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Abstract

Ferroptosis represents an innovative strategy to overcome the resistance of tradi-
tional cancer therapeutic through lethal lipid peroxidation leading to immunogenic
cell death. However, the inefficiency of ferroptosis inducers and mild immunogenic-
ity restrict the further clinical applications. Herein, engineering exosome-mimic M1
nanovesicles (MNV) were prepared by serial extrusion of M1 macrophage and served
as an efficient vehicle for docosahexaenoic acid (DHA) delivery. MNV loaded with

DHA (MNV@DHA) could promote more DHA accumulation in tumor cells, depletion
glutathione and reduction of lipid antioxidant glutathione peroxidase-4 facilitating the
occurrence of ferroptosis. Furthermore, MNV were able to induce the polarization of
M1 and repolarize M2 macrophages to activate tumor immune microenvironments.
The activated immune cells would further trigger the ferroptosis of tumor cells. In a
murine orthotopic hepatocellular carcinoma model, MNV@DHA could significantly
target tumor tissues, increase the proportion of M1 macrophages and CD8" T cells and
lessen the infiltration of M2 macrophages. Accordingly, MNV@DHA characterized with
positive feedback regulation between ferroptosis and immune activation exhibited the
strongest in vivo therapeutic effect. The synergism of ferroptosis and immunomodula-
tion based on the dietary polyunsaturated fatty acids and engineered exosome-mimic
nanovesicles may serve as a promising modality to efficiently complement pharmaco-
logical approaches for cancer management.

Keywords: Docosahexaenoic acid, Ferroptosis, Exosome-mimic, Drug delivery,
Immunotherapy

Introduction

Ferroptosis has been increasingly considered as a novel type of programmed cell death
that can overcome drug-resistance of cancer cells upon conventional apoptosis-based
cancer interference (Chen et al. 2021; Conrad et al. 2019; Kim et al. 2022). The vital step
of ferroptosis is the Fenton reaction characteristically initiated between ferric ions and
intratumoral hydrogen peroxide to generate reactive oxygen species (ROS). The ROS
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induce lethal lipid peroxidation that will cause rupture of cell membrane resulting in cell
death (Yang et al. 2014). During this process, mild immune activation might be occurred
contributing from damage-associated molecular patterns (DAMPs) such as HMGB1
protein released from ferroptosis cells to activate macrophages (Jiang et al. 2020; Shen
et al. 2018). Therefore, the ferroptosis pattern could be employed to combine with
immunotherapy for tumor management (Liao et al. 2022). However, the limited tumor
targeting capacity, inadequate therapeutic efficiency of ferroptosis-inducers, and tumor
immunosuppressive microenvironments (TIME) have seriously restricted the further
application of ferroptosis-based cancer treatment in vivo (Li P. et al. 2021a; Zhang et al.
2020). Therefore, optimizing the delivery strategies for ferroptosis agents and repro-
gramming TIME are promising in cancer management.

Tumor associated macrophages (TAMs) play an important role in the development
of TIME (Mantovani et al. 2017). It is broadly considered that TAMs can be divided
into two subtypes of antitumoral M1-type and protumoral M2-type (Zhao et al. 2022).
M2 macrophages play a dominant role in development of TIME, promoting immune
escape of tumor cells and lessening the infiltration of antitumoral lymphocytes (Li et al.
2019). Repolarizing M2 macrophage into M1-type represents a promising strategy to
activate TIME for antitumor treatment (Shan et al. 2020). Although several therapeu-
tic agents including related antibody, siRNA and small molecules have be explored for
M2 repolarization in preclinical studies (Colegio et al. 2014; Rodell et al. 2018), the hur-
dles including non-preferential transport, low efficiency of polarization and sub-opti-
mal therapeutic effect restrict the broad application in clinical treatments (Li P. et al.
2021b). DAMPs have been demonstrated to serve as one of the feasible means to pro-
mote the polarization of M1 macrophages (Komai et al. 2017; Luo et al. 2021). Further-
more, M1 macrophages had been reported to promote tumor ferroptosis by enhancing
tumor vulnerability to oxidative damage and activating a tumor-eradicating immune
response within the TIME (Chen et al. 2021; Pan et al. 2020; Zhou et al. 2022). M1 could
directly release peroxides for the promotion of tumor ferroptosis through accelerating
the intracellular Fenton reaction (Haschka et al. 2021). Another mechanism had been
demonstrated that activated M1 could initiate CD8™ cytotoxic T lymphocytes to release
interferon-y (IFN-y), which could downregulate the expression of SLC3A2 and SLC7A11
in tumor cells triggering ferroptosis (Liao et al. 2022; Wang et al. 2019). Thus, combining
the polarization of M1 macrophages with a ferroptosis inducer might exhibit a synergis-
tic antitumor effect via positive feedback of immune activation in TIME.

