating immune cells such as immunosuppressive myeloid-derived suppressor cells (63). P. anaerobius increases the levels of reactive oxidative species that interact with toll-like receptor (TLR) 2 and TLR4 in colon cells to promote cholesterol synthesis and cell proliferation, ultimately causing dysplasia of colon cells (64).

Salmonella infections and colonization can be chronic and increase the risk of chronic cholecystitis and other gastrointestinal diseases, including cancers (65). Salmonella promotes colon tumorigenesis by relying on AvrA protein, which can activate both the Wnt/b-catenin and STAT3 signaling pathways in colon tumor cells (66–68). Salmonella also produces a genotoxin called typhoid toxin, which damages DNA via the phosphoinositide 3-kinase (PI3K) pathway in colonic epithelial cells (69). The reduced DNA repair capacity and inability to activate appropriate checkpoint responses have been associated with increased genomic instability in APC-deficient cells exposed to genotoxin. Campylobacter jejuni produces a cytolethal distending toxin (CDT), a genetic toxin with DNAse activity that causes DNA double-strand breaks and promotes colorectal tumorigenesis (70). Rapamycin, which inhibits mammalian target of mTOR signaling in mammals, has been shown to attenuate C. jejuni-induced colitis and carcinogenesis (70, 71).

Sulfate-reducing bacteria (SRB) are a microbiome component that is of particular interest with respect to colitis (72). These microorganisms can produce hydrogen sulfide (H2S) by using methionine and cysteine as substrates. Studies have shown increased amounts of SRB in the stool of CRC patients compared to healthy individuals (73). H2S produced by SRB can stimulate CRC progression by inhibiting butyrate oxidation and destroying the gut barrier, as well as induce DNA damage through reactive oxygen species (ROS) (74, 75).

Research to understand the relationship between other intestinal microbes with CRC formation is still ongoing. Thus, the bacteria discussed above do not constitute all of the causative bacteria of CRC.



Influence of Gut the Microbiome on CRC Progression

The gut microbiome affects not only the formation of colon malignancy, but also its progression. Published literature related to the development of CRC has demonstrated that many bacteria affect tumor development and growth. In addition, it was observed that the progression of colon adenoma was promoted in a spontaneous CRC mouse model characterized by expression of mutated Apc, a tumor suppressor gene (76). This section will describe research findings associated with progression-related mechanisms rather than tumor formation. Figure 1 summarizes the bacteria and their mechanisms of involvement in CRC initiation and progression.




Figure 1 | The relationship between the gut microbiome and sequential progression of colorectal carcinoma. Specific gut microorganisms induce chronic inflammation in the colorectal epithelium. For example, typhoid toxin or colibactin secreted by Salmonella or E. coli, respectively, leads to pro-inflammatory cytokine production and bacterial adherence. Chronic inflammation is one of the major causes of CRC and increased ROS with epithelial cell DNA damage also play a major role in cancer initiation by the gut microbiome. Some microorganisms like F. nucleatum and B. fragilis induce a tumor-favorable immune microenvironment by reducing CD3+ T cell density along with the recruitment and proliferation of CD4+CCR6+IL17A+ Th17 cells. Furthermore, bacterial components such as putative cell wall binding repeat 2 surface protein in P. anaerobius activate the NF-κB signaling pathway in CRC tumor cells and promote tumor cell proliferation. Colibactin-producing E. coli encodes enzymes responsible for HGF synthesis and induces senescence and tumor growth.



The presence of F. nucleatum is associated with worse prognosis in CRC patients (77, 78). Expression of tumor necrosis factor alpha, β-catenin, and NF-κB was increased in the F. nucleatum-abundant group and COX-2, matrix metallopeptidase 9, and NF-κB were highly expressed in the B. fragilis-abundance group. Immunohistochemical analysis showed that Kirsten rat sarcoma virus (KRAS) and proto-oncogene B-Raf (BRAF) expression were increased in the presence of F. nucleatum and B. fragilis (78). F. nucleatum-high cases were inversely associated with the density of CD3+ T cells (79). Experimental evidence suggests that F. nucleatum can promote colonic tumor development by downregulation of anti-tumor T cell-mediated adaptive immunity. Natural killer cells (NK cells) were also found to be affected by F. nucleatum in various carcinomas including CRC (80). Gur and colleagues found that the Fap2 protein of F. nucleatum directly interacts with T cell immunoreceptor with Ig and ITIM domains (TIGIT) to inhibit the cytotoxicity of NK cells.

ETBF was also revealed to support the progression of malignancy as well as tumorigenesis (81). This strain induces the secretion of exosome-like nanoparticles in intestinal epithelial cell lines and contains chemokine CC motif ligand 20 and prostaglandin E2 in the particle. Thus, ETBF induces the recruitment and proliferation of CD4+CCR6+IL17A+ Th17 cells via the IL-17 signaling pathway, thereby participating in tumorigenesis and cancer cell growth.

Long, et al. found that the surface protein of P. anaerobius, putative cell wall binding repeat 2 (PCWBR2), promotes CRC development in APC+/- mice (63). PCWBR2 initiates the oncogenic PI3K-Akt signaling pathway that directly binds to the intestinal epithelial cell receptor integrin α2/β1 and promotes tumor cell proliferation via the PCWBR2-integrin α2/β1-PI3K-Akt-NF-κB signaling axis.

Escherichia coli (E. coli), which is the most highly abundant strain residing in the intestine, is also closely related to the growth of CRC. Studies have shown that the level of mucosal-associated E. coli is increased in CRC tumor tissues compared with in normal colon tissues (82). The pathogenic E. coli strain showed a correlation with inflammation and ROS production, which may propagate tumor infiltration (83). E. coli has polyketide synthase which codes for production of colibactin, the polyketide-peptide genotoxin found to play a significant impact on tumor growth (84, 85). In a xenograft model, colibactin-producing E. coli indirectly promotes tumor growth by inducing hepatocyte growth factor (HGF) (86). HGF is the main mechanical link between pks+ (which encodes enzymes responsible for HGF synthesis) E. coli-induced senescence and tumor growth. Other factors, including microRNA-20a-5p, sentrin-specific protease 1 (SENP1), and activated HGF receptors, are also affected by the presence of pks+ E. coli in human CRC.

In contrast, the presence or enrichment of certain intestinal strains leads to anti-cancer effects on the growth of CRC. Numerous animal studies have shown several emerging chemical candidates as key mechanisms for probiotics to induce protective effects against CRC. Faecalibacterium prausnitzii is a potential probiotic that can downregulate the NF-kB pathway in gut epithelial cells by producing hydrophobic microbial anti-inflammatory molecules and prevent colitis in animal models (87). Lactobacillus rhamnosus GG and Bifidobacterium lactis Bb12 help to prevent abnormal epithelial proliferation in patients with a history of polyps and improve the intestinal epithelial tight junction barrier (88). Lactobacilli and Bifidobacteria were suggested to play a role in suppressing tumor progression and volume in a CRC mouse model (89, 90). The presence of these probiotics was confirmed to induce increasing SCFA production, thus inducing apoptosis and inhibiting tumor proliferation (91). Butyrate, one of the SCFA metabolites produced by probiotics, can induce the expansion of T reg lymphocytes for regulating the immune response in colorectal tissues and suppressing carcinogenesis and tumor growth (92).



Influence of the Gut Microbiome on CRC Treatment

Because the gut microbiome has been closely associated with CRC, numerous studies have been focused on investigating its effect on CRC treatment. Research related to the effect of gut microbiome on tumor treatment is the most important part of the cancer-microbiome research field and many studies are being conducted in combination with various treatment modalities to apply it to clinical cancer treatment. In addition to existing chemotherapeutic agents or radiotherapy, new discoveries are being made about the synergistic effects of the gut microbiome with immune checkpoint inhibitors (ICIs) (93). Figure 2 summarizes the research findings discussed below.




Figure 2 | Effects of gut microbiome modulation on cancer treatment. Therapies which modulate the gut microbiome, including administration of probiotics or fecal microbiota transplantation, improve the efficacy of cancer treatment. Administration of antibiotics can reduce the efficacy of oxaliplatin and CpG oligodeoxynucleotides chemotherapeutic agents. The use of antibiotics increases pathogenic bacteria such as Escherichia shigella and Enterobacter, as well as reduces the anti-cancer effect of 5-FU. Radiation of the pelvic area causes dysbiosis and has the potential to affect the treatment modality of CRC. Furthermore, radiation-induced gut epithelial damage worsens the prognosis of CRC patients. These radiation side effects can be ameliorated through fecal microbiome transplantation as well as probiotics administration. The gut microbiota plays a role in modulating mucosal immunity in the colorectal region, acting to improve the efficacy of immunotherapy by enhancing the CD8+ T cell immune response or SCFA metabolite production.





Chemotherapy

The gut microbiota can modulate the efficacy of conventional chemotherapy. For example, it is known that certain gut microbiota may play a role in regulating cytotoxicity by participating in the metabolic process of anti-cancer drugs. The anti-cancer effect of platinum-based chemotherapeutic agents such as oxaliplatin and CpG oligodeoxynucleotides was decreased in mice treated with antibiotics (94), which exhibited lower cytokine secretion and ROS production, resulting in reduced tumor necrosis following anti-tumor therapy in the MC38 mouse colon tumor transplant model.

Gemcitabine has been shown to convert into an inactivated form with reduced anti-cancer effect when a specific gammaproteobacteria is present in the tumor (95). Gammaproteobacteria contain a long isoform of the cytidine deaminase enzyme which converts gemcitabine into an inactivated form. The anti-cancer effect was shown to be suppressed when the bacteria were eliminated by antibiotic treatment in a mouse model of CRC (95). Even in mouse tumor experiments using 5-fluorouracil (5-FU), antibiotic administration reduced the anti-cancer effect of 5-FU administration in the CRC model (96). In 16S rRNA seq analysis, pathogenic bacteria such as Escherichia shigella and Enterobacter were significantly increased when antibiotics were administered, and these changes were restored by taking probiotics.

F. nucleatum, which was previously known to greatly influence tumor initiation and progression, affects CRC treatment outcomes as well as CRC risk and dysplasia. A qPCR analysis based on colorectal tissue samples from 122 CRC patients confirmed a better prognosis occurred in patients with low F. nucleatum levels (77, 97). The level of F. nucleatum enrichment was positively correlated with poor response to 5-FU and oxalipatin in CRC patients (98). F. nucleatum stimulates the TLR4 and Myd88 innate immune signals and interferes with apoptosis, contributing to activation of the autophagy pathway and CRC chemoresistance (98).



Radiotherapy

Dysbiosis caused by radiation therapy has the potential to adversely affect the other treatment modalities of CRC. Analysis of the gut microbiome after radiation treatment showed a decrease in commensal bacteria such as Bifidobacterium, Faecalibacterium, and Clostridium spp., as well as an increase in Bacteroides and Enterococcus spp (99). In addition, in the case of patients receiving radiation therapy to the pelvic region, there was a tendency for the Fusobacteria taxa to increase by about 3% (100). These changes show the potential for tumor-promoting capacities. These microbiota can pass through the impaired gut barrier as a result of epithelial inflammatory damage caused by radiation therapy, leading to an additional intestinal inflammatory response and tissue damage (101).



Immunotherapy

Certain intestinal microbes are involved in tumor growth by regulating the immune response. Studies have been conducted to elucidate the mechanism of intestinal microbes and how they affect the efficacy of immunotherapeutic agents. In 2015, it was reported that the commensal gut microbiome could enhance the anti-tumor efficacy of programmed death-ligand 1 (PD-L1) ICIs through two mouse studies. Cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) inhibitors are one of the most widely used ICIs in clinical practice. The efficacy of CTLA-4 inhibitors was demonstrated to be altered by the population of the gut microbiome (102). The literature has identified an important role for Bacteroides species in the immunostimulatory modulation of CTLA-4 blockade. The modulation of ICI efficacy mediated by bacterial species in the gut microbiome is not limited to CTLA-4 signaling. The efficacy of a PD-L1 inhibitor was also shown to be modulated by the gut microbiota composition in a mouse tumor model (103). Recent studies have indicated that the anti-tumor effect was found associated with various bacteria such as Akkermansia, Faecalibacterium, Clostridiales, and Bifidobacterium spp (104–106). Although some details remain to be understood, this anti-tumor effect has been partially attributed to SCFA microbial metabolites such as butyrate and propionate (107). Another mechanism for modulation of ICIs is that host immune cells can interact directly with specific bacteria. Akkermansia muciniphila improves the efficacy of immunotherapeutic agents in an IL-12-dependent manner through direct interaction with dendritic cells in the lymph node (106). Bacteroides spp. can also directly increase Th1 and CD8 T cell anti-tumor immune responses (102).



Microbiome Modulation for Colon Cancer Treatment

Growing evidence clearly illustrates the significant influence that the gut microbiome has on tumors. Thus, it is not surprising that attempts have been made to inhibit tumor growth or modulate the efficacy of tumor therapy by regulating the gut microbiota. Efforts are ongoing to increase the effectiveness of tumor treatment and reduce side effects through fecal microbiome transplantation as well as probiotic therapy.

We discussed results from studies showing that Lactobacilli and Bifidobacterium affect the occurrence and progression of CRC in animal models (89–91). Some probiotics can help to not only enhance the effects of anti-cancer therapeutic agents but also alleviate the side effects caused by conventional cancer treatments (108). However, these probiotics also have the potential to act as opportunistic pathogens that can easily penetrate the intestinal barrier and immune environment after weakening by intestinal tumors (109). Appropriate probiotics with appropriate administration methods that can enhance anti-cancer effects and alleviate side effects are needed.

Fecal microbiota transplantation (FMT) is an emerging biotherapeutic method for altering the microbiota by transplanting stool information from healthy donors to patients (110). FMT can be applied to various gastrointestinal diseases including C. difficile infection, IBD, and restored eubiosis (111, 112). Many efforts are being made to apply FMT in the clinic as a tumor treatment. Reports have shown that FMT could be used to overcome resistance to immunosuppressants in the CRC mouse model (113). In addition, FMT can be helpful in alleviating the side effects of ICIs such as immune checkpoint inhibitor-associated colitis (114). Complete resolution of colitis through FMT was sustained for 53 days after one dose and for 78 days after two doses. Although clinical application as a treatment for CRC is still unexplored, a recent FMT study of melanoma patients reported that FMT succeeded in overcoming resistance to immunotherapy in patients who did not respond to immunotherapy (115, 116). These results suggest that FMT can be effectively used in the treatment of CRC. However, since the gut microbiome environment consists of a very large network with many unknowns remaining, more research is needed before microbiome modulation can be administered as an anti-cancer treatment in CRC.



Conclusion

Various animal and clinical experiments have demonstrated that changes in the composition of the gut microbiota affect the initiation of precancerous cancer lesions and cancer progression. Because the colorectal region is a site where changes in the gut microbiota can influence the organs directly, CRC is considered to be affected by the gut microbiome more than other tumors. Studies of the gut microbiome revealed that dysbiosis occurred more frequently in CRC patients than in healthy people. The proportion of butyrate-producing bacteria was found to be reduced along with inflammation in the intestine while opportunistic pathogens were increased. Epidemiological studies have highlighted dietary factors such as western eating habits and reduced dietary fiber intake as risk factors for CRC, suggesting the gut microbiome as one of the mechanisms linking these factors to CRC. Dietary fiber can be fermented into SCFAs by intestinal bacteria and animal experiments demonstrated that various SCFAs such as butyrate could affect cancer initiation and progression. Finally, the use of antibiotics may also be a risk factor for CRC and studies of the gut microbiome demonstrate its involvement in this effect.

Many published results have demonstrated that the gut microbiome acts as an important key factor in the initiation and progression of carcinoma in the treatment of CRC. However, we still understand only a small part of the gut microbiome and further research is needed to elucidate the underlying mechanisms and to modulate the gut microbiome as an important strategy in the treatment and prevention of CRC. This review describes the gut microbiome strains that affect each stage of the tumorigenesis process, including the underlying mechanisms, supplying an overview of the microbiota species likely involved in future studies examining the associations between the gut microbiome and CRC.
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Some pertinent studies have demonstrated that Epstein–Barr virus-associated gastric cancer (EBVaGC) patients showed a favorable clinical outcome to immunotherapy and Epstein–Barr virus (EBV)-positive status might be a potential biomarker for immunotherapy in gastric cancer (GC). However, knowledge of given exposure to EBVaGC to the first-line immunotherapy is largely inadequate. Moreover, whether camrelizumab can be as effective as other PD-1 inhibitors in the treatment of advanced EBVaGC has not been reported. We report a case of advanced EBVaGC patient with a positive expression of PD-L1, enriched PD-L1+CD68+macrophages, and high TMB who had a long-term partial response and manageable toxicity to the combined approach of camrelizumab (a novel PD-1 inhibitor) and oxaliplatin plus oral S-1 (SOX). As the first-line treatment of advanced EBVaGC patients, camrelizumab combined with SOX regimen may provide a novel combined approach with favorable response and manageable safety. Combination of multiple biomarkers could have a higher effective predictive capacity to immunotherapy. Integrated treatment (chemo-immunotherapy and radiotherapy) might be the optimal strategy for patients with oligometastasis. It deserves prospective research to further validate the efficacy.
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Introduction

Gastric cancer (GC) remains a significant burden worldwide with an estimated 1,089,103 new cases and 768,793 deaths in 2020 (1). The prognosis and survival are much worse for advanced GC. Based on the CheckMate 649 trial (2), nivolumab combined with fluoropyrimidine and oxaliplatin has been adopted as the first-line treatment for advanced GC patients with HER2 overexpression negative and PD-L1 CPS ≥5 in the NCCN guideline (3). Epstein–Barr virus-associated gastric cancer (EBVaGC), as one of four subtypes of gastric carcinoma, accounts for ∼9% of GC (4, 5). Although very limited data in EBVaGCs are known, some pertinent studies have demonstrated that EBVaGC patients showed a favorable clinical outcome to immunotherapy and EBV-positive status might be a potential biomarker for immunotherapy in GC. Kim et al. showed a striking result that compared with the overall response rate (ORR) of 85.7% in microsatellite instability-high metastatic gastric cancer (mGC), ORR in EBV-positive mGC is 100% (6). In a prospective observational study, 66.7% of EBVaGC patients showed a partial response (PR) after combined immunotherapy (7). Plausible explanations contributing to favorable efficacy of the anti-PD-1 antibody in EBVaGC mainly involve the EBV-related cancer-intrinsic characteristics, including the tumor-associated immune cell-rich phenotype as well as the overexpression of PD-L1. Since late-stage EBVaGC patients receiving treatments only comprise ∼3% of GC cases, knowledge of given exposure to EBVaGC to the first-line immunotherapy is largely inadequate. Trials of applying nivolumab and pembrolizumab to the first-line treatment of advanced GC have been carried out one after another and achieved corresponding success (2, 8). Whether the aforementioned observations in these anti-PD-1 antibodies may analogously be extended to advanced GC treated with camrelizumab, especially EBVaGC, has not been reported. We herein report a case of a metastatic EBVaGC patient with an overexpression of PD-L1, enriched PD-L1+CD68+macrophages, and high TMB who had early tumor shrinkage, deep response, long-term duration of response, and manageable toxicity to camrelizumab, a novel PD-1 blockade, in combination with standard chemotherapy as a first-line setting.



Case Presentation

A 56-year-old Chinese woman was admitted to our hospital emergency room in September 2020 with repeat fatigue, abdominal distension, and melena for 1 month. Abdominal computerized tomography (CT) suggested obviously uneven thickening and strengthening of the gastric body and gastric antrum wall, possibly accompanied by ulcers and multiple lymph nodes adjacent to the stomach enlarged. Gastroscopic examination revealed a giant ulcerative lesion located in the posterior wall of the gastric antrum, with the invasion of stomach angle and pylorus. Subsequent pathological examination of the biopsy showed poorly differentiated adenocarcinoma. On September 19, 2020, she underwent radical gastrectomy for distal gastric cancer and D2 lymphadenectomy. Pathohistological results of distal gastric cancer resection showed that the tumor was poorly differentiated adenocarcinoma with lymphoid stroma component (Figure 1), without any cancer in the surgical margin and metastasis to regional lymph nodes. An EBV-encoded RNA (EBER) assay demonstrated strong positive staining parallel to the tumor harboring EBV infection (Figure 1). Meanwhile, the immunohistochemistry indicated that MLH1, MSH2, MSH6, and PMS2 were overexpressed (pMMR) and human epidermal growth factor receptor 2 (HER2) was not amplified. The tumor was confirmed as pT4bN0M0 poorly gastric antrum differentiated adenocarcinoma with lymphoid stroma component (EBER-ISH+ and HER2-). The outcomes of next-generation sequencing (NGS) verified fifteen gene mutations (Table 1), a high tumor mutation burden (TMB) with 10.8 Muts/Mb, and microsatellite stable (MSS) status. Immunohistochemical (IHC) data of the tumor tissue suggested that the positive expression of PD-L1 protein and the tumor proportion score (TPS) was 70% and the combined positive score (CPS) was 75 (Figure 1). The immune microenvironment was examined by multiplex immunohistochemical staining and quantitative analysis (Figure 1 and Table 2). Two months after the operation, abdominal CT showed enlargement of mass located in the gastrocolic ligament (Figure 2), which indicated metastatic lymph node (LN). Oxaliplatin 200 mg on day 1 plus oral S-1 60 mg twice a day, from days 1 to 14, along with camrelizumab 200 mg on day 1, repeated every 3 weeks, was administered as first-line treatment. Then, radiographic evaluation was performed every 8 weeks by enhanced CT. The significant resolution of the lymph node was observed after two cycles’ exposure of regimen SOX combined with camrelizumab, and the best efficacy evaluation was PR based on RECIST 1.1. Early tumor shrinkage was observed after 8 weeks, and persistent shrinkage of LN was achieved after 4 cycles (Figure 2). From then on, she had been exposed to SOX combined with camrelizumab up to 8 months and still achieved continuous PR. Moreover, the quality of life of the patient was good. Chemotherapy-associated AEs (grade 1 nausea, vomit and grade 2 anemia, grade 2 decreased neutrophil count, and decreased white blood cell count) were observed, and grade 1 reactive cutaneous capillary endothelial proliferation (RCCEP) was presented without any other immune-related adverse event. After 7 cycles’ SOX plus camrelizumab, the lesion was still unresectable due to whole abdominal adhesions. After multidisciplinary team (MDT) consultation, the patient underwent external-beam radiotherapy (EBRT) and received 50 Gy/25 fractions. She received S-1 and camrelizumab as the maintenance therapy up to 10 cycles followed by EBRT. Tumor is gradually and continuously shrinking in the latest visit and in deep response with a >80% decrease in size (Figure 2). Until now, PFS reached at least 12 months and the duration of response was beyond 10 months with manageable toxicity.




