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Abstract. Forkhead box P3 (FOXP3), which is a transcription 
factor, has a primary role in the development and function of 
regulatory T cells, and thus contributes to homeostasis of the 
immune system. A previous study generated a cell‑permeable 
fusion protein of mouse FOXP3 conjugated to a protein trans-
duction domain (PTD‑mFOXP3) that successfully blocked 
differentiation of type 17 T helper cells in vitro and alleviated 
experimental arthritis in mice. In the present study, the role of 
PTD‑mFOXP3 in type 1 T helper (Th1) cell‑mediated immu-
nity was investigated and the possible mechanisms for its effects 
were explored. Under Th1 polarization conditions, cluster of 
differentiation 4+ T cells were treated with PTD‑mFOXP3 
and analyzed by flow cytometry in vitro, which revealed that 
PTD‑mFOXP3 blocked Th1 differentiation in  vitro. Mice 
models of delayed type hypersensitivity (DTH) reactions were 
generated by subcutaneous sensitization and challenge with 
ovalbumin (OVA) to the ears of mice. PTD‑mFOXP3, which 
was administered via local subcutaneous injection, significantly 
reduced DTH‑induced inflammation, including ear swelling 
(ear swelling, P<0.001; pinnae weight, P<0.05 or P<0.01 with 
0.25 and 1.25 mg/kg PTD‑mFOXP3, respectively), infiltration 

of T cells, and expression of interferon‑γ at local inflammatory 
sites (mRNA level P<0.05) compared with the DTH group. The 
results of the present study demonstrated that PTD‑mFOXP3 
may attenuate DTH reactions by suppressing the infiltration and 
activity of Th1 cells.

Introduction

Regulatory T cells (Tregs) are essential for maintaining 
self‑tolerance and homeostasis of the immune system. In addi-
tion, the numbers and activity of Tregs are decreased in the 
development of a number of autoimmune diseases and Tregs 
may be used therapeutically for these disorders. Previously, van 
Amelsfort et al (1) demonstrated that cluster of differentiation 
(CD) 4+CD25+ Tregs are present and functional in patients with 
rheumatoid arthritis, with increased numbers of Tregs and Tregs 
with increased suppressive activity detected in the synovial 
fluid compared with the peripheral blood. Tregs were depleted 
in DBA/1 mice with collagen‑induced arthritis by injection of 
an anti‑CD25 monoclonal antibody, resulting in more severe 
disease, which could be reversed by adoptive transfer of CD4+ 
CD25+ Tregs (2). Forkhead box P3 (FOXP3), which is a tran-
scription factor, has a primary role in Treg development and 
function (3,4). There have been numerous reports of the associa-
tion between type 1 T helper (Th1) cells and Tregs (5‑7). It has 
been demonstrated that interferon regulatory factor (IRF) ‑1, a 
pleiotropic transcription factor, is implicated in the regulation 
of Th1 development (5). Fragale et al (5) reported that IRF‑1 
negatively regulates CD4+CD25+ Treg development and func-
tion, by specifically repressing FOXP3 expression. Furthermore, 
it has been shown that Th1 effector molecules and transcription 
factors participate in the control of peripheral Treg genera-
tion (6). In the presence of interferon‑γ (IFN‑γ) Treg generation 
was inhibited; however, adaptive transfer of IFN‑γ or signal 
transducer and activator of transcription 1 (STAT1) knockout 
T cells resulted in an increase in the quantity of Tregs (6). 
Ouaked et al (7) analyzed the effect of Th1 cytokines on human 
Treg differentiation at the gene expression and epigenetic levels, 
which revealed a mechanism by which the STAT1‑activating 
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cytokines interleukin‑27 (IL‑27) and IFN‑γ increased trans-
forming growth factor‑β‑induced FOXP3 expression.

