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Introduction

Summary

MicroRNAs have been shown to be important regulators of immune
homeostasis as patients with aberrant microRNA expression appeared to
be more susceptible to autoimmune diseases. We recently found that
miR-146a was up-regulated in activated B cells in response to rat acetyl-
choline receptor (AChR) a-subunit 97-116 peptide, and this up-regulation
was significantly attenuated by AntagomiR-146a. Our data also demon-
strated that silencing miR-146a with its inhibitor AntagomiR-146a effec-
tively ameliorated clinical myasthenic symptoms in mice with ongoing
experimental autoimmune myasthenia gravis. Furthermore, multiple
defects were observed after miR-146a was knocked down in B cells,
including decreased anti-R97-116 antibody production and class switch-
ing, reduced numbers of plasma cells, memory B cells and B-1 cells, and
weakened activation of B cells. Previously, miR-146a has been identified
as a nuclear factor-kB-dependent gene and predicted to base pair with the
tumour necrosis factor receptor-associated factor 6 (TRAF6) and interleu-
kin-1 receptor-associated kinase 1 (IRAK1) genes to regulate the immune
response. However, our study proved that miR-146a inhibition had no
effect on the expression of TRAF6 and IRAK1 in B cells. This result sug-
gests that the function of miR-146a in B cells does not involve these two
target molecules. We conclude that silencing miR-146a exerts its thera-
peutic effects by influencing the B-cell functions that contribute to the
autoimmune pathogenesis of myasthenia gravis.

Keywords: experimental autoimmune myasthenia gravis; interleukin-1 recep-
tor-associated kinase-1; miR-146a; RNA interference; tumour necrosis factor
receptor-associated factor-6

acetylcholine receptor (AChR) in the neuromuscular
junction contributes mainly to the pathogenesis of MG

Myasthenia gravis (MG) is a prototypical autoimmune
disease characterized by fluctuating weakness and exces-
sive fatigability of voluntary muscles resulting from a
blockage of the nerve impulse transmission from nerve
endings to muscles." Clinical and experimental manifes-
tations indicate that MG is a complex disorder involv-
ing a combination of immunopathogenesis, immuno-
genetics and other unknown factors.” Evidence demon-
strates that secretion of auto-antibodies against the

and its animal model, experimental autoimmune myas-
thenia gravis (EAMG).>* Serving as the precursors of
plasma cells, activated B cells play a critical role in the
production of pathogenic auto-antibodies and in the
occurrence and development of MG. Importantly, B
cells from MG patients are highly activated.” However,
the precise origin of the autoimmune response and its
accurate aetiology associated with abnormal B cells
remain unclear.

Abbreviations: EAMG, experimental autoimmune myasthenia gravis; MG, myasthenia gravis; TRAF-6, TNF receptor-associated
factor 6; IRAK-1, IL-1 receptor-associated kinase 1; R97-116, rat AChR a-subunit 97-116 peptide; miRNAs, microRNAs; miR-
146a, microRNA-146a; NC, AntagomiR negative control; AChR, acetylcholine receptor
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The emergence of microRNAs (miRNAs) provides a
new perspective from which to better obtain a complete
interpretation of the immune response. MicroRNAs, a
family of small endogenous non-coding RNAs, have
recently been identified as important regulators of gene
expression. They function by repressing specific target
genes at the post-transcriptional level. When miRNAs are
aberrantly expressed they can contribute to pathological
conditions involving the immune system, such as cancer
and autoimmunity.® A member of the miRNA family,
miR-146a is regarded as a significant brake on the regula-
tion of autoimmunity.

Located on human chromosome 5, miR-146a is pre-
dominantly expressed in immune cells, especially in
monocytes, neutrophils, macrophages, dendritic cells and
activated T cells, to fine-tune the immune and inflamma-
tory responses.”® In human T lymphocytes, miR-146a is
scarcely expressed in naive T cells, whereas it is abun-
dantly expressed in memory T cells and is induced upon
T-cell receptor stimulation.” Recently, Boldin ef al.®
reported that expression of mature miR-146a was found
to be relatively high in peripheral CD19" B cells as com-
pared with bone marrow-derived CD19" B cells, but the
functional roles of miR-146a in these B cells remained
unexplored. In this study, these functional roles are inves-
tigated.

