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Abstract Optimum genetic delivery for modulating target genes to diseased tissue is a major obstacle

for profitable gene therapy. Lipid nanoparticles (LNPs), considered a prospective vehicle for nucleic acid

delivery, have demonstrated efficacy in human use during the COVID-19 pandemic. This study introduces

a novel biomaterial-based platform, M1-polarized macrophage-derived cellular nanovesicle-coated LNPs

(M1-C-LNPs), specifically engineered for a combined gene-immunotherapy approach against solid tu-

mor. The dual-function system of M1-C-LNPs encapsulates Bcl2-targeting siRNA within LNPs and

immune-modulating cytokines within M1 macrophage-derived cellular nanovesicles (M1-NVs),
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siRNA;

Cancer immunotherapy;

Solid tumor;

Tumor microenvironment
(TME)
effectively facilitating apoptosis in cancer cells without impacting T and NK cells, which activate the in-

tratumoral immune response to promote granule-mediating killing for solid tumor eradication. Enhanced

retention within tumor was observed upon intratumoral administration of M1-C-LNPs, owing to the pres-

ence of adhesion molecules on M1-NVs, thereby contributing to superior tumor growth inhibition. These

findings represent a promising strategy for the development of targeted and effective nanoparticle-based

cancer genetic-immunotherapy, with significant implications for advancing biomaterial use in cancer

therapeutics.

ª 2024 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cancer continues to be a dominant global cause of mortality, with
traditional modalities like chemotherapy and radiation therapy
frequently associated with a risk of recurrence and substantial side
effects1,2. Gene therapy in cancer is gaining prominence due to its
capacity for personalization3-5, modifying the treatment based on
the specific genetic alterations found within the patient’s cancer
cells6,7. In cancer treatment, gene therapy utilizes therapeutic
nucleic acids, specifically techniques such as RNA interference
(RNAi)8,9, or the clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR associated protein 9 (Cas9)10, with
the aim to precisely target and modulate oncogenes within cancer
cells. However, for effective cancer treatment through gene ther-
apy, it is crucial to accurately target cancer cells with the delivery
of tumor-suppressor genes or the disruption of oncogenes using
tools like RNAi or CRISPR, as imprecise targeting may poten-
tially contribute to the risk of recurrence. Recent advancements
have marked lipid nanoparticles (LNPs) as robust carriers for
siRNA therapeutics11, showcasing potential in the management of
genetic diseases, and as delivery vehicles for SARS-CoV-2 mRNA
vaccines in combatting infectious diseases12,13.

Cancer immunotherapy centers on mobilizing the body’s own
immune system to identify and eradicate cancer cells14-16. Capi-
talizing on the enduring memory response of the immune system,
this approach offers a distinctive advantage, as it facilitates the
recognition and elimination of specific cancer cells, thereby
potentially preventing recurrence and effectively addressing
metastasized cancers17-19. Cancer immunotherapy strategies,
including checkpoint blockade antibodies20-22 and chimeric anti-
gen receptor (CAR) immune cell therapy23-25, have transitioned
into clinical application and demonstrated encouraging potential
in addressing diverse tumor types, such as melanoma, lung, and
hematological cancers. Nevertheless, the patient- and cancer-
specific immunosuppressive tumor microenvironments (TME)
present a hurdle to effective cancer immunotherapy, as they curtail
the activity of immune cells and deter them from effectively tar-
geting the cancer cells26,27. Intratumoral delivery of immuno-
therapeutic agents for TME modulation offers several advantages
over systemic administration, including higher local drug con-
centration, reduced systemic toxicity, and the potential for
administration at multiple tumor sites28,29. This approach,
increasingly explored in recent clinical trials, is particularly
effective for nanomedicines, especially those containing immu-
nostimulants and measuring larger than 100 nm in diameter30,31.
Intratumoral injection enhances the retention of these nano-
medicines within the tumor, stimulating the TME more effectively
and reducing systemic immune-related side effects, thus demon-
strating significant promise for future clinical applications in
cancer treatment32. To effectively counteract the immunosup-
pressive TME, a tailored strategy focused on anti-tumoral
immunotherapy, primarily involving effector immune cells such
as T and natural killer (NK) cells known for their capacity to kill
cancer cells, is essential.

Macrophages, a crucial type of white blood cell integral to
immune system function, possess the unique ability to alter their
roles in response to environmental cues, a phenomenon termed as
polarization33,34. These versatile cells can transition between two
functional states, classifiable as M1 and M2 macrophages, regu-
lating the immune network by secreting cytokines and expressing
ligands or receptors on the surface to interact with other cells35,36.
Significantly, M1 macrophages hold the potential to counteract the
immunosuppressive TME by secreting pro-inflammatory cyto-
kines such as IL-6 and TNFa37,38. Additionally, their role as
antigen-presenting cells enables them to present tumor antigens to
T cells, thereby catalyzing a robust adaptive immune response39.
This characteristic endows M1 macrophages with the capability to
activate NK and T cells40-42, critical components of the anti-
cancer immune response, thereby potentially augmenting the ef-
ficacy of immunotherapy.

The broader scientific community has been actively investi-
gating the potential benefits of immune cell-derived nanovesicles
(NVs), particularly in terms of enhancing the safety, functionality,
and therapeutic effectiveness of immunotherapy, attributes that are
inherited from the source cells43,44. Furthermore, the innovative
use of immune cell membrane coatings on nanoparticles has
emerged as a strategy aimed at amplifying their therapeutic po-
tential45-47. Recent studies highlight that NVs-derived from M1
macrophages, which are enriched in pro-inflammatory cytokines,
can effectively modulate the TME, demonstrating their potential
as potent immune therapeutics against cancer48,49.

