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Abstract: At present, special efforts are being made to develop the strategies allowing for activation
of long-lasting antigen-specific immune tolerance in therapy of allergic and autoimmune diseases.
Some of these therapeutic approaches are aimed at modulating cell functions at genetic level by
using miRNA-based and miRNA-targeting treatments. Simultaneously, the crucial role of
extracellular vesicles as natural miRNA conveyors is highlighted for induction of antigen-specific
immune tolerance, especially that they appear to be easily manipulatable for therapeutic applications.
Among other immune-related miRNAs, miR-150 is getting special attention as it is differently
expressed by immune cells at various stages of their maturation and differentiation. In addition,
miR-150 is involved in different signaling cascades orchestrating humoral and cell-mediated
mechanisms of both innate and adaptive immune responses. Therefore, miR-150 is considered a
master regulator of immunity in mammals. Currently, physiological miR-150-dependent regulatory
circuits and causes of their malfunctioning that underlie the pathogenesis of allergic and autoimmune
disorders are being unraveled. Thus, present review summarizes the current knowledge of the role of
miR-150 in the pathogenesis and complications of these diseases. Furthermore, the involvement of
miR-150 in regulation of immune responses to allergens and self-antigens and in induction of
antigen-specific immune tolerance is discussed with the special emphasis on the therapeutic potential
of this miRNA.
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1. Introduction

To function properly, the immune system requires balanced reactivity of immune cells. In
particular, the ability to distinguish between danger and neutral signals allows immune cells to
activate immune responses to invading pathogens and tumor antigens or maintain immune tolerance
to self- and nonpathogenic antigens. Breaking of the mechanisms that provide the latter function
causes autoimmune-, allergic- or hypersensitivity-related diseases.

When compared to other classes, microRNAs (miRNAs) are likely the most evolutionarily
conserved type of non-coding RNA molecules. After discovery in Caenorhabditis elegans, miRNAs
have been shown to down-regulate gene expression post-transcriptionally. Mature miRNA strands
are around 22 nucleotides in length and in most cases bind to 3’ untranslated region (3’ UTR) of
target MRNAs to induce their degradation. However, in certain circumstances, miRNAs may also
regulate transcription or activate translation processes [1]. There is a growing evidence that miRNAS
are a part of cell secretome that, when released to extracellular milieu, could be protected by either
association with proteins, such as argonaute-2, or packaging into extracellular vesicles (EVSs). In both
forms, circulating miRNAs could be easily detected in various biological fluids and seem to be
extremely stable both in vivo and in vitro [1]. These features emphasize the essential regulatory role
played by miRNAs in homeostasis of the organism [2]. The complex biogenesis of miRNAs and
their sophisticated biological functions have recently been outlined by Dexheimer and Cochella [3].
It is worth noting that recent advances in understanding of the latter make miRNAs promising
candidates for various clinical applications, including treatment of immune-related disorders.

Along these lines, therapeutic activation of long-lasting antigen-specific immune tolerance is a
critical point in allergic and autoimmune diseases that is extremely hard to achieve. One can
speculate that such therapeutic maneuvers would be the most efficient when modulating cell
functions at genetic level. Thus, miRNA-based and miRNA-targeting strategies deserve special
attention. Simultaneously, the crucial role of EVs as natural miRNA conveyors is emphasized for
induction of antigen-specific immune tolerance [4], especially that EVs could likely be quite easily
manipulated for therapeutic applications [5]. However, physiological miRNA-dependent regulatory
circuits and causes of their malfunctioning, which underlies the pathogenesis of particular disorder,
have to be unraveled at first.

In 2005, studies on the regulation of mammalian hematopoiesis by miRNAs identified
predominant miR-150 expression in resting T and B lymphocytes [6]. Two years later the crucial role
of miR-150 in the development of mature T and B cells was confirmed by another group [7]. In
addition, prematurely expressed miR-150 was found to block early B cell development [7]. Detailed
analysis revealed the transcription factor c-Myb, targeted by miR-150 while controlling B cell
maturation [8]. Further comprehensive studies outlined functions of miR-150 in normal and
malignant hematopoiesis, which vary by cell lineage and differentiation stages [9]. Besides, miR-150
was also found to be rather exported than retained by immune cells [10], implying its involvement in
communication between immune and neighboring cells. Moreover, increased serum concentration of
EV-associated miR-150 is considered a biomarker of T and B cell activation [11,12]. Therefore at
present, the complex and ambiguous role of miR-150 in physiological and pathological conditions is
widely studied with the special focus on tumorigenesis and mutual interactions of immune and tumor
cells [13,14]. However, the importance of miRNA-mediated immune regulation in allergic diseases
has recently emerged [15-17], and miR-150 appears to be involved not only in regulation of allergic
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responses but also in autoimmunity and maintenance of immune tolerance, as summarized in the
current review.

2. miR-150 in type I allergic reactions

Balanced mechanisms of immune responses and tolerance remain under control of
multifactorial circuits, including dynamic regulation of gene expression by miRNAs. At present,
there is growing body of evidence that breaking the immune tolerance to allergens and development
of allergic reactions are strictly associated with dysregulation of miRNA-mediated signaling
cascades [16-18]. Thus, understanding of these aspects would greatly benefit the development of
treatment strategies aiming at amelioration of imbalanced cellular interactions at genetic level.

In sensitized individuals, allergen-specific IgE antibodies trigger mast cell and basophil
degranulation and release of proinflammatory mediators responsible for the development of type |
hypersensitivity reactions. Those include but are not limited to allergic asthma and rhinitis, food
allergy and urticaria.

Some of the first studies that focused on miR-150 involvement in allergic inflammation
demonstrated its increased expression levels in lung tissue harvested from asthmatic mice sensitized
to ovalbumin (OVA) [19], and then in CD4+ T lymphocytes collected from spleen of similarly
sensitized animals [20]. Other studies showed that miR-150 is abundantly expressed in human CD8+
T cells isolated from peripheral blood of both asthmatic patients and healthy individuals [21].
Conversely, preliminary report suggested that miR-150 is down-regulated in mouse CD4+ T cells
during OVA-induced allergic inflammation, and that transgenic mice, which overexpress miR-150,
are resistant to asthma induction [22], suggesting that miR-150 may prevent the development of
hypersensitivity. This could be due to the indirect regulation of GATA3, which is controlled by
c-Myb, a crucial target of miR-150 [23]. GATA3 is a transcription factor that controls type 2 helper T
(Th2) cell development, and thus modulates the induction of humoral and allergic responses. In
addition, miR-150 is supposed to inhibit airway smooth muscle cell hypertrophic remodeling [24],
which may improve asthmatic patient condition. Furthermore, down-regulated expression of
miR-150 has recently been detected in colon tissue collected from symptomatic mice allergic to
B-lactoglobulin [25]. The latter finding suggests that miR-150 may down-regulate type | allergy to
bovine milk proteins. As discussed below, our observations imply that non-IgE-mediated allergy to
casein from cow’s milk could also be suppressed by EV-enclosed miR-150 [26]. Altogether, miR-150
appears to be involved in regulation of allergic reactions and thus could be considered very
interesting candidate for various therapeutic applications.

3. miR-150 in delayed-type hypersensitivity (DTH) reactions

In humans, delayed-type hypersensitivity reaction underlies allergic contact dermatitis,
non-lgE-mediated food allergies and celiac disease [27], as well as some autoimmune diseases, as
discussed below. The first report that compared miRNA expression patterns in healthy and lesional
skin revealed four different miRNAs (namely miR-21, miR-223, miR-142-3p, and miR-142-5p) that
are significantly up-regulated after allergen sensitization both in human and mouse samples.
Interestingly, all of them are related to T cell activation, which is observed in the pathogenesis of
allergic contact dermatitis. However, miR-150 was found up-regulated in skin biopsies from patients

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



198

with contact allergy to diphenylcyclopropenone, while it was down-regulated in skin samples from
mice sensitized with dinitrofluorobenzene [28]. These observations were related to the function of
miR-150 in CD1d-restricted invariant NKT cell development [29], which is disrupted in miR-150
knock out mice [30]. However, invariant NKT cells seem to play a dual role in mouse contact
hypersensitivity (CHS) reaction. These cells were shown, on the one hand, to regulate CHS in
dinitrofluorobenzene-sensitized mice by controlling CD8+ T cell effector functions [31], while, on
the other hand, to support CHS elicitation by providing IL-4 for activation of B1a lymphocytes [32].
Additionally, it was assumed that observed differences in miR-150 expression may result from its
impact on antigen-presenting cell (APC) functions [29]. Accordingly, epidermal Langerhans cells
from miR-150 knock out mice were found to express reduced capacity to cross-present soluble
exogenous antigens to CD8+ T cells [33]. This suggests that miR-150 can drive the presentation of
haptenated proteins to cytotoxic T lymphocytes in CHS. However, these aspects require further
investigation.

It is worth noting that subsequent studies confirmed significant upregulation of miR-150 in
lesional skin biopsies collected 3 days after hapten challenge when compared to placebo-challenged
skin of dinitrofluorobenzene-sensitized human volunteers. However, miR-150 was only slightly
upregulated at day 14 after challenge. Accordingly, it was postulated that the preferential expression
of miR-150 at the peak of DTH reaction could promote resolution of cutaneous inflammation later
on [34]. This assumption seems to be in line with our research findings.

In early 1970s the newly discovered population of suppressor CD8+ T (Ts) cells was shown to
antigen-specifically suppress CHS reaction in mice. Further studies revealed that Ts cells are induced
in mice by intravenous administration of a high dose of haptenated syngeneic red blood cells [35].
However, the exact mechanism of Ts cell-mediated immune suppression was uncovered by our
recent studies [4]. We have demonstrated that Ts cells release miR-150 in EVs that are coated with
B1 cell-secreted, antigen-specific antibody light chains [36]. These EVs with enclosed miR-150 were
then proved to suppress mouse CHS reaction in a hapten-specific manner ensured by antibody light
chains [37]. Analogously, we have recently found that Ts cell-derived, EV-carried miR-150
suppresses DTH to ovalbumin and casein [26,38]. Interestingly, when compared to intraperitoneal,
intradermal and intravenous routes, the highest therapeutic effect of miR-150-carrying EVs was
achieved after oral administration [26,38] (Figure 1). These miR-150-carrying EVs target APCs,
which in turn inhibit the proliferation of CHS and DTH effector T cells [39] by inducing their
apoptosis and reducing activation at the immune synapse [40]. Our current findings suggest that
miR-150-carrying EVs target APCs antigen-specifically due to the surface coating of light chains
that bind antigenic determinants presented by major histocompatibility complex (MHC) molecules
on the surface of APCs [38]. We assumed that miR-150 stimulates APCs to release secondary EVs
that inhibit DTH effector T cells [4,41]. However, this aspect remains under investigation, as
discussed below.
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Figure 1. Postulated therapeutic activity of extracellular vesicle (EV)-transmitted
miR-150. Studies in animal models showed that miR-150 delivered by EVs released by
miR-150-transfected mesenchymal stem cells ameliorates the course of collagen-induced
arthritis (CIA) in DBA/1 mice after intraperitoneal (i.p.) injection. Moreover, suppressor
T cells induced by intravenous administration of antigen-conjugated syngeneic
erythrocytes release miR-150-carrying EVs that are coated with Bla cell-derived
antibody light chains, and then suppress delayed-type hypersensitivity (DTH) when
administered i.p., intravenously (i.v.), intradermally (i.d.) or per os (p.0.) to actively
immunized CBA or C57BL/6 mice.

