RESEARCH ARTICLE

W) Check for updates

Juill

www.small-journal.com

Mulberry Leaf Lipid Nanoparticles: a Naturally Targeted
CRISPR/Cas9 Oral Delivery Platform for Alleviation of Colon

Diseases

Lingli Ma, Ya Ma, Qiang Gao, Shengsheng Liu, Zhenhua Zhu, Xiaoxiao Shi,
Fangyin Dai,* Rui L. Reis, Subhas C. Kundu, Kaiyong Cai,* and Bo Xiao*

Oral treatment of colon diseases with the CRISPR/Cas9 system has been
hampered by the lack of a safe and efficient delivery platform. Overexpressed
CD98 plays a crucial role in the progression of ulcerative colitis (UC) and colitis-
associated colorectal cancer (CAC). In this study, lipid nanoparticles (LNPs)
derived from mulberry leaves are functionalized with Pluronic copolymers and
optimized to deliver the CRISPR/Cas gene editing machinery for CD98 knock-
down. The obtained LNPs possessed a hydrodynamic diameter of 267.2 nm,

a narrow size distribution, and a negative surface charge (—25.6 mV). Incorpo-
rating Pluronic F127 into LNPs improved their stability in the gastrointestinal
tract and facilitated their penetration through the colonic mucus barrier.

The galactose end groups promoted endocytosis of the LNPs by macrophages
via asialoglycoprotein receptor-mediated endocytosis, with a transfection
efficiency of 2.2-fold higher than Lipofectamine 6000. The LNPs significantly
decreased CD98 expression, down-regulated pro-inflammatory cytokines
(TNF-c and IL-6), up-regulated anti-inflammatory factors (IL-10), and polarized
macrophages to M2 phenotype. Oral administration of LNPs mitigated UC and
CAC by alleviating inflammation, restoring the colonic barrier, and modulating
intestinal microbiota. As the first oral CRISPR/Cas9 delivery LNP, this

system offers a precise and efficient platform for the oral treatment of colon
diseases.

1. Introduction

Ulcerative colitis (UC) is a chronic, recur-
rent inflammatory disorder of the colon,
whose clinical manifestations include mu-
cosal inflammation, diarrhea, and blood in
the stool. Long-term inflammation drives
the occurrence and progression of colitis-
associated cancer (CAC), and no effective
clinical treatment is available for these
colon diseases.[!] Recently, the clustered
regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated pro-
tein 9 (Cas9) system has been exploited as
a powerful gene-editing technique for pre-
cisely regulating genes,/”) with great po-
tential for the treatment of various dis-
eases, such as atherosclerosis,®! infection,
and cancer!*! However, delivery of the
CRISPR/Cas gene-editing machinery is the
critical rate-limiting step in its applications
because of limited payload, poor delivery ef-
ficiency, and potential adverse effects.l%]
The gene-editing complex must be
loaded into carriers that protect it from
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the harsh biological environment, assist in transferring it across
the plasma membrane of target cells, and allow it to escape
from the lysosomes into the cytoplasm. Non-viral vectors, in-
cluding dendritic polymers, polymeric nanoparticles (NPs), and
mesoporous silica NPs, have recently been tested to deliver
CRISPR/Cas tools.] Among these nonviral vectors, lipid NPs
(LNPs) are the first to be used for delivering the gene editing
system,!”] which are the only clinically approved carrier for the
delivery of nucleic acids due to their high loading capacity for
hydrophilic macromolecules, ease of scalable production, and
biosafety.®] Siegwart et al. constructed modified LNPs to deliver
Cas9/sgRNA ribonucleoprotein complexes into target tissues. Af-
ter intravenous injection, these LNPs accumulated in the lungs
and efficiently edited six genes therein.’! Subsequently, Qiu et al.
produced a novel artificial LNP and encapsulated Cas9 messen-
ger RNA and guide RNA for in vivo genome editing of Angptl3.
Mouse experiments revealed that these LNPs enabled specific
knockdown of the Angptl3 gene in the liver, reducing serum
ANGPTL3, cholesterol, and triglyceride levels.['] Han and col-
leagues recently prepared optimized LNPs to deliver Cas9 mRNA
and sgRNA targeting antithrombin.l'!l These LNPs inhibited an-
tithrombin production in the liver and improved thrombin gen-
eration, alleviating hemophilia A and B. Despite the promising
results of these LNPs in delivering CRISPR/Cas gene-editing ma-
chinery, all these studies were based on the intravenous injection
of LNPs.

The oral route has been considered the best approach for drug
administration because of increased patient compliance, con-
venient self-administration, and direct drug delivery to the dis-
eased colon tissues.['?l Unfortunately, the acidic gastric condi-
tions, the digestive enzymes, and abundant microbes in the gas-
trointestinal tract (GIT) exerted a negligible effect on the stabil-
ity of NPs.['3] Recently, we extracted exosome-like LNPs from
edible plants (e.g., tea flower, tea leaf, and ginger) and found
that they could maintain stability in the GIT and accumulate
in the colonic lesion tissues.'* Thus, these natural LNPs en-
tered human clinical trials to prevent and treat various diseases,
such as oral mucositis, polycystic ovary syndrome, and colon can-
cer (https://clinicaltrials.gov). In the present study, we describe
a novel LNP for oral delivery of genome editing machinery to
down-regulate the expression of CD98 in the inflamed colon. The
LNPs (P,,,M@pCD98s) were derived from mulberry leaf lipids
(MLLs) with the addition of an FDA-approved polymer (Pluronic
F127, P,,;) (Scheme 1a). After oral administration, they traveled
through the upper GIT, infiltrated through the colonic mucus
barrier, and penetrated the colitis tissues with the assistance of
P,,;. Thereafter, they were internalized by colonic epithelial cells
and macrophages mediated by galactose end groups of MLLs.
The CRISPR/Cas plasmid against CD98 (pCD98) was released
from P,,,M, activated its CD98 editing function, and achieved
desired therapeutic outcomes against UC and CAC (Scheme 1b).

2. Results and Discussion
2.1. Fabrication and Physicochemical Characterizations of LNPs
Edible plants contain large amounts of macromolecules like

polysaccharides, lipids, and proteins that can be used as drug
carriers. In the present study, glycolipids were extracted and
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purified from mulberry leaves. The MLLs were mainly com-
posed of triglyceride (TG, 24.9%), phosphatidylethanolamine
(PE, 17.0%), and monoacylglycerol (MG, 9.9%), as shown in
Table S1 and Figure 1a (Supporting Information). We found
that MLLs contained several types of galactose-bearing gly-
colipids, including monogalactosyl-monoacylglycerol (MGMG),
digalactosyl-monoacylglycerol (DGMG), and monogalactosyl-
diacylglycerol (MGDG). As reported, macrophages are one of
the most crucial target cells for treating UC and CRC, and their
surfaces are abundantly decorated with galactose-type lectins;!*>]
therefore, MLL-based LNPs were expected to possess the capacity
for specific drug delivery to macrophages.

