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Abstract Although cancer immunotherapy has made great strides in the clinic, it is still hindered by the

tumor immunosuppressive microenvironment (TIME). The stimulator of interferon genes (STING)

pathway which can modulate TIME effectively has emerged as a promising therapeutic recently. How-

ever, the delivery of most STING agonists, specifically cyclic dinucleotides (CDNs), is performed intra-

tumorally due to their insufficient pharmacological properties, such as weak permeability across cell

membranes and vulnerability to nuclease degradation. To expand the clinical applicability of CDNs, a

novel pH-sensitive polycationic polymer-modified lipid nanoparticle (LNP-B) system was developed

for intravenous delivery of CDNs. LNP-B significantly extended the circulation of CDNs and enhanced

the accumulation of CDNs within the tumor, spleen, and tumor-draining lymph nodes compared with free

CDNs thereby triggering the STING pathway of dendritic cells and repolarizing pro-tumor macrophages.

These events subsequently gave rise to potent anti-tumor immune reactions and substantial inhibition of
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CT26 colon cells
 tumors in CT26 colon cancer-bearing mouse models. In addition, due to the acid-sensitive property of the

polycationic polymer, the delivery system of LNP-B was more biocompatible and safer compared with

lipid nanoparticles formulated with an indissociable cationic DOTAP (LNP-D). These findings suggest

that LNP-B has great potential in the intravenous delivery of CDNs for tumor immunotherapy.

ª 2025 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

Despite the remarkable advancements in tumor immunotherapy
for the treatment of cancer1e7, it still encounters numerous chal-
lenges. One of the biggest hurdles facing tumor immunotherapy is
the presence of the tumor immunosuppressive microenvironment
(TIME), which can hinder the effectiveness of treatment8,9. It has
been found that the therapeutic effect of tumor immunotherapy
largely depends on the production of type I interferon (IFN)10e12.
Therefore, the cyclic GMP-AMP synthase (cGAS)-stimulator of
interferon genes (STING) pathway, which triggers the production
of type I IFN, has emerged as a promising therapeutic target for
modulating the TIME and enhancing anti-tumor immunity13e17.
Many STING agonists, namely cyclic dinucleotides (CDNs) have
shown powerful anti-tumor efficacy in extensive research18e20.
Although plenty of STING agonists have shown promise in tumor
immunotherapy, the inherent properties of CDNs, such as the
negative charge, high water solubility, vulnerability to nuclease
degradation, and polar surface area, render them unsuitable can-
didates for systemic administration via intravenous injection21.
The intratumoral injection also poses certain limitations to the
development and deployment of such drugs across various in-
dications. This administration mode greatly limits the clinical
value of CDNs for the treatment of deep tumors or metastatic
tumors because of the operation difficulty of intratumoral injection
in the body22. Therefore, it is of great practical value to develop
novel strategies to deliver CDNs by intravenous injection for
tumor immunotherapy.

Recently, many researchers have devised various nanoparticle
systems to facilitate intravenous delivery of CDNs as well as to
activate a stronger anti-tumor immune response23,24. For instance,
cationic liposomes prepared using a weight ratio of soy phos-
phatidylcholine (soy-PC) to 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP) of 100:1 demonstrated an encapsulation effi-
ciency of about 43% for cyclic GMPeAMP (cGAMP) and stim-
ulated both innate and adaptive immune responses against
preexisting tumors in orthotopic and genetically engineered
models of basal-like triple-negative breast cancer25. A polymer-
some platform improved the half-life of encapsulated cGAMP by
40-fold, allowing for sufficient accumulation of cGAMP in tumors
and activation of the STING pathway in the TIME26. CD103þ

dendritic cells (DCs)-targeted liposomal CDN formulations pre-
sented enhanced anti-tumor immune responses as well as reduced
off-target toxicities27. Nanodiscs formed by the CDNePEGelipid
conjugate exhibited high efficiency in penetrating tumors and
showed robust anti-tumor efficacy28. These findings confirm the
viability of nanoparticle systems for intravenous delivery of
CDNs. In comparison to exosomes, lipid nanoparticles (LNP)
demonstrate higher efficacy in encapsulating negatively charged
nucleic acid drugs. Unlike positively charged liposomes, LNP
provide superior protection against degradation for CDNs. Given
these factors, LNP show great potential for intravenous delivery of
CDNs. However, the development of LNP has encountered diffi-
culties attributed to patent protections and concerns over the po-
tential toxicity of cationic phospholipids or ionizable
phospholipids, which serve as crucial components in LNP for
loading nucleic acid drugs and facilitating their escape from
lysosomes29.

Herein, we developed a novel pH-sensitive polycationic
polymer-modified lipid nanoparticle (LNP-B) system for tumor
delivery of CDNs intravenously, using ADU-S100 as a model CDN
(Scheme 1). A new polycationic polymerelipid conjugate, termed
DSPE-PCBþ, which is capable of undergoing degradation to form an
electroneutral zwitterionic polymerelipid conjugate under acidic
conditions, was used to facilitate the creation of lipid nanoparticles
with a remarkable drug loading capacity and an acceptable safety
profile. Considering that Mn2þ is an activator of cGAS and can bind
cGAMP to form nanoparticles30,31, Mn2þwas included in LNP-B to
form a stable nano-structure. The physicochemical properties such
as the diameter, potential, stability, drug loading, and drug release of
LNP-B were characterized. The cellular uptake behavior of LNP-B
by immune cells including dendritic cells (DCs) and macrophages
and the STING pathway activation effect of LNP-B were carefully
investigated in vitro. Following a single intravenous administration,
we probed into the efficacy and its associated immunological
mechanisms through examination of immune cell variations in tu-
mors, spleens, and tumor-draining lymph nodes (TDLN) of CT26-
bearing mice models. Finally, a deep examination of LNP-B’s
safetywas conducted. Collectively, it has been found that the LNP-B
was uniform, stable, and acid-sensitive, exhibiting the capability to
activate the STING pathway of DCs and repolarize macrophages
in vitro. Additionally, a single intravenous injection of LNP-B could
inhibit the growth of tumors, and promote the “cold” tumor micro-
environment into the “hot” tumor microenvironment. Overall, LNP-
Bwas both safe and efficacious in enhancing tumor immunotherapy.

2. Materials and methods

2.1. Materials and animals

1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC), cholesterol,
1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), and 1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene-glycol)-2000] (DSPE-mPEG2k) were purchased from
AVT Pharmaceutical Tech Co., Ltd. (Shanghai, China). ADU-
S100 was obtained from MedChemExpress (Shanghai, China).
Dulbecco’s modified Eagle’s medium (DMEM, MA0212) and
RPMI 1640 (MA0546) were from Meilun Biotechnology Co., Ltd.
(Dalian, China). KO525 or APC anti-mouse CD45, APC anti-
mouse CD11c, PB450 anti-mouse CD11b, FITC anti-mouse
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Scheme 1 Amplifying STING activation with LNP-B for cancer immunotherapy. a, LNP-B is composed of a core formed with CDNs, Mn2þ, a
polycationic polymer-lipid DSPE-PCBþ, and a PEGylated lipid layer formed with DOPC, cholesterol, and DSPE-PEG. b, After being administered

intravenously, LNP-B demonstrates a prolonged circulation time, allowing for enhanced accumulation within the tumor. Subsequently, LNP-B is

internalized by immune cells such as DCs and transported to acidic lysosomes. Within this acidic environment, DSPE-PCBþ undergoes cleavage,

resulting in the formation of the electroneutral zwitterionic-lipid DSPE-PCB. This cleavage disrupts the lipid nanoparticles and releases CDNs to

activate the STING pathway, leading to reshaping the tumor immunosuppressive microenvironment and enhanced tumor immunotherapy.
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CD11c, PE anti-mouse Ly6C, PE anti-mouse MHC-II, Alex 488
anti-mouse F4/80, PE anti-mouse CD49b, PerCP/Cy5 or APC
anti-mouse CD3, FITC anti-mouse CD19, and Brilliant Violent
605 anti-mouse CD4 were purchased from Biolegend (San Diego,
CA, USA). Cy5-conjugated 2ʹ3ʹ-cGAMP was obtained from
Biolog Life Science Institute GmbH & Co. KG (Bremen, Ger-
many). 2-(4-Amidinophenyl)-6-indolecarbamidine dihydro-
chloride (DAPI) was purchased from Beyotime (Nantong, China).
Amiloride was obtained from Solarbio Life Sciences Co., Ltd.
(Beijing, China). Recombinant murine macrophage colony stim-
ulating factor (M-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) were from PeproTech (Cranbury,
USA). phospho-NF-kB p65 (pS536), NF-kB p65, phospho-IRF3
(pS396), IRF3, phospho-TBK1 (pS172), TBK1, or b-actin and
the relevant secondary antibodies (goat anti-rabbit IgG) were from
Abcam (Shanghai, China). TNF-a and IFN-g ELISA kits were
obtained from MultiSciences Biotechnology Co., Ltd. (Hangzhou,
China). IFN-b ELISA kit was acquired from Jianglai Biotech-
nology (Shanghai, China). Fetal bovine serum (FBS), penicillin
streptomycin (P/S), and Trypsin-EDTA (0.25%) were from Gibco
(Carlsbad, CA, USA). Deionized water was acquired from the
Millipore Simplicity System (Bedford, MA, USA).
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Murine colon cancer cell lines (CT26) were obtained from the
Chinese Academy of Science Cells Bank (Shanghai, China).
C57BL/6 and male BALB/c mice (6e8 weeks) were purchased
from Lingchang Co., Ltd. (Shanghai, China). To create tumor-
bearing mouse models, CT26 colon cancer cells (2 � 106) were
transplanted into the lower right side of the back of male BALB/c
mice. When the tumor volume reached around 200 mm3, tumor-
bearing mice were used for further experiments. All animal pro-
tocols and experiments were approved by the Animal Ethics
Committee of Fudan University (2019-03-YJ-PZQ-01).

