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Abstract

Background Sunitinib is a multikinase inhibitor used to treat patients with advanced renal cell carcinoma (RCC).
However, sunitinib toxicity makes it a double-edged sword. Potent immune modulation by sunitinib extends

to nuclear interactions. To address these issues, there is an urgent need for delivery vectors suitable for sunitinib
treatment.

Methods We developed PEGylated liposomes as delivery vectors to precisely target sunitinib (lipo-sunitinib) to RCC
tumors. Further investigations, including RNA sequencing (RNA-seq), were performed to evaluate transcriptomic
changes in these pathways. Dil/DiR-labeled lipo-sunitinib was used for the biodistribution analysis. Flow cytometry
and immunofluorescence (IF) were used to examine immune modulation in orthotopic RCC models.

Results The evaluation of results indicated that lipo-sunitinib precisely targeted the tumor site to induce autophagy
and was readily taken up by RCC tumor cells. In addition, transcriptomic assays revealed that following lipo-sunitinib
treatment, autophagy, antigen presentation, cytokine, and chemokine production pathways were upregulated,
whereas the epithelial-mesenchymal transition (EMT) pathway was downregulated. In vivo data provided evidence
supporting the inhibitory effect of lipo-sunitinib on RCC tumor progression and metastasis. Flow cytometry further
demonstrated that liposunitinib increased the infiltration of effector T cells (Teffs) and conventional type 1 dendritic
cells (cDCT1s) into the tumor. Furthermore, systemic immune organs such as the tumor-draining lymph nodes, spleen,
and bone marrow exhibited upregulated anticancer immunity following lipo-sunitinib treatment.

Conclusion Our findings demonstrated that lipo-sunitinib is distributed at the RCC tumor site, concurrently induc-
ing potent autophagy, elevating antigen presentation, activating cytokine and chemokine production pathways,

and downregulating EMT in RCC cells. This comprehensive approach significantly enhanced tumor inhibition and pro-
moted anticancer immune modulation.
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Introduction

Renal cell carcinoma (RCC) is a formidable global health
challenge and one of the most lethal malignant tumors
[1]. Current standard treatments encompass surgi-
cal interventions, radiation therapy, and chemotherapy
[2, 3]. In 2016, the US Food and Drug Administration
(FDA) granted approval to SUTENT® (sunitinib) for the
treatment of advanced RCC [4]. Clinical trial outcomes
revealed that sunitinib surpasses IFN-a in both objec-
tive response rate and survival rate, establishing its effi-
cacy as a potent multiple tyrosine kinase inhibitor (TKi)
against advanced RCC [4, 5]. Sunitinib targets key tyros-
ine kinases, including vascular endothelial growth fac-
tor receptor 2 (VEGFR2), platelet-derived growth factor
receptor-B (PDGFR-B), and KIT, impeding their activa-
tions and thereby suppressing tumor growth [6].

Recent studies have uncovered an additional dimen-
sion to the effect of sunitinib, demonstrating its ability
to induce tumor immune surveillance by upregulating
autophagy in cancer cells, leading to the inhibition of
tumor programmed death ligand 1 (PD-L1) expression
[7]. This suggests a potential influence on the tumor
microenvironment (TME). Combining sunitinib with
immune checkpoint inhibitors (ICIs) has shown the
potential for enhancing antitumor effects, although the
underlying mechanism remains unclear. However, suni-
tinib has significant effects on various organs of the
human body. This is a double-edged sword in the treat-
ment of patients with advanced RCC. It is associated with
certain side effects and the potential for cardiotoxicity,
resulting in severe and sometimes fatal side effects [8, 9].
In response to this challenge, our group designed a novel
solution: a simple formulation and an innovative nano-
carrier using PEGylated liposomes to encapsulate suni-
tinib, termed lipo-sunitinib.

PEGylated liposomes exhibit the ability to passively
target tumor tissues through the enhanced permeabil-
ity and retention (EPR) effect facilitated by nanoparticle
extravasation and increased permeability of the tumor
vasculature [10-12]. Furthermore, PEGylation of the
liposome surface extends its half-life in the body by
increasing the particle size [13—15]. This biocompatible
material ensures a high level of patient safety. Theoreti-
cally, PEGylated liposomal encapsulation of a drug allows
for a lower dosage to achieve higher efficacy, capitalizing
on its unique features.

Through precise targeting of tumor cells via the EPR
effect and PEGylation of lipo-sunitinib, our research suc-
cessfully demonstrated augmented inhibition of RCC
orthotopic tumors in mouse models. This innovative
approach holds promise for mitigating the toxicity asso-
ciated with sunitinib, while enhancing its therapeutic
effectiveness in the treatment of advanced RCC.
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Materials and methods

Characterization

The structure, size, and zeta potential of lipo-sunitinib
were assessed using transmission electron microscopy
(TEM, JEM-2100F, JEOL Ltd., Japan) and dynamic light
scattering (DLS, Litesizer DLS 500, Anton Paar GmbH,
Republic of Austria). For TEM sample preparation, lipo-
sunitinib was centrifuged (8000xg, 10 min) and resus-
pended in deionized water (DDW). The TEM grid was
immersed in DDW containing lipo-sunitinib for 30 s,
followed by negative staining with uranyl acetate. The
samples were then vacuum dried for TEM observation.
To determine particle size, distribution, and zeta poten-
tial, lipo-sunitinib was suspended in phosphate-buffered
saline (PBS) and subjected to DLS analysis at room tem-
perature (20-25 °C).