LNPs were produced from MLLs by a thin-film hydration
method. Their hydrodynamic particle size varied from 187.2 to
529.7 nm during incubation in simulated colonic fluid (SCF)
(Figure 1b), suggesting they were unstable in the colon lumen.
To address this issue, FDA-approved amphiphilic Pluronic poly-
mers were used to reinforce the LNPs. In principle, the hydropho-
bic poly(propylene oxide) sections of the Pluronic polymers were
integrated into the hydrophobic lipid bilayer of the LNPs driven
by the “like dissolves like” rule. At the same time, their hy-
drophilic polyethylene glycol (PEG) segments extended to the
LNP surface. We compared the stabilizing effectiveness of vari-
ous Pluronic polymers (Lgs, Pg, Py, Piy3, and Pyy,; Figure 1c)
on MLL-based LNPs, and the weight ratio of Pluronic poly-
mer to MLL was set at 5:100 (w/w). It was observed that P,,,-
modified MLL-based LNPs (P;,,Ms) showed minimal size vari-
ation (174.3 — 270.0 nm) in the SCB, and P,,, was thus se-
lected as the stabilizing agent in subsequent experiments. LNPs
contain aqueous cavities capable of loading hydrophilic com-
pounds (e.g., plasmids, siRNAs, and miRNAs). To determine
the appropriate MLL/pCD98 weight ratio, an agarose gel re-
tardation assay was carried out. Figure 1d revealed that free
pCDY98 molecules with negative charges moved to the positive
pole in the electric field. When the weight ratios were below
30, pCD98 was partially released from P,,,M@pCD98s and mi-
grated into the agarose gel. Meanwhile, we found that weight ra-
tios > 30 resulted in no premature release of pCDY8, indicat-
ing that the encapsulation efficiency of pCD98 in P;,,;Ms was
close to 100% at the weight ratios of pCD98/MLL over 30. There-
fore, the MLL/pCD98 weight ratio was set at 30 for subsequent
investigations.

NPs will encounter the harsh environment of the GIT after
oral administration, and they must maintain stability under those
conditions. Accordingly, we determined the stability of MLL-
based LNPs, P,,;Ms, and P,,,M@pCD98s in buffers simulating
different sections of the GIT. MLL-based LNPs were unstable
during incubation in the simulated gastric fluid (SGF), simu-
lated intestinal fluid (SIF), and SCF, as demonstrated by changes
in particle sizes, polydispersity index (PDI) values, and zeta
potentials (Figure 1le). On the contrary, the particle sizes and size
distributions of P,,;Ms and P,,,M@pCD98s remained stable in
the simulated gastrointestinal fluids, demonstrating the neces-
sary stability for oral administration. In addition, the morphology
of P,,,M@pCD98s was determined by transmission electron
microscopy (TEM). It was observed that these LNPs appeared
spherical with an average diameter of 227.8 nm (Figure 1f), which
had conspicuous lipid-bilayer membranes (Figure S1, Support-
ing Information). We also found that P,,,M@pCD98s had an
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Scheme 1. Fabrication and therapeutic mechanisms of P127M@pCD98s against colon diseases. a) Schematic diagram of the fabrication procedure of
PM@pCD98s. b) Schematic illustration of oral P127M@pCD98s to target deliver CRISPR/Cas gene editing machinery for CD98 knockdown and exert
therapeutic effects against UC and CAC. After oral administration, P127M@pCD98s maintain stability in the stomach and small intestine, penetrate
through the mucus layer, accumulate in the inflamed colon tissues, are internalized by colon epithelial cells and macrophages via galactose receptor-
mediated endocytosis, and release the loaded pCD98 to the cytoplasm. After that, these LNPs knockdown CD98 expression, decrease inflammatory
responses, increase mucus amount, protect the colonic epithelial barrier, suppress colon tumor growth, and modulate intestinal microbiota, eventually
resulting in effective treatment of UC and CAC. This figure was created with BioRender.com.

average hydrodynamic particle size of 267.2 nm, a narrow size
distribution (PDI = 0.205), and negative surface charge
(=25.6 mV) (Figure 1gh). The average particle size of
P,,,M@pCD98s determined by TEM was considerably less
than that measured by dynamic light scattering (DLS), which
might be attributed to the shrinkage of LNPs as a result of drying
for TEM compared with the swollen state of LNPs during DLS
examination.
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2.2. In Vitro Cell Internalization by Macrophages, Lysosomal
Escape, and Gene Transfection Efficiency of LNPs

In vitro biosafety of nanotherapeutics is a critical prerequi-
site for their biomedical applications, and this property of
P,,;M@pCDY8s was determined against macrophages. After in-
cubation with LNPs (pCD98, 1 ug mL™') for 24 h, peritoneal
macrophages were examined for apoptosis by staining with

© 2024 Wiley-VCH GmbH
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Figure 1. Physicochemical characterizations of various LNPs. a) Lipid compositions of MLLs. b) Particle size variations of LNPs containing different
Pluronic copolymers in SCB. Each point represents mean + S.E.M. (n = 3). ¢) Molecular structures of various Pluronic copolymers. d) Agarose gel
electrophoresis of P1,;M@pCD98s with different MLL/pCD98 weight ratios. e) Stability of LNPs in various buffers simulating the pH environment of
the stomach (pH 1.2), small intestine (pH 7.4), and colon (pH 6.5), respectively. Each point represents mean + S.E.M. (n = 3). ) A representative TEM
image of P1,;M@pCD98s (scale bar = 200 nm). g) Hydrodynamic particle size distribution and h) zeta potential of P1,;M@pCD98s.
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annexin V-FITC/propidium iodide (Vybrant, Thermo Fisher).
As shown in Figure S2 (Supporting Information), a small per-
centage of necrotic and apoptotic cells were observed in the
control group (1.9%) and the P,,,M@pCD98-treated group
(9.0%), while macrophages treated with Lipofectamine 6000
(Lipo6000)/pCD98 complexes had a larger proportion of apop-
totic cells (48.4%). These results confirm that P;,,Ms show much
better biocompatibility than Lipo6000, a new commercial gene
transfection reagent with high efficiency.

