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Abstract. The autoimmune regulator (Aire) protein is a 
transcriptional activator that is essential in central immune 
tolerance, as it regulates the ectopic expression of many 
tissue‑restricted antigens in medullary thymic epithelial cells. 
Aire expression has also been described in hematopoietic cells, 
such as monocytes/macrophages and dendritic cells (DCs), 
in the peripheral immune system. However, the role of Aire 
expression in peripheral immune system cells, including DCs, 
remains to be elucidated. In the present study, the effects of 
secreted cytokines from Aire‑overexpressing DCs on cluster 
of differentiation (CD)4+ T cell subsets were investigated. 
The dendritic cell line, DC2.4, which overexpresses Aire, was 
co‑cultured with CD4+ T cells from splenocytes using Transwell 
inserts. The results indicate that Aire‑overexpressing cells 
induce T helper (Th)1 subsets by increasing interleukin (IL)‑12 
expression, and induce Th17 subsets by upregulating IL‑6 and 
transforming growth factor (TGF)‑β production. In addi-
tion, it was observed that increased levels of phosphorylated 
extracellular signal‑regulated kinases and p38 upregulated the 
expression of cytokines in Aire‑overexpressing cells. These 
data suggest that Aire may have a role in inducing Th1 and 
Th17 differentiation by upregulating cytokine expression in 
DCs.

Introduction

The autoimmune regulator (Aire) protein is a transcription 
factor that is highly expressed in medullary thymic epithelial 

cells (mTECs) (1). Aire is important in deleting autoreactive 
T cells and inducing regulatory T cells (Tregs). It maintains 
central immune tolerance, preventing autoimmunity by regu-
lating tissue restrictive antigen (TRA) expression in mTECs of 
the thymus (2‑5). The mutation or deletion of the Aire gene in 
humans results in autoimmune polyendocrine syndrome type I 
(APS‑1)  (6), which is primarily characterized by multiple 
organ disorders that are mediated by an autoimmune response. 
This disorder is also termed autoimmune polyendocrinop-
athy‑candidiasis‑ectodermal dystrophy (APECED). Patients 
exhibiting APECED may also develop other disorders, 
including Addison's disease, hypoparathyroidism and diabetes. 
In addition, APECED patients are susceptible to developing 
Candida albicans infections due to immunodeficiency (7,8).

Although primarily expressed in the thymus, Aire is also 
detected in dendritic cells (DCs), macrophages and stromal 
cells of peripheral tissues, particularly in the blood and the 
lymph nodes  (1,9,10). However, the role of Aire at these 
sites remains to be elucidated. In addition, the reason for the 
susceptibility of APECED patients to C. albicans infection 
requires further investigation. Previous studies identified that 
Aire regulates certain TRAs in peripheral tissues to maintain 
peripheral tolerance by deleting autoreactive T cells, comple-
mentary to the action at the thymus  (11,12). Furthermore, 
alterations in the antigen‑presenting capabilities of DCs and 
macrophages have been described in Aire‑knockout (KO) 
mice (13), suggesting that Aire regulates the immune response. 
However, other underlying mechanisms by which Aire regu-
lates tolerance or the immune response in cells of peripheral 
tissues cannot be excluded.

Cluster of differentiation (CD)4+ T helper cells are crucial 
in regulating the immune response and in maintaining periph-
eral tolerance (14,15). Naive CD4+ T cells may differentiate 
into distinct subsets, including T helper (Th)1, Th2, Th17, 
and Tregs, as well as Th9 and Th22 (16‑19), subsequent to 
co‑stimulation with and cytokine signals from DCs. These 
signals contribute significantly to the development of CD4+ 
T cell subsets. Therefore, the present study hypothesized that 
Aire expression in DCs is involved in the immune response 
and in peripheral tolerance by affecting CD4+ T cell subsets.

In the current study, the effects of cytokines secreted by the 
dendritic cell line, DC2.4, which overexpresses Aire, on the 
differentiation of CD4+ T cell subsets were investigated. The 
results demonstrate that Aire‑overexpressing cells induce Th1 
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and Th17 differentiation by upregulating interleukin (IL)‑12, 
IL‑6 and transforming growth factor (TGF)‑β. Further anal-
ysis indicated that increased phosphorylation of extracellular 
signal‑regulated kinases (ERK) and p38 may upregulate the 
expression of these cytokines in Aire‑overexpressing cells.