To overcome the limitations of traditional cancer gene therapy,
this study advocates for a synergistic approach that combines gene
therapy with cancer immunotherapy, using the strategic modula-
tion of the TME as a tool to bolster cancer treatment efficacy. In
light of this, our study utilized these LNPs to encapsulate Bcl2-
siRNA, recognized for its capacity to induce apoptosis in cancer
cells50,51, augmenting the stability of the therapeutic payload and
to enhance its delivery rate to cancer cells. As a subsequent step,
the surface of these LNPs was hybridized with artificial NVs-
derived from M1-polarized macrophages. Keeping these
insights in mind, we constructed Bcl2-siRNA-loaded LNPs-coated
with NVs-derived from M1-polarized macrophages (termed as
M1-NVs-coated LNPs, M1-C-LNPs) (Fig. 1A). Our designed
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Figure 1 Schematic of the dual-functionalized M1 macrophage-derived cellular nanovesicle-coated lipid nanoparticles (M1-C-LNPs) for

efficient cancer therapy in the tumor microenvironment. (A) Bcl2-siRNA-loaded lipid nanoparticles (LNPs) consist of phospholipids (DSPC),

ionizable lipids (DLin-MC3-DMA), cholesterol, and PEGylated lipids (DMG-PEG-2000). RAW 264.7 cells (mouse macrophage cell line) are

polarized to M1 macrophages by lipopolysaccharide (LPS). M1 macrophages are extruded using a mini-extruder, producing M1 macrophage-

derived cellular nanovesicles (M1-NVs). M1-NVs and LNPs are estimated by nanoparticle tracking analysis to confirm equal particle

numbers. The LNPs and M1-NVs mixture is extruded using a mini-extruder, and passed through a 100 nm pore membrane multiple times,

resulting in M1-C-LNPs synthesis. (B) M1-C-LNPs possess both LNPs and M1-NVs functionalities, carrying Bcl2-siRNA and inflammatory

cytokines. M1-C-LNPs deliver Bcl2-siRNA and inflammatory cytokines to cancer cells, activating apoptosis by inhibiting Bcl2-mRNA. Addi-

tionally, M1-C-LNPs activate NK cells and T cells, increasing perforin and granzyme production for degranulation and cancer cell killing, without

delivering siRNA to T and NK cells. M1-C-LNPs exhibit in vivo biocompatibility and enhanced tumor retention due to the properties of M1-NVs,

inhibiting tumor growth. Thus, M1-C-LNPs represent a promising nano-platform for improved cancer gene and immunotherapy.
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M1-C-LNPs have dual functionality: they induce apoptosis to
eradicate cancer cells, and they concurrently modify the TME to
stimulate cytotoxic effector immune cells such as NK and T cells
within the intratumoral immune system (Fig. 1B).
2. Materials and methods

2.1. Materials

DLin-MC3-DMA was acquired from MedChemExpress
(Monmouth Junction, NJ, USA). The 1,2-distearoyl-sn-glycero-
3-phosphocholine (DSPC) and 1,2-dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (PEG-DMG) were obtained
from Avanti (Alabaster, AL, USA). Cholesterol and lipopolysac-
charide (LPS) were purchased from SigmaeAldrich (St Louis,
MO, USA). The Bcl2-siRNA was procured from Origene
(Rockville, MD, USA). FAM-siRNA was sourced from Bioneer
(Daejeon, Korea). RAW 264.7 murine macrophage cells and CT26
colon cancer cells were acquired from the American Type Culture
Collection (ATCC; Rockville, MD, USA). EL4 cells (murine T
cell lymphoma) were obtained from the Korea Cell Line Bank
(Seoul, South Korea). Mouse natural killer (NK) cells were iso-
lated from mouse spleens using a mouse NK cell isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany). RAW 264.7 cells
and CT26 cells were cultured at 37 �C and 5% CO2 in Dulbecco’s
modified Eagle’s medium (HyClone Laboratories, Logan, UT,
USA), supplemented with 10% fetal bovine serum (FBS; Gibco,
Carlsbad, CA, USA) and 1% Antibiotic/Antimycotic (A/A;
Gibco). The EL4 cells were maintained at 37 �C and 5% CO2 in
Roswell Park Memorial Institute medium (HyClone Laboratories),
supplemented with 10% FBS and 1% A/A. Mouse NK cells were
cultured at 37 �C and 5% CO2 in Roswell Park Memorial Institute
medium (HyClone Laboratories), supplemented with 10% FBS,
1% A/A, 2 mmol/L L-glutamine (Lonza, Shanghai, China), 1%
nonessential amino acids (Invitrogen), 50 mmol/L b-mercaptoe-
thanol (SigmaeAldrich), and mouse IL-2 (PeproTech, Rocky Hill,
NJ, USA).

2.2. Preparation of LNPs

LNPs were prepared at pH 5.2 to ensure ionization of DLin-MC3-
DMA, thereby maximizing siRNA encapsulation. A lipid
mixture (DLin-MC3-DMA, DSPC, cholesterol, and PEG-DMG at
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50:10:38.5:1.5 Molar ratios) in ethanol was combined with siRNA
in sodium acetate buffer (pH 5.2). Lipid and siRNAwere mixed at
a 1:3 volume ratio (1:20 w/w siRNA to lipid). The resulting LNPs
were dialyzed against PBS for 1 h to remove ethanol and restore
neutral pH. The diameter, surface zeta-potential, and number of
LNPs were assessed through nanoparticle tracking analysis (NTA;
Zetaview, Particle Metrix, Germany). The morphology of the
LNPs was examined using transmission electron microscopy
(TEM; H-7600M, Hitachi, Tokyo, Japan). The stability of LNPs
was maintained in DW, PBS, or media for 4 days. Encapsulation
of siRNA in LNPs was estimated using a Ribogreen RNA assay
kit (ThermoFisher Scientific, MA, USA), following the manu-
facturer’s instructions. Cellular uptake of LNPs in CT26 cells was
confirmed with FAM-siRNA-loaded LNPs using a confocal laser
scanning microscope (Carl Zeiss, Oberkochen, Germany), and
analysed with ZEN software (Carl Zeiss).

2.3. Preparation of M1-NVs

RAW 264.7 cells were treated with LPS (1 mg/mL) to polarize
them into M1 macrophages. Twelve h after LPS exposure, RAW
264.7 cells were washed, harvested, and sonicated with a tip
sonicator at 20% sonication amplitude (pulsed mode; 3 s ON, 3 s
OFF) for 30 s. After centrifugation to remove nuclei, the obtained
cell-derived cellular nanovesicles were continuously extruded
through a polycarbonate membrane filter (Whatman, UK) with
pore sizes of 10, 5, 1, and 0.4 mm, using a mini extruder (Avanti
Polar Lipids, AL, USA). The concentration of NVs was deter-
mined using a BCA protein assay kit (ThermoFisher Scientific),
following the manufacturer’s instructions. The diameter, surface
zeta-potential, and number of NVs were measured by NTA
(Zetaview). TEM (Hitachi) was performed to examine the
morphology of the NVs. The expression of RNA and protein for
exosome markers and inflammatory cytokines was assessed
through real-time PCR and Western blotting. Cellular uptake of
NVs in CT26 cells was confirmed with DiR-labelled NVs using a
confocal laser scanning microscope (Carl Zeiss), and analysed
with ZEN software (Carl Zeiss).

