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Retinoic acid-inducible gene-I (RIG-I) like receptor (RLR) pathway is one of the most significant pathways supervising aberrant RNA in cells. In predominant conditions, the RLR pathway initiates anti-infection function via activating inflammatory effects, while recently it is discovered to be involved in cancer development as well, acting as a virus-mimicry responder. On one hand, the product IFNs induces tumor elimination. On the other hand, the NF-κB pathway is activated which may lead to tumor progression. Emerging evidence demonstrates that a wide range of modifications are involved in regulating RLR pathways in cancer, which either boost tumor suppression effect or prompt tumor development. This review summarized current epigenetic modulations including DNA methylation, histone modification, and ncRNA interference, as well as post-transcriptional modification like m6A and A-to-I editing of the upstream ligand dsRNA in cancer cells. The post-translational modulations like phosphorylation and ubiquitylation of the pathway’s key components were also discussed. Ultimately, we provided an overview of the current therapeutic strategies targeting the RLR pathway in cancers.
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1 Introduction

Pattern recognition receptors (PRRs) are representative immune receptors in innate immunity that detect foreign and harmful molecules, such as those from pathogens and damaged cells (1, 2). Retinoic acid-inducible gene-I (RIG-I) like receptors (RLRs) are kind of PRRs, whose family members currently found include RIG-I (encoded by gene DDX58), melanoma differentiation-related gene 5 (MDA5, encoded by gene IFIH1) and genetic and physiological laboratory 2 (LGP2, encoded by gene DHX58) (3). The ligands of the RLRs are generally characterized as double-stranded RNAs (dsRNAs). While RIG-I preferentially binds to short dsRNAs with 5´ triphosphate, MDA5 is inclined to bind to longer dsRNAs (4). Once the abnormal dsRNAs are recognized, MDA5 and RIG-I are recruited to the mitochondrial surface and interact with the CARD domain of adaptor molecules known as mitochondrial antiviral signaling proteins (MAVS). Next, the complex effector molecules like TANK binding kinase (TBK1) can activate interferon regulatory factors (IRFs) or NF-κB transcription factors (5, 6).

Innate antiviral immunity relies on the recognition of viral nucleic acids through RLRs by most cell types, which triggers an antiviral immune response (7, 8). Recently, the function of the RLRs to recognize other aberrant RNA from autologous cells including cancer cells is brought to the spotlight (9). In most types of cancers, the RLR pathway activation plays an anti-tumor role in an IFN-dependent manner. The secreted IFNs further augment the expression of the RLR pathway members, driving a feed-forward loop potential for tumor elimination (10). Except for DNA mutations of the pathway’s key members, the research achievements on various modification of both the dsRNA and the RLR pathway components in cancer progression are updated.

Epigenetic modification is a kind of covalent modification of nucleic acid sequence and histone protein without changing DNA sequence (11). It is primarily categorized as DNA methylation, histone modification, chromatin remodeling, and non-coding RNA (ncRNA) interference. Moreover, emerging post-transcriptional modifications classified as “RNA epigenetics” are found (12). M6A modification is the most common one, and another main type is A-to-I editing of RNA. Beyond that, there are multiple post-translational modifications, such as protein phosphorylation, ubiquitylation, methylation, etc., which influence the function of key members in RLR pathway. Here we review the regulatory effects of the various modifications on the dsRNA production and key members associated with RLR pathway activation in tumors development, and highlight the latest progress in the tumor immunotherapy related to the RLR pathway.




2 Epigenetic modifications and dsRNA regulation with RLR pathway activation

Tumor-derived endogenous dsRNAs are mainly produced by transposable elements (TEs) transcription, including long interspersed nuclear elements (LINEs), endogenous retroviruses (ERVs), and short interspersed nuclear elements (SINEs), etc (13). In addition, non-coding RNAs including miRNA, lncRNA and circRNA are presented as dsRNAs to active RLRs pathway in cancer (14). A multitude of epigenetic modifications ranging from the DNA to the RNA level have a significant impact on dsRNA generation and function including DNA methylation, histone methylation, m6A modification, and A-to-I RNA editing. Abnormal dsRNAs and their modification exert an obvious influence on the activation of the RLR pathway and tumor development (Figure 1).