2.2. Synthesis of LNP-B

Firstly, DSPE-PCBþ was synthesized by an atom transfer radical
polymerization method (Supporting Information Schemes
S1eS3)32,33. The molecular weight of DSPE-PCBþ was
4900 Da determined by GPC. Details of the synthesis and char-
acterization of DSPE-PCBþ were given in Supporting
Information. Secondly, to prepare the experimental components,
in a typical synthesis process30, manganese chloride methanol
solution (100 mmol/L), CDNs methanol solution (1.45 mmol/L),
and different concentrations of DSPE-PCBþ methanol solutions
with corresponding nitrogen-phosphorus (N/P) molar ratios of 2,
4, 6, and 12 were added to the Eppendorf tube respectively. The
mixture was incubated on the rotary mixer for about 1 h, so that it
could generate positively charged nanoparticle cores, called CDN-
Mn@PCB-1, CDN-Mn@PCB-2, CDN-Mn@PCB-3, and CDN-
Mn@PCB-4, respectively, through electrostatic interaction force
and coordination bond. Afterward, the mixture was subjected to
centrifugation at 20,000�g for 30 min (CP100NX, Hitachi, Japan)
to remove unbounded CDNs and metal ions with methanol twice.
Then, LNP-Bn (n Z 1, 2, 3) was synthesized by mixing the
screened CDN-Mn@PCB with a lipid ethanol solution containing
DOPC, cholesterol, and DSPE-mPEG2k, and sonicating at 100 W
in a sonication bath for 5 min followed by the addition of
nuclease-free water until the ethanol concentration was 30% (v/v).
To investigate the impact of cholesterol content on LNP-B, LNP-
B1, LNP-B2, and LNP-B3 were produced with cholesterol and
DOPC molar ratios of 0.5, 1, and 2, respectively, at a total lipid
concentration of 26 mg/mL. Lastly, LNP-B was acquired by
evaporating the organic solvent under reduced pressure and sub-
sequently washed with PBS through centrifugal ultrafiltration with
a molecular weight cutoff (MWCO) of 100 kDa. LNP-D was
synthesized using the same method except for the replacement of
DSPE-PCBþ with DOTAP at equal moles of positive charges.

2.3. Characterization of LNP-B

The size and zeta potential of the CDN-Mn@PCB, LNP-B, and
LNP-D were measured using a Zetasizer (Malvern, UK). The
morphology of LNP-B was observed by a transmission electron
microscope TEM (JEOL JEM-2010, Tokyo, Japan) after staining
with 2% phosphotungstic acid. The encapsulation efficiency and
loading capability of ADU-S100 in the CDN-Mn@PCB, LNP-B,
and LNP-D were quantified by a high-performance liquid chro-
matography (Agilent 1260 Infinity II, Santa Clara, USA)
method34. The encapsulation efficiency and loading capability of
Mn2þ in the LNP-B and LNP-D were quantified by inductively
coupled plasma-mass spectrometry (ICP-MS)30.

The stability of LNP in PBS was monitored by measuring the
particle size of LNP-B and LNP-D which were diluted to the same
concentration with PBS and stored at 4�C. To assess the stability
of LNP in FBS, LNP-B or LNP-D was incubated with 50% FBS at
37�C35. At specific time points (1, 4, 8, 12, and 24 h), 100 mL of
samples were taken. The OD560 value of the samples was
measured using a microplate reader (Bio-Tek Synergy H1, Santa
Clara, USA). A 50% FBS solution without the addition of nano-
particles served as a control.

2.4. In vitro drug release of LNP-B

In vitro drug release of LNP-B was investigated by the dialysis
method36. Briefly, LNP-B was placed within a closed dialysis bag
(Yuanye Bio-Technology, Shanghai, China) with a 100 kDa
MWCO. The dialysis bag was sealed, immersed into 40 mL of
PBS solution (pH 7.4, 0.01 mol/L) as the release medium in a
50 mL centrifuge tube, and incubated in a 37�C incubator with a
constant oscillation. Sampling was conducted at specific time in-
tervals, including 0.25, 0.5, 1, 2, 4, 8, 10, and 24 h. At each time
point, 0.5 mL of PBS was withdrawn, and an equal volume of
fresh PBS was added to maintain a constant system volume. The
concentration of CDNs in the release medium was determined
using HPLC, and the cumulative release of CDNs was calculated.
For drug release in an acidic microenvironment, the procedure
remained the same as described above, except that the release
medium was switched from PBS to a sodium acetate buffer so-
lution with a pH value of 5.0 or a Tris-HCl buffer solution with a
pH value of 6.837.

2.5. Cellular uptake of LNP-B by BMDCs

Bone marrow-derived dendritic cells (BMDCs) were extracted
from C57BL/6 mice as described previously38. BMDCs were
plated in 12-well plates at the density of 2 � 106 cells per well and
cultured with RPMI 1640 complete medium containing 10 ng/mL
of IL-4 and 20 ng/mL of GM-CSF for 6 days.

For cellular uptake, BMDCs were seeded in 12-well plates at
the density of 2 � 106 cells per well and cultured with RPMI1640
complete medium overnight. Then BMDCs were co-incubated
with Cy5-CDN, Cy5-LNP-B, or Cy5-LNP-D (2.5 mmol/L of
CDNs) for 0.5, 1, and 2 h, respectively. After washing with PBS,
BMDCs were stained with FITC-CD11c antibody at 4�C for
15 min and subjected to flow cytometry (Beckman Counter, CA,
USA). The mean fluorescence intensity (MFI) of CDNs in
CD11cþ cells was analyzed. For fluorescence imaging, BMDCs
were stained with DAPI for 15 min and then imaged with a
fluorescence microscope (Olympus CKX53 Inverted Phase
Contrast Fluorescence Microscope, Olympus, Japan).

To observe the lysosomal escape of CDNs, BMDCs were
seeded in confocal dishes at a concentration of 2 � 105 cells per
dish overnight. Then, BMDCs were incubated with Cy5-LNP-B or
Cy5-LNP-D for 0.5, 2, and 4 h, respectively. Following three
washes with pre-cooled PBS, BMDCs were incubated with FITC-
Lysotracker in the dark for 10 min, stained with DAPI for 15 min,
and then subjected to fluorescence imaging with a fluorescence
microscope (Olympus CKX53 Inverted Phase Contrast Fluores-
cence Microscope). The co-localization of CDNs and lysosomes
was analyzed with Image J software (National Institutes of Health,
USA).

