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Inflammation is a complicated biological and pathophysiological cascade of responses to infections and injuries, and inflammatory mechanisms are closely related to many diseases. The magnitude, the complicated network of pro- and anti-inflammatory factors, and the direction of the inflammatory response can impact on the development and progression of various disorders. The currently available treatment strategies often target the symptoms and not the causes of inflammatory disease and may often be ineffective. Since the onset and termination of inflammation are crucial to prevent tissue damage, a range of mechanisms has evolved in nature to regulate the process including negative and positive feedback loops. In this regard, microRNAs (miRNAs) have emerged as key gene regulators to control inflammation, and it is speculated that they are fine-tune signaling regulators to allow for proper resolution and prevent uncontrolled progress of inflammatory reactions. In this review, we discuss recent findings related to significant roles of miRNAs in immune regulation, especially the potential utility of these molecules as novel anti-inflammatory agents to treat inflammatory diseases. Furthermore, we discuss the possibilities of using miRNAs as drugs in the form of miRNA mimics or miRNA antagonists.
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INTRODUCTION

MicroRNAs (miRNAs) are short non-coding RNA molecules usually composed of 18–25 nucleotides that originates inter- or intragenicaly by the action of RNA pol III and II, respectively (1–3). After initial processing by RNase Drosha in the nucleus, the pre-miRNA is transported to the cytoplasm, where the miRNA hairpin is cleaved by the endoribonuclease Dicer, forming an miRNA duplex. One of the miRNA strands is loaded into the RNA inducing silencing complex (RISC), which regulates mRNA transcription and protein translation through various ways (Figure 1). The miRNA binding to its target usually results in mRNA degradation or translational inhibition, and hence they can influence transcriptional regulation of target genes (4). Alternatively, miRNAs occasionally can enhance RNA stability and even upregulate transcription and translation of their specific targets (5–7). There are also evidence indicating that miRNAs can target long-non-coding RNAs (lncRNAs), ribosomal RNAs, transfer RNAs, and small nuclear RNAs, and regulate expression of other miRNAs (8, 9). However, the functional consequences of such actions remain unknown.
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FIGURE 1 | The biogenesis and function of microRNAs (miRNAs). miRNA is a short non-coding ribonucleic acid originated inter- or intragenicaly by RNA pol III and II, respectively. After initial processing by RNase Drosha in the nucleus, the pre-miRNA is transported to the cytoplasm where the miRNA hairpin is cleaved by endoribonuclease Dicer, forming an miRNA duplex. One of the miRNA strands loads into the RNA inducing silencing complex (RISC) that regulates mRNA transcription and protein translation through various ways. The miRNA binding to its target usually results in mRNA degradation, decreased mRNA stability, or translational inhibition, and hence they can influence transcriptional regulation of target genes. Alternatively miRNAs occasionally can enhance RNA stability and even upregulate transcription and translation of their certain targets. Some evidence also indicated that miRNAs can target long-non-coding RNAs (lncRNAs), ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and small nuclear RNAs (snRNAs), and regulate expression of other miRNAs.



The miRNAs are expressed in a wide variety of organs and cells, and regulate both pro- and anti-inflammatory actions. The latter is the focus of this review. It has been estimated that there are nearly 5,000–10,000 miRNAs in mammals, together forming an miRNA network, which controls the expression of over two-thirds all protein-coding genes (www.mirBase.com). This system acts as a complex regulatory network, where a single miRNA may be involved in regulating many mRNA targets, and one mRNA can also be targeted by more than one miRNA (10–12). The miRNA network plays a critical role in regulating gene expression in health and disease, is crucial for normal mammalian development, and regulates biological processes such as the cell cycle, proliferation, and apoptosis (13). miRNAs are essential regulators of hematopoiesis, immune cell development, immune responses, inflammation, and autoimmunity, providing a new therapeutic window (14). Dysregulation of miRNAs expression has been linked to a wide spectrum of human diseases such as developmental abnormalities, cancer, and autoimmune diseases (15). Here, we review recent findings on the role of miRNAs as anti-inflammatory agents, and their potential utility as novel therapeutics for the treatment of inflammatory diseases.

miRNAs AND IMMUNE REGULATION

Over the past decade, studies demonstrate that miRNAs function as “fine-tuners” of the immune system, playing a central role in the development and homeostasis of immune cells, which is important for the normal function of the immune responses (Figure 2). Importantly, some miRNAs such as miR-146 and miR-155 impact on activation of host defense pathways, which are linked to the control of immunity and the inflammatory sequelae (16). Previous studies elegantly demonstrated that a single miRNA can have a pivotal role in the development of both innate and adaptive immunity, and under some conditions might act as a negative feedback pathway, that modulates and impacts on immune dysfunction and disease (17). The mechanistic studies have suggested that this critical function is dependent upon interactions between miRNAs and transcription factors and targeting signaling proteins as well as regulators of cell death (18). Alternatively, the immune system can regulate biogenesis of miRNAs at multiple levels from transcription and microprocessing to loading into the RISC and localization of their action (19). Besides the essential role of miRNAs in directing the immune system, these molecules are also capable of acting as direct intracellular agent to combat against pathogens (20).
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FIGURE 2 | The broad function of microRNAs (miRNAs) in immune regulation. miRNAs are expressed in immune cells and function as “fine-tuners” for innate and adaptive immune responses. They establish an integrated part of the regulatory networks in innate immunity and regulate functions of immune cells such as monocytes, dendritic cells (DCs), macrophages, neutrophils, natural killer (NK) cells, megakaryocytes, and granulocytes. In adaptive immunity, they are implicated in every biological process including pathways involved in the T and B cells development, differentiation, central and peripheral tolerance, as well as their function.



MicroRNAs are an integrated part of the regulatory networks in the innate immune response, acting as the first line of immunity. Activation of innate defense pathways such as toll-like receptor (TLR) signaling results in alterations in the expression of miRNAs that can regulate inflammatory gene expression (21). The dysregulated miRNAs can modulate translation of transcripts resulting in a decrease in the levels of immunomodulating factors that can inhibit or initiate the inflammatory response, thus acting as “on-off” brakes to regulate inflammation (22). Of particular interest is the central role that miR-146 plays in the control of TLRs and cytokine signaling through a negative feedback regulation loop (23). miRNAs can directly modulate the levels of molecules involved in the pattern-recognition receptors (PRR)-induced signaling, giving negative feedback in the PRR pathway (24). miRNAs also participate in the modulation of epithelial cell function (25), macrophages and dendritic cells (DCs) maturation (26, 27), granulocytes and monocytes proliferation (28), and natural killer (NK) cell function (29). Furthermore, miRNAs can regulate the expression of several cytokines/chemokines involved in the innate immune response (30).

MicroRNAs are key regulators of the development and generation of different T helper lineages and CD4+ T cell function (31). They also play a central role in the development, proliferation, survival, migration, differentiation, and effector functions of CD8+ T cells and regulatory T (Treg) cells (32, 33). In B cells, miRNAs appear to have a key role in the early and effector differentiation including isotype switching and affinity maturation as well as mature and memory cell responses (34, 35). Interestingly and related to autoimmune disease development, miRNAs are involved in receptor editing and clonal deletion to maintain T and B cells tolerance against self-antigens, thus their aberrant expression correlates with the onset and prognosis of many autoimmune conditions (15). As an example, dicer-deficient B cells produce high titers of autoreactive antibodies, which correlate with the presence of autoimmune features in animal models (36). miRNAs are also implicated in cytokine production by lymphocytes and antigen presentation by DCs (37). Moreover, miRNAs have the ability to regulate epigenetic condition in lymphocytes such as methylation, and amplify the strength and sensitivity of T- and B-cell receptor signaling (38).

The above facts indicate that the miRNA system has emerged as a critical regulatory network in several biological processes and involves both the innate and adaptive immune responses. This is illustrated in Figure 2, but it is beyond the scope of this review to discuss each miRNA and its relation to each immune cell in detail [for detail information please read the following articles (17, 39, 40)]. Below we focus on miRNAs that impact on inflammation through their anti-inflammatory properties.

miRNAs AND INFLAMMATION

Inflammation is a complex biological and pathophysiological response induced by infection and/or tissue damage and involves a network of pro- and anti-inflammatory mediating molecules and effects (41, 42). The inflammatory response to a wide range of stimuli is a “double edged sword.” In its absence homeostasis cannot be resumed. On the other hand, inflammation may cause tissue damage, reversible or permanent, and induces disease processes (43, 44). Inflammation involves a harmonized, consecutive, and often self-limiting sequence of events controlled by positive and negative regulatory networks (41). Thus, the molecular networks that regulate the initiation, spread, and resolution of inflammation must be appropriately tuned for optimization of the innate immune response (40). Besides protein regulatory factors, miRNAs have emerged as key regulators of inflammation, and it is likely that they modulate signaling of onset and termination of inflammation. Depending upon the target mRNAs, miRNAs may either promote or suppress inflammation (40, 45). Therefore, the immune system utilizes multiple miRNAs to properly regulate its functional capacity thus establishing a fine balance between activation and inhibition (45). The interaction between miRNA function and inflammatory response is highlighted because this interaction can contribute to a better understanding on how depletion or downregulated immune homeostasis can be associated with autoimmunity conditions (46, 47).

The regulation of inflammation by miRNAs is primarily through altered expression of specific miRNAs in stimulated immune- or bystander cells (48). There is also evidence that the biogenesis of miRNAs is regulated as part of the inflammatory response, by altering the transcription, processing or stabilization of mature or precursor miRNA transcripts (40, 49). The initiation, spread, and resolution steps of inflammation are subject to both positive and negative regulatory events via miRNAs (50). The positive feedback initiates a cascade of molecular events that serve to combat against invasion of microbial pathogens and successful repair of tissue damage. The negative feedback, which is activated only during severe inflammation, is vital for preventing potentially damaging end-stage processes and maintaining tissue homeostasis (Figure 3). miRNA exerts their anti-inflammatory functions via multiple pathways, which are discussed in details below (Figure 4).