Materials and methods

Cells and animals. The DC2.4 cell line was obtained from 
the Shanghai Cell Research Institute (Shanghai, China) and 
cultured in 10% newborn calf serum (Hyclone; GE Healthcare 
Life Sciences, Logan, UT, USA) in RPMI‑1640 (Gibco‑BRL; 
Thermo Fisher Scientific, Inc.,Waltham, MA, USA). The DC2.4 
cells were transfected with pEGFPC1/Aire or pEGFPC1 plas-
mids (Takara Bio, Inc., Otsu, Japan), and stable cell lines were 
obtained using G418 selection agents (Sigma‑Aldrich, St. Louis, 
MO, USA), as previously described (20). A total of 60 male 
C57BL/J6 mice (4‑5 weeks‑old; 18‑20 g) were purchased from 
the Experimental Animal Center of Jilin University (Changchun, 
China), and all mice were housed under specific pathogen‑free 
conditions at room temperature under a 12 h light/dark cycle, 
and fed with mouse nutritional food. The present study was 
approved by the Institutional Animal Care and Use Committee 
of Jilin University, and all mice were treated in accordance with 
the Guide for the Care and Use of Laboratory Animals.

Non‑contact co‑culture of the DC2.4 cell lines with CD4+ 
T  cells. The mice were sacrificed by cervical dislocation, 
then the spleens were removed from the C57BL/J6 mice and 
gently dissociated into single‑cell suspensions using an aseptic 
syringe filled with 0.1  mol/l (pH  7.4) phosphate‑buffered 
saline (PBS). CD4+ T cells were purified from the spleen cell 
suspension using a Mouse CD4+ T Lymphocyte Enrichment 
set (BD Biosciences, Franklin Lakes, NJ, USA) according to 
the manufacturer's protocols. Transwell® Permeable Supports 
(3‑µm pores, plasma‑treated polycarbonate inserts; Corning 
Life Sciences, Corning, NY, USA) were utilized for the para-
crine, non‑contact cell co‑cultures. Aire‑overexpressing cells 
(Aire cells) or empty vector (control cells) were seeded in 
6‑well plates at 2x105 per well in 2 ml media. Once the cells 
had attached to the wells, CD4+ T cells (4x106 per well) were 
added to the top of the Transwell chamber, and incubated for 
48 h at 37˚C. Finally, the CD4+ T cells were harvested for flow 
cytometry and reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) analyses.

RNA isolation and RT‑qPCR. Total RNA was extracted from 
the harvested CD4+ T cells (as described above) or from the 
Aire and control DC2.4 cells using RNAiso™ PLUS (Takara 
Bio, Inc.), and dissolved in diethylpyrocarbonate‑treated 
water (Takara Bio, Inc.). The quantity of total RNA was then 
measured using an Epoch multi‑volume spectrophotometer 
system (BioTeke Corporation, Beijing, China). cDNA was 
synthesized from 1.0 mg total RNA using reverse transcriptase 
(Takara Bio, Inc.), Moloney murine leukemia virus (Takara 
Bio, Inc.) and oligonucleotides (dT; Takara Bio, Inc.) in a total 
volume of 20 ml, according to the manufacturer's protocols 
(Takara Bio, Inc.). RT‑qPCR was performed using an ABI 
PRISM 7300 sequence detection system (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) with SYBR Premix Ex Taq™ II 