2.6. Activation of BMDCs by LNP-B

For the assessment of the activation of BMDCs after LNP-B
treatment, BMDCs cells were seeded in 12-well plates at the
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density of 2 � 106 cells per well and cultured overnight. After-
ward, cells were incubated with CDNs, LNP-B, and LNP-D
containing equal amounts of CDNs (2.5 mmol/L) for 8 h,
respectively. For cytokine release tests, the cell culture medium
was collected to determine the concentration of cytokines released
by BMDCs including tumor necrosis factor-a (TNF-a), inter-
feron-b (IFN-b), and interferon-g (IFN-g) using ELISA kits. For
the measurement of DCs maturation, BMDCs after LNP-B treat-
ment were washed three times with pre-cooled PBS, blocked with
CD16/32 antibody for 15 min at room temperature, successively
stained with fluorescence-labeled antibodies (FITC-anti-CD11c,
PE-anti-CD80, and APC/Cyanine7-anti-CD86) for 15 min at 4�C
and then subjected to flow cytometry (Beckman Counter). For
Western blot analysis of typical proteins associated with the
STING pathway, BMDCs after LNP-B treatment were washed
with pre-cooled PBS, added with protease inhibitors and phos-
phatase inhibitors, and completely lysised by Triton X-100.
Cellular proteins were extracted from the lysates using an ice-
cold lysis buffer. Subsequently, 20 mg of total protein was
loaded for SDS-polyacrylamide gel electrophoresis (PAGE) and
then transferred to a polyvinylidene difluoride nitrocellulose
membrane (Bio-Rad). After incubating with primary antibodies
for p56-Nf-kB, p-p56-Nf-kB, TBK1, p-TBK1, IRF3, p-IRF3, and
ACTIN, the membrane was probed with horseradish peroxidase
(HRP)-conjugated secondary antibodies (R&D systems, USA),
and detected using Immobilon™ Western Chemiluminescent HRP
Substrate (Millipore, Bedford, MA, USA).

2.7. Cellular uptake mechanism of LNP-B

To investigate cellular uptake mechanism of LNP-B, CT26 cells as
model cells were seeded in 12-well plates at a density of 2 � 106

per well, cultured overnight, and pretreated with various uptake
inhibitors or inhibiting factors including 5 mg/mL of chlorprom-
azine (a coating depression inhibitor which inhibits clathrin as-
sembly on endosomes and prevents assembly of coated caveolae
on the cell surface), 100 mg/mL of genistein (an inhibitor of
acupoint depression, reversibly inhibiting tyrosine kinase),
1.5 mg/mL of amiloride (a macropinocytosis inhibitor which
inhibits Naþ/Hþ exchange and decreases intracellular pH),
6.5 mg/mL of b-cyclodextrin (a lipid raft inhibitor which removes
cholesterol from membranes), 0.2 mg/mL of monensin (a lyso-
somal inhibitor which prevents the acidification and maturation of
endosomes), 5 mg/mL of cytochalasin-D (a cytoskeleton-related
inhibitor which binds to actin, inhibits polymerization, and in-
duces actin depolymerization), and low temperature (4�C) for 2 h,
respectively. Afterward, cells were incubated with Cy5-CDNs,
Cy5-LNP-B, or Cy5-LNP-D for another 2 h, detached by trypsin
digestion, collected by centrifugation, and subjected to flow
cytometry (Beckman Counter).

2.8. Repolarizing of BMDMs by LNP-B

Bone marrow-derived macrophages (BMDMs) were generated
using a similar method as BMDCs, with the exception that GM-
CSF and IL-4 cytokines were replaced with M-CSF. BMDMs
were pre-polarized to M2 phenotype (M2) by incubation with
20 ng/mL of mouse IL-4 and mouse M-CSF for 48 h, and un-
treated BMDMs were regarded as M0 macrophages. Afterward,
BMDMs were seeded in 12-well plates at the density of
2 � 105 cells per well, cultured overnight, and incubated with
CDNs, LNP-B, and LNP-D containing equal amounts of CDN
(2.5 mmol/L) for 24 h. For flow cytometry analysis, BMDMs after
LNP-B treatment were washed with pre-cooled PBS, blocked with
FCAS solution, successively stained with fluorescence-labeled
antibodies (FITC-anti-F4/80 antibody, PE-anti-CD86 antibody or
Percp/Cy5-anti-CD206 antibody) as described above, and then
subjected to flow cytometry (Beckman Counter). For testing
cytokine release, the cell culture medium was collected to deter-
mine the concentration of cytokines secreted by M1 macrophages
including TNF-a and IFN-b using ELISA kits.

2.9. Tumor cell-inhibiting effect of activated BMDMs

CT26 cells as model tumor cells were diluted to the optimized
concentration of approximately 1.5 � 105 cells/mL and 10 mL of
CT26 cells were added to the 96-well plate39e41. Afterward,
100 mL of LNP-B-treated BMDMs were added to the 96-well
plate at an immune cell-to-tumor cell ratio of 20:1, resulting in
a final volume of 110 mL. PBS-treated BMDMs were added to
tumor cells as a control. Cells were cultured overnight in the
complete DMEM medium, containing 10% FBS. A standard
CCK8 assay was then performed in accordance with the manu-
facturer’s instructions.

2.10. Pharmacokinetics and biodistribution of LNP-B

To observe the pharmacokinetics of different formulations,
Cy5-CDNs, Cy5-LNP-B, and Cy5-LNP-D were injected into mice
via the tail vein at the CDN dose of 10 mg. At different time points
(1, 15, 30 min, 1, 4, 8, and 24 h) after injection, 50 mL of blood
was taken from the orbit of mice and diluted with 50 mL of PBS.
The fluorescence intensity (Ex/Em Z 640/670 nm) of blood
samples was detected by a microplate reader (TECAN M1000).
The concentration-time curve was plotted and the half-live of
CDNs was analyzed by DAS2.0 software (Shanghai, China).

To investigate the biodistribution of different formulations, Cy5-
CDN, Cy5-LNP-B, and Cy5-LNP-D were intravenously injected
into tumor-bearing mice at the CDN dose of 10 mg. At different time
points after injection, mice were subjected to fluorescence imaging
by the in vivo Imaging System (PerkinElmer). Twenty-four hours
later, mice were sacrificed followed by heart perfusion with saline.
Major organs, including the heart, liver, spleen, lung, kidneys, tumor,
and TDLN were harvested and imaged with the in vivo Imaging
System (PerkinElmer). Afterward, major organs were weighed,
homogenized in PBS, and analyzed on a plate reader (TECAN
M1000) to obtain the fluorescence intensity.

2.11. Identification of immune cells taking up LNP-B

To analyze LNP-B distribution in immune cells in the tumor,
spleen, and TDLN. Cy5-CDNs, Cy5-LNP-B, and Cy5-LNP-D were
injected intravenously into tumor-bearing mice at the CDN dose of
10 mg. At 6 h after injection, mice were sacrificed followed by heart
perfusion with saline, and the spleen, tumor, and TDLN were
collected for flow cytometry. In order to obtain splenocytes, the
spleen was excised, manually disrupted, and filtered through a
70 mm cell strainer. The resulting cells were retrieved via centri-
fugation at 800�g for 3 min at 4�C and resuspended in 1 mL of red
blood cell (RBC) lysis buffer prior to washing with PBS. Following
labeling with cell-type specific markers (CD45þCD3þ T cells,
CD45þCD19þ B cells, and CD45þCD11bþCD11cþMHCIIþ DCs),
the splenocytes were subjected to flow cytometry analysis. Isolation
of tumor cells involved cutting the tumor into small fragments and
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incubating them in a sterile petri dish containing 3 mL of digest
solution at 37�C for 60 min. After filtering through a 70 mm cell
strainer to eliminate undigested and connective tissues, the resulting
cell suspension was retrieved via centrifugation at 800�g for 5 min
at 4�C and resuspended in 2 mL of FACS buffer. Cell suspensions
from the tumor were then labeled with cell-type specific markers
(CD45þCD3�CD49bþCD69þ NK cells, CD45þCD11bþF4/80þ

macrophages, CD45þCD11bþCD11cþMHCIIþ DCs, and
CD45þCD11bþLy6Cþ MDSCs) and then subjected to flow
cytometry analysis (Beckman Counter). Lymphocyte suspension
was obtained and analyzed in the same way as the tumor tissue.

2.12. Anti-tumor efficacy of LNP-B

Tumor-bearing mice were randomly divided into four groups and
received a single intravenous injection of indicated formulations
(CDNs, LNP-B, LNP-D, and PBS) with the same CDN dose of
10 mg. The tumor size was measured every two days and the
volume of the tumor was equal to the length times the width
squared divided by two. The body weight of mice was also
monitored every two days. On the 10th day, five mice from each
group were sacrificed. The tumors were harvested, fixed with 4%
paraformaldehyde, embedded in OCT compound, and cut into 10-
mm slices. The slices were subjected to TdT-mediated dUTP Nick-
End Labeling (TUNEL) staining and hematoxylin-eosin (H&E)
staining according to routine protocols and imaged under a fluo-
rescent microscope (Leica CM305, Germany).

2.13. Anti-tumor immune responses

Tumor-bearing mice were randomly divided into four groups, and
respectively received a single intravenous injection of indicated
formulations as described above. On the 3rd day, the tumor,
spleen, and TDLN from each group were collected and placed on
ice. Single-cell suspensions of tissues were prepared according to
routine protocols, blocked with anti-CD16/32 antibody for 15 min,
stained with cell type specific markers (CD45þCD11bþCD11cþ

CD80þCD86þ DCs, CD45þCD11bþF4/80þCD86þ M1 macro-
phages, CD45þCD11bþF4/80þCD206þ M2 macrophages,
CD45þCD3þCD8þ T cells, CD45þCD19þIgDþ B cells, CD45þ

CD11bþLy6Cþ MDSCs, CD45þCD3�CD49bþCD69þ NK cells,
and CD45þCD3þCD4þFoxp3þCD25þ Tregs) according to the
manufacturer’s instructions, and analyzed by flow cytometry
(Beckman Counter).