[image: image1]

FIGURE 3 | The spectrum of microRNA (miRNA) effects during inflammation. Inflammation is a complex biological and pathophysiological response in vascular tissues to noxious stimuli, such as infection and tissue damage. The initiation, spread, and resolution steps of inflammation are subject to both positive and negative regulatory events via miRNAs to achieve an optimal immune response (green arrow). The positive feedback is activated to initiate a cascade of molecular events that leads to combat invading microbial pathogens and successful repair of tissue damage. The negative feedback is only activated during severe inflammation and may be vital in preventing potentially dangerous and excessive inflammation. Lack of appropriate initiation or spread impedes the innate immune response, and lack of correct resolution can lead to uncontrolled condition and disease (red arrow). Thus, the molecular networks based on miRNAs that regulate the initiation, spread, and resolution of inflammation must be appropriately tuned for optimization of the innate immune response.
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FIGURE 4 | The way anti-inflammatory microRNAs (miRNAs) exert their action to control inflammatory response. miRNAs serve in important negative feedback loops in inflammation processes and inflammatory diseases. By targeting signal transduction proteins involved in the initiation of innate immune response, and by directly targeting mRNAs that encode specific inflammatory mediators, miRNAs can have an important impact on the magnitude of the ensuing inflammatory response.



miR-10a

This miRNA and its actions are well conserved among vertebrates and found to be an important posttranscriptional mediator in the control of inflammation (51). Importantly, its downregulation has been reported in inflammatory disorders such as rheumatoid arthritis (RA), inflammatory bowel disease (IBD), colitis, acute pancreatitis, and atherosclerosis (52–56).

In RA patients, miR-10a is downregulated by tumor necrosis factor alpha (TNF-α) and interleukin (IL)-1β, through promoting the production of the transcription factor YY1, a downstream gene of nuclear factor-κB (NF-κB). The downregulated miR-10a accelerates inhibitor κB (IκB) degradation and NF-κB activation. This is via targeting interleukin-1 receptor-associated kinase 4, transforming growth factor beta (TGF-β)-activated kinase 1 (TAK1), the beta-transducin repeat containing E3 ubiquitin ligase (β-TrCP), and mitogen-activated protein 3 kinase 7 (MAP3K7) that are key regulators of NF-κB signal transduction (56). In IBD patients, miR-10a regulates the pathogenesis by inhibiting DCs expression of IL-12/IL-23p40 and NOD2, as well as by inhibiting Th1 and Th17 cell function, thereby its aberrant expression plays a role in the progression of IBD (55). This miRNA is predominantly expressed in the intestines and contributes to the maintenance of intestinal homeostasis as described earlier. Mice with colitis express higher levels of IL-12/IL-23p40 and lower levels of intestinal miR-10a compared with control mice. In the era of much focus on the gut microbiome and its relation to disease development, it is interesting that an unbalanced intestinal microbiota may negatively regulate DCs miR-10a expression via TLR–TLR ligand interactions through the MyD88-dependent pathway (53). In acute pancreatitis, the decreased serum level of miR-10a may be related to the changes of immune homeostasis during disease progression (54). Furthermore, the differential expression of miR-10a contributes to the regulation of pro-inflammatory endothelial phenotypes in regions susceptible for atherosclerosis in vitro and in vivo by targeting MAP3K7 and β-TrCP (52). miR-10a is also expressed in Treg cells, indicating a role of this miRNA in Treg stability and function (57).

Considering that miR-10a inhibits multiple target genes involved in NF-κB signaling and is important in the pathogenesis of inflammatory diseases, manipulation of this miRNA expression level may provide a clinically applicable therapy. As it is downregulated in inflammatory conditions, targeting inflammatory responses through miR-10 mimic could be effective. Furthermore, we speculate that the expression level of miR-10a potentially can be used as a prognostic indicator for uncontrolled inflammation, but this would need more research.

miR-21

Recent studies have revealed an essential role for miR-21 in the resolution of inflammation by negative feedback of inflammatory pathways (58–60). miR-21 acts as a negative modulator of TLR4 signaling by targeting the programmed cell death 4 (PDCD4) (58). Overexpression of miR-21 in macrophages leads to reduced secretion of IL-6 and increased IL-10 production, implying an anti-inflammatory effect (59). Importantly, miR-21 has a role in establishing the fine balance between Th1 and Th2 responses; treatment of miR-21-deficient DCs with lipopolysaccharide (LPS) resulted in an enhanced production of IL-12. Similarly, stimulation of miR-21-deficient CD4+ T cells with ovalbumin increased interferon (IFN)-γ and decreased IL-4 production (61). miR-21 also negatively regulates LPS-induced lipid accumulation and inflammatory responses in macrophages by modulating the TLR4–NF-κB pathway, indicating its potential application as a therapeutic agent for prevention and treatment of atherosclerosis (59). In line with that, deficiency of miR-21 in macrophages promotes endothelial inflammation during atherogenesis (62). Likewise, overexpression of miR-21 suppresses the macrophage inflammatory M1 phenotype and enhances the anti-inflammatory M2 phenotype (63). Importantly, elevated miR-21 expression promotes resolving inflammation following macrophage-mediated injury by targeting the phosphatase and tensin homolog and PDCD4 genes, which results in an anti-inflammatory phenotype and elevated production of IL-10 (64). This miRNA could potentially serve as translational biomarkers for detection of kidney injury and could be involved in the inflammatory response in relation to the pathogenesis of renal disease and tissue repair process (65). In this regard, miR-21 inhibits TNF-α-induced CD40 expression in renal cells via the SIRT1–NF-κB signaling pathway (60) and inhibits autophagy by targeting Rab11a in an in vivo model (66). These findings highlight miR-21 as one of the factors that controls the magnitude of inflammation and adds to our understanding of the regulation of the inflammatory processes. This might ultimately lead to targeted therapy for inflammatory disorders, particularly in diseases where macrophages have a central role. Application of miR-21 mimics and applies novel delivery methods that can be helpful to target macrophages in inflammatory diseases. Successful delivery of miRNAs is still a challenging task. However, novel approaches have improved the potential to deliver oligonucleotides that mimic miRNA expression and provide small molecules to improve and upregulate miRNA function.

miR-24

miR-24 belongs to the miR-23~27~24 cluster and decreases NF-κB nuclear translocation and DNA binding, and TNF-α and IL-6 production mainly through suppressing the high mobility group box 1 (HMGB1)/NF-κB-associated inflammatory signaling (67). In murine models and human aortic tissue, miR-24 acts as a key regulator of endothelial inflammation and limits aortic vascular inflammation in a chitinase 3-like 1 (Chi3l1)-dependent modulation (68). This miRNA also regulates cytokine production in macrophages through targeting Chi3l1 (68). According to Jingjing et al., miR-24 overexpression significantly decreases the production of M1 phenotype markers such as iNOS, IL-6, TNF-α, CD86, and CD80 but increases the production of M2 markers such as Arg1, CCL17, CCL22, CD163, and CD206 in stimulated macrophages (69). Moreover, miR-24 exerts anti-inflammatory action by inhibition the production of pro-inflammatory cytokines in LPS-stimulated macrophages (70), and secretion of inflammatory mediators including TNF-α, IL-6, and IL-12p40, in response to infection through modulation of various genes involved in pathogen recognition and downstream signaling (71). In a mice model of asthma, miR-24 expression restricts Th2 cell differentiation over a wide range of IL-4 doses, and in mice without miR-24, T cells show enhanced allergic airway hypersensitivity and inflammatory responses (72). These results suggest that overexpression of miR-24 by using miRNA mimics may, in the future, be of therapeutic benefit in vascular inflammation, and inflammatory disorders associated with macrophages, as well as allergic airway hypersensitive inflammation. However, altering the expression level of a single miRNA can lead to changes of hundreds of genes, suggesting careful consideration of unwanted side effects.

miR-124

Recently, miR-124 was discovered as a negative regulator of inflammation by targeting several pathways such as the signal transducer and activator of transcription (STAT) and TLRs. Its downregulation has also been reported in RA patients (73). The expression of miR-124 is significantly reduced in intestinal macrophages in pediatric intestinal failure patients in contrast to overexpression when miR-124 inhibits intestinal inflammation through attenuating production of IL-6 and TNF-α via targeting STAT3, a major factor in inflammatory response, and acetylcholinesterase, a negatively regulator of the cholinergic anti-inflammatory signal (74). Sun et al. reported that miR-124 targets STAT3 to decrease IL-6 production and TNF-α converting enzyme believed to reduce TNF-α release in response to LPS (75). Importantly, children with active ulcerative colitis have reduced levels of miR-124 and elevated levels of STAT3 in their colon tissues, which promote inflammation and pathogenesis of the disease (76). The miR-124 expression is enhanced in the peripheral leukocytes of patients with pulmonary tuberculosis, and MyD88 overexpression and/or infection induce its expression in vitro. Conversely, miR-124 negatively regulates multiple components of the TLR signaling, including TLR6, MyD88, TNF-α, and TNF receptor-associated factor 6 (TRAF6) (77), indicating an underlying negative feedback loop between miR-124 and TLRs signaling to prevent excessive inflammation (78). A decrease in miR-124 expression also contributes to an epigenetically reprogrammed, highly proliferative, migratory, and inflammatory phenotype of hypertensive pulmonary adventitial fibroblasts in calves and humans (79).

Interestingly, miR-124 expression is enhanced during allergic inflammation, thereby contributing to the development and maintenance of anti-inflammatory M2 phenotype (80). Furthermore, this miRNA negatively regulates LPS-induced TNF-α production in mouse macrophages by targeting ubiquitin-specific protein (USP) 2 and USP14, which control protein stability (81). Moreover, miR-124 inhibits experimental autoimmune encephalomyelitis and reduces neuroinflammation through inactivation of macrophages, and myelin-specific T cells via the C/EBP-α–PU.1 pathway (82). Importantly, peroxisome proliferator-activated receptor gamma (PPARγ), a member of the nuclear receptor superfamily, exerts its anti-inflammatory effects by upregulation of miR-124 through binding to its promoter region. This is important for PPARγ-mediated inhibition of pro-inflammatory cytokines production such as TNF-α and IL-6 (83). miR-124 also seems to be involved in morphine inhibition of innate immunity by directly targeting NF-κB and TRAF6 (84).

