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Abstract

:

MicroRNAs (miRNAs), or small non-coding RNAs, modulate the expression of mRNAs and, consequently, a variety of signal transduction pathways. Due to their dysregulation in cancer, they exert oncogenic pressure and have an impact on the immune system with their protective functions. These immunosuppressive characteristics of miRNAs in cancer promote cancer progression and metastasis, causing the dysregulation of immune cells and the immune escape of tumor cells. In contrast, there are also tumor suppressor miRNAs that are able to activate the immune system. Therefore, studies on the altered expression of miRNAs that consider both the oncogenic and tumor-suppressive aspects of miRNAs have become an important research field for advancing immunotherapeutic interventions using miRNAs or their inhibitors as therapeutics. In the current review, their potential in the immunomodulation of immune cells and their use as immune stimulatory molecules to elicit specific cytotoxic responses against the tumor are discussed.
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1. Introduction


The immune system, which functions in host defense, is an interactive complex network consisting of lymphoid cells, humoral factors, and cytokines [1] (Figure 1). There are two arms of the immune system. One is the innate immune response, which occurs at a very early stage of tumor progression. It consists of phagocytic cells and specific proteins that recognize conserved features of microorganisms through the Toll-like receptor (TLR) on antigen-presenting cells (APCs), such as monocyte-derived dendritic cells (DCs), along with their presentation of histocompatibility complex (MHC) class I molecules [2]. In the innate immunity, natural killer (NK) cells, a type of cytotoxic lymphocytes, serve as the main effector cells toward cancer. They provide a rapid response to intracellular pathogens [3].



Myeloid cells, which comprise macrophages, DCs, monocytes, and granulocytes, represent a major component of the tumor microenvironment. They are derived from hematopoietic stem cells in the bone marrow. Their terminal differentiation is achieved in response to specific colony-stimulating factors (CSFs) with subsequent release into the circulation. During tumorigenesis, myeloid cells are promptly recruited in local tissues or the tumor microenvironment via diverse chemokines. Here, they are activated for phagocytosis and to secret inflammatory cytokines [4].



DCs initiate the adaptive or acquired immune response and determine tolerance. This arm of the immune system mainly involves interactions between B and T cells, which occur by the major MHC-II on B cells and the T cell receptor on antigen-specific T cells [1]. Activated CD4 T helper (Th1 and Th2) cells play a critical role in the activation of mature, antigen-presenting DCs. CD4 T cells provoke a long-lasting, effective immune response from cytotoxic CD8 T cells. An effective, secondary expansion of CD8 T cells occurs by the simultaneous interaction of DCs with CD4 and CD8 T cells [5].



Additionally, regulatory T (Treg) cells are involved in the immune system because they contribute to maintain immune system homeostasis and tolerance. Treg cells inhibit the activation and differentiation of CD4 and CD8 T cells, thereby inducing responses to autologous and tumor-expressed antigens [5]. Macrophages are a diverse group of myeloid immune cells, and they eliminate pathogens through phagocytosis. Based on macrophage polarization, macrophages are classified as M1 and M2 macrophages. M1 macrophages are typically activated by interferon-γ (IFNγ) or lipopolysaccharide. They produce proinflammatory cytokines and phagocytize microbes and initiate an immune response. In addition, they generate nitric oxide or reactive oxygen intermediates to protect against bacteria and viruses. M2 macrophages are activated by interleukins, including IL-4, IL-10, or IL-13. They are associated with wound healing and tissue repair [6] (Figure 1).



Within the tumor microenvironment, immune cells incline to target and kill cancer cells. However, the cancer cells may eventually escape from immune surveillance and even inhibit the cytotoxic function of the immune cells. The circumvention of immune response by tumor cells occurs through diverse mechanisms, such as the expression of PD-1 (programmed death-ligand 1), the secretion of immunosuppressive cytokines (e.g., IL-10 and TGF-β), the induction of distinct regulatory lymphoid or myeloid cells, or the loss of immunogenic tumor antigens presented in the context of the MHC complex [7].



In this respect, myeloid-derived suppressor cells (MDSCs), with their immunosuppressive characteristics, promote tumor immune escape. They represent a heterogenic subpopulation of myeloid cells that differ from their normal, healthy counterparts and originate from hematopoietic stem cells as a result of an altered myelopoiesis in response to pathogenic stimuli. They are, thus, pathologically activated myeloid cells, and they are not present in healthy individuals, but they appear in cancer. Since they tremendously expand during tumor progression, they play critical roles in tumor development, metastasis, and treatment resistance, and thus, they are eligible as potential therapeutic targets for cancer therapy. Although MDSCs are implicated in the suppression of different immune cells, their main targets are T cells. This inhibition occurs, among others, through the increased expression of PD-L1 in MDSCs to interact with PD-1 on T cells [8].