2.4. Preparation of M1-C-LNPs

The number of NVs and LNPs was evaluated by NTA (Zetaview)
to ensure the equal mixing of particles. The mixture of NVs and
LNPs was extruded using a mini-extruder, and passed through a
100 nm pore membrane several times, synthesizing the M1-C-
LNPs.

2.5. Characterization of M1-C-LNPs

NTAwas performed to analyse the size, surface zeta-potential, and
the number of M1-C-LNPs. The morphology of M1-C-LNPs was
estimated by TEM (Hitachi). To assess the maintained NV char-
acteristics in M1-C-LNPs, real-time PCR and Western blotting
were performed to confirm the expression of RNA and protein for
exosome markers and inflammatory cytokines. The coated ratio of
M1-C-LNPs was investigated by flow cytometry (BD Bioscience
FacsCanto II Flow Cytometer, San Jose, CA, USA). For flow
cytometry, NVs were prepared from GFP-expressed RAW
264.7 cells, and LNPs were labelled with DiR solution. Fluores-
cent nanoparticles were quantified using FACS Diva software (BD
Biosciences).
2.6. Encapsulation efficiency of siRNA in nanoparticles by
Ribogreen assay

Encapsulation of siRNA in LNPs or M1-C-LNPs was evaluated
using a Ribogreen RNA assay kit (ThermoFisher Scientific, MA,
USA), following the manufacturer’s protocol. Briefly, LNPs or
M1-C-LNPs were either lysed with Triton X-100 or left unlysed,
and the total amount of siRNA in the sample was measured using
the Quant-It Ribogreen reagent (ThermoFisher Scientific) and a
microplate reader (Synergy H1, BioTek, Winooski, USA). After
subtracting the blank measurement, the encapsulation efficiency
(in percentage) was calculated as in Eq. (1):

Encapsulation efficiency (%) Z [1 e (Non-lysed LNPs or M1-C-
LNPs)/Lysed LNPs or M1-C-LNPs] � 100 (1)
2.7. In vitro cellular uptake analysis of the nanoparticles by
immunocytochemistry

CT26 cells were seeded onto Poly-D-Lysine (Gibco) coated cov-
erslips in 24-well plates to verify the cellular uptake of LNPs, M1-
NVs, or M1-C-LNPs. After 12 h, each nanoparticle was treated for
4 h. Cells were then washed with PBS, and fixed with 4% para-
formaldehyde for 15 min. Following another PBS wash, cells were
permeabilized using 0.2% Triton X-100 in PBS for 15 min, fol-
lowed by washing with PBS. Cells were blocked with 4% bovine
serum albumin (BSA) in PBS for 1 h at room temperature (RT),
and subsequently incubated with lysotracker. After washing with
PBS, cells mounted with 40,6-diamidino-2-phenylindole (DAPI)
mounting solution were observed using a confocal laser scanning
microscope (Carl Zeiss).

2.8. In vitro cytotoxicity of nanoparticles

CT26 cells were seeded and treated with M0-NVs, M1-NVs,
LNPs, M0-C-LNPs, or M1-C-LNPs for 4 h. After 24 h, CT26 cell
cytotoxicity was confirmed using a CCK-8 assay. The absorbance
of each well was measured at 450 nm wavelength using a
microplate reader (BioTek). Twelve h after treatment with M1-
NVs, LNPs, or M1-C-LNPs, CT26 cells were stained with a Live/
Dead kit, according to the manufacturer’s protocol. Cell images
were observed under inverted fluorescence microscope (ECLIPS
Ti2; Nikon, Japan).

2.9. Evaluation of RNA expression in nanoparticle-treated cells
by real-time PCR

Total RNA was extracted from cells and nanoparticles using the
Trizol reagent (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s protocol. One mg of total RNAwas transcribed into
cDNA using M-MLV reverse transcriptase (Promega, Madison,
WI, USA) with random primers (Promega) and the oligo dT
primer (Roche, Mannheim, Germany). To quantify expression
levels, real-time PCR was performed using synthesized cDNA and
the SYBR Green dye (iQ SYBR Green Supermix, Bio-Rad,
Waltham, MA, USA) with specific primers. For comparison of
transcript levels between experimental samples, a standard curve
was established using cycle thresholds for several serial dilutions
of a cDNA sample, which was then used to calculate the relative
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abundance of each gene. Data were normalized by the level of
Rpl7 expression in each individual sample.

2.10. Evaluation of protein expression in nanoparticle-treated
cells and tissues by Western blotting

Cells, tissues, or nanoparticles were lysed in lysis buffer including
PRO-PREP (iNtRON, Seongnam, Korea) and 1 � phosphatase
inhibitor (Roche Applied Science, Indianapolis, IN, USA). Protein
concentration was determined using the BCA assay
(ThermoFisher Scientific). Proteins from cell lysates, tissues, or
nanoparticles were separated using SDS-PAGE, and transferred to
nitrocellulose membranes. Blots were blocked with 5% skim-milk
for 1 h at RT, incubated overnight at 4 �C with diluted primary
antibodies, and then incubated with HRP-conjugated secondary
antibody for 1 h at RT. Blots on the membranes were developed
using an ECL detection reagent (Bio-Rad, CA, USA). Exosome
markers CD9, CD63, and TSG101 were used, as well as apoptosis
markers BCL2, Caspase-3, and cleaved Caspase-3. Cyclin B1 was
used as a proliferation marker, while COX2 and iNOS were used
as inflammation markers. ICAM-1 was used as an adhesion
marker, and Collagen I and Collagen IV were used as markers for
collagen density in the tumor microenvironment. b-Actin served
as a loading control.

2.11. In vitro evaluation of gene delivery of LNPs and M1-C-
LNPs by luciferase assay

For quantification of delivered gene expression level, a luciferase
assay was performed using luciferase-encoding mRNA.
Luciferase-encoding RNA was encapsulated in LNPs and M1-C-
LNPs, and treated to CT26, T, and NK cells for 4 h. After
washing, treated cells were lysed with Glo lysis buffer, and reacted
with Bright-Glo Luciferase assay reagent. Luminescence of each
well was measured using a microplate reader (BioTek). Lip-
ofectamine was used as a positive control.