Furthermore, we have demonstrated that miR-150 can be associated with B1 cell-derived EVs
to induce CHS suppression in mice [32,42]. This allowed us to propose an alternate pathway of
transmission of freely circulating miRNAs to acceptor cells [42]. In addition, these findings brought
an evidence for the possibility to load EVs with selected miRNASs by passive incubation, which has a
very low impact on the quality of EVs [5]. In parallel, our research revealed a possible role of
miR-150 in induction of self-tolerance and regulation of DTH-based autoimmune responses [40], on
which our ongoing studies are focused. However, as discussed below, the role of miR-150 in
autoimmunity is ambiguous (Figure 2).
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Figure 2. Effects of the changes in miR-150 expression on autoimmune responses.
Scheme summarizes the beneficial (green arrows) or deleterious (red arrows) effects of
either increased/induced expression of miR-150 or its knocking-out/silencing/antagonizing.

4. miR-150 in autoimmune disorders

Numerous studies imply a complex role of miR-150 in autoimmunity. As mentioned above, it is
involved in regulation of B and T cell differentiation, and thereby could modulate both the induction
and effector phases of autoimmune responses [43]. Moreover, depending on the targeted organ and
its cellular source, miR-150 was suggested to either promote [44—47] or inhibit [48,49] the fibrosis
process. Furthermore, another study showed the dysregulated miR-150 expression in inflamed but
not fibrostenotic areas of intestinal mucosa collected from patients with Crohn’s disease [50],
implying its immune regulatory function in this disorder. In addition, miR-150 was found to play a
protective role in tissue injury [51]. Moreover, our studies suggest that EV-derived miR-150 from
self-antigen-activated Ts cells suppress self-reactive Thl lymphocytes [40]. Accordingly, one can
speculate that miR-150 might both prevent the progression and attenuate symptoms of various
autoimmune diseases (Figure 2). Thus, we summarize below the already uncovered functions of
miR-150 in particular systemic and organ-specific autoimmune disorders. It should be noted,
however, that classification of autoimmune diseases as systemic and organ-specific provides a simple
conceptual framework, not taking into account the diversity of their pathophysiologies.

4.1. Systemic autoimmune diseases

Systemic lupus erythematosus (SLE) is a very complex systemic autoimmune disease with
variable clinical manifestations and usually severe complications, including lupus nephritis [52]. In
addition, patients can develop cutaneous lupus erythematosus (CLE) that may not be associated with
systemic disease [53]. Dysregulation of multiple immune cell functions in both innate and adaptive
immunity leads to autoimmune responses underlying the pathogenesis of SLE. On the one hand,
breaking of the tolerance to nuclear and cytoplasmic self-antigens induces autoantibody production
by B cells interacting with various helper T cell populations, which is followed by immune complex
formation, and multiorgan damage [54]. On the other hand, neutrophils have recently gained special
attention due to their increased capacity to form extracellular traps (NETs) that can both retain
autoantigens to trigger autoimmunity and induce endothelial damage to favor thrombosis, and thus
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exacerbate the course of the disease [54]. These mechanisms are accompanied by dysregulation of
cytokine signaling cascades. In addition, the involvement of self-reactive T cells [54] and
proinflammatory macrophages [55] cannot be excluded as well. Thus, due to such multifactorial
pathogenesis, SLE treatment requires holistic approach, including novel strategies allowing immune
regulation at genetic level. These could be based on RNA interference technology [56], for instance
with the use of miRNA mimics or inhibitors, that seem to be well suited for treating patients with
systemic autoimmune diseases [56,57]. At first, however, both gene dysregulation patterns and
miRNA expression profiles have to be identified for each autoimmune disorder.

Accordingly, since miR-150 modulates B cell differentiation, its possible role in SLE has
already been investigated in several studies. While assessing the potential biomarker value of the B
cell-related circulating microRNAs in the differential diagnosis and monitoring of SLE progression,
miR-150 expression in plasma was found significantly decreased when compared to healthy
controls [58-61] (Table 1). Similar decrease was observed in serum-derived EVs from SLE
patients [62], and in serum of patients with CLE [63]. However, another study involving plasma
samples showed that miR-150 expression was slightly upregulated [64]. These discrepancies may
result from the differences in stages and manifestations of the disease between enrolled cohorts. For
instance, vascular complications could increase blood cell and platelet counts and activation, which
in turn was suggested to contribute to the elevated expression of miR-150 [65]. Similar elevation
may likely be observed in patients with fibrotic complications, lupus nephritis especially, since
miR-150 was suggested to promote renal fibrosis by reducing the antifibrotic activity of the
suppressor of cytokine signaling 1 (SOCS1) and enhancing the synthesis of profibrotic proteins in
both proximal tubular and mesangial cells [47]. Furthermore, combined assessment of miR-21,
miR-29¢, and miR-150 expression in EVs collected from urine is considered very interesting
candidate for non-invasive detection and monitoring of renal fibrosis in lupus nephritis in adults [66],
while assessing miR-125a, miR-150, and miR-155 in the urine supernatant may complement the
current strategy for estimating the activity of lupus nephritis in children [67]. Besides, miR-150
expression could be considered a potential biomarker of histological changes in the progression of
lupus nephritis [68]. In addition, miR-150 levels seem to correlate with peripheral blood
plasmacytoid dendritic cell and skin CD4+IL-4+ T cell counts in patients with CLE [63]. Finally, the
expression of miR-150 appears to correlate positively with the ratios of CD19+IgD—-CD27— B cells
and plasmablasts in peripheral blood of SLE patients [69]. Altogether, changes in miR-150
expression were included to the signature of a SLE-related miRNA profile by analyzing the Gene
Expression Omnibus repository [68]. On the other hand, one can speculate that therapeutic silencing
of miR-150 activity could ameliorate renal fibrosis. This could likely be achieved by inhibiting
miR-150 with various types of anti-sense inhibitors or by sponging it with the use of circular RNAs
containing complementary binding sites to particular miRNA strand [70]. Accordingly, Luan et al.
have already identified circHLA-C as a candidate sponge RNA for miR-150 by examining human
kidney tissue samples from subjects with lupus nephritis [71], and showed that locked nucleic acid
(LNA)-anti-miR-150; i.e. antisense oligonucleotide that binds to miR-150 to inhibit its function,
ameliorates the course of lupus nephritis in a mouse model [45].

Expression of particular miRNA in peripheral blood can be measured not only in total
plasma/serum, plasma/serum-derived EVs and EV-depleted plasma/serum, but also in isolated cell
populations. Accordingly, miR-150 was found down-regulated in purified T cells of SLE patients
when compared to healthy individuals [72]. Furthermore, various mouse models of SLE are
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characterized by an increased frequency of an atypical NK cell subset that expresses significantly
less miR-150 than conventional NK cells [73]. These atypical NK cells found in lupus-prone mice
may refer to CD56+ NK cell subpopulation, which number increases in SLE patients even though
the general counts of NK cells seem to decrease. Interestingly, this NK cell subpopulation generates
cytokines efficiently at inflamed sites [73], which implies its possible involvement in SLE
pathogenesis. Altogether, these findings suggest that decreased miR-150 activity in immune cells
may underlie their proinflammatory activation in SLE. Therefore, one can assume that up-regulation
of miR-150 expression in these cells would produce beneficial effects.

Along these lines, approximately 4-fold decrease in miR-150 expression was found in
splenocytes collected from lupus-prone mice. This was accompanied by the up-regulation of
triggering receptor expressed on myeloid cells 1 (TREM-1) on splenic conventional dendritic cells of
mice with SLE, which was found responsible for amplification of TLR4-dependent proinflammatory
cytokine release. Bioinformatic analysis revealed that miR-150 may target TREM-1 mRNA, and
further analysis confirmed significant reduction of TREM-1 protein level in miR-150-transfected
dendritic cells [74]. These findings suggest that miR-150 down-regulation in immune cells and
circulating blood plasma promotes SLE development and progression. Thus, miR-150 could be
considered a promising candidate for cell-directed therapeutic applications in SLE. Conversely, as
mentioned above, its tissue-targeted therapeutic silencing could offer therapeutic benefit in the case
of lupus nephritis.

Similarly to SLE, enhanced B cell activity characterized by autoantibody production is the
hallmark of primary Sjogren’s syndrome, a common systemic autoimmune disease affecting mainly
the exocrine glands. In some patients, the decreased lacrimal and salivary secretion could be
accompanied by a variety of extraglandular manifestations [75]. In addition, secondary Sjogren’s
syndrome can also develop in individuals with other autoimmune connective tissue diseases, such as
SLE and rheumatoid arthritis [75]. While other miRNAs have been widely studied in this disease, the
decreased miR-150 expression was confirmed so far in one study [69] (Table 1). Interestingly, this
decrease seems to be more pronounced than in SLE patients. However, no difference in miR-150
levels was shown between patients with glandular symptoms only and those with accompanying
extraglandular manifestations [69]. Thus, down-regulation of this miRNA in immune cells appears to
favor the development of Sjogren’s syndrome, thereby implying its therapeutic potential. However,
another study implied the increase in miR-150 expression in serum from patients enrolled to
discovery cohort, but this observation was not repeated in validation cohort [76]. Thus, the role of
miR-150 in Sjégren’s syndrome requires further investigation.

Scleroderma (systemic sclerosis, SSc) is an autoimmune connective tissue disease of unknown
etiology with a chronic and quite unpredictable course with prominent inflammatory and vascular
manifestations, which are thought to trigger the activation of fibroblasts and excessive production of
extracellular matrix. As a result, SSc affects skin and multiple internal organs due to the occurrence
of widespread parenchymal fibrosis that is its distinguishing characteristic feature.

The large cross-sectional study, aimed at validating selected miRNAs for the highest diagnostic
accuracy, made miR-150 strong classifier for SSc in comparison to SLE [59], thereby suggesting the
possible usefulness of miR-150 as biomarker for differential diagnosis of these diseases (Table 1).
However, this study showed no significant correlation of circulating miRNA profiles with clinical
variables, including autoantibody presence [59]. Another research demonstrated the increased
miR-150 expression in peripheral blood mononuclear cells from patients with SSc. However,
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miR-150 transcript levels negatively correlated with mRNA for survivin, one of the apoptosis
inhibitors [77]. The latter indicates that up-regulated miR-150 expression may promote apoptosis of
self-reactive lymphocytes, and thus ameliorate the course of SSc.

