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Abstract Obesity usually exacerbates the immunosuppressive tumor microenvironment (ITME), hin-
dering CD8™ T cell infiltration and function, which further represents a significant barrier to the efficacy
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of immunotherapy. Herein, a multifunctional liposomal system (CR-Lip) for encapsulating celastrol
(CEL) was utilized to remodel obesity-related ITME and improve cancer immunotherapy, wherein Gin-
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senoside Rg3 (Rg3) was detected interspersed in the phospholipid bilayer and its glycosyl exposed on the
surface of the liposome. CR-Lip had a relatively uniform size (116.5 nm), facilitating favorable tumor
tissue accumulation through the interaction between Rg3 and glucose transporter 1 overexpressed in ob-
ese tumor cells. Upon reaching the tumor region, CR-Lip was found to induce the immunogenic cell
death (ICD) of HFD tumor cells. Notably, the level of PHD3 in HFD tumor cells was effectively boosted
by CR-Lip to effectively block metabolic reprogramming and increase the availability of major free fatty
acids fuel sources. /n vivo, experiments studies revealed that the easy-obtained nano platform stimulated
enhanced the production of various cytokines in tumor tissues, DC maturation, CDS8™" T-cell infiltration,
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and synergistic anticancer therapeutic potency with aPD-1 (tumor inhibition rate = 82.1%) towards
obesity-related melanoma. Consequently, this study presented an efficacious approach to tumor immuno-
therapy in obese mice by encompassing tumor eradication, inducing ICD, and reprogramming meta-
bolism. Furthermore, it offered a unique insight into a valuable attempt at the immunotherapy of

obesity-associated related tumors.

© 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

The prevalence of obesity has tripled since 1975, presenting a sig-
nificant global health burden'?. Evidence from numerous epidemi-
ological studies shows that obesity is a driving force in many
diseases and is causally related to an elevated risk of more than
thirteen types of cancer’ . Elevated levels of hormones, adipokines,
and metabolic dysregulation are the principal causes of obesity-
related cancers®. Notably, dietary perturbations altering nutrient
availability and systemic metabolic state can also impact anti-tumor
immunity responses®’. Cancer immunotherapy has gained signifi-
cant traction as a means to enhance systemic anti-tumor immune
responses. However, 40—45% of clinical melanomas respond poorly
to anti-PD-1/PD-L1(aPD-1/aPD-L1) therapy® '*. Obese patients,
who make up a significant proportion, often show reduced immu-
notherapeutic efficacy due to the immunosuppressive tumor micro-
environment (ITME) and impaired CD8* T cell function in cancers
such as melanoma and breast cancer’"'' ™', Therefore, addressing
the ITME and restoring intratumoral CD8" T cells is crucial for
treating obesity-associated cancers.

One effective strategy is to induce immunogenic cell death
(ICD). During ICD, dying tumor cells release immunostimulatory
danger signals'* such as high mobility group box 1 (HMGB1)",
calreticulin (CRT)'®, and adenosine triphosphate (ATP)Y, which
stimulate dendritic cells (DCs) maturation. Subsequently, these
DCs migrate to lymph nodes, where they engage in antigen pre-
sentation with naive CD8" T cells, initiating a specific T cell
response' >''°. However, in obese individuals, immune cell func-
tions may be compromised. Chronic inflammation and metabolic
changes caused by obesity can lead to phenotypic alterations and
functional dysregulation of immune cells, potentially weakening
their response to ICD and anti-tumor immunity**!. Recent
findings on tumor metabolism reveal that lipid metabolism plays a
crucial role in immune evasion’?%. Specifically, tumor cells, but
not CD8' T cells, respond to a high-fat diet (HFD) by down-
regulating prolyl hydroxylase-3 (PHD3), which hijacks free fatty
acids (FFAs). PHD3, a member of the prolyl hydroxylase family,
regulates hypoxia response, fatty acid oxidation, and the import of
long-chain fatty acids into mitochondria®**. This shift leads to an
altered distribution of fuel between the populations of cells,
affecting CD8" T cell activation and suppressing anti-tumor im-
munity during obesity. Therefore, exploring strategies to increase
PHD3 expression in tumors is vital for improving ICD response
and enhancing PD-1/PD-L1 immunotherapy efficacy in the
obesity-related ITME.

Celastrol (CEL), a key active ingredient obtained from Trip-
terygium wilfordii, has demonstrated superior anti-cancer ability
and potential as an ICD inducer, activating DCs and CD8" T
cells®® %", Additionally, CEL has emerged as a promising drug for
obesity treatment®® °, regulating lipid metabolism in cancer

through various mechanisms, including inhibiting lipid synthesis,
promoting lipid catabolism, preventing lipid accumulation, regu-
lating cholesterol metabolism, and influencing relevant signaling
pathways®'*2. This suggests that CEL could be an effective ICD
inducer and lipid metabolism regulator for treating obesity-related
cancer, enhancing CDS8™ T cell infiltration and function. However,
CEL faces limitations in biosecurity, tumor targeting, and solubility.

To address these issues, we developed a CEL-loaded ginse-
noside Rg3 (Rg3) liposome (CR-Lip) designed to precisely target
tumor cells in the obesity-related ITME while maintaining robust
immunological activity. This system aims to induce ICD and
reprogram lipid metabolism in tumor cells, enhancing immune
responses to anti-PD-1 therapy in obesity-related melanoma. We
confirmed that glucose transporter 1 (GLUT1) is overexpressed in
tumor cells, especially after obesity intervention. Extensive
studies have shown that Rg3, containing two glycosyl residues,
binds effectively to GLUT1 and serves as a suitable cholesterol
substitute for liposome preparation®> >, Leveraging Rg3’s
tumor—selective properties, we established a functional Rg3-Lip
loaded with CEL. In vitro, CR-Lip not only induced strong ICD
in tumor cells but also reduced lipid levels, likely due to PHD3
upregulation. In B16—F10 tumor-bearing HFD mice, CR-Lip
maintained CEL concentration in melanoma, alleviated the
HFD-induced ITME, improved CD8" T cell infiltration and
activation, downregulated immunosuppressive cells, and reduced
adipocyte infiltration, significantly enhancing the response to anti-
PD-1 therapy. Overall, this approach effectively inhibited tumor
growth in obesity-related melanoma, sensitized immunotherapy,
and extended mice survival, offering promising therapeutic op-
tions for overcoming obesity-related cancers.

2. Materials and methods

2.1.  Materials

CEL was obtained from Bidepharm (Shanghai, China). Rg3 was
obtained from Chengdu Master Biotechnology Co., Ltd.
(Chengdu, China). Cholesterol (Cho) and soybean phospholipid
(SPC) were provided by Advanced Vehicle Technology
(Shanghai, China). Oil Red O Stain Kit was obtained from
Solarbio (Beijing, China). Annexin V-FITC/PI Apoptosis Kit was
gained from Vazyme (Nanjing, China). Coumarin 6 (C6) and DiR
were purchased from Macklin (Shanghai, China). DiD, BODIPY
493/503, ATP, and TUNEL kits were obtained from Beyotime
(Shanghai, China). Mouse 3T3-L1 cell adipogenic differentiation
kit was purchased from OriCell (Guangzhou, China). The reverse
Transcription Premix kit and SYBR Green qPCR kit were pro-
vided by Hangzhou Aikerui Biotechnology Co., Ltd. (Changsha,
China).
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Antibodies: aPD-1 (clones RMP1-14) were purchased from
BioXcell (West Lebanon, NH). Supporting Information Tables S1
and S2 list antibodies and primers for Western blotting (WB),
quantitative reverse transcription PCR (RT-qPCR), flow cytometry
(FCM), and immunofluorescence (IF) staining.

