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Elevated level of tumor necrosis factor-α (TNF-α), one of the inflammatory cytokines, is considered to be a po-
tential target for the inflammatory bowel disease (IBD) therapy. Recently, TNF-α converting enzyme (TACE), a
sheddase playing an important role in cleaving and releasing bioactive soluble TNF-α, has been challenged
with inhibitors to treat inflammatory diseases. Here, we report a novel anti-TNF-α strategy using a short hairpin
RNA silencing TACE (shTACE) to prevent and treat colitis. The shTACE formed stable complexes with nona-argi-
nine-based bio-cleavable disulfide bond-linked poly (arginine) (PAs-s) for enhanced gene delivery. Systemically
administered shTACE/PAs-s peptoplexes efficiently decreased TNF-α levels, increased survival and alleviated
pathophysiological parameters representing colitis severity. Our results demonstrate effectiveness and safety
of shTACE/PAs-s peptoplexes with the capacity of overcoming acute and chronic ulcerative colitis throughmod-
ulation of excessive inflammatory responses in the colon, providing a strong potential as a therapeutic agent for a
broad variety of inflammatory diseases.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Inflammatory bowel diseases (IBD) such as ulcerative colitis and
Crohn's disease, characterized by inflammatory disorders of the
gastrointestinal tract, correlate with unbalanced levels of cytokines
including tumor necrosis factor-alpha (TNF-α), interleukin-1 (IL-1)
and interleukin-6 (IL-6). In particular, increased level of TNF-α by
activated macrophages plays an important role in the development
of IBD [1,2]. In inflammatory conditions, monocytes recruit and dif-
ferentiate into macrophages, and these activated macrophages can
infiltrate into infectious sites and increase secretion of inflammatory
cytokines [3]. Therefore, over-expressed TNF-α has been considered
as a target for treatment of IBD [4]. Locally injected monoclonal anti-
bodies targeting TNF-α have been demonstrated to improve dextran
sodium sulfate (DSS)-induced colitis [5]. Also, several approaches
have been made to treat IBD by inhibiting TNF-α converting enzyme
(TACE) [6].

A disintegrin and metalloproteinase 17 (ADAM 17), also known as
TACE, is involved in proteolytic cleavage of membrane-associated
TNF-α [7]. TNF-α is initially synthesized as membrane-bounded pro-
TNF-α and then secreted as cleaved soluble form of TNF-α, followed
ng),
by inflammatory signaling through TNF receptor binding [8]. A signifi-
cant increase in the expression of TACE has been observed in IBD and
over-expressed TACE is reported to be a target for anti-IBD gene therapy
[9]. RNA interference system using small interfering RNA or short hair-
pin RNA (shRNA) could be an innovative approach for lowering over-
expressed TNF-α. Therefore, silencing TACE through the delivery of
shRNA targeting TACE (shTACE) could be a novel strategy for anti-
TNF-α therapy.

A delivery vehicle is required to enhance the activity of a therapeutic
gene since a naked gene without a carrier has difficulty in penetrating
cellularmembrane. Protein transduction domains, also called cell pene-
trating peptides, have been widely used as polymer-based non-viral
carriers [10]. Polymer-based vehicles containing disulfide bonds can fa-
cilitate the release of a therapeutic gene in the cytoplasm via degrada-
tion of complexes due to the significant difference in redox potential
between the intracellular and extracellular space. In particular, glutathi-
one (GSH), a reducing agent existingmainly in the cytoplasm, can disso-
ciate the peptoplex of a gene and reducible carrier, following disulfide
bond reduction [11–13].

The purpose of this study is to verify that silencing strategy to sup-
press over-expressed TACE by non-viral delivery of shTACE could be a
potential therapeutic system for the treatment of colitis. The shTACE
formed stable complexeswith nona-arginine-based bio-cleavable disul-
fide bond-linked poly (arginine) (PAs-s) for efficient gene delivery. The
effectiveness and safety of shTACE/PAs-s peptoplexeswere tested in the
DSS-induced colitis models.
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2. Materials and methods

2.1. Materials

Short hairpin RNA silencing of TACE (shTACE) plasmidwas obtained
from Genecopoeia (Maryland, USA). Cysteine-(Nona-arginine)-Cyste-
ine oligopeptide was purchased from Peptron (Daejeon, Korea).
Branched PEI (Mw 25 kDa) was purchased from Sigma-Aldrich (St
Louis, Missouri, USA). MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide) was purchased from Sigma-Aldrich. DC pro-
tein assay kit was purchased from Bio-Rad (Hercules, CA). Intracellular
nucleic acid localization kit of Cy5 and intracellular localization kit of
fluorescein (FITC) were purchased from Mirus (Madison, WI) and
Alexa fluor 488 dye was purchased from Invitrogen (La Jolla, CA). Plas-
mid luciferase and luciferase assay kit were purchased from Promega
(Madison, WI). Dextran sodium sulfate (Mw 36,000–50,000 kDa) was
purchased from MP Biomedicals (Solon, OH, USA).

2.2. Preparation of disulfide-linked poly (arginine) (PAs-s)

PAs-s was composed of a repeating unit of nona-arginine with ter-
minal cysteine residues at both ends. Cysteine-(Nona-arginine)-Cyste-
ine oligopeptide was synthesized in acetate salt form to avoid
abnormal responses in pre-clinical studies. Themonomerwas polymer-
ized by oxidative condensation of sulfhydrl groups in PBS containing
30% dimethyl sulfoxide (DMSO, Life Science) at 150 rpm for 6 days
and the reaction was terminated using 5 mmol/l of HEPES buffer
(BioShop).