Antagomirs are a novel class of synthetic single-
stranded RNA analogues complementary to miRNAs that
have been chemically modified and cholesterol-conjugated
to silence the expression of endogenous miRNAs. The
silencing of endogenous miRNAs by this novel method is
specific, efficient and long-lasting; indicating that antag-
omirs are powerful tools to silence specific miRNAs in
vivo and may represent a therapeutic strategy for silencing
miRNAs in diseases."’

A growing body of evidence suggests that deregulation
of miR-146a expression and function plays a pivotal role
in the pathogenesis of human autoimmune diseases,
including systemic lupus erythematosus (SLE),"" rheuma-
toid arthritis (RA)," Sjogren’s syndrome (SS),"? multiple
sclerosis'* and type 2 diabetes."”” Our previous study has
also proved that the expression of miR-146a in periph-
eral blood mononuclear cells of MG patients was signifi-
cantly up-regulated compared with healthy controls. In
vitro, we further found that transfection with an
miR-146a inhibitor dramatically decreased expression of
miR-146a and weakened activation of B cells.'® How-
ever, the full picture of whether and how miR-146a is
involved in humoral immune responses in EAMG in
vivo, as it is in vitro, has not yet been painted. Based on
our in vitro results, we proposed a model suggesting
that aberrant miR-146a expression in B cells is associ-
ated with the development of EAMG and AntagomiR-
146a can down-regulate the abnormal miR-146a, so
ameliorating EAMG.
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To test this notion experimentally and to further
understand the biological role of miR-146a in B cells, we
detected the expression level of miR-146a in B cells fol-
lowing stimulation of the rat AChR o-subunit. Then,
AntagomiR-146a was used as a loss-of-function approach
to interfere with miR-146a expression to explore its roles
in B cells. Our data indicate that miR-146a was up-regu-
lated in activated B cells. Second we describe for the first
time the functional defects of B cells after miR-146a was
knocked down. Furthermore, silencing of miR-146a by its
inhibitor AntagomiR-146a does effectively ameliorate
clinical myasthenic symptoms in mice with ongoing
EAMG. Our study suggests that miR-146a may be a
promising target for the clinical therapy of MG.

Materials and methods

Mice and antigen

Female C57BL/6 mice, 6-8 weeks of age, were purchased
from Laboratory Animal Co. Ltd. of Slack King (Longp-
ing Sci-tech Park, Changsha, Hunan, China) with the
license no. SCXK (Hunan) 2009-0004. Animals were
maintained in specific pathogen-free conditions in the
animal facility of the Division of Animal Care at Central
South University. All animal experiments were performed
in accordance with the Principles of Laboratory Animal
Care and Use Committee of Xiangya Hospital.

The antigen used to induce EAMG was a synthetic pep-
tide corresponding to region 297-116 of the rat AChR
o-subunit (R97-116). The peptides R97-116 (DGDF AIVK
FTKV LLDY TGHI) were synthesized by GL Biochem
Ltd., Shanghai, China (Lot number: P120409-M]148487).
Peptides were purified by reverse-phase HPLC, and their
synthesis was confirmed by mass spectroscopy.

Synthesis of AntagomiR-146a

The single-stranded modified RNA inhibitor AntagomiR-
146a (5'-aascccaug gaauucaguucyu,ca,-Chol-3') and its
negative control (5'-ugusguacuacacaaaag uayc,usg,-Chol-3')
were synthesized by GenePharma (Shanghai, China). The
lower case letters represent 2’-O-methyl-modified nucleo-
tides, subscript ‘s’ represents a phosphorothioate linkage,
and ‘Chol’ represents cholesterol linked through a hy-
droxyprolinol linkage.

Induction and clinical evaluation of EAMG

Mice were immunized by subcutaneous injection in the
hind footpads with 50 pg R97-116 peptide in 200 pl
complete Freund’s adjuvant (CFA; Sigma, St Louis, MO)
supplemented with 1 mg of H37Ra (Difco Laboratories,
Franklin Lakes, NJ) on day 0 and mice were boosted on
days 30 and 60 with the same peptide in CFA.'” The con-

57



J. Zhang et al.

trol mice, designated as the CFA group, received the same
emulsion, except PBS was used instead of the peptide.

