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As a common malignant tumor of gastrointestinal tract, the incidence of colorectal cancer (CRC) has gradually increased in recent years. In western developed countries, it has even become the second largest malignant tumor next to lung cancer. Immunotherapy is a hot topic in the field of cancer therapy, including immune checkpoint blockade (ICB), adoptive cell therapy (ACT), cancer vaccines and cytokines, aiming to improve the ability of the immune system to recognize, target and eliminate cancer cells. However, cold CRC, which accounts for a high proportion of CRC, is not so reactive to it. The development of immunotherapy to prevent cancer cells from forming “immune escape” pathways to the immune system in cold CRC, has been under increasing study attention. There is proof that an organic combination of radiotherapy, chemotherapy, and several immunotherapies can considerably boost the immune system’s capacity to eradicate tumor cells. In this review, we summarized the role of immunotherapy in colorectal cancer. In addition, we propose a breakthrough and strategy to improve the role of immunotherapy in cold CRC based on its characteristics.
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Introduction

As the third most common cancer around the global with a high mortality, colorectal cancer (CRC) generates a negative impact on human public health, and new effective treatment strategies are urgently needed (1, 2). Although CRC morbidity rates have declined with changes in risk factor patterns and the spread of colonoscopy, this progress is increasingly confined to the elderly, the entire population of CRC patients is rapidly becoming younger (3) and its mortality remains high (4), especially in the metastatic CRC which accounts for the vast majority of CRC patients (5).

For the past few decades, immunotherapy, including immune checkpoint blockade (ICB), adoptive cell therapy (ACT), cancer vaccines and cytokines, has attracted wide attention in the field of cancer treatment due to its long-term efficacy in solid tumors such as melanoma and non-small cell lung cancer. Due to the fact that tumors with high tumor mutational burden (TMB) have more immune system-recognizable neoantigens than tumors with lower TMB, high TMB becomes a defining characteristic of immunotherapy response, particularly ICB, in a number of cancer types (6, 7). In the cell genome, DNA sequences called microsatellites are repeated in tandem with a small number of nucleotides, often one to six (8). Mismatch repair (MMR) is a process that removes certain nucleotides from the nascent DNA strand in human cells when they integrate the incorrect nucleotides during DNA replication in order to prevent genetic mutations in progeny cells. The TMB of CRC is closely associated with microsatellite instability (MSI), while MSI is the result of the functional deficiency of the DNA MMR protein (9). A large number of clinical trials have confirmed that the molecular level detected by MSI is highly correlated with the protein level detected by MMR, and the agreement between the two is up to 90% in CRC (10). Mismatch repair deficient (dMMR)/high microsatellite instability (MSI-H) phenotypes accounted for 15% of CRC patients (11), compared with the most of CRC patients presenting proficient mismatch repair (pMMR)/microsatellite stable (MSS) subtype. dMMR/MSI-H CRC has more to do with a higher mutation burden and tumor neoantigen load as well as dense immune cell infiltration compared to pMMR/MSS tumors, and immunotherapy-based therapies have shown strong clinical benefits for this subtype (9, 12). The FDA approved the anti-PD-1 antibody pembrolizumab in 2017 for use in patients with dMMR/MSI-H metastatic colorectal cancer who have progressed after prior therapy and have no satisfactory alternative treatment options. Nivolumab, as well as ipilimumab, also got approval in the treatment of dMMR/MSI-H mCRC patients. In contrast, pMMR/MSS mCRC, commonly known as “cold” cancer, which featuring the infiltration and inflammation of tumor (13), does not respond well to immunotherapy. Therefore, it is important to explore immunotherapies that can benefit such subtype of patients.

This review emphasizes the constraints and problems in providing better care for these patients by summarizing the function of immunotherapies in cold colorectal cancer and outlining their development. In addition, based on the features of cold CRC, we propose a breakthrough and approach to enhance the function of immunotherapy.



Immune checkpoint inhibitors

The removal of co-inhibitory signals is an approach to breaking the autoimmune tolerance and regulating the efficacy of immune responses. ICB is changing the therapeutic paradigm for many cancers by targeting or blocking the interaction between tumor cells expressing immune checkpoints, thus relieving immune evasion from tumors and restoring the immune function of immune system (14). Several immune checkpoint molecules have been identified as potential targets for immunotherapy. The most widely studied ones now are PD-1, PD-L1, and CTLA-4 (15). In addition, the potential of checkpoints such as LAG-3 (16), TIM-3 (17, 18) and TIGIT (19) in tumor immunity also requires further studying (Table 1).


Table 1 | Protocols to improve the efficacy of immune checkpoint blockade in cold colorectal cancer.



In a phase II clinical trial higher progression-free survival (PFS) and overall survival (OS) rates were found in MSI-H patients using pembrolizumab (30). While in another phase II clinical trial (NCT01876511), 41 patients with MSS/MSI-H advanced mCRC received pembrolizumab intravenously. The objective response rate (ORR) and OS rate in the cohort of patients with MSI-H mCRC was 40% and 78%, compared with 0% and 11% in patients with MSS mCRC (31). The response of these two phenotypes of CRC to ICB showed a dramatic difference. The resistance mechanisms implicated against PD-1 immune checkpoint blockade in MSS CRC include loss of antigen presentation, abnormal cell signal transduction, and immunosuppression (32). MSI-H tumors have higher TMB, more neoantigens, and higher levels of multiple checkpoints expression (33), which may partly explain why immune checkpoint blockade therapy is more effective in MSI-H CRC than in MSS CRC. The resistance to PD-1/PD-L1 may associate with the presence of liver metastases as well, which are related to poorer PFS and OS (34). In a retrospective study, PD-1/PD-L1 inhibition showed a clinical advantage in MSS CRC patients without liver metastasis, bringing new inspiration to MSS colorectal cancer treatment (35).


Combination of two ICIs

The combination of PD-1/PD-L1 and CTLA-4-blocking antibodies may have a controllable safety profile and inspiring antitumor activity in MSS/pMMR colorectal cancer patients (36). A total of 30 mice were divided into three treatment groups in an experiment using the mouse colorectal cancer model CT26: untreated, anti-PD-1 antibody monotherapy, or anti-PD-1 and anti-CTLA-4 antibody combination (DICB). The findings demonstrated that, in comparison to the other two groups, DICB might dramatically restrain tumor progress. Nonetheless, tumor growth was not stopped or reversed in the DICB group (20). Durvalumab and tremelimumab were applied to 21 pMMR and two dMMR resectable liver metastasis colorectal cancer in a clinical trial (NCT02754856). Two dMMR patients showed complete pathological response, and evidence of T cell activation as well as prolonged RFS was observed in pMMR mCRC patients (21).

Cell immune responses are essential for tumor growth in colorectal cancer. Cytotoxic anti-tumor-specific CD8+ T cells are present in primary tumors or in metastatic tumor sites and can specifically recognize and kill autologous cancer cells (37). Tumor immune-infiltrating cells (TIL), especially CD8+ T cells, are one of the most effective prognostic parameters for both local and metastatic colorectal cancer (38). MSI-H/dMMR CRC has a low probability of distant metastasis, while the proportion of tumors potentially responding to immunotherapy in patients with pMMR/MSS CRC is significantly increased in metastases (39). The MSS CRC patients had a reduced CD8+ TIL percentage as compared to the MSI-H CRC patients, respectively (40, 41). TIGIT and TIM-3 are coinhibitory receptors on the surface of CD8+ T lymphocytes that inhibit CD8+ T cells secreting cytokines and promote CD8+ T cell depletion, providing insight for the combined blockade of ICIs (22, 42). In one study, atezolizumab monotherapy and the combination of atezolizumab and tiragolumab were used in 13 MSS CRC patients (19). The data suggested that atezolizumab alone can only induce the activation of the immune response in tumor infiltrating lymphocytes (TILs) in MSI tumors, while the combination therapy of atezolizumab plus tiragolumab was able to reactive CD8+ TILs in 46% of MSS CRC patients. Liu et al. found that blockage of the Tim-3 and PD-1 pathways enhanced the frequency of proliferating tumor antigen-specific CD8+ T cells, achieving a reversal of tumor-induced T cell exhaustion/dysfunction in colorectal cancer patients (22).



Combination with chemotherapy

Increasing evidence suggests that chemotherapy can activate the immune system either by directly stimulating anti-tumor responses or by modifying local immune microenvironment (43, 44), providing a strategy to couple chemotherapy with ICIs to transform the so-called “cold” non-infiltrated tumors into “hot” highly infiltrated tumors.

The combination chemotherapy of leucovorin, fluorouracil and oxaliplatin (FOLFOX) is often used in the first-line treatment of mCRC (45, 46). Meanwhile, FOLFOX causes immunogenic cell death and the recruitment of antigen-presenting immune cells, and its role in anti-tumor immune infiltration cannot be underestimated (47). Based on this theory, Dosset et al. adapting FOLFOX with or without anti-PD-1 therapy to CT26 tumor-bearing BALB/c mice showed that FOLFOX restores the immunological environment to sensitize colorectal cancer to ICIs and only the FOLFOX/anti-PD-1 group of mice achieved a complete cure of cancer without recurrence (23). This provided a new perspective for the treatment of MSS CRC. A Phase Ib/II study (NCT03202758) evaluated how the combination of durvalumab, tremelimumab and FOLFOX worked in MSS tumors with RAS mutated status (24). The results showed a RFS rate of 95% and a PFS of 70.7% was expected. FOLFOX is therefore a potent adjunct to ICB. More fully designed clinical trials are still needed to determine the optimal dosing regimen to maximize the immunogenicity of the FOLFOX.

Temozolomide is an alkylating agent approved for use in patients with glioblastoma, which works by causing cross-linking between or within strands of DNA, destabilizing DNA during replication (48). This provides the rationale for inducing the immunosensitization of pMMR/MSS mCRC, which is MGMT silenced, by temozolomide initiation. A multicenter, single-arm phase II trial (NCT03832621), whose first phase of oral temozolomide 150 mg/sqm treatment in MSS mCRC, and a second phase of combination therapy with ipilimumab 1 mg/kg and nivolumab when no progression was observed, had the primary endpoint being the 8-month PFS rate calculated from the enrollment of patients starting the second treatment portion (49). 24% of the patients entering the second part of treatment showed a PFS rate of 36%. The results demonstrated that the combination treatment of temozolomide with ipilimumab and nivolumab may produce a long-lasting clinical benefit in the MSS mCRC.