2.3. Agarose gel retardation test

Various amounts of PAs-s carrier and 1 μg of shTACE gene were
mixed and incubated for 30 min at room temperature to make
shTACE/PAs-s peptoplexes. The shTACE/PAs-s peptoplexes were pre-
pared in the same final volume of 10 μl by adding deionized water.
Weight ratios of DNA to carrier were used in all data. After making
peptoplexes, electrophoresis was carried out in 0.8% (w/v) agarose gel
for 20 min at 100 V in 0.5 Χ TBE buffer.

2.4. Size and zeta potential

Various amounts of PAs-s carrier were added to 5 μg of shTACE gene
to make shTACE/PAs-s peptoplexes and peptoplexes were diluted up to
the same final volume of 800 μl. The surface potential andmean diame-
ter of the peptoplexes were evaluated using Zeta sizer-ZS (Malvern In-
struments, Worcestershire, UK). To observe time-dependent size
change of peptoplexes after adding β-mercaptoethanol (β-ME, Sigma-
Aldrich), β-ME was added to the samples at a concentration of 50% (v/
v) to reduce the internal disulfide bonds of peptoplexes.

2.5. Cell culture

RAW264.7 cells (Mouse macrophage cells) were purchased from
ATCC (Virginia, USA). Fetal bovine serum (FBS), Dulbecco's phosphate
buffered saline and Dulbecco's Modified Eagle's Medium (DMEM) con-
taining high glucose were purchased from WelGENE (Seoul, Korea).
DMEM supplemented with 10% FBS and 1% penicillin-streptomycin
(100 U/ml) was used for cell culture. RAW264.7 cells were incubated
at 37 °C in 5% CO2 of atmosphere and cultured every other day.

2.6. MTT assay

Cell viability relative to thenon-treated groupwasmeasured byMTT
assay. RAW264.7 cells were seeded for 24 h and culture media were
replaced with serum-deficient growth media containing shTACE/PAs-s
or shTACE/PEI peptoplexes. The shTACE/PEI and shTACE/PAs-s
peptoplexes were prepared by mixing shTACE gene with carriers at
the optimum weight ratios of 1 and 2, respectively. After 24 h, 5 mg/
ml of MTT solution was added for further 4 h. Then, all the media was
removed and the same volume of DMSO (Life Science) was replaced
for further 15min to dissolve formazan. Using uv/vis spectrophotometer
(Tecan), each well of the plate was scanned at 570 nm to measure the
relative absorbance.

2.7. Intracellular uptake of peptoplexes using confocal laser scanning
microscrope

RAW264.7 cells were seeded onto 60 mm cover glass bottom dishes
in 12-well plates. To analyze the intracellular uptake of shTACE/PAs-s,
Cy5 (Excitation/Emission wavelength at 675 nm/694 nm, Mirus) and
Alexa488 (Excitation/Emission wavelength at 495 nm/519 nm, Life
Technologies) were conjugated to the shTACE gene and PAs-s carrier,
respectively, according to the manufacturer's protocol. After cells were
activated with 100 ng/ml of lipopolysaccharide (LPS, Sigma-Aldrich)
for the inflammation induction, cells were treated with (Cy5-shTACE)/
(Alexa488-PAs-s) peptoplexes for 6 h. Then, cells were fixed with 3.7%
formaldehyde (Sigma-Aldrich) for 40min and the nuclei were counter-
stained with DAPI (4′, 6-diamidino-2-phenylindole, SouthernBiotech).
Samples were visualized through a multi-photon confocal laser scan-
ning microscope (LSM510 META NLO; Carl Zeiss Jena GmbH) at the
Korea Basic Science Institute (Chuncheon, Korea).

2.8. Intracellular uptake of peptoplexes using flow cytometry

To measure the cellular uptake quantitatively, FITC was conjugated
to the shTACE gene according to manufacturer's protocol (Mirus).
RAW264.7 cells following seeding on 12-well plates and pre-treatment
with LPS to mimic inflammatory state were treated with (FITC-
shTACE)/PAs-s peptoplexes or (FITC-shTACE)/PEI peptoplexes for fur-
ther 6 h. Then, cells were washed vigorously with PBS and then collect-
ed in PBS containing FBS and sodium azide.

2.9. Transfection efficiency

Luciferase expressed by plasmid luciferase (pLuci) can react with lu-
ciferase substrate, allowing measurement of the transfection efficiency
following the enzyme-substrate reaction. RAW264.7 cells were seeded
on 12-well plates for 24 h and then the culture media were replaced
with serum-deficient growth media containing pLuci/PAs-s or pLuci/
PEI peptoplexes. Also, cellswere treatedwith 100 ng/ml of LPS to induce
inflammatory states before treatment of the peptoplexes. The
peptoplexes were made by mixing 1 μg of pLuci with carrier at the op-
timum weight ratio of each peptoplex. After 48 h of incubation, the
cells were treated with 200 μl of 1× reporter lysis buffer reagent
(Promega, Madison, WI, USA) for 15 min, and the cell lysates were ob-
tained after scraping. Then, the cell lysates were centrifuged at
12,470 g for 3 min and the luciferase relative luminescence units
(RLU) of the cell lysates were checked through luminometer (Berthold
Detection Systems). The result was shown as RLU/mg of cell protein
after measuring concentration of cell lysates by BSA standard.