Figure 1 | Epigenetic regulation of dsRNA production and modification in cancer. (A) Regulation of dsRNA expression at the DNA level. DNMTi induces endogenous dsRNA generation by reducing the DNA methylation level of TEs. TET enzymes cooperating with vitamin C actively convert 5-methylcytosine into 5-hydroxymethylcytosine in the LTR region of ERV which enhances dsRNA production. On the other hand, H3K9me3 and H3K27me3 histone modifications prohibit the transcription of the TEs. PRMT7 induced DNMT modifies the DNA methylation of the TEs, which abrogates the TEs transcription as well. (B) Non-coding RNA as dsRNA activates the RLR pathway. NcRNAs such as circBART2.2, RN7SL1, miR-139, and circNDUFB2 can act as dsRNAs recognized by RIG-I. (C) Stau1 stabilizes ERV RNA recognized by MDA5 via forming a lncRNA TINCR-Stau1-ERV complex. (D) Unmodified foreign circRNA, but not m6A-modified innate circRNA that is read by YTHDF2, directly activates RIG-I. (E) ADAR1 induces dsRNA A-to-I RNA editing thereby inhibiting the activation of the RLR pathway.





2.1 DNA methylation and histone modification with dsRNA regulation

DNA methylation predominantly occurs on CpG sites in promoter region and serves to silence corresponding genes (15). SINEs, especially Alu retroelements, are the main source of DNA methyltransferase inhibitor (DNMTi)-induced endogenous dsRNA. Alu retroelements can form RNA stem–loops and become inverted repeated Alu (IR-Alu) functioning like dsRNA recognized by MDA5 (16). Indeed, DNMTi-mediated immune responses are mainly induced by the dsRNA increasing via DNA demethylation of the TEs to activate the RLR pathway, rather than by upregulation of DNMTi-induced viral defense genes. In colorectal cancer (CRC), low doses of 5-AZA-CdR (decitabine), a DNMTi, induces dsRNA formation and activates the RIG-I-MAVS pathway to produce anti-tumor immunity (17). It is also verified in ovarian cancer, mesothelioma, and acute myeloid leukemia (AML) that the increase in ERVs expression is induced by DNMTi which activates the RLR pathway and the interferon (IFN) response (18–20). Similarly, decitabine activates the expression of TEs, mainly including LINE1, ERV3-2, and ERV4700, which enhances the renal cell cancer response to immune checkpoint blockade (ICB) therapy (21).

In melanoma cells, inhibition of protein arginine methyltransferases 7 (PRMT7) decreases the expression of DNA methyltransferases and induces TEs transcription to generate pathologic dsRNA which are subsequently recognized by RIG-I and MDA5 (22). Interestingly, it is found in breast cancer cells and other cancers that the combination of vitamin C and decitabine greatly enhances the therapeutic effect of DNMTi. The mechanism may be that vitamin C can act as a cofactor for ten-eleven translocation (TET) enzymes to actively convert 5-methylcytosine into 5-hydroxymethylcytosine in the LTR region of ERVs and produce a synergistic effect, and the increased ERVs activates RIG-I and MDA5 (23).

Just like DNA methylation modifications, histone methylation and acetylation state also affect dsRNA expression. Through transforming the chromatin structure, some histone modifications promote gene expression, while others like H3K9me3 are associated with ‘closed’ and repressive heterochromatin (24). In taxane-resistant triple-negative breast cancer, the TEs transcription induced by hypomethylation is counteracted by histone H3K27me3 reprogram which prevents activation of the viral mimicry response and enhances tumor progression (25). Similarly, in prostate cancer cells, histone H3K9me3 modification abrogated TEs transcription and the subsequent RIG-I/MDA5-MAVS signaling, leading to the resistance of anti-androgen therapy (26). The combination treatment of DNMTi and histone deacetylase inhibitor (HDACi) is found to activate dsRNA which is sensed by MDA5 in ovarian cancer cells, thus exerting anti-tumor immunity affection via recruiting CD8 T and NK cells (27). The influence of DNA methylation and histone modification on dsRNA production was summarized in Figure 1A.