These data suggest that miR-124 may be of diagnostic value for inflammatory disease detection and severity prediction. Further investigations are needed to confirm and elucidate miR-124 implication in human immune-associated diseases, and hopefully, in the future, it may be possible to develop new therapeutic methods for treatment of inflammatory disorders.

miR-145

A recent report found that loss of miR-145-induced pro-inflammatory signals in the innate immune response and was downregulated in ulcerative colitis (85). This miRNA inhibits release of IL-6 and CXCL8 in airway smooth muscle cells in patients with chronic obstructive pulmonary disease by targeting the mothers against decapentaplegic homolog 3 (SMAD3), a key element of the TGF-β1 inflammatory pathway (86). Furthermore, miR-145 functions to modulate expression of SMAD3 changes in downstream target genes expression, and IL-1β-induced extracellular membrane degradation in chondrocytes from osteoarthritis patients (87). The toll/interleukin-1 receptor domain-containing adaptor protein and TRAF6 are also targets for miR-145 suggesting an anti-inflammatory action for this miRNA (88). Interestingly, miR-145 seems to be involved in the anti-inflammatory effects of aspirin in atherosclerosis disease as seen in vitro by inhibiting the expression of CD40 (89). Inhibition of CD40 suppresses inflammatory factor production that is triggered by hypoxia such as IL-1β, TNF-α, and IL-6 (90). Besides, pomegranate polyphenolics attenuate inflammation and ulceration in experimental intestinal colitis by suppressing the p70S6K1/HIF1α signaling pathway, which is mediated in part through upregulation of miR-145 (91).

miR-146

The miR-146 family comprises two genes, miR-146a and miR-146b, which are expressed in response to pro-inflammatory stimuli as negative feedback to control excessive inflammation (92). Their aberrant expression is associated with various inflammatory disorders such as RA, lupus disease, psoriasis, and osteoarthritis (93). Pharmacological studies have shown that NF-κB plays a critical role in the induction of miR-146 transcription, and MEK-1/2 and JNK-1/2 act in posttranscriptional processing to mature miRNA (94). Both miR-146a and miR-146b can regulate the inflammatory process by directly targeting TLRs and their downstream effectors, IRAK1 and TRAF6 (95). Importantly, miR-146a negatively regulates the IFN response (96), and the adaptive immunity by targeting adaptor protein (AP)-1 activity and IL-2 expression (97), as well as immune cell activation and cytokines production (98). Furthermore, miR-146b regulates diabetes-related retinal inflammation by suppressing adenosine deaminase 2 (99).

A recent study revealed downregulation of miR-146a in renal tissues of lupus nephritis, which was associated with increased expression of TRAF6 and NF-κB. miR-146a inhibits NF-κB transcriptional activity, biosynthesis of IL-1β, IL-6, IL-8, and TNF-α, and alleviates chemotactic effects toward macrophages via inhibition of TRAF6 activity (100). Tang et al. found that low expression of miR-146a contributed to lupus pathogenesis by overactivation of the IFN pathway. This miRNA directly inhibits the transactivation downstream of IFN such as IFN regulatory factor 5 and STAT1 (101). In addition, miR-146a attenuates sepsis-induced cardiac dysfunction by preventing NF-κB activation, inflammatory cell infiltration, and cytokine production via targeting of IRAK and TRAF6 in both cardiomyocytes and macrophages (102).

miR-146a and miR-146b expression in IL-β-stimulated human alveolar epithelial cells attenuate the release of IL-8 and RANTES after their transcription and not through targeting IRAK1 and TRAF6, which implies their action upon chemokine translation (25). miR-146a and miR-146b expression also induced in endothelial cells upon exposure to pro-inflammatory cytokines that inhibit the endothelial inflammatory response by inhibition of pro-inflammatory transcription activation, including the NF-κB, AP-1, and MAPK/EGR pathways. In addition, they modulate posttranscriptional pro-inflammatory pathways in endothelial cells via targeting the RNA binding protein HuR, indicating another way to control inflammation (103). Importantly, miR-146a is highly expressed in Treg cells and may therefore be critical for the ability of Treg to restrain IFN-γ-mediated pathogenic Th1 inflammatory responses. In these cells, miR-146a mediates downregulation of STAT1, a key transcription factor required for Th1 effector cell differentiation, and necessary for Treg ability to suppress Th1 responses (104).

According to Echavarria et al., prolonged exposure to angiopoietin-1, a vascular growth factor, leads to upregulation of miR-146b that inhibits angiopoietin-1 through selective targeting of IRAK1 and TRAF6. Also, it inhibits a wide array of LPS-induced responses such as leukocyte adhesion molecule expression, pro-inflammatory cytokine production, p38 and SAPK/JNK phosphorylation, and NF-κB activation (105). Moreover, apolipoprotein that binds lipids to form lipoproteins like LPS, suppress NF-κB-mediated inflammation and atherosclerosis by increasing miR-146a in damaged monocytes and macrophages leading to irreversible arrest of proliferation, via enhancement of transcription factor PU.1 (106). Also, miR-146a modulates pro-inflammatory signaling negatively via inhibition IL-6 and VEGF-A expression, at least in pigment epithelial cells (107), and by IL-6 and IL-8 in human fibroblasts (108).

miR-146a expression is induced both in macrophages and in mice after mycobacterial infection, and further suppresses the iNOS expression and NO generation via NF-κB and MAPK signaling and TRAF6 (109). This upregulation of miR-146a induces negative feedback of NF-κB signaling through targeting IRAK1 and TRAF6 (110). Thereby, levels of pro-inflammatory cytokines TNF-α, IL-1β, IL-6, and chemokine MCP-1 are reduced with subsequently facilitated replication of microbes such as mycobacteria (111). Also, the upregulation of miR-146a induced by viruses in human microglial cells leads to suppression of NF-κB activity and disruption of antiviral JAK–STAT signaling, which besides the anti-inflammatory activity helps the virus to evade from the immune response (112). miR-146a upregulation in viral infection acts as a negative regulator for the RIG-I-dependent type I IFN production by targeting TRAF6, IRAK1, and IRAK2 (113).

The identified actions indicate that an enhanced miR-146a and miR-146b expression may have, could identify a future therapeutic possibility for treatment of inflammatory disorders, as well as a potential target for control of viral or bacterial infections through inhibition of immune suppressive effects. The application of nanotechnology paves a new path in the development of effective delivery involving miRNAs.

miR-149

miR-149 is a novel immune modulator of the innate immune responses. Its overexpression in macrophages has been linked to a significant decrease in MyD88 protein expression, as well as a reduced production of inflammatory mediators such as NF-κB, TNF-α, and IL-6 in response to infection or LPS stimulation (114). In addition, miR-149 inhibits the hepatic inflammatory response through STAT3-mediated signaling pathway (115). TNF-α induces endothelial activation through downregulation of miR-149, and its mimic transfection counteracted the TNF-α-induced expression of MMP-9, iNOS, and IL-6 (116). Consistently, downregulation of miR-149 has been linked to osteoarthritis chondrocytes; a joint disease that is caused by uncontrolled inflammatory immune responses (117). These findings give relevant ideas for future treatment strategies and in the diagnosis of immune disorders related to TNF-α.

miR-155

miR-155 exhibits both anti- and pro-inflammatory functions, depending on the simulant involved (118). Upregulation of this miRNA leads to attenuation of inflammatory pathways, and adjustment to lower inflammatory intensity (118). For example, the TNF-α-induced miR-155 serves as a negative feedback regulator in endothelial inflammation involved in atherosclerosis by targeting NF-κB P65 (119). Furthermore, overexpression of miR-155 reduces chronic inflammation and provides protection against atherosclerosis-associated foam cell formation by targeting calcium-regulated heat stable protein 1, which in turn diminishes the stability of TNF-α mRNA (120). miR-155 also inhibits inflammatory response in vitro by translational inhibition of MyD88 and the inositol 5′-phosphatase SHIP-1 in infected macrophages (121).

Various inflammatory mediators such as TNF-α and IL-6 are markedly increased in mice liver cells when miR-155 is lacking. Moreover, NF-κB signaling is activated when miR-155 is absent, via enhancing p65 and inhibitor-κB kinase ε expression (122). In mature DCs, miR-155 downregulates inflammatory cytokines production in response to microbial stimuli. This miRNA also targets the TLR/IL-1 inflammatory pathway and TGF-β-activated kinase-1-binding protein 2 (TAB2), an adaptor in the TLR/IL-1 signaling cascade (123). Activation of miR-155 during septic lung injury alleviates inflammation through inhibition of TAB2, which in turn triggers autophagy (124). In addition, miR-155 inhibits IL-13-induced expression of eosinophilic chemokines CCL11 and CCL26 in human bronchial epithelial cells (125). miR-155-deficient mice have reduced numbers of Treg cells, both in the thymus and periphery, possibly due to impaired development (126). These data demonstrate a broad function of miR-155 in inflammation and a potential utility as therapeutic target.

miR-181 Family

Accumulating evidence indicates an essential role for the miR-181 family (miR-181a, miR-181b, miR-181c, and miR-181d) in endothelial inflammation via regulating critical signaling pathways, such as downstream NF-κB (127). This is relevant in endothelial cell activation and immune cell homeostasis. miR-181b targets importin-α3, a protein critical for NF-κB nuclear translocation in in vitro and in vivo models of vascular endothelium (128). In addition, miR-181 family negatively regulates TNF-α mRNA stability (129). This miRNA family seems to be important in neuroinflammation as observed in experimental models. Knockdown of miR-181 enhanced LPS-induced production of pro-inflammatory cytokines such as TNF-α, IL-6, IL-1β, and IL-8, while their overexpression resulted in a significant increase in the anti-inflammatory cytokine IL-10 (130). Importantly, miR-181a regulates inflammatory responses by directly targeting IL-1α and inhibition the production of inflammatory factors such as IL-1β, IL-6, and TNF-α in THP-1 cells (131). miR-181a also modulates IL-8, another important inflammatory cytokine of early immune responses (132). These results suggest that therapeutic targeting of the miR-181 family might be an effective way to control excessive inflammation, especially in vascular and neurological tissue.