Figure 1 | (A) Representative pathological image of gastric mass magnifications shows intense infiltrate of lymphocytes within the primary tumor (hematoxylin and eosin). (B) The brown cells in EBER-ISH ×200 magnification images are the cells harboring EBV infection (EBV-encoded small RNA in situ hybridization, EBER-ISH). (C) Immunohistochemical staining indicated broadly positive programmed death-ligand 1 (PD-L1) expression in the primary tumor. (D–G) Multiplex immunohistochemical analysis from a variety of cells in the tumor microenvironment. (D) PD-L1+ cells (orange). (E) PD-1+ cells (purple). (F) CD8+T cells (green). (G) PD-L1+ CD68+ macrophages (yellow). Original magnification ×200.




Table 1 | The fifteen gene mutations of the patient.




Table 2 | Tumor-infiltrating immune cell test results.






Figure 2 | (A) CT image presented lymph node metastasis before treatment. (B) CT image showed early tumor shrinkage to PR after two cycles’ treatment. (C) CT image showed that lymph node metastasis was smaller (sustained PR) after four cycles. (D–F) CT and PET/CT images indicated lymph node metastasis with decrease >80% in size and mild uptake on 18F-FDG-PET/CT after seven cycles’ SOX + camrelizumab and three cycles’ S-1 + camrelizumab (total ten cycles). White arrows: lymph node metastasis.





Discussion

Searching for electrical databases, few clinical studies have focused on camrelizumab combined with chemotherapy as a first-line setting for gastric cancer, let alone for EBVaGC. As far as we know, this is the first report to show long-term response and safety of camrelizumab combined with chemotherapy in the first-line treatment of advanced EBVaGC. The cancer of the patient shown in this case quickly metastasized in a short period of time after the operation, which reflected the high degree of malignancy and poor biological behavior of the tumor. Then, early tumor shrinkage to PR was observed after two cycles’ exposure of camrelizumab combined with SOX regimen and persistency of response was observed. Notably, the median OS was 13.1 months in the nivolumab-plus-chemotherapy arm (patients with PD-L1 CPS ≥5) and the median PFS was 7.7 months (95% CI 7.0–9.2) with nivolumab plus chemotherapy in the CheckMate 649 study (2), in contrast, the PFS benefit (beyond 12 months) was more prominent in our case, which could be translated into a long-term survival benefit for this patient. The favorable responses of this patient may attribute to the unique characteristics of EBV-related cancers. Enriched tumor-infiltrating immune cells (lymphocyte and tumor-associated macrophages) exist in the EBVaGC microenvironment (9, 10). The density of CD68+macrophages was significantly higher in EBVaGC patients compared to Epstein–Barr virus-negative gastric cancer (EBVnGC), which was positively correlated with the expression rate of PD-L1 (11, 12). Compared with EBVnGC, the density of PD-L1+ tumor infiltrating immune cells was significantly greater in EBVaGC (10). Interestingly, several studies have shown that the quantity of PD-L1+CD68+macrophage may serve as an independent prognostic factor for survival or be significantly associated with favorable outcome to immunotherapy-based treatment in other malignancies, such as non-small-cell lung cancer, testicular lymphoma, and breast cancer (13–15). Hence, the quantity of PD-L1+CD68+macrophage may also serve as both an independent prognostic factor of EBVaGC and an effective predictor of EBVaGC in immunotherapy. Concordantly, through multiplex immunohistochemistry (mIHC), numerous infiltrated CD8+T lymphocytes and CD68+PD-L1+macrophages were observed in our case (Figure 1 and Table 2), which provides a good antitumor environment. Next, the high levels of PD-L1 in cancer cells and inflammatory cells may be another interpretation for favorable outcomes (10). As the interaction of PD-L1 in cancer cells and programmed cell death protein 1 (PD-1) on the surface of T-cells enables tumor cells to escape from antitumor immunity, the high expression of PD-L1 in EBVaGC can be considered to be related to tumor progression (16). Accordingly, treatment with anti-PD-1/PD-L1 may prevent this interaction, thereby restoring the immune response against cancer cells. Thirdly, the high TMB in this patient may also play an important role in favorable outcomes. Although the predictive role of TMB in immunotherapy is still controversial, many immune-based studies indicated that due to its influence to invigoration of immune cells, patients with high TMB showed better curative effect to immune checkpoint inhibitors (ICIs) than those with non-high-TMB (6, 17).

Camrelizumab, a novel PD-1 inhibitor, possesses the characteristics of lower IC50 and EC50 values, increased affinity, and higher PD-1 receptor occupancy rate (>85%), which results in enhanced antitumor activity, compared to other PD-1 inhibitors (18, 19). Furthermore, camrelizumab showed impressive efficacy and manageable toxicity in a wide spectrum of solid tumors, including Hodgkin lymphoma (20), B-cell lymphoma (21), esophageal squamous cell carcinoma (22), gastric and gastroesophageal junction cancer (23), hepatocellular carcinoma (23), nasopharyngeal cancer, and non-squamous, non-small cell lung cancer (24). Hence, the possibility of long-term tolerance coming from low toxicity should be taken into account. No serious adverse events have been shown during the treatment outside of grade 1 nausea and vomit, grade 2 anemia, decreased neutrophil count, and decreased white blood cell count, which were more prone to chemotherapy-related toxicities. Under prolonged exposure to camrelizumab, mild RCCEPs were observed without any other immune-related adverse event. Further follow-up is needed.

The complexity of the relationship between cancer and the immune system renders it difficult to identify a single predictive biomarker. Although favorable clinical outcomes were observed in patients with EBV-negative PD-L1 positive treated with chemotherapy plus PD-L1 antibody in a published study (25), PD-L1 expression levels might not be a robust predictor for anti-PD-1/PD-L1 therapies in GC (25–27). Commonly, EBVaGC patients showed a favorable clinical outcome to immunotherapy, and almost EBV+GC cases presented high PD-L1 CPS (28, 29), just as this patient with CPS = 75, and this phenomenon was seldom seen in EBVnGC. Hence, we believed that the EBV-positive status might be a superior predictor than PD-L1 for immunotherapy in GC (7, 30). Could the combination of different factors become a more accurate biomarker? High PD-L1, enriched PD-L1+CD68+macrophages, and high TMB were presented in this patient with EBVaGC. Combination of multiple biomarkers could have a higher efficacy predictive capacity to immunotherapy. This speculation was consistent with a previous study in which 3 patients with EBVaGC showing PR were PD-L1 positive and at the last follow-up, their durations of the response were 13.8, 18, and 10 months, respectively (7), whose finding highlighted the long-lasting nature of immunotherapy. This assumption requires further large-scale clinical trials for verification.

To our knowledge, this is the first case with high PD-L1 (TPS = 70%, CPS = 75), enriched PD-L1+CD68+macrophages (28.83%), and high TMB (10.8 Muts/Mb). EBVaGC was treated with camrelizumab combined with oxaliplatin and S-1 as the first-line therapy. Early tumor shrinkage, deep response, durable PFS, and manageable toxicities were exhibited. Moreover, multidisciplinary approaches—camrelizumab plus SOX (induction therapy), radiotherapy (local therapy), and camrelizumab plus S-1 (maintenance therapy)—might be the more suitable integrated treatment for this patient with oligometastatic lesion. It remained unclear, however, whether prominent PD-L1+CD68+macrophages were a common finding in EBVaGC or just for our patient. Next, cross talk among PD-L1+CD68+macrophages, T cells, and cancer cells was unknown. Additionally, repeated mIHC examinations, although better, were difficult to apply in real-world clinical practice.

In conclusion, the present study suggests that camrelizumab combined with SOX might be a promising and well-tolerated regimen as the first-line treatment in metastatic EBVaGC with high PD-L1 CPS and enriched PD-L1+CD68+macrophages in the tumor microenvironment. For a highly heterogeneous malignancy, we recommend gene sequencing and multiplex immunohistochemical to find a new strategy. It deserves prospective research to further validate the efficacy.
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Objective

To investigate the safety and efficacy of camrelizumab in combination with nab-paclitaxel plus S-1 for the treatment of gastric cancer with serosal invasion.



Method

Two hundred patients with gastric cancer with serosal invasion who received neoadjuvant therapy from January 2012 to December 2020 were retrospectively analyzed. According to the different neoadjuvant therapy regimens, the patients were divided into the following three groups: the SOX group (S-1 + oxaliplatin) (72 patients), SAP group (S-1 + nab-paclitaxel) (95 patients) and C-SAP group (camrelizumab + S-1 + nab-paclitaxel) (33 patients).



Result

The pathological response (TRG 1a/1b) in the C-SAP group (39.4%) was not significantly different from that in the SAP group (26.3%) and was significantly higher than that in the SOX group (18.1%). The rate of ypT0 in the C-SAP group (24.2%) was higher than that in the SAP group (6.3%) and the SOX group (5.6%). The rate of ypN0 in the C-SAP group (66.7%) was also higher than that in the SAP group (38.9%) and the SOX group (36.1%). The rate of pCR in the C-SAP group (21.2%) was higher than that in the SAP group (5.3%) and the SOX group (2.8%). The use of an anti-PD-1 monoclonal antibody was an independent protective factor for TRG grade (1a/1b). The use of camrelizumab did not increase postoperative complications or the adverse effects of neoadjuvant therapy.



Conclusion

Camrelizumab combined with nab-paclitaxel plus S-1 could significantly improve the rate of tumor regression grade (TRG 1a/1b) and the rate of pCR in gastric cancer with serosal invasion.
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Introduction

Gastric cancer is the fifth most common malignant tumor worldwide and the third leading cause of cancer-related death (1, 2). Surgical resection remains the only radical treatment available for patients with nonmetastatic gastric cancer. Because the recurrence rate remains high, multidisciplinary therapy, including neoadjuvant chemotherapy, has gradually become important for the treatment of advanced gastric cancer. In Europe and the Americas, docetaxel, oxaliplatin, fluorouracil, and leucovorin (the FLOT regimen) have become the standard neoadjuvant chemotherapy for advanced gastric cancer (CT2/N+M0) (3, 4). Compared with epirubicin, cisplatin, and fluorouracil or capecitabine (ECF/ECX regimen), the FLOT regimen has shown superiority in terms of pathological responses and overall survival outcomes. In China, the results of the RESOLVE trial (5) showed that the SOX regimen increased the overall survival rate of advanced gastric cancer (cT4aN+M0/cT4bN×M0) patients and the 3-year disease-free survival rate.

The KEYNOTE-059 (6) and ATTRACTION-2 (7) trials confirmed that PD-1 monoclonal antibody treatment provides significant survival benefit and good safety for advanced, recurrent or metastatic gastric/GEJ adenocarcinoma. Currently, the benefit of immunotherapy combined with neoadjuvant chemotherapy for locally advanced gastric cancer remains unclear. The safety and efficacy of immunotherapy in combination with neoadjuvant chemotherapy have not been reported in gastric cancer with serosal invasion. Therefore, the objective of this study was to investigate the safety and efficacy of camrelizumab in combination with nab-paclitaxel plus S-1 for the treatment of gastric cancer with serosal invasion.



Methods


Patient Selection

This study retrospectively analyzed the clinicopathological data of 200 patients who received SOX, nab-paclitaxel + S-1 or camrelizumab + nab-paclitaxel + S-1 neoadjuvant therapy and radical gastrectomy at the Fujian Union Hospital from January 2012 to December 2020. The inclusion criteria were as follows: gastric adenocarcinoma confirmed by gastroscopy and pathology before surgery; clinical stage: cT4, lymph node N1 to N3, nondistant metastasis (M0); ECOG score 0-2; and blood index, liver and kidney function, and cardiopulmonary function indicating that patients could tolerate chemotherapy or surgery. The exclusion criteria were as follows: distant metastasis or highly suspected metastasis; incomplete pathological diagnosis; gastric stump cancer; gastric cancer; emergency surgery; and combination with other malignant tumors.



Neoadjuvant Therapy

We divided the patients into three groups according to the different neoadjuvant drug treatments: the SOX group (oxaliplatin + S-1), SAP group (nab-paclitaxel + S-1), and C-SAP group (camrelizumab + nab-paclitaxel + S-1). The specific scheme was as follows.

The cycle of SOX chemotherapy consisted of the following:

Day 1: Intravenous oxaliplatin 130 mg/m2

Days 1–14: S-1 at 120 mg/day for surface area ≥ 1.5 m², 100 mg/day for surface area between 1.25 and 1.5 m², and 80 mg/day for surface area < 1.25 m² were administered 2 times daily.

The next chemotherapy was repeated on the 22nd day.

The cycle of nab-paclitaxel + S-1 chemotherapy consisted of the following.

Day 1: Intravenous nab-paclitaxel 260 mg/m² over 30 min. Dose reductions (220 mg/m², 180 mg/m², or 150 mg/m²) were permitted in patients with severe hematological or nonhematological toxicity.

Days 1–14: S-1 at 120 mg/day for surface area ≥ 1.5 m², 100 mg/day for surface area between 1.25 and 1.5 m², and 80 mg/day for surface area < 1.25 m² were administered 2 times daily.

The next chemotherapy was repeated on the 22nd day.

The cycle of camrelizumab + nab-paclitaxel+S-1 chemotherapy consisted of the following.

Day 1: Intravenous camrelizumab 200 mg

Day 1: Intravenous nab-paclitaxel 260 mg/m² over 30 min. Dose reductions (220 mg/m², 180 mg/m², or 150 mg/m²) were permitted in patients with severe hematological or nonhematological toxicity.

Days 1–14: S-1 at 120 mg/day for surface area ≥ 1.5 m², 100 mg/day for surface area between 1.25 and 1.5 m², and 80 mg/day for surface area < 1.25 m² were administered 2 times daily.

The next chemotherapy was repeated on the 22nd day.



Surgery

Patients underwent surgical resection between 2 and 4 weeks after the completion of neoadjuvant chemotherapy. Exploratory laparoscopy was routinely performed to exclude peritoneal or distant metastases. The scope of lymph node dissection was updated according to Japanese gastric cancer treatment guidelines (4th English edition) (8). TNM staging was performed according to the 8th edition of the AJCC/TNM staging system for gastric cancer (9).



Study Endpoints

The primary endpoint of this study was the rate of tumor regression grade (TRG 1a/1b). The secondary end points included pCR, TNM stage, total number of lymph nodes, positive lymph nodes, complete (R0) resection rate, surgical complications, and neoadjuvant treatment-related adverse effects.



Pathological Response

Tumor regression grade (TRG) was determined according to the Becker criteria (10, 11) and included “Grade 1a” (complete tumor regression, i.e., 0% residual tumor per tumor bed), “Grade 1b” (subtotal tumor regression, i.e., <10% residual tumor per tumor bed) “Grade 2” (partial tumor regression, i.e., 10–50% residual tumor per tumor bed), and “Grade 3” (minimal or no tumor regression, i.e., > 50% residual tumor per tumor bed).

Pathologic complete response (pCR) was defined as no invasive disease within submitted and evaluated gross lesions and histologically negative nodes based on central review.



Tumor Staging

Radiologists followed the guidelines of the Response Evaluation Criteria in Solid Tumors (RECIST version 1.1) for the determination of radiological response to neoadjuvant chemotherapy (12). Two specialized radiologists independently evaluated the response rate, and the final result was determined after reviewing both sets of results.



Neoadjuvant Therapy Cycles

CT evaluation was performed after 2 and 4 cycles of neoadjuvant therapy. Some patients could not tolerate the side effects of neoadjuvant therapy, so the neoadjuvant therapy cycle was less than 4 cycles. Some patients completed 4 cycles of neoadjuvant therapy. Because R0 resection could not be performed after CT evaluation, more cycles were added before surgery.



Postoperative Complications

Postoperative complications were defined as events occurring within 30 days after the procedure, the severity of which was assessed by the Clavien-Dindo classification system (13, 14).



Evaluation of Adverse Effects

Adverse effects were recorded according to the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE 4.0). Drug dose or timing was adjusted for patients with grade three or worse adverse effects.



Ethics

The study was approved by the ethics committee of Fujian Union Hospital. All of the patients signed informed consent documents.



Statistical Methods

All of the data were analyzed by SPSS software (SPSS, Chicago, IL, USA), version 22.0. The chi-square test or Fisher’s exact test was used for comparisons of categorical variables. The independent sample t test or the Mann-Whitney U test was used for comparisons of continuous variables. Univariate logistic regression analysis was used to analyze the clinicopathological data of TRG (1a/1b). P < 0.05 was considered statistically significant.




Results


Clinical Characteristics

A total of 200 patients were included in this study, including the SOX group (72 patients), SAP group (95 patients) and C-SAP group (33 patients) (Supplemental Figure 1). There were no significant differences in age, sex, ECOG score, Baumann classification or tumor location among the three groups (all P > 0.05). The number of patients with tumor size > 5 cm was greater in the C-SAP group (51.5%) and the SAP group (48.4%) than in the SOX group (36.1%) (all P < 0.05). The proportion of poorly differentiated/undifferentiated tumors in the C-SAP group (69.7%) and the SAP group (63.2%) was higher than that in the SOX group (all P < 0.05). The proportion of patients with ≥ 4 cycles of preoperative neoadjuvant treatment in the SAP group (81.1%) was higher than that in the C-SAP group (66.7%) and the SOX group (36.1%) (all P < 0.05) (Table 1).


Table 1 | Demographic data before surgery.





Pathological Response

There was no significant difference in the rate of TRG grade (1a + 1b) between the C-SAP group (39.4%) and the SAP group (26.3%) (P > 0.05), but the rate in these two groups was higher than that in the SOX group (18.1%) (P < 0.05). The proportion of ypT0 in the C-SAP group (24.2%) was higher than that in the SAP group (6.3%) and the SOX group (5.6%). The proportion of ypN0 in the C-SAP group (66.7%) was higher than that in the SAP group (38.9%) and the SOX group (36.1%). The proportion of pCR in the C-SAP group (21.2%) was higher than that in the SAP group (5.3%) and the SOX group (2.8%) (both P < 0.05). There was no significant difference in the proportion of TRG grade (1a + 1b), the proportion of ypT0, the proportion of ypN0 or the proportion of pCR between the SAP group and the SOX group (P> 0.05) (Table 2). Supplemental Figure 3 shows the effects of different neoadjuvant chemotherapy regimens and cycles on TRG in detail. The rate of TRG (1a + 1b) of patients receiving ≥ 4 cycles of neoadjuvant therapy group was higher than that of patients receiving ≤ 3 cycles of neoadjuvant therapy in C-SAP; The rate of TRG (1a + 1b) of patients receiving ≥ 4 cycles of neoadjuvant therapy was lower than that of patients receiving ≤ 3 cycles of neoadjuvant therapy in the SAP and SOX groups.


Table 2 | Differences in response among the three groups.





Risk Factors for Pathological Response

By univariate analysis, we found that the influencing factors of TRG (1a + 1b) included tumor size, Baumann classification, the use of PD-1, tumor location and pathological differentiation type. The multivariate analysis showed that tumor size > 5 cm was an independent risk factor (OR = 3.791, 95% CI = 1.513-9.501, P = 0.004), while the use of PD-1 was an independent protective factor (OR = 0.36, 95% CI = 0.152-0.852, P = 0.02) (Supplemental Table 1). By univariate analysis, we found that the factors influencing lymph node staging (ypN0) included tumor size, Baumann classification, tumor location and the use of PD-1. The multivariate analysis showed that middle gastric cancer was an independent risk factor (OR = 3.653, 95% CI = 1.163-8.275, P = 0.002), while the use of PD-1 was an independent protective factor (OR = 0.215, 95% CI = 0.88-0.525, P = 0.001) (Supplemental Table 2).



Comparison of Postoperative Conditions

There were no significant differences in the type of gastrectomy, surgical approach, R0 resection, nerve invasion or vascular invasion among the three groups (all P > 0.05). There were no significant differences in the number of harvested lymph nodes and positive lymph nodes between the C-SAP and SAP groups (all P > 0.05). The number of harvested lymph nodes in the C-SAP group was greater than that in the SOX group, and the number of positive lymph nodes in the C-SAP group was lower than that in the SOX group (all P < 0.05) (Supplemental Figure 2). In the SAP group, the treatment of 1 patient (1.1%) was combined with partial hepatectomy. In the SOX group, the treatment of 1 patient (1.4%) was combined with transverse colectomy, and 1 patient (1.4%) received body and tail pancreatectomy (Table 3).


Table 3 | Clinicopathological results after surgery.





Postoperative Complications

The overall complication rate was 25.5%, the Grade II complication rate was 22.5%, the Grade III complication rate was 3.5%, and there were no Grade IV or V complications.

There were no significant differences in the proportions of postoperative complications among the three groups (C-SAP (24.2%), SAP (22.1%) and SOX (31.9%)) (P > 0.05). The proportion of Grade II complications was 18.2% in the C-SAP group, 18.9% in the SAP group and 29.2% in the SOX group, with no significant differences (P > 0.05). The proportion of Grade III complications was 6.1% in the C-SAP group, 3.2% in the SAP group and 2.8% in the SOX group, with no significant differences (P > 0.05). There were no significant differences in the rates of pneumonia, abdominal infection, postoperative bleeding or anastomotic leakage among the three groups (P > 0.05) (Table 4).


Table 4 | Postoperative complications.





Adverse Effects Associated With Neoadjuvant Therapy

We analyzed the adverse effects associated with neoadjuvant therapy. The most common adverse effects (Grades 3 and 4) were decreased WBC count, decreased neutrophil count and increased serum AST/ALT ratio. Neutrophil count decreased (Grades 3, 4) in the C-SAP group (24.8%) and the SAP group (23.2%) and were significantly higher than in the SOX group (9.7%) (P < 0.05), but there was no significant difference between the C-SAP group and the SAP group (P>0.05). WBC decreased (Grade s3 and4) in the C-SAP group (15.2%) and the SAP group (21.1%) and was higher than in the SOX group (5.6%), but there was no significant difference between the C-SAP group and the SAP group (P > 0.05). Serum AST/ALT increased in the C-SAP group (24.2%), SAP group (12.6%) and SOX group (20.8%), and there were no significant differences among the three groups (P > 0.05). The levels of anemia (Grades 3 and 4) in the C-SAP group (3.0%), SAP group (2.1%) and SOX group (6.9%) (P>0.05) were not significantly different. The platelet count was decreased (Grades 3 and 4) in the C-SAP group (6.1%), SAP group (3.2%) and SOX group (5.6%), and there was no significant difference among the three groups (P > 0.05). There was no significant difference in the rate of febrile neutropenia among the C-SAP (3.0%), SAP (5.3%) and SOX (2.8%) groups (P > 0.05) (Table 5).


