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Abstract

Regulatory T cells (Tregs) play critical roles in restricting inflammatory pathogenesis and limiting undesirable Th2 response to
environmental allergens. However, the role of miR-181a in regulating acute gouty arthritis (AGA) and Treg function remains
unclear. This study aimed to investigate the potential roles of miR-181a in Treg immunity and the associated signaling pathway
in the AGA mouse model. A solution with monosodium urate (MSU) crystals was injected into the joint tissue of mice to induce
AGA. ELISA was used to examine inflammatory factors in blood samples, and flow cytometry was used to analyze Treg profile
in mice with MSU-induced AGA. Cell proliferation and viability were assessed by CCK-8 assay. TGF-b1/Smad signaling
activation was detected by western blot. We found that miR-181a expression showed a positive correlation with the changes of
splenic Tregs percentage in AGA mice. miR-181a regulated the TGF-b1/Smad axis, since the transfection of miR-181a mimic
increased the level of TGF-b1 and the phosphorylation of Smad2/3 in Tregs in AGA mice. Additionally, miR-181a mimic also
promoted responses of Tregs via TGF-b1 in vitro and in vivo. Our work uncovered a vital role of miR-181a in the immune
function of Treg cells by mediating the activity of the TGF-b1/Smad pathway in the AGA mouse model induced by MSU.
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Introduction

The pathogenesis of acute gouty arthritis (AGA) is
associated with the imbalance between Th1 and Th2
cell subsets, as well as the undesirable response of Th2
to environmental allergens (1). In arthritis, localized Th1
over-activation can lead to inflammatory response and
tissue damage (2). Strategies targeting Th1 and Th2
imbalance have been shown to alleviate rheumatoid
arthritis in mouse models and human patients. For
example, targeting adrenergic receptors shifts T helper
(Th) cytokines from a Th1 to Th2 profile in immune organs
and attenuates arthritis in mice (3). Inhibiting histone
deacetylase (HDAC) activity by trichostatin suppresses
Th1 response and protects against collagen-induced
rheumatoid arthritis in mice (4). In human patients with
rheumatoid arthritis, etanercept in combination with metho-
trexate also ameliorates arthritis by reversing the Th1/Th2
ratio (5).

As a critical component of the immunologically mature
T population, CD4+CD25+ regulatory T cells (Tregs) play
crucial roles in maintaining self-immune tolerance and
tuning down unwanted immune reactions, such as the

inhibition of CD4+/CD8+ T cell activity and the mediation
of the conversion of Th1 response into Th2 response
(6,7). The pathogenic progression of arthritis is often
associated with the dysfunction or the percentage change
of peripheral Tregs (8). In acute gouty arthritis (AGA), the
decrease of the Treg/Th17 ratio has been linked to the
development of inflammation in joints (9). Tregs can also
function to regulate the imbalanced Th1/Th2 responses
under inflammatory conditions (10,11). Therefore, targeting
Tregs has been proposed as an attractive strategy to curb
the pathogenic progression of inflammatory diseases.

MicroRNAs (miRNAs) are short RNAs with 22–24
nucleotides in length that bind to the 30 untranslated region
(30 UTR) of target mRNAs and induce mRNA degradation
or arrest the translation (12,13). miRNAs regulate a myriad
of biological processes, including cell proliferation, differ-
entiation, secretion of inflammatory cytokines, tumori-
genesis, hematopoiesis, and antiviral innate immune
responses (14). Recently, miRNAs have been implicated
in the regulation of Tregs immunity (15,16). For example,
recent studies provide evidence that miR-155 and
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miR-181a are tightly related to Treg function and prolif-
eration in allergic rhinitis (AR) (17). Nonetheless, it is
unclear whether miR-181a is involved in the regulation of
Tregs in arthritis.

TGF-b1 is a key cytokine in the modulation of T cell
differentiation and the balance of immune response. TGF-
b1 binds to the type I receptors and also interacts with
type II receptors to generate a heteromeric complex,
which initiates signaling cascades to activate the Smad
transcription factors (TFs) (18,19), and the nuclear trans-
location of Smad TFs triggers the expression of the target
gene (20). However, the relationship between miR-181a
and CD4+CD25+ Treg activation in the pathogenesis of
AGA and whether TGF-b1 signaling is involved in the
above process is not clear.

In this work, a solution of monosodium urate (MSU)
crystals was injected into the joint tissue of mice to induce
AGA, and we examined the miR-181a expression follow-
ing the induction of AGA.

Material and Methods

Experimental animals
We obtained the 6- to 8-week-old C57BL/6 male mice

from the Institute of Laboratory Animal Sciences, Chinese
Academy of Medical Sciences (China). The mice were
raised in individual cages in a pathogen-free animal house
at controlled temperature of 22°C with a 12-h light/dark
cycle. The mice were allowed to access drinking water
and food freely prior to the experiment. The experimental
procedures were conducted following the guideline for the
Care and Use of Laboratory Animals released by the
National Institutes of Health (USA). All the procedures
were approved by the Experimental Animal Care and
Ethics Committee of Tongji Hospital, Tongji Medical
College, Huazhong University of Science and Technology.