Additionally, another study conducted in Japan suggested that miR-150 may likely also alleviate
the symptoms of SSc. Along these lines, this research demonstrated significant decrease of miR-150
levels both in fibroblasts obtained by lesional skin biopsy and in serum [49]. Further analysis
revealed that normal fibroblasts transfected with miR-150 inhibitor were characterized by an
increased integrin B3 and type I collagen expression, which resembles fibroblasts from SSc patients.
Molecular examination of the latter cells showed that their transfection with miR-150 mimic
diminished the up-regulated expression of integrin 33, phosphorylated Smad3, and type I collagen.
Finally, in vivo visualization demonstrated reduced miR-150-emitted signal detected in SSc
fibroblasts located between the thickened collagen bundles, when compared to normal skin
fibroblasts with no differences between other cell types [49]. Altogether, these results imply that
miR-150 prevents fibroblast overactivation that characterizes SSc. This assumption appears to be
supported by experimentally observed anti-fibrotic effect of miR-150. Interestingly, its direct
cleaving by IRE1a kinase seems to mediate fibrosis in SSc [78]. On the other hand, serum miR-150
levels seemed to correlate with the prevalence of pitting scars or ulcers and the incidence of
anti-topoisomerase | autoantibody [49,79]. In this regard, miR-150 could be considered an epigenetic
biomarker of disease severity [80].

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease predominantly driven by
CD4+ Th cells and autoantibody-producing B lymphocytes and affecting mainly the joints [81].
Some studies have already suggested the role of miR-150 in this disease [82].

Experimental approaches demonstrated that miR-150 inhibits SOCS1 and promotes the growth
of MH7A cell line, i.e. RA synovial fibroblasts [83]. Since inflammatory-activated synovial
fibroblasts play a deleterious role in the course of RA, these observations implied the detrimental
role of miR-150 in disease progression. Accordingly, miR-150 sponging by long non-coding RNA
LINCO01197 was found to inactivate the TLR4/NF-kB signaling pathway, and thus to alleviate
inflammation in experimental RA model [84].

Along these lines, IL-17-producing CD4+ Th17 lymphocytes drive tissue inflammation and thus
exacerbate the symptoms of RA [81]. Interestingly, miR-150 was found significantly up-regulated in
IL-17-producing T cells expanded from peripheral blood of healthy subjects, when compared to
unexpanded T cells. Furthermore, this study showed a significant increase in miR-150 level in
peripheral blood mononuclear cells of RA patients, compared to healthy controls and patients
suffering from osteoarthritis. When compared to synovium from subjects with osteoarthritis,
increased miR-150 expression was observed in synovial tissues characterized by hyperplasia and
infiltration of inflammatory cells, including Th17 cells, that were collected from RA patients with
severe joint destruction [85]. These findings seem to be in line with abovementioned experimental
observations, and suggest the possible deleterious role of miR-150 in the course of RA, especially in
enhancing its severity. A significantly increased miR-150 expression was also detected in peripheral
blood mononuclear cells from RA patients [86] (Table 1). Subsequent study also showed the
significant up-regulation of serum miR-150 level, suggesting simultaneously that serum
concentration of miR-150 cannot be used to discriminate between “good” and “poor” responders to
the conventional therapy [87]. However, prior study demonstrated no significant changes in miR-150
levels analyzed in RNA samples extracted from the whole blood obtained from Canadian patients
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with RA, their seropositive first-degree relatives and matched healthy controls [88]. In addition,
lower miR-150 levels in serum, synovial tissue homogenates as well as in isolated fibroblast-like
synoviocytes were shown in samples obtained from Chinese patients with RA who underwent
synovectomy or joint replacement, when compared with subjects with osteoarthritis [89]. In addition,
this research evaluated the putative therapeutic potential of miR-150 derived by EVs released by
miR-150-transfected mesenchymal stem cells, and showed that it down-regulates the expression of
matrix metalloproteinase-14 (MMP14) and vascular endothelial growth factor (VEGF) in
fibroblast-like synoviocytes from RA patients as well as significantly alleviates the course of
collagen-induced arthritis (CIA) in DBA/1 mice [89] (Figure 1). These observations imply that
EV-enclosed miR-150 could be therapeutically used for suppressing autoimmune responses in RA,
which seems to be in line with our findings that this miRNA may induce immune tolerance to
self-antigens [40].

Cigarette smoking has recently been considered an environmental factor that exacerbates the
course of RA [90]. One can speculate that this effect could at least partly result from the impact on
mIiRNA expression profile. Interestingly, in the case of Swedish RA patients, miR-150 level was
found increased in peripheral blood CD8+ T cells in smokers compared to non-smoking patients. In
addition, in vitro stimulation of smoker’s CD8+ T cells with nicotine appeared to enhance miR-150
expression in these cell population, which was suggested to block the formation of memory
lymphocytes [91]. Thus, one can assume that smoking may also impair development of acquired
anti-viral and anti-tumor immunity by RA patients through enhancing miR-150 activity.

miR-150 was down-regulated in all of the plasma samples from patients with radiographic axial
spondyloarthritis [92]. Furthermore, Spanish research group reported the lower level of miR-150 in
plasma samples from patients with ankylosing spondylitis. In addition, this miRNA was also found
decreased in patients with psoriatic arthritis, another subtype of spondyloarthritis. Therefore, plasma
level of miR-150 was suggested a suitable biomarker for the prediction of both spondyloarthritis and
severe structural joint damage [93] (Table 1).

A study conducted in Israel that examined miRNA profiles in normal skin and both uninvolved
and lesional skin biopsies collected from patients with psoriasis revealed the significant under
expression of miR-150 in uninvolved psoriatic skin, compared to normal and psoriatic lesion
skin [94]. Thus, it was speculated that miR-150 down-regulation may promote the development of
psoriatic lesions. In addition, in situ hybridization demonstrated that miR-150 was mostly expressed
in the upper part of the epidermis in normal skin, while was either not found in uninvolved skin, or
found evenly distributed in psoriatic epidermis. These observations suggested that this miRNA could
regulate keratinocyte proliferation and differentiation [94], thereby preventing psoriasis development.
Along these lines, subsequent research demonstrated that experimentally-induced overexpression of
miR-150 in HaCaT cell line and primary human keratinocytes results in reduced viability and
proliferation of both cell populations, while miR-150 inhibition exerts the opposite effect. Detailed
analysis revealed that this miRNA affects keratinocyte viability by regulating hypoxia-inducible
factor (HIF)-1o and vascular endothelial growth factor A (VEGFA) protein expression, with the
strongest effect induced in hypoxic conditions. In addition, expression of HIF-1a and VEGFA
negatively correlated with miR-150 level in psoriatic skin [95]. Based on these, one can assume that
hypoxia-induced under expression of miR-150 may increase the proliferation of keratinocytes by
up-regulating HIF-1a activity [96]. Thus, these findings imply the therapeutic potential of miR-150
in active psoriasis. In contrast to previously mentioned study [94], Li et al. [95] found that the
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expression of miR-150 was significantly down-regulated in lesional skin tissues, compared to
uninvolved skin, while examining paired lesional and non-lesional psoriatic skin biopsies collected
from Chinese psoriatic patients. However, they found that lower miR-150 expression significantly
correlated with disease severity, which seems to validate miR-150 therapeutic potential in psoriasis.
Furthermore, based on the findings of Italian research group, the relative quantities of serum
miR-150 were proposed for use as a readout of the inflammatory state in psoriatic patients before and
after effective treatment with an anti-TNF-a biologics [97] (Table 1). Remarkably, Torri et al. [97]
also reported that miR-150 is significantly enriched in regulatory T (Treg) cell-derived EVs, when
compared to EVs released by CD4+ Thl and Th17 lymphocyte populations, and that it is able to
down-regulate c-Myb mRNA. Accordingly, it is worth noting that Treg cell-released EVs were
proposed to suppress Thl cell function [98], and we demonstrated that Ts cell EV-contained miR-150
suppresses Thl cell-driven DTH reaction to self-antigens [40]. Thus, since Thl lymphocytes are
involved in psoriasis pathogenesis, one can speculate that EV-carried miR-150 may be successfully
used for treatment of psoriatic patients in the future.

Inflammatory bowel disease (IBD) is associated with chronic relapsing inflammation in the
gastrointestinal tract and comprises Crohn's disease affecting different areas of the digestive tract and
often spreading into the deeper layers of mucosal tissue, ulcerative colitis that affects colon and
rectum, and IBD-unclassified disorders. Intestinal epithelial barrier malfunctioning plays a critical
role in the pathophysiology of IBD, and miR-150 appears to be involved in this process [99]. Namely,
levels of miR-150 in colon tissue were found to increase following treatment of mice with
colitis-inducing dextran sulphate sodium (DSS), when compared to normal colon samples. Similarly,
elevated miR-150 levels were detected in human colon tissues collected from patients with active
ulcerative colitis, compared to samples obtained from healthy subjects. In both cases, increased
miR-150 expression was accompanied with c-Myb down-regulation, which was suggested to induce
the colonic epithelial cell apoptosis and thus to drive epithelial barrier dysfunction and increase its
permeability [100]. Interestingly, elevation of miR-150 could be reduced by administering probiotics,
such as Escherichia coli Nissle 1917 [101], Bifidobacterium bifidum ATCC 29521 [102], or
Lactobacillus fermentum CECT5716 [103], to mice with DSS-induced colitis.

On the other hand, altered microRNA biogenesis resulting in decreased miR-150 activity was
suggested to intensify intestinal inflammation following ethanol and burn injury [104]. Similarly,
another study revealed the down-regulated miR-150 expression in inflamed but not fibrostenotic
areas of intestinal mucosa collected from patients with Crohn’s disease [50], which suggested its
important anti-inflammatory function in this disorder. Additionally, diminished anti-fibrotic activity
of miR-150 may contribute to IBD progression by promoting intestinal fibrosis [105]. miR-150 was
also proposed to regulate the impaired fibroblast’s autophagy in IBD [105,106]. Besides, significant
decrease in serum miR-150 level was observed in patients with ulcerative colitis that were not
sensitive to glucocorticoids, implying its role as a biomarker of treatment resistance [107]. Finally,
reduced expression of miR-150 in intestinal mucosa may promote colitis-induced malignant
transition [108].

4.2. Organ-specific autoimmune diseases

Multiple sclerosis (MS) is a quite common, chronic autoimmune disease with predominant
aberration of CD4+ T-cell functions, Thl, Thl7, and Treg lymphocytes especially. However, a
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critical role of self-antigen-presenting B cells and monocytes/macrophages in MS pathogenesis has
recently emerged [109]. MS is characterized by chronic inflammation that affects the central nervous
system and leads to demyelination, which in turn is responsible for degenerative processes. The most
common course of MS; i.e. relapsing-remitting MS, is associated with exacerbations of symptoms
and remission periods linked to the kinetics of inflammatory responses.