Table 5 | Neoadjuvant treatment adverse effects.






Discussion

The safety and efficacy of immunotherapy in combination with neoadjuvant chemotherapy have not been reported in gastric cancer with serosal invasion. This study is the first to investigate the safety and efficacy of camrelizumab in combination with nab-paclitaxel plus S-1 for the treatment of gastric cancer with serosal invasion. The results showed that camrelizumab in combination with neoadjuvant chemotherapy significantly increased the rate of tumor regression grade (TRG grade 1a/1b) and the rate of pCR in gastric cancer with serosal invasion and did not increase postoperative complications or neoadjuvant treatment-related adverse effects.

For patients receiving neoadjuvant chemotherapy, tumor regression grade is an important factor affecting the overall survival rate (11). The SOX regimen is a commonly used neoadjuvant chemotherapy regimen in the Asian population. A large-scale, randomized, controlled trial (RESOLVE) (5) from China showed that the SOX regimen has good application prospects as a neoadjuvant chemotherapy for advanced gastric cancer. The results of a phase II clinical trial (Dragon III) (15) revealed that the rate of tumor regression grade (TRG grade 1a/1b) in locally advanced gastric cancer (cT4/NxM0) treated with the SOX regimen was 32.4%. A nab-paclitaxel regimen and camrelizumab combined with a nab-paclitaxel regimen in the treatment of locally advanced gastric cancer have not been reported. In this study, the rate of tumor regression grade (TRG grade 1a/1b) in the C-SAP group (39.4%) was not significantly different from that in the SAP group (26.3%) but was significantly higher than that in the SOX group (18.1%). Therefore, camrelizumab combined with neoadjuvant chemotherapy could increase the tumor regression grade (TRG grade 1a/1b).

Pathological complete response (pCR) has been shown to correlate with overall survival (OS) outcomes (16). More than ten studies focusing on immunotherapy combined with neoadjuvant chemotherapy for the treatment of gastric cancer have been conducted, most of which evaluated pCR as the primary endpoint. The rate of pCR was 22.2% (2/9) when sintilimab was combined with the FLOT regimen for the neoadjuvant treatment of gastric or gastroesophageal junction (GEJ) adenocarcinoma (17). The rate of pCR was 23.1 (6/26) when sintilimab plus oxaliplatin/capecitabine (CapeOx) was used as a neoadjuvant therapy for patients with locally advanced, resectable gastric (G)/esophagogastric junction (GEJ) adenocarcinoma (18). The rate of pCR was 8% (2/26) when camrelizumab was combined with FOLFOX as a neoadjuvant therapy for resectable locally advanced gastric and gastroesophageal junction adenocarcinoma (19). In this study, the rate of pCR in the C-SAP group was 21.2% (7/33), similar to that observed in previous studies, and it was significantly higher than that in the SAP group (5.3%, 5/95) and the SOX group (2.8%, 2/72). Therefore, the results of this study showed that camrelizumab combined with neoadjuvant chemotherapy could improve the rate of pCR.

In the Dragon III study (15), univariate analyses showed that TRG was correlated with sex, nerve invasion, vascular invasion and postoperative pathological stage. However, the general clinical data of the three groups of patients in this study were not balanced. The number of patients with tumor size > 5 cm in the C-SAP group (51.5%) and the SAP group (48.4%) was higher than that in the SOX group (36.1%). The number of patients with poorly differentiated/undifferentiated tumors in the C-SAP group (69.7%) and the SAP group (63.2%) was higher than that in the SOX group (all P < 0.05). However, the multivariate analysis showed that tumor size > 5 cm was an independent risk factor, while the use of camrelizumab was an independent protective factor.

The postoperative safety of patients after neoadjuvant therapy remains unclear. Li et al (20) reported that laparoscopic distal gastrectomy appeared to offer better postoperative safety than open distal gastrectomy for patients with locally advanced gastric cancer who received neoadjuvant chemotherapy. Li et al. reported that the LADG group was less likely to have Clavien-Dindo Grade II complications than the ODG group (6 [13%] vs. 20 [40%]; P = 0.004). Six patients (13%) in the LADG group and 2 patients (4%) in the ODG group had Grade III or higher complications (P = 0.25). Only 1 patient (2%) in the laparoscopic group had Grade IV complications, and no Grade V complications were reported. In our study, the overall complication rate of the whole group was 25.5%, the complication rate of Grade II events was 22.5%, and the complication rate of Grade III events was 3.5%. There were no Grade IV or V events reported, similar to the findings reported by Li et al. Additionally, the rate of Grade II complications was 18.2% in the C-SAP group, 18.9% in the SAP group and 29.2% in the SOX group. The rate of Grade III complications was 6.1% in the C-SAP group, 3.2% in the SAP group and 2.8% in the SOX group. Therefore, camrelizumab combined with neoadjuvant chemotherapy did not increase postoperative complications.

The WBC decreased (Grades 3, 4) by 41% in patients treated weekly with SAP in the ABSOLUTE trial (21). There was no significant difference in terms of WBC decreases (Grades 3 and 4) among the three groups in our study. There was no significant difference in terms of neutrophil count decreases (Grades 3 and 4) between the C-SAP and SAP groups. In this study, only one patient suffered febrile neutropenia (3%) in the C-SAP group, similar to that observed in the weekly SAP group (3%) in the ABSOLUTE trial, while there was no significant difference in terms of febrile neutropenia among the three groups. Therefore, camrelizumab combined with neoadjuvant chemotherapy is safe.

Although there was no significant difference in TRG between the C-SAP and SAP groups, we found that the rate of TRG (1a + 1b) in the C-SAP group was higher than that in the SAP group. Camrelizumab might be the reason for the difference between the two groups. Therefore, for gastric cancer patients with cT4a/T4b, the use of camrelizumab might predict a higher rate of TRG (1a + 1b). In addition, the rates of yPCR, yT0 and yN0 in the C-SAP group were significantly higher than those in the SAP group. The reason for the difference was the use of camrelizumab.

The optimal cycles of neoadjuvant therapy are controversial. A possible reason is that patients with obvious tumor regression receive 3-4 cycles of neoadjuvant therapy before surgery. Patients with no obvious tumor regression were asked to receive more cycles on the basis of 3-4 cycles. For patients in the SAP and SOX groups, the rate of TRG (1a + 1b) of patients receiving ≥ 4 cycles of neoadjuvant therapy was lower than that receiving ≤ 3 cycles of neoadjuvant therapy in the SAP and SOX groups. Therefore, the optimal neoadjuvant therapy cycle for these patients is 3 cycles. For patients in the C-SAP group, the rate of TRG (1a + 1b) of patients receiving ≥ 4 cycles of neoadjuvant therapy was higher than that of patients receiving ≤ 3 cycles of neoadjuvant therapy. Therefore, the optimal neoadjuvant therapy cycle for these patients is 4 cycles.

There are several limitations of this study. First, this study was a real-world, retrospective study with selection bias. Our center did not use the chemotherapy regimen of camrelizumab + SOX. Second, the number of patients in the C-SAP group was relatively small. PD-L1 expression was not measured, and differences in CPS could have affected the results of this study. Most of the patients in this study were followed up for less than 3 years.

In conclusion, camrelizumab in combination with nab-paclitaxel plus S-1 could significantly improve the rate of tumor regression grade (TRG 1a/1b) and the rate of pCR in gastric cancer with serosal invasion and did not increase postoperative complications or neoadjuvant treatment-related adverse effects. The results of this study must be further confirmed by prospective, randomized, controlled trials.
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Supplementary Figure 1 | Diagram.

Supplementary Figure 2 | There was no significant difference in terms of the total number of lymph nodes and positive lymph nodes between the C-SAP and SAP groups (all P > 0.05). However, the total number of lymph nodes in the C-SAP group was greater than that in the SOX group, and the number of positive lymph nodes in the C-SAP group was less than that in the SOX group (all P < 0.05).

Supplementary Figure 3 | Different neoadjuvant chemotherapy regimens and cycles on TRG.
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The tumor microenvironment (TME) plays an important role in the pathogenesis of many cancers. We aimed to screen the TME-related hub genes of colorectal adenoma (CRAD) and identify possible prognostic biomarkers. The gene expression profiles and clinical data of 464 CRAD patients in The Cancer Genome Atlas (TCGA) database were downloaded. The Estimation of STromal and Immune cells in MAlignant Tumours using Expression data (ESTIMATE) algorithm was performed to calculate the ImmuneScore, StromalScore, and EstimateScore. Thereafter, differentially expressed genes (DEGs) were screened. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, and protein–protein interaction (PPI) analysis were performed to explore the roles of DEGs. Furthermore, univariate and multivariate Cox analyses were accomplished to identify independent prognostic factors of CRAD. CX3CR1 was selected as a hub gene, and the expression was confirmed in colorectal cancer (CRC) patients and cell lines. The correlations between CX3CR1 and tumor-infiltrating immune cells were estimated by Tumor IMmune Estimation Resource database (TIMER) and CIBERSORT analysis. Besides, we investigated the effects of coculture with THP-1-derived macrophages with HCT8 cells with low CX3CR1 expression on immune marker expression, cell viability, and migration. There were significant differences in the ImmuneScore and EstimateScore among different stages. Patients with low scores presented significantly lower lifetimes than those in the high-score group. Moreover, we recognized 1,578 intersection genes in ImmuneScore and StromalScore, and these genes were mainly enriched in numerous immune-related biological processes. CX3CR1 was found to be associated with immune cell infiltration levels, immune marker expression, and macrophage polarization. Simultaneous silencing of CX3CR1 and coculture with THP-1 cells further regulated macrophage polarization and promoted the cell proliferation and migration of CRC cells. CX3CR1 was decreased in CRAD tissues and cell lines and was related to T and N stages, tumor differentiation, and prognosis. Our results suggest that CX3CR1 contributes to the recruitment and regulation of immune-infiltrating cells and macrophage polarization in CRC and TAM-induced CRC progression. CX3CR1 may act as a prognostic biomarker in CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common malignant gastrointestinal cancers (1) and ranks the fifth leading cause of cancer-related death in China (2). CRC has been well-acknowledged as a heterogeneous disease, which presents various differences in clinical features, molecular genetic alterations, and prognosis (3). Some factors, such as age, diet, environment, unhealthy lifestyle, obesity, inflammatory bowel disease (IBD), gene mutation, gut microbiota, and family history of colon cancers, have been reported to be at high risk of developing the tumor (4–7). Among the influencing factors, molecular genetic changes have been considered as one of the important key characteristics contributing to the progression of cancers (8, 9).

Growing evidence suggests that the tumor microenvironment (TME) plays a critical role in the progression and prognosis of malignant tumors (10, 11), including CRC (12, 13). The TME is the location of tumor appearance, comprising many cells, mediators, and molecules (14, 15). Among the cells, infiltrating stromal and immune cells are the two foremost members of the TME, which significantly contributes to cancer biology (16, 17). It has been demonstrated that the early stage of CRC is characterized by a high content of stromal cells and the infiltration of immune cells, with unfavorable and favorable prognosis of refeeding syndrome (RFS), respectively (18). In addition, the immune and stromal stratification of CRC is responsible for molecular subtypes and tailored immunotherapy (19). However, little information is available regarding the TME-related genes that could identify potential prognostic biomarkers for CRC. The Estimation of STromal and Immune cells in MAlignant Tumours using Expression data (ESTIMATE) algorithm is an accurate method to calculate the specific gene data expression signature to evaluate the infiltration of stromal and immune cells and tumor purity. It is a broad, novel, and reliable algorithm that has been administered in data mining of several cancers, and this method has been proven effective in several large independent databases (20–24). ESTIMATE algorithm includes Immunescore, StromalScore, and ESTIMATEScore. Immunescore is the percentage of Immune cells, which is a scoring system based on the quantitative analysis of cytotoxic T cells and memory T cells in the core of the tumor (CT) and the invasive margin (IM) of the tumor (25). StromalScore is the percentage of stromal cells, and EstimateScore is the sum of the ImmuneScore and StromalScore (26). A higher ImmuneScore or StromalScore is indicative of the presence of a significant immune or stromal component in the TME, and ESTIMATEScore is the sum of immune and stromal score. In other words, high tumor purity is related to the unfavorable prognosis of patients. Although the ESTIMATE algorithm is based on cancer tissue data, it is effective in evaluating cellular data as well (27). Several studies have confirmed that the scores are associated with the clinicopathological characteristics and chemotherapeutic drug resistance in various types of tumors, and that ESTIMATE could be used as an indicator for patient prognosis assessment (27–29).

Therefore, in the current study, we aimed to evaluate the ImmuneScore and StromalScore in the TME based on CRC data acquired from The Cancer Genome Atlas (TCGA) database by single-sample gene set enrichment analysis (ssGSEA). Moreover, we further explored the stromal-immune score-based gene signature related to the prognosis of CRC. Our results might shed insight into the improvement of novel prognostic biomarkers and treatments, specifically immunotherapies, for patients with CRC.



Materials and Methods


The Cancer Genome Atlas Data Download and Processing

In this analysis, we downloaded the expression datasets of fragments per kilobase of exon per million mapped fragments (FPKM) from TCGA website (https://portal.gdc.cancer.gov/). The samples were screened according to the clinical information. The principles of sample selection were listed as follows: 1) Primary tumor tissues were selected; 2) Complete information for tumor-node-metastasis (TNM) staging and stage were selected, and the samples without relevant follow-up data and incomplete information were removed; 3) The samples without clinical survival information were removed; 4) Five-year survival data could be obtained from the patients whose survival time is more than 1 month and less than 5 years. According to the above inclusion and exclusion criteria, a total of 464 colorectal adenoma (CRAD) samples were included for subsequent analysis.



Calculation of ImmuneScore, StromalScore, and EstimateScore

After selecting the samples, we extracted the expression matrix from the samples and then calculated the immune purity of the expression matrix using the “estimate” R package. We performed ssGSEA method for each sample, and the immune infiltration (ImmuneScore), overall stromal content (StromalScore), and the combined (EstimateScore) were calculated by ESTIMATE algorithms (21).



Overall Survival Analysis

Kaplan–Meier plots were performed to investigate the prognosis of patients with CRAD. The individuals were assigned to the high-score group (the values of >optimal cutoff) and low-score group (the values of <optimal cutoff) based on the optimal cutoff values of the ImmuneScore and StromalScore. Maximally selected rank statistics (30) were performed to ascertain the optimal cutoff. The “survminer” in R package was performed to detect the survival analyses.



Selection of Differentially Expressed Genes

The patients were divided into high-score and low-score groups based on the optimal cutoff mentioned above. The selection of DEGs was performed according to the published method (31) by using “edgeR” R package with P-value <0.01 and |logFC| >1. Volcano plot was further used to visualize the DEGs. Moreover, Venn diagrams were performed to detect the upregulated or downregulated intersection genes of DEGs in the immune and stromal groups using a website tool (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Enrichment Analysis of Intersection Genes

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were performed by “ClusterProfiler” R package and ClueGO plug-in in Cytoscape software (3.6.1 version) (32).



Construction of Protein–Protein Interaction Network

The PPI network was constructed by STRING (http://string-db.org) (33) with an interaction combined score >0.7. The interaction nodes of the protein were visualized by using Cytoscape (34), and enrichment analysis of each cluster was analyzed with ClueGo software (35). In addition, Molecular Complex Detection (MCODE) was used to investigate the key subnetworks in PPI networks. The parameters of clustering and scoring were selected as follows: MCODE score ≥5, degree cutoff = 2, node score cutoff = 0.2, max depth = 100, and k-score = 2. Genes with the highest MCODE score in the PPI network were selected as the hub genes.



Univariate and Multivariate Cox Analyses

Univariate and multivariate Cox analyses were performed to assess the independent prognostic factors associated with patients’ survival. Hub gene expression, T stage, N stage, M stage, and Stage were selected as covariates. Hazard ratios (HRs) were used to recognize protective (HR <1) or risky genes (HR >1), and the most relevant gene for the prognosis of CRAD was obtained by regression analysis.



Tumor Microenvironment Analysis

The abundance of immune infiltrates was estimated by Tumor IMmune Estimation Resource database (TIMER; cistrome.shinyapps.io/timer) (36) and CIBERSORT analysis. The correlation between CX3CR1 expression and the abundance of infiltrating immune cells, including tumor purity, B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells (DCs), was analyzed. Furthermore, the interconnections between CX3CR1 expression and molecular biomarkers of tumor-infiltrating immune cells were investigated by correlation modules. For further investigation, CIBERSORT was used to estimate the abundance of different immune cell types in the TME. It is a deconvolution algorithm for calculating the abundance of immune cell infiltration for each sample, which is based on a gene set of 22 sets of immune cell-associated genes (37) (https://cibersort.stanford.edu/). RNA sequencing (RNA-seq) data of CRC samples were divided into low CX3CR1 expression group and high CX3CR1 expression group according to the median level of CX3CR1. Data were imported into CIBERSORT and LM22 signature matrix.



Subjects

A total of 60 (38 males and 22 females, mean age: 58 years old) CRC tumors and matched adjacent non-tumor tissues were acquired from subjects at Shengjing Hospital of China Medical University between 2014 and 2015. The collected samples were immediately frozen after the operation and stored at -80°C until use. Patients’ information, including gender, ages, tumor location, size, TNM classification, and differentiation, was collected. All individuals did not receive any preoperative treatments. Our study was permitted by the Medical Ethics Committee of Shengjing Hospital of China Medical University (No. 2014PS13), and informed consent was acquired from each individual.



Cell Lines

Human normal intestinal mucous cell line CCC-HIE-2, human CRC cell lines (CaCO-2, HCT8, HCT-116, and LoVo), and human THP-1 monocytes were acquired from the American Type Culture Collection (ATCC, Manassas, VA, USA). These cell lines were routinely cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS; Gibco) and 2 mM L-glutamine (Gibco), 100 U/ml penicillin (Invitrogen, Carlsbad, CA, USA), and 100 µg/ml streptomycin (Invitrogen). They were maintained at 37°C in a 5% CO2 atmosphere.



Coculture of THP-1 With HCT8

The CRC cells HCT8 and THP-1-derived macrophages were cocultured with a non-contact cell culture insert (0.4 μM; Corning, NY, USA). The THP-1 cells were seeded into the upper chamber at a density of 5 × 105 cells/ml, and they were induced to differentiate into M2 macrophages by administration of 350 nm phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) for 6 h and interleukin (IL)-4 for 18 h. The ratio of M2 cells to HCT8 cells was 1:4. After washing with phosphate-buffered saline (PBS), the cells were incubated for another 24 h to remove the effect of PMA. The HCT8 cells (2.5 × 105 cells/ml) were placed in the lower chamber for 24 h to allow adherence. Thereafter, the THP-1-derived macrophages were directly put on the top of plates containing the HCT8 cells and were then incubated for 24 h in serum-free RPMI 1640.



Transient Transfection

Small interfering RNA for CX3CR1 (si-CX3CR1, 150 nM) was transfected into HCT8 to knockdown CX3CR1. si-CX3CR1 was designed and produced by Genechem (Shanghai, China). The sequence of si-CX3CR1 was as follows: 5′-CTTGTCTGATCTGCTGTTT-3′. Cell transfection was performed by using Lipofectamine® 2000 (Invitrogen) at indicated times.



Cell Counting Kit-8

After transfection with si-NC or si-CX3XR1 in the absence or presence of coculture, the HCT8 cells were seeded into 96-well plates (5 × 103 cells/well). Thereafter, the cell viability was assessed using Cell Counting Kit-8 (CCK-8; Japan Dojindo Molecular Technologies) at 24, 48, 72, and 96 h according to the manufacturer’s instructions.



Migration Assay

After transfection with si-NC or si-CX3XR1 in the absence or presence of coculture, cell migration assay was conducted using 24-well Transwell plates (8.0 μm; Corning, NY, USA). The macrophages or cancer cells (5 × 104, HCT8-si-NC, HCT-8-si-CX3CR1) were planted into the upper chambers, and 600 µl RPMI 1640 containing 10% FBS were placed into the lower chambers. Thereafter, the Transwell plates were incubated in a 37°C, 5% CO2 incubator for 48 h and then fixed in 4% formaldehyde for half an hour and stained with 0.01% crystal violet. Non-migrating cells were carefully removed with a cotton swab, and the cells that had migrated to the lower chambers were counted under the microscope.



Quantitative Real-Time Reverse Transcription PCR

Total RNA was extracted from the samples, and cells using TRIzol reagent (Invitrogen). Reverse-transcription reactions were performed using an M-MLV Reverse Transcriptase kit (Roche Molecular Biochemicals) according to the manufacturer’s protocol. Real-time PCR was carried out using a standard SYBR Green PCR kit (Qiagen, Hilden, Germany). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal reference. The sequences of different primers were summarized in Table 1. Each sample was analyzed in triplicate, and relative quantitation of gene expression levels was determined using 2-△△CT method.


Table 1 | The sequences of different primers.





Western Blot

Proteins were extracted from the samples and cells using radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime, Shanghai, China). Thereafter, the acquired proteins were separated using sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes (Beyotime). The membranes were then incubated with anti-CX3CR1 primary antibody (SAB2900202; Sigma-Aldrich, St. Louis, MO, USA) at 4°C overnight and with horseradish peroxidase-conjugated secondary antibody (A2691, Sigma-Aldrich) for 1 h at room temperature. Enhanced chemiluminescence (ECL) plus Kit (GE Healthcare, Little Chalfont, Buckinghamshire, UK) was used to analyze the chemiluminescence intensity of each membrane and then quantitated by ImageJ software (NIH, Bethesda, MD, USA). GAPDH was used as a housekeeping gene.