For the tumor cytokine test, the tumor tissue was extracted
from the mice and weighed on the 3rd day. The tissue was sub-
sequently mixed with pre-chilled PBS at a dilution ratio of
1 ge10 mL of PBS. Homogenization was performed using a
freezer homogenizer, and the mixture was then centrifuged at
10,000�g at 4�C for 20 min. The supernatant was collected and
filtered using a 5 mm needle filter to remove lipids. The resulting
filtrate was used to determine the concentration of inflammatory
factors (IFN-g, IFN-b, and IL-6), following the instructions pro-
vided in the ELISA kit.

2.14. Statistical analysis

Data are expressed as mean � standard deviation (SD). To test for
differences among groups, one- or two-way ANOVA analysis was
conducted. Statistical analyses were performed using GraphPad
Prism 9.0 (GraphPad Software). *P < 0.05; **P < 0.01;
***P < 0.001; and ns means no difference between two groups.
3. Results and discussion

3.1. Optimization of LNP-B

The NMR hydrogen spectroscopy analysis indicated the success-
ful synthesis of DSPE-PCBþ (Supporting Information Figs. S1‒
S3). The verification of DSPE-PCBþ degradation was achieved
by monitoring the changes of the zeta potential of DSPE-PCBþ

under acidic conditions (Supporting Information Fig. S4). It was
found that the positive surface potential of DSPE-PCBþ micelles
rapidly decreased from þ50 mV to near neutrality after 2 h,
indicating that DSPE-PCBþ undergoes hydrolysis and transforms
into the electrically neutral zwitterionic polymer. The results of
the CCK8 experiment conducted on BMDCs and CT26 cells
demonstrated that no cytotoxic effects were observed on DSPE-
PCBþ (Supporting Information Fig. S5). CDN-Mn@PCB nano-
particles were formed through self-assembly, primarily driven by
the electrostatic interaction forces between positively charged
DSPE-PCBþ, Mn2þ, and negatively charged CDNs. Thus, the
percentage of cationic DSPE-PCBþ could have a great impact on
the structure of the nanoparticle and the loading capacity of
CDNs. With the increasing percentage of DSPE-PCBþ, the
diameter of CDN-Mn@PCB varied while the zeta potential did
not show significant differences (Supporting Information Fig. S6A
and S6B). When the N/P molar ratio was 4:1, CDN-Mn@PCB-2
showed smaller size (around 110 nm), higher encapsulated effi-
cacy (about 78.2%), and higher loading capacity (about 7.11%)
(Fig. S6B‒S6D) than other CDN-Mn@PCB nanoparticles.
Therefore, CDN-Mn@PCB-2 was utilized for the preparation of
LNP-B. Since positively charged nanoparticles entering into the
blood fluid would be cleared rapidly by the mononuclear phago-
cyte system and might disturb the cell membrane to cause some
toxicities, a neutral lipid DOPC and a functional lipid DSPE-
mPEG2k were used in LNP-B to shield the positive charges of
CDN-Mn@PCB. Cholesterol is commonly incorporated into LNP
to modify their physical properties. In order to achieve a stable
and intelligent LNP, LNP-B with different amounts of cholesterol
were prepared and characterized. It was found that the mean size
of all LNP-B varied between 100 nm and 150 nm and the zeta
potential varied from �20 and �30 mV (Fig. S6E and S6F).
Importantly, cholesterol content greatly influenced the release
behavior of CDNs from LNP-B. In the pH 7.4 environment,
increasing the contents of cholesterol hindered the quick release of
CDNs from the LNP-B. In the acid environment similar to lyso-
somes, decreasing the contents of cholesterol accelerated the
release of CDNs from LNP-B (Fig. S6G and S6H). Since LNP-B
with the molar ratio of DOPC to cholesterol of 1:1 (LNP-B2) was
stable in the pH 7.4 environment but showed acid-sensitive release
property in the pH 5.0 environment, it was selected for further
study.

3.2. Characterization of LNP-B

For evaluating the impact of cationic lipids on the physiochemical
properties of LNP, LNP-D made from DOTAP was prepared as a
control with the same method as LNP-B which was the spherical
form of the bilayer (Fig. 1A and Supporting Information Fig. S7).
Compared with LNP-D, LNP-B had similar size, zeta potential,
but higher loading capability (LC) (Fig. 1B‒D) as a result of
DSPE-PCBþ retaining a higher positive charge density (17 cations
per molar molecule) compared to DOTAP (1 cation per molar
molecule). The encapsulation efficiency of manganese ions in
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LNP-B was around 2.40%, with a loading capacity of 0.22%.
Meanwhile, the encapsulation efficiency of manganese ions in
LNP-D was approximately 3.00%, with a loading capacity of
0.21%. The size of LNP-B remained stable in PBS for a period of
9 days, while the size of LNP-D exhibited sharp fluctuations
(Fig. 1E). Both LNP-B and LNP-D did not show any aggregation
when incubated with 50% FBS for up to 12 h. However, after 24 h,
LNP-B was still stable and LNP-D exhibited obvious instability
(Fig. 1F). These results suggested that LNP-B may be more stable
than LNP-D in vivo. CDNs need to be released from LNP-B to
function, so we measured the release of drugs in different pH
solutions. It was found that CDNs diffused quickly from dialysis
bags in a pH 7.4 and pH 6.8 buffer, while LNP-B and LNP-D
showed sustained release of CDNs (Fig. 1G and Supporting
Information Fig. S8). The releasing rate of CDNs from LNP-B
was much slower than LNP-D, suggesting that LNP-B probably
has a more compact nanostructure and less leakage of CDNs
during storage and circulation than LNP-D. In an acidic envi-
ronment, LNP-B released CDNs at a slower rate compared to
LNP-D. However, both LNP-B and LNP-D demonstrated faster
CDNs release in pH 5.5 buffer compared to pH 7.4 and pH 6.8
buffer, indicating their acid-sensitive release properties (Fig. 1H).
Overall, LNP-B exhibited superior stability and an acid-sensitive
release property.

3.3. Cellular uptake of LNP-B

To activate the cGAS-STING pathway, CDNs must enter into the
cells. As dendritic cells and macrophages were known to function
as antigen presenting cells42,43, bone marrow-derived dendritic
cells (BMDCs) and bone marrow-derived macrophages (BMDMs)
were selected to assess the cellular internalization of LNP-B. It
was found that LNP-B and LNP-D significantly facilitated the
uptake of CDNs by BMDCs and BMDMs, whereas a limited
number of free CDNs were internalized by BMDCs and BMDMs
Figure 1 Characterization of LNP-B (n Z 3). (A) Structure of DSPE-PC

bar Z 50 nm. (B) Mean diameter and polydispersity (PDI), (C) mean zet

(LC) of LNP-B and LNP-D. (E) Stability of LNP-B and LNP-D in pH 7.4

FBS over a span of 24 h. Drug release of LNP-B and LNP-D in (G) pH 7.4

way ANOVA analysis was conducted to test for differences among group
due to their hydrophilic nature and impermeability to cell mem-
branes (Fig. 2AeE). Interestingly, although LNP-B had a
formulation similar to LNP-D except the cationic lipid, LNP-B
showed significantly higher cellular uptake by BMDCs and
BMDMs than LNP-D which may be due to the protein corona
adsorbed on their surface. According to the analysis of the protein
corona, it was shown that even though the phospholipid layer of
LNP-B and LNP-D was the same, the composition of the protein
corona on the nanoparticle surface demonstrated a difference.
There were 39 proteins that showed significant differences be-
tween the two groups (Supporting Information Fig. S9A). Among
them, compared with LNP-D, 31 proteins upregulated and 8
proteins downregulated in the protein corona of LNP-B
(Fig. S9B). Combined with GO analysis, it was found that the
elevated protein in the corona of LNP-B was mainly involved in
the biological process of the immune system and played a binding
function (Fig. S9C). This may facilitate LNP-B to be internalized
by immune cells such as BMDCs and BMDMs44.