2.2 Non-coding RNAs as dsRNA activate RLR pathway

Non-coding RNAs have been shown to activate RLR signaling as dsRNA analogs (Figure 1B). RN7SL1(7SL) is a conserved, highly structured non-coding RNA that is present in all cell types. Normally it can bind to RNA binding protein SRP9/14 which protects it from recognition by RNA sensors. However, in breast cancer stromal cells, NOTCH-MYC signaling enhances RN7SL1 transcription, breaking the balance between it and SRP9/14. Unshielded RN7SL1 is packaged in exosomes and secreted which is recognized as virus-like RNA and eventually activates RIG-I-mediated inflammatory responses in cancer cells and promotes tumor progression (28). MiR-139 as an agonist induces RIG-I activation enhancing IFN-β production in prostate cancer (29). CircNDUFB2 emerges as a regulator of the RIG-I signaling pathway by decreasing the interaction between CARDs and the helicase domain of RIG-I and maintaining it in an active form. CircNDUFB2 is shown to be downregulated in non-small cell lung cancer (NSCLC) which leads to poor prognosis in patients (30). EBV-encoded CircBART2.2 can promote PD-L1 transcription and inhibit T cell function via binding the RIG-I helicase domain around nucleotides 114–165 in nasopharyngeal carcinoma, resulting in immune escape (31). LncRNA also plays an auxiliary role in the regulation of dsRNA stability (Figure 1C). In myelodysplastic syndromes (MDS) and AML, the dsRNA-binding protein Staufen1(Stau1) stabilized ERV RNA via forming a lncRNA TINCR-Stau1-ERV complex. The expression of Stau1 and TINCR negatively correlates with the outcome of DNMTi treatment (20).




2.3 RNA modification and dsRNA

M6A modification is modified via complexes of enzymes called ‘writers’, removed by ‘eraser’ proteins, and affects mRNA behavior via ‘reader’ proteins (32). M6A modification plays a role in the process of foreign circRNA activation of the RLR pathway. Unmodified foreign circRNA, but not m6A-modified innate circRNA that is read by YTHDF2 and directly activates RIG-I and downstream genes to induce innate immunity in melanoma (33) (Figure 1D). Additionally, some researches are being conducted on the enzyme adenosine deaminase acting on RNA (ADAR1), which has two isoforms in cells, including the constitutively expressing p110 isoform and the p150 isoform stimulated by activators like type I or type II IFN (34, 35). P150 recognizes dsRNA and transforms deaminate adenosine (A) to inosine (I). Because inosine cannot pair with thymine (T), it results in an unstable dsRNA secondary structure and the following degradation (36, 37). In esophageal squamous cell carcinoma (ESCC) and CRC, ADAR1 modifies dsRNA and reduces their stability, thereby inhibiting the activation of the RLR pathway and alleviating anti-tumor immunity (16, 38). Interestingly, in melanoma, after the absence of ADAR1, A-to-I RNA editing of dsRNA induced by interferon is reduced, resulting in a large number of stably expressed dsRNAs activating RNA sensors such as MDA5, inducing tumor cell growth inhibition and overcoming PD-1 resistance (39) (Figure 1E).

In addition, the loss of ADAR1 also leads to the accumulation of left-handed Z-form RNAs(Z-RNAs), which are generated from ISG 3´UTRs that contain dsRNA-forming inverted SINEs. And Z-RNAs activate their sensor ZBP1, leading to RIPK3-MLKL-mediated necrosis and overcoming ICB therapy unresponsiveness in mouse models of melanoma (40). DDX3X interacts with ADAR1, and the dual depletion of DDX3X and ADAR1 in breast cancer cells synergistically leads to the accumulation of dsRNA (41). In CRC, ADAR1 reduces dsRNA production induced by DNMTi treatment, which prevents activation of the MDA5 receptor. Moreover, DNMTi treatment is found to stimulate ADAR1 transcription and A-to-I editing, leading to the destabilization of immunogenic IR-Alu dsRNA. Thereby consumption of ADAR1 can ensure the stability of dsRNA which enhances the efficacy of epigenetic therapy (16).





3 Modification of key members in RLR pathway

The modification of the key members in the RLR pathway has been widely explored, including DNA methylation, histone modification, chromatin accessibility, interference of ncRNAs, as well as protein modification like phosphorylation and ubiquitylation. As shown in Figure 2, those modifications are found to affect the activity of the key members of the RLR pathway in cancer cells, which further affects tumor development and therapy efficacy.