Cell lines and experimental animals: The murine melanoma cell
line B16—F10 and the 3T3-L1 cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas, VA). The
C57BL/6 mice (female, 4 weeks old) were obtained from the Animal
Experimental Research Centre of Zhejiang Chinese Medical Uni-
versity, in accordance with ethical permit No. IJACUC-20230327-12.
All animal studies were conducted in compliance with NIH guide-
lines for laboratory research and were authorized by the Animal Care
Committee of Zhejiang Chinese Medical University.

2.2.  Preparation of CR-Lip

Four types of liposomes, including Chol liposomes loaded with
CEL (CEL-Lip), Chol-based liposomes without CEL (Cho-Lip),
Rg3 and CEL co-loaded liposomes (CR-Lip), and Rg3-based li-
posomes without CEL (Rg3-Lip) were prepared by thin-film hy-
dration method. The formulations included Cho/SPC/CEL (3:10:1,
wiwlw) for CEL-Lip, Cho/SPC/CEL (3:10:0, w/w/w) for Cho-Lip,
Rg3/SPC/CEL (3:10:1, w/w/w) for CR-Lip and Rg3/SPC/CEL
(3:10:0, w/w/w) for Rg3-Lip. The membrane material was dis-
solved in a solution of organic compounds, comprising chloroform
and ethanol in a 1:1 volume ratio, to a final volume of 3 mL.
Subsequently, the mixtures were subjected to reduced pressure
rotary evaporation using a rotary evaporator (N-1100-D, Davi In-
strument, Hangzhou, China) for 30 min in a water bath at 50 °C.
This process was employed to remove the organic solvent and
facilitate the formation of thin and uniform lipid membranes. The
administration of nitrogen was conducted in a manner that was both
gentle and appropriate, with the objective of safeguarding the lipid
membranes. Subsequently, the mixtures were hydrated in 4 mL of
PBS (pH 7.4) for 30 min at 50 °C. Finally, the suspension was
subjected to ultrasonication using an ultrasonicator (JY92-1IN,
Xinzhi Biotechnology Co., Ltd., Ningbo, China) until it became
semi-transparent (power 300 W, operation 3 s, intermittent opera-
tion 2 s, 60 cycles). Furthermore, fluorescently labeled liposomes
(C6/DiR/DID) were obtained by separately adding the appropriate
amount of C6/DiR/DID to the lipid solutions prior to evaporation.

2.3.  Characterization, serum stability, and storage stability of
CR-Lip

In order to ascertain the particle size and zeta potential of CEL-
Lip and CR-Lip, the Zetasizer (Malvern, UK) was utilized.
Meanwhile, the transmission electron microscope (TEM, H-7650,
Hitachi, Japan) was employed to examine the morphology of the
CEL-loaded liposome. The CEL encapsulation efficiency (EE%)
and drug-loading capacity (DL%) were calculated as shown in
Egs. (1) and (2):

Wen

t

EE% =

x 100 (1)

ch
DL% = —" x 100 )
w

The variables were defined as follows: W, was the actual
amount of encapsulated CEL of CEL-loaded Lips; W; was the

gross drug added to CEL-loaded Lips; /) is the aggregate mass of
CEL-loaded Lips; The prepared CEL-loaded Lips were stored at
4 °C to examine storage stability by measuring size and PDI for a
week. The serum stability of CR-Lip was assessed through incu-
bation with 10% FBS at 37 °C, with changes in particle size and
PDI recorded over a 24 h period.

2.4.  Invitro release of CEL from CR-Lip

The release of CEL from CEL-loaded Lips (CEL-Lip and CR-Lip)
in pH 7.4 media (containing 0.2% w/v Tween 80) was examined
by dialysis. In brief, 1.0 mL (100 mg/mL) of CEL-loaded Lips
solutions (n = 3) were placed into the dialysis bag
(MWCO = 3500). The dialysis pouch was then immersed in
20 mL of release medium at the desired pH, which should be
agitated at 37 °C and 100 rpm. At designated time points, 2 mL of
the release medium was sampled and replaced with an equal
volume of fresh blank medium, the CEL concentration can be
assessed by High-performance liquid chromatography (HPLC,
Agilent, USA)?°.

2.5.  Preparation of mature adipocytes and collection of mature
adipocytes-conditioned medium (Adip-CM)

For adipocyte differentiation, mature adipocytes were induced to
differentiate by adipogenic differentiation kit. In brief, 3T3-L1
cells were cultivated for a further two days after confluence
(designated as Day 0), and differentiation A was added for 3 days.
Then, the medium was changed with maintenance B for 1 day.
Next, A and B should be used alternately 3 times, and the cell
status should be observed daily during this period. Following the
differentiation of 3T3-L1 cells, the acquisition of the adipocyte
phenotype was confirmed through Oil Red O staining.

To collect conditioned medium (CM) from Adip-CM, main-
tenance B was replaced with fresh complete medium after 2 days,
collected, and centrifuged at —20 °C>*~3°_ In order to simulate the
obesity-related TME in vitro, B16—F10 cells were pre-intervened
with 50% Adip-CM for 24 h for subsequent trials.

2.6.  Colony formation assay

In order to conduct the colony formation assay, B16—F10 cells
were seeded at 400 cells per well into a 6-well plate and subse-
quently incubated for a period of 48 h. Subsequently, the cells are
cultivated in complete or 50% Adip-CM for a further two days.
Cells are maintained in complete or 50% Adip-CM for another 2
days. Then the B16—F10 cells were grown for another 10—12
days, with the culture medium being replaced on a tri-weekly
basis. After 14 days, the cells were subjected to a fixation and
staining procedure with 0.05% crystal violet. A colony comprising
50 or more cells was deemed to be a clone. The images were then
digitally captured and the number of colonies formed was quan-
tified using the ImagelJ software.

2.7.  Cellular uptake of CEL-loaded Lips in BI6—F10 cells
intervened by Adip-CM

For the glucose transporter inhibitor experiment, B16—F10 cells
(2 x 10° cells/well) were seeded into 6-well plates. First, glucose
(GLU, 20 pmol/L) or quercetin solution (20 mg/mL) was added to
the cells for 60 min in advance. Subsequently, Rg3/C6-Lip and
Cho/C6-Lip were added and incubated for 4 h. After incubation,
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B16—F10 cells were collected and examined using FCM
(CytoFlex S, Beckman, USA).

For cellular uptake, B16—F10 cells (2 x 10° cells/well) were
intervened by Adip-CM for 24 h, then incubated with Cho/C6-Lip
and Rg3/C6-Lip for 2 or 4 h. Then, B16—F10 cells were har-
vested and quantified by FCM. In addition, fluorescence micro-
scopic observation (LSM 880, Zeiss, Germany) was taken for
qualitative research.

