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Abstract

Pro-resolving factors that are critical for colonic epithelial restitution were down-regulated during
the treatment with inhibitor of pro-inflammatory cytokines (e.g., anti-TNFa antibody) in
ulcerative colitis (UC) therapy. We hypothesized that increased amounts of factors such as
interleukin-22 (1L-22) during the therapeutic inhibition of TNFa could facilitate the resolution of
intestinal inflammation. As combination therapy is an emerging strategy for UC treatment, we
attempt to treat established UC based on the combination of TNFa siRNA (SiTNF) and 1L-22.
Initially, we loaded siTNF into galactosylated polymeric nanoparticles (NPs). The resultant Gal-
SiTNF-NPs had a desirable average diameter (~261 nm), a narrow size distribution and a slightly
negative surface charge (~—6mV). These NPs successfully mediated the targeted delivery of sSiTNF
to macrophages and efficiently inhibited the expression of TNFa. Meanwhile, IL-22 could
obviously accelerate mucosal healing. More importantly, oral administration of Gal-siTNF-NPs
plus IL-22 embedded in a hydrogel (chitosan/alginate) showed much stronger capacities to down-
regulate the expression of pro-inflammatory factors and promote mucosal healing. This
formulation also yielded a much better therapeutic efficacy against UC in a mouse model
compared to hydrogel loaded with Gal-siTNF-NPs or IL-22 alone. Our results strongly
demonstrate that Gal-siTNF-NP/IL-22-embedded hydrogel can target to inflamed colon, and co-
deliver siTNF and 1L-22 to boost the effects of either monotherapy, which may become a
promising oral drug formulation and enable targeted combination therapy of UC.

"Corresponding author at: Institute for Clean Energy and Advanced Materials, Faculty for Materials and Energy, Southwest University,
Beibei, Chongging 400715, PR China. hustboxiao@gmail.com (B. Xiao).
These authors are contributed equally to this work.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.jconrel.2018.08.021.


https://doi.org/10.1016/j.jconrel.2018.08.021

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao et al. Page 2

Keywords

1.

TNFa silencing; Interleukin-22; Oral administration; Targeted nanoparticle; Ulcerative colitis;
Combination therapy

Introduction

Ulcerative colitis (UC) is a chronic and relapsing inflammatory disease in distal bowel,
which is characterized by uncontrolled intestinal inflammation and disruption of colonic
epithelial layer [1, 2]. It affects several million individuals worldwide and its prevalence rate
rises sharply in low-incidence countries [3]. The current medical treatments for UC mainly
depend on the usage of aminosalicylates, corticosteroids and immunosuppressive drugs [4,
5]. However, these drugs are usually administered at high doses via intravenous injection,
leading to serious adverse effects (e.g., diarrhea, osteoporosis and infection) [6, 7].
Therefore, it is critically important to develop alternative drug formulations with high
therapeutic efficacies and low side effects.

Macrophages contribute to the onset and progression of UC by producing a large amount of
pro-inflammatory cytokines, such as tumor necrosis factor alpha (TNFa) [8, 9]. Although
anti-TNFa monoclonal antibody infliximab has yielded promising therapeutic outcomes in
clinical UC treatment, it suffers from several major limitations, including serious infections,
auto-immunity to antibodies and high cost [10]. Recently, RNA interference (RNAI) has
gained considerable attention for its ability to efficiently and specifically down-regulate
TNFa expression in macrophages [11, 12]. However, siRNAS are anionic, easily degradable
and hydrophilic, complicating their internalization into cells; moreover, they are lack of
targeting capacity [13]. Thus, the success of RNAI relies heavily on the application of
SiRNA carriers. Various carriers have been employed for siRNA delivery, such as micelles,
liposomes and nanoparticles (NPs) [12, 14, 15]. Among these options, polymeric NPs have
attracted much attention owing to their high siRNA encapsulation efficiency, controlled
siRNA release capacity and ease of surface functionalization [16]. Moreover, it was noticed
that targeted delivery of siRNAs to specific cells mediated by active ligands could further
improve the therapeutic efficacy of NPs in UC treatment [17]. Macrophage galactose type
lectin (MGL), a ~42kDa type 1l transmembrane glycoprotein that contains a galactose-
recognition domain, is dramatically overexpressed on the surface of activated macrophages
under inflammatory conditions [18]. This lectin can specifically bind to NPs with galactose
residues, resulting in rapid internalization into membrane-bound vesicles [19]. Based on
these findings, galactose is expected to be an excellent ligand for macrophage-targeted drug
delivery. The conjugation of galactose to the surfaces of various carriers, such as chitosan
complexes, polyanhydride NPs and low-density lipoprotein carriers, has been shown to
provide selective macrophage targeting and improve cellular uptake [20-22].

Since the treatment goals of UC in clinic are to both control inflammation and achieve
mucosal healing [23, 24], combination therapy based on multiple drugs has been proposed
as a potential strategy [25, 26]. Interleukin-22 (IL-22) is a pro-healing cytokine that has
numerous benefits to restore intestinal homeostasis: (1) It induces the survival, proliferation
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and reconstitution of epithelial cells, preventing microbiota from further penetrating into the
colonic tissues [27, 28]; (2) It facilitates regeneration of goblet cells and increases
production of mucus-associated proteins, which form the essential static external barrier that
separates intestinal flora from intestinal epithelial cells [29]; (3) It stimulates intestinal
epithelial cells and Paneth cells to express and secret a large amount of antimicrobial
peptides, which sequester or kill invading pathogens [29, 30]. In recent preclinical studies
based on IL-22-deficient mice or wild-type mice subjected to dextran sulfate sodium (DSS)-
induced UC, treatment with a IL-22-neutralizing antibody induced severe weight loss,
augmented damage in the colonic epithelial layer and aggravated inflammation in the colon
[30-32]. Conversely, overexpression of IL-22 in T cell receptor-alpha-deficient mice
reduced the colonic thickness and disease score during DSS-induced UC [29]. Therefore, it
can be speculated that IL-22 is a key therapeutic molecule to improve intestinal healing in
patients with UC.