The protein transduction domain (PTD), or cell‑penetrating 
peptide, has been shown to efficiently deliver peptides, proteins, 
polyanionic oligonucleotides and other ‘cargo’ into cells for 
the diagnosis of disease or for disease therapy, in vitro and 
in vivo (8‑12). To date, a number of PTDs have been found, 
containing sequences from the transactivator of transcrip-
tion (TAT), herpes simplex virus protein VP22, Drosophila 
Antennapedia transcription factor (Antp) and biotinyl-
ated hepta‑D‑arginine (biotin R7)  (13). The TAT sequence 
YGRKKRRQRRR, from human immunodeficiency virus‑1, is 
a commonly used, powerful and safe delivery PTD that trans-
duces proteins into cells. Numerous PTD fusion proteins have 
been generated, including the PTD‑neuroglobin fusion protein, 
which is able to protect primary cortical neurons against 
hypoxia‑induced injury (8).

A previous study performed by the present authors success-
fully generated a PTD‑conjugated mouse FOXP3 protein 
(PTD‑mFOXP3) that was able to convert CD4+CD25‑ T cells 
into Treg‑like cells, block the type 17 T helper (Th17) cells 
differentiation program in vitro, and markedly delay disease 
incidence and alleviate the autoimmune symptoms of mice 
with collagen‑induced arthritis (14). The present study aims to 
further investigate the role of PTD‑mFOXP3 in the regulation 
of Th1 cell polarization and in Th1‑mediated immunity in a 
murine model of delayed‑type hypersensitivity (DTH).

Materials and methods

Experimental mice. A total of 90 male C57BL/6 (MHC haplo-
type; H‑2b; age, 6‑8 weeks; weight, 20±2 g) mice were purchased 
from the Comparative Medicine Centre of Yangzhou University 
(Yangzhou, China). Mice were housed in microisolator units at 
22‑24˚C and 30‑50% humidity, under a 12‑h light‑dark cycle 
with ad libitum access to food and water. All animal studies were 
approved by the Institutional Animal Care and Use Committee 
of Jiangsu University (SYXK 2013‑0036; Zhenjiang, China) 
and conformed to the Science and Technology Department of 
Jiangsu Province (Jiangsu, China) Guide for the Use and Care 
of Laboratory Animals.

Induction of Th1 differentiation in vitro. CD4+ T cells were 
isolated from the spleens of C57BL/6 mice via negative selec-
tion using a Dynal Mouse CD4 Negative Isolation kit (cat. 
no., 11415D, Thermo Fisher Scientific, Inc., Waltham, MA, 
USA), according to the manufacturer's instructions. Isolated 
CD4+ T cells were seeded into 96‑well plates at a density of 
3x105 cells/well in RPMI 1640 medium supplemented with 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), and 
Th1 differentiation was induced by stimulation for 4 days at 
37˚C in an atmosphere containing 5% CO2, with plate‑bound 
anti‑CD3 (5 µg/ml; dilution, 1:200; cat. no., 100,314; BioLegend, 
Inc., San Diego, CA, USA) and soluble anti‑CD28 (2 µg/ml; 
dilution, 1:500; cat. no., 102,112; BioLegend, Inc.) antibodies, 
in the presence of 10 ng/ml IL‑12 (cat. no., 210‑12; PeproTech, 
Inc., Rocky Hill, NJ, USA), 10 µg/ml anti‑IL‑4 (cat no., 504,122; 
BioLegend, Inc) and 100 U/ml IL‑2 (cat. no., 212‑12; PeproTech, 
Inc.). Subsequently, various concentrations (320, 640 and 
1,280 nM) of PTD‑mFOXP3 or mFOXP3 (1,280 nM), prepared 

as previously described (14,15), were added. On day 4, cells were 
i) harvested for reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR) assays or ii) stimulated for 4 h with 
phorbol 12‑myristate 13‑acetate (50 ng/ml) and ionomycin 
(1 mg/ml; both Sigma‑Aldrich; Merck Millipore, Darmstadt, 
Germany) and treated with GolgiStop (BD Pharmingen, San 
Diego, CA, USA) for intracellular cytokine analysis by flow 
cytometry.

