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Abstract
The purpose of this study was to evaluate down-regulation of tumor necrosis factor (TNF)-α by
oral RNA interference therapy. Control (scrambled sequence) or TNF-α specific small interfering
RNA (siRNA) was encapsulated in type B gelatin nanoparticles and further entrapped in
poly(epsilon-caprolactone) (PCL) microspheres to form a nanoparticles-in-microsphere oral
system (NiMOS). Upon confirmation of the dextran sulfate sodium (DSS)-induced acute colitis
model, mice were divided into several treatment groups receiving no treatment, blank NiMOS,
NiMOS with scramble siRNA, or NiMOS with TNF-α silencing siRNA by oral administration.
Successful gene silencing led to decreased colonic levels of TNF-α, suppressed expression of
other pro-inflammatory cytokines (e.g., interleukin (IL)-1β, interferon (IFN)-γ) and chemokines
(MCP-1), an increase in body weight, and reduced tissue myeloperoxidase activity. Results of this
study established the clinical potential of a NiMOS-based oral TNF-α gene silencing system for
the treatment of inflammatory bowel disease as demonstrated in an acute colitis model.
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Introduction
Inflammatory bowel disease (IBD), represented by two main phenotypes - Crohn’s disease
(CD) and ulcerative colitis (UC) - is a chronic relapsing condition involving inflammation of
the gastrointestinal (GI) tract. While its aetiology is still unknown, a complex interaction of
genetic disposition, environmental conditions, life style, microbial and immune factors have
been identified as some of the major aspects leading to IBD (1,2). Conventional treatment
consists of anti-inflammatory and immune-suppressive drugs (3), depending on the patient’s
clinical state including extent and severity of the disease. Some medications are effective
measures to combat inflammation in the acute setting, but ineffective in maintaining
remission due to toxicity, dependency and higher relapse rates (4). Another treatment option
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is surgical removal of the inflamed intestinal tissue; however patients have to undergo a
great deal of mental stress and physical suffering. Due to the limitations in efficacy and
safety associated with the current treatment options, development of novel biological
therapies involving selective blockage of mucosal inflammatory pathways, offer potential
for more effective treatment options in IBD.

CD is usually associated with an exaggerated T-helper cell type -1 (Th1) reaction coupled
with excess production of IL-12, IL-17, IFN-γ followed by upregulation of TNF-α and
IL-1β, while UC is linked to a Th2 response, associated with secretion of IL-5 and IL-13
(2,5,6). It is widely accepted that TNF-α plays a central role in the mediation of
inflammation in IBD (7). Thus, most biological therapy strategies are aimed at neutralization
and reduction of this cytokine using specific monoclonal antibodies or soluble receptors via
systemic administration (2,4,5,8–10). While such systemic anti-TNF-α therapy works well
in patients refractory to conventional therapy, serious contraindications and side effects
including opportunistic infections, antibody formation against anti-TNF-α in conjunction
with decreased efficacy of the therapy, and increased occurrence of infusion reactions have
been reported (5,9,10). Other treatment options for IBD include targeting of anti-IL-12
antibodies (11), anti-IL-6 receptor monoclonal antibodies (12) and anti-CD-3 antibody (13),
α4β7 integrins (14) for management of Crohn’s disease and ulcerative colitis, respectively.
Additionally, the concept of gene therapy for treatment of IBD has received significant
attention, while the GI tract offers an ideal target due to the large surface area and access to
the luminal site of inflammation via oral and rectal routes of administration allowing for
local delivery of the treatment.

RNA interference therapy utilizes short interfering RNA (siRNA), usually composed of 20–
25 nucleotides, and is involved in a gene-silencing mechanism through RNA interference
where siRNA can ultimately block the expression of a specific gene, e.g. those expressed in
diseases (15). Thus, application of siRNA can offer a alternative therapeutic strategy to
overcome a disease. Our central hypothesis is that upon administration of siRNA encoding
for one or more of the pro-inflammatory cytokines involved in the disease, their balance can
temporarily be restored offering potential treatment of IBD. For example, it has been shown
that pharmacological reduction of TNF-α decreased the severity of the disease in animal
models and humans (16). While many siRNA studies are focused on cancer therapies
(17,18), some include treatment of inflammatory disease (15,19–21). Currently, the biggest
hurdle in gene silencing remains delivery and stability due to rapid degradation of siRNA in
the cytoplasm and plasma (22). For this purpose, encapsulation and delivery mechanisms
have been employed involving various systems including viral vectors (23), nanoparticles
(20), polymer-based vehicles (21,24) or liposomal vesicles (15). Some success has been
reported in systemic administration (15,18–20), although only very few studies discuss oral
delivery of siRNA particles (21). Additionally, several companies, such as Novartis and
Cequent, have programs in oral siRNA delivery for different types of diseases.