Clinical scoring was based on the presence of tremor,
hunched posture, muscle strength and fatigability. Disease
severity was expressed as follows: grade 0, mouse with
normal muscle strength and activities; grade 0-5, normal
at rest, weak paw grips, or backward movement after
20-30 paw grips (paw exercise) on cage top grid; grade 1,
normal at rest, with muscle weakness characteristically
shown by hunchback posture, and weak grip or backward
movement after exercise; grade 1-5, similar to grade 1
with tremulous movements and chin on the floor and
temporary difficulty in raising head; grade 2, showing
grade 1-5 symptoms and signs after a minute of walking/
slow running on the table top without paw exercise;
grade 2-5, grade 2 weakness obvious soon after placing
the mouse on the table top; grade 3, dehydrated and
moribund with or without closure or secretions of the
eyes with grade 2-5 weakness; grade 3-5, imminent death
(death within a few hours); grade 4, dead.

Cell culture in vitro

To explore the expression of miR-146a in B cells, sensitized
spleen cells were harvested from the mice after the first
immunization with R97-116 peptide. B cells were then
purified with immunomagnetic beads (Miltenyi Biotec,
Bergisch Gladbach, Germany) from a portion of spleen
cells and were collected for the quantitative PCR analysis.
The other cells were subsequently cultured in RPMI-1640
(Invitrogen, Carlsbad, CA) complete medium supple-
mented with 10% fetal bovine serum (Invitrogen), 10 mm
HEPES, 50 U/ml-50 pg/ml penicillin-streptomycin and
50 um f-mercaptoethanol (Gibco, Grand Island, NY) in
the presence of R97-116 peptide (50 pg/ml). AntagomiR-
146a (100 nm) was added and AntagomiR negative con-
trol was used as the control. After a culture of 24 hr, the B
cells were separated for quantitative PCR and further cul-
ture. The isolated B cells were seeded into 96-well flat-bot-
tomed plates (1 x 10%/ml), and T cells were seeded at a
1 : 5 ratio of T cells : B cells. After a culture of 72 hr, the
supernatants were collected for the total IgG detection.
Spleen cells from the CFA group were used as controls.

Treatment protocols

To explore the expression and function of miR-146a in
EAMG B cells, AntagomiR-146a was used to treat the
EAMG mice and perform the loss-of-function studies. The
EAMG mice (grade > 1-5) were randomly divided into
three groups: (i) AntagomiR-146a group: AntagomiR-146a
at 20 mg/kg dose dissolved in 200 pl PBS solution per day
was used for treatment. (ii) NC group: AntagomiR nega-
tive control (NC) at the same dose dissolved in 200 ul PBS
solution per day was used for treatment. (iii) PBS solution
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group: 200 pl PBS solution per day was used for treatment.
The EAMG mice were injected with respective treatment
drugs via the caudal vein on three consecutive days
(defined successively as day 0, 1, 2). Clinical assessment
and myasthenic scoring of the mice in each group were
recorded every other day. At the same time the serum
specimens were collected to detect the secretion level of
anti-R97-116 total IgG and its subtypes by ELISA. At day
10 after the first treatment on day 0, the mice were killed
and spleen cells were collected. Frequency of B-cell subsets
was detected by flow cytometry, whereas the expression of
miR-146a and its possible target genes tumour necrosis
factor receptor-associated factor 6 (TRAF-6) and interleu-
kin-1 receptor-associated kinase 1 (IRAK-1) in mouse B
cells were detected by quantitative PCR.