2.8.  Invitro cytotoxicity and apoptosis

B16—F10 cells (3000 cells/well, pre-intervened by Adip-CM for
24 h) were incubated with Free CEL, Free CEL + Rg3, CEL-Lip,
and CR-Lip for 24 h at designed concentrations of CEL (0.1,0.2,
04, 08, 1.6, 32 and 64 pmol/L), respectively. HFD
B16—F10 cells were incubated with methyl thiazolyl tetrazolium
(MTT) for 4 h and solubilized with DMSO (150 pL). Absorbance
was monitored at 570 nm by a multifunctional plate reader
(EnSpire, PerkinElmer, USA). The Annexin V-FITC/PI Apoptosis
Assay was employed for the assessment of the apoptotic level. In
short, B1I6—F10 cells (2 x 107 cells/well, pre-intervened by Adip-
CM) were incubated with free CEL, CEL-Lip, and CR-Lip for
12 h. These experiments employed 1 pmol/L CEL for
B16—F10 cells. Cells were collected and suspended in a binding
buffer. Then, Annexin V-FITC (5 pL) and PI solution (5 pL) were
added and incubated. Subsequently, samples (500 pL) were
examined by FCM without delay.

2.9.  BODIPY staining

The lipid content of the cells was assessed using BODIPY 493/
503. B16—F10 cells (1.5 x 10* cells/well) were incubated with
free CEL at three concentrations (0.4, 0.8 and 1.2 pmol/L) for one
day. Then cells were treated with Adip-CM for 24 h. For quan-
titative analysis, all groups were harvested and further incubated
with BODIPY 493/503 (2.5 pmol/L) for 15 min at room tem-
perature (RT). After that, the cells underwent two washes and
were immediately analyzed by FCM. For confocal laser scanning
microscopy (CLSM) analysis, B16—F10 cells (3 x 10%/well) were
seeded onto 24-well plates and cultured with CEL-Lip and CR-
Lip (equivalent CEL concentration 0.8 pmol/L) for 24 h. After
this, all groups were fixed and permeabilized with 0.2% TritonX-
100 for 5 min. Next, B16—F10 cells were incubated with BODIPY
493/503 for 15 min. After washing with PBS and staining with
DAPI, the cells were imaged using CLSM.

2.10.  The animal experiments

2.10.1.  Mouse obesity models

In all in vivo trials, C57/BL6 mice were maintained on a control
diet (CD) or on a HFD for 8—10 weeks at the age of 5 weeks old.
To measure plasma triglyceride (TG), Cho, and GLU concentra-
tions after feeding CD or HED, the mice were fasted overnight and
whole blood was obtained by cardiac puncture into tubes con-
taining EDTA (0.5 mol/L). Whole blood was -centrifuged
(1500%g, 20 min, 4 °C) and the plasma supernatant was trans-
ferred to new tubes for analysis.

2.10.2.  Tumor targeting efficacy of CR-Lip in BI6—F10 tumor-
bearing CD/HFD mouse model

Prepare DIR@Cho-Lip or DIR@Rg3-Lip as described in 2.2. At
the tumor volume (V,) of approximately 80 mm?, the CD or HFD

mice bearing B16—F10 were injected with DIR@Cho-Lip or
DIR@Rg3-Lip (100 pL) through the tail vein. /n vivo fluorescence
imaging was conducted using an imaging system (Caliper Life
Sciences, USA) at 2, 4, 8, 12, and 24 h post-injection
(Em = 745 nm; Ex = 810 nm). Tumors and major organs were
then harvested for ex vivo fluorescence imaging. To visualize the co-
localization of DIR@Rg3-Lip with GLUTI, tumor sections were
first incubated with anti-GLUT1 antibodies at 4 °C overnight, fol-
lowed by incubation with a FITC-conjugated secondary antibody for
2 h. The evaluation of the tumor tissue sections was performed using
a Virtual Slide Microscope (VS120—S6—W, Olympus, Japan).

2.10.3.  Mouse tumor models and in vivo antitumor efficacy
B16—F10 cell suspensions (200 pL, 3 x 10° cells/mL) were injected
subcutaneously at the right back of C57BL/6 female mice (CD or
HFD). The administration of the therapeutic regimen was commenced
once the volume of the B16—F10 tumor had reached 80 mm?® in
8—10 d after inoculation. The HFD mice were assigned at random
into 6 groups (n = 5). PBS, aPD-1 (5 mg/kg, intraperitoneally [ip]),
Rg3-Lip (4 mg/kg, intravenously [iv]), CEL-Lip (2 mg/kg, iv),
CR-Lip (2 mg/kg, iv), and CR-Lip + aPD-1 (2 mg/kg CR-Lip,
iv + 5 mg/kg aPD-1, ip) were administered. During the treatment
period, B16—F10 tumor-bearing HFD mice were maintained on an
HFD diet, which is consistent with the literature”*2. Measurements of
body weight and tumor size were undertaken at two-day intervals. V,
was calculated as shown in Eq. (3):

Vo= (Lx W) /2 6

L was the longest diameter of B16—F10 tumors; W was the
shortest diameter of B16—F10 tumors. Finally, remove the tumor
and major organs for further H&E and TUNEL staining. Mean-
while, the survival time for each mouse was monitored and sur-
vival curves were recorded.

2.10.4.  Immune status investigation

Single-cell suspensions obtained from tumors and spleen were
stained with antibodies to represent the various types of immune
cells. First, an anti-CD16/32 antibody was used to block the Fc to
avoid the nonspecific adsorption. CD8" T cells (CD3" CD4~
CD8"), IFNy™ CD8" T cells (CD3" CD8" IFNy™), NK cells
(CD3™ NK1.17), Tregs (CD3% CD4" Foxp3™), MDSCs (CD11b™
Grl™), tumor-associated macrophage (TAMs) including M2
(CD11b* F4/80" CD206) and M1 (CD11b* F4/80" CD86™) were
collected using FCM analyzed by CytExpert software. Cytokines
(IL-18, IL-6, IL-12, IFNvy, TNF«, and TGF-0) were analyzed by
ELISA using a single cell suspension of tumor tissue (10 mg/group).

2.11. ICD effect evaluation

2.11.1.  In vitro experiment

The B16—F10 melanoma cell line (5000 cells/well) was grown in
24-well plates and used after overnight treatment with Adip-CM.
To detect the CRT marker on the cellular surface, cells were
treated with free CEL, CEL-Lip, or CR-Lip at concentrations of
1.6 umol/L for 4 h. All groups were then fixed, washed, and
incubated with CRT primary antibody (1:2000) for 1 h. For
intracellular HMGB1 detection, cells were treated with free CEL,
CEL-Lip, or CR-Lip at a concentration of 1.2 umol/L for a period
of 12 h. HMGBI primary antibody (1:200) was added and incu-
bated with cells for 1.5 h. Next, the cells were incubated with an
anti-rabbit secondary antibody (1:200) for 1.5 h. Finally, the cells
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were mounted with an anti-fluorescence quenching agent con-
taining DAPI. IF images were captured using the CLSM. CRT-
positive cells were examined by FCM. HMGB1 and ATP released
in the supernatant were quantified following the instructions of the
HMGB1 ELISA Kit and the ATP Detection Kit.