2.10. RNA isolation and TACE knockdown

RAW264.7 cells were seeded on 12-well plates for 24 h. Following
treatment with 100 ng/ml of LPS, cells were treated with shTACE/PAs-
s peptoplexes or shTACE/PEI peptoplexes for further 24 h. TACE mRNA
levels were measured by real-time quantitative reverse transcription
polymerase chain reaction (qRT-PCR). After cells were treated with
shTACE/PAs-s peptoplexes, total RNA was isolated from the activated
cells of each treated group byusing RNeasy Lipid tissueMini kit (Qiagen,
GmbH, Germany). TACE cDNA sample for qRT-PCR was obtained by
using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, USA).
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The forward and reverse primer for TACE was 5′-
GTACGTCGATGCAGAGCAAA-3′ and 5′-AAACCAGAACAGACCCAACG-
3′ (Integrated DNA Technologies), respectively. Cyber premix Ex
taq RT-PCR kit (TaKaRa). The ΔΔCt methods were used to calculate
the relative TACE mRNA level to GAPDH.

2.11. Measurement of TNF-α level

RAW264.7 cells were seeded on 12-well plates for 24 h. Following
treatment with 100 ng/ml of LPS, cells were treated with shTACE/PAs-
s peptoplexes or shTACE/PEI peptoplexes of optimum weight ratio for
further 48 h. After cells were treated with the shTACE/PAs-s
peptoplexes under inflammatory condition, cell culture media contain-
ing secreted soluble TNF-α from cells were collected and centrifuged for
3 min at 12,470 g. Soluble TNF-α levels in the supernatant were mea-
sured using an ELISA kit (eBioscience).

2.12. DSS-induced colitis

In order to induce acute colitis,micewere pre-treatedwith one cycle
of 5% (w/v) dextran sodium sulfate (DSS) dissolved in drinking water
given ad libitum as illustrated in Fig. 6A. To induce chronic colitis,
mice were exposed to 2 cycles of 3% DSS as illustrated in Fig. 9A. The
control non-DSS-fed mice had access to sterile distilled water [14]. All
experimental procedures with age-matched female C57BL/6 mice
were reviewed and approved by the Institutional Animal Care and Use
Committee of the Hanyang University. The mice were housed under
SPF conditions and provided 5010 chow (LabDiet) with water ad
libitum.

2.13. Systemic administration of shTACE/PAs-s peptoplex

The DNA (20 μg) was mixed with PAs-s carrier (40 μg) in PBS at the
weight ratio of 2 for 30 min at room temperature and the nonspecific
shRNA (shNS) and shRNA specific for TACE (shTACE) peptoplexes
were intravenously injected for 2 consecutive days in acute colitis or 3
consecutive days in chronic colitis model.

2.14. Colitis scoring

Bodyweight, occult, gross blood loss per rectum and stool consisten-
cy were observed every other day. The colitis score was blindly deter-
mined by trained investigators [15,16]. The baseline colitis score was
the value on day 0. The scoring system was based on diarrhea, occult
and overt blood in the stool. Briefly, no weight loss was scored as 0,
weight loss of 1% to 5% from baseline as 1, 5% to 10% as 2, 10% to 20%
as 3 and N20% as 4. For stool consistency, a score of 0 pointwas assigned
for the well-formed pellets, 2 point for pasty and semi-formed stools
that did not adhere to the anus, and 4 point for liquid stools that ad-
hered to the anus. For bleeding, a score of 0 point was assigned for no
bleeding, 2 point for positive hem occult and 4 point for gross bleeding.
These scores were added together and divided by three, resulting in a
total colitis score ranging from 0 (healthy) to 4 (maximal colitis
activity).

2.15. Histological scoring

Postmortem, the entire colon from the cecum to the anus, was re-
moved and the colon lengthwasmeasured as amarker of inflammation.
The pieces of colonic tissuewere used for ex vivo analysis [17]. Postmor-
tem, the entire colon from the cecum to the anus was removed and the
colon length was measured as a marker of inflammation. The pieces of
colonic tissue were used for ex vivo analysis [17]. For histological anal-
ysis, rings of the transverse part of the colon (1-cm segment of the prox-
imal and distal colon)were fixed in 4% buffered formalin and embedded
in paraffin. Fresh frozen sections were stained with H&E for histological
examination. Histological score was given in a blinded fashion by a pa-
thologist, considering both inflammatory cell infiltration (score, 0–3)
and tissue damage (score, 0–3). The presence of occasional inflammato-
ry cells in the lamina propria was assigned as 0, increased numbers of
inflammatory cells in the laminapropria as 1, confluence of inflammato-
ry cells extending into the submucosa, as 2 and transmural extension of
the infiltrate as 3. For tissue damage, nomucosal damage was scored as
0, discrete lymphoepithelial lesions were scored as 1, surface mucosal
erosion or focal ulceration was scored as 2 and extensive mucosal dam-
age and extension into deeper structures of the bowel wall were scored
as 3. The combined average histological score ranged from 0 (no chang-
es) to 3 (extensive cell infiltration and tissue damage).

2.16. Myeloperoxidase (MPO) assay

Neutrophil influx in tissue was tested by measuring the enzymatic
activity of MPO, a widely used marker for neutrophils. Colonic tissue
samples were homogenized in ice-cold potassium phosphate buffer
(50 mM K2HPO4 and 50 mM KH2PO4, pH 6.0) containing 0.5%
hexadecyltrimethylammonium bromide (Sigma H 5882). The homoge-
nates were then sonicated, freeze-thawed three times and centrifuged
at 17,500 rcf for 15 min. Supernatants (20 μl) or MPO standard were
added to 1 mg/ml o-dianisidine hydrochloride (Sigma D9143) contain-
ing 0.0005% H2O2 and the absorbance was measured at 450 nm. One
unit of MPO activity was defined as the amount degrading 1 μmol per-
oxidase per minute. The results were expressed as the MPO activities
relative to the water-treated mice (normalized to 1).