The ability of tumor cells to escape immunosurveillance and, thus, the attack from immune cells is currently considered as an essential hallmark of cancer, contributing to tumor progression and metastasis. Therefore, research has focused on immunotherapies, which are used to activate or boost the activation of the immune system to attack cancer cells. There are diverse therapy methods, such as checkpoint inhibitors, namely the blockade of PD-1/PD-L1, lymphocyte-promoting cytokines, engineered T cell receptor (TCR) T cells, agonistic antibodies against co-stimulatory receptors, and cancer vaccines [9]. In particular, the clinical efficiency of immune checkpoint blockades in several cancer types has been acknowledged by the awarding of the Nobel Prize in Physiology or Medicine in 2018 to two pioneers who deal with checkpoint inhibitor research, namely Tasuku Honjo and James Allison. In 1992, Dr. Honjo was the first to identify the programmed cell death-1 gene (PDCD1) [10] and its importance in regulating immune responses for cancer treatment [11], while Dr. Allison was the first to determine the anti-tumor efficacy of the cytotoxic T lymphocyte antigen-4 blockade for the treatment of melanoma [12]. So far, numerous immune checkpoint blockade-based therapies have been developed and approved by the Food and Drug Administration (FDA) for the treatment of a variety of cancer types [13]. Particularly, the investigations of PD-1/PD-L1 have provoked a lot of research interest. PD-L1 is highly expressed on APC under physiological conditions, and its presence prevents autoimmune reaction and provides self-tolerance. PD-1 is located on lymphocytes and blocks the lymphocyte action pathway by binding to PD-L1. This binding inhibits cytokine and proteolytic enzyme secretion mediated by cytotoxic T cells and prevents the destruction of cells that express PD-L1 [10,11].



Despite the advances of these immunotherapies, only a subset of patients usually experience positive clinical response, and many patients suffer from severe toxicity [9]. In this respect, novel approaches to manage cancer immunotherapy in a more controlled manner to reduce toxicities are required. Since microRNAs (miRNAs) participate in the regulation of immune cells, they may provide potential cancer immunotherapeutic approaches by using them as activators of the immune system or as targets. MiRNAs are small ca. 21-nucleotide-long non-coding RNAs (ncRNAs) involved in the posttranscriptional regulation of mRNA expression [14,15]. They are important regulators of immune responses, and they control interactions between immune and cancer cells in the tumor microenvironment. Increasing interest has focused on understanding the role of miRNAs in the regulation of anticancer immune responses to improve the efficacy of different cancer therapeutics [16]. Currently, numerous miRNAs are known to regulate the immune system in various cancer types. For example, more than 50 miRNAs are involved in the immune checkpoint: the PD-1/PD-L1 pathway [17].



In this review, an overview of the different pathways of an arbitrary selection of ten miRNAs in the immunoregulation in different cancer types and their potential roles as therapeutic or target molecules to activate the immune system are described.




2. Biogenesis and Function of miRNAs


MiRNAs are usually transcribed by RNA polymerase II to form primary miRNA (pri-miRNA) transcripts [18,19]. Likewise, similar to protein-coding mRNAs, the pri-miRNA undergoes typical splicing, capping, and polyadenylating processes [20]. The pri-miRNA is processed by the enzyme Drosha to form the 70–100-nucleotide-long stem-loop precursor RNA (pre-miRNA) in the nucleus [21]. Then, the pre-miRNA is exported from the nucleus into the cytoplasm, and its hairpin-like structure is further processed by Dicer, resulting in a duplex miRNA consisting of a single-stranded miRNA derived from the 5′ (5p) and 3′ (3p) regions of the pre-miRNA. One of these 21–23-nucleotide-long strands is loaded into the RNA-induced silencing complex (RISC) containing Argonaute protein to mediate target-specific gene silencing, while the other strand is usually degraded [22,23]. Argonaute proteins are nucleic acid-guided endonucleases that can cleave targets that are complementary to DNA or RNA guides, leading to translational silencing, directly or indirectly, by recruiting additional silencing proteins [24].



Besides this miRNA biogenesis, there is a number of alternative routes to generate miRNAs, including one in which mirtrons bypass the Drosha processing step, with the pre-miRNA being produced by a splicing reaction [25].



The modulation of gene expression by miRNAs occurs via the base-pairing of the miRNA sequence to its corresponding target mRNA, either in the 3’ untranslated region (UTR) or within the coding sequence of the mRNA. This pairing leads to either the translational repression or cleavage of the mRNA, resulting in reduced levels of the target protein and changes in the signaling pathways.



In most cases, miRNAs act as inhibitors of mRNA translation. However, in contrast to this mechanism, miRNAs can also activate translation [14]. The interaction of miRNAs with their mRNA targets is a dynamic process which depends on the subcellular location of miRNAs, the abundancy of miRNAs and target mRNAs, and the affinity of miRNA–mRNA interactions.



miRNAs are secreted into extracellular fluids, e.g., the circulating blood [26,27], and transported to target cells via extracellular vesicles, such as exosomes, or they bind to proteins, including Argonautes [28]. They are involved in a variety of biological processes and are therefore critical for normal development. The aberrant expression of miRNAs is associated with numerous benign and malignant diseases [29]. They may serve as potential biomarkers and signaling molecules for a variety of diseases [30].



