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ABSTRACT
The thymus is the main trigger site of autoimmunity in 
myasthenia gravis (MG) associated with anti-acetylcholine 
receptor (AChR) autoantibodies, a prototypic autoimmune 
disease affecting the neuromuscular junction. The majority 
of patients with early-onset MG have follicular hyperplastic 
changes of the thymus that are critically implicated in the 
initiation and perpetuation of the autoimmune response 
against the AChR. Uncontrolled activation of Toll-like 
receptor (TLR)-mediated innate immune responses, 
chronic inflammation, and ectopic germinal center (GC) 
formation are key pathological features of the hyperplastic 
thymus in MG, indicating that a close link between innate 
immunity and B-cell-mediated autoimmunity underlies the 
intra-thymic pathogenesis of MG. 
MiR-146a is an “immune-miR” that acts as a key modulator 
of both innate and adaptive immunity and is a potent inhibitor 
of TLR signaling pathways. It is able to prevent and avoid 
overstimulation of the inflammatory response by targeting 
the NF-κB signaling transducers IRAK1 and TRAF6. At 
the same time, miR-146a modulates the expression of 
c-REL, ICOS, and ICOSL, which are crucial regulators 
of B-cell function and GC response. Dysregulation of 
miR-146a expression is a common molecular event in 
several autoimmune disorders. Recent findings have found 
defective expression of miR-146a in follicular hyperplastic 
MG thymuses, associated with over-expression of its 
TLR- and B-cell-related target genes, which suggests that 
loss of regulatory functions of this miRNA may contribute 
to the immunopathological steps leading to MG. Of note, 
corticosteroids have been found to increase miR-146a 
expression thus suggesting that miR-146a can mediate the 
effects of these drugs in inducing immunosuppression and 
control of autoimmunity.  
In this review, we discuss the role of miR-146a as a 
molecular bridge between innate and adaptive immunity 
and summarize the current knowledge on the miRNA 
contribution to the intra-thymic pathogenesis of MG 

associated with follicular hyperplastic thymus. We also 
highlight the role of miR-146a as a potential biomarker for 
therapeutic monitoring and as a target of future advanced 
RNA-based therapies to modulate the immune system and 
counteract the autoimmune response in AChR-MG. 
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Introduction
Myasthenia gravis (MG) is a chronic autoimmune 

disease characterized by fluctuating muscle weakness and 
fatigability of ocular, bulbar, and skeletal muscles caused 
by autoantibodies to neuromuscular junction (NMJ) 
components. In about 80% of patients the autoimmune 
response is directed against the acetylcholine receptor 
(AChR); less frequently, autoantibodies target the muscle-
specific tyrosine kinase (MuSK) or the lipoprotein-related 
protein 4 (LRP4). Patients in which specific autoantibodies 
cannot be detected are currently classified as seronegative 
(1,2). 

A consensus-based stepwise approach is recommended 
for treatment of MG, including symptomatic therapy 
with cholinesterase inhibitors, immunosuppressive (IS) 
therapy with corticosteroids, alone or combined with 
other IS agents, thymectomy in selected patients, and 
plasmapheresis/immunoglobulins for acute exacerbations 
(3). The prognosis of MG has greatly improved over the 
past half century. Nevertheless, up to 80% of patients fail 
to achieve complete stable remission and need lifelong IS 
treatment. Moreover, about 10% of patients are treatment 
refractory or intolerant to IS drugs (4,5), highlighting the 
importance of gaining a better understanding of the disease-
specific molecular events in order to design more effective 
therapeutic strategies. 

The thymus is the main site of autoimmunity 
development in MG associated with anti-AChR antibodies. 
AChR-MG patients frequently present morphological 
and functional changes of the thymus including follicular 
hyperplasia and thymoma (6,7). Follicular hyperplasia is 
the most common alteration in early-onset (< 50 years) MG 
patients. It is characterized by an expanded thymic medulla 
containing germinal centers (GCs) forming follicles, as 
observed in secondary lymphoid organs (6). Thymectomy 
improves the clinical outcome in a considerable proportion 
of patients with hyperplastic thymus (8), thus supporting a 
role for this organ in sustaining the autoimmune reaction 
against the AChR. 

The hyperplastic MG thymus may be considered a 
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prototypic autoimmune organ, since it encompasses a 
number of immunological alterations commonly observed 
in target organs of autoimmune disorders, including chronic 
inflammation, abnormal T- and B-cell activation, B-cell 
dysfunction, and GC formation (6,9). Experimental data 
over the past two decades have pointed to a critical role for 
uncontrolled Toll-like receptor (TLR)-mediated innate 
immune responses to pathogenic infections in driving and 
perpetuating the inflammatory autoimmune process in 
this organ (10-15). However, factors that cause persistence 
of innate immunity and inflammation, and ultimately 
chronicity of the autoimmune response in MG thymus still 
remain to be determined. 

The innate immune system consists of a variety 
of factors that control and participate in all aspects of 
inflammation and immunity. The innate immune system is 
the body’s first line of defense from invading pathogens, but 
its improper activation may lead to autoimmunity (16). In 
normal conditions, innate immune pathways are kept under 
control by fine-tuning mechanisms to avoid hyper-activation 
of immune cells and autoimmune phenomena (16). Thus, 
identification of the molecular events underlying the loss 
of regulation of innate immunity is an important field of 
research in MG and other autoimmune diseases in which a 
dangerous link between innate and adaptive autoimmunity 
has been demonstrated. A deeper understanding of these 
molecular events could promote the design of new targeted 
therapies.  