Among the challenges of oral siRNA delivery is to ensure a minimal degradation of the
payload by gastric and intestinal enzymes, with maximized residence time of particles in the
intestine. This allows for sufficient interaction with target cells, aiding in cellular uptake and
endosomal release for efficient silencing in the cytosol. To this purpose, we have previously
developed multicompartmental NiMOS carrying the hydrophilic labile payload in the
innermost nanoparticulate phase of gelatin, released over time by a controlled degradation of
the outer layer (25–27). This platform has been shown to efficiently encapsulate plasmid
DNA, enable intracellular uptake, and nuclear transport while being safe and efficient for
gene transfection (26,27). Moreover, we have shown that the microspheres with sizes
smaller than 5μm will promote localization in the intestine by delivery of gelatin
nanoparticles to the enterocytes, epithelial and other cells at these sites once the PCL matrix
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is degraded by lipases abundantly present in the intestinal tract allowing for endocytosis
(28). As such, it can be described as an effective system for siRNA encapsulation and
delivery. In this preliminary study, we have encapsulated inactive (scrambled) or TNF-α
specific siRNA in gelatin nanoparticles forming NiMOS to evaluate the potential of oral
delivery by showing evidence or oral TNF-α gene silencing in IBD by administration in a
DSS-induced acute colitis mouse model.

Materials and Methods
Formulation of gelatin nanoparticles and NiMOS encapsulating siRNA

Gelatin nanoparticles (Type B, 225 bloom strength, MW 40,000–50,000, 100–115 mM of
free carboxylic acid per 100g of protein, pI of 4.7–5.2) were exactly prepared as described
before (25,29,30). In brief, siRNAs were mixed with aqueous gelatin solutions (pH 7.0) and
pre-incubated for 10 min at room temperature followed by controlled precipitation of
siRNA-containing or blank gelatin solutions with the aid of ethanol as the non solvent.
Desalted and annealed siRNAs were obtained from Dharmacon (Lafayette, CO); their
sequences are shown in supplementary Table S1. In the final blend, the ethanol-to-water
volume ratio was kept constant at 65:35. The resulting nanoparticles were centrifuged at
32,000rpm for 45 min, purified and lyophilized. The nanoparticle-in-microspheres-oral
delivery system (NiMOS) was manufactured by utilizing the “double emulsion-like”
technique, which has been employed previously by numerous other researchers (25,30) and
is frequently used for production of microparticulate delivery systems in the pharmaceutical
industry (31,32).

Characterization of gelatin nanoparticles and NiMOS encapsulating siRNA
Particle size analysis—Freshly prepared nanoparticle formulations were characterized
for the mean particle size of the droplets using the Malvern Zetasizer Nano ZS 90 apparatus
(Westborough, MA) at a 90° scattering angle. NiMOS were characterized for particle size
and size distribution using Multisizer™ 3 from Beckman Coulter (Fullerton, CA). All sizing
measurements were carried out at room temperature.

Scanning electron microscopy (SEM)—Lyophilized blank or loaded gelatin
nanoparticles and NiMOS samples were sputter coated with gold-palladium to minimize
surface charging and evaluated according their surface morphology with a Hitachi S4800
(Pleasanton, CA) field emission scanning electron microscope.

Determination of siRNA loading in gelatin nanoparticles and NiMOS—siRNA-
loaded gelatin nanoparticles and NiMOS were prepared as discussed above. Encapsulation
efficiency of siRNA in these formulations was determined by dissolving a known amount of
sample (~50mg) in phosphate buffered saline (PBS, pH 7.4) containing 0.2mg/ml protease
(Sigma, St. Louis, MO)at 37°C until a clear solution was obtained. Released siRNA was
quantified using the PicoGreen® assay (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. The intensity of fluorescence which is proportional to the
PicoGreen® bound siRNA was measured at an excitation of 485nm and emission of 520nm
wavelengths using a Perkin Elmer LS50B spectrophotometer (Norwalk, CT). FLWINLAB®
software was used for processing and analysis of resulting data.

Evaluation of siRNA loading in NiMOS was carried out as described before (28). Briefly,
~100mg of sample was added to 1ml of dichloromethane to dissolve the PCL matrix and
liberate the gelatin nanoparticles. To this organic PCL-dicholoromethane mixture, an equal
amount of distilled deionized water was added. After careful separation of the aqueous from
the organic phase, gelatin nanoparticles underwent the same procedure as described above to
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measure the final siRNA loading efficiency in the NiMOS using the PicoGreen®

quantitation assay.

siRNA stability—To ensure that the manufacturing process of gelatin nanoparticles of
NiMOS did not affect the integrity of siRNA, stability of encapsulated siRNA was assessed
by agarose gel electrophoresis. Additionally, the integrity of the payload in the presence of
RNAse A was determined. To this purpose, a sample of siRNA containing NiMOS was
treated with RNAse A for 20min at 37°C followed by inactivation of the enzyme and
extraction of siRNA from loaded nanoparticles by protease digestion of the gelatin matrix
that were extracted in the same manner as discussed above. After siRNA release from
microspheres and nanoparticles, samples were added to the wells of a 4% (w/v) pre-stained
E-gel™ (Invitrogen) and run against a 10bp ladder, naked siRNA, naked siRNA treated with
protease, and naked siRNA treated with protease and RNAse A as controls on an E-gel™
electrophoresis system. After a 40 min run at 70V, the image was recorded under UV light
and processed with the Kodak imaging software.