Acute gouty arthritis model
The AGA model was induced with MSU crystals

(Sigma, USA) that were added to the injection solution
with 10% Tween 80 dissolved in normal saline. The mice
were anesthetized with 10% chloroform and administered
100 mg/mL MSU at the right ankle joint, using a 1-mL
syringe that was inserted at an angle of 45° (17). An
equivalent amount of MSU-free injection solution was
applied in control mice at the identical site (n=10 mice/
group).

Isolation of CD4+ T cells and CD4+CD25+ Tregs from
mouse spleen

Isolation of CD4+CD25+ Tregs were purified from the
spleens of mice using CD4+CD25+ Regulatory T Cell
Isolation Kit for mice (Miltenyi Biotec, USA). The spleen
was smashed in sterile PBS and the mixture was filtered
using 40-mm cell strainer. Cell suspensions were stained
with biotin-conjugated depletion cocktail antibodies (anti-

CD8, anti-CD19, anti-CD11b, anti-CD11c, anti-Ly6G, anti-
TER119), and anti-biotin microbeads. Non-CD4+ cells
were retained on the MS column of a MACS separator
(Miltenyi Biotec) by negative selection. The eluted cells
contained CD4+ cell population. To further purify CD4+

CD25+ Tregs, the CD4+ cell population was further
stained with PE-anti-CD25 antibody and anti-PE micro-
beads. The cells were then passed through the column on
the MACS separator, and the retained cells were eluted as
CD4+CD25+ Tregs. The remaining cells were used as
primary CD4+CD25– T cells. Isolated primary T cells were
cultured in RPMI-1640 medium supplemented with 10%
FBS, 50 mg/mL gentamicin, 50 mM 2-mercaptoethanol,
and interleukin (IL)-2 (10 ng/mL).

FOXP3 and CTLA-4 staining and analysis by flow
cytometry

CD4+CD25+ Tregs isolated from the spleen of mice
(105 cells) were subjected to the staining solution with
2 mg/mL PE-conjugated anti-CTLA-4 Ab (BD Biosciences,
USA) or anti-mouse IgG isotype control to characterize
surface CTLA-4. Stained cells were washed twice with
PBS and then analyzed by flow cytometry. Foxp3
expression was analyzed by intracellular staining. Tregs
were fixed in 1 mL fresh fixation/permeabilization working
solution (FoxP3 Staining Buffer Set, BD Biosciences).
Fixed cells were washed with PBS and then re-suspended
in the staining solution containing 5 mg/mL FITC-labeled
anti-Foxp3 antibody or IgG isotype control (eBioscience,
USA). The stained cells were washed twice with PBS and
then analyzed using FACSCalibur cytometer and the
CellQust software (BD Biosciences).

Western blotting
Western blot was performed using isolated Tregs

from mouse spleen. Total protein was extracted from
Treg cells using RIPA lysis buffer containing protease
inhibitor cocktail (Thermo Fisher Scientific, USA). Cells
suspended in RIPA buffer were lysed on ice for 10 min,
and the lysates were centrifuged at 13,200 g for 10 min
at 4oC. The supernatant containing total protein lysate
was quantified by a BCA Protein assay kit (Beyotime
Biotechnology, China). The protein (10 mg) was used
for SDS-PAGE electrophoresis and then transferred
onto the PVDF membrane. After blocking with 5% non-
fat milk, the membrane was incubated with primary
antibodies anti-TGF-b1, Smad2/Smad2, and P-Smad2/
Smad2 (1:1000, BD Biosciences). The membrane was
washed 3 times with TBST and then incubated with
HRP-linked secondary antibody (1:2500; Cell Signaling
Technologies, USA) at room temperature for 1 h. The
protein bands were visualized using a Pierce ECL
Western blotting substrate (Thermo Fisher Scientific)
and photographed on a gel imaging system (Bio-Rad,
USA). The densitometry analysis was performed with
ImageJ software (USA).
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Viral transduction and transfection
Genchem Co. (China) was responsible for preparing

miR-181a mimic and the lentivirus. For increasing the TGF-
b1 expression level, TGF-b1-RNA expressing recombinant
lentivirus was transuded into Tregs in line with the specific
protocols: primary Tregs were activated with plate-coated
anti-CD3 (1 mg/mL) and anti-CD28 (1 mg/mL) overnight,
and an equal volume of viral supernatant containing
8 mg/mL polybrene was added to the cell culture. After
12-h incubation, cells were harvested by centrifugation at
1000 g for 1.5 h at 32°C and transferred to fresh RPMI
medium supplemented with IL-2. For transfection, 100 nm
miR-181a mimic was transfected into Tregs using Lipofec-
tamine 3000 (Thermo Fisher Scientific), according to the
manufacturer’s instructions.

Cell proliferation assay
Primary cells (1�105/well) were seeded in 96-well flat-

bottomed plates and cultivated in RPMI-1640 medium
supplemented with 10% FBS, 50 mg/mL gentamicin,
50 mM 2-mercaptoethanol, and IL-2 (10 ng/mL). Cells
were treated with different experimental conditions and
after 48 h, CCK-8 solution (10 mL, Dojindo Molecular
Technologies, Japan) was added into each well for
3-h incubation. The light absorption value (OD value)
under each condition was recorded at 450 nm on a
Synergy H1 microplate reader (USA).