MicroRNAs (miRNAs) modulate many biological 
processes, including innate and adaptive immune responses 
(17). MiR-146a-5p (hereinafter called miR-146a) is one of 
the most important miRNAs known to orchestrate TLR-
mediated innate immune signaling, as well as T- and B-cell 
function, including GC response (18-20). This regulatory 
property makes this miRNA a good candidate to play a role 
in the intra-thymic pathogenesis of MG associated with 
thymic hyperplastic changes and a target for innovative 
therapeutic interventions to treat long-term inflammation 
and autoimmunity. 

We review the key role of miR-146a in modulating 
innate and adaptive immune responses and discuss its 
contribution to AChR-MG by highlighting its biomarker 
and therapeutic potential.

Innate autoimmune mechanisms in follicular 
hyperplastic MG thymus

The hyperplastic MG thymus provides a complex 
microenvironment where the anti-AChR autoimmune 
reaction can develop and perpetuate. The presence of 
thymic epithelial cells (TECs) and myoid cells expressing 
the autoantigen, along with antigen-presenting cells, favors 
specific antigen presentation/cross-presentation, leading 
to intra-thymic T- and B-cell autosensitization (9). AChR-
specific T- and B-cells and autoantibody-producing plasma 
cells are present in hyperplastic thymuses of MG patients 

(21,22). Moreover, abnormal neoangiogenic processes, 
consisting of high endothelial venule development and 
over-expression of chemokines (e.g. CXCL13 and CCL21) 
promoting peripheral cell recruitment into the thymus have 
been described (6,9), indicating that autoimmunity can be 
triggered and then perpetuated. 

Chronic inflammation, with over-expression of pro-
inflammatory cytokines, including interleukin-6 (IL-6), 
IL-17, and type I Interferons (IFN-I), and up-regulation 
of TLRs (i.e. TLR3, TLR4, TLR7, TLR9), is likely to play 
a role in inducing thymic hyperplastic changes and intra-
thymic anti-AChR sensitization in MG patients (6-15). 
Cufi and colleagues demonstrated that TLR3 signaling 
selectively increased the expression of the AChR-α 
subunit in TECs via IFN-β (14). Moreover, stimulation of 
both TLR3 and TLR4, via a combination of Poli(I:C) and 
lipopolysaccharide (LPS) induced thymic hyperplasia, 
anti-AChR antibody production, and MG symptoms in 
mice without immunization, suggesting that lymphoid 
neogenesis and anti-AChR autoreactivity could result 
from dysregulated TLR signaling in the thymus (15). These 
events can be mediated by TLR-induced production of 
the antiviral mediator IFN-β. Indeed, IFN-β can increase 
AChR-α expression and apoptosis in TECs, thereby 
favoring protein uptake by dendritic cells (DCs) and antigen 
presentation, at the same time increasing CXCL13, CCL21, 
and BAFF expression, that result in peripheral immune 
system cell recruitment and enhanced survival of B-cells, 
including autoreactive cells (23-25). 

Viral infections are likely the main trigger for abnormal 
TLR activation and IFN-I production in hyperplastic MG 
thymuses, although a role for endogenous molecules, such 
as nucleic acids (25), is also plausible. Poliovirus persistence 
was demonstrated in TLR4-positive macrophages in the 
thymus of some MG patients, suggesting a viral contribution 
to persistent TLR4 activation and inflammation (26). 
However, since TLR4 over-expression, but not poliovirus, 
was common in MG thymuses, it is plausible that in some 
cases autoimmunity might become clinically apparent when 
the triggering pathogen has already been cleared by the 
thymus (“hit-and-run” hypothesis), or viruses other than 
poliovirus can trigger dangerous TLR4 hyper-activation. 
Epstein-Barr virus (EBV), a highly B-cell-tropic virus, has 
been associated with several autoimmune disorders. EBV 
persistence and reactivation was found to be a common 
pathological feature of hyperplastic MG thymuses, 
suggesting a contribution of the virus to abnormal TLR and 
B-cell activation in the inflamed MG thymic milieu (10,12). 
EBV nucleic acids can stimulate TLR3, TLR7, and TLR9, 
with the last two being over-expressed in intra-thymic MG 
B-cells positive for EBV proteins (12). Since TLR7 and 
TLR9 can act as co-stimulatory signals for proliferation 
and survival of B-cells, including autoreactive B-cells, their 
EBV-driven signals could well participate in perpetuation 
of autoimmunity in MG thymuses (12,13). Dysregulated 
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TLR pathways can also affect the balance between effector 
(Teff) and regulatory T-cells (Treg), in favor of Teffs, as 
demonstrated for TLR4 pathways (11), thus supporting a 
TLR contribution to T-cell dysfunction and autoreactive 
T-cell responses in MG thymuses (11).  

The overall data in the literature strongly indicate 
that a dangerous link between innate immunity and 
autoimmunity underlies intra-thymic MG pathogenesis. 
Nevertheless, the reasons why TLR-mediated responses are 
not properly regulated and turned off in hyperplastic MG 
thymuses to avoid sustained activation and chronicity of the 
inflammatory cascade, ultimately leading to autoimmunity, 
remain to be elucidated.

