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Summary

T helper type 9 (Th9) cells are a novel identified subset of CD4+ T helper
cells, which could partly contribute to allergic inflammation, while the
precise contribution of Th9 cells in atopic dermatitis (AD) remains
unknown. We aimed to explore the possible role of Th9 cells in AD patho-
genesis. The Th9 cell percentage, transcription factor PU.1 and cytokine
interleukin (IL)-9 mRNA levels, as well as IL-9 serum concentration in
peripheral circulation, were measured in AD patients, psoriasis patients and
healthy controls. The Th9 cell percentage, PU.1 and IL-9 expression levels of
AD patients were all increased significantly compared with the other two
control groups (P < 0·01), and correlated positively with SCORing Atopic
Dermatitis index, serum immunoglobulin (Ig)E and thymus- and activation-
regulated chemokine (TARC) levels (P < 0·05). In simple AD patients and
AD patients complicated by allergic rhinitis or asthma, there were no signifi-
cant differences in the Th9 cell percentage, PU.1 and IL-9 expression levels
between them. At the same time, IL-9 and vascular endothelial growth factor
(VEGF) mRNA levels were detected in AD lesions and normal skin samples,
which were both distinctly elevated in AD lesions, and there was a positive
association between them (P < 0·01). Keratinocytes were cultured with IL-9
stimulation and the secretion of VEGF was detected. IL-9 can promote the
secretion of VEGF by keratinocytes in a time- and dose-dependent manner.
In conclusion, the expansion of the Th9 cell subset, up-regulation of the
PU.1 transcription factor and increased secretion of the IL-9 cytokine may
contribute to the pathogenesis of AD, which may be supported by the
increased release of VEGF by keratinocyes after IL-9 stimulation.
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Introduction

Atopic dermatitis (AD) is an inflammatory skin disease
characterized by pruritus and chronic or relapsing eczema-
tous lesions that usually occurs in early infancy, but can also
begin or persist in adulthood. It is well known that AD is
attributed to the interaction of multiple genetic, immuno-
logical and environmental factors [1,2]. Evidence from
human and animal studies have demonstrated that CD4+ T
helper (Th) cells play an important role in the pathogenesis
of AD. Originally, CD4+ Th cells were thought to differenti-
ate into Th1 and Th2 subsets based on their cytokine

expression profiles and immune regulatory function. Inter-
leukin (IL)-17-expressing T cells (termed Th17) and
forkhead box protein 3 (FoxP3+) regulatory T cells (Treg) are
newly identified subsets of CD4+ Th cells, and developing
studies have reported that both of them have a pathogenic
role in AD [3–5]. More recently, a novel independent
Th-cell subset, characterized by expression of high amounts
of IL-9, which do not express T-bet, GATA-3, retinoic acid-
related orphan receptor gamma T (RORγt) or FoxP3,
subset-determining transcription factors associated with
Th1, Th2, Th17 and Treg cells, had been recognized as ‘Th9’
cells [6–9]. Although the mechanism for the differentiation
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and proliferation of Th9 cells has not been elucidated fully,
the transcription factor PU.1 is required for the differentia-
tion and functional activation of Th9 cells; indeed, PU.1
binds directly to the IL-9 promoter to trigger specific chro-
matin modifications [10–12]. It has been reported that Th9
cells are involved in the development of allergic asthma and
allergic rhinitis [13,14], while the precise contribution of
Th9 cells in AD remains unknown. In the present study,
we detected the expression levels of Th9 cells, PU.1 and IL-9
in AD peripheral circulation and skin lesions, and investi-
gated the effect of IL-9 on the production of vascular
endothelial growth factor (VEGF) by keratinocytes, to
explore the possible role of Th9 cells and IL-9 in the patho-
genesis of AD.

Materials and methods

Individuals and samples

Peripheral blood samples were acquired from 36 AD
patients (20 males and 16 females, aged 3–16 years),
among whom were 22 AD patients complicated by allergic
airway diseases such as allergic rhinitis or asthma and
increased serum immunoglobulin (Ig)E levels, as well as 18
psoriasis vulgaris patients (11 males and 7 females, aged
7–34 years) as a disease control and 32 healthy control
subjects (18 males and 14 females, aged 6–16 years), who
had not thus far been reported with atopic disorders or
inflammatory skin diseases. AD was diagnosed according
to the criteria defined by Rajka and Langeland [15] and
clinical severity was evaluated by SCORing Atopic Derma-
titis (SCORAD) index [16]. Skin samples were skin punch
biopsies of eight AD patients and five normal skin samples
of healthy donors undertaking aesthetic or reconstructive
surgery. None of the patients had been treated with sys-
temic glucocorticoid, other immunosuppressive agents or
desensitization therapy within 6 months, as well as local
glucocorticoid or calcineurin inhibitor within 1 week. The
human ethics committee of Binzhou Medical University
Hospital approved the study, and written informed
consent was obtained from all subjects.