However, the functions of miRNAs may also be modulated or abrogated by their interplay with long non-coding RNAs (lncRNAs) [31,32]. LncRNAs, with more than 200 nucleotides in size, are much longer than miRNAs, but they have similar characteristics. Like miRNAs, they are classified as tumor suppressor and oncogenic lncRNAs, are aberrantly expressed in diverse cancer types, and contribute to cancer development, progression, recurrence, and therapeutic resistance via direct or indirect interactions with their mRNAs. The indirect pathway involves the lncRNA–miRNA–mRNA axis. Conservatively, lncRNAs interact with miRNAs as “sponges” or competing endogenous RNAs (ceRNAs), diminishing the repression of mRNAs by miRNAs [33]. In addition to the interaction with miRNAs, lncRNAs can act as miRNA precursors [34]. A known example is the processing of the H19 lncRNA to generate miR-675 [35,36]. MiRNAs are also able of degrading lncRNAs by binding to them in the RISC complex. Finally, lncRNAs can also compete for the same mRNA target, masking the binding site for miRNAs [33].



To study the complex, regulatory network of ncRNAs, they can be screened by using the Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) programs [37].




3. Signaling Pathways


Mitogen-activated protein kinase (MAPK)/MEK/extracellular-signal-regulated kinase (ERK) signaling plays a crucial role in multiple cellular processes, including cell proliferation and survival. Upon the dimerization of receptor tyrosine kinases, the activation of RAS, which occurs via the GTP exchange, triggers the phosphorylation of downstream kinases MEK1/2, which then, in turn, activates ERK1/2. This signaling induces a cascade of substrates, such as cyclin D and CDK4/6, to promote the G1/S phase transition [38]. The phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway, which is involved in cell growth, apoptosis regulation, and glucose metabolism, is usually activated in many cancer types. Signaling from RAS results in the active catalysis of PI3K, leading to the activation of AKT, which, in turn, promotes multiple downstream signaling cascades, including mTOR. The phosphate and tensin homolog (PTEN) is a negative regulator of this pathway [39]. The inhibitors of both pathways have been shown to modulate the tumor microenvironment, increase immunogenicity, and thus potentially facilitate increased sensitivity to immunotherapy and enhance the response to immune checkpoint inhibitors [40].



The dysregulation of the Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling is also associated with various cancer types. JAKs are associated with cytokine receptors and the mediate tyrosine phosphorylation of receptors, and they can recruit one or more members of the STAT family. Tyrosine-phosphorylated STATs dimerize and are then transported into the nucleus to regulate specific genes [41]. The signaling cross-talk of JAK/STAT involves the TGFβ signaling pathway. In T cells, the transforming growth factor (TGF)-β blocks IL-12-mediated JAK/STAT activation, resulting in decreased T cell proliferation and diminished IFNγ production [42]. Moreover, JAK inhibitors inhibit both the JAK/STAT and PI3K/mTOR pathways, suggesting an interconnection between them. In addition, PI3K negatively regulates STAT activity [43]. The cross-talk between the JAK/STAT signaling pathway components and the NF-κB signaling pathway components is versatile. NF-κB can induce the expression of a variety of inflammatory mediators and is a core transcription factor in various immune responses [44].




4. Immunoregulation by miRNAs


MiRNAs regulate diverse processes, such as differentiation activation and the effector functions of cells of innate and adaptive immunity, and they have essential effects on cancer progression. Variable miRNA expression levels have been detected in cancer cells and the tumor environment, and their up- and downregulation determines the extent of their impact on tumor progression [45]. In the following paragraphs, ten miRNAs (miR-15a/16, miR-17-92, miR-21, miR-34, miR-138, miR-142, miR-146a, miR-155, miR-200, and miR-424) that, according to the author, are important in the immune system, are introduced. Of course, there are other miRNAs that have a similar relevance, as shown in Table 1, but for a detailed description of their features, the selection was limited.



4.1. MiR-15a/16


Since their discovery in chronic lymphocytic leukemia, miR-15a and miR-16 have been described to act as tumor suppressors or potential oncomiRs in different cancer types. MiR-15a/16 is a member of a miRNA cluster that exhibits immune modulation [47]. For example, these miRNAs are downregulated in cancer-associated fibroblasts of prostate cancer patients. By binding to associated targets, they promote tumor expansion and invasiveness by their activity on stromal and cancer cells [48].



MiR-15a/16-deficient mice have high levels of CD4 T cells, which produce TGF-β1 and IL-10 and inhibit the IFN-γ production of CD8 T cells, which promote tumor evasion via the secretion of immune-suppressive molecules. MiR-16 was reported to modulate T cell functions via targeting the natural killer cell receptor, NKG2D [49].



In addition, miR-16 inversely correlates with PD-L1, PD-1, CD80, and cytotoxic-T-lymphocyte-associated antigen 4 (CTLA-4) expression. Mechanistic investigations revealed that miR-195 and miR-16 inhibit the PD-L1 immune checkpoint [50]. The downregulation of PD-L1 by miR-16 provokes macrophage polarization that shifts from M2 to M1 status, functionally activating CD4 T cells [51].




4.2. MiR-17-92 Cluster


The miR-17-92 cluster comprising miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92a was first studied in malignant B cell lymphoma. It is involved in the development of the immune system and in the immune cells of both the innate and adaptive systems, including B cells; the subsets of T cells, such as Th1, Th2, T follicular helper cells, and Treg cells; as well as monocytes/macrophages; NK cells; and DCs [52]. The Th2-skewing tumor microenvironment was reported to induce the downregulation of miR-17-92 expression in T cells and, hence, decrease the persistence of tumor-specific T cells [53].