MiR-146a role in modulation of innate and adaptive 
immune response

MiR-146a is one of the most important “immune-miRs” 
capable of regulating TLR signaling and the inflammatory 
response, and its dysregulated expression has been 
associated with several autoimmune diseases, including 
systemic lupus erythematosus (SLE), rheumatoid arthritis, 
and multiple sclerosis (MS) (27-30). MiR-146a acts as 
a dominant, potent inhibitor of MyD88-dependent TLR 
pathways via suppression of two recognized target genes, 
the tumor necrosis factor (TNF) receptor associated factor 
6 (TRAF6) and the interleukin 1 receptor associated kinase 
1 (IRAK1), which are key components of the TLR pathways 
functioning as NF-κB signaling transducers (18). 

The gene encoding miR-146a is located within the 
MIR3142HG host gene on chromosome 5 (5q33.3) and 
has a promoter locus with binding sites for NF-κB, IRF3/7, 
and c-myc transcription factors (18,31-33). Regulation of 
TLR signaling via the miRNA occurs through a negative 
feedback loop: miR-146a is induced by NF-κB in response 
to TLR stimulation, and it then targets TRAF6 and IRAK1, 
thus inhibiting TLR signaling to dampen the magnitude 
of the immune response and guarantee maintenance of 
immunological tolerance (32,33). Indeed, mice lacking 
the miR-146a gene have several immune defects and 
spontaneously develop autoimmunity, pointing once again 
to miR-146a function as an effective control on autoimmune 
processes (33).

Normally, suppression of TRAF6 and IRAK1 via 
miR-146a leads to reduced expression of NF-κB target 
genes, such as IL-6, IL-8, IL-1β, TNF-alpha, IFN-I, 
and inflammatory chemokines (18,32), the excessive 
production of which may favor an autoimmune response in 
a susceptible background. In SLE, reduced miR-146a levels 
correlate with higher levels of inflammatory molecules and 
IFN-I, and with worse clinical manifestations; contrariwise, 
introduction of the miR-146a into patients’ PBMCs 
alleviates the activation of the IFN-I pathway (34). Along 
with TRAF6 and IRAK1, miR-146a has been shown to 
target the signal transducer and activator transcription 
1 (STAT-1) and interferon regulatory factor 5 (IRF-5) to 

control the antiviral IFN-I response (18). Since STAT-1 is 
a transcription factor required for Teff differentiation, its 
repression via miR-146a is also important for the suppressive 
function of Tregs. Indeed, miR-146a is highly expressed 
in Tregs, and its knock-out expression in these cells leads 
to a fatal tolerance breakdown in mice which results in 
CD4+ T helper lymphocyte-mediated immunopathology 
(35). MiR-146a has also been demonstrated to block the 
autocrine IL-6- and IL-21-induced Th17 differentiation 
pathways in autoreactive CD4+ T-cells. In this regard, miR-
146a-deficient mice developed a more severe experimental 
autoimmune encephalomyelitis (EAE), an animal model 
of MS, associated with increased differentiation of T-cells 
into Th17 cells (36). There is considerable evidence of 
miR-146a involvement in the control of adaptive immunity 
by modulating not only T- but also B-cell functions, 
particularly the GC response (36). Indeed, miR-146a 
deficiency promotes activation of c-Rel, an NF-κB subunit 
implicated in B-cell proliferation and differentiation (36). 
Moreover, miR-146a limits the accumulation of follicular T 
helper (Tfh) cells and GC B-cells by targeting the inducible 
T-cell costimulator (ICOS) and its ligand (ICOSL), 
as demonstrated in mice by Pratama and colleagues 
(19). Additionally, increased miR-146a expression was 
associated with down-regulation of Fas cell surface death 
receptor (FAS) in naïve B-cells, which disrupts lymphocyte 
homeostasis and leads to hyper-lymphoproliferation and 
GC formation (20). 

Taken together, the aforementioned studies strongly 
point to an extensive role for miR-146a as a critical 
negative regulator of innate and adaptive immune reactions 
(Table 1), highlighting its deficiency as harmful, and its 
normalization as a potential therapeutic approach for 
treating inflammatory autoimmune disorders. However, 
determination of the optimal miR-146a dosage, as well 
as identification of the optimal target cells, would be of 
outmost importance for its use as a therapeutic agent, 
since superabundant miR-146a expression can lead to 
imbalanced immune homeostasis and side effects (e.g. 
spleen and lymph node enlargement) (20). 

MiR-146a in MG associated with follicular hyperplastic 
thymus 

Despite the critical involvement of miR-146a in 
modulation of the innate and adaptive immune system, its 
possible contribution to intra-thymic MG pathogenesis 
has only recently been investigated. Defective miR-146a 
expression was found to be a key alteration in hyperplastic 
thymuses from early-onset (< 50 years) MG patients, with 
a profound impact on the expression of genes involved in 
TLR signaling, as well as genes controlling B-cell function 
and GC formation (37). 
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Symbol Function MiR-146a effect References