In order to investigate the mechanism of cellular uptake,
various inhibitors were employed. The uptake of Cy5-CDNs, Cy5-
LNP-B, and Cy5-LNP-D was inhibited to varying degrees by
different inhibitors, indicating that they enter the cell through
multiple pathways, including clathrin-mediated endocytosis,
caveolin-mediated endocytosis, and micropinocytosis. Notably,
for free CDNs, low temperature, b-cyclodextrin, and genistein
exhibited high inhibition rate (88.0%, 72.0%, and 60.0%,
respectively), suggesting that cellular uptake of CDNs is depen-
dent on energy and primarily mediated by caveolae proteins and
lipid rafts. With regards to LNP-B, low temperature, monensin,
genistein, and cytochalasin-D showed high cell inhibition rate
(82.0%, 73.1%, 64.0%, and 72.2%, respectively), indicating that
its cellular uptake is also energy-dependent and heavily reliant on
caveolin-mediated endocytosis, micropinocytosis, lipid rafts, and
lysosomal transport. As for LNP-D, low temperature, b-cyclo-
dextrin, amiloride, monensin, genistein, and cytochalasin-D
Bþ and schematics of preparation process and TEM of LNP-B, scale

a potential, (D) encapsulation efficiency (EE), and loading capability

PBS over a span of 9 days. (F) Stability of LNP-B and LNP-D in 50%

PBS and (H) pH 5.0 buffer. Data are expressed as mean � SD. One-

s. ***P < 0.001; ns, no difference between two groups.



Figure 2 Cellular uptake of LNP-B in vitro. (A) Representative fluorescence images of BMDCs after incubation with LNP-B for 2 h. (B)

Representative flow chart and (C) mean fluorescence intensity (MFI) of BMDCs after incubation with LNP-B for different times (n Z 3). (D)

Representative flow chart and (E) MFI of BMDMs after incubation with LNP-B for different times (n Z 3). (F) Representative co-localization

images and analysis of lysosomes and CDNs in BMDCs after incubation with LNP-B for different times. (G) Representative co-localization

images and analysis of lysosomes and CDNs in BMDCs after incubation with LNP-D for different times and the corresponding fluorescence

intensity profiles of CDNs and lysosomes along the dotted white line. Scale bar Z 10 mm (n Z 3). Data are expressed as means � standard

deviation (SD). One-way ANOVA analysis was conducted to test for differences among groups. *P < 0.05, **P < 0.01, and ***P < 0.001. ns, no

significant difference between two groups.
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exhibited high inhibition rate (82.1%, 71.0%, 66.0%, 65.0%,
71.1%, and 60.0%, respectively), highlighting that its entry into
cells is largely dependent on energy and mainly relies on caveolin-
mediated endocytosis, micropinocytosis, lipid rafts, and lysosomal
transport (Supporting Information Fig. S10 and Table S1).

Encapsulation by LNP not only could change the cellular entry
of CDNs, but also could alter the intercellular transport of CDNs.
Once inside cells, LNPs would accumulate within lysosomes,
whereas CDNs require binding to STING on the endoplasmic
reticulum. As a result, it is anticipated that LNPs have the po-
tential to evade acidic lysosomes responsible for receiving cargoes
from the plasma membrane for degradation or recycling45. The
positively charged lipids in LNP-B and LNP-D were used to
interact with the negatively charged lysosomal membranes in
acidic lysosomes, thereby reducing the stability of the lysosomal
membranes and facilitating CDNs escape from the lysosome.
After a co-incubation period of 0.5 h, it was observed that LNP-B
was predominantly located on the cellular membrane. With the
increase in incubation time to 2 h, LNP-B was found to be pri-
marily located within the lysosomes. It was noted that the Pearson
correlation coefficient reached its peak value of 0.67, indicating a
strong association between LNP-B and the lysosomal compart-
ment. After 4 h, LNP-B was observed to have spread throughout
the entire cell, having successfully evaded lysosomal compart-
ments (Fig. 2F). LNP-D, although less taken up by cells, exhibited
similar behavior (Fig. 2G). It has been demonstrated that choles-
terol can promote membrane fusion of nanoparticles46 and stabi-
lize the inverted hexagonal phase47. Therefore, it is hypothesized
that when LNP-B enters into lysosomes, fusion of nanoparticles
and lysosomal membranes begins48. Additionally, in acidic con-
ditions of lysosomes, the ester bond of DSPE-PCBþ consumes
hydrogen ions for degradation to form DSPE-PCB, which can
further consume hydrogen ions49. It is possible that membrane
fusion and proton pump effects make LNP-B capable of lysosomal
escape. Therefore, LNP-B could enhance cellular uptake of CDNs
and facilitate CDNs escape from the lysosome.

3.4. Activation of BMDCs by LNP-B

CDNs released from LNP in the cytoplasm could activate the
STING pathway which could induce the maturation of BMDCs50.
CD80 and CD86 were the maturation markers of BMDCs51. It has
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been shown that manganese ion alone can stimulate the STING
pathway. In order to investigate whether Mn2þ in the LNP could
activate the STING pathway, the effect of Mn2þ with an equal
dose to Mn2þ in LNP-B (2.0 mmol/L) on the maturation of
BMDCs was assessed. As shown in Supporting Information
Fig. S11, Mn2þ alone could not significantly increase the matu-
ration of BMDCs, which may be due the Mn2þ concentration is
not sufficient to activate the STING pathway30,31. The addition of
Mn2þ to CDNs could not significantly increase maturation of
Figure 3 Activation of BMDCs in vitro. (A) Representative flow chart o

8 h, (B) Percentages of CD80þCD86þ cells, mean fluorescence intensity

cubation with LNP-B for 8 h (n Z 3). (E) Schematic diagram of LNP-B

analysis of the expressions of key proteins of the STING pathway in BMD

after incubation with LNP-B. b-Actin was used as the loading control. Rel

p65/p65 (H) phos-TBK1/TBK1 (I) phos-IRF3/IRF3 (nZ 3). (J) IFN-b, (K)

were treated with LNP-B (n Z 3). Data are expressed as means � SD. On

groups. *P < 0.05; **P < 0.01; ***P < 0.001; and ns, no difference bet
BMDCs compared with CDNs alone. Considering that this dose of
Mn2þ could not activate the STING pathway, we did not include
the Mn2þ group in the subsequent experiments. Then we inves-
tigated whether LNP-B could activate STING pathways on
BMDCs. The results demonstrated that LNP-B or LNP-D induced
a much higher percentage of maturation in BMDCs compared to
CDNs (Fig. 3AeD). This could be attributed to a higher cellular
uptake of LNP-B or LNP-D compared to CDNs. There was no
difference in BMDCs activation between LNP-B and LNP-D,
f CD80þ and CD86þ cells in BMDCs after incubation with LNP-B for

(MFI) of (C) CD86þ cells and (D) CD80þ cells in BMDCs after in-

to activate STING pathway (created with Figdraw). (F) Western blot

Cs including p65, phos-p65, TBK1, phos-TBK1, IRF3, and phos-IRF3

ative protein expression of Western blot analysis in BMDCs (G) phos-

TNF-a, and (L) IFN-g levels in the cell culture medium after BMDCs

e-way ANOVA analysis was conducted to test for differences among

ween two groups.
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possibly due to uptake saturation of the LNP by BMDCs at
8 h52,53. The Western blot results revealed that the expression
levels of phos-TBK1, phos-p65, and phos-IRF3 in LNP-B- or
LNP-D-treated BMDCs were significantly higher compared to
CDNs- or PBS-treated BMDCs (Fig. 3EeI). These results suggest
that the STING pathway in BMDCs is activated upon treatment
with LNP-B or LNP-D. Activation of the STING pathway can
lead to the release of type I interferon (such as IFN-b) and induce
the release of other anti-tumor cytokines, such as TNF-a and
IFN-g54,55. IFN-b plays a crucial role as a type I interferon in
upregulating major tissue compatibility complex class I (MHC I)
proteins and boosting the expression of tumor-associated antigens
(TAA). This, in turn, leads to increased recognition and uptake of
TAA by antigen-presenting cells and facilitates antigen presenta-
tion to cytotoxic T cells (CD8þ T)56. TNF-a, on the other hand,
acts as an inflammatory factor that triggers the necrosis of tumor
cells and has the potential to impede tumor growth57. IFN-g is
known for its ability to inhibit the growth of tumors, promote cell
death, and stimulate the immune system to combat tumor devel-
opment58. It was shown that LNP-B or LNP-D treatment signifi-
cantly upgraded the release of IFN-b, TNF-a, and IFN-g in
Figure 4 Repolarizing of pro-tumor macrophages in vitro. (A) Represe

percentage of M1-like BMDMs in BMDMs after different treatments (

(D) quantification of the percentage of M2 BMDMs in BMDMs after diffe

in BMDMs after different treatments (n Z 3). (F) TNF-a and (G) IFN-

different formulations (nZ 3). (H) Cytotoxicity assay of LNP-B-treated BM

way ANOVA analysis was conducted to test for differences among groups.

two groups.
BMDCs compared with CDNs or PBS (Fig. 3JeL). Collectively,
these findings indicate that LNP-B or LNP-D enhances BMDCs
maturation and induces a robust activation of the STING
pathway in BMDCs.

