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Introduction

Summary

Regulatory T cells (T,e,s) have potential applications in clinical disease
therapy, such as autoimmune diseases and transplant rejection. However,
their numbers are limited. Forkhead box protein 3 (FoxP3) is a key
transcription factor that controls T,., development and function. Here, we
generated a cell-permeable fusion protein, protein transduction domain
(PTD)-conjugated mouse FoxP3 protein (PTD-mFoxP3), and evaluated
whether PTD-mFoxp3 can alleviate rheumatoid arthritis (RA) in the
collagen-induced arthritis (CIA) mouse model. As expected, PTD-mFoxP3
was transduced into cells effectively, and inhibited T cell activation and
attenuated the cell proliferation. It decreased interleukin (IL) 2 and
interferon (IFN)-y expression, and increased IL-10 expression in activated
CD4"CD25~ T cells. PTD-mFoxP3-transduced CD47CD25~ T cells
attenuated proliferation of activated CD47CD25~ T cells. In addition,
PTD-mFoxP3 blocked the Th17 differentiation programme in vitro and
down-regulated IL-17 production from T cells by modulating induction
and levels of retinoid-related orphan receptor gamma t (RORvyt). Intra-
articular delivery of PTD-mFoxP3 delayed disease incidence remarkably
and alleviated autoimmune symptoms of CIA mice. Moreover, protective
effects of PTD-mFoxP3 were associated with regulating the balance of T
helper type 17 (Th17) and T, These results suggest that PTD-mFoxP3
may be a candidate for RA therapy.

Keywords: collagen-induced arthritis, FoxP3, PTD, rheumatoid arthritis,
T,
regs

the aetiology and pathogenesis mechanisms in RA are not

Rheumatoid arthritis (RA) is a chronic, invasive and sys-
temic autoimmune disease, affecting approximately 1% of
the world’s population. It predominantly involves the
peripheral synovium, causing synovitis, inflammatory cell
infiltration, increased synovial fluid and pannus forma-
tion, as well as destruction of cartilage, bone and sur-
rounding tissue. Collagen-induced arthritis (CIA) has
been used extensively as a model for RA [1,2]. However,

yet clear. Recent studies have shown that the occurrence
and development of RA is related closely to T helper type
17 (Th17) cells and their secreted cytokines. Nakae ef al.
found that CIA was suppressed markedly in interleukin
(IL)-17"" mice and interleukin-17 (IL-17) was responsi-
ble for priming collagen-specific T cells and collagen-
specific immunoglobulin (Ig)G2a production [3]. Lub-
berts et al. treated type II collagen (CII)-immunized dark
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brown Agouti (DBA)-1 mice with soluble murine interleu-
kin (mulL)-17 receptor protein (mulL-17R:Fc) to block
endogenous IL-17 and observed that this treatment sup-
pressed the incidence severity of arthritis [4]. In recent
years, increasing evidence suggests that regulatory T cell
(Tieg) function is impaired in RA, and the immune inhibi-
tory effects of T,eg in RA are important. The absence of
Treg cells in K/BXN mice results in faster and more aggres-
sive arthritis, and T, cells are involved in constraining the
immune phase of disease, as well as limiting articular dam-
age [5]. CD47CD25" T cell-depleted DBA/1J mice have
significantly more severe RA compared to control mice fol-
lowing collagen immunization. Adoptively transferring
CD47CD25% T cells into depleted mice was shown to
reverse the heightened severity [6]. Beavis and colleagues
demonstrated that resistance to regulatory T cell-mediated
suppression in RA can be bypassed by ectopic forkhead
box protein 3 (FoxP3) expression in pathogenic synovial T
cells [7]. Reducing the number and functional defects of
Tregs can cause the occurrence and aggravation of arthritis.
Therefore, increasing T, numbers, enhancing their func-
tion or regulating the balance between Tiee, and Th17 cells
may be therapeutic targets for arthritis.

FoxP3 belongs to the forkhead family, which is crit-
ically important for T,.; development and function. It has
been demonstrated that ectopic FoxP3 expression in naive
T cells is sufficient to convert them into phenotypically
and functionally natural Tieg-like cells in mouse [8,9].
Furthermore, FoxP3 transduction can induce a T, phe-
notype in Jurkat T cells, as evidenced by increased expres-
sion of Tyeg-associated cell surface markers and inhibition
of cytokine production following phorbol 12-myristate
13-acetate/phytohaemagglutinin (PMA/PHA) stimulation,
as well as by repression of nuclear factor kappa B (NF-
kB) and nuclear factor of activated T cells (NFAT) activ-
ity [10]. However, it is mandatory to prove that these
vectors are safe for gene transfection in human subjects.
Moreover, low T, numbers, the difficulty of isolating
Tiegs and low transfection efficiency limit the clinical
application of T.g or FoxP3 gene transfer for autoim-
mune disease therapy.

Cell-penetrating peptide (CPP) or protein transduction
domain (PTD), such as transacting activator of transcrip-
tion (TAT), VP22, Antp, R7 and R9, has been shown to
efficiently deliver iron nanobeads, fluorescent quantum
dots and various proteins into cells for diagnoses or dis-
ease therapy in vitro and in vivo [11-16]. In this study,
we purified recombinant PTD-mFoxP3 fusion protein,
and explored the feasibility of PTD-mediated transduc-
tion of FoxP3 into CD4"T cells. We demonstrated that
PTD-mFoxP3 could convert CD4"CD25~ T cells into
Teg-like suppressor cells, inhibited polarization of Th17
cells and down-regulated the expression of IL-17 and
retinoid-related orphan receptor gamma t (RORyt).
Moreover, PTD-mFoxP3 could effectively inhibit the

development of experimental arthritis in CIA mice.
Therefore, our findings pave the way for the future utili-
zation of PTD-mediated transduction of FoxP3 into T
cells for the treatment of immune diseases.