Statistical Analyses

All analyses were conducted with R version 3.5.3 (http://www.R-project.org), along with its appropriate packages. Survival analysis was performed using Kaplan–Meier method with the log-rank test. Univariate and multivariate analysis Cox proportional hazards model was used to assess the potential independent factors with the prognosis. For the in vitro experiments, the acquired data are presented as the mean  ± standard deviation (SD). The differences were evaluated with Student’s t-tests (for 2 groups) or one-way analysis of variance (ANOVA) for 3 and/or more than 3 groups using SPSS Statistics 19.0 software (IBM, Armonk, NY, USA). For the CIBERSORT algorithm, it was performed with 1,000 simulations, and the results were filtered according to P < 0.05. After obtaining the abundance of immune cell infiltration in each sample, correlations between these immune cells and CX3CR1 expression levels were calculated based on the Spearman coefficient, and differences in immune cell infiltration between high and low CX3CR1 expression groups were calculated using the Wilcoxon log-rank test. P < 0.05 was regarded as statistically significant.




Results


ImmuneScore and ESTIMATEScore Correlate With Clinical Data and Prognosis in Patients with Colorectal Adenoma

A total of 464 samples were used to analyze in the current study according to TCGA data. ESTIMATE algorithm was used to calculate the StromalScore, ImmuneScore, and ESTIMATEScore. According to the clinical data extracted from TCGA (Supplementary Table S1), we observed that there was no significant difference among different stages in the StromalScore (P = 0.053; Figure 1A). However, there were statistical differences among different stages in the ImmuneScore (P = 0.00066; Figure 1B) and ESTIMATEScore (P = 0.023; Figure 1C). The StromalScore ranged from -2,286.02 to 1,695.44, ImmuneScore ranged from -741.19 to 2,489.81, and ESTIMATEScore ranged from -3,027.21 to 4,185.25. The scores were summarized in Supplementary Table S2. The distribution of StromalScore, ImmuneScore, and ESTIMATEScore was shown in Figures 1D–F, and the cut points respectively were -1,431.83, -305.47, and -1,013.54. To further explore the potential correlation between clinical overall survival (OS) of patients with CRAD and their three scores, we assigned the 464 patients into the high-score group (the values >optimal cutoff) and the low-score group (the values <optimal cutoff). Thereafter, we assessed the potential correlation with Kaplan–Meier survival analysis. The results showed that patients with high scores presented significantly longer lifetimes than those in the low-score group for StromalScore (P = 0.032; Figure 1G), ImmuneScore (P = 0.00055; Figure 1H), and ESTIMATEScore (P = 0.0025; Figure 1I). These results implied that both ImmuneScore and ESTIMATEScore correlated with clinical data and prognosis in patients with CRAD, while StromalScore only correlated with the prognosis but not the clinical data.




Figure 1 | ImmuneScore and ESTIMATEScore correlate with clinical data and prognosis in patients with CRAD. (A–C) The boxplot of StromalScore, ImmuneScore, and ESTIMATEScore of CRAD patients in different stages. (D–F) The distribution of StromalScore, ImmuneScore, and ESTIMATEScore. (G–I) Kaplan–Meier survival analysis of StromalScore, ImmuneScore, and ESTIMATEScore. CRAD, colorectal adenoma.





Identification of Differentially Expressed Genes Based on ImmuneScore and StromalScore

The expression profile data of 464 patients with CRAD were further examined to detect DEGs by using “edgeR” R package. A total of 2,773 and 2,705 DEGs were respectively screened in CRAD sample cells based on ImmuneScore and StromalScore. Volcano plots were performed to visualize the distribution of DEGs of ImmuneScore and StromalScore. Upregulated or downregulated genes were characterized respectively with red or green dots (Figures 2A, B). Venn diagrams were accomplished to detect the upregulated or downregulated intersection genes of DEGs. Among them, we recognized 2,426 upregulated genes and 347 downregulated genes in StromalScore and 1,838 upregulated genes and 867 downregulated genes in ImmuneScore. A total of 1,353 upregulated intersection genes and 225 downregulated intersection genes were selected for further analysis (Figures 2C, D). Upregulated and downregulated DEGs were respectively listed in Supplementary Tables S3, S4.




Figure 2 | Identification of DEGs based on ImmuneScore and StromalScore. (A) The distribution of DEGs of ImmuneScore using volcano plots. (B) The distribution of DEGs of StromalScore using volcano plots. (C) Upregulated intersection genes of DEGs detected by Venn diagrams. (D) Downregulated intersection genes of DEGs detected by Venn diagrams. DEGs, differentially expressed genes.





Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analyses

We further explored the GO and KEGG pathway enrichment analysis of 1,578 intersection genes by two different methods: the “ClusterProfiler” R package and the ClueGO plug-in in Cytoscape software. All the GO terms and KEGG pathways were recorded in Supplementary Tables S5, S6, respectively. Top 20 GO terms and Top 10 KEGG pathways were presented in the current study using the “ClusterProfiler” R package. As shown in Figure 3A, we found that the DEGs were mainly enriched in the regulation of lymphocyte activation, T-cell activation, leukocyte migration, positive regulation of cell activation and leukocyte cell–cell adhesion, and so on. Moreover, the KEGG enrichment analysis of DEGs was primarily enriched in cytokine–cytokine receptor interaction, viral protein interaction with cytokine and cytokine receptor, Staphylococcus aureus infection, hematopoietic cell lineage, rheumatoid arthritis, and chemokine signaling pathway, etc. (Figure 3B). The results of GO terms and KEGG pathway using ClueGO method were shown in Figure 3C. Interestingly, we found that the results of immune-related genes in GO term biological process (BP) and KEGG pathways were achieved only from the upregulated DEGs. The dotplot for the enriched GO and KEGG analysis of upregulated and downregulated DEGs was demonstrated in Figure 4. Therefore, we performed further analyses on upregulated DEGs only.




Figure 3 | GO and KEGG pathway enrichment analyses. (A) Top 20 GO terms of the intersection DEGs using “ClusterProfiler” R package. (B) Top 10 KEGG pathways of the intersection DEGs using “ClusterProfiler” R package. (C) GO terms and KEGG pathway using ClueGO method. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes.






Figure 4 | The dotplot for the enriched GO and KEGG analysis of upregulated and downregulated DEGs. (A) The dotplot for the enriched GO BP of upregulated DEGs. (B) The dotplot for the enriched GO CC of upregulated DEGs. (C) The dotplot for the enriched GO MF of upregulated DEGs. (D) The dotplot for the enriched KEGG analysis of upregulated DEGs. (E) The dotplot for the enriched GO BP of downregulated DEGs. (F) The dotplot for the enriched GO MF of downregulated DEGs. (G) The dotplot for the enriched KEGG analysis of downregulated DEGs. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; DEGs, differentially expressed genes; BP, biological process; MF, molecular function; CC, cellular component.





Protein–Protein Interaction Construction and Module Analysis of Upregulated Differentially Expressed Genes

PPI network of upregulated 1,353 DEGs for CRAD was constructed with STRING tool and Cytoscape software (Figure 5A). There were 836 nodes in the network with the interaction combined score >0.7 and 6,662 pairs of interaction relationships (Supplementary Table S7). The circle size in the figure indicated the degree of the corresponding node. The larger the circle, the greater importance of the corresponding node in the network found. Furthermore, we used Cytotype MCODE software to investigate Clustering analysis of the above PPI network. According to the threshold value, we selected the first significant module with 62 hub genes (Figure 5B and Supplementary Table S8). The functional analysis of 62 hub genes was preliminarily screened by the Cytoscape software with ClueGO plug-in. The results were shown in Figure 5C, which was consistent with the above KEGG results. Therefore, we confirmed that the analysis results were reliable.




Figure 5 | PPI construction and module analysis of upregulated DEGs. (A) PPI network of upregulated intersection DEGs using STRING tool and Cytoscape software. (B) The first significant module with 62 hub genes. (C) The functional analysis of 62 hub genes screened by the Cytoscape software with ClueGO plug-in. PPI, protein–protein interaction; DEGs, differentially expressed genes.





CX3CR1 Acts as a Biomarker of Progression and Prognosis in Colorectal Adenoma

To further confirm the independent prognosis factors of patients with CRAD, we used iterative univariable Cox regression to judge the prognostic value of each gene included in the study. Then, we included all genes to conduct multivariable Cox regression, which employed Akaike information criterion (AIC)-based stepwise methods to train a model and is totally different from step 1. And genes that meet P < 0.05 of both univariable and multivariable Cox regression were deeded the prognostic genes. Finally, the number of these prognostic genes was eight. The univariate Cox analysis results were shown in Table 2, and we observed that there were significant differences in G protein subunit gamma 8 (GNG8), histamine receptor H3 (HRH3), C-C motif chemokine ligand 19 (CRCL19), C-X-C motif chemokine receptor 5 (CXCR5), somatostatin receptor 3 (SSTR3), opioid-related nociceptin receptor 1 (OPRL1), C-X3-C motif chemokine receptor 1 (CX3CR1), and purinergic receptor P2Y13 (P2RY13). The multivariate Cox analysis data showed that there was statistical significance in CX3CR1 (Figure 6A). All univariate and multivariate results were shown in Supplementary Tables S9, S10, respectively. We verified this result by analyzing the relationship between the expression of CX3CR1 and the prognosis of patients with CRAD. As indicated in Figure 6B, patients in the low-score group presented poorer 5-year survival consequences than those in the high-score group (P = 0.01). These data implied that CX3CR1 might act as a biomarker of progression and prognosis in patients with CRAD.


Table 2 | Univariate Cox proportional hazards regression analyses of clinical parameters and hub genes in patients with CRAD.






Figure 6 | Multivariate Cox analyses of hub genes and survival analysis of CX3CR1 in patients with CRAD. (A) Multivariate Cox analyses of hub genes in patients with CRAD. (B) Survival analysis of CX3CR1 in patients with CRAD. GNG8, G protein subunit gamma 8; HRH3, histamine receptor H3; CRCL19, C-C motif chemokine ligand 19; CXCR5, C-X-C motif chemokine receptor 5; SSTR3, somatostatin receptor 3; OPRL1, opioid-related nociceptin receptor 1; CX3CR1, C-X3-C motif chemokine receptor 1; P2RY13, purinergic receptor P2Y13; CRAD, colorectal adenoma.





CX3CR1 Is Associated With Immune Cell Infiltration Levels

The differential expression of CX3CR1 between tumor and adjacent normal tissues was analyzed using the DiffExp module of the TIMER database. As demonstrated in Figure 7A, the results revealed that the levels of CX3CR1 were differentially expressed in various cancer types, including colon adenocarcinoma (COAD) (P < 0.001). It has been reported that tumor−infiltrating lymphocytes (TILs) are critical survival predictors in cancer patients, and tumor purity plays a significant role in determining CRC prognosis (38). Thus, we used the gene module of the TIMER database to explore whether CX3CR1 expression was related to infiltration levels in CRC. As shown in Figure 7B, CX3CR1 was negatively correlated with purity (cor = -0.161, P = 1.15e-03) and positively correlated with B cells (cor = 0.257, P = 1.61e-07), CD8+ T cells (cor = 0.194, P = 8.01e-07), CD4+ T cells (cor = 0.456, P = 4.97e-22), macrophages (cor = 0.534, P = 3.39e-31), neutrophils (cor = 0.331, P = 1.04e-11), and dendritic cells (DCs) (cor = 0.464, P = 8.17e-23). Furthermore, we examined the correlation between CX3CR1 expression and immune markers of different immune cells using the correlation module of the TIMER database in COAD, including monocyte markers (CD86 and CSF1R), tumor-associated macrophage (TAM) markers (CCL2, CD68, and IL10), M1 macrophage markers (NOS2, IRF5, and PTGS2), and M2 macrophage markers (VSIG4, MS4A4A, and CD163). The results showed that CX3CR1 expression was correlated with that of most monocytes, TAM, and M1 and M2 macrophage markers in COAD (Figure 7C). For further exploration, CIBERSORT analysis indicated that the high expression of CX3CR1 was positively correlated with resting DCs (cor = 0.25, P = 1.75e-06), resting mast cells (cor = 0.21, P = 2.62e-05), M2 macrophages (cor = 0.33, P = 6.74e-10), and plasma cells (cor = 0.17, P = 0.002) and negatively correlated with activated DCs (cor = -0.11, P = 0.008), activated natural killer (NK) cells (cor = -0.20, P = 8.73e-05), and activated mast cells (cor = -0.14, P = 0.006). No significant difference was observed in resting NK cells (cor = -0.08, P = 0.123) (Figure 7D). These data suggested that CX3CR1 was associated with immune cell infiltration levels in CRC pathology.




Figure 7 | CX3CR1 is associated with immune cell infiltration levels and contributes to TAM-induced CRC progression. (A) The differential expression of CX3CR1 between tumor and adjacent normal tissues in COAD analyzed by the DiffExp module of the TIMER database. (B) The association between CX3CR1 expression and infiltration levels in COAD analyzed by the gene module of the TIMER database. (C) The correlation between CX3CR1 expression and immunological markers in COAD analyzed by the correlation module of the TIMER database. (D) The correlation between CX3CR1 expression and immune cell infiltration levels analyzed by CIBERSORT analysis. (E) The protein expression of CX3CR1 in different CRC cell lines. (F–H) The effects of coculture of THP-1 and HCT8 cells with low CX3CR1 expression on the mRNA expression of monocyte, TAM, M1 and M2 macrophage markers, proliferation and migration. *P < 0.05, ***P < 0.01, ***P < 0.001 compared to the HCT-8-si-NC group; #P < 0.05, ##P < 0.01, ###P < 0.001 compared to the HCT-8-si-CX3CR1 group; &P < 0.05, &&P < 0.01, &&&P < 0.001 compared to the HCT-8-si-NC+THP-1 group. CX3CR1, C-X3-C motif chemokine receptor 1; CRC, colorectal cancer; TAM, tumor-associated macrophage; COAD, colon adenocarcinoma; NOS2, nitric oxide synthase 2; IRF5, interferon regulatory factor 5; PTGS2, prostaglandin-endoperoxide synthase 2; VSIG4, V-set and immunoglobulin domain containing 4; membrane-spanning 4-domains, subfamily A, member 4A; TIMER, Tumor IMmune Estimation Resource database.





Coculture of THP-1 and HCT8 Cells With Low CX3CR1 Expression Regulates Macrophage Polarization and Promotes Proliferation and Migration

To further confirm the above results, we subsequently assessed the effects of coculture of THP-1 and CRC cells with low CX3CR1 expression on CRC cell functions. Firstly, we analyzed the protein expression of CX3CR1 in different CRC cell lines. The data revealed that the protein expression of CX3CR1 was significantly diminished in different CRC cell lines compared to the human normal intestinal mucous cell line CCC-HIE-2 (P < 0.05 or P < 0.01; Figure 7E), with the highest level in HCT8 cells. Then, the effects of coculture on the mRNA expression of M1 and M2 macrophage markers were explored. The findings revealed that, compared to the control group, silencing of CX3CR1 or coculture with THP-1 cells could significantly increase the mRNA levels of M1 macrophage markers (NOS2, IRF5, and PTGS2) (P < 0.001) but decrease the mRNA levels of M2 macrophage markers (VSIG4, MS4A4A, and CD163) (P < 0.01 or P < 0.001), while simultaneous silencing of CX3CR1 and coculture with THP-1 cells further enhanced the above functions (P < 0.05, P < 0.01, or P < 0.001; Figure 7F). Next, the effects of coculture on the proliferation and migration of cancer cells were investigated. As demonstrated in Figures 7G, H, the data revealed that, compared to the control group, the cell viability and number of migrated cells were significantly promoted by silencing of CX3CR1 or coculture with THP-1 cells and were further elevated by simultaneous silencing of CX3CR1 and coculture with THP-1 cells (P < 0.05, P < 0.01, or P < 0.001). These data implied that CX3CR1 contributed to the recruitment and regulation of immune infiltrating cells and macrophage polarization in CRC, as well as TAM-induced CRC progression.



Verification of CX3CR1 Expression in Human Colorectal Cancer Tissues

To further verify the expression of CX3CR1 and the potential functional role of CX3CR1 in CRC, we enrolled a total of 60 patients with CRC and analyzed the mRNA and protein expressions of CX3CR1 in the tumor tissues. As revealed in Figure 8A, the data showed that, compared to the non-tumor tissues, the mRNA expression of CX3CR1 was significantly downregulated in the tumor tissues (P < 0.01). In addition, 12 pairs of tissues were randomly chosen to assess the protein expression of CX3CR1. In line with the mRNA results, the protein expression of CX3CR1 was also statistically reduced in the tumor tissues compared with the non-tumor tissues (P < 0.01 or P < 0.001; Figure 8B). In addition, we investigated the relationship between CX3CR1 expression and CRC clinicopathological parameters, including gender, age, tumor location, TNM stage, and tumor size and differentiation. Among these 60 patients, 28 patients were categorized as high expression group and the remaining 32 patients were categorized as low expression group. As indicated in Table 3, CX3CR1 was not significantly related to age, gender, tumor location, size, and M stage but was associated with T and N stages, tumor differentiation, and prognosis of the tumor. These findings suggested that CX3CR1 may function as a potential prognostic biomarker in CRC.




Figure 8 | Expression of CX3CR1 in patients with CRC. (A) The mRNA expression of CX3CR1 in the enrolled 60 patients. (B) The protein expression of CX3CR1 in the 12 pairs of tissues. CX3CR1, C-X3-C motif chemokine receptor 1; CRC, colorectal cancer. **P < 0.01, ***P < 0.001 compared to the corresponding groups.




Table 3 | Correlation between CX3CR1 expression and clinicopathological characteristics of CRC.






Discussion

CRC is a highly heterogeneous disease with increasing incidence and mortality. Immunotherapy has emerged as a novel approach for the management of CRC (19, 39, 40). Although many patients with CRC are immunoresponsive, some adverse effects, such as toxicity, have been reported recently (40). Therefore, there is an unmet need for exploring the targeting immunotherapy to the TME, since the TME plays an important role in the progression and development of cancers, as well as in responses to therapies, particularly immunotherapies (41). Moreover, the TME-related genes could be used as favorable predictors to evaluate patients’ survival, thereby improving the clinical consequence. In the current study, we performed a comprehensive analysis of the stromal and immune cells, the TME-associated genes, and the clinical prognosis of CRAD patients.

Firstly, we used the ESTIMATE algorithm to analyze the associations between the ImmuneScore, StromalScore, and EstimateScore and the stages and survival rates in CRAD patients acquired from TCGA database. ESTIMATE algorithm is a broad, novel, and reliable algorithm that has been administered in the data mining of many cancers (21). Our data showed that the StromalScore, ImmuneScore, and EstimateScore were generally decreased with the stage of disease malignancy. There were statistical differences in the latter two, which indicated that immune infiltration and tumor purity might significantly contribute to the development of CRAD. Moreover, the survival analysis revealed that the high three scores presented a longer lifetime than those with low scores. Combining these results, we demonstrated that the clinical consequences of CRAD patients were markedly affected by the TME, which were in line with previous studies (16, 42, 43).

Subsequently, we identified a total of 1,578 intersection genes. GO and KEGG pathway analyses established that the intersection genes were mainly enriched in the tumor immune response and the maintenance of TNM. For instance, the GO results indicated that the interaction genes were principally enriched in the regulation of leukocyte activation, T-cell activation, leukocyte migration/cell–cell adhesion/differentiation, and extracellular matrix (ECM)/structure organization, and the KEGG pathway demonstrated that they were specifically enriched in cytokine–cytokine receptor interaction and chemokine signaling pathway. Furthermore, according to the DEGs of the PPI network analysis, we identified and selected 62 hub genes as the first important module, and the KEGG pathway analyzed by ClueGO showed that these hub genes were also enriched in cytokine–cytokine receptor interaction and chemokine signaling pathway, etc. Our data supported previous investigations on the essential role of immune cells and ECM molecular components in the establishment of the TME, as well as the relationship between the progression and development of CRC and the TME (44–47).

To reveal the potential independent prognostic biomarkers for CRC, we performed univariate and multivariate Cox analysis by evaluating 62 hub genes and pathologic stages. After removal of insignificant variables, we found that pathologic stages (TNM) and several genes including GNG8, HRH3, CCL19, CXCR5, SSTR3, OPRL1, CX3CR1, and P2RY13 were significantly correlated with the prognosis of CRC in the univariate Cox analysis. At present, the TNM staging system has been well considered as the most frequently used predictor of OS and recurrence in CRC (48). Our results also confirmed that all stages were significantly correlated with the prognosis of CRC. GNG8 is a protein-coding gene, which is involved in GTPase activity and obsolete signal transducer activity. A previous bioinformatics analysis suggested that GNG8 was downregulated in CRC (49). However, the biological function of GNG8 in CRC remains uncertain to date. HRH3 is a presynaptic receptor, which mediates the discharge of histamine from histaminergic neurons and other neurotransmitters from different types of neurons (50). Recent research confirmed that HRH3 was involved in tumor growth and metastasis (51, 52). CCL19 belongs to the chemokine family, while CXCR5 and CX3CR1 are both chemokine receptors. These three factors play significant roles in many cancers, including CRC (53, 54). Interestingly, a previous study observed that CX3CR1 ectopic expression improved the recruitment of adoptively transferred T cells toward CX3CL1-generated cancers, leading to the augmentation of T-cell infiltration and reduction of tumor growth (55). SSTR3 is a well-known G-protein-coupled plasma membrane receptor and is activated by neuropeptides. It has been reported that SSTR3 was decreased with the Dukes’ stages in CRC (56). P2RY13 is a G-protein-coupled receptor, and it was reported to be decreased upon epidermal growth factor (EGF)- and hypoxia-induced epithelial–mesenchymal transition (EMT) in breast cancer cells (57, 58). Additionally, P2RY13 was also involved in the identification of M1 macrophages in CRC (59). However, multivariate Cox analysis showed that only T stage, N stage, and CX3CR1 were independent risk factors that could affect the prognosis of CRC. In addition, the survival of CX3CR1 also confirmed that the low score of CX3CR1 indicated a lower lifetime.