3.5. Repolarizing of pro-tumor macrophages by LNP-B in vitro

Not all macrophages in tumors were anti-tumor fighters. Some
macrophages, when exposed to tumor-related stimuli, would
switch their functional orientation and promote tumor growth and
invasion. In a STING-dependent manner, STING agonists repo-
larize M2 pro-tumor macrophages into M1 anti-tumor macro-
phages59. To test whether LNP-B could repolarize the M2-
BMDMs (F4/80þCD206þ) to M1-BMDMs (F4/80þCD86þ),
M0-BMDMs were induced to M2-BMDM. Interestingly, CDNs,
LNP-B, and LNP-D could repolarize M2-BMDMs, but LNP-B
and LNP-D increased the percentage of M1-BMDMs more than
free CDNs (Fig. 4AeE). ELISA results demonstrated that LNP-B
or LNP-D treatment induced greater release of TNF-a and IFN-b
from BMDMs compared to CDNs treatment (Fig. 4F and G).
In vitro cytotoxicity testing further demonstrated that BMDMs
ntative flow chart of F4/80þCD86þ cells and (B) quantification of the

n Z 3). (C) Representative flow chart of F4/80þCD206þ cells and

rent treatments. (E) Quantification of the ratio of M1/M2 macrophages

b levels in the cell culture medium after BMDMs were treated with

DMs on CT26 cells (nZ 4). Data are expressed as mean � SD. One-

*P < 0.05; **P < 0.01; ***P < 0.001; and ns, no difference between
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treated by LNP-B or LNP-D could inhibit the growth of
CT26 cells (Fig. 4H). Overall, these findings indicate that LNP-B
or LNP-D repolarizes M2-macrophages to M1-macrophages.

3.6. Pharmacokinetics and biodistribution of LNP-B

LNP-B and LNP-D represented splendid performance in
increasing the function of CDNs in vitro. To observe the behavior
of LNP-B in vivo, Cy5-CDNs were used to prepare LNP-B and
LNP-D. As shown in Fig. 5A and B, and Supporting Information
Table S2, the encapsulation of CDNs within LNP tremendously
improved their pharmacokinetics. Encapsulation in LNP-B
increased the half-life of CDNs from its original duration of
approximately 3.9 min to about 21.2 h, resulting in a 309-fold
increase. After intravenous injection in healthy mice, LNP-B or
LNP-D were found to be predominantly deposited in the liver and
spleen, whereas the free CDNs primarily accumulated in the
kidney (Supporting Information Fig. S12A‒S12D). Upon intra-
venous injection in mice with tumors, LNP-B or LNP-D exhibited
a progressive accumulation in the tumor over time, whereas
Figure 5 Pharmacokinetics and biodistribution of LNP-B. (A) CDN con

half-life of CDNs after intravenous injection of different formulations (nZ
(D) the corresponding fluorescence intensity of the tumors at different time

Ex vivo fluorescence images of major organs at 24 h after intravenous inj

heart, liver, spleen, lung, kidneys, and tumor, respectively. (F) Ex vivo fluo

corresponding mean fluorescence intensity (MFI) of TDLN at 24 h after

cation of biodistribution at 24 h after intravenous injection of different form

dose). Data are expressed as mean � SD. One-way ANOVA analysis was c

***P < 0.001; and ns, no difference between two groups.
minimal CDNs distributed to the tumor (Fig. 5C and D). The
ex vivo fluorescence imaging demonstrated that both LNP-B and
LNP-D displayed predominant accumulation in the liver, spleen,
and tumor, whereas free CDNs exhibited minimal distribution to
the tumor after intravenous injection (Fig. 5E). More importantly,
both LNP-B and LNP-D displayed higher accumulation in TDLN
compared to free CDNs (Fig. 5F and G). Further quantification of
biodistribution agreed well with the ex vivo fluorescence imaging
results (Fig. 5H). Based on the protein mass spectrometry results
(Supporting Information Table S3), the proteins of the protein
corona on LNP-B and LNP-D were mainly dysopsonins, such as
albumin and apolipoproteins (Apo), which can inhibit phagocy-
tosis and extend the circulation duration of nanoparticles60,
endowing them with long circulation ability which can help them
target to extrahepatic tissues. In detail, Apo E, which could
interact with the LDL receptor (LDL-R) and LDL-R-related
protein abundantly present on liver hepatocytes61,62, is posi-
tioned at the 9th and 15th place in the protein corona of LNP-D
and LNP-B, respectively. Additionally, transferrin and vitro-
nectin were found to adsorb on the surface of LNP-B and LNP-D.
centrations in the plasma as a function of time and (B) the elimination

3). (C) Representative fluorescence images of tumor-bearing mice and

points after intravenous injection of different formulations (nZ 3). (E)

ection of different formulations. H, L, S, Lu, K, and T referred to the

rescence images of tumor draining lymph nodes (TDLN) and (G) the

intravenous injection of different formulations (n Z 3). (H) Quantifi-

ulations (n Z 3); Data are presented as % ID (percentage of injected

onducted to test for differences among groups. *P < 0.05; **P < 0.01;
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These proteins could bind to transferrin receptors63,64 and integ-
rins65,66 respectively, which are highly expressed on tumor
cells67,68 and tumor vasculatures69 respectively. These character-
istics render LNP-B or LNP-D an effective targeting agent for
tumors. The negative potential on the surface of LNP-B and
LNP-D and the particle size of around 100 nm make them easy to
target the spleen70. In general, it was the physical and chemical
properties of LNP that endowed them targeting ability to the liver,
spleen, and tumor71. Given the immunosuppressive nature of the
tumor environment, a substantial accumulation of CDNs within
the tumor could yield significant benefits in terms of anti-tumor
effects. Moreover, the CDNs that accumulated in the spleen
could trigger systemic immune responses within the body. Situ-
ated downstream of the tumor, TDLN harbors a diverse array of
immune cells such as DCs, T cells, and B cells. This distinctive
positioning of the TDLN, coupled with the presence of these
immune cells, designates it as a pivotal site for mounting the
systemic anti-tumor immune response. Undoubtedly, LNP-B or
Figure 6 Identification of immune cells taking up LNP-B within the t

tumor slices at 6 h after intravenous injection of Cy5-CDNs, Cy5-LNP-B, a

(MFI) of cells, (C) representative flow chart of CD45þ cells, and (D) MFI

intravenous injection of different formulations (n Z 3). (E) MFI of cells,

cells, and T cells in the spleen at 6 h after intravenous injection of different

CD45þ cells, and (J) MFI of DCs and T cells in the TDLN at 6 h after intra

as mean � SD. One-way ANOVA analysis was conducted to test for differe

difference between two groups.
LNP-D improved the half live of CDNs and promoted the entry of
CDNs into the tumor, spleen, and TDLN to activate the STING
pathway in immune cells, which would prove beneficial in
bolstering the anti-tumor immune response.

3.7. Identification of immune cells taking up LNP-B within the
tumor, spleen, and TDLN

A number of cell types were present in the tumors, including
macrophages, lymphocytes, natural killer cells (NK) and DCs
which were responsible for generating an anti-tumor immune
response. However, their activity was suppressed by immuno-
suppressive cells, including MDSCs which are inherently linked
to the development of the TIME72. It was hypothesized that the
intravenous administration of LNP-B would prompt immune
cells within tumors to internalize CDNs, thereby leading to a
reduction in the presence of immunosuppressive cells and a
concurrent increase in the population of anti-tumor immune
umor, spleen, and TDLN. (A) Representative fluorescence images of