Cytokine measurement by ELISA
To analyze cytokine production, 100 ng/mL PMA and

1 mg/mL ionomycin (BD Biosciences) were used to
stimulate T lymphocytes for 24 h. The IL-2, IL-6 IL-10,
and TGF-b in the cell culture supernatant were determined
using commercial ELISA kits (R & D Systems, USA).
In brief, 100 mL supernatant was added to the antibody-
coated plate for 1 h incubation. After a washing step to
remove unbound material, a biotin-labeled detection anti-
body was added for 1-h incubation, followed by the addition
of streptavidin-HRP. After washing, 100 mL chemilumines-
cent substrate reagent was added for signal development
and the absorbance of the testing samples, and standards
was measured at 450 nm using a microplate reader. The
concentration of each cytokine was measured based on the
linear regression of the standards.

RT-qPCR
Trizol reagent (Thermo Fisher Scientific) was used to

extract RNA from tissues and cells according to the
instructions. The extracted total RNA was dissolved in
DEPC water, and 1 mg of total RNA was used for cDNA
synthesis by a Mir-X miRNA first-strand synthesis kit
(Takara, Japan) following the manufacturer’s protocol.
The resulted cDNA was analyzed in a 7500 Real Time
PCR System (Applied Biosystems, USA) using SYBRs

Green (Ampliqon, Denmark). Finally, the 2–DDCt method
was used to analyze the relative expression level, and the

U6 gene was used as the internal reference gene. All
primer sequences were synthesized by Shanghai Sangon
Biotechnology Co., Ltd. (China): miR-181a, F: 50-GCTAT
CAGGTGTACTCAGATATG-30; R: 50-CTCAACGCACAGA
CGTGTC-30; U6 gene primer: F: 50-CACGAATTTGCGT
GTCATCCTT-30; R: 50-GTGTAA CACGTCTATACGCCCA-30.

H&E staining
Hematoxylin and eosin (H&E) staining was performed

using H&E Stain Kit (Abcam, UK). The deparaffinized/
hydrated joint tissue section was incubated in hematoxylin
(Mayer’s solution) for 5 min. The section was rinsed
twice with distilled water and then incubated with Bluing
Reagent for 3 min. After washing with distilled water, the
section was dehydrated in absolute alcohol and stained
with eosin Y solution for 2 min. The section was rinsed
using absolute ethanol and mounted on a slide for
microscopic observation.

Statistics
All data are reported as means±SD. All the experi-

ments were repeated three times. Statistical differences
between two groups were compared using unpaired
Student’s t-tests. Comparisons among multiple groups
were analyzed using one-way analysis of variance
(ANOVA). Comparisons of data at multiple time points
were examined using two-way ANOVA. The SPSS 20.0
software (IBM, USA) was used. Differences with Po0.05
(two-sided) were considered to be statistically significant.

Results

Expression level of miR-181a was increased in Tregs
isolated from AGA mice

The ankles of mice in control and experimental groups
were monitored for their clinical manifestations for 72 h
after the injection. The clinical scores of ankle circum-
ference were determined as the swelling index. The
joint swelling in the MSU-injected experimental group
increased significantly, which peaked at 24 h post-
injection. There was mild swelling in the control group,
and the joint swelling index was significantly higher in the
MSU group (Figure 1A). At 12 h, H&E staining of the joint
tissue showed that there was massive inflammatory cell
infiltration within synovial tissues especially in the MSU
group (Figure 1B). Together, these data indicated that
MSU injection caused severe inflammation in the joint
tissues.

The injection of MSU significantly upregulated miR-
181a expression level at 24 and 48 h (Figure 1C). In
addition, Tregs from AGA-induced mice showed a gradual
increase in miR-181a expression level compared to the
control group (Figure 1D). The percentage of Treg in
CD4+ T cells also showed a sharp increase at 6 h,
which gradually decreased at 24 and 48 h (Figure 1E).
Additionally, miR-181a expression in Tregs showed a
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significant reduction at 24, 48, and 72 h after AGA
induction (Figure 1F).

miR-181a overexpression promoted TGF-b1/Smad
signaling activation in Tregs

TGF-b1 signaling is a critical signaling pathway in Treg
differentiation, and the activation of TGF-b1 signaling
relies on the phosphorylation of transcription factors such
as smad2/smad3. In total CD4+ Tcells isolated from AGA
mice (MSU group), the expression of TGF-b1 and the
phosphorylation level of Smad2/Smad3 showed a sig-
nificant increase compared to the Tregs from control
mice. The transfection of miR-181a mimic significantly
increased the activation level of TGF-b1 signaling in the
presence or the absence of MSU crystals injection
(Figure 2A). Similar results were observed in CD4+

CD25+ Tregs, which showed that the transfection of
miR-181a mimic synergized with MSU to promote TGF-b1
level and the phosphorylation of Smad2/Smad3 (Figure 2B).
Together, these results suggested that miR-181a over-
expression promoted TGF-b1/Smad signaling activation
in Tregs.

