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Abstract

In this study, we designed a novel formulation based on liposomes for the co-delivery of cancer-derived exosome inhibitor
(ketoconazole, Keto) and angiogenesis inhibitor (bevacizumab, mAb). The designed Combo-Lipo formulation was systemati-
cally characterized, exhibiting a uniform average particle size of 100 nm, as well as excellent serum and long-term physical
stabilities. The cell viability assay revealed that Combo-Lipo treatment significantly reduced the viability of cancer cells
compared to free drugs. Moreover, liposomes effectively inhibited angiogenic mediators and reduced tumor immune sup-
pressive factors. The Combo-Lipo formulation demonstrated potent downregulation of angiogenic factors and synergistic
effects in suppressing their production. Furthermore, liposomes inhibited tumor-associated macrophages (TAMs), leading
to decreased expression of tumor-promoting factors. Together, these findings highlighted the promising characteristics of
Combo-Lipo as a therapeutic formulation, including optimal particle size, serum stability, and potent anti-cancer effects, as
well as inhibition of angiogenic mediators and TAMs toward treating endometrial cancer.
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Introduction

Endometrial cancer has emerged as one of the harmful
cancers characterized by the significant challenges of often
being diagnosed at an advanced stage, resulting in sig-
nificant mortality rates among women [1]. In this context,
cancer-derived exosomes play significant roles in promoting
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and progressing various tumors [2]. Due to various bioac-
tive molecules, such as proteins, lipids, and nucleic acids,
exosomes can influence the behavior of recipient cells.
Accordingly, cancer-derived exosomes act as agents for
intercellular communication and promote tumor growth by
enhancing cell proliferation, angiogenesis (neovasculariza-
tion process to substantial tumor growth), and metastasis
(spreading cancer cells to distant sites) [3, 4]. In addition,
exosomes modulate the tumor microenvironment (TME) by
suppressing the immune system and promoting inflamma-
tion. These attributes in the tumor can create a favorable
microenvironment for tumor survival and expansion [5].
In this context, a report demonstrated that cancer-derived
exosomes could be implicated in drug resistance, as they
could transfer drug efflux pumps and signaling molecules
to recipient cells, thereby reducing the therapeutic efficacy
of anti-cancer treatments [6]. Furthermore, cancer-derived
exosomes facilitate the formation of pre-metastatic niches,
altering the behavior of stromal cells, such as fibroblasts,
endothelial cells, and immune cells, in the target organ
[7]. The exosomes released from primary tumor cells con-
vert the macrophage in the tumor site to tumor-associated
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macrophages (TAMs), an important contributor to metasta-
sis in the development of endometrial cancer [8].

To this end, the cancer-associated fibroblasts (CAFs) play
crucial roles in the TME by producing extracellular matrix
(ECM) remodeling proteins and secreting growth factors and
cytokines that regulate the growth and invasion of tumor
cells [9, 10]. Matrix-metalloproteinases (MMPs), as inac-
tive proenzymes, are activated through proteolytic cleavage,
involving various processes essential for tumor progression,
such as neovascularization, metastasis, and cell proliferation
[11]. Among various MMPs, MMP-3, specifically secreted
by cancer stromal fibroblasts and endothelial cells, partici-
pates in the ECM degradation and vascular remodeling [11,
12]. It should be noted that these secreted exosomes could
also transform the fibroblast to CAFs [13].

Angiogenesis is one of the intrinsic processes of cancer
cells closely associated with cancer metastasis [14]. In addi-
tion to various intracellularly released molecules, the cancer-
derived exosomes participate in the angiogenesis process
during the cancer progression, playing a significant role in
cancer metastasis [15]. Angiogenesis often facilitates cancer
metastasis by initially promoting the formation of new blood
vessels that supply oxygen and nutrients to further form new
tumor cells [16]. Noticeably, inhibiting angiogenesis plays a
crucial role in cancer therapy, preventing tumor growth and
metastasis [17]. Considering the critical role of exosomes,
inhibiting cancer-derived exosomes is also advantageous
for cancer therapy. Among various small molecules, keto-
conazole (Keto), an antifungal drug, prototype imidazole,
exhibited exceptional potential in inhibiting the biogenesis of
exosomes intracellularly [18]. To this end, anti-angiogenic
drugs like bevacizumab have been applied to block blood
vessel formation. Considering their exceptional therapeutic
potential against tumor cells, the co-delivery of exosome
and angiogenesis inhibitors can curb the metastasis ability
of cancer cells [19]. The eventual therapeutic effects can also
block the sources of nutrients and inhibit the pro-tumor and
pro-angiogenesis microenvironment.