2.12. In vitro analysis of activation of T and NK cells after
treatment with M1-C-LNPs

The T and NK cells were seeded and treated with M1-NVs, LNPs,
or M1-C-LNPs for 4 h. After 24 h, T and NK cell cytotoxicity was
confirmed using a CCK-8 assay. Twelve hours after M1-C-LNP
treatment, T and NK cells were fixed with 4% paraformaldehyde,
and stained with BioTracker Cytoplasmic membrane dye (Sig-
maeAldrich). Cell images were observed under a confocal laser
scanning microscope (Carl Zeiss). Protein expression levels in T
and NK cells were evaluated by Western blotting. PERFORIN and
GRANZYME were used as activation markers for T and NK cells,
with b-actin serving as a loading control. Cancer cell-killing
capability of T and NK cells was determined by co-culturing
with CT26 cells, followed by a CCK-8 assay.

2.13. In vivo experiments

All in vivo experiments were conducted under the guidelines of
approved protocols from the Institutional Animal Care and Use
Committee of the Catholic University of Korea (Republic of
Korea, CUK-IACUC-2021-017-01) and Sungkyunkwan Univer-
sity (Republic of Korea, SKKUIACUC-2022-04-49-1). Eight-
week-old female BALB/c and BALB/c nude mice were used for
animal experiments after a 1 week acclimatization period. To
establish a mouse tumor model, CT26 cells (2 � 106 cells) were
subcutaneously inoculated in the right flank of 9-week-old BALB/
c and BALB/c nude mice. After 8 days, when the average tumor
volume reached 100 mm3, mice were used for the experiments.
Tumor size was measured using vernier calipers, with volumes
calculated using the following Eq. (2):

Volume Z Width � Width � Length � 0.5 (2)

Twenty-five days after tumor inoculation, mice were sacrificed
with CO2 gas when the tumor size exceeded 2000 mm3. After
complete anesthesia with isoflurane, each nanoparticle was intra-
tumorally injected into CT26 tumor-bearing BALB/c and BALB/c
nude mice at 8, 10, and 12 days post-inoculation, using the same
dose.

2.14. In vivo retention of M1-C-LNPs in tumor over time

To assess the retention of M1-C-LNPs within tumors, M1-NVs,
LNPs, and M1-C-LNPs were labelled with DiR solution. Eight
days post-inoculation, when the average tumor volume reached
100 mm3, DiR-labelled M1-NVs, LNPs, and M1-C-LNPs were
intratumorally injected into CT26 tumor-bearing BALB/c nude
mice. Images were obtained at 2 h, 24 h, 7 days, and 15 days using
a fluorescence-labelled organism bio-imaging instrument (FOBI,
Neo-Science, Suwon, Korea). The fluorescence images were then
normalized against the 2 h M1-NV images for consistency.

2.15. In vivo tumor suppression test by treatment with M1-C-
LNPs

Tumor growth inhibition was assessed in the following groups
(each consisting of 8 mice): Group 1: PBS only; Group 2: M1-
NVs; Group 3: LNPs; Group 4: M1-C-LNPs. Eight days post-
inoculation, once the average tumor volume reached 100 mm3,
each nanoparticle formulation was intratumorally injected into
CT26 tumor-bearing BALB/c mice at 8, 10, and 12 days post-
inoculation, using a consistent dose for each injection. Tumor
sizes were measured every 2e3 days using vernier calipers.

2.16. In vivo histological and hematological analysis of M1-C-
LNPs

Each nanoparticle formulation was administered to BALB/c mice
bearing CT26 tumors at 8, 10, and 12 days post-inoculation. The
mice were sacrificed at predetermined time points, following
which their organs were collected for histocompatibility testing
and blood biochemistry analysis. Sera were isolated from whole
blood by centrifugation at 3000�g for 30 min. Sera levels of AST,
ALT, ALP, CREA, GLU, CPK, CA, and NA/K were quantified
using an automated chemical analyzer (Fuji Film DRI-CHEM
NX500i, Tokyo, Japan). Major organs were dissected, and fixed
with 4% paraformaldehyde for histological analysis. After organs
were washed and dehydrated, they were embedded in paraplast
(Leica Biosystems, St. Louis LLC, DieMen, Netherlands).
Paraffin-embedded tissues were sectioned using a microtome,
stained with hematoxylin and eosin (H&E) (SigmaeAldrich), and
observed by ScanScope CS2 (Leica Biosystems).
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2.17. In vivo analysis of immune cells in tumor after treatment
of M1-C-LNPs

Each nanoparticle formulation was administered to BALB/c mice
bearing CT26 tumors at 8, 10, and 12 days post-inoculation. The
tumors were harvested on day 19 post-inoculation. Subsequently,
the harvested tumor tissues were meticulously dissociated into
single cells. The single cells were dispersed in FACS buffer (PBS
with 2% FBS and 1 mmol/L EDTA). After that, extracellular
materials were removed using a 70 mm cell strainer, and then
dispersed in FACS buffer again. The dispersed cells were then
incubated for 1 min at 4 �C in RBC lysis buffer (SigmaeAldrich).
RBC lysis buffer was diluted with PBS, and then centrifuged for
3 min at 250�g. After removal of the supernatant, the cells were
stained with the following antibody: BV510-conjugated Zombie
aqua for live cells; BV785-conjugated anti-CD45, APC-conju-
gated anti-CD3, and BV650-conjugated anti-CD4 for helper T
cells; BV785-conjugated anti-CD45, APC-conjugated anti-CD3,
and BV650-conjugated anti-CD8 for cytotoxic T cells; BV785-
conjugated anti-CD45, APC-conjugated anti-CD3, and BV650-
conjugated anti-NKp46 for natural killer (NK) cells; and
FITC-conjugated anti-Granzyme B, APC/Cy7-conjugated anti-
TNFa, or BV421-conjugated anti-IFNg for cytokines. For surface
staining, the cells were stained with fluorescence-conjugated
antibodies against surface antigens at RT for 20 min. To detect
cytokines, the cells were stimulated with the cell stimulation
cocktail for 4 h, fixed with IC fixation buffer at RT for 20 min,
permeabilized, and stained with fluorescence-conjugated anti-
bodies against cytokines at RT for 30 min. The cells were washed
with FACS buffer, and analysed using a flow cytometer (Beckman
Coulter, Fullerton, CA, USA) with CytExpert software (Beckman
Coulter).

2.18. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 soft-
ware (GraphPad Software, San Diego, CA, USA). All data are
presented as the mean � standard deviation (SD) or the
mean � standard error of the mean (SEM). ANOVA was used to
evaluate three or more groups, while the t-test was used for two
groups. The P-values are indicated in the figure legends.

