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Purpose: Triple-negative breast cancer (TNBC) is the most lethal subtype of breast cancer. However, the effect of current treatment
strategies by inducing tumor cell apoptosis alone is not satisfactory. The growth, metastasis and treatment sensitivity of tumors can be
strongly influenced by cancer-associated fibroblasts (CAFs) in the microenvironment. Effective cancer therapies may need to target not
only the tumor cells directly but also the CAFs that protect them.

Methods: Celastrol and small-sized micelles containing betulinic acid were co-encapsulated into liposomes using the thin-film
hydration method (CL@BM). Folic acid was further introduced to modify liposomes as the targeting moiety (F/CL@BM). We
established a novel NIH3T3+4T1 co-culture model to mimic the tumor microenvironment and assessed the nanocarrier’s inhibitory
effects on CAFs-induced drug resistance and migration in the co-culture model. The in vivo biological distribution, fluorescence
imaging, biological safety evaluation, and combined therapeutic effect evaluation of the nanocarrier were carried out based on a triple-
negative breast cancer model.

Results: In the present study, a novel multifunctional nano-formulation was designed by combining the advantages of sequential
release, co-loading of tretinoin and betulinic acid, and folic acid-mediated active targeting. As expected, the nano-formulation
exhibited enhanced cytotoxicity in different cellular models and effectively increased drug accumulation at the tumor site by disrupting
the cellular barrier composed of CAFs by tretinoin. Notably, the co-loaded nano-formulations proved to be more potent in inhibiting
tumor growth in mice and also showed better anti-metastatic effects in lung metastasis models compared to the formulations with
either drug alone. This novel drug delivery system has the potential to be used to develop more effective cancer therapies.
Conclusion: Targeting CAFs with celastrol sensitizes tumor cells to chemotherapy, increasing the efficacy of betulinic acid. The
combination of drugs targeting tumor cells and CAFs may lead to more effective therapies against various cancers.
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Introduction

Breast cancer, the most frequent cancer among women and the second most frequent newly diagnosed cancer
worldwide,' remains a challenge to treat because of its heterogeneity and often aggressive behavior.> While efforts to
develop treatments have targeted the tumor cells themselves,*> recent research has discovered that the tumor micro-
environment can strongly influence tumor growth, metastasis and response to treatment.® In particular, cancer-
associated fibroblasts (CAFs), the most abundant cells in the stroma around the tumor, regulate tumor development by
sending signals to the tumor and by altering the extracellular matrix around it.” "' Overexpression of a-smooth muscle
actin (0-SMA) in CAFs in breast cancer can produce dense collagen secretion around blood vessels, forming a physical

blockade preventing drug delivery to tumor cells.'*'? This can lead to resistance and metastasis. Traditional therapeutic
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approaches that target cancer cells alone are insufficient in controlling CAF activation, resulting in recurrence and
metastasis of breast cancer.'*'> In order to improve antitumor efficacy, there is an increasing emphasis on combination
therapy, ie, the use of two or more drugs with different therapeutic mechanisms to enhance antitumor efficacy through
synergistic effects.'®!” The efficacy of free drug combinations is usually compromised by insufficient bioavailability, and
nanocarrier co-delivery systems are potentially advantageous in combination therapy. To date, many nanosystems have
been proposed to deliver two or more molecules with synergistic pharmacological activity to different cellular targets in
the tumor microenvironment.'®'” For example, small dendritic macromolecules loaded with adriamycin (PAMAM-ss-
DOX) (DP) were synthesized and encapsulated into pH-responsive nanoliposomes along with adjuvants toll-like receptor
7/8 (TLR7/8) agonist resiquimod (R848) and losartan (LOS)."® Among them, LOS effectively reduced the activity of
CAF. To ensure that each drug was precisely released and targeted to the site of action, Li et al prepared novel liposomes
modified with hyaluronic acid and glycyrrhetinic acid for co-delivery of aprepitant (APR) and curcumin (CUR), where
APR inhibited the activation of CAFs by blocking the SP/neurokinin-1 receptor, and CUR induced apoptosis in tumor
cells.'” However, removal of the stromal barrier is a prerequisite for more effective cancer treatment. When the targets of
co-delivered drugs are the tumor extracellular mechanism barrier and the tumor cell intracellularly, respectively, to
maximize the anti-tumor effect, the development of a strategy that can deliver active molecules in a sequential manner
would be the best choice. That is, one drug is released to act on the extracellular target of the tumor cell, and then the
other drug is internalized into the tumor cell along with the nanocarrier for intracellular targeting.

In our efforts to develop such a therapy, we have focused on celastrol®” from the root bark of Tripterygium wilfordii,
which induces apoptosis of CAFs while reversing the drug resistance of tumors.>'*** We hypothesized that administering
celastrol followed by a chemotherapeutic drug might potentiate the efficacy of the latter, leading to synergistic effects
against CAFs and tumor. To test this idea, we used the pentacyclic triterpene betulinic acid [3b-hydroxy-20(29)-lupaene
-28-oic acid], which shows excellent anti-cancer activity®® but the experimental results are often unsatisfactory because
tumors develop resistance to it.**

