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Abstract

MicroRNAs (miRNAs) are small endogenous noncoding RNAs that regulate genome expression posttranscriptionally and
are involved in autoimmune diseases. Previous studies have indicated that follicular helper T (Tfh) cells play a critical
role in the pathogenesis of Graves’ disease (GD). However, the molecular mechanisms that contribute to circulating Tth
memory cell response in GD patients remain incompletely understood. This study aimed to investigate the role of miRNAs
on circulating Tth memory cells in GD patients. Herein, our data showed that the proportion of circulating Tfh memory
cells, the transcript levels of IL-21, and the plasma concentrations of IL-21 were increased in the peripheral blood from GD
patients. We also found that inducible co-stimulator (ICOS) expression, an important molecule expressed on Tth cells, were
significantly augmented in the peripheral blood mononuclear cells (PBMCs) from GD patients and positively correlated with
the percentage of circulating Tth memory cells and the transcript levels of IL-21 in GD. Intriguingly, miRNA sequencing
screened miR-29a-3p expression was downregulated and inversely correlated with ICOS expression and the frequency of
circulating Tth memory cells in patients with GD. Luciferase assay demonstrated that ICOS was the direct target gene of
miR-29a-3p, and miR-29a-3p could inhibit ICOS at both transcriptional and translational levels. Overexpression of miR-
29a-3p reduced the proportion of circulating Tth memory cells. Moreover, miR-29a-3p expression negatively correlated
with serum concentrations of TSH receptor antibody (TRAD) in GD patients. Collectively, our results demonstrate that
miR-29a-3p emerges as a post-transcriptional brake to limit circulating Tfh memory cell response in GD patients and may
be involved in the pathogenesis of GD.
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Introduction with an annual incidence of 0.2-0.5/1000 subjects [2, 3].

GD is clinically characterized by goiter, hyperthyroidism,
Graves’ disease (GD) is an autoimmune disorder which  palpitation (tachycardia), and ophthalmopathy [4, 5]. The
affects the thyroid gland [1]. It is now considered the most ~ serological signs of GD patients include elevated levels of
common cause of hyperthyroidism and thyrotoxicosis, free triiodothyronine (FT3) and/or free thyroxine (FT4) as
well as low concentration of thyroid-stimulating hormone
(TSH); additional manifestation includes positive TSH
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anti-thyroglobulin antibody (TgAb) and anti-thyroperox-
idase antibody (TPOADb) [8]. There is to date consensus
as to the pathogenesis of GD that results from complex
interactions between genetic and environmental factors
[3, 9], but insights into the underlying immunopathogen-
esis of this thyroid-associated autoimmune disease are not
broadly known.

Follicular helper T (Tth) cells, as a specialized subset of
CD4t T cells, were coined in a series of studies on human
tonsillar germinal center (GC) [10]. The prominent role of
Tth cells is providing auxiliary to B cells’ survival, prolif-
eration, migration, and antibody production in GC [11]. Tth
cells express elevated levels of C-X-chemokine receptor type
5 (CXCRY), inducible co-stimulator (ICOS), programmed
death-1 (PD-1), and transcription factor B cell lymphoma
6 (Bcl-6) [10, 12-16]. Interleukin 21 (IL-21) is the most
effective cytokine secreted by Tth cells, which play a vital
role in the production of pathogenic autoantibodies [17].
Human blood CD4TCXCRS5™ cells, with “Tfh” characteris-
tics in CD4" T cells, are commonly termed circulating Tth
memory cells [18]. These cells have come into the spotlight
with the publication of a series of studies linking to them
and autoimmune diseases in the past few years [19-21].
However, our understanding of Tth memory cells in the GD
patients remains elusive. ICOS is a member of CD28 co-
stimulatory receptor family that is induced on Tth cells upon
stimulation [12, 19]. ICOSL is the sole ligand of ICOS that
is expressed on the surface of B cells and antigen-presenting
cells [22]. Tth cells express ICOS, a molecule combined
with ICOSL that is essential for Tth generation and GC for-
mation [23]. ICOS/ICOSL signal is particularly important
for the maintenance of Tfh cells’ survival [24]. Moreover,
ICOS-ICOSL signal plays a direct role in the proliferation
and differentiation of thyroid follicular cells and participates
in autoimmune response in local thyroid tissue [25]. The
studies suggest that ICOS plays an important role in the
pathogenesis of GD.