The role of miR-150 in MS is widely studied due to its immune regulatory potential. So far,
analysis of its expression in various samples from MS patients has produced inconsistent results
(Table 1), likely due to the diversity among clinical stages and treatment protocols between the
enrolled individuals [110-113]. On the other hand, two-step assessment of the profile of circulating
miRNAs in cell-depleted cerebrospinal fluid in large cohorts of patients with MS and controls
uncovered miR-150 as a leading biomarker candidate for MS diagnosis and monitoring. In addition,
miR-150 levels correlated with clinical markers of active inflammation and changed under the
influence of treatment with natalizumab and fingolimod [114]. Along these lines, the findings of
Spanish study suggested that increased miR-150 levels in cerebrospinal fluid may have a biomarker
potential also in subjects with lipid-specific oligoclonal IgM bands [115]. Besides, the results from
other study conducted in the Netherlands suggested that miR-150 levels in cerebrospinal fluid differ
depending on the MS onset [116].

Discrepancy of the results obtained in clinical studies increases the value of examination of the
role of miRNAs in a well-established mouse model; i.e. experimental autoimmune encephalomyelitis
(EAE). Interestingly, miR-150 knock out mice were shown to develop less severe EAE than wild
type mice as indicated by lower clinical scores and reduced demyelination. This suggested that
miR-150 may exacerbate the course of EAE [110]. Accordingly, another research demonstrated the
increased miR-150 levels in mouse spinal cord at the acute phase of EAE. However, at the chronic
phase, level of miR-150 in spinal cord significantly decreased. Similar decrease was observed in
mouse bone marrow-derived macrophages following activation with lipopolysaccharide. In addition,
expression of miR-150 negatively correlated with expression of PU.1 transcription factor both in
spinal cord and in activated macrophages. Further attempts to unravel these findings demonstrated
that miR-150 alters macrophage inflammatory activation and shifts their polarization towards
anti-inflammatory M2-like phenotype by targeting PU.1 mRNA [117]. Therapeutic modulation of
this pathway may thus alleviate the symptoms of EAE.

Recently, some studies assessed the impact of agents considered for MS therapy on miR-150
expression. The randomized, double-blind, placebo-controlled trial involving 50 Iranian MS patients
demonstrated that treatment with nanocurcumin elevates the down-regulated expression of miR-150
in peripheral blood mononuclear cells [118]. On the other hand, treatment of EAE mice with a
combination of A9-tetrahydrocannabinol (THC) and cannabidiol (CBD) extracted from Cannabis
was demonstrated to significantly down-regulate miR-150 expression in brain-derived CD4+ T
cells [119].

The idiopathic inflammatory myopathies constitute a heterogeneous group of diseases
characterized by myositis of autoimmune origin. They comprise dermatomyositis, polymyositis and
inclusion body myositis that can occur in juvenile and adult patients. Cytotoxic CD8+ T cell
responses dominate the underlying pathomechanism of the latter two disorders, while
autoantibody-driven complement activation is observed in dermatomyositis [120]. Rarely, such
myopathies may also develop in patients with other autoimmune diseases, SLE especially [121]. So
far, a single study examined the expression of immune-related microRNAs in dermatomyositis, and
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showed the significantly decreased level of miR-150 both in serum and peripheral blood
mononuclear cells (Table 1). Furthermore, among other miRNAs tested, miR-150 was the most
significantly down-regulated in serum from dermatomyositis patients with autoantibodies against
either antinuclear matrix protein 2 (NXP2) or melanoma differentiation-associated gene 5 (MDADJ),
when compared to subjects without these autoantibodies. Simultaneously, its serum concentration
was significantly higher in patients with either nonspecific interstitial pneumonia or organized
pneumonia than in those with usual interstitial pneumonia [122].

Myasthenia gravis is a chronic autoimmune disorder, in which autoantibodies target in most
cases the nicotinic acetylcholine receptors. This leads to the weakness and rapid fatigue of the
striated muscles. The biomarker role of miR-150 in myasthenia was discovered quite early [123]
(Table 1). In addition, this research revealed that thymectomy reduced miR-150 levels in most of the
patients, which was associated with significant improvement in clinical condition, while the two
patients with increased miR-150 levels that had been preserved after thymectomy failed to achieve
remission [123]. The elevation of serum miR-150 level was then validated in a larger cohort of
myasthenic patients. However, these subsequent studies also suggested that miR-150 increase is
observed in subjects not treated with immunosuppressant drugs, while miR-150 levels in serum of
patients undergoing immunosuppressive medication was comparable to that of healthy controls [124].
Similarly, lowering of serum miR-150 was observed in thymectomized individuals 24 months after
the surgery [125], in patients with mild disease after 12-week period of supervised aerobic and
resistance training [126], as well as in patients with late onset myasthenia gravis after inclusion of
immunosuppressive therapy [127]. Thus, serum miR-150 levels were proposed to serve as a
biomarker in patients with generalized myasthenia gravis [128,129], with much lower sensitivity in
the case of ocular disease [130]. Finally, bioinformatic analysis predicted that miR-150 expression in
myasthenic patients could be regulated by various inflammation- or estrogen-activated transcription
factors [131]. Other independent pilot studies confirmed the biomarker potential of miR-150, and
additionally found the reduction of miR-150 levels in serum-derived EVs after treatment with low
doses of rituximab in 12 Chinese patients with acetylcholine receptor antibody-positive refractory
myasthenia gravis. Interestingly, miR-150 reduction correlated with decreased numbers of CD19+ B
cells [132]. However, further examination of the consequences of miR-150 dysregulation in
myasthenia uncovered its increased levels in the hyperplastic thymuses, which correlated with the
presence of B cells, and decreased expression in peripheral blood CD4+ T cells [133]. Therefore, it
was speculated that miR-150 is one of the leading modulators of altered B- and T-cell reactivity in
myasthenia gravis [134].

Type 1 diabetes mellitus (T1D), so-called juvenile diabetes or insulin-dependent diabetes, is a
chronic condition that in most cases results from autoimmune damage of islets of Langerhans in
pancreas. Pathologic immune response to B cell self-antigens is mostly driven by both CD4+ and
CD8+ T cells, but the involvement of autoantibody-secreting B lymphocytes along with innate
immune cells has recently been highlighted as well [135]. Spanish study demonstrated the decreased
levels of miR-150 in peripheral blood mononuclear cells without any correlation with the
autoimmune profile of the patients [136]. However, subsequent Chinese research confirmed the
significant decrease of miR-150 level in peripheral blood mononuclear cells of T1D patients,
comparing to both type 2 diabetic subjects and healthy controls [137]. These findings suggested
both the biomarker potential of miR-150 and its role in regulation of autoimmune response [138]
(Table 1). Next studies demonstrated the down-regulated expression of miR-150 in plasma EVs from
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T1D patients, especially those with retinopathy [139], whereas in the case of patients suffering from
type 2 diabetes complicated with nephropathy, miR-150 was up-regulated in both serum [140] and
urine [141] EVs. This suggests an inverse role for miR-150 in type 2 diabetes. Especially that further
analysis revealed that reduced miR-150 expression together with increased expression of miR-21 and
miR-30b in plasma EVs from T1D patients could be considered a hallmark of diabetic
retinopathy [142]. Accordingly, the role of miR-150 seems to negatively correlate with HIF-1a
activity, which may be responsible for hypoxia-induced damage of the blood vessels in the diabetic
eye [142]. Thus, one can speculate that miR-150 down-regulation likely promotes not only the
pathogenesis of T1D but also of its complications.

Table 1. The biomarker potential of miR-150 in autoimmune diseases.

Disease Observed changes in miR-150 expression Patient’s cohort Reference
SLE Decrease in plasma 50 Chinese* [58]
29 Danish* [59]
13 Taiwanese* [61]
Decrease in serum EVs 5 Chinese* [62]
Increase in plasma 30 Chinese* [64]
Lupus nephritis Decrease in plasma 26 Iranian* [60]
Increase in urinary EVs 45 Spanish* [66]
CLE Decrease in serum 42 Mexican* [63]
Sjogren’s syndrome Decrease in peripheral blood mononuclear cells 8 Hungarian* [69]
SSc Increase in plasma 120 Danish* [59]
Increase in peripheral blood mononuclear cells 50 Iranian* [77]
Decrease in serum 40 Japanese* [49]
RA Increase in peripheral blood mononuclear cells 6 Japanese* [85]
50 Iranian* [86]
Increase in serum 90 Iranian* [87]
Spondyloarthritis Decrease in plasma 15 American* [92]
53 Spanish* [93]
Psoriasis Increase in serum 39 Italian* [97]
MS Decrease in peripheral blood mononuclear cells 19 Italian* [112]
Decrease in isolated T cells 10 Swedes* [113]
Dermatomyositis Decrease in serum 49 Chinese* [122]
Decrease in peripheral blood mononuclear cells 49 Chinese* [122]
Myasthenia gravis Increase in serum 4 Swedes* [123]
71 Swedes* [124]
T1D Decrease in peripheral blood mononuclear cells 20 Spanish* [136]
78 Chinese*# [137]

*versus healthy control; #versus patients with type 2 diabetes.

Along these lines, miR-150 derived by small EVs isolated from the culture of human umbilical

cord blood mononuclear cells was found crucial

in wound healing

in mice with

streptozotocin-induced T1D. By targeting MYB gene, miR-150 was suggested to increase
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keratinocyte proliferation and fibroblast migration to promote re-epithelization and
neovascularization processes [143]. Furthermore, recent experimental investigation in non-obese
mice with streptozotocin-induced T1D revealed that activation of nuclear factor-kappa B (NF-«xB)
elevates the expression of miR-150, which then suppresses p53-up-regulated modulator of
apoptosis (PUMA) to inhibit the T1D-associated inflammation and (3-cell apoptosis [144]. In contrast,
however, other studies demonstrated the elevated levels of miR-150 in both plasma and islet
xenografts of humanized mice prior to the development of hyperglycemia and graft rejection, which
implied the possible involvement of miR-150 in early B-cell loss [145]. Thus, these contradictory
findings indicate the need for further research to validate the role of miR-150 in pathologic
autoimmune responses underlying T1D.

