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Purpose: The abnormal activation of NLRP3 inflammasome is related to the occurrence and development of ulcerative colitis (UC).
However, the ideal drug and delivery system remain important factors limiting the targeting of NLRP3 inflammasome in UC therapy.
Gene therapy by delivering siRNA is effective in treating various diseases. Therefore, delivering siNLRP3 using an ideal vector for
UC treatment is necessary.

Materials and Methods: Nanoparticles delivering siNLRP3 were developed based on cationic liposome (CLP/siNLRP3). Their
ability to inhibit NLRP3 inflammasome activation was monitored using Western blot (WB) and Enzyme-linked Immunosorbent Assay
(ELISA). The ASC oligomerization in LPS-primed peritoneal macrophages (PMs) was detected by WB and immunofluorescence.
Moreover, we assessed the role of CLP/siNLRP3 on dextran sodium sulfate (DSS)-induced UC by examining NLRP3 levels, pro-
inflammatory cytokines expression, and disease-associated index (DAI). Flow cytometry (FCM) was used to detect the contents of
macrophages and T cells. Finally, we assessed the safety of CLP/siNLRP3.

Results: The prepared CLP was spherical, with a small particle size (94 nm) and low permeability. The CLP could efficiently protect
siNLRP3 from degradation and then deliver siNLRP3 into PMs, inhibiting NLRP3 inflammasome activation. Also, the CLP/siNLRP3
could inhibit the secretion of mature IL-1f and IL-18 from PMs, thereby achieving a favorable anti-inflammation effect. In vivo, CLP/
siNLRP3 could effectively alleviate intestinal injury in UC mice, which was attributed to down-regulating levels of IL-1p and IL-18,
inhibiting infiltration of macrophages and other immune cells, and the polarization of M1 macrophages. Finally, pathological testing of
tissue sections and blood biochemical tests showed no significant toxic effects of CLP/siNLRP3.

Conclusion: We introduced a prospective approach for the efficient delivery of siRNA in vitro and in vivo with high safety and
stability, which was found to have great potential in treating NLRP3-driven diseases in an RNA-silencing manner.

Keywords: cationic liposome, NLRP3, siRNA, macrophage, ulcerative colitis

Introduction

Since the 20th century, tThe incidence of ulcerative colitis (UC) has been increasing over time, negatively affecting
peoples’ health.' UC is a multifactorial induced inflammatory bowel disease (IBD) characterized by chronic recurrent
and remitting mucosal inflammation.** It originates in the rectum and then extends to the proximal segments of the
colon.™® If not timely and adequately treated, it can lead to persistent intestinal damage and an increased risk of
hospitalization, surgery, and even colon cancer.” ® Considering no radical treatment is available, patients with UC must
take life-long medications.'” Therefore, it is an urgent problem for patients and society to find ideal targets and
therapeutic strategies for UC based on mechanism studies.
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The pathogenesis of UC is complex. Studies have suggested that the susceptibility of UC to intestinal mucosal
damage results from a disturbed innate immune response.'"'? Therefore, the modulation of the innate immune response
in the intestine may be crucial for treating UC. The NOD-like receptor (NLR) family, pyrin domain-containing protein 3
(NLRP3) inflammasome is an important contributor to macrophage activation and immune response, composed of the
core molecule NLRP3, the adapter apoptosis-associated speck-like protein containing a caspase recruitment domain
(ASC), and the effector molecule pro-caspase-1.">"'> When sensitized to damage-associated molecular patterns (DAMPs)
or pathogen-associated molecular patterns (PAMPs), NLRP3 inflammasome can be activated, promoting the activation of
pro-caspase-1, which in turn leads to the release of mature interleukin-1p (IL-1B) and interleukin-18 (IL-18).'®!”
Numerous studies have shown that NLRP3 inflammasome is an important regulator of intestinal homeostasis, and the
abnormal activation of NLRP3 inflammasome is involved in the development of UC.""'? Elevated levels of NLRP3 have
been detected in both UC patients and mouse models.'®° Further studies have shown that genetic polymorphisms in
NLPR3 genes were associated with disease progression.”'*> Meanwhile, inhibition of NLRP3 inflammasome activation
or knockdown of NLRP3 expression can down-regulate pro-inflammatory cytokines production and attenuate UC
induced by dextran sulfate sodium salt (DSS).2***2¢ However, no drugs currently target NLRP3 inflammasome for
treating UC in the clinical setting, which may be related to the diversity of the intestinal environment and the lack of an
excellent drug delivery system.

In addition to current therapeutic options, including small-molecule drugs and various biological agents, gene therapy
has been increasingly important in treating UC as another potential therapeutic approach.”’*® Small interfering RNA
(siRNA) has been identified as a tremendous potential silencing tool capable of regulating gene expression at the
messenger RNA (mRNA) level.?’? Currently, several siRNA drugs are in clinical trials for treating cancer, viral
diseases, neurological disorders, etc.*>>° Therefore, applying siRNA agents to UC gene therapy has a broad prospect.
Herein, we suggested siRNA targeting of the NLRP3 gene as an effective strategy to ameliorate the occurrence and
progression of UC. So far, relatively few studies reported on using siRNA to treat UC, which may be due to the lack of
an efficient system.>’ ** However, considering high instability and easy degradation by nucleases, achieving tissue-
targeted loading and cellular uptake of free siRNA is difficult.*'*** Therefore, there is an urgent need to develop a safe
and effective siRNA delivery system targeting the NLRP3 gene.