Overexpression of miR-181a promoted Treg
responses by activating TGF-b1

To investigate the function of miR-181a in controlling
the proportion of splenic Tregs, we analyzed the percent-
age of Tregs in total CD4+ cells isolated from control and
MSU-injected mice at the early time point (24 h), in the
presence of TGF-b-RNA overexpression (lentiviral trans-
duction) or miR-181a overexpression (miR-181a mimic
transfection). We performed intracellular Foxp3 staining
and surface staining of CTLA-4A in different groups. As
shown in Figure 3A, the percentage of Foxp3+ cells was
decreased in the MSU group, which was rescued by the
TGF-b overexpression. However, miR-181a mimic trans-
fection did not increase the percentage of Foxp3+ Tregs
(Figure 3A). Similarly, the percentage of CTLA-4+ cells in
CD4+ population could also be increased by TGF-b-RNA
overexpression, but not by miR-181a overexpression
(Figure 3A). These data indicated that miR-181a did not
affect Treg differentiation.

In Tregs isolated from MSU-injected mice, increased
IL-10 and TGF-b expression was detected compared to
the Tregs from control mice (Figure 3B). Interestingly, both

Figure 1. Expression levels of miR-181a in Tregs of acute gouty arthritis (AGA) mice (10 mice per group). A, The clinical scores of ankle
joint in monosodium urate (MSU) crystal-induced mice and control (CON) mice were monitored for 72 h after induction. B, Massive
inflammatory cell infiltration was detected within synovial tissues at 12 h by H&E staining (scale bars: 80 mm in upper panels and 20 mm
in lower panels). C, Level of miR-181a was measured in joint tissues of MSU and CON mice. D, Expression of miR-181a was measured
in Tregs isolated from both groups. E, Percentage of CD4+CD25+ Treg cells in total CD4+ T cells was measured by flow cytometry at
different time points in MSU group. F, miR-181a expression level was quantified by qRT-PCR in Tregs at different time points after AGA
induction. Data are reported as means±SD. **Po0.01; ***Po0.001 (ANOVA).
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TGF-b1 and miR-181a overexpression significantly pro-
moted the level of IL-10 and TGF-b (Figure 3B). We
further analyzed the percentage of Tregs in total CD4+

cells at the late time point (48 h). Similar to the results
at 24 h, miR-181a overexpression did not affect Treg
differentiation (Figure 3C). However, miR-181a over-
expression significantly promoted the production of IL-10
and TGF-b in Tregs (Figure 3D). Together, these results
suggested that miR-181a could regulate TGF-b and IL-10
production of splenic CD4+CD25+ Tregs via TGF-b1
activation.

miR-181a overexpression enhanced the suppressive
activity of Tregs

One of the major functions of Tregs is to suppress the
proliferation of CD4+ effector T cells. We therefore
examined whether miR-181a modulates the suppressive
activity of Tregs by co-culturing CD4+CD25+ Tregs with
CD4+CD25� T lymphocytes at a 1:1 ratio. Tregs isolated
from MSU-treated mice at 24 h showed stronger sup-
pressive activity on D4+CD25� T lymphocytes, and TGF-
b1 and miR-181a overexpression significantly augmented
the inhibitory effect of Tregs (Figure 4A). Further, Tregs
isolated from MSU-treated mice at 24 h produced more
IL-2 and IL-6 than the Tregs isolated from control mice,
and both TGF-b1 and miR-181a overexpression further
promoted the production of IL-2 and IL-6 (Figure 4B).
Similar results were observed from Tregs isolated from
control and MSU-treated mice at 48 h (Figure 4C and
D). Together, these results suggested that miR-181a

enhanced the suppressive activity of Tregs by modulating
cytokine production such as IL-2.

Discussion

The changes of the percentage of Tregs in CD4+
T lymphocytes and their suppressive activity can influence
the progression of inflammation and autoimmunity. Under-
standing the mechanisms underlying Treg differentiation
and activity regulation could provide novel insight into the
modulation of inflammatory diseases (21). It is well-known
that miR-181a is implicated in the proliferation and
progression of various cancers (22–25). Previous studies
showed that Treg population could be reduced under
certain pathogenic conditions such as systemic lupus
erythematosus (26) and rheumatoid arthritis (27), but
whether microRNA is implicated in the regulation of Treg
population and activity under AGA pathogenic condition is
unknown. In addition, it remains to be determined whether
TGF-b1 signaling participates in the AGA pathogenesis.

