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ARTICLE INFO ABSTRACT
Keywords: The cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-STING) pathway is a promising approach for
Liposomes . anti-cancer immunotherapy by bridging innate and adaptive immunity. Recent evidence suggests that
Nanomedicine chemotherapy-induced DNA damage can directly induce dendritic cell (DC) maturation and recruitment, which
Isr;g\‘]‘én“hemmherapy synergizes with STING activation to enhance anti-tumor effects. As an immunogenic cell death (ICD) inducer,
Oxaliplatin oxaliplatin generates massive double-stranded DNA (dsDNA) crosslinks, release of tumor-associated antigens and
Cancer promoting the “eat me” signal. STING activation improves antigen immunogenicity, which can promote T cell
activation and infiltration. In this study, we developed liposomes encapsulating oxaliplatin and combine this
formulation with a STING agonist (ADU-S100) for treating colorectal cancer. The liposomes efficiently inhibited
the proliferation of tumor cells while induced ICD in CT26 colorectal cancer cells, which enhanced dendritic cell
maturation and phagocytosis in vitro. The liposome-based immunochemotherapy exhibited the strongest efficacy,
resulting in complete remission upon tumor inoculation. Mechanistic studies showed this potent anti-cancer
effect was related to the significant recruitment of infiltrating CD8 and CD4 T cells, reduction of suppressive
Treg cells, and a shift in the phenotype of tumor-associated suppressive macrophages that promote cancer to
immune stimulating macrophages. Thus, our study demonstrated the potential of combining oxaliplatin-loaded
liposomes with a STING agonist to reduce tumor growth by regulating the immunosuppressive state in the tumor.
1. Introduction or normalize tumor-induced deficiency, thereby eliciting a potent im-
mune response. Notably, the majority of these strategies aim on boosting
Cancer immunotherapy has revolutionized the field of oncology by the adaptive branch of the immune system. Recently, research com-
eradicating malignant cells or modifying the phenotype and functions of munity has reached a consensus that bridging the gap between treat-
immune cells [1-3]. Various types of cancer, such as non-small cell lung ment targeted at adaptive immunity and innate immunity may
cancer, colorectal cancer, melanoma, and others. [4-6], have shown efficiently improve anti-tumor effects [7]. Specifically, both the innate
effective clinical responses to immunotherapy. In cancer immuno- and adaptive branches of immune system should be engaged to achieve
therapy, several strategies are employed to enhance immune activation sufficient immune response [8], therefore, more and more attention
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calreticulin; CTL, cytotoxic T lymphocytes; DAMPs, damage-associated molecular patterns; DAPI, 4’,6-diamidino-2-phenylindole; DC, dendritic cell; DL, drug
loading; dsDNA, double-stranded DNA; DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; EE, encapsulation efficiency; eLP, empty liposomes; H&E, hematoxylin
and eosin; HMGBI1, high mobility group box 1; ICD, immunogenic cell death; ICso, half maximal inhibitory concentration; IL, interleukin; IR780-LP, IR780-loaded
liposomes; mPEG2000-DSPE, methoxy-polyethylene glycol (MW 2000)-distearoylphosphatidyl-ethanoloamine; MHC, major histocompatibility complex; OLP, oxa-
liplatin-loaded liposomes; OXA, oxaliplatin solution; STING, stimulator of interferon genes; TAA, tumor-associated antigens; TAMs, tumor-associated macrophages;
TME, tumor microenvironment; Tregs, regulatory T lymphocytes; UPLC, high-performance liquid chromatography..
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have been paid to this field.

Serveral studies have described the underlying mechanisms of how
the cyclic GMP-AMP synthase-stimulator of interferon genes (cGAS-
STING) pathway regulates tumor progression. It has been reported that
STING pathway responds to damage-associated molecular patterns
(DAMPs) or pathogen-associated molecular patterns and serves as a
bridge role between innate and adaptive immunity. Upon STING acti-
vation, tumor microenvironment (TME) tends to be regulated and
restored to an actively ‘hot” tumor, which is beneficial for overcoming
immune escape developed by tumors [9-11]. Specifically, the activation
of STING in tumor cells directly induces death modality (apoptosis,
necroptosis, etc.) [12], while also increases the sensitivity of tumor cells
to cytotoxic T lymphocytes (CTL) and eliminates the suppressive im-
mune cells within the TME [13]. Furthermore, STING activation also
improves antigen immunogenicity by stimulating immunogenic cell
death (ICD), promotes dendritic cell (DC) maturation and presentation,
primes and recruits T cells, and thereby enhances CTL killing ability
[14-16]. This knowledge revealed a possibility to combine immuno-
chemotherapy with chemotherapy since chemotherapy was reported
to offer sufficient tumor-specific antigens or tumor-associated antigens
(TAA) for STING agonists-induced anti-tumor immunity, which allows
the whole tumor to be transformed into a vaccine [17].