Both viral and non-viral vector systems can deliver RNA efficiently.'®** However, the application of viral vector
systems is limited by their high immunogenicity, risk of integration into chromosomes, and poor reproducibility.** In
contrast, non-viral vector systems, such as biodegradable polymeric nanoparticles (NPs), lipid NPs, stable nucleic acid-
lipid particles (SNALP), lipoplex, ginger-derived NPs, and chitosan NPs, are increasingly favored by researchers.'%*>4>~
8 Cationic liposomes (CLP) composed of (2,3-Dioleoyloxy-propyl)-trimethylammonium-chloride (DOTAP) and cho-
lesterol have been reported to have lower cytotoxicity and higher delivery efficiency.’®*’ It was hypothesized that the
CLP could efficiently deliver siRNA to macrophages in vitro and in vivo. Therefore, in this study, we assessed the effect
of CLP loaded with NLRP3 siRNA (siNLRP3) on NLRP3-related inflammatory cascades in intraperitoneally derived
macrophages and DSS-induced ulcerative colitis.

Materials and Methods

Animals

Male C57BL/6N mice (6—8 weeks) were purchased from Vital River Laboratory Animal Technology Co., Ltd (Zhejiang,
China). All animal experiments have been approved by the Biomedical Research Ethics Committee of Henan University
(HUSOM2020-028). Moreover, all animal care and use were conducted following the principles of Laboratory Animal -
Guidelines for ethical review of animal welfare (GB/T 35892-2018).

Cells

Primary peritoneal macrophages (PMs) were obtained from C57BL/6N mice intraperitoneally injected with 2 mL of 3%
fluid thioglycollate medium (Merck, Germany) three days before cell collection. PMs were cultured in 3.5 mm dishes
(Nunc, ThermoFisher Scientific, USA) or 6-well plates (Nunc, ThermoFisher Scientific, USA) with RPMI 1640 medium
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(Hyclone, Cytiva, USA) containing 10% fetal bovine serum (FBS) (Gibco, ThermoFisher Scientific, USA) and 1%
penicillin-streptomycin Solution (Cytiva, USA). After 3 hours, the medium was replaced by a fresh RPMI 1640 medium
(Hyclone, Cytiva, USA), after which the cells were cultured overnight. The medium was changed to opti-MEM (Gibco,
ThermoFisher Scientific, USA) for 1 hour. Cells were then transfected with CLP/siRNA for 48 hours. After that, the cells
were primed with ultrapure lipopolysaccharide (LPS) (AdipoGen, Switzerland) for 2 hours and subsequently stimulated
with nigericin (20 uM) (AdipoGen, Switzerland) for 45 min. Finally, cell extracts and precipitated supernatants were
analyzed by Western blot (WB).

Preparation of CLP NPs

Briefly, 1 mol of DOTAP (Sigma-Aldrich, Merck, Germany) and 1 mol of cholesterol (Solarbio LIFE SCIENCES,
China) were dissolved in chloroform (Sigma-Aldrich, Merck, Germany), subjected to rotary evaporation for 30 min, and
then a lipid membrane was formed. The lipid membrane was rehydrated with 5% glucose solution (Sigma-Aldrich,
Merck, Germany) and redispersed under sonication to form CLP NPs solution.*®

Characterization of CLP/siRNA NPs

The loading capacity of CLP NPs on siRNA was determined using an agarose gel retardation assay. CLP/siRNA mixtures
with different mass ratios were electrophoresed on a 1% agarose gel. For a gradient set, 0.5 pg siRNA (HANBIO
Technologies, China) was mixed with different amounts of CLP NPs. The gel was stained with GelRed (YEASEN,
China) before solidification and visualized using a Gel imaging system (Molecular Imager Gel Doc™ XR+, Bio-Rad,
USA).

CCK-8 Assay

Raw264.7 (National Collection of Authenticated Cell Cultures, China) and PMs were seeded in 96-well plates (Nunc,
ThermoFisher Scientific, USA) at a density of 2x10*well. The next morning, different concentrations of CLP or
polyethyleneimine (PEI) (Polysciences, USA) were incubated with the cells for 48 hours, followed by incubation with
10 uL CCK-8 solution (Beyotime Biotechnology, China) for 4 hours. Next, the absorbance value at 450 nm was
measured for each solution well. Meanwhile, the culture medium and unstimulated cells were set as blank and negative
controls, respectively.

The Transfection of CLP/siRNA in vitro

The optimal quality ratio was verified by transfection of primary macrophages. The siRNA used for transfection was
carboxyfluorescein (FAM)-labeled negative control siRNA (siRNA™M)  which was synthesized by HANBIO
Technologies (China). PMs were plated overnight in 6-well plates, after which the medium was changed to opti-
MEM (Gibco, ThermoFisher Scientific, USA) the following morning. Then, 0.5 pg siRNA™M was mixed with
different concentrations of CLP NPs at 1:0.5, 1:1, 1:2, 1:5 and 1:10 (siRNA™M: CLP) mass ratios for 5 min at
room temperature; CLP NPs were used as negative control. Immediately afterward, the mixture was added to the PMs
culture solution. The transfection efficiency was detected by flow cytometry (FCM) (FACS Calibor, BD, USA).
Subsequently, we compared the siRNA delivery efficiency of CLP, PEI, Lipofectamine 2000 (Lipo2000, Invitrogen,
ThermoFisher Scientific, USA), Lipofectamine 3000 (Lipo3000, Invitrogen, ThermoFisher Scientific, USA), and
RNAIMAX (Invitrogen, ThermoFisher Scientific, USA). The mass ratios were 10:1 (CLP:siRNA), 5:1 (RNAIMAX:
siRNA), 3:1 (Lipo3000:siRNA), 2.5:1 (Lip0o2000:siRNA), and 2:1 (PEL:siRNA), respectively. Meanwhile, transfection
reagents without encapsulated siRNA served as the corresponding negative controls. The transfection efficiency was
also detected by FCM.