MiR-20a und miR-17-5p of this cluster, together with miR-106a, regulate monocyte differentiation and maturation by inhibiting the expression of the transcription factor, acute myeloid leukaemia-1 (AML1), to control the MAPK, TGF-β, and JAK-STAT signaling pathways. During monocytopoiesis, these three miRNAs are downregulated, which causes increased levels of AML1, which then, in turn, promotes the transcription of the M-CSF receptor (central regulator of monocytic–macrophage differentiation and maturation) and inhibits the expression of these miRNAs [54].



The miR-17–92 cluster is overexpressed in Th1 cells. Here, miR-17 and miR-19b control Th1 responses by promoting proliferation, reducing activation-induced cell death, enhancing IFN-γ production, and suppressing Treg cell differentiation. MiR-17 and miR-19b exert their regulatory function by binding TGFβ receptor II and cAMP response element binding protein 1 (CREB1) and PTEN, respectively [53,55].



The loss of miR-17-92 in CD4 T cells leads to tumor immune evasion by modulating the biological characteristics of Treg cells by acting on target genes, such as Forkhead box P3 (FOXP3) and CTLA-4 [56].




4.3. MiR-21


Mir-21 is one of the most abundant miRNAs in mammalian cells. The levels of miR-21 are elevated in diverse cancer types and promote cell proliferation, metastasis, and drug resistance. In the cells of the tumor immune infiltrate, and in particular, in macrophages, the expression of miR-21 seems to be responsible for promoting tumor growth [57]. These features indicate that targeting miR-21 combined with conventional chemotherapeutic agents could enhance their therapeutic efficacy and overcome drug resistance and cancer recurrence [58].



MiR-21 has been identified as the key regulator of PDCD4 by binding to its 3’-UTR to promote tumor proliferation, migration, and invasion in colon, breast, and bladder carcinomas [59]. MiR-21 also regulates CD8 T cell proliferation by targeting dual specificity phosphatase 10 (DUSP10) and B cell CLL/lymphoma 6 (BCL-6) [60]. As a classic oncogene, miR-21 attenuates classical macrophage activation (M1 polarization) by targeting the key adaptor molecules in the TLR/NF-κB pathway [61].



Additionally, the RNA-editing enzyme ADAR1 enhances Treg cell function via the modulation of the miR-21b/Foxp3 axis [62].




4.4. MiR-34


MiR-34 plays a crucial role in repressing tumor progression by participating in the epithelial–mesenchymal transition (EMT) via EMT transcription factors and p53 [63]. EMT is a process that leads to cancer invasion and metastasis, and inhibits polarized epithelial cells, making them lose their adhesion property to obtain mesenchymal cell phenotypes [64].



In head and neck cancers, miR-34a acts as a tumor suppressor and targets the proto-oncogene MET. In the tumor microenvironment, it provokes a decreased number of immunosuppressive PDL1-expressing tumor-associated macrophages. Higher levels of miR-34a are significantly associated with a higher frequency of Th1 cells and CD8 naïve T cells [65]. Moreover, tumor immune evasion is regulated by the p53/miR-34/PDL1 axis. P53 mutations are associated with lower levels of miR-34a. In lung cancer, p53 regulates PDL1 via miR-34, which directly binds to the PDL1 3’UTR. In addition, miR-34a delivery reduced the number of radiation-induced macrophages and T-reg cells [66].



MiR-34a and miR-34c act as repressors of the UL16 binding protein 2 (ULBP2), the stress-induced ligand of the natural killer cell receptor NKG2D. Both miRNAs directly target the 3’UTR of ULBP2 mRNA. Treatment with a small molecule inhibitor decreases the ULBP2 levels in a p53-dependent manner, which is caused by a p53-mediated increase in the cellular miR-34 levels [67].



NF-κB-driven miR-34a disrupts the equilibrium Treg/Th17 cell balance by directly targeting Foxp3 [68].




4.5. MiR-138


MiR-138 acts as a tumor suppressor by targeting numerous target genes, which are involved in cell proliferation, apoptosis, invasion, and migration and can sensitize tumors to chemotherapies [69].



MiR-138 exerts anti-glioma efficacy by targeting immune checkpoints. It suppresses the expressions of CTLA-4, PD-1, and FoxP3 in transfected human CD4 T cells. In vivo, the miR-138 treatment of immune-competent mice demonstrates marked tumor glioma regression and an associated decrease in intratumoral FoxP3 Treg cells, CTLA-4, and PD-1 expression [70]. Furthermore, in lung cancer, miR-138-5p is also found and targets PD-L1 to reduce the expression of Ki67 in tumor cells and decrease the tolerance effect on DCs [71]. In breast cancer, miRNA-138-5p also restrains T cell exhaustion via repressing PD-L-1, resulting in the disruption of the PD-L-1/PD-1 interaction and the modulation of effector cytokines in T cells [72].



The delivery of miR-138-5p from breast cancer cells to tumor-associated macrophages via exosomes that are able to shuttle with their cell-specific cell cargo between cells [28] downregulates the expression of the epigenetic factor lysine demethylase 6B (KDM6B) and inhibits M1 polarization, whereas it stimulates M2 polarization [73].