Preparation of lipo-sunitinib

A gradient of ammonium sulfate (AS) to load sunitinib
into the liposomes. First, the liposome vector (that is,
without sunitinib) containing AS (300 mM), phospho-
lipid (60 mM), and hydrogenated soybean phosphatidyl-
choline (HSPC): cholesterol at 3 of 2 was suspended in
0.9% NaCl solution. The liposome solution (10 mL) along
with sunitinib (6.7 mL; 30 mg mL-1 in 0.9% NacCl), L-his-
tidine (1 mL; 31 mg mL-1 in 0.9% NaCl) and 0.9% NaCl
(2.3 mL) were added to a 50-mL tube and subjected to a
vigorous shake in a 60 °C water bath. To improve homo-
geneity, the solution was incubated at 60 °C for 30 min
every 10 min throughout the shaking process. Liposomal
sunitinib was purified using a Sephadex G-50 fine gel and
stored in 0.9% NaCl at 4 °C [16].

Measuring sunitinib levels using HPLC

Sunitinib levels were measured using high-perfor-
mance liquid chromatography (HPLC; Vanquish Core
HPLC, Thermo Fisher Scientific, USA). The analysis
was performed using a Waters XTERRA® RP18 column
(150 mmx4.6 mm, 3.5 ym). The mobile phase con-
sisted of methanol: deionized water (DDW) and 0.01%
trifluoroacetic acid at a ratio of 67:33. The flow rate was
set at 1 mL/min, and the absorbance was measured at a
wavelength of 423 nm. The column oven was maintained
at 35 °C to detect the released sunitinib. The cumulative
percentage of sunitinib released was calculated and plot-
ted against time to generate the release profile.

Drug release
The in vitro drug release profile of sunitinib from lipo-
sunitinib at different pH values was analyzed as follows:
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Lipo-sunitinib (9.7 mg/mL, 1 mL) was loaded into a
dialysis bag with a molecular weight cutoff (MWCO) of
100 kDa. The dialysis bag was placed in a beaker con-
taining 100 mL of PBS. The system was maintained
under magnetic stirring at 250 rpm and maintained at a
constant temperature of 37 °C.

At specific time intervals (0.5, 1, 2, 3, 6, 12, 24, 48, 72,
and 96 h), 1 mL of the release medium was withdrawn.
The withdrawn samples were extracted with a solvent
consisting of 50% acetonitrile. After extraction, the
sample was centrifuged at 10,000xg and the resulting
suspension was collected for analysis by high-perfor-
mance liquid chromatography (HPLC, Vanquish Core
HPLC, Thermo Fisher Scientific, USA). HPLC analysis
was performed using a Waters XTERRA® RP18 column
(150 mmXx4.6 mm, 3.5 pm). The mobile phase con-
sisted of methanol: deionized water (DDW) and 0.01%
trifluoroacetic acid at a ratio of 67:33. The flow rate was
set at 1 mL/min, and the absorbance was measured at a
wavelength of 423 nm. The column oven was maintained
at 35 °C to detect the released sunitinib. The cumulative
percentage of sunitinib released was calculated and plot-
ted against time to generate the release profile.

Hemolysis assay

To assess the stability and safety of lipo-sunitinib in
blood, we added 500 pL of PBS, water, and various con-
centrations of lipo-sunitinib to 50 puL of mouse whole
blood. The mixture was then incubated at 37 °C for 1 h.
Following incubation, blood was centrifuged at 1,000xg
for 10 min. The resulting supernatants were trans-
ferred to a 96-well plate and analyzed by measuring the
absorbance at 414 nm using SpectraMax iD3 (Molecular
Devices, CA, USA) [17].

RNA sequencing (RNA-seq) & GSEA

RENCA cells were subjected to a 24-h treatment regimen
with 10 pg/mL of sunitinib and 10 pg/mL of lipo-suni-
tinib. For RNA extraction, all cell samples were processed
using an Invitrogen PureLink RNA Mini Kit (12-183-
018A). The cells were initially lysed with 1% 2-mercap-
toethanol in lysis buffer to ensure efficient disruption of
cellular membranes and preservation of RNA integrity.
Following lysis, the RNA was purified according to the
manufacturer’s instructions provided with the kit. The
purified RNA samples were shipped to Genomics Ltd.
(Taipei, Taiwan) for further processing. RNA-seq was
performed using a NovaSeq 6000 platform to generate a
comprehensive transcriptome profile.
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The resulting RNA expression data were used for gene
set enrichment analysis (GSEA) to comprehensively
investigate the transcriptomic effects of lipo-sunitinib
treatment. GSEA allows the identification of coordinated
changes in gene expression within predefined sets of
genes, providing valuable insights into biological path-
ways and processes affected by treatment.

Cell culture

RENCA cells and A498 cells were purchased from Biore-
source Collection and Research Center (BCRC, Hsinchu
City, Taiwan) and maintained in Roswell Park Memorial
Institute (RPMI) 1640 and Eagle’s Minimum Essential
(MEM) medium contenting 10% fetal bovine serum (FBS)
and 1 X penicillin/streptomycin (PS), then incubated with
5% CO, and 95% air mixture at 37 ‘C humanity incubator.

MTT

RENCA and A498 cells were seeded at a density of 5000
cells/well in 96-well plates and incubated at 37 °C over-
night for stabilization. Next, the cells were treated with
various concentrations of sunitinib and lipo-sunitinib
for a 24-h treatment period. Following the treatments,
the culture media was replaced with a 0.5 mg/mL MTT
solution and incubated at 37 °C for an additional 1 h. To
dissolve the formazan crystals, DMSO was continuously
added to the cells, and the absorbance was measured at
570 nm using a SpectraMax iD3 spectrophotometer for
analysis [18].