(Takara Bio, Inc.) following the manufacturer's protocol and 
using the following conditions: 95˚C for 30 sec, 95˚C for 5 sec, 
and 60˚C for 30 sec for 40 cycles. The results were analyzed 
according to the 2‑∆∆Cq formula. The following primers (Takara 
Bio, Inc.) were used: Sense, 5'‑GAC​TTC​AAC​AGC​AAC​TCC​
CACTC‑3' and antisense, 5'‑TAG​CCG​TAT​TCA​TTG​TCA​TAC​
CAG‑3' for GAPDH; sense, 5'‑CCC​ATC​CCT​TCC​CTG​TAT‑3' 
and antisense, 5'‑GTC​CAT​TCT​CCG​TTC​TCCA‑3' for T‑box 
transcription factor 21 (T‑bet); sense, 5'‑TCC​AGT​CCT​CAT​
CTC​TTCAC ‑3' and antisense, 5'‑GTC​TCC​AGC​TTC​ATG​
CTATC‑3' for GATA‑binding protein 3 (Gata3); sense, 5'‑CCC​
CTG​GAG​GTG​TCT​GATGG‑3' and antisense, 5'‑TGT​GCT​
TGG​ACG​AGA​ACT​GGA‑3' for Spi‑1 proto‑oncogene (PU.1); 
sense, 5'‑AGA​TTC​CAG​GTG​ACT​CTGTG‑3' and antisense, 
5'‑CTG​CCC​TGT​CAG​AGT​ATTTC‑3' for interferon regulatory 
factor 4 (IRF4); sense, 5'‑CCG​CTG​AGA​GGG​CTT​CAC‑3' 
and antisense 5'‑TGC​AGG​AGT​AGG​CCA​CAT​TACA‑3' for 
RAR‑related orphan receptor γ isoform two (RORγt); sense, 
5'‑GCT​ACT​CCA​CTT​CAG​CCACC‑3' and antisense, 5'‑ACT​
GTC​ATG​CCA​CTT​TCTCC‑3' for aryl hydrocarbon receptor 
(AHR); sense, 5'‑TAC​TCG​CAT​GTT​CGC​CTC​TTCA‑3' and 
antisense, 5'‑ATT​CAT​CTA​CGG​TCC​ACA​CTGCT‑3' for 
forkhead box P3 (FoxP3); sense, 5'‑ACT​TGA​ACT​ACG​CTA​
CGA​GAG‑3' and antisense, 5'‑CTT​GAC​TCC​GCC​TCA​TCC​
GGTA‑3' for interleukin‑12 subunit β; sense, 5'‑GAA​ACC​GCT​
ATG​AAG​TTC​CTC​TCTG‑3' and antisense, 5'‑GTA​TCC​TCT​
GTG​AAG​TCT​CCT​CTCC‑3' for IL‑6; and sense, 5'‑GCC​CTG​
GAT​ACC​AAC​TAT​TGC‑3' and antisense, 5'‑GCA​GGA​GCG​
CAC​AAT​CAT​GTT‑3' for TGF‑β.

Flow cytometry. The cells were collected and counted, and 
1x106 cells were suspended in PBS (100 µl total volume). 
To compare the different cell subsets, CD4+ T  cells were 
first incubated with rat anti‑mouse  CD4+  PE‑cyanine  7 
(cat.  no.  25‑0041; 1:160; eBioscience, Inc., San Diego, 
CA, USA) on ice for 45 min and subsequently fixed with 
Fixation/Permeabilization Concentrate and Diluent (eBio-
science, Inc.) for 1  h. The cells were treated with 0.1% 
saponin (Sigma‑Aldrich) and rat anti‑mouse IL‑4‑fluorescein 
isothiocyanate (cat. no. M100I9‑02; 1:200; Tianjin Sungene 
Biotech, Co., Ltd., Tianjin, China), rat anti‑mouse IFN-γ PE 
(cat. no. 12-7311; 1:160; eBioscience, Inc.), rat anti‑mouse 
IL‑17A‑PE (cat.  no.  12‑7177; 1:160; eBioscience, Inc.), rat 
anti‑mouse FoxP3‑Alexa Fluor 647 (cat. no. 50‑5773; 1:100; 
eBioscience, Inc.) or rat anti‑mouse IL‑9‑PE (cat. no. 516404; 
1:100; Biolegend, Inc., San Diego, CA, USA) antibodies at 4˚C 
for 1 h. The cells were washed twice with PBS and resuspended 
in 2% paraformaldehyde (Sigma‑Aldrich) for analysis using a 
BD FACSCalibur™ flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA). For phosphorylated (p)‑ERK staining, Aire 
and control DC2.4 cells were collected and counted using a 
cell count board. The fixed cells were stained with anti‑mouse 
p‑ERK (T202/Y204; cat.  no.  14‑9109; 1:100) and rabbit 
anti‑mouse p‑p38 (T180; cat. no. YP0338; 1:100; ImmunoWay 
Biotechnology, Co., Newark, DE, USA) antibodies, followed 
by staining with a secondary goat anti‑mouse antibody (BD 
Biosciences).

