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Gene therapy has provided an alternative strategy for cancer therapy. As an important cytokine, interleukin-
22 (IL-22) is not only critical in reinforcing innate immune defenses and tissue regeneration, but also
involved in the initial establishment of tumors. A soluble-secreted receptor of the cytokine IL-22, IL-22
binding protein (IL-22BP), binds IL-22 and prevents its binding to the functional transmembrane receptor
IL-22R1 complex, inhibiting IL-22-based intracellular cancer proliferation signal. In this work, a novel IL-
22BP-based cancer gene therapy strategy was reported for the first time. It was established by delivering
IL-22BP gene with a newly developed non-viral gene vector DMP. The DMP cationic micelles were
prepared by modifying monomethoxy poly(ethylene glycol)-poly(e-caprolactone) with DOTAP lipid
through self-assembling. The anti-cancer efficacy of the DMP/IL-22BP complex was studied on a colon

cancer model by intraperitoneal administration. Our results demonstrated that the secretory expressed
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Accepted 23rd April 2018 IL-22BP cytokine effectively inhibited cancer growth both in vitro and in vivo. Multiple anti-cancer

mechanisms including IL-22 blocking, apoptosis inducing, lymphocyte infiltration and angiogenesis

DOI: 10.1039/c8ra02580k inhibition were indicated to be involved while no pathology changes were observed in healthy tissues.
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Introduction

Cancer is one of the leading causes of death in both economi-
cally developed and developing countries.” Colon carcinoma is
the second most common cause of death among cancers."?
Except for conventional treatment methods including surgery,
radiotherapy and chemotherapy, gene therapy has provided an
alternative method for colon cancer treatment.** Facilitated by
various gene delivery systems, cancer gene therapy has been
successfully applied through repairing, interfering or replacing
target gene or gene product.>® Some products have successfully
reached clinical stage with high efficacy and safety.**”#
However, novel therapeutic targets as well as gene delivery
vectors with high efficacy and safety are still in high demand.
Interleukin-22 binding protein (IL-22BP) is a soluble-
secreted receptor of the cytokine IL-22, which binds IL-22 and
prevents its binding to the functional cell surface receptor IL-
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These results suggest the DMP/IL-22BP complex to be a potential candidate for cancer gene therapy.

22R1 complex.®™ Produced by T cells and innate lymphoid
cells, IL-22 is critical in reinforcing innate immune defenses
and tissue regeneration through pleiotropic effects including
pro-survival signaling, cell migration, dysplasia and angiogen-
esis.”1'2** However, numerous studies have also demonstrated
that uncontrolled IL-22 can be a potent inducer of pathological
inflammation.' Indeed, IL-22 can promote tissue inflammation
and self-destruction®*® and is involved in the pathophysiology
of several immune-mediated inflammatory diseases, such as
psoriasis, intestinal pathogenesis and rheumatoid arthritis.'*"
Thus, IL-22BP exerts this control by specifically neutralize IL-22
activity, suggesting that IL-22BP acts as a natural regulator and
preventing exaggerated effects of IL-22 (ref. 9). This biological
inhibiting effect of IL-22BP has been testified both in vitro>**
and in vivo,”* and ideal therapeutic effects have been evaluated
in the treatment of inflammatory diseases such as chronic
inflammatory bowel disease'* and chronic liver diseases.*

On the other hand, IL-22 is also involved in the initial
establishment of tumors. By binding with its transmembrane
receptor IL-22R1, IL-22 signal activates several pathways
including signal transducers and activators of transcription
(STATs) 1/3/5, nuclear factor kappa B (NF-«kB), mitogen-
activated protein kinase (MAPK) and phosphatidylinositide 3-
kinase, Akt mammalian target of rapamycin (PI3K-Akt-
mTOR).*>'*232¢  Particularly, activation of STAT3 induces
expression of a medley of genes principally downstream,
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resulting in pro-inflammatory, anti-inflammatory, mitogenic,
pro-survival, anti-apoptotic or anti-fibrotic effects depending on
specific context.'>* These properties can possibly be hijacked
by aggressive cancers to enhance tumor growth and metas-
tasis.” Given that the critical roles of these pathways such as
STAT3 and NF-«B in the development of many tumors,** the
IL-22/IL-22R1 axis has attracted great attention as a driver of
cancer progression. To this end, IL-22BP is supposed to play
a key role in the regulation process. Nevertheless, it has been
reported that IL-22BP production is prominent in the steady
state except inflammatory conditions, lacking enough intensity
for tumor inhibition.* Therefore, replenishing exogenous IL-
22BP and neutralizing IL-22 in tumor microenvironment
seems to be a novel and practical strategy for cancer gene
therapy.