A series of studies have reported that exosomes derived from M1 macrophages could
induce polarization of M1 from MO macrophages and reprogram protumoral M2 to
antitumoral M1-type (Cheng et al. 2017; Nie et al. 2020). However, the natural exosomes
have some disadvantages including unavailability in large quantity, limited modifi-
ability and low efficiency of drug loading, which seriously hinder the progress of exo-
some in clinical application (Choo et al. 2018; Jang et al. 2013). Recent studies revealed
an innovative strategy to produce exosome mimics via extruding whole cells into exo-
some-scale nanovesicles, which were endowed with paralleled characteristic compared
to natural exosomes (Molinaro et al. 2016; Yang et al. 2016). The nanovesicles extruded
from M1 macrophages would inherit the proinflammatory factors, ligands and recep-
tors expressed on cell membrane, which were benefited to the polarization of M1
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Scheme 1. Schematic diagram illustration of MNV@DHA for orthotopic hepatocellular carcinoma
treatments. A The prepared process of MNV@DHA. B The in vivo antitumor effect of MNV@DHA based on
positive-feedback induction of ferroptosis and immune activation

macrophages (Choo et al. 2018; Li Q. et al.(2021c)). More importantly, the preparation
methods might meet the request of industrialization, thereby increasing the potential for
the clinical development of nanovesicles-based drug delivery system.

The nanovesicles of exosome-mimic from M1 macrophages could be utilized to
load ferroptosis inducers against cancer based on positive-feedback of ferroptosis and
immune activation. Polyunsaturated fatty acid including docosahexaenoic acid (DHA)
had been reported to induce ferroptosis (Kepp et al. 2022; Zhang et al. 2022). Liao et al.
reported that T cell-derived IFN-y in combination with arachidonic acid induced immu-
nogenic tumor ferroptosis, serving as a mode of action for CD8" T cell-mediated tumor
killing (Liao et al. 2022). Furthermore, Dierge et al. demonstrated the acidic tumor envi-
ronment could promote the accumulation of DHA and induce ferroptosis in cancer cells
under ambient acidosis (Dierge et al. 2021). In hepatocellular carcinoma cells (HCC),
DHA had been reported to be reconstituted with low-density lipoprotein for the induc-
tion of ferroptosis (Ou et al. 2017). Herein, the nanovesicles (MNV) extruded from M1
macrophages were loaded with DHA to cooperatively fight against HCC (Scheme 1).
MNYV loaded with DHA (MNV@DHA) could significantly increase the DHA accumula-
tion in HCC cells, which was advantaged to the induction of ferroptosis and immune
activation. Furthermore, MNV can promote the polarization of M1 macrophage, repo-
larize M2 to M1-type, and reprogram the TIME, contributing to the further amplifi-
cation of tumor cell ferroptosis. In vivo experiments demonstrated that MNV@DHA
could target murine orthotopic HCC, induce ferroptosis of tumor cells and activate
TIME exhibiting significant antitumor activity. Thus, this easily prepared nanovesicles
loaded with dietary omega-3 polyunsaturated fatty acids possess enormous potential for
the clinical tumor treatment and may efficiently complement current pharmacological

approaches.

Materials and methods

Materials and reagents

Docosahexaenoic Acid (DHA) was purchased from Shanxi Xiazhou Biotechnology Co.,
Ltd. (Shanxi, China). Ferrostatin-1 was obtained from Selleck Chemicals. Murine IFN-y
was obtained from Sino Biological. Lipopolysaccharide (LPS), Propidium iodide (PI),
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ROS probe, GSH detection kit, Oil Red, and hematoxylin were purchased from Beyo-
time Biotechnology. (Nantong, China). DiR was purchased from Yeasen Biotechnology
Co., Ltd. (Shanghai, China). The fluorescence-labelled antibody CD86 and CD 206 for
flow cytometry analysis was purchased from BioLegend. The antibody of GPX4 and
GAPDH for blot assay was obtained from Abcam. SLC7A11 was purchased from Pro-
teintech (Wuhan, China). The Raw 264.7 cells were purchased from the Shanghai Cell
Bank (Shanghai, China). The H22-Luc cells were obtained from Procell (Wuhan, China).
Cells were cultured in Roswell Park Memorial Institute 1640 (RPMI 1640) with high glu-
cose or Dulbecco’s modified eagle’s medium (DMEM) with high glucose, supplemented
with 10% heat inactivated fetal bovine serum (FBS), 2 mM glutamine, nonessential
amino acids, and sodium pyruvate. The medium and supplements were purchased from
Thermo Fisher Scientific. Cells were cultured at 37 C in a humidified chamber with 5%
CO,.