In this study, we established an AGA mouse model by
injecting MSU crystals into the ankle joint of mice. Our
data showed that MSU injection caused massive inflam-
matory cell infiltration (monocytes and neutrophils) in the
swollen joint synovium, which is the cause of the pain and
swollen joints in the patients of AGA (28). Our data and
another study suggest that AGA animal models could
shed light on the mechanisms underlying the inflammation
and pain in the joint tissues of AGA patients (29).
Interestingly, our data revealed that miR-181a expression

Figure 2. miR-181a overexpression promotes TGF-b1/Smad signaling activation. A, Protein levels of TGF-b1, Smad2/Smad3, and
p-Smad2/Smad3 were measured in Tregs from control (CON) mice and monosodium urate (MSU)-induced mice at 24 h, in the presence
or absence of miR-181a mimic. B, Protein levels of TGF-b1, Smad2/Smad3, and p-Smad2/Smad3 were measured in Tregs from both
groups at 48 h, in the presence or absence of miR-181a mimic. Data are from three independent western blots. Data are reported as
means±SD. **Po0.01 (ANOVA).
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was increased in the CD4+CD25+ Tregs isolated from
MSU crystals-induced AGA mice. In addition, miR-181a
expression was correlated with the changes of the
percentage of splenic CD4+CD25+ Tregs in vivo at 24
and 48 h after MSU crystal injection. Together, our data
suggested that miR-181a upregulation may affect Treg
differentiation or Treg activity in AGA. This result seems to
be consistent with a previous report that miR-181a
is implicated in the regulation of the differentiation and
function of regulatory T cells in allergic rhinitis (17).
However, further studies are required to delineate the

mechanism underlying the upregulation of miR-181a in
Tregs of AGA model.

Our results further demonstrated that miR-181a may
regulate Tregs by modulating TGF-b1/Smad signaling
activation. TGF-b1 signaling pathway is critical in the
regulation of Treg differentiation and activity in peripheral
organs (30,31). Interestingly, previous studies have widely
reported that miR-181a could regulate TGF-b expression
or activity in different cell models, such as cancer cell (32),
osteoblast (33), and fibroblast (34). Although their
regulatory mechanisms may be different, these data

Figure 3.Overexpression of miR-181a enhances Treg responses via TGF-b1. A, CTLA-4 and Foxp3 expression levels were determined
in cells from control (CON) mice and monosodium urate (MSU)-induced mice at 24 h, in the presence or absence of TGF-b and miR-
181a overexpression. B, Upon MSU stimulation, increased IL-10 and TGF-b level was detected in Tregs isolated from MSU-induced
mice at 24 h, and their expression level was further increased upon TGF-b and miR-181a overexpression. C, CTLA-4 and Foxp3
expression levels were determined in cells from both groups at 48 h, in the presence or absence of miR-181a overexpression. D, TGF-b
and IL-10 were determined in Tregs isolated from both groups at 48 h, in the presence or absence of miR-181a overexpression. Data are
from three independent experiments. Data are reported as means±SD. **Po0.01 (ANOVA).
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suggest that miR-181a is connected to the TGF-b path-
way. How miR-181a regulates TGF-b expression in Tregs
remains to be further investigated.

Under inflammatory conditions such as arthritis, the
CD4+CD25+ Treg population is increased (35,36). In
our model of AGA, we found a sharp increase of Treg
proportion at an early time point (6 h), but a reduction
at later time points (24 and 48 h) after AGA induction.
These data suggest that acute induction of AGA may first
induce expansion of the Treg population followed by an
exhaustion of Tregs. Previous studies also indicate that
microRNA-mediated feedback and feed forward loops
could regulate the immune system (37). Our data showed
that, unlike TGF-b signaling, miR-181a overexpression did
not affect the expression of Foxp3 and CTLA4 levels in
Tregs. Instead, miR-181a overexpression promoted the

suppressive activity of Tregs, which was accompanied
by the elevated IL-2 production. It is well-known that
Tregs have a high affinity for IL-2, and IL-2 is required
for the optimal activity of Treg function (38,39). Therefore,
our data suggested that miR-181a may regulate Treg
activity by modulating IL-2 expression. Further efforts are
required to unveil how miR-181a controls IL-2 expression
in Tregs.

In summary, this study suggested that miR-181a ex-
pression was tightly related to the activity of TGF-b1 in
Tregs of an AGA model, and the upregulation of miR-181a
could affect the immune functions of Tregs. Our study
further indicated that miR-181a regulated the activity
of Tregs cell via targeting the TGF-b1/Smad pathway
and IL-2 synthesis. The above results uncovered a novel
role of miR-181a in Treg immunity of the AGA model.

References

1. Sharif K, Watad A, Bragazzi NL, Lichtbroun M, Amital H,
Shoenfeld Y. Physical activity and autoimmune diseases:
Get moving and manage the disease. Autoimmun Rev 2018;
17: 53–72, doi: 10.1016/j.autrev.2017.11.010.

2. Julé AM, Hoyt KJ, Wei K, Gutierrez-Arcelus M, Taylor ML,
Ng J, et al. Th1 polarization defines the synovial fluid
T cell compartment in oligoarticular juvenile idiopathic
arthritis. JCI Insight 2021; 6: e149185, doi: 10.1172/jci.
insight.149185.

3. Lubahn CL, Lorton D, Schaller JA, Sweeney SJ, Bellinger DL.
Targeting a- and b-adrenergic receptors differentially shifts
Th1, Th2, and inflammatory cytokine profiles in immune
organs to attenuate adjuvant arthritis. Front Immunol 2014; 5:
346, doi: 10.3389/fimmu.2014.00346.

4. Zhou X, Hua X, Ding X, Bian Y, Wang X. Trichostatin diffe-
rentially regulates Th1 and Th2 responses and alleviates
rheumatoid arthritis in mice. J Clin Immunol 2011; 31: 395–
405, doi: 10.1007/s10875-011-9508-8.