Poly(lactic acid/glycolic acid) (PLGA) is an FDA-approved biodegradable polymer that can
efficiently encapsulate hydrophilic drugs (e.g., plasmids, siRNAs and proteins) [33]. Thus, it
has been widely used as a drug carrier matrix by our group and others [16, 34]. In the
present study, we fabricated galactose-functionalized TNFa siRNA-loaded PLGA NPs (Gal-
SiTNF-NPs), and characterized their physicochemical properties, macrophage-targeted
capacities and anti-inflammation activities. In the meantime, we studied the mucosal healing
capacity of 1L-22. To enable the co-delivery of Gal-siTNF-NPs and IL-22 to colonic lumen,
we embedded both agents in a hydrogel and further evaluated their synergistic therapeutic
effects on the basis of a DSS-induced mouse model of UC.

Materials and methods

Materials

PLGA with an equal molar ratio of lactide and glycolide (molecular weight = 38-54 kg/
mol), poly(vinyl alcohol) (PVA, 86-89% hydrolyzed, low molecular weight), spermiding,
chitosan, sodium nitrite, lactobionic acid (LA), 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC), N-hydroxysuccinimide (NHS), 2-(A-morpholino) ethanesulfonic acid
sodium salt (MES), alginate, dichloromethane (DCM), dimethyl sulfoxide, O-dianisidine
hydrochloride, Triton X-100 and lipopolysaccharide (LPS) were purchased from Sigma-
Aldrich (St. Louis, MO). Chitosan was purified before use, and it was depolymerized using
sodium nitrite. Viscosity-average molecular weights of the original chitosan and the
depolymerized chitosan were determined as 246 kDa and 18 kDa, respectively. The
depolymerized chitosan was used in the NP preparation process. Paraformaldehyde stock
solution (16%) was from Electron Microscopy Science (Hatfield, PA). Oligofectamine™
(OF) transfection reagent, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), 4’ ,6-diamidino-2-phenyl-indole dihydrochloride (DAPI), 1,1’ -dioctadecyl-3,3,3,
3’ -tetramethylindotricarbocyanine iodide (DiR) and FITC fluorescently tagged siRNA
(FITC-siRNA) were supplied from Invitrogen (Eugene, OR). TNFa siRNA (siTNF) was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Recombinant human IL-22
and recombinant mouse 1L-22 were purchased from R&D systems (Minneapolis, MN).
Anti-murine TNFa antibody was kindly provided by Janssen Biotech (Horsham, PA). DSS
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(36-50 kDa) was obtained from MP Biomedicals (Aurora, OH). Buffered formalin (10%)
was supplied by EMD Millipore (Billerica, MA). Hematoxylin and eosin were from
Richard-Allan Scientific (Kalamazoo, MI). All commercial products were used without
further purification.

2.2. Anti-TNFa antibody treatment of IL10~/~ mice

IL10~/~ female mice (3 weeks of age) were obtained from The Jackson Laboratory. The
animal experiments were approved by Georgia State University Institutional Animal Care
and Use Committee. They developed colitis on a time-dependent manner, and they were
treated twice a week from 4 to 14 weeks of age by intraperitoneal injection of equal volumes
of either phosphate-buffered saline (PBS) or anti-murine TNFa antibody (10mg/kg mice,
200-250 pg/mice). Mice were euthanized at 14 weeks of age, and total RNA were extracted
from colon tissues using RNeasy Plus Mini Kit (Qiagen, Valencia, CA). Thereafter, cDNA
was synthesized using Maxima first strand cDNA synthesis kit (Fermentas, Glen Burnie,
MD). Consequently, the TNFa mRNA expression levels were quantified by quantitative
reverse-transcription polymerase chain reaction (RT-PCR) using Maxima® SYBR
Green/ROX gPCR Master Mix (Fermentas). Sequences of all the primers used in RT-PCR
studies are presented in Table S1.

2.3. Fabrication of Gal-siTNF-NPs

siTNF-loaded NPs were produced by a double emulsion-solvent evaporation method.
Briefly, sSiRNA was dissolved in RNase-free water, and further complexed with spermidine
at N/P ratio (molar ratio of the triamine nitrogen to the polynucleotide phosphate) of 8:1 to
form spermidine/siRNA complexes. PLGA (100 mg) was completely dissolved in DCM (2
mL). Subsequently, the inner aqueous solution (0.1 mL) was poured into the oil phase to
form the first emulsion. PVA solutions (5%, w/V) with chitosan (0.3%, w/v) were prepared
in diluted hydrochloric acid solution (0.1%, vAs). Addition of the first emulsion to 4 mL of
PVA (5%, w/v)/chitosan (0.3%, w/v) solution and subsequent sonication (6 times, 10 s each
time) of the whole mixture resulted in the formation of a double emulsion, and DCM was
removed by a rotary evaporator (Yamato RE200, Santa Clara, CA). The formed NPs were
obtained by centrifugation at 17,418g for 20 min, washed 3 times with deionized water, and
re-suspended in threhalose solution (5%, w/V). Finally, NPs were dried in a lyophilizer at a
temperature below -50 °C and a vacuum level of 0.05 mbar, and stored at —20 °C in airtight
container. Depolymerized chitosan-coated NPs were designated as CS-coated NPs.