Characterization of nanovesicles

Dynamic light scattering (DLS, Anton Paar Litesizer 500) and transmission electron
microscopy (TEM, FEI Philips Tecnai 20) were utilized to determine the size and mor-
phology of the nanovesicles, respectively. The DLS was utilized to determine the Zeta
potential of nanovesicles. Fluorescence images for cellular uptake, ROS detection, CD86
and CD206 expression was performed by a fluorescence microscope (IX73, Olympus,
Japan). Fluorescence analysis was performed using a flow cytometer (Beckman Cyto-
FLEX, USA). In vivo imaging was performed using a near-infrared fluorescence imaging
system (IVIS® Lumina™, USA).

MNV@DHA Preparation

The MNYV was obtained from M1 macrophages by extrusion. Briefly, RAW 264.7 cells
were stimulated with LPS (100 ng/mL) and IFN-y (50 ng/mL) for 24 h and then CD86
expression was examined using a flow cytometer to confirm the polarization of M1 mac-
rophages. After the successful polarization of M1 macrophages, cells were washed twice
with PBS. Then, the prepared M1 macrophages and DHA were mixed and sequentially
extruded through polycarbonate membrane filters with pore sizes of 1 pm, 0.4 pm and
0.2 um for 21 times using a mini-extruder (Avanti Polar Lipids) to obtain nanosized
extracellular vesicles. The unbroken cells or cell debris were separated by centrifugation
(400 xg) for 5 min and the supernatant was collected and performed with dialysis to
remove free DHA. The MNV@DHA were then ultracentrifuged (100,000 xg) for 2 h at
4 °C in a density gradient containing 50% of iodixanol (1 mL), 10% of iodixanol (2 mL)
and the sample (7 ml) from bottom to top. The purified MNV@DHA were obtained from
the interface of the 50% and 10% iodixanol layers followed by three times of PBS rinsing.
The protein content of the exosome-mimetic MNV@DHA was determined using a BCA
protein assay kit and then stored at 4 °C for characterization analysis.

Stability analysis
The stability of MNV@DHA was evaluated by monitoring the size change of nanovesi-
cles dispersed in PBS and 10% of FBS, respectively. Briefly, the prepared MNV@DHA
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(10 pg/mL) was dispersed in PBS and 10% of FBS and then stored at 4 °C. The size of
nanovesicles was determined at different time intervals by DLS.

Coomassie blue staining assay

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used to
separate protein samples of MO, M1 macrophages, MNV and MNV@DHA. Briefly, the
nanovesicles were prepared as described above and then resuspended in 100 pL of PBS
followed by the addition of 50 uL loading buffer and then denatured by incubation at
95 °C for 15 min. Finally, the protein sample were separated by 8% of SDS-PAGE fol-
lowed by Coomassie blue staining.

Accumulative drug release

The drug loading efficiency and accumulative release of DHA from MNYV at different
pH conditions (pH 7.4 and 5.0) was determined by high performance liquid chromatog-
raphy (HPLC). Briefly, two aliquots of MNV@DHA were placed in a dialysis tube with
a MWCO of 12000-14-000, and transfer into 20 mL of corresponding buffers, respec-
tively. At the desired time intervals, the release medium (5.0 mL) was taken out from
each group and replenished with an equal volume of fresh medium. The DHA in the
release medium was determined by HPLC according to a standard curve (Ultramate
3000, Thermo Fisher, USA). Release experiments were conducted in triplicate, and the
results are presented as the average + standard deviation.

In vitro cellular uptake assays

The cellular uptake behaviors of MNV@DHA were evaluated on both of RAW 264.7
cells and H22 cells. Briefly, cells were seeded into a 24-well plate (1 x 10° cells/well) and
allowed it to grow for 12 h. Then, DiR-labelled MNV@DHA were added to cells and
incubated for different time. After incubation, the culture medium was removed and
the cells were washed twice with PBS. The cells were fixed with 4% of paraformaldehyde
at room temperature for 15 min. The cell nucleus was stained with 5 pg/mL of DAPI
at 37 °C for 10 min. The slides were examined under inverted fluorescence microscope
and analyzed using the Image] software. The cellular uptake of nanovesicles was further
quantified by flow cytometry. Briefly, both of RAW264.7 and H22 cells were cultured in
a 24-well plate (2 x 10° cells/well) overnight followed by the treatments as mentioned
above. The culture medium was discarded and the cells were prepared as suspensions,
washed twice with PBS, re-suspended in PBS and analyzed by flow cytometry.