Finally, PMs were transfected with CLP/siNLRP3 complex, and CLP NPs coated with irrelevant siRNA (CLP/
NC) was used as a negative control. Meanwhile, the mass ratio of CLP to siNLRP3 was 10:1. Real-Time
Fluorescence Quantitative Polymerase Chain Reaction (RT-PCR) and WB were used to detect the level of NLRP3
in PMs.
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Internalization Study of the CLP/siRNA Complex

PMs were plated in 6-well plates or 24-well plates and pretreated with different inhibitors for 30 min at 37°C, including
amiloride (1.5 mM, Selleckchem, USA), chlorpromazine hydrochloride (CPZ, 15 pg/mL, Selleckchem, USA), genistein
(150 uM, Selleckchem, USA), and methyl-B-cyclodextrin (M-B-CD, 12mM, Sigma-Aldrich, Merck, Germany).
Amiloride, chlorpromazine hydrochloride (CPZ), genistein, and methyl-B-cyclodextrin (M-B-CD) were the inhibitors
of micropinocytosis, clathrin-mediated endocytosis, caveolin-mediated endocytosis, and lipid raft-mediated endocytosis,
respectively. Subsequently, PMs were transfected with CLP/siRNA (10:1, w/w) for 48 hours. The transfection efficiency
was simultaneously detected by FCM and immunofluorescence (IF). For FCM, PMs were digested with Trypsin-EDTA
solution (Servicebio, China) at 37°C for 10 min, and then cells were collected to detect the fluorescence intensity of FAM
bound to siNLRP3. In addition, PMs cell membranes were stained with Dil (10 mg/mL, Beyotime, China), and nuclei
were stained with Hoechst (1 mg/mL, Solarbio LIFE SCIENCES, China). Fluorescence intensity was detected by
confocal microscopy (NIKON-A1R/STORM, NIKON, Japan).

RT-PCR

After 48 hours of CLP/siRNA transfection, total RNA was extracted from PMs using an RNA extraction Kit
(Fastagen, China). In parallel, total RNA from colonic tissue was extracted using Trizol (Takara, China) as
previously described.’® The RNA was then reverse-transcribed into cDNA using the PrimeScript™ RT reagent kit
(Takara, China). The siRNA-targeted NLRP3 (forward: GGUCUCUUCUCAAGUCUAATT and reverse:
UUAGACUUGAGAAGA GACCTT) was purchased from HANBIO Technologies (China). The following PCR
primers were used: mouse NLRP3 (forward: CAGCCAGAGTGGAATGACACG and reverse: TG
AGGTCCACACTCTCACCT), mouse IL-1p (forward: ACTACAGGCTCCGAGATG AAC and reverse:
TGGGTGTGCCGTCTTTCATTA), and mouse GAPDH (forward: ACCCAGAAGACTGTGGATGG and reverse:
ACACATTGGGGGTAGGAACA) (Sangon Biotech, China). RT-PCR was performed with PowerUp™ SYBR™
Green Master Mix (Thermo Fisher Scientific, USA).

ASC Oligomerization

ASC oligomerization was performed as previously described.”' Firstly, PMs were plated overnight in 3.5 mm plates and
transfected with CLP/siRNA for 48 hours the following morning. Secondly, cells were primed with LPS (200ng/mL) for
2 hours and subsequently stimulated with nigericin (20uM) for 45 min. They were subsequently washed in ice-cold
phosphate buffer solution (PBS) (Servicebio, China) and then lysed with 300 puL of NP-40 lysis buffer (Beyotime
Biotechnology, China) on ice for 30 min. Then, 30 uL of lysate was taken as an input sample, and the rest of the lysate
was centrifuged at 400g for 10 min at 4 °C. The pellets were washed twice with ice-cold PBS and then resuspended with
500 pL of PBS. Subsequently, the resuspended pellets were incubated with 4 mM disuccinimydylsuberate (ThermoFisher
Scientific, USA) for 30 min at room temperature with rotation. After centrifugation at 400 g for 10 min at 4 °C, the cross-
linked pellets were collected and resuspended in 1 x sodium dodecyl sulfate (SDS) sample buffer. Finally, the samples
were boiled and then subjected to WB analysis.