As to the further conjugation of LA, CS-coated NPs were dispersed in MES buffer (pH 5.5).
The carboxyl group of LA was activated by EDC/NHS for 2 h, and this LA solution was
added to CS-coated NP suspension. The resultant mixture was allowed to react at ambient
temperature with stirring for 3 h. The final NPs were collected by centrifugation at 17,418g
for 20 min, washed 3 times with deionized water, and resuspended in threhalose solution
(5%, w/V). Finally, the resultant NPs were dried in a lyophilizer, and stored at =20 °C in
airtight container.
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2.4. Biocompatibility tests of NPs

Raw 264.7 macrophages and Colon-26 cells were cultured at a respective density of 2 x 104
and 8 x 103 cells/well in 96-well plates. After 24 or 48 h of exposure to NP suspensions,
cells were incubated with 100 pL of MTT working solution at 37 °C for 3 h. This solution
was prepared in serum-free medium with the MTT concentration of 0.5mg/mL.
Subsequently, the media were discarded and 50 pL of dimethyl sulfoxide was added to each
well prior to spectrophotometric measurements at 570 nm. Untreated cells were used as a
negative control, whereas Triton X-100 (0.5%, w/)-treated cells were used as a positive
reference. In addition, OF/siRNA complexes were also used as a control here.

2.5. Visualization of cellular uptake profiles of NPs

Raw 264.7 macrophages were seeded in eight-chamber tissue culture glass slide (BD Falcon,
Bedford, MA) at a density of 2 x 10* cells/well. After exposure to Gal-FITC-siRNA-NPs for
3 or 5h, cells were thoroughly rinsed with PBS to eliminate excess NPs, and fixed in
paraformaldehyde (4%, vv) for 20 min. Thereafter, nucleus was stained by DAPI for 5 min.
Untreated cells were used as a negative control, whereas cells in the presence of OF/FITC-
siRNA complexes were treated as a positive control. Images were acquired using FITC
channel and DAPI channel on an Olympus fluorescence microscope equipped with a
Hamamatsu Digital Camera ORCA-03G.

2.6. Quantification of cellular uptake efficiencies of NPs

Raw 264.7 macrophages were seeded in 12-well plates at a density of 1 x 10° cells/well. The
medium was changed to serum-free medium containing various NPs or complexes. At
predetermined time intervals (0, 1, 3 and 5 h), cells were thoroughly rinsed with PBS to
eliminate excess NPs. Subsequently, the treated cells were harvested using trypsin,
transferred to centrifuge tubes, and centrifuged at 1800¢g for 5 min. Upon removal of the
supernatant, cells were re-suspended in flow cytometry (FCM) buffer. Analytical FCM was
performed using the FITC channel on the FCM Canto™ (BD Biosciences), and a total of
5000 ungated cells were analyzed. Untreated cells were used as a negative control, whereas
cells in the presence of OF/FITC-siRNA complexes were treated as a positive control.

2.7. Invitro gene silencing efficiencies of NPs

Raw 264.7 macrophages were seeded in 6-well plates at a density of 1 x 10° cells/well.
After co-culture with NPs for 5h, cells were incubated in medium containing 10% FBS for
19, 43, 67 or 91 h. Thereafter, Raw 264.7 macrophages were stimulated with LPS (1 pg/mL)
for 3 h. The processes for RNA extraction, cDNA synthesis and quantification of TNFa
MRNA expression levels were the same as described in Section 2.2.

2.8. Invitro mucosal healing property of IL-22

Since the transepithelial barrier is critical for colon, we studied the mucosal healing effects
of IL-22 on colonic barrier function /n vitro. This assay was performed using electrical
impedance sensing technology (ECIS, Applied BioPhysics, Troy, NY), and the ECIS model
1600R was used in the experiment. This system consisted of an 8-well culture dish (ECIS
8WI1E plate), and Caco2-BBE cells were seeded in the culture dish at a density of 1 x 10%/
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well. Once cells reached confluence, an elevated current pulse (3 mA, 40 kHz, 30 s) was
applied to wound the monolayer of Caco2-BBE cells. The wounding pulse was reflected by
a sharp drop in resistance. Subsequently, the system was switched back to its normal
operation to monitor the process of wound healing. After that, IL-22 with various
concentrations (0, 50 and 100 ng/mL) was added to the wells.

Induction of UC mouse model and oral administration of drug formulations

FVB male mice (8 weeks of age, The Jackson Laboratory) were used in the animal
experiments. All the animal experiments were approved by Georgia State University
Institutional Animal Care and Use Committee. UC was induced by replacing their drinking
water with a 3.0% (uw/V) DSS solution for 7 days. To deliver various drugs to mice colonic
lumen, we encapsulated them into a hydrogel comprised of chitosan and alginate at a weight
ratio of 3:7 (detailed protocol available at http://www.natureprotocols.com/2009/09/03/
a_method_to_target bioactive_c.php), which have been commonly used for oral drug
delivery in our previous studies [12, 16, 35-38]. Mice were treated with 20 pg/kg of siTNF
and/or 50 pg/kg of IL-22 per day. Control mice were given water only. Mice were sacrificed
by CO, euthanasia, and their spleen weight and colon length were measured. A small piece
(50 mg) of colon was taken for MPO and RNA analysis, and the remaining colon was used
for histopathological analysis.

