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ARTICLE INFO ABSTRACT
Keywords: Aims: Multidrug resistance in pancreatic cancer poses a significant challenge in clinical treatment. Bufalin (BA), a
Bufalin compound found in secretions from the glands of toads, may help overcome this problem. However, severe

Pancreatic cancer

Cancer cell membrane camouflaging
NOD2

Multidrug resistance

cardiotoxicity thus far has hindered its clinical application. Hence, the present study aimed to develop a cell
membrane-camouflaged and BA-loaded polylactic-co-glycolic acid nanoparticle (CBAP) and assess its potential to
counter chemoresistance in pancreatic cancer.

Methods: The toxicity of CBAP was evaluated by electrocardiogram, body weight, distress score, and nesting
behavior of mice. In addition, the anticarcinoma activity and underlying mechanism were investigated both in
vitro and in vivo.

Results: CBAP significantly mitigated BA-mediated acute cardiotoxicity and enhanced the sensitivity of pancreatic
cancer to several clinical drugs, such as gemcitabine, 5-fluorouracil, and FOLFIRINOX. Mechanistically, CBAP
directly bound to nucleotide-binding and oligomerization domain containing protein 2 (NOD2) and inhibited the
expression of nuclear factor kappa-light-chain-enhancer of activated B cells. This inhibits the expression of ATP-
binding cassette transporters, which are responsible for chemoresistance in cancer cells.

Conclusions: Our findings indicate that CBAP directly inhibits NOD2. Combining CBAP with standard-of-care
chemotherapeutics represents a safe and efficient strategy for the treatment of pancreatic cancer.

1. Introduction cancer, has significantly improved, that of pancreatic cancer remains
undesirable (Siegel et al., 2023). One of the main reasons is that most
Although the prognosis of some cancers, such as lung and breast patients are resistant to first-line chemotherapeutic drugs, including
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gemcitabine and 5-fluorouracil (Huang et al., 2022; Sethy and Kundu,
2021; Wu et al., 2022). Therefore, developing efficient strategies to
enhance the chemosensitivity of pancreatic carcinoma cells is a
well-accepted strategy for the development of next-generation
therapeutics.

Because of its excellent capacity to reverse chemoresistance by
regulating multimolecular pathways, bufalin (BA), the most popular
extracted compound from the skin glands of Bufo gargarizans Canto or
Duttaphrynus melanostictus Schneider, is being evaluated in various
cancers (Asrorov et al., 2023; Cheng et al., 2019). However, several
studies have demonstrated that BA is a cardiac glycoside similar to
digoxin that triggers acute cardiotoxicity, making the clinical applica-
tion of BA unacceptable (Bick et al., 2002).

In contrast to traditional therapeutic drugs that are taken up via
passive diffusion by normal and cancer cells, nanodrugs can be designed
to specifically target cancer cells and are able to extravasate and infil-
trate actively into solid tumors (Ashrafizadeh et al., 2022; Lu et al.,
2022; Pacheco et al., 2023). In addition, nanoparticles with a diameter
of approximately 100 nm accumulate preferentially in tumors by
enhanced permeation and retention effects (Koo et al., 2011). Thus,
nanotechnology is a promising strategy to reduce organ toxicity and
enhance the anticarcinoma effect of loaded drugs. However, these
exogenous nanodrugs are easily recognized and cleared by mononuclear
phagocytes (Liu et al., 2022; Lopes et al., 2023), which limits their
effectiveness. To overcome this limitation, cell membrane camouflaged
nanoparticles (CPNs) have been developed. Several studies have proven
that camouflaging is an efficient strategy for delivering drugs (Dhas
et al., 2022; Valcourt et al., 2018). Homologous cell membranes allow
CPNs to escape clearance by mononuclear phagocytes and effectively
accumulate at tumor sites. Therefore, CPNs may have the greatest po-
tential to reduce the cardiotoxicity of BA and thus accelerate clinical
applications. However, to the best of our knowledge, no studies have
evaluated the safety and efficacy of cell membrane camouflaged and
BA-loaded nanoparticles (CBAP) in treating pancreatic cancer.

Previous studies have suggested that BA can reverse chemoresistance
by multiple mechanisms (Chen et al., 2021; Miao et al., 2023). For
example, some studies have suggested that BA impairs nuclear factor
kappa-light-chain-enhancer of activated B cells (NF-«kB), a master target
of oligomerization domain containing protein 2 (NOD2), and prevents
the expression of classic ATP-binding cassette (ABC) transporters, such
as ABCB1 and ABCG2, which are major drug efflux pumps (Nomoto
et al., 2022; Zhan et al., 2020; Zhang et al., 2023). However, the direct
molecular target of BA remains unclear. Clarifying this issue will provide
potential targets for overcoming drug resistance in pancreatic cancer.

The goal of the present study was to evaluate whether CBAP is a
promising approach to reverse chemoresistance in pancreatic cancer.
Additionally, guided by computer-aided drug discovery, this study
identified a direct target of BA and clarified the mechanism that BA
reverses the resistance of pancreatic cancer cells by regulating the
NOD2/NF-kB/ABC transporter signaling pathway.