4.6. MiR-142


The miR-142 locus is preferentially expressed in hematopoietic cells. The inactivation of this locus in mice highlights its importance through the deeply disturbed immune system [74].



In an in vitro model of lung cancer, the overexpression of miR-142-5p suppresses PTEN protein expression and induces PI3K, p-Akt, and PD-L1 protein expressions. The repression of PD-L1 and the inhibition of PTEN reduce the cancer effects of CD4 T cells following miR-142-5p downregulation. Thus, miR-142-5p regulates CD4 T cells in lung cancer through PD-L1 expression via the PTEN pathway [75]. In addition, MiR-142-5p overexpression on tumor cells inhibits the expression of PD-L1 on tumor cells, resulting in increases in CD4 and CD8 T lymphocytes, a decrease in PD-1 T lymphocytes, and increases in IFN-γ and TNF-α [76].



MiR-142-3p downregulation promotes macrophage differentiation and determines the acquisition of their immunosuppressive function in tumors. It downregulates gp130, the common subunit of the IL-6 cytokine receptor family, by binding to its 3’UTR, and it represses C/EBPβ LAP* by binding to its 5’ mRNA coding sequence, impairing macrophage differentiation both in vitro and in vivo. Mice that constitutively express miR-142-3p in the bone marrow show a marked increase in survival following immunotherapy with tumor-specific T lymphocytes [77].



In glioma, miR-142-3p modulates M2 macrophages through the TGF-β signaling pathway [77,78].




4.7. MiR-146a


MiR-146a acts as a tumor suppressor miRNA in some cancer types, whereas it acts as an oncogenic miRNA in others. Genetic and epigenetic events responsible for its repression cause the overexpression of its target genes, leading to increased cell proliferation, invasion, metastasis, and cell survival [79].



MiR-146a is upregulated by T cell receptor-mediated activation. It attenuates classical macrophage activation (M1 polarization) by the TLR/NF-κB pathway, and targets IL1 receptor-associated kinase 1 (IRAK1) and TNF receptor-associated factor 6 (TRAF6). The downregulation of both of these targets leads to reduced TLR signaling and attenuated pro-inflammatory cytokine responses controlled by NF-κB [80].



In Treg cells, miR-146a is highly expressed and binds to the transcription factor STAT1, which is essential for the differentiation of Th1 effector cells. This targeting prevents the acquisition of Th1-like properties by Treg cells and enhances the effective suppressor function of Treg cells. On the other hand, increased STAT1 activation in Treg cells subjected to a selective removal of the suppressor of cytokine signaling 1 (SOCS1), a key negative regulator of SAT1 phosphorylation downstream of the IFNγ receptor, correlates with analogous Th1-mediated pathology [81].




4.8. MiR-155


MiR-155 is an oncogenic miRNA. So far, nearly 200 mRNA targets of miR-155 have been identified from the literature and involved in numerous pathways, such as apoptosis, differentiation, angiogenesis, proliferation, EMT, and in the immune system [82,83]. Figure 2 presents an example of the impact of miR-155 on the tumor and tumor environment.



MiR-155 plays an important role in monocytic differentiation, a process of the maturation of emigrating monocytes into different classes of tissue macrophages that promote tumor progression, angiogenesis, and metastasis through regulating T cell function [84].



MiR-155 also plays a role in the regulation of effector functions of NK cells, increasing the synthesis of IFN-γ in activated NK cells by targeting hematopoietic cell-specific 5′ inositol phosphatase 32 (SHIP-1), a potent-negative regulator of NK-cell effector functions [85]



Moreover, miR-155 can regulate the polarization of CD4 T cells. The silencing of miR-155 promotes the differentiation of CD4 T cell towards Th2 cells by increasing the levels of its target c-Maf, a potent transactivator of the IL-4 promoter, leading to a higher production of Th2 cytokines IL-4, IL-5, and IL-10 [86]. In addition, miR-155 also plays a role in the regulation of the subpopulation of T cells, namely Treg cells which are characterized by the high expression of the transcription factor FOXP3, strong immunosuppressive activity and regulating homeostasis in health and disease. The binding of Foxp3 to the promoter region of the B cell integration cluster (BIC) gene results in processing miR-155 so that the deficiency of miR-155 impairs the development of Treg cells and reduces the numbers of thymic and splenic Treg cells [87].



Furthermore, miR-155 is upregulated by T cell receptor-mediated activation and controls the proliferation of CD8 T cells by targeting SOCS1, a negative regulator of IL-2 receptor signaling (which inhibits proinflammatory response), and the anti-proliferative effect of type I IFN signaling [88,89]. Low levels of miR-155, which are inversely associated with increased levels of SOCS1, decrease STAT5 signaling downstream of the IL-2 receptor. Consequently, they reduce Foxp3 synthesis and diminish the proliferative potential of Treg cells [90]. By binding to SOCS1, miR-155 can also activate macrophages [91].




4.9. MiR-200 Family


MiR-200 is a family of five molecules: miR-200a, miR-200b, miR-429, miR-200c, and miR-141 [92]. As suppressors of EMT and metastasis, they inhibit the expression of EMT-inducing transcription factors zinc finger E-box binding homeobox 1 and 2 genes (ZEB1 and ZEB2), leading to an increased expression of the cell–cell adhesion molecule, E-cadherin [64].