Figure 2 | Modification of key members of the RLR pathway in cancer. Modifications of the RLR pathway can be divided into those that activate the RLR signaling and those that inhibit the pathway activation. (1) About the RLR signaling activation, DNA hypomethylation at the DNA level is reported to induce the RIG-I transcription and the farther activation of the pathway. At the protein level, K63-ubiquitylation modified by TRIM22 activates RIG-I. JMJD4 removes RIG-I mono-methylation at K18 and K146 and promotes its binding with STAT3, thus downregulating the STAT3 signaling. As for MAVS, ADAR3 competing with ADAR1 binds to the MAVS mRNA and upregulates MAVS protein level. The mutant RIG-I generates circRIG-I which binds to DDX3X and activates MAVS. TBK1 phosphorylated at Ser-172 by GSK3β activates the downstream signaling. (2) Modifications inhibiting the RLR pathway are summarized as follows. The histone H4R3me2 modification downregulates the transcription of RIG-I and MDA5. The expression of RIG-I is downregulated by miR-545 and miR-374b. CircRNA like circCsnk1g3 and circAnkib1 could directly interact with RIG-I protein and hampers the function of RIG-I. K48-linked ubiquitylation contributes to the degradation of RIG-I, and the E3 ubiquitin ligase MEX3A binds RIG-I to induce its degradation. LINC01085 abrogates the TBK1 interaction with GSK3β as well as the phosphorylation of TBK1 and inhibits the downstream of the pathway. The binding of miR-302a with IRF9 mRNA decreases the IRF9 level and the signaling transduction.





3.1 DNA modification and RNA regulation of key members in RLR pathway

A recent study shows that a decitabine can effectively hypomethylate DDX58/RIG-I promoter to arouse RIG-I-related innate immune response in Neuroblastoma (42). On the other hand, inhibition of PRMT7 enhances RIG-I and MDA5 expression via reduction of H4R3me2s repressive histone mark at the promoters, which boosts the expression of downstream targets such as interferon-stimulated genes(ISGs) in melanoma, thus hampering tumor growth (22).

Bioinformatics analysis shows that miR-193a-5p in lung cancer is of relevance to the RLR pathway and cancer pathway (43). MiR-545 targeting RIG-I mRNA is downregulated in oral squamous cell carcinoma (OSCC) and pancreatic ductal adenocarcinoma (PDAC), which plays as a tumor suppressor gene (44, 45). LncRNA FTX serves as the precursor of several functional miRNAs, such as miR-374b, miR-545, and miR-421. miR-545 derived from lncRNA FTX directly targets RIG-I and abrogates its expression, thus prompting the advancement of hepatocellular carcinoma (HCC) (46). The expression of RIG-I and PTEN is also downregulated by miR-545 and miR-374b in colorectal cancer, followed by the activation of PI3K-AKT oncogenic signaling that promotes colon cancer progression (47). Interestingly, a recent study demonstrates that the mRNA of mutant RIG-I generates circular RIG-I (circRIG-I). CircRIG-I activates innate immunity via DDX3X/MAVS/TRAF5/TBK1 axis and is upregulated in colon cancer (48).

In endometrial cancer, ADAR1 knockdown results in increased MDA5 and RIG-I expression (49). In glioblastoma (GBM), ADAR3 inhibits ADAR1-mediated editing in the MAVS 3’ UTR which induced upregulation of MAVS protein level without impacting MAVS mRNA expression (50). As for IRFs, it is demonstrated that miR-302a, which is regulated by ADAR1, could bind to the 3´UTR of IRF9 to attenuate its stability in gastric cancer (51). Therefore, it could be concluded that the modification of key members of the RLR pathway at the DNA and RNA level may have a significant influence on tumor progression, and the mechanism remains to be further explored.




3.2 Post-translational modification of key proteins in RLR pathway

The post-translational modification of RIG-I and MDA5 protein is very complex. It directly regulates the expression and activation of the proteins and subsequently the RLR pathway. A study lately demonstrates that circRNA like circCsnk1g3 and circAnkib1 could directly interact with RIG-I protein, which hampers the function of RIG-I. Silencing the two circRNAs in abemacilib-treated sarcoma cells induces a more significant level of interferon and pro-inflammatory factors than that in cells using a sole treatment of abemaciclib (52).