Appropriate delivery system is also critical for gene therapy.
Ideal vectors would contribute to therapeutic efficiency and
safety.”® In our previous work, a novel non-viral gene delivery
system was developed by one-step modifying monomethoxy
poly(ethylene glycol)-poly(e-caprolactone) (mPEG-PCL, MP)
micelles with amphiphilic cationic lipid DOTAP, producing
a hybrid cationic micelle (DMP).*® The prepared DMP micelle
demonstrated high gene delivery ability with safety and has
been successfully applied in anti-cancer studies.***' However,
our previous works focused on delivering apoptosis inducing
gene into cancer cells to trigger “suicide” signals, while secretly
expression of extracellular proteins by DMP delivery has never
been evaluated. Thus, the application of DMP micelle system
was largely restricted. In this work, we established an IL-22BP-
based therapy strategy by delivering IL-22BP gene with DMP
micelles. We attempt to evaluate the anti-cancer effect of IL-
22BP gene on colon cancer model through inhibition of IL-22
signal. We assumed that intentionally expression and secre-
tion of IL-22BP into tumor environment could effectively block
the signaling of IL-22/IL-22R1, resulting in tumor growth inhi-
bition. To our best knowledge, this is the first report of IL-22BP-
based cancer gene therapy study. The in vivo delivery capacity
and safety of DMP/IL-22BP complex through local administra-
tion way was characterized. Moreover, the possible mechanisms
including anti-proliferation, anti-angiogenesis and apoptosis
inducing will be further studied.

Methods

Materials

Monomethoxy poly(ethylene glycol)-poly(e-caprolactone) poly-
mers (MP, average M,, = 4000) were synthesized in our lab
previously.*> DOTAP were purchased from Avanti Polar Lipids
(Alabaster, AL). Branched polyethylenimine (PEI, average
molecular weight 25 kDa), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) was purchased Sigma-
Aldrich (St Louis, MO). All other chemicals were purchased
from Sigma-Aldrich unless otherwise mentioned. OptiMem®,
Dulbecco's Modified Eagle's Medium (DMEM) (ATCC® 30-
2002™) and serums were purchased from Thermo Fisher
Scientific. C26 Mus musculus colon carcinoma cell line (ATCC®
CRL-2638™) and 293t human embryonic kidney cell line
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(ATCC® CRL-3216™) were purchased from the American Type
Culture Collection (ATCC). BALB/c mice were obtained from
Beijing HFK Bio-technology Co. Ltd. (Beijing, China) and
maintained under specific pathogen-free conditions. All animal
procedures were approved and controlled by the Institutional
Animal Care and Treatment Committee of Sichuan University
and carried out according to the Animal Care and Use Guide-
lines of Sichuan University.

Plasmid construction

The plasmid pVAX1-mIL22BP expressing murine IL-22BP was
constructed by cloning IL-22BP coding sequence into pVAX1
vector. Murine IL-22BP cDNA (Origene, USA) was amplified
(forward: GGG AAA GCT TAT GAT GCC TAA GCA TTG CCT TCT
AGG, reverse: GGG ATC TAG ATC ATG GAA TGT GCA CAC ATC
TCT CC) and digested with Hind IIT and Xbal. pvAX1 plasmid
was used as the empty vector. All plasmids were propagated in
E. coli and purified by an EndoFree Plasmid Giga kit (Qiagen,
Chatsworth, CA).

Preparation and characterization of DMP micelles

DOTAP modified mPEG-PCL micelles (DMP) were prepared
according our previous reports.* Briefly, 45 mg of MPEG-PCL
polymer and 5 mg DOTAP were co-dissolved in methylene
dichloride (KeLong Chemicals, Chengdu, China) and solvent
was removed under rotary evaporation for 45 min. The lipid film
was re-hydrated with distilled water under 55 °C to self-
assemble the micelles with a final concentration of 10 mg
mL~". The prepared micelles were stored at 4 °C for future use.
The size and surface charge of prepared DMP micelles were
determined by Malvern ZS90 (Malvern, Worcestershire, UK).
Measurements were performed at 25 °C after equilibration. All
results were the mean of three test runs. The morphology of
DMP micelles were observed under a transmission electron
microscope (TEM) (H-60091V, Hitachi, Japan).

Gene retarding assay

The DNA binding ability of DMP micelle was evaluated by
agarose retarding assay. The DMP micelle/plasmid complex
were electrophoresed on 1% (w/v) agarose gel for 30 min at
100 V. In each well, 1 mg of plasmid was mixed with different
ratios of DMP micelles. Gel was then stained with ethidium
bromide (0.5 mg mL™") and illuminated by a UV illuminator
(Bio-Rad ChemiDox XRS, USA).