Materials and methods

Mice and cell lines

DO11.10 mice, which are transgenic for a T cell receptor
(TCR) specific for a major histocompatibility complex
(MHCQ)-II-restricted ovalbumin (OVA) peptide, were pur-
chased from The Jackson Laboratory (Bar Harbor, ME,
USA). Male DBA/1] mice (aged 8~10 weeks) were
obtained from the Shanghai Laboratory Animal Center of
the Chinese Academy of Sciences (Shanghai, China).
C57BL/6 (B6) (H-2b) and Balb/c mice were purchased
from the Comparative Medicine Centre of Yang Zhou
University (Yang Zhou, China). All mice were housed in
microisolator units at 22 °C ~24 °C under a 12 : 12-h
light—dark cycle (lights off at 21:00 hours). All animal
studies were approved by the Scientific Investigation
Board of Jiangsu University in China for the Use and
Care of Animals (licence number: SYXK 2013-0036).

The cell lines EL4 (B6-derived thymoma cells) and
D2SC/1 [an early progenitor of the murine splenic den-
dritic cell (DC) cell line, derived from Balb/c mice] were
kind gifts from Professor Weifeng Chen (Department of
Immunology, Peking University Health Science Center,
Beijing 100191, China).

Fusion protein construction, expression and
purification

The pET-28a(+) plasmid (Novagen, Darmstadt,
Germany) was used as the expression vector. All expres-
sion plasmids were constructed as indicated (Fig. 1a). The
PTD-enhanced green fluorescent protein (eGFP) sequence
was amplified from the pEGFP-N1 plasmid [Clontech,
Takara Biomedical Technology (Beijing) Co., Ltd, Beijing,
China] using primer pair 1 (Table 1). The pET-28a(+)-
PTD-eGFP plasmid was constructed by inserting poly-
merase chain reaction (PCR) products (PTD-eGFP
sequence) into the pET-28a(+) plasmid digested with
Sacl and BamHI restriction endonucleases. pET-28a(+)-
PTD was obtained from the pET-28a(+)-PTD-eGFP plas-
mid after digestion with the restriction endonuclease Sacl
(Promega, Beijing, China). The complete mouse FoxP3
(mFoxP3) sequence was PCR amplified from BALB/c
splenocytes using specific primers (Table 1), and inserted
into pET-28a(+), pET-28a(+)-PTD and pET-28a(+)-
PTD-eGFP plasmids to generate the mFoxP3, PTD-
mFoxP3 and PTD-eGFP-mFoxP3 expression vectors,
respectively. Fusion proteins were generated from Esche-
richia coli Rosetta (DE3) (Novagen, Darmstadt, Germany)
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Fig. 1. Preparation of the protein transduction domain (PTD) fusion proteins. (a) Schematic structures of the various recombinant proteins
prepared and used in this study, including full-length mouse forkhead box protein 3 (mFoxP3), full-length mFoxP3 fused with the PTD sequence
(PTD-mFoxP3) or with PTD plus enhanced green fluorescent protein (eGFP) (PTD-eGFP-mFoxP3) and a control PTD-eGFP. All the proteins
were tagged a 6 X His sequence, represented by blue boxes. The grey box represents PTD peptide (YGRKKRRQRRR) derived from HIV-1 PTD
protein. The green box represents an eGFP. (b) Western blotting analysis of purified recombinant proteins probed with mouse anti-6 X His Tag
monoclonal antibody (mAb). Expected sizes of recombinant proteins were PTD-mFoxP3, 51 kDa; PTD-eGFP-mFoxP3, 80 kDa; mFoxP3, 50 kDa
and PTD-eGFP, 33 kDa.

induced for 5 h at 37°C with 1 mM IPTG. Fusion pro-
teins were purified using Profinity IMAC Ni-Charged
resin (Bio-Rad, Shanghai, China), according to the manu-
facturer’s instructions. The eluted proteins were desalted
using PD-10 Sephadex G-25 columns (GE Healthcare,
Shanghai, China) with phosphate-buffered saline (PBS),
and endotoxins were removed with ToxinEraser™ endo-
toxin removal resin (GenScript USA Inc., Piscataway, NJ,
USA). Protein concentrations were evaluated by the Brad-

ford method. Proteins were filtered through a 0.20 pum fil-
ters (Pall Corporation, Ann Arbor, MI, USA) and 0.25 ml
aliquots were stored at —80 °C until use.

Flow cytometry and confocal microscopy analysis

Epilepsy 4 (EL-4) cells were seeded at a density of 4 X
10° cells/well in six-well plates and cultured for 4 h with
320, 640 or 1280 nM fusion proteins (PTD-mFoxP3).