CX3CR1, located on chromosome 3p22.2, is a key chemokine receptor with a single ligand, which belongs to the G-protein-coupled receptor (GPCR) superfamily (60). It is a proinflammatory leukocyte receptor specific for the chemokine CX3CL1 [fractalkine (FKN)] (61). CX3CR1 includes four exons and three introns and is expressed by infiltrating immune cells (e.g., monocytes, CD8+ T cells, and NK cells) (62) and tissue-resident cells (e.g., macrophages and DCs) (63). Previous studies have revealed that the CX3CL1/CX3CR1 axis is responsible for numerous pathological processes, such as atherosclerosis (60), atherogenesis (64), nervous system diseases (65), vasculitis (66), abnormal heart function (67), and cancer development (68, 69). In addition, CX3CL1:CX3CR1 axis has been confirmed to play critical roles in the TME (70) and mediates several cellular functions, including cell proliferation, apoptosis, migration, and invasion by activation of phosphatidylinositol-3-kinases/protein-serine-threonine kinase (PI3K/AKT) and MAPK kinases, Src, and/or eNOS signaling pathways (71). However, the CX3CL1:CX3CR1 axis presents either pro- or antitumor effects in different cancers (72). For example, patients with a high expression of CX3CR1 were reported to be an independent negative prognosis factor in pancreatic ductal adenocarcinoma (73). Compared to the normal tissues, reduced expression of CX3CR1 was found in macrophages infiltrating CRC tissues (74). In contrast, a high expression of CX3CL1 was observed to have a positively strong association with a high number of stromal CD8+ T cells, NK cells, and intratumoral DCs in breast cancer (75). CX3CL1 was related to the density of TILs and was found to be one of the biomarkers for identifying CRC patients (76). Contrary to our results, a previous study suggested that CX3CR1 (lack of the allele I249) might play a limited or insignificant role in CRC, and plasma FKN/CX3CL1 does not appear to be a valuable tumor marker in CRC (77). These results implied that the effects of CX3CR1 might be heterogeneous even in the same cancers. To further confirm our bioinformatics results, we analyzed the expression of CX3CR1 in CRC tissues and cell lines, as well as the relationship between CX3CR1 and clinical parameters. As demonstrated in our in vitro experiments, we confirmed the lower expression of CX3CR1 in CRC tissues and cell lines. In addition, we observed that lower expression of CX3CR1 was correlated with tumor T and N stages, differentiation, and poorer prognosis.

Recently, the immune function of CX3CL1:CX3CR1 axis has been explored. For example, the expression of CX3CL1 has been confirmed to result in the infiltration of NK cells, DCs, CD4+, and CD8+ T cells into the tumor, which leads to an increase in the antitumor immune response (75). A previous research suggested that transduction with CX3CR1 increases T-cell recruitment into the TME in an animal model of CRC (55). On another front, CX3CR1–CD8+ T cells were reported to be functionally suppressed in the TME (78). To further explore the immune functions of CX3CR1, we investigated the associations between CX3CR1 expression and TILs and immune marker expression using TIMER database and CIBERSORT analysis. Interestingly, we observed that CX3CR1 expression was negatively related to purity but positively correlated with B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and DCs. In addition, we observed that the high expression of CX3CR1 was positively correlated with resting DCs, resting mast cells, M2 macrophages, and plasma cells and negatively correlated with activated DCs, activated NK cells, and activated mast cells. These results indicated that CX3CR1 was associated with immune cell infiltration levels. The correlation between CX3CR1 and the expression of immune marker gene expression strongly suggested that CX3CR1 can regulate immune cell infiltration and interact within the TME. We detected a correlation between CX3CR1 and M1/M2 macrophage markers, which suggests that CX3CR1 might contribute to CRC by regulation of macrophage polarization. Macrophages are important innate immune cells that serve as a first line of defense against pathogenic insults to tissues. Nevertheless, TAM induces the expression of cytokines and chemokines that can inhibit antitumor immunity and promote cancer progression in different cancer types (79). Therefore, the protective effects of CX3CR1 on CRC might be by suppression of TAM-induced CRC progression. To confirm this, we used a coculture system to analyze the effects of coculture of THP-1 and CRC cells with low CX3CR1 expression on M1/M2 macrophage marker gene expression and cell proliferation and migration in CRC. As expected, coculture with THP-1-derived macrophages significantly promoted CRC cell proliferation and migration, which were in line with previous studies (80–82). Interestingly, our study found that simultaneous silencing of CX3CR1 and coculture with THP-1 cells further regulated macrophage polarization and promoted cell proliferation and migration of CRC cells. To our knowledge, this is the first report on the immune function of CX3CR1 with macrophages in cancer development.

Though our research achieved highly valued data, some limitations should be unneglectable. This study was performed only based on TCGA database; hence, a more comprehensive analysis should be implemented to illuminate the complicated relationship between the TME and CRC. Moreover, more immune-related experiments, such as the changes of CX3CR1 on the proportion changes of immune cells, should be performed to confirm the roles of CX3CR1 in the TME of CRC.

In conclusion, we comprehensively investigated the correlation between the TME-related genes and CRC by using the ESTIMATE algorithm based on TCGA database. Our data suggested that CX3CR1 might be a potential prognostic biomarker in the TME of CRC.
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Background

In this single-arm study, the efficacy and safety of neoadjuvant pembrolizumab plus chemotherapy were evaluated in patients with resectable esophageal squamous cell carcinoma (ESCC).



Methods

This study included patients with ESCC of clinical stages II–IVA who underwent surgery within 4 to 6 weeks after completing treatment with pembrolizumab (200 mg) combined with a conventional chemotherapy regimen (3 cycles). The safety and efficacy of this combination treatment were evaluated as primary endpoints of the study.



Results

From April 2019 to August 2020, a total of 18 patients (including 14 men) were enrolled, of whom 13 patients progressed to surgery. Postoperative pathology revealed a major pathological response (MPR) in 9 cases (9/13, 69.2%) and a pathological complete response (pCR) in 6 cases (6/13, 46.2%). Five patients (5/18, 27.8%) experienced serious treatment-related adverse events (AEs) of grades 3–4. At the time of data cutoff (Mar 25, 2022), the shortest duration of follow-up was 17.8 months. Programmed death-ligand 1 (PD-L1) expression in pretreatment specimens was not significantly associated with the percentage of residual viable tumor (RVT) (r=−0.55, P=0.08). Changes in counts of CD68+ macrophage between pre- and post-treatment specimens were weakly correlated with RVT (r=0.71; P=0.07), while a positive correlation was observed between postoperative forkhead box P3-positive (Foxp3)+T cells/CD4+Tcells ratios and RVT (r=0.84, P=0.03).



Conclusions

The combination of neoadjuvant immunotherapy and chemotherapy for ESCC is associated with a high pathological response and immunologic effects in the tumor microenvironment (TME). It has acceptable toxicity and great efficacy, suggesting a strong rationale for its further evaluation in randomized clinical trials (RCTs).



Trial Registration

ChiCTR2100048917.





Keywords: Pembrolizumab, chemotherapy, resectable esophageal cancer, efficacy, safety, pathological complete response (pCR), major pathological response (MPR)



1 Introduction

Esophageal cancer (EC) is the 7th most common cancer-related death globally. In China, it is the 6thmost common malignancy, with esophageal squamous cell carcinoma (ESCC) being the dominant subtype (1). The median overall survival (OS) of patients with advanced or metastatic EC is extremely poor. For patients who have undergone surgeries alone, OS rates are improving; nonetheless, the five-year survival rate does not exceed 50% (2).

According to the current National Comprehensive Cancer Network (NCCN) guidelines, multimodal therapy with neoadjuvant chemoradiotherapy is the recommended standard therapy for patients with T2-4aNxM0 resectable ESCC. The CROSS Study is the definitive modern randomized clinical trial (RCT), with an OS of 48.6 versus 24.0 months in the multimodal and surgery-only cohorts, respectively (3). However, a major limitation for this treatment may be a heightened risk of major respiratory complications (including pneumonia, acute respiratory distress syndrome, respiratory failure, and pulmonary embolism) and mortality postoperatively (4). Consequently, with the advent of a greater understanding of EC tumor biology and genomics, novel approaches that combine efficacy and safety are being explored.

In this regard, there is currently enormous interest in therapies that target the immune cells within the tumor microenvironment (TME). Programmed cell death protein-1 (PD-1) inhibitors have been evaluated in multiple clinical trials. In the KEYNOTE-181 study, pembrolizumab vs. chemotherapy was evaluated as a second-line treatment for advanced (unresectable or metastatic) EC. For patients with PD-L1 combined positive score (CPS) ≥10, the 12-month OS rate was 43% in the pembrolizumab group and 20% in the chemotherapy group (5). And in the KEYNOTE-590 trial, the combination of pembrolizumab and chemotherapy vs. chemotherapy was evaluated as a first-line treatment for the unresectable or metastatic EC. The survival rate at 12 months of ESCC was higher with chemoimmunotherapy versus chemotherapy (51% vs. 38%) (6). In the neoadjuvant treatment of non-small cell lung cancer (NSCLC), PD-1 inhibitors have produced excellent results. In the NCT02716038 study, NADIM study, and our recent trial, neoadjuvant chemoimmunotherapy in resectable NSCLC reported encouraging data of pathological response, with MPR (57%, 83%, 50% respectively) and pCR (33%, 63%, 30% respectively) (7–9).

Given these encouraging trends for neoadjuvant regimens including anti-PD-1 therapy, the present study aimed to explore the safety and efficacy of anti-PD-1 therapy combined with chemotherapy for resectable ESCC in neoadjuvant settings. We also preliminarily explore the correlations between pathological response and immunological parameters of the TME.



2 Methods


2.1 Patients

Patients gave their informed consent to participate in the study, and the study was approved by the Ethics Committee of Tangdu Hospital of the Fourth Military Medical University (approval No. 202005-12-KY-07-XW-01).

In this single-arm study, 18 patients were enrolled. The eligibility criteria were: (I) aged 18 years or older; (II) Eastern Cooperative Oncology Group (ECOG) score 0-1; (III) histologically confirmed ESCC of clinical stages II–IVA (T2-4aNxM0; for theT2N0M0, the tumor length should be ≥2 cm under endoscopy; When the tumor is located in the cervical segment, the tumor boundary should be more than 5 cm away from the annular pharyngeal muscle. Lymph node with a short diameter ≥10 mm is considered as metastatic lymph node) [according to the American Joint Committee on Cancer (AJCC 8th edition)]; (IV) surgically resectable ESCC evaluated by a multidisciplinary clinical team; (V) normal hematologic, renal, and hepatic function; (VI) receiving guidance on contraception if necessary; (VII) obtained written consent inform. The exclusion criteria were: (I) patients with active autoimmune disease; (II) patients with active concurrent malignancy; (III) patients receiving ongoing systemic steroids (>10 mg daily prednisone equivalents); (IV) patients having received radiotherapy, target therapy, chemotherapy, or other immunosuppressive therapy; (V) patients severe allergic to pembrolizumab, its active substance and/or any excipients (grade ≥3); (VI) patients severely allergic to the investigational chemotherapeutic drug and/or any of its excipients (grade ≥3); (VII) history of HIV positive testing or known acquired immune deficiency syndrome; (VIII) history of hepatitis B or active hepatitis C virus infection; (IX) history of active tuberculosis; (X) pregnant women; (XI) women in the lactation state.



2.2 Procedures

All patients were arranged with pretreatment staging. It consists of upper gastrointestinal endoscopy with histological biopsy, computed tomography (CT) scan of the chest, ultrasonography of liver, pancreas, spleen, kidney and cervical lymph nodes, pulmonary function test, echocardiography and radionuclide bone scintigraphy. For patients with suspected cervical lymph node involved, external ultrasonography of the neck with fine-needle aspiration or positron emission tomography-CT (PET-CT) was required.

All of the included patients were scheduled to receive the following drugs intravenously: pembrolizumab (200 mg) combined with conventional chemotherapy for three 21-day cycles prior to surgical resection. Chemotherapy regimens were referred to platinum-based two-drug combination chemotherapy. And the specific chemotherapeutic regimen of each patient was performed under investigators’ choices. The detailed regimens were shown in Table 1.


Table 1 | All detailed data about patients.



After the neoadjuvant therapy was completed, reevaluation was performed to exclude patients with contraindication to surgery. The reevaluation included tests the same as pretreatment staging. Surgery was planned within 4–6 weeks after the completion of the induction regimen. McKeown or IvorLewis esophagectomy, including two-field lymphadenectomy with total mediastinal lymph node dissection, was performed according to standard institutional procedures. For patients with cervical lymph nodes involved, three-field lymph node dissection was required.



2.3 Experimental Design

The primary endpoints were safety and efficacy.


2.3.1 Safety

Adverse events (AEs) were assessed according to the Common Terminology Criteria for Adverse Events (CTCAE) V.4.0.



2.3.2 Efficacy

Efficacy was measured according to the following criteria: (I) pathological complete response (pCR), defined as the complete absence of tumor cells (corresponds with MANDARD TRG 1 and Becker grade 1a), or major pathological response (MPR), defined as <10% residual viable tumor (RVT) (it is generally corresponds with MANDARD treatment response grade(TRG) 1 and 2, or Becker pathologic response grade 1a + 1b), or incomplete pathological response, defined as ≥10% RVT (non-MPR/non-pCR) (10); (II) symptom remission, according to the Stooler classification (11); (III) treatment radiographic response, as determined using the Response Evaluation Criteria in Solid Tumors (RECIST version1.1). According to RECIST version1.1, target lesions of EC were defined as lymph nodes with a short diameter ≥15 mm, and primary esophageal lesions were not considered as target lesions. When lesions were consistent with the standards stated above, the definitions of complete response (CR), partial response (PR), stable disease (SD) and progressive disease (PD)were consistent with the standards stated in RECIST 1.1; (IV)R0 resection was defined as circumferential resection margin (CRM) greater than 1 mm and proximal - distal resection margins are free.




2.4 Evaluation of Immunologic Parameters


2.4.1 Clinical Samples

Upper gastrointestinal endoscopy with histological biopsy was carried out to obtain the pre-treatment specimens, and post-operative specimens were collected from surgical excisions. All samples were prepared for follow-up testing.



2.4.2 Immunohistochemistry

PD-L1 expression was detected in pre-treatment formalin-fixed, paraffin-embedded tumor samples using IHC. Batch assays were performed on all samples using the PD-L1 IHC SP263 pharmDx assay according to the manufacturer’s instructions. The combined positive score (CPS) were evaluated by two pathologists as described previously.



2.4.3 Immune Signature of Clinical Samples

Forkhead box P3-positive (Foxp3), CD4-positive and CD8-positive tumor-infiltrating lymphocytes were compared between pre-treatment biopsy specimens and surgical specimens using multiplex immunofluorescence (mIF) (Shanghai Baili Biotechnology Co. Ltd., Shanghai, China). CD68-positive macrophages and the expression of programmed death-ligand 1 (PD-L1), tumor necrosis factor-alpha (TNF)-α, and transforming growth factor-beta 1 (TGF)-β1 were also analyzed by immunohistochemistry (online Supplementary Methods). The Foxp3+T cells/(CD4+T cells) ratios and Foxp3+T cells/(CD8+T cells) ratios were calculated.




2.5 Statistical Analysis

Demographic and safety data, as well as clinical, pathologic, radiographic, and molecular response data, were recorded using descriptive statistics. The associations between RVT and pretreatment PD-L1 expression were analyzed using Spearman’s correlation analysis. Furthermore, the associations of RVT and other pretreatment and posttreatment immune parameters combined with their changes were analyzed using Spearman’s correlation analysis, including the expression of TNF-α, TGF-β1, and the counts of Foxp3+ CD4+, CD8+ T cells and CD68+ macrophages. Similarly, the associations of RVT and pretreatment and posttreatment Foxp3+T cells/(CD4+T cells) ratios and Foxp3+T cells/(CD8+T cells) ratios combined with their changes were analyzed using Spearman’s correlation analysis. Additionally, the differences in pCR between patients whose PD-L1 CPS (≥10) and CPS <10 were analyzed with χ² test. All P values reported are 2-sided, with the significance level set at 0.05. Statistical analyses were performed using SPSS 19.0.




3 Results


3.1 Baseline Demographic and Clinical Characteristics

From April 2019 to August 2020, 18 patients were enrolled in this study (Figure 1), of which the median age was 64 years old and the average age was 60.9 years (ranged from 35 to 78 years). Males accounted for 77.8% (14 patients) of the patients while females accounted for 22.2% (4 patients). The locations of tumors were the middle third of esophagus (15/18, 83.3%) and the distal third of esophagus (3/18, 16.7%). Before the scheduled therapy, 7 patients (38.9%) were classified into clinical tumor stage II, 10 patients (55.6%) into stage III, and 1 patients (5.6%) into stage IV. The detailed data of patients were summarized in Table 1.




Figure 1 | Patients enrolled.





3.2 Efficacy

This study enrolled 18 patients, of whom 13 patients progressed to surgery, 4 patients refused surgery due to significant tumor regression and symptomatic relief, and 1 patient experienced disease progression (patient 18) and was given definitive chemoradiotherapy (Figure 1). The pathological stages of the patients who underwent surgery after treatment were as follows: stage I (8 patients), stage IIIA (1 patients), and stage IIIB (4 patients). Tumor downstaging occurred in 69.2% (9/13) of patients. In this study, R0 resection was defined as circumferential resection margin (CRM) greater than 1 mm. Therefore, R0 resection rate was 84.6% (11/13), R1 resection rate 7.7% (1/13) and R2 resection rate 7.7% (1/13). The mean number of lymph nodes resected during operation was 27.5 (range, 15–48). Postoperative pathological response revealed a pCR in 6 cases (46.2%), and an MPR in 9 cases (69.2%). Figure 1 shows representative imaging and pathology of a patient with pCR. According to the Stooler classification, before neoadjuvant treatment, 2 patients (22.7%) had stenosis of grade 3 and 16 patients (77.3%) had stenosis of grade 2. While after therapy, 16 patients (88.9%) had grade 0 symptoms, and 2 patients (11.1%) had grade 2 symptoms, with a symptom remission rate of 94.4%. According to RECIST 1.1, 5 patients (27.8%) had a PR, and 4 patients (22.2%) attained a CR, which translated to an objective response rate (ORR) of 50% (Figure 2). Intriguingly, in patients achieving MPR, the size of primary lesions was all decreased and the rate of symptom remission was 100%. All detailed data were shown in Table 1. Representative imaging and pathology for a patient with PCR was shown in Figure 3.




Figure 2 | Swimmer plot of PFS in the modified intention-to-treat population (n = 18). Each bar represents one patient. The left column shows clinical characteristics. PFS, progression-free survival.






Figure 3 | Representative images and pathology for a patient. (A) Pre-treatment CT images; (B) post-treatment CT images; (C) pre-treatment HE staining images; (D) postoperative HE staining images; (E) pre-treatment gastroscopy images; (F) post-treatment gastroscopy images. CT, computed tomography; HE, hematoxylin and eosin.





3.3 Survival

Except for loss of follow-up of one patient, all patients had a good follow-up record. At the time of data cutoff (Mar 25, 2022), the shortest duration of follow-up was 17.8 months. and the median follow-up time of the survivors is 23.0 (17.8–29.9) months. Kaplan-Meier analysis for OS was shown in Figure 4A. The median OS was 16.0 months at the non-surgery group while the surgical group has not yet reached the median OS (Figure 4B).

In addition, the OS rates in MPR and pCR group were slightly higher than that in non-MPR [hazard ratio (HR) =0.49; 95% confidence interval (CI): 0.06–3.96; P=0.40] and non-pCR group (HR =0.43; 95% CI: 0.06–3.14; P=0.62), respectively (Figures 4C, D).




Figure 4 | Overall survival. (A) Overall survival in the intention-to-treat population; (B) overall survival for surgery patients and no surgery; (C) overall survival for MPR and non-MPR patients; (D) overall survival for pCR and non-pCR patients. +, censoring. MPR, major pathological response; pCR, pathological complete response.





3.4 Safety and Surgical Complications

AEs are shown in Table 2. None of the patients in the study discontinued treatment due to an AE. The most common treatment-related AEs of grade 1 or 2 were leukopenia, neutropenia, anorexia, vomiting, fatigue, and alopecia. Five patients (5/18, 27.8%) experienced serious treatment-related AEs of grade 3–4 (including anemia, neutropenia, anorexia, vomiting, fatigue, and alopecia). Hypothyroidism, skin rashes and pneumonitis were attributed as possibly being related to the immunotherapy.


Table 2 | Treatment-related adverse events.



Thirteen patients received surgery. Postoperative complications included hoarseness (5 cases, 38.%), pneumonia (4 cases, 30.8%), empyema (3 cases, 23.1%), atelectasis (2 cases, 15.4%), heart failure (2 cases, 15.4%), respiratory failure (1 case, 7.7%), and anastomotic leak (1 case, 7.7%). Patient 11 developed pneumonitis and pneumonia on postoperative day 1, after treatment with antimicrobial drugs and steroids (2 mg/kg), and his conditions gradually worsened until his death on postoperative day 22.



3.5 Pathologic Assessment and Genomic Analyses

Samples from 11 patients before treatment (pre-treatment) and 7 patients after three cycles of neoadjuvant immunochemotherapy (post-treatment) were obtained. Samples at both time points were available for 7 patients (patients 2, 3, 4, 5, 6, 7, 10).

The data suggested that RVT was not significantly associated with pre-treatment PD-L1 expression (r=−0.55; P=0.08) (Figure 5). Additionally, between patients whose PD-L1 CPS (≥10) and CPS <10, no significant differences in pCR were identified.




Figure 5 | Correlation between PD-L1 expression and RVT. (A) Representative PD-L1 IHC image of pre-treatment specimens; (B) correlation analysis of PD-L1 expression and RVT. PD-L1, programmed death-ligand 1; RVT, residual viable tumor; IHC, immunohistochemistry.



Further analysis showed that the changes in counts of CD68+ macrophage were found to be positively correlated with RVT (r = 0.71; P = 0.07) (Figures 6A, B). To explore the relationship between inflammatory cytokines and RVT, immunohistochemical methods were adopted to examine pre- and post-treatment expression of TNF-α and TGF-β1 in the pathologic specimens (Figures 6C–F). In this study, the post-treatment expression of TGF-β1 was increased compared to the preoperative expression, and the changes in TGF-β1 expression were positively correlated with RVT (r=0.65, P=0.11) and possibly indicated a poor prognosis (Figures 6C, D). However, the available data showed no significant correlation between the changes in TNF-α expression and RVT (Figures 6E, F). The correlations of RVT and the parameters of lymphocyte populations stated above were further explored (Figures 7A, B), with a positive correlation observed between postoperative Foxp3+ T cells/(CD4+ T cells) ratios and RVT (r=0.84, P=0.03) (Figure 7C), positive correlation observed between changes in Foxp3+ T cells/(CD4+ T cells) ratios and RVT (r=0.59, P=0.21) (Figure 7D) and negative correlation observed between the counts of postoperative CD8+ T cells and RVT (r = −0.61, P=0.14) (Figure 6E). However, no direct correlation was found between other immune cells and RVT.