2. Materials and methods
2.1. Cell culture and reagents

The human pancreatic cancer cell lines PANC-1, SW1990, MIA PaCa-
2, and CFPAC-1 were purchased from the China Center for Type Culture
Collection (CCTCC) and cultured in a CO» incubator (ESCO, Singapore)
with 5% COy and 95% air at 37 °C. The gemcitabine (GEM)-resistant cell
lines GEM-MIAPaCa-2 and GEM-PANC-1 were developed as described
previously (El Amrani et al., 2019). SUIT-2 cells were derived from
metastatic liver tumors of human pancreatic carcinoma and obtained
from the Japanese Collection of Research Bioresources Cell Bank (Iwa-
mura et al., 1987). These cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM), which was purchased from HyClone (Logan,
USA, catalog no. SH30243.01), and supplemented with 10% fetal bovine
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serum (FBS, AusGeneX, Gold Coast, Australia, catalog no. FBS500-S)
plus 100 units/mL penicillin and 100 pg/mL streptomycin (Gibco,
New York, USA, catalog no. 15140-122). LTC is an immortalized rat
pancreatic stellate cell line that has been described previously (Jaster
et al., 2005; Sparmann et al., 2004; Zhang et al., 2018). Bufalin (BA,
catalog no. S7821), gemcitabine (GEM, catalog no. S1149), 5-fluoro-
uracil (5-FU, catalog no. S1209), oxaliplatin (OXA, catalog no. $1224),
irinotecan hydrochloride (IR, catalog no. S5026) and calcium levofoli-
nate (catalog no. S2588) were obtained from Selleck Chemicals (Hous-
ton, USA). GSK717 (catalog no. HY-136555), the traditional inhibitor of
NOD2, PPQ-102 (catalog no. HY-14179), the inhibitor of cystic fibrosis
transmembrane conductance regulator (CFTR), and bafilomycin Al
(BAFAL1, catalog no. HY-100558) were obtained from MedChemExpress
(Monmouth Junction, USA). Chloroquine diphosphate salt (CQ) was
obtained from Sigma-Aldrich (St. Louis, USA, catalog no. C6628).

2.2. Evaluating the antitumor activity of therapeutics in vitro

To evaluate cell viability, pancreatic cancer cells or LTC cells were
seeded at 4 x 10° cells per well onto a 96-well plate. On the following
day, these cells were treated with GEM, BA, PNs, CPNs, or CBAP at the
indicated concentrations. After 24 h, cell viability was evaluated by the
cell counting kit-8 (CCK-8, MedChemExpress, catalog no. HY-K0301),
and the absorbance was determined at 450 nm using a Synergy LX
multimode reader (BioTek, Winooski, USA). For assessment of cell
death, pancreatic cancer cells were seeded at 7 x 10° per well in a 6-well
plate and allowed to grow for 24 h. Subsequently, these cells were
treated with vehicles, 0.5 pM BA, 10 pM GEM, or 0.5 pM BA plus 10 uM
GEM for 24 h. The calcein-AM/PI double stain kit (Yeasen, Shanghai,
China, catalog no. 40747ES76) was used to stain the cells (Du et al.,,
2022). In addition, to verify the results of calcein-AM/PI double stain-
ing, trypan blue assays were performed to determine the percentage of
dead cells (Zhang et al., 2019b). Cells were treated with 0.05 pM CBAP,
10 pM GEM, 100 pM 5-FU, 1 pM OXA, FOLFORINOX (the dosage is
0.01-fold of that used in the clinic, containing 116 pM OXA, 167 uM IR,
361 pM folinic acid, and 1.67 mM 5-FU) or the corresponding drug
combination. After 24 h, in order to evaluate the percentage of dead
cells, trypan blue assay was performed and the data was calculated as
follows: Percentage of cell death (%) = 100% x dead cells/ (dead cells +
alive cells). The Q value was calculated according to the method re-
ported by Jin (1980). Q value > 1.15 indicates that the combinational
therapy has a synergistic effect; 0.85 < Q value < 1.15 represents a
simple additive effect, and Q value < 0.85 indicates an antagonistic
effect. To evaluate apoptosis and necrosis, MIA PaCa-2 cells were seeded
at 7 x 10° cells per well in a 6-well plate and treated with vehicles, 10
UM GEM, 0.5 pM CBAP, 100 pM GSK717, 10 pM PPQ-102 or the indi-
cated drug combination for 24 h. The percentage of apoptotic cells was
determined with the help of Annexin V-APC/PI apoptosis kit (Elabs-
cience, Houston, USA, catalog no. E-CK-A217) and a NovoCyte flow
cytometer system (Agilent, Santa Clara, USA) using the following for-
mula: 100% x (Annexin V-APC*PI" + Annexin V-APC'PI") cells/total
cells. The percentage of necrotic cells was calculated by the formula
100% x Annexin V-APCPI" cells/total cells (Chen et al., 2008; Jiang
et al., 2016).

2.3. Testing organ toxicity of BA

We intraperitoneally injected mice with 10 mg/kg, 2 mg/kg, or 1
mg/kg BA, and the mortality rate of the mice was determined. In pre-
vious studies, we developed and investigated the performance of some
noninvasive methods, such as animal distress score, body weight and
nesting activity, in evaluating the side effects and organ toxicity of drugs
(Zhang et al., 2020a). In the present study, to evaluate the toxicity of BA,
the distress score was determined at -30 min (min), 0 min, 30 min, 60
min, 120 min, and 240 min after injection of 1 mg/kg BA (N = 6). To
evaluate the nesting activity of mice, they were placed in individual
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cages one hour before the dark phase, as reported by previous studies
(Deacon, 2012; Kumstel et al., 2020a). After injection of chemical drugs,
a 1.0 g cotton ball was immediately provided, and the nesting score was
determined in the next morning.

For assessment of cardiotoxicity, the electrocardiography (ECG)
signal of mice was recorded by a biological signal acquisition system
(Yuyan Instruments, Shanghai, China). To evaluate drug toxicity to the
heart, liver and kidney, blood samples were taken from mice, and car-
diac troponin I, aspartate aminotransferase (AST), alanine transaminase
(ALT), creatinine (CREA), urea, and uric acid (UA), were determined.

2.4. Synthesis of the cell membrane-camouflaged bufalin delivery system

To develop the bufalin-loaded PNs (BAP), 100 pL of 5 mg/mL BA,
200 pL of 10 mg/mL polylactic-co-glycolic acid (PLGA), 200 pL of 16
mg/mL D-a-tocopheryl polyethylene glycol succinate (TPGS), and 300
pL acetone were premixed and dropped slowly into 4 mL deionized
water under stirring. Cell membrane vesicles (CMVs) were harvested
and extracted from MIA PaCa-2 cells as described previously (Zhang
et al., 2019a). These membranes were mixed with BAP, extruded
through a 200 nm porous membrane with the help of an extruder
(Avanti, Hilleroed, Denmark) and subsequently sonicated in an ice bath.
To optimize the CBAP process, different weight ratios of PLGA to BA,
such as 20:1, 10:1, 5:1 and 2:1 (the corresponding molar ratios are 1:2.3,
1:4.7,1:9.3 and 1:23.3), were evaluated. Subsequently, the drug loading
capacity and encapsulation efficiency were determined as described
previously (Zhang et al., 2021).