Mice models of DTH. Mice were randomly divided into 
the following groups (n=6/group): i)  Non‑sensitized and 
ovalbumin (OVA)‑challenged group, negative control (NC) 
group; ii)  OVA‑sensitized and OVA‑challenged (DTH) 
group; iii) 1.25 mg/kg mFOXP3‑treated group; iv) low‑dose 
(0.25 mg/kg) PTD‑mFOXP3‑treated group; and v) high‑dose 
(1.25 mg/kg) PTD‑mFOXP3‑treated DTH group. With the 
exception of the NC group, mice were immunized on day 0 via 
subcutaneous injection of OVA (250 µg) in phosphate‑buffered 
saline (PBS), emulsified 1:1 in complete Freund's adjuvant 
(total volume, 200 µl). On day 7, the ear pinnae of the mice 
were measured with a Mitutoyo micrometer (Kawasaki, Japan), 
immediately followed by OVA challenge. For OVA challenge, 
400 mg OVA in 20 µl PBS was intradermally injected into the 
right ear pinnae. The left ear pinnae received 20 µl sterile PBS 
alone (negative control). Pinnae were measured 24 h later and 
the difference in size was used as a measure of DTH. Specific 
ear swelling, including measurements of thickness and weight, 
was measured using a micrometer (Mitutoyo Corporation, 
Kawasaki, Japan) with a resolution of 0.1 mm and calculated 
by the following formula: (ME24 h‑ME0 h)‑(MC24 h‑MC0 h), where 
ME was the measurement for the experimental ear and MC the 
measurement for the negative control ear. In the protein‑treated 
groups, mFOXP3 or PTD‑mFOXP3 was administered via 
subcutaneous injection in the local area of the right ear 2 h prior 
to OVA sensitization on day 0, 2 h prior to OVA challenge on 
day 7, and on days 1, 3 and 5. In the NC and DTH groups, mice 
were instead treated with PBS in the same volumes. Following 
the experiment the mice were sacrificed by CO2 inhalation, 
and their spleens, pinnae and their draining lymph nodes were 
harvested for further measurements. The weight of the pinnae 
was measured using analytical balance (resolution, 0.1 mg).

RT‑qPCR. Total RNA from CD4+ T cells, which were isolated 
from spleens using TRIzol reagent (Thermo Fisher Scientific, 
Inc.), was reverse transcribed into cDNA using a reverse 
transcriptase, ReverTra Ace (Toyobo Co., Ltd., Osaka, Japan). 
qPCR was subsequently performed using SYBR Premix Ex 
Taq II (Takara Biotechnology Co., Ltd., Dalian, China), with 
a final volume of 20 µl containing 10 µl SYBR Green mix 
reagent, sense and antisense primers (0.4 µl, 10 mM), cDNA 
(1  µl) and DNA‑free water (8.2  µl). A CFX96 real‑time 
thermal cycler (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA) was used to detect and quantify transcripts encoding 
IFN‑γ or T‑bet as follows: 95˚C pre‑degeneration for 5 min, 
and 95˚C degeneration for 15  sec, annealing at 58˚C for 
30 sec and extension at 72˚C for 35 sec for 40 cycles, and a 
final extension at 72˚C for 10 sec, terminated at 4˚C. Total 
RNA was isolated from pinnae using the NucleoSpin RNA 
II kit (Machery‑Nagel GmbH, Düren, Germany). Primer 
sequences are listed in Table I. Expression levels of mRNA 
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were calculated based on the standard curve for absolute 
quantification in RT‑qPCR. The PCR products of target genes 
were inserted into pMD18‑T Vectors (cat. no. 6011; Takara 
Biotechnology Co., Ltd.) following amplification with PCR. 
Copy numbers were determined based on plasmid concentra-
tion and plasmid DNA was aliquoted serially into successive, 

10‑fold diminishing dilutions, from 1x108 to 1x103 specific 
copies, in sterile water. Plasmid DNA at each copy number 
dilution was subsequently amplified in the same plate under 
identical conditions. A standard curve was subsequently 
generated and used to calculate the quantity of target genes in 
the samples (16). Data were normalized to the housekeeping 