2.17. Measurement of intracellular ROS by NADPH oxidase activity

Intracellular production of ROS was measured by the lucigenin (bis-
N-methylacridinium nitrate)-ECL method [18]. Briefly, colon lysates
were allowed to equilibrate for 30 min at 37 °C in a reaction containing
50 mM phosphate buffer (pH 7.0), 1 mM EGTA, 150 mM sucrose, and a
protease inhibitor mixture prior to the addition of Krebs-HEPES buffer
containing lucigenin (5 μM) as the electron acceptor and NADPH
(100 μM) as the electron donor. The chemiluminescence, which oc-
curred over the ensuing 1 min in response to the addition of 100 μM
NADPH, was recorded using a luminometer (Lumet LB9507; Berthold
Technologies). The emitted light units, after subtracting a blank, were
used as a measure of superoxide production. The values are expressed
as relative light units per 1 Χ 105 cells.

2.18. Ex vivo analysis of colonic cytokines

Strips of colon were mechanically crushed, vortexed in 200 μl of tis-
sue protein extraction reagent (Pierce, Rockford, USA) for 1 min and
shock frozen in liquid nitrogen. The homogenates were centrifuged at
10,000 g at 4 °C for 15min and the concentration of total extracted pro-
tein was determined by BioRad Protein Assay (BioRad, Munich, Germa-
ny). The concentrations of IL-1β, TNF-α and IL-6 in the colon
homogenates were quantified by ELISA (BD Biosciences Pharmingen,
San Diego, California, USA).

2.19. Western blot analysis

For protein analysis, the colon was lysed in RIPA buffer containing
10mMTris-HCl at pH 8.0, 1 mMEDTA, 140mMNaCl, 0.1% SDS, 0.1% so-
dium deoxycholate, 1% Triton X-100 and a protease inhibitor cocktail
(Roche). The colon lysates suspension was incubated at 4 °C for
15min and then centrifuged at 14,000 g for 15min at 4 °C. The superna-
tant was collected and the protein concentration was measured by BCA
assay (Pierce). The polypeptideswere resolved by SDS–PAGE and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad). Spe-
cific antibodies to TACE (SC-6416), COX-2 (SC-7951), iNOS (SC-8310),
IkB-α (SC-371) and actin (SC-1616-R) were purchased from Santa
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Cruz Biotechnology. The antibodies to phospho-(Thr202/Tyr204)-
ERK1/2 and phospho-(Thr180/Tyr182)-p38 were from cell signaling.
The antibody binding was visualized by chemiluminescence (ECL;
Millipore) and detected by a Vilber chemiluminescence analyzer (Fu-
sion SL 3; Vilber Lourmat).

2.20. Pharmacokinetic analysis of peptoplexes

The (Cy5-shTACE)/(Alexa488-PAs-s) peptoplexes were intrave-
nously systemic administrated for 2 consecutive days. At indicated
time points, colon was harvested and fixed in 10% buffered formalin
and embedded in paraffin. Fresh 4-μm frozen sections were stained
with DAPI, as previously described [19]. Colon samples were visualized
through a multi-photon confocal laser scanning microscope system
(LSM510).

2.21. Statistical analysis

For statistical analysis, the data obtained from independent experi-
ments (means ± SD) were analyzed using a two-tailed Student's t-
test. Differences were considered significant at p b 0.05. For survival,
data were graphed and analyzed using the product limit method of
Kaplan and Meier, using the log-rank (Mantel–Cox) test for compari-
sons (Prism, version 5.0, GraphPad Software).

3. Results

3.1. Therapeutic shTACE gene condensed and delivered by bio-cleavable di-
sulfide bond-linked poly (arginine) (PAs-s) effectively down-regulates
TNF-α production

An optimumweight ratio between nucleic acid and cationic polymer
is required to stabilize complex structure and for enhanced gene
delivery efficiency. At weight ratios of 1 and above, shTACE/PAs-s
peptoplexes retarded DNA migration in agarose gel, representing
nano-sized complex formation with positive surface potential
Fig. 1. Characterization of shTACE/PAs-s peptoplexes. (A) Gel retardation assay. The shTACE ge
The samples were detected with 0.8% agarose gel electrophoresis in 0.5× TBE buffer. (B) Zeta
Peptoplexes using 5 μg of shTACE gene were prepared with PAs-s carrier at a weight ratio of 0
data expressed as mean ± S.D. in B, C and D) (E) Cell cytotoxicity after treating shTACE/PAs
MTT assay. Data in E was pooled from three independent experiments (The data expressed a
ME). After 30-min-incubation to prepare peptoplexes, β-ME was added to the samples and th
(Fig. 1A-C). In contrast, DNA appeared as a dragged form under aweight
ratio of 1, suggesting failure of the formation of peptoplexes. The surface
potential of the peptoplexes had a negative charge at a weight ratio of
0.5 as expected from the gel retardation test. As the amounts of the
PAs-s carrier increased, the mean diameter of the shTACE/PAs-s
peptoplexes decreased gradually, indicating compact condensation be-
tween the gene and carrier. Moreover, shTACE/PAs-s peptoplexes at
the optimum weight ratio of 2 showed well dispersed size distribution
with a fine polydisperse index value (Fig. 1D). Also, the shTACE/PAs-s
peptoplexes at various concentrations of the optimum weight ratio
showed low cell cytotoxicity, demonstrating the safety of the shTACE/
PAs-s delivery system (Fig. 1E).