5. Lina C, Conghua W, Nan L, Ping Z. Combined treatment
of etanercept and MTX reverses Th1/Th2, Th17/Treg
imbalance in patients with rheumatoid arthritis. J Clin
Immunol 2011; 31: 596–605, doi: 10.1007/s10875-011-
9542-6.

6. Onyilagha C, Okwor I, Kuriakose S, Singh R, Uzonna J.
Low-dose intradermal infection with trypanosoma congo-
lense leads to expansion of regulatory T cells and enhanced
susceptibility to reinfection. Infect Immun 2014; 82: 1074–
1083, doi: 10.1128/IAI.01028-13.

Figure 4. miR-181a regulates the suppressive activity of Tregs. A, CD4+CD25+ Tregs isolated from control (CON) or monosodium
urate (MSU)-induced mice at 24 h were co-cultured with CD4+CD25� T lymphocytes, in the presence or absence of TGF-b1
and miR-181a overexpression. The proliferation of CD4+CD25� T lymphocytes was determined by CCK-8 assay. B, Interleukin
(IL)-2 and IL-6 cytokine levels were measured in Tregs under the conditions described in (A). C, CD4+CD25+ Tregs isolated
from both groups at 48 h were co-cultured with CD4+CD25� T lymphocytes, in the presence or absence of miR-181a overexpression.
The proliferation of CD4+CD25� T lymphocytes was determined by CCK-8 assay. D, IL-2 and IL-6 cytokine levels were measured
in Tregs under the conditions described in (C). Data are from three independent experiments. Data are reported as means±SD.
**Po0.01 (ANOVA).

Braz J Med Biol Res | doi: 10.1590/1414-431X2022e12002

MicroRNA-181a regulates the immune function of Treg 7/9

http://dx.doi.org/10.1016/j.autrev.2017.11.010
http://dx.doi.org/10.1172/jci.insight.149185
http://dx.doi.org/10.1172/jci.insight.149185
http://dx.doi.org/10.3389/fimmu.2014.00346
http://dx.doi.org/10.1007/s10875-011-9508-8
http://dx.doi.org/10.1007/s10875-011-9542-6
http://dx.doi.org/10.1007/s10875-011-9542-6
http://dx.doi.org/10.1128/IAI.01028-13
https://doi.org/10.1590/1414-431X2022e12002


7. Wisniewski JA, Borish L. Novel cytokines and cytoki-
ne-producing T cells in allergic disorders. Allergy Asthma
Proc 2011; 32: 83–94, doi: 10.2500/aap.2011.32.3428.

8. Jiang Q, Yang G, Liu Q, Wang S, Cui D. Function and role of
regulatory T Cells in rheumatoid arthritis. Front Immunol
2021; 12: 626193, doi: 10.3389/fimmu.2021.626193.

9. Dai XJ, Tao JH, Fang X, Xia Y, Li XM, Wang YP, et al.
Changes of Treg/Th17 ratio in spleen of acute gouty arthritis
rat induced by MSU crystals. Inflammation 2018; 41: 1955–
1964, doi: 10.1007/s10753-018-0839-y.

10. Peter J, Sabu V, Aswathy IS, Krishnan S, Lal Preethi SS,
Simon M, et al. Dietary amaranths modulate the immune
response via balancing Th1/Th2 and Th17/Treg response
in collagen-induced arthritis. Mol Cell Biochem 2020; 472:
57–66, doi: 10.1007/s11010-020-03783-x.

11. Joller N, Lozano E, Burkett PR, Patel B, Xiao S, Zhu C, et al.
Treg cells expressing the coinhibitory molecule TIGIT
selectively inhibit proinflammatory Th1 and Th17 cell
responses. Immunity 2014; 40: 569–581, doi: 10.1016/
j.immuni.2014.02.012.

12. Raffort J, Lareyre F, Clement M, Mallat Z. Micro-RNAs in
abdominal aortic aneurysms: insights from animal models
and relevance to human disease. Cardiovasc Res 2016;
110: 165–177, doi: 10.1093/cvr/cvw046.

13. Li Y, Maegdefessel L. Non-coding RNA Contribution to
thoracic and abdominal aortic aneurysm disease develop-
ment and progression. Front Physiol 2017; 8: 429, doi:
10.3389/fphys.2017.00429.

14. Liu B, Li J, Cairns MJ. Identifying miRNAs, targets and
functions. Brief Bioinform 2014; 15: 1–19, doi: 10.1093/bib/
bbs075.

15. Liston A, Lu LF, O’Carroll D, Tarakhovsky A, Rudensky AY.
Dicer-dependent microRNA pathway safeguards regulatory
T cell function. J Exp Med 2008; 205: 1993–2004, doi:
10.1084/jem.20081062.

16. Chong M, Rasmussen JP, Rudensky AY, Littman DR. The
RNAseIII enzyme Drosha is critical in T cells for preventing
lethal inflammatory disease. J Exp Med 2008; 205: 2005–
2017, doi: 10.1084/jem.20081219.