2.10. Exvivo imaging of drug formulations

2.11.

To track the NP distribution in gastrointestinal tract (GIT) after oral administration, the near
infrared dye DiR was employed as a fluorescence probe. Gal-DiR-NPs were fabricated by a
single emulsion solvent evaporation technique, and the loading amount of DiR in Gal-DiR-
NPs was quantified by a UV-Vis spectra method. UC mouse model was induced by DSS,
and these mice were orally administered with Gal-DiR-NP-embedded hydrogel at a DiR
concentration of 0.5 mg DiR/kg mice. After oral administration for 4, 8 and 24 h, mice were
sacrificed to obtain GIT, and this GIT was imaged using an VIS spectrum imaging system
(PerkinElmer/Caliper LifeSciences, Hopkinton, MA).

In vivo cellular uptake profiles of NPs

UC mouse model was induced by DSS, and these mice were orally administered with FITC-
SIRNA-NP or Gal-FITC-siRNA-NP-embedded hydrogel (20 ug FITC-siRNA/kg mice).
After 12 h of oral administration, mice were sacrificed by CO, euthanasia. Colon tissues
were extracted, rinsed with PBS and embedded in Optimal Cutting Temperature compound.
Colonic sections (5 pum) were stained with DAPI. Images were acquired using an Olympus
microscope equipped with a Hamamatsu Digital Camera ORCA-03G.

To investigate the /n vivotargeting property of NPs, mice with UC were orally administered
with FITC-siRNA-NP- or Gal-FITC-siRNA-NP-embedded hydrogel (20 pug FITC-siRNA/kg
mice). After 12 h, mice were euthanized by CO, euthanasia, and their spleen and colon were
obtained. Isolation of splenocytes and lamina propria immune cells was carried out as
described in our previous reports [39, 40]. Antibodies used for analysis were from
eBioscience unless otherwise noted: anti-mouse CD11b eFluor® 450, anti-mouse F4/80
antigen PE-Cy7, antimouse CD4 eFluor® 450 and anti-mouse CD4 PE-Cy7 (BD
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pharmingen). Flow cytometric analysis was performed on a BD LSRFortessa flow cytometer
(BD Biosciences).

2.12. Statistical analysis

Statistical analysis was performed using ANOVA test followed by a Bonferroni post-hoc test
(GraphPad Prism) or Student’s #test. Data were expressed as mean * standard error of mean
(S.E.M.). Statistical significance was represented by *p < 0.05 and **p < 0.01.

3. Results

3.1. Blockade of TNFa during colitis inhibits IL-22 production

Initially, we investigated whether blockade of TNFa using anti-TNFa antibody affected the
production of IL-22 during colitis. As expected, TNFa expression level in the anti-TNFa
antibody-treated mouse group was significantly lower than that in the PBS control group
(Fig. 1). However, IL-22 expression level also remarkably decreased after the treatment of
anti-TNFa antibody. Since IL-22 played an extremely important role in mucosal healing, we
speculated that co-administration of TNFa inhibitor and IL-22 might facilitate the recovery
of colitis with respect to anti-inflammation and mucosal healing. Therefore, we conducted
the following investigations to verify this hypothesis.

3.2. Preparation of NPs

Gal-siRNA-NPs were produced using a water-in-oil-in-water (W/O/W) double emulsion-
solvent evaporation method, which is a well-established technique for fabricating siRNA-
loaded PLGA NPs [41]. The inner aqueous phase (containing siRNA/spermidine complexes)
was mixed with the organic phase (containing PLGA) to form the first W/O emulsion under
vortex and sonication. Thereafter, we added this first emulsion to the second aqueous phase
(containing an emulsifier) and performed sonication to form a W/O/W emulsion based on
the Gibbs-Marangoni effect and a capillary break-up mechanism [42]. With the evaporation
of DCM, the inner aqueous phase (SiRNA/spermidine complexes) was efficiently restricted
into the hydrophobic PLGA matrix.

The emulsifiers at NP surface enabled the separation of oil phase and water phase, and thus
prevented NPs from aggregation [43]. PVA is a common amphiphilic copolymer that has
been extensively applied as an emulsifier for preparing PLGA polymeric NPs [44]. During
the fabrication process of NPs, the hydrophobic parts of PVA penetrate into the organic
phase and are entrapped in the polymeric matrix of NPs, while the hydrophilic parts form
the NP corona and further stabilize the particle through steric hindrance. Chitosan is a
natural biocompatible polymer, and it has been used for the surface modification of PLGA
polymeric NPs in our group [45]. Its coating ability may reflect the entangling of its chains
with PVA and/or the adsorption of positive-charged chitosan to the negative-charged
surfaces of NPs. Finally, LA was conjugated to the CS-coated NPs via the formation of an
ester bond between the carboxyl group of LA and the amino group of chitosan at the distal
end of NPs. Based on this strategy, we successfully obtained the desired Gal-siRNA-loaded
NPs (Fig. 2a), and its galactose content in Gal-siTNF-NPs was measured to be 0.23 mg/g
Gal-siTNF-NPs using a modified anthrone sulfuric acid method.
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3.3. Physicochemical characterizations of NPs

Particle size, polydispersity index (PDI) and zeta potential are important parameters that
impact the stability, drug release behavior, cellular uptake profile and /7 vivo bio-distribution
of NPs [46]. Thus, these parameters were characterized in an acidic solution (pH 6.2)
resembling the physiological pH condition in colonic lumen. As presented in Table 1,
dynamic light scattering (DLS) measurements revealed that the average hydrodynamic
particle size of SiTNF-NPs was 255.7 nm, and that of Gal-siTNF-NPs was 261.3 nm.
Additionally, we found that these two types of NPs exhibited a slightly negative zeta
potential of around —8.0 mV.