Immunofluorescence (IF)

PMs were transfected with CLP/siRNA as described above. After 48 hours, PMs were washed twice with cooled PBS
and then fixed in paraformaldehyde (Beyotime Biotechnology, China) for 30 min at room temperature. Subsequently,
PMs were blocked with 5% bovine serum albumin (BSA) (Beyotime Biotechnology, China) for 2 hours and incubated
overnight at 4°C with anti-ASC antibody (Cell Signaling Technology, USA). The next day, cells were incubated with
Alexa Fluor™ 594-conjugated goat anti-rabbit IgG (H+L) (Invitrogen, ThermoFisher Scientific, USA) for 1 hour,
followed by staining with DAPI (Solarbio LIFE SCIENCES, China) for 10 min. Finally, fluorescence intensity and
density were detected by confocal fluorescence microscopy.
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Macrophage content in frozen sections of colonic tissue was also detected by IF, as described in previous research.>?
The primary antibody was rabbit anti-mouse F4/80 antibody (Abcam, England), and the secondary antibody was Alexa
Fluor™ 594-conjugated goat anti-rabbit IgG (H+L) (Invitrogen, ThermoFisher Scientific, USA).

DSS-Induced Acute UC

DSS (36-50kDa, MP Biomedicals, USA)-induced UC in mice was established according to the previous article.’*>
Mice were injected intraperitoneally with CLP/siNLRP3 or CLP/NC on day 1, day 3, and day 5, respectively. Disease
activity index (DAI) was monitored and recorded daily, which included body weight, fecal morphology, and blood stool
status.”” On day 8, mice were sacrificed, and peripheral blood, mesenteric lymph nodes (mLNs), and spleen were
collected for FCM. Colonic tissue was collected for RT-PCR, WB, hematoxylin, and eosin (HE) (Solarbio LIFE
SCIENCES, China) staining, and IF.

In addition, 4% paraformaldehyde-fixed colonic tissue was treated with 30% sucrose (Beyotime Biotechnology,
China) at 4°C overnight. Subsequently, colonic tissue was embedded in optimal cutting temperature compound (OCT)
(ThermoFisher Scientific, USA) and cut into slices (7 pum thick), which were then stained with HE. Histopathology scores
of the tissue sections were calculated as previously described.**

FCM Analysis of Macrophages and T Cells

On day 8, the number and type of macrophages and T cells in peripheral blood, mLNs, and spleen were detected by
FCM. The spleen and mLNs were ground on the 70 um filter (Corning Incorporated-Life Sciences, USA), and the filter
was washed with PBS to obtain single-cell suspensions. The erythrocytes in peripheral blood and single-cell suspensions
were lysed by red blood cell lysis buffer (RCLB) (Beyotime Biotechnology, China). After washing with PBS, the cells
were incubated with the corresponding antibodies, including APC-conjugated anti-CD4 antibody (BD, USA), PE-
conjugated anti-CD8 antibody (BD, USA), or FITC-conjugated anti-CD3 antibody (BD, USA), BB515-conjugated anti-
CD11b antibody (BD, USA), PerCP-Cyanine5.5-conjugated anti-F4/80 antibody (eBioscience, USA). Among these, anti-
CD3, anti-CD4, and anti-CD8 antibodies were used to detect total T cells and T cell subclasses. Meanwhile, anti-CD11b
and anti-F4/80 antibodies were used to detect total macrophages. For macrophage subtype detection, the cells were fixed
and permeated by BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD, USA) for 20 min after incubation with
antibodies against membrane surface antigens. Then, cells were incubated with PE-conjugated anti-iNOS antibody
(eBioscience, USA) and APC-conjugated anti-CD206 antibody (eBioscience, USA) overnight at 4°C. The following
morning, the fluorescence intensity in the cells was detected by FCM.

Western Blot (WB)

PMs or colonic tissues were lysed with Radio Immunoprecipitation Assay (RIPA) lysis buffer (Beyotime Biotechnology,
China) at 4°C for 30 min, and then the lysates were centrifuged at 12,000 g for 10 min. Then, the quantified supernatant
was mixed with the loading buffer and subsequently subjected to immunoblot analysis.>> The primary antibodies were
mouse anti-mouse GAPDH antibody (Abclonal, China), rabbit anti-mouse pro-caspase-1 antibody (Abcam, England),
rabbit anti-mouse pro-IL-1f antibody (Abcam, England), rabbit anti-mouse NLRP3 antibody (Abcam, England), rabbit
anti-mouse cleaved-caspase-1 antibody (Cell Signaling Technology, USA), rabbit anti-mouse cleaved-IL-1p antibody
(Cell Signaling Technology, USA), and rabbit anti-mouse ASC antibody (Cell Signaling Technology, USA). In addition,
the corresponding secondary antibodies included HRP-conjugated goat anti-mouse IgG antibody (Abclonal, China) and
HRP-conjugated goat anti-rabbit IgG antibody (Abclonal, China).

ELISA

Supernatants of cell culture or tissue lysate were used to detect the concentrations of IL-1p, IL-18, and tumor necrosis
factor-o. (TNF-a) according to the manufacturer’s instructions. The kits were purchased from Invitrogen (Invitrogen,
ThermoFisher Scientific, USA).
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Statistical Analysis

Data were presented as mean + standard error of the mean (SEM). The experiments were conducted as technical
triplicates, and three independent experiments were conducted per analysis. Statistical analysis was performed by two
trailing tests or one-way analysis of variance (ANOVA) using Prism 8.0 software (GraphPad Software, La Jolla, USA).
P <0.05 was considered statistically significant.