17. Liu W, Ouyang H, Zeng Q, Luo R, Lu G. Decreased
Treg-derived miR-181a and miR-155 correlated with
reduced number and function of Treg cells in allergic
rhinitis children Eur Arch Otorhinolaryngol 2019; 276:
1089–1094.

18. Schmierer B, Hill CS. TGFbeta-SMAD signal transduction:
molecular specificity and functional flexibility. Nat Rev Mol
Cell Biol 2007; 8: 970–982, doi: 10.1038/nrm2297.

19. Penn JW, Grobbelaar AO, Rolfe KJ. The role of the TGF-
beta family in wound healing, burns and scarring: a review.
Int J Burns Trauma 2012; 2: 18–28.

20. Chen C, Lei W, Chen W, Zhong J, Gao X, Li B, et al. Serum
TGF-beta1 and SMAD3 levels are closely associated with
coronary artery disease. BMC Cardiovasc Disord 2014; 14:
18, doi: 10.1186/1471-2261-14-18.

21. Fasching P, Stradner M, Graninger W, Dejaco C, Fessler J.
Therapeutic potential of targeting the Th17/Treg axis in
autoimmune disorders. Molecules 2017; 22: 134, doi: 10.33
90/molecules22010134.

22. Ansari A, Maffioletti E, Milanesi E, Marizzoni M, Frisoni GB,
Blin O, et al. miR-146a and miR-181a are involved in the
progression of mild cognitive impairment to Alzheimer’s

disease. Neurobiol Aging 2019; 82: 102–109, doi: 10.1016/j.
neurobiolaging.2019.06.005.

23. Indrieri A, Carrella S, Romano A, Spaziano A, Marrocco E,
Fernandez-Vizarra E, et al. miR-181a/b downregulation
exerts a protective action on mitochondrial disease models.
EMBO Mol Med 2019; 11: e8734, doi: 10.15252/emmm.
201708734.

24. Shi Q, Zhou Z, Ye N, Chen Q, Zheng X, Fang M. MiR-181a
inhibits non-small cell lung cancer cell proliferation by
targeting CDK1. Cancer Biomark 2017; 20: 539–546, doi:
10.3233/CBM-170350.

25. Liu X, Hong L, Peng W, Jiang J, Peng Z, Yang J. The
neuroprotective effect of miR-181a after oxygen-glucose
deprivation/reperfusion and the associated mechanism.
J Mol Neurosci 2019; 68: 261–274, doi: 10.1007/s12031-
019-01300-4.

26. An N, Chen Y, Wang C, Wu ZH, Xue J, Ye L, et al.
Chloroquine autophagic inhibition rebalances Th17/Treg-
mediated immunity and ameliorates systemic lupus erythe-
matosus. Cell Physiol Biochem 2017; 44: 412–422, doi:
10.1159/000484955.

27. Pesce B, Soto L, Sabugo F, Wurmann P, Cuchacovich M,
López MN, et al. Effect of interleukin-6 receptor blockade on
the balance between regulatory T cells and T helper type 17
cells in rheumatoid arthritis patients. Clin Exp Immunol 2013;
171: 237–242, doi: 10.1111/cei.12017.

28. Tramontini N, Huber C, Ru LB, Terkeltaub RA, Kilgore KS.
Central role of complement membrane attack complex in
monosodium urate crystal–induced neutrophilic rabbit knee
synovitis. Arthritis Rheumatol 2004; 50: 2633–2639, doi:
10.1002/art.20386.

29. Coderre TJ, Wall PD. Ankle joint urate arthritis (AJUA) in
rats: an alternative animal model of arthritis to that produced
by Freund’s adjuvant. Pain 1987; 28: 379–393, doi:
10.1016/0304-3959(87)90072-8.

30. Xu H, Wu L, Nguyen HH, Mesa KR, Raghavan V, Episko-
pou V, et al. Arkadia-SKI/SnoN signaling differentially
regulates TGF-b-induced iTreg and Th17 cell differentiation.
J Exp Med 2021; 218: e20210777, doi: 10.1084/jem.202
10777.

31. Zhou L, Lopes JE, Chong MMW, Ivanov II, Min R, Victora
GD, et al. TGF-beta-induced Foxp3 inhibits T(H)17 cell
differentiation by antagonizing RORgammat function. Nature
2008; 453: 236–240, doi: 10.1038/nature06878.

32. Ge S, Zhang H, Deng T, Sun W, Ning T, Fan Q, et al. MiR-
181a, a new regulator of TGF-b signaling, can promote cell
migration and proliferation in gastric cancer. Invest New
Drugs 2019; 37: 923–934, doi: 10.1007/s10637-018-0695-5.

33. Bhushan R, Grünhagen J, Becker J, Robinson PN, Ott CE,
Knaus P. miR-181a promotes osteoblastic differentiation
through repression of TGF-b signaling molecules. Int J
Biochem Cell Biol 2013; 45: 696–705, doi: 10.1016/j.biocel.
2012.12.008.

34. Choi SI, Jin JY, Maeng YS, Kim TI, Kim EK. TGF-b regulates
TGFBIp expression in corneal fibroblasts via miR-21, miR-
181a, and Smad signaling. Biochem Biophys Res Commun
2016; 472: 150–155, doi: 10.1016/j.bbrc.2016.02.086.