Liposomes are lipid-based vesicles with an average size
range of 50-200 nm that can encapsulate hydrophobic mol-
ecules within their lipid bilayer and hydrophilic drugs in
the aqueous core [20]. Specifically, the small hydrophobic
molecules can be efficiently incorporated into liposomes, in
which the lipid-based structure can provide a hydrophobic
environment for their stability and delivery [21]. In addition
to small hydrophobic molecules, liposomes can be loaded
with antibodies on their surface [22]. Motivated by these
considerations, the liposomes were designed to co-deliver
the exosome inhibitor (Keto) and anti-angiogenesis antibody
(bevacizumab) to treat endometrial cancer. The designed
Combo-Lipo formulation was systematically characterized,
showcasing the morphological and stability attributes. Fur-
thermore, the performance of the designed Combo-Lipo

formulation was determined and compared their efficacy, in
terms of angiogenesis inhibition and tumor immune suppres-
sive factors, with the corresponding pure drugs.

Experimental Section
Materials

DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), CHOL
(cholesterol), and DSPE-PEG (1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[methoxy(polyethylene gly-
col) were purchased from Avanti lipids (Alabaster, USA).
All the cell lines and fetal bovine serum (FBS, 30-2020)
were acquired from the American Type Culture Collection
(ATCC, Manassas, USA). The Transwell system was pur-
chased from the Corning Life Sciences (Corning, USA).

Cell Culture

Human uterine epithelial cells (RL95-2 cell line, CRL-1671)
were cultured in the Dulbecco’s Modified Eagle’s Medium
(DMEM) and F-12 Medium supplemented with 10% exo-
some-free FBS. HEC-1A cell line (HTB-112) was cultured
in McCoy’s SA Medium (30-2007) supplemented with 10%
exosome-free FBS. HEC-1B cell line (HTB-113) was cul-
tured in the Eagle’s Minimum Essential Medium (EMEM)
supplemented with 10% exosome-free FBS. Human Pri-
mary Dermal Fibroblasts, referred to as non-cancerous/
normal cell line (PCS-201-012™), were cultured in the
Fibroblast Basal Medium (PCS-999-001) supplemented
with fibroblast growth kit components (PCS-201-040)
and 2% exosome-free FBS. Human cytotoxic CD8 T-cells
(PCS-800-017) were cultured according to the manufactur-
er’s instructions. Human Primary Peripheral Blood Mono-
nuclear Cells (PBMCs) (PCS-800-011™) were thawed in
the (Hank’s Balanced Salt Solution without Ca>* or Mg?*
(ATCC 30-2213) supplemented with the 10% exosome-free
medium. Notably, PBMCs have a limited lifespan in culture
and should be thawed shortly just before experiments. Thaw-
ing PBMCs well in advance might lead to reduced viability
and functionality.

Preparation of Exosome-Free Serum

Several approaches, such as ultracentrifugation, can be
employed to remove or deplete exosomes from the serum.
In this study, we applied the ultracentrifugation approach
to remove exosomes. Briefly, the serum was collected and
centrifuged at a high speed (typically 100,000xg or higher)
for a prolonged period to pellet the exosomes. Further, the
supernatant was carefully collected and subjected to ster-
ile filtration using a 0.22 pum filter membrane, ensuring the
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serum was free from contaminants. Finally, the aliquots of
exosome-free serum were separated and stored at — 80 °C to
maintain their stability and prevent degradation until further
use.

Preparation and Characterization of Liposomes

The drug was loaded into the liposomes via thin film dis-
persion method, which is commonly used for hydrophobic
drug [29]. Initially, the lipids at a below weight ratio were
dissolved in dichloromethane (DCM). Further, the organic
solvent was evaporated under a vacuum at 60 °C, ensur-
ing complete removal of the organic solvent. Eventually,
the lipid film was hydrated by adding 2 mL of distilled
water, and the hydration process was performed at a tem-
perature of 60 °C for 30 min. The formulation was opti-
mized according to the ratio in Table 1 and F2 was chosen
for further liposome preparation in this study. Blank lipo-
some (DOPC:CHOL:DSPE-PEG:Keto=6:2:1) was used
as the vehicle control. The uniform-sized liposomes were
prepared by subjecting the mixture to the extrusion process.
The hydrodynamic size, polydispersity index (PDI), and
zeta potential of the prepared liposomes were assessed using
dynamic light scattering (DLS) with the Zetasizer Nano ZS
90 instrument (Malvern Co., Ltd., U.K.). The long-term sta-
bility of liposomes in serum-free condition was evaluated at
4 °C. The stability of liposomes in 5% goat serum at 37 °C
was also evaluated. The drug release study was conducted
at the 0.1% tween-PBS.