Results
Preparation and Characterization of the CLP/siRNA Complex

Using DOTAP and cholesterol, CLP cationic liposomes were constructed to deliver siRNA through electronic interaction,
forming CLP/siRNA complexes (Figure 1A). The diameter of prepared CLP was 94.76 nm; Zeta potential was +52.42
mV (Figure 1B and C). Meanwhile, CLP exhibited a circular morphology in transmission electron micrographs
(Figure 1D). CLP was a self-assembled cationic nanoparticle that could bind siRNA. Based on this, we assayed the
ability of CLP to bind siRNA by gel retardation assay. When the mass ratio of CLP:siRNA was 10:1, almost no free
siRNA was observed, suggesting that siRNA was completely adsorbed by CLP (Figure 1E). This mass ratio was used in
all subsequent assays if not otherwise stated. To assess the ability of CLP nanoparticles to protect siRNA from
degradation, CLP/siRNA was incubated with RNase A for different hours. As shown in Figure 1F, CLP/siRNA remained
intact after 4 hours, while free siRNA was rapidly degraded after being treated with RNase A (Figure 1F). These results
suggest that the prepared CLP nanoparticles might be an ideal strategy for siRNA delivery.

CLP Can Efficiently Deliver siRNA in vitro Through Clathrin-Mediated Endocytosis

To evaluate the ability of CLP to deliver siRNA into PMs, we treated PMs with different transfection reagents mixed
with siRNA™M, representing siRNA conjugated to carboxyfluorescein (FAM). As shown in Figure 2A, CLP showed
stronger transfection capacity than other transfection reagents, such as RNAIMAX, PEI, Lipo2000 and Lipo3000.
Meanwhile, the transfection efficiency of CLP showed a positive correlation with the ratio of CLP to siRNAFM,

where the mass of siRNA™™M was fixed. When the mass ratio was 10:1, the transfection efficiency was 68.6%. When the
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Figure 2 CLP could efficiently deliver siRNA in vitro through clathrin-mediated endocytosis. (A) Laser confocal scanning microscope images of PMs cells transfected
different vectors coated with siRNA™™ (green channel) and stained cell nuclei with DAPI (blue channel). (B) FCM for the transfection efficiency of CLP/siRNA™™ complex
for different mass ratios. (C) FCM for the transfection efficiency of different vectors delivering siRNA™™ for 48 hours. (D) CCK-8 analysis of the cell viability of PMs treated
with different vectors for 48 hours. (E and F) CCK-8 analysis of the cell viability of PMs (E) and RAW264.7 (F) transfected with different concentrations of CLP and PEI.
(G and H) RT-PCR (G) and WB (H) for NLRP3 levels in PMs transfected for 48 hours with CLP/siNLRP3 or CLP/NC and then stimulated with LPS. (I-K) FCM (I and J) and

Laser confocal scanning microscope images (K) for PMs cells treated with cellular uptake inhibitor before transfection with CLP/ siRNA™™, Data were mean+ SEM. *P <
0.05, *P < 0.01, **P < 0.001.

the mass ratio was 5:1, the transfection efficiency decreased to 52.7% (Figure 2B). We further detected the capacity of
siRNA delivery of RNAIMAX, PEI, Lipo2000, and Lipo3000, which were used as conventional nucleic acid delivery
vectors. Data showed that CLP had greater siRNA transfection efficiency compared to other vectors in PMs (Figure 2C).

To assess the safety of CLP, we detected the cell viability of macrophages transfected with CLP and other transfection
reagents. Our results showed that except for PEI (a “gold standard” nucleic acid delivery vector), reagents were not
significantly cytotoxic. Meanwhile, CLP showed the highest cell viability among all the reagents without significant toxicity
(Figure 2D). Furthermore, we compared the effects of different concentrations of CLP and PEI on cell viability. The results
showed that PEI exhibited remarked cytotoxicity in PMs with an ICsy < 10 pg/mL (Figure 2E). However, CLP still showed no
significant cytotoxicity, even at 100 pg/mL concentrations. We also observed similar results in RAW264.7 cells.

Furthermore, PMs were transfected with CLP/siNLRP3 for 48 hours, followed by 2 hours of stimulation with LPS.
RT-PCR and WB revealed that the expression of NLRP3 was significantly decreased in PMs transfected with CLP/
siNLRP3 (Figure 2G and H). These results indicated that CLP has a high transfection efficiency in macrophages, while
its safety profile is excellent.

Cells take up NPs via four endocytosis pathways, including micropinocytosis, clathrin-mediated endocytosis,
caveolin-mediated endocytosis, and lipid raft-mediated endocytosis. To determine which endocytosis pathways were
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responsible for siRNA delivery by CLP, we treated PMs with the corresponding inhibitors and then transfected them with
CLP/siRNA™M. FCM and immunofluorescence analysis showed that micropinocytosis (amiloride), caveolin-mediated
endocytosis (genistein), and lipid raft-mediated endocytosis (M-B-CD) were not involved, while CPZ, an inhibitor of
clathrin-mediated endocytosis could strikingly inhibit CLP-mediated siRNA delivery (Figure 2I-K). These results
suggest that the CLP/siRNA complex can efficiently and safely deliver siRNA through clathrin-mediated endocytosis.

CLP/siNLRP3 Can Efficiently Inhibit the Activation of NLRP3 Inflammasome in vitro
The activation of NLRP3 inflammasome is dependent on the assembly of inflammasome complexes containing NLRP3, ASC,
and pro-caspase-1. To confirm the function of CLP/siNLRP3 in the activation of NLRP3 inflammasome, PMs transfected with
CLP/siNLRP3 were stimulated by LPS and nigericin. As shown in Figure 3A, the maturation of pro-caspase-1 and pro-IL-1f
was strikingly suppressed. Consistent with these data, ELISA analysis showed reduced secretion of matured IL-1f and IL-18
(Figure 3B and C). However, CLP/siNLRP3 did not affect the production of TNF-a (Figure 3D).