2.5. Characterization of the cell membrane-camouflaged bufalin delivery
system

The morphology of the nanoparticles was characterized by an
HT7800 transmission electron microscope (TEM, Hitachi, Tokyo,
Japan). The size distribution, zeta potential, and stability in PBS (pH =
7.4) containing 10% FBS, PBS (pH = 7.4) and PBS (pH = 5.0) were
determined by Zetatronix 919 (Opptronix, Shanghai, China). To verify if
we successfully developed the cell membrane-camouflaged bufalin de-
livery system, samples including PNs, CPNs, CMVs and cancer cells were
lysed and boiled. Subsequently, total proteins were visualized with the
support of sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and indicators of the cell membrane, mitochondria or
cytoplasm were determined with the support of Western blot and the
following antibodies (Chen et al., 2016; Yan et al., 2022): anti-Galectin 3
(ABclonal, Wuhan, China, catalog no. A11198, dilution: 1000 x),
anti-EPCAM (Beyotime, Shanghai, China, catalog no. AF0141, dilution:
1000 x), anti-COX IV (Cell Signaling, Danvers, USA, catalog no. 4850,
dilution: 1000 x) and anti-p-Actin-peroxidase (Sigma-Aldrich, catalog
no. A3854, dilution: 40000 x). Proteins were visualized using an ul-
trasensitive enhanced chemiluminescence kit (New Cell and Molecular
Biotech, Suzhou, China, catalog no. P10300) and MiniChemi™ 610
chemiluminescent imaging system (Sage Creation Science, Beijing,
China). In addition, the CPNs were evaluated by colocalization analysis
as described in our previous study (Zhang et al., 2021) with the support
of an Axio Vert. Al fluorescence microscope (Carl Zeiss, Oberkochen,
Germany).

2.6. Evaluating cellular uptake of the cell membrane-camouflaged bufalin
delivery system

To determine CPNs by fluorescence microscopy, the PNs and CMVs
were labeled with 3,3-dioctadecyloxacarbocyanine perchlorate (DiO,
Meilunbio, Dalian, China, code MB4239) and 1,1-dioctadecyl-3,3,3',3"-
tetramethylindocarbocyanine perchlorate (Dil, Meilunbio, code
MB4240), respectively. To evaluate the cellular uptake ability of nano-
particles, 7 x 10° MIA PaCa-2 cells per well were allowed to grow in a 6-
well plate for 24 h and incubated with DiI- and DiO-labeled CPNs for 3 h.
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The cell nucleus was stained using 4',6-diamidino-2-phenylindole
(DAPI, Beyotime, catalog no. C1002). To evaluate the cellular uptake of
CPNs, cells were incubated with Dil-labeled CPNs for different time
periods or with different ratios of CMVs and PNs. Subsequently, the
cellular uptake of nanoparticles was evaluated by a NovoCyte flow cy-
tometer system.

2.7. Orthotopic xenograft model and subcutaneous xenograft model

The animal experiments were approved by the Institutional Animal
Care and Use Committee of Shenzhen University and Peking University.
Six-week-old male BALB/c nude mice were purchased from Vital River
(Beijing, China) and fed standard laboratory chow and water ad libitum.
To evaluate the anticarcinoma activity of the therapeutics, the mice
were anesthetized with 1.2-2.5% isoflurane. A transverse incision was
made below the liver. The duodenum and pancreas were fixed by a
cotton swab, and 5 pL of 1 x 10° cells/puL MIA PaCa-2 suspension was
injected into the pancreatic head using a precooled Hamilton syringe
(Reno, USA). After placing the pancreas in the abdominal cavity, the
cavity was closed with a coated 5-0 Vicryl suture. On the fourth day
after cell injection, mice were weighed and randomly divided into six
groups. Subsequently, they were intravenously treated with vehicles (N
=15), 1 mg/kg CBAP (N = 15), 50 mg/kg GEM (N = 15), or 25 mg/kg 5-
FU (N = 15) twice a week. For combinatorial treatment (N = 15), mice
were intravenously injected with 1 mg/kg CBAP, and after 24 h, they
were treated with 50 mg/kg GEM or 25 mg/kg 5-FU via the tail vein. On
the 40th day after cell injection, mice were sacrificed, and the tumor
weight was determined. To observe the distribution of nanoparticles, a
subcutaneous xenograft model was developed. Briefly, 100 pL of 1 x 107
MIA PaCa-2 cells was subcutaneously inoculated into the right flank of
nude mice, and IR783 (Aladdin, Shanghai, China, catalog no. 1157644)-
labeled PNs or CPNs were intravenously injected. The distribution of the
nanoparticles was observed at predetermined time intervals by an Ani-
View600 multimode animal in vivo imaging system (Biolight Biotech-
nology, Guangzhou, China).

2.8. Western blot

To perform the Western blot assay, 4 x 10° pancreatic cancer cells or
GEM-resistant cancer cells per well were grown in 6-well plates for 24 h
and followed by the incubation of 0.05 pM BA, 0.05 pM CBAP, 50 uM
GSK717,5 pM CQ, 0.2 pM bafilomycin A1 (BAFA1) or 10 pM PPQ-102 in
the presence or absence of GEM for 6, 12 or 24 h, and the Western blot
was performed as previously described (Zhang et al., 2020b) using the
following antibodies: anti-NOD2 (ABclonal, catalog no. A15992, dilu-
tion: 1000 x), anti-ABCB1 (Proteintech, Chicago, USA, catalog no.
22336-1-AP, dilution: 1000 x), anti-ABCG2 (Proteintech, catalog no.
27286-1-AP, dilution: 1000 x), anti-CFTR (ABclonal, catalog no.
A8386, dilution: 1000 x), B-Actin-peroxidase antibody (Sigma-Aldrich,
catalog no. A3854, dilution: 40000 x), anti-Pdx1 (Cell Signaling, cata-
log no. 5679, dilution: 1000 x), anti-PSPC-1 (Proteintech, catalog no.
16714-1-AP, dilution: 1000 x), anti-NF-kB p65/RelA (ABclonal, catalog
no. A19653, dilution: 1000 x), recombinant anti-Lamin A+C antibody
(Abcam, Cambridge, UK, catalog no. ab133256, dilution: 1000 x),
anti-LC3B (ABclonal, catalog no. A19665, dilution: 1000 x),
anti-SQSTM1/p62 (ABclonal, catalog no. A19700, dilution: 1000 x),
anti-DFNA5/GSDME (Abcam, catalog no. ab215191, dilution: 1000 x).