Lentivirus transduction

To generate luciferase-expressing RENCA cells, a com-
mercial lentivirus (AS3w-FLuc-Ppuro; Academia Sinica,
Taipei, Taiwan) was used to deliver the luciferase plas-
mid into the cells. First, we seeded fifty thousand cells
per well in 24-well plates and incubated overnight. The
following day, we added lentivirus to the wells at a con-
centration of 8 pg/mL polybrene and allowed the cells to
co-culture with the virus. Transduced cells were selected
using 1 pg/mL puromycin (InvivoGen, San Diego, CA,
USA). To establish a stable, single clone expressing lucif-
erase, we used a 96-well plate to screen for the clone with
the highest luminescence signal, as detected using the
IVIS Lumina LT Series III (PerkinElmer, Waltham, MA,
USA). This clone was named RENCA/luc and used for
subsequent experiments.

Animal studies

Six-week-old BALB/c mice were obtained from the
National Laboratory Animal Center in Taipei, Taiwan
and used to establish subcutaneous and orthotopic RCC
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Fig. 1 The characterization of lipo-sunitinib. A Sunitinib was encapsulated within liposomes, and the surface was modified through PEGylation.
B The morphology of lipo-sunitinib was examined using TEM at magnifications of x2,000 and x20,000. C The size and D zeta potential

of lipo-sunitinib were determined using DLS. E A release assay was conducted to assess the liberation of sunitinib from lipo-sunitinib under lower
pH (5.5) conditions. F A hemolysis assay was performed to evaluate the toxicity of lipo-sunitinib in the circulatory system
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models. For the subcutaneous model, we inoculated five
hundred thousand RENCA cells into the right leg of each
mouse. Once the tumors reached a size of 100 mm?, the
subcutaneous RCC models were randomly divided into
three groups: vehicle (0.1% DMSO), sunitinib (30 mg/
kg), and lipo-sunitinib (10 mg/kg). The tumor volume
and body weight of the mice every 2 d after treatment ini-
tiation. On day 14, the tumors were harvested for further
testing.

For the orthotopic RCC model, we inoculated twenty
thousand RENCA/luc cells were inoculated into the left
kidney of each mouse. We tracked the orthotopic models
weekly using an IVIS Lumina LT Series III. After tumor
formation, the orthotopic RCC models were randomly
divided into four groups: vehicle (0.1% DMSO), oral
sunitinib (10 mg/kg, oral-sut), IV sunitinib (10 mg/kg,
IV-sut), and lipo-sunitinib (10 mg/kg). The therapeutic
efficacy of the treatment was evaluated by assessing RCC
luminescence signal levels.

Dil/DiR biodistribution

To effectively monitor the in vivo biodistribution of lipo-
sunitinib, we employed Dil and DIiR, lipophilic dyes,
to label lipo-sunitinib for a duration of 10 min, achiev-
ing a final concentration of 320 pg/mL in PBS. Next,
lipo-sunitinib was washed twice with PBS and was to
a concentration of 0.2 mg in 100 uL PBS. The result-
ing DiR-lipo-sunitinib was intravenously injected into
RCC orthotopic mice, and DiR signals were tracked at
0, 4, 24, and 48 h using time-lapse imaging. Excitation
and emission wavelengths were set at 710 and 760 nm,
respectively, using IVIS Lumina LT Series III for imaging
purposes [19].

H&E staining

We evaluated the potential toxicity of the drug using
Hematoxylin and Eosin (H&E) staining of organs
obtained from subcutaneous RCC models. The heart,
liver, and kidneys were fixed in 10% neutral formalin
(Leica, Wetzlar, Germany) and embedded in paraffin for
sectioning. Tissue sections were stained with hematoxy-
lin, de-stained with 0.5% acetic ethanol, and stained with
0.1% sodium bicarbonate before staining with eosin. We

(See figure on next page.)
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dehydrated the slides with xylene and mounted them for
observation using the EVOS M5000 microscope (Invitro-
gen, Carlsbad, CA, USA). Our analysis of the tissue sec-
tions allowed us to assess the potential toxic effects of the
drug on the examined organs.

Immunofluorescence (IF)

The tumor tissues were embedded with OCT (cryosec-
tion compound) and created the 5-um thickness section
for further staining steps. The slides were fixed with 4%
paraformaldehyde and blocked with 3% bovine serum
albumin (BSA) solution. The primary antibodies were
diluted (1:200-1:300) with 1% BSA dilution buffer and
incubated with the fixed slides. After primary antibodies
incubation, the slides were treated with different fluores-
cence-conjugated secondary antibodies and stained with
1 pg/mL DAPI for nuclei location. Images were captured
using an EVOS M5000 microscope.

Flow cytometry

Cells collected from organs were stained with fluo-
rescence-conjugated primary antibodies to detect cell
surface markers. After surface marker detection, intra-
cellular protein detection was required for cell fixation
and permeabilization. Therefore, the cells were fixed and
permeabilized using a Fixation/Permeabilization Kit (BD,
Franklin Lakes, NJ, USA) and incubated with intracellu-
lar marker fluorescence antibodies. Cell marker detection
was performed using a NovoCyte Flow Cytometer Sys-
tem (Agilent, Santa Clara, CA, USA), which allowed the
detection of fluorescence signals [20].