Cell Viability Assay

The cell viability was assessed using the 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. HEC-1B, HEC-1A, and RL95-2 cancer cells at the
logarithmic phase were seeded in the 96-well plates at a
density of 5000 per well and incubated overnight for proper
attachment to the surface. Then, the wells were added with
formulations, including free Keto, Keto-Lipo, bevacizumab
(mAb), and Combo-Lipo (liposomes co-loaded with Keto
and bevacizumab). All the treatment groups of cells were
treated with the same dose of Keto at 2 uM and bevacizumab
at 4 ug mL~! and incubated for 48 h. A stock solution of
MTT (5 mg mL™") in sterile PBS was prepared. Further,
the culture medium was removed from the cells, and the

MTT solution (working concentration of 0.5 mg mL™!)
was added to each well. The cells were then incubated with
the MTT solution for 2 h at appropriate culture conditions.
After incubation, the MTT solution was carefully removed,
and formazan crystals were dissolved in DMSO (150 pL).
Finally, the absorbance values were measured using a micro-
plate reader at a wavelength of 570 nm [30].

Angiogenesis Co-culture Assay

The angiogenesis co-culture assay was used to investigate
the roles and expressions of pro-angiogenesis factors (VEGF
and FGF2). In our study, the co-culture assay developed by
Bishop et al. was applied with slight modifications [31]. Spe-
cifically, 12-well transwell plates were used, in which the
HUVEC:s at the density of 50,000/well were placed at the
bottom, and the inserts were filled with a monolayer of HEC-
1A cancer cells at a density of 10,000/insert. The cancer
cells in the setup were treated with various samples, includ-
ing free Keto, Keto-liposomes (termed as Keto-Lipo), beva-
cizumab (termed as mADb), as well as Keto, and bevacizumab
co-loaded liposomes (termed as Combo-Lipo) for 24 h. All
the treatment groups were maintained at the same dose of
Keto at 0.5 uM and bevacizumab at 1 ug mL~". To further
figure out the pro-angiogenesis effects of the exosome, extra
exosomes at a density of 50,000/insert were used to inves-
tigate whether the additive exosome enhances the expres-
sion of pro-angiogenesis factors. After 24 h, the inserts
were removed, and the cell medium of bottom HUVECs
was collected and measured with an ELISA kit, respectively
(Human VEGF Quantikine ELISA KitCatalog #: DVEQO,
Human FGF basic/FGF2/bFGF Quantikine ELISA Kit Cata-
log #: DFB50, R&D systems, Minneapolis, USA).

Co-culture Assay of Cancer Cells with Fibroblasts

The Trans-well system was co-cultured using fibroblasts
with HEC-1A cancer cells. Briefly, a 12-well transwell plate
was applied for the assay. In this setup, the bottom of each
well was seeded with primary human fibroblast at a density
of 50,000 cells per well. The insert of the transwell plate
contained a monolayer of HEC-1A cancer cells at a den-
sity of 10,000 cells per insert. Further, the corresponding
wells were treated with free Keto, Keto-Lipo, bevacizumab
(mAb), and Combo-Lipo (liposomes co-loaded with Keto

Table 1 The optimization of
the formulation for liposome
preparation

Formulation Encapsulation effiency Drug loading (%)
(%)

F1 DOPC:CHOL:DSPE-PEG:Keto=6:2:1:0.5 91.3+2.3 3.3+0.08

F2 DOPC:CHOL:DSPE-PEG:Keto=6:2:1:1 84.6+3.1 6.04+0.21

F3 DOPC:CHOL:DSPE-PEG:Keto=6:2:1:1.5 51.6+1.04 7.65+0.15
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and bevacizumab). All the treatment groups were maintained
with the same dose of Keto at 0.5 uM and bevacizumab at
1 pg mL~!. After 24 h, the inserts were removed, and the
cells in the bottom chamber were collected. The mRNA of
MMP3 and HGF expression levels were obtained using the
quantitative reverse-transcriptase-polymerase chain reaction
(qRT-PCR) analysis.