Given that both celastrol (CEL) and betulinic acid (BA) show relatively low solubility, permeability, and bioavail-

ability and can cause off-target toxicity,>>=° 2728

we decided to encapsulate them within nanoparticles, an approach
known to improve breast cancer treatments.”*~*® In addition, the co-loaded chemotherapy drug BA and the drug CEL that
induces apoptosis of CAFs have different sites of action, meaning that CEL is released into the tumor microenvironment,
while BA enters the tumor cells to induce their apoptosis. Our focus was on designing a suitable nano-system that has the
ability to sequentially release two chemotherapy drugs. Among nanoparticle systems, we selected liposomes and micelles
because they can simultaneously be loaded with hydrophobic compounds and they are generally quite stable in vivo.>' >
Our micelles to deliver betulinic acid (BM)were based on the amphiphilic vitamin E derivative D-a-tocopherol
polyethylene glycol 1000 succinate (TPGS), which the US Food and Drug Administration has approved as a drug
adjuvant. TPGS contains a hydrophilic polar head and a lipophilic alkyl tail, allowing the encapsulation of betulinic acid
within the hydrophobic core of micelles with a hydrophilic surface. CEL was inserted into the phospholipid bilayer of the
liposomes (CL). Correspondingly, by making full use of the ascendancies of liposomes co-loading hydrophobic and
hydrophilic compounds at the same time, a new strategy of encapsulating the BA-loaded polymeric micelles and CEL
into one liposome (CL@BM) is proposed in our study. Meanwhile, liposomes around 100 nm are more likely to avoid
the reticuloendothelial system and accumulate at the tumor site than polymer micelles of small particle size.** Moreover,
tumor-targeting delivery can be improved using multifunctional Lip modified by special ligands. We coated the
liposomes with folic acid (F/CL@BM) to target them to tumors, many of which overexpress folate receptors on their
surface.*

In this way, we hoped to deliver CEL to CAFs in the tumor microenvironment in order to induce their apoptosis,
which should reduce the cellular density and collagen content of the matrix, in turn promoting the entry of BA into tumor
cells, where it can induce apoptosis (Scheme 1). In this study, we describe the development and validation of our micelle-
in-liposome nanosystem for dual drug delivery. Our work demonstrates the potential of cancer therapies that simulta-

neously target the tumor and its supportive microenvironment.
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Scheme | Assembly and mechanism of folate-coated micelles-in-liposomes loaded with BA and CEL (F/CL@BM) to accumulate at tumor sites and induce apoptosis in,
respectively, tumor-associated fibroblasts (TAFs) and tumor cells.

Abbreviations: TPGS, Vitamin E derivative D-a-tocopherol polyethylene glycol 1000 succinate; DSPE-PEG-FA, |.2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy (polyethylene glycol)-2000] -folic acid; SPC, soybean phospholipid; CHOL, cholesterol.

Materials and Methods

Reagents

Celastrol was bought from Chengdu Zhibiaohuachun Biotechnology (Chengdu, China); betulinic acid, cholesterol and
coumarin-6, from J&K Scientific (Beijing, China); 1.2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (poly-
ethylene glycol)-2000] -folic acid and soybean phospholipid (SPC), from Xi’an Ruixi Biotechnology (Xi’an, China);
fetal bovine serum (FBS), calf serum, RPMI-1640 medium, and Dulbecco’s modified Eagle medium (DMEM), from
GIBCO (Thermo Fisher Scientific, Carlsbad, California, USA); 3.3'-dioctadecyloxacarbocyanine perchlorate (DiO) and
1.1’-dioctadecyl-3,3,3°,3’-tetramethylindocarbocyanine perchlorate (Dil), from Beyotime Biotechnology; and DAPI,
from Solarbio Life Sciences (Beijing, China).

The Cell Counting Kit-8 (CCK-8) was obtained from APExXxBIO Technology (Houston, TX, USA). 2°,7’-
Dichlorodihydrofluorescein diacetate and JC-1 mitochondrial membrane potential fluorescent probe was obtained from
Solarbio (Beijing, China). Antibodies were obtained from Abcam (Cambridge, UK) against a-SMA (catalog no.
ab124964), Bcl-2 (ab196495) or collagen I (ab260043). Antibody against P-glycoprotein 1 (catalog no. AF5185) was
obtained from Affinity Biosciences (Jiangsu, China).

Cell Lines

Mouse mammary breast tumor cell line 4T1 and mouse embryonic fibroblast cell line NIH 3T3 were purchased from the
Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cultures were maintained in RPMI-1640 medium
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supplemented with 10% FBS or DMEM supplemented with 10% FBS in a standard incubator at 37 °C in an atmosphere
of 5% CO2.

Animals

All procedures and experiments were carried out in accordance with the guidelines of the Laboratory Animal Ethics

Committee at Southwest Medical University. Six-week-old female BALB/c mice (16 + 2 g) were purchased from Chengdu

Yaokang Biotechnology (Chengdu, China) and housed individually in cages with ad libitum access to food and water. Animals

were co-injected subcutaneously into the fourth mammary pad with 4T1 cells (1 x 10°) and NIH 3T3 cells (5 x 10%).
tumor volumes were regularly determined according to the formula [length x (width)?] / 2.

Preparation of BM and F/CL@BM

To prepare BM, we mixed TPGS and betulinic acid in a weight ratio of 10:1 in ethanol (5 mL), The mixed solution was
evaporated on a rotary evaporator at 50 °C, forming a lipid film, which was rehydrated in 10 min in PBS (5 mL).

To prepare CL@BM, we mixed SPC and cholesterol in a weight ratio of 10:2:1 in methylene dichloride (5 mL),
celastrol (1mg) was added, and the mixture was evaporated on a rotary evaporator at 35 °C to form a lipid film. The film
was rehydrated for 30 min with the above-prepared BM (10 mL), followed by probe sonication at 65 W for 10 min in ice
water.

To prepare F/CL@BM, we incubated CL@BM and DSPE-PEG2000-folic acid (2 mg) at 37 °C for 60 min.