ASC oligomerization was vital for the assembly and subsequent activation of NLRP3 inflammasome.
Immunofluorescence analysis also showed that ASC speck was remarkedly inhibited in PMs treated with CLP/
siNLRP3 (Figure 3E). We also found that CLP/siNLRP3 could notably down-regulate the levels of ASC monomers,
dimers, and oligomers, which meant that ASC oligomerization was disturbed (Figure 3F).

Altogether, these results indicate that CLP/siNLRP3 can effectively inhibit the activation of NLRP3 inflammasome
by knocking down the expression of NLRP3.
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Figure 3 CLP/siNLRP3 could efficiently inhibit the activation of NLRP3 inflammasome in vitro. PMs were transfected with CLP/siNLRP3 for 48 hours and then stimulated
with LPS and nigericin. Subsequently, the culture supernatants (SN) and lysates (Lys) were subjected to the following operations. (A) WB analysis of matured IL-1f (P17) and
cleaved caspase-| (P20) in SN, and pro-IL-1f and pro-caspase-1 in Lys. (B—D) ELISA of IL-Ip (B), IL-18 (C), and TNF-a (D) in SN. (E) Immunofluorescence of ASC specks in
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0.001.
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CLP/siNLRP3 Effectively Alleviates DSS-Induced UC in Mice

As CLP/siNLRP3 could inhibit NLRP3 inflammasome activation in vitro, we evaluated the anti-inflammatory effects of
CLP/siRNA in vivo. First, to assess the transfection efficiency of CLP/siRNA™M, mice were injected intraperitoneally
with the complex. We found that the presence of FAM was detectable in colonic tissue 6 hours after the injection of CLP/
siRNAF*M and the expression efficiency was higher after 24 hours (Supplementary Figure 1). Then, an ulcerative colitis
model was established by feeding mice with 3% DSS, which exhibited symptoms such as weight loss, diarrhea, and
rectal bleeding (Figure 4A—C). CLP/siNLRP3 could effectively improve the above symptoms in a siNLRP3 dose-
dependent manner (Figure 4B and C). In addition, as the disease progressed, the colon became shorter, and CLP/
siNLRP3 significantly improved the length of the colon (Figure 4D and E).

HE staining was used to further determine the anti-inflammatory effect of CLP/siNLRP3, ie, to assess the patholo-
gical changes in colonic tissue. As shown in Figure 4F and G, CLP/siNLRP3 could significantly blunt the pathological
damages, including inflammatory cell infiltration, goblet cell disappearance, loss of crypt, mucosal injury, and necrosis,
which were obviously visible in colonic tissue sections of mice with UC. These results demonstrated that CLP/siNLRP3
can efficiently deliver siNLRP3 in vivo and exert excellent anti-inflammatory effects.

CLP/siNLRP3 Remarkedly Inhibited the Activation of NLRP3 Inflalmmasome in vivo
To investigate whether the anti-inflammatory effects of CLP/siNLRP3 correlated with the inhibition of NLRP3 inflammasome
activation, we detected the mRNA levels of IL-1B and NLRP3 with RT-PCR. The results showed that CLP/siNLRP3 could
strikingly down-regulate IL-1 and NLRP3 mRNAs in vivo (Figure SA and B). Meanwhile, the secretion of mature IL-1f3 was
also significantly inhibited in a dose-dependent manner (Figure 5C). In addition, we found that CLP/siNLRP3 down-regulated
TNF-a levels (Figure 5SD). This phenomenon may be related to complex immune regulatory networks in mice. Consistent with
these data, WB analysis also showed reduced protein levels of mature IL-1p and cleaved pro-caspase-1 (Figure SE), implying
the inhibitory effect of CLP/siNLRP3 on pro-caspase-1 maturation and NLRP3 inflammasome activation.

In addition, macrophages have a crucial role in the development of UC. Damaged tissues recruited macrophages to areas of
injury via chemokines and DAMPs, further exacerbating the inflammatory response and tissue damage by secreting pro-
inflammatory cytokines and chemokines. To investigate whether CLP/siNLRP3 affected macrophage chemotaxis, we
detected the number of macrophages in colonic tissue by immunofluorescence. As shown in Figure 5F, CLP/siNLRP3
could effectively down-regulate the number of macrophages in colonic tissue, especially in colonic lamina propria.

These data revealed that the therapeutic effect of CLP/siNLRP3 on UC was mainly dependent on its inhibition of
NLRP3 inflammasome activation and macrophage infiltration.
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Figure 4 CLP/siNLRP3 could effectively alleviate DSS-induced UC in mice. (A) The schematic of the dosing regimen of CLP/siNLRP3 and DSS-induced UC. (B and C) Body
weight loss (B) and DAI (C) in mice with DSS-induced UC. (D and E) Photographs of the colon (D) and its length statistics (E) in mice with DSS-induced UC. (F and G) HE
staining (F) and histopathology score (G) of frozen sections of the colon in mice with DSS-induced UC (n=6 per group). Data were meant SEM. *P < 0.05, ***P < 0.001.
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Figure 5 CLP/siNLRP3 alleviated DSS-induced UC by inhibiting NLRP3 inflammasome activation. (A and B) The gene levels of pro-IL-1B (A) and NLRP3 (B) in colonic
tissue detected by RT-PCR. (C and D) The protein level of mature IL-1B (C) and TNF-o (D) in colonic tissue detected by ELISA. (E) WB analysis of IL-1f, caspase-I, and
NLRP3 in colonic tissue. (F) Immunofluorescence detection of F4/80" macrophages (red) in frozen sections of colonic tissue (n=6 per group), nuclei were stained with DAP|
(blue). Data were meant SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