nd Cy5-LNP-D. Scale barZ 100 mm. (B) Mean fluorescence intensity

of DCs, MDSCs, NK cells, and macrophages in the tumor at 6 h after

(F) representative flow chart of CD45þ cells, and (G) MFI of DCs, B

formulations (nZ 3). (H) MFI of cells, (I) representative flow chart of

venous injection of different formulations (n Z 3). Data are expressed

nces among groups. *P < 0.05; **P < 0.01; ***P < 0.001; and ns, no
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cells. To explore the internalization of LNP-B within tumors,
investigations were carried out to determine which immune cells
were involved in the uptake of LNP-B. Fluorescence imaging of
tumor slices demonstrated that LNP-B or LNP-D were pre-
dominantly distributed within both tumor blood vessels and the
tumor parenchyma (Fig. 6A). Interestingly, regardless of the
administration of CDNs, LNP-B, or LNP-D, they were pre-
dominantly internalized by CD45þ cells in the tumor. Addi-
tionally, the endocytosis of LNP-B and LNP-D by CD45þ cells
far exceeded that of CDNs (Fig. 6B and C). CD45þ cells were
then classified into DCs, MDSCs, NK cells, and macrophages.
Overall, these cells showed significantly higher uptake of LNP-B
or LNP-D compared to CDNs (Fig. 6D). As the largest peripheral
immune organ, the spleen plays a crucial role in the systemic
immune response. The white blood cells in the spleen include
various T cells, B cells, and DCs. B cells and DCs, which absorb
and transmit antigens and migrate to the white pulp of the spleen
to promote antigen presentation to lymphocytes, activating hu-
moral immune responses and cellular immune responses73.
TDLN is the main site of anti-tumor immune development, and
activated intratumor DCs reach TDLN through lymphatic
Figure 7 Anti-tumor efficacy of LNP-B. (A) Schematic diagram of the

volume was plotted with time after different treatments (n Z 5). When the

of ex vivo tumors at the end of this study. (D) Typical images of tumor m

treatments (n Z 5). (F) Representative images of tumor slices after TUNE

panel, Scale bar Z 50 mm) on the 3rd day after different treatments. Green

The white arrow refers to the contraction and loss of the tumor nucleus. (G,

by ELISA on the 3rd day after different treatments (n Z 3). Data are expre

for differences among groups. *P < 0.05; **P < 0.01; ***P < 0.001; an
vessels. Because DCs present TAA to activate T cells, an adap-
tive anti-tumor immune response is produced74. Hence, we
investigated the specific immune cell population responsible for
the uptake of LNP-B in the spleen. Following intravenous in-
jection, both LNP-B and LNP-D were predominantly taken up by
CD45þ cells in the spleen (Fig. 6E and F). Notably, they
exhibited far higher levels of cellular uptake in all cell types,
including DCs, T cells, and B cells, compared to CDNs
(Fig. 6G). Additionally, we observed the cellular uptake of LNP-
B by immune cells in the TDLN. Both LNP-B and LNP-D were
predominantly internalized by CD45- cells in the TDLN (Fig. 6H
and I). Interestingly, both LNP-B and LNP-D exhibited higher
levels of cellular uptake in DCs and T cells compared to CDNs
(Fig. 6J). Furthermore, the uptake of LNP-B and LNP-D by DCs
was considerably greater compared to their uptake by T cells. In
general, the above results indicate that LNP-B exhibits excellent
targeting towards immune cells in the tumor, spleen, and TDLN,
as it is efficiently taken up by these immune cells. This uptake is
expected to enhance the activation of the STING pathway within
immune cells, thereby promoting both humoral and cellular
immune responses and exerting anti-tumor effects.
treatment cycle and test items (created with Figdraw). (B) The tumor

tumor volume was above 1500 mm3, the study was ended. (C) Photos

odels on the 10th day. (E) The body weight changes after different

L staining (left panel, Scale bar Z 100 mm) and H&E staining (right

signals indicated cell apoptosis, and blue signals indicated cell nuclei.

H) Expression levels of (G) IFN-g and (H) IFN-b in tumors quantified

ssed as mean � SD. One-way ANOVA analysis was conducted to test

d ns, no difference between two groups.
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3.8. Anti-tumor efficacy of LNP-B

Firstly, the safe dosage range of intravenous CDNs was investi-
gated in normal BALB/c mice. As shown in Supporting
Information Fig. S13, in normal mice, the lethal dose of ADU-
S100 was 31.6 mg. At a dose of 20 mg, the mice developed
symptoms of hair disorder and poor condition in the first 24 h, and
gradually recovered in the later stages, indicating that the
maximum tolerated dose of intravenous CDNs is around 20 mg.
Therefore, a dose of 20 mg of CDNs was chosen as the therapeutic
dose in CT26 tumor-bearing mice. As shown in Supporting
Information Fig. S14, free CDNs exhibited a tumor suppression
rate of 37.9% at a dose of 20 mg, while LNP-B exhibited an in-
hibition rate of 80.9%. Although LNP-D exhibited an inhibition
rate of 98.2%, the mice showed a drastic drop in body weight and
two out of five tumor-bearing mice (40%) died on Day 4. We also
observed that the feces of the surviving mice in the LNP-D group
were unformed and black in color, and did not gradually recover
until the 8th day after dosing. Similar results were also found in
Wehba’s work26. Therefore, these results indicate that the
maximum tolerated dose of LNP-D is less than 20 mg while that of
LNP-B is greater than 20 mg, and the therapeutic window for free
CDNs is from more than 20 mg to less than 31.6 mg. To facilitate a
Figure 8 Immunoassay of the spleen and the TDLN after LNP-B treatm

Figdraw. (BeD) Representative flow cytometry plots of splenic immune ce

CD19þIgDþ B cells after different treatments, and (GeI) the quantitative a

Representative flow cytometry plots of immune cells including (E) CD8

quantitative analysis of these immune cells in TDLN after different treatme

conducted to test for differences among groups. *P < 0.05; **P < 0.01;
more accurate comparison of tumor inhibition among various
treatment groups while ensuring safety, a dosage of 10 mg of
CDNs was chosen for subsequent efficacy evaluations (Fig. 7A).

Compared with CDNs and PBS, LNP-B and LNP-D (10 mg of
CDNs) significantly inhibited CT26 tumor growth (Fig. 7B‒D and
Supporting Information Fig. S15), with tumor inhibition rates
reaching 73.0% and 83.7% (P > 0.05), respectively. Although the
body weight of LNP-B- and LNP-D-treated mice decreased after
injection, but it gradually recovered with time (Fig. 7E). To further
confirm the efficacy of LNP-B in inhibiting tumor growth, tumor
samples were obtained and subjected to histological analysis using
H&E staining. The tumor tissue sections of the LNP-B and LNP-
D groups exhibited extensive nuclear damage and loss (Fig. 7F).
Additionally, TUNEL staining of tumor sections revealed that the
signals of cell apoptosis in the LNP-B and LNP-D groups were
much stronger than those in the CDNs and PBS groups, indicating
a higher level of apoptosis after LNP-B and LNP-D treatments. In
addition, it was observed that LNP-B and LNP-D significantly
amplified the expression levels of anti-tumor cytokines including
IFN-g, IFN-b, and IL-6, within the tumor microenvironment, in
contrast to CDNs and PBS (Fig. 7GeH and Supporting
Information Fig. S16). Importantly, both IFN-b and IFN-g play
crucial roles in attracting CD8þ T cells through the chemokine
ent (n Z 5). (A) Schematic diagram of the immunoassay process by

lls including (B) CDþ80CD86þ DCs, (C) CD3þCD8þ T cells, and (D)

nalysis of these splenic immune cells after different treatments. (E, F)

0þCD86þ DCs and (F) CD3þCD8þ T cells in TDLN and (J, K) the

nts. Data are expressed as mean � SD. One-way ANOVA analysis was

***P < 0.001; and ns, no difference between two groups.



ADU-S100 delivery intravenously using acid-sensitive lipid nanoparticles enhancing tumor immunotherapy 1225
CXCL10, as well as enhancing the cytotoxicity of NK cells.
Simultaneously, they inhibit the function of immune cells that
promote tumor growth, such as MDSCs and Tregs75,76. To
investigate if the anti-tumor effect persists upon reducing the LNP
dosage, we employed a CDNs dose of 5 mg for the investigation.
As shown in Supporting Information Fig. S17, at a CDNs dose of
5 mg, LNP-B and LNP-D showed a similar tumor suppression rate
(68.8% vs 66.2%, P > 0.05) without significant weight changes.
These results indicate that the therapeutic window of LNP-B spans
from less than 5 mg to over 20 mg. In summary, LNP-B un-
doubtedly broadens the therapeutic window of CDNs, is better
tolerated than LNP-D, and has superior anti-tumor efficacy.