Because plasmids exert their therapeutic functions within
cells, they are required to be internalized in the target cells.l'°]
Initially, P,,,Ms were labeled with the lipophilic green fluores-
cent dye, DiO, to track their intracellular distribution; the cell
internalization profiles were qualitatively and quantitatively eval-
uated by laser confocal scanning microscopy (CLSM) and flow
cytometry (FCM), respectively. As displayed in Figure 2a, the
control cells showed negligible green fluorescence, while obvi-
ous DiO signals were detected in the P,,,M@DiO-treated cells.
FCM results revealed that the uptake percentages of LNPs by
macrophages were 29.2%, 78.8%, and 99.3% after co-incubation
for 1, 3, and 5 h, respectively (Figure 2b), implying a time-
dependent cellular uptake profile of LNPs. As reported, C-type
galactose receptors (galactose-type lectins) were found to be over-
expressed on the surface of activated macrophages in the in-
flammatory microenvironment.['’] Tt is worth noting that sev-
eral types of glycolipids in P;,,Ms are end-capped with natu-
ral galactose moieties, which might endue LNPs with intrin-
sic macrophage-targeting potential.'®! To test this hypothesis,
we comparatively quantified the cellular uptake efficiencies of
P,,,M@DiOs in the media with or without free galactose, which
acted as a molecular competitor for end-capped galactose on the
LNP surface. Free galactose significantly decreased the cell inter-
nalization efficiency of P,,,M@DiOs to 13.7%, 33.0%, and 61.8%
after incubation for 1, 3, and 5 h, respectively, suggesting that
P,,,Ms were internalized by activated macrophages via galactose
receptor-mediated endocytosis.

Over 90% of internalized nucleic acids are degraded in the
lysosomes. Thus, lysosome escape has been considered a cru-
cial bottleneck for their delivery. To benchmark the lysosome es-
cape capacity of P;,,Ms, the endolysosomal compartments were
stained with LysoTracker Red. After incubation for 1 or 4 h, LNPs
were efficiently internalized by Raw 264.7 macrophages, and the
green LNP signals mostly overlapped with the red endolysoso-
mal organelle signals, indicated by yellow spots (Figure 2c). With
increasing incubation time (8 h), more green signals appeared
in the interiors of cells, revealing successful escape of LNPs
from the lysosomes. We found that the Pearson correlation co-
efficients (PCCs) of the P,,,M@FITC-siRNA-treated cells were
0.542, 0.398, and 0.204 after incubation for 1, 4, and 8 h, re-
spectively. The preceding findings demonstrate that P,,,Ms can
be efficiently internalized by macrophages and undergo lysoso-
mal escape within 8 h. Given their high efficiencies of cellu-
lar uptake and lysosomal escape, P,,,Ms were expected to facili-
tate the expression of exogenous genes. To test this expectation,
we loaded pGFP into P,,;Ms and determined its expression lev-
els (Figure 2d,e). It was found that 71.2% of the P,,,M@pGFP
(pGFP, 1 pug mL™!)-treated macrophages presented green fluo-
rescence after co-incubation for 48 h, which was 2.2-fold higher
than cells incubated with Lipo6000@pGFPs (pGFP, 1 ug mL™).
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2.3. In Vitro CD98 Gene Editing in Macrophages and
Anti-Inflammatory Activity of LNPs

Since P,,,Ms were efficiently internalized by macrophages and
escaped from lysosomes, we further investigated CD98 editing
efficiency of P,,,M@pCD98s in Raw 264.7 macrophages us-
ing quantitative reverse-transcription polymerase chain reaction
(QRT-PCR), and the primers were shown in Table S2 (Supporting
Information). P,,,Ms (without pCD98) slightly decreased CD98
mRNA expression to 80.9% compared with control cells, while
the CD98 mRNA level in the P,,,M@pCD98-treated group was
reduced to 38.8% (Figure S3, Supporting Information). This re-
sult might be attributed to the synergistic effect of P,,,Ms and
pCD98 in down-regulating CD98 expression. It was found that
LPS treatment significantly increased CD98 mRNA expression
(Figure 2f), and P,,,M@pCD98 treatment down-regulated CD98
mRNA expression to the average level of the negative control.

Macrophages play a crucial role in the development of in-
flammatory and autoimmune diseases.['® Therefore, we deter-
mined whether CD98 editing could mitigate the inflammatory
responses of activated macrophages. It can be seen in Figure 2g
that the positive control (0.5 ug mL~! LPS) showed a much higher
TNF-a concentration (458.3 pg mL™') than the negative con-
trol (137.2 pg mL™!). However, the P,,,M@pCD98 treatment
(160.4 pg mL™!) induced a TNF-a concentration comparable
to the negative control. The changes in IL-6 concentrations
presented the same trend as those of TNF-a (Figure 2h),
and treatment with P,,,M@pCD98s significantly increased IL-
10 levels (Figure 2i). These observations demonstrate that
CD98 editing is a viable strategy for down-regulating the pro-
inflammatory cytokines (INF-« and IL-6) and up-regulating the
anti-inflammatory cytokine (IL-10), which may retard the devel-
opment of colonic inflammation and CRC.

Macrophages can be converted to the pro-inflammatory
M1l-type or the anti-inflammatory M2-type by the stimula-
tions of environmental factors,[’) such as cell debris, bacte-
rial products, and lymphocytes.?”! It has been demonstrated
that macrophage transformation from M1-type to M2-type im-
proved UC treatment efficacies.[?!) As shown in Figure 2j,k and
Figure S4 (Supporting Information), LPS treatment increased
the level of the M1 macrophage marker (iNOS), while incu-
bation with P,,,M@pCD98s or IL-10 reduced iNOS compared
with the positive LPS control. Variations in the M2 macrophage
marker (CD206) presented an opposite trend to those of iNOS
(Figure 2j,1; Figure S4, Supporting Information), confirming that
P,,;M@pCD98s facilitated macrophage polarization to the M2

phenotype.

2.4. In Vitro Cellular Uptake, Lysosomal Escape, and CD98
Editing of LNPs in Colonic Epithelial Cells

The uptake (Figure S5, Supporting Information), lysosomal es-
cape (Figure S6, Supporting Information), and gene transfec-
tion efficiency (Figure S7, Supporting Information) of P,,;Ms
in CT-26 cells were similar to those in macrophages, so we
evaluated whether P,,,M@pCD98s could edit CD98 expression
in CT-26 cells, a typical colorectal carcinoma cell line. Figure
S8a (Supporting Information) revealed that P,,,Ms (without