Other Anti-Inflammatory miRNAs

miR-9 expression increases in human monocytes and neutrophils upon NF-κB activation and acts as a feedback control of the NF-κB-dependent responses (133). This miRNA inhibits formation of the inflammasome and attenuates atherosclerosis-related inflammation, likely via targeting JAK1/STAT1 signaling (134). Furthermore, overexpression of miR-9 in the cerebral cortex around the infarcted area is associated with reduced NF–κB signaling pathway-related factors such as NF-κB p65, TNF-α, and IL-1β (135). Downregulation of miR-9 results in increased synthesis of pro-inflammatory mediators such as IL-1β, TNF-α, IL-6, and MCP-1 (136). Other miRNAs induced by TNF-α are miR-17-3p and miR-31 that target adhesion molecules E-selectin and ICAM-1, respectively (137). Lai et al. have recently shown that miR-92a negatively regulates TLR-triggered inflammation in macrophages by targeting MKK4 kinase, and that stimulation by TLR ligands decreases its expression (138). miR-99b targets TNF-α and TNF-α superfamily member 4 receptor genes and thereby regulates expression of various pro-inflammatory cytokines such as IL-6, IL-12, and IL-1β (139). In myelodysplastic syndromes both miR-99b and miR-125b levels correlate negatively with TLR2 and MyD88 expression (140). Overexpression of miR-126 significantly abrogates high glucose-induced secretion of pro-inflammatory cytokines such as IL-6, TNF-α, and CCL2 in human gingival fibroblasts, and promotes the production of IL-10 through targeting TRAF6 (141). Moreover, miR-126 suppresses inflammation and ROS production in human endothelial cells in a milieu of high glucose through modulating the HMGB1 expression (142).

Another miRNA, miR-132, potentiates cholinergic anti-inflammatory signaling by targeting acetylcholinesterase in LPS-treated alveolar macrophages (143). In the presence of acetylcholine, upregulation of miR-132 suppresses LPS-induced NF-κB nuclear translocation and production of STAT3 and phosphorylated STAT3, while its downregulation enhances NF-κB nuclear translocation (144). miR-142-3p regulates murine macrophages synthesis of pro-inflammatory NF-κB1, TNF-α, and IL-6, at least in part, through targeting IRAK1 gene and posttranscriptionally imposing an anti-inflammatory effect by downregulation IRAK1 protein expression (145). miR-187 expression is induced by the potent anti-inflammatory cytokine IL-10 in TLR4-stimulated monocytes that impacts on TNF-α mRNA stability and translation and decreases IL-6 and IL-12p40 expression via downregulation of IκBζ, a master regulator of the transcription of these latter two cytokines (146). In murine macrophages, miR-210 negatively regulates LPS-induced production of pro-inflammatory cytokines such as IL-6 and TNF-α by targeting NF-κB1 (147). miR-210 also imposes an anti-inflammatory effect in articular cavities in rats with osteoarthritis by targeting DR6 and inhibiting NF-κB signaling (148). Besides, TLR3 activation induces placental miR-210 via HIF-1a and NF-κBp50 leading to decreased STAT6 and IL-4 levels. This function may contribute to the development of preeclampsia (149). miR-223, the last miRNA presented here, modulates the inflammatory response in human gingival fibroblasts via targeting IKKα and MKP5 (150). It further suppresses TLR4 signaling in macrophages (151) and regulates intestinal inflammation via repression of inflammasome formation (152).

SUMMARY AND FUTURE DIRECTIONS

Through the last years, we have experienced a growing interest in how miRNAs may act as modulators of inflammatory pathways and regulate host immune responses. Some miRNAs impact on important negative feedback loops, while others serve to amplify the response of the immune system by depressing inhibitors of the response. miRNAs target signal transduction proteins involved in the initiation of innate immune responses, and the variety of different miRNAs impact on the intensity of the inflammatory response. Identifying functionally relevant miRNAs associated with processes that attenuate inflammation, and their target networks should produce new knowledge that could provide new therapeutic strategies for inflammatory diseases.

MicroRNAs may be developed as potential targets for new therapeutic strategies in inflammatory diseases. Such miRNA-based therapies may be achieved through manipulation of endogenous miRNA levels by the delivery of miRNA inhibitors or mimic to change expression of target genes. Therapeutic modulation of miRNAs may have several advantages over alternative gene/protein targeting strategies, notably the ease with which these sequences can be synthesized. Moreover, one miRNA can have multiple target genes, which may be more beneficial than targeting multiple different genes individually. Alongside, the critical role of miRNAs in the regulation of inflammation and their potential to be targeted by new therapeutics, caution must be taken because excessive inhibition or overexpression of miRNAs might predispose patients to cellular abnormalities, impaired immunity, or even cancer.

Despite the advancement in miRNA-based therapies in clinical trials, there is still much to learn about how to transform these into effective, patient-compliant, and targeted drug delivery therapies. Importantly, it is risky to invest in miRNA therapeutics due to biological challenges, the cost of production and scale-up, and the anticipated clinical approval challenges. The main barrier to miRNA-based therapy is development of pharmaceutical strategies of low toxicity for targeted delivery to specific sites. In support of this, novel nanotechnologies and delivery methods are under development for efficient and effective delivery. While extracellular circulating miRNAs have shown a high level of stability in human blood and other body fluids, an ideal delivery method should protect the miRNAs from the circulatory nucleases and deliver mRNAs intact to the target site.

In summary, we have discussed a set of unique miRNAs with anti-inflammatory properties and their regulatory pathways (Table S1 in Supplementary Material). The expression levels of these miRNAs may offer promising diagnostic value and severity prediction of different inflammatory diseases since miRNAs are stable in human blood, detectable with high sensitivity/specificity methods and measurable via miRNA microarrays and qRT-PCR arrays. Their diagnostic value must be further investigated to elucidate the molecular mechanisms underlying miRNAs implication in inflammatory disease pathogenesis, and possibly to develop new therapeutic methods in the future. Further knowledge from in vivo animal models of inflammatory diseases and clinical studies will be valuable. Although miRNA-based therapy will have limitations, we anticipate that it will be considered in future strategies aimed at diagnosing and treating acute and chronic inflammatory disorders.

AUTHOR CONTRIBUTIONS

AT drafted and VS and BN revised the manuscript. AT and MT-R designed and depicted all figures. All the authors read and approved the final version of the manuscript.

ACKNOWLEDGMENTS

We thank Dr. Hamid Salimi for English language editing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fimmu.2018.01377/full#supplementary-material.

Abbreviations

microRNAs, miRNAs, or miRs, short non-coding ribonucleic acid molecules; RISC, RNA inducing silencing complex; TLR, toll-like receptor; PRR, pattern-recognition receptors; DCs, dendritic cells; NK, natural killer; Th, T helper; Treg, regulatory T; RA, rheumatoid arthritis; IBD, inflammatory bowel disease; TNF-α, tumor necrosis factor alpha; IL, interleukin; NF-κB, nuclear factor-κB; IκB, inhibitor κB; IRAK4, interleukin-1 receptor-associated kinase 4; TGF-β, transforming growth factor beta; TAK1, TGF-β-activated kinase 1; β-TrCP, beta-transducin repeat containing E3 ubiquitin ligase; MAP3K7, mitogen-activated protein 3 kinase 7; PDCD4, programmed cell death 4; LPS, lipopolysaccharide; IFN, interferon; PTEN, phosphatase and tensin homolog; HMGB1, high mobility group box 1; Chi3l1, chitinase 3-like 1; STAT, signal transducer and activator of transcription; TACE, TNF-α converting enzyme; TRAF6, TNF receptor-associated factor 6; USP, ubiquitin-specific protein; C/EBP-α, CCAAT/enhancer-binding protein alpha; PPARγ, peroxisome proliferator-activated receptor gamma; SMAD3, mothers against decapentaplegic homolog 3; TIRAP, toll/interleukin-1 receptor domain-containing adaptor protein; AP, adaptor protein; ADA2, adenosine deaminase 2; IRF5, IFN regulatory factor 5; CARHSP1, calcium-regulated heat stable protein 1; IKKε, inhibitor-κB kinase ε; TAB2, TGF-β-activated kinase-1-binding protein 2; TNFRSF-4, TNF-α superfamily member 4.

REFERENCES

1. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell (2004) 116:281–97. doi:10.1016/S0092-8674(04)00045-5

2. Hammond SM. An overview of microRNAs. Adv Drug Deliv Rev (2015) 87:3–14. doi:10.1016/j.addr.2015.05.001

3. Chen LL. The biogenesis and emerging roles of circular RNAs. Nat Rev Mol Cell Biol (2016) 17:205–11. doi:10.1038/nrm.2015.32

4. Fabbri M, Garzon R, Cimmino A, Liu Z, Zanesi N, Callegari E, et al. MicroRNA-29 family reverts aberrant methylation in lung cancer by targeting DNA methyltransferases 3A and 3B. Proc Natl Acad Sci U S A (2007) 104:15805–10. doi:10.1073/pnas.0707628104

5. Vasudevan S, Tong Y, Steitz JA. Switching from repression to activation: microRNAs can up-regulate translation. Science (2007) 318:1931–4. doi:10.1126/science.1149460

6. Place RF, Li L-C, Pookot D, Noonan EJ, Dahiya R. MicroRNA-373 induces expression of genes with complementary promoter sequences. Proc Natl Acad Sci U S A (2008) 105:1608–13. doi:10.1073/pnas.0707594105

7. Li Y, Masaki T, Yamane D, Mcgivern DR, Lemon SM. Competing and noncompeting activities of miR-122 and the 5’ exonuclease Xrn1 in regulation of hepatitis C virus replication. Proc Natl Acad Sci U S A (2013) 110:1881–6. doi:10.1073/pnas.1213515110

8. Tang R, Li L, Zhu D, Hou D, Cao T, Gu H, et al. Mouse miRNA-709 directly regulates miRNA-15a/16-1 biogenesis at the posttranscriptional level in the nucleus: evidence for a microRNA hierarchy system. Cell Res (2012) 22:504–15. doi:10.1038/cr.2011.137

9. Helwak A, Kudla G, Dudnakova T, Tollervey D. Mapping the human miRNA interactome by CLASH reveals frequent noncanonical binding. Cell (2013) 153:654–65. doi:10.1016/j.cell.2013.03.043

10. Fabian MR, Sonenberg N, Filipowicz W. Regulation of mRNA translation and stability by microRNAs. Annu Rev Biochem (2010) 79:351–79. doi:10.1146/annurev-biochem-060308-103103

11. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by adenosines, indicates that thousands of human genes are microRNA targets. Cell (2005) 120:15–20. doi:10.1016/j.cell.2004.12.035