Cytotoxicity assays

293t cell line was used as healthy tissue cells to evaluate the
cytotoxicity of DMP micelles. The study was established by
MTT assay. Briefly, 293t cells were seeded into a 96-well plate
at a density of 5 x 10° cells per well in 0.1 mL of complete
medium (DMEM containing 10% FBS) and incubated for
24 h. The cells were then exposed to a series of DMP micelles
or PEI25K with different concentrations for 24 h, and the
viability of cells was measured using an MTT assay. Briefly, 20
uL of MTT solution was added to each well and incubated at
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37 °C for 4 hours. The formazan was solubilized by adding
200 uL DMSO and shaken at room temperature for 30
minutes. The absorbance was read at 570 nm by the Spec-
tramax M5 Microtiter Plate Luminometer (Molecular Devices,
USA). Absorbance of untreated cells was considered as 100%.

In vitro transfection

24 hours before transfection, 293t or C26 cells were seeded
into a 24-well plate at a density of 1 x 10* cells per well in
0.5 mL of complete medium (DMEM containing 10% FBS).
GFP encoding plasmid was used as a reporter gene. Particle
equivalent to 1 pg of EGFP plasmid was added to each well in
the presence of OptiMEM medium. The mass ratio of DMP/
PGFP and PEI25K/GFP were 10:1 and 2:1. The medium
was then replaced with complete medium 4 hours post-
transfection. 12 hours or 24 hours later, pictures of each well
were taken under microscope and the transfection efficiency
was determined by flow cytometry (NovoCyte Flow Cytometer,
ACEA Biosciences, USA).

Real-time PCR

To determine the intracellular level of murine IL-22BP mRNA,
total RNA was extracted from C26 cells or tumor samples using
TRIzol™ Reagent (Thermo Fisher Scientific, USA) and indi-
vidual ¢cDNAs were synthesized with a SuperScript II reverse
transcriptase assay (Sigma-Aldrich). Real-time quantitative
PCR was performed with a SYBR GreenER quantitative PCR
SuperMix Universal kit (Sigma-Aldrich). Reactions were run
with a standard cycling program: 50 °C for 2 minutes, 95 °C for
10 minutes, 40 cycles of 95 °C for 15 seconds, and 60 °C for 1
minutes, on an AB7500 real-time PCR system (Applied Bio-
systems, Foster City, CA). The PCR primers to detect IL-22BP
(forward: CCA GAA GG TCC GAT TTC AGT C, reverse: GCA
GTC AAC TTT ATC TTC CCA TTG) and GAPDH (forward; 5'-
ATG GGG AAG GTG AAG GTC G-3/, reverse; 5-TAA AAG CAG
CCC TGG TGA CC-3') were synthesized and purified by
TSINGKE Biological Technology (Chengdu, P. R. China).

ELISA assay

The level of expressed IL-22BP in cell culture supernatant was
determined through ELISA assay. C26 cells were seeded into
a 24-well plate at a density of 1 x 10" cells per well in 0.5 mL of
complete medium (DMEM containing 10% FBS). Particle
equivalent to 1 ug of pVAX1-mIL22BP plasmid was added to
each well in the presence of OptiMEM medium (DMP : plasmid
=10 : 1, w/w). The medium was then replaced with full medium
4 hours post transfection. 72 hours post transfection, cell
culture supernatant from each well was collected and measured
using a mouse Mouse Interleukin-22 receptor subunit alpha-2
(IL22RA2) ELISA kit (CUSABIO Life science, TX) according to
manufacturer's instructions.

Anti-proliferation assay

C26 cells were seeded into a 96-well plate with a density of 1 x
10* cells per well. After transfection with DMP/mIL-22BP
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complex (0.5 ng DNA per well), cells were subjected to MTT
cell proliferation assay 72 hours post-transfection. After incu-
bation, 20 uL of MTT solution was added to each well and
incubated at 37 °C for 4 hours. The formazan was solubilized by
adding 200 pL DMSO and shaken at room temperature for 30
minutes. The absorbance was read at 570 nm by the Spectramax
M5 Microtiter Plate Luminometer (Molecular Devices, USA).
Absorbance of untreated cells was considered as 100%.

For IL-22 blocking assay, C26 cells were seeded into a 96-well
plate with a density of 1 x 10* cells per well and cultured with
complete DMEM medium overnight. 2 hours before trans-
fection, cells were pre-incubated with recombinant mouse IL-22
protein (R&D Systems, MN) at a final concentration of 100 ng
mL~". Cells either transfected with DMP/mIL-22BP complex (0.5
pg DNA per well) or not were then subjected to MTT cell
proliferation assay 72 hours post-transfection. After incubation,
20 pL of MTT solution was added to each well and incubated at
37 °C for 4 hours. The formazan was solubilized by adding 200
puL DMSO and shaken at room temperature for 30 minutes. The
absorbance was read at 570 nm by the Spectramax M5 Micro-
titer Plate Luminometer (Molecular Devices, USA). Absorbance
of IL-22 protein untreated cells was considered as 100%.