Days 0 1 2 / 10
Treatment Harvest spleen cells

ELISA assay for anti-peptide antibodies

A standard ELISA technique was used to detect peptide
R97-116-specific antibodies. Briefly, 96-well microtitre
plates were coated overnight with 5 pg of peptide at 4°
and blocked with 200 pl 1% BSA at room temperature
for 0-5 hr. Next, 100 pl of serum (diluted 1/1000) was
added to the wells and incubated for 1 hr at room tem-
perature. Plates were washed with 0-05% Tween-20 in
PBS. Then, 100 pl of rabbit anti-rat IgG (horseradish per-
oxidase-conjugated, Immunology Consultants’ Labora-
tory, Portland, OR) and isotype control (horseradish
peroxidase-conjugated; BD Pharmingen, San Diego, CA)
were added and incubated for 1 hr at room temperature.
Plates were washed with 0-05% Tween-20 in PBS and
developed with o-phenylenediamine substrate. The opti-
cal density was measured at 450 nm using an automated
microplate ELISA reader. Each serum was tested in dupli-
cate and assessed at two different dilutions. The results
are expressed as optical density at 450 nm/pl of serum.

Isolation of B cells

Spleens were aseptically removed from three groups of
mice and processed into a single-cell suspension. Red
blood cells were lysed with cold distilled water. After
the erythrocyte lysis, spleen cells were resuspended at
107 cells/ml in PBS with 5% fetal bovine serum. Subse-
quently, mouse B cells were purified using CD19 beads
(Miltenyi) according to the manufacturer’s instructions.

Flow cytometry
Spleen cell suspensions were stained for flow cytometry with

the indicated antibodies. Phycoerythrin (PE) -conjugated
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anti-mouse CD5, 488-conjugated anti-mouse CD44, 488-
conjugated anti-mouse CD40, PE-conjugated anti-mouse
CD27, allophycocyanin-conjugated anti-mouse CD80, PE/
Cy7-conjugated anti-mouse CD86 were purchased from
Biolegend, San Diego, CA. FITC-conjugated anti-mouse
CD19 and Peridinin chlorophyll protein-conjugated anti-
mouse CD45R were purchased from Miltenyi. Carboxy-
fluorescein anti-mouse CD138 were purchased from R&D
Systems (Minneapolis, MN). Briefly, anti-CD19 and anti-
CD5 were used to discriminate the B-1 cells; anti-CD45R,
anti-CD27 and anti-CD44 were used to discriminate the
memory B cells; anti-CD45R, anti-CD27 and anti-CD138
were used to discriminate the plasma cells. Anti-CD40, anti-
CD80 and anti-CD86 were used to discriminate the surface
activation molecules on B cells. Cell analysis was performed
on a Beckman Counter (MoFlotm XDF, Brea, CA).

MicroRNA and mRNA qPCR

To analyse the expression of miR-146a and its possible
targets TRAF-6 and IRAK-1 in B cells, quantitative PCR
analyses were carried out as follows: total RNA was
extracted from B cells using TRIzol reagent (Invitrogen).
Then, ¢cDNA synthesis of miR-146a was performed with
All-in-Onetm miRNA First-strand c¢cDNA Synthesis Kit
(GeneCopoeia, Guangzhou, China) as per the manufac-
turer’s instructions. The ¢cDNA synthesis of TRAF-6 and
IRAK-1 were performed with All-in-Onerm First-strand
cDNA Synthesis Kit (GeneCopoeia, Guangzhou, China) as
per the manufacturer’s instructions. A total reaction
volume of 20 pl contained 10 pl qPCR Mix, 5-6 ul
RNase-free water, 2 pl forward/reverse primer (for the
miRNA detection both a 2 pl universal adaptor PCR pri-
mer and a 2 pl miR-146a qPCR primer were used), 2 pl
cDNA template and 0-4 pl ROX. Amplification and detec-
tion were performed as follows: 95° for 10 min and then
40 cycles of 95° for 10 seconds, 60° for 20 seconds and
72° for 20 seconds, followed by one cycle of 95° for
15 seconds, 60° for 1 min and 95° for 15 seconds. The
results were automatically analysed by the Applied Biosys-
tem StepOnet™ (Applied Biosystems, Carlsbad, CA) PCR
system and the 272AC¢ method was used to analyse the
mRNA expression (AC; represents the difference of
threshold cycle value between the target gene and the
inner control; AAC, represents the difference of AC,
between different groups). Housekeeping genes U6 and f3-
actin were used as endogenous controls to normalize for
differences in the amount of total RNA in each sample.

Statistical analysis

The data are presented as the mean + SEM. Statistical
analysis was performed using the one-way classification
analysis of variance followed by a Student-Newman—Keuls
(SNK) test. A P value <0-05 was considered significant.