12. Lim LP, Lau NC, Garrett-Engele P, Grimson A, Schelter JM, Castle J, et al. Microarray analysis shows that some microRNAs downregulate large numbers of target mRNAs. Nature (2005) 433:769–73. doi:10.1038/nature03315

13. Sayed D, Abdellatif M. MicroRNAs in development and disease. Physiol Rev (2011) 91:827–87. doi:10.1152/physrev.00006.2010

14. Tsuchiya S, Okuno Y, Tsujimoto G. MicroRNA: biogenetic and functional mechanisms and involvements in cell differentiation and cancer. J Pharmacol Sci (2006) 101:267–70. doi:10.1254/jphs.CPJ06013X

15. Garo LP, Murugaiyan G. Contribution of microRNAs to autoimmune diseases. Cell Mol Life Sci (2016) 73:2041–51. doi:10.1007/s00018-016-2167-4

16. Foster PS, Plank M, Collison A, Tay HL, Kaiko GE, Li J, et al. The emerging role of microRNAs in regulating immune and inflammatory responses in the lung. Immunol Rev (2013) 253:198–215. doi:10.1111/imr.12058

17. Lindsay MA. MicroRNAs and the immune response. Trends Immunol (2008) 29:343–51. doi:10.1016/j.it.2008.04.004

18. Baltimore D, Boldin MP, O’Connell RM, Rao DS, Taganov KD. MicroRNAs: new regulators of immune cell development and function. Nat Immunol (2008) 9:839–45. doi:10.1038/ni.f.209

19. Mehta A, Baltimore D. MicroRNAs as regulatory elements in immune system logic. Nat Rev Immunol (2016) 16:279–94. doi:10.1038/nri.2016.40

20. Tahamtan A, Inchley CS, Marzban M, Tavakoli-Yaraki M, Teymoori-Rad M, Nakstad B, et al. The role of microRNAs in respiratory viral infection: friend or foe? Rev Med Virol (2016) 26:389–407. doi:10.1002/rmv.1894

21. O’Neill LA, Sheedy FJ, Mccoy CE. MicroRNAs: the fine-tuners of toll-like receptor signalling. Nat Rev Immunol (2011) 11:163–75. doi:10.1038/nri2957

22. Boldin MP, Taganov KD, Rao DS, Yang L, Zhao JL, Kalwani M, et al. miR-146a is a significant brake on autoimmunity, myeloproliferation, and cancer in mice. J Exp Med (2011) 208(6):1189–201. doi:10.1084/jem.20101823

23. Taganov KD, Boldin MP, Chang K-J, Baltimore D. NF-κB-dependent induction of microRNA miR-146, an inhibitor targeted to signaling proteins of innate immune responses. Proc Natl Acad Sci U S A (2006) 103:12481–6. doi:10.1073/pnas.0605298103

24. Sheedy F, O’Neill L. Adding fuel to fire: microRNAs as a new class of mediators of inflammation. Ann Rheum Dis (2008) 67:iii50–5. doi:10.1136/ard.2008.100289

25. Perry MM, Moschos SA, Williams AE, Shepherd NJ, Larner-Svensson HM, Lindsay MA. Rapid changes in microRNA-146a expression negatively regulate the IL-1β-induced inflammatory response in human lung alveolar epithelial cells. J Immunol (2008) 180:5689–98. doi:10.4049/jimmunol.180.8.5689

26. O’Connell RM, Taganov KD, Boldin MP, Cheng G, Baltimore D. MicroRNA-155 is induced during the macrophage inflammatory response. Proc Natl Acad Sci U S A (2007) 104:1604–9. doi:10.1073/pnas.0610731104

27. Smyth LA, Boardman DA, Tung SL, Lechler R, Lombardi G. MicroRNAs affect dendritic cell function and phenotype. Immunology (2015) 144:197–205. doi:10.1111/imm.12390

28. Johnnidis JB, Harris MH, Wheeler RT, Stehling-Sun S, Lam MH, Kirak O, et al. Regulation of progenitor cell proliferation and granulocyte function by microRNA-223. Nature (2008) 451:1125–9. doi:10.1038/nature06607

29. Beaulieu AM, Bezman NA, Lee JE, Matloubian M, Sun JC, Lanier LL. MicroRNA function in NK-cell biology. Immunol Rev (2013) 253:40–52. doi:10.1111/imr.12045

30. Tili E, Michaille J-J, Cimino A, Costinean S, Dumitru CD, Adair B, et al. Modulation of miR-155 and miR-125b levels following lipopolysaccharide/TNF-α stimulation and their possible roles in regulating the response to endotoxin shock. J Immunol (2007) 179:5082–9. doi:10.4049/jimmunol.179.8.5082

31. Cobb BS, Nesterova TB, Thompson E, Hertweck A, O’Connor E, Godwin J, et al. T cell lineage choice and differentiation in the absence of the RNase III enzyme Dicer. J Exp Med (2005) 201:1367–73. doi:10.1084/jem.20050572

32. Liang Y, Pan H-F, Ye D-Q. MicroRNAs function in CD8+ T cell biology. J Leukoc Biol (2015) 97:487–97. doi:10.1189/jlb.1RU0814-369R

33. Zhou X, Jeker LT, Fife BT, Zhu S, Anderson MS, Mcmanus MT, et al. Selective miRNA disruption in T reg cells leads to uncontrolled autoimmunity. J Exp Med (2008) 205:1983–91. doi:10.1084/jem.20080707

34. Thai T-H, Calado DP, Casola S, Ansel KM, Xiao C, Xue Y, et al. Regulation of the germinal center response by microRNA-155. Science (2007) 316:604–8. doi:10.1126/science.1141229

35. Koralov SB, Muljo SA, Galler GR, Krek A, Chakraborty T, Kanellopoulou C, et al. Dicer ablation affects antibody diversity and cell survival in the B lymphocyte lineage. Cell (2008) 132:860–74. doi:10.1016/j.cell.2008.02.020

36. Belver L, de Yébenes VG, Ramiro AR. MicroRNAs prevent the generation of autoreactive antibodies. Immunity (2010) 33:713–22. doi:10.1016/j.immuni.2010.11.010

37. Xiao C, Rajewsky K. MicroRNA control in the immune system: basic principles. Cell (2009) 136:26–36. doi:10.1016/j.cell.2008.12.027

38. Li Q-J, Chau J, Ebert PJ, Sylvester G, Min H, Liu G, et al. miR-181a is an intrinsic modulator of T cell sensitivity and selection. Cell (2007) 129:147–61. doi:10.1016/j.cell.2007.03.008

39. Lu LF, Liston A. MicroRNA in the immune system, microRNA as an immune system. Immunology (2009) 127:291–8. doi:10.1111/j.1365-2567.2009.03092.x

40. O’Connell RM, Rao DS, Baltimore D. MicroRNA regulation of inflammatory responses. Annu Rev Immunol (2012) 30:295–312. doi:10.1146/annurev-immunol-020711-075013

41. Nathan C. Points of control in inflammation. Nature (2002) 420:846–52. doi:10.1038/nature01320

42. Salimi V, Ramezani A, Mirzaei H, Tahamtan A, Faghihloo E, Rezaei F, et al. Evaluation of the expression level of 12/15 lipoxygenase and the related inflammatory factors (CCL5, CCL3) in respiratory syncytial virus infection in mice model. Microb Pathog (2017) 109:209–13. doi:10.1016/j.micpath.2017.05.045

43. Tahamtan A, Tavakoli-Yaraki M, Mokhtari-Azad T, Teymoori-Rad M, Bont L, Shokri F, et al. Opioids and viral infections: a double-edged sword. Front Microbiol (2016) 7:970. doi:10.3389/fmicb.2016.00970

44. Tahamtan A, Tavakoli-Yaraki M, Rygiel TP, Mokhtari-Azad T, Salimi V. Effects of cannabinoids and their receptors on viral infections. J Med Virol (2016) 88:1–12. doi:10.1002/jmv.24292

45. Alam MM, O’Neill LA. MicroRNAs and the resolution phase of inflammation in macrophages. Eur J Immunol (2011) 41:2482–5. doi:10.1002/eji.201141740

46. Fornari TA, Donate PB, Assis AF, Macedo C, Sakamoto-Hojo ET, Donadi EA, et al. Comprehensive survey of miRNA-mRNA interactions reveals that Ccr7 and Cd247 (CD3 zeta) are posttranscriptionally controlled in pancreas infiltrating T lymphocytes of non-obese diabetic (NOD) mice. PLoS One (2015) 10:e0142688. doi:10.1371/journal.pone.0142688

47. Takahashi P, Xavier DJ, Evangelista AF, Manoel-Caetano FS, Macedo C, Collares CV, et al. MicroRNA expression profiling and functional annotation analysis of their targets in patients with type 1 diabetes mellitus. Gene (2014) 539:213–23. doi:10.1016/j.gene.2014.01.075

48. Liu G, Abraham E. MicroRNAs in immune response and macrophage polarization. Arterioscler Thromb Vasc Biol (2013) 33:170–7. doi:10.1161/ATVBAHA.112.300068

49. Contreras J, Rao D. MicroRNAs in inflammation and immune responses. Leukemia (2012) 26:404–13. doi:10.1038/leu.2011.356

50. Medzhitov R, Horng T. Transcriptional control of the inflammatory response. Nat Rev Immunol (2009) 9:692–703. doi:10.1038/nri2634

51. Qin B, Yang H, Xiao B. Role of microRNAs in endothelial inflammation and senescence. Mol Biol Rep (2012) 39:4509–18. doi:10.1007/s11033-011-1241-0

52. Fang Y, Shi C, Manduchi E, Civelek M, Davies PF. MicroRNA-10a regulation of proinflammatory phenotype in athero-susceptible endothelium in vivo and in vitro. Proc Natl Acad Sci U S A (2010) 107:13450–5. doi:10.1073/pnas.1002120107

53. Xue X, Feng T, Yao S, Wolf KJ, Liu C-G, Liu X, et al. Microbiota downregulates dendritic cell expression of miR-10a, which targets IL-12/IL-23p40. J Immunol (2011) 187:5879–86. doi:10.4049/jimmunol.1100535

54. Liu P, Xia L, Zhang W-L, Ke H-J, Su T, Deng L-B, et al. Identification of serum microRNAs as diagnostic and prognostic biomarkers for acute pancreatitis. Pancreatology (2014) 14:159–66. doi:10.1016/j.pan.2014.03.019