Recent evidence suggests that addition to tumor cell-produced
ssDNA or dsDNA (e.g., genomic instability), chemotherapy-induced
DNA damage could directly induce DCs maturation and recruitment,
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potentially synergizing with STING activation [18-20]. Oxaliplatin, a
third-generation platinum-based cytotoxic drug commonly used in
multiple cancers including colorectal cancer, acts by damaging the
structure of DNA. It has been shown that oxaliplatin can promote the
release of 1) TAAs as a typical ICD inducer, including calreticulin (CRT),
adenosine triphosphate (ATP) and high mobility group box 1 (HMGB1)
protein [21,22], and 2) double stranded DNA (dsDNA) fragments due to
the induction of intracellular crosslinks [23,24]. Subsequently, these
signals initiate the anti-tumor immunity. In addition, oxaliplatin treat-
ment of tumor-bearing mice resulted in a remarkable decrease of M1-
type tumor-associated macrophages (TAMs) in the tumor site [25],
while STING agonist was reported to repolarize TAMs from the M2 type
towards M1 type through type I interferon (IFN) upregulation [26,27].
With the normalization of tumor microenvironment (TME), STING
agonist tends to strengthen the anti-tumor effect of oxaliplatin.
Although oxaliplatin has such potential for cancer treatment, its ef-
ficacy is limited mainly by severe side effects such as neuropathy and
fast clearance from the blood circulation. Therefore, there is an urgent
need to deliver anti-cancer agents precisely into the tumor tissue and
minimize the side effects. As the firstly applied nanotherapeutics applied
in the clinic, liposomes have shown potential for delivering a variety of
anti-cancer agents, including small molecules, oligonucleotides, pep-
tides, and proteins, etc. [28,29]. Many studies have demonstrated that
liposome is an ideal nanocarrier platform due to its unique properties,
such as high biocompatibility, low immunogenicity, high delivery
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Fig. 1. The schematic illustration of liposome-mediated immunochemotherapy. This figure depicts a schematic representation of liposome-mediated immunoche-
motherapy. The liposomes (OLP) are shown as spherical structures enclosing therapeutic agents such as the chemotherapeutic drug oxaliplatin (OXA) and the STING
agonist ADU-S100. The liposomes are designed to target the tumor cells specifically and facilitate the delivery of the therapeutic agents to the TME. Upon reaching
the TME, the liposomes are taken up by the tumor cells and the therapeutic agents are released into the surrounding area. The release of OXA triggers the
immunogenic cell death of the tumor cells, which further activates the immune system. Meanwhile, the released ADU-S100 activates the STING pathway, promoting
the production of type I interferons and cytokines. This results in the recruitment of immune cells such as DCs, which prime T cells for a specific anti-tumor response.
The liposome-mediated immunochemotherapy not only enhances the anti-tumor immune response, but also reduces the recruitment of M2 macrophages and reg-
ulatory T lymphocytes (Tregs) in the TME. These combined effects of liposome-mediated immunochemotherapy result in a more effective and targeted approach for

cancer treatment.
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efficiency, long circulation ability, etc. In addition, liposomes have an
aqueous core that can encapsulate hydrophilic drugs, which makes them
suitable carriers for the delivery of oxaliplatin.

We present a novel approach to cancer treatment using liposome-
mediated immunochemotherapy. Liposomes serve as a nanocarrier to
deliver oxaliplatin to the tumor site, followed by subsequent STING
activation to achieve a potent anti-tumor effect (Fig. 1). We chose CT26
colorectal cancer for this study because oxaliplatin exposure could
release tumor-associated antigens (TAAs) and double-stranded DNA,
which favor dendritic cell activation and T cell-mediated killing [30,31].
Mechanistically, these signals synergize with ADU-S100 (STING agonist)
and boost the immune response. To the best of our knowledge, this is the
first study combining oxaliplatin and ADU-S100 for cancer therapy, and
the use of liposomes further amplifies their anti-cancer effects. Our
strategy demonstrates efficient delivery of oxaliplatin with STING acti-
vation, which could greatly facilitate its clinical translation for cancer
treatment.

2. Materials and methods
2.1. Materials

Methoxy-polyethylene glycol (MW 2000)-distearoylphosphatidyl-
ethanoloamine (mPEG2000-DSPE), 1,2-distearoyl-sn-glycero-3-phos-
phocholine (DSPC), and cholesterol were purchased from Avanti®
Polar Lipids (Alabaster, USA). Oxaliplatin was obtained from EDQM
(Strasbourg, France). ADU-S100 was acquired from MedChemExpress
(NJ, USA).

2.2. Cell lines

The CT26 cell line (mouse colorectal cells) was donated by Dr.
Candido Silva and maintained in IMDM medium supplemented with
10% fetal bovine serum, 100 U/mL penicillin, and 100 pg/mL strepto-
mycin. The cells were cultured under the controlled condition of 37 °C
and 5% COs.

2.3. Animals

Female BALB/c mice were purchased from ENVIGO (Limburg, the
Netherlands), and housed in pathogen-free animal facilities at Leiden
University Medical Center (LUMC). All experimental animals were 6-8
weeks old unless otherwise stated. All animal experiments were per-
formed under Dutch Animal Ethics Committee’s Code of Conduct and
Dutch animal welfare laws. The local animal welfare body of the LUMC
reviewed and approved all animal studies (project number:
AVD116008045).

2.4. Preparation of liposomes

The preparation of liposomes involved dissolving DSPC:cholesterol:
DSPE-PEG2000 in a molar ratio of 55:30:4 in chloroform, followed by
evaporating the solvent to obtain a lipid film. The film was then dried
overnight in a vacuum desiccator to remove residual chloroform and
then hydrated with 1.5 mg/mL oxaliplatin-contained 5% glucose at
65 °C for 1 h to form the final lipid suspension. Subsequently, the sus-
pension was subsequently extruded through two stacked polycarbonate
membranes (Whatman®, NucleporeTM, GE Healthcare, Little Chalfont,
UK) of 400 nm and 200 nm using a LIPEX Extruder. (LIPEX Extruder,
Northern Lipids Inc., Burnaby, Canada). To remove the unloading oxa-
liplatin, Amicon Ultra 15 (300,000 Da, Milipore, Darmstadt, Germany)
was centrifuged at 4000g for 1 h. The resulting liposomes were stored at
4 °C until use. IR780-loaded liposomes (IR780-LP) were prepared using
IR780 as a fluorescence marker under the same conditions but in
darkness.
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2.5. Characterization of the liposomes

Particle size and distribution and {-potential was measured by using
dynamic light scattering on a Zetasizer Nano ZS90 instrument (Malvern
Instruments, Malvern, London, UK). The morphological properties of the
liposomes were evaluated by transmission electron microscopy (TEM,
Tecnai 12 Twin, FEI Company; Hillsboro, Oregon, USA) with an accel-
erating voltage of 120 kV, which was stained with 2% uranyl acetate in
distilled water. The encapsulation efficiency (EE%) and drug loading
(DL%) of oxaliplatin were determined by ultra-high-performance liquid
chromatography (UPLC, Waters, Milford, MA, USA). To determine the
encapsulated oxaliplatin in liposomes, we added methanal, ultra-
sonicated the mixture for 15 min, filtered the mixture through a 0.22-pm
organic filter, finally, analyzed them by UPLC with a C18 column
(ACQUITY, C18,100 mm x 2.1 mm, 1.7 pm) at room temperature with a
UV absorption wavelength of 250 nm.