Peptoplexes were formed by 30-min-incubation of the shTACE gene
and PAs-s carrier with or without β-mercaptoethanol (β-ME) as a re-
ducing agent. The internal disulfide bonds of the carrier were reduced
when β-ME was added to the shTACE/PAs-s peptoplexes. A loose bind-
ing force weakened the compact interaction between the gene and car-
rier, and consequently, themean diameter of the peptoplexes increased
(Fig. 1F). This mechanism mimicked GSH's reducing activity in a cyto-
plasmic environment, and the shTACE gene was effectively released in
cytoplasm from the reduced and loosened peptoplexes.

The shTACE/PAs-s peptoplexes should be efficiently internalized and
distributed into cells before the shTACE gene is dissociated from the
peptoplexes. In order to observe the intracellular uptake of shTACE/
PAs-s peptoplexes, the shTACE gene and PAs-s carrier were conjugated
with Cy5 and Alexa488 dyes, respectively. The Cy5-conjugated shTACE
gene is shown in red and the Alexa488-conjugated PAs-s carrier in
cyan-green. Cell nuclei were counter-stained with DAPI. Intracellular
distribution of peptoplexes wasmonitored by using confocal laser scan-
ning microscope (Fig. 2). After 6 h of transfection, the (Cy5-shTACE)/
(Alexa488-PAs-s) peptoplexes located in the cytoplasm in yellow
representing with the co-localization of the gene and carrier. On the
other hand, the naked Cy5-conjugated shTACE gene alone was not
transfected into cells at all. During the same period of transfection, the
quantitative cellular uptake of shTACE/PAs-s peptoplexes into macro-
phage cells was measured through flow cytometry. RAW264.7 mouse
ne was mixed with various weight ratios of PAs-s carrier for 30 min at room temperature.
potential, (C) size and (D) polydisperse index (PDI) value of shTACE/PAs-s peptoplexes.
.5, 1, and 2 to measure the surface potential, size and PDI value of the peptoplexes. (The
-s peptoplexes at various concentrations of the optimum weight ratio was measured by
s mean ± SEM). (F) Peptoplex size in the presence or absence of β-mercaptoethanol (β-
en the particle size was measured (The data expressed as mean ± SD).



Fig. 2. Cellular uptake of shTACE/PAs-s peptoplexes in RAW264.7 cells. Cy5 and Alexa488 were conjugated to the shTACE gene and PAs-s carrier, respectively. After (Cy5-shTACE)/
(Alexa488-PAs-s) transfection for 6 h, the cellular uptake of peptoplexes was visualized with confocal laser scanning microscope. (Scale bar =20 μm).

235Y. Song et al. / Journal of Controlled Release 239 (2016) 231–241
macrophage cellswere treatedwith FITC-conjugated shTACEwith PAs-s
carrier. The percentages representing the cells expressing FITC fluores-
cence significantly increased in (FITC-shTACE)/PAs-s peptoplexes com-
pared to non-treated group and only (FITC-shTACE) gene-treated group
(Fig. 3)..

While naked luciferase plasmid DNA (pLuci) alone without a carrier
was not expressed at all in the macrophage cells, the pLuci/PAs-s
peptoplexes showed great transfection efficiency in macrophage cells
(Fig. 4A). It implies that the non-viral PAs-s carrier was able to effective-
ly deliver the shTACE gene into the macrophage cells. The transfection
efficiency was maintained after treatment with lipopolysaccharide
(LPS), suggesting that the PAs-s carrier could also work well in
Fig. 3. Quantitative cellular uptake of shTACE/PAs-s peptoplexes in RAW264.7 cells. FITC was co
PAs-s for 6 h. The cellular uptake of peptoplexes was measured by using flow cytometery. Stati
mean ± SD. *P b 0.05, ***P b 0.001).
inflammatory conditions. TACEmRNA increasedmarkedly in inflamma-
tory states, but TACE mRNA decreased dramatically after treatment
with shTACE/PAs-s peptoplexes (Fig. 4B). On the other hand, when
cells were treated with only the naked shTACE gene, TACE mRNA was
nearly unaffected compared to that of the only LPS-treated group. RNA
interference system silencing TACE was able to enter the cell due to
the transduction ability of PAs-s carrier, while the shTACE gene alone
without the carrier could not pass the cellular membrane.

The central role of tumor necrosis factor-α (TNF-α) in inflamma-
tion has been verified by clinical uses of monoclonal TNF-α-specific
antibodies such as infliximab to treat inflammatory related diseases.
Another challenging strategy to suppress the TNF-α level can be
njugated to the shTACE gene. After LPS activation, cells were treated with (FITC-shTACE)/
stical differences were obtained using a two-tailed Student's t-test. (The data expressed as



Fig. 4. In vitro functional activity of shTACE/PAs-s peptoplexes. (A) Transfection efficiency. RAW264.7 cells with or without LPS activation were transfected with pLuci/PEI or pLuci/PAs-s
peptoplexes at optimumweight ratios of 1 and 2, respectively. ‘+’ in 2nd row indicates 1 μg of pLuci. Statistical differences indicated in Awere obtained using a two-tailed Student's t-test.
(The data expressed as mean ± SD. **P b 0.01) (B) TACE knockdown. After LPS activation, RAW264.7 cells were transfected with shTACE/PAs-s peptoplexes for 48 h. The relative TACE
mRNA level to the GAPDH was measured by quantitative real-time PCR (qRT-PCR) and normalized with non-treated group. ‘+’ in 2nd row indicates 1 μg of shTACE. (C) Inflammatory
cytokine level. Tumor necrosis factor-α (TNF-α) secreted from activated RAW264.7 cells after treating shTACE/PAs-s was quantified using ELISA. ‘+’ in 2nd row indicates 1 μg, ‘++’
and ‘+++’ indicate 2 μg and 3 μg of shTACE, respectively. Statistical differences were obtained using a two-tailed Student's t-test compared to the LPS-treated group in B and C. The
data expressed as representative of two independent experiments (The data expressed as mean ± SD. *P b 0.05, **P b 0.01, ***P b 0.001).