Western blotting

To investigate protein expression levels, we used western
blotting to detect protein expression in tissues. First, we
lysed the tumor tissues using radioimmunoprecipitation
assay (RIPA) lysis buffer (Merck, Kenilworth, NJ, USA),
which contained protease and phosphatase inhibitors, to
obtain the total protein extraction lysates. Total proteins
were separated using 12% sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE) and trans-
ferred onto polyvinylidene fluoride (PVDF) membranes.
The membranes were then incubated with primary and

Fig. 2 The biodistribution pattern of lipo-sunitinib in RCC models. A Lipo-sunitinib was labeled with the lipophilic tracers Dil or DiR to assess
biodistribution and observation in vitro and in vivo. B A498 and RENCA cells were subjected to IF to evaluate the observation of Dil-labeled
lipo-sunitinib. DAPI and Dil were used to represent nuclei and observed lipo-sunitinib, respectively. C, D Lipo-sut DiR and free DiR were
intravenously injected into RCC orthotopic models, and the distribution of DiR signals was tracked over a time period of 0-48 h. E The primary
organs were harvested for ex vivo detection of DiR signals to analyze the biodistribution of lipo-sut-DiR and free DiR groups (T=tumor, K=kidney,
B=brain, H/LG=heart/lungs, L=livers, S=spleen). F The DiR signals from RCC kidneys were compared with those from normal kidneys. G RCC
orthotopic tumors were harvested from Dil-labeled lipo-sunitinib, and Dil fluorescence signals were detected with excitation and emission
wavelengths of 555 and 584 nm, respectively (T=tumor tissue, N=normal tissue). Scale bar, 100 um
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horseradish peroxidase-conjugated secondary antibodies
to detect the proteins of interest. Proteins were visual-
ized by performing enhanced chemiluminescence (ECL)
chemical reactions to express specific band signals, which
were then observed and quantified using VisionWorks
(Analytik Jena, Jena, Germany) [21].

Statistical analysis

Two-way analysis of variance (ANOVA) was used to
determine significant differences between groups. Sta-
tistical significance was set at P<0.05. Each value in this
study is displayed as the mean * standard error. Symbols
representing statistical differences between groups are
mentioned in each figure legend.

Results

Preparation and characterization of lipo-sunitinib

We used an AS gradient between the liposomes and
drug-containing solutions to efficiently encapsulate
sunitinib into lipo-sunitinib (Fig. 1A). After optimiz-
ing the synthetic parameters, a high encapsulation effi-
ciency of 95.7%. The molar ratio of the final lipo-sunitinib
formulation was HSPC: Cholesterol (Chol): DSPE-
mPEG2000 = 3:2:0.045. Lipo-sunitinib contains phospho-
lipids (30 mM) and sunitinib (9.9 mg/mL), resulting in a
drug-to-lipid ratio (of 333 mg/mmol).

Lipo-sunitinib exhibited a uniform distribution and
spherical nanostructure, as revealed by TEM images
taken at 2000 and 20,000x magnifications (Fig. 1B). The
average hydrodynamic diameter of lipo-sunitinib was
measured to be 173.4 nm with a polydispersity index
(PDI) of 0.14, indicating a monodispersed size distri-
bution (Fig. 1C). The mean zeta potential of lipo-suni-
tinib was observed to be —2.43 mV, suggesting that the
nonionic PEG effectively shielded the surface and was
expected to confer anti-fouling properties, while in circu-
lation within the bloodstream (Fig. 1D).

Lipo-sunitinib demonstrated a pH-sensitive drug
release behavior. Sunitinib was minimally released from
the liposomes at pH 7.4, reaching an equilibrium pla-
teau with only a 3.3% cumulative release (Fig. 1E). In

(See figure on next page.)
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contrast, accelerated drug release from lipo-sunitinib was
observed at pH 5.5 compared to that at pH 7.4, result-
ing in over 42.8% cumulative release at 96 h. This behav-
ior may be attributed to the pH-dependent solubility of
sunitinib, as it exhibits high solubility in acidic aqueous
solutions (25 mg mL™") but poor solubility under physi-
ological conditions. This property enables lipo-sunitinib
to maintain drug encapsulation during circulation and
achieve drug release when the liposome is delivered
intracellularly to endosomes or lysosomes in cancer cells,
potentially enhancing its therapeutic index. To assess the
safety of lipo-sunitinib in the circulatory system, we con-
ducted a hemolysis assay to evaluate its stability in mouse
whole blood (Fig. 1F). The results unequivocally demon-
strated that lipo-sunitinib exhibited no hemolytic effects
across a range of doses, from a low dose of 7.8 pg/mL to a
high dose of 1000 pug/mL.

The biodistribution shows the accumulation pattern

of lipo-sunitinib in RCC models

In theory, liposomes are expected to interact with the
tumor surface and induce endocytosis to facilitate the
absorption of encapsulated sunitinib by tumors. To delve
deeper into this phenomenon, we used the lipophilic
tracer Dil to label the bilayer phospholipids of lipo-suni-
tinib (Fig. 2A). Next, we exposed the human and mouse
RCC cell lines, A498 and RNECA, respectively, to Dil-
labeled lipo-sunitinib for 4 h. The results demonstrated
the substantial and targeted absorption of Dil-labeled
lipo-sunitinib in RCC cells (Fig. 2B).