Oil Red O staining

The common and acid-adapted H22 cells (pH6.5) were utilized to analyze the accumu-
lation of DHA under different pH conditions, respectively. Briefly, both the cells were
seeded into 24-well plates and treated with different concentrations of DHA or MNV@
DHA under different pH conditions for 12 h. After that, cells were washed twice with
PBS and fixed in 4% of paraformaldehyde for 15 min. The cells were subsequently rinsed
with 60% isopropanol. Oil Red O was then added and incubated for 30 min. Then, the
cells were washed with 60% of isopropanol to eliminate unbound dye. Hematoxylin was
used to counterstain and bright-field images were taken at 40 xmagnification using
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Olympus BX43. The staining was semi-quantitatively measured by reading the absorb-
ance at 492 nm of re-dissolved Oil Red O in isopropanol.

ROS detection

To detect the ROS production at the intracellular condition, H22 cells were seeded into
a 24-well plate (1 x 10° cells/well), cultured overnight and treated with MNV, DHA, and
MNV@DHA, respectively, for 24 h. Then, the cells were incubated with the ROS probe
(20 uM) for 20 min. After that, the cells were washed with PBS, fixed by 4% formalde-
hyde and stained with DAPI. The fluorescence images were captured under fluorescence
microscopy. To quantify the fluorescence intensity of ROS, the cells were performed as
above described methods and then finally suspended in PBS for flow cytometry analysis.

Determination of intracellular GSH levels

H22 cells were seeded into a 6-well plate and cultured for 12 h. The cells treated with
MNYV, DHA, and MNV@DHA, respectively, for 24 h. After that, the GSH levels were
determined according to manufacturer’s instructions (BC1175, Solarbio). The collected
cells were resuspended and lysed with freeze thaw method (2-3 times) in liquid nitro-
gen. Then, the sample were performed with centrifugation (8000 xg) for 10 min. The
suspensions were measured as described in the protocol by a Multi-mode Reader from
BioTek and calculated according to a standard curve.

Western blot assay

H22 cells were incubated in 6-well plates at a density of 5 x 10° cells per well for 12 h.
The cells were treated with PBS, MNV, DHA and MNV@DHA, respectively for 24 h.
After that, the cells were collected and treated with NP-40 buffer and then the protein
was harvested and separated by SDS-PAGE. After being transferred to a polyvinylidene
difluoride membrane (Roche, USA), the primary antibodies (1: 1000) were used to detect
the target proteins followed by HRP-conjugated secondary antibody and the ECL rea-
gent kit treatment (Tanon, China). The images were collected using CLINX ChemiScope
6100.

CCK8 assay of cell viability

The cell viabilities of H22 cells with different treatments were evaluated by CCK8 assay
(CA1210, Solarbio). Briefly, H22 cells were cultured in 96-well plates at a density of
1 x 10* cells for 12 h and then followed with different treatment for 48 h. Then a stand-
ard CCK-8 assay was used to determine the cell viability. The experiments were per-
formed independently for three times.

Propidium iodide (PI) staining assay

The cell death of H22 cells was determined by PI staining assay and analyzed by flow
cytometry. Briefly, H22 cells were cultured in 24-well plates at a density of 2 x 10° cells
per well for 12 h. After that, the cells were pretreated with or without ferrostatin-1
(0.13 pg/mL) followed with different treatments for 48 h. Then, the cells were collected,
stained with PI (5 pg/mL) for 15 min and proceed immediately with flow cytometry.
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Fluorescence analysis

The expression of CD86 or CD206 was examined by fluorescence microscope and flow
cytometry. For the expression of CD86 on RAW 264.7 cells, the cells were incubated
with different treatment for 48 h and then the culture medium was removed and the
cells were washed twice with PBS. After that, the cells were stained with Cy5.5-labelled
CD86 antibodies for 30 min at 4 °C followed by three times of washing with PBS. Then,
the cells were fixed with 4% of paraformaldehyde at room temperature for 15 min. The
cell nucleus was stained with 5 ug/mL DAPI at 37 °C for 10 min. The slides were exam-
ined under inverted fluorescence microscope and analyzed using the Image] software.
The expression of CD86 was further quantified by flow cytometry. Briefly, RAW264.7
were cultured in a 24-well plate (2 x 10° cells/well) overnight followed by the treatments
as mentioned above. The culture medium was discarded and the cells were prepared as
suspensions, stained with CD86 antibodies, washed twice with PBS, re-suspended in
PBS and analyzed by flow cytometry. For CD206 expression on M2 macrophages, RAW
264.7 were pre-stimulated with IL-4 (20 ng/mL) for 48 h and then incubated with differ-
ent formulations for 48 h. The examination was performed by fluorescence microscope

and flow cytometry as mentioned above.