Clonogenic assay

DMP/mIL-22BP complex equivalent to 0.5 pg of pIL-22BP was
administered to 1 x 10° C26 cells seeded in 6-well plate. 4 hours
post-transfection, medium was refreshed with complete DMEM
culture medium. The cells were continuing cultured for 2 weeks
to form colonies. Colonies were washed with PBS for two times
before stained with 10% crystal violet blue for 15 minutes. This
assay was repeated for three times and the number of clones as
well as inhibition rate in each well were then calculated.

In vitro apoptosis assay

The cell apoptosis inducing ability of DMP/mIL-22BP complex
was investigation by flow cytometry. C26 cells were pre-seeded
into a 6-well plate with a density of 5 x 10* cells per well.
After transfection with DMP/mIL-22BP complex (0.5 pg plasmid
per well), DMP/pVAX1 complex (0.5 pg plasmid per well),
normal saline (NS) and null DMP micelle (in equivalent amount
with related complex) separately for 4 hours, the medium was
replaced by complete medium. 72 hours later, cells were stained
with propidium iodide and Annexin V-FITC (Sigma-Aldrich).
The apoptotic cancer cells were measured by flow cytometry
(NovoCyte Flow Cytometer, ACEA Biosciences, USA).

In vivo tumor inhibition assay

The anti-cancer ability of DMP delivered IL-22BP gene was
evaluated on C26 mouse colon carcinoma abdominal cavity
metastatic model. Briefly, BALB/c mice of 6-8 weeks old were
intraperitoneally injected with 1 x 10 C26 cells. On day 3, mice
were randomized into 4 groups (5 mice per group) and
numbered. DMP/DNA complexes equivalent to 5 pg of pvAX1-
mIL22BP plasmid was prepared as aforementioned were injec-
ted intraperitoneally every day for 7 treatments. Mice receiving
equivalent normal saline, DMP micelles or DMP/pVAX1
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Scheme 1 The preparation process of cationic DMP micelle.

complex were regarded as control group. On day 20, all mice
were sacrificed by cervical vertebra dislocation, and their
tumors were immediately harvested, weighed, and analyzed.
The volumes of ascites in each group were also measured and
collected.

Histological analysis

Tumor tissue harvested from in vivo inhibition studies and were
fixed and embedded in paraffin. Wax-embedded tissue sections
were dewaxed and rehydrated before immunohistochemistry
staining. To analyze apoptotic cells within tumor tissues,
sections were stained with DeadEnd™ Fluorometric TUNEL
System kit (Promega) according to the manufacturer's manual.
The fluorescent image from each group was acquired through
a fluorescence microscope (Olympus, Japan). For IL-22BP,
CD31, CD8 and CD4 staining, tumor sections were blocked
and subsequently incubated with corresponding rabbit anti-
mouse primary antibodies (Abcam, USA) at 4 °C overnight.
Appropriate horseradish peroxidase-conjugated secondary
antibody was then applied. The micro-vessel density was
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visualized and determined through a fluorescence microscope
(Olympus, Japan).

Statistical analysis

Data were expressed as the means with 95% confidence inter-
vals. Statistical analysis was performed with two tailed ¢test or
one-way analysis of variance (ANOVA) using Prism 5.0c Software
(GraphPad Software, La Jolla, CA). For all results, statistical
significance was defined by a value of P < 0.05.

Results
Preparation and characterization of DMP micelles

DMP cationic micelles were prepared based on MPEG-PCL and
DOTAP as previously described.*® According to their structures,
the amphiphilic MPEG-PCL diblock copolymer composes of
a hydrophobic PCL segment and a hydrophilic PEG segment.

Meanwhile, DOTAP is also amphiphilic with a hydrophobic
carbochain and a hydrophilic cationic head. Thus, rehydration
of the lipid film composed of DOTAP and MPEG-PCL rendering
these two amphiphilic materials self-assemble into micelles
together, forming core-shell structured particles as presented
in Scheme 1. Within these micelles, DOTAP with cationic
hydrophilic head provides positive charges for DNA binding
capacity. The prepared DMP micelles were characterized in
detail. As shown in Fig. 1a, the dynamic diameter of DMP was
46.4 + 3.7 nm with a polydispersity index of 0.215. The
measured zeta potential was 44.1 £+ 1.5 mV (Fig. 1b). We then
studied the morphology of DMP micelles. As shown in Fig. 1d,
monodispersed and spherical shaped DMP micelles could be
observed in the TEM picture. The calculated diameter of DMP
particle on TEM image was approximate 50 nm, which was
consistent with its particle size.
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Fig.1 Characterization of prepared DMP micelle. (a) Size distribution; (b) zeta potential distribution; (c) gene retarding assay; (d) TEM image; (e)

cytotoxicity evaluated by MTT assay.
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culture.