To further examine the in vivo biodistribution of lipo-
sunitinib, we employed a similar fluorescence-labeling
method. DiR lipophilic tracer-labeled lipo-sunitinib was
injected into the RCC orthotopic models, and the DiR
signal was monitored over a 48-h time lapse (Fig. 2C).
The DiR signal exhibited the highest colocalization with
orthotopic tumors at the 24-h mark (Fig. 2D). After 48 h,
various organs and orthotopic tumors were isolated for
DiR signal analysis (Fig. 2E). Notably, the DiR signal in
the primary tumor of the lipo-sunitinib group was higher

Fig. 3 Lipo-sunitinib strongly upregulates cytotoxicity through autophagy induction in RCC. A, B MTT assays were conducted to compare

the cytotoxicity of sunitinib and lipo-sunitinib in RENCA and A498 cell lines. C RENCA cells treated with lipo-sunitinib underwent RNA-seq analysis,
revealing significantly upregulated pathways compared to the non-treated group. D RNA-seq data for lipo-sunitinib were subjected to GSEA
analysis with a focus on macrophagy and autophagosome pathways. E IF analysis of RENCA and A498 cells included detection of LC3B and p62
expression using GFP and RFP channels, with DAPI staining representing nuclei. F In addition, LC3B protein expression in RENCA and A498 cells
were assessed using western blotting assays. G The subcutaneous RCC xenograft models were constructed using BALB/c mice with RENCA cells
subcutaneously injection. Vehicle and sunitinib groups were administrated 0.19% DMSO and 30 mg/kg sunitinib through daily gavage, respectively,
and the H tumor volume of RCC was measured twice daily. Mice are sacrificed on day 14, and all tumors were isolated from mice for I weighting
and J imaging. K Body weights of mice were also measured twice daily after treatment started. L Several organs of the subcutaneous RCC xenograft
model (liver, heart, and kidneys) were subjected to H&E staining. Scale bar, 50 pm
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than that in the non-tumor kidney tissue and primary
tumor of the free DiR group (Fig. 2F).

For in vivo fluorescence to validate the distribution
of lipo-sunitinib in vivo, Dil-labeled lipo-sunitinib was
injected into RCC orthotopic models and collected from
the kidneys (tumor and non-tumor sides) for fluores-
cence observation (Fig. 2A). We observed that tumor
tissues from the RCC orthotopic models had Dil signal
accumulation, and no signals were observed in normal
tissues (Fig. 2G). These results indicate that the absorp-
tion and distribution of lipo-sunitinib can be observed
both in vitro and in vivo.

Lipo-sunitinib strongly upregulate cytotoxicity

through autophagy induction in RCC

We hypothesized that liposomes may deliver more suni-
tinib into cells to induce stronger cell death. The cell
viability assay showed that lipo-sunitinib induced cell
death at lower drug concentrations in both RENCA and
A498 cells (Fig. 3A and B). To further investigate this
mechanism, we performed RNA-seq on RENCA cells
after lipo-sunitinib treatment. The results indicated that
lipo-sunitinib significantly upregulated autophagy and
related pathways in RNA-seq (Fig. 3C) and GSEA analy-
ses (Fig. 3D). To further investigate this, we used IF and
immunoblotting (IB) to determine the expression of the
autophagy-related proteins LC3B and p62. LC3B plays
a crucial role in the formation of autophagosomes and
double-membrane vesicles that sequester cellular com-
ponents targeted for degradation, whereas p62 is also
involved in autophagosome formation. These results
indicated that sunitinib and lipo-sunitinib induced
autophagy through LC3B and p62 expression and colo-
calization (Fig. 3E), and lipo-sunitinib induced greater
autophagosome formation than sunitinib (Fig. 3F).

These results show that lipo-sunitinib may deliver more
suitable molecules into RCC cells, inducing stronger
cytotoxicity through autophagy upregulation. According
to these studies, despite the high therapeutic efficacy of
sunitinib in patients with advanced RCC, sunitinib has
several unexpected side effects. Therefore, we first veri-
fied the safety and efficacy of lipo-sunitinib in murine and
human RCC subcutaneous xenograft models, including

(See figure on next page.)
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both RECNA- and A498-bearing models. (Fig. 3G). In the
subcutaneous injection model, lipo-sunitinib (10 mg/kg)
was administered at a lower dose than sunitinib (30 mg/
kg). The tumor volumes and weights showed no sig-
nificant differences between lipo-sunitinib and sunitinib
treatments, but markedly reduced as compare to control
group (Fig. 3H-], Supplementary Figures S1A and C). In
addition, we evaluated LC3B expression in tumor tissue
sections, which showed increased autophagy (Supple-
mentary Figures S2A and B).

In the general toxicity test, neither sunitinib nor lipo-
sunitinib groups showed acute toxicity in mouse body
weight measurements (Fig. 3K and Supplementary Fig-
ure S1B). However, the liver, heart, and kidney tissues
showed different levels of damage from sunitinib, which
was not observed with lipo-sunitinib (Fig. 3L, Supple-
mentary Figure S1G). Serological tests of mouse plasma
were conducted to validate the toxicity of lipo-sunitinib
and sunitinib. We measured creatinine (CREA) levels for
kidney damage, lactate dehydrogenase (LDH) levels for
general tissue damage, and aspartate transaminase (AST)
and alanine transaminase (ALT) levels for liver damage
(Supplementary Figure S1D-F). These results indicate
that lipo-sunitinib did not cause general tissue damage.
The results indicated that lipo-sunitinib can achieve the
same efficacy as sunitinib in inhibiting tumor growth,
along with higher safety and lower dosage.

Lipo-sunitinib inhibits the tumor metastasis and prolong
the RCC model survival

We investigated the potential of lipo-sunitinib to achieve
superior therapeutic efficacy in the treatment of RCC
compared with conventional sunitinib. To assess this,
we established a traceable luminescent RCC cell line
(RENCA/luc) and implanted it into the left kidney of
BALB/c mice. The experimental groups were randomly
assigned and treated with the sutent via both oral and
intravenous (IV) administration, whereas lipo-sunitinib
was administered exclusively via IV (Fig. 4A). To ensure
an equitable efficacy assessment, we maintained uniform
treatment dosages across all groups.

