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ARTICLE INFO ABSTRACT

Keywords:

Immunotherapy has gained increasing focus in treating pancreatic ductal adenocarcinoma (PDAC), since con-
ventional therapies like chemotherapy could not provide satisfactory improvement in overall survival outcome of
PDAC patients. However, it is still not the game changing solution due to the unique tumor microenvironment
and low cancer immunogenicity of PDAC. Thus, inducing more intratumoral effector immune cells as well as
reversing immunosuppression is the core of PDAC treatment. Herein, we demonstrate an exosome-based dual
delivery biosystem for enhancing PDAC immunotherapy as well as reversing tumor immunosuppression of M2-
like tumor associated macrophages (M2-TAMs) upon disruption of galectin-9/dectin 1 axis. The deliver system is
constructed from bone marrow mesenchymal stem cell (BM-MSC) exosomes, electroporation-loaded galectin-9
siRNA, and surficially modified with oxaliplatin (OXA) prodrug as an immunogenic cell death (ICD)-trigger. The
use of biomaterials, BM-MSC exosomes, can significantly improve tumor targeting efficacy, thus increasing drug
accumulation in the tumor site. The combined therapy (iEXO-OXA) elicits anti-tumor immunity through tumor-
suppressive macrophage polarization, cytotoxic T lymphocytes recruitment and Tregs downregulation, and
achieves significant therapeutic efficacy in cancer treatment.

Pancreatic cancer immunotherapy
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1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is generally a fatal dis-
ease with a <6% five-year survival outcome [1]. Since limited benefits
are demonstrated with traditional treatments like surgical resection and
chemotherapy, new therapeutics for PDAC are under urgent demands.
During recent years, immunotherapy is considered as a specific protec-
tive strategy for cancer treatment, which is characterized by activated
host immune response, accompanied by recognition and elimination of
tumor cells. Although immunotherapy has gained a tremendous mo-
mentum following the great success of immune checkpoint inhibitors in
leukemia and melanoma, PDAC is disappointingly an exception due to
its unique immunosuppressive tumor microenvironment (TME) and low
cancer immunogenicity [2-4].

Other than tumor cells, the TME of PDAC is featured with exceed-
ingly rich stroma, which almost takes 90% content of the tumor mass.
Immune cells are not rare in the TME and comprise nearly 50% of the
stroma cellular component, however, only a few of which are antitumor
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effector cells [5]. In other word, most of the immune cells are hijacked
immunosuppressive cells that are forced to facilitate the tumor pro-
gression. These suppressive leukocytes, including myeloid-derived
suppressor cells (MDSCs), M2-polarized tumor associated macro-
phages (M2-TAMs), as well as regulatory T cells (Tregs), establish a
comprehensive interaction, and inhibit the function of cytotoxic T
lymphocytes through nutrition depletion, phenotype alternation,
apoptosis and anergy [6,7]. In a recent preclinical study, a new mech-
anism was found between TAMs and tumor cells to exhibit an unex-
pected protumoral effect [8]. Galectin-9 (gal-9), a member of the
B-galactoside-binding family of lectins, was found highly expressed in
both mouse and human PDAC. The ligation of galectin-9 by dectin-1, a
crucial innate immune receptor expressed on the surface of macro-
phages, can drive macrophages into protumoral M2 phenotype.
Blockade of galectin-9 resulted in reversed immunosuppression,
enhanced CD4" and CD8™ T-cell effector activation and reduced tumor
growth [6,8,9]. This suggests the potential of galectin-9 as a novel
therapeutic target in immunotherapy of PDAC.
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However, even with increased understanding of the various mecha-
nisms involved in PDAC progression, the special pathobiological barriers
in PDAC TME, that is, the nearly-impenetrable-desmoplastic stroma
with high solid stress, hypovascularity and hypoperfused tumor vessels,
restricts the therapeutic response to many treatments, resulting a poor
prognosis for patients [10,11]. Recent advances in biomaterials for drug
delivery have been enabling significant progression in treating diseases,
including major breakthroughs in PDAC, for example, liposomal irino-
tecan, reported to significantly improve median overall survival of
PDAC patients in a clinical trial [12,13]. This showed the potential of
biomaterial-based drug delivery strategies to be novel methods for
fighting tumors. Though vesicle-like liposomes are promising to over-
come the tough barriers and significantly increase drug accumulation in
tumor tissues, regrettably, many of these synthetic delivery systems
have poor stability and cause severe side effects, including systematic
toxicity [14]. Hence, we investigate exosomes, a kind of natural deriv-
ative vehicles, as the drug deliver platform, which have unique advan-
tages like nanosize, biodegradable features and tumor-homing function
in PDAC treatment [15]. Exosomes (40-150 nm diameters) are
cell-derived membrane vesicles with a lipid bilayer structure which
function as a cell-to-cell communicator, and also capable to deliver
chemotherapeutics, proteins or genes against tumor [15-17]. Remark-
ably, exosomes also show improved stability, enhanced endocytosis and
reduced toxicity in vivo [15]. In our previous study, exosomes derived
from bone marrow mesenchymal stem cells (BM-MSCs) have showed the
tumor homing function in PDAC mouse models [18]. These evidences
demonstrate that exosomes can serve as an attractive nanoscale drug
delivery platform for pancreatic cancers.