Combination with anti-angiogenic agents

Angiogenesis, which is closely linked to tumor progress, is one of the hallmarks of cancer (50). Therefore, inhibiting angiogenesis is a popular treatment for cancer (51). VEGF (vascular endothelial growth factor) regulates the progress of tumor angiogenesis (52), and is currently the only known angiogenic factor continuously expressed throughout the tumor life cycle. There are two main classes of antitumor drugs acting on the VEGF-VEGFRs pathway. One is monoclonal antibodies, and the other is small molecule VEGFRs tyrosine kinase inhibitors.

Lee et al. demonstrated that the combination of avelumab and cetuximab (targeting EGFR) showed an ideal 11.6-months median OS and a longer median PFS in MSS mCRC (25).While in a phase Ib trial REGONIVO (NCT03406871), 24 pMMR/MSS CRC patients received the treatment of regorafenib (VEGFRs tyrosine kinase inhibitor) plus nivolumab (26). The median PFS for this treatment was 7.9 months, and the ORR was 36%. This demonstrated that in pMMR/MSS CRC patients, the combination of regorafenib and nivolumab had a manageable safety profile and increased antitumor efficacy. However, the encouraging results of the REGONIVO were not reproduced in the following series of clinical practice. A phase I/Ib study (NCT03712943) treated 52 pMMR CRC patients with a combination of regorafenib and nivolumab (53).Only 10% of the patients had partial remission, 2.5% had confirmed remission, 53% were stable with a disease control rate of 63%, showing a limited anticancer activity of this therapy in pMMR CRC. This result could be explained by the differences in the patient populations of the two study. This cohort recruited more patients with mCRC than the REGONIVO trial. Former study has proved that metastasis was often accompanied by diminished efficacy of ICB in multiple malignancies (54). Therefore, further studies are required to validate the efficacy of the combination therapy of ICIs with anti-angiogenic agents in cold CRC.



Combination of MEK inhibitor

Underloading of tumor antigens impairs the T-cell-mediated immune response and improving the antigenicity of tumor is a feasible strategy to target cold CRC. MEK signaling pathway is one of the most classic signaling pathways in the tumor field whose protein overexpression or mutation has been found in many malignant tumors. The signaling molecule, MEK, is a key intermediate in the MAPK pathway (54). The MAPK axis is essential in the proliferation and apoptosis of CD8+ TIL (55–57). Preclinical models demonstrated that highly selective MEK inhibitors inhibited tumor progress and promoted changes in the proliferation and effector phenotype of CD8+ TILs (55).This showed that the MEK inhibitors combined with ICIs treatment may synergistically inhibit tumor growth.

A phase I/Ib trial (NCT01988896) applied the combination of the MEK inhibitor cobimetinib and the anti-PD-L1 antibody atezolizumab to patients with solid tumors (27). Of the 84 mCRC patients enrolled, a total of six MSS patients and one MSI-H patient showed a clinical response, with an ORR of 10% and a median OS of 10 months, demonstrating the safety and tolerability of this therapy. Based on these results, cobimetinib was applied to MSS CRC patients in combination with atezolizumab in the subsequent phase III study (NCT02788279) (46). Unfortunately, although atezolizumab plus cobimetinib improved OS compared to atezolizumab monotherapy, the efficacy of the combination was inferior than regorafenib.



Combination of radiotherapy

Radiotherapy is also an ideal option to promote T cell infiltration into cold tumor. RT can release neoantigens and inflammatory cytokines during treatment and has the ability to increase CD8+ cytotoxic T cells, thus regulating the TME and stimulating immune system response (58, 59). Grapin et al. proved that the combination of ICIs and RT had the value of further clinical studies (60). And another preclinical model combined DNA repair inhibitors, RT, with anti-CTLA-4, which was a multimodal treatment regimen that reduced dosing, potentially inhibiting chemical resistance and dose-limiting toxicity (61). The combination therapy of RT and ICB exhibited great prospects in the treatment of refractory CRC and should be intensively studied urgently.

A non-randomized phase II study (NCT02437071) was designed to evaluate the combination of pembrolizumab with RT in patients with pMMR mCRC (28). Although only one patient out of the 22 patients achieved an objective response in the unirradiated area, it still gave us inspiration of further investigation. A large number of studies centered on combination of radiotherapy and immunotherapy are ongoing. Segal et al. recruited 24 patients with chemotherapy-refractory pMMR mCRC and applied durvalumab, tremelimumab and radiotherapy (29). Two patients treated had an objective response in the unirradiated tumors, with an ORR of 8.3%. 23 patients remained progression-free at 12 months after PR. The best response in the three patients (12%) was a stable disease, with no SD being observed for 4 months or longer. To determine the combination of radiotherapy and immunotherapy is challenging but crucial in clinical trials.




Adoptive cellular therapy

ACT is an emerging immunotherapy and is a rapidly developing field of clinical research. Compared with traditional methods, ACT has the advantages of high specificity, short acting time and less interference by internal factors. By isolating the immunoactive cells from the tumor patients, they were expanded and modified in vitro, and finally returned to the patients, so as to trigger passive or active immunity (62). There are currently four major ACT approaches: chimeric antigen receptor (CAR) T cells, genetically engineered T cell receptor (TCR), tumor-infiltrating lymphocytes (TILs), and cytokine-induced killer (CIK) cells, the latter three of which are still in the early stages of research compared to CAR-T. ACT has achieved remarkable results in hematological malignancies, such as acute B-cell leukemia and multiple myeloma (63, 64). However, the role in solid tumors is still unclear, and its therapeutic efficacy and safety remain to be verified in clinical studies (Table 2).


Table 2 | Different applications of ACT in colorectal cancer.




Chimeric antigen receptor T-cell and genetically engineered T-cell receptor

T cells are genetically modified to express a specialized chimeric immune-receptor, enabling T cells to identify oncogenic antigens, targeting specific proteins, in an MHC-independent manner (72, 73). CAR-T is currently prevailing for its applicability to all subtypes of colorectal cancer and its capacity to overcome the barrier of cold tumor insensitivity to immunotherapy. One of the difficulties in the development of effective ACT in solid tumors, specifically targeting CAR-T cells, is that CAR-T can produce toxic side effects in healthy tissues. Targeting tumor cells and avoiding target recognition in normal human tissues to overcome target antigen heterogeneity has been a key challenge in the development of solid malignant tumor cell therapy (74). Current targets used for anti-CRC CAR-T cell therapy are generally not exclusive to tumor cells, which can sometimes lead to targeted external tumor toxicity (75). Therefore, CAR-T cell therapy suitable for CRC needs to be further explored.

Carcincoembryonic antigen (CEA) is the most frequently studied target for CAR-T cells for the treatment of CRC. In a phase I clinical trial (NCT02349724) of CEA CAR-T treatment in CEA+ CRC patients, 10 patients with relapsed and refractory CRC metastasis were enrolled (65). The results showed that 70% of the patients were stable after treatment, with a slightly reduced tumor diameter, and 20% were stable for more than 30 weeks. Discussion of the mechanisms of immune evasion is vital for the development of new approach to overcoming drug resistance. In a study using an electrostatic copy model in nude mice, it was confirmed that rhIL-12 (recombinant human IL-12) enhanced the anti-neoplastic capacity of CEA CAR-T cells (76). Another study of combined treatment with neutralizing antibodies against IL-10 and CAR-T in 38 patients with MSS liver metastatic CRC showed that IL-10 increased CEA-specific CAR-T cell activation and promoted CAR-T mediated tumor cell death, inducing nearly 70% apoptosis in tumor biopsies (66). These results also inspired us to bind cytokines to CAR-T cells is a feasible strategy.

NKG2DL, EGFR, and HER2 are also suitable candidates for CAR-T targeting. Transduction of NKG2D CAR-T cells from non-viral third-generation NKG2D CAR cells had a significant inhibitory impact on tumor progress in mice (67). HER2 CAR-T cells exhibited antitumor activity in CRC xenograft models, and some tumors were even completely eliminated. Since HER2 levels are significantly higher in mCRC than in primary CRC, HER2 CAR-T cells have an effective immunotherapy capacity for Mcrc (68). No occurrence of adverse reactions was observed in any of the above studies, indicating the safety of the above therapies.

The genetic alteration of T-cell receptors to enhance their capacity to recognize and kill certain cancer cell antigens is a trait shared by CAR-T and TCR-T technologies, albeit their precise approaches vary. Unlike TCR, which depends on MHC processing, CAR attaches to tumor surface antigens, but the spectrum of tumor-specific antigens that TCR-T cells may detect includes certain intracellular antigens (77). TCR is currently the most likely T cell immunotherapy to make a breakthrough in solid tumors. The search for immunogenic neoantigens is also crucial for TCR-T cells. The limitation of CEA as a target for CRC may be seen in the fact that TCR-T cells targeting CEA not only produced tumor regression but also severe colitis and other problems (78). In current clinical studies conducted both domestically and internationally, TCR-T cells directed against NY-ESO-1 have demonstrated high safety and effectiveness in the treatment of refractory recurrent melanoma, synovial sarcoma, multiple myeloma, lung cancer, and other cancers (79). Ny-eso-1-specific TCR-T cells showed strong anti-tumor ability in MSS CRC cell line and significantly prolonged the survival of mice while decitabine treatment can synergistically enhance the specific killing ability of TCR-T cells by upregulating the expression of NY-ESO-1 (80). Another great target for melanoma treatment is cancer-testicular (CT) antigen. But its applicability in CRC is constrained by the lack of its expression. The hypomethylating agent 5-AZa-2 ‘-deoxycytidine (DAC) induces the expression of CT in CRC and makes tumor cells more sensitive to TCR-T cells (81). Furthermore, several targets, such the PCSK9, LDLR, and others have a role in regulating TCR signaling in CD8+T cells via a variety of mechanisms (82). Regrettably, TCR-T clinical trials for CRC are still in the early stages of development, and more research is required to fully understand its therapeutic potential.