So far, several studies have also investigated the involvement of miR-150 in other autoimmune
disorders that are less common in humans. Accordingly, Japanese research demonstrated that
miR-150 was the most commonly up-regulated miRNA in serum from patients with autoimmune
pancreatitis, when compared to healthy controls and patients with other pancreatic diseases [146].
Furthermore, a study conducted in Poland demonstrated significantly increased miR-150 expression
in liver tissues collected from patients undergoing transplantation due to primary biliary cholangitis.
Additionally, in this study miR-150 levels in serum were found higher in the case of
anti-mitochondrial antibody (AMA)-negative patients, when compared to AMA-positive patients and
healthy controls. This suggests the inhibitory activity of this miRNA against AMA-secreting B
cells [147]. In contrast, Chinese study showed the significant decrease in miR-150 expression
in peripheral blood B Iymphocytes from patients suffering from autoimmune hemolytic
anemia/Evans syndrome in active hemolysis phase, when compared to healthy controls and subjects
with remission. Moreover, miR-150 levels negatively correlated with c-Myb expression, suggesting
the therapeutic potential of overexpressed miR-150 in suppression of the autoimmune B-cell
responses in autoimmune cytopenia [148]. In addition, the reduced expression of miR-150 was found
in untreated patients with a rare autoinflammatory disorder called tumor necrosis factor-receptor
associated periodic syndrome (TRAPS), and this reduction was reversed by treatment with
anakinra [149].

5. Postulated molecular effects of miR-150 targeting

Findings discussed above imply the crucial role of miR-150 in modulating T cell [43] and B cell
activities [69] in autoimmunity. In addition, miR-150 influences the functions of innate immune cells,
including macrophages [39,150,151], NK cells and NKT cells [43]. Finally, this miRNA appears to
contribute to both the induction of immune tolerance to self-antigens and suppression of allergies and
autoimmunity by Treg and Ts lymphocytes [40,98]. However, the exact molecular mechanisms
underlying miR-150-induced effects remain to be elucidated.

c-Myb is a first discovered transcription factor targeted by miR-150 [7,8]. An inhibition of B
cell development along with a reduction in B1 cell numbers is observed as a result of c-Myb
down-regulation. Thus, this mechanism may at least partly underlie the suppressive effect of
miR-150 in B-cell-dependent autoimmune and allergic responses [148]. Furthermore, targeting of
this and other transcription factors made miR-150 an important regulator of hematopoiesis, thereby
being able to orchestrate the differentiation of immune cells, including T lymphocytes and NKT
cells [9]. On the other hand, miR-150-mediated c-Myb targeting in other cell types may induce
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opposite effect; i.e. may exacerbate the course of autoimmune disease, as suggested above in the case
of IBD [100].

However, a growing body of research demonstrates the involvement of miR-150 in regulation
of various intracellular signaling cascades both in physiological and pathological conditions. Some
of them seem to contribute to regulation of allergic and autoimmune responses as well (Figure 3).
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Figure 3. miR-150-induced effects at the cellular and molecular level. Depending both
on the cell population and the targeted molecule, miR-150 may induce different,
beneficial (green arrows) or deleterious (red arrows) effects in particular allergic or
autoimmune disorders. Up and down arrows indicate the expression of miR-150 that was
experimentally forced/induced or depleted/antagonized, respectively. Dotted-line arrow
points out that miR-150 modulates Th2 cell differentiation indirectly, as described in the
main text.

Along these lines, it was shown that miR-150 targets the 3'UTR of CD25 mRNA in cytotoxic
CD8+ T cells [152]. This effect is supposed to regulate IL-2 signaling in a manner that promotes
effector CD8+ T lymphocytes to differentiate into memory cells [153]. Thus, one can speculate that
miR-150 favors the formation of immunological memory for example in cytotoxic T cell-dependent
delayed-type hypersensitivities, such as Stevens-Johnson syndrome, and autoimmune disorders,
including some myopathies. Furthermore, this miRNA plays a role in enhancing the activation of
effector Th lymphocytes by dendritic cells by regulating early growth response 2 (EGR2) expression
in the latter cells, as shown in chronic rhinosinusitis [154].

In contrast, EV-enclosed miR-150 mediates immune regulatory activity of Treg and Ts
lymphocytes, as discussed above [40,98], emerging the therapeutic potential of miR-150 contained in
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EVs [155]. Treg and Ts cell-derived EVs were shown to suppress effector Thl cell functions in
contact and autoimmune hypersensitivities in miR-150-dependent manner [36,38,40,98]. This effect
could be achieved by miR-150 through down-regulating the v-akt murine thymoma viral oncogene
homolog 3 (AKT3)/B-cell lymphoma 2 interacting mediator of cell death (BIM) signaling [156], and
CD28-dependent co-stimulatory pathway [157] in CD4+ T cells. Furthermore, Treg and Ts
cell-derived EV-contained miR-150 was shown to induce the tolerogenic activity of dendritic
cells [158] and antigen-primed macrophages [38,39], respectively. In addition, miR-150 was
proposed to regulate the immune suppressive activity of myeloid-derived suppressor cells (MDSCs)
induced by ligation of aryl hydrocarbon receptor (AhR) [159]. Interestingly, AhR is involved in
maintenance of intestinal homeostasis, and its malfunctioning was linked to experimental and human
intestinal bowel disease [159]. These observations bring another evidence for the important role of
miR-150 in IBD.

It is worth noting that together with miR-99a, miR-150 promotes the differentiation of Treg
lymphocytes by repressing mTOR-dependent signaling [160]. Moreover, miR-150 expression was
found to increase in B lymphocytes upon B-cell receptor (BCR) stimulation, which was shown to
induce their apoptosis during antigen-driven selection process [161]. On the other hand, high-level
expression of miR-150 was found to inhibit BCR signaling potential in malignant B cells [162].
Since miR-150 plays an important role in malignant hematopoiesis [9], lessons learned from these
observations [162-164] may also have a great importance in attempts to induce antigen-specific
immune tolerance and to control allergic and autoimmune responses.

Besides, the number of Bla cells is increased in patients with SLE, and these cells seem to be
involved in pathogenic autoimmune responses, while miR-150 could likely inhibit their proliferation.
Accordingly, it was demonstrated that the expression of a histone H2A deubiquitinase; i.e. Myb Like,
SWIRM And MPN Domains 1 (MYSM1) recruits c-Myc to activate the transcription of miR-150,
which then inhibits the FMS-like tyrosine kinase 3 (FLT3). This in turn inhibits the proliferation of
Bla cells [165]. Conversely, miR-150 can inhibit cell apoptosis by targeting NF-kB1 pathway, as
shown in the case of human umbilical vein endothelial cells [166].

Finally, miR-150 expression appears to be induced by glucocorticoid therapy [167], which
suggests its possible involvement in beneficial immunosuppressive effect of this treatment in patients
with allergies and autoimmune disorders. However, glucocorticoid treatment suppresses the
reactivity of immune cells not selectively. Thus at present, searching for new strategies to induce
antigen-specific immune tolerance is a crucial approach for therapy of allergies and autoimmune
diseases. In this regard, miR-150 appears to be an interesting candidate for genetic-based strategies.
Especially that, as shown by our data, it could be transferred by EVs equipped with antigen-specific
antibody light chains, which ensures the specificity of miR-150 targeting and activity against
APCs [26,36-40,42]. In turn, the latter cells release miR-150-carrying EVs expressing MHC class Il
molecules to suppress allergen- and self-reactive effector T lymphocytes [168].

6. Conclusions
Ability to therapeutically induce durable antigen-specific immune tolerance would be a crucial
step forward in treatment of allergic and autoimmune diseases. miR-150 is well known to regulate

immune responses, thus is considered an interesting and efficient modulator of immune cell
functions at genetic level (Figure 3). However, miR-150 activities seem to vary depending on both
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the target cells and the immune mechanisms that underlie the pathogenesis of a particular allergic or
autoimmune disease. Accordingly, in some instances miR-150 overactivation seems to contribute to
the development of autoimmunity, while in other circumstances it induces the opposite effect, i.e. it
appears to inhibit the activity of self-reactive immune cells (Figure 2). Thus, detailed investigation of
the role of miR-150 in each immune-related disorder is essential for further approaches of its use in
personalized therapies (Figure 1).

Acknowledgments

I would like to thank Professor Krzysztof Bryniarski from Department of Immunology,
Jagiellonian University Medical College, Krakow, Poland, for a critical evaluation of the manuscript.

Conflict of interest
The author declares no conflict of interest.
References

1. O’Brien J, Hayder H, Zayed Y, et al. (2018) Overview of microRNA biogenesis, mechanisms of
actions, and circulation. Front Endocrinol 9: 402.

2. Cardinal-Fernandez P, Ferruelo A, Esteban A, et al. (2016) Characteristics of microRNAs and
their potential relevance for the diagnosis and therapy of the acute respiratory distress syndrome:
from bench to bedside. Transl Res 169: 102-111.

3. Dexheimer PJ, Cochella L (2020) MicroRNAs: from mechanism to organism. Front Cell Dev
Biol 8: 4009.

4. Nazimek K, Bryniarski K (2020) Approaches to inducing antigen-specific immune tolerance in
allergy and autoimmunity: Focus on antigen-presenting cells and extracellular vesicles. Scand J
Immunol 91: e12881.

5. Nazimek K, Bryniarski K (2020) Perspectives in manipulating EVs for therapeutic applications:
focus on cancer treatment. Int J Mol Sci 21: 4623.

6. Monticelli S, Ansel KM, Xiao C, et al. (2005) MicroRNA profiling of the murine hematopoietic
system. Genome Biol 6: R71.

7. Zhou B, Wang S, Mayr C, et al. (2007) miR-150, a microRNA expressed in mature B and T
cells, blocks early B cell development when expressed prematurely. P Natl Acad Sci USA 104:
7080-7085.

8. Xiao C, Calado DP, Galler G, et al. (2007) MiR-150 controls B cell differentiation by targeting
the transcription factor c-Myb. Cell 131: 146-159.

9. HeY, Jiang X, Chen J (2014) The role of miR-150 in normal and malignant hematopoiesis.
Oncogene 33: 3887-3893.

10. Guduric-Fuchs J, O’Connor A, Camp B, et al. (2012) Selective extracellular vesicle-mediated
export of an overlapping set of microRNAs from multiple cell types. BMC Genomics 13: 357.

11. de Candia P, Torri A, Gorletta T, et al. (2013) Intracellular modulation, extracellular disposal and
serum increase of MiR-150 mark lymphocyte activation. PLoS One 8: e75348.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



213

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.

27,

28.

29.

30.

31.

de Candia P, Torri A, Pagani M, et al. (2014) Serum microRNAs as biomarkers of human
lymphocyte activation in health and disease. Front Immunol 5: 43.

Oboshi W, Hayashi K, Takeuchi H, et al. (2020) MicroRNA-150 suppresses p27Kipl expression
and promotes cell proliferation in HeLa human cervical cancer cells. Oncol Lett 20: 210.

Sur D, Burz C, Sabarimurugan S, et al. (2020) Diagnostic and prognostic significance of
miR-150 in colorectal cancer: a systematic review and meta-analysis. J Pers Med 10: 99.

Plank M, Maltby S, Mattes J, et al. (2013) Targeting translational control as a novel way to treat
inflammatory disease: the emerging role of microRNAs. Clin Exp Allergy 43: 981-999.

Rebane A, Akdis CA (2014) MicroRNAs in allergy and asthma. Curr Allergy Asthma Rep 14:
424,

Weidner J, Bartel S, Kili¢ A, et al. (2020) Spotlight on microRNAs in allergy and asthma.
Allergy 76: 1661-1678.

