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Abstract. Type 9 T-helper (Th9) cells are associated with 
atopic and inflammatory diseases. Their increased levels and 
functions contribute to a number of inflammatory disorders, 
where they are accompanied by enhanced Th2‑cell activity. 
However, there is currently no consensus regarding the 
association between Th9 and Th2 cells. Th9 cells may be 
induced from naïve T (Th0) cells under specific polarization 
conditions in vitro, a process driven by the addition of specific 
cytokines. In the present study, Th0 cells were cultured 
under Th9‑polarizing conditions to promote differentiation 
into interleukin (IL)-4+ IL-9- or IL-4- IL-9+ T cells after 3 or 
5 days in culture, respectively; the mRNA expression levels 
of IL‑9 and IL‑4 were consistent with the induced cell types. 
Simultaneously, the levels of interferon‑regulatory factor 
4 (IRF‑4) and Smad3/Smad4 were significantly increased 
following Th9‑cell polarization. It was therefore proposed 
that Th2 cells may be generated in the early stages of Th9‑cell 
differentiation, and then ultimately differentiate into Th9 cells 
via the Smad3/Smad4 and IRF‑4 activation pathway.

Introduction

Following the activation of CD3 and CD28, the primary and 
secondary signals for T‑cell differentiation, respectively, naïve 
T (Th0) cells have the ability to develop into different T helper 
(Th) cell subsets. The recognition of other Th‑cell subsets, 
including type‑17 Th cells (Th17) (1‑3), T‑regulatory (Treg), 
Th9 and Th22 cells, particularly with regard to the plasticity of 
these cells, gradually shifted the research priority from that of 

the ratio of Th1 and Th2 cells to that of the mutual association 
between various CD4+ T‑cell subsets.

Th9 cells, a more recently described subset of effector Th 
cells, have promoted the general understanding of T‑cell func-
tioning. Interleukin (IL)‑9, the primary cytokine produced 
by Th9 cells, is a type-2 pleiotropic cytokine that not only 
regulates autoimmune and allergic reactions, but is involved 
in anti‑parasitic and anti‑tumor responses, and the formation 
of immune tolerance (4‑6). However, the differentiation, devel-
opment and immunological characteristics of Th9 cells have 
remained largely elusive. Previous studies have indicated that 
Th2 cells were able to differentiate into Th9 cells following 
the addition of transforming growth factor β (TGF-β) in the 
presence of IL‑4 (7), and that Th9 cell polarization was further 
enhanced by IL-1, IL-2 and IL-25 (8‑10).

TGF-β signaling is mediated through its binding to type 
I and type II receptors, and the activated ligand‑receptor 
complex typically activates Smad‑dependent signal transduc-
tion (11). The canonical Smad signaling cascade is initiated 
by the phosphorylation of Smad2 and/or Smad3. This allows 
Smad2 and/or Smad3 to bind to Smad4 with subsequent 
nuclear translocation of the complex and the recruitment of 
transcriptional co‑activators or co‑repressors to Smad‑binding 
elements in the promoters of TGF‑β target genes (12).

 The present study revealed that Th2 cells may be an 
indispensable intermediate during the differentiation of Th0 
cells into Th9 cells, which depends on the activation of the 
Smad3/Smad4 and interferon‑regulatory factor 4 (IRF‑4) 
pathways.

Materials and methods

Animals. A total of 20 Female Balb/c mice (weight, 18‑22g; age, 
6‑8‑weeks) were purchased from the Comparative Medicine 
Centre of Yangzhou University (Yangzhou, China) and housed 
in a pathogen‑free facility at Jiangsu University (Zhenjiang, 
China). All procedures were approved and supervised by the 
Animal Ethical Committee of Jiangsu University (Zhenjiang, 
China).