Another obstacle in PDAC immunotherapy is the low immunity,
which means patients bearing pancreatic tumor get rare intratumoral
effector T cells [19]. Since the antitumor effect of immunotherapy
largely depends on the tumor infiltration of cytotoxic T lymphocytes,
there exists an urgent need to boost the immune response and recruit
more tumor killing immune cells in PDAC. Recently, researches show
that inducing immunogenic cell death (ICD) of tumor cells is a promising
strategy to elicit antitumor immunogenicity in support of immuno-
therapy [20]. Preclinical reports have suggested that some chemother-
apeutics are capable of inducing ICD responses [21]. Upon treatment
with these agents, apoptotic tumor cells express calreticulin (CRT) on
the surface, subsequently release high mobility group box 1 (HMGB1)
and secrete adenosine triphosphate (ATP). CRT plays a role as the “eat
me” signal to elicit phagocytosis of dying tumor cells by dendritic cells

Biomaterials 268 (2021) 120546

(DCs), while HMGB1 and ATP act as immunostimulatory signals to
initiate DCs maturation and antigen presentation, which further activate
the antitumor immune response and promote infiltration of cytotoxic T
lymphocytes (CTLs) in TME [22-24]. Therefore, chemotherapy-induced
ICD may offer a promising strategy to trigger the dormant innate and/or
adaptive immune response and kill tumor cells.

Inspired by the above work, a PDAC-targeting exosome-based bio-
platform was designed for enhancing immunotherapy and reprogram-
ming TME (Scheme 1). Oxaliplatin (OXA), a component of FOLF IRINOX
regimen used in PDAC, was applied to both trigger ICD effect in pancreas
tumor site and kill the tumor cells by inhibiting DNA synthesis and
repair [25]. To further increase the antitumor effect, gal-9 siRNA
treatment was combined to block galectin-9/dectin-1 axis to reverse
immunosuppression caused by M2-TAMs. In achieving the combined
therapy, exosomes were applied as the carriers of both OXA and siRNA,
which were also beneficial to improve the drug delivery efficiency,
tumor homing and duration of action. After the preparation of
siRNA-EXO-OXA (iEXO-OXA) nanoparticles, in vitro and in vivo experi-
ments demonstrated that iEXO-OXA can be preferentially delivered to
tumor site, protect the cargo gene, elicit anti-tumor immunity, enhance
blood circulating time, and offer significant therapeutic effect to treat
established PANC-02 tumors.

2. Materials and methods
2.1. Materials and reagents

Oxaliplatin was purchased from Meilunbio (Dalian, China). Succinic
anhydride and N-(2-Aminoethyl) maleimide trifluoroacetate salt were
purchased from Aladdin Chemistry (Shanghai, China). 0.22 pm syringe
filters were purchased from Meck-Millipore (Billerica, MA, USA). Opti-
Prep™ Density Gradient Medium (iodixanol-based solution) was pur-
chased from Sigma-Aldrich (Billerica, MA, USA). 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-pH tetrazolium bromide (MTT) and 4',6-dia-
midino-2-phenylindole (DAPI) were purchased from Sigma-Aldrich (St.
Louis, USA). Annexin V-FITC/PI apoptosis detection kit and Cell Cycle
Detection Kit were purchased from KeyGEN BioTECH (Nanjing, China).
Bodipy, Exosome Spin Columns (Mw 3000), IL-10 and IFN-y ELISA kit
were purchased from ThermoFisher (Waltham, MA, USA). Prime-
Script™ RT reagent Kit (Perfect Real Time, RR0O37A) and TB Green
Premix Ex Taq™ (Tli RnaseH Plus, RR420A) were purchased from
TaKaRa (Beijing, China). All the antibodies were purchased from Abcam
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Scheme 1. Pancreatic cancer-targeting exosomes for enhancing immunotherapy and reprogramming tumor microenvironment: 1) Tumor cell apoptosis caused by
chemotherapeutic agent oxaliplatin; 2) Galectin-9 down-regulation by siRNA treatment to achieve macrophage polarization; 3) Oxaliplatin-triggered ICD response
with CRT exposure on dying tumor cell surfaces and release of HMGB1 and ATP to activate DC maturation.
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(Shanghai, China). All the other reagents were purchased from Sino-
pharm Chemical Reagent (Shanghai, China).

2.2. Cell lines

BM-MSC cells, purchased from ScienCell (San Diego, CA, USA), were
carefully expanded and maintained in Mesenchymal Stem Cell Medium
(ScienCell, San Diego, CA, USA) supplemented with 10% exosome-free
fetal bovine serum (FBS) (Gibco, Carlsbad, CA, USA) and 1%
Penicillin-Streptomycin solution. PANC-02 cells, a kind gift from Prof.
Zhigang Zhang at Shanghai Cancer Institute, were carefully expanded
and maintained in high glucose DMEM medium (Sigma-Aldrich) sup-
plemented with 10% heat-inactivated FBS and 1% Penicillin-
Streptomycin solution. All the cells were incubated under a saturating
humidity atmosphere at 37 °C containing 5% CO.

2.3. Animals

C57BL/6 mice (male, 18-20 g) were purchased from Slac Laboratory
Animal Co. Ltd. (Shanghai, China) and carefully maintained under
standard laboratory conditions. Orthotopic PANC-02 pancreatic tumor
models were established by injecting 1.0 x 10® PANC-02/luci cells in
100 pL Hank’s buffer at pancreas of male C57BL/6 mice. The mice were
administrated with 100 pL D-luciferin potassium solution (30 mg/mL)
by intraperitoneal injection and detected 20 min later by IVIS Spectrum
(PerkinElmer Inc., Waltham, MA, USA) to monitor the growth of tumor.
All the animal experiments were under strict guidelines evaluated and
approved by Institutional Animal Care and Use Committee (Fudan
University).