CLP/siNLRP3 Modulates Macrophage Polarization and Down-Regulates CD4™ T Cells

Production

As CLP/siNLRP3 could inhibit macrophage infiltration into colonic tissue, we hypothesized that CLP/siNLRP3 could
regulate the number of monocytes/macrophages in peripheral blood, mLNs, and spleen. We found that macrophages
(CD11b'F4/80") were increased in mice fed 3% DSS, which was effectively eliminated by CLP/siNLRP3 (Figure 6A and B).

Activated macrophages can polarize into M1, which has pro-inflammatory characteristics, and M2, which exerts anti-
inflammatory effects. To investigate the effect of CLP/siNLRP3 on macrophage polarization, we examined the number of
M1 (CD11b'F4/80"iNOS™) and M2 (CD11b'F4/80°CD206") macrophages in spleens and mLNs. Our results showed
that M1 macrophages were significantly increased in the spleen and mLNs of the model mice, while CLP/siNLRP3 could
down-regulate them to near-normal levels (Figure 6C). However, the changing trend in M2 macrophages was the
opposite of M1 macrophages (Figure 6D).

M1 macrophages not only mediated tissue injury by directly secreting pro-inflammatory cytokines but also recruited
other immune cells to damaged areas through chemokines, especially CD4" T cells. Therefore, we detected the number of
T cells in peripheral blood, spleen, and mLNs. As shown in Figure 6E and F, CLP/siNLRP3 efficiently reduced the
number of CD3" T cells, which was significantly up-regulated in mice with UC. Furthermore, FCM showed that CD8"
T cells were unaffected, while CD4" T cell production was remarkedly suppressed (Figure 6G and H).

These results suggest that CLP/siNLRP3 can regulate macrophage polarization, promote M2 production and inhibit
M1 production, thereby down-regulating CD4" T cell content.

CLP/siNLRP3 Had No Significant Side Effects in vivo

Although CLP/siRNA had shown a good safety profile in vitro, it remained to be determined whether it was consistent
in vivo. Consequently, we performed pathological analyses of mice tissues, including the heart, liver, spleen, lung, and
kidney. HE staining showed that CLP/siNLRP3 treatment did not cause significant tissue damage even at the highest
concentration (12pg) (Figure 7A). In addition, there were no significant changes in blood levels of LDH, BUN, ALT, and
AST (Figure 7B-E). These data implied that CLP/siNLRP3 also has a favorable safety profile in vivo.
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Discussion
The activation of NLRP3 inflammasome has been implicated in the pathogenesis of many diseases, including UC.'"3¢7
However, there are no clinically effective therapies targeting NLRP3 inflammasome. In this study, we developed a liposome
delivery system conjugated with cholesterol nanoparticles to deliver siNLRP3 for the treatment of UC. These results showed
that the prepared CLP system efficiently delivers siNLRP3 to primary macrophages and inhibits NLRP3 inflammasome
activation and pro-inflammatory cytokines production in vitro and in vivo with a high safety profile. In addition, the CLP/
siNLRP3 complex down-regulated the content of M1 macrophages and CD4" T cells and up-regulated the content of M2
macrophages, significantly improving UC disease. Our studies suggest that CLP is an ideal siRNA delivery system and that
the CLP/siNLRP3 complex is a potential candidate for treating NLRP3-related diseases.

Non-steroidal anti-inflammatory drugs (mesalazine), glucocorticoids (hydrocortisone), synthetic immunosuppressants
(ciclosporin), and biological agents (TNF-a neutralizing antibodies) are currently considered the main clinical drugs to
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treat UC.>* ® However, the clinical use of these medications is limited due to the risks associated with their long-term
use, including metabolic abnormalities, opportunistic infections and other systemic adverse effects.'” In recent years,
RNA interference (RNAi)-based therapeutic approaches have attracted considerable attention in treating tumors, brain
disorders, and inflammatory bowel disease.®* Due to the structural characteristics (hydrophilicity and negative charge)
and instability of siRNA, one of the key issues in using siRNA to treat disease is an effective and safe delivery
system.®>® Thus, more work has been done to address this issue.**”-°® In particular, lots of novel structural non-viral
nanodelivery systems from edible plants have been synthesized for disease treatment, and some candidate systems for
cancer are already at the clinical research stage, such as TKM-100201 (siRNA-SNALP complex for the treatment of
Ebola virus), siRNA-EphA2-DOPC (siRNA-Neutral liposome for the treatment of advanced cancers), Atu027 (siRNA-
Lipoplex complex for advanced solid tumors), and TKM-080301 (siRNA-SNALP complex for the treatment of advanced
solid cancers).****7? In addition, some delivery systems have also shown promising results in ulcerative colons. Aouadi
et al prepared a hollow porous shell NP encapsulated with Map4k4 siRNA using $-1,3-D-glucans (GeRPs), which can
significantly down-regulate pro-inflammatory cytokines and attenuate the inflammatory injury.”' Laroui et al prepared
TNF-a siRNA-loaded aminated NPs (ANPs++) using cationic lipid and PEGskg-b-PLGAox by a double emulsion
method, which can effectively accumulate in the injured colons, inhibit TNF-a production, and ameliorate tissue
damage.”” Zhang et al applied ginger-derived NPs (GDNPs) to deliver CD98 siRNA and protect mice against UC.*
Huang et al demonstrated galactosylated chitosan (GC)-modified poly (lactic-co-glycolic acid) (PLGA) NPs could
effectively deliver TNF-a siRNA and relieved inflammation.”® However, due to the colon’s structural characteristics
and intestinal flora, it is still necessary to develop ideal design strategies or vectors for successful siRNA delivery and
therapeutic effect.'®®"* Herein, CLPNPs were constructed and used to deliver siNLRP3 into macrophages, and their
anti-inflammatory ability was subsequently evaluated. Our results showed that the prepared CLP NPs possess high
siRNA delivery efficiency (up to 66.7%), which is superior to other “gold standard” delivery systems. Meanwhile, CLP
NPs also demonstrated excellent delivery efficiency in vivo. More importantly, CLP had demonstrated an excellent safety
profile both in vivo and in vitro, which was related to its composition.