© 2024 Wiley-VCH GmbH
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Figure 2. In vitro cell internalization and anti-inflammatory activities of various LNPs. a) CLSM images of Raw 264.7 macrophages with the treatment
of P127M@DiOs for 5 h (scale bar = 50 pm). Macrophages were stained with DAPI and Rhodamlne labeled phalloidin to visualize the nuclei (blue) and
cytoskeletons (red), respectively. b) Macrophage internalization efficiencies of P127M@DiOs in the presence and absence of galactose at different time
points (1,3, and 5 h). c) CLSM images of Raw 264.7 macrophages with the treatment of P127M@DiOs (DiO, 10 um) for 1, 4, and 8 h, respectively (scale
bar = 20 um). Macrophages were stained with LysoTracker Red for visualization of lysosomes (red). d) CLSM images of Raw 264.7 macrophages with
the treatment of P127M@pGFPs and Lipo6000@pGFPs at an equal pGFP concentration of 1 pg/mL for 48 h (scale bar = 50 um). e) Quantification of
transfection efficiencies of P127M@pGFPs (pGFP, 1ug mL™') and Lipo6000@pGFPs (pGFP, 1ug mL™") in Raw 264.7 macrophages after co-incubation
for 48 h. f) CD98 MRNA expression levels of Raw 264.7 macrophages exposed to LNPs (pCD98, 1 ug mL™") for 48 h. Macrophages without treatments
were used as a negative control, whereas LPS-treated macrophages were used as a positive control. The concentrations of (g) TNF-a, h) IL-6, and (i)
IL-10 in the supernatants of Raw 264.7 macrophages after treatment of different LNPs (pCD98, 1 ug mL™"). (j) CLSM images of iNOS (a biomarker for
M1-phenotype macrophage) and CD206 (a biomarker for M2-phenotype macrophage) in Raw 264.7 macrophages after different treatments for 24 h
(Scale bar = 100 um). Percentages of (k) M1- phenotype and (I) M2- phenotype macrophages after different treatments for 24 h using Image | software.
Each point represents mean + S.E.M. (n = 3; “p < 0.05, “p < 0.01, “*p < 0.001, and ns = no significance).
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pCD98) slightly decreased the CD98 mRNA level relative to
the control cells. This observation can be attributed to the anti-
inflammatory lipids (e.g., phosphatidylserine and phosphatidyl-
choline) in P;,,Ms, and these lipids can down-regulate the in-
flammatory level and inflammation-associated CD98. We further
found that P,,,M@pCD98s produced a noticeable reduction in
CD98 mRNA compared to controls (61.3% decrease after incu-
bation for 48 h). The overexpression of programmed cell death
ligand 1 (PD-L1) helps malignant cells evade attack by CD8* T
cells from the host immune system through the interaction with
PD-1 receptors.!??] Accordingly, we determined the PD-L1 expres-
sion level in CT-26 cells after CD98 editing (Figure S8b, Sup-
porting Information). The reduction in CD98 expression signif-
icantly decreased the PD-L1 mRNA level to 26.3% of the con-
trol level, suggesting that CD98 could regulate the expression
of PD-L1, whose knockout might be beneficial for mitigating
CRC.

2.5. Mucus Penetration and In Vivo Biodistribution of LNPs

Goblet cells at the luminal side of the colon continuously pro-
duce and secrete the highly glycosylated mucin, MUC2.12*] This
glycoprotein acts as a core molecule to construct protective vis-
coelastic mucus, which separates the colonic epithelial layer from
extraneous matters (e.g., intestinal bacteria, food particles, and
metabolic waste products),/?*] entraps these substances, and fa-
cilitates their distal transport by intestinal peristalsis and mu-
cus turnover.[®! Evidence indicates that mucus is an important
obstacle for oral drug delivery to the diseased colon tissue.[?¢]
Therefore, we determined the mucus-penetrating property of
P,,;Ms using a hydroxyethyl cellulose (HEC) hydrogel to sim-
ulate the mucosal barrier. The HEC hydrogel was labeled with
rhodamine, and P,,,Ms were loaded with DiO to track their distri-
butions. Compared with M@DiOs (without P,,;), P,,,M@DiOs
showed much deeper mucus penetration (Figure 3a,b). Quantita-
tive results revealed that after incubation in the simulated mucus
for 10 min, the penetration depth of P,,,M@DiOs was 3.3-fold
higher than that of NPs without P,,,, confirming that the intro-
duction of P;,, to LNPs endowed them with high mucus pene-
tration capacity (Figure 3c).

To track the in vivo biodistribution of P,,,Ms, DiR, a near-
infrared (NIR) probe, was loaded into these LNPs. As seen in
Figure 3d, weak NIR fluorescence was detected in the GIT from
the control group due to tissue autofluorescence. The colon tis-
sues from mice receiving oral administration of P,,,M@DiRs
presented the most vigorous NIR fluorescence intensity at 24 h,
and the NIR intensity gradually weakened with the passage
of time (Figure 3e). The five principal organs showed simi-
lar variation trends in NIR fluorescence intensities. 72 h af-
ter oral administration, the NIR intensities of all tested or-
gans (GIT and five principal organs) decreased to the control
base line, demonstrating that P,,,M@DiRs could be eliminated
from the GITs. We also determined the accumulation profiles of
LNPs in the colitis tissues. At 24 h, the colon tissues were col-
lected, embedded in optimal cutting temperature (OCT) com-
pound, sectioned, and examined with a fluorescence micro-
scope. It was observed that P,,,M@DiOs (green) gradually ac-
cumulated in the colitis tissue (Figure 3f). To confirm the in
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vivo gene transfection efficiency of P;,,Ms, the expression pro-
files of GFP in the colitis tissues were evaluated. As seen in
Figure S9a,b, GFP was obviously expressed in the inflamed colon
tissues after oral administration of P,,,M@pGFPs for 24 and
48 h.

To determine whether P;,,Ms maintained their macrophage-
targeting ability in vivo, tissue sections were simultaneously
stained with 4’, 6-diamidino-2-phenylindole (DAPI) and Alexa
Fluor 647 (AF647)-labeled F4/80 antibodies. It can be seen in
Figure 3g that many green fluorescence signals (P,,,M@DiOs)
were co-localized with red fluorescence signals (F4/80 antibody-
stained macrophages) in both colitis and CAC tissue sections.
The in vivo macrophage-targeting capacity of P,,,Ms was further
confirmed by the obvious overlaps of the green fluorescence sig-
nals of GFP and the red fluorescence signals of macrophages
(Figure S9c, Supporting Information). These results demon-
strate that oral P,,,Ms can efficiently traverse the colonic mu-
cus layers, pass through the damaged colonic epithelial layer,
accumulate in the UC/CAC tissues, and be specifically inter-
nalized by macrophages, supporting the necessary premise for
the therapeutic effectiveness of the CRISPR/Cas gene-editing
machinery.

2.6. In Vivo Retardation Effect of LNPs on Acute UC

Given the desirable physicochemical property, anti-inflammatory
capacity, and accumulative potential in the UC/CAC mucosa of
oral P,,,M@pCD98s, we investigated their ability to ameliorate
the harmful effects of dextran sulfate sodium (DSS)-induced
acute UC (Figure 4a). Healthy control mice exhibited increased
body weight (18.9%), while the DSS control showed a sharp
decrease (17.5%) (Figure 4b). Oral administration of P,,,Ms,
P,,,M@pCD98s (L, 1 ug pCD98/mouse), and P,,,M@pCD98s
(H, 5 ug pCD98/mouse) efficiently mitigated body weight losses.
Strikingly, the body weight of the P,,,M@pCD98 (H) group
increased over 7.0% by the end of the investigation (day 21).
The severity of acute colitis was assessed by the typical pa-
rameters of colon lengths, myeloperoxidase (MPO) activities,
spleen indices, and inflammatory cytokine levels. The healthy
control mice and the DSS control mice showed the longest
(5.5 cm) and the shortest (3.4 cm) colon lengths, respectively.
The colon lengths in the P;,,M@pCD98 (H) group were com-
parable to those in the healthy control (Figure 4c; Figure S10,
Supporting Information). MPO, mainly secreted by active neu-
trophils, is a critical indicator of inflammation in the colitis
tissues;!?’] spleen weight is increased due to the activation,
proliferation, and accumulation of immune cells during UC
progression.] P,,, M@pCD98 (H) treatment retarded the in-
creasing trend of MPO activities (Figure 4d) and spleen weights
(Figure 4e), but no statistically significant difference was de-
tected in these two parameters between the healthy control
and the P,,M@pCD98 (H) group. The groups receiving oral
treatment of various LNPs did show decreased levels of pro-
inflammatory cytokines (TNF-a and IL-6) compared with the DSS
control (Figure 4f,g), while an opposite trend was seen for IL-10
(Figure 4h).