Tumor-infiltrating lymphocytes and cytokine-induced killer cells

TILs are the lymphocytes that leave the blood flow and enter the tumor, which is a polyclonal and heterogeneous population of cells, including lymphocytes (T cells, B cells, and natural killer (NK) cells), macrophages, dendritic cells, and neutrophils, with extensive antigen-recognition capabilities in tumor cells (83). Studies have identified associations between TIL load, mutation rate, and the immune landscape of CRC patients and clinical outcomes (15, 84). TIL within the CRC is beneficial for patient survival and can serve as a prognostic indicator.

Although the TILs have been applied in varieties of cancers, only a few trials of the TILs have been performed against the CRC. Gardini et al. found that TILs combined with high-dose IL-2 showed no distinct difference in clinical outcome compared to conventional chemotherapy (85). In another trial (NCT01174121), researchers extended the KRAS G12D-specific CD8+ T cell clone and reinfused the TILs into the patients, and observed a sustained resolution of the symptoms, with six out of seven lung metastases eradicated. This result suggested that ACT targeting TIL cells of tumor neoantigens was an attractive therapeutic option for MSS CRC tumors with low mutational burden (69).

In general, the pMMR/MSI-L/MSS CRC has a lower TMB and limited amount of TILs (86) which is difficult to collect and amplify, and cannot meet the requirements of ACT (87). Moreover, TIL products need to be customized for individual patients, which is time-consuming and costly (88). Therefore, new improvement schemes are still being explored. As an alternative source of TILs, CIK cells are a heterogeneous group of cells co-cultured by human peripheral blood mononuclear cells (PBMCs) with various cytokines (89) which have a similar function to that of NK cells (90). A randomized controlled trial aimed to evaluate the effect of autologous CIK cells immunotherapy on OS and PFS in patients with colorectal cancer. The median PFS and median OS in the CIK group were 25.8 and 41.3 months, compared to 12.0 and 30.8 months in the control group (70). Another study reviewed 142 advanced colorectal cancers treated with conventional or adjuvant DC-CIK, and analyzed their respective 1-, 3-, and 5-year OS rates and PFS rates (71). The 5-year PFS and OS rates in the DC-CIK group were 57.4% and 41.3%, while the 5-year PFS and OS rates in the non-DC-CIK group were 33.6% and 19.4%, respectively. The data suggested that DC-CIK cells used as adjuvant therapy in combination with first-line therapy can significantly reduce the mortality and recurrence rate of advanced colorectal cancer.




Cancer vaccines

One of the key factors or processes to be tackled to achieve clinical benefit in cold CRC is to trigger immune response, while cancer vaccine is an ideal immunotherapy strategy. The most critical step in designing a cancer vaccine is to find the right antigen. Tumor antigens are traditionally classified into tumor-associated antigens (TAA) and tumor-specific antigens (TSA). Nowadays, the principle of most therapeutic cancer vaccine is based on the establishment of TAA -specific antitumor immune response to eliminate tumor cells expressing these antigens (91). Cancer vaccines include cell (autologous, DC) vaccines, protein/peptide vaccines, and gene vaccines (92) (Figure 1). Many studies have identified a variety of TAA expressed by CRC cells as potential targets for vaccine immunotherapy, including CEA, WT1, MUC1, RNF43, GUCY2C, SART3, and hTERT (91). The three targets that are the most comprehensive and widespread are CEA (93),enteric in guanylyl cyclase 2C (GUUCY2C) (94) and melanoma-associated antigen (MAGE) (95).




Figure 1 | Schematic diagram of different types of cancer vaccines and characteristics of new adjuvants.



CEA is less frequently expressed in intestinal epithelial cells but is overexpressed in CRC cells. Nonetheless, CEA is poorly immunogenic as an “autoantigen”, and although many methods have been used to vaccinate against CEA, none of the earlier reported trials have produced objective responses (96). Allosteric peptide ligand (APL) is a strategy to solve this problem. A phase I clinical trial was immunized with the amplified DCs loaded with allosteric peptide ligands derived from the CEA (97) and two out of the 12 patients had stable disease. A patient with progressive mCRC had completely eliminated lung metastasis and malignant pleural effusion. Evidence indicates that anticancer chemotherapeutic agents may in fact stimulate the vaccine-induced immune cell responses through its antigenicity and adjuvanticity (98). A phase II clinical trial tested the efficacy of the CEA-specific T cell response initiated by the ALVAC (Canary pox virus) vaccine expressing CEA and B7.1 combined with FOLFIRI chemotherapy in metastatic colorectal cancer (99). Large increases in T cell levels were observed in some patients. Of the 104 evaluable patients, the ORR was 40.4%, with two complete responses, and another 37.5% were in a stable condition.

Cancer vaccines against individual TAA have limited effects, and the development of vaccines containing multiple TAA-derived peptides or targeting multiple TAA’s is underway. In a phase I clinical trial, patients received a combination of a novel peptide vaccine derived from RNF43 (ring finger protein 43) and TOMM34 (34-kDa translocase in the outer mitochondrial membrane) and chemotherapy (100). Of the 21 evaluable patients, 95% had enhanced specific CD8+ T cell infiltration, and 83% were under control. The recently reported recombinant poxvirus vaccine against MUC1 and CEA (BN-CV301) applied in 12 patients (NCT02840994) showed high efficiency in producing antigen-specific T cells directed against MUC1 and CEA (101). Single-agent BN-CV301 produced a partial response (PR) in one patient, and the disease stabilization period was prolonged in multiple patients.

Apart from relying on TAA, vaccine-induced immune reactivity to antigens depends on the use of adjuvants, key components that enhance antigen-specific immune response. One study evaluated the efficacy of the WT colon tumor cell antigen vaccine used with recombinant mouse GM-CSF and IL-2 as cytokine adjuvants in a BALB/c murine tumor model (102). The results showed that the combination effectively activated the autologous T cell response, prolonged survival and significantly inhibited tumor growth, compared to the adjuvant or the inactivated antigen alone. Numerous studies have shown that CpG, OX40 agonist, and anti-PD-1/PD-L1 antibodies can be used as adjuvants to improve vaccine activity through different mechanisms. It was newly explored that how the extent to which different combinations of local injected antibodies to CpG ODN, anti-PD-1, and OX40 agonists improved the efficacy of oncolytic vaccinia-virus (VVs) vaccines armed against IL-2 (103). The results showed that dual treatment with vvDD-mIL2 and CpG injection resulted in specific CD4+ and CD8+ T cells response, weakening immune suppression. PD-1 blockade also significantly promoted the antitumor activity.



Cytokines

Since cytokines are important regulatory components of TME, cytokine-based immunotherapy is a promising field in cancer therapy. Cytokines are soluble proteins which mediate cell-to-cell communication and can interfere with cell cycle in different cell types (104). As molecular messengers of immune responses, cytokines are able to modulate the host immune responses to cancer cells, including T-cell initiation and activation, and effector T-cell infiltration at cancer sites (105, 106). Cytokines can also be targeted to bind to membrane receptors, and then directly affect carcinogenesis by altering tumor phenotype (104). So far, there are more than 130 different functional cytokines, of which only two, IFN-α and IL-2, have received FDA approval (107). Cold CRC is characterized by low immune infiltration, and the function of cytokines to expand the proliferation of immune cells and induce the recruitment of immune cells is an ideal method to transform cold tumors into hot tumors (Table 3).


Table 3 | Different applications of cytokines in colorectal cancer.




Interferons

Interferon is of great significance for the development of novel antitumor therapies. IFNs are divided into three types based on their function and target receptors: type I (α, β, ϵ, κ and ω), type II (γ) and type III (λ) (113).

Loss of IFN-I signaling is a typical characteristic of noninvasive tumors. As one of the markers of hot tumors in TME, IFN- I, including IFN-α and IFN-β, plays an important role in cancer antigen presentation by activating a variety of immune cells and upregulating MHC class I surface molecules (114). Because IFN-α shows effective antiangiogenic activity (115), the combination of the anti-VEGF antibody bevacizumab with IFN-α was approved by the FDA as a first-line treatment for metastatic renal cell carcinoma in 2009 (116). Fusing IFN-α2 with anti-VEGFR2 significantly inhibited the proliferation, migration and invasion of CRC cells, and promoted the apoptosis and cell cycle arrest of CRC cells (108). However, the affinity of IFN-α2 for its receptor and its direct cytotoxicity were decreased in this combination. Thus, subsequent studies mutated IFN-α to further improve the anti-tumor efficacy and regulate TME more effectively by promoting dendritic cell maturation and enhancing CD8+ T cell infiltration (109). Although there is in vitro evidence that IFN-β inhibits tumor cell proliferation more effectively than IFN-α, no clinical trials have demonstrated its efficacy in cancer therapy (105). Additional preclinical and clinical research is required to examine more potent combo therapies.

As the only TFN-II, IFN-γ is a pleiotropic cytokine both coordinating pro-tumor and anti-tumor immunity in the tumor microenvironment (117). Cell cycle inhibition can greatly enhance the pro-apoptotic function of IFN-γ (118). IFN-γ has been shown to selectively eradicate label-preserving cancer cells (LRCC), a group of stem-like cancer cells that exhibit slow proliferation, enhanced chemical resistance, and tumor-initiation (119). Another study found increased PD-L1 expression through JAK2/STAT1 signaling after IFN-γ stimulation, which inhibited the antitumor immune response (120). However, IFN-γ gene signatures can be used as predictive markers of clinical response to ICIs (121). Increased IFN-γ concentrations are associated with better ICB efficacy, and the combination of ICIs and IFN-γ may have additional value in antitumor effects. The complex role of IFN-γ in TME remains to be studied in order to enhance its antitumor effect and limit its tumor-promoting effect.