2.11.2.  In vivo experiment

DC maturation (CD11c™ CD80" CD86™) was detected by FCM
analysis of tumor-infiltrating lymph nodes (TILNs). To observe
the in vivo ICD effects on CRT and HMGBI1, the tumors were
collected at the conclusion of the experiments for further analysis
using IF techniques. Firstly, the sections were washed and fixed.
Then, the tissue sections were stained with either anti-CRT
(1:200) or anti-HMGB1 (1:200) at 4 °C overnight, and FITC-
conjugated second antibody (1:200) for 1.5 h. At last, the cells
were affixed with an anti-fluorescence quenching agent containing
DAPI to assess by a slide scanner.

2.12.  Molecular docking study

In order to obtain the three-dimensional (3D) structures of the
PHD3 protein targets, the RCSB Protein Data Bank (PDB) and
AlphFold databases were consulted. The two-dimensional (2D)
structure of CEL was sourced from the PubChem database and
transformed into a 3D structure through the utilization of
ChemDraw software. Following this, docking of PHD3 protein to
CEL was performed using AutoDock Vina. Graphs of active
binding sites were generated using PyMOL software.

2.13.  RT-qPCR and WB assays

RT-PCR was used to examine the cell and intra-tumor expression of
GLUT1 and PHD3. RNA was obtained from tumor cells or flash-
frozen tumor tissues using TRIzol. cDNA was synthesized via the
reverse transcription premix kit. Subsequently, RT-qPCR was con-
ducted with SYBR Green Premix qPCR kit, and the data were
analyzed using the AACt method. GAPDH and (-actin were
employed as reference genes for the purposes of data normalization.
To measure the GLUT1 and PHD3 protein expression, the
B16—F10 cells were collected and lysed. Samples were prepared
by dilution and subsequent heating at 100 °C for 15 min. The
separation of proteins was achieved through the utilization of gel
electrophoresis, which was subsequently transferred to a poly-
vinylidene difluoride membrane. Subsequently, the membranes
underwent a blocking procedure and were incubated with the pri-
mary antibody (4 °C, 12—16 h). The membrane was incubated with
the secondary antibody (RT, 1 h) and then chemiluminescence.

2.14.  In-vivo safety evaluation

Following the completion of the sixth treatment, a sample of
whole blood was obtained for the purpose of conducting routine
blood analyses. Alanine aminotransferase (ALT) and aspartate
aminotransferase (AST) in serum were used to assess hepatotox-
icity, and blood urea nitrogen (BUN) and creatinine (CREA) in
serum were utilized to assess renal function, creatine kinase-MB
(CK-MB) were used to evaluate cardiotoxicity using the serum.

2.15.  Statistical analysis

Each relevant experiment was performed a minimum of 3 times,
and results were expressed as mean £ SD deviation. Analyses of

survival rates employed the log-rank test, while other statistical
assessments utilized the Student’s #-test (two-tailed) and one-way
ANOVA. Statistical significance was set at *P < 0.05.

3. Results and discussion

3.1.  Preparation and characterization of CR-Lip

CEL-loaded liposomes were synthesized using the thin film
dispersion method (Fig. 1A). A Rg3 to SPC ratio of 1:7 was
optimized to achieve an appropriate surface charge and size
conducive to in vivo stability (Fig. 1B). Both CEL-Lip and CR-Lip
exhibited mean particle sizes of 12632 + 1.17 nm and
116.50 = 0.72 nm, respectively, with negative zeta potentials
(Table 1 and Supporting Information Fig. S1A). The difference in
particle size is likely due to the hydrophilic area occupied by Rg3
and Cho. Rg3 has been shown to significantly reduce membrane
micropolarity and increase hydrophobicity within the bilayer
compared to Cho-Lip, likely due to its strong interaction with
phospholipid molecules. Additionally, Rg3 enhances membrane
order and liposome stability by immobilizing phosphatidylcholine
amine groups via hydrogen bonding and restricting acyl chain
movement®. As a result, CR-Lip outperformed CEL-Lip in
several key metrics, including particle size distribution (~0.12),
encapsulation efficiency (~97%), and drug loading capacity
(~5.7%) (Fig. 1C and D). TEM analysis further confirmed that
CR-Lip maintained a uniform spherical morphology (Fig. 1C).
Stability studies revealed that CR-Lip remained stable at 4 °C for
7 days (Fig. S1B). Upon incubation at 37 °C for 24 h in PBS
containing 10% FBS, CR-Lip exhibited only a minor increase in
particle size and PDI (Fig. 1E), indicating robust stability in a
simulated blood environment. In vitro release studies in PBS at pH
7.4, mimicking the physiological conditions of the blood,
demonstrated that CR-Lip provided a more controlled release
profile compared to CEL-Lip. CR-Lip achieved approximately
65% cumulative CEL release after 12 h, whereas CEL-Lip
released nearly 90% of CEL. Free CEL showed a rapid and
complete release within 2 h (Fig. 1F). These findings underscore
that CR-Lip offers superior size uniformity, encapsulation effi-
ciency, and stability, as well as a more prolonged release profile
compared to CEL-Lip. Such characteristics are likely to enhance
the efficacy of CR-Lip in targeting tumor sites more effectively.

3.2.  Improved cellular uptake of Rg3-Lip via Rg3-GLUTI
interaction in Adip-CM-treated tumor cells

To elucidate the interaction between obesity and melanoma cells,
mature adipocytes were differentiated from 3T3-L1 pre-
adipocytes to produce Adip-CM. Notable morphological
changes were observed, with differentiated adipocytes displaying
a significant increase in lipid droplet size and content compared to
3T3-L1 pre-adipocytes (Fig. 2A). Following treatment with Adip-
CM, B16—F10 cells exhibited a substantial increase in colony
formation, from 55 to 148 colonies (Fig. 2B and C).

The glucose moiety in Rg3 interacts with GLUT1 receptors on
the cell membrane*™*'. Experimental data revealed that the uptake
of Rg3-Lip in B16—F10 cells was significantly inhibited by
glucose transporter inhibitors such as quercetin**** and was
competitively blocked by free glucose. In contrast, no significant
difference in uptake efficiency was observed with control lipo-
somes (Cho-Lip) (Fig. 2D and E). This suggests that GLUT1-
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Figure 1

Characterization of CR-Lip and preparation of mature adipocytes. (A) Schematic diagram of constitution (B) Particle sizes and PDI of

CR-Lip at different weight ratios of Rg3 to SPC (n = 3). Size, TEM images (C) and zeta potential (D) of CR-Lip. (E) Serum stability of CR-Lip
by measuring the size change over time (n = 3). (F) Cumulative release profiles of CR-Lip at varied conditions (n = 3).