Table 1. Primer pairs used to detect expression of target genes by real-time reverse transcription—polymerase chain reaction (RT-PCR)

Genes Primer sequence (5'-3) Amplicon size(bp) Annealing temp(°C)

TAT-eGFP For: AAGGATCCTATGGCAGGAAGAAGCGGAGAC 808 56
Rev: AGCGACGAAGAGAGCTCATGGTGAGCAAGG

FoxP3 For: ATAAAGCTTCCCCCAACCCTAGGC 1290 56
Rev: ATACTCGAGTTAAGGGCAGGGATTG

CTLA-4 For: GTCAAGGGAACATTAGGG 349 58
Rev: ATTCAAACCACCAGCAAA

IL-2 For: CTTGCTAATCACTCCTCACAG 451 57
Rev: GTGTTGTCAGCCCTT

IFN-vy For: AAGCGTCATTGAATCACACC 202 58
Rev: CGAATCAGCAGCGACTCCTTAG

IL-10 For: ATCGATTTCTCCCCTGTG 318 58
Rev: AATGGGAACTGAGGTATCAG

TGF-B For: AAATCAACGGGATCAGC 332 57
Rev: TTGGTTGTAGAGGGCAAG

B-actin For: TGGAATCCTGTGGCATCCATGAAAC 349 58

Rev: TAAAACGCAGCTCAGTAACAGTCCG

Tat-eGFP = transactivating transcriptional factor-enhanced green fluorescent protein; FoxP3 = forkhead box protein 3; CTLA-4 = cytotoxic T

lymphocyte 4; IL = interleukin; IFN = interferon; TGF = transforming growth factor; For = forward; Rev = reverse.
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Cells were harvested, stained with anti-FoxP3-
phycoerythrin (PE) and analysed by flow cytometry (BD
FACSCalibur™ system; BD Biosciences, Franklin Lakes,
NJ, USA). The expression of intracellular cytokines and
FoxP3 in PTD-mFoxP3-transduced CD4¥CD25~ T cells
was detected by staining with anti-CD4-fluorescein iso-
thiocyanate (FITC), anti-FoxP3-PE [or anti-FoxP3-
allophycocyanin (APC)] and anti-IL-17A-PE (or anti- IL-
17A-APC), respectively. To confirm the transduction abil-
ity of PTD-eGFP-mFoxP3, EL-4 cells were treated for 2 h
with 640 nM PTD-eGFP-mFoxP3, washed twice with cold
PBS and fixed with 0.5 ml 4% paraformaldehyde. Cell
nuclei were then stained for 30 min with 50 pg/ml propi-
dium iodide (PI) (Sigma, Shanghai, China). Specimens
were examined using confocal laser-scanning microscopy
(Nikon C1Si; Nikon, Tokyo, Japan) to identify the perme-
ability and cellular localization of the fusion proteins.

Western blot analysis

EL-4 cells were seeded into 25 cm? culture flasks at a den-
sity of 5 X 10° cells/ml, treated for 2 or 12 h with
640 nM PTD-mFoxP3, mFoxP3 or PTD-eGFP and
washed twice with cold PBS. Nuclear and cytoplasmic
extracts were prepared as described previously [17], and
protein concentrations were determined by Bradford pro-
tein assays. Proteins were separated by 12% sodium
dodecyl sulphate-polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to polyvinyidine difluoride
(PVDF) membranes (Millipore, Shanghai, China). Mem-
branes were blocked for 1 h with 5% skimmed milk pow-
der, washed three times with Tris-buffered saline
containing 0.1% Tween 20 and incubated with the follow-
ing primary antibodies: rabbit anti-FoxP3 monoclonal
antibody (mAb) (1 : 1000; Cell Signaling Technology,
Beverly, MA, USA) or anti-glycerol-3-phosphate dehydro-
genase (GAPDH) antibody (1 : 5000; Cell Signaling Tech-
nology). After washing, the secondary horseradish
peroxidase (HRP)-conjugated anti-rabbit IgG antibody (1
: 5000; Cell Signaling Technology) was added and blots
were incubated for 1 h at 25 °C. Blots were developed
using an Immobilon Western Chemiluminescent HRP
substrate  (Merck Millipore, Darmstadt, Germany),
according to the manufacturer’s protocol, and scanned
using a ImageQuant LAS 4000 Mini (GE Healthcare,
Pittsburgh, PA, USA).

Isolation of CD4" T cells, CD4*CD25™ T cells and
CD4"CD25" Tpegs

Splenocytes were obtained from 6-8-week-old DO11.10
transgenic mice, C57BL/6 or BALB/c mice. CD4" T cells
were enriched by negative selection using a Dynal® Mouse
CD4 Negative Isolation kit (Life Technologies Co., Shang-
hai, China). CD4"CD25™ T cells and CD4"CD25" Tyegs
were isolated from splenocytes according to the manufac-

turer’s instructions using a Dynabeads® FlowComp™
Mouse CD4*CD25% Tieg cell kit (Life Technologies Co.).
Unless stated otherwise, all cells were cultured in RPMI-
1640 supplemented with 10% fetal calf serum (FCS),
2 mM glutamine, 100 U/ml penicillin, 100 mg/ml strepto-
mycin and 2 mM 2-mercaptoethanol (ME), and main-
tained at 37 °C in 5% CO,.

Lactate dehydrogenase (LDH) assays

Splenocytes were isolated from DO11.10 mice. Cells were
washed with PBS, centrifuged at 200 g for 10 min at 4 °C
and suspended in RPMI-1640 media supplemented with
10% FCS, 2 mM L-glutamine, 100 U/ml penicillin G and
100 mg/ml streptomycin (Life Technologies Co.). Spleno-
cytes were plated at a density of 2 X 10> cells/well in 24-
well plates and treated for 24 h with 320, 640 and
1280 nM PTD-mFoxP3 in a total volume of 2 ml. At
1280 nM, mFoxP3 and PTD-eGFP proteins served as con-
trols. We assessed the cytotoxicity of PTD fusion proteins
by evaluating lactate dehydrogenase (LDH) in the culture
media using the LDH kit (AusBio Laboratories Co., Ltd.,
Shandong, China), according to the manufacturer’s
instructions [18]. Briefly, cell culture media were har-
vested and centrifuged at 900 g for 5 min to obtain a
cell-free supernatant. LDH activity was measured on the
Olympus  AU2700™  Chemistry-Immuno  Analyzer
(Olympus Co., Ltd., Beijing, China). Triplicates were set
up for each condition, and experiments were repeated
independently three times.