Interleukins (ILs)

The use of cytokines derived from the IL-2 family, such as interleukin IL-2, IL-7, IL-15, and IL-21, to stimulate the anti-tumor response is prevailing in the field of immunotherapy (122). Among them, IL-2, IL-15, and IL-21 are also the most widely studied subjects, with different effects on CD8+ T cells, NK cells and Tregs (123, 124). IL-2 can induce preferential activation of Tregs and stimulate the expansion of CD8+ T cells (125). Nevertheless, continuous exposure to IL-2 results in T cell hyperactivation and is prone to apoptosis. IL-15 and IL-21 have been shown to be superior to IL-2 in the development and maintenance of NK cells, thus protecting them from apoptosis (126). Interleukins, as monotherapy or combined with other biological agents, are actively pursued in the clinical studies.

IL-2 is one of the cytokines approved by the FDA for the treatment of metastatic RCC and metastatic melanoma. A study showing that therapeutic strategies combining cetuximab, IL-2, and IL-15 could activate phenotypic and dysfunctional blood NK cells and improve cytotoxicity in CRC patients provided novel insights into CRC therapies based on ILs (110). Another study demonstrated that IL-2 pretreatment could promote lymphocyte proliferation and enhance the efficacy of oxaliplatin plus 5-fluorouracil chemotherapy in mCRC patients (111).

IL-15 has attracted attention as a potential therapeutic agent in CRC immunotherapy. A preclinical model demonstrated that IL-15 deficiency increased tumor burden due to NK and CD8 + T cell immunodeficiency as well as the inflammatory environment supporting tumors, suggesting that intestinal homeostasis and inhibiting inflammation-induced tumorigenesis were dependent on IL-15 (127). Another study showed that IL-15 which was either administered alone in CRC rats or in combination with leucovorin reduced chemotherapy-induced gastrointestinal toxicity and enhanced the antitumor activity of 5-fluorouracil (128).

IL-21 has both tumor-promoting and tumor-suppressive effects. Elevated IL-21 expression levels were detected in the CRC microenvironment whose result indicating that IL-21 levels were inversely correlated with poor survival (129). However, another study proved that IL-21 stimulated a cytotoxic anti-tumor response in CRC, and the lack of IL-21 promoted intestinal tumor formation through the dysregulation of the Th1/Th17 axis (112). A phase I trial tested the safety and tolerability of a recombinant IL-21 (rIL-21) therapy combined with cetuximab in stage IV CRC (130). The results showed rIL-21 plus cetuximab was well tolerated at doses up to 100g kg (–1) and led to increased expression of immune markers.




Conclusions

Immunotherapy has significantly altered the paradigm of partial cancer treatment due to its significant and durable therapeutic advantages. However, it has been discovered that colorectal cancer is one of the tumor types that does not react favorably to immunotherapy. Although the effectiveness of ICI has been demonstrated in dozens of clinical trials and with multiple FDA approvals, their response was restricted to relatively fewer patients with dMMR/MSI-H CRC. pMMR/MSS CRC, as a recognized cold cancer, is actually a real challenge for immunotherapy due to the heterogeneity of tumors and the complexity of the tumor microenvironment. In order to achieve “cold” to “hot” neoplastic transformation in MSS/pMMR CRC and subsequently overcome immunotherapy resistance, current immunotherapy-based research studies include ICIs, ACT, cancer vaccines, cytokines, and combinations of immunotherapies with chemotherapy, radiotherapy, targeted therapy, and other therapies (Figure 2). The discovery of novel medications, antibodies, and antigenic targets is still necessary to win the game.




Figure 2 | Applications of Immunotherapy in Cold CRC.





Author contributions

JY and JL had the idea for the article; CG and CJ performed the literature search and data analysis; JW and ZX drafted and critically revised the work. All authors contributed to the article and approved the submitted version.



Conflict of interest

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



References

1. Li, P, Zhang, Y, Xu, Y, Cao, H, and Li, L. Characteristics of Cd8+ and Cd4+ tissue-resident memory lymphocytes in the gastrointestinal tract. Advanced Gut Microbiome Res (2022). doi: 10.1155/2022/9157455

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

3. Edwards, BK, Ward, E, Kohler, BA, Eheman, C, Zauber, AG, Anderson, RN, et al. Annual report to the nation on the status of cancer, 1975-2006, featuring colorectal cancer trends and impact of interventions (Risk factors, screening, and treatment) to reduce future rates. Cancer (2010) 116(3):544–73. doi: 10.1002/cncr.24760

4. Siegel, RL, Miller, KD, Goding Sauer, A, Fedewa, SA, Butterly, LF, Anderson, JC, et al. Colorectal cancer statistics, 2020. CA Cancer J Clin (2020) 70(3):145–64. doi: 10.3322/caac.21601

5. Yao, K, Peng, C, Zhang, Y, Zykova, TA, Lee, MH, Lee, SY, et al. Rsk2 phosphorylates T-bet to attenuate colon cancer metastasis and growth. Proc Natl Acad Sci USA (2017) 114(48):12791–6. doi: 10.1073/pnas.1710756114

6. Samstein, RM, Lee, CH, Shoushtari, AN, Hellmann, MD, Shen, R, Janjigian, YY, et al. Tumor mutational load predicts survival after immunotherapy across multiple cancer types. Nat Genet (2019) 51(2):202–6. doi: 10.1038/s41588-018-0312-8

7. Bedognetti, D, Ceccarelli, M, Galluzzi, L, Lu, R, Palucka, K, Samayoa, J, et al. Toward a comprehensive view of cancer immune responsiveness: A synopsis from the sitc workshop. J Immunother Cancer (2019) 7(1):131. doi: 10.1186/s40425-019-0602-4

8. Gelsomino, F, Barbolini, M, Spallanzani, A, Pugliese, G, and Cascinu, S. The evolving role of microsatellite instability in colorectal cancer: A review. Cancer Treat Rev (2016) 51:19–26. doi: 10.1016/j.ctrv.2016.10.005

9. Shia, J. The diversity of tumours with microsatellite instability: Molecular mechanisms and impact upon microsatellite instability testing and mismatch repair protein immunohistochemistry. Histopathology (2021) 78(4):485–97. doi: 10.1111/his.14271

10. Xiao, J, Li, W, Huang, Y, Huang, M, Li, S, Zhai, X, et al. A next-generation sequencing-based strategy combining microsatellite instability and tumor mutation burden for comprehensive molecular diagnosis of advanced colorectal cancer. BMC Cancer (2021) 21(1):282. doi: 10.1186/s12885-021-07942-1

11. Sinicrope, FA, and Sargent, DJ. Molecular pathways: Microsatellite instability in colorectal cancer: Prognostic, predictive, and therapeutic implications. Clin Cancer Res (2012) 18(6):1506–12. doi: 10.1158/1078-0432.Ccr-11-1469

12. Giannakis, M, Mu, XJ, Shukla, SA, Qian, ZR, Cohen, O, Nishihara, R, et al. Genomic correlates of immune-cell infiltrates in colorectal carcinoma. Cell Rep (2016) 17(4):1206. doi: 10.1016/j.celrep.2016.10.009

13. Galon, J, and Bruni, D. Approaches to treat immune hot, altered and cold tumours with combination immunotherapies. Nat Rev Drug Discov (2019) 18(3):197–218. doi: 10.1038/s41573-018-0007-y

14. Gonzalez, H, Hagerling, C, and Werb, Z. Roles of the immune system in cancer: From tumor initiation to metastatic progression. Genes Dev (2018) 32(19-20):1267–84. doi: 10.1101/gad.314617.118

15. Kitsou, M, Ayiomamitis, GD, and Zaravinos, A. High expression of immune checkpoints is associated with the til load, mutation rate and patient survival in colorectal cancer. Int J Oncol (2020) 57(1):237–48. doi: 10.3892/ijo.2020.5062

16. Shen, R, Postow, MA, Adamow, M, Arora, A, Hannum, M, Maher, C, et al. Lag-3 expression on peripheral blood cells identifies patients with poorer outcomes after immune checkpoint blockade. Sci Transl Med (2021) 13(608). doi: 10.1126/scitranslmed.abf5107

17. Anderson, AC. Tim-3: An emerging target in the cancer immunotherapy landscape. Cancer Immunol Res (2014) 2(5):393–8. doi: 10.1158/2326-6066.CIR-14-0039

18. Khalaf, S, Toor, SM, Murshed, K, Kurer, MA, Ahmed, AA, Abu Nada, M, et al. Differential expression of Tim-3 in circulation and tumor microenvironment of colorectal cancer patients. Clin Immunol (2020) 215:108429. doi: 10.1016/j.clim.2020.108429

19. Thibaudin, M, Limagne, E, Hampe, L, Ballot, E, Truntzer, C, and Ghiringhelli, F. Targeting pd-L1 and tigit could restore intratumoral Cd8 T cell function in human colorectal cancer. Cancer Immunol Immunother (2022) 71(10):2549–63. doi: 10.1007/s00262-022-03182-9

20. Slovak, RJ, Park, HJ, Kamp, WM, Ludwig, JM, Kang, I, and Kim, HS. Co-Inhibitor expression on tumor infiltrating and splenic lymphocytes after dual checkpoint inhibition in a microsatellite stable model of colorectal cancer. Sci Rep (2021) 11(1):6956. doi: 10.1038/s41598-021-85810-5

21. Kanikarla Marie, P, Haymaker, C, Parra, ER, Kim, YU, Lazcano, R, Gite, S, et al. Pilot clinical trial of perioperative durvalumab and tremelimumab in the treatment of resectable colorectal cancer liver metastases. Clin Cancer Res (2021) 27(11):3039–49. doi: 10.1158/1078-0432.CCR-21-0163

22. Liu, J, Zhang, S, Hu, Y, Yang, Z, Li, J, Liu, X, et al. Targeting pd-1 and Tim-3 pathways to reverse Cd8 T-cell exhaustion and enhance ex vivo T-cell responses to autologous Dendritic/Tumor vaccines. J Immunother (2016) 39(4):171–80. doi: 10.1097/CJI.0000000000000122