35. Monte K, Wilson C, Shih FF. Increased number and function
of Foxp3 regulatory T cells during experimental arthritis.
Arthritis Rheum 2008; 58: 3730–3741, doi: 10.1002/
art.24048.

Braz J Med Biol Res | doi: 10.1590/1414-431X2022e12002

MicroRNA-181a regulates the immune function of Treg 8/9

http://dx.doi.org/10.2500/aap.2011.32.3428
http://dx.doi.org/10.3389/fimmu.2021.626193
http://dx.doi.org/10.1007/s10753-018-0839-y
http://dx.doi.org/10.1007/s11010-020-03783-x
http://dx.doi.org/10.1016/j.immuni.2014.02.012
http://dx.doi.org/10.1016/j.immuni.2014.02.012
http://dx.doi.org/10.1093/cvr/cvw046
http://dx.doi.org/10.3389/fphys.2017.00429
http://dx.doi.org/10.1093/bib/bbs075
http://dx.doi.org/10.1093/bib/bbs075
http://dx.doi.org/10.1084/jem.20081062
http://dx.doi.org/10.1084/jem.20081219
http://dx.doi.org/10.1038/nrm2297
http://dx.doi.org/10.1186/1471-2261-14-18
http://dx.doi.org/10.3390/molecules22010134
http://dx.doi.org/10.3390/molecules22010134
http://dx.doi.org/10.1016/j.neurobiolaging.2019.06.005
http://dx.doi.org/10.1016/j.neurobiolaging.2019.06.005
http://dx.doi.org/10.15252/emmm.201708734
http://dx.doi.org/10.15252/emmm.201708734
http://dx.doi.org/10.3233/CBM-170350
http://dx.doi.org/10.1007/s12031-019-01300-4
http://dx.doi.org/10.1007/s12031-019-01300-4
http://dx.doi.org/10.1159/000484955
http://dx.doi.org/10.1111/cei.12017
http://dx.doi.org/10.1002/art.20386
http://dx.doi.org/10.1016/0304-3959(87)90072-8
http://dx.doi.org/10.1084/jem.20210777
http://dx.doi.org/10.1084/jem.20210777
http://dx.doi.org/10.1038/nature06878
http://dx.doi.org/10.1007/s10637-018-0695-5
http://dx.doi.org/10.1016/j.biocel.2012.12.008
http://dx.doi.org/10.1016/j.biocel.2012.12.008
http://dx.doi.org/10.1016/j.bbrc.2016.02.086
http://dx.doi.org/10.1002/art.24048
http://dx.doi.org/10.1002/art.24048
https://doi.org/10.1590/1414-431X2022e12002


36. Belkaid Y. Regulatory T cells and infection: a dangerous
necessity. Nat Rev Immunol 2007; 7: 875–888, doi: 10.1038/
nri2189.

37. Tsang J, Zhu J, van Oudenaarden A. MicroRNA-mediated
feedback and feedforward loops are recurrent network
motifs in mammals. Mol Cell 2007; 26: 753–767, doi:
10.1016/j.molcel.2007.05.018.

38. Tahvildari M, Dana R. Low-dose IL-2 therapy in trans-
plantation, autoimmunity, and inflammatory diseases.
J Immunol 2019; 203: 2749–2755, doi: 10.4049/jimmunol.
1900733.

39. Consonni F, Favre C, Gambineri E. IL-2 Signaling axis
defects: how many faces? Front Pediatr 2019; 9: 669298,
doi: 10.3389/fped.2021.669298.

Braz J Med Biol Res | doi: 10.1590/1414-431X2022e12002

MicroRNA-181a regulates the immune function of Treg 9/9

http://dx.doi.org/10.1038/nri2189
http://dx.doi.org/10.1038/nri2189
http://dx.doi.org/10.1016/j.molcel.2007.05.018
http://dx.doi.org/10.4049/jimmunol.1900733
http://dx.doi.org/10.4049/jimmunol.1900733
http://dx.doi.org/10.3389/fped.2021.669298
https://doi.org/10.1590/1414-431X2022e12002

	title_link
	Introduction
	Material and Methods
	Experimental animals
	Acute gouty arthritis model
	Isolation of CD4+ T cells and CD4+CD25+ Tregs from mouse spleen
	FOXP3 and CTLAhyphen4 staining and analysis by flow cytometry
	Western blotting
	Viral transduction and transfection
	Cell proliferation assay
	Cytokine measurement by ELISA
	RThyphenqPCR
	H&E staining
	Statistics

	Results
	Expression level of miRhyphen181a was increased in Tregs isolated from AGA mice
	miRhyphen181a overexpression promoted TGFhyphenbgr1solSmad signaling activation in Tregs
	Overexpression of miRhyphen181a promoted Treg responses by activating TGFhyphenbgr1

	Figure 1.
	miRhyphen181a overexpression enhanced the suppressive activity of Tregs

	Discussion
	Figure 2.
	Figure 3.

	REFERENCES
	References
	Figure 4.