Flow cytometric analysis of Th9 cell percentage

Peripheral blood mononuclear cells (PBMCs) were col-
lected by Ficoll-Hypaque density gradient centrifugation,
suspended in RPMI-1640 supplemented with 10% fetal calf
serum (FCS), 100 U/ml penicillin, 100 μg/ml streptomycin
and 1% 1 M Hepes buffer (Sigma, St Louis, MO, USA), and
stimulated with 25 ng/ml phorbol myristate acetate (PMA)
and 1 μg/ml ionomycin (Sigma) in the presence of
GolgiStop (2 mmol/ml, BD Biosciences, San Jose, CA, USA)
at 37°C under a 5% CO2 environment for 4 h. After harvest-
ing and washing with phosphate-buffered saline (PBS), cells

were stained with fluorescein isothiocyanate (FITC)-
labelled CD4 antibody (eBioscience, San Diego CA, USA),
fixed and permeabilized using fluorescence activated cell
sorter (FACS) Perm Solution (eBioscience), according to the
manufacturer’s instructions. The cells were then incubated
with phycoerythrin (PE)-labelled IL-9 antibody,
allophycocyanin (APC)-labelled IL-4 antibody, peridinin
chlorophyll-cyanin 5·5 (PerCP-Cy5·5)-labelled IL-17A anti-
body and PE-Cy7-labelled interferon (IFN)-γ antibody
(eBioscience) for 30 min at 4°C in the dark. After washing
in stain buffer [fetal bovine serum (FBS)] (eBioscience), cell
samples were subjected to FACScanto flow cytometry, and
data were collected and analysed using CellQuest software
(BD Biosciences).

Preparation and culture of human keratinocytes

Skin samples (three AD lesions and three normal skin) were
incubated at 4°C overnight in 0·3% dispase solution
(Invitrogen, Carlsbad, CA, USA). After peeling off the
biopsy tissue, the epidermis was digested and keratinocytes
were cultured in RPMI-1640 supplemented with 20% FCS,
100 U/ml penicillin and 100 μg/ml streptomycin at 37°C,
5% CO2. Cultured keratinocytes were identified by immu-
nocytochemistry. The complete medium was gradually
replaced by keratinocyte serum-free medium (K-SFM) and
the third-passage keratinocytes were used in the following
experiment. Keratinocytes (1 × 104 cells/100 μl) were dis-
tributed in 96-well plates and cultured for 12 h. After
discarding the culture supernatant, cell pellets were
resuspended in 100 μl K-SFM with the indicated concentra-
tions of IL-9 (10 ng/ml and 20 ng/ml) for 24 and 48 h,
respectively.

Real-time quantitative reverse
transcription–polymerase chain reaction (RT–PCR)
analysis of PU.1, IL-9 and VEGF

Total RNA was isolated from PBMCs and skin samples with
Trizol reagent (Invitrogen), following the manufacturer’s
instructions. The quality of RNA samples was assessed by
inspecting the 28S and 18S bands after 1·5% agarose gel
electrophoresis. The 260/280 absorbance ratio was between
1·9 and 2·0 for each RNA sample. A reverse transcriptase kit
(PrimeScript™RT reagent kit; TaKaRa, Shiga, Japan) was
used for complementary DNA (cDNA) synthesis. The
expression of PU.1, IL-9 and VEGF mRNA was analysed
with the primers shown in Table 1, and β-actin was used as
an endogenous reference. Real-time RT–PCR was per-
formed on a Rotor-Gene 3000 (Corbett Research, Sydney,
Australia) and mRNA levels were quantified using SYBR
Premix Ex Taq™ II (TaKaRa). Each reaction was performed
in triplicate. Data were analysed using the Rotor-Gene real-
time analysis software version 6.0.
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Enzyme-linked immunosorbent assay (ELISA) for IL-9
and thymus- and activation-regulated chemokine
(TARC) in serum as well as VEGF in cell-free
supernatant

Peripheral venous blood was taken after an overnight fast in
the morning between 08:00 and 09:00 h. Serum was centri-
fuged within 30 min of blood collection and stored at
−80°C for further IL-9 and TARC ELISA. VEGF was
detected in cell-free supernatant of the above keratinocyte
culture with IL-9 stimulation by a commercial ELISA kit.
The experimental procedure was conducted strictly accord-
ing to the manufacturer’s instructions (R&D Systems, Min-
neapolis, MN, USA and eBioscience).