The dynamic dialysis method was employed to evaluate the oxali-
platin release profile under physiological pH conditions in vitro. Samples
were placed into dialysis bags with a molecular weight cutoff of 3.5 kDa
(Thermo Fisher, MA, USA) and dialyzed against PBS (pH 7.4). The
dialysis bag was then stirred at 100 rpm at 37 °C, and 500 pL of dialysate
was removed from the sample at pre-determined time points. An
equivalent volume of fresh medium was replenished to maintain a
constant volume. The released oxaliplatin concentration was quantified
using UPLC with a Waters ACQUITY system.

2.6. Cellular internalization

The fluorescence probe IR780 was used to investigate cellular drug
uptake. We seeded CT26 cells in 24-well plates with a density of 30,000
cells per well in a complete medium with 10% fetal bovine serum and
incubated overnight. After washing twice with PBS, cells were treated
with IR780 and IR780-LP at 37 °C for 4 h with a final IR780 concen-
tration of 1.25, 5, or 20 pg/mL. To determine the uptake efficiency, the
cells were detached with 200 pL of trypsin-EDTA solution, centrifuged at
1000 rpm for 5 min, transferred to flow tubes (Falcon, Corning, New
York, USA), resuspended in FACS buffer, and analyzed by flow cytom-
etry (LSR-II, BD Biosciences, NJ, USA). Each experiment was repeated
three times independently, and the data were analyzed with FlowJo 10.0
software.

To observe the cellular localization, we cultured cells with
rhodamine-labeled liposomes (1% molar ratio) and captured them by
means of confocal laser scanning microscopy (Leica SP5, Germany).
Briefly, after two pre-cold PBS washes, the cells were then stained with
different dyes for visualization. We investigated the distribution of li-
posomes within the lysosome, mitochondrion, endoplasmic reticulum
(ER), and Golgi apparatus by using LysoTrack™ Green DND-26 (Invi-
trogen, Waltham, MA, USA), MitoTracker™ DeepRed (Invitrogen), ER-
Tracker™ Green (Invitrogen), and BODIPY™ FL C5-Ceramide (Invi-
trogen). The incubation dose and time were as following: LysoTrack™
Green DND-26 (50 nM, 37 °C, 30 min), MitoTracker™ DeepRed (50
nM,37 °C, 30 min), ER-Tracker™ Green (1:1000, 37 °C, 30 min), and
BODIPY™ FL C5-Ceramide (1:100, 4 °C,30 min). In addition, Hoechst
33342 (Thermo Fisher) was used for staining of nuclei with a dilution of
1:1000 for 5 min. All the staining was performed according to the
manufacturer’s protocols.

2.7. Cytotoxicity assay in vitro

The in vitro cytotoxicity of free drug and liposomal formulations was
evaluated using the MTS colorimetric assay, following the manufac-
turer’s protocol (Promega, the Netherlands). CT26 cells were cultured in
96-well plates with a density of 5000 cells per well in 100 pL of complete
medium and incubated overnight at 37 °C. We measured the cytotoxicity
of empty liposomes (eLP), oxaliplatin solution (OXA), oxaliplatin-loaded
liposomes (OLP), as well as a control group (an equivalent volume of
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blank complete medium). These groups were added to the wells in
designated concentrations of oxaliplatin (0.0005, 0.0025, 0.0128,
0.064, 0.32, 1.6, 8, 40 pg/mL) and eLP (lipid concentration: 0.16, 0.8, 4,
20, 100, 500 pg/mL). Next, the cells were incubated at 37 °C and 5%
CO, for 24 h and 48 h. Subsequently, 20 pL of MTS was added to each
well, followed by a 1.5 h incubation period, and the optical density (OD)
was recorded at 490 nm using SpectraMax ABS Plus (Molecular Devices,
San Jose, CA, USA). This experiment was repeated three times inde-
pendently, and the half maximal inhibitory concentration (ICsp) was
determined using GraphPad Prism 9.0 software.

To assess the apoptosis induced by different treatments, CT26 cells
were cultured in 24-well plates at a density of 20,000 cells per well. After
co-culture with the free oxaliplatin or liposomal formulations, the cells
were harvested using EDTA-free trypsin, washed with precooled PBS,
and resuspended in the binding buffer. Next, Annexin V-PE (5 pL, Bio-
legend, San Diego, USA) was added to the cells and incubated in the dark
for 15 min, followed by 4’,6-diamidino-2-phenylindole (DAPI, Thermo
Fisher) (10 pL) for 5 min. The treated cells were then transferred to a
flow cytometry tube and analyzed within 30 min using a LSR II flow
cytometer (BD Biosciences, USA).

2.8. DC activation study

DC activation was performed to verify the activity of ADU-S100 and
optimize the ideal dose for further assay. We treated D1 DCs in desig-
nated concentrations of ADU-S100 (3.125, 6.25, 12.5, 25, 50, 100, 200
ng/mL) for 24 h. After incubation, PBS/EDTA (Sigma-Aldrich, St. Louis,
USA) was used to detach D1 DCs, which were then washed in FACS
buffer and labeled with the following antibodies on the ice: anti-CD11c-
APC-eF780 (clone N418, Thermo Fisher Scientific), anti-CD40-APC
(clone 3/23, Biolegend), anti-CD86-PE-cy7 (clone GL1, BD Bio-
sciences), and anti-I-Ab (major histocompatibility complex, MHC class
II; Clone M5/114.15.2, Thermo Fisher Scientific). Following a 30-min
staining, cells were washed in FACS buffer to remove unattached anti-
bodies before being resuspended in 100 pL of the FACS buffer. Flow
cytometry (LSR-II, BD Biosciences, USA) was used to measure DC
maturation, and FlowJo 10.0 software was used to analyze the results.