MicroRNAs (miRNAs) are small regulatory RNAs that
include ~22 nucleotides in length [26]. The importance of
microRNAs in modulating gene expression at the post-tran-
scriptional level inhibiting translation and/or causing deg-
radation of target mRNA transcript has gained great interest
among researchers [27, 28]. In humans and other mammals,
most of the 90 conserved miRNA families are required for
viability or proper development [29]. Evidence has demon-
strated that miRNAs are involved in the development and
progression of GD, or serve as potential biomarkers of GD
[30-32]. However, a study focused on miRNAs-ICOS in GD
has not been reported.

Herein, we identified whether miRNA regulated circulat-
ing Tth memory cells by targeting ICOS in GD. Using this
approach, the present study offers new insight into the role
of ICOS-specific miRNA in the pathogenesis of GD.
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Methods
Subjects and samples

GD specimens were collected in the department of clini-
cal laboratory of the Affiliated People’s Hospital of
Jiangsu University. All of them were diagnosed by clini-
cal signs, symptoms, and laboratory examination includ-
ing the serum concentration of FT3, FT4, TSH, TgAb,
TPOAD, and TRAD. The cases who had recent infection or
combined tumors and other inflammatory diseases were
excluded. The control specimens were collected in the
physical examination center of the Affiliated People’s
Hospital of Jiangsu University. The criterions of healthy
control group were as follows: (1) normal thyroid func-
tion and thyroid B-ultrasound; (2) no occurrence of recent
infection; (3) no autoimmune diseases, tumors, and infec-
tious diseases; (4) no recently taken immunosuppressive
drugs; (5) the numbers of peripheral leukocytes within
the normal range (3.50-9.50 % 10°/1); (6) the age and sex
matched with GD group. Based on the rigorous screening
process, 30 GD patients (24 females and 6 males) and 30
age- and sex-matched healthy controls (22 females and
8 males) were enrolled into the study. The main clinical
features are revealed in Table 1. Among them, 11 patients
were newly diagnosed GD and the rest were a follow-up
visit. Patients on methimazole therapy received 20-30
mg/day for the first phase, and the dose was reduced to
5-15 mg when patients achieved a remission. Patients
treated with propylthiouracil took 300-500 mg/day for
the first phase and 25-100 mg for maintaining remission.
EDTA-K2 anticoagulant (Bio-Rad, California, USA) tube
was used to collect the subjects’ peripheral blood.

Laboratory measurements

The serum of participants was used to measure indica-
tors of thyroid function and thyroid autoantibodies. The
serum levels of FT3, FT4, TSH, TgAb, and TPOAb were
measured by an LDX-800 system (Beckman Coulter, CA,
USA) according to the manufacturer’s instructions. The
serum levels of TRAb were measured by Cobas 6000
(Roche, Basel, Switzerland) according to the manufac-
turer’s instructions.

Cell isolation and purification

Human peripheral blood mononuclear cells (PBMCs)
were separated by density-gradient centrifugation over
Ficoll-Hypaque solution (Tianjin Haoyang Biological
Technology Co., Tianjin, China) according to the manu-
facturer’s instructions and stored at —80 °C for nucleic
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Tab]e 1 Clinical features of GD GD patients Healthy controls Range p value

patients and healthy controls

induced in the study Number 30 30 _ _
Gender (M/F) 6/24 8/22 - -
Age (years) 41 +10 41+ 10 - 0.929
FT3 (pmol/l) 10.31 +9.47 5.12+1.02 3.28-6.47 0.004
FT4 (pmol/l) 20.69 + 16.86 11.66 = 1.27 7.64-16.03 0.005
TSH (IU/ml) 0.81 +1.52 2.04 +1.00 0.56-5.91 <0.001
TgAb (IU/ml) 96.38 + 352.99 047 +£0.49 04 <0.001
TPOADb (IU/ml) 229.93 + 300.82 0.87 +0.98 0-9 <0.001
TRAD (TU/1) 13.94 +9.54 <0.80 0-1.75 <0.001

Data correspond to the arithmetic mean + SD and were compared using unpaired #-tests

M male, F female

acids research. Human PBMCs were cultured in RPMI-
1640 medium (Gibco, California, USA) supplemented
with 10% fetal bovine serum (Gibco, California, USA)
at 37 °C under 5% CO,. HEK293T cells were cultured
with DMEM (Gibco, California, USA) containing 10%
fetal bovine serum at 37 °C under 5% CO, for luciferase
report assay.