In Vivo Evaluation and Gene Silencing and Efficacy
Experimental Animals—All animal studies involved were performed in accordance with
the experimental protocol approved by the Institutional Animal Care and Use Committee at
Northeastern University (Boston, MA). Female Balb/c mice (6–8 weeks, ~18–20g) were
purchased from Charles River Laboratories (Wilmington, MA). Animals were randomly
assigned to groups of 4 mice per cage and acclimatized for 10 days before the start of the
study. The mice were housed in rooms at a controlled temperature of 22°C and 26%
humidity, with light-dark cycles of 12 hours and fed with water and a standard pellet at
libitum except when fasted overnight to prepare for the oral gavage.

Induction of acute colitis using dextran sodium sulfate (DSS)—Animals were
randomly assigned to ten groups (n=4). Acute colitis was induced in mice by addition of
3.5% (w/w) DSS (MW 36,000 – 50,000) in their drinking water for the duration of the
study, while one control group (n=8) received regular tap water throughout the course of the
study. DSS solutions were freshly prepared on daily and mice were monitored every day for
their health condition (33). The acute disease model was confirmed by evaluation of weight
loss, stool consistency, rectal bleeding, and tissue histology. At day 10 and 14 of the study,
animals were sacrificed by CO2 inhalation followed by cervical dislocation and tissue was
processed as described below.

Oral siRNA administration in DSS colitis-induced Balb/c mice—On day 2, 4, and
6 of the study, mice of all groups including controls were fasted overnight followed by
administration of blank NiMOS (unloaded particles), scrambled or TNF-α siRNA loaded
NiMOS (1.2mg/kg body weight in 200μl final volume) per animal by oral gavage using a
blunt-tipped feeding needle inserted into the esophagus equivalent to three doses of NiMOS
formulations per group. An additional control group consisted of animals receiving no oral
treatment throughout the course of DSS exposure (DSS control). It is worth mentioning that
this study represents a preliminary evaluation of the formulation rather than a full-fledged
body of work. Additional studies are needed to examine chronic benefits as well as potential
toxicity of the formulations.

At predetermined time points of 3 and 7 days post-administration (day 10 and 14,
respectively), 4 animals per time point and group were sacrificed. After euthanasia, the large
intestine was surgically removed and carefully washed with PBS for histological analysis of
the tissue sections and determination of cytokine and murine TNFα –mRNA levels by
Multiplex ELISA and real-time PCR, respectivley.
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Isolation of RNA from colon tissue and quantitative polymerase chain
reaction—Tissue samples obtained from the large intestine were stored in RNAlater®

(Applied Biosystems Inc., Foster City, CA) at 4°C for two days to allow enough time for
tissue penetration followed by removal of excess liquid and storage of tissue at −70°C until
processing. RNA was isolated from tissue samples using the guanidine isothiocyanate
method supplied in the RNAqueous® - 4PCR kit (Applied Biosystems Inc., Foster City,
CA) according to the manufacturer’s protocol. The isolated RNA from the tissue samples
was quantified using the NanoDrop 1000 (Thermo Fisher Scientific Inc., Wilmington, DE)
UV-Vis spectrophotometer.

Synthesis of cDNA from isolated mRNA by reverse transcription—After
determination of the RNA concentration, cDNA was synthetized from RNA using the
Superscript III First-Strand Synthesis SuperMix for qt-PCR (Invitrogen, Carlsbad, CA). The
preparation for reverse transcription of RNA samples was performed on ice and in
accordance with the manufacturer’s recommendation. A volume corresponding to 1 μg of
RNA as determined by UV spectrophotometric analysis was used for the synthesis process.
Samples containing cDNA were diluted to a final volume of 100μl and used for subsequent
quantitative real time PCR.

Quantitative analysis of cDNA by quantitative polymerase chain reaction—
Quantitative real time polymerase chain reaction (qPCR) was performed on cDNA samples
obtained from large intestinal tissue to determine the levels of mRNA transcript. L32 gene
expressing the L32 ribosomal protein served as a control. Pre-diluted cDNA was mixed with
0.2 μM of primer pair detecting the murine TNF-α or L32 construct and SYBR® Green pcr
master mix and pipetted into an ABI Prism™ 96-well optical reaction plate (Applied
Biosystems, Foster City, CA). The sequences of the primers used are shown in
supplementary Table S1. The quantitative PCR reaction was performed in the 7300 Real-
Time PCR System from Applied Biosystems using the following cycle program: 40 cycles
95°C for 15 seconds; 60°C for 1 minute. Results obtained from the PCR reaction were
analyzed by comparative Ct analysis to determine the relative amount of murine TNF-α
cDNA in the samples.