Rebane A (2015) microRNA and allergy. Adv Exp Med Biol 888: 331-352.

Garbacki N, Di Valentin E, Huynh-Thu VA, et al. (2011) MicroRNAs profiling in murine
models of acute and chronic asthma: A relationship with mRNAs targets. PLoS One 6: €16509.
Feng MJ, Shi F, Qiu C, et al. (2012) MicroRNA-181a, -146a and -146b in spleen CD4+ T
lymphocytes play proinflammatory roles in a murine model of asthma. Int Immunopharmacol
13: 347-353.

Badalzadeh M, Mazinani M, Pourpak Z, et al. (2019) In vitro analysis of nine microRNAs in
CD8+ T cells of asthmatic patients and the effects of two FDA-approved drugs. Iran J Allergy
Asthma Immunol 18: 358-368.

Wang JW, Li K, Hellermann G, et al. (2012) MIR-150 suppresses lung inflammation in a mouse
model of experimental asthma. World Allergy Organ J 5: S9.

Wang JW, Li K, Hellermann G, et al. (2011) Regulating the regulators: microRNA and asthma.
World Allergy Organ J 4: 94-103.

Zhang XY, Tang XY, Ma LJ, et al. (2017) Schisandrin B down-regulated IncRNA BCYRNL1
expression of airway smooth muscle cells by improving miR-150 expression to inhibit the
proliferation and migration of ASMC in asthmatic rats. Cell Proliferat 50: e12382.

Zhang Q, Ni W, Li Y, et al. (2020) Analysis of altered miRNA profiling in the colon of a mouse
model with B-lactoglobulin allergy. Allergol Immunopathol 48: 666—674.

Wasik M, Nazimek K, Nowak B, et al. (2019) Delayed-type hypersensitivity underlying casein
allergy is suppressed by extracellular vesicles carrying miR-150. Nutrients 11: 907.

Ho MHK, Wong WHS, Chang C (2014) Clinical spectrum of food allergies: a comprehensive
review. Clin Rev Allergy Immu 46: 225-240.

Vennegaard MT, Bonefeld CM, Hagedorn PH, et al. (2012) Allergic contact dermatitis induces
upregulation of identical microRNAs in humans and mice. Contact Dermatitis 67: 298-305.
Wolf J, Levis WR (2012) MicroRNA 150 in humans and murine contact sensitivity. J Drugs
Dermatol 11: 1152.

Zheng Q, Zhou L, Mi QS (2012) MicroRNA miR-150 is involved in Val4 invariant NKT cell
development and function. J Immunol 188: 2118-2126.

Goubier A, Vocanson M, Macari C, et al. (2013) Invariant NKT cells suppress CD8(+)
T-cell-mediated allergic contact dermatitis independently of regulatory CD4(+) T cells. J Invest
Dermatol 133: 980-987.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



214

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Askenase PW, Bryniarski K, Paliwal V, et al. (2015) A subset of AID-dependent B-1a cells
initiates hypersensitivity and pneumococcal pneumonia resistance. Ann NY Acad Sci 1362: 200—
214.

Mi QS, Xu YP, Qi RQ, et al. (2012) Lack of microRNA miR-150 reduces the capacity of
epidermal Langerhans cell cross-presentation. Exp Dermatol 21: 876-877.

Gulati N, Lavendorf MB, Zibert JR, et al. (2015) Unique microRNAs appear at different times
during the course of a delayed-type hypersensitivity reaction in human skin. Exp Dermatol 24:
953-957.

Ptak W, Nazimek K, Askenase PW, et al. (2015) From mysterious supernatant entity to miR-150
in antigen-specific exosomes: a history of hapten-specific T suppressor factor. Arch Immunol
Ther Exp 63: 345-356.

Bryniarski K, Ptak W, Jayakumar A, et al. (2013) Antigen-specific, antibody-coated,
exosome-like nanovesicles deliver suppressor T-cell microRNA-150 to effector T cells to inhibit
contact sensitivity. J Allergy Clin Immun 132: 170-181.

Nazimek K, Askenase PW, Bryniarski K (2018) Antibody light chains dictate the specificity of
contact hypersensitivity effector cell suppression mediated by exosomes. Int J Mol Sci 19: 2656.
Nazimek K, Bryniarski K, Ptak W, et al. (2020) Orally administered exosomes suppress mouse
delayed-type hypersensitivity by delivering miR-150 to antigen-primed macrophage APC
targeted by exosome-surface anti-peptide antibody light chains. Int J Mol Sci 21: 5540.

Nazimek K, Ptak W, Nowak B, et al. (2015) Macrophages play an essential role in
antigen-specific immune suppression mediated by T CD8" cell-derived exosomes. Immunology
146: 23-32.

Nazimek K, Bustos-Moran E, Blas-Rus N, et al. (2019) Syngeneic red blood cell-induced
extracellular vesicles suppress delayed-type hypersensitivity to self-antigens in mice. Clin Exp
Allergy 49: 1487-14909.

Nazimek K, Nowak B, Marcinkiewicz J, et al. (2014) Enhanced generation of reactive oxygen
intermediates by suppressor T cell-derived exosome-treated macrophages. Folia Med Cracov 54:
37-52.

Bryniarski K, Ptak W, Martin E, et al. (2015) Free extracellular miRNA functionally targets cells
by transfecting exosomes from their companion cells. PLoS One 10: e0122991.

Huang XL, Zhang L, Li JP, et al. (2015) MicroRNA-150: A potential regulator in pathogens
infection and autoimmune diseases. Autoimmunity 48: 503-510.

Guan H, Peng R, Mao L, et al. (2020) Injured tubular epithelial cells activate fibroblasts to
promote kidney fibrosis through miR-150-containing exosomes. Exp Cell Res 392: 112007.
Luan J, Fu J, Chen C, et al. (2019) LNA-anti-miR-150 ameliorated kidney injury of lupus
nephritis by inhibiting renal fibrosis and macrophage infiltration. Arthritis Res Ther 21: 276.
Luan J, Fu J, Wang D, et al. (2020) miR-150-Based RNA interference attenuates
tubulointerstitial fibrosis through the SOCS1/JAK/STAT pathway in vivo and in vitro. Mol Ther
Nucleic Acids 22: 871-884.

Zhou H, Hasni SA, Perez P, et al. (2013) miR-150 promotes renal fibrosis in lupus nephritis by
downregulating SOCS1. J Am Soc Nephrol 24: 1073-1087.

Du Z, Wu T, Liu L, et al. (2020) Extracellular vesicles-derived miR-150-5p secreted by
adipose-derived mesenchymal stem cells inhibits CXCL1 expression to attenuate hepatic
fibrosis. J Cell Mol Med 25 :701-715.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



215

49.

50.

51.

52.

53.

54.

55.

56.

57,

58.

59.

60.

61.

62.

63.

64.

65.

66.

Honda N, Jinnin M, Kira-Etoh T, et al. (2013) miR-150 down-regulation contributes to the
constitutive type | collagen overexpression in scleroderma dermal fibroblasts via the induction
of integrin 3. Am J Pathol 182: 206-216.

Zidar N, Langner C, Jerala M, et al. (2020) Pathology of fibrosis in Crohn’s disease-contribution
to understanding its pathogenesis. Front Med 7: 167.

Ou H, Teng H, Qin Y, et al. (2020) Extracellular vesicles derived from
microRNA-150-5p-overexpressing mesenchymal stem cells protect rat hearts against
ischemia/reperfusion. Aging (Albany NY) 12: 12669-12683.

Yung S, Chan TM (2017) Molecular and immunological basis of tubulo-interstitial injury in
lupus nephritis: a comprehensive review. Clin Rev Allergy Immu 52: 149-163.

Okon LG, Werth VP (2013) Cutaneous lupus erythematosus: diagnosis and treatment. Best
Pract Res Cl Rh 27: 391-404.

Gensous N, Boizard-Moracchini A, Lazaro E, et al. (2020) Update on the cellular pathogenesis
of lupus. Curr Opin Rheumatol In press.

Chang A, Clark MR, Ko K (2020) Cellular aspects of the pathogenesis of lupus nephritis. Curr
Opin Rheumatol In press.

Gorabi AM, Kiaie N, Aslani S, et al. (2020) Prospects for the potential of RNA interference in
the treatment of autoimmune diseases: Small interfering RNAs in the spotlight. J Autoimmun
114: 102529.

Pauley KM, Cha S (2013) RNAI therapeutics in autoimmune disease. Pharmaceuticals (Basel) 6:
287-294.

Zhang H, Huang X, Ye L, et al. (2018) B cell-related circulating microRNAs with the potential
value of biomarkers in the differential diagnosis, and distinguishment between the disease
activity and lupus nephritis for systemic lupus erythematosus. Front Immunol 9: 1473.

Steen SO, Iversen LV, Carlsen AL, et al. (2015) The circulating cell-free microRNA profile in
systemic sclerosis is distinct from both healthy controls and systemic lupus erythematosus. J
Rheumatol 42: 214-221.

Nakhjavani M, Etemadi J, Pourlak T, et al. (2019) Plasma levels of miR-21, miR-150, miR-423
in patients with lupus nephritis. Iran J Kidney Dis 13: 198-206.

Su YJ, Tsai NW, Kung CT, et al. (2018) Investigation of microRNA in mitochondrial apoptotic
pathway in systemic lupus erythematosus. Biomed Res Int 2018: 9026357.

Zhang M, Chen D, Zhang F, et al. (2020) Serum exosomal hsa-miR-135b-5p serves as a
potential diagnostic biomarker in steroid-induced osteonecrosis of femoral head. Am J Transl
Res 12: 2136-2154.

Méndez-Flores S, Furuzawa-Carballeda J, Hernandez-Molina G, et al. (2019) MicroRNA
expression in cutaneous lupus: a new window to understand its pathogenesis. Mediators
Inflamm 2019: 5049245.

Wang H, Peng W, Ouyang X, et al. (2012) Circulating microRNAs as candidate biomarkers in
patients with systemic lupus erythematosus. Transl Res 160: 198-206.

Carlsen AL, Schetter AJ, Nielsen CT, et al. (2013) Circulating microRNA expression profiles
associated with systemic lupus erythematosus. Arthritis Rheum 65: 1324-1334.

SoléC, MolinéT, Vidal M, et al. (2019) An exosomal urinary miRNA signature for early
diagnosis of renal fibrosis in lupus nephritis. Cells 8: 773.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



216

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Abulaban KM, Fall N, Nunna R, et al. (2016) Relationship of cell-free urine MicroRNA with
lupus nephritis in children. Pediatric Rheumatol 14: 4.

Omidi F, Hosseini SA, Ahmadi A, et al. (2020) Discovering the signature of a lupus-related
microRNA profile in the Gene Expression Omnibus repository. Lupus 29: 1321-1335.

