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MicroRNAs (miRNAs) are small non-coding RNAs that modulate gene expression post transcriptionally. In healthy individuals, miRNAs contribute to maintaining gene expression homeostasis. However, the level of miRNAs expressed is markedly altered in different diseases, including multiple sclerosis (MS). The impact of such changes is being investigated, and thought to shape the immune system into the inflammatory autoimmune phenotype. Much is yet to be learned about the contribution of miRNAs in the molecular pathology of MS. Epstein-Barr virus (EBV) infection is a major risk factor for the development of MS. EBV encodes more than 40 miRNAs, most of which have been studied in the context of EBV associated cancers. These viral miRNAs regulate genes involved in cell apoptosis, antigen presentation and recognition, as well as B cell transformation. If EBV infection contributes to the pathology of MS, it is plausible that EBV miRNAs may be involved. Unfortunately, there are limited studies addressing how EBV miRNAs are involved in the pathogenesis of MS. This review summarizes what has been reported regarding cellular and viral miRNA profiles in MS and proposes possible interactions between the two in the development of MS.
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INTRODUCTION

To fine tune the biological functions of a living organism, cells employ multiple cellular machineries to regulate gene expression. One of these vital machineries is the recruitment of short dsRNAs, known as microRNAs (miRNAs) to repress the target mRNAs post-transcriptionally (1). Although miRNAs play a crucial role in development, differentiation, and maintaining physiological homeostasis in many body systems, including the immune, lymphatic, and nervous systems (1–4), they also appear to contribute to the development of a wide range of diseases such as neoplasia and oncogenesis (5), autoimmunity (6, 7), and neurodegeneration (8, 9). The finding that some viruses can produce miRNAs, led to the notion that these small RNAs may also play a role in viral infection (10, 11). Moreover, miRNAs have become increasingly recognized as potential tools for monitoring response to therapy (12), disease biomarkers (13), and promising therapeutic targets (14, 15).

As the name suggests, miRNAs are small RNAs (up to 25 nucleotides in length) (16), most of which have evolved to become conserved sequences between different species (17, 18). The majority of miRNAs are polyadenylated and capped, and transcripts of RNA polymerase II (19). miRNAs form stem loop structures with a small sequence complementary to the target mRNA. The microprocessor Drosha (RNase III endonuclease), the dsRNA-binding protein DGCR8 and certain helicases (p68 and p70) act together to trim the primary miRNA into 70-nucleotide long precursor (premature) miRNA with 2-nucleotide overhang at the 3′ end only (20, 21). Exportin-5 and its cofactor Ran-GTP are responsible for shuttling nascent miRNAs from the nucleus out to the cytoplasm (22). These miRNAs encounter a complex, known as RISC (RNA-induced silencing complex) in the cytoplasm. RISC, an assembly of Dicer (RNase III) and other proteins including Argonaute, further processes miRNAs to produce the mature product with 2 overhangs, one at each end (21, 23). The two strands of miRNAs separate, one preferentially remains as a guide strand to bind its semi-complementary (i.e., ~6–8 nucleotide complementarity) mRNA target, usually at the 3′untranslated region (UTR) of mRNA, and the other (passenger) strand is degraded. The guide strand complexes with RISC to block translation of target mRNA into protein (24, 25). This inhibition of translation results from miRNA's ability to orchestrate mRNA de-adenylation and de-capping, and thus decreasing the stability of mRNA, and facilitating its degradation (26). One miRNA molecule can target many genes, and one mRNA can be targeted by multiple miRNAs, making miRNAs a part of complex cellular transcriptome hub. Nevertheless, the influence of miRNA action on protein synthesis is relatively small (1). This can be explained by the fact that many miRNAs function by inhibiting mRNA translation into protein rather than degrading mRNA itself, and it takes several binding sites on the target mRNA to be occupied by miRNAs for an efficient inhibition of translation to take place (27).

