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Intervention of the inflammation cascade with tumor necrosis
factor-a (TNF-0) monoclonal antibodies or receptors repre-
sents a major approach in clinical immunotherapy against
inflammatory diseases, which however, often suffers from
high cost, autoimmunity to antibodies, and various side
effects.l!! siRNA-mediated RNA interference (RNAi) has
recently emerged as a potent modality in regulating gene
expression by suppressing mRNA translation;?¥! its high
efficiency and specificity has made it a promising treatment
paradigm for TNF-a-mediated inflammatory disorders.!*!
The therapeutic potential of siRNA was recently exemplified
by a report of attenuating systemic inflammation by targeting
orally delivered Map4k4 siRNA to gut-associated macro-
phages (GAMs). Owing to the infiltration of GAMs to
systemic reticuloendothelial tissues, Map4k4 siRNA-medi-
ated TNF-a knockdown in GAMs extended to other tissues
and thus induced systemic anti-inflammatory effects.!'")
Despite its biological potency, the clinical potential of
orally delivered siRNA has been hampered by the lack of
efficient delivery technologies. siRNA is anionic, hydrophilic,
and easily degraded by nucleases in the body. As such, it
cannot survive the harsh conditions of the gastrointestinal
(GI) tract or effectively penetrate the intestinal epithelia or
membranes of target cells.”*?!! Hence, an effective carrier is
needed not only to protect siRNA from degradation in the GI
tract but also to improve the intestinal absorption as well as
transfection in macrophages,*? thereby maximizing the in
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vivo RNAI efficiency and anti-inflammatory effect of orally
delivered siRNA.

To address the dearth of techniques for oral siRNA
delivery, here we report the design of supramolecular self-
assembled nanoparticles (SSNPs) that are able to overcome
the absorption and transfection barriers posed by intestinal
macrophages and exhibit remarkable in vivo oral RNAi
efficiency. SSNPs were constructed through the electrostatic
and hydrophobic self-assembly of several rationally designed
or selected building blocks,” including oleyl trimethyl
chitosan (OTMC), poly(y-(4-(((2-(piperidin-1-yl)ethyl)-
amino)methyl)benzyl-L-glutamate) (PVBLG-8), oleyl-PEG-
mannose (OPM), oleyl-PEG-cysteamine (OPC), sodium
tripolyphosphate (TPP), and TNF-a siRNA (Figure 1 A).

Trimethyl chitosan (TMC) is an effective intestinal
absorption enhancer as well as transfection reagent.”*! As
a more hydrophobic derivative of TMC, OTMC with the oleyl
conjugation ratio of 20.3 % was synthesized and expected to
display further enhanced permeation-enhancing and gene
transfection capabilities.”” PVBLG-8 is a cationic a-helical
polypeptide we recently developed®®?” which exhibits potent
membrane activities and gene delivery efficiencies. We
incorporated PVBLG-8 (degree of polymerization (DP)=
195) into the SSNPs in attempt to promote the cellular
internalization and endosomal escape. PVBLG-8 adopts
a superstable a-helical structure between pH 2 and 9 (Fig-
ure S2 in the Supporting Information), making it an ideal
material for oral delivery applications as it is able to maintain
helical secondary structure after passing through both stom-
ach (acidic) and intestinal (weakly basic) environments.
Incorporating OPM is expected to target SSNPs to enter-
ocytes and macrophages that express mannose receptors,*
thus improving the intestinal absorption and macrophage
uptake. OPC will improve the mucoadhesion of SSNPs by
forming disulfide bonds with mucin glycoproteins enriched in
the intestinal mucosa and on cell surfaces.””’ OPM and OPC
were synthesized by conjugation methods and their structures
were confirmed by MALDI-TOF mass spectrometry (Figur-
esS3 and S4 in the Supporting Information). The 2'-O-
methyl-modified siRNA duplex against TNF-a was reported
previously,'**! wherein the 2'-O-methyl modification on the
antisense strand eliminates off-target effects, minimizes non-
specific immune responses, and improves siRNA stability.
With these building blocks, SSNPs are expected to promote
the intestinal absorption of TNF-a siRNA, facilitate RNAi in
macrophages, and thus mediate systemic TNF-o knockdown
against lipopolysaccharide (LPS)-induced hepatic injury.