Before use in experiments, all these preparations were passed through a 220-nm filter to remove unencapsulated
drugs.

Characterization of Formulations
Particle size and zeta potential were assessed using dynamic light scattering (Nano ZS 90, Malvern, Malvern city, UK).
Morphology was assessed using transmission electron microscopy (JEM-200CX, JEOL, Tokyo, Japan) after diluting the
samples to 2 mg/mL with PBS, dispersing the dilution onto copper grids, staining with 10 pL of 1% (v/v) phospho-
tungstic acid in PBS, and drying in air.

Loading capacity and encapsulation efficiency for betulinic acid and celastrol were measured using high-performance
liquid chromatography at, respectively, 220 and 425 nm. Encapsulation efficiency (EE) was calculated as follows:

EE(%)=(weight of the drug in F/CL@BM/ weight of the feeding drug) x 100%

Co-loading of betulinic acid and celastrol was confirmed using FRET experiments, in which celastrol was replaced with
DiO to serve as energy donor and betulinic acid was replaced with Dil to serve as energy acceptor. For comparison,
liposomes containing DiO (L-DiO) and micelles containing Dil (M-Dil) were combined in a mass ratio of 1:1 to form
M@Dil@L-DiO. Fluorescence emission spectra were recorded after excitation at 470 nm using a Synergy H1 Microplate
Reader (BioTek Instruments, Winooski, VT, USA). The FRET ratio was quantified as the ratio of fluorescence emission
at 568 nm to the sum of the emission at 568 and 503 nm.

A dialysis method was used to measure the release of betulinic acid and celastrol from BM@CL in vitro. BM@CL in
PBS (1 mL, I mg/mL for both drugs) was placed in a dialysis bag with a molecular weight cut-off of 10 kDa (Shanghai
Titan Technology), which was immersed in 20 mL of PBS (pH adjusted to 6.5) containing 0.5% Tween 80 with stirring
(100 rpm). At the indicated times, an aliquot (1 mL) was withdrawn and replaced with the same volume of fresh PBS.
The aliquot was assayed for betulinic acid and celastrol using high-performance liquid chromatography.

The stability of F/CL@BM in vitro was assessed in PBS or DMEM by measuring size and polydispersity index every
other day for two weeks by dynamic light scattering.

Effect of Formulations on Cell Viability in vitro
4T1 cells alone or together with NIH 3T3 fibroblasts (1 x 10* cells per well, 1:1 ratio of NIH 3T3:4T1 cells) were seeded
into 96-well plates and incubated for 48 h. Then cells were treated for 24 h with F/CL@BM at concentrations (pug/mL) of
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CEL and BA of 0, 0.025, 0.125, 0.25, 0.5 and 1. CCK-8 reagent (10 pL) was added to each well, and the plates were
incubated at 37 °C for 30 min. Optical density was measured at 450 nm.

As a complementary assessment of cell viability, 4T1 cells were seeded into 6-well plates (5 x 10° cells per well),
incubated for 24 h, then exposed for 4 h to F/CL@BM containing CEL and BA at concentrations of 0.1 pg/L. Cells were
washed with PBS,; stained with calcein-AM and propidium iodide, and analyzed under a fluorescence microscope (Leica,
Germany).

Cellular Uptake of Formulations
4T1 and NIH 3T3 cells were seeded into 12-well plates (4x10 cells per well, 1:1 ratio of NIH 3T3:4T1 cells), incubated
overnight, then the medium was replaced with 1 mL of fresh medium containing free coumarin-6 (C6), micelles
containing C6 (MC), liposomes containing C6 (LC), micelles-in-liposomes containing C6 (MC@LC) or folate-coated
micelles-in-liposomes with C6 (F/MC@LC). In all cases, the C6 concentration was 1 pg/mL. After 2 h, the cells were
fixed, stained with DAPI, and examined under a confocal laser scanning microscope (TCS SP2, Leica). In other
experiments, the cells were harvested, resuspended in PBS, and analyzed by flow cytometry (Becton Dickinson,
Franklin Lakes, NJ, USA) to quantitate cellular uptake.

In some experiments, cultures were pretreated for 30 min with 1 mg/mL free folic acid to saturate folate receptors on
the surface of tumor cells. Then cultures were exposed to the different formulations as described above.

Effect of Formulations on Cell Migration

4T1 cells alone or together with NIH 3T3 cells were seeded into six-well plates (1x10° cells per well, 1:1 ratio of NIH
3T3:4T1 cells) and incubated for 24 h, then the monolayer was scratched with a sterile pipette tip. Scratched cells were
washed away using PBS, and the adherent cells were treated with free betulinic acid, free celastrol, a physical mixture of
the two drugs, CL, CL@BM or F/CL@BM. Wound width was measured using an Eclipse Ti-S microscope (Nikon)
immediately after the scratch and at 24 h later.

Effect of Formulations on Intracellular Production of Reactive Oxygen Species

4T1 cells were seeded into 6-well plates (1 x 10° cells per well) or 96-well plates (1 x 10* cells per well), incubated for
24 h, washed three times with PBS, then treated for 24 h with free BA, free CEL, a physical mixture of the two drugs,
BM, CL, CL@BM, or F/CL@BM. The cells were washed three times with PBS, incubated for 30 min with 2°,7’-
Dichlorodihydrofluorescein diacetate (DCFH-DA), and washed free DCFH-DA. Six-well plates were then examined for
the presence of the fluorescent product ROS under a fluorescence microscope, while 96-well plates were analyzed on
a microplate reader to quantitate levels of the fluorescent product ROS (excitation 488 nm, emission 525 nm).