Figure 1. PTD‑mFOXP3 inhibits Th1 differentiation and IFN‑γ production. Reverse transcription‑quantitative polymerase chain reaction analysis of the 
mRNA expression levels of (A) IFN‑γ and (B) T‑bet in polarized CD4+ T cells. Data was normalized to the levels of the β‑actin reference transcript. (C) Flow 
cytometry analysis of intracellular IFN‑γ production by CD4+ T cells under Th1‑polarizing conditions. (D) Percentage of CD4+IFN‑γ+ T cells following 
PTD‑mFOXP3 treatment. **P<0.01 and ***P<0.001 vs. the polarization group. NC, negative control group; IFN‑γ, interferon‑γ; mFOXP3, mouse forkhead box 
P3; PTD, protein transduction domain; PE, phycoerythrin; CD4, cluster of differentiation 4; FITC, fluorescein isothiocyanate.

Table I. Primer sequences and conditions of IFN‑γ and T‑bet quantitative polymerase chain reaction.

		  Amplicon	 Annealing
Gene	 Primer sequence (5'‑3')	 size (bp)	 temperature (˚C)

Mouse β‑actin	 Sense: TGGAATCCTGTGGCATCCATGAAAC	 349	 58.0
	 Antisense: TAAAACGCAGCTCAGTAACAGTCCG
Mouse IFN‑γ	 Sense: AAGCGTCATTGAATCACACC	 202	 58.0
	 Antisense: CGAATCAGCAGCGACTCCTTAG
Mouse T‑bet	 Sense: AGGGAACCGCTTATATGTCCAC	 194	 59.5
	 Antisense: GCTCTCCATCATTCACCTCCAC

IFN‑γ, interferon‑γ.
 



LIU et al:  PTD-MFOXP3 ATTENUATES DTH REACTIONS424

gene β‑actin. Results are presented as the mean ± standard 
deviation of triplicate measurements.

Flow cytometry. Purified CD4+ T cells from the spleen were 
treated with 1,280 nM mFOXP3 and various concentrations 
(320, 640, 1,280 nM) of PTD‑mFOXP3 for 4 days. Subsequently, 

cells were harvested, stained with anti‑CD4‑fluorescein isothio-
cyanate (FITC) (dilution, 1:200; cat. no., 110,041; eBioscience, 
Inc., San Diego, CA, USA) and anti‑IFN‑γ‑phycoerythrin 
(PE) (dilution, 1:100; cat. no., 127,311; eBioscience, Inc.), and 
analyzed by flow cytometry (BD FACSCalibur system; BD 
Biosciences, Franklin Lakes, NJ, USA). For the DTH model, 

Figure 2. Effect of PTD‑mFOXP3 on the development of DTH in mice. DTH reactions in the ears of mice were induced by subcutaneous OVA‑sensitization 
and challenge. (A) The change in thickness of ears following DTH. (B) The weight of pinnae aperture with diameter of 8 mm from each group following DTH. 
*P<0.05, **P<0.01 and ***P<0.001 vs. the DTH group. (C) Representative images of pathological sections of the left (control) and right (experimental) ear tissue 
from each group, stained with hematoxylin and eosin (upper panel magnification, x100; lower panel magnification, x400). Arrows indicate the infiltration of 
mononuclear cells. NC, negative control group; DTH, delayed type hypersensitivity; mFOXP3, mouse forkhead box P3; PTD, protein transduction domain; 
OVA, ovalbumin.
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cells from the pinnae draining lymph nodes were stained with 
anti‑CD4‑FITC, followed by fixation, permeabilization and 
staining with anti‑FOXP3‑PE.

Cell proliferation assay. Splenocytes (2x106/well) from each 
group were seeded into 48‑well plates, followed by stimula-
tion with or without OVA (50 µg/ml) for 72 h. MTT (5 mg/ml; 
20 µl/well; cat. no., M2128; Sigma‑Aldrich; Merck Millipore) 
was added to the culture 4 h prior to the end of the assay. 
The formazan formed in this reaction was dissolved with 
dimethylsulfoxide (150 µl/well). Absorbance intensity measured 
by a microplate reader (Bio‑Tek Instruments, Inc., Winooski, 
VT, USA) at 490 nm with a reference wavelength of 620 nm (17).