MULTIPLE SCLEROSIS AND DISRUPTED miRNA PROFILES

Multiple sclerosis (MS) is the number one cause of neurological (non-traumatic) disability in young adults worldwide (28). It is characterized with damage to myelin in the central nervous system (CNS). Myelin sheaths wrap around axons in the CNS, and play an essential role in speeding up the propagation of electrical impulses. Severely injured myelin sheaths can decelerate impulse conductance, ultimately impairing axonal tracts causing disability (29, 30). In MS, prolonged inflammation and extensive loss of myelin disturb the integrity of the white matter, leading to the formation of multiple focal lesions (also known as plaques) (31). Based on the clinical course, MS is divided into 4 subtypes: relapsing-remitting (RRMS), secondary progressive (SPMS), primary progressive (PPMS) and relapsing progressive (RPMS) (32).

The cause of MS remains unknown. However, the observation that the concordance rate of MS in monozygotic twins ranges between ~6 and 30%, depending on the geographical region (33–35), indicates that MS is a complex multifactorial disease involving both genetic and environmental etiological factors. Several gene loci have been associated with MS, but repeatedly confirmed evidence points to immune-associated HLA class II locus on chromosome 6p21.3; linked to HLA-DR2 haplotype (36). In particular, HLA-DRB1*1501 has the strongest link to MS risk. However, the precise mechanism linking MS to HLA-DRB1*1501 remains enigmatic (37). HLA class II molecules are surface glycoproteins which participate in cognate interaction between CD4+ T cells and antigen presenting cells (APCs). These molecules are polymorphic, and make up the antigenic epitope-binding groove. In addition to HLA class II region, HLA class I locus has also been linked to MS risk (37). Moreover, epigenetic changes have also been proposed to influence a person's risk of developing MS. The impact of epigenetics arises from the possibility that gene expression can be partially governed by chromatin and DNA modifications. Cell division can facilitate the transmission of these modifications, whether they are MS-predisposing or protecting against MS modifications, from parents to their progeny. DNA modifications do not alter the sequence of an individual's DNA. However, epigenetic modification of DNA taking place early in life has the potential to alter the available amount of certain gene products, and the possibility of events related to polymorphisms of specific genes. Epigenetics can exert their impact on many cells from different tissues or cells from one given tissue. It is not possible to demonstrate the effect of epigenetics on MS risk as a stand-alone cause. To understand epigenetic effects, one should consider the role HLA plays in MS risk. This role could be small in some individuals and substantial in others, depending on exposure to and interaction with certain environmental agents and extent of epigenetic modifications (37).

Several studies have examined the profile of cellular miRNAs in MS to identify potential disease mechanisms and markers, and design targeted therapies. To determine whether miRNA profile differs between MS patients and healthy controls, two recent studies used online databases and optimized bioinformatics tools, including integrative miRNA-mRNA interaction hubs (38, 39). They validated the in silico predictions using microarray and qPCR analysis of whole blood samples from MS patients and normal controls. The expression level of up to 45 miRNAs and 621 target mRNAs was found to be significantly disrupted (39). Although the sample size used in one study (39) was small and resulted in conflicting outcome between microarray and qPCR analysis of some variables, the study nevertheless showed significantly dysregulated miR-30a (upregulated), miR-20a, miR-20b, miR-211, and miR-93 (downregulated) in the circulation of MS patients. These miRNAs have been implicated in regulating transcripts involved in the immune response (39). Indeed, miR-30a together with other miRNAs such as miR-345 and miR-221-3p, have been shown to be linked to B cell activity (40) and appear to be upregulated in MS (41). The other study revealed that the expression level of miR-16, miR-24, miR-137 and miR-181 was most significantly affected in MS patients (38). Although the expression of miR-181, which is believed to be linked to activation and differentiation of B cells, was found in this study to be upregulated in MS patients, Sievers and colleagues reported that miR-181 is downregulated in non-treated MS (42). This suggests that the dysregulated profile of miRNAs in MS is affected by disease activity and/or by disease modifying drugs.