In vitro T‑cell differentiation and flow cytometric analysis. 
Th0 cells were prepared from the spleens of 6‑8 week‑old 
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female Balb/c mice under sterile conditions. The isolation 
process was performed according to the manufacturer's 
protocol (Miltenyi Biotec, Inc.). CD4+ Th0 cells were activated 
with plate‑bound anti‑CD3 (eBiosciences; cat. no. 16‑0031‑85; 
Thermo Fisher Scientific, Inc.) and anti‑CD28 (eBiosci-
ences; cat. no. 16‑0281‑82; Thermo Fisher Scientific, Inc.) 
antibodies, and supplemented with recombinant mouse IL‑4 
and TGF-β (Peprotech, Inc.). After 3 or 5 days, the cultured 
cells were stimulated using phorbol 12‑myristate 13‑acetate 
(50 ng/ml; Sigma‑Aldrich; Merck KGaA) and ionomycin 
(1 µg/ml; Sigma‑Aldrich; Merck KGaA) in the presence of 
monensin (2 g/ml; Sigma‑Aldrich; Merck KGaA) for 4 h at 
37˚C in an atmosphere containing 5% CO2. The cells were 
then fixed and permeabilized using permeabilization buffer 
(Invitrogen; Thermo Fisher Scientific, Inc.) for intracellular 
staining, the phycoerythrin‑conjugated anti‑mouse IL‑9 and 
Per‑cy5.5‑conjugated anti‑mouse IL‑4 antibodies (1:200; cat. 
no. 130‑102‑442; Peprotech, Inc.) co‑cultured with the cells 
at 4˚C for 30 min according to the manufacturer's protocol. 
The labeled cells were analyzed using an Accuri C6 flow 
cytometer with CFlow Sampler software (GraphPad Prism 
5; BD Biosciences). The CD4+IL4+IL9- cell population was 
considered to be Th2 cells and the CD4+IL4-IL9+ cell popula-
tion was regarded as Th9 cells.

Reverse transcription‑quantitative (RT‑q)PCR analysis. 
Following culture for 3 and 5 days under Th9‑polarization 
conditions, total RNA was extracted from T cells using 
the guanidinium thiocyanate phenol chloroform method, 
and the total RNA was used to generate complementary 
DNA with the PrimeScript RT Reagent Kit (Takara Bio, 
Inc.) according to the manufacturer's protocol. The primers 
were designed using Premier 5.0 software on the basis of 
GenBank sequences and synthesized by Sangon Biotech 
Co., Ltd. The sequences of all primers used are presented 
in Table I. qPCR was performed using SYBR Premix ExTaq 
(Takara Bio, Inc.) according to the manufacturer's protocol. 
Pre‑denaturation was performed at 95˚C for 5 min, dena-
turation was performed at 95˚C for 30 sec, annealing was 
performed at 72˚C for 30 sec and extension was performed 
at 65˚C for 1 min. Fold changes in the expression of each 
gene relative to β‑actin were calculated using the compara-
tive threshold cycle (Ct) method (13). All experiments were 
performed in triplicate. 

Statistical analysis. Values are expressed as the mean ± 
standard deviation. GraphPad Prism Version 5.0 (GraphPad 
Software, Inc.) was used to perform statistical analysis of the 
data. The unpaired Student's t‑test or Mann Whitney U-test 
(for RT‑qPCR data) was applied according to the results of 
homogeneity of variance testing. In addition, analysis of vari-
ance and Tukey's multiple‑comparisons test were used for 
statistical analysis of the flow cytometric data. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Variations in Th2 cell number during the induction of Th9 
cells using TGF‑β and IL‑4. At the optimum concentration of 
TGF-β (5 ng/ml), the number of induced Th9 cells in vitro was 

markedly enhanced with increasing concentrations of IL‑4. As 
the basic prerequisite for the generation of Th9 cells ex vivo, 
IL-4 and TGF-β were used at different concentrations to 
induce Th9-cell differentiation in vitro. The results suggested 
that the optimum cytokine concentrations required to induce 
the differentiation of Th0 to Th9 cells were 30 ng/ml IL‑4 
and 5 ng/ml TGF‑β, and that the number of Th9 cells peaked 
following 5 days of induction under these conditions (Fig. 1). It 
was also revealed that Th2 cells were generated from Th0 cells 
at the 3‑day time‑point, which then differentiated into Th9 
cells at day 5 when treated with appropriate concentrations of 
TGF-β and IL‑4 (Fig. 2). 