2.9. Investigation of immunogenic cell death

To evaluate the immunogenic cell death, we assessed the expression
of CRT on the cell surface, the release of ATP and HMGB1 protein.
Briefly, 5000 CT26 cells were treated with different concentrations of
OXA or OLP for 24 h. Afterward, we added RealTime-Glo™ Extracellular
ATP Assay Reagent (Promega) to all the wells and gently mixed the
plate. The luminescence intensity of extracellular ATP was measured
using a SpectraMax iD3 (Molecular Devices, San Jose, CA, USA). The
quantification of CRT was performed under the same treatment but
measured by flow cytometry (LSR II, BD Bioscience) after cells were
washed three times and stained with Alex Fluo647-labeled CRT (Clone
1G6A7, Novus Biologicals, Englewood, USA). To detect the release of the
HMGBI, cells were fixed with 4% paraformaldehyde, permeabilized
with 0.5% Triton-X100 (Sigma-Aldrich) in PBS for 5 min, and then
treated with 5 pg/mL anti-HMGB1 (Novus Biologicals) at 4 °C overnight.
The presence of the antibody was identified by staining with the sec-
ondary anti-rabbit Alex Fluo488 (Invitrogen) at a 1:500 dilution, and the
level of HMGB1 were visualized using a DMB6 (Leica, Germany).

2.10. Co-culture study on DC maturation and phagocytosis

To assess the immunological effects of liposomes on immune cells,
we labeled the CT26 cancer cells with 1, 5-chloromethylfluorescein
diacetate (CFMDA) (Invitrogen) according to the manufacturer’s in-
structions. D1DCs and pre-treated cancer cells were co-cultured with a
ratio of 1:5 in 24-well plates for 24 h. Thereafter, we collected super-
natants to measure interleukin (IL)-12 by IL-12p40 sandwich ELISA kit
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(Biolegend). The remaining D1DCs were harvested for FACS analysis.
Cells were detached, washed, and stained with the following antibodies:
anti-CD11c-APC-eF780 (clone N418, Thermo Fisher Scientific), anti-
CD40-APC (clone 3/23, Biolegend), anti-CD86-PE-cy7 (clone GL1, BD
Biosciences), and anti-I-Ab (MHC class II; clone M5/114.15.2, Thermo
Fisher Scientific). DAPI was used to distinguish between live and dead
cells. Cells were washed and resuspended with FACS buffer before being
analyzed by flow cytometry (LSR-II, BD Biosciences, USA). Data were
analyzed using FlowJo 10.0 software. All the experiments were inde-
pendently repeated three times.

2.11. Xenograft tumor mouse model of colorectal cancer and
biodistribution analysis

To establish an in vivo colorectal cancer model, 1 x 10° CT26 cells
were injected subcutaneously into the right flank of female BABL/c mice
(6-8 weeks old). The tumor-bearing mice were randomly divided into
groups to investigate biodistribution and tumor targeting efficacy (n =
4). Upon reaching a tumor volume of 200 mm?, the mice received
intravenously administration of either free IR780 or IR780-LP at a dose
of 100 pg/kg. Under anesthesia, all the mice were monitored in real-time
using the IVIS Lumina system (PerkinElmer Inc., Waltham, MA, USA) at
1, 2, 4,9, 12, 24, 48, and 72 h post-injection. After 72 h, the primary
tumor and critical organs (heart, lung, liver, spleen, and kidney) were
collected for ex vivo imaging.

2.12. Investigation of anti-tumor efficiency

To assess the anti-tumor efficacy and safety of our liposomal for-
mulations, we randomly assigned 8 mice to different groups and
administered with free oxaliplatin or liposomes intravenously at day 8,
11,14, and 17. In addition, ADU-S100 was intratumorally injected at day
12 post tumor inoculation. The dose of OXA and ADU-S100 was fixed at
5 mg/kg and 50 pg/mice, respectively. During the treatment, tumor
volume and body weight were precisely recorded using a caliper and
weighing scale. The formula V=L x W x H (L = the length; W = the
width; and H = the height of the tumor) was used to calculate the tumor
volume. The survival time of the mice was analyzed using Kaplan-Meier
survival curves.

2.13. Blood analysis

To monitor the immune response in the circulation, the level of
immune cells (CD3", CD4", CD8" T cells, B cells) in the blood was
evaluated at day 11 and day 16 post tumor inoculation. After collecting
30 pL of blood via a caudal vein puncture, erythrocytes were removed
using lysis buffer (clone 17A2, eBioscience). Next, the cells were stained
with CD45.2-APC-eFluor780 (clone 104, Thermo Fisher), CD3-BV421
(clone 17A2, Biolegend), CD4-BV711 (clone RM4-5, Biolegend),
CD8a-APC-R700 (clone 53-6.7, BD Bioscience), CD19-BV650 (clone
6D5, Thermo Fisher), and CD86-APC (clone GL1, Thermo Fisher). After
three washes, the cells were analyzed by flow cytometry (Aurora,
Cytek®, Amsterdam, the Netherlands), and the data was processed by
FlowJo 10.0 software. Analysis was measured in triplicate.

2.14. Histology and immunohistochemistry

We examined the morphology and necrosis of the CT26 colon tumors
by performing the histological examination on 5 pm-thick sections of
paraffin-embedded tissue samples. The sections were then stained with
hematoxylin and eosin (H&E) for morphological assessment. For
immunohistochemical (IHC) staining, an anti-Ki67 mouse antibody
(Invitrogen) was used following the manufacturer’s protocol. Briefly,
the paraffin-embedded sections were deparaffinized with xylene and
rehydrated in a graded ethanol series at room temperature, followed by
blocking endogenous peroxidase activity with 0.3% HO2 in dH20 for
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10 min. After washing with dH,0, the sections were pretreated with
boiling citrate buffer for 10 min. Next, the sections were blocked with
5% bovine serum albumin (BSA) in PBS for 30 min and then incubated
with the primary antibodies (anti-Ki67) at 4 °C overnight. Following
three washes in 0.1% Tween/PBS, sections were incubated with the
secondary antibody Impress goat anti-rat IgG (horseradish peroxidase)
at room temperature for 30 min and incubated with a DAB system for 1
min. The immunoreaction was quenched when brown precipitates
formed following incubation in diaminobenzidine. The sections were
subsequently counterstained with Mayer’s hemalum solution (1:4) in
dH20 for 1 min. Finally, the sections were visualized by using a Pan-
noramic 250 (3DHISTECH, Budapest, Hungary).