23. Dosset, M, Vargas, TR, Lagrange, A, Boidot, R, Vegran, F, Roussey, A, et al. Pd-1/Pd-L1 pathway: An adaptive immune resistance mechanism to immunogenic chemotherapy in colorectal cancer. Oncoimmunology (2018) 7(6):e1433981. doi: 10.1080/2162402X.2018.1433981

24. Fumet, JD, Isambert, N, Hervieu, A, Zanetta, S, Guion, JF, Hennequin, A, et al. Phase Ib/Ii trial evaluating the safety, tolerability and immunological activity of durvalumab (Medi4736) (Anti-Pd-L1) plus tremelimumab (Anti-Ctla-4) combined with folfox in patients with metastatic colorectal cancer. ESMO Open (2018) 3(4):e000375. doi: 10.1136/esmoopen-2018-000375

25. Lee, MS, Loehrer, PJ, Imanirad, I, Cohen, S, Ciombor, KK, Moore, DT, et al. Ii study of ipilimumab, nivolumab, and panitumumab in patients with Kras/Nras/Braf wild-type (Wt) microsatellite stable (Mss) metastatic colorectal cancer (Mcrc). J Clin Oncol (2021) 39(3_suppl):7. doi: 10.1200/JCO.2021.39.3_suppl.7

26. Fukuoka, S, Hara, H, Takahashi, N, Kojima, T, Kawazoe, A, Asayama, M, et al. Regorafenib plus nivolumab in patients with advanced gastric or colorectal cancer: An open-label, dose-escalation, and dose-expansion phase ib trial (Regonivo, Epoc1603). J Clin Oncol (2020) 38(18):2053–61. doi: 10.1200/JCO.19.03296

27. Hellmann, MD, Kim, TW, Lee, CB, Goh, BC, Miller, WH Jr., Oh, DY, et al. Phase ib study of atezolizumab combined with cobimetinib in patients with solid tumors. Ann Oncol (2019) 30(7):1134–42. doi: 10.1093/annonc/mdz113

28. Segal, NH, Kemeny, NE, Cercek, A, Reidy, DL, Raasch, PJ, Warren, P, et al. Non-randomized phase ii study to assess the efficacy of pembrolizumab (Pem) plus radiotherapy (Rt) or ablation in mismatch repair proficient (Pmmr) metastatic colorectal cancer (Mcrc) patients. J Clin Oncol (2016) 34(15_suppl):3539. doi: 10.1200/JCO.2016.34.15_suppl.3539

29. Segal, NH, Cercek, A, Ku, G, Wu, AJ, Rimner, A, Khalil, DN, et al. Phase ii single-arm study of durvalumab and tremelimumab with concurrent radiotherapy in patients with mismatch repair-proficient metastatic colorectal cancer. Clin Cancer Res (2021) 27(8):2200–8. doi: 10.1158/1078-0432.CCR-20-2474

30. Casak, SJ, Marcus, L, Fashoyin-Aje, L, Mushti, SL, Cheng, J, Shen, YL, et al. Fda approval summary: Pembrolizumab for the first-line treatment of patients with msi-H/Dmmr advanced unresectable or metastatic colorectal carcinoma. Clin Cancer Res (2021) 27(17):4680–4. doi: 10.1158/1078-0432.CCR-21-0557

31. Le, DT, Uram, JN, Wang, H, Bartlett, BR, Kemberling, H, Eyring, AD, et al. Pd-1 blockade in tumors with mismatch-repair deficiency. N Engl J Med (2015) 372(26):2509–20. doi: 10.1056/NEJMoa1500596

32. Zhang, Y, Rajput, A, Jin, N, and Wang, J. Mechanisms of immunosuppression in colorectal cancer. Cancers (Basel) (2020) 12(12):3850. doi: 10.3390/cancers12123850

33. Narayanan, S, Kawaguchi, T, Peng, X, Qi, Q, Liu, S, Yan, L, et al. Tumor infiltrating lymphocytes and macrophages improve survival in microsatellite unstable colorectal cancer. Sci Rep (2019) 9(1):13455. doi: 10.1038/s41598-019-49878-4

34. Wang, X, Ji, Q, Yan, X, Lian, B, Si, L, Chi, Z, et al. The impact of liver metastasis on anti-Pd-1 monoclonal antibody monotherapy in advanced melanoma: Analysis of five clinical studies. Front Oncol (2020) 10:546604. doi: 10.3389/fonc.2020.546604

35. He, S, Hu, D, Feng, H, Xue, Y, Jin, J, and Wang, X. Efficacy of immunotherapy with pd-1 inhibitor in colorectal cancer: A meta-analysis. J Comp Eff Res (2020) 9(18):1285–92. doi: 10.2217/cer-2020-0040

36. Rotte, A. Combination of ctla-4 and pd-1 blockers for treatment of cancer. J Exp Clin Cancer Res (2019) 38(1):255. doi: 10.1186/s13046-019-1259-z

37. Simoni, Y, Becht, E, Fehlings, M, Loh, CY, Koo, SL, Teng, KWW, et al. Bystander Cd8(+) T cells are abundant and phenotypically distinct in human tumour infiltrates. Nature (2018) 557(7706):575–9. doi: 10.1038/s41586-018-0130-2

38. Reichling, C, Taieb, J, Derangere, V, Klopfenstein, Q, Le Malicot, K, Gornet, JM, et al. Artificial intelligence-guided tissue analysis combined with immune infiltrate assessment predicts stage iii colon cancer outcomes in Petacc08 study. Gut (2020) 69(4):681–90. doi: 10.1136/gutjnl-2019-319292

39. Ahtiainen, M, Elomaa, H, Vayrynen, JP, Wirta, EV, Kuopio, T, Helminen, O, et al. Immune contexture of mmr-proficient primary colorectal cancer and matched liver and lung metastases. Cancers (Basel) (2021) 13(7):1530. doi: 10.3390/cancers13071530

40. Drescher, KM, Sharma, P, Watson, P, Gatalica, Z, Thibodeau, SN, and Lynch, HT. Lymphocyte recruitment into the tumor site is altered in patients with msi-h colon cancer. Fam Cancer (2009) 8(3):231–9. doi: 10.1007/s10689-009-9233-0

41. Millen, R, Malaterre, J, Cross, RS, Carpinteri, S, Desai, J, Tran, B, et al. Immunomodulation by myb is associated with tumor relapse in patients with early stage colorectal cancer. Oncoimmunology (2016) 5(7):e1149667. doi: 10.1080/2162402X.2016.1149667

42. Liang, R, Zhu, X, Lan, T, Ding, D, Zheng, Z, Chen, T, et al. Tigit promotes Cd8(+)T cells exhaustion and predicts poor prognosis of colorectal cancer. Cancer Immunol Immunother (2021) 70(10):2781–93. doi: 10.1007/s00262-021-02886-8

43. Vanmeerbeek, I, Sprooten, J, De Ruysscher, D, Tejpar, S, Vandenberghe, P, Fucikova, J, et al. Trial watch: Chemotherapy-induced immunogenic cell death in immuno-oncology. Oncoimmunology (2020) 9(1):1703449. doi: 10.1080/2162402X.2019.1703449

44. Galluzzi, L, Buque, A, Kepp, O, Zitvogel, L, and Kroemer, G. Immunological effects of conventional chemotherapy and targeted anticancer agents. Cancer Cell (2015) 28(6):690–714. doi: 10.1016/j.ccell.2015.10.012

45. Wasan, HS, Gibbs, P, Sharma, NK, Taieb, J, Heinemann, V, Ricke, J, et al. First-line selective internal radiotherapy plus chemotherapy versus chemotherapy alone in patients with liver metastases from colorectal cancer (Foxfire, sirflox, and foxfire-global): A combined analysis of three multicentre, randomised, phase 3 trials. Lancet Oncol (2017) 18(9):1159–71. doi: 10.1016/S1470-2045(17)30457-6

46. Bendell, J, Ciardiello, F, Tabernero, J, Tebbutt, N, Eng, C, Di Bartolomeo, M, et al. Efficacy and safety results from Imblaze370, a randomised phase iii study comparing Atezolizumab+Cobimetinib and atezolizumab monotherapy vs regorafenib in chemotherapy-refractory metastatic colorectal cancer. Ann Oncol (2018) 29:v123. doi: 10.1093/annonc/mdy208.003

47. Jary, M, Liu, WW, Yan, D, Bai, I, Muranyi, A, Colle, E, et al. Immune microenvironment in patients with mismatch-Repair-Proficient oligometastatic colorectal cancer exposed to chemotherapy: The randomized mirox gercor cohort study. Mol Oncol (2022) 16(11):2260–73. doi: 10.1002/1878-0261.13173

48. Hegi, ME, Diserens, AC, Gorlia, T, Hamou, MF, de Tribolet, N, Weller, M, et al. Mgmt gene silencing and benefit from temozolomide in glioblastoma. N Engl J Med (2005) 352(10):997–1003. doi: 10.1056/NEJMoa043331

49. Morano, F, Raimondi, A, Pagani, F, Lonardi, S, Salvatore, L, Cremolini, C, et al. Temozolomide followed by combination with low-dose ipilimumab and nivolumab in patients with microsatellite-stable, O(6)-Methylguanine-DNA methyltransferase-silenced metastatic colorectal cancer: The Maya trial. J Clin Oncol (2022) 40(14):1562–73. doi: 10.1200/JCO.21.02583

50. Ferrara, N, and Kerbel, RS. Angiogenesis as a therapeutic target. Nature (2005) 438(7070):967–74. doi: 10.1038/nature04483

51. Ramjiawan, RR, Griffioen, AW, and Duda, DG. Anti-angiogenesis for cancer revisited: Is there a role for combinations with immunotherapy? Angiogenesis (2017) 20(2):185–204. doi: 10.1007/s10456-017-9552-y

52. Yancopoulos, GD, Davis, S, Gale, NW, Rudge, JS, Wiegand, SJ, and Holash, J. Vascular-specific growth factors and blood vessel formation. Nature (2000) 407(6801):242–8. doi: 10.1038/35025215