For the construction of SSNPs, TNF-o siRNA was
condensed with cationic OTMC and PVBLG-8 through
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Figure 1. (A) Schematic illustration, (B) SEM image, and (C) particle
size and zeta potential of SSNPs (bar=200 nm in the SEM image).

electrostatic interactions at an OTMC/PVBLG-8/siRNA
ratio of 100:20:1 (w/w). TPP, incorporated at an optimized
TPP/OTMC ratio of 1:8 (w/w) (Figure S5 in the Supporting
Information), served as an anionic cross-linker for OTMC to
stabilize the complexes.*"! OPM and OPC were incorporated
through intermolecular hydrophobic interactions with OTMC
at a fixed ratio of 1:1:1 (w/w/w). The resulting SSNPs had
a particle size of 128 nm, a zeta potential of 33 mV, and
a spherical morphology (Figure 1B, C). siRNA incorporation
into the SSNPs was confirmed by a gel retardation assay,
which revealed restricted migration of siRNA (Figure S6 in
the Supporting Information). When PVBLG-8, OPM, or
OPC was removed from SSNPs, the particle size and zeta
potential remained unchanged (Figure 1 C), allowing compar-
ison of the biological functions of SSNPs with their PVBLG-
8-, OPM-, or OPC-depleted analogues.

The intestinal absorption of SSNPs and the associated
mechanisms were examined in two in vitro models. The non-
follicle-associated epithelia (non-FAE) model, obtained from
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monocultured Caco-2 cell monolayers, has been widely used
as an in vitro intestinal epithelia model because the cultured
Caco-2 cells differentiate into polarized, columnar cells and
transporting epithelium with well-developed microvilli.??
The FAE model, obtained from Caco-2 cell monolayers co-
cultured with Raji B lymphocytes, additionally contains
a distinctive M cell phenotype.**) We monitored the apparent
permeability coefficient (P,,,) of Cy3-siRNA in these two
models which represented the intestinal transport level.
SSNPs enhanced siRNA transport in both models by 15-18-
fold (Figure2A), which agreed well with their deeper
penetration into the cell monolayers (Figure 2B). Quantita-
tive analysis of the images confirmed an increased depth of
siRNA penetration from 3.2 um (naked siRNA) to 33.8 um
(SSNPs) (Figure 2C). We further noted a 2.9-fold improve-
ment in siRNA transport in the FAE model compared to that
in the non-FAE model for SSNPs (Figure 2 A), suggesting
that a large proportion of the SSNPs were absorbed by
transcellular uptake by M cells (pathway I, Figure 2G), the
most rapid and potent translocation pathway during intestinal
absorption.

In addition to M cell uptake, we also evaluated the
involvement of two other pathways, intracellular uptake by
normal enterocytes (pathway II, Figure 2 G) and paracellular
transport through tight junctions (TJs, pathway III, Fig-
ure 2G). As shown in Figure 2D and in Figure S7 in the
Supporting Information, addition of the SSNPs at the apical
side of the monolayers rapidly decreased the transepithelial
electric resistance (TEER) values, suggesting that SSNPs
opened the TJs to facilitate paracellular siRNA transport.
The underlying mechanisms were explored by immunostain-
ing the TJ-associated proteins (TJAPs), F-actin and ZO-1.
Untreated cell monolayers showed uniformly distributed F-
actin and continuous cell frame distribution of ZO-1 proteins
(control, Figure 2E; Figures S8 and S9 in the Supporting
Information). Upon treatment of SSNPs, F-actin filaments
were redistributed, shortened, and aggregated, and ZO-
1 proteins appeared to be loosened and discontinuous
(SSNPs), indicating that the SSNPs triggered the reconfigu-
ration of TJAPs and opened the TJs.**! After removal of
SSNPs and further incubation for 24 h, the ZO-1 and F-actin
patterns recovered to the untreated state (control), indicating
reversible opening and restoration of epithelial TJs. In the
non-FAE model containing only normal enterocytes, SSNPs
markedly promoted the uptake of Cy3-siRNA (Figure 2F),
suggesting that SSNPs enhanced the transcellular uptake of
siRNA by normal enterocytes. In these experiments, we noted
significantly decreased siRNA transport and uptake in both
models when PVBLG-8, OPM, or OPC were removed from
the SSNPs (Figure 2 A,F). This observation validated our
hypothesis that intestinal absorption of siRNA could be
improved by OPM-mediated targeting of SSNPs to enter-
ocytes and M cells, OPC-mediated intestinal mucoadhesion
(Figure S10 in the Supporting Information), and PVBLG-8-
mediated membrane permeation.