Cytokine secretion assays. IL‑6, IL‑12 and TGF‑β expres-
sion levels in the cell‑free supernatants of the control or 
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Aire‑overexpressing DC2.4 cell cultures (1x106 cells/6‑well 
plate in 2 ml for 48 h) were measured using an ELISA kits 
(eBioscience, Inc.) according to the manufacturer's protocol.

Antibody blocking. The cytokines secreted from the Aire 
or control cells into the supernatants were neutralized 
with anti‑mouse TGF‑β (cat.  no.  MAB1835; 1:100; R&D 
Systems, Inc., Minneapolis, MN, USA), rat anti‑mouse IL‑6 
(cat. no. M100I5‑14; 1:20; BioLegend, Inc.), and rat anti‑mouse 
IL‑12 (cat. no. M100I121‑14; 1:20; Tianjin Sungene Biotech) 
antibodies for 2 h. Freshly isolated CD4+ T cells were added 
to the Transwell chamber culture and incubated for 48 h at 

37˚C, following which the CD4+ T cells were harvested for 
fluorescence‑activated cell sorting (FACS) analysis.

Statistical analysis. All experimental data are reported as 
means ± experimental standard errors. Statistical analysis was 
performed using Student's t‑test and P<0.05 was considered to 
indicate a statistically significant difference.

Results

Aire‑overexpressing DC2.4 cells induce Th1 and Th17 
subsets. The stimulatory signals from DCs influence CD4+ 

Figure 1. Expression levels of the master regulators in CD4+ T cells, purified from spleen cells co‑cultured with Aire‑overexpressing or control cells submitted 
to Transwell assays for 48 h. The mRNA levels were determined using quantitative reverse transcription‑polymerase chain reaction. All data are shown as the 
expression levels relative to the expression of GAPDH and are depicted as the fold change relative to control cells, normalized to 1. The data are expressed as 
means ± standard deviation from between three and five independent experiments. *P<0.05, **P<0.01 vs. pEGFPC1. T‑bet, T‑box transcription factor 21; Gata3, 
GATA‑binding protein 3; PU.1, Spi‑1 proto‑oncogene; IRF4, interferon regulatory factor 4; RORγT, RAR‑related orphan receptor gamma isoform 2; AHR, aryl 
hydrocarbon receptor; FoxP3, forkhead box P3; CD, cluster of differentiation; Aire, autoimmune regulator; mRNA, messenger RNA.

  A

  B

Figure 2. Supernatant of Aire cells affects the number of CD4+ T cells and their subsets. CD4+ T cells were purified from spleen cells and co‑cultured with Aire 
or control cells, and submitted to Transwell assays for 48 h. (A) The percentages of Tregs and Th1, Th2, Th9, Th17, and Th22 cells among the CD4+ T cells 
were analyzed by fluorescence‑activated cell sorting. (B) The emitted fluorescence was analyzed using FlowJo 7.6 software. The results from a minimum of 
three experiments are presented as the percentage of positive cells ± standard deviation. *P<0.05, **P<0.05 vs. pEGFPC1. CD, cluster of differentiation; Th, 
T helper; IL, interleukin; IFN‑γ, interferon γ; FoxP3, forkhead box P3; Aire, autoimmune regulator.
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T cell subsets by regulating the expression levels of transcrip-
tion factors. These different CD4+ T cell subsets perform their 
functions by secreting various cytokines, thus, identification 
can be conducted by analysis of expression profiles of these 
master regulators and cytokines. The transcription factors 
unique to the CD4+ T cell subsets, Th1, Th2, Th9, Th17, Th22, 
and Tregs are T‑bet, Gata3, PU.1 and IRF4, RORγT, AHR, 
and FoxP3, respectively. Additionally, the unique cytokines 

for Th1, Th2, Th9, Th17, and Th22 cells are interferon 
(IFN)‑γ, IL‑4, IL‑9, IL‑17A and IL‑22, respectively (16‑19,21).