55. Wu W, He C, Liu C, Cao AT, Xue X, Evans-Marin HL, et al. miR-10a inhibits dendritic cell activation and Th1/Th17 cell immune responses in IBD. Gut (2015) 64(11):1755–64. doi:10.1136/gutjnl-2014-307980

56. Mu N, Gu J, Huang T, Zhang C, Shu Z, Li M, et al. A novel NF-κB/YY1/microRNA-10a regulatory circuit in fibroblast-like synoviocytes regulates inflammation in rheumatoid arthritis. Sci Rep (2016) 6:20059. doi:10.1038/srep20059

57. Jeker LT, Zhou X, Gershberg K, De Kouchkovsky D, Morar MM, Stadthagen G, et al. MicroRNA 10a marks regulatory T cells. PLoS One (2012) 7:e36684. doi:10.1371/journal.pone.0036684

58. Sheedy FJ, Palsson-Mcdermott E, Hennessy EJ, Martin C, O’Leary JJ, Ruan Q, et al. Negative regulation of TLR4 via targeting of the proinflammatory tumor suppressor PDCD4 by the microRNA miR-21. Nat Immunol (2010) 11:141–7. doi:10.1038/ni.1828

59. Feng J, Li A, Deng J, Yang Y, Dang L, Ye Y, et al. miR-21 attenuates lipopolysaccharide-induced lipid accumulation and inflammatory response: potential role in cerebrovascular disease. Lipids Health Dis (2014) 13:27. doi:10.1186/1476-511X-13-27

60. Lin Q, Geng Y, Zhao M, Lin S, Zhu Q, Tian Z. miR-21 regulates TNF-α-induced CD40 expression via the SIRT1-NF-κB pathway in renal inner medullary collecting duct cells. Cell Physiol Biochem (2017) 41:124–36. doi:10.1159/000455981

61. Lu TX, Hartner J, Lim E-J, Fabry V, Mingler MK, Cole ET, et al. MicroRNA-21 limits in vivo immune response-mediated activation of the IL-12/IFN-γ pathway, Th1 polarization, and the severity of delayed-type hypersensitivity. J Immunol (2011) 187:3362–73. doi:10.4049/jimmunol.1101235

62. Canfrán-Duque A, Rotllan N, Zhang X, Fernández-Fuertes M, Ramírez-Hidalgo C, Araldi E, et al. Macrophage deficiency of miR-21 promotes apoptosis, plaque necrosis, and vascular inflammation during atherogenesis. EMBO Mol Med (2017) 9(9):1244–62. doi:10.15252/emmm.201607492

63. Caescu CI, Guo X, Tesfa L, Bhagat TD, Verma A, Zheng D, et al. Colony stimulating factor-1 receptor signaling networks inhibit mouse macrophage inflammatory responses by induction of microRNA-21. Blood (2015) 125:e1–13. doi:10.1182/blood-2014-10-608000

64. Das A, Ganesh K, Khanna S, Sen CK, Roy S. Engulfment of apoptotic cells by macrophages: a role of microRNA-21 in the resolution of wound inflammation. J Immunol (2014) 192:1120–9. doi:10.4049/jimmunol.1300613

65. Saikumar J, Hoffmann D, Kim TM, Gonzalez VR, Zhang Q, Goering PL, et al. Expression, circulation, and excretion profile of microRNA-21, -155, and -18a following acute kidney injury. Toxicol Sci (2012) 129:256–67. doi:10.1093/toxsci/kfs210

66. Liu X, Hong Q, Wang Z, Yu Y, Zou X, Xu L. miR-21 inhibits autophagy by targeting Rab11a in renal ischemia/reperfusion. Exp Cell Res (2015) 338:64–9. doi:10.1016/j.yexcr.2015.08.010

67. Yang J, Chen L, Ding J, Fan Z, Li S, Wu H, et al. MicroRNA-24 inhibits high glucose-induced vascular smooth muscle cell proliferation and migration by targeting HMGB1. Gene (2016) 586:268–73. doi:10.1016/j.gene.2016.04.027

68. Maegdefessel L, Spin JM, Raaz U, Eken SM, Toh R, Azuma J, et al. miR-24 limits aortic vascular inflammation and murine abdominal aneurysm development. Nat Commun (2014) 5:5214. doi:10.1038/ncomms6214

69. Jingjing Z, Nan Z, Wei W, Qinghe G, Weijuan W, Peng W, et al. MicroRNA-24 modulates Staphylococcus aureus-induced macrophage polarization by suppressing CHI3L1. Inflammation (2017) 40:995–1005. doi:10.1007/s10753-017-0543-3

70. Fordham JB, Naqvi AR, Nares S. miR-24 regulates macrophage polarization and plasticity. J Clin Cell Immunol (2015) 6:362. doi:10.4172/2155-9899.1000362

71. Naqvi AR, Fordham JB, Nares S. miR-24, miR-30b, and miR-142-3p regulate phagocytosis in myeloid inflammatory cells. J Immunol (2015) 194:1916–27. doi:10.4049/jimmunol.1401893

72. Pua HH, Steiner DF, Patel S, Gonzalez JR, Ortiz-Carpena JF, Kageyama R, et al. MicroRNAs 24 and 27 suppress allergic inflammation and target a network of regulators of T helper 2 cell-associated cytokine production. Immunity (2016) 44:821–32. doi:10.1016/j.immuni.2016.01.003

73. Nakamachi Y, Kawano S, Takenokuchi M, Nishimura K, Sakai Y, Chin T, et al. MicroRNA-124a is a key regulator of proliferation and monocyte chemoattractant protein 1 secretion in fibroblast-like synoviocytes from patients with rheumatoid arthritis. Arthritis Rheum (2009) 60:1294–304. doi:10.1002/art.24475

74. Xiao Y-T, Wang J, Lu W, Cao Y, Cai W. Downregulated expression of microRNA-124 in pediatric intestinal failure patients modulates macrophages activation by inhibiting STAT3 and AChE. Cell Death Dis (2016) 7:e2521. doi:10.1038/cddis.2016.426

75. Sun Y, Li Q, Gui H, Xu D-P, Yang Y-L, Su D-F, et al. MicroRNA-124 mediates the cholinergic anti-inflammatory action through inhibiting the production of pro-inflammatory cytokines. Cell Res (2013) 23:1270–83. doi:10.1038/cr.2013.116

76. Koukos G, Polytarchou C, Kaplan JL, Morley–Fletcher A, Gras–Miralles B, Kokkotou E, et al. MicroRNA-124 regulates STAT3 expression and is down-regulated in colon tissues of pediatric patients with ulcerative colitis. Gastroenterology (2013) 145:842–52.e842. doi:10.1053/j.gastro.2013.07.001

77. Ma C, Li Y, Li M, Deng G, Wu X, Zeng J, et al. MicroRNA-124 negatively regulates TLR signaling in alveolar macrophages in response to mycobacterial infection. Mol Immunol (2014) 62:150–8. doi:10.1016/j.molimm.2014.06.014

78. Ma C, Li Y, Zeng J, Wu X, Liu X, Wang Y. Mycobacterium bovis BCG triggered MyD88 induces miR-124 feedback negatively regulates immune response in alveolar epithelial cells. PLoS One (2014) 9:e92419. doi:10.1371/journal.pone.0092419

79. Wang D, Zhang H, Li M, Frid MG, Flockton AR, Mckeon BA, et al. MicroRNA-124 controls the proliferative, migratory, and inflammatory phenotype of pulmonary vascular fibroblastsnovelty and significance. Circ Res (2014) 114:67–78. doi:10.1161/CIRCRESAHA.114.301633

80. Veremeyko T, Siddiqui S, Sotnikov I, Yung A, Ponomarev ED. IL-4/IL-13-dependent and independent expression of miR-124 and its contribution to M2 phenotype of monocytic cells in normal conditions and during allergic inflammation. PLoS One (2013) 8:e81774. doi:10.1371/journal.pone.0081774

81. Sun Y, Qin Z, Li Q, Wan J-J, Cheng M-H, Wang P-Y, et al. MicroRNA-124 negatively regulates LPS-induced TNF-α production in mouse macrophages by decreasing protein stability. Acta Pharmacol Sin (2016) 37:889–97. doi:10.1038/aps.2016.16

82. Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, Weiner HL. MicroRNA-124 promotes microglia quiescence and suppresses EAE by deactivating macrophages via the C/EBP-[alpha]-PU. 1 pathway. Nat Med (2011) 17:64–70. doi:10.1038/nm.2266

83. Wang D, Shi L, Xin W, Xu J, Xu J, Li Q, et al. Activation of PPARγ inhibits pro-inflammatory cytokines production by upregulation of miR-124 in vitro and in vivo. Biochem Biophys Res Commun (2017) 486:726–31. doi:10.1016/j.bbrc.2017.03.106

84. Qiu S, Feng Y, Lesage G, Zhang Y, Stuart C, He L, et al. Chronic morphine-induced microRNA-124 promotes microglial immunosuppression by modulating P65 and TRAF6. J Immunol (2015) 194:1021–30. doi:10.4049/jimmunol.1400106

85. Pekow JR, Dougherty U, Mustafi R, Zhu H, Kocherginsky M, Rubin DT, et al. miR-143 and miR-145 are downregulated in ulcerative colitis: putative regulators of inflammation and protooncogenes. Inflamm Bowel Dis (2012) 18:94–100. doi:10.1002/ibd.21742

86. O’Leary L, Sevinç K, Papazoglou IM, Tildy B, Detillieux K, Halayko AJ, et al. Airway smooth muscle inflammation is regulated by microRNA-145 in COPD. FEBS Lett (2016) 590:1324–34. doi:10.1002/1873-3468.12168

87. Yang B, Kang X, Xing Y, Dou C, Kang F, Li J, et al. Effect of microRNA-145 on IL-1β-induced cartilage degradation in human chondrocytes. FEBS Lett (2014) 588:2344–52. doi:10.1016/j.febslet.2014.05.033

88. Starczynowski DT, Kuchenbauer F, Argiropoulos B, Sung S, Morin R, Muranyi A, et al. Identification of miR-145 and miR-146a as mediators of the 5q-syndrome phenotype. Nat Med (2010) 16:49–58. doi:10.1038/nm.2054

89. Guo X, Yu L, Chen M, Wu T, Peng X, Guo R, et al. miR-145 mediated the role of aspirin in resisting VSMCs proliferation and anti-inflammation through CD40. J Transl Med (2016) 14:211. doi:10.1186/s12967-016-0961-2

90. Yuan M, Zhang L, You F, Zhou J, Ma Y, Yang F, et al. miR-145-5p regulates hypoxia-induced inflammatory response and apoptosis in cardiomyocytes by targeting CD40. Mol Cell Biochem (2017) 31(1–2):123–31. doi:10.1007/s11010-017-2982-4

91. Kim H, Banerjee N, Sirven MA, Minamoto Y, Markel ME, Suchodolski JS, et al. Pomegranate polyphenolics reduce inflammation and ulceration in intestinal colitis—involvement of the miR-145/p70S6K1/HIF1α axis in vivo and in vitro. J Nutr Biochem (2017) 43:107–15. doi:10.1016/j.jnutbio.2017.02.005

92. Kutty RK, Nagineni CN, Samuel W, Vijayasarathy C, Jaworski C, Duncan T, et al. Differential regulation of microRNA-146a and microRNA-146b-5p in human retinal pigment epithelial cells by interleukin-1β, tumor necrosis factor-α, and interferon-γ. Mol Vis (2013) 19:737–50.