2.4. Isolation, purification and characterization of exosomes

The exosomes were isolated from the supernatant of BM-MSCs, fol-
lowed by differential centrifugation processes and sucrose gradient
separation, as previously reported [26]. Exosome-free FBS was prepared
by ultracentrifugation (CP100NX, HITACHI) at 120,000 g for 16 h and
filtration with 0.22 pm syringe filters. After incubation with BM-MSC
medium containing exosome-free FBS for 48 h, supernatant from cells
was collected and isolated with sequential centrifugation steps as fol-
lows: centrifugated at 800 g for 5 min to remove the dead cells, at 1500 g
for 15 min to remove the cellular debris and at 15,000 g for 30 min to
remove the large extracellular vesicles. The resulting supernatant was
subsequently ultracentrifugated at 150,000 g for 2 h. The purified exo-
somes were then characterized and used for experiments.

For further exosome purification, iodixanol-sucrose density gradient
was performed as shown in Scheme S2. For the bottom-up iodixanol-
sucrose gradient separation, a 11.5 mL discontinuous iodixanol-sucrose
gradient (40%-5% iodixanol solution, 0.25 mM sucrose, pH 7.4) was
built into a 12 mL ultracentrifugation tube. Purified exosomes resus-
pended in 500 pL PBS 7.4 were added to the top of the gradient and then
ultracentrifugated at 120,000 g for 16 h. Gradient solution was sepa-
rated into 12 tubes with 1 mL liquid per tube from the top to bottom and
density of each was assessed by a refractometer. As the density of exo-
somes range from 1.13 to 1.19 g/mL, liquid in No.6 and No.7 tubes was
collected and added with PBS to a final volume of 20 mL. Then the so-
lution was ultracentrifuged at 150,000 g for 2 h. The pallets on the
bottom were resuspended in 500 pL PBS and could be stored at —80 °C.
All the centrifugation was performed at 4 °C.

For the detection of concentration and hydrated diameters of exo-
somes, 100 pL exosome was diluted into 1 mL and analyzed by NTA
(NanoSight NS300, Malvern Panalytical, Malvern, UK). Approximately
~10® exosomes were collected and weighted 0.5-1 mg after freeze-
dried. The morphology of exosomes was observed under TEM (Tecnai
G2 spirit Biotwin, FEI). Annexin V, CD63, Alix, Hsp70, CD81 and p-actin
were verified by Western blotting as the biomarkers of exosomes. To
check the exosomes in vitro or in vivo, Bodipy 650/665 was modified to
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the outside membrane of exosomes. Briefly, 5 pL. 1 mg/mL Bodipy so-
lution was added to 10% exosomes in 500 uL PBS 7.4 and vortexed for
0.5 h. Unbounded Bodipy probe was removed by Exosome Spin Columns
according to the protocol.

2.5. Preparation and characterization of iEXO-OXA

To load galectin-9 siRNA, electroporation was applied using a Gene
Pulser X Cell Electroporation System according to the protocol. ~10°
exosomes (measured by NTA) were mixed with 1.5 pug siRNA in 400 pL
electroporation bufferr (1.15 mM potassium phosphate pH 7.2, 25 mM
potassium chloride, 21% Optiprep), electroporated with 400 V, 125 pF
and c0Q and immediately transferred onto ice afterwards. Then the
electroporation buffer was replaced with 2 mL PBS 7.4 by ultracentri-
fugation as previously described, preparing for the loading of oxalipla-
tin. 2 mg OXA-MAL was added to the exosomes and obtained stable
maleimide-thiol conjugates via vortexing according to the reports [27].
Unbounded oxaliplatin prodrugs were removed by Exosome Spin Col-
umns (Mw 3000) (ThermoFisher, Waltham, MA, USA). Sizes and con-
centration of the freshly prepared nanoparticles were measured by NTA.
The morphology of the formulation was observed under TEM.

To measure the amount of gal-9 siRNA electroporated into exosomes,
Cy5-tagged siRNA was used and fluorescent signal was evaluaed by a
Multiskan MK3 microplate reader (Thermo Scientific, Waltham, Mas-
sachusetts, USA). The siRNA quantification was also performed using
PrimeScript™ RT reagent Kit and TB Green Premix Ex Taq™ by
QuantStudio 3 Real-Time PCR System. The amount of oxaliplatin loaded
onto exosomes was measured by HPLC (Agilent 1220, Agilent, Santa
Clara, CA, USA). 500 pL iEXO-OXA solution was freeze-dried to measure
the weight and then incubated with PBS 7.4, 2 mM Vit C in a shaking
bath at 100 rpm, 37 °C for 1 h. The external medium was collected and
measured by HPLC method at a flow rate of 1 mL/min by UV detector at
250 nm (95% CH3O0H, 5% H0).

2.6. Cellular uptake studies of exosomes

PANC-02 cells were seeded in a 6-well plate (Corning-Coaster,
Tokyo, Japan) with a density of 1.0 x 10° cells/well. When monitored a
confluency of 80-90%, cells were incubated with Bodipy-labeled exo-
somes in DMEM medium at 37 °C for 1, 2, 4 and 6 h, respectively. After
wash with Hank’s for 3 times, cells were visualized by Confocal Laser
Scanning Microscope (CLSM, Carl Zeiss LSM710, Carl Zeiss, Jena, Ger-
many). Quantitative assay of cellular uptake was also performed by flow
cytometer (FACS, BD Biosciences, Bedford, MA).