Figure 6 | Correlation between inflammatory parameters and RVT. (A, C, E) Representative IHC image of CD68, TGF-β1, and TNF-α; (B) correlation analysis between changes in counts of CD68+ macrophage and RVT; (D) correlation analysis between changes in TGF-β1 expression and RVT; (F) correlation analysis between changes in TNF-α expression and RVT. RVT, residual viable tumor; IHC, immunohistochemistry; TGF-β1, transforming growth factor-beta 1; TNF-α, tumor necrosis factor-alpha.






Figure 7 | Correlation between immune cells and RVT. (A) Two-color immunofluorescence analysis showing the expression of CD4, Foxp3. DAPI (blue), CD4 (red) and Foxp3 (green); (B) Two-color Immunofluorescence analysis showing the expression of CD8, Foxp3. DAPI (blue), CD8 (red) and Foxp3 (green); (C) correlation analysis between postoperative Foxp3+ T cells/(CD4+ T cells) ratios and RVT; (D) correlation analysis between changes in Foxp3+ T cells/(CD4+ T cells) ratios and RVT; (E) correlation analysis between the counts of postoperative CD8+ T cells and RVT. RVT, residual viable tumor; DAPI, DAPI (4’,6-diamidino-2-phenylindole) fluorescence marking the cell nucleus.






4 Discussion

Different from PALACE-1, which combines immunotherapy and chemoradiotherapy for resectable EC in neoadjuvant settings, our study is the first to report on pembrolizumab combined with chemotherapy alone in the neoadjuvant treatment of EC (12). Our study was done in our hospital involving 18 patients, small sample size though, important observations were made. At the same time, our trail is the first to report neoadjuvant chemoimmunotherapy for ESCC about OS, except for loss of follow-up of one patient (4 months) and the death of patient (4.1 months), and the longest or shortest follow-up time was 29.9 or 17.8 months. The OS rates of 1-year is similar to previous studies (3, 13).

Firstly, the pCR of 46.2% was high, not dissimilar to the rates observed with chemoradiation in the CROSS trial (in ESCC, 49%) and the NEOCRTEC 5010 RCT (43.2%) (3, 13). We want to show that two patients who had moderate-severe atypical hyperplasis after surgery were identified as having pCR. This level of pathological response has not been observed in previous studies with chemotherapy alone in neoadjuvant settings, of which the pCR was typically less than 20% (12.8%) (14). Furthermore, in a recent retrospective study that performed two cycles of combination of chemotherapy and immunotherapy in neoadjuvant settings of ESCC, their results revealed a pCR of 22.2% to 35.3%, lower than the pCR in our study. It’s supposed that the cycles of neoadjuvant treatment may affect the efficacy, which deserves further studies to be confirmed (15, 16). Moreover, pCR and MPR are verified to confer a survival advantage and to prolong median disease-free survival (DFS) in EC and many other cancers (10). To validate the DFS and OS benefits of neoadjuvant chemoimmunotherapy for ESCC, further exploration of this regimen could be done in this patient population. Additionally, in this study, for patients with no target-lesions, the standards of RICIST1.1 system merely consist of CR, PD, non-CR/non-PD, which makes it difficult to obtain the values of ORR. Therefore, the accuracy of RICIST1.1 system in evaluating the efficacy of neoadjuvant immunochemotherapy in ESCC needs further exploration.

We also evaluated the safety of the regimen. In our study, only 5 of 18 patients (27.8%) experienced treatment-related AEs of grade 3 or 4. The incidence of serious AEs appears to be acceptable, compared to the PALACE-1 study (65%) and NADIM study (30%) (8, 12). Furthermore, treatment with neoadjuvant pembrolizumab did not delay planned surgery. Immune-related AEs, both hypothyroidism and hypoadrenalism, were identified and relieved with supplementary treatment, with no delay to surgery. The single postoperative death (1/13; 7.7%) which had been diagnosed pulmonary fibrosis (Grade 1) at a high risk of pneumonitis was diagosed to pneumonitis and pneumonia, suggesting that we need additional attention to the treatment of complications in such patients (17).

The associations between RVT and the immunologic parameters are intriguing. In the TME, tumor cells, blood vessels, immune cells, lymphocytes, cancer stem cells, and cancer-associated fibroblasts mix, and considerable immune cell activity may be stage- and context-dependent (18). Macrophages are a key component of the TME. As the principal cells of antigen recognition and presentation, they secrete TNF-α, interleukin-1β, and other cytokines, and impact the magnitude and type of T-cell response. Studies report that a high macrophage count was associated with poor OS (19), and this conclusion may also account for the positive correlation between RVT and changed CD68 expression in the post-treatment pathologic tissues compared with the pre-treatment samples. Accordingly, CD68 expression may be predictive of a poor response to immunotherapy, and this requires further study. Immunosuppressive cells [i.e., regulatory T cells (Tregs, Foxp3+ T)] are a part of infiltrating CD4+T-cell in the TME, which significantly inhibit the T-cell-mediated anti-tumor effect and may be associated with T-cell dysfunction (20, 21). In other translational studies, Foxp3+ T cells in the TME of NSCLC were associated with poor OS (22), and in our study, a positive correlation between post-treatment Foxp3+ T cells/(CD4+ T cells) ratios and RVT was confirmed in the context of ESCC, suggesting a prognostic role of post-treatment Foxp3+ T cells/(CD4+ T cells) ratios. No direct correlation was found between the counts of other T cells and RVT. These results may be attributable to the time and space heterogeneity of immunotherapy, although the specific mechanism requires further study. TGF-β1, TNF-α and other cytokines in the TME also play key roles in regulating the response to immunotherapy (23). Among these cytokines, immunoregulatory TGF-β1 suppresses the proliferation of B-cell, cytotoxic T-cell, and natural killer cell and antagonizes the biological effects of TNF-α (24). In other studies, it was reported that TGF-β signaling may counteract anti-tumor immunity by restricting the movement of T-cells in the TME (25). We hypothesized that the increases in TGF-β may predict poor pathological response. This hypothesis was supported by our findings that changes in TGF-β1 expression were positively correlated with RVT. It may be difficult that the small sample size in this study precluded a full analysis of the relationship between TNF-α, TGF-β1, and RVT, and further study is required.

There are some limitations to this study that should be noted. Firstly, other markers of relevance including the genomic profile, tumor mutational burden, and the inflammatory factor interferon-gamma were not evaluated. A further limitation is the study’s small sample size; however, since it is the first clinical trial of its kind, it still has important clinical observational significance to serve as the backbone for larger analyses. Another important aspect is that the OS of patients was not extensively explored, longer follow-up time would be used. Mostly, this is an open-label, single-arm study, so there are bias in enrollment.



5 Conclusions

In conclusion, neoadjuvant chemoimmunotherapy is safe and feasible for patients with ESCC, with an extremely high pCR and MPR and a clear impact on the TME. With adjuvant studies (such as Checkmate 577 trial) of anti-PD-1 therapy in EC having reported promising results, further RCTs and translational studies should be performed with this treatment paradigm, which appears to hold considerable potential.
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Background

Currently, there has been no direct comparison between programmed cell death protein 1 (PD-1) inhibitors plus different chemotherapy regimens in first-line treatments for advanced gastric cancer (AGC). This study performed a network meta-analysis (NMA) to evaluate the efficacy and safety of PD-1 inhibitors plus oxaliplatin- or cisplatin-based chemotherapy.



Methods

PubMed, Embase, and the Cochrane Central Register were used to seek a series of phase III randomized controlled trials (RCTs) studying on first-line PD-1 inhibitors plus chemotherapy and phase III RCTs comparing first-line oxaliplatin and cisplatin-based chemotherapy for AGC to perform NMA. The main outcome was overall survival (OS) and other outcomes included progression-free survival (PFS), objective response rate (ORR), and treatment-related adverse events (TRAEs).



Results

Eight eligible RCTs involving 5723 patients were included. Compared with PD-1 inhibitors plus cisplatin-based chemotherapy, PD-1 inhibitors plus oxaliplatin-based chemotherapy could prolong the OS without statistical significance (hazard ratio [HR]: 0.82, 95% credible interval [CI]: 0.63-1.06). However, for patients with combined positive score (CPS) ≥ 1, PD-1 inhibitors plus oxaliplatin-based chemotherapy significantly prolonged the OS (HR: 0.75, 95% CI: 0.57-0.99). PFS in PD-1 inhibitors plus oxaliplatin-based chemotherapy was significantly longer than that in PD-1 inhibitors plus cisplatin-based chemotherapy (HR: 0.72, 95% CI: 0.53-0.99). Regarding safety, the incidence of ≥ 3 TRAEs was similar between PD-1 inhibitors plus oxaliplatin-based chemotherapy and PD-1 inhibitors plus cisplatin-based chemotherapy (RR: 0.86, 95% CI: 0.66-1.12). The surface under the cumulative ranking area curve (SUCRA) indicated that PD-1 inhibitors plus oxaliplatin-based chemotherapy ranked first for OS (97.7%), PFS (99.3%), and ORR (89.0%). For oxaliplatin-based regimens, there was no significant difference between nivolumab plus oxaliplatin-based chemotherapy and sintilimab plus oxaliplatin-based chemotherapy in terms of OS, PFS, ORR, and ≥3 TRAEs.



Conclusion

Compared with PD-1 inhibitors plus cisplatin-based chemotherapy, PD-1 inhibitors plus oxaliplatin-based chemotherapy significantly prolonged PFS. Considering both efficacy and safety, PD-1 inhibitors plus oxaliplatin-based chemotherapy might be a better option in the first-line treatment for AGC.





Keywords: gastric cancer, first-line, PD-1 inhibitor, oxaliplatin, cisplatin, network meta-analysis



Introduction

Patients with advanced gastric cancer (AGC) have limited treatment options and poor prognosis (1). Chemotherapy is the standard first-line treatment for AGC, with a median overall survival (OS) of less than 1 year (2). The success in application of immune checkpoint inhibitors (ICIs) in many cancer types has prompted us to explore the utility of ICIs in AGC (3, 4). The CheckMate 649 study firstly showed that programmed cell death protein 1 (PD-1) inhibitors plus chemotherapy significantly prolonged OS compared with chemotherapy alone in the first-line treatment for AGC (5). In the recent, the data of ORIENT-16 study also support the advantage of PD-1 inhibitors plus chemotherapy in the first-line treatment for AGC (6). Based on these studies, PD-1 inhibitors in combination with chemotherapy has been recommended as the first-line treatment for AGC (7).

However, not all studies of PD-1 inhibitors based first-line treatment of AGC met their primary endpoints. In the KEYNOTE-062 study, the addition of PD-1 inhibitors to chemotherapy did not significantly prolong OS (8). One of the major differences between the KEYNOTE-062 study and the CheckMate 649 or ORIENT-16 study is the platinum used in chemotherapy. Oxaliplatin-based chemotherapy was used in the CheckMate 649 and ORIENT-16 studies, whereas cisplatin-based chemotherapy was used in the KEYNOTE-062 study. Previous studies of chemotherapy alone in the first-line treatment for AGC have shown that, compared with cisplatin, oxaliplatin has more clinical benefits and considerable advantages in safety (9–11). However, it remains unknown whether oxaliplatin also has advantage when used in combination with PD-1 inhibitors.

Although PD-1 inhibitors plus chemotherapy has been recommended as the first-line treatment for AGC, the therapeutic effect still has potential for improvement by optimizing combination regimens. Prospective clinical studies should be designed to explore combined options, but such studies require a long time to obtain results. Network meta-analysis (NMA) using data analysis from published studies can quickly answer this question and provide clinical reference. Therefore, we conducted the NMA to compare the efficacy and safety of PD-1 inhibitors combined with oxaliplatin or cisplatin-based chemotherapy in the first-line immunotherapy for AGC, hoping to provide some insights for clinical treatment decisions.



Methods


Search strategy

This NMA was conducted following the Preferred Reporting Items for Systematic Review and Meta-Analysis (PRISMA) (12) and the PRISMA extension statement for network meta-analysis (Supplementary Table 1) (13). From the PubMed, Embase, and Cochrane Central Register of randomized controlled trials, we identified qualified phase III randomized controlled trials (RCTs) containing first-line PD-1 inhibitors plus chemotherapy and phase III RCTs comparing first-line oxaliplatin and cisplatin-based chemotherapy for AGC. We searched for studies using keywords including PD-1 inhibitors, oxaliplatin, cisplatin, gastric cancer, first-line and randomized controlled trial (Supplementary Table 2). We also searched abstracts from major conferences of the American Society of Clinical Oncology (ASCO), the European Society of Medical Oncology (ESMO), the American Association for Cancer Research (AACR), and the World Congress on Gastrointestinal Cancer (WCGC). These clinical studies were limited to those published in English before February 28, 2022.



Inclusion and exclusion criteria

We included phase III RCTs containing first-line PD-1 inhibitors plus chemotherapy and phase III RCTs comparing first-line oxaliplatin- and cisplatin-based chemotherapy for AGC to perform NMA. These trials met the following inclusion criteria: 1) Histologically confirmed AGC. 2) Two or more different-arm studies that included PD-1inhibitors plus chemotherapy and studies comparing oxaliplatin- and cisplatin-based chemotherapy in first-line treatments. 3) The hazard ratio (HR) or relative risk (RR) and its 95% credible interval (CI) of OS, progression-free survival (PFS), objective response rate (ORR) and adverse events (AEs) were available. 4) Published articles were reported in English. Exclusion criteria: 1) Trials involving the results of radiotherapy. 2) Trials only include results from special patient populations, such as elderly patients. 3) HER2 positive AGC/GEJ cancer. 4) Research for which the published data was insufficient for analysis.



Data extraction and quality evaluation

We extracted the design of the trial, sample size, median age, combined positive score (CPS) and primary endpoints of each treatment into a spreadsheet for further analysis. For AEs, we tended to use treatment-related adverse events (TRAEs) for analysis. When TRAEs were not reported, we used common AEs instead. We evaluated the qualities of RCTs included in the present NMA using ROB2 recommended by the Cochrane Collaboration (14). We assessed the following parameters as having a low risk, some concerns, or a high risk: 1) Bias arising from the randomization process. 2) Bias due to deviations from intended interventions. 3) Bias due to missing outcome data. 4) Bias in measuring the outcome. 5) Bias in selection of the reported result. Quality evaluation was performed independently by two investigators (XYG and BWY), where in cases of conflict, a third investigator (XJQ) was consulted for the purpose of conflict resolution.



Statistical analysis

The primary outcome of this study was OS. Secondary outcomes were PFS, ORR and TRAEs of grade 3 and higher (≥ 3 TRAEs). NMA was performed in a Bayesian framework using a Markov Chain Monte Carlo simulation technique within the GEMTC package in the R-Statistics and the J.A.G.S. program (15). Stata 14.0 was used to graphically display the results. For each outcome, 150,000 sample iterations were generated with 100,000 burn-ins and a thinning interval of 10 (16). Fixed and random effect models were considered and compared using deviance information criteria (DIC). If the DIC difference between the random model and the fixed model was less than 5, the fixed model should be selected (17). Model convergence was assessed using a Brooks-Gelman-Rubin diagnostic plot and trace plot (18). Heterogeneity was assessed between studies using the I2 statistic. The estimated I2 values under 25%, between 25% and 50%, or over 50% indicated low, moderate, or high heterogeneity respectively (19). All treatments were ranked according to the surface under the cumulative ranking area curve (SUCRA). The higher SUCRA value meant that treatment was more likely to be ranked on the top (20).




Results


Literature search and study characteristics

Literature screening was conducted according to the PRISMA procedure (Figure 1). In total, eight trials involving 5723 patients met predefined inclusion criteria. Key characteristics and specific treatments for the included trials were summarized (Table 1). Three studies compared PD-1 inhibitors plus oxaliplatin-based chemotherapy (PD-1+L-OHP) with oxaliplatin-based chemotherapy (L-OHP), and one study compared PD-1 inhibitors plus cisplatin-based chemotherapy (PD-1+DDP) with cisplatin-based chemotherapy (DDP), four studies compared L-OHP with DDP. The four treatment regimens, including PD-1+L-OHP, PD-1+DDP, L-OHP, and DDP, formed a network map of NMA (Figure 2).




Figure 1 | Study selection process. RCT, randomized clinical trial.




Table 1 | Baseline characteristics of studies included in the systematic review.






Figure 2 | Network map. Each circular node represented a type of treatment. Circle size reflects the proportion of patients included in each treatment group. Solid lines represent randomized controlled trials (RCTs) while relative thickness represents the number of included studies. PD-1+L-OHP, PD-1 inhibitors plus oxaliplatin-based chemotherapy; PD-1+DDP, PD-1 inhibitors plus cisplatin-based chemotherapy; L-OHP, oxaliplatin-based chemotherapy; DDP, cisplatin-based chemotherapy.





Comparison between PD-1+L-OHP and PD-1+DDP

The NMA implied that compared with PD-1+DDP, PD-1+L-OHP prolonged the OS, but with no statistical significance (HR: 0.82, 95% CI: 0.63-1.06) (Figures 3A, B). As shown in Figure 3C, for patients with CPS ≥ 1, PD-1+L-OHP significantly improved the OS compared with PD-1+DDP in the first-line treatments (HR: 0.75, 95% CI: 0.57-0.99). PFS of PD-1+L-OHP was significantly longer (HR: 0.72, 95% CI: 0.53-0.99). There was no significant difference in terms of ORR between PD-1+L-OHP and PD-1+DDP (RR: 1.09, 95% CI: 0.74-1.61). As for toxicity, the incidence of ≥ 3 TRAEs was similar between PD-1+L-OHP and PD-1+DDP (RR: 1.17, 95% CI: 0.9-1.52) (Figure 4).




Figure 3 | Network meta-analysis of the oxaliplatin or cisplatin-based treatments. (A) Hazard ratio (HR) [95% credible intervals (CI)] for overall survival (OS) and progression-free survival (PFS). (B) Relative risk (RR) (95% CI) for ORR and ≥3 TRAEs. (C) Hazard ratio (HR) [95% credible intervals (CI)] for overall survival (OS) of CPS ≥1. Data in each cell are HR or RR (95% CI) for the comparison of row-defining treatment versus column-defining treatment. HR less than 1 and RR for ORR more than 1 favored upper-row treatment. RR for ≥3 TRAEs more than 1 favored downer-row treatment. Significant results were highlighted in red and bold. PD-1+L-OHP, PD-1 inhibitors plus oxaliplatin-based chemotherapy; PD-1+DDP, PD-1 inhibitors plus cisplatin-based chemotherapy; L-OHP, oxaliplatin-based chemotherapy; DDP, cisplatin-based chemotherapy.






Figure 4 | Forest plots for comparison among PD-1+L-OHP, PD-1+DDP, L-OHP, and DDP. (A) Forest plot for OS; (B) Forest plot for PFS; (C) Forest plot for ORR; (D) Forest plot for ≥3 TRAEs; (E) Forest plot for OS of patients with CPS ≥1. PD-1+L-OHP, PD-1 inhibitors plus oxaliplatin-based chemotherapy; L-OHP, oxaliplatin-based chemotherapy; DDP, cisplatin-based chemotherapy.





Comparison between PD-1+L-OHP or PD-1+DDP and L-OHP/DDP

The OS of PD-1+L-OHP was significantly longer compared with L-OHP (HR: 0.82, 95% CI: 0.73-0.92) or DDP (HR: 0.70, 95% CI: 0.60-0.81). PD-1+L-OHP significantly reduced the risk of disease progression or death compared with patients treated with L-OHP (HR: 0.72, 95% CI: 0.62-0.83) or DDP (HR: 0.61, 95% CI: 0.5-0.73). The ORR of PD-1+L-OHP was significantly higher than L-OHP (RR: 1.23, 95% CI: 1.10-1.37) or DDP (RR: 1.23, 95% CI: 1.01-1.50). Compared with L-OHP (RR: 1.22, 95% CI: 1.05-1.43) or DDP (RR: 1.43, 95% CI: 1.13-1.80), PD-1+L-OHP exhibited a significantly higher incidence of ≥ 3 TRAEs (Figures 3A, B). However, there were no significant difference as for OS, PFS, ORR and ≥ 3 TRAEs between PD-1+DDP and L-OHP or DDP (Figures 3A, B, 4A–D).



Ranking probabilities

PD-1+L-OHP ranked first for OS (97.7%), PFS (99.3%), and ORR (89.0%). For safety, PD-1+L-OHP ranked last (4.7%) with the most incidence of ≥ 3 TRAEs (Figure 5).




Figure 5 | Scatter diagrams of SUCRAs among PD-1+L-OHP, PD-1+DDP, L-OHP, and DDP. (A) SUCRAs for safety in terms of ≥3 TRAEs and OS; (B) SUCRAs for safety in terms of ≥3 TRAEs and PFS; (C) SUCRAs for safety in terms of ≥3 TRAEs and ORR. The higher SUCRA value meant that treatment was more likely to be ranked on the top. PD-1+L-OHP, PD-1 inhibitors plus oxaliplatin-based chemotherapy; L-OHP, oxaliplatin-based chemotherapy; DDP, cisplatin-based chemotherapy; SUCRA, surface under the cumulative ranking area curve.





Comparison of different PD-1 inhibitors in combination treatments

In the current clinical studies, PD-1 inhibitors used in immune therapy plus chemotherapy regimens were also not identical, including nivolumab (Niv) in CheckMate 649 and ATTRACTION-4, pembrolizumab (Pem) in KEYNOTE-062 and sintilimab (Sin) in ORIENT-16. To ascertain whether there was a difference among combination regimens with different PD-1 inhibitors, analysis was performed for different PD-1 inhibitor combination treatments in first-line treatments for AGC (Supplementary Figure 1).

The NMA indicated that patients treated with Sin+L-OHP (HR: 0.64, 95% CI: 0.45-0.92) significantly reduced the risk of disease progression or death compared with patients treated with Pem+DDP; there was no significant difference among Niv+L-OHP, Sin+L-OHP, and Pem+DDP in terms of OS, ORR, and ≥ 3 TRAEs (Figures 6A, B, 7A–D).