Not only does miRNA profile differ between MS and non-MS individuals in the blood, but it also differs in the brain itself, the organ mainly affected in MS. Junker and coauthors (43) compared the levels of miRNA expression in MS brain samples from that in non-MS control brain samples. The expression of up to 22 miRNAs were found preferentially and significantly altered in MS active and inactive lesions compared to non-MS (non-demyelinative) white matter. Although few of these miRNAs were downregulated in MS brain tissues, most of them were highly upregulated with ~2–15-fold increase. To investigate the cellular source of dysregulated miRNAs in MS, studies examined different body tissues. For instance, in MS injured CNS, astrocytes were reported to express high levels of several miRNAs, including miR-155, which was shown to target the 3′ UTR of CD47. The markedly increased expression of miR-155, along with other miRNAs such as miR-34a and miR-326 would result in noticeable decline in the expression of CD47, an inhibitor of phagocytosis. Thus promoting myelin engulfment by phagocytes in MS lesions–particularly in active plaques (43). miR-155 appears to be of great importance in MS pathology (Figure 1). A study carried out on Sardinian population, reported a 7-fold increase in the expression of this miRNA in MS patients compared to sex-matched healthy controls (44). The elevated expression of miR-155 in MS patients correlated with an increase in circulating humoral response to Epstein-Barr virus nuclear antigen 1 (EBNA1). Interestingly, after 6-months of treatment with natalizumab, a monoclonal antibody against the cell adhesion molecule α4β7 integrin, the level of miR-155 and EBNA1 IgG titer in the blood of MS patients significantly dropped compared to no difference observed in the blood of healthy controls. However, an earlier study reported increased levels of EBV miRNAs, and not miRNAs of JC and BK viruses, as an effect of natalizumab treatment (42). Besides lowering the level of miR-155, this negative regulatory effect of natalizumab therapy was also seen on IL-17a, IFN-γ, and TNFα mRNAs (44). The question whether the dysregulated level of miR-155 is directly associated with anti-viral humoral response in MS has not been addressed. Consistent with these observations, studies using miR-155 knockout mice, revealed that these animals are resistant or develop a clinically and histologically mild form of experimental autoimmune encephalomyelitis (EAE) when challenged with encephalitogenic self-peptides derived from oligodendrocyte glycoprotein (45, 46). It appears that the roles played by miR-155 support T cell-driven inflammation and autoimmunity. Another example of cellular source of dysregulated miRNAs is dendritic cells. In the animal model of MS, dendritic cells were found to express a high level of miR-31, which downstream aided the CNS infiltrating myelin-attacking immune cells (47).
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FIGURE 1. Proposed interaction between EBV encoded miRNAs and cellular miRNAs in MS. In the circulation of MS patients, the level of different cellular miRNAs is dysregulated-either significantly upregulated (↑) or downregulated (↓) including miR-20a, miR-20b, miR-211, miR-93, miR-30a, and miR-146a. Disrupted homeostasis of miRNAs impacts the levels of target mRNAs of genes involved in the local immune response. Consequently, a response that is skewed toward the inflammatory phenotype dominates (for instance increased level of IL17a, IFNγ, and TNFα mRNAs and their gene products). Moreover, the increased level of MS exosomal let-7i results in the suppression of regulatory T cells, which otherwise counteract the action of inflammatory subsets of T cell. Circulating B cells (non-infected) and other cellular sources of miR-155 contribute to the elevated levels of miR-155, which is associated with increased titres of anti-EBNA1 antibodies in the circulation. It is interesting to know whether these two biomarkers act directly in a positive feedback loop. Additionally, increased levels of miR-155 directly or indirectly boosts the levels of EBV encoded miR-BART2 and miR-BHRF1 clusters, both of which support the survival of EBV infected B cells. While dysregulated cellular miRNAs feed the ongoing inflammation in MS, EBV encoded miRNAs protect surviving EBV infected cells from host antiviral immune response. One mechanism of evading immune response is by impairing the capacity of antigen presenting cells. EBV encoded miR-BHRF1-3 and miR-BART17 target TAP2 mRNA resulting in downregulation of TAP2 protein. This will diminish the event of processing and presenting EBV viral antigens on class I+ cells to EBV-specific CD8+T cells. In MS, anti-EBV CD8+T cells are chronically activated and functionally exhausted expressing the inhibitory molecules PD1 and TIM3. Within the same context, EBV encoded miR-BART2-5p target MICB mRNA leading to the compromised functionality of anti-EBV NK cells. The few surviving EBV infected cells may potentially influence the inflammatory population in the circulation and/or cross disrupted CNS barriers. The level of cellular miR-31 rises in dendritic cells increasing the potential of infiltrating the brain and spinal cord by different immune cells including the few EBV infected cells. In MS circulation, the expression of erythrocytes miR-30b-5p, miR-3200-3p and miR-3200-5p is increased, making them a useful biomarker for monitoring disease activity. All together, these events contribute to MS pathology hallmarks such as reactive gliosis elicited by activated microglia and astrocytes (right panel).