2.9. Tandem RFP-GFP-targeted LC3 fluorescence microscopy and
transmission electron microscopy

To evaluate autophagic flux, 2 x 10° MIA PaCa-2 cells per well were
seeded one day prior to infection in a 12-well plate on 20-mm round
glass coverslips. On the following day, the cells were transfected with
RFP-GFP-targeted LC3 plasmid (Addgene, Watertown, USA, catalog no.
21074) using Lipofectamine 3000 (Thermo Fisher Scientific, Waltham,
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Fig. 1. Evaluating the antitumor effect and organ toxicity of BA. After treating cells with different dosages of GEM, the cell viability (A) and ICs, (B) of GEM were
determined. These data suggested that both MIA PaCa-2 and PANC-1 are intrinsically resistant to GEM. The calcein-AM/PI assay (C) and trypan blue staining proved
that BA synergistically increased GEM-mediated cell death in MIA PaCa-2 (D) and PANC-1 (E) cells. Additionally, BA was observed to increase chemosensitivity in the
acquired GEM-resistant cell lines GEM-MIA PaCa-2 (F) and GEM-PANC-1 (G). However, BA had severe organ toxicity, which was determined by the mortality rate
(H), distress score (1), nesting behavior (J and K) and ECG (L). N = 5 for (A-B); N = 5 for (D-G); N = 6 for (I-K).

USA, catalog no. L3000001), and the autophagic flux was determined
with the support of an ECLIPSE Ti2 confocal microscope (Nikon, Tokyo,
Japan) after treating cells with 0.05 pM CBAP for 24 h. In order to
evaluate the autophagy and pyroptosis by TEM, 7 x 10°> MIA PaCa-2
cells per well were seeded into 6-well plates for 24 h. These cells were
treated with 0.05 pM CBAP, 10 pM GEM, or the drug combination for

another 24 h and fixed using 2.5% glutaraldehyde in 0.1 M cacodylate
buffer. After preembedding, dehydration and polymerization were
performed. The cell samples were ultrathin sectioned by a Leica EM UC7
ultramicrotome (Leica, Wetzlar, Germany) and stained with 2% ura-
nium acetate saturated alcohol solution. The images were obtained with
the support of a HT7800 TEM.
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Fig. 2. Development and characterization of CPNs. The cell membrane-camouflaged delivery system for BA was developed using PLGA, TPGS, and cancer cell
membrane (A). To obtain the optimized size of CPNs, different concentrations of PLGA were evaluated (B). The optimal ratio of PNs to CMVs was 1:0.5, at which
CPNs could be significantly endocytosed by the tumor cells (C and D). TEM (E), size distribution (F) and zeta potential (G) were used to characterize the morphology
of PNs, CMVs (positive control), and CPNs. SDS—PAGE (H), Western blot (I), and fluorescence colocalization (J) were applied to verify that the membrane was
successfully coated the surface of PNs. In addition, the size of CPNs in different media remains constant (K). N = 7 for (C-D); N = 6 for (G).

2.10. RNA sequencing

To evaluate if and how CBAP regulates the expression of ABC
transporters, 4 x 10° MIA PaCa-2 cells per well were grown in 6-well
plates for 24 h. These cells were treated with 0.5 pM CBAP for 24 h.
RNA was extracted using TRIzol (Thermo Fisher Scientific, catalog no.
15596026), and Illumina next-generation sequencing was used to
evaluate the expression of mRNA. The DESeq2 package in R was applied
to determine the differentially expressed genes with pagj < 0.05 and |
log; (fold change) | > 1.

2.11. Molecular docking

To compare the communication between inhibitors and the target
protein NOD2, a virtual molecular docking approach was used in the
present study. The structure of human NOD2 protein was predicted by
AlphaFold (https://alphafold.ebi.ac.uk/entry/Q9HC29), and the 3D
structures of BA (Compound CID: 9547215) and GSK717 (Compound
CID: 102369397) were obtained from PubChem. The docking pocket of
NOD2 was predicted by the DoGSiteScorer method in ProteinsPlus.
Subsequently, molecular docking was performed using AutoDock Vina,
in which docking pockets constructed by AutoDockTools were centered
at —1.76 A, 2.57 &, and — 1.96 A with sizes of 23.25 A x 27.0 A x 47.25

A. Subsequent molecular interaction and visualization were achieved by
PyMOL.

2.12. Statistical analysis

The results are presented as medians with 95% confidence intervals.
The Mann-Whitney rank sum test followed by Bonferroni correction was
applied to evaluate the significant differences, and a P value lower than
0.05 divided by the number of meaningful comparisons was considered
significant.