Fig. 2b,c showed the representative scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of siTNF-NPs (Fig. 2b) and Gal-siTNF-NPs (Fig. 2c). It
was obvious that they had a spherical shape with smooth surface morphology, and most of
the unhydrated NPs had diameters ranging from 85.8 nm to 157.3 nm. In addition, there was
no detectable difference in the morphology or surface roughness between siTNF-NPs and
Gal-siTNF-NPs. The discrepancy in the particle sizes measured by DLS and SEM/TEM may
be due to the different NP surface states under dissimilar test conditions. As described in our
previous study [47], NPs are in a fully swollen state when examined by DLS, whereas they
are completely dehydrated for SEM/TEM characterization. As reported, cells are inclined to
internalize NPs with particle sizes < 400 nm [48, 49]. On the other hand, NPs with particle
sizes <10 um preferentially accumulate in colitis tissues based on the epithelial enhanced
permeability and retention (eEPR) effect, which is attributed to the disordered nature of the
mucosal barrier, the impairment of epithelial tight junctions and the accumulation of
immune cells. Moreover, large amount of positively charged glycoproteins are accumulated
in the surface of inflamed mucosa [50]. Therefore, the particle size and zeta potential of our
Gal-siTNF-NPs should favor their adhesion to the positive-charged inflamed mucosa,
penetration into inflamed colon tissue and further internalization into target cells.

The in vitro siRNA release patterns of NPs were examined at pH 7.4 and pH 6.2,
respectively. As seen in Fig. S1, Gal-siTNF-NPs exhibited a triphasic release behavior.
Specifically, a slightly burst release of siRNA from Gal-siTNF-NPs was detected in the
initial 4 h followed by a continuous release over a period of 44 h. Thereafter, the SiRNA
release was at a much lower but constant rate. Furthermore, it was found that the
accumulative release percentages of sSiRNA from Gal-siTNF-NPs were 59.6% and 74.9% at
pH 7.4 and pH 6.2, respectively. The reason for the increase in sSiRNA release percentage at
pH 6.2 might be that the PLGA polymeric matrix of Gal-siTNF-NPs degrades more rapidly
under acidic condition than that in a neutral environment.

Subsequently, electrophoresis was utilized to confirm the integrity of siRNA, which was
extracted from NPs. As shown in Fig. S2a, in comparison with control siRNA (Lane 1),
SiRNA extracted from NPs appeared intact (Lane 2), suggesting that siRNA fragments kept
its integrity during the fabrication, freeze-drying and extraction process. It was noting that
the band in Fig. S2a corresponding to siRNA fragments from Gal-siTNF-NPs (Lane 2) was
slightly lagging behind the control siRNA (Lane 1). This can be ascribed to the fact that
electro-osmosis occurs in agarose gel upon the action of electric field. With regard to sSiRNA
from NPs, they were mixed with the constituents of Tris-EDTA (TE) buffer (10 mM Tris-
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HCI, 1 mM EDTA, pH = 8.0) after lyophilization, and the concentrated ions play an
important part in the movement of siRNA in electric field. Meanwhile, we also found that
bromophenol blue and xylene cyanol FF from the Loading Dye in Lane 2 were slightly
lagging behind that in Lane 1 during electrophoresis (Fig. S2b).

3.4. Biocompatibility tests of NPs

To evaluate the biocompatibility properties of the developed NPs, we performed in vitro
cytotoxicity tests against Raw 264.7 macrophages and Colon-26 cells. The results from

MTT assays (Fig. 3a—d) revealed that there was no obvious cytotoxicity in either cell line
following incubation with siTNF-NPs or Gal-siTNF-NPs, even after 48 h. OF is a
commercial siRNA transfection reagent and has been widely used as a gold standard for
evaluating the transfection efficiency of siRNA delivery systems. Accordingly, it was used as
another control in the present study. After 48 h of incubation, OF/siTNF complexes inhibited
the cell viability of Raw 264.7 macrophages and Colon-26 cells by over 35.4% and 33.1%,
respectively. These results collectively indicate that sSiTNF-NPs and Gal-siTNF-NPs have
excellent biocompatibility.

3.5. Cellular uptake profiles of NPs

3.6.

Since siTNF exerts its function in the cytoplasm [51], efficient cellular uptake is a major
requirement for the therapeutic efficacy of siRNA-loaded NPs. To track the Gal-
functionalized NPs in cells, we used FITC-siRNA as a fluorescent probe. As can be seen in
Fig. 4a, untreated control cells showed no fluorescence, whereas clear green fluorescence
was observed in the cells with the treatment of Gal-FITC-siRNA-NPs (FITC-siRNA, 100
ng/mL) or OF/FITC-siRNA complexes. Moreover, Gal-FITC-siRNA-NPs yielded
comparable FITC fluorescence intensities to OF/FITC-siRNA complexes. We also found
that Gal-FITC-siRNA-NPs were internalized into cytoplasm, not the nucleus. This is
consistent to the general recognition that nuclear pore complexes are typically between 20
and 50 nm, which limit the access of NPs with diameters > 200 nm. In addition, we also
found that the nucleus of cells treated with OF/FITC-siRNA complexes showed deformation
and chromatin condensation, which might be due to their strong cytotoxicity (Fig. 3).