Since macrophages are the target cells for TNF-a siRNA-
mediated gene silencing, we then explored the intracellular
delivery and RNAI efficiency of SSNPs in RAW 264.7 cells.
SSNPs markedly increased Cy3-siRNA uptake levels (Fig-
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Figure 2. Intestinal absorption of Cy3-siRNA-containing SSNPs. A) P,
of Cy3-siRNA across human non-FAE and FAE models (n=3). B) Con-
focal laser scanning microscopy (CLSM) images showing cross-sec-
tions of the FAE model at 5 um increments in the z direction following
SSNP treatment for 4 h (bar=20 pm). C) Penetration depth of Cy3-
siRNA in the FAE model. D) TEER values of the FAE model following
incubation with SSNPs (n=3). E) CLSM images of the FAE model
stained for ZO-1 after treatment with SSNPs (bar=20 um). F) Uptake
of SSNPs in the non-FAE model following 4 h incubation (n=3).

() Intestinal absorption pathways of SSNPs, including transcellular
transport by M cells (pathway 1), uptake by normal enterocytes (path-
way I1), and paracellular transport through transiently opened tight
junctions (pathway Il1). The absorbed SSNPs were transferred either to
GAMs or to systemic circulation.

ure 3A), and internalized Cy3-siRNA was observed in the
cytoplasm (Figure 3 C). When PVBLG-8, OPM, or OPC was
removed from the SSNPs, the siRNA uptake level was
significantly reduced, supporting our design strategy of
enhancing macrophage uptake through PVBLG-8-mediated
membrane penetration, OPM-mediated mannose-receptor
recognition, and OPC-mediated cell binding. The mannose-
receptor-mediated targeting effect was further verified by the
reduced siRNA uptake level when free mannose was added to
competitively occupy the mannose receptors (Figure 3 A).
Because RNAI efficiency is closely related to the intracellular
kinetics, we also probed the internalization pathways of
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Figure 3. SSNPs deliver TNF-a siRNA to macrophages by means of
mannose-receptor-mediated endocytosis and attenuate TNF-a produc-
tion in vitro. A) Uptake of Cy3-siRNA-containing SSNPs in RAW 264.7
cells following incubation for 4 h (n=3). B) Uptake of SSNPs in

RAW 264.7 cells in the presence of various endocytosis inhibitors
(n=3). C) CLSM images showing internalization of Cy3-siRNA-contain-
ing SSNPs in RAW 264.7 cells. Cy3-siRNA-SSNPs co-localized with
FITC-CTB (D, white arrows) rather than with transferrin—Alexa Fluor 635
(E; bar=10 um). Levels of TNF-a (F) and TNF-a mRNA (G) in

RAW 264.7 cells following treatment with SSNPs at 0.1 ugsiRNAmL™".
H) Comparison on the TNF-a knockdown efficiencies of SSNPs and
LPF2000/siRNA complexes at various siRNA doses (n=3).