2.15. Tumor microenvironment analysis

After treatments, the mice were sacrificed on day 16 to collect tumor
samples. The tumors were dissected into smaller pieces using sterile
scissors and forceps and then subjected to incubation with Liberase TL
(Roche, Mannheim, Germany) in a serum-free RPMI 1640 medium at
37 °C for 30 min. Single-cell suspensions were obtained from the tissues
by gently homogenizing the fragments through a 70 pm cell strainer
(Falcon, NY, USA). Subsequently, equal portions of the cells were
stained with two different antibody panels for analysis. The lymphoid
marker panel consisted of anti-CD45.2-PerCP-Cy5.5 (clone 104, Thermo
Fisher), anti-CD3e-BV421 (clone 17A2, Biolegend), anti-CD4-BV711
(clone RM4-5, Biolegend), anti-CD8ua-APC-R700 (clone 53-6.7, BD
Bioscience), anti-CD19-BV650 (clone 6D5, Thermo Fisher), anti-GranB-
APC (clone QA16A02, Biolegend), anti-IFN-y-PE-Cy7 (clone B27, Bio-
legend), anti-IL-2-BV605 (clone JES6-5H4, Biolegend), and anti-TNF-
a-FITC (clone MP6-XT22, Biolegend). The myeloid marker panel con-
sisted of anti-CD45.2-PerCP-Cy5.5, anti-CD11b-eFluo450 (clone M1/70,
BD Biosciences), anti-F4/80-PE-Cy5 (clone BMS8, Biolegend), anti-Ly6G-
BV785 (clone 1A8, Biolegend), anti-Ly6C-BV605 (clone HK1.4, Bio-
legend), anti-CD11c-APC-eFluo780 (clone HL3, Thermo Fisher), anti-
CD40-PE (clone 3/23, BD Biosciences), anti-CD86-APC (clone GL1,
Thermo Fisher), and anti-CD206-BV421 (clone C068C2, Biolegend).
Flow cytometry (Aurora, Cytek®, Amsterdam, the Netherlands) was
used to measure the expression of cell markers, and the data was
analyzed using FlowJo 10.0 software.

2.16. Statistical analysis
Data were presented as mean =+ standard deviation of the results

obtained from our experiments. One- and two-way analysis of variance
were used to make multiple comparisons. Bonferroni posttests were

Journal of Controlled Release 357 (2023) 531-544

performed when comparing all groups In vivo tumor treatment studies
were repeated in two independent experiments to ensure adequate
sample size and reproducibility. All statistical analyses were performed
using GraphPad Prism software. The level of statistical significance was
noted as follows: *, p < 0.05, **, p < 0.01, ***, p < 0.001, **** p <
0.0001.

3. Results and discussion
3.1. Preparation and characterization of liposomes

In an effort to reduce the associated side effects and improve the drug
accumulation in the target site, liposomes were used to deliver oxali-
platin via a thin-film hydration method. The resulting liposomes (OLP)
contain oxaliplatin in the concentric hydrophilic core with a DL% of
approximately 2.6% and a diameter of 122 nm (Table S1& S2), which is
ideal for tumor penetration. The coating of PEG and the slightly negative
charge enable OLP to circulate in the blood circulation continuously
with decreased nonspecific binding, antibody opsonization, and hemo-
lysis [30]. The TEM photographs in Fig. 2A showed that the liposomes
were uniformly dispersed and spherical, with a clear structure
comprising lipid-bilayer (white area) and aqueous core (grey area). In
these liposomes, the presence of DSPC contributed to their stability by
packing the lipid tails more densely when the environment temperature
was lower than the translational temperature [31]. In addition, we
investigated the release behavior of OXA and OLP in the physiological
environment (pH 7.4) at 37 °C. As shown in Fig. 2C and Fig. S1, oxali-
platin exhibited a burst release to 90% within 2 h, whereas OLP dis-
played sustained oxaliplatin release from the liposomes over a period of
72 h and exhibited more release in the acidic environment. These results
imply that OLP could protect the payload from environmental degra-
dation and clearance in a long-term circulation and gradually release the
drug in a controlled way, which could reduce the administration fre-
quency and lead to improved therapeutic effects.

3.2. Internalization and biodistribution of liposomes

Liposomes are commonly used to efficiently deliver cargo to specific
cell types. By means of endocytosis, liposomes can enter the cells due to
their high affinity of liposomes with the cell membrane via different
receptors such as clathrin, and caveolae, etc. To assess delivery effi-
ciency, we labeled liposomes with the lipophilic fluorescent dye IR780
to quantify delivery efficiency. As indicated in Fig. 3A, IR780-LP pene-
trated tumor cells faster and increased over time, with a dose-dependent
response. Notably, independent of concentration and time point, IR780-
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Fig. 3. Cellular internalization of biodistribution of liposomes. A. Quantification of intracellular uptake of free IR780 and IR780-LP (n = 3, results were shown in
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mitochondria, ER, and Golgi apparatus). C. IVIS images of IR780 and IR780-LP distribution in CT26 tumor-bearing BALB/c mice. D. Ex vivo images of free IR780 and
IR780-LPs in hearts (H), livers (Li), spleens (S), lungs (Lu), kidneys (K), and tumors (T) at 48 h post-injection.