Innate 
immunity

TRAF6, IRAK1
Key mediators of MyD88-
dependent TLR signaling 

pathways

Down-regulation:
Inhibition of MyD88-dependent 

TLR signaling pathways and 
suppression of the inflammatory 

response

18, 32, 33

TLR4

TLR family member for 
recognition of LPS, and other 

bacterial and viral components 
whose signaling leads to NF-kB 

activation and pro-inflammatory 
gene expression

Down-regulation:
Inhibition of TLR4 signaling 
pathways and suppression of 

inflammatory response
38

Adaptive 
immunity

STAT-1 Transcription factor required for 
Teff differentiation

Down-regulation:
Reduced Teff differentiation and 

increased Treg function
35

IRF-5 Transcription factor for IFN-I 
pathway activation

Down-regulation:
Inhibition of IFN-inducible gene 
expression and IFN-I-mediated 

antiviral response
18

c-REL NF-kB subunit implicated in B-cell 
proliferation and differentiation

Down-regulation:
Negative regulation of B-cell 

proliferation and differentiation
36

ICOS
Inducible T-cell costimulator 

acting as a T-cell response 
activator and positive regulator of 

Tfh cell differentiation

Down-regulation:
Inhibition of Tfh cell accumulation 

and GC formation
19

ICOSL
Cell surface antigen acting as 
ICOS ligand to activate T-cell 

response and positively regulate 
Tfh cell differentiation

Down-regulation:
Inhibition of Tfh cell accumulation 

and GC formation
19

FAS Cell death receptor leading to 
apoptosis pathway by Fas ligand

Down-regulation:
Interference with Fas-mediated 

apoptosis; increase of B-cell 
survival, activation and GC 

response

20, 42

Table 1. Main target genes of miR-146a involved in innate and adaptive immune response

Abbreviations: TRAF6: tumor necrosis factor receptor associated factor 6; IRAK1: interleukin 1 receptor associated 
kinase 1; MyD88: Myeloid differentiation primary response 88; TLR: Toll-like receptor; TLR4: Toll-like receptor 4; LPS: 
lipopolysaccharide; NF-kB: Nuclear factor kappa-light-chain-enhancer of activated B-cells; STAT-1: signal transducer and 
activator transcription 1; Teff: effector T-cells; Treg: regulatory T-cells; IRF-5: interferon regulatory factor 5; IFN-I: type 
I interferon; c-REL: proto-oncogene c-REL; ICOS: inducible T-cell costimulator; Tfh: follicular T helper; GC: germinal 
center; ICOSL: inducible T-cell costimulator ligand; FAS: Fas cell surface death receptor
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Defective control of innate immune response
The expression of miR-146a and its TLR-related 

target genes was recently assessed in follicular hyperplastic 
thymuses from early-onset AChR-MG patients and normal 
control thymuses from patients without autoimmune 
diseases (37). MiR-146a levels were significantly lower in 
hyperplastic MG compared to control thymuses, whereas 
the expression levels of the miRNA targets TRAF6 and 
IRAK1 were increased (37). No significant difference in 
intrathymic miRNA levels was found between male and 
female patients. In view of the crucial miR-146a inhibitory 
role discussed above, this finding pointed out the lack 
of efficient control of innate immune responses and 
inflammation in hyperplastic MG thymuses (37). 

MiR-146a is a key regulator of MyD88-dependent 
TLR signaling pathways, including those of TLR4, known 
to be over-expressed in hyperplastic MG thymuses (11). A 
close relationship between defective miR-146a expression 
and TLR4 up-regulation in MG thymic tissues can be 
postulated. Indeed, an interaction between TLR4 and miR-
146a has been demonstrated via a consensus bioinformatics 
approach, and decreased expression of the miRNA was 
found to be concomitant with TLR4 up-regulation in 
macrophages. Conversely, TLR4 down-regulation was 
accompanied by over-expression of miR-146a (38). In 
line with these observations, double immunofluorescence 
analyses disclosed increased expression of IRAK1 in 
macrophages and myeloid DCs (mDCs), known to over-
express TLR4 (11), in hyperplastic MG compared to 
control thymuses (37). This links miR-146a deficiency with 
increased TLR activation and pro-inflammatory cytokine 
production via these cells, that in turn may contribute to 
chronic inflammation. TLR7 and TLR9 were also found to 
be up-regulated in hyperplastic MG thymuses, likely   due 
to active EBV infection (10,12). Of note, macrophages and 
mDCs were found to over-express TLR7, the expression 
levels of which were correlated with those of IFN-β (12), 
suggesting a relationship among low miR-146a levels, TLR7 
over-activation, and IFN-β over-expression in the above-
mentioned cells. Of note, EBV proteins are able to modulate 
miR-146a expression and function: EBV nuclear antigen 2 
(EBNA2), expressed in newly infected naïve B-cells, down-
regulates miR-146a, thus increasing IRAK1 and antiviral 
IFN-I expression (39).   On the contrary, latent membrane 
protein 1 (LMP1), expressed in latently infected cells, 
induces miR-146a expression to decrease the intensity or 
duration of IFN-I response in a negative feedback loop 
for latency maintenance (40). Thus, defective expression 
of miR-146a in chronically inflamed hyperplastic MG 
thymus, characterized by active EBV infection, might be a 
critical factor contributing to the loss of regulation of IFN-I 
pathways, that in turn promote anti-AChR autosensitization 
(23,24).

Impact on B-cell function and GC response
The expression of B-cell-related miR-146a target 