3. Results and discussion

3.1. Characterization of M1-C-LNPs

Due to their excellent clinical applicability52,53, LNPs have
emerged as a leading system for RNAi delivery. They have been
utilized in the first FDA-approved siRNA therapy for treating
polyneuropathy caused by transthyretin amyloidosis, and have
been extensively investigated for various clinical applications that
include gene therapies and mRNA vaccines for COVID-1954-56. In
this work, we chose LNPs as the delivery vehicle for siRNA tar-
geting Bcl2, a known anti-apoptotic factor57,58. LNPs were pre-
pared by mixing lipids in ethanol with Bcl2-siRNA in acidic
buffer, as shown in Supporting Information Fig. S1A 53,59. We
evaluated the prepared LNPs for size, zeta-potential, and
morphology (Figs. S1B and S1C). The LNPs had an estimated
average diameter of 198 nm and a neutral charge, with a final
lipid/siRNA weight ratio of 20:1. They exhibited a spherical
morphology. We assessed the stability of the LNPs by measuring
their particle size in deionized water (DW), phosphate-buffered
saline (PBS), or cell culture media over time (Fig. S1D). The
LNPs remained stable for four days in all tested conditions. We
used a Ribogreen assay to quantify the encapsulated siRNAwithin
the LNPs (Fig. S1E), revealing an encapsulation efficiency of
approximately 65%. Confocal microscopy showed that the FAM-
siRNA-loaded LNPs (green) successfully delivered the encapsu-
lated siRNA to cancer cells upon treatment (Fig. S1F). To endow
nanoparticles with immune cell activation properties, we
employed macrophages to generate NVs. Macrophages interact
with other immune cells and function as effector cells in various
physiological conditions that include inflammation, tumor mi-
croenvironments, and fibrosis35,60,61. They possess a wide range of
membrane receptors and cytokines that enable them to recognize
and respond to pathogens and other stimuli62. When activated,
macrophages can secrete cytokines and signal molecules that
activate other immune cells63. As depicted in Supporting
Information Fig. S2A, we prepared M1 macrophages by
exposing the murine macrophage cell line RAW 264.7 to lipo-
polysaccharide (LPS), which is known to induce an inflammatory
response by binding to toll-like receptor 4 (TLR4) on macro-
phages64,65. The M0 macrophages not exposed to LPS served as a
negative control. We generated macrophage-derived NVs by
extruding M0 and M1 macrophages through multiple membrane
filters with varying pore sizes, yielding M0-NVs and M1-NVs,
respectively. The particle sizes of M0-NVs and M1-NVs were
approximately 205 nm and 187 nm, respectively (Fig. S2B). Their
zeta-potentials were approximately �24 mV and �24 mV,
respectively (Fig. S2C). Next, we identified exosome markers
TSG101 and CD63 proteins in both M0-NV and M1-NV using
Western blotting (Fig. S2D). The M1-NVs maintained a spherical
morphology (Fig. S2E). We estimated the expression of inflam-
matory cytokines in M1-NVs using real-time PCR and Western
blotting, to examine the extruded M1 macrophage’s characteristic
(Supporting Information Fig. S3A). As demonstrated in Figs. S3B
and S3C, the expression of inflammatory cytokines was signifi-
cantly higher in M1-NVs compared to M0-NVs at both gene and
protein levels. To investigate the internalization of M1-NVs into
cancer cells, we stained M1-NVs with DiR solution, and observed
their fusion with cancer cell membranes (Fig. S3D). Based on
these findings, we selected M1-NVs as adjuvants that were
capable of activating immune cells for cancer immunotherapy. We
designed functional nanoparticles with dual functions by inte-
grating gene therapy and immunotherapy for effective cancer
treatment (Fig. 1). The Bcl2-siRNA-loaded LNPs were coated
with M1-NVs (Fig. 1A), which serves as an immune adjuvant by
delivering inflammatory cytokines. To determine the optimal ratio
for coating LNPs with M1-NVs, we performed nanoparticle
tracking analysis (NTA) on mixtures with different particle
number ratios of M1-NVs and LNPs to prepare coreeshell
nanoparticles. We extruded the mixtures through a mini-
extruder, and passed them through a membrane with 100 nm
pores several times, similar to the preparation of cell membrane-
coated nanoparticles in previous studies66-69. This process resul-
ted in M1-C-LNPs. As the number of LNPs in the total number of
particles increased, the amount of genes enclosed in M1-C-LNPs
gradually increased. Conversely, as the number of M1-NVs in the
total number of particles increased, the amount of inflammatory
cytokines in M1-C-LNPs gradually increased (Supporting
Information Figs. S4A and S4B). We examined the coating effi-
ciency of M1-C-LNPs using flow cytometry. NVs were prepared
from a macrophage cell line expressing GFP to detect fluorescent
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signals, and LNPs were labelled with DiR (Fig. 2A). When
mixtures containing equal numbers of GFP-M1-NVs and DiR-
LNPs were hybridized in a coreeshell format through a mini-
extruder, the coating efficiency of M1-C-LNPs at a 1:1 particle
number ratio was approximately 66% of the total particles, the
highest among the various particle number ratios (Fig. 2B). Based
on these results, we chose a 1:1 particle number ratio of M1-NVs
to LNPs for the preparation of optimized M1-C-LNPs (Fig. 2C).
We used M0 macrophage-derived cellular nanovesicle-coated
LNPs (M0-C-LNPs) as a negative control. The particle sizes of
M0-C-LNPs and M1-C-LNPs were approximately 193 nm and
203 nm, respectively (Fig. 2D). The zeta-potentials of M0-C-
LNPs and M1-C-LNPs were approximately �16 mVand �15 mV,
respectively (Fig. 2E). TEM analysis revealed that M1-C-LNPs
retained their spherical morphology (Fig. 2F). After coating Bcl2-
siRNA-loaded LNPs with macrophage-derived NVs, we found the
exosome markers TSG101 and CD63 to be expressed in both
M0-C-LNPs and M1-C-LNPs (Fig. 2G). To determine whether
FAM-siRNA-loaded on LNPs was retained on M0-C-LNPs and
M1-C-LNPs after coating with macrophage-derived NVs, we
performed a fluorescence assay (Fig. 2H). We observed that M0-
C-LNPs and M1-C-LNPs were loaded with approximately 1.8 mg
of siRNA per 1 � 1011 particles, a reduced amount compared to
LNPs, likely due to siRNA leakage during the physical extrusion
process. To verify the cellular internalization of the nanoparticles,
CT26 cancer cells were treated with LNPs, M0-C-LNPs, or M1-C-
LNPs, and confocal microscopy was employed to observe the
intracellular presence of fluorescently labelled siRNA (FAM-
siRNA) within the nanoparticles (Fig. 2I). The analysis revealed
that M1-C-LNPs were the most effective in delivering siRNA into
the cytoplasm of cancer cells, in comparison to the other groups.
To induce their activation, M1 macrophages interact with other
immune cells, such as T and NK cells. This process is regulated by
mediators like inflammatory cytokines in M1 macrophages63,70,71.
In Fig. S3, M1 macrophage-derived NVs used for the preparation
of M1-C-LNPs expressed inflammatory cytokines at both the
mRNA and protein levels. After coating the LNPs with
macrophage-derived NVs, the content of inflammatory cytokines
in the particles was examined using real-time PCR and Western
blotting (Fig. 2J and K). M1-C-LNPs maintained higher expres-
sion levels of inflammatory cytokines, compared to M0-C-LNPs.