Fig. 5.Western blot analysis of TACE inDSS-induced colitis after treatment of shTACE/PAs-
s peptoplex. (A) Schematic design of the acutemodel of DSS-induced ulcerative colitis and
TACE gene silencing efficiency. Schematic design of peptoplex injection protocols in mice
(upper). Expression of TACE in the spleen and liver at 6 and 11 days after i.v. injection of
shNS/PAs-s and shTACE/PAs-swas assessed bywestern blot analysiswith TACE. Actinwas
used as a loading control (lower). (B) Schematic design of the acutemodel of DSS-induced
ulcerative colitis (upper). Western blot analysis of TACE in the colonic homogenate of
mice (n = 4). Actin was used as a loading control (lower). shNS, nonspecific shRNA.
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mediated by RNA interference silencing of TACE. The TNF-α level
was measured to demonstrate the anti-inflammatory effects of the
therapeutic shTACE gene in activated macrophage cells. The level of in-
flammatory cytokine in the LPS-treated group increased significantly
compared to the non-treated group (Fig. 4C). The up-regulated level
of TNF-α significantly decreased after treatment with shTACE/PAs-s
peptoplexes. The anti-inflammatory effects were enhanced as the con-
centrations of the therapeutic shTACE gene increased. As a result,
TACEwas confirmed to be considered as a target for suppressing inflam-
matory related cytokines.

3.2. Therapeutic shTACE/PAs-s peptoplexes alleviate acute colitis by sup-
pressing inflammatory response in the colon

To further verify the idea that shTACE/PAs-s peptoplexes can inhibit
DSS-induced gastrointestinal inflammation in vivo, an acute ulcerative
colitis (UC) murine model was used. The DSS-induced colitis model in
mice has been widely used because of the close association with many
of the clinical observations in UC patients [14,15]. TACE expressions in
the spleen, liver, and colon markedly decreased after injection of
shTACE/PAs-s peptoplexes in mice (Fig. 5). Mice were challenged with
5% DSS for 6 days to induce the acute colitis model and survival was
monitored for 25 days (Fig. 6A). Under these conditions, the shTACE/
PAs-s-injected mice demonstrated a significant increase in survival
compared with shNS/PAs-s-injected mice (Fig. 6B). Other parameters
representing colitis severity, such as weight loss being a surrogate
marker ofmorbidity, a clinical score recording using a semi-quantitative
scoring system designed to evaluate the hallmark features of gastroin-
testinal disease (weight loss, stool consistency, and rectal bleeding)
and evaluation of colon length is an additional parameter correlated
with colitis severity in themodel of DSS-induced colitis [14–16]. Consis-
tent with the mortality data, the shTACE/PAs-s-injected mice demon-
strated a significant decrease of weight loss and improvement in other
clinical features associated with enhanced gastrointestinal disease, as
wells as a significant increase in colon length compared with the
shNS/PAs-s-injected mice (Fig. 6C-E). These clinical assessments were
further verified by histological analysis of the colon sections [17].
Semi-quantitative scoring of these histological parameters (enterocyte
loss, crypt inflammation, lamina propria mononuclear cells, neutrophils
infiltration, and epithelial hyperplasia) confirmed colitis severity in
shTACE/PAs-s-injected mice was significantly lower than that in shNS/
PAs-s-injected mice (Fig. 6F). Furthermore, colonic myeloperoxidase
(MPO) activity was measured as an indicator of neutrophil infiltration
and subsequent inflammation. As expected,MPOactivitywas significantly
low in shTACE/PAs-s-injected mice (Fig. 6G). These results of standard
pathological tests in mice showed much improvement in pathological
changes in mice injected with shTACE/PAs-s during colitis.



Fig. 6. Anti-inflammatory protective effects of shTACE/PAs-s peptoplex in DSS-induced acute colitis model. (A) Schematic design of the acute model of DSS-induced ulcerative colitis and
protection. (B) The survival of shNS/PAs-s and shTACE/PAs-s-injectedmicewasmonitored for 25 days. Statistical differences, as compared to the controlmice, are indicated (log-rank test).
(C)Weight loss of shNS/PAs-s and shTACE/PAs-s-injectedmice. (D) Colitis scoring (weight loss, stool consistency, bleeding) of the indicatedmice. (E-G)Mice were sacrificed on 8 days to
measure colon length (E), histopathological changes (F), andMPO activity (G). (E) Colon length of the indicatedmice. Gross morphological differences were observed between the colons
harvested from the shNS/PAs-s and shTACE/PAs-s-injected mice (n = 3) (F) Representative Hematoxylin-eosin (H&E) staining of the colon at 6 days after DSS treatment (left).
Histopathology scores by H&E staining of the middle and distal colon sections as described in Materials and methods section (right). (Scale bar =200 μm) (G) MPO activity in the
colonic tissues was detected. (C–G) Statistical differences compared to the control group (shNS/PAs-s) are indicated (two-tailed Student's t-test). (The data showed the mean ± SD of
the values from ten (C and D), or five (E–G) independent experiments. *P b 0.05, **P b 0.01, ***P b 0.001) As a control, mice were fed regular drinking water. shNS, nonspecific shRNA.
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Reactive oxygen species (ROS) producing nicotinamide adenine di-
nucleotide phosphate-(NADPH) oxidase signaling is known to regulate
mitogen-activated protein kinases (MAPK)-NF-κB-pro inflammatory
cytokine expression involving in the pathogenesis of both acute and
chronic inflammation of the colon [18,20,21]. When the effects of
shTACE/PAs-s on NADPH oxidase activity and production of inflamma-
tory mediators mechanistically linked to colitis were measured, the
NADPH oxidase activity, and TNF-α, IL-6 and IL-1β levels were found
to be significantly attenuated in the colon lysates from shTACE/PAs-s-
injected mice (Fig. 7A and B). Additionally, a decrease in activation of
ERK1/2 and p38MAPK, COX-2 and iNOS protein expression, and degra-
dation of IκB-αwere observedwith the colon lysates from shTACE/PAs-
s-injected mice (Fig. 7C). Together, these data verify a protective role of
shTACE/PAs-s peptoplexes in acute colitis induced by DSS.