Table 1  Particle size, PDI, zeta potential, EE%, and DL% of CEL-loaded Lips.
Vehicle Particle PDI Zeta EE% DL%
size (nm) potential (mV)
CEL-Lip 126.00 + 1.17 0.17 + 0.03 -22.5+ 0.8 88.23 + 1.39 5.23 + 0.08
CR-Lip 116.50 £ 0.72 0.12 + 0.01 -26.6 + 0.6 97.58 £ 0.9 5.74 + 0.05

Data are presented as mean £ SD (n = 3). *P < 0.005. ns, not significant. PDI, polymer dispersity index; EE%, encapsulation efficiency; DL %,

drug-loading; Lip, liposomes.

mediated transport is a crucial mechanism for the cellular uptake
of Rg3-Lip by tumor cells. Interestingly, the expression of
glycolytic markers (e.g., GLUT1, Pyruvate kinase isozyme type
M2, and Lactate dehydrogenase) varied across tumor samples’.
The effect of obesity on GLUT1 expression on the surface of
tumor cells remains unclear. To investigate whether dietary factors
influence GLUT1 levels, BI6—F10 tumor cells were pretreated
with Adip-CM for 24 h. WB and RT-qPCR analyses indicated that
Adip-CM treatment led to increased GLUT1 protein and mRNA
expression in B16—F10 cells (Fig. 2F—H). Cellular uptake studies
using DID-labeled liposomes demonstrated that the median fluo-
rescence intensity (MFI) in B16—F10 cells treated with Rg3-Lip
was approximately 1.3-fold higher compared to the Cho-Lip
group (Fig. 2I-K). This enhanced uptake is likely due to the
elevated expression of GLUT1 on tumor cells. Notably, the uptake
efficiency of Rg3-Lip was further augmented by Adip-CM treat-
ment, increasing by approximately 1.6-fold. This observation
indirectly supports the hypothesis that Rg3-Lip is transported into
tumor cells via GLUT1, particularly in HFD tumor cells.

3.3.  CR-Lip enhanced cytotoxicity, induced apoptosis and
stimulated ICD

The MTT assay was utilized to evaluate the in vitro therapeutic
efficacy of CR-Lip. Both free Rg3 and Rg3-Lip demonstrated
minimal cytotoxicity against B16—F10 cells, indicating the

biosafety of the liposome formulation in vitro (Supporting
Information Fig. S2). In contrast, the free CEL/Rg3 combination
therapy induced cytotoxicity in B16—F10 cells, with an ICsy of
approximately 1.71 pmol/L, and free CEL exhibited a similar ICsq
(~1.73 pmol/L). Notably, CR-Lip exhibited superior cytotoxicity
compared to other treatments, with an ICsy of 1.37 pmol/L
(Fig. 2L). To assess the apoptotic efficacy of CR-Lip, apoptosis
was evaluated using Annexin V-FITC/PI staining (Fig. 2M and N).
The proportion of apoptotic cells (both early and late) was
approximately 16.3% for free CEL, 18.5% for CEL-Lip, and
26.9% for CR-Lip. The FCM results indicated that B16—F10 cells
treated with CR-Lip showed the highest apoptosis-inducing effect
among all groups, even in the absence of Adip-CM. Furthermore,
with Adip-CM, the apoptosis rate in B16—F10 cells treated with
CR-Lip increased to 40%.

Recent studies have highlighted that ICD can not only induce
immunogenic apoptosis in cancer cells but also elicit an anti-
tumor immune response'®**. We next investigated the ICD-
induction potential of CR-Lip. The exposure of CRT on the sur-
face of B16—F10 cells was assessed by FCM. As shown in
Fig. 3A and B, CR-Lip significantly increased the CRT™ cell ratio,
which was three times higher than that of the control group.
CLSM images revealed that cells treated with CR-Lip exhibited
stronger green fluorescence compared to the CEL-Lip group,
reflecting increased CRT exposure due to elevated GLUTI1
expression on HFD tumor cells (Fig. 3C). ICD is also typically
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Figure 2  Cellular uptake, cytotoxicity and apoptosis assays in vitro. (A) Schematic diagram of the differentiation of mature adipocytes from
pre-adipocyte 3T3-L1. (B,C) Colony formation assay of B16—F10 cells cultured with Adip-CM (n = 3). (D,E) Cellular uptake of Rg3-Lip with
GLUT inhibitor as determined by FCM (n = 3). (F,G) GLUT1 expression levels in BI6—F10 cell by WB and RT-qPCR (H) after Adip-CM
treatment (n = 3). Cellular uptake of CEL-Lip and CR-Lip by FCM (IJ) and (K) CLSM analysis. Scale bar = 5 um. Cell viability (L) and
cell apoptosis (M,N) treated with various CEL formulations against Adip-CM treated B16—F10 cells (n = 3). *P < 0.05, **P < 0.01,

EEP < 0.001.

associated with the release of ATP and HMGBI1. The levels of
ATP secretion and HMGB1 release were measured. CLSM and
ELISA assays showed that HMGB1 was released from the nuclei
of B16—F10 cells following CR-Lip treatment, with CR-Lip
inducing a two-fold increase in HMGB1 release compared to
the control (Fig. 3D and E). Additionally, CR-Lip led to the
highest ATP release among all treatment groups (Fig. 3F). Overall,
these results demonstrate that CR-Lip effectively enhances the
"eat me” signal with an ICD mechanism, suggesting its potential
role in antitumor immunity.

3.4. CEL regulated lipid availability in HFD tumor cells by
enhancing PHD3 expression

Recent studies have reported marked metabolic adaptations in
tumors and CD8" T cells in response to obesity’. Tumor cells
exhibit increased lipid uptake in HFD conditions, whereas tumor-
infiltrating CD8" T cells do not. This disparity in metabolic
adaptation leads to T-cell impairment as a result of altered FFA
partitioning and local exhaustion of critical metabolites, high-
lighting the interconnected metabolic states of cells in tumors. The
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Figure 3  In vitro therapeutic mechanisms of CR-Lip. In vitro induction of ICD by different CEL formulations: Quantitative FCM analysis
(A—B) and the CLSM images (C) of CRT exposure on Adip-CM treated B16—F10 cells (n = 3). Scale bar = 50 um. (D) HMGBI secretion
determined by ELISA kits (n = 3). (E) The CLSM images of HMGB1 (Green). Scale bar = 50 pm. (F) ATP secretion from B16—F10 cells
treated with varied formulations (n = 3). CEL controlled the availability of FFAs: (G) The CLSM images of BODIPY 493/503 (Green) in Adip-
CM treated B16—F10 cells after incubating with free CEL (0.4, 0.8, 1.2 umol/L) and CEL formulations (CEL, 0.8 pmol/L). Scale bar = 5 pm.
(H,I) Quantitative FCM analysis of BODIPY 493/503 treated with free CEL (n = 3). (J) Molecular docking of CEL complexed with PHD3. (K,L)
WB results of PHD3 in Adip-CM treated B16—F10 cells after treatment with CEL (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001.
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lipid content in B16—F10 cells was assessed using BODIPY 493/
503 staining in vitro. Prior to the addition of Adip-CM to the
culture, B16—F10 cells were incubated with a range of concen-
trations of CEL, and lipid content was analyzed by CLSM and
FCM. As shown in Fig. 3G-1, B16—F10 cells treated with Adip-
CM exhibited numerous dense lipid droplets and increased lipid
accumulation compared to the control. Interestingly, free CEL
effectively reduced lipid levels in a concentration-dependent
manner, indicating its capacity to inhibit fat uptake in tumor
cells. Furthermore, CR-Lip demonstrated significantly lower
tumor lipid accumulation compared to CEL-Lip, likely due to its
enhanced liposome uptake efficiency.