3.2. In vitro analysis of cancer cell apoptosis induced by Bcl2-
siRNA-loaded M1-C-LNPs

Next, we evaluated the induction of apoptosis in CT26 cells by
Bcl2-siRNA-encapsulated in M1-C-LNPs compared with other
nanoparticles treated groups in vitro (Fig. 3). Bcl2 is an anti-
apoptotic gene that plays a key role in regulating programmed
cell death (i.e., apoptosis), and is currently being actively
researched for the treatment of various cancers that include leu-
kemia, lymphoma, and solid tumor72,73. When the cell viable rate
for apoptosis was quantified to compare with each nanoparticle,
M1-C-LNPs exhibited a greater cancer-killing effect than LNPs,
M1-NVs, and M0-C-LNPs (Fig. 3A). We found that Bcl2 mRNA
expression was significantly suppressed in CT26 cells treated with
LNPs or M1-C-LNPs encapsulated with Bcl2-siRNA (Fig. 3B).
Interestingly, M1-C-LNP treatment in CT26 cells increased
apoptosis-related markers at both the gene and protein levels
(Fig. 3C and D). Live/dead staining of CT26 cells treated with
M1-C-LNPs revealed effective induction of apoptosis (Fig. 3E),
consistent with the protein expression results in Fig. 3D. These
results indicate that the heightened apoptotic effect of M1-C-LNPs
can be attributed to the synergistic combination of the delivered
gene within LNPs and the inflammatory cytokines originating
from M1-NVs (Figs. S1 and S3).

3.3. Investigating the interaction of M1-C-LNPs with immune
cells

Gene delivery of Bcl2 targeting siRNAs is known to inhibit BCL2
expression and induce apoptosis in most cells74,75. Based on the
effective delivery of siRNAs-loaded on M1-C-LNPs to cancer
cells, as shown in Fig. 3, we examined whether M1-C-LNPs
induce apoptosis by delivering the encapsulated Bcl2-siRNA into
immune cells such as T and NK cells, which play crucial roles in
cancer immunotherapy. Before further quantifying gene transfer
via M1-C-LNPs in immune cells, we loaded mRNA encoding
luciferase (Luc-mRNA) instead of siRNA into LNPs and M1-C-
LNPs, and treated T and NK cells. Both LNPs and M1-C-LNPs
effectively delivered Luc-mRNA to CT26 cells, which expressed
the protein, but at a low expression rate in both T cells and NK
cells (Fig. 4A). To confirm the localization of the loaded siRNA in
M1-C-LNPs, we loaded siRNA labelled with the fluorescent
molecule FAM (FAM-siRNA) into M1-C-LNPs, stained the cells
with a cell membrane tracer, and investigated T and NK cells
using confocal microscopy. As illustrated in Fig. 4B, FAM-siRNA
loaded into M1-C-LNPs was not delivered into cytoplasm of T and
NK cells, but was observed on the cell membrane surface. Next,
Western blotting analysis showed that BCL2 expression in T and
NK cells was not reduced by either LNPs or M1-C-LNPs loaded
with Bcl2-siRNA (Fig. 4C). This finding reconfirms that that the
Bcl2-siRNA was not delivered into immune cells via the nano-
particles. Interestingly, the cytotoxicity by apoptosis by each
nanoparticle was hardly observed, when T and NK cells were
treated with the same concentration of M1-C-LNPs that were
administered to cancer cells (Fig. 4D). These results collectively
suggest that the delivery of siRNA loaded on M1-C-LNPs to
intratumoral immune cells is limited, unlike in cancer cells. This
phenomenon may be attributed to immune cells being generally
less receptive to foreign substances than other cell types, partic-
ularly before activation76,77. Consequently, transfection of im-
mune cells using viral or non-viral vectors is known to be
challenging24,78.

3.4. Cancer killing capability of T and NK cells enhanced by
M1-C-LNPs

M1-C-LNPs, the Bcl2-siRNA-loaded LNPs coated with M1-NVs
by extrusion, were designed to serve dual-functionality for ge-
netic therapy and immunotherapy against cancer (Figs. 1 and 2).
Especially, M1-NVs were selected as an immune adjuvant by
delivering inflammatory cytokines to enhance the efficacy of
immunotherapy (Fig. S3). Based on these results, to investigate
the activation of T and NK cells by M1-C-LNPs, we investigated
the activation of T and NK cells by M1-C-LNPs in aspect of the
granule-mediated apoptotic capability (Fig. 4E and F). Granule-
mediated apoptosis markers, such as perforin and granzyme,
were significantly increased in M1-C-LNP treated T and NK cells
(Fig. 4E). To directly evaluate the cancer cell killing ability of
these activated effector immune cells, we co-cultured the M1-C-
LNP-treated T and NK cells with CT26 cells (Fig. 4F). Control
groups (treated only with PBS), along with the M1-NV and LNP-
treated groups, demonstrated partial killing of cancer cells.