Cell proliferation and suppression assay

The effect of PTD-mFoxP3 on CD4" T cell proliferation
was measured using a Cell Counting Kit-8 (CCK-8;
Dojindo Laboratories, Kumamoto, Japan), according to
the manufacturer’s instructions. Briefly, CD4Y T cells (1
X 10°/well) were isolated from DO11.10 mice and mixed
with 25 pg/ml mitomycin C (MMC)-treated D2SC/1 cells
(5 X 10°/well) and OVAsy; 339 (2 pM), and co-cultured
for 48 h in 96-well plates with or without 1280 nM PTD-
eGFP, 1280 nM mFoxP3 and PTD-mFoxP3 (320 nM, 640
nM or 1280 nM). Triplicate wells were set up for each
experimental condition. CCK-8 (20 pl/well) was added
4 h prior to the end of culture. The absorbance at
450 nm, with a reference wavelength of 650 nm, was
measured using a microplate reader (Bio-Tek Instruments,
Winooski, VT, USA).

PTD-mFoxP3 may convert CD47CD25™ T cells to Treg-
like cells, which thus act as suppressor cells. To test our
hypothesis, a total of 5 X 10* responder cells
(CD4"CD25™ T cells from DO11.10 mice) were stimu-
lated for 2 h with MMC-treated D2SC/1 cells plus
OVA353.339 (2 uM), and co-cultured for 48 h with 5 X
10* protein-pretreated CD4"CD25™ T cells (from C57BL/
6 mice, PTD-mFoxP3, mFoxP3 or PTD-eGFP pretreated
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for 2 h at the indicated concentration). Cell proliferation
was analysed using CCK-8, as described above.

In-vitro induction and culture of Th17 cells

CD4™" T cells isolated from C57BL/6 mice were seeded in
48-well plates at a density of 3 X 10° cells/well, and
stimulated for 3 days with plate-bound anti-CD3 (plates
were coated at 5 pg/ml) and soluble anti-CD28 (1 pg/ml)
in the presence of anti-interferon (IFN)-y (10 pg/ml),
anti-IL-4 (10 pg/ml), transforming growth factor (TGF)-
B, (1 ng/ml), IL-18 (10 ng/ml), IL-23 (10 ng/ml) and IL-
6 (20 ng/ml). Cells were harvested and incubated in new
wells without stimulation, but in the presence of the neu-
tralizing antibodies and recombinant cytokines described
above. Next, 1280 nM PTD-eGFP and mFoxP3, and
PTD-mFoxP3 (320, 640, 1280 nM) were added. On day
4, cells were divided into two portions. RNA was isolated
from one portion and served as the template for real-
time reverse transcription—polymerase chain reaction
(RT-PCR) assays. The other portion of cells was re-
stimulated for 4 h with phorbol 12-myristate 13-acetate
(50 ng/ml; Sigma), ionomycin (1 mg/ml; Sigma) and Gol-
giStop (BD Pharmingen, San Jose, CA, USA) and intra-
cellular cytokine levels were analysed using flow
cytometry. Alternatively, the entire content of each well
was re-stimulated for 48 h with plate-bound anti-CD3
before analysing cytokines in the supernatant using a
sandwich enzyme-linked immunosorbent assay (ELISA).

Mouse CIA model

CIA was induced in male DBA/1] mice (aged 8-10 weeks)
by intradermal immunization with chicken type II colla-
gen (CC II, prepared from chicken cartilage, digested
with proteases and purified by DE52 cellulose) in com-
plete Freund’s adjuvant (FCA). The severity of arthritis
was assessed using an established scoring system of 0—4,
as described previously [19-21]. Briefly, 100 pg CC II
emulsified in FCA was administered intradermally at the
base of the tail of anaesthetized DBA/1] mice. After 21
days, a boost of collagen (100 pg) in FCA was injected
intradermally. After the second collagen injection, mice
were evaluated daily for the onset of CIA based on two
clinical parameters: paw swelling and clinical score. Paw
thickness was measured using 0-10-mm calipers. For the
clinical score, a four-point scale (AI) was used, where
0 =no evidence of erythema and swelling, 1 = erythema
and mild swelling confined to the tarsals or ankle joints,
2 = erythema and mild swelling extending from the ankle
to the tarsals, 3 =erythema and moderate swelling
extending from the ankle to metatarsal joints and
4 = erythema and severe swelling encompassing the ankle,
foot and digits or ankylosis of the limb. Mice were con-
sidered to have arthritis if the arthritis score was greater
than two points. For treatment, purified endotoxin-free

Cell-penetrable mFoxP3 alleviates experimental arthritis

PTD-mFoxP3 (0.25 mg/kg, 1.25 mg/kg) was injected into
the local joint three times a week starting from the 22nd
day after primary immunization to the 50th day. PBS and
mFoxP3 protein (1.25 mg/kg) were negative controls, and
MTX (2.5 mg/kg) was the positive treatment control.
Mice were killed by over-anaesthetization on day 50. The
percentages of T, cells and Th17 cells in the inguinal
lymph nodes were evaluated using flow cytometry.