Determination of tissue murine cytokine expression levels by ELISA—For
subsequent ELISA and measurement of myeloperoxidase activity, samples of the entire
large intestine were homogenized in lysis buffer (1M TRIS, pH 7.4; 0.5M EDTA, pH 8.0;
5M NaCl, 10% (w/v) Brij, 10% (v/v) Tween 20), supplemented with proteinase inhibitor, on
ice to extract the proteins from the tissue samples. Protein containing supernatant was
separated by centrifugation at 13000g for 30min at 4°C and stored at −70°C until analysis.
The Q-Plex™ Mouse Cytokine Screen ELISA obtained from Quansys Biosciences (Logan,
UT) was used to measure changes in concentration of a series of pro- and anti-inflammatory
cytokine (TNF-α, IL-1α, IL-1β, IL-2, IFN-γ, IL-5, IL-6, IL-12p70, IL-17, MIP-1α, MCP-1,
and GMCSF) in the large intestine of colitis-induced Balb/c mice according to the
manufacturer’s protocol. Luminescence intensity of each sample was measured and the
concentration of each cytokine was analyzed with a five-parameter curve fitting using the Q-
View™ software (Quansys Biosciences). Cytokine concentrations obtained from the
multiplex ELISA were normalized against the total protein content of each individual
sample as determined by bicinchoninic acid assay (Pierce, Rockford, IL). Values are
expressed as pictogram (pg) or femtogram (fg) of murine cytokine expressed per mg of total
protein content of each sample and represent mean ± S.D. of four mice.

Histological analysis of tissue sections by H&E staining—Tissue samples were
evaluated for mucosal architectural change, cellular infiltration, inflammation, goblet cell
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depletion, surface epithelial cell hyperplasia, and signs of epithelial regeneration by using
light microscopy of hematoxylin and eosin survey staining (33,34). These values were used
to assess the degree of mucosal damage and repair in treatment and control groups. Tissue
samples harvested from distal regions of the non-/inflamed colon were stored in 10%
formalin solution at 4°C for at 7 days to fix the tissue. After that, samples were washed with
PBS to remove excessive formalin solution and then transferred to 30% (w/w) sucrose
solution for 2 days to prepare for subsequent cryosectioning of the tissue with the purpose of
protection from freezing damage. Tissue sections with a thickness of 7 μm were stained with
haematoxylin and eosin according to protocols supplied by the manufacturer followed by
imaging using bright-field microscopy (Olympus BX51TRF, Olympus America, Center
Valley, PA).

Determination of tissue myeloperoxidase activity—Tissue myeloperoxidase
activity was detected with the FluoroMPO assay purchased from Cell Technology, Inc.
(Mountain View, CA). In preparation of this, tissue samples were minced in
hexadecyltrimethylammonium bromide buffer (0.5% in 50mM phosphate buffer) on ice and
homogenized. The homogenate was sonicated, subjected to a freeze- thaw cycle and
centrifuged at 10,000 rpm for 3 minutes. A certain known amount of the tissue lysate
supernatant was combined with the detection mix containing H2O2, a non-fluorescent
detection reagent and 1× assay buffer. The detection reagent is oxidized in the presence of
hydrogen peroxide and MPO to produce its fluorescent analog which was measured at an
excitation wavelength of 530nm and emission at 590nm. Reported values a normalized to
mg of total protein content of the sample.

Statistical Analysis—All data shown are represented as mean ± standard deviation
(S.D.). Statistical differences between DSS control and TNF-α NiMOS, TNF-α and
scramble sequence-containing NiMOS, and between blank and TNF-α NiMOS groups were
determined on both time points using the Student’s t-test. P-values less than 0.05 were
considered significant; and only significant differences are shown for the sake of clarity.

Results
NiMOS for oral siRNA delivery

An illustration of NiMOS and scanning electron micrographs of siRNA encapsulating
gelatin nanoparticles and microspheres is shown in Fig. 1a. Using the solvent displacement
method, we were able to produce spherical gelatin nanoparticles encapsulating siRNA with a
mean diameter of 279.2±3.2nm. For additional protection from pH and enzymatic
degradation during the gastrointestinal transit, the nanoparticles were further encapsulated in
PCL microspheres to create NiMOS. These were of fairly uniform shape and size with a
relatively smooth surface morphology, and diameters ranging from 2.4 μm to 3.0 μm for
siRNA encapsulating and blank microparticles, respectively (Fig. 1b).

To ensure that siRNA was not affected during the manufacturing processes and that particles
can efficiently protect this payload in the presence of degrading enzymes, the stability of
extracted siRNA was evaluated by agarose gel electrophoresis. As previously shown,
NiMOS formulation remain stable under acidic gastric conditions and release the gelatin
nanoparticles only in the intestinal pH in the presence of lipase (28). As such, the siRNA
stability studies were performed under neutral conditions in the presence of RNAse to show
stability of encapsulated duplexes after processing. We found that encapsulation does not
affect the structure or size of siRNA (Supplemental Fig. S1). For example, siRNA from
gelatin nanoparticles (lane 5) and NiMOS (lanes 7, 8) had the same size as control siRNA
(lane 2). Furthermore, protease addition had no adverse effect on siRNA (lane 3).
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Additionally, NiMOS appeared to have a protective effect on the payload. This was
demonstrated by the band in lane 7; NiMOS were exposed to RNAse A followed by
inactivation of the enzyme and extraction of the siRNA revealing a fragment with the same
size as control counterparts. However, siRNA released from gelatin nanoparticles was
completely degraded when exposed to protease and RNAse, (lanes 6, 9). Exposure of
NiMOS to protease alone did not liberate siRNA (no band; lane 11). Quantification of
encapsulated siRNA revealed a loading efficiency of 90.2±5.4% in gelatin nanoparticles.
Final siRNA loading efficiency in NiMOS was measured to be 55.2±2.8% of the added
siRNA.