Chen JQ, Papp G, Pdiska S, et al. (2017) MicroRNA expression profiles identify
disease-specific alterations in systemic lupus erythematosus and primary Sjogren’s syndrome.
PL0S One 12: e0174585.

Ebert MS, Sharp PA (2010) MicroRNA sponges: progress and possibilities. RNA 16: 2043—
2050.

Luan J, Jiao C, Kong W, et al. (2018) circHLA-C plays an important role in lupus nephritis by
sponging miR-150. Mol Ther Nucleic Acids 10: 245-253.

Lu MC, Lai NS, Chen HC, et al. (2013) Decreased microRNA(mMiR)-145 and increased
miR-224 expression in T cells from patients with systemic lupus erythematosus involved in
lupus immunopathogenesis. Clin Exp Immunol 171: 91-99.

Voynova EN, Skinner J, Bolland S (2015) Expansion of an atypical NK cell subset in mouse
models of systemic lupus erythematosus. J Immunol 194: 1503-1513.

Gao S, Yuan L, Wang Y, et al. (2017) Enhanced expression of TREM-1 in splenic cDCs in lupus
prone mice and it was modulated by miR-150. Mol Immunol 81: 127-134.

Fox RI (2011) Extraglandular manifestations of Sjogren’s Syndrome (SS): dermatologic,
arthritic, endocrine, pulmonary, -cardiovascular, gastroenterology, renal, urology, and
gynecologic manifestations, In: Fox RIl, Fox CM, Sjogren’s Syndrome, 1 Ed., New York:
Springer, 285-316.

Lopes AP, Hillen MR, Chouri E, et al. (2018) Circulating small non-coding RNAs reflect IFN
status and B cell hyperactivity in patients with primary Sjogren’s syndrome. PL0S One 13:
e0193157.

Ebrahimiyan H, Gharibdoost F, Aslani S, et al. (2020) microRNAs are potentially regulating the
survivin gene in PBMCs from systemic sclerosis patients. Mod Rheumatol 30: 862—869.
Heindryckx F, Binet F, Ponticos M, et al. (2016) Endoplasmic reticulum stress enhances fibrosis
through IRE1a-mediated degradation of miR-150 and XBP-1 splicing. EMBO Mol Med 8: 729-
744.

Jinnin M (2014) Various applications of microRNAs in skin diseases. J Dermatol Sci 74: 3-8.
Luo Y, Xiao R (2020) The epigenetic regulation of scleroderma and its clinical application. Adv
Exp Med Biol 1253: 375-403.

Page A, Fusil F, Cosset FL (2021) Antigen-specific tolerance approach for rheumatoid arthritis:
past, present and future. Joint Bone Spine 88: 105164.

Churov AV, Oleinik EK, Knip M (2015) MicroRNAs in rheumatoid arthritis: altered expression
and diagnostic potential. Autoimmun Rev 14: 1029-1037.

Qiu M, Mo L, Li J, et al. (2020) Effects of miR-150-5p on the growth and SOCS1 expression of
rheumatoid arthritis synovial fibroblasts. Clin Rheumatol 39: 909-917.

Zhao F, Dong J, Guo J, et al. (2020) Inhibiting role of long non-coding RNA LINCO01197 in
inflammation in rheumatoid arthritis through the microRNA-150/THBS2 axis. Exp Cell Res 394:
112136.

Niimoto T, Nakasa T, Ishikawa M, et al. (2010) MicroRNA-146a expresses in interleukin-17
producing T cells in rheumatoid arthritis patients. BMC Musculoskelet Disord 11: 209.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



217

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Ebrahimiyan H, Rezaei N, Vojdanian M, et al. (2019) microRNA involvement in the regulation
of survivin in peripheral blood mononuclear cells from rheumatoid arthritis patients. Int J
Rheum Dis 22: 1107-1114.

Rezaeepoor M, Pourjafar M, Tahamoli-Roudsari A, et al. (2020) Altered expression of
microRNAs may predict therapeutic response in rheumatoid arthritis patients. Int
Immunopharmacol 83: 106404.

Anaparti V, Smolik 1, Meng X, et al. (2017) Whole blood microRNA expression pattern
differentiates patients with rheumatoid arthritis, their seropositive first-degree relatives, and
healthy unrelated control subjects. Arthritis Res Ther 19: 249.

Chen Z, Wang H, Xia Y, et al. (2018) Therapeutic potential of mesenchymal cell-derived
miR-150-5p-expressing exosomes in rheumatoid arthritis mediated by the modulation of
MMP14 and VEGF. J Immunol 201: 2472-2482.

Elzorkany B, Mokbel A, Gamal SM, et al. (2021) Does smoking affect level of seropositivity in
RA? A post-HOC global and inter-country analysis of COMORA cohort. Rheumatol Int 41:
699-705.

Wasén C, Ospelt C, Camponeschi A, et al. (2020) Nicotine changes the microRNA profile to
regulate the FOXO memory program of CD8+ T cells in rheumatoid arthritis. Front Immunol 11:
1474.

Magrey MN, Haqqi T, Haseeb A (2016) Identification of plasma microRNA expression profile
in radiographic axial spondyloarthritis-a pilot study. Clin Rheumatol 35: 1323-1327.
Perez-Sanchez C, Font-Ugalde P, Ruiz-Limon P, et al. (2018) Circulating microRNAs as
potential biomarkers of disease activity and structural damage in ankylosing spondylitis patients.
Hum Mol Genet 27: 875-890.

Lerman G, Avivi C, Mardoukh C, et al. (2011) MiRNA expression in psoriatic skin: reciprocal
regulation of hsa-miR-99a and IGF-1R. PLoS One 6: e20916.

Li Y, SuJ, Li F, et al. (2017) MiR-150 regulates human keratinocyte proliferation in hypoxic
conditions through targeting HIF-1o. and VEGFA: Implications for psoriasis treatment. PL0OS
One 12: e01754509.

Zhu WJ, Li P, Wang L, et al. (2020) Hypoxia-inducible factor-1: A potential pharmacological
target to manage psoriasis. Int Immunopharmacol 86: 106689.

Torri A, Carpi D, Bulgheroni E, et al. (2017) Extracellular microRNA signature of human helper
T cell subsets in health and autoimmunity. J Biol Chem 292: 2903-2915.

Okoye IS, Coomes SM, Pelly VS, et al. (2014) MicroRNA-containing T-regulatory-cell-derived
exosomes suppress pathogenic T helper 1 cells. Immunity 41: 89-103.

Chen WX, Ren LH, Shi RH (2014) Implication of miRNAs for inflammatory bowel disease
treatment: Systematic review. World J Gastrointest Pathophysiol 5: 63—-70.

100.Bian Z, Li L, Cui J, et al. (2011) Role of miR-150-targeting c-Myb in colonic epithelial

disruption during dextran sulphate sodium-induced murine experimental colitis and human
ulcerative colitis. J Pathol 225: 544-553.

101.Rodr guez-Nogales A, Algieri F, Garrido-Mesa J, et al. (2018) The administration of

Escherichia coli Nissle 1917 ameliorates development of DSS-induced colitis in mice. Front
Pharmacol 9: 468.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



218

102.Din AU, Hassan A, Zhu Y, et al. (2020) Inhibitory effect of Bifidobacterium bifidum ATCC
29521 on colitis and its mechanism. J Nutr Biochem 79: 108353.

103.Rodr guez-Nogales A, Algieri F, Garrido-Mesa J, et al. (2017) Differential intestinal
anti-inflammatory effects of Lactobacillus fermentum and Lactobacillus salivarius in DSS
mouse colitis: impact on microRNAs expression and microbiota composition. Mol Nutr Food
Res 61: 1700144.

104. Morris NL, Hammer AM, Cannon AR, et al. (2017) Dysregulation of microRNA biogenesis in
the small intestine after ethanol and burn injury. BBA-Mol Basis Dis 1863: 2645-2653.

105.Wang S, Huang Y, Zhou C, et al. (2018) The role of autophagy and related microRNAS in
inflammatory bowel disease. Gastroent Res Pract 2018: 7565076.

106. Ciccacci C, Politi C, Novelli G, et al. (2016) Advances in exploring the role of microRNAS in
inflammatory bowel disease. MicroRNA 5: 5-11.

107.Luo J, Wang Y, Lan D, et al. (2018) Differential expression of serum microRNAS in
glucocorticoid-resistant patients with ulcerative colitis. Int J Clin Exp Pathol 11: 936-946.

108.Bao Y, Guo Y, Li Z, et al. (2014) MicroRNA profiling in Muc2 knockout mice of
colitis-associated cancer model reveals epigenetic alterations during chronic colitis malignant
transformation. PLoS One 9: €99132.

109. Zamvil SS, Hauser SL (2021) Antigen presentation by B cells in multiple sclerosis. N Engl J
Med 384: 378-381.

110.Hu Z, Cui Y, Qiao X, et al. (2018) Silencing miR-150 ameliorates experimental autoimmune
encephalomyelitis. Front Neurosci 12: 465.

111.Fenoglio C, Cantoni C, Riz MD, et al. (2011) Expression and genetic analysis of miRNAS
involved in CD4+ cell activation in patients with multiple sclerosis. Neurosci Lett 504: 9-12.

112. Martinelli-Boneschi F, Fenoglio C, Brambilla P, et al. (2012) MicroRNA and mRNA expression
profile screening in multiple sclerosis patients to unravel novel pathogenic steps and identify
potential biomarkers. Neurosci Lett 508: 4-8.

113.Jern& M, Malmestrén C, Axelsson M, et al. (2013) MicroRNA regulate immune pathways in
T-cells in multiple sclerosis (MS). BMC Immunol 14: 32.

114.Bergman P, Piket E, Khademi M, et al. (2016) Circulating miR-150 in CSF is a novel candidate
biomarker for multiple sclerosis. Neurol Neuroimmunol Neuroinflamm 3: e219.

115. Quintana E, Ortega FJ, Robles-Cedefd R, et al. (2017) miRNAs in cerebrospinal fluid identify
patients with MS and specifically those with lipid-specific oligoclonal IgM bands. Mult Scler 23:
1716-1726.

116.Bruinsma 1B, van Dijk M, Bridel C, et al. (2017) Regulator of oligodendrocyte maturation,
miR-219, a potential biomarker for MS. J Neuroinflammation 14: 235.

117. Shakerian L, Ghorbani S, Talebi F, et al. (2018) MicroRNA-150 targets PU.1 and regulates
macrophage differentiation and function in experimental autoimmune encephalomyelitis. J
Neuroimmunol 323: 167-174.

118. Dolati S, Aghebati-Maleki L, Ahmadi M, et al. (2018) Nanocurcumin restores aberrant miRNA
expression profile in multiple sclerosis, randomized, double-blind, placebo-controlled trial. J
Cell Physiol 233: 5222-5230.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



219

119. Al-Ghezi ZZ, Miranda K, Nagarkatti M, et al. (2019) Combination of cannabinoids,
A9-tetrahydrocannabinol and cannabidiol, ameliorates experimental multiple sclerosis by
suppressing neuroinflammation through regulation of miRNA-mediated signaling pathways.
Front Immunol 10: 1921.