Effect of Formulations on Mitochondrial Membrane Potential

4T1 cells were seeded into six-well plates (5 % 104), incubated for 24 h, then treated for 30 min with free betulinic acid,
free celastrol, a physical mixture of the two drugs, CL, CL@BM, or F/CL@BM. The cultures were incubated for 20 min
with 5 pg/mL JC-1 in RPMI 1640 medium, washed with PBS, then observed under a fluorescence microscope.

Western Blotting

4T1 cells alone or together with NIH 3T3 cells were seeded into 6-well plates (1 x 10° cells per well, 1:1 ratio of NIH
3T3:4T1 cells), incubated for 24 h, then treated for 24h with various drug formulations. As a control, 4T1 cells were
cultured alone and treated the same way. Cells were harvested, lysed with radio-immunoprecipitation assay (RIPA)
buffer, microcentrifuged to pellet debris, and the supernatant was fractionated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. The membranes were incu-
bated 12h with primary rabbit antibodies against a-SMA, Bcl-2, P-gp or GAPDH, followed by incubation for 1 h at 25
°C with goat anti-rabbit secondary antibody conjugated to horseradish peroxidase. Antibody binding was detected using
enhanced chemiluminescence (Image Quant LAS 4000 Mini; Fuji, Tokyo, Japan) and quantitated using Gel Image
System 4.00 (Tanon, Shanghai, China).
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Biodistribution of Formulations in vivo

Mice bearing 4T1/CAF desmoplastic tumors with a volume of approximately 200 mm3 were injected through the tail
vein with DiD-loaded micelles (BM), DiD-loaded micelles-in-liposomes (CL@BM), and DiD-loaded, folate-modified
micelles-in-liposomes (F/CL@BM) (three animals per condition). In all cases, the dose of DiD was 0.1 mg/kg. At the
indicated time points, mice were anesthetized and imaged (Caliper Life Sciences, Mountain View, CA, USA). At 24
h after injection, tumors and major organs were excised and imaged.

Antitumor Efficacy of Formulations in vivo

Mice bearing 4T1/CAF desmoplastic tumors with a volume of approximately 80 mm® were injected through the tail vein
with PBS (Control), free betulinic acid, free celastrol, a physical mixture of the two drugs, BM, CL, CL@BM or F/
CL@BM). The doses of betulinic acid and celastrol were 2 mg/ kg. tumor volume and body weight were measured
throughout the experiment.

On day 14 after injection, mice were sacrificed, tumors and organs were excised, and blood was sampled. The excised
tumors were weighed, photographed, and sectioned for TUNEL staining. In parallel, tumor samples were fixed in 10%
formalin, embedded in paraffin, cut into sections, deparaffinized and subjected to antigen recovery. Sections were
immunostained overnight at 4 °C against a-SMA or collagen I, followed by incubation with a secondary antibody
conjugated to horseradish peroxidase. Antibody binding was detected by incubating the sections. Sections were also
stained with hematoxylin.

Organs were sectioned for hematoxylin-eosin staining. Blood was analyzed for levels of creatinine, AST and ALT.

Statistical Analysis

Data were reported as mean =+ standard deviation (SD) and analyzed using GraphPadPrism 9.4.0. Pairwise differences
were assessed for significance using the two-tailed Student’s #-test, while differences among three or more groups were
assessed using one-way analysis of variance.

Results and Discussion
Characterization of F/CL@BM

Transmission electron microscopy showed BMs and F/BM@CL to be uniformly spherical, and the complete micelles-in-
liposomes showed the expected bilayer structure (Figure 1A). The respective zeta potentials were —3.05 and —15.33 mV
(Figure 1B) and respective diameters of the two particles were 25.6 and 121.3 nm (Figure 1C) implying that mutual
repulsion would prevent them from self-aggregating in solution or in the body. The polydispersity index was substantially
lower for F/CL@BM (0.257) than BM (0.360) (Figure 1D), suggesting that BM are stabilized by encapsulation within
liposomes. Their encapsulation efficiency (EE), and loading capacity (LC), are shown in Table 1. The LC of F/CL@BM
was 8.46 £ 0.20% (BA) and 8.17 + 0.05% (CEL), and the EE was 82.77 £ 0.06% (BA) and 88.34 + 0.05% (CEL),
respectively. Indeed, the size and polydispersity of F/CL@BM did not alter during standing at 4 °C in phosphate-buffered
saline (PBS) or culture medium (Figure 1E). The diameter of F/CL@BM is slightly larger when in the presence of 10%
fetal bovine serum (FBS) than in a PBS solution. This size discrepancy is attributed to the formation of a protein corona
on the surface of nanoparticles in the presence of FBS.