DSS-induced acute colitis model
After 5 days of DSS administration in drinking water, mice showed typical symptoms of
IBD including weight loss, diarrhea, rectal bleeding, and signs of inflammation as evidenced
by elevated myeloperoxidase levels, a significant degree of white blood cell infiltration, and
abnormal mucosal architecture including goblet cell depletion (Supplementary Fig. S2). The
expression profile of TNF-α exhibited highest levels on day 10 of the study before and after
which the values were decreased. For this reason, day 10 was chosen as the first time point
for evaluation of RNA silencing and its effects on the severity and symptoms of the acute
colitis disease model since differences were expected to be at a maximum level at this time
point. A second time point was chosen to be seven days after the last oral administration
(day 14) to study if the effect of RNA silencing was still persistent.

TNF-α gene silencing
From day 1, female Balb/c mice (6–8 weeks) were induced with acute colitis by addition of
3.5% (w/w) (DSS) in their sole source of drinking water for the duration of the study, while
one control group (n=8) received regular tap water during this time. Mice were monitored
daily for their health condition including weight loss and stool consistency; after 5–6 days,
the disease model was established. Simultaneously, blank or siRNA encapsulating NiMOS
(1.2 mg/kg body weight) were orally administered to groups of four animals on day 3, 5, and
7 after an overnight fasting period, as food in the stomach and other sections of the
gastrointestinal tract is known to interfere with dosing and analysis upon administration of
the formulations. RNA silencing and its effects on the severity and symptoms of the disease
model was evaluated at predetermined time points of 10 and 14 days of the study. Four
animals per time point and group were sacrificed and their large intestine surgically removed
and prepared for subsequent analysis of tissue sections and determination of mRNA and
cytokine expression levels. Controls comprised non-treated animals (healthy control group
receiving tap water and DSS control administered with DSS water) and NiMOS groups
(blank or scramble NiMOS) treated the same as the TNF-α NiMOS group but were instead
orally administered with unloaded or inactive/scramble NiMOS. These controls were
included in the study to observe potential unspecific or off-target effects.

Quantitative real time PCR (qPCR) analysis was performed to assess expression of murine
TNF-α at the mRNA level on day 10 and 14 of the study (Fig. 2a). On day 10, the TNF-α
mRNA transcript was lowest in the treatment group receiving TNF-α siRNA encapsulating
NiMOS. At this time point, the highest expression levels of the cytokine were observed in
the control administered with blank NiMOS which was statistically significant compared to
the TNF-α group, while variations between scramble and TNF-α NiMOS groups were not.
Slight divergences were observed on day 14 in TNF-α mRNA levels of animals receiving
blank, scramble, or TNF-α NiMOS, while the transcript level in the DSS control was highest
on both time points and variations in expression patterns between TNF-α and scramble
NiMOS administered groups were statistically significant.
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Furthermore, murine TNF-α protein levels were determined using a commercially available
ELISA (Fig. 2b). Overall, the group receiving TNF-α NiMOS had the lowest expression
levels at both time points with an approximate three-fold decrease on day 14. TNF-α levels
were higher in blank and inactive NiMOS groups on both days compared to TNF-α NiMOS
animals and were of statistical significant differences. However, these levels of protein
concentration were lower than in the DSS control group on both time points, which can
potentially indicate some off-target effects of NiMOS. Here, we observed an approximate 5-
fold increase as compared to levels measured in TNF-α NiMOS treated animals. It is worth
mentioning that while blank NiMOS and NiMOS containing control scrambled siRNA
sequences appear to have a certain degree of activities themselves, they do not exhibit the
same potent gene silencing as well as down-stream biological effects as those shown with
TNF-α specific siRNA duplexes in NiMOS. As will be discussed in the following
paragraphs, cytokine levels and tissue histological evaluations for the assessment of
therapeutic efficacy clearly show that the biological effect is siRNA specific.