genes was assessed in hyperplastic MG thymuses 
characterized by reduced levels of the miRNA (37). 
Transcriptional levels of c-Rel, an NF-κB subunit 
implicated in proliferation and differentiation of B-cells 
and GC formation (36), were significantly increased in 
MG pathological tissues compared to controls, suggesting 
that miR-146a deficiency may favor intra-thymic B-cell 
dysregulation via c-REL in MG patients. Indeed, the 
miRNA and target mRNA levels were negatively correlated, 
supporting a functional relationship with each other 
(36). At the protein level, c-REL was markedly expressed 
in both GCs and infiltrating B-cells of the MG thymic 
medulla (37). Similarly, the expression of ICOS, another 
recognized miR-146a target implicated in GC formation 
(19), was significantly increased in hyperplastic MG versus 
control thymuses, further supporting a link between low 
miRNA levels and GC development in the thymus of MG 
patients (37). This idea is based on considerable data that 
show miR-146a ability to repress ICOS, which is expressed 
in Tfh cells, and ICOSL, which is expressed in GC cells 
(19). Interestingly, Cho and colleagues demonstrated that 
specific miR-146a deletion in T-cells can increase Tfh cell 
number, strongly enhancing GC reactions (41). Thus, it 
is reasonable that the miRNA decrease observed in MG 
thymuses (37) can promote accumulation of Tfh and GC 
B-cells. The relationship between miR-146a deficiency 
and the presence of GCs was explored by laser-capture 
microdissection experiments, showing that the miRNA was 
expressed in GCs, whereas its levels were defective in the 
thymic medulla surrounding the GCs in MG thymic tissues 
(37). Of note, FAS mRNA levels were reduced in miR-146a-
positive GCs compared to the surrounding medulla, in line 
with data in the literature that indicate miR-146a ability 
to induce GC formation via inhibition of FAS (20). The 
importance of FAS in GC formation was supported by data 
showing that B-cell-specific FAS-deficient mice develop 
fatal lymphoproliferation due to B-cell activation, and 
ablation of FAS specifically in GC B-cells may reproduce 
lymphoproliferation (42). 

In summary, a critical role for miR-146a in B-cell 
dysfunction and GC response in MG thymuses can be 
postulated: on the one hand its defective expression in 
Tfh can increase the Tfh cell number, hence enhancing 
GC formation via the ICOS/ICOSL axis; on the other, 
the miRNA is expressed in B-cells and can promote GC 
response by targeting FAS (37).

MiR-146a in MG animal models 
MiR-146a involvement in MG immune responses 

has been investigated in experimental autoimmune MG 
(EAMG) models. Zhang and colleagues proved that miR-
146a is up-regulated in activated B-cells in response to 
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the AChRα-subunit R97-116 peptide in EAMG mice, 
and this up-regulation was significantly attenuated by the 
antagomiR-146a (43). Silencing of the miRNA in B-cells 
led to decreased total IgG levels in vitro and to significant 
improvement of symptoms in mice with ongoing disease 
(43). In a subsequent study, miR-146a expression was 
found to be significantly different between EAMG and 
control rats in immune organs, including the thymus, lymph 
nodes, and spleen (44). MiR-146a  levels were decreased in 
the EAMG thymus and drainage lymph nodes compared 
with those in the same organs of the control animals in line 
with data obtained in thymuses from MG patients (37); 
contrariwise, in splenic tissue, higher levels of miR-146a 
were observed in EAMG compared to control animals (44). 
Since the thymus and drainage lymph nodes are enriched 
by T-cells, while the spleen is composed mainly of B-cells, 
differential expression of miR-146a in these tissues could 
be related to the cell content. Indeed, miRNA levels were 
down-regulated in Th17 and Treg cells and up-regulated in 
B-cells, of EAMG compared to control rats (44). Decreased 
miR-146a levels in T-cells from EAMG animals (44) was in 
line with the contribution of defective miR-146a expression 
to pathogenic T-cell function (35). 

To assess the therapeutic effects of miR-146a in EAMG, 
Yin and colleagues (45) produced exosomes from miR-146a 
overexpressing DCs and observed that they suppressed 
ongoing disease in mice, altering the Th cell profiles from 
Th1/Th17 to Th2/Tregs both in serum and spleen. These 
therapeutic effects were antigen-specific and partly dose 
dependent (45).  

MiR-146a as mediator of corticosteroid effects, 
treatment monitoring biomarker, and new therapeutic 
target for MG 

Palagani and colleagues (46) demonstrated that 
glucocorticoids can regulate the expression of multiple 
genes involved in cell cycle control, cell organization, cell 
death, and immune response, as well as a number of miRNAs, 
termed glucocorticoid-inducible miRNAs, including miR-
146a. In line with these observations, defective expression 
of miR-146a was found in hyperplastic thymuses from 
corticosteroid-naïve but not corticosteroid-treated MG 
patients, suggesting that IS treatment before thymectomy 
could have normalized/restored miRNA levels (37). 
MiRNA normalization in the thymus of treated patients 
was accompanied by down-regulation of TRAF6, IRAK1, 
c-REL, and ICOS genes, thus supporting a link between 
anti-inflammatory and IS effects of corticosteroids and 
miR-146a induction (37). In vitro studies strengthened this 
idea, since treatment with prednisone enhanced miRNA 
expression in peripheral blood cells (37). Considering 
the key role of the miR-146a/target gene axis in the 
regulation of GC formation, restoration of miR-146a levels 
by corticosteroids could partially explain the previously 
demonstrated ability of these drugs to reduce thymic GCs 
in MG patients (47). According to data obtained in the 

thymus, significant down-regulation of miR-146a was also 
observed in serum of corticosteroid-naïve AChR-MG 
patients compared to controls, whereas in corticosteroid-
treated patients, serum miR-146a levels were normal (37), 
supporting a role of the miRNA as a therapeutic monitoring 
biomarker in AChR-MG patients. Based on overall findings, 
we suggest that miR-146a may mediate the effects of 
corticosteroids and that its levels in individual patients can 
affect, or be related to, the therapeutic responses to these 
drugs. Indeed, sensitivity and specificity performances of 
serum miR-146a discriminated AChR-MG patients from 
healthy controls (AUC: 0.78, P=0.027) (37). The potential 
role of the miRNA as a biomarker to predict or monitor 
AChR-MG patients’ response to IS drugs deserves further 
study. 