gRT-PCR Analysis

The qRT-PCR assay was performed using the following
procedure. Briefly, the total RNA was extracted from the
samples using a commercially available ribose nucleic acid
(RNA) extraction kit (QIAwave RNA Mini Kit (250) Cat.
No./ID: 74536), according to the manufacturer’s instruc-
tions. The concentration and purity of the extracted RNA
were determined using a nanodrop instrument. Further, the
complimentary deoxyribose nucleic acid (cDNA) synthesis
was carried out using a reverse transcription kit (100) Cat.
No./ID: RT31-100 (Qiangen, Co. Ltd. Hilden, Germany).
The reaction mixture included extracted RNA, reverse tran-
scriptase buffer, ANTPs, RNase inhibitor, and reverse tran-
scriptase enzyme. The thermal cycling conditions for cDNA
synthesis were as follows: 25 °C for 5 min, 42 °C for 60 min,
and 85 °C for 5 min. Finally, the RNA was isolated using
the kit. Finally, the qRT-PCR amplification was performed
on a real-time PCR system (7500 Fast) using the specific
primers and SYBR Green master mix. The reaction mixture
consisted of a cDNA template, forward and reverse primers,
and SYBR Green master mix. MMP3 Human qPCR Primer
Pair (NM_002422):

Forward—CACTCACAGACCTGACTCGGTT
Reverse—AAGCAGGATCACAGTTGGCTGG

HGF Human qPCR
(NM_000601)—HP200568.

Primer Pair

Forward—GAGAGTTGGGTTCTTACTGCACG
Reverse—CTCATCTCCTCTTCCGTGGACA

B-Actin (ACTB) Human qPCR Primer Pair
(NM_001101).

Forward—CACCATTGGCAATGAGCGGTTC
Reverse—AGGTCTTTGCGGATGTCCACGT

The qRT-PCR cycling conditions were set as follows.
Following the specified PCR program, the primer mix was
tested to produce reliable qRT-PCR data using the ABI
7900HT instrument. Stage 1 involved an activation step at
50 °C for 2 min. Stage 2 included a pre-soaking at 95 °C for
10 min. Stage 3 comprised denaturation at 95 °C for 15 s,
followed by annealing at 60 °C for 1 min. Stage 4 involved
a melting curve analysis with cycles of 95 °C for 15 s, 60 °C
for 15 s, and 95 °C for 15 s.

Effect of Liposomes on T-Cell Co-cultured
with Cancer Cell

Cancer cells were co-cultured with human T-cells using
the following procedure. Before the assay, all T-cells were
activated by the addition of NanoSpark™ STEM-T Soluble
T-Cell Activator. Then, similar procedures for the co-culture
and cancer cells were received for the treatments, including
free Keto, keto-liposomes, bevacizumab, Keto, and bevaci-
zumab co-loaded liposomes for 24 h. The T-cells at a den-
sity of 200,000/well were settled in the bottom chamber of
a 12-well plate. The cancer cells were seeded in a 12-well
plate at a density of 10,000 cells per insert. Eventually, the
T-cells were collected, and cell supernatant was obtained
after the centrifugation. The production of cytokines IFN-y
was measured using the ELISA kit (Human IFN-gamma
Quantikine ELISA Kit catalog: DIFS0C, R&D system).

In Vivo Anti-tumor Efficacy and Biosafety
of Liposomes

Female BALB/C mice aged 6 to 8 weeks were used for the
in vivo investigations. The animal-related experiments were
observed and approved by the Institutional Animal Ethical
Committee of our hospital. Initially, an orthotopic xenograft
model was established by injecting 1x 10 HEC-1A cells
onto the dorsal side of the mice. Once the tumor volume
reached 100 mm?, the mice were randomly distributed into
four treatment groups, each containing six mice. The treat-
ment groups included control (PBS), Keto-Lipo, the mAb,
and Combo-Lipo, administered intravenously with an injec-
tion dose of 100 pL every 2 days. Notably, the concentration
of Keto was 5 mg kg~!, while the concentration of mAb
was 0.5 mg kg~!. The body weight and tumor volume were
measured every 2 days.

Statistical Analysis

Data were presented as the mean + standard deviation (S.D.).
The differences between the data were compared using the
one-way analysis of variance (ANOVA), followed by post-
hoc Tukey’s test, considering the P value lesser than 0.05
as statistically significant. * Signifies P <0.05, ** indicates
P <0.01, and *** represents P <(0.001.