Figure 2 Development and characterization of M1 macrophage-derived cellular nanovesicle-coated lipid nanoparticles (M1-C-LNPs). (A)

Illustration and representative gating displaying the synthesis rate of M1-C-LNPs for GFP-expressing M1 macrophage-derived cellular nano-

vesicle (M1-NVs)-coated DiR-stained LNPs using flow cytometry. (B) Efficiency of lipid nanoparticles (LNPs) with M1-NVs estimated by flow
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Figure 3 In vitro analysis of apoptosis induction in CT26 cells through Bcl2-siRNA delivery by M1 macrophage-derived cellular nanovesicle-

coated lipid nanoparticles (M1-C-LNPs). (A) In vitro analysis for inducing apoptosis in CT26 cells through Bcl2-siRNA delivery or/and in-

flammatory cytokines of each nanoparticle. (B) Expression of Bcl2 mRNA levels in CT26 cells after treatment with PBS, M1-NVs, LNPs, or M1-

C-LNPs. (C and D) Representative image and quantitative analysis of expression for protein levels of apoptosis-related markers in CT26 cells after

treatment with PBS, M1-NVs, LNPs, or M1-C-LNPs. All values are normalized against the control group. (E) Representative images of

CT26 cells stained by Live/Dead staining after treatment with PBS, M1-NVs, LNPs, or M1-C-LNPs. Scale bar: 50 mm. Data are presented as the

mean � SD (n Z 3, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not significant).
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However, T and NK cells treated with M1-C-LNPs were markedly
more effective in killing the co-cultured cancer cells. These
findings suggest that M1-C-LNPs activate T and NK cells,
cytometry. (C) Method of synthesizing M1-C-LNPs by coating M1-NVs o

and surface zeta-potential of M0 macrophage-derived NV-coated lipid nan

tracking analysis (NTA). (F) Representative transmission electron microsco

expression of exosome markers in M0-C-LNPs and M1-C-LNPs examine

LNPs, M0-C-LNPs, or M1-C-LNPs using the ribogreen assay. (I) Represe

M0-C-LNPs, or M1-C-LNPs. Green, red, and blue colors in images indicat

(J) Expression of mRNA levels of inflammatory cytokines in M0-C-LNPs a

levels of inflammatory cytokines in M0-C-LNPs and M1-C-LNPs, analyse

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
subsequently inducing granule-mediated cell death in cancer cells.
Although M1-C-LNPs have limited entry into T and NK cells, as
evidenced in Fig. 4B, the activation of these immune cells is likely
n siRNA-loaded LNPs through extrusion. (D and E) Average diameter

oparticles (M0-C-LNPs) and M1-C-LNPs confirmed by nanoparticle

py (TEM) image of M1-C-LNPs. Scale bar: 100 nm. (G) Protein level

d by Western blotting. (H) Quantitative evaluation of loaded gene in

ntative confocal images of CT26 cells 4 h after treatment with LNPs,

e FAM-siRNA, lysosome, and nucleus, respectively. Scale bar: 10 mm.

nd M1-C-LNPs, assessed by real-time PCR. (K) Expression of protein

d by Western blotting. Data are presented as the mean � SD (n Z 3,



Figure 4 Analysis of gene delivery and activation in T and NK cells after M1 macrophage-derived cellular nanovesicle-coated lipid nano-

particles (M1-C-LNPs) treatment. (A) Evaluation of luciferase activity in CT26, T, and NK cells after treatment with luciferase-RNA-loaded

LNPs or M1-C-LNPs. (B) Representative confocal images of T and NK cells 4 h after treatment with PBS, LNPs, or M1-C-LNPs. Pink and

green colors in images indicate T cell membrane and FAM-siRNA, respectively. Scale bar: 5 mm. (C) Expression of protein levels of BCL2 in T

and NK cells after treatment with PBS, LNPs, or M1-C-LNPs. (D) Cell viability of T and NK cells after treatment with PBS, M1-NVs, LNPs, or

M1-C-LNPs. (E) Representative images and quantitative analysis of expression for protein levels of Perforin and Granzyme in PBS, M1-NVs,

LNPs, or M1-C-LNPs treated T and NK cells, analysed by Western blotting. (F) Cancer cell-killing capability of T and NK cells treated with PBS,

M1-NVs, LNPs, or M1-C-LNPs. CT26 cells were directly co-cultured with T and NK cells after treatment with each nanoparticle. Data are

presented as the mean � SD (n Z 3, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 5 In vivo anti-tumor therapeutic effect of M1 macrophage-derived cellular nanovesicle-coated lipid nanoparticles (M1-C-LNPs) for

combining gene therapy with immunotherapy on CT26 mouse model. (A) In vivo nanoparticle treatment schedule for PBS, M1-NVs, LNPs, or

M1-C-LNPs. CT26 cells were subcutaneously injected into the right flank of BALB/c or BALB/c nude mice. When the tumor size reached a

volume of w100 mm3, mice began treatment with PBS, M1-NVs, LNPs, or M1-C-LNPs. (B) In vivo quantitative fluorescence analysis of tumor

injected with DiR-stained M1-NVs, LNPs, or M1-C-LNPs in BALB/c nude mice. All values are normalized against the M1-NV group. (C)

Representative image and quantitative analysis of protein expression levels for ICAM-1 and exosome marker in M1-NVs, LNPs, or M1-C-LNPs

analysed by Western blotting. (D) Flow cytometric immunophenotyping of activated cytokine-related markers of T and NK cells in the tumor of

CT26 tumor-bearing mice model after intratumoral injection of PBS, M1-NVs, LNPs, or M1-C-LNPs. (E) Representative image and quantitative

analysis of protein expression levels for apoptosis and tumor microenvironment-related markers in tumor after the injection of PBS, M1-NVs,

LNPs, or M1-C-LNPs estimated by Western blotting. All values are normalized against the control group. (F) Representative images of he-

matoxylin and eosin (H&E) in tumor after the injection of PBS, M1-NVs, LNPs, or M1-C-LNPs. Scale bar: 300 mm in H&E. (G) Average tumor

size growth after the injection of PBS, M1-NVs, LNPs, or M1-C-LNPs. Data are presented as the mean � SEM (n Z 3 or 5, *P < 0.05,

**P < 0.01).
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attributable to the interaction with membrane proteins from M1-
NVs when M1-C-LNPs adhere to the cell membranes71,79, or
due to cytokines released from M1-C-LNPs80.