Quantitative RT-PCR (qRT-PCR)

CD4" T cells (5 X 10°/well) were cultured in six-well
plates for 4 or 8 h with MMC-treated D2SC/1 cells (2.5 X
10°well) plus OVAsys 336 (2 pM) in the presence or
absence of 1280 nM PTD-eGFP, 1280 nM mFoxP3 or
PTD-mFoxP3 (320 nM, 640 nM, 1280 nM). Total RNA,
isolated using Trizol™ reagent (Life Technologies), was
reverse-transcribed to cDNA using the reverse transcriptase
ReverTra Ace®” (Toyobo, Osaka, Japan). gRT-PCR was per-
formed using SYBR Premix EX TaqTM II (Takara, Shiga,
Japan) and a Bio-Rad real-time thermal cycler CEX 96 for
transcripts encoding IL-17A, RORyt, IL-2, IFN-y, IL-10,
TGF-B and cytotoxic T lymphocyte antigen (CTLA)-4. Pri-
mers sequences are listed in Table 1. Relative mRNA
expression was normalized to the housekeeping gene [3-
actin. Values are presented as the mean = standard devia-
tion (s.d.) of triplicate measurements.

ELISA assays

CD4"CD25™ T cells (1 X 10°/well), which were isolated
from DO11.10 mice and pretreated for 1 h with PTD-
mFoxP3, mFoxP3 or PTD-eGFP, were stimulated for 48 h
with MMC-treated D2SC/1 cells (5 X 10%well) plus
OVAj3;53_339 (2 uM). Supernatants were harvested for anal-
ysis. IL-17A, IL-2, IL-10, IFN-y and TGF-B were meas-
ured using ELISA kits (eBioscience, Inc., Shanghai,
China), according to the manufacturer’s instructions.

Histopathological analysis

For histopathological analysis, the hind legs were obtained
by cutting under the knee (including the ankle joint and
paw). The hind legs were then fixed in phosphate-buffered
10% formaldehyde, decalcified with 10% ethylenediamine
tetraacetic acid (EDTA) and embedded in paraffin using a
general method. Sections of hind paws were made by slic-
ing the footpads horizontally. Sections were stained with
haematoxylin and eosin (H&E). Using microscopy, inflam-
mation, pannus formation, cartilage destruction and bone
damage were evaluated: 0, normal; 1, very small range; 2,
mild; 3, moderate; 4, severe; and 5, very severe, based on a
previously described scoring system [22,23].

Statistical analysis

For non-normative distributed values, median and ranges
were used to summarize data. All other data are expressed
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as the mean *s.d. Each sample was examined in repli- Intracellular location of PTD proteins
cate, each group contained seven to nine mice, barring
loss of animals during the experiments, and each study
was repeated at least twice. Unless noted otherwise, com-
parisons of averages between experimental groups were
analysed using a two-sample independent f-test or analy-
sis of variance (anova). Intergroup survivals were com-
pared using the log-rank test of Kaplan—Meier survival
curves. P<0.05 was considered statistically significant.

To test the capacity of PTD fusion proteins to permeate
the membrane and localize in the nucleus, EL-4 cells
were co-incubated with different concentrations of PTD-
mFoxP3 and analysed by flow cytometry. We found that
PTD-mFoxP3 was transduced successfully and effectively
into EL-4 cells (Fig. 2a). PTD-mFoxP3 had a transduc-
tion peak at 2 h (data not shown) and the optimal con-
centration was 640 nM (Fig. 2a). Furthermore, confocal
microscopy and Western blot analysis were used to vali-
date the permeability of PTD-eGFP-mFoxP3. The confo-
cal microscopy results showed that PTD-eGFP-mFoxP3
could be transduced into the cytoplasm and localize in
the nucleus of EL-4 cells (Fig. 2b). Western blot experi-

Results

Expression, purification and identification of PTD
recombinant fusion proteins

All expression plasmids contained an N-terminal 6 X His ments indicated further that PTD-mFoxP3, but not
Tag and were constructed as indicated in Fig. 1a. All proteins mFoxP3, permeated into the cytoplasm and nucleus
were expressed in E. coli Rosetta (DE3) and identified by (Fig. 2¢), and remained in the nucleus for at least 12 h
immunoblotting with the anti-6 X His antibody (Fig. 1b). (Fig. 2d).
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Fig. 2. Epilepsy 4 (EL-4) cells transducted with protein transduction domain (PTD) recombinant proteins. (a) EL-4 cells were incubated with
increasing doses of PTD-mouse forkhead box protein 3 (mFoxP3) (320 nM, 640 nM and 1280 nM) for 4 h. The expression of intracellular
FoxP3 in PTD-mFoxP3-transduced EL-4 cells was detected by staining with anti-FoxP3-phycoerythrin (PE) using flow cytometry. (b) Cells were
transduced with 640 nM PTD-enhanced green fluorescent protein (eGFP)- mouse forkhead box protein 3 (mFoxP3) for 2 h (a), the nuclei were
stained with propidium iodide (PI) (b), and merged (c,d) examined by confocal microscopy. (c) EL-4 cells co-cultured with or without mFoxP3,
PTD-mFoxP3 for 2 h at 640 nM, then cytoplasm and nucleus proteins were extracted and probed for the presence of recombinant proteins with
anti-6 X His-Tag monoclonal antibody (mAb) (1 : 1000). (d) EL-4 cells were cultured with 640 nM PTD-mFoxP3 and harvested at 2 and 12 h,
then cytoplasm and nucleus proteins were extracted and probed for the presence of recombinant proteins with anti-6 X His-Tag monoclonal
antibody (mAb) (1 : 1000).
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Fig. 3. Effect of fusion proteins on cell viabilities and proliferation in T cells. (a) Purified CD4" T cells co-cultured with mitomycin C (MMC)-