2.7. Biodistribution study of exosomes in vivo and ex vivo

Invivo biodistribution study was carried out on orthotopic PANC-02/
luci tumor-bearing mice (n = 3). Ten-day post implantation with PANC-
02 cells, mice were intravenously injected with free Bodipy and Bodipy-
labeled exosomes. In vivo fluorescent signals of exosomes were observed
at indicated time points by Xenogen IVIS Spectrum. For liver function
test, 48 h post injection, blood samples (0.5 mL) were collected into
heparinized tubes and centrifuged at 4000 rpm for 10 min. The super-
natant was collected from each tube and liver enzyme levels (ALT,
alanine aminotransferase; AST, aspartate aminotransferase) were tested
by Wuhan servicebio technology CO.,LTD. Then mice were sacrificed.
Major organs and the whole tumor tissues were harvested and measured
by IVIS spectrum. For the tumor section observation, tumor tissues were
fixed with 4% paraformaldehyde, dehydrated with sucrose solutions,
embedded with OCT medium and then cut into slides. The sections were
stained with anti-collagen 1 (anti-COL-1) (ab6308) and anti-a-smooth
muscle actin (anti-a-SMA) (ab32575) antibodies to visualize extracel-
lular matrix and fibroblasts, respectively. After stained with DAPI, the
frozen slices were photographed by CLSM.
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2.8. Stability of iEXO-OXA in vitro and in vivo

For in vitro study, iEXO-OXA was suspended in PBS and isotonic
sucrose, size of which was tested every day by NTA during a 7-day
observation period. For in vivo study, Bodipy-labeled iEXO-OXA (Bod-
ipy-iEXO-OXA), Bodipy-labeled exosomes (Bodipy-EXO), free Bodipy,
iEX0-OXA and free OXA (OXA 5 mg/kg, ~10° exosomes per rat equiv.)
were injected into healthy male SD rats via tail vein, respectively (n = 3).
At 1, 4, 8,12, 24 and 48 h, blood samples (0.5 mL) were collected into
heparinized tubes. For the determination of fluorescence of Bodipy, each
sample was taken 100 pL of the whole blood and tested under a
microplate reader. For the determination of the concentration of Pt, 200
pL of each sample was tested by ICP-MS.

2.9. Evaluation of galectin-9 gene silencing of iEXO

The expression of galectin-9 at mRNA level in normal cell line (HEK
293, as control) and pancreatic cancer cell lines (PANC-02, MIAPaCa-2)
were detected by semi-quantitative q-PCR. For in vitro transfection,
exosomes were electroporated with galectin-9 siRNA as described
above. PANC-02 cells were seeded in a 6-well plate with a density of 1.0
x 10° cells/well and treated with exosomes. Cells treated with
Lipo6000™ transfection reagent (Beyotime Biotechnology, Shanghai,
China) were set as the positive control. After 48 h-incubation, total RNA
of cells in different groups was extracted, reverse transcribed and tested
by three times to define a biological replicate. Primer sequences were as
follows: galectin-9: forward 5'-GACAGATGTTCTCTACTCCCGC-3',
reverse 5'-TGACAGGAGGATGGACTTGGAT-3’; actin: forward 5'-
CACCCAGCACAATGAAGATCAAGAT-3, reverse 5'-CCAGTTTT-
TAAATCCTGAGTCAAGC-3'.

For western blotting, PANC-02 cells were treated as described above.
After 48 h-incubation, cells were washed with PBS thrice and lysed with
RIPA lysis buffer according to the protocol. The protein concentration of
the resulting cell lysis was measured by BCA protein assay (Beyotime
Biotechnology, Shanghai, China). Totally 25 pg proteins of each samples
were separated by 10% SDS-PAGE and transferred onto PVDF mem-
branes (Mini-PEOTEAN, Bio-Rad). Subsequently, membranes were
blocked with 5% nonfat milk for 1 h at room temperature and incubated
with anti-galectin-9 (ab69630) and anti-GAPDH (Beyotime, AF0006)
primary antibodies at 4 °C overnight. HRP-conjugated secondary anti-
bodies were then incubated for 2 h at room temperature, followed with
detection by chemiluminescent reagents, and membranes were visual-
ized by Image Lab (Bio-Rad).

2.10. Investigation of macrophage polarization in vitro

Fresh mouse peritoneal macrophages were harvested as previously
reported [28]. The extracted macrophages were seeded in a 6-well plates
with a density of 1.0 x 10° cells/well. When achieving 70-80%
confluence, macrophages were coincubated with IL-4 (20 ng/mL),
PANC-02 cells and PANC-02 cells pretreated with iEXO, respectively.
After 12 h incubation, macrophages were washed with Hank’s thrice
and harvested into tubes, respectively. Cells were block with BSA for 15
min, subsequently incubated with anti-F4/80-FITC, anti-CD16/32-PE,
anti-CD206-PE-Cyanine 7 antibodies and then analyzed by FACS.

2.11. Antitumor efficacy in vitro

Antitumor efficacy of Platinum-based formulations in vitro was tested
by MTT assay and Annexin-V/PI assay. For MTT assay, PANC-02 cells
were seeded in 96-well plates at a density of 2.0 x 10° cells/well. After
incubated overnight, cells were treated with exosomes, oxaliplatin,
EXO0-OXA or iEXO-OXA at an oxaliplatin concentration range from 1 nM
to 400 pM. After another 48 h incubation, the supernatant was removed
and cells were washed with Hank’s thrice before treated with 100 pL 0.5
mg/mL MTT solution. 4 h later, the supernatant was removed and the
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residuals were incubated with 100 uL. DMSO for 10 min to dissolve the
formazan crystal. The absorbance of formazen was measured at 570 nm
by a microplate reader. For in vitro apoptosis assay, Annexin-V/PI assay
was applied. In brief, PANC-02 cells were seeded in a 6-well plate with a
density of 1.0 x 10° cells/well and cultured overnight. The cells were
then treated with exosomes, oxaliplatin, EXO-OXA or iEXO-OXA at an
equivalent oxaliplatin concentration of 20 pM for 48 h. Afterwards, cells
were harvested into tubes, respectively, washed with Hank’s thrice,
resuspended with binding buffer and incubated with Annexin-V/PI ac-
cording to the protocol. Apoptotic cells were evaluated by FACS and
visualized by fluoresce microscope (Leica, Wetzlar, Germany).