Variations in the expression levels of Th9‑ and Th2‑associated 
cytokines and transcription factors during the generation of 
Th9 cells. IL‑4 and IL‑9 may be considered as the signature 
cytokines produced by Th2 and Th9 cells, respectively. Cell 
differentiation may cause alterations in the expression levels of 
associated cytokines and transcription factors. In the present 
study, the expression levels of IL‑4 or IL‑9 mRNA were 
evaluated; the results indicated that expression levels were 
consistent with the cell subsets cultured for 3 or 5 days, respec-
tively, and that the expression levels of IL‑4 and IL‑9 were 
significantly different between these two time‑points (day 3 
and 5; Fig. 3A and B). Simultaneously, the mRNA expression 
levels of Th9‑associated transcription factors PU.1 (Sfpi1), 
GATA protein 3 (GATA‑3) and IRF‑4 were analyzed and the 
data indicated that the expression of PU.1 was significantly 

Table I. Primer sequences for PCR.

  Product
  length
Gene Primer sequence (5'‑3') (bp)

β-actin F: ATGGAAATGGGGAAGATGGTC 349
 R: GCGGGGAGGGTGTGAACT 
IL-4 F: GGTCTCAACCCCCAGCTAGT 102
 R: GCCGATGATCTCTCTCAAGTGAT 
IL-9 F: GGGCATCAGAGACACCAATTA 119
 R: AACAGTCCCTCCCTGTACTCAC 
PU.1 F: CCCTCCATCGGATGACTTGGTT 142
 R: GTTGTTGTGGACATGGTGTGCG 
IRF-4 F: GGTGTGGGAGAACGAGGAGAAG 221
 R: TCCTCTCGACCAATTCCTCAAA 
GATA-3 F: ACCACGGGAGCCAGGTATG 170
 R: CGGAGGGTAAACGGACAGAG 
Smad2 F: GCAGAATATCGGAGGCAGACA 142
 R: GATGGGTTTACGACATGCTTGA 
Smad3 F: GGAGCAGAGTACAGGAGACA 165
 R: AACCCGCTCCCTTTACTCCTA 
Smad4 F: GCTCCAGCCATCAGTCTGTC 193
 R: TGGTGTGCAGGACTTCATCC 

IL, interleukin; IRF‑4, interferon‑regulatory factor 4; GATA‑3, GATA 
binding protein 3; F, forward; R, reverse.
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decreased, while that of IRF‑4 was markedly elevated after 
5 days of incubation; no obvious change was observed in the 
expression level of GATA‑3 mRNA (Fig. 3C‑E). 

Increased expression of Smad3/Smad4 is associated with the 
differentiation of Th2 to Th9 cells. TGF-β is pivotal in the 
induction of Th9 cells in vivo and in vitro (9‑11). As signifi-
cant components of the TGF‑β signaling pathway, the mRNA 
expression levels of Smad2, ‑3 and ‑4 were determined. The 
results revealed that the expression levels of Smad3 and 
Smad4 on the 5th day were significantly enhanced following 
IL-4 and TGF-β supplementation, but no significant difference 
was identified in the expression level of Smad2 (Fig. 4). 

Discussion

Originally, Th9 cells were characterized by the secretion of 
IL‑9, and as such, were identified as an independent Th‑cell 
subset (7,14). As the production of IL‑9 was detected in Th9, not 
Th2 cells, the initial emphasis of research on IL‑9‑producing 
Th2 cells was redirected to the occurrence and development of 
cells (15). Previous observations have revealed that the addition 
of TGF-β, a cytokine with wide‑ranging actions in the immune 
system, may alter the characteristics of Th2 cells; this may 
include the loss of GATA‑3 expression and the Th2‑associated 
cytokines IL‑4, IL‑5 and IL‑13, resulting in the production 
IL‑9. However, the identification of IL‑9‑producing T cells 

Figure 1. Effects of IL‑4 and TGF‑β on the differentiation of naïve T cells into Th9 cells. (A) Flow cytometric analysis of the differentiation rate of Th9 cells 
(IL-4- IL-9+), developed from naïve T cells isolated from the spleens of Balb/c mice. Isolation was performed using magnetic beads cultured with 2, 5 or 
10 ng/ml TGF‑β, and 10, 20 or 30 ng/ml IL‑4 at day 5. (B) Effects of 10, 20 and 30 ng/ml IL‑4 on the differentiation into Th9 cells at 2, 5 and 10 ng/ml TGF‑β. 
**P<0.01 vs. 10 ng/ml TGF‑β. (C) Effects of TGF‑β (2, 5 and 10 ng/ml) on the differentiation of Th9 cells with 10, 20 and 30 ng/ml IL‑4. *P<0.05 and **P<0.01 
vs. 10 ng/ml IL‑4. Values are expressed as the mean ± standard deviation of triplicate experiments. IL, interleukin; TGF‑β, transforming growth factor β; Th9 
cell, type 9 T‑helper cell; Q, quadrant; UL, upper left; LR, lower right. 