K63-linked ubiquitylation of RIG-I activates RIG-I and MDA5, while K48-linked ubiquitylation contributes to the degradation of RIG-I and MDA5, thereby influencing pathway activation (53). In lung adenocarcinoma, KEGG analysis shows that RBR E3 ubiquitin ligase is associated with the RIG-I-like pathway (54). In GBM, the E3 ubiquitin ligase MEX3A is strongly upregulated and binds RIG-I to induce its degradation. Conversely, the removal of MEX3A leads to an increase in RIG-I expression, which inhibits GBM growth (55). Moreover, it is recently reported that in GBM, RIG-I/NF-κB/CCAR1 axis is directly regulated by the TRIM22-NT5C2 complex. TRIM22 enhances the K63-linked ubiquitylation of RIG-I, whereas NT5C2 mediates K48-linked ubiquitylation (56).

Apart from ubiquitylation, ISGylation, a type of ubiquitin-like modification, is identified to be associated with the RLR pathway. Through bioinformatics analysis, ISG15, the ubiquitin-like modifier, was identified as a crucial gene associated with breast cancer development and metastasis via the RLR signaling pathway (57). In acute promyelocytic leukemia (APL), RIG-I together with STAT1 activates ISG-critical genes including ISG15, which is testified as a crucial factor to affect myeloid differentiation (58). In addition, it is recently reported that RIG-I is constitutively mono-methylated at K18 and K146, which is erased by demethylase JMJD4. Decreased RIG-I and highly expressed constitutively methylated RIG-I both prompt HCC cell proliferation, while JMJD4-demethylated RIG-I prevented the malignancy of HCC cells by downregulating STAT3 signaling (59).

In addition to RIG-I and MDA5, TBK1, the downstream effector of the RLRs, is also post-translationally regulated in cancers. In prostate cancer Docetaxel-resistant cells, low expression of LINC01085 enhances TBK1 interaction with GSK3β and accelerates phosphorylation of TBK1 at Ser-172, thereby increasing expression of PD-L1 and NF-κB (60). Taking together, various modifications of key proteins influencing the RLR signaling activation, only a few have been studied in cancer cells, thus requiring a deeper elucidation.





4 Targeting RLR pathway and cancer treatment

Various strategies targeting the RLR pathway in tumor therapy are exploited (Figure 3). Just as described before, DNA methylation inhibitors demethylate the DNA of endogenous TEs. It induces the formation of dsRNA and activates the RLR signaling cascade, further promoting IFN responses in cancer cells (18–20). 5,6-dihydro-5-azacytidine (DHAC), a reductive analog of decitabine, overcomes the disadvantage of hydrolytic instability resulting from saturated 5,6-double bonds, contributes to prolonged intravenous infusion time, and may avoid the acute toxicity caused by high-dose administration of decitabine (61, 62). It is reported that p53 activated by MDM2 inhibitors could inhibit the function of DNMT and LSD1, a histone demethylase, thus turning the tumor more immunogenic by inducing ERVs expression and activating the downstream MAVS-IFN signaling in melanoma (63).




Figure 3 | Immunotherapy directly acting on the RLR signal pathway. Various strategies targeting the RLR pathway in immunotherapy are exploited. DNA methylation inhibitors demethylate the DNA of endogenous TEs. It induces the formation of dsRNA and activates the RLR signaling cascade. P53 activated by MDM2 inhibitors could inhibit the function of DNMT and LSD1 and induce the ERVs expression which activates the downstream MAVS-IFN signaling. 5´ppp siRNA can work as a RIG-I ligand to be used in tumor treatment. The siRNA could be transfected by vectors like nanoparticles and RBCEV, and functions not only as ligands of RLRs, but also to silence the expression of other genes like BCL-2, uPAR, and miR-125b. Some modified viruses that act on RIG-I are used in tumor treatment, such as HVJ-E, NDV and CVA21. Some of them also activate ERBB, JAK-STAT and NF-κB signaling.



Currently, some modified viruses that act on RIG-I are used in tumor treatment. In prostate cancer cells, the replication-incompetent hemagglutinating virus of Japanese envelope (HVJ-E) induces specific upregulation of pro-apoptotic factors downstream of the RIG-I/MAVS pathway like TNF-related apoptosis-inducing ligand (TRAIL) and Noxa, responsible for inducing cancer cell apoptosis (64). In melanoma, compared with IL-12 treatment alone, HVJ-E binding IL-12 significantly boosts the production of INF-γ by immune cells. This combination treatment results in more efficient eradication of melanoma and a reduction in the number of metastatic lesions (65). The Newcastle disease virus (NDV), classified as an oncolytic virus, exhibits a remarkable ability to eradicate diverse cancer cells selectively. The specificity ability can be attributed to the virus’s capacity to target multiple genes including ERBB, JAK-STAT, NF-κB, and RLR pathways (66). A novel ICAM-1–targeted immunotherapeutic-coxsackievirus A21 (CVA21) has finished the phase I trial. It gives rise to prominent inflammation in non-muscle-invasive bladder cancer(NMIBC) tissue through upregulation of RIG-I expression and IFN-inducible genes level (67).