To examine the effects of Aire cells on the CD4+ T cell 
subsets, the messenger (m)RNA expression levels of the 
master regulators were detected by RT‑qPCR. All the master 
regulators were expressed in CD4+ T cells; however, compared 
with the control, T‑bet (the marker of Th1 cells) and RORγT 
(the marker of Th17 cells) were significantly upregulated in 

  A   B

Figure 3. (A) Aire affects the expression levels of IL‑12, IL‑6 and TGF‑β in DC2.4 cells and the mRNA levels of IL‑12, IL‑6 and TGF‑β in DC2.4 cells transfected 
with either pEGFPC1/Aire or pEGFPC1 plasmids, as detected by quantitative reverse transcription‑polymerase chain reaction. (B) CD4+ T cells purified from 
spleen cells were co‑cultured with Aire or control cells and submitted to Transwell assays for 48 h, the supernatants were collected, and IL‑12, IL‑6 and TGF‑β 
were detected. The data are expressed as means ± standard deviation of between three and five independent experiments. *P<0.05, **P<0.01 vs. pEGFPC1. IL, 
interleukin; TGF‑β, transforming growth factor β; Aire, autoimmune regulator; mRNA, messenger RNA; CD, cluster of differentiation.

  C

  B  A

Figure 4. (A) IFN‑γ expression levels in CD4+ T cells were examined by FACS following 48‑h co‑culture with Aire or control cells that were either untreated 
or preblocked with anti‑IL‑12 antibody. (B) The IL‑17A expression levels in CD4+ T cells were examined by FACS after a 48‑h co‑culture with Aire or control 
cells that were untreated or preblocked with anti‑IL‑6 and anti‑TGF‑β antibodies, either separately or in combination. (C) The results are presented as the 
percentage of positive cells ± standard deviation. Each experiment was repeated at least three times, and each group was compared with the pEGFPC1 group. 
**P<0.01, compared with the pEGFPC1 group; #P<0.05, ##P<0.01, Aire or pEGFPC1 groups with antibody blocking compared with Aire or pEGFPC1 groups 
with no antibody blocking. IL, interleukin; TGF‑β, transforming growth factor β; CD, cluster of differentiation; IFN‑γ, interferon‑γ; FACS, fluorescence‑acti-
vated cell sorting; Aire, autoimmune regulator.
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cells co‑cultured for 48 h with Aire cells (P<0.05 and P<0.01; 
Fig. 1). No significant differences were noted for the other 
master regulators, including Gata3 in the Th2 cells, PU.1 and 
IRF4 in the Th9 cells, AHR in the Th22 cells, or FoxP3 in the 
Tregs. These results indicate that Aire cells upregulate T‑bet 
and RORγT transcription in CD4+ T cells.

In addition, the cytokines from different CD4+ T  cell 
subsets were detected by FACS. FoxP3 was used to iden-
tify Tregs, as Tregs do not produce a typical cytokine (22). 
The data demonstrate that the percentages of IFN‑γ‑  and 
IL‑17‑expressing cells were higher than the control cells when 
the CD4+ T cells were co‑cultured with Aire cells for 48 h. 
The percentage of cells expressing FoxP3, IL‑4, IL‑9, and 
IL‑22 did not significantly change; however, the percentage 
of IL‑9‑producing cells was increased when co‑cultured with 
Aire cells (Fig. 2A and B). Other transcription factors may 
be required for Th9 differentiation, as no differences in the 
mRNA levels of the transcription factors, PU.1 or IRF4, were 
observed between the Aire and control cells. These results 
suggest that Aire has a positive role in inducing Th1 and Th17 
development.

Aire‑overexpressing DC2.4 cells induce Th1 and Th17 by 
upregulating IL‑12, IL‑6, and TGF‑β expression. DCs induce 
the expression of master regulators in CD4+ T cells by secreting 
cytokines, resulting in the further differentiation of CD4+ 
T cell subsets from naïve CD4+ T cells. The expression of T‑bet 
and RORγT in CD4+ T cells is regulated by IL‑12, and IL‑6 
and TGF‑β, respectively, from DCs (23). Therefore, to inves-
tigate the mechanism underlying the Aire cells induction of 
Th1 and Th17 development, the mRNA and protein expression 
levels of IL‑12, IL‑6 and TGF‑β in Aire cells were detected by 
RT‑qPCR and ELISA. As presented in Fig. 3A and B, IL‑12, 
IL‑6, and TGF‑β mRNA expression levels were higher in the 
Aire cells than in the control cells. In addition, a similar trend 
in the protein levels of IL‑12, IL‑6 and TGF‑β in the superna-
tants of the cultured cells was demonstrated by the Aire and 
control cells. These data suggest that Aire may affect the Th1 
and Th17 subsets by regulating the secretion of cytokines by 
DCs.