In order to evaluate the binding ability of DMP micelles to
DNA plasmid, a gel retarding assay was performed. As shown in
Fig. 1c, after electrophoresis, when the molar ratio of DMP:
plasmid DNA was 10:1, almost no bright DNA band was
observed, suggesting that the negatively charged plasmid DNA
was completely bond by DMP micelles through electronic
interaction. This prescription ratio was chosen for further
application in our study. Besides, a MTT assay was performed to

This journal is © The Royal Society of Chemistry 2018

evaluate the safety of DMP micelles in vitro. As shown in Fig. 1e,
when applied on 293t cells, DMP micelle were much less toxic
with its ICs, exceeded the concentration of 1.2 mg mL™", while
that of PEI25K (“gold standard” transfection agent®:**) was
estimated to be smaller than 0.1 mg mL . This indicated that
DMP micelles were much safer that conventional used PEI25K
transfection agent which showed a tremendous toxicity.
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In vitro transfection study

The gene delivery capacity of prepared DMP micelles were
evaluated on both normal and cancer cells in vitro. As shown in
Fig. 2b and c, both 293t (normal tissue derived) and C26 (cancer
tissue derived) cells could be efficiently transfected by DMP/
PGFP complex. The transfection efficiency on 293t cell and
C26 cells was 40.3 £ 2.5% and 35.0 &+ 7.1% compared to that of
43.2 £+ 4.3% and 15.5 + 1.4% for PEI25K, respectively. A direct
observation of the transfection ability of DMP micelles on both
cells were shown in Fig. 2a with the aid of GFP-based reporter
plasmid. It could be also observed that PEI25K transfected cells
demonstrated obviously stronger cytotoxicity than DMP groups.
There results suggested that DMP micelle was superior in both
transfection ability and safety to PEI25K, showing high poten-
tial in gene delivery.

Within our study, the neutralizing and inhibition effect on
IL-22 is based on efficient expression of IL-22BP from trans-
fected cancer cells. Thus, to clarify whether pvAX1-mIL22BP
plasmid was successfully delivered into C26 cells by DMP
micelles, we first evaluated the intracellular mRNA level of IL-
22BP gene after transfection. As shown in Fig. 2d, comparing
to untreated group, 72 hours post transfection, a strong IL-22BP
mRNA level over 480 folds (P < 0.001) were detected in DMP/
mIL-22BP complex treated group, showing high delivery and
expression efficiency. Meanwhile, since IL-22BP protein is
expressed in a secretory form, we then checked the IL-22BP
protein level in the cell culture supernatant by IL-22RA2 ELISA
assay. According to our results (Fig. 2e), comparing to untreated
group, 72 hours post transfection, high levels of mouse IL-22BP
protein with up to nearly 3000 folds (P < 0.001) could be
detected in DMP/IL-22BP complex treated group, suggesting the
delivered plasmids were efficiently expressed as expected in C26
cells.

Anti-cancer ability of DMP/mIL-22BP complex in vitro

Since IL-22BP is capable of neutralizing intracellular IL-22, we
first evaluated whether DMP/mIL-22BP complex could inhibit
cancer cell growth IL-22/IL-22R blocking. As shown in Fig. 3a,
adding IL-22 cytokine into cell culture resulted in an average
proliferation rate of 213% in untreated C26 cells. However, only
40.2% in average of proliferation rate was detected in DMP/mIL-
22BP complex treated group. In combine with IL-22BP expres-
sion results above, it suggested that expressed IL-22BP effi-
ciently blocked IL-22 signal as expected.