In vivo biodistribution

In vivo biodistribution of MNV@DHA was demonstrated using the C57BL/6 mice bear-
ing orthotopic H22-Luc cell tumor. C57BL/6 female mice (6 weeks old) were purchased
from Hangzhou Ziyuan Laboratory Animal Science and Technology Co., Ltd. (Hang-
zhou, China). All animal experiments were carried out in compliance with the Animal
Management Rules (Ministry of Health, People’s Republic of China) and the guidance
for Care and Use of Laboratory Animals (China Pharmaceutical University). The mouse
liver cancer model was established by orthotopic injection of H22-Luc cells (2.0 x 10*
per mouse). After 5 days, the growth of the tumor was determined by IVIS system, and
the tumor bearing mice were randomly grouped and injected with a single dose of DiR-
labeled RNV@DHA and MNV@DHA (DHA: 30 mg/kg) in 100 pL of PBS via tail vein.
At designated time intervals (1, 2, 3, 5, 8, 24 h) post-injection, the fluorescence images
were acquired. At the end of experiments, the main organs were dissociated after eutha-
nasia for ex vivo fluorescence imaging. The fluorescence images were scanned using a
near-infrared fluorescence imaging system (IVIS® Lumina"’, USA), and the images were
acquired and analyzed using the Living Image software (PerkinElmer, USA).

Evaluation of the antitumor effect and tumor-infiltrating lymphocytes

The mouse liver cancer model was established by orthotopic injection of H22-Luc cells
(2.0 x 10* per mouse). After five days, the growth of the tumor was determined by IVIS
system, and the tumor-bearing C57BL/6 mice were randomly divided into four groups
(n=5): PBS, MNV, DHA and MNV@DHA (DHA: 30 mg/kg). Each group of tumor-
bearing mice was injected with 100 pL of the formulations through the tail vein. The
administrations were performed on day 0, 3, 7 and 10. During the treatment period,
the bodyweight of the mice was measured and recorded every other day. The biolumi-
nescence intensity of the tumor-bearing mice was imaged and calculated using an IVIS
device after the injection of D-luciferin potassium salt to monitor the tumor growth. At
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the end of experiments, three of tumor-bearing mice from each group were sacrificed.
The liver tissues were harvested and processed for hematoxylin—eosin (H&E) staining
and immunohistochemistry (IHC) of Ki67 and GPX4 to evaluate the antitumor effect.
The major organs were also stained by H&E for systemic toxicity analysis. In a paralleled
experiment, the mice were divided into four groups (n=4) and treated with different
formulations as mentioned above. At the end of different treatments, the H22- tumor-
bearing mice were performed with euthanasia and then the orthotopic tumor tissues
were separated to cut into smaller pieces and digested in 1640 medium with 0.5 mg/mL
of type IV collagenase for 1 h at 37 °C. The digested tissues were gently meshed through
a 70 pm cell strainer and then stained with various fluorophore-conjugated antibodies
for 30 min in dark condition. The immune cells were stained with anti-CD45-FITC (BD
Pharmingen™, Lot: 553079), anti-CD11b-Percp-Cy5.5 (BD Pharmingen"’, Lot: 550993),
anti-F4/80-BV510 (BD OptiBuild™,Lot:743280), anti-CD86-BV421(BD Horizon",
Lot:564198), anti-CD206-APC (eBioscience, LOT: 17-2061-82), anti-CD3-Percp-cy5.5
(BD Pharmingen™, Lot: 551163), anti-CD8-APC (BD Pharmingen"", Lot: 553035) anti-
bodies according to the manufacture’s protocols. After washing, the cells were used for
flow cytometry analysis (Beckman, Cytoflex FCM, USA). The data were processed by
FlowJo software.

Statistical analysis

Quantitative data were presented as the mean & standard error, with *p <0.05, **p <0.01
and **p<0.001 indicating statistical significance. One-way analysis of variance
(ANOVA) was adopted to compare more than two groups and the two-tailed Student’s
t-test for between-group comparison.