ABDELAZIZ et al:  TH9 DIFFERENTIATION ASSOCIATED WITH SMAD3/SMAD4 AND IRF4 SIGNALLING1950

Figure 2. Effects of induction time on the differentiation of Th9 cells activated by IL‑4 and TGF‑β. Flow cytometry indicated the differentiation rate of Th9 
(IL-4- IL-9+) or Th2 (IL-4+ IL-9-) cells developed from Naïve T cells isolated using magnetic beads, and treated with 2, 5 and 10 ng/ml TGF‑β in the presence of 
(A) 10 or (B) 30 ng/ml IL‑4 at days 3 and 5, respectively. The effect of induction time on the differentiation of Th9 and Th2 cells stimulated with 2, 5 and 10 ng/ml 
TGF-β in the presence of (C) 10 and (D) 30 ng/ml IL‑4 at days 3 and 5. Values are expressed as the mean ± standard deviation of triplicate experiments. *P<0.05, 
**P<0.01, ***P<0.001. IL, interleukin; TGF‑β, transforming growth factor β; Th9 cell, type 9 T‑helper cell; Q, quadrant; UL, upper left; LR, lower right.
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as novel members of the ever‑expanding CD4+ T‑cell family, 
has resulted in a nomenclature issue due to the lack of unique 
expression profiles for T‑bet, GATA‑3, RAR‑related orphan 
receptor γt or forkhead box P3, which are known subset‑deter-
mining transcription factors associated with Th1, Th2, Th17 
and Treg cells, respectively. Among these transcription factors, 
PU.1, IRF‑4 and GATA‑3 are notably associated with the 
differentiation of Th2 cells (16‑19). Therefore, it is conceivable 
that the change in identification from IL‑9‑producing Th2 to 
Th9 cells is not as simple as a change in cytokine profiles, and 
that the defining mechanistic differences between these cells 
require further elucidation. 

Early studies of Th9 cells focused primarily on the regu-
latory factors associated with IL-9 transcription, and their 
influences on immune‑associated diseases. A great deal of 
attention has been paid to the involvement of IL‑4 and TGF‑β 
in the transcription of the IL‑9 gene in Th2 type‑associated 

immune disease models, including allergic airway disease 
(AAD) and experimental autoimmune encephalomyelitis. 
The role of Th9 cells in inflammation was documented in a 
Rag-/- mouse AAD model via the adoptive transfer of these 
cells (17). Furthermore, PU.1 was revealed to attenuate the 
expression of IL‑9 in mice with a PU.1 defect (16). This 
suggests that PU.1 is a primary transcription factor associated 
with Th9‑induced inflammation. Concurrently, PU.1 is also 
associated with the expression of IL‑4 in various other cell 
types, including in the survival of B cells. Simultaneously, 
Staudt et al (18) indicated that IRF‑4 (a principal participant 
in Th2‑cell development) is also crucial to the differen-
tiation and function of Th9 cells. Previous studies have also 
determined that a number of other cytokines influence the 
generation of Th2 cells, including IL‑2, IL‑25, IFN‑γ IL-21 
and IL‑27, and that they may serve similar roles in the 
generation of Th9 cells (20‑23).

Figure 3. Expression levels of Th9‑associated cytokines and transcription factors. After culture for 3 or 5 days, the expression levels of IL‑4, IL‑9, PU.1, IRF‑4 
and GATA‑3 mRNA extracted from inducible naïve T cells, activated with 30 ng/ml IL‑4 and 5 ng/ml TGF‑β were detected using reverse transcription‑quan-
titative PCR. Th9‑associated cytokines: (A) IL‑9 and (B) IL‑4; transcription factors: (C) PU.1, (D) Irf4 and (E) GATA‑3. Values are expressed as the mean ± 
standard deviation of triplicate experiments. **P<0.01 vs. day 5. IL, interleukin; TGF‑β, transforming growth factor β; Th9 cell, type 9 T‑helper cell; IRF‑4, 
interferon‑regulatory factor 4; GATA‑3, GATA binding protein 3.
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Figure 4. Expressions levels of Smad2, ‑3 and ‑4 mRNA. Following culture for 3 or 5 days, Smad2, ‑3 and ‑4 mRNA extracted from inducible naïve T cells 
activated using 30 ng/ml IL‑4 and 5 ng/ml TGF‑β was detected using reverse transcription‑quantitative PCR. TGF‑β‑Smad pathway‑associated signaling 
molecules: (A) Smad2, (B) Smad3 and (C) Smad4. Values are expressed as the mean ± standard deviation of triplicate experiments. *P<0.05 vs. 3 days. IL, 
interleukin; TGF‑β, transforming growth factor β; Th9 cell, type 9 T‑helper cell.