Statistical analysis

Data were expressed as mean ± standard deviation (s.d.)
and analysed statistically using spss for Windows (version
17.0; SPSS Inc., Chicago, IL, USA). The one-way analysis of
variance (anova), an independent-samples t-test and
Pearson’s correlation were used for statistical analysis, with
the level of significance set at P < 0·05.

Results

Th9 cell percentage in PBMCs

Representative pictures for the Th9 cell percentage
(CD4+IL-9+/CD4+ T cells) are shown in Fig. 1a1–a2. In
PBMCs, AD patients showed a significant increase of the
Th9 cell percentage (1·75 ± 0·54%) compared with psoriasis
patients (1·15 ± 0·24%) and healthy controls (0·88 ± 0·21%,
P < 0·01, Fig. 1b), while there was no significant difference
between psoriasis patients and healthy controls (P > 0·05).

PU.1 and IL-9 mRNA levels in PBMCs

The PU.1 mRNA levels in AD patients (6·08 ± 1·48) were
increased compared with psoriasis patients (2·12 ± 0·78)
and healthy controls (1·55 ± 0·58, P < 0·01, Fig. 2). IL-9

Table 1. List of PU.1, interleukin (IL)-9, vascular endothelial growth

factor (VEGF) and β-actin primers for real-time reverse transcription–

polymerase chain reaction (RT–PCR).

Primers Sequence (5′–3′)
Product

length

PU.1 Forward: 5′-AGAAGAAGATCCGCCTGTACCA-3′ 116 bp

Reverse: 5′-GTGCTTGGACGAGAACTGGAA-3′
IL-9 Forward: 5′-GGGATCCTGGACATCAACTTC-3′ 132 bp

Reverse: 5′-GAAGCATGGTCTGGTGCAGTT-3′
VEGF Forward: 5′-CACCCACCCACATACATACA-3′ 161 bp

Reverse: 5′-TCAAGTCCACAGCAGTCAA-3′
β-actin Forward: 5′-AGTTGCGTTAC ACCCTTTCTTG-3′ 150 bp

Reverse: 5′-TCACCTTCACCGTTCCAGTTT-3′

bp: base pairs.
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Fig. 2. Measurement of PU.1, interleukin (IL)-9 and vascular

endothelial growth factor (VEGF) mRNA levels in peripheral blood

mononuclear cells (PBMCs) and skin samples by real-time reverse

transcription–polymerase chain reaction (RT–PCR). The expression of
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Fig. 1. Flow cytometric analysis of T helper type 9 (Th9) cells percentage in atopic dermatitis (AD) patients, psoriasis patients and healthy controls.

(a) Peripheral blood mononuclear cells (PBMCs) were isolated from a 16-year-old male AD patient (a1) and a 16-year-old male healthy individual

(a2). These cells were stimulated with phorbol myristate acetate (PMA), ionomycin and GolgiStop for 4 h, stained for interleukin (IL)-9, interferon

(IFN)-γ, IL-4 and IL-17A and analysed by flow cytometry. The numbers in the upper right quadrant represent the percentage of IL-9+ cells with

expression of CD4+ cells in the gated population of CD4+ IFN-γ− IL-4− IL-17A− cells. (b) The percentage of Th9 cells in PBMCs was increased

significantly in AD patients compared with psoriasis patients and healthy controls (*P < 0·01). Pso: psoriasis; HC: healthy controls.
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mRNA levels were also significantly higher in AD patients
(3·41 ± 1·36) than psoriasis patients (1·68 ± 0·34) and
healthy controls (1·22 ± 0·51, P < 0·01, Fig. 2). Although the
PU.1 and IL-9 mRNA levels in psoriasis patients were
slightly higher than healthy controls, the difference was not
statistically significant (both P > 0·05).