LP always exhibited a higher internalization than free IR780, encour-
aging us to investigate the intracellular locations of liposomes. To
elucidate the actual place of liposomes inside the tumor cells, we chose
four normally involved cellular organelles, including lysosome, mito-
chondria, endoplasmic reticulum (ER), and Golgi apparatus, and labeled
them with fluorescence. We found that after liposomes entered the
tumor cell, they tended to accumulate mainly in the lysosome and ER, in
accordance with what was previously reported [32,33]. This suggests
that liposomes initially colocalize with the lysosome, escape from the
endosomal pathway, or are alternatively transported to ER via caveolae-
mediated endocytosis [34]. Once inside the organelles, liposomes then
release the cargo and achieve other biological activities.

With the potential to promote tumor accumulation of payloads, we
further measured the real-time biodistribution of liposomes in vivo to
ascertain their targeting ability. We injected IR780 or IR780-LP intra-
venously into CT26 tumor-bearing mice and monitored them at prede-
signed time points. As seen in Fig. 3C, the fluorescence of the IR780
group was negligible at the beginning, gradually increased over time,
peaked after 24 h, and decreased afterward. However, the signal from
the IR780-LP group was detectable at 1 h post-injection, reached a
plateau at 8 h, and remained undiminished until 48 h. Notably, IR780-
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LP exhibited more vigorous fluorescence intensity than free IR780 at
every time point (Fig. S2), which suggests that liposomes could improve
the penetration and accumulation of carried cargo within the tumor site
and achieve stable long-term retention. In addition, this superior tar-
geting ability of liposomes was also confirmed by ex vivo images of tu-
mors and major organs (Fig. 3D), where IR780-LPs demonstrated a
higher intertumoral accumulation than free IR780. Taken together,
these results show that liposomes selectively targeted the tumor site by
the extended penetration and retention effects, which provide solid
evidence for their efficient use in cancer therapy.

3.3. Liposomes enhanced cytotoxicity in vitro

As shown in Fig. 4A, cells treated with eLP exhibited no detectable
cytotoxicity underlining the biocompatibility of our liposomes. The
designed lipid concentration of 0.16-100 pg/mL did not impair cell
growth. Even at a concentration of 500 pg/mL, the cell survival rate was
at 80%, demonstrating the liposomes alone did not suppress cell growth.
Conversely, OXA inhibited exhibited dose-dependent inhibition of CT26
cell proliferation, with an ICsq of 6.5 and 1.3 pg/mL after 24 h and 48 h
incubation, respectively (Fig. 4B). Under the same conditions, OLP
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exhibited significantly higher inhibition of proliferation compared to
OXA, especially at the relatively low doses. The ICs5 of OLP was 5.9-fold
and 6.5-fold lower to OXA, which is 1.1 and 0.2 pg/mL after 24 and 48 h,
respectively. This improved anti-proliferation effect can be attributed to
the increased uptake of the drugs by tumor cells and thus effectively
enhanced the inhibitory effect. Furthermore, to assess the induction of
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apoptosis after treatment, we stained CT26 cells with Annexin-V-PE/
DAPI and examined them by flow cytometry (Fig. 4C). The total per-
centage of apoptosis in the negative control (PBS), positive control (10%
DMSO), and free OXA were 5.2 + 0.3%, 32.5 + 4.3%, and 10.5 + 1.9%,
respectively. However, cell apoptosis was increased in the OLP groups to
43.2 4 2.3%, especially in the induction of early apoptosis (Annexin V*

CD44 HMGB1 Merge

40pm

Fig. 5. Liposomes initiate immunogenic cell death. A. ATP released from CT26 cells after 24-h incubation with chemotherapy (n = 3). B. CRT expression of CT26

cells after 24-h incubation with chemotherapy (n = 3, results were shown in mean + S.D.,

* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001). C. The

translocation of HMGBI protein of CT26 cells after a 24-h incubation with chemotherapy (scale bar = 40 pm).
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DAPI"), indicating a significantly stronger apoptotic effect than in other
groups. Therefore, these results collectively revealed that liposomes
contribute to the promoted cell inhibition and apoptosis.

3.4. Immunogenic cell death induced by liposomes

An immune response can be initiated and activated to eliminate
cancer cells through the release of damage-associated molecular pat-
terns (DAMPs) from dying cancer cells. This process is called immuno-
genic cell death (ICD). It has been reported that chemotherapy-induced
ICD can enhance the efficacy of cancer immunotherapy by promoting
the recruitment and activation of immune cells within the tumor
microenvironment. With low-dose chemotherapy, the systemic immune
system appears less affected but exhibits equivalent or even greater anti-
tumor effects [35-37]. We evaluated the ability of liposomes to induce
ICD by examining the expression or release of typical DAMPs, including
CRT, ATP, and HMGB1. Our results showed OLP induced significantly
higher expression of CRT than OXA (Fig. 5A). Similarly, after incubation
with OLP, tumor cells released a higher level of ATP into the medium in
a dose-dependent manner, whereas OXA nearly induced no ATP release
(Fig. 5B & Fig. S3). Confocal microscopy analysis revealed the trans-
location of HMGB1 from intracellular to extracellular matrix was
observed after liposomal treatment (Fig. 5C). We observed that a large

A
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amount of HMGB1 was located within tumor cells in control groups.
After treatment with free OXA, tumor cells exhibited moderate release of
HMGB1. However, nearly no HMGB1 was detected in the cytoplasm of
tumor cells in the OLP group, suggesting almost full release of HMGB1
after liposomal treatment. These signals can activate DCs and could
synergize with ADU-S100 to amplify the immune response, providing a
practical approach to cancer therapy by harnessing the potential of the
immune system.

3.5. DC maturation and phagocytosis enhanced by liposome-mediated
combination

To determine the optimal dose for activating STING agonist, we first
examined the maturation of DCs under different concentrations of ADU-
$100 and observed a dose-dependent increase in the expression of cos-
timulatory molecules CD40, CD86, and MHC II, indicating a successful
DC maturation (Fig. S4). We also observed an increase in the release of
IL-12, a crucial cytokine secreted by DC involved in T cell priming
[38,39]. Based on these data, we selected 25 pg/mL of ADU-S100 as an
optimal concentration for subsequent in vitro experiments due to the
practical and economic considerations.