Results and discussion

Preparation and characterization of MNV@DHA

The exosome-mimetic MNV loading with DHA was prepared by serially extruding LPS
and IFN-y-treated RAW 264.7 cells (M1 macrophage) with different pore size of polycar-
bonate membranes (Scheme 1). The expression of CD86 was confirmed by flow cytom-
etry serving as the marker of M1 macrophages (Additional file 1: Fig. S1). Furthermore,
the activated markers of M1 macrophages were also detected with high expression in
MNYV such as iNOS and IL-6 indicating that MNV might inherit the immune activa-
tion of M1 macrophages (Additional file 1: Fig. S2). The size distribution and morphol-
ogy of the nanovesicles were examined by DLS and TEM. As shown in Fig. 1A, B, the
mean diameter of MNV and MNV@DHA was 136.5 and 188.8 nm, respectively. Moreo-
ver, the zeta potential determination revealed that MNV@DHA was characterized with
negative potential, which could be advantaged to the long circulation of the nanovesi-
cles (Fig. 1C). The stability of MNV@DHA in PBS and 10% of serum was measured by
DLS (Fig. 1D). The results showed no significant alternation of hydrodynamic diameter
in PBS or serum for 72 h. The components of MNV were evaluated by Coomassie blue
staining indicating that the protein bands of MNV were less than M1 macrophages.
However, the loading of DHA into MNV exhibited no influence on the protein bands
of MNV (Fig. 1E). The drug loading efficacy of DHA could reach to 95.4% at a feed ratio
of 5% (weight %) determined by HPLC (Additional file 1: Table S1). Additionally, the
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Fig. 1 Characterization of MNV@DHA. A-B The diameter and morphology of MNV (A) and MNV@DHA (B).

C Zeta-potential of MNV and MNV@DHA. D The diameter alteration of MNV@DHA at different conditions for
72 h. E Coomassie blue staining for the protein bands of different formulations separated by SDS-PAGE. MO
and M1 indicated the protein extracted from MO and M1 macrophages, respectively. F The cumulative release
of DHA at different pH conditions determined by HPLC
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Fig. 2 Cell endocytosis and DHA accumulation in H22 cells. A-B DiR-stained MNV@DHA (10 ug/mL of DHA)
was incubated with H22 cells for indicated time and examined by fluorescence microscope (A) and flow
cytometry (B). C Different concentrations of DHA or MNV@DHA were incubated with normal or acid-adapted
H22 cells for 24 h at different pH conditions and then stained with Oil Red O

cumulative release of DHA at different pH conditions was examined. The results dem-
onstrated that acidic pH could significantly accelerated the in vitro release of DHA from
MNYV that more than 84.3% of DHA was released in 72 h of pH 5.0, and only 31.6% of
DHA was released at pH 7.4.

Acidic pH condition promotes the accumulation of DHA in tumor cells

DHA could be successfully loaded into MNV, which might be advantaged to the cellular
uptake of DHA. Firstly, the fluorescent dye of DiR was utilized to stain MNV for endocy-
tosis study. As shown in Fig. 2A, B, DiR-stained MNYV could be significantly endocytosed
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by H22 cells indicated by the increased fluorescence intensity dependent on the incuba-
tion time (Additional file 1: Fig. S3). Accordingly, the uptake and accumulation of DHA
in H22 cells were studied under different pH conditions. As shown in Fig. 2C and Addi-
tional file 1: Fig. S4, significantly more DHA were accumulated in H22 cells after being
loaded by MNV compared to free DHA. More importantly, acid-adapted cancer cells
(pH6.5) simulating the microenvironment of tumor tissues could increase more DHA
accumulation compared to that of normal H22 cells at neutral condition (pH7.4). These
results indicated that acidic tumor microenvironment was beneficial to the tumor cells
to capture more DHA, which could be further enhanced when DHA was loaded into
MNV. Therefore, MNV@DHA might play an important role in the antitumor therapy.

MNV@DHA induce cell death via ferroptosis

DHA had been reported to induce ferroptosis of tumor cells in previous studies (Dierge
et al. 2021). Accordingly, ROS accumulation and GSH consumption, the important char-
acteristics of ferroptosis (Wei et al. 2022), were examined on H22 cells with different
treatments. As show in Fig. 3A, DHA could significantly induce the release of ROS while
PBS treatment exhibited no obvious fluorescence. Instead, MNV@DHA could induce
more ROS generation contributed the enhanced cellular uptake and accumulation of
DHA since MNV did not mediate significant ROS release. The consumption of GSH
exhibited the paralleled effect that MNV@DHA mediated the maximum reduction of
GSH (Fig. 3B). The cellular ferroptosis marker of glutathione-dependent peroxidase 4
(GPX4) serving as a lipid repair enzyme could be deactivated during ferroptosis (Li P.
et al. 2021a). Accordingly, the protein level of GPX4 was examined exhibiting that DHA
could significantly decrease GPX4 expression and combining MNV with DHA could
further aggravate the reduction of GPX4. A similar decreased trend was observed for
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Fig. 3 Enhanced ferroptosis induced by MNV@DHA. A H22 cells were incubated different formulations