As the RIG-I pathway can be activated by RNA containing 5´ triphosphate, 5´ppp siRNAs work as RIG-I ligands to be used in tumor treatment (68). A bifunctional strategy based on the combination of RLR pathway activation and targeting of the oncogene is studied in cancer treatment. BCL2-specific 5´ppp siRNA silences BCL2 expression and specifically activates the RLR pathway. This treatment method leads to melanoma cell apoptosis and enhances the amount of IFN-I to convert an immunosuppressive into an immune-supportive microenvironment (69). Nanoparticle Delivery of BCL2-specific 5´ppp siRNA also inhibits pancreatic cancer cell proliferation (70). Moreover, activating RIG-I itself sensitizes AML cells to BCL2 inhibitor drugs by remodeling mitochondrial metabolism (71). Two triphosphate-conjugated siRNAs that target uPAR (ppp-uPAR) are generated to knock down uPAR and simultaneously activate RIG-I. In melanoma, treatment with ppp-uPAR leads to the buildup of p53 and the activation of RIG-I-dependent proapoptotic signaling (72). The anti-cancer effects of two novel RIG-I agonists, namely the immunomodulatory RNA (immRNA) and anti-miR-125b-ASO with a 5´triphosphorylate modification (3p-125b-ASO), can be transported via extracellular vesicles derived from red blood cells (RBCEV). Both of them increase immune cell infiltration mediated by the activation of the RIG-I cascade and induce cell death in both mouse and human breast cancer cells (73). Stem-loop RNA (SLR)14 is a unique RIG-I agonist which delays tumor growth and prolongs the survival of mice with melanoma after intratumoral injection (74). IVT4, a RIG-I agonist, induces an IFN production and leads to the apoptosis of NSCLC cells (75).




5 Combination tumor therapy of drugs targeting RLR pathway with other treatments

Drugs that act on the RLR pathway can be combined with other immune therapy in tumor treatment. Chimeric antigen receptor (CAR)-T cell therapy has shown great potential in cancer treatment. CARs are artificially engineered receptors that can redirect lymphocytes to specific tumor cells expressing corresponding antigens (76). As previously reported that unshielded RN7SL1 is secreted by stromal cells in an autocrine loop, which activates the RLR pathway in cancer cells and accelerates tumor growth, metastasis, and therapeutic resistance (28). However, when RN7SL1 is delivered by CAR-T cells, immune cells in the tumor microenvironment are selectively transfected with RN7SL1 via extracellular vesicles which inhibits melanoma progression. In addition, an increase in CAR-T cell expansion and differentiation is also induced by RN7SL1, which enhances the treatment effector (77). Meanwhile, drugs targeting the RLR pathway can also be combined with anti-PD-1, anti-CTAL, and other immune checkpoint blockers to treat tumors. Using the syngeneic murine C1498 AML tumor model, Michael et al. find short 5´ppp RNA could activate the RLR pathway and induce the expression of programmed death ligand 1 (PD-L1) on AML cells, which enhances the effect of anti-PD-1 checkpoint blockade (78). Targeting RIG-I with 5´ppp RNA therapy can also effectively enhance the anti-CTLA-4 therapy effect. High RIG-I expression is significantly associated with durable clinical responses in melanoma patients treated with anti-CTLA-4 therapy (79). MK-4621, an oligonucleotide acting as a RIG-I agonist, passed phase I trials. It is proved to be safe with a modest antitumor activity both in monotherapy (NCT03065023) and in combination with anti-PD-1 therapy (NCT03739138) (80). The biodegradable poly (lactic-co-glycolic acid) (PLGA) particles that are “loaded” with tumor antigens and Riboxxim, a dsRNA adjuvant, activate murine and human dendritic cells by initiating the RLR and TLR pathways, which effectively suppress tumor development in multiple tumor models. Moreover, the therapeutic effect of cancer immunotherapy is further enhanced when combined with anti-CTLA-4 therapy (81).