MiRNA sequencing

Five adult GD patients and five adult healthy subjects
were selected at random for miRNA sequencing analysis.
MiRNA sequencing was performed by Cloud-Seq Biotech
Ltd. Co. (Shanghai, China). These RNA samples were sub-
jected to sequencing on the Illumina HiSeq4000 platform
following the standard procedures. High-quality reads
were obtained from raw sequencing reads. Trimmed reads
were compared to the consolidated pre-miRNA database
using NovoAlign software. The statistically different levels
of miRNA expression were identified by fold changes
and p values between GD group and control group (fold
change >1.5 and p < 0.05).

MiRNA transfection

MiR-29a-3p mimics and negative control (miR-NC)
were designed and synthetized by Ribobio Co. (Ribobio,
Guangzhou, China). The separated PBMCs were trans-
fected with the miR-29a-3p mimics and miR-NC using
the Entranster-R (Engreen Biosystem, Co. Ltd, Beijing,
China) according to the manufacturer’s protocol and
then cultured in the presence of 0.5 pg/ml functional
anti-human CD3 Ab plus 2 pg/ml functional anti-human
CD28 Ab (Miltenyi Biotec GmbH, Bergisch Gladbach,
Germany) for 24 h to detect transcript levels and for 48
h to detect cell proportion or protein levels.

RNA extraction and qRT-PCR

We used RNA-Quick Purification Kit (YiShan Biotech, Shang-
hai, China) to extract the total RNA and then measured the
RNA concentrations with Nano-Drop ND-1000 instrument
(Thermo Fisher Scientific, Waltham, MA, USA) according to
the manufacturer’s instructions. cDNA reverse transcription
and qPCR with reverse transcription were performed accord-
ing to the manufacturer’s instructions. The primer sequences
were as follows: ICOS, sense, 5'-CAGGAGAAATCAATG
GTTCTGCC-3', antisense, 5'-CCTTTTGTCTTAGTGAGA
TCGCA-3"; IL-21, sense, 5'-CAAGGTCAAGATCGCCAC
A-3', antisense, 5'-AGGGACCAAGTCATTCACATAA-3";
B-actin, sense, 5'-CACGAAACTACCTTC AACTCC-3,
antisense, 5'-CATACTCCTGCTTGCTGATC-3'. The primer
sequences of miR-29a-3p, miR-29b-3p, miR-98-5p, and U6
primers are designed and synthetized by Ribobio Co. (Ribobio).
The transcript levels of mRNAs and miRNAs were normalized
to p-actin and U6, respectively, which were measured by 272",

Flow cytometric analysis

The PBMCs were stained using anti-human CD3 PE-Cy5 (Bio-
legend, San Diego, USA), anti-human CD4 FITC (Biolegend),
and anti-human CXCRS5 PE (Biolegend) antibodies. Transfected
PBMCs were immunostained with anti-human ICOS BV-421
(Biolegend) against the cell surface. All the flow cytometry
experiments were performed using FACS Canto (Becton Dick-
inson, Sparks, USA). The results were analyzed using FlowJo (X
10.0.7 R2) (Stanford University, San Francisco, USA).