Co-loading of celastrol and betulinic acid into F/CL@BM was confirmed using fluorescence resonance energy
transfer (FRET).*® In this assay, excitation of 3.3'-dioctadecyloxacarbocyanine perchlorate (DiO, representing celastrol)
should induce FRET to 1.1°-dioctadecyl-3,3,3°,3’-tetramethylindocarbocyanine perchlorate (Dil, representing betulinic
acid) only if the two lie within 1-10 nm of each other. Fluorescence spectrum (Figure 1G) showed significantly decreased
emission at 503 nm for the donor DiO dye while increased emission at 568 nm for the acceptor Dil dye compared with
that of CL-DiO and BM-Dil. The FRET ratio for the two drugs in F/CL@BM was significantly higher for the ratio when
they were in a simple physical mixture (56.53% vs 28.40%, p < 0.01; Figure 1F), confirming co-loading into F/CL@BM.
The absorption spectrum of F/CL@BM showed a peak at 283 nm similar to the peak for a solution of folic acid
(Supplementary Figure 1), indicating successful loading of folic acid onto the liposome surface.
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Figure | Characterization of Betulinic acid micelles (BM) and folate-coated liposomes co-loaded with BM and celastrol (F/CL@BM). For reference, Celastrol-loaded liposomes (CL)
and liposomes co-loaded with BM and celastrol (CL@BM) were also examined in many cases. (A) Transmission electron micrographs. (B) Zeta potential. (C) Particle size distribution.
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(“particle size”) or polydispersity index (PDI). (F) Fluorescence emission spectra of fluorophore-containing BM or CL alone, physically mixed together (“+”) or assembled into
liposomes (“@”). Dil, I’-dioctadecyl-3,3,3",3"-tetramethylindocarbocyanine perchlorate; DiO, 3.3"-dioctadecyloxacarbocyanine perchlorate. (G) Ratios of 1568/ (1568 + 1503) in BM and
CL in a physical mixture or constituted as liposomes, following excitation at 470 nm. (H) Release of betulinic acid (BA) from BMs or CL@BM (left plot), and comparison of the release of
celastrol (CEL) or BA from CL@BM (right plot). Experiments were conducted in PBS (pH6.5). Data are mean % SD (n = 3). **p < 0.001.
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Table | DL% and EE% of Different Liposomal Formulations

Formulation

DL%

EE%

8.17 + 0.05 (CEL)

BM 823 + 1.46 (BA) | 82.32 % 1.04 (BA)
cL 9.02 + 2.11 (CEL) | 90.41 + 0.45 (CEL)
CL@BM 843 + 274 (BA) | 8532 2.16 (BA)

871 + 1.84 (CEL) | 88.74 + 1.04 (CEL)
F/ICL@BM 8.46 + 020 (BA) | 82.77 + 0.06 (BA)

88.34 + 0.05 (CEL)

Abbreviations: CAFs, Cancer-associated fibroblasts; a-SMA, a-smooth
muscle actin; CEL, Celastrol; BA, Betulinic acid; BM, Betulinic acid
micelle; TPGS, Vitamin E derivative D-a-tocopherol polyethylene glycol
1000 succinate; CL, CEL encapsulated in liposomes; CL@BM, micelles-in-
liposomes loaded with betulinic acid and celastrol; F/CL@BM, folate-
coated micelles-in-liposomes loaded with betulinic acid and celastrol;
FA, Folic acid; PBS, Phosphate-buffered saline; FBS, Fetal bovine serum;
FRET, Fluorescence resonance energy transfer; DiO, 3.3'-
dioctadecyloxacarbocyanine perchlorate; Dil, |.I’-dioctadecyl-3,3,3’,3’-
tetramethylindocarbocyanine perchlorate; DMEM, Dulbecco’s modified
Eagle medium; PDI, Polydispersity index; C6, Coumarin-6; TME, Cancer
microenvironment; P-gp, multidrug resistance proteins P-glycoprotein I;
Bcl-2, B-cell lymphoma-2; CCK-8, Cell Counting Kit-8; EE, Encapsulation
efficiency; DCFH-DA, 2’,7’-Dichlorodihydrofluorescein diacetate.

The release of celastrol and betulinic acid from F/CL@BM was examined in vitro by dialyzing them into PBS (pH6.5)
containing 0.5% Tween 80. Neither drug was released to an appreciable extent during the first 4 h, after which release
increased, leading to 72 h cumulative release of 94.60% for celastrol but 64.00% for betulinic acid (Figure 1H). Under the
same dialysis conditions, betulinic acid was released more slowly from BMs than from F/CL@BM. Therefore the micelle-in-
liposome structure®’ of F/CL@BM leads to sequential release of CEL, followed by BA. The same trend of release was shown
for the in vitro release of tretinoin and betulinic acid in PBS (pH 7.0) containing 0.5% Tween 80 (Supplementary Figure 2).

Cytotoxicity of F/CL@BM Against Tumor Cells Alone or Co-Cultured with

Fibroblasts
Cytotoxicity of F/CL@BM against tumor cells alone or co-cultured with fibroblasts
The CCK-8 assay was used to assess the cell viability of 4T1 cells or co-cultured cells, and Supplementary Figure 3

showed that the cell viability of both groups of blank liposomes was above 90% at concentrations ranging from 5 to 500
ug/mL, indicating their biocompatibility and potential as safe carriers for anti- tumor drugs. To explore the therapeutic
efficacy of F/CL@BM, we first examined their ability to kill 4T1 mouse mammary breast cancer cells cultured on their
own or together with NIH 3T3 mouse embryonic fibroblasts. All drug formulations killed the cells in a concentration-
dependent manner (Figure 2A and B, Supplementary Figure 4). F/CL@BM performed the best, even better than the same

liposomes without the surface coating of folic acid (CL@BM), consistent with the ability of this coating to target tumor
cells. Furthermore, the live/dead cell viability assay provided similar results (Figure 2C). This suggested that co-culturing
with NIH3T3 cells may have increased the drug resistance of the tumor cells. Conversely, BA+CEL exhibited stronger
cytotoxicity than BA alone. These findings suggested that CEL might help restore the sensitivity of 4T1 cells to BA.