Fig. 4 Lipo-sunitinib inhibits tumor metastasis and prolongs the survival of RCC model mice. A RCC orthotopic models were established

in BALB/c mice by injecting RENCA/Iuc cells into the left kidneys. The vehicle and oral-sut groups received 0.1% DMSO and 10 mg/kg sunitinib
through gavage thrice weekly, whereas the IV-sut and lipo-sunitinib groups were administered 10 mg/kg of sunitinib and lipo-sunitinib by IV
injection thrice weekly. B Bioluminescence imaging was performed weekly to monitor RCC tumor progression, and C the quantification panel
was statistically analyzed based on photon counts. D After sacrificing the mice, the left kidneys (containing the RCC tumor) were isolated

for imaging. E The survival rate of RCC orthotopic models was analyzed, and F lung tissues were isolated to detect metastasis through imaging.
G RNA-seq data for lipo-sunitinib were subjected to GSEA analysis, with a specific focus on EMT pathways. H mRNA expressions related to EMT

pathways were further analyzed based on the GSEA results
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Bioluminescence images (Fig. 4B) showed the progres-
sion of RCC, revealing significantly lower luminescence
signals for lipo-sunitinib (Lipo-sut) than for oral and IV
sunitinib (Oral-sut and IV-sut, respectively) adminis-
tration (Fig. 4C). These findings strongly suggested that
liposomal-encapsulated sunitinib exhibited superior
therapeutic efficacy compared to conventional oral and
IV sunitinib administration (Fig. 4D).

Moreover, lipo-sunitinib treatment demonstrated the
highest survival rate (Fig. 4E) compared to IV-sut treat-
ment. Interestingly, post-sacrifice observations revealed
lung metastasis and strong angiogenesis in both the vehi-
cle and IV-sut groups (Fig. 4F, Supplementary Figure
S3A). This observation aligns with the RNA-seq results,
as pathway analysis indicated a downregulation of EMT
and angiogenesis in lipo-sunitinib treatment compared
to vehicle treatment (Fig. 4G, Supplementary Figure
S3B). mRNA expression analysis further confirmed the
strong effect of lipo-sunitinib treatment on EMT-related
genes (Fig. 4H). Metastasis markers, such as Snail-1 and
Vimentin, decreased after lipo-sunitinib treatment in
human RCC tumor models (Supplementary Figure S2B).
Overall, lipo-sunitinib prolonged orthotopic survival
in patients with RCC and inhibited lung metastasis by
downregulating the EMT pathway.

The lipo-sunitinib significantly modulates the RCCTME

The TME plays a critical role in influencing both the
direct and indirect aspects of tumor progression. There-
fore, investigation of whether lipo-sunitinib can modu-
late RCC TME is important. In our analysis, we initially
examined multiple immune-related pathways, including
immune response regulation, antigen processing, and
cytokine production, in RENCA cells treated with lipo-
sunitinib (Supplementary Figure S4). Antigen presenta-
tion and cytokine production are pivotal pathways that
stimulate anticancer efficacy. mRNA expression analy-
sis revealed that lipo-sunitinib significantly upregulated
antigen processing, cytokine production, and lympho-
cyte chemotaxis compared to conventional sunitinib
(Fig. 5A). These findings suggest that RCC tumors treated
with lipo-sunitinib may attract anticancer immune cell

(See figure on next page.)
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infiltration (via cytokine production) and stimulate T cell
activity (via antigen processing).

To further investigate immune modulation, we col-
lected tumor tissues and performed staining for activated
cytotoxic T cells (CD8'IL-2TIFN-y* Teffs) and activated
dendritic cells (CD11c*MHCII" dendritic cells [DCs])
(Fig. 5B). The results demonstrated that lipo-sunitinib
had the highest Teff infiltration among the groups,
whereas DCs infiltration was comparable within the oral-
sut, IV-sut, and lipo-sut groups. Flow cytometry was used
to assess the infiltration of Teffs and immunosuppressive
regulatory T cells (CD4*CD25"Foxp3™ Tregs). The data
revealed that lipo-sunitinib significantly increased anti-
cancer Teffs and decreased Treg infiltration compared
with vehicle, oral-sut, and I'V-sut (Fig. 5C).

Furthermore, we isolated RCC cells from the entire
tumor tissue and examined PD-L1 expression by flow
cytometry and western blotting (Fig. 5D). PD-L1 expres-
sion was markedly reduced in the lipo-sunitinib group
compared to that in the sunitinib group. In addition, the
level of the apoptosis marker cleaved caspase-3 increased
in the lipo-sunitinib group (Fig. 5D). The expression level
of PD-L1 in tumor tissue assayed by flow cytometry was
also markedly decreased by lipo-sunitinib (Fig. 5E). These
results suggest that lipo-sunitinib significantly modulates
the RCC TME by upregulating antigen processing and
chemotaxis, leading to increased infiltration and activa-
tion of anticancer immune cells such as cytotoxic T cells
and DCs.