Emerging insights into tumor metabolism suggest that obesity
downregulates the expression of PHD3 in cancer cells, leading to a
depletion of fatty acid fuel sources in the TME. To explore whether
the observed changes in fatty acid mobilization in B16—F10 cells
after CEL treatment were related to PHD3 regulation, we performed
molecular docking of CEL with PHD3 protein structures. The
results indicated that CEL has favorable docking potential with
PHD3, with a binding affinity of —8.7 kcal/mol, and the active
pocket formed by PHD3 was relatively stable (Fig. 3J). Molecular
docking revealed that CEL binds to PHD3 through hydrophobic
interactions at sites including PHE225, ASN140, ASP142,
ALA221, and LYS224. Subsequently, the in vitro regulatory effects
of free CEL on PHD3 gene expression were evaluated by WB and
quantitative analyses (Fig. 3K and L, and Supporting Information
Fig. S3). Treatment with CEL (0.4—1.2 pumol/L) significantly
upregulated PHD3 expression in a dose-dependent manner.
Similarly, the mRNA expression and protein level of PHD3
were markedly increased by CR-Lip (Supporting Information
Fig. S4). Collectively, these data support our hypothesis that CEL
inhibits the availability of FFAs in tumor cells by modulating PHD3
expression.

3.5.  Rg3-Lip enhanced tumor targeting capacity especially in
the HFD mouse

To investigate the in vivo tumor targeting of CR-Lip following tail
vein injection, fluorescence imaging, and biodistribution studies
were carried out in B16—F10 tumor-bearing mice. In HFD mice,
DiR@Rg3-Lip demonstrated superior tumor retention up to 24 h
post-injection compared to DiR@Cho-Lip, which exhibited a
significantly weaker fluorescence signal at the tumor site
(Fig. 4A).

After 24 h, tumors and major organs were harvested to assess
the distribution of various liposome formulations via fluorescence
intensity (Fig. 4B). As observed with other nanoparticle drug
delivery systems*’, both Rg3-Lip and Cho-Lip were predomi-
nantly distributed in macrophage-related organs, such as the liver
and spleen, with lesser accumulation in other organs (Fig. 4B).
Interestingly, we found that Rg3-Lip accumulated more in the
liver compared to Cho-Lip, likely due to the smaller particle size
and the significantly prolonged circulation time of Rg3-Lip™
(Table 1). Furthermore, DiR@Rg3-Lip exhibited 2.2-fold higher
tumor accumulation than DiR@Cho-Lip (Fig. 4C). As anticipated,
in HFD mice bearing B16—F10 tumors, DiR@Rg3-Lip demon-
strated 1.3-fold higher tumor accumulation compared to CD mice,
attributable to the higher GLUT1 levels, whereas no significant
difference was observed with DiR @Cho-Lip.

To further elucidate the distribution of Rg3-Lip in tumor tissue,
we performed IF staining with an anti-GLUT1 antibody. GLUT1
was found to co-localize with Rg3-Lip, particularly in tumors of

HFD mice (Fig. 4D), indicating that GLUT1-mediated delivery is
a crucial mechanism for effective tumor targeting and ablation.

3.6.  Evaluation of CR-Lip-mediated combination therapy with
aPD-1 in BI6—F10 tumor-bearing mice on a HFD

Obesity has been closely linked to the initiation and progression of
various cancers, including breast cancer, colorectal cancer, and
melanoma*® ™%, To establish a human obesity model in mice,
C57BL/6 mice (5-week-old) were randomly assigned to either a
CD group or a HFD group, with ad libitum feeding (Fig. 5A).
After 8—10 weeks, HFD mice exhibited significant weight gain
(~35.5 g) (Fig. 5B) and developed systemic obesity-associated
metabolic abnormalities, including hypercholesterolemia, hyper-
triglyceridemia, and hyperglycemia (Fig. 5C and Supporting
Information Fig. S5). We have also compared the shape and
weight of the livers between the CD and HFD groups (Supporting
Information Fig. S6). Notably, the livers of HFD mice exhibited a
pale or yellow coloration due to fat accumulation, in contrast to
the bright red livers of CD mice®. This finding aligns with the
liver weight analysis. Subsequently, mice were inoculated with
B16—F10 melanoma cells. Consistent with prior observations,
tumors in HFD-fed mice grew more rapidly compared to those in
CD-fed mice’***! (Fig. 5D). Eighteen days post-inoculation,
mice were euthanized, and tumors were harvested for further
analysis. Tumors from HFD mice showed significantly increased
weight compared to those from CD mice (Fig. SE). H&E and Oil
Red O staining of tumors from CD and HFD mice revealed a
notable difference in fat content. Tumors from the HFD group
contained abundant lipid droplets and increased adipocyte infil-
tration compared to those from the CD group (Supporting
Information Fig. S7). Additionally, FCM analysis of single-cell
suspensions from tumors revealed a marked decrease in the per-
centage of CD3" CD8™ T cells and IFNy* within CD3* CD8* T
cells in HFD mice, indicating impaired T cell infiltration and
function (Supporting Information Fig. S8A-S8C). ELISA of
cytokine levels in tumor tissues also showed that proinflammatory
cytokines (IL-1(, IL-6, IL-12, TNF-«, and IFNy) were down-
regulated while anti-inflammatory cytokines (TGF-8) were upre-
gulated in HFD tumors compared to CD tumors (Fig. S§D-S8I).
These results suggest that obesity exacerbates the ITME and
promotes tumor growth.

To evaluate the anti-tumor efficacy of CR-Lip in combination
with aPD-1 therapy, B16—F10 tumor-bearing HFD mice were
treated with various formulations once tumors reached approxi-
mately 80 mm®. Treatments included PBS, aPD-1 (5 mg/kg, ip),
Rg3-Lip (Rg3, 4 mg/kg, iv), CEL-Lip (CEL, 2 mg/kg, iv), CR-Lip
(CEL, 2 mg/kg, iv), and the combination of CR-Lip + aPD-1
(CEL, 2 mg/kg, iv + aPD-1, 5 mg/kg, ip) (Fig. 5F). As illustrated
in Fig. 5G-1, PBS, aPD-1, and Rg3-Lip groups exhibited rapid
tumor growth, indicating minimal anti-tumor efficacy. In contrast,
CEL-Lip, CR-Lip, and CR-Lip + aPD-1 demonstrated varying
degrees of tumor regression. Notably, CR-Lip treatment resulted
in a significantly higher tumor inhibition rate (~61.2%) compared
to CEL-Lip (~40.4%) (Fig. 5J), highlighting the enhanced tumor-
targeting efficacy of CR-Lip. Remarkably, the combination ther-
apy (CR-Lip + aPD-1) achieved a substantial tumor inhibition
rate of 82.1%, outperforming both the aPD-1 group (~20.8%) and
the CR-Lip group (~61.2%), demonstrating that CR-Lip en-
hances the sensitivity of BI6—F10 tumors to aPD-1. Furthermore,
median survival time was significantly prolonged in the combi-
nation therapy group (Fig. 5K). Histological analysis via H&E and
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Figure 4

In vivo biodistribution. (A) The IVIS images of DiR@Rg3-Lip and DiR @Cho-Lip after administration over time in B16—F10 bearing

HFD mice (B) Ex vivo monitoring of tumors and major organs after 24 h of iv injections. (C) Fluorescence intensity of tumors (n = 3). (D) The
intratumoral distribution of the DiR@Rg3-Lip and DiR@Cho-Lip (scale bar = 50 um). *P < 0.05, ***P < 0.001.