Pro-inflammatory cytokine and chemokine profiles
Expression profiles of pro-inflammatory cytokines and chemokines upon oral administration
of three doses of NiMOS was measured by ELISA (Fig. 3). Overall, pro-inflammatory
cytokines were the lowest in the healthy group (control) that was not exposed to DSS.
Therefore, no colitis was induced and no features of inflammation were exhibited.
Expression of interleukin (IL)-1β was up-regulated on day 10 in the DSS control group
reaching values of 135 pg/mg total protein (Fig. 3b). We observed no substantial decrease in
concentration on day 14 in this group. Further, there was no statistically significant
difference between NiMOS groups. However, on day 14, concentrations of IL-1β were
lowest in the TNF-α NiMOS group in contrast to all other colitis groups showing a 3-, 2-,
and 1.5-fold down- regulation compared to the DSS control, blank and inactive NiMOS,
respectively. Of all the colitis-bearing animals tested in the study, the lowest concentrations
of IL-2, IFN-γ, IL-5, IL-6, and IL-12 p70 (Fig. 3c–f) were measured in the inactive NiMOS
group on day 10, indicative of an unspecific reaction in that group, while IL-12p70 levels
were the highest in the TNF-α NiMOS group. Statistically significant differences were
observed between the TNF-α and scramble NiMOS group in expression profiles of IL-2,
IL-5, and IL-6 on both time points and of IFN-γ on day 10. The DSS control had the highest
expression levels for the remaining cytokines. As observed in IL-1β, levels of the pro-
inflammatory cytokines mentioned above were significantly lower in TNF-α NiMOS
animals than in the colitis control group and mock-treatment groups on day 14. On day 10 of
the study, levels of granulocyte macrophage colony-stimulating factor (GMCSF) and
monocyte inflammatory protein (MIP)-1α did not show any significant variations in all three
NiMOS groups; levels were ~1.8 and 13 pg/mg total protein, respectively, while the
remaining colitis group reached concentrations of about 2.5 fold of these values (Fig 3g). It
should be noted, that the normal concentration of GMCSF was measured to be 0.65 pg/mg
total protein, while MIP-1α values were below the detection limit of the assay. Fig. 3h
shows that both chemokines were significantly decreased on day 14 in the TNF-α NiMOS
group, reaching values of 0.45 pg GMCSF and 4.5 pg MIP-1α per mg total protein for all
colitis groups. This is equivalent to a 10-fold and more than a 6-fold decrease of the
chemokines as compared to the colitis group and a 6-fold and 3-fold decrease compared to
the blank and scramble NiMOS, respectively. Blank and scramble NiMOS exhibited similar
levels of these two chemokines, with values of approximately 2.7 pg GMCSF and 13 pg
MIP-1α per mg total protein. A similar trend was observed for monocyte chemotactic
protein (MCP)-1 for day 14.
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Colonic tissue histopathology
H&E stained cryosections from the large intestine were evaluated for changes occurring at
the histological level upon induction of acute colitis and treatment of inflammation with
TNF-α NiMOS (Fig. 4). Tissue sections from animals within each group exhibited similar
histological features. However, for the sake of space, only sections of one animal per group
are shown as a representative. Tissue from the control group had normal colon histology
bearing no signs of inflammation or disruption of healthy tissue morphology, serving as the
baseline for comparison to the remaining samples. In contrast, intestinal tissue from the DSS
control, the group receiving blank NiMOS, and scramble NiMOS group exhibited clear
signs of inflammation including cell infiltration, goblet cell depletion, and irregular mucosal
structure as described before (33), which did not substantially subside as the study
progressed. On the other hand, tissue from the TNF-α NiMOS group showed a considerable
decrease in the level of inflammation and exhibited a morphological tissue structure
resembling that of healthy baseline tissue presenting signs of epithelial regeneration.

Therapeutic efficacy
Changes in body weight of colitis-induced mice were evaluated after administration of
various treatments in comparison to the control (Fig. 5). On days 2, 4, and 6, mice from all
groups were fasted overnight for consistency, as food in the stomach and other sections of
the gastrointestinal tract is known to interfere with dosing and analysis upon administration
of the formulations. The following morning they were orally administered with blank, TNF-
α or scramble NiMOS. Since fasting caused a weight loss of approximately 10% in all
groups (Fig. 5a), mice were administered every other day to allow for normalization of body
weight to occur. The weight in the control group stabilized after the last administration
leveling out at approximately 5% higher than the weight at the beginning of the study.
Weight loss for the DSS control, blank and scramble NiMOS animals was quick after the
last oral administration with respective values of 19, 26, and 18% loss of original body
weight on day 14. Of all colitis groups, the smallest weight loss of approximately 8% was
observed in the TNF-α NiMOS group. Moreover, general appearance was much closer to a
healthy mouse in this group with no severe symptoms of colitis as opposed to the remaining
colitis mice described before, which exhibited the classical features associated with acute
colitis in a considerable number of animals (35). However, there was a slight decrease in
body weight after the last oral treatment, which started to increase again on day 11. The
faster recovery of body weight in the TNF-α NiMOS compared with the DSS control, blank
or scramble NiMOS group was statistically significant (p=0.015, p=0.040, and 0.049,
respectively). Colon length was assessed and is reported in Fig. 5b. Control mice had a
colon length of approximately 8.8 cm. A significant reduction in colon length was observed
upon induction of DSS colitis with values of approximately 6 cm and is in good agreement
with observation reported before (35). Mice treated with blank and scramble sequence
siRNA NiMOS also exhibited statistically significant shortening of the colon comparable to
the colitis control. For the TNF-α NiMOS group, an increase in colon length to almost 8 cm
was observed, which was much closer to the baseline compared to the remaining colitis
groups.