In lung cancer, PD-L1 expression was reported to be regulated by the miR-200/ZEB1 axis. PD-L1 expression is upregulated in non-metastatic epithelial cells during constitutive ZEB1 expression, while stable, inducible, or transient miR-200 expression (or ZEB1 silencing) suppresses PD-L1 expression in mesenchymal lung cancer cells [93]. The association of low expression levels of miR-200 with increased PD-L1 expression and the consequent suppression of CD8 T cell infiltration cause a strong proliferation and metastasis of tumor cells [94].



The miR-200 family is exclusively expressed in pancreatic adenocarcinoma cells. Interactions between cancer cells and the fibrotic tumor-associated stroma within the microenvironment modulate the miRNA expression and contributes to tumor progression [95].




4.10. MiR-424


So far, the downregulation of miR-424 has been reported in a number of cancer types. Cancer cells can also secrete miR-424 into the extracellular matrix via exosomes, which affects immune cells in the tumor environment. In contrast, its upregulation has also been described in other cancer types. The expression of this miRNA is regulated by the methylation status of its promoter. Additionally, there are some lncRNAs that act as molecular sponges for miR-424, thus binding to it and inhibiting its action [96].



In chemoresistant ovarian cancer, miR-424 regulates the PD-L1/PD-1 and CD80/CTLA-4 pathways. MiR-424 inversely correlates with PD-L1, PD-1, CD80, and CTLA-4 expression. Analyses have revealed that miR-424 inhibits PD-L1 and CD80 expression through its binding to their 3’-UTRs. The blockage of the PD-L1 immune checkpoint by miR-424 may reverse chemoresistance. This synergistic effect of chemotherapy and immunotherapy is accompanied with the proliferation of functional cytotoxic CD8 T cells and the inhibition of myeloid-derived suppressive cells and Treg cells [97].



As a tumor suppressor, miR-424 also regulates monocytic differentiation by controlling the MAPK, TGF-β, and JAK-STAT signaling pathways [84].





5. MiRNAs in Immunotherapies


In the tumor microenvironment, infiltrated Treg cells restrict protective immune surveillance, impede effective antitumor immune responses, and contribute to the formation of an immunosuppressive microenvironment [5]. The selective depletion of tumor-infiltrating Treg cells and the elicitation of effective T cell responses offer a potential approach for anti-tumor immunity. MiRNAs regulate both cancer and immune cells and, consequently, have the ability to potentially improve antitumor responses [56]. To date, the ability of nanoparticles or exosomes to deliver miRNAs have shown a great therapeutic potential to treat a variety of cancer types.



Presently, a variety of therapeutic approaches using miRNAs are being developed and are available [45,98].



5.1. MiR-15a/16


The efficacy of the miR-16 mimetic has been evaluated in a phase I clinical trial in patients with malignant pleural mesothelioma (NCT02369198). In this study, van Zandwijk et al. [99] engineered targomiRs, which are minicells loaded with miR-16-based mimic miRNA and targeted to EGF receptors that are designed to counteract the loss of the miR-15 and miR-16 family miRNAs. However, the acceptable safety profile and early signs of activity of targomiRs in the patients inspire additional studies on targomiRs in combination with chemotherapy or immune checkpoint inhibitors.




5.2. MiR-17-92 Cluster


T cells from tumor-bearing mice and glioma patients have lower levels of miR-17-92 than cells from their non-tumor-bearing counterparts. A disruption of the IL-4 signaling through either the IL-4 neutralizing antibody or the knockout of STAT6 reverses the miR-17-92 cluster suppression in Th2 cells. Okada et al. indicated that the Th2 cell-skewing tumor microenvironment can induce the downregulation of miR-17-92 expression in T cells, thereby diminishing the persistence of tumor-specific T cells and tumor destruction. Thus, the genetic engineering of T cells that express miR-17-92 may represent a promising approach for cancer immunotherapy [53].




5.3. MiR-21


In melanoma, miR-21-3p upregulation contributes to IFNγ-driven ferroptosis [100], a cell death, which is driven by iron-dependent phospholipid peroxidation and synergizes with the anti-PD-1 antibody. Guo et al. constructed miR-21-3p-loaded gold nanoparticles. In a mouse model, their systemic delivery increased the immunotherapy efficacy of the anti-PD-1 antibody without prominent side effects. Activating transcription factor 3 (ATF3) was found to promote miR-21-3p transcription in IFN-γ-driven ferroptosis [101].



Xi et al. [102] showed that in the presence of tumor cells, the genetic deficiency of miR-21 promotes the polarization of macrophages toward an M1-like phenotype in vivo and in vitro, and consequently, it confers host mice with enhanced anti-tumor immunity. By downregulating JAK2 and STAT1, miR-21 inhibits the IFNγ-induced STAT1 signaling pathway, which is required for macrophage M1 polarization. Moreover, miR-21 depletion in macrophages and PD-1 antibody treatment offers superior anti-tumor activity than either agent alone.