Another source of MS disrupted miRNAs is believed to be erythrocytes. A study investigating the miRNA profile in erythrocytes purified from whole blood from RRMS patients and healthy controls revealed that only a handful of erythrocyte miRNAs, namely miR-30b-5p, miR-3200-3p and miR-3200-5p, could be linked to MS (48) (Figure 1).

In addition to cellular miRNAs, exosomal miRNAs are also believed to contribute to the pathogenesis of MS. For instance, Kimura and coauthors suggested that the pattern of exosomal miRNAs circulating in the blood of MS patients is unique in that, the miRNA let-7i is markedly increased in MS patients and it could negatively affect the differentiation of CD4+T cells into the regulatory Foxp3+CD4+ Treg cells. The study showed that the inhibitory effect of let-7i was mediated through blocking the expression of transforming growth factor β receptor 1 (TGFBR1) and insulin-like growth factor 1 receptor (IGF1R) (49). This decreased polarization of T cells toward the regulatory phenotype could throw the immune response out of balance, leaving the action of inflammatory immune cells with little checkpoints (Figure 1). Moreover, it is proposed that MS patients have distinct genetic variants of miRNAs. An example of this is the genotype (GC+CC) of the variant rs2910164 in miR-146a, which has been shown to be associated with higher risk of MS disease progression. This genotype was also shown to act in synergism with EBV infection related parameters. Consequently, individuals with this genotype of miR-146a and an elevated baseline humoral response to EBNA1 and EBNA2, or history of infectious mononucleosis (IM) are at a greater risk than the general population of developing MS or experiencing an exacerbation of disease course (50). Supporting this finding, the knockout of miR-146a in murine MS model was found to ameliorate inflammation, as opposed to wild type murine MS model (51).

As pointed out above, there is an indication that dysregulated cellular miRNAs may interact with the immune system and viral infection, particularly EBV infection, in contributing to the pathogenesis of MS. Unfortunately, the details of how these potential risk factors interact, remain unknown. This highlights the need to explore the behavior of cellular miRNAs in different body compartments at different time points in the development of MS (early MS- progressive MS), and investigate possible links between regulatory miRNAs and EBV infection. However, this endeavor is probably more challenging and complex given the fact that one miRNA molecule can have various effects on multiple targets in different settings and different tissues. This is even more complicated due to the varying expression profiles of miRNAs.

EBV, EBV miRNAs, AND MS

Over 40 environmental risk factors have been studied in association with MS, but EBV infection has the strongest sero-epidemiological evidence (52). EBV is a member of the Herpesviridae family of large DNA viruses (53, 54). EBV is highly prevalent in the human population, infecting more than 90% of people worldwide. Although EBV infection in the vast majority of people is largely harmless, it has been associated with several malignancies and the incidence of global deaths due to EBV-related malignancies has been rising (55).