(10 pg/mL of DHA) for 24 h followed by examining with fluorescence microscope (upper panel) and flow
cytometry (lower panel). B H22 cells were treated with different formulations (10 pg/mL of DHA) for 24 h

and then the cells were lysed for GSH determination. C H22 cells were performed with different treatments
(10 pg/mL of DHA) for 24 h and then the protein was extracted for western blot assay. D H22 cells were
incubated with different concentrations of the indicated formulations for 48 h and then cells were performed
with CCK8 assay. E H22 cells were pretreated with or without ferrostatin-1 (Fer-1, 0.13 ug/mL) for 30 min

and then treated with different formulations (10 ug/mL of DHA) for 48 h followed by Pl staining for flow
cytometric analysis
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the cystine/glutamate transporter SLC7A11 (SLC7A), which was critical to support cel-
lular GSH biosynthesis (Fig. 3C). Therefore, the cell viability of H22 cells was evaluated
by CCK8 assay and the results demonstrated that DHA could decrease cell viability in a
concentration-depending manner. Although free MNV did not exhibit activity against
cell viability, the combination of MNV and DHA exhibited the strongest in vitro anti-
tumor activity (Fig. 3D). The pattern of cell death was confirmed by using a ferropto-
sis inhibitor. As shown in Fig. 3E, the inhibitor could significantly reverse the cell death
induced by DHA or MNV@DHA indicated by the change of PI-positive cells. Further-
more, the antitumor activity of MNV@DHA was also evaluated on human HCC of
HepG2 and SMMC-7721. The results demonstrated the the antitumor activity of MNV@
DHA was consistent with previous results, and MNV@DHA showed stronger activity
against human HCC cells than that of murine H22 cells (Additional file 1: Fig. S5).

In vitro polarization of macrophages induced by MNV@DHA

M1 macrophage-derived exosomes had been reported to be able to induce the polariza-
tion of M1 macrophage, which played an important role in the immune activation of
TIME. Therefore, cellular uptake behaviors of RAW?264.7 for MNV@DHA was firstly
examined. As shown in Fig. 4A, B and S6, the DiR-stained MNV@DHA could be endo-
cytosed by macrophages indicated by the increased fluorescence inside the cells and
the fluorescence could be detected in about 90.1% of the cells after 6 h of the incuba-
tion. The polarization of M1 macrophage was examined by detecting the expression of
CD86. As shown in Fig. 4C, D, the fluorescence could be detected in both of MNV and
MNV@DHA treatment groups demonstrating that MNV could induce the polarization
of M1 macrophage. It was interesting that MNV also could repolarize M2 macrophage

>
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Fig. 4 In vitro immune-regulated effect on macrophage polarization. A-B Cell endocytosis of MNV@DHA

in RAW 264.7 cells. DiR-stained MNV@DHA (10 pg/mL of DHA) was incubated within RAW 264.7 cells for
indicated time and examined by fluorescence microscope (A) and flow cytometry (B). C-D RAW 264.7 cells
(MO) were incubated with different formulations (10 ug/mL of DHA) for 48 h and then stained with anti-CD86
for fluorescence microscope (C) and flow cytometric analysis (D). (E-F) RAW 264.7 cells were pretreated with
IL-4 (20 ng/mL) for 48 h. The cells were rinsed with PBS for three times and then incubated with different
formulations (10 ug/mL of DHA) for 48 h followed by staining with anti-CD206 for fluorescence microscope
(E) and flow cytometric analysis (F)
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indicated by the decreased expression of CD206 (Fig. 4E, F). These results demonstrated
that MNV could mediate immune activation by regulating macrophages, which might
be advantaged to in vivo antitumor activity of MNV@DHA.

In vivo biodistribution of MNV@DHA
To explore the in vivo tumor target ability of MNV, the erythrocyte membrane derived
nanovesicles (RNV) was utilized as a control to compare with MNV on a murine ortho-
topic hepatocellular carcinoma model. The H22-Luc tumor bearing mice were divided
into two groups and intravenously injected with DiR-stained RNV@DHA and.
MNV@DHA, respectively. The fluorescence was examined at different time inter-
vals. As shown in Fig. 5A, the fluorescence of both groups could rapidly accumulate at
the liver in 1 h and the fluorescence gradually increased within 8 h of the examination.
However, the fluorescence in ex vivo organs analysis demonstrated that more fluores-
cence was detected at orthotopic tumor tissues separated from MNYV group, while RNV-
treated mice exhibited no obviously specific distribution at the tumor site (Fig. 5B). The
results indicated that MNV might be more likely to target tumor tissues than RNV con-
tributed from M1-derived chemotaxis for inflammation.