5.4. MiR-34


A miR-34a liposomal mimic, MRX34, is the first human miRNA-based drug that has been evaluated in clinical trials in patients with various cancer types [103]. Regrettably, this trial was terminated due to serious immune-mediated adverse events in cancer patients, suggesting the effect of this miRNA on several immune system regulatory genes. Nevertheless, miR-34a continues to be considered as a therapeutic target in cancer. For example, Meng et al. [104] showed that synthesized miR-34a simultaneously decreased the expression of PD-L1 as well as the checkpoint molecule, B7-H3, which inhibits tumor antigen-specific immune responses, and it demonstrated superior antitumor activity in colorectal cancer models in vitro and in vivo.




5.5. MiR-138


Song et al. [71] showed that miR-138-5p treatment decreases the proliferation of tumor cells and increases the number of tumor-infiltrated DCs. MiR-138-5p not only downregulates the expression of cyclin D3 (CCND3), CCD20, Ki67, and MCM in lung cancer cells, but also regulates the maturation of DCs in a mouse model and improves DCs’ capability to enhance T cells to kill tumor cells. Thus, miR-138-5p inhibits tumor growth and activates the immune system by downregulating PD-1/PD-L1.



In glioma models, Wei et al. [70] showed that miR-138 inhibits CTLA-4 and PD-1, leading to the significant regression of subcutaneous tumors.




5.6. MiR-142


As suggested by Khani et al. [105], the administration of exosomes containing miR-142 together with the miRNA Let-7i may be effective in immunotherapy against solid tumors. The administration of these exosomes elicits cytotoxic T cells with increasing IFNγ and Granzyme B production. Notably, their intramuscular injection has a significant effect on DC maturation and T cell activation along with tumor shrinkage.




5.7. MiR-146a


Recombinant human granulocyte/macrophage colony stimulating factor (GM-CSF) displays antitumor immunologic activity in prostate cancer and other cancer types. Triozzi et al. [106] observed a decrease in the serum levels of miR-146a in patients treated with GM-CSF. More DC activation and fewer myeloid-derived suppressors and Treg cells are found when administered at lower doses intermittently and continuously compared with when administered at higher doses daily and cyclically. Thus, the serum levels of miR-146a are potentially useful biomarkers of these effects.




5.8. MiR-155


MiR-155 may be an immunological clinical target for hematological malignancies. The miR-155 inhibitor, cobomarsen, has been examined and implemented well in the clinical trials NCT02580552, NCT03837457, and NCT03713320 using patients with hematologic malignancies in whom miR-155 is overexpressed, such as patients with cutaneous T cell lymphoma, mycosis fungoides, chronic lymphocytic leukemia, diffuse large B cell lymphoma, ABC subtype, and adult T cell leukemia/lymphoma [107].




5.9. MiR-200 Family


In a mouse model of colorectal cancer, the miR-200 members, which are inhibitors of PD-L1 [93], HIF-1α [108], and the VEGF pathway, have been analyzed [109]. In a study, Nguyen et al. [110] combined PD-L1 inhibition therapy and BRAF-targeted therapy using nanoparticles targeted with the C-X-C motif chemokine receptor 4 (CXCR4). This G-protein coupled receptor is usually upregulated on tumor cells [111]. The delivery of dabrafenib (Dab), a BRAF inhibitor, and miR-200c, a downregulator of PD-L1 expression by these nanoparticles, had significant efficacy on tumor cells. Both immunogenic cell death (ICD) and the inhibition of PD-L1 expression, induced by treatment with CXCR-4-targeted nanoparticles, improved the DC maturation in the lymph node, improved CD8 T cell activation in the spleen, and increased effector T cell infiltration into the tumor, whereas the immunosuppressive factors like PD-L1 expression and Treg cells were significantly reduced. These findings promote the immune responses against the tumor [110].




5.10. MiR-424


MiR-424 is a direct inhibitor of PD-L1 and CD80. In experiments in animal models of ovarian cancer carried out by Xu et al. [97], the restoration of miR-424 expression increased tumor sensitivity to chemotherapy. Thus, the administration of miR-424 leads to tumor regression and decreased tumor cell chemoresistance due to the activation of the T cell immune response.





6. Conclusions


In the present review article, a short overview on the role of ten miRNAs in the immune system and their potential clinical applications in immunotherapies was described. These ten miRNAs were arbitrarily selected due to their frequent descriptions and increasing profiles in the literature. In vivo experiments have repeatedly shown that these selected miRNAs affect significant tumor regression. However, there are numerous further studies on other miRNAs that are also promising as immunotherapeutic agents that were not mentioned because of the elaborateness of the article [11,12,61].



An important feature of miRNAs is their ability to bind to and affect the expression of several genes simultaneously and thus influence several signaling pathways. This broad impact indicates the possibility of using miRNAs in the future as an alternative to an immunotherapy or combined treatment. MiRNA-targeted therapies include the downregulation of oncogenic miRNAs by inhibitors and the upregulation of tumor-suppressive miRNAs by miRNA mimics. Likewise, lncRNAs may even be used as antagonists for oncogenic miRNAs. Restoring and blocking miRNA function may be carried out by the delivery of synthetic or viral vectors encoded for miRNA mimics, and by the antisense-mediated inhibition of oncogenic miRNAs, respectively. Moreover, the efficiency of synthetic miRNA mimics and inhibitors is limited by their potential degradation by RNases [112]. To increase their stability, they can be modified by either RNA phosphodiester or ribose sugar backbones [113]. Moreover, the specific interaction between lncRNA and miRNA should also be considered because it can change the efficiency of the synthetic miRNAs. Thus, it is important to define the lncRNA–miRNA–mRNA axis to determine the ability of miRNAs to target mRNAs [114]. Additionally, to inhibit the spreading of oncogenic miRNAs by exosomes, the expansion of exosomes can be inhibited by blocking their release by cancer cells, their migration and their uptake by other cells, as detailed and reviewed by Rashed et al. [115] (Figure 3).