To further determine whether the cytokines from Aire 
cells are involved in upregulating the Th1 and Th17 subsets, 

antibodies against IL‑12, IL‑6 and TGF‑β were used to block 
the cytokines in the supernatants of Aire and control cells 
prior to co‑culture with CD4+ T cells. The expression levels of 
these cytokines in CD4+ T cells expressing IFN‑γ and IL‑17A 
were evaluated by FACS following 48 h of co‑culture (Fig. 4). 
No differences in the expression levels of these cytokines were 
observed for IFN‑γ‑expressing CD4+ T cells between Aire 
and control cells when IL‑12 was blocked (Fig. 4A and C). In 
addition, no differences were observed for IL‑17A‑expressing 
CD4+ T cells following blocking with anti‑IL‑6 or anti‑TGF‑β 
antibodies, or a combination of the two (Fig. 4B and C). These 
data demonstrate that Aire cells induce Th1 and Th17 differ-
entiation by enhancing IL‑12, IL‑6 and TGF‑β secretion.

Aire upregulates the expression levels of IL‑12, IL‑6 and 
TGF‑β via mitogen‑activated protein kinase (MAPK) 
signaling. To investigate the signal transduction pathway by 
which Aire affects IL‑12, IL‑6, and TGF‑β expression in DCs, 
the activities of ERK and p38, which belong to the family of 
MAPKs associated with the production of these cytokines, 
were detected by FACS (24,25). The results demonstrate that 
the phosphorylation levels of ERK and p38 were significantly 
increased in Aire cells (P<0.05 and P<0.01; Fig. 5A and B). 
These data provide an explanation for the upregulation of 
IL‑12, IL‑6 and TGF‑β by Aire in DCs.

Discussion

Aire was first identified in humans as the defective gene in 
the monogenic and autosomal recessive disorder, APS‑I (26). 
The functions of Aire in the central immune organs, particu-
larly in the thymus, have been extensively investigated and 
well defined. Previous studies have demonstrated that Aire 
promotes the ectopic expression of peripheral tissue‑specific 
antigens (PTAs) in mTECs. This imposes central tolerance via 
the negative selection of self‑reactive T cells and the induction 
of Treg cells, which mediate peripheral immune tolerance (2,3). 
The functions of Aire in peripheral tissues remain poorly 
understood and the subject of debate. Extrathymic Aire cells 
(eTACs), which are located in secondary lymphoid tissue, 
have been extensively investigated (27). Gardner et al (28) 
demonstrated that eTACs, as opposed to mTECs, functionally 

  A   B

Figure 5. (A) Phosphorylation levels of ‑ and p38 in Aire or control cells were detected by fluorescence‑activated cell sorting. (B) The results are presented as 
the mean values of the percentages of positive cells ± standard deviation. Each experiment was repeated at least three times, and each group was compared 
with the pEGFPC1 group. #P<0.05, ##P<0.01 vs. pEGFPC1. p, phosphorylated; ‑, extracellular signal‑regulated kinase; p38, p38 mitogen‑activated protein 
kinases.
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inactivate CD4+ T cells via the expression of a distinct and 
diverse array of self‑antigens to induce peripheral tolerance, 
providing the first evidence of the action of Aire in peripheral 
tissue stromal cells. However, to the best of our knowledge, 
the function of Aire in peripheral hematopoietic cells remains 
undefined.