Cellular Uptake of F/CL@BM by Tumor Cells Alone or Co-Cultured with Fibroblasts

Next, we examined the internalization of the various drug formulations into co-cultured cells after labeling the formulations with
the green dye coumarin-6. F/CL@BM was internalized to the greatest extent, even more than CL@BM (Figure 3A). This likely
reflects internalization mediated by the folate receptor, because the internationalization of F/CL@BM was inhibited in the
presence of excess free folic acid. Similar results were observed in 4T1 monocultures or co-cultures of 4T1 tumor r cells and
NIH3T3 fibroblasts (Supplementary Figure 5A). These experiments with confocal microscopy were confirmed using flow
cytometry (Figure 3B). Consistent with the qualitative cell uptake experiment by CLSM, the results of flow cytometry shown in
Figure 3C demonstrated that folate-modified nanocarriers were detected with more C6 than other groups, with increases of
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Figure 2 Cytotoxicity of different drug formulations against 4T | tumor cells cultured alone or together with NIH 3T3 fibroblasts. The formulations described in Figure |
were used, as well as free betulinic acid (BA) and free celastrol (CEL). (A and B) Cytotoxicity was assessed using the Cell Counting Kit-8 assay with 4T | tumor cells cultured
(A\) alone or (B) together with NIH 3T3 fibroblasts. Data are mean * SD (n = 5). ***p < 0.0001, ***p < 0.001, *p < 0.05. (C) Cytotoxicity against 4T | monocultures was
assessed through staining with calcein-AM and propidium iodide. Live cells appear green; dead cells, red. Data are mean + SD (n = 3). Scale bar, 50 um.

2.3-fold and 1.4-fold compared to the C6 and CL@BM groups, respectively (p < 0.0001). In addition, the quantitative results of
FCM could demonstrate that tumor cells alone have a stronger ability to take up F/CL@BM than cells co-cultured with
fibroblasts. This may be due to the stronger uptake of folic acid by tumor cells (Supplementary Figure 5).

Effects of FFCL@BM on Migration of Tumor Cells Alone or Co-Cultured with
Fibroblasts

To evaluate the anti-migration activity of different drug formulations, we performed a scratch assay on 4T1 cells alone
(Figure 4A). The results showed that all drug formulations inhibited wound healing compared to the control group. The
group treated with both BA and CEL, and the group treated with CL@BM had slightly stronger inhibitory effects than the
free CEL group, while the group treated with ligand-modified Lip showed significantly stronger anti-migration activity. As
shown in Figure 4C, the cell migration rate of the group treated with F/CL@BM was 15.92%, lower than that of the other
groups, indicating that it had better anti-migration activity. In the tumor microenvironment (TME), the interaction between
tumor and stromal cells plays a role in tumor metastasis. In stroma cells, CAFs can secrete pro-migratory molecules to
promote tumor migration and metastasis.**=° To examine the anti-migratory activity of different drug formulations in the
presence of CAFs, the cell migration efficiency of different drug formulations was measured in the co-culture scratch assay
model. As shown in Figure 4B and D, regardless of the treatment conditions, 4T1 migration was greater in monocultures than
in co-cultures, reflecting that CAFs secrete molecules promoting tumor migration and metastasis.
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Figure 3 Uptake of drug formulations by 4T | tumor cells. The formulations described in Figure | were used. In each experiment, some cultures were treated with F/CL@BM in
the presence of excess free folic acid (“+FA”) or with free fluorescent dye coumarin-6 (Cé). (A) Confocal micrographs showing uptake of drug formulations by 4T cells cultured
alone. Scale bar, 50 um. (B) FCM image of Cé fluorescence intensity. (C) Quantitation of uptake using flow cytometry. Data are mean + SD (n = 3). ****p < 0.0001. Scale bar, 50 um.

Effects of F/CL@BM on Mitochondrial Membrane Potential in Tumor Cell

Monocultures

BA can penetrate the mitochondrial membrane, disrupting its ability to function as a physical barrier and to support
oxidative phosphorylation, as well as inducing the production of cytotoxic reactive oxygen species (ROS).** We
confirmed that F/CL@BM induced ROS production in 4T1 tumor cells cultured alone or together with NIH 3T3
fibroblasts, and the production was greater than with either drug on its own (Figure 5SA and B). We further confirmed
that this ROS production depolarized the mitochondrial membrane, and the effect was stronger with F/CL@BM than
with either drug on its own (Figure 5C).

Effects of F/CL@BM on Expression of Drug Resistance Proteins in Tumor Cells Alone

or Co-Cultured with Fibroblasts

To understand the proteins that might mediate the apparent resistance of 4T1 cells to BA in co-culture and that therefore may be
downregulated by F/CL@BM, we focused on a-SMA as well as the multidrug resistance proteins P-glycoprotein 1(P-gp) and
B-cell lymphoma-2 (Bcl-2). As expected, NIH 3T3 fibroblasts produced abundant a-SMA when co-cultured with 4T1 tumor
cells, presumably reflecting CAF activation, which the drug formulations, especially F/CL@BM, downregulated (Figure 6).
Meanwhile, other signature proteins of CAFs such as FAP, Fibronectin also showed significant reduction (Supplementary
Figure 6). To further verify the inhibitory effect of F/CL@BM on CAFs, we measured the expression of a-SMA, FAP,
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Figure 4 Effects of drug formulations on tumor cell migration in a wound healing assay. 4T | tumor cells were cultured alone or together with NIH 3T3 fibroblasts, the
monolayer was scratched, and migration by tumor cells into the wound area was quantitated. Cultures were exposed to the formulations described in Figure 2. “Control”
cultures were not exposed to any formulation. (A and B) Representative photomicrographs of (A) monocultures and (B) co-cultures immediately after the scratch and at 24

h later. (C and D) Quantitation of migration assays in (C) monocultures and (D) co-cultures. Data are mean + SD (n = 3). *p< 0.05, **p < 0.0, ***p < 0.001, ****p < 0.0001,
Scale bar, 100 um.