Although numerous studies have shown that abnormal activation of the NLRP3 inflammasome positively correlates
with the development of UC, inhibiting its activation may alleviate the severity of experimental UC.'""*"> However,
some studies found that NLRP3 inflammasome-related component knockout mice are more sensitive to DSS-induced UC
and have more severe tissue damage than normal mice.”*’® In addition, Hirota reported decreased levels of IL-10 and
TGF-B and enhanced macrophage and neutrophil infiltration in the colonic tissue of DSS-induced NLRP3 ™~ mouse UC
models.”” Meanwhile, oxazolone-induced UC models using NLRP3 ™~ mice had lower levels of IL-1 and IL-18.
Furthermore, exogenous administration of IL-18 reduced tissue damage and inflammatory symptoms in both DSS and
oxazolone-induced UC models.”” However, a previous study by our group showed enhanced activation of NLRP3
inflammasome and increased expression of pro-inflammatory cytokines in UC model mice, with significant immune cell
infiltration in the tissues.”” In the present study, we observed the same phenomenon in colonic tissues. Meanwhile, after
the nanodelivery system knocked down NLRP3 levels, the mice had lower levels of NLRP3 and inflammatory factors,
reduced levels of immune cells, and improved tissue damage. Therefore, we speculate that the bidirectional role of
NLRP3 inflammasome may be related to the intestinal flora or animal strain. Although we strongly believe in
a facilitative role of NLRP3 inflammasome in the development of UC, robust and reliable animal and human data
(primary human macrophages from volunteers and/or UC patients) are still needed to solidify this theory. In addition, UC
is predominantly a chronic disease. However, we established an acute UC model in this study. Therefore, it is still
necessary to further evaluate the effect and long-term safety of CLP/siNLRP3 in the chronic model, which is one of the
limitations of the present study.

As a central regulator of the innate immune system, macrophages have an important role in the development of UC.
In addition, macrophages are divided into M1 pro-inflammatory phenotype and M2 anti-inflammatory phenotype.**-*!
Under normal conditions, the two phenotypes of macrophages are in a state of mutual equilibrium. Once the intestinal
micro-environment is disrupted, the associated DAMP or PAMP induces the polarization of M2 to M1 macrophages,
which in turn promotes more pro-inflammatory cells to enter the intestinal mucosa, exacerbating tissue damage.®**?
Studies have shown that the adoptive transfer of M2 macrophages or induction of M1 into M2 macrophages could
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improve UC.**®® Moreover, NLRP3 has an important role in macrophage polarization.®”*® Liu et al found that NLRP3
silencing promotes M1 macrophage polarization and up-regulates M1/M2.* However, more studies have shown that
blocking NLRP3 inflammasome or knocking out NLRP3 could promote M2 macrophage polarization.?**”**% In our
study, the infiltrate of macrophages and the polarization of M1 phenotype macrophages in the DSS group were up-
regulated, while the CLP/siNLRP3 group down-regulated the infiltrate of macrophages and the polarization of M1
phenotype macrophages and then decreased the infiltration of immune cells and ameliorated tissue injury. Immune cells
have an important role in the initial development of UC, including dendritic cells, neutrophils, T cells, and
macrophages.” Macrophages are crucial in maintaining UC homeostasis via phagocytic microorganisms and secretion
of cytokines to regulate T cell subtypes.”> Our results showed that CLP/siRNA down-regulated the level of T cells and
CD4" T cells. These results demonstrated that the expression of NLRP3 was silenced by high-efficiency delivery

siNLRP3 with CLP, followed by the inhibited NLRP3 inflammasome activation and the ameliorated tissue injury.

Conclusion

To the best of our knowledge, there are few studies on targeting NLRP3 inflammasome for gene therapy-related diseases.
In our work, several advantages of the CLP nanoparticles, such as high delivery efficiency in vitro and in vivo, low
cytotoxicity in cells and high safety in mice, and relatively specific cellular uptake, have been demonstrated. Altogether,
our results showed that CLP/siNLRP3 is effective in treating UC and thus may provide a new strategy for treating
NLRP3-related diseases.
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