To investigate the inflammatory status and histological dam-
age of colon tissues, they were sectioned and stained with

© 2024 Wiley-VCH GmbH
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Figure 3. Mucus penetration and in vivo bio-distribution profiles of various LNPs. a) 3D fluorescence images, b) sectional fluorescence images, and c)
the corresponding quantitative penetration depths of MLL-based LNPs with or without P127. d) In vitro fluorescence images of the GIT and five principal
organs from mice receiving oral administration of P127M@DiRs (DiR, 10 um) at different time points (12, 24, 48, and 72 h). e) Quantification of the
relative MFls of colons using Image | software. f) CLSM images of colon sections from UC mice receiving oral administration of P127M@DiOs (DiO,
10 um) for 12 and 24 h (Scale bar = 100 um). Macrophages were stained with DAPI for visualization of nuclei (blue). g) CLSM images of colon sections
from mice receiving the treatment of P127M@DiOs for 24 h (Scale bar = 50 um). Tissue sections were stained with DAPI and AF647-labeled F4/80
antibodies to visualize nuclei (blue) and macrophages (red), respectively. Each point represents mean + S.E.M. (n = 3; “p < 0.05, “p < 0.01, “p <
0.001, and ns = no significance).
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Figure 4. In vivo treatment outcomes of LNPs against DSS-induced acute UC via the oral route. a) Schematic diagram of acute UC establishment and

treatment process. b) Body weight variations during the entire investigation. c) Colon lengths, d) colonic MPO activities, and e) spleen weights of various

Concentrations of f) TNF-a, g) IL-6, and h) IL-10 in the colon homogenates were quantified by their corresponding ELISA kits. (i) H&E- (Scale bar =

200 um) and PAS-stained (Scale bar = 50 um) colon tissue sections. Quantitative results of (j) H&E- and k) PAS-stained colon tissue sections. [)
Immunofluorescence staining of CD4+ T cells, CD8+ T cells, and Foxp3+ cells in the colon tissues (scale bar = 100 um). Quantitative analysis of (m)
CD4+ T cells, n) CD8+ T cells, and o) Foxp3+ cells in the colon tissues. Each point represents mean + S.E.M. (n = 3; “p < 0.05, “"p < 0.01, “*p < 0.001,

and ns = no significance).
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hematoxylin and eosin (H&E). It was observed that the coli-
tis signs, such as crypt disappearance, epithelial layer injury,
goblet cell depletion, and immune cell infiltration, were ob-
served in the colon tissues from the DSS control group. In con-
trast, all these inflammatory signs were alleviated in the P,,M,
P,,,M@pCD98 (L), and P,,, M@pCD98 (H) groups (Figure 4i).
The colon morphology of the P,,,M@pCD98 (H) group was sim-
ilar to that of the healthy control group, as confirmed by his-
tological scores (Figure 4j). Mucus is a vital protective layer for
the underlying colonic mucosa but has also been considered
an obstacle for oral drugs. We determined that the DSS con-
trol group had the lowest amount of mucin glycoproteins in its
colon tissues, which was in good agreement with the depletion
patterns of goblet cells (Figure 4ik). The LNP treatments sig-
nificantly promoted mucus secretion, and the P,,,M@pCD98
(H) treatment presented the most potent capacity to recover mu-
cus secretion. Colonic tight junctions are essential for main-
taining mucosal barrier integrity and the compact structure of
colonic mucosa. Therefore, we determined whether oral LNPs
could increase the expression profiles of the primary tight
junction proteins (ZO-1 and MUC2) in the colon. DSS re-
duced the levels of ZO-1 and MUC2, while LNP treatments
increased their expressions in the colon tissues (Figure S11,
Supporting Information). Among all DSS-treated groups, the
P,,;M@pCD98 (H) group showed the most green (Z0-1) and red
(MUC2) fluorescence, demonstrating that oral P,,,M@pCD98s
(H) could alleviate DSS-induced damage to the colonic ep-
ithelial barrier through increased expression of colonic tight
junctions.

Extensive CD4" and CD8* T lymphocyte infiltration was re-
ported in the colonic mucosa of UC mice and UC patients.[*"]
These cells are central to colon tissue damage, intestinal in-
flammation, and tumorigenesis.l**) However, regulatory T lym-
phocytes (Tregs) have been shown to possess immunomodula-
tory functions that suppress immune responses.’!l As shown
in Figure 41, colon tissue sections from the DSS control group
showed increased red fluorescence of both CD4* and CD8*
T lymphocytes; however, oral treatment with P,,,M@pCD98s
(H) significantly decreased their numbers in the colon tissues
(Figure 4m,n). We also observed that the P,,,M@pCD98 (H)
group had the largest number of Foxp3* Tregs among all DSS-
treated groups (Figure 40), comparable to that of the healthy
control. Additionally, blood parameters were measured (Figure
S12, Supporting Information), organ indices were determined
(Figure S13, Supporting Information), and sections from the
five principal organs were examined (Figure S14, Supporting In-
formation). We found no statistically significant difference be-
tween the healthy control group and the P,,,M@pCD98 (H)
group concerning these parameters and tissue morphologies,
which demonstrates the excellent biosafety of orally administered
P,,,M@pCD98 (H).