© 2014 John Wiley & Sons Ltd, Immunology, 144, 56-67
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Results

miR-146a was up-regulated in B cells following
activation

To establish the functional role of miR-146a in the
immune system, we first surveyed its expression in mouse
splenic B cells after first immunization by the R97-116
peptide. Expression of mature miR-146a was found to be
relatively high in B cells stimulated by R97-116 and this
up-regulation was significantly attenuated by AntagomiR-
146a (Fig. 1). This result suggests that miR-146a may play
an important role in the response of B cells to pathologi-
cal antigens.

B cells with knockdown of miR-146a showed
decreased total IgG in vitro

Previous experiments have demonstrated that Antago-
miR-146a could significantly inhibit the up-regulated
miR-146a in B cells following activation. To explore its
follow-up effects, ELISA was used to detect the secretion
of total IgG antibodies. In this study, we observed a sig-
nificant decrease of total IgG in the group cultured with
AntagomiR-146a which has been confirmed that miR-
146a was knocked down in B cells (Fig. 2).

*k
*k

0-75
0-5 9

0-25 =

I

R97-116  — + + +
AntagomiR-146a  — - + -
NC - - - +

miR-146a level (arbitrary units)

Figure 1. miR-146a was up-regulated in B cells following activation.
The miR-146a mRNA was determined by quantitative PCR analysis
in sensitized B cells. These B cells were cultured with a second
immunization by R97-116 peptide in the absence or presence of
AntagomiR-146a and/or AntagomiR Negative Control (NC). Non-
activated B cells from the complete Freund’s adjuvant (CFA) group
were used as negative controls. The data were from three indepen-
dent experiments and are shown as means + SEM, with n = 3. The
results showed that miR-146a expression was decreased signifi-
cantly in R97-116-stimulated plus AntagomiR-146a-inhibited B cells
(R97-116+ AntagomiR-146a subgroup) when compared with R97-
116-stimulated but plus NC-inhibited B cells (R97-116+ NC sub-
group) and normal R97-116-stimulated B cells (Positive control)
(**P < 0-01).

59



J. Zhang et al.
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Figure 2. B cells with miR-146a knockdown secreted less total IgG
in vitro. Samples were the same cultured B cells as the previous
experiments. Supernatants from these cultures were harvested 72 hr
after co-culture with T cells and assayed by ELISA for total IgG. The
data were from three independent experiments and shown as
means = SEM, with n = 3. The results showed that the secretion
levels of total IgG in R97-116+ AntagomiR-146a subgroup was sig-
nificantly lower than in the R97-116+ NC subgroup and Positive
control. (*P < 0-05).

Treatment with AntagomiR-146a ameliorated clinical
myasthenic symptoms in mice with ongoing EAMG

It is well accepted that anti-AChR antibodies serve as the
critical components in the pathogenesis of MG/EAMG.
We presumed that AntagomiR-146a might benefit EAMG
because of the evidence that AntagomiR-146a might
attenuate the production of anti-R97-116 antibodies after
stimulation with R97-116. To confirm these, EMAG mice
were treated with AntagomiR-146a, AntagomiR NC, or
PBS solution. Clinical assessment and myasthenic score of
the mice in each group were recorded every other day. As
expected, we observed a significant amelioration of the
clinical severity of the EAMG mice treated with Antago-
miR-146a (Fig. 3).

Silence of miR-146a inhibited the production of anti-
R97-116 antibodies in vivo

To confirm the role of miR-146a in EAMG, we detected
anti-R97-116 total IgG and its subtypes in vivo by ELISA.
We observed a significant decrease of total IgG, IgG1 and
IgG2b in the AntagomiR-146a group (Fig. 4), which was
consistent with the results in vitro. Therefore, Antago-
miR-146a greatly influenced the expression and class
switching of serum anti-R97-116 antibodies in the serum.