To quantitatively compare the cellular uptake efficiencies of non-functionalized NPs and
Gal-functionalized NPs, we treated Raw 264.7 macrophages with FITC-siRNA-NPs or Gal-
FITC-siRNA-NPs, and further investigate their cellular uptake profiles after 0, 1, 3 and 5h of
co-incubation. Fig. 4c indicated that the fluorescence intensities were dramatically higher in
the Gal-FITC-siRNA-NP-treated Raw 264.7 macrophages compared with the corresponding
FITC-siRNA-NP-treated cells. This implies that the surface functionalization with galactose
can endow NPs with the property of targeted siRNA delivery to the target cells (Raw 264.7
macrophages).

In vitro anti-inflammatory activities of NPs

We treated Raw 264.7 macrophages with NPs, and further examined their mRNA expression
levels of TNFa, which was highly secreted by macrophages during the onset and
progression of UC [52]. Fig. 5 implied that macrophages treated with LPS (1 pg/mL; to
stimulate an inflammatory response) exhibited remarkable increase in TNFa mRNA
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expression level. However, this effect was considerably reduced in cells pre-treated with
siTNF-loaded NPs. Furthermore, we found that cells treated with Gal-siTNF-NPs showed
significantly lower TNFa mRNA expression levels than those treated with siTNF-NPs. LPS-
treated macrophages which were pre-treated with Gal-siTNF-NPs maintained their
decreased levels of TNFa even after 72 h and 96 h of treatment (Fig. S3). In combination
with the data of /n vitro cellular uptake studies (Fig. 4b,c), these results suggest that LA
functionalization is liable to enhance the cellular uptake of NPs through galactose receptor-
mediated endocytosis, and further improve the TNFa gene silencing. Notably, the Gal-
siTNF-NP-mediated decrease in TNFa expression did not significantly differ from that
induced by the leading commercial product (OF/siTNF complexes), indicating that Gal-
SiTNF-NPs could exert an efficient anti-inflammatory effect on LPS-treated macrophages.

Promotion of mucosal healing by IL-22

Enhancement of mucosal healing is one of the two major therapeutic goals in UC treatment
[53]. Here, we investigated the impact of IL-22 on wound healing using ECIS. Caco2-BBE
monolayers grown on ECIS 8W1E plates were wounded with a 30-s electrical pulse
(frequency, 40 kHz; amplitude, 4.5 V). As shown in Fig. 6, wounded epithelial layers treated
with IL-22 showed significant and dose-dependent increase in recovery, in comparison with
untreated control layers. These results clearly demonstrate that IL-22 can enhance the
healing of a wounded colonic epithelial layer.

In vivo distribution profiles of drug formulations

The DSS-induced UC mouse model is an easily generated and highly reproducible model
that resembles human UC (e.g., body weight loss, colonic ulcers and bloody stool), and thus
it has been extensively used to evaluate the new drug formulations for UC treatment [54—
56]. DSS is given in drinking water and can disrupt the epithelial integrity of colon;
inflammation and colitis can be seen within 1 week after treatment. To investigate the /n vivo
bio-distribution of Gal-functionalized NPs in GIT, we gavaged Gal-DiR-NP-embedded
hydrogel in mice with UC, and examined the time-dependent passage and /7 vivo targeting
efficacy of this drug formulation using near infrared fluorescence (NIRF) imaging.

Initially, to confirm the uniform distribution of NPs in hydrogel, NP-embedded hydrogel
was freeze-dried, cut transversely and observed under SEM. Fig. S4a,b indicated that
hydrogel matrix in the absence of NPs showed a pretty smooth surface. In contrast, hydrogel
matrix with NPs exhibited a rough surface (Fig. S4c,d). Moreover, we found that NPs were
homogenously dispersed within the hydrogel matrix, which would protect drugs during their
passage through GIT and specifically release them in colonic lumen or even targeted cells.
Accordingly, we further investigated the release behaviors of drugs (SiTNF and IL-22) from
Gal-siTNF-NP/IL-22-embedded hydrogel. It was found that no siRNA was detected in the
releasing buffer (data not shown). In the context of protein embedded in hydrogel (Fig. S5),
its release rate was much slower in the presence of simulated gastric fluid (pH 1.2) and
simulated intestinal fluid (pH 7.4) than that in simulated colonic fluid (pH 6.8), suggesting
that hydrogel would collapse in the colon environment. As reported, the lengths of detention
time for oral administered matters were normally 2 h and 4 h in stomach and small intestine,
respectively [36, 57]. Thus, only a small amount (< 14.4%) of protein was released from
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hydrogel during their passage through upper GIT, whereas most protein drug (over 59.6%)
was released into colonic lumen within 12 h. These results clearly demonstrated that
hydrogel could efficiently protect the loaded drugs in the upper intestine and specifically
release them in colonic lumen.

As presented in Fig. 7a,b, a strong NIRF signal was detected in colon and small intestine
after 4 h of oral administration. With the passage of time, the NIRF signal gradually
decreased, indicating that the rapid clearance of NPs occurred in the feces. It was obvious
that little to no fluorescence was observed in colon by 24 h post-administration, and mice
were thus gavaged daily for treatments.