Figure 6 | Network meta-analysis for different PD-1 inhibitor combination treatments. (A) Hazard ratio (HR) [95% credible intervals (CI)] for overall survival (OS) and progression-free survival (PFS). (B) Relative risk (RR) (95% CI) for ORR and ≥3 TRAEs. (C) Hazard ratio (HR) [95% credible intervals (CI)] for overall survival (OS) of CPS ≥1. Data in each cell are HR or RR (95% CI) for the comparison of row-defining treatment versus column-defining treatment. HR less than 1 and RR for ORR more than 1 favored upper-row treatment. RR for ≥3 TRAEs more than 1 favored downer-row treatment. Significant results were highlighted in red and bold. Niv+L-OHP, nivolumab plus oxaliplatin-based chemotherapy; Sin+L-OHP, sintilimab plus oxaliplatin-based chemotherapy; Pem+DDP, pembrolizumab plus cisplatin-based chemotherapy; L-OHP, oxaliplatin-based chemotherapy; DDP, cisplatin-based chemotherapy.






Figure 7 | Forest plots for comparison among Niv+L-OHP, Sin+L-OHP, Pem+DDP, L-OHP, and DDP. (A) Forest plot for OS; (B) Forest plot for PFS; (C) Forest plot for ORR; (D) Forest plot for ≥3 TRAEs; (E) Forest plot for OS of patients with CPS ≥5; (F) Forest plot for PFS of patients with CPS ≥5. Niv+L-OHP, nivolumab plus oxaliplatin-based chemotherapy; Sin+L-OHP, sintilimab plus oxaliplatin-based chemotherapy; Pem+DDP, pembrolizumab plus cisplatin-based chemotherapy; L-OHP,oxaliplatin-based chemotherapy; DDP, cisplatin-based chemotherapy.



Patients with CPS ≥ 5 may benefit more from PD-1 inhibitors plus chemotherapy. In our analysis of patients with CPS ≥ 5, no significant difference was found between Niv+L-OHP and Sin+L-OHP in terms of OS (HR: 0.91, 95% CI: 0.67-1.24) and PFS (HR: 0.90, 95% CI: 0.67-1.20) (Figures 6C, 7E, F).

For different PD-1 inhibitors-based treatments, Sin+L-OHP ranked first for OS (92.5%), followed by Niv+L-OHP (77.6%), and Pem+DDP (39.8%). The SUCRAs for PFS indicated that Sin+L-OHP (97.1%) was the best, followed by Niv+L-OHP (76.7%), and Pem+DDP (37.4%). The SUCRAs for ORR showed that Niv+L-OHP (78.7%) was the best, followed by Sin+L-OHP (71.1%), and Pem+DDP (60.5%). For safety, Niv+L-OHP ranked the last (5.4%) with the most incidence of ≥ 3 TRAEs (Figure 8).




Figure 8 | Scatter diagrams of SUCRAs among Niv+L-OHP, Sin+L-OHP, Pem+DDP, L-OHP, and DDP. (A) SUCRAs for safety in terms of ≥3 TRAEs and OS; (B) SUCRAs for safety in terms of ≥3 TRAEs and PFS; (C) SUCRAs for safety in terms of ≥3 TRAEs and ORR. The higher SUCRA value meant that treatment was more likely to be ranked on the top. Niv+L-OHP, nivolumab plus oxaliplatin-based chemotherapy; Sin+L-OHP, sintilimab plus oxaliplatin-based chemotherapy; Pem+DDP, pembrolizumab plus cisplatin-based chemotherapy; L-OHP,oxaliplatin-based chemotherapy; DDP, cisplatin-based chemotherapy; SUCRA, surface under the cumulative ranking area curve.





Risk of bias assessment and sensitivity analyses

The studies included in the analysis were generally at low risk of bias (Supplementary Figure 2). Trace plots and Brooks-Gelman-Rubin analysis implied that the convergence of the chosen model was acceptable (Supplementary Figure 3). The heterogeneity of outcomes in each study was low and moderate (I 2 < 50%).




Discussion

PD-1 inhibitors in combination with chemotherapy has been recommended as the first-line treatment for AGC (7). However, there has been no direct comparison between PD-1 inhibitors plus different chemotherapy regimens. Therefore, we conducted the NMA to compare the efficacy and safety of PD-1 inhibitors combined with oxaliplatin or cisplatin-based chemotherapy in the first-line immunotherapy of AGC, hoping to provide some insights for clinical treatment decisions. At present, only KEYNOTE 811 has published results for first-line treatment of HER2-positive AGC, so this study did not include HER2-positive AGC for analysis (23).

The NMA suggested that compared with PD-1+DDP, PD-1+L-OHP prolonged the OS, but the result did not achieve statistical significance (HR: 0.82, 95% CI: 0.63-1.06). However, for patients with CPS ≥ 1, PD-1+L-OHP significantly prolonged the OS (HR: 0.75, 95% CI: 0.57-0.99). PFS in PD-1+L-OHP was longer than that in PD-1+L-OHP (HR: 0.72, 95% CI: 0.53-0.99). SUCRA showed that PD-1+L-OHP achieved the best OS (97.7%), PFS (99.3%) and ORR (89.0%). Regarding safety, the incidence of ≥ 3 TRAEs was similar between PD-1+L-OHP and PD-1+DDP (RR: 1.17, 95% CI: 0.9-1.52). Meanwhile, compared with L-OHP/DDP, PD-1+L-OHP achieved significant improvement in OS, PFS, and ORR, while PD-1+DDP did not significantly increase clinical benefit.

As far as we know, this is the first study comparing the efficacy and safety of PD-1+L-OHP and PD-1+DDP in first-line treatments for AGC. Our NMA showed that, compared with PD-1 inhibitors plus cisplatin-based chemotherapy, PD-1 inhibitors plus oxaliplatin-based chemotherapy has potentially higher clinical benefit. In addition, in terms of safety, the incidence of ≥ 3 TRAEs was similar between PD-1+L-OHP and PD-1+DDP, but oxaliplatin-based regimens were found to have less myelosuppression and gastrointestinal toxicity, leading to better tolerance of treatment and improved quality of life than that under cisplatin-based regimens. Considering both efficacy and safety, PD-1 inhibitors plus oxaliplatin-based chemotherapy might be a better option in the first-line treatment of AGC. This result provides a basis for clinical decision-making in the first-line treatment for AGC. However, more randomized controlled trials are needed to validate the conclusions.

Basic research has proven that oxaliplatin has a stronger ICD effect than cisplatin. Oxaliplatin can regulate the three key links of ICD through interacting with various proteins in the ICD pathway. First, after oxaliplatin enters tumor cells, it causes endoplasmic reticulum stress, and calreticulin (CRT) in the endoplasmic reticulum lumen is translocated to the cell membrane and exposed on the surface of tumor cells, triggering dendritic cells (DCs) and macrophages to engulf tumor cells. Second, oxaliplatin can induce apoptotic cells to release ATP outside the cell, the excreted ATP can recruit DCs and macrophages to the tumor site and can activate DCs. Third, in the late stage of ICD, the permeability of the cell membrane changes, and the cell nuclear high mobility group box 1 (HMGB-1) is released to the outside of the cell and is associated with DCs binding to the surface receptor TLR4, activated DCs, and significantly enhanced the proliferation of DCs. Cisplatin cannot induce CRT exposure on the cell surface, while oxaliplatin induces all three key links of ICD with a stronger ICD effect (24–26). ICD can lead to an enhanced presentation of neoantigens and activation of T cells in the tumor microenvironment (27), thereby enhancing the efficacy of ICIs. Therefore, PD-1+L-OHP may be more effective than PD-1+DDP.

Although PD-1+DDP did not provide obvious benefit in AGC, a significant OS benefit in esophageal cancer was found compared with chemotherapy alone (28). A sub-group analysis of the KEYNOTE 590 study implied that the OS of PD-1+DDP was prolonged in the esophageal adenocarcinoma sub-group, but this did not reach statistical significance, while in the esophageal squamous cell carcinoma sub-group, the OS of PD-1+DDP was significantly better than that of chemotherapy alone. Therefore, different pathological types may have different responses to the same regimen of PD-1 inhibitors plus chemotherapy. However, there is no relevant comparison of PD-1 inhibitors plus different platinum-based chemotherapy in the treatment of esophageal cancer, which warrants further exploration. In the study of esophageal cancer, the platinum-based chemotherapy regimens contained platinum plus paclitaxel and platinum plus fluorouracil. Whether platinum plus different chemotherapy drugs affected the efficiency of PD-1 inhibitor combination therapy is also worthy of exploration.

In the current clinical studies, PD-1 inhibitors used in immune therapy plus chemotherapy regimens were also not identical, including nivolumab in CheckMate 649 and ATTRACTION-4, pembrolizumab in KEYNOTE-062 and sintilimab in ORIENT-16. To improve the affinity of the antibody, the structures of different PD-1 antibodies have been modified and optimized differently. Therefore, the efficacy and safety of different PD-1 inhibitors may not be exactly the same (29). Whether there are differences among different PD-1 inhibitor combination treatments in AGC was unknown. Our analysis suggested that patients treated with Sin+L-OHP (HR: 0.64, 95% CI: 0.45-0.92) significantly reduced the risk of disease progression or death compared with patients treated with Pem+DDP; and when combined with oxaliplatin-based chemotherapy, OS, PFS, ORR and ≥ 3 TRAEs showed no significant difference between Niv+L-OHP and Sin+L-OHP within the whole population and that population with CPS ≥ 5.

Our analysis showed that Sin+L-OHP ranked first in OS and PFS, and ranked ahead of Nivo+L-OHP in safety. Both sintilimab in ORIENT-16 and nivolumab in CheckMate 649 were combined with oxaliplatin-based chemotherapy, but except for the difference of PD-1 inhibitors, the chemotherapy regimens were not identical. The chemotherapy regimen in the CheckMate 649 study was continuous double-drug chemotherapy with oxaliplatin and fluorouracil, and in the PD-1 inhibitor plus chemotherapy group, 37% of patients discontinued treatment because of AEs (5). While the chemotherapy regimen in ORIENT-16 was oxaliplatin and fluorouracil double-drug chemotherapy for six cycles, followed by fluorouracil maintenance, and only 11.6% of patients in the PD-1 inhibitor plus chemotherapy group discontinued treatment due to AEs (6). This maintenance treatment mode in ORIENT-16 had a higher treatment completion rate. Study has shown that for patients with long-term stable disease control after chemotherapy, chemotherapy can be suspended or maintenance therapy can be performed (30). And the recent ORIENT-16 study has also demonstrated the clinical benefits and feasibility of single-agent maintenance chemotherapy after double-drug chemotherapy in the first-line treatment of PD-1 inhibitors plus chemotherapy for AGC. Therefore, considering the efficacy and safety, the single-agent maintenance treatment after double-drug chemotherapy may be a more appropriate combination chemotherapy mode of first-line PD-1 inhibitors for AGC. Regarding the duration required for double-drug chemotherapy, double-drug chemotherapy was six cycles in the ORIENT-16 study. While in the CheckMate649 study, the median duration of double-drug chemotherapy in the PD-1 inhibitor plus chemotherapy group was 4-4.6 months, which was similar to the duration of double-drug chemotherapy in ORIENT-16. For elderly and frail patients, studies have shown that reducing the dose of chemotherapy drugs to 60% of the original dose did not affect the OS (31), and the reduced dose of two-drug chemotherapy is better than single-agent chemotherapy (32, 33). However, the treatment mode and dose of PD-1 inhibitors combined with chemotherapy in elderly and frail patients need to be explored in the real world, and the appropriate regimen and dose of PD-1 inhibitors combined with chemotherapy for the general population also need to be verified in future studies.

As so far, PD-1 inhibitors plus chemotherapy has not been proven to be a viable first-line treatment strategy for AGC in the general population. Thus, specific biomarkers are warranted to screen patients who will most benefit from PD-1 inhibitor combination therapy. In our analysis, PD-1+L-OHP was more beneficial for OS in the population with CPS ≥ 1. The expression levels of programmed cell death-ligand 1 (PD-L1) are the most commonly used efficacy predictive biomarkers in AGC clinical trials (34), and CPS proved to be a more useful assessment method than tumor proportion score (TPS) in determining PD-L1 expression (35). Based on sub-group analysis of the CheckMate 649 study, there was no significant benefit in the population with CPS < 5. In the JCO study of the CPS sub-group analysis of the randomized phase III trial, the benefit of the whole population was found to be mainly derived from the population with CPS ≥ 5, and the population with CPS < 5 had no significant benefit (36). Therefore, we are more inclined to recommend that patients with CPS ≥ 5 receive chemotherapy combined with PD-1 inhibitors as first-line treatment. However, the relationship between the expression of PD-L1 and the efficacy of PD-1 inhibitors in AGC is inconsistent, and the role of other predictive biomarkers warrants further evaluation (37). The values of microsatellite instability, tumor mutational burden, and mismatch repair deficiency (dMMR) as biomarkers for predicting response to PD-1 inhibitors have been confirmed by multiple studies (38, 39). The number of immune cells and the expression of T cell-related markers have been shown to be closely related to the response of immunotherapy (40–44). While the gut and tumor microbiota have also been found to be associated with immune checkpoint blockade responses (45). Therefore, the combination of multiple biomarkers may help to screen the immunotherapy advantaged population more accurately in the future.

Recent real-world studies have found that first-line PD-1 inhibitor-containing therapy may increase tumor response to the therapy of taxane plus ramucirumab, thereby improving second-line efficacy of AGC (46, 47). The use of PD-(L)1 inhibitors in front-line therapy can also improve the efficacy of subsequent chemotherapy (48), therefore, from the perspective of the overall treatment of AGC, the application of PD-1 inhibitors in first-line treatment is meaningful. Moreover, the combination of PD-1 inhibitors and chemotherapy also brings new hope to the transformation therapy of AGC. The transformation therapy of AGC refers to the transformation of unresectable gastric cancer into R0 resection by means of chemotherapy, radiotherapy, and targeted or immunotherapy, which can prolong the PFS and OS, and improve the quality of life. In pursuit of transformation, a regimen that achieves a higher ORR should be chosen. However, based on the current phase III study data, the ORR of first-line chemotherapy for AGC seems to have reached a bottleneck, and its ORR is unlikely to exceed 40%-50%. The ORR of PD-1 inhibitors combined with chemotherapy can reach 47.1%-85%, suggesting that it may become an effective transformation therapy regimen. In addition to immunotherapy combined with chemotherapy, phase II clinical studies of immunotherapy combined with different anti-angiogenic drugs have also achieved promising initial results, which deserve to be evaluated in further research (49, 50). And with the application of immunotherapy in first-line treatment for AGC, whether the continued application of ICIs can continue to benefit patients who have progressed on first-line immunotherapy also warrants further exploration. The treatment of AGC has entered a new era of immunotherapy, and we hope that personalized precision immunotherapy based on population screening and treatment optimization will bring more benefits to patients in the future.

Our study has some limitations. First, there are differences in ethnicity in the included studies, and Asians account for more in the assessed population. There are certain differences in the pathological characteristics and treatment response of gastric cancer between Eastern and Western populations, therefore our results may be more instructive for Asian populations. Second, some included studies comparing oxaliplatin and cisplatin-based chemotherapy did not provide PD-L1 expression data, so the sub-group analyses based on PD-L1 expression may be biased. The expression of PD-L1 mainly affects the efficacy of immunotherapy, and the efficacy of chemotherapy alone has not been reported to be related to PD-L1 expression. Therefore, the results based on PD-L1 expression in our analysis have certain reference significance, but further clinical studies are needed to verify this. Finally, the complete data of ORIENT-16 have not yet been published in the form of peer-reviewed articles. Thus, some of the data from this trial were extracted from the poster presentations released at the 2021 ESMO conference, and there might be some potential deviations as a result. Given these limitations, randomized controlled trials are needed to validate our results.



Conclusions

In the first-line treatment for AGC, compared with PD-1 inhibitors plus cisplatin-based chemotherapy, PD-1 inhibitors plus oxaliplatin-based chemotherapy had no statistically significant prolongation for OS, but significantly prolonged PFS. The incidence of ≥ 3 TRAEs was similar between PD-1 inhibitors plus oxaliplatin-based chemotherapy and PD-1 inhibitors plus cisplatin-based chemotherapy. SUCRA showed that PD-1 inhibitors plus oxaliplatin-based chemotherapy achieved the best OS, PFS, and ORR. Considering both efficacy and safety, PD-1 inhibitors plus oxaliplatin-based chemotherapy might be a better option in the first-line treatment for AGC, especially for patients with CPS ≥ 1.
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Patient Sex Age Location Clinical Chemotherapy RECIST Post-Neoadjuvant  pCR/ RVT PD-  Number of lymph

No. (years) of tumor TNM 1.1 therapy TNM (ypTNM) MPR % L1 nodes resected
(cTNM) cPS

P1 F 59 Middle CT3N1MO Docetaxel (75m/m2, D1) Non-CR/ ypTONOMO Stage | PCR 0 22
Stage IIl +Nedaplatin (80m/m?, D1) non-PD

P2 M 66 Middle cT3N1MO Nab-paclitaxel (260 mg/m2,D1)  Non-CR/ ypT3N1MO Stage lIIB 20 30 48
Stage Il +Nedaplatin (80m/m?, D1) non-PD

P3 M 54 Middle cT4N1MO Docetaxel (75m/m?, D1) SD ypT4NOMO Stage 1B 70 <1 25
Stage VA +Nedaplatin (80m/m?, D1)

P4 M 56 Middle CT3N2MO Docetaxel (75m/m?, D1) PR yPT3N2MO Stage IIIB 60 15 AT
Stage Ill +Nedaplatin (80m/m?, D1)

P5 M 35 Distal CT3N1MO Nab-paclitaxel (260 mg/m2,D1) PR ypTONOMO Stage | PCR 0 45 16
Stage Il +Nedaplatin (80m/m?, D1)

P6 F 51 Middle cT3N1MO Docetaxel (75m/m?, D1) Non-CR/  ypT4NOMO Stage IIIB 65 <1 48
Stage lIl +Nedaplatin (80m/m?, D1) non-PD

P7 M 66  Middle CcT3N2MO Nab-paclitaxel (260 mg/m2,D1) PR YpT1bNOMO Stage | MPR 9 10 25
Stage Il +Nedaplatin (80m/m2, D1)

P8 M 59 Middle CT3NOMO Nab-paclitaxel (260 mg/m?,D1)  CR ypTONOMO Stage | pCR 0 15
Stage Il +Nedaplatin (80m/m?, D1)

P9 M 59 Middle CcT3NOMO Nab-paclitaxel (260 mg/m?,D1)  Non-CR/ ypT2NOMO Stage | MPR <10 33
Stage Il +Nedaplatin (80m/m?, D1) non-PD

P10 M 66 Midde GT3NIMO  Nab-paciitaxel (260 mg/m2,D1) PR yYPTONOMO Stage | PCR 0 20 26
Stage Il +Nedaplatin (80m/m?, D1)

P11 M 64 Middle CcT3N1MO Nab-paclitaxel (130 mg/m2, Non-CR/ ypTON1MO Stage IlIA MPR <10 26
Stage Il D1,8) +Nedaplatin (80m/m?, D1) non-PD

P12 F 65 Middle CT3NOMO Nab-paclitaxel (130 mg/m?2, CR yPTONOMO Stage | PCR 0 16 29
Stage Il D1,8) +Nedaplatin (80m/m?, D1)

P13 F 57 Middle CcT3NOMO Nab-paclitaxel (130 mg/m?, CR yPTONOMO Stage | pCR 0 6 27
Stage I D1,8) +Nedaplatin (80m/m?, D1)

P14 M 78 Middle CcT3N1MO Nab-paclitaxel (130 mg/m?, Non-CR/
Stage lIl D1,8) +Nedaplatin (80m/m?, D1) non-PD

P15 M 67 Middle CcT3NOMO Docetaxel (75m/m?, D1) CR
Stage ll +Nedaplatin (80m/m?, D1)

P16 M 7 Distal cT3N1MO Nab-paclitaxel (130 mg/m2, PR <1
Stage Il D1,8) +Nedaplatin (80m/m?, D1)

P17 M 67 Distal cT3NOMO Nab-paclitaxel (130 mg/m2, Non-CR/
Stage Il D1,8) +Nedaplatin (80m/m?, D1) non-PD

P18 M 67 Middle CcT3NOMO Nab-paclitaxel (260 mg/m2,D1)  PD <1
Stage Il +Nedaplatin (80m/m?, D1)

pCR, pathological complete response; MPR, major pathological response; RVT, residual viable tumor; PD-L1, programmed death-ligand 1; CPS, combined positive score; CR, complete
response; PD, progressive disease; SD, stable disease; PR, partial response.
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Sample size
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250
789
792
362
362
327
323
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334
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342
173
164
279
279

Median age

62
625
62
61
63.5
65
62
60
NA
NA
65
65
58
55
NA
NA

Males No. (%)
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179 (71.6)
540 (68)
560 (71)
253 (69.9)
270 (74.6)
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230 (712)
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218 (65)
240 (75.5)
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123 (71)
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NA
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=1, 210
21, 25

NA

NA
NA
NA

NA

*Pem+PF: pembrolizumab 200 mg d1/3w-+cisplatin 80 mg/m? d1, fluorouracil 800 mg/m?/d1-5 or capecitabine 1000 mg/m? d1-14/3w.
"Niv+XELOX/FOLFOX: nivolumab 360 mg/3w d1 or nivolumab 240 mg/2w d1+oxaliplatin 130 mg/m? d1, capecitabine 1000 mg/m? d1-14/3w or oxaliplatin 85 mg/m?” d1, tetrahydrofolate
400 mg/m? d1, fluorouracil 1200 mg/m* d1-2/2w.
“Niv+CAPOX/SOX: nivolumab 360 mg/3w d1+oxaliplatin 130 mg/m? d1, capecitabine 1000 mg/m? d1-14/3w or oxaliplatin 130 mg/m? d1+ S-1 40 mg/m?* d1-14/3w.

Sin+XELOX: sintilimab 3 mg/kg for body weight <60 kg, 200 mg for 60 kg d1/3w+oxaliplatin 130 mg/m? d1, capecitabine 1000 mg/m? d1-14/3w*6 cycles, then capecitabine 1000 mg/m?.
“TAS-118+oxaliplatin: TAS-118 (S-1 40-60 mg and leucovorin 25 mg) bid d1-7 + oxaliplatin 85 mg/m® d1/2 w.
CS: $-1 40-60 mg bid d1-21+cisplatin 60 mg/m? d1 or d8/5 w.
!SOX: $-1 80120 mg/day d1-14+oxaliplatin 130 mg/m? d1/3w.
hSP. S-1 80 mg/m?*/day d1-14+cisplatin 60 mg/m? d1/3w. PES, Progression Free Survival; OS, Overall Survival; NA, Not Available; No., number; CPS, combined positive score.