3. Results
3.1. BA reverses the resistance of pancreatic cancer to GEM

To determine intrinsic drug resistance, the cell lines CFPAC-1,
SW1990, SUIT-2, MIA PaCa-2, and PANC-1 were treated with GEM
(Fig. 1A). Compared to other cell lines, MIA PaCa-2 and PANC-1 cells
exhibited the highest resistance to GEM (Fig. 1B). Subsequently, the
effect of BA on intrinsic chemoresistance was evaluated in these two cell
lines. We observed that the combinational therapy increased the per-
centage of dead cells compared to cells treated with 10 pM GEM
(Fig. 1C). This is supported by trypan blue assay, which proved that 0.5
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Fig. 3. Investigating the efficacy and safety of CPNs for the delivery of BA. CCK-8 analysis proved that the delivery system, CPNs, had no effect on the growth of
tumor cells (A) and cells in the tumor environment (B). Fluorescence microscopy showed that compared to PNs (green dots), more CPNs (yellow dots) were absorbed
by tumor cells (C). Indeed, the cellular uptake of CPNs was increased in a time-dependent manner (D). In vivo fluorescent images (E) and ex vivo results (F and G) also
proved that CPNs are superior to PNs in the delivery of BA to the tumor sites. When the mass ratio of PLGA to BA was 2:1, CBAP had great drug loading capacity (H)
and encapsulation efficiency (I). The nesting score (J and K) and ECG (L) proved that CBAP eliminated the cardiotoxicity of BA. Moreover, the biochemical blood test
demonstrated that CBAP did not impair the functions of the liver (M and N) or kidney (0-Q). N = 4 for (A-B); N = 7 for (D); N = 7 for (M-Q).

HM BA synergistically increased GEM-induced cell death in intrinsic
GEM-resistant pancreatic cancer cells, MIA PaCa-2 (Fig. 1D) and PANC-1
(Fig. 1E). Next, we established two acquired GEM-resistant cell lines,
GEM-MIA PaCa-2 and GEM-PANC-1, and we observed that ICsg of these
two cell lines were significantly higher than those corresponding
parental cell lines (Fig. S1). We then evaluated the effect of BA in GEM-
MIAPaCa-2 (Fig. 1F) and GEM-PANC-1 (Fig. 1G). We found that 0.5 pM
BA significantly decreased the resistance of cells to GEM. These results,

in summary, suggest that BA can significantly increase the sensitivity of
pancreatic cancer cells to GEM.

To evaluate the benefit of BA in vivo, we performed a preliminary
experiment and intraperitoneally injected 10 mg/kg, 2 mg/kg, or 1 mg/
kg BA into mice. We observed that the animals developed cardiac
glycoside poisoning symptoms, such as palpitations, shortness of breath,
and convulsions. As indicated in Fig. 1H, only a few mice survived after
treated with 10 mg/kg BA or 2 mg/kg BA. Although 1 mg/kg BA did not
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Fig. 4. Evaluating the benefit and safety of CBAP and its combination with distinct chemotherapeutic agents in vitro and in vivo. CCK-8 (A), trypan blue (B),
and calcein-AM/PI (C) analyses suggested that the anticarcinoma activity of CBAP was superior to that of BA. In addition, CBAP enhanced sensitivity to GEM in both
MIA PaCa-2 (D) and GEM-MIA PaCa-2 cell lines (E and F). Moreover, although CBAP significantly increased chemotherapeutic agents-induced cell death (G-J), the Q
value indicated that only the combinational strategies of CBAP plus GEM, CBAP plus FOLFORINOX and CBAP plus 5-FU synergistically induced cell death (K). The
orthotopic xenograft model (L) also proved that CBAP significantly enhanced the antitumor effect of GEM and 5-FU (M). In addition, CBAP did not affect the body
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Fig. 5. Clarifying the molecular mechanism by which CBAP reverses GEM resistance by reducing the expression of classic ABC transporters. Flow

cytometry proved that compared to GEM monotherapy, CBAP plus GEM signific.

antly increased apoptosis (A) but did not influence necrosis (B) in pancreatic cancer

cells. Western blot and TEM suggested that the combinational therapy induced pyroptosis (C and D). Mechanistically, we observed that CBAP inhibited the expression
of ABCB1 and ABCG2 (E) and decreased the expression of NF-kB and NOD2 (F). In addition, AlphaFold and molecular docking (G and H) implied that similar to
GSK717, BA directly binds to NOD2, the classic regulator of NF-kB. Indeed, inhibition of NOD2 activity could impair the expression of NF-kB (I) andABC transporters
(J). This increased GEM-induced apoptosis (K), but did not influence pyroptosis (L). N = 4 for (A-B); N = 4 for (K).

impair the survival of mice, it significantly increased the distress score
(Fig. 1I) and decreased the nesting score (Fig. 1J and K), which we
developed and proved to be a sensitive strategy in evaluating the toxicity
of drugs (Kumstel et al., 2020a; Kumstel et al., 2020b). In addition,
inverted T waves were observed in the electrocardiogram (ECG) after
injection of 1 mg/kg BA (Fig. 1L). This indicated that BA caused severe
acute cardiotoxicity.

3.2. Development and characterization of CPNs

To decrease the accumulation of BA in the heart and reduce its car-
diotoxicity, PLGA nanoparticles (PNs) were developed and camouflaged
by cell membrane vesicles (CMVs) (Fig. 2A). As indicated in Fig. 2B, to
optimize the development process of CPNs, various concentrations of
PLGA were investigated. We observed that when the concentration of
PLGA is 2.5 mg/mL, the size of synthesized nanoparticles is around
100 nm. This is an optimal size for nanoparticles according to the
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literatures (Duan and Li, 2013; Li et al., 2023; Wang et al., 2015).
Consequently, this concentration was selected for the subsequent ex-
periments. To determine the optimal ratio of PNs to CMVs, carcinoma
cells were incubated with vehicles (Sham), PNs, CPNs1 (1:0.25), CPNs2
(1:0.5), CPNs3 (1:1) and CPNs4 (1:2), and the mean fluorescence in-
tensity (MFI) was determined. We observed that CPNs2 significantly
increased the MFI of carcinoma cells compared to vehicles (Sham), PNs,
and CPNsl (Fig. 2C and D). In addition, we observed that CPNs were
covered by membranes (Fig. 2E). Moreover, the size distribution
(Fig. 2F) and zeta potential (Fig. 2G) were similar to those of CMVs.
Therefore, we used this ratio (PN: CMV at 1:0.5) for subsequent exper-
iments. To verify the CPNs, the membrane proteins and cytoplasmic
proteins were determined by SDS—PAGE and Western blot. This indi-
cated that CPNs and CMVs loaded proteins compared to PNs (Fig. 2H),
and these proteins are membrane proteins, such as Galectin 3 and
EPCAM (Fig. 2I). We did not observe COX IV (mitochondrial protein)
and p-Actin (cytoplasmic protein) in CMVs and CPNs (Fig. 2I), which
suggested that the cytoplasmic and mitochondrial proteins were suc-
cessfully removed. In addition, a fluorescent colocalization assay was
conducted to observe the membrane coating on PNs (Fig. 2J). In the
mixture group, red and green dots were randomly distributed. However,
the green fluorescent signal of DiO-PNs and the red fluorescence of
DiI-CMVs were superimposed together in CPNs, resulting in yellow dots
(Fig. 2J). We determined the size of nanoparticles at 2-12h and
observed that the size did not change over time. This suggests that CPNs
is stable (Fig. 2K).
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3.3. CBAP is a safe and efficient treatment for pancreatic cancer