The ability of miR-146a to control both innate 
and adaptive immune response strongly highlights its 
modulation as a prospective molecular option to counteract 
autoimmunity in MG and potentially other autoimmune 
diseases. However, due to the multifaceted functions of 
miR-146a in different immune system cells, its therapeutic 
manipulation could result in beneficial or detrimental 
effects in a cell-dependent manner. Silencing of miR-146a 
in B-cells improves MG symptoms in the EAMG animal 
model (43), as described above. Metformin improves 
EAMG by reversing the expression of miR-146a in AChR 
specific B- and Th17 cells, partially inhibiting the pathogenic 
functions of these cells: beneficial effects were associated 
with decreased expression of miR-146a in B-cells and its 
increase in Th17 cells (44). Over-expression MiR-146a in 
DCs inhibits their maturation and leads to generation of 
exosomes able to reduce T-cell proliferation and polarize 
them toward an anti-inflammatory phenotype in EAMG 
animals and suppressing the ongoing disease (45).

The overall data indicate that miR-146a may serve as 
a potential therapeutic target for MG, but the challenge 
will be to design miRNA-modulating cell-specific therapies 
based on advanced delivery vehicles for administration of 
RNA therapy. 

Conclusions
MiR-146a is a regulator of innate and adaptive 

immune responses implicated in the pathogenesis of 
several autoimmune conditions, including intra-thymic 
MG pathogenesis. A model of miR-146a as a molecular 
bridge linking innate and adaptive autoimmunity in 
hyperplastic MG thymus is shown in Figure 1. Based on 
literature data, miR-146a offers an important resource for 
innovative strategies to modulate immune system cells 
in the context of MG, and restore immune regulation. 
Thus, a deeper understanding of the miRNA mimicking/
inhibition impact on specific cell types (e.g. dendritic cells, 
T- and B-lymphocytes) could prospectively pave the way to 
development of advanced molecular strategies to disrupt 
the link between innate immune activation and adaptive 
autoimmune response in MG. 
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Figure 1. Model of miR-146a involvement in intra-thymic pathogenesis of MG associated with follicular 
hyperplastic thymus. Defective expression of miR-146a in innate immune system cells (e.g. macrophages, dendritic cells) 
of the thymus contributes to uncontrolled activation of pathogen-stimulated MyD88-dependent Toll-like receptor (TLR) 
signaling pathways due to loss of the miRNA inhibitory/regulatory effects on IRAK1 and TRAF6 expression. IRAK1 and 
TRAF6 increases cause sustained NF-kB activation and hence over-expression of pro-inflammatory cytokines, chemokines, 
and type I interferons (IFN-I), in turn promoting intra-thymic chronic inflammation. MiR-146a deficiency also contributes 
to over-expression of c-REL and ICOS, favoring B-cell proliferation and differentiation, and accumulation of follicular 
T-helper (Tfh) cells that, along with follicular dendritic cells (FDCs), promote germinal center (GC) formation. Decreased 
expression of Fas via miR-146a allows GC maintenance. IFN-I production in the inflamed thymic milieu, favorable to B-cell 
activation and survival, ultimately leads to autosensitization to the locally expressed acetylcholine receptor (AChR), and 
perpetuation of autoimmunity in the context of genetic backgrounds prone to MG. Figure created with BioRender.com.



68

MGFA International Conference Proceedings

Acknowledgments
This article is dedicated to the memory of our friend 

and colleague Pia Bernasconi, a passionate scientist whose 
findings significantly contributed to the understanding 
of an involvement of Toll-like receptor (TLR)-mediated 
innate immune response in the intra-thymic pathogenesis 
of myasthenia gravis (MG). Her ideas inspired and continue 
to inspire us to carry on our research on MG with passion 
and motivation.   

This work was supported by the Italian Ministry of 
Health (RRC and RF-2016-02364384). 

 References 
1. Mantegazza R, Cavalcante P. Diagnosis and 

treatment of myasthenia gravis. Curr Opin Rheumatol 
2019;31:623–33. doi:10.1097/BOR.0000000000000647

2. Lazaridis, K, Tzartos, SJ. Autoantibody Specifici-
ties in Myasthenia Gravis; Implications for Improved Dia-
gnostics and Therapeutics. Front. Immunol 2020;11:212. 
doi:10.3389/fimmu.2020.00212

3. Narayanaswami P, Sanders DB, Wolfe G, et al. In-
ternational Consensus Guidance for Management of My-
asthenia Gravis: 2020 Update. Neurology 2021;96:114-22. 
doi:10.1212/WNL.0000000000011124

4. Mantegazza R, Antozzi C. When myasthenia gravis 
is deemed refractory: clinical signposts and treatment strat-
egies. Ther Adv Neurol Disord 2018;11:1756285617749134. 
doi:10.1177/1756285617749134

5. Schneider-Gold C, Gilhus NE. Advances and 
challenges in the treatment of myasthenia gravis. Ther 
Adv Neurol Disord 2021;14:17562864211065406. 
doi:10.1177/17562864211065406

6. Cron MA, Maillard S, Villegas J, et al. Thymus in-
volvement in early-onset myasthenia gravis. Ann N Y Acad 
Sci 2018;1412:137-145. doi:10.1111/nyas.13519