In vitro EBV infection of B lymphocytes, leads to immortalization of these cells into lymphoblastoid cell lines (LCLs). In LCLs, EBV genome circularizes into an episome, and the virus establishes a latent infection without killing the cell (54). Although EBV genome is large and can code for over 80 genes, less than a dozen are actually expressed at the protein level in LCLs. These include, 6 EBV nuclear antigens (EBNA1,-2,-3A,-3B,-3C, -LP) and 3 latent membrane proteins (LMP-1,-2A and -2B). Each one of the 6 EBNAs is encoded by one distinct mRNA. Either Cp or Wp promoters (positioned in BamHI C and W region) express a “rightward” key transcript that is more than 100 kb long (56, 57). The differential splicing of this transcript produces EBNA mRNAs. During early stages of EBV infection of B cells, Cp promoter is transactivated by EBNA1 and EBNA2. Different promoters located in the BamHI N region express LMP transcripts. LMP promoters are transactivated by EBNA2 (58). The function of latent genes products appear to affect differentiation and proliferation of host cells, providing EBV with the potential of cellular transformation and coping with different events in the life cycle of B cells (59). Although most of EBV latent genes are translated into protein products, some are not meant to be translated, including EBV-encoded RNA, EBER-1 and -2, and BARTs (BamHI A rightward transcripts) (60).

EBV encodes for more than 40 miRNAs originating from 25 precursor transcripts. BART and BHRF1 (Bam HI fragment H rightward open reading frame 1) regions encode clusters of EBV miRNAs. The profile of EBV miRNAs has been investigated mainly in EBV immortalized cell lines (61) and EBV-associated tumor biopsies (62). The levels of EBV miRNAs expressed in tumor biopsies were observed to be higher (over 100-fold) than that in EBV cell lines. This suggests that EBV miRNAs could have more gene targets –to be regulated- in vivo than in in vitro cultures (63). Additionally, the expression of miR-BHRF1 clusters is less frequent than that of miR-BART clusters, which are detected in cells with different EBV latency programs (62).

Various roles have been implicated for EBV miRNAs, including, inhibition of apoptosis, promoting B cell survival, inducing B cell transformation, and most importantly, in evading immune recognition and antiviral attack (64). However, there remains a big gap in identifying whether and how EBV miRNAs act in promoting the pathogenesis of diseases other than carcinomas and EBV IM. Indeed, if EBV is involved the pathogenesis of autoimmune diseases such as MS, looking at how EBV miRNAs engage in the disease process could offer new insights into how MS develops and potential strategies for treatment and prevention. Probably one of the most indispensable functions of EBV-encoded miRNAs is immune evasion. Albanese et al (65) compared two types of cultures of in vitro EBV infection of human B cells. In one culture, primary B cells were infected with wild-type EBV expressing viral miRNAs, while in the other culture, B cells were infected with virus deficient of miRNAs. Upon EBV infection, B cells in both cultures expanded. When auto-CD8+ T cells were introduced into the cultures, cells infected with miRNAs-deficient virus were more susceptible to cell death compared to cells infected with wild-type virus. Further investigations revealed that EBV miRNA expressing culture significantly reduced the cytotoxicity (indicated by IFN-γ secretion) and clonal expansion of anti-EBV CD8+ T cells, and thus protecting infected B cells and sustaining their viability (65). Using in silico prediction tools followed by in vitro transfection system and luciferase reporter assays, revealed that EBV miRNAs (miR-BHRF1-3 and miR-BART17) targeted the 3′ end of the TAP2, causing inhibition of expression of TAP2 protein. TAP2 is involved in antigen processing and presentation on MHC class I+ cells. Thus, this could explain how EBV may evade immune recognition (Figure 1). Within the same context, the expression of HLA-B*07, HLA-B*08, and HLA-B*40 haplotypes was also shown to be lower in EBV miRNA expressing culture compared to EBV miRNA-deficient culture. Interestingly, the level of HLA-A*02, associated with reduced risk of MS (66–68), in EBV miRNA expressing culture was shown to be comparable to that in EBV miRNA deficient culture (65). The same group demonstrated in an earlier study that EBV also makes use of its miRNAs to escape recognition by CD4+ T cells and attenuate viral gene processing and presentation on class II molecules expressing cells (69). EBV miRNAs are also thought to modulate the expression of inflammatory cytokines. Using luciferase reporter assays and Western blotting, it has been shown that EBV encoded miR-BHRF1-2-5p targets the 3′UTR of IL-1 receptor 1 (IL-1R1). This was reflected in the reduced production of the protein (i.e., decreased expression of IL-1R), which is physiologically involved in alerting the immune system for presence of viral infection (70).