93. Xu W-D, Lu M-M, Pan H-F, Ye D-Q. Association of MicroRNA-146a with autoimmune diseases. Inflammation (2012) 35(4):1525–9. doi:10.1007/s10753-012-9467-0

94. Larner-Svensson HM, Williams AE, Tsitsiou E, Perry MM, Jiang X, Chung KF, et al. Pharmacological studies of the mechanism and function of interleukin-1β-induced miRNA-146a expression in primary human airway smooth muscle. Respir Res (2010) 11:68. doi:10.1186/1465-9921-11-68

95. Bhaumik D, Scott G, Schokrpur S, Patil C, Campisi J, Benz C. Expression of microRNA-146 suppresses NF-κB activity with reduction of metastatic potential in breast cancer cells. Oncogene (2008) 27:5643–7. doi:10.1038/onc.2008.171

96. Cameron JE, Yin Q, Fewell C, Lacey M, Mcbride J, Wang X, et al. Epstein-Barr virus latent membrane protein 1 induces cellular microRNA miR-146a, a modulator of lymphocyte signaling pathways. J Virol (2008) 82:1946–58. doi:10.1128/JVI.02136-07

97. Curtale G, Citarella F, Carissimi C, Goldoni M, Carucci N, Fulci V, et al. An emerging player in the adaptive immune response: microRNA-146a is a modulator of IL-2 expression and activation-induced cell death in T lymphocytes. Blood (2010) 115:265–73. doi:10.1182/blood-2009-06-225987

98. Jurkin J, Schichl YM, Koeffel R, Bauer T, Richter S, Konradi S, et al. miR-146a is differentially expressed by myeloid dendritic cell subsets and desensitizes cells to TLR2-dependent activation. J Immunol (2010) 184:4955–65. doi:10.4049/jimmunol.0903021

99. Fulzele S, El-Sherbini A, Ahmad S, Sangani R, Matragoon S, El-Remessy A, et al. MicroRNA-146b-3p regulates retinal inflammation by suppressing adenosine deaminase-2 in diabetes. Biomed Res Int (2015) 2015:846501. doi:10.1155/2015/846501

100. Zheng C, Shu Y, Luo Y, Luo J. The role of miR-146a in modulating TRAF6-induced inflammation during lupus nephritis. Eur Rev Med Pharmacol Sci (2017) 21:1041–8.

101. Tang Y, Luo X, Cui H, Ni X, Yuan M, Guo Y, et al. MicroRNA-146a contributes to abnormal activation of the type I interferon pathway in human lupus by targeting the key signaling proteins. Arthritis Rheumatol (2009) 60:1065–75. doi:10.1002/art.24436

102. Gao M, Wang X, Zhang X, Ha T, Ma H, Liu L, et al. Attenuation of cardiac dysfunction in polymicrobial sepsis by microRNA-146a is mediated via targeting of IRAK1 and TRAF6 expression. J Immunol (2015) 195:672–82. doi:10.4049/jimmunol.1403155

103. Cheng HS, Sivachandran N, Lau A, Boudreau E, Zhao JL, Baltimore D, et al. MicroRNA-146 represses endothelial activation by inhibiting pro-inflammatory pathways. EMBO Mol Med (2013) 5:1017–34. doi:10.1002/emmm.201202318

104. Lu L-F, Boldin MP, Chaudhry A, Lin L-L, Taganov KD, Hanada T, et al. Function of miR-146a in controlling Treg cell-mediated regulation of Th1 responses. Cell (2010) 142:914–29. doi:10.1016/j.cell.2010.08.012

105. Echavarria R, Mayaki D, Neel J-C, Harel S, Sanchez V, Hussain SN. Angiopoietin-1 inhibits toll-like receptor 4 signalling in cultured endothelial cells: role of miR-146b-5p. Cardiovasc Res (2015) 106:465–77. doi:10.1093/cvr/cvv120

106. Li K, Ching D, Luk FS, Raffai RL. Apolipoprotein E enhances microRNA-146a in monocytes and macrophages to suppress nuclear factor-κB-driven inflammation and atherosclerosis novelty and significance. Circ Res (2015) 117:e1–11. doi:10.1161/CIRCRESAHA.117.305844

107. Hao Y, Zhou Q, Ma J, Zhao Y, Wang S. miR-146a is upregulated during retinal pigment epithelium (RPE)/choroid aging in mice and represses IL-6 and VEGF-A expression in RPE cells. J Clin Exp Ophthalmol (2016) 7:562. doi:10.4172/2155-9570.1000562

108. Bhaumik D, Scott GK, Schokrpur S, Patil CK, Orjalo AV, Rodier F, et al. MicroRNAs miR-146a/b negatively modulate the senescence-associated inflammatory mediators IL-6 and IL-8. Aging (2009) 1:402. doi:10.18632/aging.100042

109. Li M, Wang J, Fang Y, Gong S, Li M, Wu M, et al. MicroRNA-146a promotes mycobacterial survival in macrophages through suppressing nitric oxide production. Sci Rep (2016) 6:23351. doi:10.1038/srep23351

110. Liu Z, Zhou G, Deng X, Yu Q, Hu Y, Sun H, et al. Analysis of miRNA expression profiling in human macrophages responding to Mycobacterium infection: induction of the immune regulator miR-146a. J Infect (2014) 68:553–61. doi:10.1016/j.jinf.2013.12.017

111. Li S, Yue Y, Xu W, Xiong S. MicroRNA-146a represses mycobacteria-induced inflammatory response and facilitates bacterial replication via targeting IRAK-1 and TRAF-6. PLoS One (2013) 8:e81438. doi:10.1371/journal.pone.0081438

112. Sharma N, Verma R, Kumawat KL, Basu A, Singh SK. miR-146a suppresses cellular immune response during Japanese encephalitis virus JaOArS982 strain infection in human microglial cells. J Neuroinflammation (2015) 12:30. doi:10.1186/s12974-015-0249-0

113. Hou J, Wang P, Lin L, Liu X, Ma F, An H, et al. MicroRNA-146a feedback inhibits RIG-I-dependent type I IFN production in macrophages by targeting TRAF6, IRAK1, and IRAK2. J Immunol (2009) 183:2150–8. doi:10.4049/jimmunol.0900707

114. Xu G, Zhang Z, Xing Y, Wei J, Ge Z, Liu X, et al. MicroRNA-149 negatively regulates TLR-triggered inflammatory response in macrophages by targeting MyD88. J Cell Biochem (2014) 115:919–27. doi:10.1002/jcb.24734

115. Zhang Q, Su J, Wang Z, Qi H, Ge Z, Li Z, et al. MicroRNA-149* suppresses hepatic inflammatory response through antagonizing STAT3 signaling pathway. Oncotarget (2017) 8(39):65397–406. doi:10.18632/oncotarget.18541

116. Palmieri D, Capponi S, Geroldi A, Mura M, Mandich P, Palombo D. TNFα induces the expression of genes associated with endothelial dysfunction through p38MAPK-mediated down-regulation of miR-149. Biochem Biophys Res Commun (2014) 443:246–51. doi:10.1016/j.bbrc.2013.11.092

117. Santini P, Politi L, Dalla Vedova P, Scandurra R, d’Abusco AS. The inflammatory circuitry of miR-149 as a pathological mechanism in osteoarthritis. Rheumatol Int (2014) 34:711–6. doi:10.1007/s00296-013-2754-8

118. Duan Q, Mao X, Xiao Y, Liu Z, Wang Y, Zhou H, et al. Super enhancers at the miR-146a and miR-155 genes contribute to self-regulation of inflammation. Biochim Biophys Acta (2016) 1859:564–71. doi:10.1016/j.bbagrm.2016.02.004

119. Wu XY, Fan WD, Fang R, Wu GF. Regulation of microRNA-155 in endothelial inflammation by targeting nuclear factor (NF)-κB P65. J Cell Biochem (2014) 115:1928–36. doi:10.1002/jcb.24864

120. Li X, Kong D, Chen H, Liu S, Hu H, Wu T, et al. miR-155 acts as an anti-inflammatory factor in atherosclerosis-associated foam cell formation by repressing calcium-regulated heat stable protein 1. Sci Rep (2016) 6:21789. doi:10.1038/srep21789

121. Bandyopadhyay S, Long ME, Allen L.-a.H. Differential expression of microRNAs in Francisella tularensis-infected human macrophages: miR-155-dependent downregulation of MyD88 inhibits the inflammatory response. PLoS One (2014) 9:e109525. doi:10.1371/journal.pone.0109525

122. Yuan K, Zhang X, Lv L, Zhang J, Liang W, Wang P. Fine-tuning the expression of microRNA-155 controls acetaminophen-induced liver inflammation. Int Immunopharmacol (2016) 40:339–46. doi:10.1016/j.intimp.2016.09.011

123. Ceppi M, Pereira PM, Dunand-Sauthier I, Barras E, Reith W, Santos MA, et al. MicroRNA-155 modulates the interleukin-1 signaling pathway in activated human monocyte-derived dendritic cells. Proc Natl Acad Sci U S A (2009) 106:2735–40. doi:10.1073/pnas.0811073106