The lipo-sunitinib affects systemic anti-cancer immunity

in RCC model

In the field of immuno-oncology, maintaining robust
systemic immunity is crucial for effective immune sur-
veillance and tumor suppression. Consequently, we con-
ducted a comprehensive validation of the expression
of various immune cells across different tissues, includ-
ing the tumor-draining lymph nodes (TDLN), spleen,
and bone marrow, using flow cytometry. Our findings
revealed that lipo-sunitinib treatment resulted in a nota-
ble increase in the population of Teffs, type 1 dendritic
cells (CD11ct*CD24"MHCII* ¢DC1), and memory
effector T cells (CD8"CD447CD62L"" Tem) within the

Fig. 5 Lipo-sunitinib significantly modulates the RCC TME. A RNA-seq was performed to analyze the mRNA expression of antigen processing

and presentation, cytokine production, and lymphocyte chemotaxis pathways. B The left kidneys (orthotopic tumor) were subjected to cryosection
for IF staining. For active effector T cell staining, tumors were stained with CD8 and IFN-y, then DCs were stained with CD11c and MHCII. CThe TIL

in RCC tumor tissue was measured using fluorescence-antibody analysis and verified using flow cytometry. Active effector T cells in TIL were stained
for CD8, IL-2, and IFN-y. Tregs were stained for CD4, CD25, and Foxp3. D Subcutaneous RCC tumors were collected for protein extraction, and tumor
PD-L1 expression was analyzed using estern blotting. E Immune checkpoint PD-L1 on tumor cells was stained with the anti-PD-L1 fluorescence

antibody
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TDLN of the orthotopic RCC models (Fig. 6A). In addi-
tion, lipo-sunitinib treatment led to a decrease in the
TDLN’s population of Tregs (Supplementary Figure S5).
Combining these results with those of TIL from RCC
tumors, it became evident that lipo-sunitinib may stimu-
late DCs to migrate back into TDLN, thereby educating
naive T cells into Teffs and Tems.

Similarly, in comparison with the oral-sut and IV-
sut groups, lipo-sunitinib treatment resulted in an aug-
mented population of Teffs and ¢cDC1 coupled with a
decreased population of Tregs in the spleen of orthotopic
RCC models (Fig. 6B). Examining the bone marrow, we
observed a significant reduction in myeloid-derived sup-
pressive macrophages (CD11b™Gr-1T MDSCs) within
the lipo-sunitinib group compared to that in the oral-sut
and IV-sut groups (Fig. 6C). In summary, our results sug-
gest that lipo-sunitinib influences RCC tumor cytotoxic-
ity through autophagy induction, angiogenesis inhibition,
and EMT inhibition and also modulates anti-cancer
immunity by enhancing both local and systemic immune
responses.

Discussion
Several studies have highlighted the use of sunitinib
as a dual drug. Its potent tumor inhibition, as a multi-
ple tyrosine kinase inhibitor, has led to FDA approval
for the treatment of patients with advanced RCC [4,
5]. However, it also triggers significant adverse effects
stemming from its general toxicity. In the history of
drug delivery, liposomes have proven to be a stable and
efficient method for delivering small molecules into
human cells [22, 23]. Successful clinical cases, such as
Liposomal doxorubicin (Myocet), Liposomal dauno-
rubicin (Daunoxome), and Stealth (PEGylated) lipo-
somal doxorubicin (Doxil '/Caelyx), underscore the
efficacy of liposomal chemotherapy drugs [12, 24—27].
Notably, the Moderna SARS-CoV-2 mRNA vaccine
uses liposomes to encapsulate mRNA for gene delivery,
affirming the safety and feasibility of this approach [28].
Given this evidence, our objective was to develop a
liposome-based, easily synthesizable, and safe vehicle
for delivering lipo-sunitinib nanoparticles and to assess
its anticancer efficacy and underlying mechanism.

(See figure on next page.)
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Our liposomes, obtained through the emulsification
method (Fig. 1A), had surfaces modified by PEGyla-
tion, resulting in a diameter of approximately 100 nm
(Fig. 1C) and electrical neutrality (Fig. 1D) due to PEG
modification [16]. A larger particle size may extend the
half-life of lipo-sunitinib in the circulatory system. Fur-
thermore, owing to its nanoscale characteristics, it can
selectively and passively target tumor tissues through
the enhanced permeability and retention (EPR) effect.
This phenomenon is facilitated by the normalization of
tumor vessels, which results in the leakage and infiltra-
tion of nanoscale particles. Hence, our initial focus was
to evaluate the biodistribution pattern of lipo-sunitinib
both in vitro and in vivo. By leveraging the distinc-
tive properties of Dil and DiR, these dyes were readily
incorporated into the bilayer phospholipid structure
of lipo-sunitinib (Fig. 2A). This feature allowed us to
monitor the distribution of lipo-sunitinib in ortho-
topic RENCA RCC tumor models. Our findings dem-
onstrated that lipo-sunitinib efficiently and rapidly
permeated the orthotopic RCC implantation site in the
kidneys (Fig. 2F and G) [29]. Consequently, our results
suggested that lipo-sunitinib is an effective means of
delivering therapeutic agents to tumor sites. Notably,
even at reduced concentrations, this approach achieved
comparable tumor inhibition results (Fig. 3H-K
and Supplementary Figure S1).