To attempt to investigate the bio-distribution profiles of Gal-functionalized NPs in healthy
colon tissue or inflamed colon tissue, we orally administered mice with Gal-FITC-siRNA-
NP-embedded hydrogel. Once the NPs were released from hydrogel, they had to go through
the mucus layer and be internalized by target cells. As can be seen in Fig. 7c, tissue cross
sections revealed that only a handful of the colonic epithelial cells in healthy colon tissue
internalized NPs (green) by 12 h after oral administration of Gal-FITC-siRNA-NPs.
Conversely, a number of colonic cells in colitis tissues showed green fluorescence. These
results clearly indicate that Gal-FITC-siRNA-NPs have the capacity to penetrate deeply into
the mucosa v/athe eEPR effect and were taken up by the target cells (e.g., macrophages).

To further quantify the percentage of macrophages in colitis tissue that internalized Gal-
functionalized NPs, we gavaged DSS-treated mice with FITC-siRNA-NP- or Gal-FITC-
siRNA-embedded hydrogel, and further carried out FCM analysis. Macrophages have
traditionally been considered to be part of a linear mononuclear phagocytic system, and are
believed to be exclusively derived from blood monocytes [58]. It has been reported
previously that monocytes can give rise to intestinal macrophages during inflammation in
both humans and mice [59, 60]. However, more recent research suggested that macrophages
might derive from two sources: embryonic precursors (characterized as CD11b + F4/80M
cells) and conventional hematopoiesis (characterized as CD11b + F4/80'° cells) [61]. Fig. S6
shows the analytic processes that we used to examine macrophages arising from both
sources. As shown in Fig. 7d, 78.1% and 8.5% of CD11b + F4/80!° colonic macrophages
and CD11b + F4/80M macrophages, respectively, had taken up Gal-FITC-siRNA-NPs by 12
h of post-administration, whereas these percentages were only 63.4% and 4.5%,
respectively, in FITC-siRNA-NP-treated mice. These results confirm the targeting capability
of the surface-conjugated galactose groups /n vivo, which are consistent with our /n vitro
results (Fig. 4c).

In vivo therapeutic efficacy of drug formulations against UC

We next investigated whether oral administration of hydrogel-encapsulated Gal-siTNF-NPs
and IL-22 could exert synergistic therapeutic effects against DSS-induced UC in mice. Body
weight loss is typically used as a main marker of the colitis phenotype in this model. Thus,
we examined the changes of body weight among DSS-induced mouse groups treated with
hydrogel loaded with Gal-siTNF-NPs and/or 1L-22. As presented in Fig. 8a, DSS-treated
control mice exhibited a body weight loss that peaked on day 14. However, the Gal-siTNF-
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NP/IL-22-treated group showed the smallest body weight loss among the groups on days 12
and 13, and showed the best body weight recovery among these four DSS-treated groups.

MPO activity is a direct indicator of the infiltration of neutrophils into the colonic mucosa,
and is thus an important marker of inflammation during DSS treatment. Fig. 8b indicated
that the colonic MPO activities were significantly lower in the three Gal-siTNF-NP- and/or
IL-22-treated groups than in the DSS-treated control group. The DSS-treated control group
has a significantly higher spleen weight compared to the healthy control group. The spleen
weights of the three Gal-siTNF-NP- and/or 1L-22-treated groups did not differ significantly
from that in the healthy control group (Fig. 8c). Moreover, Gal-siTNF-NP- or IL-22-treated
mice showed significantly shorter colon lengths compared to the healthy control group,
whereas the colon length of Gal-siTNF-NP/IL-22-treated group did not significantly differ
from that of the healthy control group (Fig. 8d). In terms of mMRNA expression levels, we
observed remarkable increases of colonic TNFa expression in the DSS-treated control
group, Gal-siTNF-NP-treated group and IL-22-treated group; however, there was no marked
difference in this parameter between the Gal-siTNF-NP/IL-22-treated group and the healthy
control group (Fig. 8e).

Hematoxylin and eosin (H&E)-stained colon cryosections were evaluated for histological
changes. Colon tissues from the healthy control group were characterized by normal colon
histology, with no sign of inflammation or disruption of healthy tissue morphology (Fig. 9a).
In contrast, colon tissues from the DSS-treated control group exhibited clear signs of
inflammation, including epithelial disruption, goblet cell depletion and significant
infiltration of inflammatory cells into the mucosa (Fig. 9b). Tissues from the treatment
groups showed much less inflammation (Fig. 9c-e). Indeed, colon tissues from the Gal-
SiTNF-NP/IL-22-treated group exhibited almost the same tissue morphology as that
observed in the healthy control group, especially with respect to the integration of the
colonic epithelial layer and the infiltration of inflammatory cells (Fig. 9¢). The histological
score of the DSS-treated control group was significantly higher than those of the other four
mouse groups (Fig. 9f). In addition, the Gal-siTNF-NP/IL-22-treated group showed the
lowest histological score among the three treatment groups. In summary, our results clearly
demonstrate that combined treatment with Gal-siTNF-NPs plus IL-22 yields the highest
therapeutic efficacy among three tested groups, and could efficiently promote the recovery
of colon tissue from UC, as summarized in our schematic illustration.