treated D2SC/1 along with ovalbumin (OVA);,5 339 (2 ptM), treated with or without mouse forkhead box protein 3 (mFoxP3), protein
transduction domain (PTD)-enhanced green fluorescent protein (eGFP), PTD-mFoxP3 (320 nM, 640 nM, 1280 nM) for 24 h. Cell viabilities
were measured by a lactate dehydrogenase activity (LDH) assay. Data are represented as the mean = standard deviation (s.d.) of three
independent experiments. (b) PTD-mFoxp3-treated CD4"CD25~ T cells are hypoproliferative. After CD4"CD25™ T cells were treated with
PTD-mFoxP3, mFoxP3 or PTD-green fluorescent protein (GFP) for 1 h, cells were stimulated with OVAj,5 339 (2 pM) and MMC-treated D2SC/
1 for 48 h, and cell proliferation was analysed by CCK-8. (c) PTD-mFoxP3 converts CD4"CD25™ T cells to suppressor cells. A total of 5 X 10*
responder cells (CD4"CD25 T cells) were stimulated with OVAs,3_330 (2 tM) and MMC-treated D2SC/1 for 48 h with 5 X 10* suppressor cells
(PTD-mFoxpP3-, mFoxP3- or PTD-GFP-treated CD4"CD25™ T cells). All cell proliferation was analysed by cell counting kit 8 (CCK-8). (d)
PTD-mFoxP3 regulates cytokine and cytotoxic T lymphocyte antigen 4 (CTLA-4) expression at mRNA level from activated T cells. After
CD4"CD25™ T cells were treated with PTD-mFoxP3, mFoxP3 or PTD-GEFP for 1 h, cells were stimulated with OVAs,3_330 (2 tM) and MMC-
treated D2SC/1. Total RNA of 8 h-activated cells were extracted and examined for interleukin (IL)-2 and interferon (IFN)-vy, and 4-h-activated
cells were for the examination of IL-10, transforming growth factor (TGF)-B and CTLA-4 expression. The ratio of the target gene versus B-actin
at the control was set as 1. (¢) PTD-mFoxP3 regulates cytokine secretion from activated T cells. After CD4*CD25™ T cells were treated with
PTD-mFoxP3, mFoxP3 or PTD-GFP for 1 h, cells were stimulated with OVA3,3_339 (2 ptM) and MMC-treated D2SC/1 for 48 h. IL-2, IL-10, IFN-
v and TGF-B expression level in the same culture medium was analysed by enzyme-linked immunosorbent assay (ELISA). Data from three

independent experiments are presented as mean = standard deviation (s.d.), *P < 0-05 versus control; **P < 0-01 versus control.

PTD-mFoxP3 is not cytotoxic for CD4" CD25~ T
cells and suppresses antigen-specific CD4"CD25~ T
cell activation

We evaluated the viability of CD4"CD25™ T cells treated
with PTD-mFoxP3, mFoxpP3 or PTD-eGFP using LDH
release assays. CD47CD25~ T cells did not exhibit
increased LDH release after co-culture with fusion pro-
teins for 24 h (Fig. 3a). Cell proliferation assays indicated
that PTD-mFoxP3-treated cells were less proliferative
than mFoxP3 or PTD-eGFP treated cells, and this effect
was dose-dependent (Fig. 3b). Cell inhibition assays indi-
cated that PTD-mFoxP3-treated CD4"CD25~ T cells
inhibited the proliferation of CD4"CD25~ T cells stimu-
lated with OVAjy; 339 (Fig. 3c). We evaluated cytokine
and adhesion molecule expression and found that PTD-
mFoxP3 suppressed IL-2 and IFN-y expression and
increased IL-10 expression. TGF-3 expression levels were
equivalent between the groups (Fig. 3d.e).

PTD-mFoxP3 inhibits Th17 induction and IL-17
production

Th17 cells were induced under Th17-polarizing conditions
and treated with PTD-mFoxP3, plate-bound anti-CD3 and
soluble anti-CD28. We observed that CD4" T cells pro-
duced significantly less IL-17A mRNA and protein (Fig.
4a,c,d). As expected, RORyt mRNA expression and Th17
cell numbers were reduced significantly (Fig. 4b,e).

PTD-mFoxP3 therapy alleviates the severity of CIA
by regulating the balance of Th17 and T, cells

To evaluate the therapeutic effect of PTD-mFoxP3 on
arthritis, we treated CIA mice with different concentra-
tions of PTD-mFoxP3. As shown in Fig. 5a,b, after treat-
ment with PTD-mFoxP3 (0.25 or 1.25 mg/kg), arthritic
score and Al decreased more significantly than the

mFoxP3-treated (1.25 mg/kg) group. The PTD-mFoxP3
(1.25 mg/kg) group was similar to the MIX group, and
more effective than the PTD-mFoxP3 (0.25 mg/kg) group
(Fig. 5a,b). Histopathological analysis indicated that
PTD-mFoxP3- and MIX-treated CIA mice suffered mild
inflammation, minimal cartilage damage with minimal
pannus and less bone resorption. Mice receiving 1.25 mg/
kg PTD-mFoxP3 had the least disease progression and
exhibited significantly less inflammation and less perma-
nent damage with regard to bone erosion, cartilage
destruction and pannus formation compared to PBS- and
mFoxP3-treated groups (Fig. 5c,d). It is well known that
Th17 cells drive arthritic bone destruction in mice and
humans [24]. To understand the role of PTD-mFoxP3 in
regulating the balance between Th17 cells and T, we
treated arthritic mice with PTD-mFoxP3. The results
indicated that the onset of clinical signs of CIA was
potently inhibited by PTD-mFoxP3 (Fig. 5). PTD-
mFoxP3 also significantly increased the percentage of Tieg
(CD4"FoxP3™ T cells) (Fig. 6a,c) and the ratio of
Treg/ Th17 cells (Fig. 6e), and significantly decreased the
percentage of Th17 cells (CD4AYIL-17A" T cells) (Fig. 6b,d)
in draining inguinal lymph nodes in CIA mice.