AntagomiR-146a could effectively silence miR-146a of
B cells in vivo

To verify whether systemic administration of AntagomiR-
146a in vivo effectively targeted B cells and exerted its
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Figure 3. Treatment with AntagomiR-146a ameliorated clinical
myasthenic symptoms in mice with ongoing experimental autoim-
mune myasthenia gravis (EAMG). Each symbol represents the mean
clinical score (MCS) of mice in the AntagomiR-146a group
(n =10), the NC group (n = 10) and the PBS group (n = 10) at
various times after treatment with respective treatment drugs via the
caudal vein for 3 days continuously. Differences of the MCS were
statistically significant between three groups since the sixth days after
enrolment began. The MCS of AntagomiR-146a group was signifi-
cantly lower than NC and PBS groups. At the end of the experiment,
the MCS of the AntagomiR-146a group was 0-63 + 0-33, the NC
group was 2-01 £ 0-41, and the PBS group was 2:14 &+ 0-55
(*P < 0-05; **P < 0-01).

biological effects, we first isolated B cells on the 10th day
after AntagomiR-146a treatment. The sorting purity was
> 95% (Fig. 5a). Then, quantitative PCR was performed
to detect the expression of miR-146a. As expected,
expression of miR-146a in the B cells was significantly
reduced in the AntagomiR-146a group compared with
the NC group and PBS group. The CFA group served as
controls and had little expression of miR-146a, which also
proved that miR-146a was up-regulated in B cells only
when the B cells were stimulated by antigens and in
response to activation (Fig. 5b).

AntagomiR-146a influenced the number of plasma
cells, memory B cells and B-1 cells in vivo

To further elucidate the mechanisms of miR-146a in B
cells, we investigated the follow-up effects on B-cell sub-
sets attributed to silencing miR-146a in B cells. We found
that plasma cells, memory B cells and B-1 cells were sig-
nificantly reduced in the AntagomiR-146a group com-
pared with the NC group and PBS group (Fig. 6).

AntagomiR-146a decreased the expression of CD40,
CD80 and CD86 on B cells

To investigate whether anti-mir-146a treatment affected
the activation of B cells, the B cells were stained for a
variety of differentiation and activation markers. Our data
demonstrated that the expression of CD40, CD80 and

© 2014 John Wiley & Sons Ltd, Immunology, 144, 56-67
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Figure 4. miR-146a knockdown inhibited the production of anti-R97-116 antibodies in vivo. The secretion levels of total IgG, IgG1 and IgG2b were
significantly lower in the AntagomiR-146a group compared with the NC group and PBS group. There were no significant differences of IgG2a, IgG2c
and IgM in all groups. The complete Freund’s adjuvant (CFA) group, which served as the control and exhibited no secretion of antigen-specific anti-
body, demonstrated the success of experimental autoimmune myasthenia gravis induction in the three experimental groups (*P < 0-05; **P < 0-01).

CD86 were significantly decreased in AntagomiR-146a
group compared with the NC group and the PBS group

(Fig. 7).

TRAF-6 and IRAK-1 were not the targets of miR-
146a-induced immunomodulation in splenic B cells of
EAMG

To explore the possible mechanism of miR-146a in B cells
from EAMG, we analysed the expression of TRAF-6 and

© 2014 John Wiley & Sons Ltd, Immunology, 144, 56-67

IRAK-1, which have been found to be the target genes in
many other immune cells and to participate in several
autoimmune diseases. In our study, however, no signifi-
cant difference in TRAF-6 and IRAK-1 expression was
observed in mouse B cells between three groups (Fig. 8).
TRAF-6 and IRAK-1 were not the targets of the
miR146a-induced immunomodulation in B cells of
EAMG. Abnormal expression of miR-146a might act on
other potential targets to control the mechanisms of
EAMG/MG.
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Discussion marker CD5 have long been suspected of playing a role

In this study, we analysed the effect of miR-146a on the
autoimmune response in an EAMG model for MG and
the following effects after miR-146a was silenced by
AntagomiR-146a in B cells. Our data indicated that miR-
146a was up-regulated in activated B cells responding to
the AChR antigen. Consistent with the result reported in
MG patients in our previous study,'® the current study
also implied that miR-146a was up-regulated in EAMG.
For the first time, multiple functional defects were
observed in B-cell responses after miR-146a was knocked
down, including decreased numbers of B-1 cells, memory
B cells, and plasma cells, decreased expression of CD40,
CD80 and CD86, impaired expression and class switching
of serum anti-R97-116 antibodies, which accounted for
an amelioration of myasthenic symptoms.