ELISA for IFN‑γ concentration. Splenocytes (5x105/well) from 
each group were cultured in 48‑well plates, followed by stimula-
tion with or without OVA (50 µg/ml) for 72 h. Cells (2x105/well) 
isolated from pinnae draining lymph nodes after neck were 
cultured in 48‑well plates, and cocultured with 20  µg/ml 
mitomycin C (MMC)‑treated splenocytes (1x106/well; Kyowa 
Hakko Kirin Co. Ltd., Tokyo, Japan) and OVA (50 µg/ml) for 
72 h. Supernatants were harvested and centrifuged at 350 x g 
at 4˚C for 10  min. IFN‑γ concentration was subsequently 
measured using a mouse IFN‑γ ELISA Ready‑SET‑Go! kit (cat. 
no., 887,314; eBioscience, Inc.), according to the manufacturer's 
instructions.

Histopathological analysis. Pinnae were fixed with 10% neutral 
buffered formalin for 24 h, followed by decalcification for 2 days. 
Subsequently, tissue specimens were embedded in paraffin, cut 
into sections (thickness, 3‑4 µm) and stained with hematoxylin 
and eosin (H&E) for routine histopathological analysis.

Statistical analysis. Data are presented as the mean ± standard 
deviation of triplicate readings for each treatment group and 
were calculated using Prism (version 5; GraphPad Software, 
Inc., La Jolla, CA, USA). Comparisons of the averages between 
experimental groups were analyzed using one‑way analysis 
of variance. P<0.05 was considered to indicate a statistically 
significant difference.

Results

PTD‑mFOXP3 inhibits IFN‑γand T‑bet production in vitro. 
CD4+ T cells, isolated from the spleens of mice, were induced 
to differentiate into Th1 cells, and treated with mFOXP3 or 
PTD‑mFOXP3. Results of this treatment were analyzed by 
RT‑qPCR and flow cytometry (Fig. 1). It was observed that 
CD4+ T cells treated with all concentrations of PTD‑mFOXP3 
produced significantly less IFN‑γ mRNA compared with the 
polarization group (P<0.001; Fig. 1A). In addition, as expected, 
PTD‑mFOXP3 exposure significantly reduced the quantity of 
T‑bet mRNA copies (P<0.01 at 320 nM, P<0.001 at 640 and 
1,280 nM; Fig. 1B) and the percentage of IFN‑γ‑positive Th1 
cells (P<0.01 at 640 nM, P<0.001 at 1,280 nM; Fig. 1C and D).

PTD‑mFOXP3 suppresses DTH reactions in vivo. The effect of 
PTD‑mFOXP3 on DTH reactions was investigated by measuring 
the pinnae swelling of mice sensitized and challenged with 
OVA (Fig. 2A and B). OVA challenge markedly increased the 

thickness of pinnae in OVA‑sensitized mice compared with the 
nonsensitized NC group, indicating a successful DTH reaction 
induction. PTD‑mFOXP3 exposure significantly suppressed 
pinnae swelling compared with the DTH group (P<0.001 
at 0.25  mg/kg and 1.25  mg/kg PTD‑mFOXP3, Fig.  2A; 
P<0.05 at 0.25 mg/kg PTD‑mFOXP3, P<0.01 at 1.25 mg/kg 