We have demonstrated that treated tumor cells can release and ex-
press cues such as ATP and CRT to generate the ‘eat me’ signal and
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converted the tumor into an in situ vaccine [40]. To elucidate how
cancer cells interact with DCs, we co-cultured DCs with chemo-treated
tumor cells and explored the resulting interactions. This interplay is
crucial for the induction of ICD and involves DC maturation as well as
phagocytosis of dead cancer cells by DC. When DC maturation is trig-
gered by DAMPs, the upregulation of costimulatory molecules (such as
CD40 and CD86) and the release of pro-inflammatory cytokines (such as
IL-12) can be detected. Based on this knowledge, we investigated DC
maturation markers by flow cytometry and ELISA. Although DCs were
not activated upon co-culture with untreated and eLP-treated cancer
cells, a moderate increase of CD40, CD80, MHC II was detected after

A
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chemotherapy, especially in the OLP group (Fig. 6A & Fig. S5). Cancer
cells treated with the liposome-mediated combination (OLP + ADU-
$100) induced the highest upregulation of DC maturation markers (i.e.,
CD40, CD86, and MHC II) among all the groups. Pronounced IL-12
release of DC was observed after co-culture with the liposome-
mediated combination, while negligible elevation was found in
chemotherapeutic groups. This indicates that the combination of OLP
and ADU-S100 could enhance the activation of DCs more efficiently than
monotherapy. Furthermore, DCs showed the highest efficiency in
engulfing OLP-treated cancer cells under the stimulation of ADU-S100
(Fig. 6C). These results indicate that OLP effectively promotes the
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release of DAMPs from cancer cells, subsequently triggering the matu-
ration of DCs and enhancing their phagocytosis together with ADU-
$100, which can further lead to potent T cell activation.

3.6. Anti-tumor effect in vivo

To assess the effect of liposome-mediated combinational strategy on
tumor growth, we treated CT26 tumor-bearing mice with PBS, free OXA,
OLP, free OXA + ADU-S100, or OLP + ADU-S100 and monitored them
over time. The dose and injection frequency are illustrated in Fig. 7A.
After giving chemotherapy every two days for a total of 4 treatments, the
tumor growth could be partially inhibited, but the tumor inhibition was

Journal of Controlled Release 357 (2023) 531-544

still insufficient. With only one local administration of ADU-S100, we
observed that the immunochemotherapy substantially inhibited tumor
growth and increased survival significantly (Fig. 7B). Notably, the
liposome-involved group exhibited much higher tumor inhibition than
the corresponding free drug group, whether used as monotherapy or
combinational therapy. As expected, only OLP + ADU-S100 achieved a
complete regression of the tumor. This improved anti-tumor response is
directly translated into a superior survival benefit with an 86% increase
in median survival compared to treatment with free ADU-S100 alone.
Additionally, histological examinations further confirmed the decreased
tumor burden on mice receiving liposome-mediated combinational
treatment. This group had the most tissue damage and the lowest cell
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proliferation, as well as clear chromatin condensation, cell/tissue
structure shrinkage, and downregulated expression of Ki67 (Fig. 7C).
This observation suggests a superior alleviation of the tumor burden
induced by the combination of OLP and STING agonist. With the
controlled release and passive targeting ability of liposomes, oxaliplatin
can be effectively delivered to tumor sites with an improved penetration,
consequently improving its bioavailability. Once oxaliplatin enters
tumor cells and induces the release of DAMPs as well as dsDNA, DC
activation, which initiates anti-tumor immunity, can be effectively
amplified by ADU-S100, subsequently increasing the recruitment and
infiltration of T lymphocytes and regulate other types of immune cells.
Hence, our liposome-based immunochemotherapy provides compelling
evidence for its superior anticancer efficacy in CT26 colorectal cancer.

3.7. Improved systemic and local anti-tumor response

We evaluated the effect of liposome-based combinational therapy on
the generation of anti-tumoral adaptive immune responses by measuring
the levels of circulating T lymphocytes and B lymphocytes in the blood
of mice 11 and 16 days after inoculation with CT26 tumors. As shown in
Fig. S6, it was observed that the percentage of CD3" and CD8" T cells
was initially enhanced by chemotherapy before the administration of
STING agonist. At day 11, the average number of CD3" and CD8™ T cells
was higher in the blood of mice treated with OLP than in mice treated
with OXA only, but this difference was not statistically significant
(Figs. S6 B & D). However, upon the administration of ADU-S100, at day
16, the number of circulating CD3™T cells, CD8" T cells, and CD86" B
cells was significantly increased (Fig. S6B, D, &F). These data indicated
the importance of administration sequence: inducing stimuli in situ by
chemotherapy and then amplifying the anti-tumor immunity by immune
adjuvants.

Furthermore, to assess the potential of liposome-based immu-
nochemotherapy to alter the TME and enhance anti-tumor efficacy in
vivo, we also evaluated its capability of immune activation by measuring
both the level and function of immune cells. We analyzed treated tumor
tissues through flow cytometry and noted a moderate increase in the
population of CD45" leukocytes, CD3" T cells, and CD4" T cells after
being treated with monotherapy (Fig. 8A-C). With the treatment of
immunochemotherapy, the percentage of all T lymphocytes and B
lymphocytes significantly increased, especially in the liposome-
involving groups (Fig. 8A-D). Furthermore, it has been revealed that
activated T cells take different pathways to eliminate tumor cells,
including secreting TNF-a and IFN-y and cytotoxic granules [41-43].
Also, IL-2 is a key regulator of T cell metabolic programs to enable the
proliferation of T cell populations [44]. Given their crucial role in the
cytotoxic process, we expected elevated expression after immuno-
therapy treatment. We observed a robust population of granzyme B
CD8™ T cells in the liposome-based immunotherapy group, suggesting
the release of cytotoxic granules activated CD8" T cells into the extra-
cellular space to kill tumor cells (Fig. 8E). Additionally, robust IL-2, IFN-
y and TNF-a responses were observed in mice treated with OLP + ADU-
S100 (Fig. 8F-H). These results together demonstrated the liposome-
mediated chemotherapy together with local STING activation,
recruited cytotoxic T lymphocytes with a superior efficiency among all
the other groups. In addition, we also found this treatment enhanced the
percentage of B cells in comparison to the control, which further
improved the anti-tumor effects. Together, these results provide strong
evidence that liposome-based immunochemotherapy activates adaptive
immune responses via improved maturation of DCs, STING-mediated T
cell priming and provide a rationale for the use of chemotherapy in
combination with immune regiments to generate strong and effective
anti-tumor responses.