The above findings confirm that oral P,,,M@pCD98s (H)
can retard body weight loss, colon length shortening, mucus re-
duction, epithelial layer damage, spleen increase, and immune
system activation, which might be ascribed to their capacity to
down-regulate inflammatory reactions by the anti-inflammatory
lipids in MLLs and CD98 editing, decrease infiltration of CD4*
and CD8*" T lymphocytes, and increase infiltration of Foxp3*
Tregs.
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2.7. Impacts of LNPs on Intestinal Microbiota and Gene
Expression during Retardation of Acute UC

The composition of intestinal microbiota is closely associated
with the development of colon diseases.*3?] Therefore, we deter-
mined its profiles by 16S rRNA sequencing. The Venn diagram
showed that 123 of the 456 operational taxonomic units (OTUs)
were shared among the five groups, and there was a 167 species
overlap among the 216 species between the healthy control group
and the P,,,M@pCD98 (H) group. Notably, the number of bac-
terial species at the OTU level decreased in the DSS control
group, whereas LNP treatment increased the number of bacterial
species (Figure S15a, Supporting Information). Alpha diversity
analysis reflected the diversity of microorganisms in the intesti-
nal ecosystem. In comparison with the healthy control group, the
intestinal microbial composition of the DSS control group was
changed at the Order level (Figure 5a; Figure S15b, Supporting
Information). Interestingly, the intestinal microbial composition
of the P,,,M@pCD98 (H) group was similar to that of the healthy
control. Principal component analysis (PCA) revealed the differ-
ent microbial compositions in various groups (Figure 5b). The
healthy control group and the P,,,M@pCD98 (H) group showed
a pronounced overlap, verifying the similarity in microbial com-
position between these two groups. These findings are repre-
sented by the heatmap (Figure S15c, Supporting Information).
We also found that oral P,,,M@pCD98s (H) greatly increased
the abundance of beneficial bacteria (e.g., Muribaculaceae, Pre-
votellaceae, and Bacteroidaceae) and decreased the harmful bac-
teria (e.g., Pasteurellaceae, Aerococcaceae, and Helicobacteraceae)
(Figure 5¢,d).

The molecular mechanism of P,,,M@pCD98'’s effectiveness
in alleviating UC was determined at the gene expression level. A
total of 16248 expressed genes were identified, including 13506
commonly expressed genes, 392 typical genes in the healthy
control group, 428 typical genes in the DSS control group, 177
typical genes in the P,,,M group, and 228 typical genes in
the P,,,M@pCD98 (H) group (Figure 5e). The volcano plots
revealed 586 up-regulated and 1284 down-regulated differen-
tially expressed genes (DEGs) (healthy control vs DSS control),
53 up-regulated and 378 down-regulated DEGs (P,,;M vs DSS
control), and 291 up-regulated and 1025 down-regulated DEGs
(P1,y M@pCD98 (H) vs DSS control), suggesting that the gene
expression profile of the P;,;M group was more similar to that
of the DSS control group than the P;,,M@pCD98 (H) group
(Figure S16a-c, Supporting Information). These DEGs were in-
volved in various cellular processes, such as immune responses,
metabolic processes, and cell junctions (Figure S16d, Support-
ing Information). KEGG enrichment analysis confirmed that the
significant DEGs after P,,,M@pCD98 treatment were enriched
in the signaling pathways associated with infection, immune re-
sponse, cell proliferation, cell migration, C-type lectin receptor,
growth hormone secretion, and vascular endothelial growth fac-
tor (Figure 5g).

We found that the expression of CD98 heavy chain (CD98hc,
encoded by SLC3A2) was down-regulated in the P,,, M@pCD98
group compared with the DSS control group (Figure S17, Sup-
porting Information). CD98hc is a type II transmembrane pro-
tein covalently linked to one of L-type amino acid transporters
(light chain).?*l CD98hc, a regulatory factor for integrins, causes
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integrin f1 to aggregate into high-density complexes, activating
integrin and promoting integrin-like signal transduction, nonad-
herent growth, and intestinal inflammation. The CD98 knock-
down by oral P,,,M@pCD98s facilitated the expression of sparse
representation-based classifier (SRC) and focal adhesion kinase
2 (FAK?2), induced the activated integrin-like signaling pathway,
and boosted colonic epithelial reconstruction by the activation of
downstream ERK1/2 and p38MAPK signal pathways, leading to
colitis alleviation (Figure 5f~h). The CD98 knockdown also in-
creased the production of galectin-3, which activated the phos-
phatidylinositol 3-kinase PI3K/signal transducers and transcrip-
tion (STATG6) signaling pathway, promoting macrophage polar-
ization to the anti-inflammatory M2 phenotype.

2.8. In Vivo Therapeutic Effect of LNPs on Chronic UC

IL-10 can inhibit inflammatory reactions and promote immune
homeostasis. IL-10 knockout mice spontaneously develop UC,
and they have been used as a model of chronic colitis. We used
this mouse model to determine whether oral P,,,M@pCD98s
could exert therapeutic effects against chronic colitis
(Figure 6a). Figure 6b showed a slight body weight loss (2.8%) in
the control mice, whereas the treatment groups gained weight;
the P,,,M@pCD98 (H) group had the largest body weight gain
(3.9%). The colon morphology (Figure S18, Supporting Infor-
mation) and colon length (Figure 6¢) suggested that the LNP
treatments significantly retarded colon shortening compared
with the control group, and the P,,,M@pCD98 (H) group exhib-
ited markedly longer colon lengths than the other groups. We
also found that oral treatment with P,,,M@pCD98s (H) yielded
the lowest MPO level, spleen index, and pro-inflammatory
cytokine (TNF-a and IL-6) concentrations (Figure 6d-g).

The pathological changes in the colon tissues from different
mouse groups were evaluated after H&E staining (Figure 6h),
and the control group presented obvious colitis symptoms, such
as damage to the colonic epithelial barriers, infiltration of im-
mune cells, and depletion of goblet cells. However, oral ad-
ministration of NPs alleviated these symptoms. The colon tis-
sues from the P,,,M@pCD98 (H) group exhibited complete
histological microstructures with no infiltration of inflamma-
tory cells, and the histological score was lower than those of
the other groups (Figure 6i). Compared with the control group,
the treatment groups had increased mucus amounts, with the
P,,;M@pCD98 (H) group showing the most significant mucin
quantity (Figure 6j). It was observed that the green fluorescence
signal of ZO-1 in the colon tissues from the P,,,M@pCD98 (H)
group was more extensive than those from the other groups
(Figure 6k)), and oral P,,,M@pCD98s (H) significantly in-
creased the secretion of MUC2 (Figure 6m). Thus, treatment with
the various NPs, especially P,,,M@pCD98s (H), effectively in-
creased mucin production, restored the mucus layer, and pro-
moted the integrity of the colonic epithelial barrier.

CD4* and CD8* T lymphocytes are activated in colitis pa-
tients, whose transcriptional profiles can be used to predict the
active state of colitis.?*] Figure 6n-q indicated that the control
group showed strong red fluorescence intensities of CD4" and
CD8* T cells, and the trend of Foxp3* Tregs was opposite to
those of CD4* and CD8" T cells. The P,,,M@pCD98 (H) group
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presented the lowest proportion of CD4+ and CD8" T cells and
the highest proportion of Foxp3* Tregs. These results demon-
strate that oral P,,,M@pCD98s (H) significantly inhibit inflam-
matory responses by down-regulating CD4* and CD8" T cells
and up-regulating Foxp3* Tregs in the colon tissues. We also
found that P,,,M@pCD98 (H) treatment decreased the numbers
of several immune cell types, including the white blood cell count
(WBC), lymphocytes, granulocytes, and monocytes (Figure S19,
Supporting Information), indicating that P,,,M@pCD98s (H)
could efficiently down-regulate the activation of immune cells
involved in the exacerbation of colitis. In addition, the low or-
gan indices (Figure S20, Supporting Information) and normal
tissue morphologies of the five principal organs (Figure S21,
Supporting Information) confirmed the negligible toxicity of oral
P,,,M@pCD98s (H).