Enzyme-linked immunosorbent assay

The plasma was separated from EDTA anticoagulant blood, and
the cytokine IL-21 was detected by enzyme-linked immunosorb-
ent assay (ELISA) according to the manufacturer’s instructions
(IBL international GmbH, Hamburg, Germany).
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Luciferase report assay

The wild-type (WT) sequence of ICOS 3'UTR containing
binding site for miR-29a-3p was generated from Sangon
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CD4"CXCR5" T cells(%)

CD4*CXCR5" T cells(%)

Biotech Co. (Sangon, Shanghai, China). Mutant sequence
unable to bind miR-29a-3p was also obtained from San-

gon Biotech Co. The luciferase report assay experiment
was performed as previously described [33].
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«Fig. 1 Increased circulating Tfh memory cells in the peripheral blood
of GD patients. Peripheral blood was obtained from 30 GD patients
and 30 healthy volunteers. a The values on the upper right correspond
to the proportion of circulating Tth memory cells in the rectangular
region and the CD3*CD4*CXCR5™ cells were gated as circulating
Tth memory cells. b Flow cytometry analysis showing the percentage
of circulating Tfh memory cells between 30 GD patients and 30 con-
trols. ¢ qRT-PCR analysis of IL-21 mRNA expression in the PBMCs
from 30 GD patients and 30 controls. d The plasma levels of IL-21 in
30 GD patients and 30 controls were determined by ELISA. Scatter
plots show the correlations between the proportion of circulating Tth
memory cells and the serum concentrations of FT3 (e), FT4 (f), TSH
(g), TRAD (h), TgAb (i), and TPOAD (j) in 30 GD patients. Each data
point represents an individual subject, and the horizontal lines show
the mean. *p < 0.05, ***p < 0.001

Statistical analysis

Statistical analyses were determined using Prism 8§
(GraphPad Software, Inc., San Diego, USA). The com-
parisons of two groups were calculated using unpaired
two-sided Student’s 7-test when variables passed the nor-
mal distribution test. Non-normally distributed variables
were compared using Mann—Whitney U test. One-way
ANOVA was used for comparisons of multiple groups.
Tukey’s test was applied for pair-to-pair comparisons
of multiple groups after ANOVA. Correlations between
the two groups were conducted by using Pearson’s cor-
relation coefficient. A p value <0.05 was considered to
indicate a statistically significant difference (¥*p < 0.05,
**p < 0.01, ***p < 0.001).

Results

Increased circulating Tfh memory cells
in the peripheral blood of the GD patients

To quantify circulating Tfh memory cells in the
peripheral blood, we analyzed the percentage of
CD3*CD4*CXCR5™ cells in the PBMCs to distinguish
the Tfth memory cells (Fig. 1a). The proportion of
CD4*CXCR5™ T cells was significantly increased in GD
patients compared with the healthy controls (Fig. 1b).
Meanwhile, the expression of IL-21 mRNA (Fig. 1c)
and the serum concentrations of IL-21 (Fig. 1d) were
increased in GD patients. We subsequently examined the
relationship between the percentage of CD4*CXCR5* T
cells and the clinical parameters of GD in GD patients.
The proportion of CD4*CXCR5™" T cells positively cor-
related with the serum levels of TRAb (r = 0.3631; p
= 0.0486) (Fig. 1h), but not with the serum concentra-
tions of FT3 (r = 0.2608; p = 0.1639) (Fig. le), FT4
(r = 0.2358; p = 0.2098) (Fig. 1f), TSH (r = —0.1245;
p = 0.5121) (Fig. 1g), TgAb (r = 0.3011; p = 0.1060)

(Fig. 1i), and TPOAb (r = 0.0871; p = 0.6473) (Fig. 1j).
These data demonstrated that circulating Tfh memory
cells are increased in GD patients.