2.12. Cell cycle analysis

PANC-02 cells were seeded in a 6-well plate with a density of 1.0 x
10° cells/well and cultured overnight. After incubation with FBS-free
medium for another 12 h, cells were treated with exosomes, oxalipla-
tin, EXO-OXA or iEXO-OXA at an equivalent oxaliplatin concentration of
10 pM for 24 h. Subsequently, cells were harvested into tubes, respec-
tively, fixed with 70% cold ethanol for 2 h and stained with PI/RNase A
solution according to the protocol (KeyGEN DNA content Quantitation
Assay Kit). The population of PANC-02 cells at different cell cycle stages
was quantified by FACS and analyzed by ModFitLT V3.2 software.

2.13. Induction of immunologic cell death (ICD) in vitro

PANC-02 cells were seeded in a 6-well plate with a density of 1.0 x
10° cells/well and cultured overnight. Cells were treated with exosomes,
oxaliplatin, EXO-OXA or iEXO-OXA at an equivalent oxaliplatin con-
centration of 50 pM for 4 h. Subsequently, cells were washed with cold
Hank’s thrice and stained with anti-CRT (ab22683) and anti-HMGB1
(ab79823) primary antibodies at 4 °C overnight, respectively, fol-
lowed by secondary antibodies Goat anti-rabbit IgG Alexa Flour 488 and
Goat anti-mouse IgG Alexa Flour 488. After stained with DAPI, fluo-
rescent signals of CRT and intracellular HMGB1 were visualized by
CLSM. For HMGBI release assay, the supernatant of the culture medium
above was centrifugated to remove the dead cells and ultrafiltrated into
100 pL. Released HMGB1 was detected via western blotting.

2.14. Antitumor efficacy in vivo

According to the bioluminescence signal of tumors detected by IVIS
spectrum, 56 male C57BL/6 mice bearing orthotopic PANC-02/luci
tumor were randomly divided into seven groups (n = 8). Mice were
intravenously injected with PBS, GEM, OXA, Scrbl-iEXO, iEXO, EXO-
OXA and iEXO-OXA (with an equivalent oxaliplatin concentration of
5 mg/kg and ~10% exosomes) every 3 days for 5 times. Body weight was
recorded every other day and bioluminescence signal of tumors were
monitored by IVIS spectrum.

2.15. Western blotting in vivo

Tumor tissue samples were collected after a course of different
treatments and lysed with RIPA lysis buffer according to the protocol.
The protein concentration was measured by BCA protein assay. Totally
25 pg proteins of each samples were separated by 10% SDS-PAGE and
transferred onto PVDF membranes. Subsequently, membranes were
blocked with 5% nonfat milk and incubated with anti-galectin-9, anti-
HMGBI1 and anti-B-actin (Beyotime, AA128-1) primary antibodies. HRP-
conjugated secondary antibodies were then incubated for 2 h, followed
with detection by chemiluminescent reagents, and membranes were
visualized by Image Lab.

2.16. Flow cytometric analysis of immune cells population

Tumor draining lymph nodes and tumor tissue samples were
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collected after a course of different treatments and cut into small pieces,
followed with dispersion into single cells. Prepared samples were then
blocked with BSA for 20 min and afterwards, stained with anti-CD11c-
FITC, anti-CD80-APC, anti-CD86-PE, anti-CD45-APC, anti-CD11b-APC-
eFluor 780, anti-CD16/32-PE, anti-CD206-PE-Cyanine 7, anti-CD4-
PerCP-Cyanine 5.5, anti-CD8-PE, anti-CD25-PE-Cyanine 5, anti-FoxP3-
eFluor 450 antibodies. Mature DCs (CD11ctCD80"CD86™), M1-TAM
(CD457CD11b7CD16/32"), M2-TAM (CD457CD11b*CD206"), CTL
cells (CD457CD4 CD8™), helper T cells (CD45"CD41CD8™) and Tregs
(CD451CD4"CD25 FoxP3™) were evaluated by FACS, respectively.

2.17. Immunofluorescence staining

For the tumor section observation, tumor tissues were harvested and
cut into slides as described above. The sections were stained with anti-
CD16/32-PE, anti-CD206-PE-Cyanine 7, anti-F4/80-FITC, anti-CD4-
PerCP-Cyanine 5.5, anti-CD8-PE, anti-FoxP3-eFluor 450, anti-galectin-
9, anti-COL-1 antibodies, respectively. After stained with DAPI, the
frozen slices were photographed by CLSM.

2.18. Measurement of tumor cytokines

Tumor tissue samples were prepared as described above. IL-10 and
IFN-y was valued by Mouse IL-10 ELISA kit and Mouse IFN-y ELISA kit
according to the protocol.

2.19. H&E staining

For safety evaluation, the main organs (heart, liver, spleen, lung, and
kidney) were harvested and fixed with 4% paraformaldehyde, dehy-
drated with sucrose solutions, embedded with paraffin and then cut into
slides. The sections were then stained with hematoxylin and eosin. Af-
terwards, stained tumor slices were photographed by the inverted
fluorescent microscope.