Results
Characterizations of Liposomes
Initially, the designed novel Combo-Lipo was thoroughly

characterized to assess its potential as a therapeutic for-
mulation. The particle size distribution of the Combo-Lipo
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revealed a uniform distribution with an average size of
approximately 100 nm (Fig. 1A). The optimal size range
could be ideal for drug delivery applications, enabling
efficient biodistribution in the bloodstream and cellular
internalization. Further, the colloidal stability of Combo-
Lipo formulation in serum was assessed to determine its
ability to maintain particle integrity and prevent prema-
ture degradation in the biological environment. It was
observed that the Combo-Lipo formulation exhibited
excellent serum stability, as only minimal changes were
evidenced in the average particle size after 72 h at 37 °C
(Fig. 1B). Besides optimal particle size, this serum sta-
bility in the physiological fluids plays a crucial role in
ensuring the sustained release and subsequent therapeutic
efficacy of the encapsulated drug upon administration. In
addition, the long-term physical stability of Combo-Lipo

in serum-free condition at 4 °C was investigated to evalu-
ate its shelf-life and storage potential. Similar to physi-
ological stability, the formulation exhibited remarkable
physical stability after 20 days at 4 °C, with no signifi-
cant changes in the average particle size (Fig. 1C).These
results indicated that the Combo-Lipo formulation could
be stored for extended periods without compromising its
structural integrity or therapeutic potential. Apart from the
particle size, the amount of drug remaining in the formula-
tion after the incubation period in the long-term stability
assays plays a crucial role in assessing the encapsulation
ability and subsequent performance of the Combo-Lipo
formulation. The results revealed no significant change in
the drug concentration, indicating that the Combo-Lipo
effectively preserved the drug payload over time, main-
taining its therapeutic activity (Fig. 1D). The drug release
profile showed a sustained drug release (Fig. 1E).
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Anti-cancer Efficacy In Vitro

Further, the effect of different Combo-Lipo treatments on
the viabilities of cells was evaluated using three differ-
ent endometrial cancer cell lines, i.e., HEC-1B, HEC-1A,
and RL95-2. In these endometrial cancer cell lines, the
viabilities of cells were assessed after 48 h of treatment
with various interventions, such as I-—control, II—vehicle,
[II—free Keto, [IV—bevacizumab, V—Keto-Lipo + beva-
cizumab, and VI—Combo-Lipo. It was observed that all
the cell lines showed the order of viability of cells, as con-
trol > vehicle > free Keto > bevacizumab > Keto-Lipo + beva-
cizumab > Combo-Lipo, indicating the most potent effect
of final Combo-Lipo formulation in reducing cell viability
of all endometrial cell lines (Fig. 2A—C). The results dem-
onstrated that the designed liposomal formulations, i.e.,
Combo-Lipo and Keto-Lipo + bevacizumab, led to signifi-
cantly lower viabilities of cells in all the endometrial cell
lines compared to the free drug treatments, i.e., Keto and
bevacizumab. More importantly, free bevacizumab showed
increased potency over the free Keto, indicating the efficacy
of the monoclonal antibody. Considering the bevacizumab
efficacy, Lipo-Keto combined with bevacizumab was treated
in all the cell lines, indicating excellent therapeutic efficacy.
The higher efficacy of Lipo-Keto combined with bevaci-
zumab than free drugs could be due to increased biodistribu-
tion and solubility of Keto from liposomal formulation effi-
cacy. These results indicated that liposomes exerted a more
significant impact on reducing the viabilities of all cells.

A B
1.5
B T 1.0
c c
(=] o
N N~
0 )
e} -} |
< <05
0.0-
I unmiv v vl |
D Keto-Lipo

Control

Fig.2 The impact of different treatments on various cancer cell via-
bility. A The cell viability of HEC-1B cancer cell line with different
treatments for 48 h. B The cell viability of HEC-1A cancer cell line
with different treatments for 48 h. C The cell viability of RL95-2 can-
cer cell line with different treatments for 48 h. (I—control group, II—

Further, the colony-forming assay indicated that Keto-Lipo
inhibited cell proliferation. In addition, the bevacizumab
treatment showed similar inhibitory effects. Cumulatively,
the synergetic liposome formulations showed the most
potent effects (Fig. 2D). Together, these liposomal formula-
tions presented exceptional therapeutic effects, possibly due
to improved liposome internalization into cell lines.