Figure 5. Differentiation of Th2 to Th9 cells using TGF‑β and IL‑4. The transformation process of Th2 to Th9 cells from Th0, in the presence of 5 ng/ml 
TGF-β and 30 ng/ml IL‑4, in which the Th0 cells underwent two developmental stages. In the first stage, the Th2‑specific transcription factor GATA3 was 
activated by IL‑4 via the STAT6 pathway, resulted in the autocrine activation of IL‑4, leading to the appearance of Th2 characteristics. In the second stage, 
with the prolongation of TGF‑β stimulation time, Smad3 and/or Smad4 were activated, which further activated the transcription factor IRF‑4 and may have 
inhibited GATA3 activity, leading to the conversion of cytokines secreted by cells from IL‑4 to IL‑9, and the emergence of Th9‑cell characteristics. Th9 cell, 
type 9 T‑helper cell; TGF‑β, transforming growth factor β; IL, interleukin; IRF‑4, interferon‑regulatory factor 4; GATA‑3, GATA binding protein 3; FSC, 
forward scatter, is positively correlated with the square of cell diameter (cell size).
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It is commonly understood that the development of 
different Th subtypes relies on the appropriate external 
signals. Similar to the conditions required to promote Th1‑, 
Th2‑, Th17‑ and Treg‑cell differentiation, Th9 cells are gener-
ated from Th0 cells in response to TGF‑β and IL-4, in addition 
to other cytokines in the extracellular milieu (24). The current 
consensus is that the differentiation period for Th subsets 
activated using anti‑CD3/CD28 differs from that of physi-
ological activation using specific antigen (25). It is noted that 
TGF-β, as an immune‑regulatory cytokine, not only regulates 
the differentiation of Th‑cell subsets, but is also involved in 
apoptosis and cell survival (26‑28). Takami et al (29) demon-
strated that in the presence of IL-4, TGF-β was able to convert 
p53‑induced CD28‑dependent apoptosis‑associated stimuli 
into the signal for Th9 differentiation. Therefore, TGF‑β has 
been studied as a key molecule involved in the generation of 
Th9 cells in vitro (30).

It has been demonstrated that TGF‑β redirects the differ-
entiation of Th0 cells from Th2 to Th9 cells (7). In light of 
this, the induction rates of Th2 and Th9 cells in response 
to optimum Th9‑cell polarization conditions were analyzed 
at different time‑points ex vivo. Furthermore, changes in 
the expression levels of IL‑4, IL‑9, GATA‑3, Pu.1, IRF‑4, 
Smad2, Smad3 and Smad4 were measured. The results of the 
present study illustrated that differentiation into Th2 cells 
was a necessary process for the induction of Th9 cells in 
Th9‑polarizing culture conditions, and that Th2 cells may 
be an intermediate in the conversion of Th0 into Th9 cells in 
the presence of TGF-β and IL‑4 (Fig. 5). In other words, Th9 
cells were not directly generated from Th0 cells, and may 
represent a stable state following the intermediate generation 
of Th2 cells. The present study also suggested that although 
PU.1, IRF‑4 and GATA‑3 were expressed by Th2 and Th9 
cells, the expression of IRF‑4 was significantly upregulated, 
while PU.1 mRNA expression was downregulated in Th9 
cells. In addition, the decrease in PU.1 expression levels was 
associated with the downregulation of IL‑4 expression. It was 
speculated that Th2 cells may be generated in the early stage 
of Th9‑cell differentiation, which are then converted to Th9 
cells via the Smad3/Smad4 and IRF‑4 activation pathways. 
However, the complete mechanism of Th9‑cell generation 
remains elusive, and further investigation is required to iden-
tify novel prophylactics and treatments for Th9‑associated 
pathologies. 
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