The prediction of ICOS-associated miRNAs in GD patients

To address the factors contributing to increased circu-
lating Tfh memory cells in GD patients, we focused on
ICOS molecule and found that the transcript levels of
ICOS were significantly augmented in the PBMCs from
GD patients (Fig. 2a). Notably, ICOS expression posi-
tively correlated with the percentage of circulating Tfh
memory cells (r = 0.3990; p = 0.0290) (Fig. 2b) and
the transcript levels of IL-21 (r = 0.7206; p < 0.0001)
(Fig. 2¢) in GD patients. To further investigate the causes
of the elevated ICOS expression, we analyzed miRNAs’
expression profile (GSE183576). Hierarchical cluster-
ing analysis (Fig. 2d) and scatter plots (Fig. 2e) results
revealed differentially expressed miRNAs between the
GD and control samples. A total of 1310 dysregulated
miRNAs (490 upregulated and 820 downregulated) were
identified between GD and controls. Among them, 31
miRNAs, including 3 upregulated and 28 downregulated,
showed fold change "1.5, p <0.05 (Fig. 2f). We subse-
quently predicted miRNAs that targeted ICOS using the
prediction programs, and these predicted miRNAs have
been reported in other autoimmune diseases. Venn dia-
gram analysis revealed that three shared miRNAs meet
the requirement for targeted relationship (miR-29a-3p,
miR-29b-3p, and miR-98-5p) (Fig. 2g). Based on the fol-
lowing preliminary experiments, only miR-29a-3p was
clearly downregulated in the PBMCs from GD patients
compared with miR-29b-3p and miR-98-5p expressions
(Fig. Sla—c). Because of the negative regulatory relation-
ship between miRNAs and their target genes, miR-29a-3p
was selected for further studies.

ICOS is a functional target of miR-29a-3p

We detected miR-29a-3p levels by expanding the sam-
ple size of GD and controls, and found that miR-29a-3p
expression was significantly attenuated in the PBMCs
from GD patients (Fig. 3a). Moreover, an inverse corre-
lation between the levels of ICOS and the levels of miR-
29a-3p was indicated in GD patients (r = —0.4456; p =
0.0136) (Fig. 3b). ICOS 3'UTR has a matching site with
miR-29a-3p (Fig. 3c). To determine whether ICOS was a
direct target of miR-29a-3p, miR-29a-3p mimics were co-
transfected with WT luciferase reporter and mutant lucif-
erase reporter into HEK293T cells, respectively. Our data
indicated that miR-29a-3p reduced the luciferase activity,
but did not influence the luciferase activity of mutant
reporter that is unable to bind miR-29a-3p (Fig. 3d). To
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Fig.2 The prediction of ICOS-associated miRNAs in GD patients. a
qRT-PCR analysis of ICOS mRNA expression in the PBMCs from
30 GD patients and 30 controls. b The correlation between ICOS
mRNA expression and the percentage of CD4"CXCR5* T cells in
30 GD patients. ¢ The correlation between the transcript levels of
ICOS and IL-21 mRNA expression in 30 GD patients. Hierarchical
clustering heatmap (d) and scatter plots (e) showing the dysregulated
expression of miRNAs between 5 GD patients and 5 controls. f Sta-

further investigate the interaction between miR-29a-3p
and ICOS, we transfected miR-29a-3p mimics and miR-
NC in the PBMCs. After examination by qRT-PCR
and flow cytometry analysis, our results indicated that
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ICOS mRNA relative expression

ICOS mRNA relative expression

e

20

15

GD

10

20

Controls

23 28

miRNAs targeting ICOS
by prediction program

miRNAs downregulated in GD
by sequencing

tistical analysis of dysregulated miRNAs. Green represents differen-
tially expressed miRNAs (490 upregulation vs. 820 downregulation)
and red represents significantly dysregulated miRNAs (fold change
>1.5, p <0.05) (3 upregulation vs. 28 downregulation). g The Venn
diagram revealed the intersection of miRNAs targeting ICOS by pre-
diction software and downregulated miRNAs from sequencing data.
Each data point represents an individual subject, and the horizontal
lines show the mean. ***p < 0.001

transfection with miR-29a-3p (Fig. 3e) reduced ICOS
mRNA (Fig. 3f) and protein levels (Fig. 3g, h) in the
PBMCs. Together, these data showed that miR-29a-3p
can directly suppress ICOS expression.
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Fig.3 ICOS is a functional tar-
get of miR-29a-3p. a qRT-PCR
analysis for the transcript levels
of miR-29a-3p in the PBMCs
from 30 GD patients and 30
controls. b The correlation
between miR-29a-3p expres-
sion and the transcript levels of
ICOS in the PBMCs from 30
GD patients. ¢ The binding sites
of miR-29a-3p on the sequence
of ICOS 3'UTR contained com-
plementarities to miR-29a-3p
seed regions (wild-type (WT)),
and mutant sequence was
unable to bind miR-29a-3p. d
Luciferase activity of ICOS-WT
and ICOS-mutant cotransfected
with miR-29a-3p mimics and
miR-NC in HEK293T cells.