To investigate whether CPNs influence the viability of pancreatic
cancer cells (Fig. 3A) and the cells in the tumor environment (Fig. 3B),
we incubated the cells with different concentrations of PNs and CPNs
and observed that neither PNs nor CPNs significantly affected the
viability of carcinoma cells (Fig. 3A) or LTC cells (Fig. 3B). This suggests
that CPN is a safe strategy for the delivery of BA. To observe the cellular
uptake of PNs and CPNs, PLGA and CMVs were labeled with DiO and Dil,
respectively. Compared to PNs, a large amount of CPNs were observed
inside cells. Meanwhile, we can observe that the red fluorescence is
overlapped with green fluorescence in CPNs (Fig. 3C). In addition, we
observed a time-dependent increase of MFI in MIA PaCa-2 cells
(Fig. 3D). To evaluate the cellular uptake of CPNs in vivo, IR783-labeled
PNs or CPNs were injected into the tail vein of mice, and the fluores-
cence was determined. When compared to PNs, the accumulation of
CPNs at tumor site was high (Fig. 3E). In addition, ex vivo fluorescent
images proved that CPNs preferentially accumulated in the tumor when
it was compared to other organs, such as the heart, liver, spleen, lung,
and kidney (Fig. 3F and G).

To evaluate the efficacy of CPNs, the drug loading capacity (Fig. 3H)
and encapsulation efficiency (Fig. 3I) were investigated. When the mass
ratio of PLGA to BA was 2:1, the delivery system had acceptable
encapsulation efficiency (Fig. 3I). Therefore, we used this ratio to
develop the CBAP. To evaluate the toxicity of CBAP, we investigated the
nesting score and cardiotoxicity. We observed that compared to Sham,
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Fig. 6. Elucidation of the molecular mechanism by which CBAP overcomes chemoresistance by reducing CFTR, an unclassified ABC transporter. Western
blot assays suggested that both CBAP (A) and GSK717 (B) inhibited the expression of CFTR and NF-kB in cancer cells. Inhibition of CFTR by PPQ-102 increased the
anticarcinoma activity of GEM by influencing apoptosis (C). In addition, we observed that inhibition of CFTR blocked autophagic flux via Western blot (D), TEM (E)
and confocal microscopy (F), which is similar to the effect of CBAP (G and H). We found that blocking autophagy by CQ could increase GEM-induced cell death (I and

J). N =4 for (C); N =5 for (J).
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CBAP did not influence the nesting score (Fig. 3J and K), and most
importantly, it did not induce cardiotoxicity (Fig. 3L). Additionally,
blood biochemical results suggested that CBAP did not impair the
functions of the heart (Fig. S2), liver (Fig. 3M and N) and kidney
(Fig. 30-Q).

3.4. CBAP reversed multiple drug resistance in pancreatic cancer

To evaluate the benefit of CBAP in treating pancreatic cancer, cell
viability (Fig. 4A) and cell death (Fig. 4B) were determined. The anti-
carcinoma activity of 0.5 pM CBAP was slightly superior to that of
0.5 pM BA (Fig. 4A and B). Very similar results were obtained by the
calcein-AM/PI double staining assay. Compared to BA-treated cells, the
percentage of PI-positive cells increased in CBAP-treated cells (Fig. 4C).

To evaluate the benefit of CBAP in the reversal of multiple drug
resistance, 0.5 pM CBAP in combination with 10 pM GEM was used to
treat MIA PaCa-2 cells (Fig. 4D). We observed that 0.5 pM CBAP and
10 pM GEM slightly induced cell death; however, the combinational
therapy significantly induced cell death when compared to each mon-
otherapy (Fig. 4D). The benefit of CBAP in distinct chemotherapeutic
strategies was also evaluated in GEM-resistant pancreatic cancer cells
(Fig. 4E and F) and parental cells (Fig. 4G-J). The Q value indicated that
CBAP not only increased the sensitivity of pancreatic cancer cells to
GEM but also synergistically increased the anticarcinoma activity of 5-
FU (Fig. 4K). However, it did not reverse the resistance to OXA or IR
(Fig. 4K). To confirm the in vitro results, the combinational therapies
CBAP plus GEM and CBAP plus 5-FU were evaluated in an orthotopic
xenograft model (Fig. 4L). Compared to monotherapy, the combina-
tional therapies significantly decreased the tumor weight (Fig. 4M), but
they did not significantly change the body weight (Fig. 4N) or nesting
score (Fig. 40). These findings support that CBAP could be a safe and
efficient strategy for the treatment of pancreatic cancer.

3.5. CBAP enhanced chemosensitivity by directly targeting NOD2

To clarify how CBAP enhanced the chemosensitivity of pancreatic
cancer cells to chemical drugs, we first determined the forms of cell
death after incubation of the cells with CBAP and GEM. CBAP signifi-
cantly increased GEM-induced apoptosis (Fig. 5A); however, it did not
influence necrosis (Fig. 5B). Furthermore, CBAP elevated the levels of N-
terminal fragment of GSDME (GSDME-N), which punched holes in the
cell membrane and resulted in pyroptosis (Fig. 5C and D).