120.Nadin T, Haque A, Akil M, et al. (2019) Management of the idiopathic inflammatory
myopathies. Prescriber 30: 28-33.

121. Cotton T, Niaki OZ, Zheng B, et al. (2021) Myositis in systemic lupus erythematosus. Lupus 30:
615-619.

122.Ye L, Zuo Y, Yang H, et al. (2019) Specific autoantibodies and clinical phenotypes correlate
with the aberrant expression of immune-related microRNAs in dermatomyositis. J Immunol Res
2019: 2927061.

123.Punga T, Le Panse R, Andersson M, et al. (2014) Circulating miRNAs in myasthenia gravis:
miR-150-5p as a new potential biomarker. Ann Clin Transl Neurol 1: 49-58.

124.Punga AR, Andersson M, Alimohammadi M, et al. (2015) Disease specific signature of
circulating miR-150-5p and miR-21-5p in myasthenia gravis patients. J Neurol Sci 356: 90-96.

125. Molin CJ, Sabre L, Weis CA, et al. (2018) Thymectomy lowers the myasthenia gravis biomarker
miR-150-5p. Neurol Neuroimmunol Neuroinflamm 5: e450.

126. Westerberg E, Molin CJ, Lindblad I, et al. (2017) Physical exercise in myasthenia gravis is safe
and improves neuromuscular parameters and physical performance-based measures: A pilot
study. Muscle Nerve 56: 207-214.

127.Sabre L, Maddison P, Sadalage G, et al. (2018) Circulating microRNA miR-21-5p, miR-150-5p
and miR-30e-5p correlate with clinical status in late onset myasthenia gravis. J Neuroimmunol
321: 164-170.

128.Punga AR, Punga T (2018) Circulating microRNAs as potential biomarkers in myasthenia
gravis patients. Ann NY Acad Sci 1412: 33-40.

129. Sabre L, Punga T, Punga AR (2020) Circulating miRNAs as potential biomarkers in myasthenia
gravis: tools for personalized medicine. Front Immunol 11: 213.

130. Sabre L, Maddison P, Wong SH, et al. (2019) miR-30e-5p as predictor of generalization in
ocular myasthenia gravis. Ann Clin Transl Neurol 6: 243-251.

131.Fiorillo AA, Heier CR, Huang YF, et al. (2020) Estrogen receptor, inflammatory, and FOXO
transcription factors regulate expression of myasthenia gravis-associated circulating microRNAs.
Front Immunol 11: 151.

132.Zhong H, Lu J, Jing S, et al. (2020) Low-dose rituximab lowers serum Exosomal miR-150-5p in
AChR-positive refractory myasthenia gravis patients. J Neuroimmunol 348: 577383.

133.Cron MA, Maillard S, Truffault F, et al. (2019) Causes and consequences of miR-150-5p
dysregulation in myasthenia gravis. Front Immunol 10: 539.

134.Cron MA, Guillochon E, Kusner L, et al. (2020) Role of miRNAs in normal and myasthenia
gravis thymus. Front Immunol 11: 1074.

135.Ke Q, Kroger CJ, Clark M, et al. (2020) Evolving antibody therapies for the treatment of type 1
diabetes. Front Immunol 11: 624568.

136. Estrella S, Garcia-Diaz DF, Codner E, et al. (2016) Expression of miR-22 and miR-150 in type 1
diabetes mellitus: Possible relationship with autoimmunity and clinical characteristics. Med
Clin-Barcelona 147: 245-247.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



220

137.Wang G, Gu Y, Xu N, et al. (2018) Decreased expression of miR-150, miR146a and miR424 in
type 1 diabetic patients: Association with ongoing islet autoimmunity. Biochem Biophys Res
Commun 498: 382-387.

138. Assmann TS, Recamonde-Mendoza M, De Souza BM, et al. (2017) MicroRNA expression
profiles and type 1 diabetes mellitus: systematic review and bioinformatic analysis. Endocr
Connect 6: 773-790.

139. Mazzeo A, Beltramo E, Lopatina T, et al. (2018) Molecular and functional characterization of
circulating extracellular vesicles from diabetic patients with and without retinopathy and healthy
subjects. Exp Eye Res 176: 69-77.

140.Kim H, Bae YU, Jeon JS, et al. (2019) The circulating exosomal microRNAs related to
albuminuria in patients with diabetic nephropathy. J Transl Med 17: 236.

141.Lee WC, Li LC, Ng HY, et al. (2020) Urinary exosomal microRNA signatures in nephrotic,
biopsy-proven diabetic nephropathy. J Clin Med 9: 1220.

142.Mazzeo A, Lopatina T, Gai C, et al. (2019) Functional analysis of miR-21-3p, miR-30b-5p and
miR-150-5p shuttled by extracellular vesicles from diabetic subjects reveals their association
with diabetic retinopathy. Exp Eye Res 184: 56-63.

143. Henriques-Antunes H, Cardoso RMS, Zonari A, et al. (2019) The kinetics of small extracellular
vesicle delivery impacts skin tissue regeneration. ACS Nano 13: 8694-8707.

144.Tian J, Pan W, Xu X, et al. (2020) NF-xB inhibits the occurrence of type 1 diabetes through
microRNA-150-dependent PUMA degradation. Life Sci 255: 117724.

145.Roat R, Hossain MM, Christopherson J, et al. (2019) Circulating miR-150-5p is associated with
immune-mediated early B-cell loss in a humanized mouse model. Xenotransplantation 26:
el2474.

146. Hamada S, Masamune A, Kanno A, et al. (2015) Comprehensive analysis of serum microRNASs
in autoimmune pancreatitis. Digestion 91: 263-271.

147.Wasik U, Kempinska-Podhorodecka A, Bogdanos DP, et al. (2020) Enhanced expression of
miR-21 and miR-150 is a feature of anti-mitochondrial antibody-negative primary biliary
cholangitis. Mol Med 26: 8.

148.Xing L, Xu W, Qu Y, et al. (2018) miR-150 regulates B lymphocyte in autoimmune hemolytic
anemia/Evans syndrome by c-Myb. Int J Hematol 107: 666-672.

149. Lucherini OM, Obici L, Ferracin M, et al. (2013) First report of circulating microRNAs in
tumour necrosis factor receptor-associated periodic syndrome (TRAPS). PLoS One 8: €73443.

150. Nazimek K, Filipczak-Bryniarska I, Bryniarski K (2015) The role of medicaments, exosomes
and miRNA molecules in modulation of macrophage immune activity. Postepy Hig Med Dosw
69: 1114-1129.

151. Nazimek K, Bryniarski K (2012) The biological activity of macrophages in health and disease.
Postepy Hig Med Dosw 66: 507-520.

152. Trifari S, Pipkin ME, Bandukwala HS, et al. (2013) MicroRNA-directed program of cytotoxic
CD8+ T-cell differentiation. P Natl Acad Sci USA 110: 18608-18613.

153. Liang Y, Pan HF, Ye DQ (2015) microRNAs function in CD8+ T cell biology. J Leukocyte Biol
97: 487-497.

154.Ma Z, Shen Y, Zeng Q, et al. (2018) MiR-150-5p regulates EGR2 to promote the development
of chronic rhinosinusitis via the DC-Th axis. Int Immunopharmacol 54: 188-197.

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



221

155. Nazimek K, Bryniarski K, Santocki M, et al. (2015) Exosomes as mediators of intercellular
communication: clinical implications. Pol Arch Med Wewn 125: 370-380.

156.Sang W, Sun C, Zhang C, et al. (2016) MicroRNA-150 negatively regulates the function of
CDA4(+) T cells through AKT3/Bim signaling pathway. Cell Immunol 306-307: 35—40.

157.Sang W, Wang Y, Zhang C, et al. (2016) MiR-150 impairs inflammatory cytokine production by
targeting ARRB-2 after blocking CD28/B7 costimulatory pathway. Immunol Lett 172: 1-10.

158. Tung SL, Boardman DA, Sen M, et al. (2018) Regulatory T cell-derived extracellular vesicles
modify dendritic cell function. Sci Rep 8: 6065.

159. Neamah WH, Singh NP, Alghetaa H, et al. (2019) AhR activation leads to massive mobilization
of myeloid-derived suppressor cells with immunosuppressive activity through regulation of
CXCR2 and microRNA miR-150-5p and miR-543-3p that target anti-inflammatory genes. J
Immunol 203: 1830-1844.

160. Warth SC, Hoefig KP, Hiekel A, et al. (2015) Induced miR-99a expression represses Mtor
cooperatively with miR-150 to promote regulatory T-cell differentiation. EMBO J 34: 1195—
1213.

161. Kluiver JL, Chen C-Z (2012) MicroRNAs regulate B-cell receptor signaling-induced apoptosis.
Genes Immun 13: 239-244.

162.Mraz M, Chen L, Rassenti LZ, et al. (2014) miR-150 influences B-cell receptor signaling in
chronic lymphocytic leukemia by regulating expression of GAB1 and FOXP1. Blood 124: 84—
95.

163. Cerna K, Oppelt J, Chochola V, et al. (2019) MicroRNA miR-34a downregulates FOXP1 during
DNA damage response to limit BCR signalling in chronic lymphocytic leukaemia B cells.
Leukemia 33: 403-414.

164. Musilova K, Devan J, Cerna K, et al. (2018) miR-150 downregulation contributes to the
high-grade transformation of follicular lymphoma by upregulating FOXP1 levels. Blood 132:
2389-2400.

165.Jiang XX, Liu Y, Li H, et al. (2016) MYSM1/miR-150/FLT3 inhibits Bla cell proliferation.
Oncotarget 7: 68086—68096.

166.Ma Y, Liu Y, Hou H, et al. (2018) MiR-150 predicts survival in patients with sepsis and inhibits
LPS-induced inflammatory factors and apoptosis by targeting NF-kB1 in human umbilical vein
endothelial cells. Biochem Biophys Res Commun 500: 828-837.

167.Palagani A, Op de Beeck K, Naulaerts S, et al. (2014) Ectopic microRNA-150-5p transcription
sensitizes glucocorticoid therapy response in MM1S multiple myeloma cells but fails to
overcome hormone therapy resistance in MM1R cells. PLoS One 9: €113842.

168. Nazimek K, Bustos-Moran E, Blas-Rus N, et al. (2021) Antibodies enhance the suppressive
activity of extracellular vesicles in mouse delayed-type hypersensitivity. Pharmaceuticals 14:
734.

- © 2021 the Author(s), licensee AIMS Press. This is an open access
AIMS ATMS Press article distributed under the terms of the Creative Commons
- Attribution License (http://creativecommons.org/licenses/by/4.0)

AIMS Allergy and Immunology \Volume 5, Issue 4, 195-221.