2.9. In Vivo Therapeutic Effect of LNPs on CAC

The murine model of CAC induced by azoxymethane
(AOM)/DSS was used to evaluate whether oral LNPs could
prevent the development of CAC (Figure 7a). After 42 days
of induction, the AOM/DSS control group showed a body
weight loss of 2.4%, which was reversed by oral administration
of P;,;Ms and P,,,M@pCD98s (Figure 7b). Relative to the
AOM/DSS control, oral P,,,M@pCD98s significantly increased
colon length (Figure 7c) and decreased total tumor numbers
(Figure 7d), tumor distribution ranges (Figure 7e; Figure S22,
Supporting Information), MPO values (Figure 7f), and spleen
indices (Figure 7g). Oral P,,,M@pCD98s decreased the levels
of pro-inflammatory cytokines (INF-a and IL-6), while in-
creasing the expression of an anti-inflammatory factor, IL-10
(Figure 7h—j).

H&E staining and examination revealed that the AOM/DSS
control group showed the highest level of colonic carcinoma,
which was decreased by oral P,,,M@pCD98s (Figure S23, Sup-
porting Information). The colon tissues from the AOM/DSS con-
trol had significantly lower amounts of MUC2 compared with the
other treatment groups, and the P,,, M@pCD98 group displayed
the highest amounts of colonic mucus among all treatment
groups. The above results demonstrate that P,,,M@pCD98s
have the strongest capacity to restore mucin secretion. ZO-1
showed the same production trend as MUC2, suggesting that
P,,;M@pCD98s could alleviate the damage to the colonic epithe-
lial barrier by increasing ZO-1 expression (Figure S24, Support-
ing Information). As seen in Figure S25 (Supporting Informa-
tion), large numbers of CD4* T cells infiltrated the colorectal tu-
mor tissues in the P,,, M@pCD98 group, which would be benefi-
cial by retarding the tumor growth. CD8* T cells can induce colon
tissue damage and intestinal inflammation, which could initi-
ate and accelerate tumorigenesis. We found that P,,,M@pCD98
treatment significantly decreased the number of colonic CD8" T
cells to a level comparable to that of the healthy control group.
Foxp3* Tregs can restore the damaged colonic epithelial barrier
and promote colonic homeostasis, and treatment with P,,,Ms
and P,,,M@pCD98s could enhance the accumulation of Foxp3*
Tregs in the colon tissues. Additionally, the P,,,M@pCD98 group
showed blood parameters (Figure S26, Supporting Informa-
tion) and organ indices (Figure S27, Supporting Information)
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Figure 6. In vivo treatment outcomes of LNPs against chronic UC in IL-10 knockout mice via the oral route. a) Schematic diagram of the treatment
process. b) Body weight variations during the entire investigation. c) Colon lengths, d) colonic MPO activities and e) spleen weights of various treatment
groups at the end of experiments. Each point represents mean + S.E.M. (n = 5; *p < 0.05, “*p < 0.01, “*p < 0.001, and ns = no significance). Their
corresponding ELISA kits quantified concentrations of f) TNF-a and g) IL-6 in the colon homogenates. h) H&E- and PAS-stained colon tissue sections
(Scale bar = 50 pm). Quantitative results of i) H&E- and j) PAS-stained colon tissue sections. k) Immunofluorescent staining of ZO-1 and MUC2 in
the colon tissues (scale bar = 100 um). Quantitative analysis of ) ZO-1 and m) MUC2 in the colon tissues. n) Immunofluorescence staining of CD4+
T cells, CD8+ T cells, and Foxp3+ cells in the colon tissues (scale bar = 100 pm) Quantltatwe analysis of (0) CD4+ T cells, (p) CD8+ T cells, and (q)
Foxp3+ cells in the colon tissues. Each point represents mean + S.E.M. (n = 3; “p < 0.05, “p < 0.01, “*p < 0.001, and ns = no significance).
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Figure 7. In vivo treatment outcomes of LNPs against AOM/DSS-induced CAC via the oral route. a) Schematic diagram of CAC establishment and
treatment process. b) Body weight variations during the entire investigation. c) Colon lengths, d) total tumor numbers, €) tumor size distributions, f)
colonic MPO activities, and g) spleen indexes of various treatment groups at the end of experiments. Each point represents mean + S.E.M. (n = 6; “p <
0.05, *p < 0.01, ™p < 0.001, and ns = no significance). Concentrations of h) TNF-a, (i) IL-6, and (j) IL-10 in the colon homogenates were quantified by
their corresponding ELISA kits. k) Intestinal microbiota compositions from various treatment groups at the Order level. |) PCA of intestinal microbiota
from various treatment groups. Variations of the typical (m) beneficial and n) harmful bacteria in the intestinal microbiota from various treatment groups.
Each point represents mean + S.E.M. (n = 3; “p < 0.05, *p < 0.01, “*p < 0.001, and ns = no significance).
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comparable to those in the healthy control group, and this treat-
ment group caused negligible toxicities to the five principal or-
gans (Figure S28, Supporting Information).

DSS treatment reduced the microbial richness (Chao index)
and ecological dominance (Sbos index) (Figure S29a,b, Support-
ing Information); however, oral LNPs significantly increased bac-
terial richness and diversity. It was found that 232 of the 456
OTUs were shared among the four groups, and there was an over-
lap of 313 OTUs among the 436 OTUs between the healthy con-
trol group and the P,,M@pCD98 group. Notably, 31 OTUs were
unique in the P,,,M@pCD98 group, and the number of micro-
bial species in this group was increased at the OTU level (Figure
S29¢, Supporting Information). The intestinal microbial compo-
sition of the AOM/DSS control group differed at the Order level
(Figure 7k; Figure S27d, Supporting Information) compared with
the healthy control group. The P,,,M@pCD98 group had micro-
bial compositions similar to the healthy control group, as verified
by PCA (Figure 71) and heatmap (Figure S29e, Supporting Infor-
mation) results. Figure 7m,n showed that oral P,,,M@pCD98s
increased the proportions of typical beneficial bacteria such as Os-
cillospiraceae, Lachnospiraceae, and the Rs-E47_termite_group, and
decreased the numbers of harmful bacteria, Erysipelatoclostridi-
aceae, Atopobiaceae, and Enterobacteriaceae. These results confirm
that oral administration of P,,,M@pCD98s can sustain intestinal
microbial homeostasis, which is beneficial for the retardation of
CAC.