Fibronectin protein-related genes. Quantitative Real-time fluorescence quantitative PCR analysis showed a significant decrease
in the expression of these genes compared with the control group (Supplementary Figure 7). Our results suggested that F/
CL@BM had a stronger synergistic effect on suppressing the expression of signature proteins in CAFs. These data revealed that
the nanocombination of BA and CEL inhibited the activity of CAFs by rapidly reducing a-SMA, FAP, Fibronectin proteins.
Analogously, co-culturing 4T1 cells with fibroblasts upregulated P-glycoprotein 1 and Bcl-2, which the drug formulations,

especially F/CL@BM, downregulated. Analogously, co-culturing 4T1 cells with fibroblasts upregulated P-glycoprotein 1 and
Bcl-2, which the drug formulations, especially F/CL@BM, downregulated.
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Figure 5 Effects of drug formulations on mitochondrial membrane potential and expression of drug resistance proteins in tumor cells in vitro. Cultures were exposed to the
formulations described in Figure 2. “Control” cultures were not exposed to any formulation. (A and B) 4TI cells were cultured alone in the presence of 2',7'-
dichlorodihydrofluorescein diacetate, which is converted by reactive oxygen species into a green fluorescent product. (A) Representative micrographs. Scale bar, 50 um. (B)
Quantification of reactive oxygen species. (C) 4T | cells were cultured alone in the presence of fluorescent dye JC-1, which appears red when it can accumulate in the mitochondrial
matrix under normal conditions, but green otherwise. Thus, green color indicates abnormally permeable mitochondrial membrane. Scale bar, 50 um. *p < 0.01, ***p < 0.0001.
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Figure 6 Western blotting against a-SMA, Bcl-2, and P-gp in total soluble protein fractions from (1) control 4TI cells in monoculture, (2) control co-cultures of 4T cells
and NIH 3T3 fibroblasts, or co-cultures treated with (3) free CEL, (4) free CEL+BA, (5) CL, (6) CL@BM or (7) F/CL@BM. (A) Western blotting assay for the expression of
protein. (B) Quantitative analysis. ***p < 0.001, ****p < 0.0001.
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These findings identify three proteins that may help CAFs protect tumor cells from chemotherapy and that are
downregulated by F/CL@BM, which thereby sensitives the tumor cells to chemotherapy.

Biodistribution and Tumor Accumulation of F/CL@BM in Mice

We created a mouse model of breast cancer by co-injecting 4T1 mammary gland tumour cells with NIH 3T3 fibroblasts
into one of the animal’s mammary pads. Then we injected various drug formulations into these animals via the tail vein.
While BM disappeared fairly quickly from tumors, substantial F/CL@BM was visible in tumors even at 24 h after
injection (Figure 7A). These results were confirmed through ex vivo examination of individual tissues (Figure 7B), which
showed F/CL@BM levels in tumors to be up to 3-fold higher than levels of other formulations (Figure 7C). In contrast,
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Figure 7 Biodistribution of drug formulations in desmoplastic orthotopic tumors in vivo. Mice were co-injected with 4T | cells and NIH 3T3 fibroblasts in the fourth
mammary pad; after tumors attained adequate size, the animals were systemically injected with indicated formulations, defined in Figure I. (A) Time course of in vivo
fluorescence images at the indicated times after injection. (B) Fluorescence of tumors was measured ex vivo at 24 h after injection. (C) Representative fluorescence images.
(D) Fluorescence of major organs. Data are mean * SD (n = 3). **p < 0.01, **p < 0.001, ****p < 0.0001.
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CL@BM accumulated significantly more in liver than in tumors (Figure 7D). These findings corroborate the tumor-
targeting function of folate on the liposome surface.

Therapeutic Efficacy of F/CL@BM in Mice

Due to the good therapeutic effect in vitro and tumor distribution in vivo, we further evaluated the anti- tumor efficiency
of our designed nano-system in a rich matrix orthotopic breast cancer model. Tumor volume measurements showed that
different BA and/or CEL formulations significantly inhibited tumor growth (Figure 8A). However, compared with other
groups, F/CL@BM had the strongest inhibitory effect on tumor growth. This may be due to the synergistic effect of BA
and CEL compared with their individual use. Representative images of excised tumors (Figure 8B) roughly corresponded
to the trend of tumor weight changes as shown in Figure 8C. In addition, the tumor growth inhibition effect of the F/
CL@BM group was better than that of the unmodified CL@BM due to the folate-mediated endocytosis (p<0.05).
Consistent with the trend of tumor volume, the tumor weight of the F/CL@BM group was the lowest, as shown in
Figure 8C. Furthermore, TUNEL staining showed that there were almost no apoptotic cells in the PBS-treated group (no
TUNEL, brown), whereas the F/CL@BM-treated group showed the largest apoptotic area and other groups induced
varying degrees of tumor cell apoptosis consistent with the above results (Figure 8D).
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Figure 8 Antitumor efficacy of drug formulations in vivo. Mice were co-injected with 4T| cells and NIH 3T3 fibroblasts in the fourth mammary pad; after tumors attained
adequate size, the animals were systemically injected with indicated formulations, defined in Figure 2. “Control” animals were injected with PBS. (A) Tumor growth curves.
(B) Photographs of tumors excised on day |4 after injection. (C) Tumor weight on day |4 after injection. (D) TUNEL staining of tumor tissues sectioned on day |4 after
injection. Scale bar; 50um. Data are mean * SD (n = 5). *p < 0.05, *p < 0.0, ¥**p < 0.001, ***p<0.0001.
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Lung Metastasis Inhibition