In vivo antitumor performance of UNV@DHA

Since MNV could be accumulate at tumor tissues, the in vivo antitumor effect of
DHA-loaded MNV was evaluated on H22-Luc tumor bearing mice. When the murine
orthotopic liver cancer was successfully established, the tumor-bearing mice were
divided into four groups and intravenously administrated with four times of PBS,
MNYV, DHA, and MNV@DHA, respectively, on day 0, 3, 7, and 10. The biolumines-
cence intensity was determined to monitor tumor growth. As shown in Fig. 6A, B and
S7, MNV or DHA treatments only exhibited moderate antitumor effect in vivo com-
pared to PBS group. However, it was worthy noticing that the combination of MNV
and DHA exhibited stronger activity against tumor growth than other treatments.
The antitumor effect of MNV@DHA was confirmed by excised liver tissues and the
results indicated that the visible tumor tissues in MNV@DHA-treated liver were sig-
nificantly smaller than other groups (Fig. 6C). Accordingly, the tumor progress was
further examined by H&E staining and IHC for Ki67 revealing that the tumor cells

1h 2h 3h 5h 8h 24h B DiR fluorescence DiR fluorescence

Liver
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Fig. 5 In vivo fluorescence of DiR-stained RNV@DHA and MNV@DHA on a murine orthotopic H22-Luc
tumor-bearing mice. A Real-time fluorescence images of H22-Luc tumor-bearing mice with 100 L of
different intravenous administrations (DHA: 30 mg/kg). B Representative ex vivo fluorescence images of
tumors and other tissues of mice upon above treatments. The red circles highlight the regions of tumors
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euthanized mice. D H and E staining and IHC of Ki67 analysis of tumor tissues isolated from mice after 12 day

of treatments

and Ki67-positive cells were significantly lessened in MNV@DHA group (Fig. 6D
and Additional file 1: Fig. S8). Furthermore, the systemic toxicity of MNV@DHA was
evaluated by determining the bodyweight change during the experimented period
and H&E staining of major organs. The bodyweight of mice treated with MNV@DHA
exhibited no bodyweight lost (Additional file 1: Fig. S9) and no appreciable damage
was observed in major organs including the heart, spleen, lung and kidney at the end
of experiments, indicating that the combined treatments had a good biocompatibil-
ity (Additional file 1: Fig. S10). Furthermore, the serum levels of alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST) were determined to evaluate liver
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function. The results demonstrated that there was no difference among groups indi-
cating the safety of MNV@DHA (Additional file 1: Fig. S11).

In vivo immune performance

The combination of MNV and DHA exhibited the strongest antitumor activity, which
might be contributed from ferroptosis and the activation of tumor immune microen-
vironments. Therefore, the GPX4 expression was examined in tumor tissues with dif-
ferent treatments. As shown in Fig. 7A and Additional file 1: S12, free DHA treatment
could decrease the expression of GPX4 compared with PBS group. It was noticed that
the expression of GPX4 was also reduced by MNV treatment, which might be con-
tributed from the immune activation of TIME. Expectedly, MNV@DHA exhibited
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Fig. 7 Analysis of immune cell subsets from the tumor tissues with different treatments for 12 days.
A Immunohistochemistry images of the expression of GPX4. (B-C) Flow cytometric analysis of M1
(F4/801CD86), M2 (F4/807CD206) and CD8™T cells
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stronger inhibition on GPX4 expression than free DHA, which might be explained
from that MNV-mediated delivery of DHA could target tumor tissues for efficient fer-
roptosis induction and immune regulation. Accordingly, the tumor infiltrated lym-
phocytes were investigated to assess the immune response mediated by different
treatment groups. As shown in Fig. 7B, C, the infiltration of M1 macrophages and
CD8" T cells in the tumors was significantly increased in all the treatment groups
compared with PBS group. However, MNV@DHA exhibited the strongest activation
for the elevation of immune-activated cells. In contrast, the immune negative regu-
lated cell of M2 macrophages were mostly decreased by the treatment of MNV@DHA
indicating that combination of MNV and DHA could efficiently activate antitumor
immune response.

Conclusion

To summarize, an engineering exosome-mimetic nanovesicle derived from M1 mac-
rophages was prepared for DHA delivery. In vitro experiments demonstrated that
MNV could efficiently loading with DHA and promote the accumulation of DHA in
tumor cells facilitating the induction of ferroptosis. Furthermore, MNV@DHA exhib-
ited prominent activities on the polarization of M1 macrophages and reprogramming of
M2 macrophages. In a murine orthotopic hepatocellular carcinoma model, MNV@DHA
could target tumor tissues, induce ferroptosis, and activate the immune microenviron-
ments exhibiting strong in vivo antitumor activity. Overall, the characteristic of positive
feedback regulation between ferroptosis and immune activation endowed MNV@DHA
with tremendous potential for complementing pharmacological approaches for cancer
management.
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