124. Liu F, Nie C, Zhao N, Wang Y, Liu Y, Li Y, et al. miR-155 alleviates septic lung injury by inducing autophagy via inhibition of transforming growth factor-β-activated binding protein 2. Shock (2017) 48:61–8. doi:10.1097/SHK.0000000000000839

125. Matsukura S, Osakabe Y, Sekiguchi A, Inoue D, Kakiuchi Y, Funaki T, et al. Overexpression of microRNA-155 suppresses chemokine expression induced by interleukin-13 in BEAS-2B human bronchial epithelial cells. Allergol Int (2016) 65:S17–23. doi:10.1016/j.alit.2016.04.018

126. Kohlhaas S, Garden OA, Scudamore C, Turner M, Okkenhaug K, Vigorito E. Cutting edge: the Foxp3 target miR-155 contributes to the development of regulatory T cells. J Immunol (2009) 182:2578–82. doi:10.4049/jimmunol.0803162

127. Sun X, Sit A, Feinberg MW. Role of miR-181 family in regulating vascular inflammation and immunity. Trends Cardiovasc Med (2014) 24:105–12. doi:10.1016/j.tcm.2013.09.002

128. Sun X, Icli B, Wara AK, Belkin N, He S, Kobzik L, et al. MicroRNA-181b regulates NF-κB–mediated vascular inflammation. J Clin Invest (2012) 122:1973–90. doi:10.1172/JCI61495

129. Dan C, Jinjun B, Zi-Chun H, Lin M, Wei C, Xu Z, et al. Modulation of TNF-α mRNA stability by human antigen R and miR181s in sepsis-induced immunoparalysis. EMBO Mol Med (2015) 7:140–57. doi:10.15252/emmm.201404797

130. Hutchison ER, Kawamoto EM, Taub DD, Lal A, Abdelmohsen K, Zhang Y, et al. Evidence for miR-181 involvement in neuroinflammatory responses of astrocytes. Glia (2013) 61:1018–28. doi:10.1002/glia.22483

131. Xie W, Li M, Xu N, Lv Q, Huang N, He J, et al. miR-181a regulates inflammation responses in monocytes and macrophages. PLoS One (2013) 8:e58639. doi:10.1371/journal.pone.0058639

132. Galicia JC, Naqvi AR, Ko C-C, Nares S, Khan AA. miRNA-181a regulates toll-like receptor agonist-induced inflammatory response in human fibroblasts. Genes Immun (2014) 15:333. doi:10.1038/gene.2014.24

133. Bazzoni F, Rossato M, Fabbri M, Gaudiosi D, Mirolo M, Mori L, et al. Induction and regulatory function of miR-9 in human monocytes and neutrophils exposed to proinflammatory signals. Proc Natl Acad Sci U S A (2009) 106:5282–7. doi:10.1073/pnas.0810909106

134. Wang Y, Han Z, Fan Y, Zhang J, Chen K, Gao L, et al. MicroRNA-9 inhibits NLRP3 inflammasome activation in human atherosclerosis inflammation cell models through the JAK1/STAT signaling pathway. Cell Physiol Biochem (2017) 41:1555–71. doi:10.1159/000470822

135. Liu W, Wang X, Zheng Y, Shang G, Huang J, Tao J, et al. Electroacupuncture inhibits inflammatory injury by targeting the miR-9-mediated NF-κB signaling pathway following ischemic stroke. Mol Med Rep (2016) 13:1618–26. doi:10.3892/mmr.2015.4745

136. Yao H, Ma R, Yang L, Hu G, Chen X, Duan M, et al. miR-9 promotes microglial activation by targeting MCPIP1. Nat Commun (2014) 5:4386. doi:10.1038/ncomms5386

137. Suárez Y, Wang C, Manes TD, Pober JS. TNF-induced miRNAs regulate TNF-induced expression of E-selectin and ICAM-1 on human endothelial cells: feedback control of inflammation. J Immunol (2010) 184:21. doi:10.4049/jimmunol.0902369

138. Lai L, Song Y, Liu Y, Chen Q, Han Q, Chen W, et al. MicroRNA-92a negatively regulates toll-like receptor (TLR)-triggered inflammatory response in macrophages by targeting MKK4 kinase. J Biol Chem (2013) 288:7956–67. doi:10.1074/jbc.M112.445429

139. Singh Y, Kaul V, Mehra A, Chatterjee S, Tousif S, Dwivedi VP, et al. Mycobacterium tuberculosis controls microRNA-99b (miR-99b) expression in infected murine dendritic cells to modulate host immunity. J Biol Chem (2013) 288:5056–61. doi:10.1074/jbc.C112.439778

140. Gañán-Gómez I, Wei Y, Yang H, Pierce S, Bueso-Ramos C, Calin G, et al. Overexpression of miR-125a in myelodysplastic syndrome CD34+ cells modulates NF-κB activation and enhances erythroid differentiation arrest. PLoS One (2014) 9:e93404. doi:10.1371/journal.pone.0093404

141. Wu Y, Song L-T, Li J-S, Zhu D-W, Jiang S-Y, Deng J-Y. MicroRNA-126 regulates inflammatory cytokine secretion in human gingival fibroblasts under high glucose via targeting tumor necrosis factor receptor associated factor 6. J Periodontol (2017) 88(11):e179–87. doi:10.1902/jop.2017.170091

142. Tang S-T, Wang F, Shao M, Wang Y, Zhu H-Q. MicroRNA-126 suppresses inflammation in endothelial cells under hyperglycemic condition by targeting HMGB1. Vascul Pharmacol (2017) 88:48–55. doi:10.1016/j.vph.2016.12.002

143. Shaked I, Meerson A, Wolf Y, Avni R, Greenberg D, Gilboa-Geffen A, et al. MicroRNA-132 potentiates cholinergic anti-inflammatory signaling by targeting acetylcholinesterase. Immunity (2009) 31:965–73. doi:10.1016/j.immuni.2009.09.019

144. Liu F, Li Y, Jiang R, Nie C, Zeng Z, Zhao N, et al. miR-132 inhibits lipopolysaccharide-induced inflammation in alveolar macrophages by the cholinergic anti-inflammatory pathway. Exp Lung Res (2015) 41:261–9. doi:10.3109/01902148.2015.1004206

145. Xu G, Zhang Z, Wei J, Zhang Y, Zhang Y, Guo L, et al. MicroR-142-3p down-regulates IRAK-1 in response to Mycobacterium bovis BCG infection in macrophages. Tuberculosis (2013) 93:606–11. doi:10.1016/j.tube.2013.08.006

146. Rossato M, Curtale G, Tamassia N, Castellucci M, Mori L, Gasperini S, et al. IL-10-induced microRNA-187 negatively regulates TNF-α, IL-6, and IL-12p40 production in TLR4-stimulated monocytes. Proc Natl Acad Sci U S A (2012) 109:E3101–10. doi:10.1073/pnas.1209100109

147. Qi J, Qiao Y, Wang P, Li S, Zhao W, Gao C. MicroRNA-210 negatively regulates LPS-induced production of proinflammatory cytokines by targeting NF-κB1 in murine macrophages. FEBS Lett (2012) 586:1201–7. doi:10.1016/j.febslet.2012.03.011

148. Zhang D, Cao X, Li J, Zhao G. miR-210 inhibits NF-κB signaling pathway by targeting DR6 in osteoarthritis. Sci Rep (2015) 5:12775. doi:10.1038/srep12775

149. Kopriva SE, Chiasson VL, Mitchell BM, Chatterjee P. TLR3-induced placental miR-210 down-regulates the STAT6/interleukin-4 pathway. PLoS One (2013) 8:e67760. doi:10.1371/journal.pone.0067760

150. Matsui S, Ogata Y. Effects of miR-223 on expression of IL-1β and IL-6 in human gingival fibroblasts. J Oral Sci (2016) 58:101–8. doi:10.2334/josnusd.58.101

151. Wang J, Bai X, Song Q, Fan F, Hu Z, Cheng G, et al. miR-223 inhibits lipid deposition and inflammation by suppressing toll-like receptor 4 signaling in macrophages. Int J Mol Sci (2015) 16:24965–82. doi:10.3390/ijms161024965

152. Neudecker V, Haneklaus M, Jensen O, Khailova L, Masterson JC, Tye H, et al. Myeloid-derived miR-223 regulates intestinal inflammation via repression of the NLRP3 inflammasome. J Exp Med (2017) 214:1737–52. doi:10.1084/jem.20160462

Conflict of Interest Statement: 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.

Copyright © 2018 Tahamtan, Teymoori-Rad, Nakstad and Salimi. 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 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.

OPS/images/fimmu-09-01377-g003.jpg
Positive feedback

Positive feedback

Negative feedback

@
8
&
g
g
2
5





OPS/images/fimmu-09-01377-g004.jpg
‘— L

‘ AP
..u. %5% s
L P
4
| e e

AT — — s §

[
| mnora— s
o

e

g

o o A
ATAA Al

S

ma

N

i s






OPS/images/cover.jpg
? frontiers

in Immunology

Anti-Inflammatory MicroRNAs
and Their Potential for
Inflammatory Diseases

Treatment





OPS/images/fimmu-09-01377-g001.jpg
RNA pol 1l

RNA pol 1l

pri-miRNA

pre-miRNA

| TargettRNAs

| Target rRNAs

Upregulate translation

Translational inhibition






OPS/images/fimmu-09-01377-g002.jpg
Neutrophils, NK cells

Megakaryocytes Granulocytes

g
s
E]
g Function  Differentiation  Differentiation  Differentiation =
g S 2
K ~ Function Function * o
Differentiation ‘. =
Polarization o
Differentiation
Activation
Function 2
) Stability ]
& Ag presentation Differentiation )
K] Activation Function =
2 Function
Differentiation
Differentiation
Activation
Differentiation 3
=
Cytokine production =
Function £
g Activation Differentiation
g Clonal deletion
g Cytokine production
é reaiing AV Producton s Function
‘Affinity maturation  Differentiation . Differentiation
Differentiation ”
Cytokine production 3
o
2
E

Plasma cells Tfh cells Thi cells





OPS/images/logo.jpg
Ghesk for

i@