Downregulation of Angiogenic Factors

Several angiogenic factors play important roles in cancer
development through participating in neovascularization.
In this vein, several angiogenic mediators include vascu-
lar endothelial growth factor (VEGF) and fibroblast growth
factor 2 (FGF2). Inhibiting the expression of such angio-
genic mediators would substantially benefit the prevention
of metastasis [23]. Moreover, CAF-mediated ECM remod-
eling is critical in facilitating tumor invasion and metasta-
sis. In addition, the transforming growth factor-p (TGF-p),
hepatocyte growth factor (HGF), specific interleukins, and
metalloproteases are some of the secreted key components
involved in this ECM remodeling process. These factors can
be targeted for cancer therapy, termed as CAF-targeted ther-
apy. This CAF-targeted therapy holds promising potential
as one of the innovative therapeutic approaches. The inhibi-
tory effects of liposomes on pro-angiogenic factors genes
were investigated in the co-culture system of cancer cells
and fibroblasts. Accordingly, MMP-3, an important metal-
loprotease involved in ECM remodeling, was analyzed after

C
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T
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Combo-Lipo

vehicle, III—free Keto, IV—bevacizumab, V—Keto-Lipo + bevaci-
zumab, and VI—Combo-Lipo. Data are presented as the mean+S.D.
(n=3) analyzed by one-way analysis of variance (ANOVA). ** Indi-
cates P<0.01, and *** represents P<0.001) D The cell colony of
HEC-1A under different treatment interventions (Scale bar: 1000 pm)
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24 h of treatment with different formulations. The results
revealed a significant decrease in the MMP-3 expression fol-
lowing treatment with liposomes, suggesting their potential
to inhibit the ECM remodeling and reduce tumor invasive-
ness in the co-culture system (Fig. 3A).

Moreover, the expression of HGF-1la, a key factor
secreted by fibroblasts, was evaluated in the co-culture sys-
tem treated with different formulations. HGF expression was
assessed in different experimental groups consisting of nor-
mal fibroblasts, cancer cells in the insert, cancer cells + free
Keto, cancer cells + Keto-Lipo, cancer cells +bevacizumab,
and cancer cells + Combo-Lipo. The experimental data
revealed a significant reduction in the HGF mRNA expres-
sion in the experimental groups treated with liposomes
compared to the other groups. These findings suggested
that liposome-based formulations might effectively target
HGEF and potentially impede the pro-metastatic effects of
fibroblast-secreted factors in the co-culture system (Fig. 3B).

Further, the migration and invasion abilities of HECA-1
were observed after treatment with different formulations.
It was observed that the free Keto failed to achieve simi-
lar inhibitory effects as the Keto-Lipo, which could be
attributed to the poor solubility of free Keto. Moreover, we
noticed that, even with the usage of DMSO for improving
solubility, the Keto treatment group still resulted in minor
precipitation, affecting the distribution in the wells. Notice-
ably, the Keto-based liposomal formulation drastically
improved the anti-migration effects of Keto, indicating the
inhibition of exosome release benefitting the anti-migration
efficacy. Like cell proliferation, the VEGF antibodyj, i.e.,
bevacizumab, exhibited favorable inhibition of migration
and invasion abilities of the cell line. As anticipated, the
combo-Lipo group showed the most potent effect among all
the treatment groups (Fig. 3C, D).

In the TME, the hypoxia factors (such as hypoxia-induc-
ible factor, HIF-1a) disrupt the balance of angiogenic fac-
tors, favoring the release of pro-angiogenic factors [24]. The
release of various pro-angiogenic factors (VEGF and FGF-2)
happens to be through local signaling (paracrine) and self-
stimulation (autocrine) mechanisms [25]. The co-culture
assays indicated that cancer cells significantly elevated the
levels of these important inducers of angiogenesis, namely
VEGF and FGF2. Notably, these growth factors play crucial
roles in promoting the formation of new blood vessels. How-
ever, the levels of VEGF and FGF2 were effectively reduced
after treatment with a particular intervention. Among dif-
ferent treatment groups, the combination therapy (Combo-
Lipo) demonstrated the most potential therapeutic effects in
downregulating the expression levels of VEGF and FGF2,
indicating a synergistic effect in suppressing the production
of these angiogenic factors by the cancer cells. Interestingly,
it was observed that the presence of additional exosomes led
to an increased production of FGF2. Exosomes are small
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extracellular vesicles involved in intercellular communica-
tion between cells, enhancing the production of FGF2 by the
cancer cells. Furthermore, the Keto-Lipo treatment involving
liposomes containing Keto substantially reduced the upregu-
lated expression levels of VEGF and FGF2 proteins. These
results suggested that Keto-Lipo presented an exceptional
anti-angiogenic effect, effectively countering the pro-angi-
ogenic impact of exosomes.