Serum IL-9 concentrations

In accordance with flow cytometry analysis of the Th9 cell
percentage as well as real-time RT–PCR analysis of PU.1
and IL-9 mRNA levels, serum IL-9 concentrations were also
up-regulated in AD patients (32·90 ± 6·86 pg/ml) compared
with psoriasis patients (19·83 ± 4·37 pg/ml) and healthy
controls (15·59 ± 6·12 pg/ml, P < 0·01, Fig. 3), and there was
no significant difference between psoriasis patients and
healthy controls (P > 0·05).

Correlation analysis of the Th9 cell percentage, PU.1
and IL-9 expression levels with SCORAD index, serum
IgE and TARC levels in AD patients

Correlation analysis revealed that the Th9 cell percentage,
PU.1 and IL-9 mRNA levels, as well as serum IL-9 concen-
tration, correlated positively with SCORAD index (r =
0·422, 0·387, 0·397 and 0·435, respectively, all P < 0·05,
Fig. 4a1–a4), serum IgE (r = 0·412, 0·353, 0·398 and 0·458,
respectively, all P < 0·05, Fig. 4b1–b4) and TARC levels
(r = 0·398, 0·409, 0·382 and 0·381, respectively, all P < 0·05,
Fig. 4c1–c4).

Comparison of the Th9 cell percentage, PU.1 and IL-9
expression levels between simple AD patients and AD
patients complicated by allergic rhinitis or asthma

Although expression levels of the Th9 cell subset, PU.1
and IL-9 in AD patients complicated by allergic rhinitis

or asthma were higher than those of simple AD patients,
there were no significant differences between the two sub-
groups (Th9 cell percentage, 1·82 ± 0·57 versus 1·64 ± 0·48,
t = 0·958; PU.1 mRNA level, 6·40 ± 1·49 versus 5·58 ± 1·37,
t = 1·668; IL-9 mRNA level, 3·61 ± 1·47 versus 3·10 ± 1·14,
t = 1·113; serum IL-9 concentration, 33·97 ± 6·72 pg/ml
versus 31·21 ± 6·99 pg/ml, t = 1·183, all P > 0·05).

IL-9 and VEGF mRNA levels in skin samples

IL-9 mRNA levels were significantly higher in AD lesions
than normal skin samples (5·11 ± 1·43 versus 1·72 ± 0·32,
t = 11·159, P < 0·01, Fig. 2). VEGF mRNA levels in AD
lesions were also increased compared with normal skin
samples (2·60 ± 0·82 versus 1·64 ± 0·50, t = 4·051, P < 0·01,
Fig. 2). Correlation analysis showed a positive association
between IL-9 and VEGF mRNA levels in AD lesions
(r = 0·494, P = 0·001, Fig. 4d).

IL-9 stimulates VEGF secretion in human keratinocytes

To examine the effect of IL-9 on VEGF secretion,
keratinocytes were treated with IL-9 (10 and 20 ng/ml) for
24 and 48 h, respectively. At the same IL-9 stimulation time,
there was a significant difference in the VEGF secretion
among the control, 10 ng/ml IL-9 and 20 ng/ml IL-9 groups
(24-h groups, F = 53·671, P < 0·01; 48-h groups, F = 67·669,
P < 0·01). In addition, at the same IL-9 stimulation concen-
tration, VEGF secretion was significantly different between
the two stimulation times (48 h, 10 ng/ml IL-9 group versus
24 h, 10 ng/ml IL-9 group, t = 10·290, P < 0·01; 48 h,
20 ng/ml IL-9 group versus 24 h, 20 ng/ml IL-9 group,
t = 5·678, P < 0·01). The results are shown in Fig. 5.

Discussion

Th9 cells are a newly identified CD4+ T cell subset, which
predominantly produce the effective IL-9 cytokine. Several
recent publications have identified the possible relationship
of Th9 cells with the two other common allergic respiratory
diseases, asthma and rhinitis [13,14]. Our results show for
the first time that the Th9 cell percentage was elevated sig-
nificantly in AD patients compared with psoriasis patients
and healthy controls, which indicate that Th9 cells may par-
ticipate in the pathogenesis of AD. It is well known that AD
is characterized by a Th2 inflammatory response and IL-4 is
one of the important Th2-specific cytokines. Th2 cells can
also produce a certain amount of IL-9, which is significantly
less than that of Th9 cells [8,17]. Previous studies have
demonstrated that transforming growth factor (TGF)-β can
reprogram Th2 cells to lose their characteristic profile and
switch to IL-9 secretion, and drive the differentiation of Th9
cells directly. In addition, IL-4 can enhance TGF-β-
mediated IL-9 production by neutralizing the inhibitory
effect of IFN-γ and by directly supporting IL-9 production
[8,18]. Therefore, we hypothesize that in the Th2-cytokine-
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rich microenvironment of AD, the reprogramming process
from Th2 cells to Th9 cells may contribute, to some extent,
to the increased Th9 cell number and amplified IL-9
function.