Meanwhile, although evidences have shown that IL-22BP is
capable of inhibiting IL-22/IL-22R1 complexing, it is still
unclear that whether intracellularly expression of IL-22BP will
directly interfere cell function. Thus, we first evaluated its
affection on cancer cells in vitro. To test its anti-proliferation
effect on C26 colon cancer cells, a MTT assay was conducted.
As shown in Fig. 3b, after 72 hours, obvious proliferation inhi-
bition was observed in DMP/mIL-22BP complex treated group,
with an average inhibition rate of 75.71% comparing to control
group (P < 0.001). It indicated that DMP/mIL-22BP complex
equivalent to 0.5 ng of IL-22BP gene was able to kill more than
50% of C26 cell in vitro. This effect was not reached by other
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groups with average inhibition rates of 18.8% for DMP/pVAX1
group and 4% for DMP micelle group. The anti-proliferation
capacity of DMP/mIL-22BP complex was also evaluated by clo-
nogenic assay. As shown in Fig. 3e, 14 days after transfection,
much fewer clones could be observed in DMP/mIL-22BP
complex treated well than other wells. The average number of
clones in DMP/mIL-22BP complex well was 72 while that of NS
control, DMP/pVAX1 and DMP micelle wells were 331, 275 and
295 (Fig. 3f), respectively. In this experiment, single C26 cells
were cultured and grown into small clones which could be
stained by crystal violet blue. The fewer clones being visualized
implies stronger anti-proliferation capacity, suggesting an
average inhibition rate of 77.3% (P < 0.01 versus DMP group and
P < 0.005 versus DMP/pVAX1 group, Fig. 3g). Our results sug-
gested that when lacking of extracellular IL-22 signal, DMP
delivered IL-22BP gene could directly inhibit cancer cell prolif-
eration alone.

To clarify whether this anti-proliferation effect of DMP/mIL-
22BP complex on C26 cells was conducted by apoptosis
inducing, cells in different treatment group was analyzed by
flow cytometry with PI/Annexin V staining. As shown in our
results, DMP/mIL-22BP complex induced obvious apoptosis in
C26 cells (Fig. 3d). After been exposed to IL-22BP complex for
72 h, a total of 31 + 4.9% of C26 cells were detected in early and
late apoptosis phase (P < 0.001), while other groups failed to
exhibit equivalent capacity (shown in Fig. 3c). Our results sug-
gested that DMP micelle could efficiently deliver IL-22BP coding
plasmid into C26 cells in vitro, inhibiting cell proliferation
through apoptosis induction. In summary, our results indicated
that both IL-22 blocking as well as directly apoptosis inducing
were involved in the anti-cancer mechanisms of DMP delivered
IL-22BP.

CLPP/VSVMP mRNA complex inhibits C26 tumor growth in
vivo

The anti-cancer activity of DMP/mIL-22BP complex was evalu-
ated on C26 abdominal cavity metastases model by intraperi-
toneal administration. Fig. 4a shows representative images of
abdominal cavity metastases of C26 colon carcinoma in each
treatment group. It was obvious that the mice treated with DMP/
mIL-22BP complex suffered mildest abdominal cavity metas-
tases than other groups. As shown in Fig. 4b, compared with
other group, IL-22BP treatment group was much lower in
metastases tumor weight (P < 0.01), with an average weight of
1.7 £+ 0.5 g than those of NS group (4.7 + 0.5 g), DMP group (4.6
+ 1.3 g) and DMP/pVAX1 group (4.7 &+ 0.8 g). Meanwhile, as
shown in Fig. 4c, there was also an obviously decrease in the
ascites volume of DMP/mIL-22BP complex treated mice. The
volume of ascites in mice treated with IL-22BP complex was 0.5
+ 0.2 mL compared with 1.5 + 0.5 mL in control group, 1.6 +
0.5 mL in DMP group and 1.6 + 0.3 mL in the mice treated with
DMP/pVAX1 complex. It can also be observed that the mice
without IL-22BP complex treatment suffered from obvious
blood-like ascites, suggesting serious tumor infiltrating and
inflammation. These results indicated that DMP/mIL-22BP

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 DMP/IL-22BP complex efficiently inhibit the growth of C26 cancer cells in vitro. (a) expressing of IL-22BP blocked IL-22-based cell
proliferation signal; (b) inhibition effect of DMP/IL-22BP complex detected by MTT assay; (c) and (d) DMP/IL-22BP complex efficiently induced
apoptosis in C26 cells; (e) inhibition effect of DMP/IL-22BP complex evaluated by clonogenic assay, the numbers of clones in each well were
counted (f) and translated into inhibition rate (g).
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detected by immunohistochemistry analysis (at 100 x magnification).

complex efficiently suppressed tumor growth of abdominal
cavity metastases in vivo.

The expression of IL-22BP in tumor tissues were confirmed
by gPCR analysis and immunohistochemistry staining.
According to our results (Fig. 4d), significant enhanced IL-22BP
mRNA levels were detected in DMP/mIL-22BP complex treat-
ment groups, with over 220 folds (P < 0.01) of increase
comparing to control group, respectively. The high mRNA levels
being detected indicated that IL-22BP plasmid was efficiently
delivered into tumor cells by DMP micelle. Meanwhile, as
shown in Fig. 4e, strong IL-22BP positive pots could be observed
in tumor tissues from DMP/mIL-22BP treatment group, sug-
gesting efficient secretly expression of IL-22BP protein after
administration. These evidences indicated that IL-22BP gene
was successfully delivered by DMP micelles into C26 colon
cancer tissues and expressed as expected.