53. Kim, RD, Kovari, BP, Martinez, M, Xie, H, Sahin, IH, Mehta, R, et al. A phase I/Ib study of regorafenib and nivolumab in mismatch repair proficient advanced refractory colorectal cancer. Eur J Cancer (2022) 169:93–102. doi: 10.1016/j.ejca.2022.03.026

54. Ebert, PJR, Cheung, J, Yang, Y, McNamara, E, Hong, R, Moskalenko, M, et al. Map kinase inhibition promotes T cell and anti-tumor activity in combination with pd-L1 checkpoint blockade. Immunity (2016) 44(3):609–21. doi: 10.1016/j.immuni.2016.01.024

55. D'Souza, WN, Chang, CF, Fischer, AM, Li, M, and Hedrick, SM. The Erk2 mapk regulates Cd8 T cell proliferation and survival. J Immunol (2008) 181(11):7617–29. doi: 10.4049/jimmunol.181.11.7617

56. Wu, J, Cui, LL, Yuan, J, Wang, Y, and Song, S. Clinical significance of the phosphorylation of mapk and protein expression of cyclin D1 in human osteosarcoma tissues. Mol Med Rep (2017) 15(4):2303–7. doi: 10.3892/mmr.2017.6224

57. Wu, J, Lu, WY, and Cui, LL. Clinical significance of Stat3 and mapk phosphorylation, and the protein expression of cyclin D1 in skin squamous cell carcinoma tissues. Mol Med Rep (2015) 12(6):8129–34. doi: 10.3892/mmr.2015.4460

58. Formenti, SC, and Demaria, S. Systemic effects of local radiotherapy. Lancet Oncol (2009) 10(7):718–26. doi: 10.1016/S1470-2045(09)70082-8

59. Golden, EB, Frances, D, Pellicciotta, I, Demaria, S, Helen Barcellos-Hoff, M, and Formenti, SC. Radiation fosters dose-dependent and chemotherapy-induced immunogenic cell death. Oncoimmunology (2014) 3:e28518. doi: 10.4161/onci.28518

60. Grapin, M, Richard, C, Limagne, E, Boidot, R, Morgand, V, Bertaut, A, et al. Optimized fractionated radiotherapy with anti-Pd-L1 and anti-tigit: A promising new combination. J Immunother Cancer (2019) 7(1):160. doi: 10.1186/s40425-019-0634-9

61. Landry, MR, DuRoss, AN, Neufeld, MJ, Hahn, L, Sahay, G, Luxenhofer, R, et al. Low dose novel parp-Pi3k inhibition Via nanoformulation improves colorectal cancer immunoradiotherapy. Mater Today Bio (2020) 8:100082. doi: 10.1016/j.mtbio.2020.100082

62. Grupp, SA, and June, CH. Adoptive cellular therapy. Curr Top Microbiol Immunol (2011) 344:149–72. doi: 10.1007/82_2010_94

63. Neelapu, SS, Locke, FL, Bartlett, NL, Lekakis, LJ, Miklos, DB, Jacobson, CA, et al. Axicabtagene ciloleucel car T-cell therapy in refractory Large b-cell lymphoma. N Engl J Med (2017) 377(26):2531–44. doi: 10.1056/NEJMoa1707447

64. Davila, ML, Riviere, I, Wang, X, Bartido, S, Park, J, Curran, K, et al. Efficacy and toxicity management of 19-28z car T cell therapy in b cell acute lymphoblastic leukemia. Sci Transl Med (2014) 6(224):224ra25. doi: 10.1126/scitranslmed.3008226

65. Zhang, C, Wang, Z, Yang, Z, Wang, M, Li, S, Li, Y, et al. Phase I escalating-dose trial of car-T therapy targeting cea(+) metastatic colorectal cancers. Mol Ther (2017) 25(5):1248–58. doi: 10.1016/j.ymthe.2017.03.010

66. Sullivan, KM, Jiang, X, Guha, P, Lausted, C, Carter, JA, Hsu, C, et al. Blockade of interleukin 10 potentiates antitumour immune function in human colorectal cancer liver metastases. Gut (2022). doi: 10.1136/gutjnl-2021-325808

67. Deng, X, Gao, F, Li, N, Li, Q, Zhou, Y, Yang, T, et al. Antitumor activity of Nkg2d car-T cells against human colorectal cancer cells in vitro and in vivo. Am J Cancer Res (2019) 9(5):945–58.

68. Xu, J, Meng, Q, Sun, H, Zhang, X, Yun, J, Li, B, et al. Her2-specific chimeric antigen receptor-T cells for targeted therapy of metastatic colorectal cancer. Cell Death Dis (2021) 12(12):1109. doi: 10.1038/s41419-021-04100-0

69. Tran, E, Robbins, PF, Lu, YC, Prickett, TD, Gartner, JJ, Jia, L, et al. T-Cell transfer therapy targeting mutant kras in cancer. N Engl J Med (2016) 375(23):2255–62. doi: 10.1056/NEJMoa1609279

70. Zhang, J, Zhu, L, Zhang, Q, He, X, Yin, Y, Gu, Y, et al. Effects of cytokine-induced killer cell treatment in colorectal cancer patients: A retrospective study. BioMed Pharmacother (2014) 68(6):715–20. doi: 10.1016/j.biopha.2014.07.010

71. Xie, Y, Huang, L, Chen, L, Lin, X, Chen, L, and Zheng, Q. Effect of dendritic cell-Cytokine-Induced killer cells in patients with advanced colorectal cancer combined with first-line treatment. World J Surg Oncol (2017) 15(1):209. doi: 10.1186/s12957-017-1278-1

72. Waldman, AD, Fritz, JM, and Lenardo, MJ. A guide to cancer immunotherapy: From T cell basic science to clinical practice. Nat Rev Immunol (2020) 20(11):651–68. doi: 10.1038/s41577-020-0306-5

73. June, CH, and Sadelain, M. Chimeric antigen receptor therapy. N Engl J Med (2018) 379(1):64–73. doi: 10.1056/NEJMra1706169

74. Kirtane, K, Elmariah, H, Chung, CH, and Abate-Daga, D. Adoptive cellular therapy in solid tumor malignancies: Review of the literature and challenges ahead. J Immunother Cancer (2021) 9(7). doi: 10.1136/jitc-2021-002723

75. D'Aloia, MM, Zizzari, IG, Sacchetti, B, Pierelli, L, and Alimandi, M. Car-T cells: The long and winding road to solid tumors. Cell Death Dis (2018) 9(3):282. doi: 10.1038/s41419-018-0278-6

76. Kato, K, Cho, BC, Takahashi, M, Okada, M, Lin, C-Y, Chin, K, et al. Nivolumab versus chemotherapy in patients with advanced oesophageal squamous cell carcinoma refractory or intolerant to previous chemotherapy (Attraction-3): A multicentre, randomised, open-label, phase 3 trial. Lancet Oncol (2019) 20(11):1506–17. doi: 10.1016/S1470-2045(19)30626-6

77. Zhao, L, and Cao, YJ. Engineered T cell therapy for cancer in the clinic. Front Immunol (2019) 10:2250. doi: 10.3389/fimmu.2019.02250

78. Parkhurst, MR, Yang, JC, Langan, RC, Dudley, ME, Nathan, D-AN, Feldman, SA, et al. T Cells targeting carcinoembryonic antigen can mediate regression of metastatic colorectal cancer but induce severe transient colitis. Mol Ther (2011) 19(3):620–6. doi: 10.1038/mt.2010.272

79. Raza, A, Merhi, M, Inchakalody, VP, Krishnankutty, R, Relecom, A, Uddin, S, et al. Unleashing the immune response to ny-Eso-1 cancer testis antigen as a potential target for cancer immunotherapy. J Transl Med (2020) 18(1):140. doi: 10.1186/s12967-020-02306-y

80. Yu, G, Wang, W, He, X, Xu, J, Xu, R, Wan, T, et al. Synergistic therapeutic effects of low dose decitabine and ny-Eso-1 specific tcr-T cells for the colorectal cancer with microsatellite stability. Front Oncol (2022) 12:895103. doi: 10.3389/fonc.2022.895103

81. Chou, J, Voong, LN, Mortales, CL, Towlerton, AM, Pollack, SM, Chen, X, et al. Epigenetic modulation to enable antigen-specific T-cell therapy of colorectal cancer. J Immunother (2012) 35(2):131–41. doi: 10.1097/CJI.0b013e31824300c7

82. Yuan, J, Cai, T, Zheng, X, Ren, Y, Qi, J, Lu, X, et al. Potentiating Cd8+ T cell antitumor activity by inhibiting Pcsk9 to promote ldlr-mediated tcr recycling and signaling. Protein Cell (2021) 12(4):240–60. doi: 10.1007/s13238-021-00821-2

83. Fridman, WH, Galon, J, Pages, F, Tartour, E, Sautes-Fridman, C, and Kroemer, G. Prognostic and predictive impact of intra- and peritumoral immune infiltrates. Cancer Res (2011) 71(17):5601–5. doi: 10.1158/0008-5472.CAN-11-1316

84. Fridman, WH, Zitvogel, L, Sautes-Fridman, C, and Kroemer, G. The immune contexture in cancer prognosis and treatment. Nat Rev Clin Oncol (2017) 14(12):717–34. doi: 10.1038/nrclinonc.2017.101

85. Gardini, A, Ercolani, G, Riccobon, A, Ravaioli, M, Ridolfi, L, Flamini, E, et al. Adjuvant, adoptive immunotherapy with tumor infiltrating lymphocytes plus interleukin-2 after radical hepatic resection for colorectal liver metastases: 5-year analysis. J Surg Oncol (2004) 87(1):46–52. doi: 10.1002/jso.20066

86. Williams, DS, Mouradov, D, Jorissen, RN, Newman, MR, Amini, E, Nickless, DK, et al. Lymphocytic response to tumour and deficient DNA mismatch repair identify subtypes of stage Ii/Iii colorectal cancer associated with patient outcomes. Gut (2019) 68(3):465–74. doi: 10.1136/gutjnl-2017-315664