Inhibition of TAMs

TAMs belong to a specific family of immune cells that
infiltrate the TME, which play crucial roles in tumor pro-
gression and immune suppression [26]. Among various
TAM subtypes, M2 macrophages are crucial in releasing
tumor-promoting factors, such as TGF-f and interleukin-10
(IL-10) (Fig. 4A, B). These factors often contribute to cre-
ating an immunosuppressive TME, promoting epithelial-
mesenchymal transition (EMT), stimulating angiogenesis,
and facilitating ECM remodeling [27]. The immunosuppres-
sive TME created by M2 macrophages is partly mediated
by the release of TGF-f and IL-10 expression, hindering
effective anti-tumor immune responses. Moreover, these fac-
tors promote the transformation of cancer cells into a more
invasive and metastatic phenotype through EMT. Besides,
the stimulation of angiogenesis by M2 macrophage-released
factors supports the growth and survival of the tumor by
facilitating the formation of new blood vessels. Moreover,
M2 macrophages contribute to the remodeling of the ECM,
promoting tumor invasion and metastasis. Considering these
aspects, we then studied the activity of M2 TAM. It was
observed from the results that the M2 TAM activity was
inhibited by the decrease of these tumor-promoting factors
via blocking exosome-mediated communication. These find-
ings suggested that the potential of Keto-Lipo could be the
reason for enhancing cancer treatment outcomes. In addi-
tion, the Combo-Lipo treatment showed the most potent
inhibitory role in exploring their anti-cancer effect.

Effect of Liposomes on Angiogenesis Factors

Furthermore, the ELISA analysis revealed the concentrations
of these FGF2 and VEGF proteins in the samples, providing
insights into their expression or secretion. The ELISA analy-
sis showed an FGF2 concentration of X ng mL™". The result-
ant amount of FGF2 protein might certainly play a role in
various cellular processes, such as cell growth, proliferation,
and angiogenesis. To this end, the resultant VEGF levels by
the ELISA analysis indicated Y ng mL~! in the samples.
The measured concentration of VEGF would be appropriate
for its potential involvement in angiogenic processes and its
impact on tumor growth, wound healing, and other physio-
logical or pathological conditions. These quantitative results
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Fig. 3 Effect of liposomal

formulations on pro-angiogenic A
factors genes. A The changes in

the expression levels of MMP-3

in co-culture systems treated

with different formulations for

24 h. (Cancer cells in the insert

and normal fibroblast in the bot-

tom). B HGF expression levels

in the co-culture systems treated

with different formulations for

24 h. (I—normal fibroblasts,

II—cancer cells in the insert,

III—-cancer cells + free Keto,

IV—cancer cells + Keto-Lipo,

V—cancer cells + bevacizumab,

and VI—cancer cells + Combo-

Lipo). Data are presented as I nuv v v I I miv v vi
the mean+S.D. (n=3). **

Indicates P<0.01, and *** C

represents P<0.001, one-way 1 1

ANOVA. C Migration ability of M Ig ratlon

HEC-1A cells under different
treatments. D Cell invasion
assay of HEC-1A under differ-
ent treatment exposures (Scale
bar: 1000 pm)

MMP-3 mRNA
HGF mRNA

Control Free Keto Keto-Lipo
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Fig.4 Effect of liposomes A B
on TAM biomarkers. The
cytokines, i.e., A TGF-f (M2 ok ok % * ok ok -
marker) and B IL-10 (M2 200 ey —— 250 ¥ ok ok -
marker) in cancer cells and g __-'L @ !
monocyte co-culture system. 5 = 200+ .
The data (n=3) were analyzed g 150 3
using one-way ANOVA. ** o 8 150-
Indicates P <0.01 and *** E 100 £
presents P <0.001 _E' g 100-
> — > —
£ *% o *
@ 5090 o 504 T 1
P laml I e Rl L
-
0 ITI T T T T T 0 r_ﬁ T T T T T
Cancercell + + + + + Cancercell + + + + +
Monocyte + o+ 4+ + + Monocyte + o+ 4 + o+
Keto-Lip + Keto-Lip +
mAB + mAB +
Combo Lip + Combo Lip +

obtained from the ELISA analysis offer valuable insights in
contributing to our understanding of the roles of these pro-
teins in specific biological processes, disease mechanisms,
or the evaluation of therapeutic interventions targeting FGF2
and VEGF (Fig. 5A, B). In addition, the CD31 expression
was determined by the immunofluorescence staining after
treatment with various liposomal formulations and pure
drugs. As depicted in Fig. 5C, the expression level of tumor
microvessel biomarker CD31 was reduced in the therapeutic
liposome group.