SSNPs using various endocytic inhibitors.’” NaN,/deoxyglu-
cose (DOG) substantially reduced the uptake of SSNPs,
suggesting that they were mainly internalized through energy-
dependent endocytosis (Figure 3B). The caveolae inhibitors
methyl-f-cyclodextrin (mBCD) and genistein and macro-
pinocytosis inhibitor wortmannin®®" significantly suppressed
SSNP uptake, indicating that both caveolae and macropino-
cytosis were involved in endocytosis. In contrast, chlorpro-
mazine exerted an unappreciable inhibitory effect, suggesting
irrelevance to clathrin-mediated endocytosis.®™ For further
validation, we co-incubated Cy3-siRNA-containing SSNPs
with transferrin—AlexaFluor635 or FITC-cholera toxinB
(FITC-CTB) which are endocytosed by clathrin- and caveo-
lae-mediated pathways, respectively.® Confocal laser scan-
ning microscopy (CLSM) analysis showed that internalized
SSNPs co-localized with CTB (Figure 3E) rather than with
transferrin (Figure 3D), which confirmed the caveolae path-
way for SSNP uptake. As a result of the efficient cellular
uptake, SSNPs inhibited LPS-induced TNF-o. production in
RAW 264.7 cells by roughly 90 % at a siRNA concentration of
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0.1 ygmL™! (Figure 3F,G). In agreement with the decreased
uptake level, omission of PVBLG-8, OPM, or OPC from
SSNPs resulted in a significant decrease in TNF-a knockdown
efficiency. More noteworthy, SSNPs markedly outperformed
Lipofectamine 2000 (LPF2000), exhibiting similar efficacy at
an siRNA dose 10-fold less than that of LPF2000 (Figure 3H)
and 20-100-fold less than that of other nonviral vectors
reported.[>17:3¢]

The ability of orally administered SSNPs to mediate
systemic TNF-a knockdown and anti-inflammatory effect was
evaluated in an LPSh-GalN-induced murine hepatic injury
model. The stability of SSNPs was first evaluated under
simulated conditions. To mimic the pH change in the GI tract,
the pH of the SSNPs suspension was adjusted from 6.8
(intestinal pH) to 1.2 (gastric pH) and then back to 6.8. The
size and zeta potential of the SSNPs were unaffected by pH
changes (Figure S14 in the Supporting Information), suggest-
ing their stability during transit through the GI tract. Like-
wise, dilution of SSNPs with 0.15m PBS (pH 6.8) up to 100-
fold resulted in unappreciable change in their sizes and zeta
potentials (Figure S15 in the Supporting Information), indi-
cating that SSNPs can withstand the extensive dilution by
physiological fluids. Following treatment with mouse serum
or intestinal fluids, SSNPs effectively preserved the siRNA
integrity (Figure S16 in the Supporting Information), sub-
stantiating their desired resistance against nuclease attack.
The biodistribution profiles of orally delivered SSNPs were
then evaluated by using DY800-siRNA. SSNP-treated mice
experienced notably higher siRNA distribution levels in the
liver, spleen, and lung than mice receiving naked siRNA
(Figure 4 A). Combined with the observation of a roughly 20-
fold higher siRNA level in the small intestine, it was
demonstrated that SSNPs promoted both intestinal absorp-
tion and systemic translocation of siRNA. Single gavage of
SSNPs at a dose of 200 pg TNF-o siRNA kg™ reduced mouse
serum TNF-o levels by 80% (Figure 4B) and notably
depleted TNF-a mRNA in macrophage-enriched organs
(liver, spleen, and lung; Figure 4C), which suggested that
the intestinally absorbed SSNPs had infiltrated and trans-
fected macrophages in reticuloendothelial tissues to induce
systemic TNF-o knockdown.'” In accordance with the
intestinal absorption levels and in vitro RNAi efficiencies,
SSNPs without OPM, OPC, or PVBLG-8 showed signifi-
cantly reduced in vivo silencing efficiency (Figure 4B,C),
again substantiating the essential roles of individual compo-
nents in mediating oral absorption and systemic gene knock-
down. As a result of systemic TNF-o knockdown, orally
delivered SSNPs displayed marked anti-inflammatory effects
against LPSDh-GalN-induced acute hepatic injury. LPSh-
GalN challenge elevated serum levels of alanine transaminase
(ALT) and aspartate aminotransferase (AST) (Figure 4D),
and caused animal lethality within 12h (Figure 4E). In
comparison, SSNPs orally administered 24 h before LPSh-
GalN stimulation significantly inhibited the elevation in
serum ALT/AST levels and improved the survival rate.
During necropsy, we noticed that livers from control mice
(only LPSh-GalN treated) had turned yellow or black,
indicating severe lipid accumulation, liver steatosis, and
hemorrhage. While for SSNPs-treated mice, most of the
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Figure 4. Orally delivered SSNPs mediated efficient RNAi against LPS-
induced TNF-a production and protected mice from acute hepatic
injury. A) Biodistribution of DY800-siRNA 2 h after oral gavage of
SSNPs or naked DY800-siRNA (n=3). B) Serum TNF-a level of mice
gavaged with SSNPs at 200 pgsiRNAkg™ (n=6). C) Relative TNF-