e qRT-PCR analysis showing
miR-29a-3p expression in the
PBMCs after transfection with
miR-29a-3p mimics and miR-
NC. f The relative expression
of ICOS mRNA in the PBMCs
transfected with miR-29a-3p
mimics and miR-NC. g, h Flow
cytometry analysis showing the
MEFTI of ICOS in the PBMCs
transfected with the miR-
29a-3p mimics and miR-NC.
Data represent mean + SD
from independent experiments.
Each data point represents an
individual subject. The results
are shown as the mean + SD of
three independent experiments,
and the horizontal lines show
the mean. **p < 0.01, ***p <
0.001. MFI, mean fluorescence
intensity
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Fig.4 Regulatory effect of miR-29a-3p on Tfh memory cells. a The
correlation between miR-29a-3p expression and the percentage of cir-
culating Tth memory cells in 30 GD patients. b, ¢ Flow cytometry
analysis showing the proportion of circulating Tfh memory cells in

Regulatory effect of miR-29a-3p on Tfh memory cells

To further investigate the relationship between miR-
29a-3p and Tth memory cells, we analyzed the relation-
ship between miR-29a-3p and CD4*CXCR5* T cells. A
dramatically inverse correlation between miR-29a-3p
expression and the proportion of CD4TCXCR5* T
cells was observed in GD patients (r = —0.4798; p =
0.0073) (Fig. 4a). We further found that overexpression
of miR-29a-3p significantly reduced the proportion of
CD4*CXCR5* T cells in vitro (Fig. 4b, c). These results
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the PBMCs transfected with the miR-29a-3p mimics and miR-NC.
Each data point represents an individual subject. The results are
shown as the mean + SD of three independent experiments, and the
horizontal lines show the mean. **p < 0.01

indicated that miR-29a-3p contributes to circulating Tfh
memory cells in GD.

MiR-29a-3p expression was associated with the serum
levels of TRAb in GD patients

We analyzed the relationship between miR-29a-3p and thyroid
autoantibodies, and found that miR-29a-3p expression inversely
correlated with the serum levels of TRAb (r = —0.3996; p =
0.0287) (Fig. Sa), but not with the serum concentrations of TgAb
(r=-0.0401; p = 0.8334) (Fig. 5b) and TPOAb (r = —0.1179;
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Fig.5 MiR-29a-3p expression was associated with the serum level of
TRAD in GD patients. The correlation between the transcript levels
of miR-29a-3p and serum concentrations of TRAb (a), TgAb (b), and

p = 0.5348) (Fig. 5c). These data showed that miR-29a-3p is
closely related to GD disease.

Discussion

In contrast to the extensive studies of Tfh cells in sec-
ondary lymphoid organs, the current understanding of
human circulating CD3TCD4*CXCR5™ cells in periph-
eral blood has changed dramatically in the past years
[34]. These cells have been defined as circulating mem-
ory Tth cells, which belonged to Tth lineage and shared
functional properties with Tfh cells [18, 35, 36]. There
is total consensus on the cell surface markers to define
human circulating Tth memory cells and their subsets,
which have been broadly applied in various human auto-
immune diseases [37]. GD is directly caused by thyroid-
stimulating antibodies, which bind to thyroid follicular
cells and cause TSH receptors to be activated, ultimately
leading to hyperthyroidism and goiter [38]. Tth cells, as
a subset of helper B cells’ maturation and differentiation,
are increased in peripheral blood and thyroid tissues of
GD [21, 39], and upregulated Tfh-related factor IL-21 is
correlated with the serum levels of thyroid hormones and
thyroid autoantibodies in GD [40]. Our results showed
that the proportion of circulating Tfh memory cells was
increased and positively correlated with the serum levels
of TRAD in the peripheral blood from GD patients. More-
over, the transcript levels of IL-21 in the PBMCs and
the plasma concentrations of IL-21 were significantly
increased in GD patients. Zhu et al. found that there was
no change in the frequencies of CD4*CXCR5™" T cells
between GD patients and healthy controls [41]. However,
another report indicated that the frequencies of circulat-
ing CD4*CXCR5"CD45RA™ Tth cells were significantly
increased in GD patients [21]. One possible explanation
for the difference is the small sample size included in