A recent study showed that sunitinib has the capac-
ity to diminish PD-L1 expression in RCC cells by induc-
ing autophagy, thereby enhancing anti-cancer immunity
within the TME [7]. This concept opens up two intrigu-
ing avenues for exploration: one involving a heightened
autophagic response indicative of cell death and growth
inhibition [30-32], and the other pointing toward more
robust immune modulation [33, 34]. To elucidate the
underlying mechanisms, we conducted RNA-seq analy-
ses on RENCA cells treated with vehicle, sunitinib, or
lipo-sunitinib. As anticipated, lipo-sunitinib induced
a greater level of autophagy than both the vehicle and
sunitinib treatments (Fig. 3C—F). Interestingly, our inves-
tigation revealed that the RCC orthotopic model exhib-
ited strong lung metastasis and that both sunitinib and
lipo-sunitinib effectively curtailed this metastatic process

Fig. 6 The systemic immunology modulation effect of lipo-sunitinib in RCC orthotopic model mice. After RCC-bearing mice were sacrificed,
immune organs, including the TDLN, spleen, and bone marrow, were collected for immune modulation testing using flow cytometry. A In TDLN
cells, staining with CD8, IL-2, and IFN-y represented Teffs, whereas staining with CD11¢, CD24, and MHCII represented cDC1. In addition, staining
with CD8, CD44, and CD62 represented Tem, and staining with CD4, CD25, and Foxp3 represented Tregs. B Splenocytes from RCC-bearing mice
spleen were collected and stained for CD8, IL-2, and IFN-y represented Teffs, whereas staining for CD11¢, CD24, and MHCII represented ¢cDC1.
Moreover, staining for CD4, CD25, and Foxp3 represented Tregs. C Bone marrow collected from the thigh bone of RCC-bearing mice was analyzed,

and staining for CD11b and Gr-1 was indicative of MDSCs
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(Fig. 4F). Consequently, we analyzed RNA-seq data,
revealing that lipo-sunitinib significantly downregulated
the EMT pathway in RENCA cells (Fig. 4G and H), an
important factor associated with tumor metastasis [35—
38]. This may be one reason why lipo-sunitinib signifi-
cantly prolonged the survival rate of orthotopic models.

Upon analyzing the RNA-seq data, we observed that
processes such as antigen processing and presentation,
cytokine production, and lymphocyte chemotaxis were
upregulated in RENCA cells following treatment with
lipo-sunitinib. Although these changes did not reach sta-
tistical significance in the GSEA, certain crucial genes
were significantly upregulated. Notably, our findings
highlight that lipo-sunitinib has the potential to enhance
antigen presentation on the cell surface, thereby fostering
the activation of anticancer immune cells such as effec-
tor T cells through antigen recognition. Moreover, the
upregulation of chemotaxis (CCL25, CCL8, CXCL16)
implies that RCC cells treated with lipo-sunitinib have
an increased capacity to attract immune cell infiltration,
transforming the microenvironment into a "hot" tumor
[39, 40]. This immune-active setting is conducive for
combination treatments involving immune checkpoint
inhibitors.

To explore immune modulation induced by lipo-
sunitinib treatment in vivo, we established immuno-
competent orthotopic mice with RCC and administered
sunitinib and lipo-sunitinib (Fig. 4A). Our initial focus
was on tumor cells and tumor-infiltrating lymphocytes
(TILs). The results demonstrated that lipo-sunitinib
treatment increased the percentage of active CD8" T
cells, which was consistent with the transcriptomic
findings (Fig. 5B and C). Simultaneously, the pres-
ence of CD11c™ MHCII * dendritic cells within TILs
increased (Fig. 5B), suggesting that RCC tumors may
attract immune cell migration to the tumor site through
cytokine and chemokine production. To further assess
this effect, we subcutaneously implanted RENCA cells
into immunocompetent mice and treated them with
sunitinib and lipo-sunitinib to observe PD-L1 expression.
As expected, both the sunitinib and lipo-sunitinib groups
exhibited greater downregulation of PD-L1 expression
than the sunitinib-only group. Our findings corrobo-
rate existing studies as well as reveal additional potential
immune modulation pathways associated with lipo-suni-
tinib treatment.

Finally, we examined the systemic immune organs and
tissues to assess whether lipo-sunitinib can influence
the broader landscape of adaptive immune modulation.
TDLN have particular significance as they significantly
impact the anticancer immune response [41-43]. When
¢DC1 is attracted by chemokines secreted by tumor tis-
sue, it engages in phagocytosis to acquire tumor antigens
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[44—46]. Subsequently, cDC1 migrates back into the
TDLN, stimulating naive T cells to recognize the tumor
cells. In line with this concept, our results demonstrated
that the number of effector T cells, cDC1, and memory
effector T cells increased after lipo-sunitinib treatment in
orthotopic RCC models (Fig. 6A). Moreover, less promi-
nent organs, such as the spleen and bone marrow, also
exhibit positive effects on anti-cancer immune modu-
lation. This included an increase in effector T cells and
¢DCl1 in the spleen, along with a decrease in Tregs in the
spleen and MDSCs in the bone marrow (Fig. 6B and C).

In our study, we successfully and efficiently delivered
sunitinib to RCC tumors using PEGylated liposomes,
without inducing toxicity. In comparison with other
studies, we observed similar findings of autophagy induc-
tion and decreased PD-L1 expression in RCC cells. Next,
we performed RNA-seq analysis to examine the tran-
scriptomic landscape and identify potential mechanisms.
Significantly, we observed a downregulation of the EMT
pathway, a key player in metastasis, following lipo-suni-
tinib treatment. Moreover, lipo-sunitinib influenced
antigen presentation and chemokine production in RCC
tumors, thereby orchestrating a comprehensive shift
toward an immunogenic TME. These results suggest that
lipo-sunitinib has the potential to synergize with immune
checkpoint inhibitors in the treatment of patients with
advanced RCC, providing them with innovative thera-
peutic options and strategies.

Conclusions

We observed that lipo-sunitinib infiltrated the RCC
tumor site, concurrently inducing potent autophagy,
elevating antigen presentation, activating cytokine and
chemokine production pathways, and downregulating
EMT in RCC cells. This comprehensive approach sig-
nificantly enhances tumor inhibition and fosters anti-
cancer immune modulation, thereby presenting patients
with innovative therapeutic options and strategic
interventions.
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