87. Fan, J, Shang, D, Han, B, Song, J, Chen, H, and Yang, J-M. Adoptive cell transfer: Is it a promising immunotherapy for colorectal cancer? Theranostics (2018) 8(20):5784–800. doi: 10.7150/thno.29035

88. Kumar, A, Watkins, R, and Vilgelm, AE. Cell therapy with tils: Training and taming T cells to fight cancer. Front Immunol (2021) 12:690499. doi: 10.3389/fimmu.2021.690499

89. Zou, Y, Liang, J, Li, D, Fang, J, Wang, L, Wang, J, et al. Application of the chemokine-chemokine receptor axis increases the tumor-targeted migration ability of cytokine-induced killer cells in patients with colorectal cancer. Oncol Lett (2020) 20(1):123–34. doi: 10.3892/ol.2020.11539

90. Wu, J, Guo, Y, Lu, X, Huang, F, Lv, F, Wei, D, et al. Th1/Th2 cells and associated cytokines in acute hepatitis e and related acute liver failure. J Immunol Res (2020) 2020:6027361. doi: 10.1155/2020/6027361

91. Picard, E, Verschoor, CP, Ma, GW, and Pawelec, G. Relationships between immune landscapes, genetic subtypes and responses to immunotherapy in colorectal cancer. Front Immunol (2020) 11:369. doi: 10.3389/fimmu.2020.00369

92. Wang, D, Zhang, H, Xiang, T, and Wang, G. Clinical application of adaptive immune therapy in mss colorectal cancer patients. Front Immunol (2021) 12:762341. doi: 10.3389/fimmu.2021.762341

93. Nair, SK, Hull, S, Coleman, D, Gilboa, E, Lyerly, HK, and Morse, MA. Induction of carcinoembryonic antigen (Cea)-specific cytotoxic T-lymphocyte responses in vitro using autologous dendritic cells loaded with cea peptide or cea rna in patients with metastatic malignancies expressing cea. Int J Cancer (1999) 82(1):121–4. doi: 10.1002/(sici)1097-0215(19990702)82:1<121::aid-ijc20>3.0.co;2-x

94. Aka, AA, Rappaport, JA, Pattison, AM, Sato, T, Snook, AE, and Waldman, SA. Guanylate cyclase c as a target for prevention, detection, and therapy in colorectal cancer. Expert Rev Clin Pharmacol (2017) 10(5):549–57. doi: 10.1080/17512433.2017.1292124

95. Zhan, W, Zhang, Z, Zhang, Y, Ma, J, Wu, T, Gu, Y, et al. Prognostic value of mage-A9 expression in patients with colorectal cancer. Clin Res Hepatol Gastroenterol (2016) 40(2):239–45. doi: 10.1016/j.clinre.2015.08.005

96. Lesterhuis, WJ, de Vries, IJ, Schuurhuis, DH, Boullart, AC, Jacobs, JF, de Boer, AJ, et al. Vaccination of colorectal cancer patients with cea-loaded dendritic cells: Antigen-specific T cell responses in dth skin tests. Ann Oncol (2006) 17(6):974–80. doi: 10.1093/annonc/mdl072

97. Fong, L, Hou, Y, Rivas, A, Benike, C, Yuen, A, Fisher, GA, et al. Altered peptide ligand vaccination with Flt3 ligand expanded dendritic cells for tumor immunotherapy. Proc Natl Acad Sci USA (2001) 98(15):8809–14. doi: 10.1073/pnas.141226398

98. Hoos, A, Parmiani, G, Hege, K, Sznol, M, Loibner, H, Eggermont, A, et al. A clinical development paradigm for cancer vaccines and related biologics. J Immunother (2007) 30(1):1–15. doi: 10.1097/01.cji.0000211341.88835.ae

99. Kaufman, HL, Lenz, HJ, Marshall, J, Singh, D, Garett, C, Cripps, C, et al. Combination chemotherapy and alvac-Cea/B7.1 vaccine in patients with metastatic colorectal cancer. Clin Cancer Res (2008) 14(15):4843–9. doi: 10.1158/1078-0432.CCR-08-0276

100. Okuno, K, Sugiura, F, Hida, JI, Tokoro, T, Ishimaru, E, Sukegawa, Y, et al. Phase I clinical trial of a novel peptide vaccine in combination with Uft/Lv for metastatic colorectal cancer. Exp Ther Med (2011) 2(1):73–9. doi: 10.3892/etm.2010.182

101. Gatti-Mays, ME, Strauss, J, Donahue, RN, Palena, C, Del Rivero, J, Redman, JM, et al. A phase I dose-escalation trial of bn-Cv301, a recombinant poxviral vaccine targeting Muc1 and cea with costimulatory molecules. Clin Cancer Res (2019) 25(16):4933–44. doi: 10.1158/1078-0432.CCR-19-0183

102. Ju, H, Xing, W, Yang, J, Zheng, Y, Jia, X, Zhang, B, et al. An effective cytokine adjuvant vaccine induces autologous T-cell response against colon cancer in an animal model. BMC Immunol (2016) 17(1):31. doi: 10.1186/s12865-016-0172-x

103. Liu, W, Dai, E, Liu, Z, Ma, C, Guo, ZS, and Bartlett, DL. In situ therapeutic cancer vaccination with an oncolytic virus expressing membrane-tethered il-2. Mol Ther Oncol (2020) 17:350–60. doi: 10.1016/j.omto.2020.04.006

104. Berraondo, P, Sanmamed, MF, Ochoa, MC, Etxeberria, I, Aznar, MA, Perez-Gracia, JL, et al. Cytokines in clinical cancer immunotherapy. Br J Cancer (2019) 120(1):6–15. doi: 10.1038/s41416-018-0328-y

105. Qiu, Y, Su, M, Liu, L, Tang, Y, Pan, Y, and Sun, J. Clinical application of cytokines in cancer immunotherapy. Drug Des Devel Ther (2021) 15:2269–87. doi: 10.2147/DDDT.S308578

106. Chulpanova, DS, Kitaeva, KV, Green, AR, Rizvanov, AA, and Solovyeva, VV. Molecular aspects and future perspectives of cytokine-based anti-cancer immunotherapy. Front Cell Dev Biol (2020) 8:402. doi: 10.3389/fcell.2020.00402

107. Rallis, KS, Corrigan, AE, Dadah, H, George, AM, Keshwara, SM, Sideris, M, et al. Cytokine-based cancer immunotherapy: Challenges and opportunities for il-10. Anticancer Res (2021) 41(7):3247–52. doi: 10.21873/anticanres.15110

108. Li, Z, Zhu, Y, Li, C, Trinh, R, Ren, X, Sun, F, et al. Anti-Vegfr2-Interferon-Alpha2 regulates the tumor microenvironment and exhibits potent antitumor efficacy against colorectal cancer. Oncoimmunology (2017) 6(3):e1290038. doi: 10.1080/2162402X.2017.1290038

109. Shang, P, Gao, R, Zhu, Y, Zhang, X, Wang, Y, Guo, M, et al. Vegfr2-targeted antibody fused with ifn alpha mut regulates the tumor microenvironment of colorectal cancer and exhibits potent anti-tumor and anti-metastasis activity. Acta Pharm Sin B (2021) 11(2):420–33. doi: 10.1016/j.apsb.2020.09.008

110. Rocca, YS, Roberti, MP, Julia, EP, Pampena, MB, Bruno, L, Rivero, S, et al. Phenotypic and functional dysregulated blood nk cells in colorectal cancer patients can be activated by cetuximab plus il-2 or il-15. Front Immunol (2016) 7:413. doi: 10.3389/fimmu.2016.00413

111. Lissoni, P, Brivio, F, Fumagalli, L, Di Fede, G, and Brera, G. Enhancement of the efficacy of chemotherapy with oxaliplatin plus 5-fluorouracil by pretreatment with il-2 subcutaneous immunotherapy in metastatic colorectal cancer patients with lymphocytopenia prior to therapy. In Vivo (2005) 19(6):1077–80.

112. Shapiro, M, Nandi, B, Gonzalez, G, Prabhala, RH, Mashimo, H, Huang, Q, et al. Deficiency of the immunostimulatory cytokine il-21 promotes intestinal neoplasia Via dysregulation of the Th1/Th17 axis. Oncoimmunology (2017) 6(1):e1261776. doi: 10.1080/2162402X.2016.1261776

113. Budhwani, M, Mazzieri, R, and Dolcetti, R. Plasticity of type I interferon-mediated responses in cancer therapy: From anti-tumor immunity to resistance. Front Oncol (2018) 8:322. doi: 10.3389/fonc.2018.00322

114. Borden, EC. Interferons alpha and beta in cancer: Therapeutic opportunities from new insights. Nat Rev Drug Discov (2019) 18(3):219–34. doi: 10.1038/s41573-018-0011-2

115. Spaapen, RM, Leung, MY, Fuertes, MB, Kline, JP, Zhang, L, Zheng, Y, et al. Therapeutic activity of high-dose intratumoral ifn-beta requires direct effect on the tumor vasculature. J Immunol (2014) 193(8):4254–60. doi: 10.4049/jimmunol.1401109

116. Summers, J, Cohen, MH, Keegan, P, and Pazdur, R. Fda drug approval summary: Bevacizumab plus interferon for advanced renal cell carcinoma. Oncologist (2010) 15(1):104–11. doi: 10.1634/theoncologist.2009-0250

117. Jorgovanovic, D, Song, M, Wang, L, and Zhang, Y. Roles of ifn-gamma in tumor progression and regression: A review. biomark Res (2020) 8:49. doi: 10.1186/s40364-020-00228-x

118. Schroder, K, Hertzog, PJ, Ravasi, T, and Hume, DA. Interferon-gamma: An overview of signals, mechanisms and functions. J Leukoc Biol (2004) 75(2):163–89. doi: 10.1189/jlb.0603252

119. Ni, C, Wu, P, Zhu, X, Ye, J, Zhang, Z, Chen, Z, et al. Ifn-gamma selectively exerts pro-apoptotic effects on tumor-initiating label-retaining colon cancer cells. Cancer Lett (2013) 336(1):174–84. doi: 10.1016/j.canlet.2013.04.029