To evaluate whether ABC transporters were involved in CBAP-
mediated chemosensitivity, we evaluated the expression of ABCB1 and
ABCG2, two classic transporters known to be involved in GEM resis-
tance. Indeed, CBAP decreased the expression of the classic transporters
(Fig. 5E). To investigate how CBAP regulates the expression of these
transporters, we determined the expression of paraspeckle component 1
(PSPC1), pancreatic duodenal homeobox gene-1 (Pdx1) and nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-kB) (Fig. S3).
We observed that CBAP decreased the expression in cytoplasm and
nuclear accumulation of NF-kB (Fig. S4A); however, CBAP did not in-
fluence the levels of PSPC1 and Pdx1 (Fig. S3). Also, we observed CBAP
downregulates the expression of NOD2, which regulates the activity of
NF-kB (Fig. 5F). The molecular docking results suggested that similar to
GSK717, a traditional inhibitor of NOD2, BA can also directly bind to
NOD2 (Fig. 5G and H, Fig. S5), and the distance between BA and GLU-
258 amino acid residues or SER-773 amino acid residues of NOD2 are
listed in Tab.S1. This suggests that NOD2 and NF-kB are involved in
regulating the expression of ABC transporters. To verify this hypothesis,
we downregulated NOD2 by GSK717. Inhibition of NOD2 impaired the
total expression and nuclear accumulation of NF-xB (Fig. 51, Fig. S4B),
and decreased the expression of ABC transporters (Fig. 5J). In addition,
we observed that inhibition of NOD2 promotes GEM-induced apoptosis
(Fig. 5K) but not influence pyroptosis (Fig. 5L). This suggested that
CBAP increased chemosensitivity by targeting NOD2 and inhibiting NF-

10
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kB activity.

To evaluate whether CBAP regulated unclassified ABC transporters,
we systematically treated the cells with CBAP and evaluated the
expression of ABC transporters. We observed that CBAP significantly
decreased the levels of CFTR (Fig. S6). To investigate how CBAP regu-
lates the expression of CFTR, we evaluated the expression of NF-kB and
CTFR in MIA PaCa-2 cells and GEM-MIA PaCa-2 cells. Western blot
analysis indicated that CBAP decreased the expression of CFTR by
impairing the activity of NF-kB (Fig. 6A). Indeed, downregulating the
expression of NF-kB decreased the levels of CFTR (Fig. 6B). In addition,
Annexin V-APC and PI staining proved that inhibition of CFTR activity
significantly increased GEM-mediated apoptosis (Fig. 6C). These results
suggested that CFTR was also responsible for GEM resistance.

To evaluate how CFTR regulates the resistance of pancreatic cancer
cells to GEM, we investigated autophagic flux, as we previously reported
that blocking autophagy enhanced the anticarcinoma activity of GEM
(Zhang et al., 2019b). Indeed, we observed that downregulating the
expression of CFTR by PPQ-102 increased the accumulation of LC3II and
p62 in the presence or absence of BAFAI, an inhibitor of lysosomal
degradation (Fig. 6D). The accumulation of autophagosomes was
observed by TEM (Fig. 6E) and confocal microscopy (Fig. 6F). This
suggested that PPQ-102 blocked autophagic flux, and similar results
were obtained when cells were treated with CBAP (Fig. 6G and H). To
verify whether blocking autophagy increased the sensitivity of cancer
cells to GEM, we treated MIA PaCa-2 cells with 5 pM CQ and 10 pM GEM
(Fig. 6I) and observed that CQ blocked autophagic flux and increased the
accumulation of LC3 and p62. Moreover, blocking autophagy signifi-
cantly enhanced the anticarcinoma activity of GEM (Fig. 6J). In
conclusion, these data indicate that CBAP reverses the resistance of
pancreatic cancer by targeting NOD2 and blocking autophagic flux.

4. Discussion

Although many studies have shown that BA inhibits the growth of a
variety of tumors, including breast, lung, and pancreatic cancers, few
studies have reported the organ toxicity of BA, especially cardiotoxicity,
which prevents the drug from being clinically used (Sheng et al., 2021;
Soumoy et al., 2022). In the present study, we observed that the ICs of
BA was lower than that of GEM in pancreatic cancer cells (Fig. S7,
Fig. 1A and B). This suggests that the anticancer activity of BA is superior
to that of GEM. However, it leads to severe toxicity. Even though we
used a very low dosage (1 mg/kg BA) for intraperitoneal injection, we
still observed that BA induced cardiotoxicity and significantly decreased
the activity of mice (Fig. 1J-L).

CPN is a novel and promising strategy for the delivery of drugs.
Compared to traditional delivery systems, CPNs are camouflaged by cell
membrane vesicles, thereby allowing these nanoparticles to retain a
high degree of similarity to their cancer target cells in terms of structure
and function (Anaya-Ruiz et al., 2019; Fang et al., 2023). This also al-
lows CPNs to escape clearance by mononuclear phagocytes (Wang et al.,
2023). Currently, several cell membranes, such as erythrocytes, lym-
phocytes, platelets, and cancer cells, have been used to camouflage
nanoparticles (Zeng et al., 2023). Compared to other membranes, cancer
cell membranes are easy to obtain because of the proliferative capacity
of cancer cells. In addition, cancer cell membranes exhibit unique ho-
mologous adhesion molecules that enhance tumor targeting (Wu et al.,
2023). Therefore, to reduce cardiotoxicity and increase the accumula-
tion of BA in tumor cells, we developed CBAP for the present study by
using carcinoma cell membranes (Fig. 2A). We observed that 1 mg/kg
CBAP did not lead to cardiotoxicity (Fig. 3L). Similar to BA, other
digitalis analogs are also highly toxic. Their therapeutic dosages are very
similar to toxic doses, which extremely narrows the safe range of dos-
ages (Bauman et al., 2006). Cell membrane camouflaged technology is a
promising strategy to solve this challenging problem. Future studies
should investigate which kind of cell membrane is the optimal tool for
the transport of BA and other digitalis analogs.