Distant metastasis is the main reason for poor prognosis and high mortality of the patients with advanced breast cancer. We
performed an evaluation of the inhibitory effect of nanomaterials on pulmonary metastasis in vivo. As illustrated in Figure 9A,
the H&E lung staining images depicted a substantial burden of lung tumors except for the F/CL@BM group, which indicated
a significant inhibition of 4t1 tumor pulmonary metastasis due to F/CL@BM. The results from Figure 9B displayed a large
number of metastatic nodules observed in the lung, indicating the successful invasion of the tumor into the lung resulting in
distant metastatic foci. The combination therapy group exhibited a reduction in the number of surface nodules in the lung
compared to monotherapy, indicating that combination therapy improves the anti-metastatic effect. The number of nodules
was lower in the F/CL@BM group compared to other drug treatment groups, indicating inhibition of pulmonary metastasis.
The probable cause of this finding is the capability of F/CL@BM to effectively deliver more drugs to the metastatic area by
reducing the tumor barrier, thereby inhibiting the formation of lung nodules. In addition, the key role of CEL in this system
cannot be ignored because it can significantly inhibit the expression of a-SMA, FAP, Fibronectin in activated fibroblasts,
further regulating the TME and enhancing anti- tumor effects (Supplementary Figure 8). This conclusion is also supported by

the results of a-SMA and collagen expression at the tumor site detected by immunohistochemistry as shown in Figure 9C.
Therefore, we conclude that F/CL@BM could effectively reduce CAF activation in tumor tissues. Based on this, CAF-

mediated physical barriers are broken, and the anti-cancer effect of chemotherapy drugs is enhanced.

Safety Evaluation

Figure 10A revealed no significant differences in the heart, liver, spleen, and kidneys of the treatment group compared to the
control group, implying that the nanomaterials represent a safe delivery vehicle for anti- tumor drugs. In addition, there were
no significant changes or differences in mouse body weight across all groups, as shown in Figure 10B. Furthermore, no
differences were found for detected serum biochemistry values, including ALT and AST. Therefore, this finding suggested that
repeated intravenous injection of prepared nanoparticles does not lead to severe liver or kidney dysfunction or complications,

Control Free BA Free CEL Free BA+CEL BM CL

Control Free BA Free CEL Free BA+CEL BM CL CL@BM FICL@BM

Free BA

RS

Figure 9 Effects of drug formulations on the tumor microenvironment in vivo. (A) Thin sections of lung were prepared on day 14 after injection and stained with
hematoxylin-eosin. Scale bar, 50um. (B) Representative photographs of lungs excised on day 14 after injection. Tumor nodule are circled in yellow. (C)
Immunohistochemistry to detect 0-SMA and collagen | in thin sections of lung like those in panel (A). Scale bar; 40um. Data are mean * SD (n = 5).
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Figure 10 Safety evaluation. (A) H&E staining of main organs (hearts, livers, spleens, and kidneys) at the end of experiments. Scale bar=50 um. (B) Body weight of animals
during treatment. (C) Levels of serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) in serum on day |4 after injection. (Compared to control group.
*p<0.05, **p<0.01, ***p<0.001, n=5, mean +SD). Data are mean + SD (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001, ****p<0.0001.

as presented in Figure 10C and confirmed in the hemolysis experiment Supplementary Figure 9. Consequently, F/CL@BM is

a secure carrier for administering anti- tumor drugs.

Overall, these results suggest that F/CL@BM effectively inhibits tumor growth in vivo, but systemic toxicity can be
ignored, so co-delivery of anti- tumor drugs and anti-fibrotic agents shows great potential for breast and other CAF-rich tumors.

Limitations of the study should be taken into account while evaluating the results. One concern is with the
experimental conditions; the study explored the therapeutic effect of the nano-system only on BALB/c mouse models
injected with 4T1 cells. A more realistic data for clinical trials could be obtained from humanized immune system mouse
models injected with human breast cancer cells or tumor tissue from patients. Due to limited experimental equipment, the
study made efforts to maintain consistency of the different batch parameters (such as particle size, PDI, zeta potential,
encapsulation efficiency, drug loading) of the synthesized nanoparticles. However, the differences between the batches
are still outside of industrial production standards. Only the use of more precise instruments can reduce and standardize
the differences between different batches of nanoparticles.
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Conclusion

We have prepared a novel multifunctional nano-formulation that can target tumors in vivo with sequential release. Upon
systemic administration, the formulation first specifically aggregated at mesenchymal-rich tumor sites under FA guidance,
releasing CEL and BM. The released CEL was retained in the stroma to inhibit fibrosis by down-regulating the expression of
proteins such as a-SMA, collegen I, etc., in CAFs, which cleared the way for the subsequently released antitumor drugs to
enter into the cancer cells, where they similarly induced apoptosis. The co-loaded nano-formulations proved to be more
effective in inhibiting tumor growth and significantly reduced the number of lung metastases in mice than the formulations
with either drug alone. In summary, the present study was able to effectively inhibit tumor growth and metastasis in TNBC
by sequential delivery of two drugs, specific removal of CAFs, and increased drug penetration, providing a new strategy for
the treatment of TNBC. Given the powerful effects of CAFs in the tumor microenvironment on the growth and metastasis of
many types of cancers, our approach may prove to be effective for a variety of malignancies.
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