Kinase inhibitors such as osimertinib play an anti-tumor role via repressing the function of key members of oncogenic pathways. It is reported that osimertinib pre-treatment sensitizes NSCLC cells to IVT4 treatment. The combination therapy induces a more significant tumor shrinkage than either treatment alone. It is also indicated that the combination therapy could maintain the PD-1 expression in tumor-infiltrating CD8 cells, while IVT4 treatment alone leads to a significant reduction of PD-1 expression (75). On the other hand, increased RIG-I impedes epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI) treatment by activating IRF3. Loss of RIG-I enhances the sensitivity of EGFR mutant cells to erlotinib in NSCLC (82).

Immunotherapy targeting the RLR pathway exists in mutual interaction with chemotherapy and radiotherapy (RT). In nasopharyngeal carcinoma cells, upregulation of RIG-I renders the sensitiveness to paclitaxel via promoting IFN response and ER stress response-mediated apoptosis (83). In addition, in human myeloid leukemia, a 5´ppp siRNA targeting multi-drug resistance 1 (MDR1) simultaneously activates the RIR pathway, thus enhancing the anti-leukemia effect of doxorubicin (84). The activation of the RLR pathway can also promote the recovery of patients after chemotherapy and reduce the side effects of chemotherapy. During hematopoietic regeneration after chemotherapy, activating MDA5 generates an inflammatory response that is necessary for hematopoietic stem cells (HSCs) to exit quiescence and regenerate to replenish the hematopoietic system (85). Proper activation of the RLR pathway may be beneficial to improve the efficacy of RT. Radiation-induced DNA damage causes more cytosolic dsRNA formation, which subsequently activates the MDA5/MAVS/TBK1 pathway, leading to further tumor control in NSCLC and breast cancer (86). In addition, radiotherapy releases mitochondrial RNA(mtRNA) to the cytoplasm and thereby activates the RLR pathway (87). RIG-I interacts with X-ray repair cross complementing 4(XRCC4) which impedes DNA repair and sensitizes cancer cells to radiation therapy in lung adenocarcinoma (88). Diffusing alpha-emitting radiation therapy (DaRT) utilizes the diffusion of alpha-emitting atoms inside the tumor to activate tumor antigen recognition and induce a systemic antitumor immune response (89). Using various tumor mice models, a study reports that combination therapy of DaRT and RIG-I-like activation may reduce both tumor growth and distant metastases (90). It has been reported that overexpression of LGP2 may decrease the therapeutic effect of RT in GBM. RT induces overexpression of LGP2 which results in a significant decrease of IFN β expression and enhances the resistance of GBM to IR (91). However, in breast cancer after RT treatment, LGP2 is essential for the production of MDA5-mediated IFN-I in tumor dendritic cells (DCs). Using the MDA5/LGP2 agonist high molecular weight poly I:C could improve the antitumor effect of IR (92). The combination therapy of drugs that act on the RLR pathway and other tumor treatments are all summarized in Table 1.


Table 1 | Combined tumor therapy related to drugs targeting RLR pathway.






6 Conclusion

The RLR pathway plays a vital role in antiviral immunity. In recent years, mounting studies have shown that it also plays an important role in tumor immunomodulatory. The RLR pathway members and upstream ligands are not only endowed with extensive epigenetic regulation but also regulated in varied post-transcriptional and post-translational modifications. Based on the brief introduction of pathway regulator mechanisms, we summarize modifications of the RLR pathway at the DNA, RNA, and protein levels involving pathway activation or inhibition, and the influence of the regulation mechanism on tumorigenesis in various types of cancer.

Immunotherapy against the RLR pathway is gradually carried out and can be divided into immunotherapy that acts directly on the RLR pathway and comprehensive therapy in combination with other treatments. The main targets of immunotherapy directed to the RLR pathway are RIG-I and MDA5, whose activation promotes anti-tumor immune environment formation. Combined therapeutic measures include the combination with immunotherapies like CAR-T and immune checkpoint blockers to improve the immunotherapeutic effect; the combination with chemotherapy to enhance the efficacy and reduce toxic side effects and the combination with radiotherapy to enhance the efficacy of radiotherapy. In addition, the design and optimization of RLR pathway activators can further improve the specificity of drugs to tumors and enhance combination therapy affection. Therefore, how to target and efficiently activate the internal RLR pathway in tumor cells and how to efficiently combine with other anti-tumor means are the research directions of targeted drugs in the future.
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