Primary endpoints

OS, PFS
OS, PFS
OS, PFS
0os
os
OS, PFS
PFS

oS
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NCT03411915

Phase Description
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Description Phase Number ORR  Median mOS Notes Reference
of GISTs (RECIST)  PFS

Peg-IFNo2b + imatinib followed I 8 100% NR (> NR New PR achieved after reintroduction of peg-IFNo.2 in a Chen et al,
by imatinib maintenance 3years) patient who progressed on imatinib maintenance therapy 2012 (66)
Dasatinib + Ipilimumab in b 20 0% 2.8M mOS: 7/13 evaluable GISTs had PR by CHOI criteria D'Angelo et
advanced GIST and other 13,5M al, 2017 (67)
sarcomas
Pembrolizumab + I 9 0% 6M- - 63% of GISTs showed a high IDO expression Toulmonde et
Cyclophosphamide in advanced PFS: al, 2018 (52)
STS 1%
Nivolumab +/- ipilimumab in I N: 15 N:0% N: - - Singh AS et
advanced GIST refractory to 8.57w al, 2018 (68)
imatinib N+ 1: 12 N+ N+l

83% 91w
Nivolumab +/- Ipilimumab in [} N:9 N:0% N:1.5M N:9.1M - Chen et al,
advanced STS N+1E9  N+:0% N+l: N 2020 (69)

2.9M +:121M

ORR, objective response rate; median PFS, median progression-free survival; mOS, median overall survival; STS, soft-tissue sarcoma; 6M-PFS, 6 month progression-free survival;

N, nivolumab; N+I, nivolumab-+ipilimumab; M, months; w, weeks.
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Baseline Variable C-SAP group (n=33) SAP group (n=95) P* value SOX group (n=72) P* value P& value

WBC decreased 0.461 0.103 0.005
Grade 0, 1,2 28 (84.8) 75 (78.9) 68 (94.4)
Grade 3, 4 5(15.2) 20 (21.1) 4 (5.6)

Neutrophil count decreased 0.899 0.048 0.023
Grade 0, 1,2 25 (75.8) 73 (76.8) 65 (90.3)
Grade 3, 4 8(24.8) 22 (23.2) 70.7)

Anemia 1.000 0.422 0.122
Grade 0, 1,2 32 (97.0) 93 (97.9) 93.1)
Grade 3, 4 1(3.0) 2(2.1) 5(6.9

Platelet count decreased 0.458 0918 0.444
Grade 0, 1,2 31(93.9) 92 (96.8) (94.4)
Grade 3, 4 2(6.1) 3@B2 4(5.6)

Serum AST/ALT increase 0.114 0.695 0.154
Normal 25 (75.8) 83 (87.4) 57 (79.2)
Increase 8(24.2) 2(12.6) 15 (20.8)

Febrile neutropenia 0.601 1.000 0.427
No 32 (97.0) 90 (94.7) 70(97.2)
Yes 1(3.0) 5(5.3) 2(2.8

C-SAP vs SAP: P* C-SAP vs SOX: P® SAP vs SOX.
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Cells coef HR (95% CI for HR) P value

GNG8 0.194 1.21(1.11-1.32) 0.0000117
HRH3 0.433 1.54 (1.26-1.88) 0.0000183
ccL19 0.0167 1.02 (1.01-1.03) 0.000826
CXCR5 3.58 36 (3.6-359) 0.00228
SSTR3 1.61 5.01 (1.54-16.3) 0.00733
OPRL1 0.518 1.68 (1.08-2.6) 0.0202
CX3CR1 -1 0.367 (0.144-0.938) 0.0363
P2RY13 -0.269 0.772 (0.596-0.998) 0.0486

Cl, confidence interval; HR, hazard ratio; GNG8, G protein subunit gamma 8; HRH3, histamine receptor H3; CRCL19, C-C motif chemokine ligand 19; CXCRS, C-X-C motif chemokine

receptor 5; SSTR3, somatostatin receptor 3; OPRL1, opioid-related nociceptin receptor 1; CX3CR1, C-X3-C motif chemokine receptor 1; P2RY13, purinergic receptor P2Y13; CRAD,
colorectal adenoma.





OPS/images/fimmu.2021.758040/table3.jpg
Characteristics Cases CX3CR1 expression P value
Low High

Gender Male 38 20 18 0.886
Female 22 12 10

Age <60 26 14 12 0.944
260 34 18 16

Tumor location
Colon 40 21 19 0.582
Rectum 20 12 8

T stage
T1-2 36 12 24 0.000
T34 24 18 4

N stage
NO 32 12 20 0.009
N1-2 28 20 8

M stage
MO 34 16 18 0.265
M1 22 16 10

Differentiation
Low 12 5 7 0.003
Medium 36 22 14
High 12 5 7

Size
<4.5cm 31 16 15 0.782
24.5cm 29 16 138

CX3CR1, C-X3-C motif chemokine receptor 1; CRC, colorectal cancer.
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Eighteen patients were finally enrolled in this trial

Eighteen patients completed neoadjuvant therapy

Disease progression (n=1)
Patient withdrawal for symptom improvement and
Surgery cancelations (n=4)

Surgery population (n=13)
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Gene

CX3CR1

NOS2

IRF5

PTGS2

CD163

VSIG4

MS4A4A

GAPDH

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence (5" -> 3')

ACTTTGAGTACGATGATTTGGCT
GGTAAATGTCGGTGACACTCTT
TTCAGTATCACAACCTCAGCAAG
TGGACCTGCAAGTTAAAATCCC
GGGCTTCAATGGGTCAACG
GCCTTCGGTGTATTTCCCTG
CTGGCGCTCAGCCATACAG
CGCACTTATACTGGTCAAATCCC
TTTGTCAACTTGAGTCCCTTCAC
TCCCGCTACACTTGTTTTCAC
GGGGCACCTAACAGTGGAC
GTCTGAGCCACGTTGTACCAG
ACCATGCAAGGAATGGAACAG
TTCCCATGCTAAGGCTCATCA
ACACCCACTCCTCCACCTTT
TTACTCCTTGGAGGCCATGT

CX3CR1, C-X3-C motif chemokine receptor 1; NOS2, nitric oxide synthase 2; IRF5, interferon regulatory factor 5; PTGS2, prostaglandin-endoperoxide synthase 2; VSIG4, V-set and
immunoglobulin domain containing 4; membrane-spanning 4-domains, subfamily A, member 4A; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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added (250mg,QD) reduced (250mg,twice a week)

Dual blockade of HER2 (trastuzumab 6mg/kg, Q3W) and PD-1 (camrelizumab 200mg, Q3W)
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pelvic iradiation
Alleviate radiation side effects.





OPS/images/fimmu.2021.723293/table4.jpg
Description

CD8+ T cell

T cell (general)

B cell

Monocyte

TAM

M1 Macrophage

M2 Macrophage

Neutrophils

Natural killer cell

Dendritic cell

Thi

Th2

Tfh

Th17

Treg

T cell exhaustion

Gene markers

CD8A

coeB

CD3D

CD3E

co2

cD19

CD20 (MS4AT)
CD79A

cDgs

CD16 (FCGR3A)
CD115 (CSF1R)
ccLe

cD68

IL10

NOS2

CXCL10

IRF5

COX2 (PTGS2)
cD163

ARG

MRC1

CD11b (TGAM)
CD66b (CEACAME)
CCR7
CD15(FUT4)
KIR2DL1
KIR2DL3
KIR2DL4
KIR3DL1
KIR3DL2
KIR3DL3
KIR2DS4
HLA-DPB1
HLA-DQB1
HLA-DRA
HLA-DPA1
BDCA-1 (CD1C)
BDCA-4 (NRP1)
CD11c (TGAX)
T-bet (TBX21)
STAT4

STATY

IFNG (FN-y)
TNF(TNF-0)
GATA3

STATE
STATSA

IL13

BCL6

IL21

CD278 (ICOS)
CXCL13
STAT3

IL17A

FOXP3

CCR8
STATSB
TGFBA

PDCD1

CTLA4

LAG3

HAVCR2 (TIM3)
GzvB

H2AFY

Cor

0.242
0.184
0.314
0.298
0.305
0.323
0.183
0.236
0.448
0.36
0.339
0.266
0.37
0.345
0.14
0.165
0.522
0.326
0.206
-0.16
0.045
0.441
0.076
0.216
0.602
-0.008
0.15
0.182
0.037
0.085
0.033
0.052
0.33
0.264
0.351
0.328
0.285
0.363
0.492
0.132
0.377
0.468
0.234
0.343
0.333
0.255
0.339
0.116
0.174
0.115
0.339
0.206
0.319
0.09
0.204
0.467
0.281
0.435
0.364
0.36
0.28
0.459
0.091

None

0.0801

Cor

0232
0.169
0.316
0.311
0.32
0.311
017
0.226
0.487
0.367
0.366
027
0.369
0.353
0.135
0.161
0516
0.356
0.205
-0.172
0.037
0.468
0.081
0.223
0.59
-0.054
0.144
0.164
0.02
0.067
0.061
0.044
0.337
0.255
0.365
0.348
0.284
0.358
0.529
0.118
0.377
0.458
0.241
037
0.361
0.237
0.339
0.103
0.185
0.131
0.35
0.211
0.318
0.1
0.224
0.489
0.303
0.446
0.358
0.369
0.255
0.503
0.068

Purity

0.206

TAM, tumor-associated macrophage; Th, T helper cell; Tfh, Follicular helper T cell; Treg, regulatory T cell; None, correlation without adjustment. Purity, correlation adjusted by purity; Cor, R

value of Spearman’s correlation. *P < 0.01; **P < 0.001; ***P < 0.0001.
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Clinicopathological parameters Total Odds ratio in H2AFY expression P-value
Age

<65 vs >65 370 1.669 (1.092-2.564) 0.018
Gender

Female vs Male 371 1.198 (0.775-1.852) 0.417
Survival status

Dead vs Alive 371 1.624 (1.058-2.505) 0.027
Histological grade

G3-G4 vs G1-G2 366 3.394 (2.176-5.361) <0.001
T classification

T2vs T1 275 1.531 (0.929-2.535) 0.095
T3vs T1 261 1.578 (0.931-2.690) 0.091
T4 vs T1 194 4.304 (1.268-19.669) 0.031
T2-T3vs T1 355 1.590 (1.047-2.423) 0.030
TNM stage

lvs | 257 1.580 (0.939-2.670) 0.085
Mvs | 256 1.784 (1.057-3.034) 0.031
Vsl 176 1.966 (0.318-15.213) 0.465
-l vs | 342 1.638 (1.070-2.517) 0.023

Bold values indicates P-value < 0.05.
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Enriched Category Enriched Geneset LeadingEdgeNum FDR
Kinase Target Kinase_PLK1 32 0.00E+00
Kinase_CDK1 v 0.00E+00
Kinase_CHEK1 34 0.00E+00
Kinase_AURKB 24 2.65E-04
Kinase_CDK2 90 5.31E-04
miRNA Target GAGCCAG, MIR-149 43 2.56E-01
TAGGTCA, MIR-192, MIR-215 7 3.79E-01
GCAAGAC, MIR-431 15 4.35E-01
ACACTCC, MIR-122A 22 4.73E-01
GGGGCCC, MIR-296 12 4.75E-01
Transcription Factor V$E2F_Q4 75 0.00E+00
Target V$E2F_Q6 75 0.00E+00
V$E2F_02 82 0.00E+00
V$E2F1DP1_01 82 0.00E+00
V$E2F1DP2 01 82 0.00E+00





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fimmu.2021.783243/table2.jpg
Baseline variable C-SAP group (n = 33) SAP group (n = 95) P* value SOX group (n = 72) P* value P* value

TRG 0.034 0.029 0.543
TRG1a 8(24.2) 6 (6.3) 4(5.6)
TRG1b 5(15.2) 19 (20.0) 9(12.5)
TRG2 6(18.2) 32 (33.7) 24 (33.3)
TRG3 14 (42.4) 38 (40.0) 35 (48.6)

subgroup analysis 0.157 0.019 0.207
TRG1a-1b 13 (39.4) 25 (26.3) 13 (18.1)
TRG2-3 20 (60.6) 70(73.7) 59 (81.9)

ypTstage 0.027 0.078 0.039
TO 8(24.2) 6 (6.3 4(5.6)
T 2(6.1) 11 (11.6) 4(5.6)
T2 4(12.1) 12 (12.6) 5(6.9)
T3 13(39.4) 55 (57.9) 37 (51.4)
T4a 5(15.2) 11 (11.6) 21(29.2)
Tab 1(3.0) 0 1(1.4)

ypNstage 0.055 0.056 0.563
NO 22 (66.7) 37(38.9) 26 (36.1)
N1 5(15.2) 21 (22.1) 14 (19.4)
N2 2(6.1) 15 (15.8) 12(16.7)
N3a 2(6.1) 17 (17.9) 11(16.3)
N3b 2(6.1) 5(5.3) 9(12.5)

ypTNMstage 0.015 0.003 0.504
pCR 7212 5(5.3) 2(2.8)
| 6(18.2) 17 (17.9) 9 (125
Il 12 (36.4) 35 (36.8) 25(34.7)
n 8(24.2) 38 (40.0) 36 (50.0)

ypTstage 0.004 0.014 1
T0 8(24.22) 6(6.3) 4(5.6)
T1-T4b 25(75.8) 89 (93.7) 68 (94.4)

ypNstage 0.006 0.004 0.708
NO 22 (66.7) 37 (38.9) 26 (36.1)
N1-N3b 11(33.3) 58 (61.1) 46 (63.9)

ypTstage 0.006 0.002 0.686
PCR 7@12) 5(5.3) 2(2.8)
-1l 26 (78.8) 90 (94.7) 70 (97.2)

Radiological response 0.754 0.918 0.587
PR 30(90.9) 88 (92.6) 65 (90.3)
sD 3(9.1) 7(7.4) 70.7)

“. O-SAP vs. SAP P*: C-SAP vs. SOX P%: SAP vs. SOX.
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Baseline variable C-SAP group (n = 33) SAP group (n = 95) P* value SOX group (n=72) P* value P% value

Type of gastrectomy 0.44 0.503 0.493
Partial 4(12.4) 17 (17.9) 14 (19.4)
Total 29 (87.9) 78(82.1) 58 (80.6)

Surgical approach 0.109 1.000 0.156
Laparoscopy 31(93.9 95 (100) 69 (95.8)
Open 26.1) 0 3(4.2)

Combination organ dissection
Transverse colon 1(1.4)
Body and tail of pancreas 1(1.4)
Partial left liver 1(1.1)

Extent of resection 0.578 0.568 0.889
RO 32(97.0) 94 (98.9) 68 (94.4)
R1 1(3.0) 1(1.1) 4 (5.6)

Nerve invasion 0.144 0.924 0.048
No 25 (75.8) 58 (61.7) 51(71.8)
Yes 8(24.2) 36 (38.3) 20(28.2)

Vessel invasion 0.107 0.506 0.3
No 24 (72.7) 54 (56.8) 50 (69.4)
Yes 9(27.9) 41 (432.2) 22 (30.6)

Harvested lymph nodes 0.569 0.039 < 0.001
Median 41.3+193 43.1 140 348 +105

Positive lymph nodes 0.124 0.033 0.517
Median 22+52 43+6.9 49+6.6

C-SAP vs. SAP: P* C-SAP vs. SOX: P* SAP vs. SOX.
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Baseline variable

Postoperative complications (yes)
Clavien Dindo grading
Grade I-I
Pulmonary infection
Abdominal infection
Grade Ill
Bleeding
Obstruction
Anastomotic leakage
Grade V
Grade V

C-SAP group (n = 33) SAP group (n = 95)
8(24.2) 21 (22.1)
6(18.2) 18 (18.9)
5(15.2) 14 (14.7)
1(3.0) 4(42)
2(6.1) 332
1(3.0) 1(1.9)
0 0
1(3.0) 2(2.1)
0 0
0 0

P* value

0.801

0.923
0.954
1.000
0.826
1.000
NA
1
NA
NA

SOX group (n = 72)
23(31.9)

21(29.2)
16 (21.3)
5(11.3)
228
1013
1013

0

0

0

P* value

0.422

0.232
0.455
0.761
0.790
1.000
>0.99
>0.99
NA
NA

P* value
0.153

0.122
0.263
0.715
1.000
1.000
>0.99
>0.99
NA
NA

P’, C-SAP vs. SAP; P*, C-SAP vs. SOX; P¥, SAP vs. SOX.

NA, Not applicable.
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Gene Mutations Mutation abundance (%)

PIK3CA ¢.1634A>C p.E545A 10.93%
ABL1 ¢.3010C>T p.P1004S 8.51%
ARID1B C.4296G>A p.M1432| 10.41%
CASP8 c.1414C>T p.R472* 10.86%
EPHAS C.414C>A p.N138K 8.84%
FBXW7 ©.1258C>T p.H420Y 8.79%
JAK2 ¢.1258C>T p.H420Y 8.79%
MLH3 ©.1258C>T p.H420Y 1.7%
MYCL ¢.1034C>T p.S345F 9.8%

NF2 ¢.1034C>T p.S345F 19.7%
PTPN11 ¢.1508G>T p.G503V 19.7%
RAD21 ¢.335A>C p.E112A 10.27%
RICTOR ©.872C>T p.T2911 2.16%
SOX9 ¢.872C>T p.T2911 0.46%
TET2 ©.5059C>T p.Q1687* 0.69%

‘means the termination codons. ¢.5059C>T p.Q1687* :aminoacids changes from
Glutarnine(Q) to termination codons (*).
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Test indicators (multiplex IHC)

CD8+ T cells

PD-1+ cells

CD8+PD-1+ T cells

CD68+ macrophage cells
CD68+PD-L1+ macrophage

Test result

+(10.59%)
+(1.07%)
+(0.33%)
+(38.71%)
+(28.83%)
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Baseline variable C-SAP group (n = 33) SAP group (n = 95) P* value SOX group (n = 72) P* value P* value

Gender 0.486 0.908 0.448
Male 26 (78.8) 69 (72.6) 56 (77.8)
Female 7(21.2) 26 (27.4) 16 (22.2)

Age 0.988 0.962 0.969
<60 13 (39.4) 31(32.6) 27 (37.5)
>= 60 20 (60.6) 64 (67.4) 45 (62.5)
median 61.9+106 61.9 +12.3 62 +10.8

ECOG 0.530 0.379 0.724
0 29 (87.9) 87(91.6) 67 (93.1)
1 4(12.1) 8(8.4) 5(6.9

Tumor size
<=5cm 16 (48.5) 49 (51.6) 0.550 46 (63.9) 0.01 0.03
>5cm 17 (51.5) 46 (48.4) 26 (36.1)
median (cm) 55 5.1 4.8

Baumann type 0.786 0.214 0.354
2-3 26 (78.8) 73(76.8) 59 (81.9)
4 7212 22 (23.2) 3(18.1)

Neoadjuvant cycle 0.010 0.001 0.001
<=3 11(33.3) 18(18.9) 46 (63.9)
>=4 22 (66.7) 77 (81.1) 26 (36.1)

Tumor location 0.530 0.379 0.724
Upper 18 (54.5) 46 (48.4) 37 (51.4)
Middle 10 (30.3) 22(232) 19 (26.4)
Lower 5(15.2) 27 (28.4) 16 (22.2)

Differentiation 0.235 0.001 0.001
Well and middle 0(30.3) 35(36.8) 37 (561.4)
Poor and underdifferentiated 23 (69.7) 60 (63.2) 35 (48.6)

SAP vs. SAP P*: C-SAP vs. SOX P*: SAP vs. SOX.
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Characteristics No. of patients Peripheral blood m°A p-value
levels % (mean + SD)

Age
<60 57 0.268 + 0.057 0.649
>60 48 0.273 + 0.040

Gender
Female 36 0.276 + 0.064 0.386
Male 69 0.267 + 0.043

Clinical stage
| 6 0.243 + 0.031 0.682
I 20 0.263 + 0.031
1] 31 0.260 + 0.048
\% 26 0.302 + 0.063

T classification
T1-T2 15 0.268 + 0.040 0.739
T3-T4 64 0.274 + 0.056

N classification
NO 29 0.273 + 0.066 0.933
N1-N2 50 0.272 + 0.046

N classification
NO-N1 57 0.269 + 0.056 0.291
N2 22 0.283 + 0.047

M classification
MO 57 0.260 + 0.041 <0.001
M1 26 0.302 + 0.063

Differentiation
Poor 14 0.273 + 0.030 0.975
Moderate/Well 70 0.273 + 0.056

Tumor budding
Bd1-Bd2 12 0.262 + 0.043 0.861
Bd3 16 0.259 + 0.042

HER2 expression
Negative 26 0.256 + 0.040 0.368
Positive 26 0.267 + 0.044

KRAS genotyping
Wild type 10 0.277 + 0.042 0.360
Mutation type 7 0.299 + 0.053

BRAF genotyping
Wild type 17 0.279 + 0.049 0.600
Mutation type 3 0.295 + 0.031

CEA (ng/mli)
<5 44 0.265 + 0.040 0.202
>5 54 0.278 + 0.057

CA125 (ng/ml)
<35 68 0.269 + 0.043 0.298
>35 30 0.280 + 0.063

CA19-9 (ng/mi)
<35 66 0.271 + 0.054 0.742
>35 32 0.275 + 0.041
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Characteristic Total (371) Percentage (%)
Status
Dead 130 35.04%
Live 241 64.96%
Age at diagnosis
<65 232 62.53%
>60 138 37.20%
Unknown 1 0.27%
Gender
Female 121 32.61%
Male 250 67.39%
Tumor stage
Stage | 171 46.09%
Stage Il 86 23.18%
Stage Il 85 2291%
Stage IV 5 1.35%
Unknown 24 6.47%
T classification
T 181 48.79%
T2 94 25.34%
T3 80 21.56%
T4 13 3.50%
Unknown 3 0.81%
Grade
G1 55 14.82%
G2 177 47.72%
G3 122 32.88%
G4 12 3.23
Unknown 5 1.35%
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