3.5. Activation of intratumoral T and NK cells by long retention
of M1-C-LNPs

We next investigated the tumor growth inhibition effect of M1-C-
LNPs in a CT26 tumor-bearing mouse model (Fig. 5). A tumor
model was established by inoculating CT26 colon cancer cells
into BALB/c or BALB/c nude mice to test the in vivo tumor
growth inhibition by M1-C-LNP administration. When the
average tumor size reached 100 mm3, three intratumoral injections
of PBS, M1-NVs, LNPs, or M1-C-LNPs, were given every other
day (Fig. 5A). Before considering the antitumor therapeutic effect,
we assessed the intratumoral retention of M1-C-LNPs using
in vivo fluorescence imaging (Supporting Information Fig. S5 and
Fig. 5B). Each nanoparticle was stained with DiR, an NIR fluo-
rescent dye, and the fluorescence signal of the intratumorally
injected nanoparticles was monitored over time. Seven days after
intratumoral injection, there was no significant difference between
the fluorescence intensity of M1-NVs, LNP, and M1-C-LNP
(Fig. S5). However, after 15 days, the fluorescence intensity of
M1-NVs and M1-C-LNPs persisted in the solid tumor, while the
fluorescence signal of LNPs had almost vanished (Fig. 5B). To
investigate why M1-NVs and M1-C-LNPs remained in the solid
tumor longer, we examined the tumor-interacting proteins
expressed on M1-NVs, the outer membrane layer of M1-C-LNPs.
ICAM-1 is known to play a role in mediating leukocyte adhesion
and the adhesion of inflammatory macrophages to endothelial
cells and cancer cells81,82. Western blotting analysis revealed that
both M1-NVs and M1-C-LNPs expressed ICAM-1 (Fig. 5C).
These results suggest that the longer retention of M1-C-LNPs in
the solid tumor is due to adhesion molecules like ICAM-1, which
are expressed by M1-NVs. We next investigated the extend for
infiltration and activation of effector immune cells by M1-C-LNPs
in solid tumor (Fig. 5D and Supporting Information Fig. S6). The
populations of intratumoral cytotoxic T, NK, and T helper cells in
all groups did not change significantly after treatment, compared
to the control group. This result could consistently provide another
evidence that the delivery of Bcl2-siRNA loaded on M1-C-LNPs
to effector immune cells was limited, and did not result in immune
cell death (Fig. 4). However, the expression of granzyme on
cytotoxic T and NK cells was significantly increased in tumor
treated with M1-NVs or M1-C-LNPs compared to controls,
demonstrating that the pro-inflammatory cytokines of M1-NVs
explored earlier also induce the expression of granules on intra-
tumoral T and NK cells. The expression of TNFa in cytotoxic T
cells and IFNg in NK cells was significantly higher in solid tumor
treated with M1-C-LNPs, compared to other groups, suggesting
that M1-C-LNPs could activate cytotoxic T and NK cells to induce
granule-mediated cell death against cancer cells both in vitro and
in vivo. Furthermore, tumor-associated macrophages (TAMs),
which are known for their role in promoting an immunosuppres-
sive environment in tumor, induced cell death with approximately
40%, while the surviving cells were polarized into M1 macro-
phages, exhibiting enhanced capability to target cancer cells after
treatment of M1-C-LNPs in macrophages (Data not shown). These
results suggest that the intratumoral injection of M1-C-LNPs can
both induce apoptosis in cancer cells, and stimulate the anti-
cancer immune activity of T and NK cells.
3.6. Anti-tumor therapeutic effect of M1-C-LNPs on CT26
mouse model

Next, we evaluated the induction of apoptosis by Bcl2 silencing
via M1-C-LNPs in solid tumor. Remarkably, BCL2 expression
was completely suppressed only in M1-C-LNPs injected solid
tumor, when estimating the expression of apoptosis-related
markers. This outcome is likely due to the prolonged persistence
of M1-C-LNPs in tumor, leading to efficient gene delivery into
tumor cells. Furthermore, in line with the BCL2 expression re-
sults, M1-C-LNPs effectively induced apoptosis in solid tumor
(Fig. 5E). We also conducted histological analysis to examine
tumor density and intratumoral proliferating cells following
treatment (Fig. 5F). Compared to the other groups, the M1-C-
LNP-treated group had less dense tumor. When monitoring the
change in average tumor size over time for each group (Fig. 5G),
we observed rapid tumor growth in the PBS, M1-NVs, or LNP-
treated groups, while tumor growth was significantly reduced in
the M1-C-LNP-treated group. The findings suggest that due to
their long retention in the tumor, and their excellent gene delivery
efficiency, M1-C-LNPs can effectively inhibit tumor growth.
Then, we assessed the toxicity of M1-C-LNPs by verifying blood
biochemistry, histocompatibility, and body weight after adminis-
tration of the nanoparticles (Supporting Information Fig. S7).
Blood biochemical and histological analyses revealed that mice
treated with M1-NVs exhibited significantly increased ALP levels
and alveolar hemorrhage, while M1-C-LNPs demonstrated
biocompatibility, and did not cause any adverse effects (Figs. S7A
and S7B). No differences in body weight changes were observed
among all experimental groups (Fig. S7C). Interestingly, admin-
istering a simple mixture of M1-NVs and LNPs prior to extrusion
for coating led to increased levels of ALP, TG, and CPK in blood
biochemistry tests, similar to the results seen in the group treated
with M1-NVs alone (Supporting Information Fig. S8A). The
residence time of LNP in solid tumors was relatively short,
resulting in a less effective tumor growth inhibition rate
(Fig. S8B). These findings suggest that M1-NVs alone may induce
in vivo toxicity, potentially due to the presence of inflammatory
cytokines such as IL-6, iNOS, TNFa, and IL-1b. However, M1-C-
LNPs exhibited relatively reduced toxicity, which could be
attributed to the controlled cytokine release, owing to the dense
lipid structure in M1-C-LNPs (Fig. 2F).

4. Conclusions

In this study, we developed bifunctionalized M1-C-LNPs con-
taining Bcl2-siRNA and immunomodulatory cytokines to combine
gene therapy and immunotherapy in cancer treatment. M1-C-
LNPs successfully integrated the properties of LNPs encapsulated
with siRNA through an extrusion process and M1-NVs enriched
with inflammatory cytokines. The siRNA-loaded on M1-C-LNPs
was specifically delivered to cancer cells, inducing cell death only
in cancer cells, without affecting immune cells, such as effector
immune cells in tumor microenvironment. However, the inflam-
matory cytokines in M1-C-LNPs stimulated T cells and NK cells,
activating granule-mediated cancer cell killing function. Intra-
tumoral injection of M1-C-LNPs demonstrated excellent
intratumoral retention due to adhesion molecules on the surface of
M1-NVs, contributing to the therapeutic efficacy and safety of the
nanoparticles. Ultimately, M1-C-LNPs exhibited superior efficacy
in inhibiting tumor growth, compared to other groups. These
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findings indicate that M1-C-LNPs could be utilized as an optimal
nanoplatform for effective genetic-immunotherapy against solid
tumor.
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