Figure 3. Effect of PTD‑mFOXP3 on the production of IFN‑γ by the pinna. 
Left (control) and right (experimental) ear pinnae were harvested and the 
expression levels of (A)  IFN‑γ and (B)  T‑bet were assessed by reverse 
transcription‑quantitative polymerase chain reaction analysis. Data was 
normalized to the levels of the β‑actin reference transcript. (C) IFN‑γ concen-
tration, as measured by ELISA, in lymphocytes isolated from pinnae draining 
lymph nodes that were stimulated for 72 h with OVA and MMC‑treated 
splenocytes. *P<0.05, **P<0.01 and ***P<0.001 vs. the DTH group. NC, nega-
tive control group; DTH, delayed type hypersensitivity; IFN‑γ, interferon‑γ; 
mFOXP3, mouse forkhead box P3; PTD, protein transduction domain.
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PTD‑mFOXP3, Fig. 2B). Histopathological examination with 
H&E stain revealed a marked infiltration of mononuclear cells 
into the subcutaneous tissues of the pinnae in the DTH and 
mFOXP3‑treated groups; however, infiltration of mononuclear 
cells appeared to be diminished by PTD‑mFOXP3 administra-
tion (Fig. 2C).

PTD‑mFOXP3 alleviates the severity of DTH by upregulating 
Tregs. To characterize the types of inflammatory cells affected 
by PTD‑mFOXP3, the expression of IFN‑γ and T‑bet in the 
pinnae was measured by RT‑qPCR. This identified that IFN‑γ 

and T‑bet mRNA expression levels were upregulated in the DTH 
and mFOXP3‑treated groups compared with the NC group, 
while PTD‑mFOXP3 significantly suppressed the mRNA 
expression levels of IFN‑γ and T‑bet compared with the DTH 
group (P<0.05, Fig. 3A; P<0.001, Fig. 3B). Lymphocytes from 
the pinnae draining lymph nodes were stimulated with OVA 
and MMC‑treated splenocytes to induce IFN‑γ protein expres-
sion, which was measured by ELISA. The results determined 
that PTD‑mFOXP3 significantly suppressed IFN‑γ protein 
expression compared with the DTH group (0.25 mg/kg, P<0.01; 
1.25 mg/kg, P<0.001) in pinnae lymphocytes (Fig. 3C). Then, 

Figure 4. Effect of PTD‑mFOXP3 on the percentage of CD4+Foxp3+ T cells from pinnae draining lymph nodes. Lymphocytes were obtained from the left (con-
trol) and right (experimental) pinnae draining lymph nodes and analyzed by flow cytometry for CD4+ FOXP3+ T cells. (A) Representative dot plots showing 
the distribution of CD4+FOXP3+ T cells. (B) Percentage of CD4+FOXP3+ T cells in each group. *P<0.05 vs. the DTH group. NC, negative control group; DTH, 
delayed type hypersensitivity; IFN‑γ, interferon‑γ; mFOXP3, mouse forkhead box P3; PTD, protein transduction domain; PE, phycoerythrin; CD4, cluster of 
differentiation 4; FITC, fluorescein isothiocyanate; OVA, ovalbumin.
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the number of Th1 (CD4+IFN‑γ+) and Treg (CD4+FOXP3+) 
cells was measured by flow cytometry. There was no signifi-
cant difference in the quantity if Th1 cells between different 
groups (data not shown). However, the percentage of Tregs was 
significantly increased in mice treated with PTD‑mFOXP3 
(1.25 mg/kg) compared with the DTH group (P<0.05; Fig. 4).

Differential effects of PTD‑mFOXP3 on T cell functionality. 
Cytokines expressed by T cells serve an essential role in dictating 
antigen‑specific humoral and cell‑mediated immune reactions. 
To investigate the influence of PTD‑mFOXP3 on the function-
ality of T cells in DTH reactions, splenocytes harvested from the 
different groups were stimulated with OVA for 72 h to induce 
IFN‑γ production. IFN‑γ production was markedly increased 
in the DTH group compared with the NC group (Fig. 5A), 
demonstrating successful induction of antigen‑specific T cell 
reactivity. Consistent with the reduced ear swelling observed 
previously, PTD‑mFOXP3 (0.25 and 1.25 mg/kg) significantly 
suppressed OVA‑induced IFN‑γ production compared with 
the DTH group (P<0.001; Fig. 5A). The cell proliferation of 
OVA‑stimulated splenocytes was then examined using the MTT 
assay. The results of this assay showed that splenocyte viability 
was unaltered in mice treated with PTD‑mFOXP3 (Fig. 5B).