Collectively, these studies suggest an intimate relationship between EBV miRNAs and the immune system, with the latter being on a direct intersection with MS. To investigate the effect of EBV infection on the immune system in MS, a recent study characterized, phenotypically and functionally, T cells derived from MS white matter lesions in 27 MS cases from the Dutch population (71). The investigators carried out a comprehensive analysis involving different body compartments (blood, CSF, and white matter/brain parenchyma). Flow cytometry analysis showed that brain lesion derived T cells were frequently cytotoxic (granzyme B secreting) CD8+ T cells of effector memory phenotype. These cells were also found to be chronically activated, expressing CD95L and the inhibitory molecules PD1 and TIM3, and had increased reactivity against EBV auto-LCLs, but not against 7 potential self-antigens related to MS (71). In spite of their reactivity against EBV, CD8+ T cells appear to have an impaired antiviral response, particularly in the periphery in MS (72–74). The increased expression of the inhibitory surface molecule PD1 by on CD8+ T cells results in a markedly reduced cytolytic activity against EBV infected cells (72), in particular latently infected cells (74).

How EBV infection influences the immune system in MS was also studied in a marmoset model of EAE. EBV infected B cells are thought to serve as professional antigen presenting cells that uptake myelin derived antigens, process and present them to autoreactive CD8+ T cells, triggering perturbed local immune response (75). Uninfected B cells on the other hand, capture myelin antigens, which undergo processing by cathepsins in the lysosome, but never end up displaying them on cell surface because self-antigens are degraded intracellularly (76). In line with this, EBV encoded miRNA clusters, BHRF1-2, BART1-5p, BART1-3p, and BART2-5p, were shown to target multiple genes involved in antigen processing, including CTSB (coding for cathepsin B), LGMN (coding for asparagine endopeptidase) and IFI30 (coding for γ interferon-inducible lysosomal thiol reductase) (70). It would be interesting to know whether EBV miRNAs has the ability to discriminate between mRNAs of genes involved in processing viral antigens and those of genes involved in processing self-antigens. Indeed, in marmoset model, RNA sequencing revealed that EBV infection alters the expression of genes coding for molecules required for (1) appropriate antigen processing and presentation, and (2) providing immune cells with surface costimulatory signals (73). Some of the markers that have been reported to be downregulated upon EBV infection include CCR7; a T cell surface molecule needed for homing to secondary lymphoid tissues; CD27, a member of TNFR family, and CCR6 and IL-23R, a chemokine and cytokine receptor, respectively (73). These observations support the notion that EBV infection greatly influences the immune response in MS and a more detailed picture is needed to fully uncover the link between the virus and MS.