Discussion

RA is one of the most common systemic autoimmune
diseases and is characterized by chronic synovial inflam-
mation and hyperplasia. The exact origin and pathogene-
sis of RA remains unknown, but increasing data
regarding its pathogenic mechanism have shown that
Th17 cells drive RA progression [24]. Th17 cells may be a
critical target in RA therapy. Adoptive transfusion of Teg
or ectopically expressed FoxP3 in T cells that convert T
cells into T, may be a new RA therapeutic strategy
[25-29]. However, this strategy is limited by the numbers
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Fig. 4. Protein transduction domain (PTD)-mouse forkhead box protein 3 (mFoxP3) inhibits T helper type 17 (Th17) inducing and interleukin
(IL)-17 production. (a) Real-time reverse transcription—polymerase chain reaction (RT-PCR) analysis of transcripts encoding IL-17A in polarized
CD4™" T cells. Purified CD4" T cells were stimulated for 3 days with plate-bound anti-CD3 and soluble anti-CD28 in the presence of anti-
interferon (IFN)-y (10 pg/ml), anti-IL-4 (10 pg/ml), transforming growth factor (TGF)-B (1 ng/ml), IL-1B (10 ng/ml), IL-23 (10 ng/ml) and IL-
6 (20 ng/ml), and then treated for another 24 h with 1280 nM PTD-enhanced green fluorescent protein (eGFP) and mFoxP3 and PTD-mFoxP3
(320, 640, 1280 nM) in the presence of neutralizing antibodies and recombinant cytokines but absence of stimulation of anti-CD3 or anti-CD28.
RNA was extracted from treated cells, and IL-17A and RORyt mRNA expression was examined by real-time PCR. The data shown were
normalized to expression of a reference gene B-actin, and the expression level in stimulated T cells was referred as 1. (b) Real-time RT-PCR
analysis of transcripts encoding RORyt in polarized CD4™ T cells. Purified CD4™ T cells were treated as described in (a). (c) Enzyme-linked
immunosorbent assay (ELISA) of IL-17A in the supernatants of polarized CD4" T cells. CD4™ T cells were treated as described in (a), and
restimulated with anti-CD3 or anti-CD28 for another 48 h. IL-17A production was assayed by ELISA. (d) Flow cytometry of intracellular
cytokine production by total CD4" T cells under Th17-polarizing condition. IL-17A expression was analysed after 4 h of restimulation with
phorbol myristate acetate (PMA)/ionomycin by intracellular cytokine staining. (e) Frequency of CD4™ IL-17" T cells after PTD fusion proteins
treatment. Data are representative of three experiments and are expressed as the mean = standard deviation. *P < 0-05; **P < 0-01.

of Tegs [30,31], the safety of gene therapy, and whether mediated protein transduction is a multi-step process that
induced Ty (iTieqs) reconvert to Thl7 cells in the involves PTD binding to the cell surface, stimulation of
inflammatory microenvironment [29,32]. macropinocytotic uptake of PTD and cargo into macropi-

The HIV-1 PTD of TAT has potentially enhanced util- nosomes and endosomal escape into the cytoplasm [28].
ity due to its small size (11 amino acids, Many researchers have used PTD to generate fusion pro-
YGRKKRRQRRR), which is rich in arginine and lysine teins [34,35]. In our previous study, we expressed a PTD-
residues. It is sufficient for intracellular transduction and conjugated human FoxP3 (PTD-hFoxP3) protein and
subcellular localization [33]. The current model for PTD- demonstrated that the protein can be transduced into
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Fig. 5. Effects of protein transduction
domain (PTD)-mouse forkhead box
protein 3 (mFoxP3) on the
development of collagen-induced
arthritis (CIA) in DBA/1 mice. Mice
were treated with PTD-mFoxP3,
mFoxP3 or methotrexate (MTX) on
day 22 after chicken type II collagen
(CII) immunization at the onset of
disease. Attenuated clinical
manifestation of arthritis was observed
every day. The severity (a) and
incidence (b) of arthritis were assessed
as described in Materials and methods.
Data are expressed as means of the
total scores for four limbs or the
incidence of arthritis after CII
immunization (n=7-9 per group).
PTD-mFoxP3 (0-25 mg/kg) group: day
34 no significance, days 32 and 38

P <0-05, others P<0-0001;
PTD-mFoxP3 (1-25 mg/kg) group:

P <0-0001; MTX group: P<0-0001 in
(a). (c) Representative joints
pathological sections from each group
were stained with haematoxylin and
eosin (H&E). (a) A normal mouse
and (b) a type-II collagen (CII)-
immunized mouse. (c¢) Phosphate-
buffered saline (PBS)-treated CIA
mouse. (d) MTX treated an
established CIA mouse. (e) mFoxP3
protein-treated group. (f,g) 0-25 mg/
kg and 1-25 mg/kg PTD-mFoxP3-
treated CII-immunized mouse. (d)
Histopathological scores for the joints
of each group. Data are expressed as
the mean * standard deviation, n =5,
*P<0-05; **P<0-01 versus PBS-
treated group.
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Fig. 6. Protective effects of protein transduction domain (PTD)-mouse forkhead box protein 3 (mFoxP3) were associated with regulating the
balance between T helper type 17 (Th170 and regulatory T cells (T;c). Lymphocytes were obtained from DBA/1 mice treated with PTD-
mFoxP3, mFoxP3 or MTX after CII immunization, and analysed by flow cytometry (FCM) for CD4" FoxP3™ T cells or CD4" interleukin (IL)-
17A™ cells after in-vitro restimulation with phorbol myristate acetate (PMA)/ionomycin in the presence of GolgiStop for 4 h. (a) Representative
dot-plots of Ty cells from draining lymph nodes of collagen-induced arthritis (CIA) mouse. For staining of Ty cells, anti-CD4-fluorescein
isothiocyanate (FITC) and anti-CD25-phycoerythrin (PE) surface-stained cells were fixed and permeabilized, and then stained with anti-FoxP3-
allophycocyanin (APC). (b) Frequency of Ty cells subset in the CD4" T lymphocytes of each group. Data are expressed as the mean = standard