However, the ability of miRNAs to inhibit several genes can also lead to adverse effects. Serious immune-mediated adverse effects were observed using miR-34 as a therapeutic agent in a clinical trial, suggesting the effect of this miRNA on several immune system regulatory genes, leading to the termination of this trial. To overcome such side effects in cancer patients, it is important to collect further data of the spectrum of miRNA targets in a particular cancer type. This includes additional studies on the miRNA/mRNA interaction landscapes and the search for an optimal miRNA mimic structure to allow for an increase in the efficiency and selectivity of interaction. The efficacy is also dependent on a transport system directed to the tumor cells. The ability of nanoparticles or exosomes, which are vesicles that are able to carry miRNAs and shuttle from cell to cell, to deliver miRNAs to the recipient cells have been reported to enhance miRNA effects by the site-directed delivery and eventually to reduce their side effects [110,116,117,118]. In addition to using miRNAs in clinical practice, techniques have to broaden to provide more specific binding to their mRNA targets.



Thus, to achieve their clinical application, several challenges have to be overcome. To achieve this, long-term monitoring platforms, in vivo systems, and multicenter studies are required.



In conclusion, future detailed studies will show whether the concept of using miRNAs will enter the clinic.
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Figure 1. Schema of the innate and adaptive immune system. In the middle, the circle contains ten selected miRNAs, as described in the text. They influence the actions of the immune cells that are involved in the innate and adaptive immune response and surround the circle. DC, monocyte-derived dendritic cells; NK, natural killer; Th, T helper; Treg, regulatory T. 






Figure 1. Schema of the innate and adaptive immune system. In the middle, the circle contains ten selected miRNAs, as described in the text. They influence the actions of the immune cells that are involved in the innate and adaptive immune response and surround the circle. DC, monocyte-derived dendritic cells; NK, natural killer; Th, T helper; Treg, regulatory T.



[image: Ijtm 04 00003 g001]







[image: Ijtm 04 00003 g002] 





Figure 2. The role of miR-155 in cancer immune escape. As described in the text above, miR-155, with its oncogenic potential, regulates immune cells in tumor environment and consequently promotes tumor progression. DC, monocyte-derived dendritic cells; NK, natural killer; Treg, regulatory T. 






Figure 2. The role of miR-155 in cancer immune escape. As described in the text above, miR-155, with its oncogenic potential, regulates immune cells in tumor environment and consequently promotes tumor progression. DC, monocyte-derived dendritic cells; NK, natural killer; Treg, regulatory T.



[image: Ijtm 04 00003 g002]







[image: Ijtm 04 00003 g003] 





Figure 3. MiRNA target therapies. As described in the text and shown in the boxes, there are different possibilities to use miRNAs as therapeutic targets or to deliver tumor-suppressive miRNAs to target cells. As also shown, tumor cells release exosomes and the interaction of an immune cell with tumor cells. 
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Table 1. A selection of other miRNAs that play roles in immunoregulation, as reviewed in [46].
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	miRNAs
	Targets





	miR-10a
	MDSCs



	miR-18a
	PD-L1



	miR-20a
	MHC-I chain-related molecules A/B, T cells



	miR-24
	T cells



	miR-27a
	Fibroblasts



	miR-29a
	MDSCs, MHC-I chain-related molecules B



	miR-93
	MHC-I chain-related molecules A, PD-L1



	miR-106a
	MHC-I chain-related molecules A/B, T cells



	miR-106b
	PD-L1



	miR-107
	MHC-I chain-related molecules B, MDSCs



	miR-125b
	MHC-I chain-related molecules A, macrophages



	miR-140
	PD-L1



	miR-148a
	PD-L1



	miR-153
	MHC-I chain-related molecules A



	miR-181d
	Macrophages



	miR-193a
	PD-L1



	miR-195
	MHC-I chain-related molecules B, PD-L1



	miR-197
	PD-L1



	miR-222
	Macrophages



	miR-302c
	MHC-I chain-related molecules A/B



	miR-340
	PD-L1



	miR-373
	MHC-I chain-related molecules A/B



	miR-375
	PD-L1



	miR-383
	PD-L1



	miR-497
	PD-L1



	miR-519a
	MHC-I chain-related molecules A



	miR-520c
	MHC-I chain-related molecules A/B



	miR-690
	T cells



	miR-873
	PD-L1



	miR-891a
	T cells



	miR-940
	Macrophages



	miR-1246
	Macrophages



	miR-1247
	Fibroblasts



	miR-1908
	T cells



	miR-3127
	PD-L1



	miR-3609
	PD-L1







MDSCs, myeloid-derived suppressor cells; MHC-I, major histocompatibility complex class I; PD-L1, programmed death-ligand 1.
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