Drug Resistance Updates 71 (2023) 101005

W. Zhang et al.
A e '
< ' 3&{*&4-
o ; + &b
s ) ®o w
® BA
> : PNs
S '
x :
8 b ” : L Gl
o :
© me :
S ' Cell membrane
- Bufo :
@
S ]
° v
@ o it
o Y S—————
Wl - I P b shor o
o .
ECG Nesting

-

Autophagy

/\ \ -» Chemoresistance

Fig. 7. CBAP effectively reduces the organ toxicity of BA and reverses multidrug resistance in pancreatic cancer. (A) We encapsulated BA in the cell
membrane camouflaged PLGA nanoparticles to prepare CBAP, and CBAP did not impair the heart, liver and kidney of mice. (B) We found that CBAP targeted NOD2
directly and reversed chemoresistance via the NOD2/NF-kB/ABC transporter axis.

In the present study, CBAP significantly reversed the resistance of
pancreatic cancer cells to first-line chemotherapeutics, such as GEM, by
enhancing GEM-mediated apoptosis and pyroptosis (Fig. 5). This sug-
gests that CBAP may be a promising strategy for the treatment of
pancreatic cancer by targeting multiple molecules and inducing
different forms of cell death. Previous studies proved that the ABC
transporter family plays a vital role in the chemoresistance of pancreatic
cancer (Capula et al., 2022; Gu et al., 2022). Totally 48 kinds of proteins
in ABC transporter family have been identified; however, only some of
them are involved in the efflux-mediated chemoresistance of pancreatic
cancer cells (Bueschbell et al., 2022; Fan et al., 2023; Lu et al., 2019;
Tanaka et al., 2011). For example, Dong et al. proved that ABC trans-
porters, such as ABCB1, caused resistance of pancreatic cancer cells
against GEM (Bai et al., 2022). Indeed, we observed that CBAP down-
regulates the expression of ABCB1 and ABCG2, and overcomes multi-
drug resistance by inhibiting the NOD2/NF-xB axis (Fig. 5). This result
suggested that expressions of ABC transporters and NOD2 are propor-
tional to the anticarcinoma activity of GEM.

To identify other ABC transporters that lead to chemotherapeutic
drug resistance, we systematically evaluated the expression of ABC
transporters by RNA sequencing and observed that CBAP significantly
decreased the expression of CFTR. Mutations in CFTR have been iden-
tified as significant risk factors for developing pancreatic cancer (Malats
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et al., 2001; McWilliams et al., 2010; Singh et al., 2007). Interestingly,
we observed that CBAP inhibits the expression of CFTR and increases the
sensitivity of pancreatic cancer cells to GEM. This suggests that CFTR
may be involved in chemoresistance (Fig. 6). CFTR is a membrane
protein responsible for the transmembrane transport of chloride and
bicarbonate ions (Baharara et al., 2023). Intracellular bicarbonate ions
and pH regulate autophagy and contribute to the response of cancer cells
to chemical drugs. For example, SLC4A7, a member of the Na'/H"
exchanger family, is involved in the sensitivity of cancer cells to 56
drugs, such as mitomycin, spiromustine, and mitoxantrone (Huang
et al., 2004; Li et al., 2022). Therefore, we evaluated the level of auto-
phagy and observed that inhibition of CFTR blocked autophagic flux and
increased the sensitivity of cancer cells to chemotherapy. This may be a
result of increased intracellular pH and impairment of lysosomal func-
tion. Currently, some inhibitors of CFTR, such as PPQ-102 and
CFTR-inh172, are being evaluated in the treatment of SARS-CoV-2
(Lagni et al., 2023) and T-cell acute lymphoblastic leukemia (Liu
et al., 2019). To the best of our knowledge, no study has evaluated the
benefit of CFTR inhibitors in treating pancreatic cancer and
autophagy-associated diseases. Thus, future studies need to verify our
observations.

Indeed, the present study proves that CBAP effectively reduces BA-
mediated cardiotoxicity and overcomes multidrug resistance in
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pancreatic cancer. However, there are still some limitations. First, we
did not evaluate the purity of the cell membrane extract. Due to the
malignant biological behavior of cancer cells, it is necessary to clear the
nucleus and genes from the cell membranes and eliminate the carcino-
genic risk. Thus, future studies need to investigate the risk of cell
membrane-camouflaged nanoparticles in tumorigenesis. As mentioned
before, several cell membranes, such as erythrocytes, lymphocytes,
platelets and cancer cells, have been used to camouflage nanoparticles
(Dhas et al., 2022). However, the current study does not investigate
which kind of cell membrane is optimal to deliver BA as well as other
digitalis analogs. Mechanistically, the present study indicates that CFTR
is involved in the chemoresistance of pancreatic cancer cells. Further-
more, we also observed a slight elevation in the expression of CFTR in
the GEM-resistant MIA PaCa-2 cells (GEM-MIA PaCa-2) compared to
their parental counterparts (Fig. S8). However, how CFTR affects
multidrug resistance still needs to be elucidated. In general, CFTR was
reported to be expressed on the surface of lysosomal or cytoplasmic
membranes, where it plays a crucial role in transporting chloride and
bicarbonate ions (Baharara et al., 2023). Further elucidation is required
to determine whether CFTR functions as a pump, akin to ABCB1 and
ABCG2, facilitating drug efflux from cells and ultimately mediating
chemoresistance. Clarifying this issue will further expand our under-
standing of CFTR and multidrug resistance.

5. Conclusion

In conclusion, the present study developed a novel nanodrug called
CBAP, which effectively alleviates the cardiotoxicity associated with BA
(Fig. 7A) and reverses the resistance of pancreatic cancer cells to GEM
and 5-FU (Fig. 7B). The underlying mechanism involves direct binding
to NOD2, leading to impaired NF-kB activity. This inhibits the expres-
sion of the classic ABC transporters ABCB1 and ABCG2, which leads to
the efflux of chemical drugs and contributes to pancreatic cancer che-
moresistance (Fig. 7B). In addition, CBAP-mediated inhibition of NF-xkB
decreases the expression of CFTR and hinders autophagic flux, another
contributor to chemoresistance in pancreatic cancer (Fig. 7B). Thus,
CBAP is a promising nanodrug that efficiently reverses drug resistance
by targeting the NOD2/NF-kB signaling pathway and regulating multi-
ple mechanisms.
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