2.20. Statistical analysis

All the data were anaylized by GraphPad Prism 7.0 software and
presented as means =+ standard deviation (SD), and comparison between
groups was performed by one-way ANOVA. Statistical significance was
defined as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3. Results and discussion
3.1. Preparation and characterization of iEXO-OXA

The experimental steps to prepare the dual delivery biosystem was
outlined in Fig. 1a and Scheme S1. Firstly, exosomes were isolated from
the supernatant of BM-MSCs culture medium by differential centrifu-
gation processes (Scheme S2) [18]. Galectin-9 siRNA was electroporated
into exosomes according to the protocol [29,30]. As for delivering OXA,
a prodrug form (OXA-MAL) was synthesized by oxidizing oxaliplatin to
OXA(IV)-OH, followed by modification with N-(2-Aminoethyl) mal-
eimide. The successful synthesis of OXA-MAL was characterized by 'H
NMR (Fig. S1). Subsequently, EXO-siRNA (designated as iEXO) was
modified with OXA-MAL via vortex to prepare iEXO-OXA. Nanoparticles
tracking analysis (NTA) demonstrated empty exosomes and iEXO-OXA
with an average diameter of 122 + 35.3 nm and 140 + 37.6 nm,
respectively (Fig. 1b and e). The morphology shown by transmission
electron microscopy (TEM) displayed natural bowl shape appearances of
the exosomes with a low background, suggesting the high purity of the
samples (Fig. 1c and f; Fig. S2). The similar results between exosomes
and iEXO-OXA indicated that the electroporation and modification with
chemotherapeutic prodrugs didn’t significantly change the physico-
chemical property of the formulations. Besides, Annexin V, CD63, Alix,
Hsp70 and CD81 were verified by western blotting as the biomarkers of
exosomes (Fig. 1d). The loading capacity of siRNA in 10° exosomes was
0.5678 + 0.0258 pg (Fig. S3). And the encapsulation efficiency and
loading capacity of OXA in iEXO-OXA were measured by HPLC to be
13.17% and 5.71 w/w%, respectively (Fig. S4 and 5).

3.2. Enhanced cellular uptake efficiency and improved primary PDAC
tumor-targeting ability of BM-MSC exosomes

In order to initiate the apoptosis of tumor cells, efficient cellular
uptake was required. And the investigation of cellular uptake of exo-
somes was carried out in PANC-02 cells. Tumor cells were cultured with
Bodipy-labeled exosomes and incubated for indicated time, after which
cells were monitored under microscopy or tested by FACS (Fig. S6).
Internalization of Bodipy-exosomes by PANC-02 cells was time-
dependent and the saturation was around 6 h. Hypothesis for exosome
internalization have been reported in literature, including vesicle-cell
fusion, endocytosis, macropinocytosis and phagocytosis [31-33].

Based on the in vitro uptake results, we further examined the tumor-
targeting ability of exosomes in vivo in PANC-02 tumor-bearing mice.
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Fig. 1. Characterization of iEXO-OXA. a) Scheme of preparation of iEXO-OXA. b) NTA results of diameter and concentration of exosomes. c¢) Representative images
of the morphology of exosomes observed with TEM (scale bar: 200 nm). d) Biomarkers of exosomes by western blotting. ) NTA results of diameter and concentration
of iEXO-OXA. f) Representative images of the morphology of iEXO-OXA observed with TEM (scale bar: 200 nm).
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After tail-vein injection with Bodipy-iEXO-OXA, Bodipy-EXO and free
bodipy (as control), three groups of mice were observed at indicated
time points (0, 4, 12, 24, and 48 h) by IVIS system (Fig. 2a and Fig. S7).
Notably, near-infrared (NIR) signal was continuously accumulated in
the tumor site of group Bodipy-iEXO-OXA and group Bodipy-EXO, but
systematically distributed in control group as time lapsed, which proved
that exosomes had specific PDAC tumor-targeting ability and relatively
prolonged circulation time. The whole tumor tissue and other major
organs (heart, liver, spleen, lung, and kidney) were harvested, showing
similar biodistribution tendencies (Fig. 2b and c). Furthermore, frozen
tumor sections were stained with COL-1 and a-SMA antibodies (green),
representing extracellular matrix and fibroblasts, respectively. As
showed in Fig. 2d-g, Bodipy-iEXO-OXA and Bodipy-EXO (red) could be
detected in the deep site of the tumor even though the stroma was dense,
indicating the penetrating capability of exosomes. Moreover, the sta-
bility of iEXO-OXA was determined both in vitro and in vivo. For in vitro
study, iEXO-OXA was suspended in PBS and isotonic sucrose, and they
exhibited no obvious increase in size during a 7-day observation period
(Fig. S8 a, b). For in vivo study, we determined the whole blood clearance
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of exosomes and iEXO-OXA. As shown in Fig. S8c and d, Bodipy-labeled
iEXO-OXA had lower clearance than free Bodipy, and iEXO-OXA had
lower Pt clearance than OXA, indicating the prolonged circulation time
of the conjugation. Besides, no liver toxicity was found, showing the
biosafety of our formulations (Fig. S9).

Studies showed that BM-MSCs derived exosomes could home to
pancreatic cancer efficiently in vivo due to the intimate interaction be-
tween BM-MSCs and PDAC tumor tissue, instead of being mostly
distributed to the liver and spleen in healthy mice [18,34-36]. Mean-
while, some membrane-anchored proteins of exosomes could also
amplify the homing effect and penetrating capability [8]. Compared
with parent MSCs, increasing evidence showed that BM MSC-derived
exosomes might provide a new cell-free therapy with advantages such
as lower immunogenicity and decreased risk of tumor progression [37].