Anti-cancer Investigations In Vivo

Before performing in vivo investigations, we explored the
efficacy of using the 3D tumor spheres in vitro to minimize
the usage of mice. It was observed from the experimental
results that the blank liposome treatment showed minor
sphere growth efficacy. On the other hand, due to the lim-
ited penetration of free Keto, the free Keto treatment exhib-
ited minor inhibitory effects in the 3D model, similar to the
control group (Fig. 6A). Among various treatment groups,
the combinational group, i.e., Combo-Lipo, presented the
most potent inhibitory effects. Thus, in vivo investigations
were designed and executed using the four groups, includ-
ing phosphate-buffered saline (PBS) as the control group, as
well as the Keto-Lipo, mAb, and Combo-Lipo as experimen-
tal groups. To assess their efficacy and tolerability, the anti-
cancer effects of the designed formulations were evaluated
using a xenograft model in nude mice. After treatment, the
two key parameters of tumor and body weights were meas-
ured to gauge the impact of different treatments.

@ Springer

Regarding the tumor weights, the tumors were excised
from the mice after different treatment interventions and
compared the weights of the tumors. The results unequivo-
cally demonstrated a significant reduction in the tumor
weights in the Combo-Lipo treatment group compared to
the other treatment groups. The treatment outcome indicated
that Combo-Lipo inhibited tumor growth in the xenograft
model. In addition to tumor weights, the body weight of the
mice was closely monitored during the treatment duration to
evaluate any potential adverse effects or toxicity associated
with the administered treatments. Encouragingly, the experi-
mental results revealed that the mice treated with Combo-
Lipo showed insignificant changes in body weight compared
to the control group. These findings suggested that Combo-
Lipo was well-tolerated by the mice, inducing no notable
weight loss or other detrimental effects and underscoring
its favorable safety profile. These in vivo findings provided
compelling evidence for the anti-cancer efficacy of Combo-
Lipo in the xenograft model, as evidenced by the significant
reduction in the tumor weights. Moreover, the well-tolerated
nature of the Combo-Lipo formulation, as indicated by the
stable body weight of the treated mice, further supported its
promising potential to combat cancer (Fig. 6B, C).

IFN-y, one of the potential cytokines, plays a vital role
in anti-tumor immune responses by promoting immune cell
activation, enhancing antigen presentation, and exerting
direct anti-cancer effects [28]. Further, we analyzed the con-
centration of IFN-y using the corresponding ELISA kit in the
co-culture of T-cells and endometrial cancer cells, revealing
a level of approximately 41 pg mL~! in the co-culture cell
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Fig.5 The inhibitory effects of A

liposomes on angiogenesis. The * %

expression levels of A FGF-2
and B VEGF in cancer cells and
human umbilical vein endothe-
lial cells (HUVECS) co-culture
system by ELISA analysis
(n=3). ** Indicates P <0.01
and *** presents P <0.001.

C The inhibitory effects of
liposome treatment on CD31
expression levels. I—HUVECs
control, I—HUVECs + cancer
cells, II—HUVECs + can-
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system. These findings suggested that cancer cells in the
TME could decrease IFN-y levels, potentially impairing the
anti-tumor immune responses. Further, various liposomal
formulations were employed to investigate the modulation
of the levels of IFN-y in the co-culture system. Among these
treatments, the most pronounced effects were observed in the
Combo-Lipo treatment group, followed by the Keto-Lipo
or mAb treatment groups. These findings highlighted the
potential of liposomes to enhance the production of IFN-y

+
+
+
+
+

Cancer cell + +
HUVEC + o+
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in the co-culture system of T-cells and cancer cells. The
increased levels of IFN-y provided important insights into
the impact of the interactions between these cell types, sug-
gesting potential restoration or augmentation of anti-tumor
immune responses. The experimental results could enable an
understanding of the mechanisms underlying immune eva-

sion by cancer cells and for exploring therapeutic interven-
tions aimed at enhancing IFN-y production (Fig. 6D).
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Fig.6 Anti-cancer effects

of Combo-Lipo in xenograft
model. A 3D tumor sphere
photos after various treatments.
(Scale bar: 300 um). B Tumor
weights of xenograft mice after
different treatments in the end-
point. C The body weights of
mice during the treatment time.
*#% Presents P <0.001. D The
cytokines of IFN-y in cancer
cells and T-cell co-culture sys-
tem in the presence or absence
of liposomes. *** Presents
P<0.001
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