3.8. Intratumoral immune activation

Myeloid cells in the TME are aggressively regulated to suppress anti-
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tumor T cell responses. With a sizable proportion of myeloid cells, which
contain both immunostimulatory and immunosuppressive subsets, tu-
mors can escape the elimination of T cell via multiple mechanisms
[45-47]. Typically, immunostimulatory myeloid cells such as DCs and
M1-subtype macrophages, and myeloid-derived suppressor cells
(MDSCs), including M2-subtype macrophages, immature myeloid cells
function collectively to modulate the immune response in the TME [48].
Therefore, it is critical for beneficial cancer treatment to deplete MDSCs
and/or increase immunostimulatory subsets. To investigate the regula-
tory effects of liposome-mediated immunotherapy on both adaptive and
innate immunity, we analyzed changes in the myeloid population after
treatments. As indicated in Fig. 9A, the liposome-mediated immuno-
therapy induced the highest recruitment of mature DCs
(CD40"CD867CD11c™) to the TME, which provided an excellent op-
portunity for the priming of T cells. Similar to DCs, this combination
possessed the highest efficiency to induce an acute inflammatory
response, which was reflected by the higher level of inflammatory
monocytes (CD11b*F4/80"/Ly6G Ly6C™), though these differences
were not significant (Fig. 9B). Moreover, significant differences in both
M1- and M2-like macrophage infiltration were observed in the combi-
national groups when compared to the control or monotherapy. Mice
treated with OXA, OLP, ADU-S100, and OXA + ADU-S100 showed 1.6-,
2.5, 1.7-, and 3.0-fold increase of Ml-subtype macrophages
(CD11b*F4/80%/CD867CD206~) compared to the control group,
respectively, whereas OLP + AUD-S100 effectively induced a 5.2-fold
increase to the control group and a 12-fold elevation of M1/M2 ratio
(Fig. 9D & F). The OLP + ADU-S100 group displayed the greatest
decrease of M2-subtype macrophages (CD11b"F4/80"/CD86 CD206™)
among all the groups, which was 0.45-fold to control (Fig. 9E). Together
with the abatement of M2-subtype macrophages, the diminishment of
immature myeloid (CDllb*Ly6G_Ly6Chi)) in the liposome-based
immunochemotherapy further assisted with the normalization of
immunosuppressive TME (Fig. 9C). Overall, these results show that the
addition of liposome-based chemotherapy to STING activation leads to a
significant augment in immunostimulatory subsets and a decrease in
MDSCs recruitment into the microenvironment.

Regulatory T lymphocytes (Tregs), another type of immune cells,
suppress anti-tumor immunity by modulating the activation and dif-
ferentiation of conventional CD4+ T cells and other cell lineages within
the innate and adaptive immune system [49]. It has been reported that
Treg depletion was linked to the strong anti-tumor effects by increasing
the number of CD4" and/or CD8" effector T cells within the tumor,
leading to potent anti-tumor effects [50]. The elimination of Treg-
mediated inhibition in the TME was one of the key strategies for
tumor eradication. Therefore, we analyzed the infiltration of Tregs in the
tumor and spleen after different treatments. After monotherapy with
free OXA, OLP, or ADU-S100, the percentage of Tregs in the tumor was
65.5%, 57.2%, and 56,9%, respectively, slightly decreasing from the
66.3% of the control group (Fig. 9 G&H). However, a robust reduction of
Tregs (23.4%) was observed in the liposome-mediated immunochemo-
therapy, lower than the 36.1% of corresponding free combination. A
similar trend was observed in splenocytes (Fig. S7), indicating addi-
tional aid of liposomes in enhancing anti-tumor immunity via elimi-
nating Tregs. Hence, the strengthened anti-tumor responses induced by
liposome-mediated immunochemotherapy also correlated with the
depletion of Tregs.

4. Conclusion

The development of a novel liposome-mediated immunochemo-
therapy strategy offers a promising solution to overcome the current
limitations of STING agonists and chemotherapy. By delivering high
concentrations of oxaliplatin to induce ICD in the tumor site and activate
DCs alongside ADU-S100, this approach enables targeted and localized
immune activation with minimal systemic effects. The synergistic effect
of this combinational strategy leads to improved CTLs infiltration and
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Fig. 9. Myeloid populations and Tregs in the TME after treatments. Percentage of matured DCs (A), inflammatory monocytes (B), immature myeloid (C), M1
macrophages (D), M2 macrophages (E), M1/M2 ratio (F), and Tregs (H) and the population of Tregs (G) in the tumor microenvironment. (n = 4, results were shown

in mean + S.D., *, p < 0.05, **, p < 0.01, ***, p < 0.001, **** p < 0.0001).

cytotoxicity in primary tumors, converting the tumor into a vaccine in
situ and releasing DAMPs that amplify anti-tumor immunity via STING
activation. This liposome-mediated immunochemotherapy provides a
platform for the modulation of the TME by bridging innate and adaptive
immune responses and eliminating suppressive immune cells, thereby
enhancing the effectiveness of cancer immunotherapy. These findings
offer a new perspective on the development of future combinations of
immune regimens and chemotherapeutic agents that utilize drug de-
livery systems to improve cancer treatment efficacy while minimizing
toxicity.
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