7. Marx A, Porubsky S, Belharazem D, et al. Thy-
moma related myasthenia gravis in humans and potential 
animal models. Exp Neurol 2015;270:55–65. doi:10.1016/j.
expneurol.2015.02.010

8. Wolfe GI, Kaminski HJ, Aban IB, et al. Long-
term effect of thymectomy plus prednisone versus pred-
nisone alone in patients with non-thymomatous myas-
thenia gravis: 2-year extension of the MGTX randomised 
trial. Lancet Neurol 2019;18: 259-268. doi:10.1016/S1474-
4422(18)30392-2

9. Cavalcante P, Le Panse R, Berrih-Aknin S, et al. 
The thymus in myasthenia gravis: Site of “innate autoimmu-
nity”? Muscle Nerve 44:467–484. doi:10.1002/mus.22103

10. Cavalcante P, Serafini B, Rosicarelli B, et al. Ep-
stein-Barr virus persistence and reactivation in myasthenia 
gravis thymus. Ann Neurol 2010;67:726–38. doi:10.1002/
ana.21902

11. Cordiglieri C, Marolda R, Franzi S, et al. Innate im-
munity in myasthenia gravis thymus: pathogenic effects of 
Toll-like receptor 4 signaling on autoimmunity. J Autoim-
mun 2014;52:74–89. doi:10.1016/j.jaut.2013.12.013

12. Cavalcante P, Galbardi B, Franzi S, et al. Increased 
expression of Toll-like receptors 7 and 9 in myasthenia 
gravis thymus characterized by active Epstein-Barr virus 
infection. Immunobiology 2016;221:516–27. doi:10.1016/j.
imbio.2015.12.007

13. Cavalcante P, Barzago C, Baggi F, et al. Toll-like 
receptors 7 and 9 in myasthenia gravis thymus: amplifi-
ers of autoimmunity? Ann N Y Acad Sci 2018;1413:11–24. 
doi:10.1111/nyas.13534

14. Cufi P, Dragin N, Weiss JM, et al. Implication of 
double-stranded RNA signaling in the etiology of autoim-
mune myasthenia gravis. Ann Neurol 2013;73:281–93. 
doi:10.1002/ana.23791

15. Robinet M, Maillard S, Cron MA, et al. Review on 
Toll-Like Receptor Activation in Myasthenia Gravis: Appli-
cation to the Development of New Experimental Models. 
Clin Rev Allergy Immunol 2017;52:133–47. doi:10.1007/
s12016-016-8549-4

16. Saferdinga V, Blüml S. Innate immunity as the 
trigger of systemic autoimmune diseases. J Autoimmun 
2020;110:102382. doi:10.1016/j.jaut.2019.102382

17. Pauley KM, Cha S, Chan EKL. MicroRNA in 
autoimmunity and autoimmune diseases. J Autoimmun 
2009;32:189–94. doi:10.1016/j.jaut.2009.02.012

18. Saba R, Sorensen DL, Booth SA. MicroRNA-146a: 
A Dominant, Negative Regulator of the Innate Immune 
Response. Front Immunol 2014;5:578. doi:10.3389/fim-
mu.2014.00578

19. Pratama A, Srivastava M, Williams NJ, et al. Mi-
croRNA-146a regulates ICOS-ICOSL signalling to limit 
accumulation of T follicular helper cells and germinal cen-
tres. Nat Commun 2015;6:6436. doi:10.1038/ncomms7436

20. Guo Q, Zhang J, Li J, et al. Forced miR-146a ex-
pression causes autoimmune lymphoproliferative syn-
drome in mice via downregulation of Fas in germinal 
center B-cells. Blood 2013;121:4875–83. doi:10.1182/
blood-2012-08-452425

21. Sommer N, Willcox N, Harcourt GC, et al. My-
asthenic thymus and thymoma are selectively enriched in 
acetylcholine receptor specific T-cellT-cells. Ann Neurol 
1990;28:312–319. doi:10.1002/ana.410280303

22. Padberg F, Matsuda M, Fenk R, et al. Myas-
thenia gravis: selective enrichment of antiacetylcholine 
receptor antibody production in untransformed hu-
man B-cell cultures. Eur J Immunol 1999;29: 3538–48. 
doi:10.1002/(SICI)1521-4141(199911)29:11<3538::AID-
IMMU3538>3.0.CO;2-Y

23. Cufi P, Dragin N, Ruhlmann N, et al. Central role 
of interferon-beta in thymic events leading to myasthe-
nia gravis. J Autoimmun 2014;52:44-52. doi:10.1016/j.
jaut.2013.12.016

24. Payet CA, You A, Fayet OM, et al. Myasthenia Gra-
vis: An Acquired Interferonopathy? Cells 2022;11:1218. 
doi:10.3390/cells11071218

25. Payet CA, You A, Fayet OM, et al. Central Role of 



69

MGFA International Conference Proceedings

Macrophages and Nucleic Acid Release in Myasthenia Gra-
vis Thymus. Ann Neurol 26 December 2022. doi:10.1002/
ana.26590

26. Cavalcante P, Barberis M, Cannone M, et al. De-
tection of poliovirus-infected macrophages in thymus of pa-
tients with myasthenia gravis. Neurology 2010;74:1118-26. 
doi:10.1212/WNL.0b013e3181d7d884

27. Löfgren SE, Frostegård J, Truedsson L, et al. Ge-
netic association of miRNA-146a with systemic lupus ery-
thematosus in Europeans through decreased expression 
of the gene. Genes Immun 2012;13:268–74. doi:10.1038/
gene.2011.84