According to previous reports and our in vitro results, the
anti-cancer ability of IL-22BP could be possibly attribute to IL-22
neutralizing and direct apoptosis inducing. Thus, we further
evaluated these mechanisms in tumor samples by immuno-
histochemistry staining. First, as shown in Fig. 5, treatment
with DMP/mIL-22BP complex induced a significantly increase
in apoptosis within tumor tissues compared to other groups as
determined by the TUNEL assay. This performance is consis-
tence with our in vitro results. Then, the DMP/mIL-22BP
complex treatment groups also demonstrated anti-
angiogenesis effects in tumors compared to other groups as
determined by CD31 staining mTOR. The micro-vessel density
characterized by CD31 positive staining was significantly
attenuated in the IL-22BP treatment group when compared with
control groups. Therefore, our results suggested that DMP/IL-
22BP complex could also inhibit tumor growth through anti-
angiogenesis mechanism. Moreover, comparing to other

16544 | RSC Adv., 2018, 8, 16537-16548

groups, obvious CD8" and CD4" cells could be spotted in the
tumor tissues of DMP/mIL-22BP group, showing strong
lymphocyte infiltration in tumor microenvironment. Since
lymphocyte infiltration is highly correlated with immune reac-
tion, these phenomena suggested that boosting anti-cancer
immune response were also involved in IL-22BP-based therapy.

Discussion

In recent years, gene therapy has provided an alternative choice
for cancer treatment. Seeking novel therapeutic targets as well
as appropriate gene delivery vector remains to be important
issue for cancer gene therapy. In this work, the murine IL-22BP
gene was delivered by a newly developed non-viral gene vector
DMP, establishing a novel cancer gene therapy strategy (Scheme
2). Our results showed that DMP micelle-based delivery and
secretly expression of IL-22BP could efficiently inhibit tumor
growth through multiple mechanisms, showing strong poten-
tial in cancer gene therapy.

Owing to high specificity and safety, gene therapy has
provided an alternative strategy for the treatment of cancer. In
recent years, much progresses have been made using viral- or
non-viral delivery systems, with some candidates being already
approved for clinical use.?*?*% In the area of plasmid-based
gene therapy, several strategies have been attempted and eval-
uated. Among these, one of the most frequently applied strategy
is delivering therapeutic exogenous or endogenous nucleic
materials into cells to induce cell apoptosis.**** Several genes
including VSVMP,** p53 (ref. 43), survivinT34A**** and HSV1-
tk**¢ have been tested and proved to be effective. This method
provides “suicide” signals within cancer cells and achieves
therapeutic effect through triggering programed cell death.
Another conventional cancer gene therapy strategy is delivering

This journal is © The Royal Society of Chemistry 2018
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Scheme 2 DMP micelle delivered IL-22BP gene efficiently inhibits
tumor progression blocking IL-22 and apoptosis inducing.

This journal is © The Royal Society of Chemistry 2018

antigen encoding plasmid into tumors. This “vaccine” method
aims to stimulate anti-cancer immune response by expressing
cancer specific markers such as peptide or polysaccharides
which are then recognized and presented by APC cells.*”*® For
example, Pirouz Daftarian et al. reported using dendrimer
platform to deliver several plasmid DNAs encoding including
TRP2, gp70 and OVA to develop DNA-based vaccines;** Ang Li
et al. used Mg/Al layered double hydroxides nanoparticles to
deliver OVA encoding plasmid.* Besides, a third gene therapy
method involves stimulating anti-cancer immune response
through direct enhancing the activities of immune cells, such as
T cells and NK cells.*** To achieve this, cytokines or peptides
required by the proliferation or maturation of immune cell were
delivered to tumor microenvironment, resulting upregulated
tumor infiltration and cytotoxic cytokine expression.**>°
Despite all these advantages and efficacies been demonstrated,
several shortcomings still exist among them. For instance, the
number of available suicide genes is severely limited with
relative single mechanism. It is easy for cancer cells to active
complementary pathway for replenishment, thus eradicate
apoptosis signal.*” Then, the application of certain vaccine-
based gene therapy usually limited to given tumor cells due to
the specificity of antigens, which set obstacles to its use in other