The B-cell compartment has been divided into CD5™
conventional B cells, termed B-2, and CD5" distinctive B
cells, termed B-1. Those B cells expressing the T-cell

in the development of autoimmunity diseases such as
SLE, RA and SS.'®' However, whether the B-1 cells are
increased in MG is controversial. Yi et al.?® reported that
levels of CD5" B lymphocytes do not differ between
patients with myasthenia gravis and healthy individuals.
In contrast to this finding, another study reported a high
frequency of CD5" B cells (>30%) in the peripheral
blood of 57% of MG patients. The administration of
immunosuppressive therapy, the age at onset of MG, the
presence or absence of detectable serum AChR antibody,
clinical extent of MG, and the duration of disease may all
affect the frequency of CD5" B cells in the blood.*' Con-
sistent with the latter observation, our data also imply
that the frequency of CD19" CD5" B cells in spleen cells
is approximately 6% and that the proportion of this cell
subset is reduced after AntagomiR-146a treatment.
Although CD5" B cells do not generate an immune mem-
ory, they can present antigen to T cells, inducing T-cell
responses and secrete interleukin-10 to participate in

Figure 6. AntagomiR-146a influenced the amount of plasma cells, memory B cells and B-1 cells in vivo. (a) Flow cytometry analysis of
CD45R" CD27" CD138" plasma cells in spleen cells of three group mice(n = 10/group). In the AntagomiR-146a group it was 1-24 + 0-57%, the
NC group was 3-87 4= 0-78% and the PBS group was 4:15 4 0-83%. (b) Flow cytometry analysis of CD45R" CD27" CD44" memory cells. In the
AntagomiR-146a group it was 1-57 £ 0-61%, the NC group was 7-62 & 0-68% and the PBS group was 7-41 + 1-07%. (c) Flow cytometry analy-
sis of CD19" CD5" B-1 cells. In the AntagomiR-146a group it was 4-01 & 0-63%, the NC group was 6:16 £ 0-76% and the PBS group was
597 + 0-77%. In the dot plots at right, each symbol represents an individual mouse, and the horizontal bars represent the median values. The

blank control was used to set the cross mark into four quadrants by the mean of making its probability of the upper right quadrant approxi-

mately 0% (*P < 0-05; **P < 0-01).
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autoimmune reactions. Therefore, we speculate that the
effective treatment of EAMG mice with AntagomiR-146a
may correlate with inhibited antigen presentation and
inflammatory cytokine release followed by the decreased
number of B-1 cells.

Recent data suggest that B-1 cells do not generate patho-
genic autoantibodies because they tend to produce low-
affinity autoantibodies.'® Antibodies against the AChR
were mostly produced by CD5 B cells, also as B-2 cells
(hereinafter referred to as B cells).?*?*> Anti-AChR autoim-
mune responses depend on B cells encountering antigen,
interacting with helper T cells through co-stimulatory mol-
ecules like CD40, CD80 and CD86, proliferating and differ-
entiating into plasma cells and memory B cells. Evidence
that B cells from MG patients present signs of activation
have been clearly demonstrated: (i) Long-lived plasma cells
producing anti-AChR antibodies were present in MG
patients because immune-deficient mice transplanted with
thymic fragments from these MG patients demonstrated
anti-AChR antibodies several weeks after transplantation.**
(ii) There are a large number of pathological self-reactive B
cells located in the germinal centres and ectopic germinal
centres in the thymus of MG patients and essentially asso-
ciated with the presence of anti-AChR antibodies.* 7 (iii)
B cells from MG patients display increased expression lev-
els of activation makers such as CD71, CD23, CD40, CD80
and CD86.*° In this study, we observed significantly
high expression of CD40, CD80 and CD86, and also
detected the presence of long-lived plasma cells and mem-
ory B cells in EAMG mice. These results are consistent with
the previous findings that B cells from MG patients are
highly activated, and emphasize that the miR-146a contrib-
utes to this activation because AntagomiR-146a leads to
decreased plasma cells and memory B cells, and expression
levels of activation markers in splenic cells.