4. Conclusions

We herein report the first example of targeted co-delivery of TNFa siRNA (siTNF) and
IL-22 viaan orally administered NP-in-hydrogel system for the treatment of ulcerative
colitis (UC). We conclude the following concerning the synergistic therapeutic effect of this
combined therapeutic: (1) Gal-functionalized NPs can realize targeted delivery of SiTNF to
macrophages and produce much better anti-inflammatory activity compared with non-
functionalized NPs; (2) IL-22 can efficiently achieve mucosal healing; (3) Orally
administered Gal-siTNF-NP/IL-22-embedded hydrogel exhibits a much better therapeutic
effect against UC compared with the corresponding single drug-based formulations. We
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believe that this effective and biocompatible formulation offers a promising approach for the
synergistic combined treatment of UC.
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Fig. 1.
mRNA expression levels of TNFa and IL-22 in different mouse groups. IL10~/~ mice were

treated twice a week by intraperitoneal injection of PBS or anti-TNFa antibody solution
from 4 to 14 weeks of age. Total RNA was extracted from colon tissues and the mRNA
expression levels of TNFa and IL-22 were analyzed by RT-PCR. Each point represents the
mean £ S.E.M. (n=7; *p< 0.05, **p< 0.01).
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(a) Schematic illustration of the preparation of Gal-siTNF-NPs. Representative SEM, TEM

and size distribution profiles of (b) siTNF-NPs and (c) Gal-siTNF-NPs.
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Fig. 3.

In vitrobiocompatibility tests of sSiTNF-NPs and Gal-siTNF-NPs at different sSiTNF
concentrations against Raw 264.7 macrophages and colon-26 cells. (a) Raw 264.7
macrophages for 24 h, (b) Colon-26 cells for 24 h, (c) Raw 264.7 macrophages for 48 h and
(d) Colon-26 cells for 48 h. Triton X-100 was used as the positive control to produce a
maximum cell death rate (100%). Cell culture medium was used as a negative control (death
rate defined as 0%). OF/siTNF complexes were generated according to the manufacturer’s
standard protocols. Toxicity is given as the percentage of viable cells remaining after
treatment. Each point represents the mean + S.E.M. (n=15).
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Fig. 4.

Cgllular uptake profiles of NPs. (a) Images of cellular uptake of Gal-FITC-siRNA-NPs in
Raw 264.7 macrophages at different time points (0, 3 and 5h). Cells were treated with Gal-
FITC-siRNA-NPs (green), fixed and stained with DAPI (purple). Scale bar represents 10
pum. (b) Representative flow cytometric histograms of fluorescence intensities for cells
treated with Gal-FITC-siRNA-NPs in Raw 264.7 macrophages at different time points (0, 1,
3 and 5h). (c) Percentage of FITC fluorescence-positive cells after treatments with FITC-
SIRNA-NPs, Gal-FITC-siRNA-NPs or OF/FITC-siRNA complexes for different time points
(0, 1, 3 and 5 h). Each point represents the mean + S.E.M. (n=3; *p< 0.05, **p< 0.01,
Student’s #test). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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In vitro anti-inflammatory activities of siTNF-NPs and Gal-siTNF-NPs against Raw 264.7
macrophages for (a) 24 h and (b) 48 h. Cell were transfected by NPs with different sSiTNF
concentration, and subsequently treated with LPS (1 pg/mL) for 3 h. Raw 264.7
macrophages without LPS treatment were used as a negative control, and LPS-treated Raw
264.7 macrophages were used as a positive control. OF/siTNF complexes were generated
according to the manufacturer’s standard protocols. Each point represents the mean +
S.EM. (n=3; *p<0.05, **p<0.01, Student’s £test).
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Fig. 6.

Wound healing assay of Caco2-BBE cells with the treatment of 1L-22 with different
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concentrations (0, 50 and 100 ng/mL) on the basis of ECIS technique. 100,000 cells per well
were seeded into ECIS 8WL1E arrays.
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The uptake profiles of oral administered NPs by colitis tissue. Typical images of colon (a)
and the rest sections of GIT (b) showing accumulation of Gal-FITC-siRNA-NPs embedded
in hydrogel after oral administration in GIT at different time points (0, 4, 8 and 24 h). White
dash cycle and red dash cycle in Fig. 7b indicate stomach and cecum, respectively. (c)
Uptake profiles of NPs by healthy colon tissue and colitis tissue after 8 h of oral
administration of Gal-FITC-siRNA-NPs embedded in hydrogel. Fixed tissues were stained
with DAPI to visualize nuclei (purple). Scale bar represents 20 um. (d) Representative FCM

J Control Release. Author manuscript; available in PMC 2019 April 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Xiao et al.

Page 24

analysis of FITC fluorescence-positive macrophages in mice receiving DSS and treated with
hydrogel with FITC-siRNA-NPs or Gal-FITC-siRNA-NPs. Each point represents the mean
+ S.E.M. (n=3). (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 8.

Orgal administration of various drug formulations relieves DSS-induced UC in mice. (a)
Mouse body weight over time, normalized as a percentage of day one body weight and given
as the mean of each treatment group. (b) Colonic MPO activity, (c) spleen weight, (d) colon
length and (e) TNFa mRNA expression levels in different treatment mouse groups. The
MPO results are expressed as units of MPO activity per gram of tissue. Each point
represents the mean + S.E.M. (7= 5). Statistical significance was assessed using ANOVA
followed by a Bonferroni post-test (*p < 0.05, **p < 0.01).
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Fig. 9.
Regpresentative H& E-stained colon sections from various mouse groups. (a) Healthy control
mice group, (b) DSS-treated mice group, (c) Gal-siTNF-NP-treated mice group, (d) IL-22-
treated mice group and (e) Gal-siTNF-NP/IL-22-treated mice group. Scale bar represents
100 pm. (f) Histological scores determined from H&E-stained colons. Each point represents
the mean + S.E.M. (= 3). Statistical significance was assessed using ANOVA followed by
a Bonferroni post-test (*p < 0.05, **p < 0.01).
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