3.3. Therapeutic shTACE/PAs-s peptoplexes are uptaken by cells of the retic-
uloendothelial system in the colon

Successful biomedical approach of peptoplexes from laboratories to
clinical applications requires elaborate studies including biodistribution,
biocompatibility and clearance of peptoplexes. The pharmacokinetics of
peptoplexes in colonwere studied by the fluorescence of the fluorophore
Alexa 488 or Cy5 conjugated with the peptoplexes [22]. For in vivo fluo-
rescence imaging, a semi-quantitative approach such as fluorescence
quantification acquired from the dissected colon tissues was used. Mice
were injected intravenously with (Cy5-labeled shTACE)/(Alexa488-
labeled PAs-s) for 2 consecutive days and the biodistribution of
peptoplexes in the colon was observed at indicated time points (Fig. 8).
Pharmacokinetics studies showed a greater localization of peptoplexes
in colon was maintained for up to 3 days and gradually cleared until
7 days (Fig. 8, left and middle). High fluorescence from the colon could
account for the combined activity of the circulating blood passing
through colon and peptoplexes uptaken by cells of the reticuloendotheli-
al system recruited by colon. Also, the biodistribution of the non-
conjugated PAs-s peptoplexeswas studied inmice by fluorescence imag-
ing from harvested colon, and the naked (Cy5-shTACE) gene alone was
not delivered into colon at all (Fig. 8, right). Taken together, the data
showed that biologically active shTACE/PAs-s peptoplexes were rapidly
transduced into all blood and uptaken by colon cells to therapy's
bioavailability.

3.4. Therapeutic shTACE/PAs-s peptoplexes have remedial effects against
mice suffering from chronic ulcerative colitis

The therapeutic effect of shTACE/PAs-s peptoplexes was further in-
vestigatedwith a chronic (recurring) UCmurinemodel. In the recurring
model, the mice were challenged with 3% DSS for 6 days at two times,
and survival was assessed for 33 days (Fig. 9A). Under these conditions,
the shTACE/PAs-s-injected mice demonstrated a significant increase in
survival compared with shNS/PAs-s-injected mice (Fig. 9B). Consistent
with the survival rate, the shTACE/PAs-s-injected mice demonstrated
a significant decrease of weight loss and improved clinical scores



Fig. 7. Immuno-regulatory activities of shTACE/PAs-s peptoplex inDSS-induced acute colitismodel. (A) Luminometry of theNADPHoxidase activity in the colon tissue. (B) Cytokine levels
in the colonic homogenate of the indicated mice. Levels of TNF-α, IL-6, and IL-1β were measured by ELISA. Mice were sacrificed on 8 days to measure NADPH oxidase activity (A) and
inflammation (B). (C) Western blot analysis of TACE, phosphorylated forms of the p42/p44 MAPK and p38 MAPK, and IκB-α, COX-2, and iNOS in the colonic homogenate of the
indicated mice (n = 4). Actin was used as a loading control. Mice were injected with shNS/PAs-s and shTACE/PAs-s for 2 consecutive days and then received 5% DSS treatment for
6 days. Colons were harvested at 6 days after 5% DSS treatment. (A and B) Statistical differences compared to the control group (shNS/PAs-s) are indicated (two-tailed Student's t-
test). (The data expressed the mean ± SD of the values from eight (A) or five (B) independent experiments. **P b 0.01, ***P b 0.001) As a control, mice were fed regular drinking
water. shNS, nonspecific shRNA.
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comparedwith the shNS/PAs-s-injectedmice (Fig. 9C andD). It was also
observed that the histological parameter scores in the shTACE/PAs-s-
injected mice were significantly lower than in the shNS/PAs-s-injected
mice (Fig. 9E). A decrease in COX-2 and iNOS protein expression, and
degradation of IκB-a in the colon lysates from the shTACE/PAs-s-
injectedmice (Fig. 9F)were also observed. Together, these data demon-
strate an essential role for shTACE/PAs-s peptoplexes in vivo and offer
new strategies for theprevention and treatment of acute and chronic ul-
cerative colitis.

4. Discussion

In the present study, we have demonstrated that over-expressed
TACE is substantially involved in development of ulcerative colitis. In-
creased level of TACE contributes to secretion of bioactive soluble TNF-
α from membrane-bounded TNF-α and this excessive soluble form
can aggravate inflammatory signaling in the colon. TNF-α is closely re-
lated to inflammatory pathway activated by increased ROS, and there-
fore, inflammation can be alleviated when TACE inhibition suppresses
the release of soluble TNF-α. Moreover, TACE is also involved in cleav-
age of IL-6 receptor (IL-6R) to soluble form, which is responsible for
IL-6 trans-signaling pathway. Cleaved soluble IL-6R binds to IL-6 and
this complex can stimulate IL-6 non-expressing cells [23,24]. TACE pro-
vokes the pro-inflammatory activity of IL-6 via IL-6 trans-signaling,
which participates in development of IBD [25–28]. In short, TACE can
mediate both TNF-α and IL-6 related signaling. From this knowledge,
a novel gene therapy based on RNA interference system silencing
TACE combined with reducible non-viral carrier was challenged to
cure DSS-induced ulcerative colitis. This technology can provide
platform for treatment of other inflammatory diseases such as rheuma-
toid arthritis and sepsis because TACE is also over-expressed in these
diseases [29,30].