3. Conclusion

In this study, we developed an oral CRISPR/Cas9 delivery plat-
form based on edible mulberry leaf lipids and Pluronic F127. The
resultant lipid nanoparticles (P,,,M@pCD98s) maintained sta-
bility during passage through the gastrointestinal tract, infiltrated
through the mucus barrier, and penetrated the colitis tissues and
colorectal tumor tissues. P;,, M@pCD98s could be specifically in-
ternalized by macrophages via galactose receptor-mediated endo-
cytosis and subsequently escape from lysosomes. In vitro exper-
iments suggested that P;,,M@pCD98s mitigated inflammatory
responses through down-regulation of CD98 expression, polar-
ization of macrophages to the anti-inflammatory M2 phenotype,
and decreased release of TNF-« and IL-6. Oral administration of
P,,;M@pCD98s efficiently retarded the progression of ulcera-
tive colitis and colitis-associated colorectal cancer, enriched the
beneficial bacteria, and reduced the abundance of harmful bac-
teria. Collectively, these results demonstrate, for the first time,
the feasibility of LNPs (P,,,Ms) as an oral CRISPR/Cas9 delivery
platform, which could be exploited for effective oral treatment of
colon diseases.

4. Experimental Section

Preparation of Various NPs: MLLs were extracted from fresh mul-
berry leaves, according to the previous report. Their lipid compositions
and molecular species were analyzed by liquid chromatography coupled
to tandem mass spectrometry (LC-MS/MS, Thermo Electron, San Jose,
CA, USA) and reversed-phase high-performance liquid chromatography
(UPLC, BEH C18 chromatography column, 100 X 2.1 mm, 1.7 um, Wa-
ters Corp., Milford, MA, USA), respectively. The organic phase containing
MLLs was mixed with various Pluronic polymer solutions (MLL/Pluronic
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polymer = 100:5, w/w), and the mixtures were dried into a film at 37 °C
using a rotary evaporator (Shanghai Sensichip Infotech Co. Ltd, Shang-
hai, China). Thereafter, plasmid aqueous solution was added to the round-
bottom flask containing MLL/Pluronic film and sonicated in a water bath
at 100 W for 2 min. Finally, the obtained NPs were resuscitated by adding
HEPES buffer (20 pmol L™', 2 mL) and stored at —20°C for further appli-
cations.

In Vitro Transfection Efficiency of Various NPs:  Raw 264.7 macrophages
and CT-26 cells were inoculated into 12-well plates with a cell density of
1.0 X 10° cells per well and cultured overnight. The complete medium
was replaced with a basic medium containing different LNPs (equivalent
to 1 ug pGFP). After incubation for 6 h, a complete medium (1 mL) was
added to each well and further co-incubated for 24 and 48 h, respectively.
Subsequently, the medium was discarded, and cells were washed with PBS
3 times. The green fluorescence signals of GFP in the cells were detected
by CLSM (FV3000, Olympus, Japan), and the transfection efficiencies of
various NPs were quantified by FCM (Beckman Coulter Inc, USA).

In Vitro Anti-Inflammatory Activities of LNPs:  Raw 264.7 macrophages
were inoculated into 12-well plates with a cell density of 1.0 x 10° cells per
well and cultured overnight. The complete medium was replaced with an
essential medium containing different LNPs (equivalent to 1 ug pCD98).
After incubation for 6 h, a complete medium (1 mL) was added to each well
and further co-incubated for 48 h. The cells were washed with PBS 3 times
and treated with LPS (0.5 ug mL™") for 3 h. The supernatants in the wells
were collected and centrifuged at 3,000 g for 10 min. Finally, the concen-
trations of pro-inflammatory and anti-inflammatory cytokines were quan-
tified by the corresponding enzyme-linked immunosorbent assay (ELISA)
kits (Solarbio Life Science, Beijing, China).

Experimental Animals: Al animals were free to obtain water and food,
and the state of animal hair and feces were observed every day. All the
experimental protocols were in accordance with the Institutional Animal
Care and Use Committee of Southwest University (IACUC-20210310-09).

In Vivo Therapeutic Effect of NPs against Chronic Colitis:  IL-10 knock-
out C57/BL6 mice (20-22 weeks old, female, Shanghai Model Organisms
Center, Inc., Shanghai, China) were randomly divided into 4 groups: the
control group, P1,7M group, P1,;M@pCD98 (L, 1 ug pCD98 per mouse)
group, and P,;M@pCD98 (H, 5 ug pCD98 per mouse) group. The P1,;M
amount used in the P,;M group was equal to that in the P;,;M@pCD98
(H) group. Mouse body weights were recorded every day throughout the
experiment. At the end of the treatment, colons, major organs, and feces
were collected and weighed. Blood routine test and colonic MPO activity
were measured by a hematology analyzer (BC-2800VET, Mindray, Guang-
dong, China) and MPO kit. The concentrations of pro-inflammatory cy-
tokines (TNF-a and IL-6) and anti-inflammatory cytokines (IL-10) in the
colon tissues were measured with their corresponding ELISA kits (Solar-
bio Life Science, Beijing, China).

To observe the therapeutic outcomes of each treatment at the tissue
level, the collected colon tissues were fixed in formalin solution, embedded
in paraffin, cut into sections (5 um), and stained with H&E and PAS kits.
CD4™ T cells, CD8* T cells, Foxp3™ regulatory T cells, and tight junction
proteins (ZO-1and MUC2) were stained with their corresponding fluores-
cent antibodies (Wuhan Servicebio Technology Co., Ltd, Wuhan, China).
Tissue sections were imaged using a CLSM (FV3000, Olympus, Japan).

In Vivo Therapeutic Effect of NPs against CAC:  BalB/c mice (6-8-week-
old male) were from Ernsville Experimental Animals Co., Ltd., Chongging,
China. The CAC mouse model was established according to the previ-
ous studies.[?7:3] Briefly, mice were intraperitoneally injected with AOM
(10 mg Kg™') and maintained for 7 days. Subsequently, mice received 2
cycles of drinking water containing DSS (3.5%, w/v). Mice were divided
into four groups: the healthy control group, the AOM/DSS control group,
the P1,;M group, and the Py, M@pCD98 (5 ug pCD98 per mouse) group.
The P1,;M amount used in the P;,;M group was equal to that in the
P, M@pCD98 (5 ug pCDI8 per mouse) group. Mouse body weights were
recorded every day throughout the experiment. At the end of the treat-
ment, colons, major organs, and feces were collected and weighed, and
the numbers and size distributions of tumors in each group were statis-
tically analyzed. Blood routine test and colonic MPO activity were mea-
sured by hematology analyzer (BC-2800VET, Mindray, Guangdong, China)
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and MPO kit. The concentrations of pro-inflammatory cytokines (TNF-a
and IL-6) and anti-inflammatory cytokines (IL-10) in the colon tissues were
quantified with their corresponding ELISA kits (Solarbio Life Science, Bei-
jing, China).

Statistical Analysis: Statistical analysis was conducted using a stu-
dent’s t-test or ANOVA test, followed by a Bonferroni post-hoc test (Graph-
Pad Prism). Data were presented as mean + standard error of the mean
(S.E.M.). Statistical significance was expressed by “p < 0.05, “*p < 0.01,
and “p < 0.007.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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