Another link between EBV infection and MS is the history of IM. IM results from delayed primary EBV infection, and several reports indicate that it is a major risk factor for the development of MS (77–82). By contrast, very few studies have examined EBV miRNAs in IM. A study that investigated the profile of EBV miRNAs in children post kidney transplantation and compared it to children with IM, found no significant correlation between EBV copy number and the number of EBV encoded miRNAs expressed in plasma (83). Nevertheless, transplant recipients who had no detectable levels of EBV load had lower levels of EBV miRNAs, compared to transplant recipients with chronically elevated EBV load. The plasma level of EBV miRNAs in non-transplant IM patients was as high as that in transplant recipients with chronically elevated peripheral EBV load. Of note, only IM patients had detectable levels of the lytic EBV miR-BHRF1-2-3p and miR-BHRF1-1. This study was limited by the lack of healthy controls for comparison and the small sample size (83). Additionally, most (87.5%) of IM patients and (75%) transplant recipients with chronically elevated viral load had detectable level of EBV miR-BART2-5p in plasma, compared to only 58.3% of transplant recipients with no detectable viral load (83). The regulatory role of EBV miR-BART2 was described in targeting the 3′UTR of EBV BALF5 coding for BALF5, an EBV DNA polymerase. The resulting inhibition of BALF5 leads to decreased viral shedding (84). EBV miR-BART2-5p cluster was also reported to target 3′UTR of MICB gene, leading to suppression of NK cells function (85) (Figure 1). Hence, EBV miRNAs again seem to help EBV infected cells evade the immune system.

Another study in pediatric population focused on quantifying cellular miRNAs and EBV encoded miRNAs in IM patients and EBV seropositive healthy controls (86). Of the 44 EBV miRNAs tested in this study, 41 were detected at elevated levels in early phase of IM, compared to only 11 in control group. Generally, the plasma levels and B cell expression of EBV miRNAs decreased with time in the IM group. Of the 84 cellular miRNAs tested, 40 were expressed at least 2-fold more in early IM than in healthy controls. The expression of most cellular miRNAs in CD8+ T cells was found to drop with time. In contrast, the B cell expression of most cellular miRNAs, associated with immune response and cell differentiation, was found to increase with time (86). Among these cellular miRNAs are miR-155, miR-137, miR-181, and miR-146a, all of which were reported to be dysregulated in MS (38, 39, 44, 45, 87). Moreover, a positive trend was observed between B cell miR-155 and miR-181 and EBV miR-BART2 and miR-BHRF1 clusters (86). EBV miR-BHRF1 has been described in EBV triggered cell transformation (88) and promoting EBV infected B cell survival in vitro (89). However, little is known about how these altered viral miRNAs in IM modulate the expression of cellular miRNAs, and how their interaction can make IM a risk factor for the development of MS. Thereby, it is safe to propose that EBV encoded miRNAs and dysregulated cellular miRNAs may interact, regardless of which depends on which, and contribute to the pathology seen in MS (Figure 1). Indeed, it appears that the dysregulated levels of cellular miRNAs in MS can promote EBV infection in MS and serve the surviving infected cells (90).

CONCLUSION

Of the environmental factors, substantial amount of data indicates that EBV is directly or indirectly involved in the pathogenesis of MS (91–95). Moreover, cellular, exosomal, plasma and erythrocyte miRNAs profiles indicate that these profiles are disrupted in MS patients, compared to healthy controls (15, 48, 49, 96, 97). Although a large number of studies have investigated the significance of EBV encoded miRNAs in altering the levels of viral and cellular genes in EBV associated malignancies (88, 98), much less is known in the context of MS. On the one hand, the disrupted homeostasis of cellular miRNAs in MS appears to serve the ongoing inflammation linked to the disease, whilst on the other hand, they may aid in supporting the survival of EBV infected cells by positively influencing viral miRNAs that function in evading anti-EBV immune response. Dysregulated cellular miRNAs may also pave the way for CNS infiltration by inflammatory cells and EBV infected cells. It is reasonable to think that EBV miRNAs in MS CNS can also impact CNS resident cells, particularly those involved with MS pathology. Thus, investigating the targets and role of EBV miRNAs in MS, mainly in peripheral blood, CSF, brain, and CNS draining lymph nodes, could shed light on disease mechanism not yet explored.
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