Transfection of therapeutic shTACE gene was markedly enhanced
with the help of disulfide-linked non-viral carrier. Disulfide-linked car-
riers have been regarded as attractive delivery tools because the redox
potential is obviously different between the intracellular and extracellu-
lar environment [11]. Glutathione (GSH) is abundant in intracellular
environment, especially in the cytoplasm, compared to extracellular en-
vironment [12,29]. The high reducing potential of intracellular GSH can
destabilize disulfide bonds, resulting in enhanced transfection efficiency
of disulfide-linked carrier. Our previous studies demonstrated that trans-
fection efficiency of disulfide-linked reducible poly (oligo-D-arginine)
was higher than that of poly (arginine) (PDR) or nona-arginine (D-R9)
in various cell lines. The gene expression decreased in presence of
buthionine-sulfoximine (BSO), which inhibits production of GSH by
blocking glutamyl-S-transferase. It decreased in dose-dependent man-
ner with increasing BSO concentrations, indicating efficiency of the re-
duction-responsive carrier [31,32]. Therefore, a nona-arignine-based
non-viral vector connected with disulfide bonds (PAs-s) was construct-
ed, allowing reduction of internal disulfide bondof PAs-s inducedmainly
by intracellular reducible environment containing high concentration of
intracellular GSH so that therapeutic shTACE gene can be released from
reduced and loosened shTACE/PAs-s peptoplexes. Similar strategies
applying the reduction-responsive mechanism have been also widely
used for enhanced drug delivery. Disulfide-crosslinked polypeptide mi-
celles reversibly stabilized nanoparticles in extracellular environment



Fig. 8. Biodistribution of Cy5 and Alexa488-conjugated peptoplexes in the colon. Mice were injected with (Cy5-shTACE)/(Alexa488-PAs-s) peptoplexes for 2 consecutive days and then
colon was harvested at indicated time points. Pharmacokinetic analysis of peptoplexes in the colon was visualized through a multi-photon confocal laser scanning microscope system.
(Scale bar = 10 μm).

239Y. Song et al. / Journal of Controlled Release 239 (2016) 231–241
for doxorubicin delivery [33]. Lowmolecularweight of PEI (2000Da) de-
livered siRNA for cancer therapy after cross-linking with cystamine
bisacrylamide to make the reducible carrier [34].

A cationic synthetic gene carrier, branched polyethyleneimine (PEI)
with a high molecular weight, showed efficient in vitro gene silencing,
but it was not efficient for in vivo studies due to the severe toxicity of
PEI [32,35]. Substantial cytotoxicity of PEI resulted from necrosis in-
duced by cellular membrane damage in immediate stage and apoptosis
caused by disruption of mitochondrial membrane in delayed stage [36].
Our previous studies have demonstrated toxicity of DNA/PEI
peptoplexes compared to DNA/rPOA peptoplexes in various cell lines
[32]. Moreover, the strong positive charge of PEI can induce the undesir-
able interaction between nanoparticles and negatively charged serum
proteins or tissue components. The strong complexes can weaken the
therapeutic gene expression by decreasing DNA release [35]. PEI
peptoplexes showed lower gene expression with less therapeutic effect
than rPOA peptoplexes in our previous in vivo studies [31,32].

Nano-sized complexes have been reported to reach tumor tissues
more preferably than normal tissues through loose and discontinuous
architectures of tumor tissues called the Enhanced Permeability and Re-
tention (EPR) effect and this mechanism has been generally accepted in
nanoparticular drug delivery system for cancer treatment. For example,
therapeutic liposomes could penetrate the solid tumor in xenograft
mousemodel of colon cancer [37]. Recently, the EPR effectwas reported
to act on inflammatory conditions. Inflamed tissueswere revealed to re-
lease inflammatory mediators that increase inter-endothelial gaps,
allowing accumulation of nanomedicines especially into the inflamed
site for a prolonged time [38]. If nanomedicines are preferably delivered
to normal tissue instead of inflamed tissue, the concentration of
nanomedicines in inflamed tissue will decrease and cause unexpected
side effects in non-inflamed tissue. The concentration of nanoparticles
was shown to greatly increase upon severe inflammation with a high
number of macrophages [39]. Superior localization of nanoparticles
was found in DSS-induced in vivo model compared to normal mouse
model [40,41]. Therefore, it could be inferred that intravenously
injected nano-sized shTACE/PAs-s peptoplexes can be also accumulated
and localized into the colon via the EPR effect in ulcerative colitis model.

5. Conclusions

In summary, our work identified shTACE/PAs-s peptoplexes as a
new immunomodulatory biopharmaceutical tool with the capacity to
deactivate the inflammatory response. Our data strongly suggests that
the utility of shTACE/PAs-s peptoplexes is promising in the treatment
of acute and chronic ulcerative colitis through modulation of excessive
inflammatory responses in the colon. Our results demonstrate effective-
ness and safety of shTACE/PAs-s peptoplexes with the capacity of over-
coming ulcerative colitis, providing a strong potential as a therapeutic
agent for a broad variety of inflammatory diseases.
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