Discussion

Th1 cells, polarized from CD4+ T  cells, contribute to the 
anti‑tumor response and the elimination of intracellular 
pathogens, such as Mycobacterium  tuberculosis, Human 
cytomegalovirus and Trypanosoma cruzi (18‑22). However, 
Th1 cells have important roles in the pathogenesis of numerous 
diseases, including transplant rejection, autoimmune diseases 
and hypersensitivity  (23‑27). Conversely, Tregs have a 
critical role in maintaining immune homeostasis, controlling  
autoimmune diseases, and inhibiting excessive immune 
responses against microbes and allergens. It has previously 
been demonstrated that Tregs are able to downregulate Th1 
function, reverse pre‑established autoimmune pathology and 
may be used in the treatment of autoimmune diseases (28,29). 

Unfortunately, the adoptive transfer of Tregs may convert 
them Th1‑like Treg or Th17 in the local microenvironment of 
autoimmune disease and loss of the function of Tregs (30,31). 
Cyclosporine and FK506 are immunosuppressants that target 
Th1 cells and can be used to prevent transplantation rejection 
and reduce the effects of autoimmune diseases; however, they 
have severe hepatotoxicity, nephrotoxicity and neurotoxicity 
and are unable to expand the numbers of Treg (32). Therefore, 
it is important to develop a novel method to treat autoimmune 
diseases and prevent transplant rejection.

The transcription factor, FOXP3, has a primary role in 
the development and function of Tregs, thus contributing 
to immune homeostasis. A previous study reported that 
PTD‑mFOXP3 was able to block Th17 differentiation in vitro 
and downregulate T cell IL‑17 production, through modu-
lating levels of RAR‑related orphan receptor γt (RORγt) (14). 
Furthermore, PTD‑mFOXP3 decreased IL‑2 and IFN‑γ 
expression in activated CD4+CD25‑ T cells (14). In addition, 
another study found that a fusion protein of PTD‑hFOXP3 had 
a similar function (15). IFN‑γ is a key cytokine expressed by 
Th1 cells. The present study hypothesized that PTD‑mFOXP3 
was able to block Th1 differentiation and cell function. The 
results of the present study demonstrated that PTD‑mFOXP3 
inhibits Th1 cell generation, and downregulates the expression 
of Th1‑associated cytokines (IFN‑γ) and transcripts (T‑bet). 
Th1 cells serve a primary role in triggering the antigen‑specific 
immune response in DTH reactions. Therefore, it was hypoth-
esized that PTD‑mFOXP3 may inhibit DTH reactions. This 
hypothesis was substantiated by the results of the present 
study, which demonstrated that OVA‑induced ear swelling 
was suppressed by the administration of PTD‑mFOXP3. In 
addition, T cell infiltration and IFN‑γ expression in the pinnae 
was attenuated by PTD‑mFOXP3 treatment. Furthermore, 
OVA‑induced IFN‑γ production was also suppressed by 
PTD‑mFOXP3 exposure.

In conclusion, PTD‑mFOXP3 downregulates the develop-
ment and function of Th1 cells. Therefore, PTD‑mFOXP3 has 
the potential to be developed as a treatment for DTH reactions 
and other diseases associated with the Th1 response. Future 

Figure 5. Differential effects of PTD‑mFOXP3 on T cell functionality. Splenocytes isolated from each group were cultured in the presence or absence of OVA 
(50 µg/ml) for 72 h. (A) Expression of IFN‑γ of splenocytes was measured by ELISA. (B) Viability of splenocytes was determined by MTT assay. ***P<0.001 vs. 
the DTH group. NC, negative control group; DTH, delayed type hypersensitivity group; IFN‑γ, interferon‑γ; mFOXP3, mouse forkhead box P3; PTD, protein 
transduction domain; OVA, ovalbumin; OD, optical density.
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investigation into the mechanism by which PTD‑mFOXP3 
exerts its effects on Th1 cells is required.
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