28. Pauley KM, Satoh M, Chan AL, et al. Upregulated 
miR-146a expression in peripheral blood mononuclear 
cells from rheumatoid arthritis patients. Arthritis Res Ther 
2008;10:R101. doi:10.1186/ar2493

29. Churov AV, Oleinik EK, Knip M. MicroRNAs in 
rheumatoid arthritis: altered expression and diagnostic po-
tential. Autoimm Rev 2015;14:1029–37. doi:10.1016/j.aut-
rev.2015.07.005

30. Ma X, Zhou J, Zhong Y, et al. Expression, regula-
tion and function of microRNAs in multiple sclerosis. Int J 
Med Sci 2014;11:810–8. doi:10.7150/ijms.8647 

31. Paterson MR, Kriegel AJ. MiR-146a/b: a fam-
ily with shared seeds and different roots. Physiol Ge-
nomic 2017;49:243–252. doi:10.1152/physiolgenomi-
cs.00133.2016

32. Taganov KD, Boldin MP, Chang KJ, et al. NF-
kappaB-dependent induction of microRNA miR-146, 
an inhibitor targeted to signaling proteins of innate im-
mune responses. Proc Natl Acad Sci 2006;103:12481–6. 
doi:10.1073/pnas.0605298103

33. Boldin MP, Taganov KD, Rao DS, et al. miR-146a 
is a significant brake on autoimmunity, myeloprolifera-
tion, and cancer in mice. J Exp Med 2011;208:1189–201. 
doi:10.1084/jem.20101823

34. Tang Y, Luo X, Cui H, et al. MicroRNA-146A con-
tributes to abnormal activation of the type I interferon path-
way in human lupus by targeting the key signaling proteins. 
Arthritis Rheum 2009;60:1065-75. doi:10.1002/art.24436

35. Lu LF, Boldin MP, Chaudhry A, et al. Function 
of miR-146a in controlling Treg cell-mediated regulation 
of Th1 responses. Cell 2010;142:914–29. doi:10.1016/j.
cell.2010.08.012

36. Li B, Wang X, Choi IY, et al. miR-146a modulates 
autoreactive Th17 cell differentiation and regulates organ-
specific autoimmunity. J Clin Invest 2017;127:3702–3716. 
doi:10.1172/JCI94012

37. Bortone F, Scandiffio L, Marcuzzo S, et al. miR-
146a in Myasthenia Gravis Thymus Bridges Innate Im-
munity With Autoimmunity and Is Linked to Therapeutic 
Effects of Corticosteroids. Front Immunol 2020;11:142. 

doi:10.3389/fimmu.2020.00142
38. Yang K, He YS, Wang XQ, et al. MiR-146a inhibits 

oxidized low-density lipoprotein-induced lipid accumula-
tion and inflammatory response via targeting toll-lie re-
ceptor 4. FEBS Lett 2011;585:854–60. doi:10.1016/j.febs-
let.2011.02.009

39. Rosato P, Anastasiadou E, Garg N, et al. Differ-
ential regulation of miR-21 and miR-146a by Epstein-
Barr virus-encoded EBNA2. Leukemia 2012;26:2343-52. 
doi:10.1038/leu.2012.108.

40. Cameron JE, Yin Q, Fewell C, et al. Epstein-Barr 
virus latent membrane protein 1 induces cellular MicroR-
NA miR-146a, a modulator of lymphocyte signaling path-
ways. J Virol 2008;82:1946-58. doi: 10.1128/JVI.02136-07

41. Cho S, Lee HM, Yu IS, et al. Differential cell-intrin-
sic regulations of germinal center B and T-cells by miR-146a 
and miR-146b. Nat Commun 2018;9:2757. doi:10.1038/
s41467-018-05196-3

42. Hao Z, Duncan GS, Seagal J, et al. Fas receptor ex-
pression in germinal-center B-cells is essential for T- and 
B-lymphocyte homeostasis. Immunity 2008;29:615–27. 
doi:10.1016/j.immuni.2008.07.016

43. Zhang J, Jia G, Liu Q, et al. Silencing miR-146a 
influences B-cells and ameliorates experimental autoim-
mune myasthenia gravis. Immunology 2015;144:56-67. 
doi:10.1111/imm.12347

44. Hao Y, Zhao W, Chang L, et al. Metformin inhibits 
the pathogenic functions of AChR-specific B and Th17 cells 
by targeting miR-146a. Immunol Lett 2022;250:29-40. 
doi:10.1016/j.imlet.2022.09.002

45. Yin W, Ouyang S, Luo Z, et al. Immature Exosomes 
Derived from MicroRNA-146a Overexpressing Dendritic 
Cells Act as Antigen-Specific Therapy for Myasthenia Gra-
vis. Inflammation 2017;40:1460-1473. doi:10.1007/s10753-
017-0589-2

46. Palagani A, Op de Beeck K, Naulaerts S, et al. 
Ectopic MicroRNA-150-5p transcription sensitizes glu-
cocorticoid therapy response in MM1S multiple myeloma 
cells but fails to overcome hormone therapy resistance in 
MM1R cells. PLoS One 2014;9:e113842. doi:10.1371/jour-
nal.pone.0113842

47. Truffault F, de Montpreville V, Eymard B, et al. 
Thymic Germinal Centers and Corticosteroids in My-
asthenia Gravis: an Immunopathological Study in 1035 
Cases and a Critical Review. Clin Rev Allergy Immunol 
2017;52:108–24. doi:10.1007/s12016-016-8558-3