PU.1 plays a critical role in generating the Th9 phenotype
and is the Th9 cell transcription factor. PU.1 binds to the
IL-9 gene and is required for IL-9 production in human T
cells. Decreasing PU.1 expression, either by conditional
deletion in murine T cells or siRNA in human T cells,
impaired IL-9 production, while ectopic PU.1 expression
promoted IL-9 production [10,19]. In agreement with the
higher frequency of Th9 cells, we first found that PU.1 and
IL-9 mRNA levels in PBMCs were increased significantly in

AD patients. It has been shown that there is an autocrine-
positive feedback in IL-9 secretion: the expression of IL-9
mRNA and protein is concordant and IL-9 mRNA will be
up-regulated further in the presence of recombinant IL-9
[8]. In this study, we also found significantly higher serum
IL-9 levels in AD patients, in accordance with a previous
study [20]. More importantly, we found that the Th9 cell
percentage, PU.1 and IL-9 expression levels all correlated
positively with SCORAD index, further indicating the
important role exerted by Th9 cells in AD.

The IL-9 gene maps to the long arm of chromosome 5
(5q31-35), which also contains genes encoding IL-4, IL-5
and IL-13 [21]. In allergic asthma, polymorphisms in this
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region have significant associations with the development of
atopy, bronchial hyper-responsiveness and elevated total IgE
levels [22–24]. As far as AD is concerned, the IL-9 gene
rs31563 single nucleotide polymorphism (SNP) has been
reported to be associated with an increased susceptibility to
AD [25]. TARC is an important molecule in the develop-
ment and maintenance of allergic diseases, which has highly
selective chemotic ability for Th2 cells, participates in the
inflammation reaction of Th2 cells and associates with AD
disease severity [26]. In this study, we also assessed a posi-
tive association of the Th9 cell percentage, PU.1 and IL-9
expression levels with serum IgE and TARC levels, which
support the possible function of Th9 cells in AD in another
way. In comparison of the Th9 cell percentage, PU.1 and
IL-9 expression levels between the two AD subgroups, there
were no significant differences, although the subgroup of
AD patients complicated by allergic rhinitis or asthma had
slightly higher expression levels than those of simple AD
patients. Therefore, we may consider that the involvement
of Th9 cells in the pathogenesis of AD is relatively specific.

The effect of IL-9 on airway epithelial cells has been
addressed in some studies. In particular, IL-9 can trigger the
production of proinflammatory chemokines [27]. However,
there are few reports on the interaction between IL-9 and
skin keratinocytes. VEGF is a major pro-angiogenic factor
involved in many inflammatory diseases, which not only

promotes angiogenesis but also enhances vascular perme-
ability. In AD, significantly increased expression of biologi-
cally active VEGF has been found in the stratum corneum,
which indicates that VEGF may participate in AD histologi-
cal change of capillary dilatation and dermal oedema, as
well as associating with the AD clinical manifestation of
erythema and inflammatory oedema [28,29]. In this study,
increased IL-9 and VEGF mRNA levels were both detected
in AD lesions, in agreement with previous studies
[29,30]; in addition, a positive association between IL-9
and VEGF mRNA levels was measured. Mast cells are resi-
dent dermis cells, and it has been demonstrated that IL-9
can promote the proliferation and differentiation of mast
cells as well as the secretion of VEGF from mast cells
[30,31]. Keratinocytes are the major epidermis cells, and
keratinocyte-derived VEGF has been shown as a potent
mitogen for dermal microvascular endothelial cells [32]. In
our further in vitro study, we found the first indication that
IL-9 can promote the secretion of VEGF by keratinocytes in
a time- and dose-dependent manner, which adds new evi-
dence that IL-9 can also participate in AD pathogenesis
through interaction with VEGF.

In conclusion, our results suggest that expansion of the
Th9 cell subset, up-regulation of the PU.1 transcription
factor and increased secretion of the IL-9 cytokine may
contribute to the pathogenesis of AD, and the increased
release of VEGF by IL-9-stimulated keratinocyes may
further support this point.
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