Thus, based on the above features, exosomes could enhance cellular
uptake efficiency, improve primary PDAC tumor-targeting ability, and
satisfy the essential requirements for anti-tumor drug carriers.

Bodipy-EXO Bodipy-IEXO-OXA

Il Bodipy
Bodipy-EXO
Bl Bodipy-IEXO-OXA

o

Signal_(a.u.)

o

Merge

Fig. 2. Invivo targeting effect of iEXO-OXA. a) In vivo IVIS imaging of mice after tail-vein injection with Bodipy, Bodipy-EXO or Bodipy-iEXO-OXA after 24 h (n = 3,
5 mg OXA/kg, ~10° exosomes per mouse). b) Ex vivo IVIS imagings of major organs and tumor tissues from PANC-02 mice models 48 h after treatment with different
formulations (n = 3). ¢) Quantification of the fluorescence intensity by measuring region of interest (ROI) in (b) (n = 3). d) and f) Tumor tissue immunofluorescent
images under LCSM. (blue: DAPI for nucleus; green: Alexa Fluor 488 labeled a-SMA or COL-1; red: Bodipy, Bodipy-EXO or Bodipy-iEXO-OXA; original magnification
= 200). e) and g) Statistical results of the Bodipy signals of different groups (n = 3). Data presented as mean =+ SD, one-way ANOVA, **p < 0.01.
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3.3. Downregulation efficacy of Galectin-9 siRNA treatment and
macrophage polarization assay in vitro

We first verify the downregulation effect of gal-9 siRNA treatment in
vitro. PANC-02 cells were incubated with iEXO for 6 h, setting iLIPO
(Lipo6000™-based gal-9 siRNA transfection strategy) as a positive
control. Both gPCR and western blotting showed relevant results, where
iEXO could significantly reduce mRNA and protein levels of galectin-9 in
mouse PANC-02 cells, with superior efficacy compared to iLIPO (Fig. 3a
and b). To further assess the function of iEXO in macrophage polariza-
tion in vitro, fresh collected mouse peritoneal macrophages were coin-
cubated with IL-4, PANC-02 cells and PANC-02 cells pretreated with
iEXO (group PANC-02@iEXO), respectively. Results from flow cyto-
metric analysis illustrated a significant reduction of M2-like macro-
phages in group iEXO (Fig. 3c and d), indicating the efficacy of iEXO in
driving macrophages to antitumor phenotype. Taken together, iEXO
could effectively downregulate the target gene in PANC-02 cells, thus
interrupting the connection between tumor cells and macrophages to
prevent macrophage polarization in vitro.

3.4. Enhanced cytotoxicity and ICD response of iEXO-OXA on PANC-02
cells

Subsequently, an MTT assay was conducted to demonstrate the
cytotoxic effect of OXA-based formulations. Upon incubation with OXA,
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EXO-OXA and iEXO-OXA, significant cell viability inhibition was
observed (Fig. 3e). The antitumor efficacy was further investigated by
Annexin-V/PI assay, where Annexin-V signal represented the early
apoptosis and PI signal indicated cells in late apoptosis. Images from the
microscopy showed that the fluorescent intensity was significantly
higher in group EXO-OXA and iEXO-OXA than the others (Fig. 3j). For
the quantitative analysis, the cells were then collected, resuspended, and
analyzed by FACS (Fig. 3f and g). Compared with group OXA (3.61%),
enhanced cytotoxicity was observed in group EXO-OXA and iEXO-OXA
(9.92% and 13.8%, respectively). Meanwhile, since OXA affected on cell
cycle progression by blocking DNA synthesis, cell cycle arrest experi-
ment was examined and we confirmed that the exosome-based bio-
platform still possessed the capability of cell cycle inhibition (Fig. S11).

ICD is a cell death modality that can be used to stimulate an effective
immune response against tumors with the changes in the composition of
cell surfaces (CRT exposure) as well as the release of soluble mediators
(for example, HMGB1) [38]. Since OXA-based drugs could trigger ICD in
tumor cells, CRT exposure was then monitored on the surface of
PANC-02 cells under microscopy after short-term stimulation with
different formulations, followed by flow cytometric analysis. As illus-
trated in Fig. 3k and Fig. S12, the largest number of CRT staining cells
were detected in group EXO-OXA and iEXO-OXA, indicating the
enhanced ICD-associated immunogenicity in these two groups. Besides,
higher release of HMGB1 from the nuclei to cytosol, was also detected
via fluorescence microscopy after treatments with EXO-OXA and
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Fig. 3. Invitro study of iEXO-OXA. Down regulation of galectin-9 in PANC-02 cells with different treatment by a) western blot and b) RT-PCR (n = 3). ¢) Primary
mice peritoneal macrophage polarization after treatment with different formulations by FACS. d) Statistical results of ¢) (n = 3). e) Proliferative inhibition and ICsq of
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of cell apoptosis by fluorescence microscope. (green: annexin-V; red: PI; original magnification = 200). k) CRT exposure and 1) HMGBI secretion in PANC-02 cells
after treatment with different formulations by CLSM (scale bar: 10 pm). Data presented as mean + SD, one-way ANOVA, *p < 0.05, **p < 0.01, *** *
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iEXO-OXA (Fig. 31). Additionally, increased secretion of HMGB1 from
PANC-02 cells into extracellular medium was detected in these two
groups via western blotting (Fig. 3h and i). Altogether, the
exosome-based OXA-delivery system could improve cytotoxicity of the
chemotherapy agent and enhance ICD response in vitro.