TUNEL staining confirmed significant apoptosis in tumors treated
with the CR-Lip combined with aPD-1 compared to other groups
(Fig. 5L). Overall, these findings underscore the synergistic po-
tential of CR-Lip combined with aPD-1 for improving the treat-
ment of obesity-associated tumors.

3.7.  CR-Lip mitigates the ITME to enhance aPD-1 therapy in
B16—F10 tumor-bearing HFD mouse model

Given the observed delay in tumor progression with CR-
Lip + aPD-1 therapy, we probed the mechanistic basis of this
synergistic antitumor effect. We conducted comprehensive FCM
analyses to elucidate the impact of CR-Lip + aPD-1 on immune
cell populations within tumors from B16—F10-bearing HFD mice.
Our analysis focused on DCs maturation, a pivotal marker of
immune activation. We assessed the frequency of mature DCs
(CD11c™ CD86" CD80") in TILNs on Day 15 post-treatment
(Fig. 6A and B). Remarkably, CEL treatment alone significantly

enhanced DC maturation, reflecting its role in driving ICD in vivo.
Both CR-Lip and the combination therapy markedly amplified the
mature DCs population, approximately 5-fold compared to the
PBS control. In contrast, aPD-1 monotherapy failed to elicit sig-
nificant DCs activation, highlighting a critical limitation of aPD-1
therapy in isolation. The enhanced DCs maturation observed with
CR-Lip and CR-Lip + aPD-1 underscores the synergistic effect of
Rg3-GLUT!1 targeting in augmenting immune activation.

DCs are instrumental in pathogen recognition and the activa-
tion of adaptive immunity, particularly T lymphocytes’>>*. FCM
revealed that CD8™" T cells constituted 17.72% of the TILNs in the
combination therapy group, representing a 2.9-fold increase over
the control group (Fig. 6C). Additionally, CR-Lip + aPD-1
significantly boosted IFNy production by CD8" T cells, sur-
passing levels observed in other treatment groups (Fig. 6D). The
combo therapy also notably activated CD4" T helper cells,
signifying a robust T cell-mediated immune response (Fig. 6E).
NK cell populations, essential to innate immunity, surged 4- to 5-
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Figure 5 The CR-Lip facilitates the ICB-mediated immunotherapy. (A) Comparing the percentages of kilocalories provided by fat, protein and
carbohydrate in the CD and HFD. (B) Body weights (n = 10) and (C) the level of plasma Cho (n = 5) in C57BL/6 mice after 8—10 weeks of CD
or HFD feeding. (D) Tumor volume curve and (E) tumor weight after subcutaneous inoculation of B16—F10 in C57BL/6 mice fed with CD or
HFD (n = 5). (F) Schematic illustration of performed combination therapy in B16—F10 bearing HFD mice model. (G) Photographs of tumors
after treatment (n = 5). (H) Weights of tumors and (I) tumor volume changes after treatments (n = 5). (J) Tumor inhibition ratio (n = 5) and

(K) survival curves of mice (n = 10). (L) H&E and TUNEL staining images of tumors (scale bar = 50 um). *P < 0.05, **P < 0.01,

#Hxp < 0.001.

fold in tumors treated with CR-Lip or the combination therapy,
whereas aPD-1 alone had no effect (Fig. 6F). Systemic immune
responses were further corroborated by analyzing CD8™ T cells in
spleens, where the combination therapy induced a substantial in-
crease in both CD8™ T cells and IFNy* CD8™ T cells (Fig. 6G—
J). Moreover, CR-Lip + aPD-1 treatment led to a significant
reduction in immunosuppressive cell types, including MDSCs,
TAMs, and Tregs, relative to PBS and aPD-1 treatments alone
(Fig. 6K and L and Supporting Information Fig. S9). This
reduction underscores the ability of CR-Lip + aPD-1 to mitigate
the ITME.

Levels of the major pro-inflammatory cytokines IL-6, IL-12,
IL-18, TNF-«, and IFNy were assessed by ELISA to further

characterize the immune response. The combination therapy
significantly elevated these cytokines in tumor tissues, indicative
of a potent immune activation (Fig. 7C and Supporting
Information Fig. S10). Concurrently, TGF-8, an immunosup-
pressive cytokine associated with tumor progression and immune
evasion, was markedly reduced following CR-Lip + aPD-1
treatment. In summary, our findings demonstrate that CR-
Lip + aPD-1 treatment profoundly activates DCs and T lym-
phocytes, effectively counteracting the ITME and enhancing the
antitumor response in obesity-associated melanoma. This syner-
gistic approach not only improves immune efficacy but also rep-
resents an attractive strategy to tackle the challenges of
immunotherapy in obese cancer patients.
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Figure 6

CR-Lip + aPD-1 improves TME in the B16—F10 tumor-bearing HFD mouse. (A,B) FCM results of matured DC in TILNs (gated

from CD11c™). Relative abundance of (C) CD3" CD8™ T cells, and (D) IFNy" CD8™ T cells in tumor tissues. (E) CD3% CD4" T cells, (F) NK
cells (CD3~ NK1.1") in HFD tumors after various treatments. Relative abundance of (G,H) CD3" CD8" T cells and (I]) IFNy™ CD8" T cells in
spleens. (K,L) MDSCs (Gr-1" CD11b") in HFD tumors. n = 3, *P < 0.05, **P < 0.01, *¥*P < 0.001.

3.8.  CR-Lip promoted ICD and PHD3 expression in the
B16—F10 tumor-bearing HFD mouse

To further elucidate the antitumor mechanisms underlying the CR-
Lip + aPD-1 treatment, we performed IF analysis to assess the
expression of “eat me” biomarkers, such as CRT and HMGBI.
These biomarkers are indicative of ICD and were significantly
upregulated in tumor tissues from all CEL-treated groups
compared to the PBS control. Notably, CR-Lip treatment resulted
in markedly higher staining intensities for CRT and HMGBI1
relative to CEL-Lip, suggesting a more pronounced ICD induc-
tion (Fig. 7A).

DCs are pivotal in orchestrating a vigorous cytotoxic T
lymphocyte (CTL) response. Given the critical role of CTL
infiltration in overcoming barriers to effective cancer immuno-
therapy, we assessed the intratumoral infiltration of CD8™ T cells

following CR-Lip + aPD-1 treatment. The results showed a sig-
nificant elevation in the CD8" T cell infiltration within tumor
tissues in the CR-Lip + aPD-1 group (Fig. 7B). This result un-
derscores the efficacy of CR-Lip in reprogramming the ITME
towards an immune-promoting state, thereby facilitating enhanced
CTL recruitment and activity in synergy with immune checkpoint
blockade (ICB) therapy.

The impact of CR-Lip on the TME was further explored
through the evaluation of the expression of PHD3, a key regulator
of cellular metabolism and immune responses. In B16—F10 tu-
mors from HFD mice, PHD3 levels were significantly diminished,
impairing CD8" T cell function and infiltration. Our findings,
presented in Fig. 7D and E, demonstrate that CR-Lip + aPD-1
treatment markedly upregulates PHD3 expression in tumor tis-
sues. This upregulation likely contributes to the enhanced efficacy
of aPD-1 therapy by ameliorating metabolic barriers to immune
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Figure 7

ICD and PHD3 expression in the B16—F10 tumor-bearing HFD mouse. (A) IF images of CRT and HMGB1 in tumors of HFD mice.