miR-29a-3p relative expression

miR-29a-3p relative expression

TPOAD (c) in 30 GD patients. Each data point represents an individ-
ual subject

the study (10 GD patients in Zhu et al. study). Another
possible explanation is that the combination of markers
among laboratories tends to be different. The underlying
reasons remain to be further studied. Collectively, these
observations indicate that the increased proportion of
circulating Tth memory cells was associated with GD.
To investigate the underlying mechanisms of increased
circulating Tfh memory cells in GD patients, miRNAs
have come into the spotlight with the special regulation
pattern. MiR-346 has been found to regulate Bcl-6 in GD
patients [8]. miR-4443 induced CD4* T-cell dysfunc-
tion by targeting TNFR-associated factor (TRAF) 4 in
GD [42]. Although dysregulation of miRNAs has been
reported in GD [8, 43], no prior study has investigated
their functions to ICOS in GD patients. ICOS is known
as a costimulatory molecule and a migration receptor
for Tth cells [12, 44]. Phosphoinositide 3-kinase (PI3k),
activated by ICOS signaling, is critical for Tth cells
[24, 45]. Here, our data first determined that upregu-
lated ICOS expression was significantly correlated with
circulating Tth memory cells in GD patients. To inves-
tigate the potential miRNAs that might regulate ICOS
expression, miRNA sequencing was subsequently per-
formed to identify downregulated miRNAs. The inter-
section of miRNAs predicted by prediction software and
miRNA sequencing were miR-29a-3p, miR-29b-3p, and
miR-98-5p. MiR-29a-3p was finally screened by pretest-
ing of selected miRNAs. The luciferase assays showed
that miR-29a-3p can directly regulate ICOS expres-
sion. In OVA-induced asthmatic mice, miR-29b levels
were decreased and reversed the imbalance of Th1/Th2
response by targeting ICOS [46]. However, the expres-
sion of miR-29b in GD tended to be upregulated in our
sequencing data. A previous study showed that miR-
146a represses Tfh cell numbers by targeting multiple
Tfh-related molecules, prominently ICOS in mice [47].
Intriguingly, there are differences in the expression of
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miR-146a in autoimmune diseases, such as low expres-
sion in SLE and high expression in RA [48, 49]. How-
ever, our sequencing data showed that there was no dif-
ference in miR-146a expression between GD and controls
(fold change <1.5 and p >0.05). The possible reason is
the heterogeneity of miRNAs in different diseases. As a
member of miR-29 family (miR-29a/b/c), miR-29a-3p
expression was decreased in myasthenia gravis (MG),
which contributed to the increased expression of IFN-f§
and the emergence of Th17 cells [50]. However, the
authors did not identify the target genes of miR-29a-3p.
A significant correlation between DICER expression and
miR-29a in MG thymuses suggests a pathway to find the
mechanism of low expression of miR-29a-3p in GD.

Notably, we found that downregulated miR-29a-3p
expression was negatively associated with the propor-
tion of circulating Tfh memory cells and the transcript
levels of ICOS in GD patients. Meanwhile, transfection
with miR-29a-3p mimics could dampen ICOS expres-
sion, which consequently caused the reduction of the per-
centage of circulating Tth memory cells in vitro. These
data suggested that miR-29a-3p regulates circulating Tth
memory cells by targeting ICOS in GD patients. Clini-
cally, TRAD test is used to diagnose GD [51]. TgAb and
TPOAD are also markers of thyroid autoimmunity, and
they can be measured in part in GD patients [52]. MiR-
29a-3p was found to be inversely correlated with the
serum TRAD levels in GD patients. This is the first study
to explore the clinical relevance of miR-29a-3p expres-
sion in GD patients. However, a major limitation of the
present study is small sample size. Another limitation is
lack of animal model experiments, which will be further
investigated.

Conclusion

In summary, we provide the first line of evidence that miR-
29a-3p is an important molecule in GD. MiR-29a-3p exerts
a critical role in contributing to the pathogenic role of the
circulating Tth memory cells’ response in GD patients by
targeting ICOS.
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