o mRNA levels in mouse liver, spleen, and lung 24 h after oral gavage
of SSNPs (n=3). D) Serum ALT and AST levels of mice 5 h after LPS/
p-GalN stimulation (n=4). E) Survival of mice following oral gavage
of SSNPs and i.p. injection of LPS/p-GalN 24 h later (n=10). (F) HE-
stained liver sections from mice 5 h after LPS/p-GalN stimulation
(bar=1 mm).

livers remained normal reddish color, suggesting alleviation
of the hepatic injury. Histological observation on HE-stained
liver sections further confirmed the remarkable therapeutic
efficacy of SSNPs in alleviating inflammatory symptoms,
including congested central vein, infiltrated inflammatory
cells, disarranged hepatocytes, and broken cytolemma (Fig-
ure 4F). It was also noted that 24 h following oral admin-
istration of SSNPs, serum IL-18, IL-6, TNF-a, and IFN-y
levels were not significantly increased (Figure S19 in the
Supporting Information), indicating that SSNPs and TNF-
o siRNA did not activate pro-inflammatory cytokines or
induce IFN-y responses.

Single gavage of SSNPs to induce marked TNF-a silencing
at a low dose of 200 ugsiRNA kg~' demonstrated comparable
efficacy to that of previously reported 1,3-D-glucan particles
(GeRPs), which required a cumulative dose of 160 pgsiR-
NAkg™! by oral administration within eight consecutive
days." For clinical application, oral administration is clearly
superior to i.p. or i.v. injections for existing siRNA delivery
systems in treating TNF-a-associated hepatic injury.?"!
Although oral RNAi against TNF-a has been reported to
treat bowel inflammation,'®%%* the gene knockdown was
localized intestinally rather than infiltrated systemically,
presumably due to inefficient intestinal absorption. There-
fore, SSNPs that mediate effective intestinal absorption and
systemic TNF-a silencing display obvious advantages. A
relative pharmacological bioavailability of about 10% was
noted compared to i.v. injection (comparable TNF-a silencing
efficiency between oral gavage at 200 ug siRNAkg ' and i.v.
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administration at 20 ugsiRNAkg™, Figure S17 in the Sup-
porting Information), which suggested that oral administra-
tion represented a desired delivery route for systemic TNF-
a silencing using multifunctional SSNPs. After SSNPs were
intestinally absorbed by M cells, they could be directly
transferred to the underlying GAMs which infiltrated sys-
temic reticuloendothelial tissues to exert systemic gene
knockdown.”! With the OTMC/OPC-mediated mucoadhe-
sion and OPM-mediated mannose-targeting, SSNPs could be
efficiently taken up by M cells and thereafter be directed to
the underlying GAMs. Their excellent gene silencing capa-
bility thus allowed potent TNF-a knockdown in GAMs and
macrophages enriched in the liver, spleen, and lung, ulti-
mately leading to systemic TNF-a depletion.

In summary, we have rationally designed and developed
multifunctional SSNPs using a supramolecular self-assembly
approach to incorporate materials with specific functions of
mucoadhesion, transepithelial permeation, membrane pene-
tration, and active targeting, which collectively contributed to
the effective circumvention of the various gastrointestinal,
systemic, and cellular barriers toward oral RNAI. To the best
of our knowledge, no other nanoparticle-based delivery
vehicle has been reported so far that possesses all of these
attributes, making SSNPs the first example of a nanocarrier
that simultaneously addresses the material requirements for
mediating effective oral RNAi with a siRNA dose as low as
50 ugkg™' (Figure S18 in the Supporting Information). The
potent RNAI efficiency of SSNPs against systemic TNF-
a production provides an exciting approach for the treatment
of hepatic injury and other inflammatory diseases.
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