3.5. In vivo antitumor efficacy and enhanced immunity of iEXO-OXA on
primary pancreatic tumor-bearing mice

Inspired by the above in vitro results, we further assessed the thera-
peutic capability of various formulations in orthotopic pancreatic
tumor-bearing C57BL/6 mice. After the implantation of luciferase
stable-transfected PANC-02 cell lines in the pancreas, the mouse models
were randomly divided into seven groups and injected with phosphate
buffer saline (group PBS), gemcitabine (group GEM), oxaliplatin (group
OXA), scrambled siRNA-loaded exosomes (group Scrbl-iEXO), gal-9
siRNA-loaded exosomes (group iEXO), OXA prodrug-modified exosomes
(group EXO-OXA), and gal-9 siRNA and OXA codelivery exosomes
(group iEXO-OXA) every 3 days for 5 times (Fig. 4a). The combined
immunotherapy, iEXO-OXA, resulted in robust anti-tumor effects,
leading to a remarkable reduction in tumor size (Fig. 4b) and tumoral
bioluminescence (*P < 0.05, Fig. 4c and f), as well as the longest life
span (Fig. 4d and Fig. S13), better than the treatment of gemcitabine, the
standard drug for PDAC. In contrast, mice received iEXO or EXO-OXA
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alone failed to inhibit the tumor growth in this model. Moreover,
there was no evident weight loss or organ toxicity throughout the whole
studies showing the biosafety of our exosome-based formulations in vivo
(Fig. 4e and Fig. S19).

To explore the mechanisms underlying the satisfactory antitumor
efficacy of iEXO-OXA, multiple elements within the tumor site were
investigated. Firstly, macrophage polarization to tumor-suppressive M1
phenotype was achieved through iEXO or iEXO-OXA treatment because
of the down regulation of galectin-9 in the tumor cells (Fig. 5a—d, g-h).
The reduced population of M2-TAMs (CD457CD11b*CD206™) as well as
increased M1-TAMs (CD45"CD11b"CD16/32™) were observed in group
iEXO and iEXO-OXA by FACS and immunofluorescence staining of the
tumor sections. These changes were considered as improvement of the
immunosuppressive TME. Notably, other studies also found robust
expression of galectin-9 in both tumor site and serum of PDAC patients,
showing the potential of galectin-9 as a new biomarker for detection of
PDAC [9]. Besides, it has been reported that galectin-9 is highly
expressed in several other tumors with different influence. Whereas
increased expression was related to decreased survival in lung adeno-
carcinoma, high expression was associated with antimetastatic potential
in breast cancer and lower survival in cancers like hepatocellular car-
cinoma, gastric cancer and colon cancer [39-43]. These findings suggest
the potential use of the demonstrated formulation in other cancers.

Secondly, compared with group PBS, GEM and Scrbl-iEXO, increased
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ICD responses were found in the tumor region in group OXA as higher
level of CRT exposure and HMGB] release were confirmed by CLSM and
western blotting, although not as prominent as group EXO-OXA
(Fig. 5e-h). As the consequence, these up-regulated immunostimula-
tory “danger” signals promoted more population of mature DCs in group
EXO-OXA (Fig. 6a and b). It has been reported that DCs play a crucial
role in boosting immune response in tumor draining lymph nodes
(TDLN) and infiltration of intratumoral CD8" CTLs [44]. Therefore,
treatment with EXO-OXA resulted in higher ratio of cytotoxic T cells and
helper T cells confirmed by FACS and immunofluorescent staining
(Fig. 6¢-d, g-h). In turn, lower percentage of regulatory T cells were
detected in these groups (Fig. 6e-f, i-j). When investigating iEXO-OXA
treated mice models, we found that the combined treatment resulted
in the most abundant population of CD8" CTLs and the lowest ratio of
Tregs, demonstrating that the dual delivery biosystem synergistically
enhanced antitumor effect compared to other treatments. The elevated
level of interferon-y (IFN-y) and decreased level of interleukin-10 (IL-10)
in the tumor site of group iEXO-OXA further verified the conclusion
(Fig. $20).

Notably, from images of immunofluorescence staining of the tumor
sections in Fig. 6k, we could see that pancreatic cancer nests looked like
islands in the stroma in group PBS. Although treated with chemother-
apeutics (group GEM and OXA) or gene drugs (iEXO), increased (but not
so significant) immune cells like CD8" CTLs were still trapped in the
extracellular matrix (CD8" CTLs were co-localized with COL-1) and
hardly observed in the deeper site of tumor nests. This explained why
these groups could not achieve satisfactory antitumor efficacy. In
contrast, when we delivered ICD indicator OXA with siRNA treatment
(group iEXO-OXA) to reverse immunosuppressive TME, remarkable
immune cells were infiltrated into the tumor nests instead of just co-
localizing with stroma. Taken together, we substantiated that the com-
bined immunotherapy could produce a synergetic effect and influence
the cellular crosstalk in vivo, leading to an overall change of TME, thus
enhancing the antitumor efficacy.

4. Conclusion

In conclusion, we demonstrated an exosome-based dual delivery
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biosystem for accomplishing synergistic immune response in orthotopic
PDAC mice through induction of ICD stimulus as well as interfering in
immune suppression. The tumor-homing ability of the biocarriers,
exosomes further endowed drug accumulation in tumor regions while
decreased the systemic distribution to avoid side effect. The combined
formulation iEXO-OXA induced effective innate and adaptive anti-PDAC
immunity through enhanced ICD induction, improved DC maturation,
reversed immunosuppression and increased infiltration of antitumoral
cytotoxic T lymphocytes.
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