Additionally, the activity of myeloperoxidase was measured as an index marker of
inflammation based on the infiltration of activated neutrophils (Fig. 5c) (36). Approximately
4 mU and 3 mU/mg total protein were detected in mice upon induction of DSS colitis on day
10 and 14, respectively, which was comparable to the activity observed in the tissue of blank
and scramble NiMOS treated animals. MPO activity was lower in the TNF-α NiMOS group
at both time points, reaching values of 3.4 and 3.1 mU/mg total protein, respectively. It is
worth mentioning, that on day 14, differences in activity between DSS control and TNF-α
NiMOS group as well as between TNF-α and scramble NiMOs group were statistically

Kriegel and Amiji Page 9

J Control Release. Author manuscript; available in PMC 2012 February 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significant, while this value was not substantially reduced compared to the activity detected
in other colitis mice; however it was slighter lower than the baseline value of the healthy
control group. This data supports the findings from our histological analysis, where we
observed a higher degree of inflammation in DSS control, blank and scramble NiMOS
groups, with a slightly lower infiltration on day 14.

Discussion
Due to the limitations associated with the safety and efficacy of conventional IBD treatment,
biological therapies are becoming increasingly attractive. With this study, we are attempting
to enter into a new era of local IBD treatment that combines positive aspects of RNA
interference with the safety of biodegradable polymeric nano- and microparticulate systems
enabling a localized treatment through oral administration of siRNA rather than using the
traditional systemic approach as reported before (15,20). This option might offer several
advantages including lower/fewer doses due to localized therapy and no relative dilution of
the agent associated with systemic administration, fewer side effects and higher efficacy.
The study conducted by Aouadi et al. was one of the first reports of oral siRNA delivery
(21). They utilized an encapsulation and delivery system based on β1,3-D-glucan-shells
(GeRPs) derived from baker’s yeast and observed reduced levels of systemic Map4K4
mRNA in macrophage enriched cells.

We have studied a biodegradable and biocompatible polymeric microsphere based system
for oral siRNA delivery. Our previous studies (28) showed that while control gelatin
nanoparticles traversed quickly through the gastrointestinal tract upon oral administration,
NiMOS had a longer residence time in the small intestine and eventually did accumulate and
released their payload in the large intestine. In this study, NiMOS were not targeted to a
specific cell population, but expected the released gelatin nanoparticles to be taken up by the
enterocytes or immune cells in the colon leading to silencing of upregulated TNF-α in this
inflammatory model. Results from our in vitro stability study support our hypothesis that
NiMOS can effectively protect the siRNA encapsulated within the nanoparticles inside PCL
microspheres from the gastrointestinal barriers and degrading proteolytic enzymes; and
release is expected to occur in the intestines at the site of inflammation. However, in vivo
siRNA release studies are difficult to conduct due to rapid degradation of the released
nucleic acid constructs and abundant presence of contamination in the GI fluid. As such, we
have relied on qPCR and Western blot analysis of gene silencing to support release and
intracellular delivery of siRNA from NiMOS. Additionally, the TNF-α gene silencing
siRNA sequence for this study was selected from the report by Sorensen et al. (15), whose
group has performed an extensive analysis with several different anti-TNFα sequences in an
in vitro assay and selected this particular one as the most potent. While an unmodified
siRNA can be potent triggers of the innate immune responses and this could influence the in
vivo activity of siRNA owing to off target effects and toxicities associated with immune
stimulation, we are convined that any off target effects resulted from this sequence is
minimum or none in this case as the TNF-α levels detected (both by mRNA and protein) in
the group of mice that had TNF-α siRNA treatment was the least compared to all the other
study groups. TNF-α is one of the inflammatory cytokines that is responsive to off target
effects and one would expect to see an increase in the levels of this cytokine, if there is an
immense off target effect. NiMOS were orally administered to DSS-induced colitis mice
followed by evaluation of efficiency and feasibility of RNA silencing involved in
inflammation. The disease model was chosen because it is one of the most frequently used
rodent IBD models, first discussed by Okayasu et al. in 1990 (35). Supplying DSS in the
drinking water of animals at libitum provides a predictable onset and course of the disease
and lower risk of mortality (33). However, variations of cytokine levels observed in this
study are potentially due to the levels of inflammation occurring in the animals (e.g., Fig. 2b
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and Fig. S2c). In this acute colitis model, the amount of consumed DSS depends on the
volume of water which can be highly variable amongst different animals. Additionally,
modulation of DSS-induced colitis by TNF-α reduction remains ambiguous. While some
studies suggest that TNF-α may play a protective role in the initial phase of DSS colitis (37)
other studies involving siRNA mediated gene silencing have reported decreased severity of
inflammation after downregulation of this protein (20,38).