To gain further insight into the mechanism of miR-
146a in B cells of EAMG, we shall answer the following
two questions.

What is inducing miR-146a in B cells?

The analysis of the miR-146a promoter provided evi-
dence that miR-146a is a nuclear factor-xB (NF-xB)
-dependent gene.’! NF-xB is a transcription regulator that
controls diverse biological processes including cell sur-
vival, proliferation and immunomodulation. Previous
studies have demonstrated that NF-«xB can be activated
by B-cell activating factor receptor (BAFF-R), which binds
BAFF exclusively. Signalling downstream of the BAFF-R
leads to B-cell survival through activation of NF-xB.**?
Studies have proven that patients with MG have
higher expressions of BAFE-R in the serum,** *® and aug-
mented percentages of CD19" BAFF-R" B cells.”” There-
fore, we propose a model in which the aberrant miR-
146a expression in B cells of EAMG/MG is driven by
NF-kB and the latter is induced by active BAFF/BAFF-R
signal. Furthermore, evidence demonstrates that NF-xB

© 2014 John Wiley & Sons Ltd, Immunology, 144, 56-67
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can also be activated by Toll-like receptor 4 (TLR4),
which is up-regulated in peripheral mononuclear cells
from MG patients and is expressed on B cells.”®**° Our
data suggest another putative model in which the aber-
rant miR-146a expression is induced by the TLR4/NF-xB
signal pathway.

What are the relevant targets of miR-146a in B cells?

Many direct targets of miR-146a in immune cells have
been identified. TRAF-6 and IRAK-1 are pivotally impor-
tant ones and associate tightly with autoimmune dis-
eases.”’ Both of these target genes encode key adaptor
molecules downstream of TLRs and cytokine receptors in
the NF-xB activation pathway.*"** Evidence has shown
that miR-146a can inhibit the expression of IRAK-1 and
TRAF-6, impair NF-«B activity*’and suppress the expres-
sion of NF-kB target genes such as interleukin-6 (IL-6),
IL-8, IL-1f and tumour necrosis factor-o.'>** Although
both IRAK-1 and TRAF-6 can be under the control of
miR-146a the rate of their simultaneous expressions can
be independent of each other, it can be different in differ-
ent diseases. In the case of SS, for example, miR-146a
and its target gene TRAF-6 were significantly over-
expressed, whereas the expression of IRAK-1 was signifi-
cantly decreased.** In contrast, in SLE, the expression of
miR-146a was decreased, whereas the expression of
IRAK-1 gene was elevated and the expression of TRAF-6
gene was unchanged.*” However, in the peripheral blood
mononuclear cells from RA patients, the over-expression
of miR-146a did not correlate with a change in expres-
sion of TRAF-6 and IRAK-1."> Although we are now pre-
senting the data on the over-expression of miR-146a in B
cells upon activation by AChR antigen, and on the possi-
ble network of interactions between miR-146a, TRAF-6
and IRAK-1 in B cells of EAMG, our study demonstrated
that an miR-146a inhibitor had no effect on the expres-
sion of TRAF-6 and IRAK-1 in B cells. The function of
miR-146a in B cells does not involve these two target
molecules; we speculate that there may be other target
genes upon which miR-146a acts in EAMG/MG.

Given the ameliorating effect of AntagomiR-146a in
EAMG and the functional defects in the B-cell compartment
after miR-146a is silenced, we conclude that silencing
miR-146a may be an effective therapeutic approach in the
treatment of MG.
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Figure 8. Tumour necrosis factor receptor-associated factor 6 (TRAF6) and interleukin-1 receptor-associated kinase 1 (IRAK1) were not the tar-

gets for miR-146a-induced immunomodulation in B cells of experimental autoimmune myasthenia gravis (EAMG). Quantitative PCR measure-

ments of TRAF-6 and IRAK-1 mRNA were taken to analyse the possible targets of miR-146a in B cells. (a) Amplification plot and melt curve for
IRAK1 and f-actin. (b) Amplification plot and melt curve for TRAF6. (c) Data analysis showed that the expression differences of TRAF6
(P = 0-296) and IRAK1 (P = 0-463) in mouse B cells from three groups were not statistically significant.
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