120. Zhao, T, Li, Y, Zhang, J, and Zhang, B. Pd-L1 expression increased by ifn-gamma Via Jak2-Stat1 signaling and predicts a poor survival in colorectal cancer. Oncol Lett (2020) 20(2):1127–34. doi: 10.3892/ol.2020.11647

121. Ayers, M, Lunceford, J, Nebozhyn, M, Murphy, E, Loboda, A, Kaufman, DR, et al. Ifn-Gamma-Related mrna profile predicts clinical response to pd-1 blockade. J Clin Invest (2017) 127(8):2930–40. doi: 10.1172/JCI91190

122. Sim, GC, and Radvanyi, L. The il-2 cytokine family in cancer immunotherapy. Cytokine Growth Factor Rev (2014) 25(4):377–90. doi: 10.1016/j.cytogfr.2014.07.018

123. Cheng, G, Yu, A, Dee, MJ, and Malek, TR. Il-2r signaling is essential for functional maturation of regulatory T cells during thymic development. J Immunol (2013) 190(4):1567–75. doi: 10.4049/jimmunol.1201218

124. Burchill, MA, Yang, J, Vang, KB, Moon, JJ, Chu, HH, Lio, CW, et al. Linked T cell receptor and cytokine signaling govern the development of the regulatory T cell repertoire. Immunity (2008) 28(1):112–21. doi: 10.1016/j.immuni.2007.11.022

125. Williams, MA, Tyznik, AJ, and Bevan, MJ. Interleukin-2 signals during priming are required for secondary expansion of Cd8+ memory T cells. Nature (2006) 441(7095):890–3. doi: 10.1038/nature04790

126. Chiossone, L, Vitale, C, Cottalasso, F, Moretti, S, Azzarone, B, Moretta, L, et al. Molecular analysis of the methylprednisolone-mediated inhibition of nk-cell function: Evidence for different susceptibility of il-2- versus il-15-Activated nk cells. Blood (2007) 109(9):3767–75. doi: 10.1182/blood-2006-07-037846

127. Bahri, R, Pateras, IS, D'Orlando, O, Goyeneche-Patino, DA, Campbell, M, Polansky, JK, et al. Il-15 suppresses colitis-associated colon carcinogenesis by inducing antitumor immunity. Oncoimmunology (2015) 4(9):e1002721. doi: 10.1080/2162402X.2014.1002721

128. Cao, S, Troutt, AB, and Rustum, YM. Interleukin 15 protects against toxicity and potentiates antitumor activity of 5-fluorouracil alone and in combination with leucovorin in rats bearing colorectal cancer. Cancer Res (1998) 58(8):1695–9.

129. Cui, G, Yuan, A, Zhu, L, Florholmen, J, and Goll, R. Increased expression of interleukin-21 along colorectal adenoma-carcinoma sequence and its predicating significance in patients with sporadic colorectal cancer. Clin Immunol (2017) 183:266–72. doi: 10.1016/j.clim.2017.09.003

130. Steele, N, Anthony, A, Saunders, M, Esmarck, B, Ehrnrooth, E, Kristjansen, PE, et al. A phase 1 trial of recombinant human il-21 in combination with cetuximab in patients with metastatic colorectal cancer. Br J Cancer (2012) 106(5):793–8. doi: 10.1038/bjc.2011.599



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

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


OEBPS/Images/fimmu.2022.1022190_cover.jpg
’ frontiers l Frontiers in Immunology

Immunotherapies catering to
the unmet medical need of cold
colorectal cancer





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Immunotherapies catering to the unmet medical need of cold colorectal cancer

      

        		

          Introduction

        



        		

          Immune checkpoint inhibitors

        

          		

            Combination of two ICIs

          



          		

            Combination with chemotherapy

          



          		

            Combination with anti-angiogenic agents

          



          		

            Combination of MEK inhibitor

          



          		

            Combination of radiotherapy

          



        



        



        		

          Adoptive cellular therapy

        

          		

            Chimeric antigen receptor T-cell and genetically engineered T-cell receptor

          



          		

            Tumor-infiltrating lymphocytes and cytokine-induced killer cells

          



        



        



        		

          Cancer vaccines

        



        		

          Cytokines

        

          		

            Interferons

          



          		

            Interleukins (ILs)

          



        



        



        		

          Conclusions

        



        		

          Author contributions

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-1022190-g001.jpg
Reduce the amount of
DNA ' Synthetic peptides immune substances used

Induce a long-term and highly
effective immune response

Improve effectiveness in
infants, the elderly or those
with compromised immune
systems

Viruses . s
Increased penetratlon 1nto

cells and enhanced antigen
presentation

Avoid the occurrence of local

Tumor Lysates Dendritic Cells side reactions

Types of Cancer Vaccines Features of Ideal Adjuvants





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table2.jpg
Approach
CEA CAR-T
CEA CAR-T

IL-10
NKG2D CAR-T

HER2 CAR-T

KRAS G12D-specific CD8"

TILs

CIK cells
Chemotherapy

DC-CIK cells
Chemotherapy

Model

10 refractory CRC patients with liver and lung

metastasis

38 MSS CRC patients with liver metastases

LS174T and HCT-116 human colorectal cell lines

Xenograft CRC tumor models

Patient with MSS mCRC

60 patients with CRC

Patient with advanced CRC

Outcome

Decreasing expression level of CEA
Decreasing tumor size

Inhibiting exhaustion of CD8" T cell
Increasing cytotoxicity of CEA specific CAR-T cell

Increasing abundance of CD4" cells

Improving anti-tumor ability of CAR-T cells in vitro and
vivo

Potent and specific cytotoxicity against CRC cells
Significantly inhibiting tumor growth and migration
Prolonging ORS of mice

A sustained resolution of the symptoms

Enhancing regression of lung metastases

Increasing infiltration of CD8" T cells

Improving PES and OS

Reducing recurrence rate of CRC

Improving PFS and OS significantly

Alleviating immune suppression

Promoting proinflammatory cytokines

References

(65)

(66)

(67)

(68)

(69)

(70)

(71)





OEBPS/Images/table3.jpg
Approaches

IFN-02
Anti-VEFGR2

IFNo-mutant
Anti-VEFGR2

IL-2

IL-15

cetuximab

IL-2

oxaliplatin plus 5-

fluorouracil

IL-21

Model

HCT-116 and SW620 human CRC cell
lines

HCT-116-bearing NOD-SCID mice model
HCT-116 and SW620 human CRC cell
lines

CHO-pro hamster ovary cell line

HL-7702 human liver cell line
HCT-116-bearing BALB/c mice model

52 patients with CRC

mCRC patients with or
without pretreatment lymphocytopenia

C57BL/6] and C57BL/6] *PMi™ mice
model
B6.129-T121"™ PeXMmucd 1pice model

Outcome References
Inhibiting migration and invasion of tumor (108)
Arresting the cell cycle of CRC cells
Enhancing antitumor activity of DC cells
Enhancing ability to induce apoptosis in CRC cells (109)
Promoting DC cell maturation and enhancing antitumor activity
Improving tumor microenvironment and inhibiting tumor growth and migration
Activating exhausted NK cells (110)
Improving tumor killing ability of CRC-NK cells
Enhancing efficacy of chemotherapy in patients with pretreatment (111)
lymphocytopenia
Improving immune status
Increasing T cell and NK cell infiltration (112)

Inhibiting the polarization of lymphocytes toward the Th17 phenotype





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-13-1022190-g002.jpg
LAG-3 TIM-3

1

L]

1

1

L}

L]

1

1

1

1

' 5

L]

1

1

: PD-1

: D1

: Antibody =

1

L}

1

L]

i #  Immune

Invasion

ﬁ £

Apoptosis
Tumor Cell

Lo
/_>°o
O@?

@

Tumor

S
S
SRS
i ‘12&& /
Peripheral # =
Blood (@
Tumor Tissue - e

Periphe\raerlood .o .0
Mononuclear Cells Cytokines

CTLs





OEBPS/Images/table1.jpg
Target
PD-1
PD-1

PD-L1
PD-1

PD-1
PD-1
CTLA-4
PD-L1
PD-1
PD-L1
PD-1

PD-L1
CTLA-4

Compounds
Anti-CTLA-4
Anti-CTLA-4

Anti-TIGIT
Anti-TIM-3

FOLFOX
Temozolomide
Cetuximab
Regorafenib
Cobimetinib

Radiotherapy
Radiotherapy

Model

CT26.WT murine colorectal cell line

21 pMMR and 2 dMMR patients

13 MSS and 3 MSI-H colorectal tumor cells

CD8+ T lymphocytes isolated from patients with
CRC

CT26 and MC38 colon carcinoma cell lines

MGMT-silenced MSS mCRC patients

71 MSS and 3 MSI-H RAS wild-type mCRC
patients

24 MSS and 1 MSI-H CRC patients
25 GC patients

84 patients with mCRC

22 patients with pMMR mCRC

24 patients with chemotherapy-refractory pMMR
mCRC

Outcome

Significantly inhibiting tumor growth compared with monotherapy
Enhancing expression of TIM-3

Increasing percentage of immune checkpoint expression in CD8" cell
Enhancing RFS of some patients

Improving the functional qualities of TILs

Increasing the frequency of interferon-y and tumor necrosis factor-ot
Promoting the proliferation of tumor antigen-specific CD8" T cells
Inducing complete and durable tumor cure

Upregulating the immune checkpoint expression

Enhancing the tumor mutation burden

Improving PFS, OS and ORR

11.6 months of mOS, 3.6 months of mFPS and ORR of 8.5% in MSS
CRC patients

Enhancing ORR

Increasing response rate to PD-1 blockade

Enhancing the tumor mutation burden

Increasing infiltration of CD8" T cell

Enhancing the anti-tumor immune activity

11.4 months of mOS, 1.8 months of mFPS and ORR of 8.3%
Promoting the proliferation of tumor antigen-specific CD8" T cells

References

(20)

(21)

(19)
(22)

(23)

(24)

(25)

(26)

(27)

(28)
(29)