In the TNF-α NiMOS group, the analysis of real time PCR of both time points showed very
low levels of murine TNF-α, which was similar to the level observed in healthy, control
mice on day 10. This can be attributed to the silencing effect of NiMOS, which was not
observed in remaining colitis-bearing groups. Increased TNF-α mRNA in NiMOS control
groups (blank and scramble) were comparable to levels observed in the DSS control and can
potentially be ascribed to an unspecific immune response elicited by NiMOS and/or inactive
siRNA sequence itself. The siRNA sequence used in this study was not modified, so that an
elicitation of the immune system becomes possible. Although this is the case, any off target
effects that could be resulting from this sequence is believed to be minimum or none in this
study as the TNF-α levels detected (both by mRNA and protein) in the group of mice that
had TNF-α siRNA treatment was the least compared to all the other study groups. Given the
fact that TNF-α is one of the inflammatory cytokines that is responsive to off target effects,
one would expect to see an increase if there is an immense off target effect. However, future
studies will be performed including modified and non-immune stimulatory siRNA as control
to address this issue. Also, different target-specific siRNA sequences capable of silencing
TNF-α will also be incorporated to study potential off-target effects arising from the
encapsulation system or the siRNA itself.

On day 14, a relative decrease in expression of TNF-α mRNA was observed in all NiMOS
groups which can potentially be attributed to a complex interplay of pro-and anti-
inflammatory cytokines resulting in compensatory responses due to induction of colitis.
ELISA results were in good correlation with real time-PCR analysis. Lower levels of TNF-α
were observed in TNF-α NiMOS animals as compared to the remaining colitis-bearing
groups at both time points and most cytokines on day 14 indicating the high potential of
TNF-α siRNA NiMOS for oral administration and RNA silencing, while elevated levels of
pro-inflammatory cytokines where detected in blank and scramble NiMOS groups. Based on
our initial hypothesis, lower expression of many cytokines due to down-regulation of TNF-α
could likely result in alleviation of inflammation at the disease site. This was also reflected
in the smaller degree of weight loss and in colon tissue morphology which showed signs of
regeneration with only few abnormalities. On the other hand, tissue from other groups
showed clear signs of inflammation including cell infiltration, ulcers and destruction of
regular mucosal architecture. Shortly after the last administration of all three NiMOS doses,
downregulation of the cytokines was not as pronounced in the TNF-α group, and expression
levels were slightly higher compared to remaining NiMOS controls. This effect could be
attributed to the specificity of the TNF-α siRNA, which resulted in silencing of TNF-α and
had no immediate effect on other markers after a short time. Also, lower expression of TNF-
α due to silencing in this group preceded the downregulation of other pro- inflammatory
cytokines. Moreover, we saw a reduction of expression on day 14 in certain chemokines
such as GMCSF, MIP-1α, and MCP-1, which are markers regulating cell infiltration at
disease sites, thus directly contributing to inflammatory responses. For example, systemic
administration of MIP-1α has been shown to considerably aggravate colitis in mouse models
(39). Thus, lower expression levels of MIP-1α as observed in TNF-α NiMOS groups
indicates alleviation of the disease suggesting the therapeutic efficacy of TNF-α silencing
treatment. However, inactive and blank NiMOS had some effect on downregulation of
IL-1β, IL-5, MIP-1α, and GMCSF compared to the DSS control on day 10. As mentioned
before, NiMOS itself as well as un-modified siRNA sequence used might have an immune-
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modulatory effect and can affect some of the results; thus, it is an important control in this
study.

While this system needs further improvement and optimization, results show the potential of
NiMOS as a therapeutic option for treatment of IBD. Furthermore, silencing of TNF-α
might not be sufficient to diminish the severity of the disease in this scenario, so that future
projects will involve orally administered formulations encapsulating a combination of
therapeutic siRNA to silence proteins of interest locally at the disease site and allow for the
treatment of inflammatory bowel disease.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Schematic representation of the NiMOS and the scanning electron micrographs of small
interfering RNA (siRNA)-encapsulated type B gelatin nanoparticles and siRNA-containing
NiMOS and (b) the particle size and siRNA encapsulation efficiency in gelatin nanoparticles
and NiMOS.
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Figure 2.
Murine TNF-α expression upon oral delivery of siRNA against TNF-α using NiMOS in a
dextran sulfate (DSS)-induced acute colitis mouse model. a) Quantitative real time-PCR
analysis performed on samples of the large intestines obtained from control and
experimental treatment groups showing lower mRNA transcript upon oral administration of
siRNA with NiMOS. b) Levels of TNF-α as determined by ELISA.
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Figure 3.
Cytokine and chemokine profiles in the GI tract of control and TNF- a silencing siRNA
administration using NiMOS. Concentrations of a) Interferon gamma (IFN)-γ), b)
Interleukin (IL)-1β, c) IL-2, d) IL-5, e) IL-6, and f) IL-12 p70 as well as (g,h) chemokines in
the large intestine are shown.
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Figure 4.
H&E stained sections of the colon harvested from each group at days post-administration.
Images of tissue cryosections obtained on day 10 and day 14 of the study are shown at
magnifications of 10× and 40× of the original size. Occurrence of goblet cells is indicated by
red arrows; cell infiltration and abnormal tissue histology is indicated by black arrows.
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Figure 5.
(a) Percent change in body weight of Balb/c mice upon continuous exposure to DSS for
development of acute colitis model. (b) Measurement of colon length on day 14. (c) Tissue
myeloperoxidase activity in the large intestine normalized to the total protein content of each
sample. p< 0.05 = *, Only significant differences are shown.
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