Scale bar = 50 pum. (B) IF images of CTL infiltration in the tumors. Nucleus: blue color, CD3" cells: green color, CD8" cells: red color. Scale
bars = 100 um. (C) Statistical heat map of inflammatory cytokines levels in tumor tissues after treatments (n = 4). (D) Representative IF images
of PHD3 in the HFD tumors after various treatments. Scale bar = 1 mm. (E) The PHD3 mRNA level in tumors (n = 3). (F) Ori Red O staining of

the tumor tissues. Scale bar = 100 pm. ***P < 0.001.

cell infiltration. Additionally, Oil Red O and H&E staining
revealed a notable reduction in adipocytes, which are rich in fatty
acid droplets, in tumors treated with CEL (Fig. 7F and Supporting
Information Fig. S11). This observation suggests that CR-Lip
impacts the availability of lipids provided by tumor-associated
adipocytes (TAAs)* ™%, potentially alleviating the immunosup-
pressive TME and impairing the progression of obesity-related
melanoma. In summary, our data collectively indicate that CR-
Lip + aPD-1 treatment induces significant ICD, enhances CTL
infiltration, and upregulates PHD3 in tumors, which collectively
remodel the TME to support effective immunotherapy. Further-
more, the reduction in TAAs implies a strategic modulation of
lipid availability, which complements the overall therapeutic ef-
ficacy of CR-Lip in combating obesity-related melanoma.

3.9.  Biosafety evaluation

Despite the known toxicity of CEL3~®, which limits its clinical
application, our study demonstrates that CR-Lip, incorporating
CEL, does not exhibit significant adverse effects at a dose of 2 mg/
kg. Toxicity assessments revealed no notable variations in hepatic,
renal, or cardiac functions (Supporting Information Fig. S12A-
S12E), and histological evaluations showed no discernible damage
to major organs (Fig. S12F). Surprisingly, all CEL groups (CEL-Lip,
CR-Lip, and the combo treatment) efficiently downregulated the
body weight loss in the HFD-tumor-bearing mice model
(Supporting Information Fig. S13). Emerging evidence highlights
CEL’s potential in obesity treatment, showing up to 45% weight loss
in HFD mice by intraperitoneal for 3 weeks at 100 mg/kg dose and



2700

Hongyan Zhang et al.

benefits like improved leptin sensitivity®, reduced intestinal lipid
absorption®®, modulated lipid synthesis and transport®*°!. These
anti-obesity effects likely contribute to the observed weight man-
agement in our model, rather than CEL’s intrinsic toxicity. There-
fore, it can be postulated that the anti-obesity effect of CEL may be
the primary factor responsible for the weight loss observed in HFD-
tumor-bearing mice model, rather than its intrinsic toxicity. In
conclusion, CR-Lip was proven to be safe and potent in vivo, with
promising prospects for future clinical application.

4. Limitations and outlooks

In view of the obesity impairing the infiltration and function of
CD8™ T cells within melanoma in HFD mice, CEL was selected
as the therapeutic drug and the developed multifunctional lipo-
somal (CR-Lip) was used to treat the obesity-related tumors by
intravenous injection. Notably, CR-Lip not only induced strong
ICD in tumor cells but also reprogramed lipid metabolism, likely
due to PHD3 upregulation, which significantly improved the im-
mune responsiveness of aPD-1 mediated immunotherapy in
B16—F10 melanoma tumor-bearing HFD mice by remodeling
obesity-related ITME.

The primary advantage of this liposomal system lies in its
simplicity, as it can be manufactured using straightforward com-
ponents and processes. However, CR-Lip may encounter challenges
when transitioning to a clinical setting. These include long-term
stability, potential acute toxicity, batch-to-batch variability at the
laboratory scale, and complexities in large-scale manufacturing, all
of which require further investigation.

As a natural anti-obesity agent, CEL also influences the infil-
tration of TAAs in tumor tissues, both before and after treatment.
TAAs are closely linked to tumor proliferation and the ITME®,
Therefore, our future studies will focus on the mechanisms by which
CR-Lip modulates the interaction between TAAs and tumor cells.

Moreover, dietary stress may exacerbate metabolic conflicts
within tumors, directly impacting the functionality of local CD8™"
T cells’**%*. Adjusting the dietary regimen of cancer cells has
been shown to significantly alter their metabolic activity, leading
to changes in drug sensitivity®, proliferation rates, and metabolic
demands®*”. Ensuring consistent dietary nutrition throughout the
treatment course is thus of critical importance.

Additionally, the metabolic alterations induced by a HFD
contribute to tumor growth by suppressing anti-tumor CD8" T cell
responses. Notably, prior studies exploring the link between
obesity and cancer have shown that tumor growth kinetics vary
across tumor models with different levels of immunogenicity in
HFD-fed animals7, including colorectal adenocarcinoma, breast
adenocarcinoma, and Lewis lung cancer. As such, the anti-tumor
efficacy of CR-Lip across various HFD-associated tumor models
requires further investigation. Moreover, growing evidence sug-
gests that adipose tissue plays a critical role in tumor metastasis'*.
Therefore, CR-Lip’s ability to inhibit not only primary tumor
growth but also metastasis is essential. Future studies should also
examine the long-term effects of CR-Lip on tumor metastasis and
its influence on immune memory.

5. Conclusions

We engineered a novel multifunctional liposomal system, CR-Lip,
which capitalizes on the unique properties of Rg3 to encapsulate
CEL with precision. Our research highlights that GLUTI, a

glucose transporter overexpressed in tumor cells under HFD
conditions, is a key target for CR-Lip. Rg3 not only enhances
membrane integration but also actively targets GLUT1 on HFD
tumor cells, facilitating selective and efficient drug delivery. CR-
Lip’s formulation is both straightforward and effective, enabling it
to induce robust ICD. This leads to the activation of DCs,
recruitment of cytotoxic CD8" T cells, and a marked increase in
immune cytokine levels, while concurrently reducing immuno-
suppressive cell populations. Such comprehensive immune acti-
vation underscores CR-Lip’s potential to reshape the ITME.
Importantly, CR-Lip also elevates PHD3 levels in HFD tumor
cells, thereby moditying FFA distribution in obesity-driven mel-
anoma. This modulation significantly enhances the therapeutic
efficacy of aPD-1 immunotherapy, escalating the tumor inhibition
rate from 20.8% with aPD-1 alone to 82.1% with CR-Lip com-
bined with aPD-1. In vivo studies validate these findings,
demonstrating that CR-Lip, in synergy with aPD-1, not only
amplifies systemic anti-tumor immune responses but also prolongs
survival in B16—F10 tumor-bearing HFD mice. In conclusion,
CR-Lip offers a cutting-edge approach to counteracting the
obesity-related ITME. By integrating advanced cytotoxic mecha-
nisms, ICD induction, and targeted metabolic reprogramming,
CR-Lip stands at the forefront of innovative strategies to enhance
immunotherapy for obesity-associated melanoma, paving the way
for future clinical advancements.
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