deviation (s.d.), n

5, *P < 0-05 versus phosphate-buffered saline (PBS)-treated group. (c) Representative dot-plots of Th17 cells from draining

lymph nodes of CIA mouse isolated after treated for 4 weeks. For staining of Th17 cells, anti-CD4-FITC surface-stained cells were fixed and
permeabilized, and then stained with anti-IL-17A-APC. (d) Frequency of Th17 cells subset in the CD4" T lymphocytes of each group. Data are
expressed as the mean * s.d., n= 5, **P<0-01 versus PBS-treated group. (e) The ratio of T,.,-like/Th17 cells in the CD4" T lymphocytes of each
group. Data are expressed as the mean * s.d., n =15, **P < 0-01; ***P < 0-001 versus PBS-treated group.

CD47CD25™ T cells and convert them to Tieg-like cells in
vitro [36]. In order to explore that the potential of clini-
cal application of the PTD-hFoxP3 for autoimmune dis-
eases or transplantation therapy, in this study we
generated a PTD-mouse FoxP3 (PTD-mFoxP3) fusion
protein and examined its biofunctions both in vitro and
in vivo. First, we confirmed that the protein is permeable
and can penetrate into T cells. The murine thymoma EL-
4 cell line was co-cultured with PTD-mFoxP3, and per-
meability was evaluated using flow cytometry, fluorescent
confocal microscopy and Western blot. The data showed
that PTD-mFoxP3 not only penetrated into cytoplasm
but also translocated into nuclei (Fig. 2). Next, we eval-

© 2015 British Society for Immunology, Clinical and Experimental Immunology, 181: 87-99

uated the biofunctions of the PTD-mFoxP3. We found
that PTD-mFoxP3 inhibits CD4" T cells activation, Th17
cell generation and down-regulates expression of Thl-
and Th17-associated cytokines or transcripts (IL-2, IFN-vy
and RORvyt), and up-regulates T.g-related cytokines or
molecules (IL-10 and CTLA-4). However, it did not up-
regulate TGF-B. CD4" T cells transduced with PTD-
mFoxP3 inhibited proliferation of CD4" T cells stimu-
lated with anti-CD3 and anti-CD28 antibodies (Figs 3
and 4). Therefore, we hypothesize that PTD-mFoxP3 can
convert CD4" T cells into Teg-like cells. Moreover, the T
cell therapy effect of PTD-mFoxP3 on RA was evaluated
using a CIA mouse model. As expected, PTD-mFoxP3
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decreased the clinical signs and symptoms of CIA (Fig.
5), as well as protected joints from the inflammation by
increasing the numbers of T.g, decreasing the numbers
of Th17 cells and restoring the balance of Th17 cells/T;eg
in the local microenvironment (Fig. 6).

Choi and colleagues have demonstrated that the cell-
permeable FoxP3 protein (HHph-1-FoxP3) could convert
CD4"CD257 T cells to Treg-like cells and prevent autoim-
mune diseases and allergic airway inflammation via
increasing the expression of CD25 and CTLA-4 and
decreasing the products of IL-2, IFN-vy, IL-13 and IL-4
[16]. Yomogida and colleagues also developed another
cell-permeable FoxP3 protein (FoxP3-11R) and amelio-
rated arthritis of mice CIA model via increasing the num-
bers of suppressive function of T cells [37]. In our
previous research, we found that PTD-mFoxP3 up-regu-
lated T,.g-associated cytokines and molecules such as IL-
10 and CLTA-4, but did not affect CD25 and TGF-B [16].
CD25 is the a-chain of the IL-2 receptor (IL-2R). IL-2R
receptor signalling is crucial for the functional maturation
of natural T, cells during thymic development [38].
High CD25 expression is considered an important mecha-
nism for maintaining FoxP3 expression in the periphery
[39]. IL-2R-deficient mice are not devoid of FoxP3™ T
cells. Moreover, along with the decreased fraction of Tigs
FoxpP3 expression is also lower in the absence of IL-2R
signalling [40]. However, the ability of FoxP3 T cells to
act as suppressors is not dependent upon CD25 expres-
sion. These data indicate that induction of FoxP3 expres-
sion is necessary and sufficient for regulatory cell
function, but CD25 expression is not absolutely required.
Our previous study also found that PTD-hFoxP3 could
not increase CD25 expression in CD4"CD25" T cells.
Therefore, the Tieg-like cells induced by us do not per-
form like those of Choi’s report [16], but are more simi-
lar to those of Yomogida’s findings [37]. Although
previous studies have found that TGF- plays a critical
role in T,y induction and development [41], it is not
required for T,y function [42].

Conclusions

In conclusion, we report that PTD-mFoxP3 can convert
CD47CD25 T cells into Tieg-like cells and restore the
balance of Th17 cells/T,ees in a CIA model. Administra-
tion of the PTD-FoxP3 protein can be used for experi-
mental arthritis therapy to restore the impaired balance
of Th17 cells/T,g and improve T, function.
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