APECED presents with autoimmune polyendocrinopathy 
and chronic mucocutaneous candidiasis (CMC) (7), which 
usually results from an autoimmune response and T  cell 
immunodeficiencies. Aire‑expressing DCs may directly affect 
CD4+ T cell subsets by expressing co‑stimulatory molecules 
and by secreting cytokines. The endocrine disorders in 
APECED are clearly the result of autoimmunity (8), while 
the reason for the presence of CMC remains unclear. Previous 
studies have explained CMC as aberrant adaptive immunity, 
including a bias of the T cell repertoire resulting from the 
inappropriate role of AIRE as a transcriptional mediator (29). 
Furthermore, in the present study, Aire appeared to have 
little effect on costimulatory molecules in DC2.4 cells (data 
not shown). Therefore, the current study investigated whether 
Aire‑overexpressing DCs affect CD4+ T  cell subsets by 
releasing paracrine cytokines. It was observed that Aire 
cells upregulate the mRNA levels of T‑bet and RORγT, and 
the protein levels of IFN‑γ and IL‑17A in CD4+ T cells. This 
suggests that Aire cells induce Th1 and Th17 subset differ-
entiation. Previous studies have identified that congenital 
errors in IFN‑γ cause endemic mycoses and that inborn errors 
in IL‑17 are associated with CMC (30,31). Furthermore, the 
Th1 and Th17 lineages are necessary for pathogen protection 
and clearance in various models, including C. albicans (32). 
Therefore, the current study hypothesized that decreased Th1 
and Th17 differentiation, IFN‑γ and IL‑17 generation caused 
by Aire‑KO DCs, and the presence of autoantibodies targeting 
key antifungal cytokines may be one mechanism underlying 
APECED patient susceptibility to the Candida infection (33). 
Previously, Th1 cells were regarded as the cells that cause 
the onset and progression of autoimmune disorders, such as 
type 1 diabetes (T1D), by producing IFN‑γ (34). However, 
in‑depth studies have indicated that the Th17 phenotype may 
be important in autoimmune disorders (35,36). No differences 
in IFN‑γ or IL‑17 expression levels were detected in the blood 
of APECED patients when compared with healthy control 
subjects, suggesting that IFN‑γ and IL‑17 are not major reasons 
for autoimmunity in APECED patients  (33). Conversely, 
Th17 cells delayed T1D in non‑obese diabetic (NOD) mice 
treated with mycobacterial adjuvant (37), and IFN‑γ induction 
restored normoglycemia in NOD mice (38). Therefore, Aire 
expression in peripheral DCs may have a role in the prevention 
of Candida infection and autoimmune diseases by promoting 
Th1 and Th17 differentiation.

The current study demonstrated that Aire cells promote the 
differentiation of Th1 and Th17 cells by upregulating cytokine 
secretion. IL‑12 is generally considered a potent inducer of 
Th1 cells (16), and Th17 cells are induced by the activities of 
various cytokines, including TGF‑β and IL‑6 (21). Results of 
the present study are consistent with these reports; the mRNA 
and protein levels of TGF‑β, IL‑6, and IL‑12 are increased in 
Aire‑overexpressing DCs. Further analysis indicated that the 
neutralization of IL‑12 in the co‑culture system abrogated the 
differential Th1 subsets between the Aire and control cells, 

indicating the importance of IL‑12 in the Th1 differentiation 
induced by Aire‑overexpressing DCs. In addition, TGF‑β and 
IL‑6 neutralization decreased Th17 induction, suggesting that 
TGF‑β and IL‑6 are critical in Th17 differentiation induced 
by Aire‑overexpressing DCs. IL‑12 produced by DCs trans-
activates T‑bet and induces the differentiation of Th1 cells, 
which produce high levels of IFN‑γ. Similarly, the transcrip-
tion factor, RORγt, which is required for Th17 differentiation 
and for IL‑17A secretion, is regulated by TGF‑β and IL‑6 
from DCs (23). These findings indicate that Aire regulates the 
secretion of cytokines in DCs to affect CD4+ T cell subgroup 
differentiation, and regulate the immune response and toler-
ance.

The signaling pathway associated with IL‑12, IL‑6 and 
TGF‑β expression in Aire‑transfected DCs was investigated 
to observe how Aire regulates cytokine secretion in DCs. p38 
in DCs has been demonstrated to promote IL‑6 and TGF‑β 
production, and to mediate Th17 generation (39). The increased 
phosphorylation levels of p38 in the present study may explain the 
upregulation of IL‑6 and TGF‑β mediating Th17 differentiation. 
Furthermore, ERK activation may promote Th17 generation by 
increasing IL‑6 expression and suppressing Tregs (40), which 
is consistent with the enhanced ERK activation in Aire cells. 
The polarization of Th1 cells may account for the increased 
phosphorylation of ERK and p38 in DCs following Aire trans-
fection, as IL‑12 secretion is increased via the activation of p38 
and ERK (24). Additional mechanisms may contribute to this 
effect; for example, Aire may upregulate IL‑12, IL‑6 and TGF‑β 
expression in DCs by activating ERK and p38.

In conclusion, data from the present study demonstrates 
that Aire cells induce Th1 and Th17 differentiation by upregu-
lating cytokines in paracrine cells. This finding may explain 
why the genetic mutation of Aire simultaneously results in 
a self‑tolerance disorder and in susceptibility to C. albicans 
infections.
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