3.9. Anti-tumor immune responses of LNP-B

Based on the above results that LNP-B could potentiate the anti-
tumor effect of CDNs in CT26 tumor-bearing mice, we further
explored the mechanisms underlying the therapeutic effects of
LNP-B by examining the immune microenvironment of the
spleen, TDLN, and tumor. Three days following intravenous in-
jection of PBS, CDNs, LNP-B, and LNP-D, the spleen, TDLN,
and tumor were harvested for immune cell analysis (Figs. 8 and 9).
Analyzed by flow cytometry (Fig. 8A), it was shown that a much
Figure 9 Immunoassay of the tumor microenvironment (TME) after LN

immunosuppressive cells including (A) MDSCs (CD11bþLy6Cþ), (B) T

(DeF) the quantitative analysis of these immunosuppressive cells in the

plots of anti-tumor immune cells including (G) CD49bþCD69þ NK cells

quantitative analysis of these anti-tumor immune cells in the TME after diff

analysis was conducted to test for differences among groups. *P < 0.05; *
higher percentage of mature DCs were observed in the spleen of
LNP-B-treated mice, compared with PBS, free CDNs or LNP-D-
treated mice (Fig. 8B and G). Subsequently, we assessed the
extent of T cell activation. Consistent with our expectations, the
most pronounced level of CD8þ T cell activation was observed in
the LNP-B group (Fig. 8C and H). Then splenic follicular B cells
were investigated, which possessed the capacity to exude a sub-
stantial proportion of high-affinity antibodies and engaged in in-
teractions with T follicular helper cells77. It was found that LNP-B
and LNP-D led to a significant increase in the B cell population
compared to PBS and CDNs (Fig. 8D and I). Next, we studied the
immune responses in the TDLN. Similarly, LNP-B and LNP-D led
to a higher percentage of DC maturation compared to PBS and
CDNs (Fig. 8E and J). Consistent with expectations, enhanced
activation levels were observed in CD8þ T cells within the TDLN
of mice treated with LNP-B or LNP-D, in comparison to mice
treated with PBS or CDNs (Fig. 8F and K). Based on the afore-
mentioned findings, both LNP-B and LNP-D exhibited a higher
capability in activating systemic immunity compared to CDNs and
PBS, which is beneficial for anti-tumor immunotherapy.

Tumor immunotherapy has had a significant impact in clinical
settings. However, it has been observed that only a group of pa-
tients shows positive responses to immunotherapy due to their
P-B treatment (n Z 5). (AeC) Representative flow cytometry plots of

regs (CD25þFoxp3þ), and M2 macrophages (F4/80þCD206þ), and
TME after different treatments. (GeI) Representative flow cytometry

, (H) CD3þCD8þ T cells, and (I) CD80þCD86þ DCs, and (JeL) the

erent treatments. Data are expressed as mean � SD. One-way ANOVA

*P < 0.01; ***P < 0.001; and ns, no difference between two groups.
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resistance towards it. The reasons behind this resistance seem to
be linked to two different characteristics of the tumor. Firstly, the
accumulation of cells that suppress the immune system within the
tumor microenvironment. Secondly, there is a decrease in the
infiltration and functioning of immunocytes, which are responsible
for the immune response against tumor cells78,79. In cancer, tumor
growth is aided by M2 macrophages, which are the major
leukocyte population infiltrating cancers80. M2 macrophages
support tumor survival by suppressing the proliferation of CD8þ T
cells and creating a tumor-favorable microenvironment by
secreting biochemical mediators that promote cancer cell survival,
proliferation, and eventual metastasis81. The re-polarization of M2
macrophages to the M1 immunostimulatory phenotype is a widely
pursued strategy for suppressing tumor growth82. Consequently,
the immunity of TME after LNP-B treatment was analyzed.
Surprisingly, compared with CDNs or PBS, LNP-B and LNP-D
not only significantly reduced intratumoral immunosuppressive
MDSCs and Tregs, but also significantly promoted M2-to-M1
repolarization of intratumoral macrophages which could enhance
NK cells to suppress cancer18,83 (Fig. 9A‒F). Subsequently, anti-
tumor immunocytes in tumors after LNP-B treatment were
examined. NK cells were the first line of defense against cancer
cells which could kill tumor cells directly, independently of an-
tigen sensitization, and antibody participation, and without any
MHC limitation84. It was found that LNP-B or LNP-D signifi-
cantly increased the activated NK cells and induced robust
amplification of CD8þ T cells and DCs maturation in TME
compared with CDNs or PBS (Fig. 9G‒L). Overall, it has been
demonstrated that LNP-B was capable of stimulating a strong
Figure 10 The safety and biocompatibility of LNP-B. (A) Representati

spleen, lung, and kidneys at three days after different treatments (Scale ba

stained liver slices at three days after different treatments (scale bar Z 50

indicated immune cell infiltration and loss of liver cells. (C, D) Blood bioch

aminotransferase (AST) on Day 3 after different treatments (nZ 5). Data a

to test for differences among groups. *P < 0.05; ***P < 0.001; and ns,
immune response in tumors. This response includes activation of
innate immune cells such as NK cells and DCs, as well as the
adaptive immune cells which are involved in CD8þ T. Addition-
ally, LNP-B has been found to decrease the population of
immunosuppressive cells like MDSCs, Tregs and repolarize the
TAM. Collectively, these findings contribute to a transformation of
the “cold” tumor environment into the “hot” tumor environment,
indicating a favorable tumor immune microenvironment for anti-
tumor activity.

3.10. The safety and biocompatibility of LNP-B

While the use of LNP-B for anti-tumor purposes has yielded
promising results, there have been some fluctuations in body
weight that have raised safety concerns regarding these thera-
peutic approaches. In order to assess the possible systemic toxicity
of LNP-B treatment, H&E staining was performed on major or-
gans including the heart, liver, spleen, lung, and kidneys. It was
found that PBS, free CDNs, and LNP-B treatments did not show
any significant histological damage (Fig. 10A and B). The
detection results of heart injury-related indicators and kidney
function-related indicators in the blood indicated that LNP-B does
not induce damage to the heart and kidneys (Supporting
Information Fig. S18). These results indicate the bio-safety of
the LNP-B therapeutic strategy.

However, the LNP-D treatment showed significant liver dam-
age, a large number of immune cell infiltration, and loss of liver
cells (Fig. 10B). The analysis of liver function biomarkers
demonstrated that LNP-B did not cause significant changes in the
ve images of H&E-stained slices of major organs including the heart,

r Z 100 mm). (B) Photos of livers and representative images of H&E-

mm, n Z 3). White arrow indicated liver necrosis, and black arrows

emical indicators of (C) alanine transaminase (ALT) and (D) aspartate

re expressed as mean � SD. One-way ANOVA analysis was conducted

no difference between two groups.
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activities of alanine transaminase (ALT) and aspartate amino-
transferase (AST) while LNP-D induced a marked elevation in the
activities of ALT and AST at three days post-treatment, compared
with PBS or CDNs (Fig. 10C and D). Compared with LNP-D
made from cationic DOTAP, LNP-B made from pH-sensitive
polycationic DSPE-PCBþ had lower toxicity to major organs.
Based on the findings, it can be inferred that LNP-B exhibits
potential as a safe and effective therapeutic strategy. Further
studies are required to investigate the underlying mechanism
behind the potential weight loss associated with LNP-B and to
develop strategies aimed at minimizing its potential adverse ef-
fects. Moreover, the relationship between the structure of DSPE-
PCBþ and the function of LNP-B requires further research, so
as to maximize the anti-tumor efficacy of CDNs.

4. Conclusions

In this study, a novel lipid nanoparticle (LNP-B) was synthesized
as a nanocarrier to deliver STING agonists (CDNs) intravenously
for the treatment of colorectal cancer. To effectively encapsulate
negatively charged CDNs, a unique functional phospholipid called
DSPE-PCBþ with multiple positive charges at one end was syn-
thesized for the preparation of LNPs. By utilizing the high-density
positive charge of DSPE-PCBþ, the drug loading capacity of
CDNs in LNPs was improved, LNP stability was enhanced, and
lysosome escape of LNPs was achieved. Additionally, under
acidic conditions, DSPE-PCBþ underwent hydrolysis to transform
into low-toxicity zwitterionic polymer-phospholipids, facilitating
the acid-responsive release of CDNs from LNPs and improving
LNP safety. It was found that LNP-B resulted in strong activation
of DCs and repolarizing M2 macrophages. More importantly, the
intravenous administration of LNP-B greatly enhanced the phar-
macokinetic properties of CDNs and increased their targeted de-
livery to immune cells in the tumor, spleen, and TDLN.
Surprisingly, a single intravenous administration of LNP-B
demonstrated a significant inhibition of tumor growth, and the
therapeutic window of CDNs was greatly extended. Analysis of
the tumor immune microenvironment revealed that LNP-B acti-
vated immune cells at the tumor site, leading to a significant
reduction in immunosuppressive cells (Tregs, MDSCs), notably
increasing the anti-tumor immune cells (mature DCs, NK cells,
CD8þ T cells) and repolarizing TAM, resulting in a trans-
formation of the tumor microenvironment from “cold” to “hot”.
Preliminary safety evaluation indicates that LNP-B does not
produce significant toxic side effects. In conclusion, our findings
indicate that LNP-B has great potential in the efficient delivery of
CDNs intravenously for potent tumor immunotherapy.
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