RSC Adv., 2018, 8, 16537-16548 | 16545
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kinds of cancers, and immune response might be varied
according to different vaccines. Meanwhile, immune stimula-
tion effect mediated by vaccine is indirect. The therapeutic
effect of gene vaccine relies much on antigen presenting
process, while the latter is intensively correlated with the
properties of antigens. Moreover, it should also be taken into
consideration the potent of PD-1/PD-L1 blockage on immune
system, especially T cell-based response.”® In previously re-
ported colon cancer gene therapy studies, both “suicide” gene
and immune activation strategies have been applied. Although
potential therapeutic effects have been achieved, limitations
were shown in the meantime. For example, most of the
apoptosis inducing studies were restricted in the limited genes
such as VSVMP. More suicide genes should be developed.
Besides, immune activation-based colon cancer gene therapy
strategy worked mainly in abdominal cavity metastases model,
while little is reported about that in other tumor models. One
possible reason is that the immune stimulation mechanisms
rely much on ascites environment. In our study, we developed
a novel therapeutic target based on IL-22 and its soluble
receptor IL-22BP. As a member of cytokines, IL-22 is largely
different with most of its counterparts since it acts directly on
non-immune cells rather than immune cells.*®* The important
role of IL-22 in the progress of innate immune defenses,
inflammation as well as tissue regeneration has been well
characterized before. More importantly, evidences have been
raised about the potential role of IL-22 in cancer. By binding to
its transmembrane receptor IL-22R1, IL-22 transduce signals
extracellular growth signals into cancer cells, resulting in
enhanced tumor growth, suppressed apoptosis and metastasis.
Thus, these properties of IL-22 suggest its potential as a thera-
peutic target. In our study, IL-22BP was delivered to neutralize
IL-22 within microenvironment, so as to block IL-22/IL-22R1
signal axis. According to our results, DMP/IL-22BP DNA
complex demonstrated strong anti-cancer effect on C26 colon
cancer models. Meanwhile, succedent therapeutic effects
including apoptosis, anti-angiogenesis and lymphocyte infil-
tration were also observed. More importantly, we further indi-
cated that IL-22BP gene alone could inhibit cancer cell growth
through inducing apoptosis in vitro, which has seldom been
noticed by previous reports. This further suggested the flexible
mechanism of IL-22BP gene. Comparing to other strategies, IL-
22BP induced direct blockage on cancer growth signal without
the help of immune cells. Meanwhile, the expression patent of
IL-22 is mostly upregulated in inflammatory or cancer condi-
tions, thus the impact of exogenous IL-22BP on health tissues
would be much lower. These results suggested that this novel
therapeutic strategy would be also potent in the treatment of
other colon cancer models. After all, our results demonstrated
IL-22 to be a novel target for cancer gene therapy with multiple
mechanisms.

The efficiency and safety of gene delivery vectors also play
crucial roles in gene therapy, while nanotechnology has
contributed tremendously to this area.”**** In this study,
a newly developed DMP cationic micelle was used to deliver IL-
22BP gene. As described previously, DMP micelle was formu-
lated by self-assembling DOTAP with biodegradable polymer

16546 | RSC Adv., 2018, 8, 16537-16548
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mPEG-PCL.** The preparation process was simple with little
organic solvent involved since both of the two components are
amphiphilic. In our previous work, DMP micelle has been
successfully applied in gene therapy study of colon cancer. In
the present work, our results demonstrated that DMP micelles
could efficiently deliver IL-22BP encoding plasmid into C26
colon cancer cells both in vitro and in vivo with high safety.
Transfection with DMP/IL-22BP complex resulted in high IL-
22BP mRNA level in C26 cells and tumor nodules, and
obvious tumor growth inhibitions were achieved upon i.p
administration. Moreover, no obvious pathology changes were
detected in main organs(data not shown). These results again
demonstrated the efficacy and safety of DMP cationic micelles.
Comparing to DOTAP-based cationic liposome, the amphiphilic
block polymer mPEG-PCL in DMP micelles provides better
embedding effect for DOTAP, thus exhibiting proper positive
charges. It is highly possible that this formulation structure
contributes to its strong DNA binding efficacy as well as low
cytotoxicity. In total, our results indicated that the newly
developed cationic micelle DMP was capable of delivering IL-
22BP gene into C26 colon cancer tissues, providing a potential
choice for cancer gene therapy.

Conclusions

In this work, the murine IL-22BP encoding plasmid was
successfully delivered by a newly developed cationic micelle
DMP. The DMP/IL-22BP complex could efficiently inhibit the
growth of C26 abdominal cavity metastases cancer model both
in vitro and in vivo with high safety. Our results demonstrated
the therapeutic potential of IL-22BP in cancer gene therapy.
DMP micelle delivered IL-22BP gene offered an alternative
strategy for cancer gene therapy.
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