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ARTICLE INFO ABSTRACT

Keywords: Myocarditis, which can be triggered by immune checkpoint inhibitor (ICI) treatment, represents a critical and
Bone marrow mesenchymal stem cells severe adverse effect observed in cancer therapy. Thus, elucidating the underlying mechanism and developing
Exosomes

effective strategies to mitigate its harmful impact is of utmost importance. The objective of this study is to
investigate the potential role and regulatory mechanism of exosomes derived from human bone marrow
mesenchymal stem cells (hBMSC-Exos) in providing protection against myocardial injury induced by ICIs. We
observed that the administration of programmed death 1/programmed death-ligand 1 (PD-1/PD-L1) inhibitor
BMS-1 in tumor-bearing mice led to evident cardiac dysfunction and myocardial injury, which were closely
associated with M1 macrophage polarization and cardiac pyroptosis. Remarkably, these adverse effects were
significantly alleviated through tail-vein injection of hBMSC-Exos. Moreover, either BMS-1 or hBMSC-Exos alone
demonstrated the ability to reduce tumor size, while the combination of hBMSC-Exos with BMS-1 treatment not
only effectively improved the probability of tumor inhibition but also alleviated cardiac anomalies induced by

Cardiac toxicity

Immune checkpoint inhibitor
Macrophage

pyroptosis

BMS-1.

1. Introduction

Immune checkpoint inhibitors (ICIs), also known as monoclonal
antibodies (mAbs), are designed to specifically target immune check-
point molecules, and hinder the function of inhibitory receptors located
on T cells. By doing so, they can activate the immune system to recog-
nize and eliminate cancer cells through preventing the evasion of im-
mune responses mediated by T cells [1]. In recent years, the utilization
of ICIs for cancer treatment has been growing rapidly, leading to an
increase in the incidence of immune-related adverse events (irAEs).
According to the related reports, the occurrence rate of irAEs in patients
receiving ICI treatment can be reach as high as 54 % to 76 % [2]. ICIs can
cause severe and potentially fatal cardiac toxicities, such as myocarditis,
pericarditis, arrhythmia, and heart failure [3,4]. Once myocardial injury
occurs, it can rapidly progress and result in the highest mortality rate
[5,6]. Therefore, there is an immediate need to identify effective

treatments that can alleviate cardiac injuries associated with ICIs.

Over the last decade, the immunomodulatory capabilities of
mesenchymal stem cells (MSCs) have provided promise for the treat-
ment of various immune-related disorders including cardiac abnormal-
ities. Nevertheless, there is an ongoing debate regarding the safety of
MSCs, particularly with regards to their possible role in promoting
tumorigenesis [7,8]. Besides, the replacement of damaged tissue is
almost incapable in adult mammalian heart due to the low proliferation
rate of adult cardiomyocytes, which seriously hinders the myocardial
regeneration [9]. Although stem cell therapy has emerged as a prom-
ising avenue for repairing and regenerating cardiac tissue, the direct
transplantation of stem cells into the body or heart carries potential risks
such as immune responses and cardiac electrical abnormalities. In
contrast, MSC-secreted exosome (MSC-Exo) is a type of small extracel-
lular vesicle (EV) with an average diameter of 100 nm, secreted by
endosomes [10]. Exosomes which contain multiple bioactive substances
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have been shown to possess similar reparative properties as MSCs, while
also exhibit significant anti-inflammatory and anti-cancer properties
[11]. Therefore, MSC-Exos are considered to be an important way for
MSCs to perform physiological functions. In animal models, MSC-Exos
have demonstrated remarkable therapeutic effects on myocardial
infarction and cardiac ischemic-reperfusion-induced injury [12-15].

Pyroptosis and associated inflammatory responses are common fac-
tors in various heart-related diseases, such as myocardial infarction
[16], heart failure [17], diabetic cardiomyopathy [18], and viral
myocarditis [19]. These pathological processes can result in cell
swelling, formation of bubble-like protrusions, rupture of the plasma
membrane, and secretion of pro-inflammatory cytokines [20]. MSC-
derived vesicles were found to exhibit comparable biological proper-
ties to MSCs, including low immunogenicity, immunomodulatory ca-
pabilities, and the ability to home in on inflammatory or injured sites
[21-23]. Moreover, Zeng et al. found that exosomes derived from bone
marrow mesenchymal stem cells (BMSC-Exos) attenuated NLRP3
inflammasome-mediated pyroptosis by promoting AMPK-dependent
autophagy flux [24]. Liu et al. found that BMSC-Exos could inhibit
NLRP3 inflammasome-mediated inflammation and pyroptosis by
modulating microglial polarization, thereby improving brain I/R dam-
age [25]. Therefore, these characteristics allow MSC-Exos to exert a
potential role in ICI-induced myocarditis and cardiac dysfunction.

Macrophages are important in regulating inflammation which is
often associated with pyroptosis [26-28]. Various studies have empha-
sized the significance of macrophages in heart disease models [29-31].
Currently, there is increasing evidence that ICIs cause cardiac damage
and are associated with macrophage polarization [32,33]. Chen et al.
observed that PD-1/PD-L1 inhibitors induced M1 polarization of colonic
macrophage, systemic inflammatory response and cardiac injury [34].
Similarly, the administration of PD-1 antibodies in mice resulted in the
polarization of cardiac macrophages towards the M1 phenotype, which
was accompanied by the upregulation of miR-34a in myocardial cells,
and ultimately leading to cardiac injury [35]. These findings highlight
the significance of modulating macrophage polarization as a critical
approach for treating and alleviating cardiac injury induced by IClIs.

Evidence suggests that MSC-Exos have the ability to trigger macro-
phage conversion to anti-inflammatory M2 phenotype in the models of
myocardial infarction [36] and myocardial ischemia-reperfusion [37].
Xu et al. found that the AKT1/AKT2 signaling may be involved in the
regulation of macrophage polarization to reduce apoptosis and infil-
tration of cardiomyocytes following the administration of MSC-Exos
[38]. However, little is known about the role of MSC-Exos in ICI-
induced cardiac side effect. Additionally, the potential anti-cancer ef-
fect of MSC-Exos has yet to be entirely explored. To this end, this study
aims to investigate the potential mechanism and role of exosomes
secreted by human bone marrow mesenchymal stem cells (hBMSC-Exos)
in mitigating myocarditis and myocardial injury caused by PD-1/PD-L1
binding inhibitor during the treatment of tumors. We also evaluate the
contribution of hBMSC-Exos to the anti-cancer effect.

2. Materials and methods
2.1. Single-cell RNA sequencing data analysis for human samples

We downloaded the dataset GSE180045 containing 10x scRNA-seq
data with three samples of control patients and two samples of pa-
tients diagnosed with myocarditis [39]. We processed single-cell
sequencing data by the following methods. We utilized the “Seurat” R
package to transform 10x scRNA-seq data into Seurat objects, filtering
out low-quality cells based on gene count and mitochondrial gene per-
centage. The top 2000 highly variable genes were identified using the
“FindVariableFeatures” program, and included for PCA and UMAP
analysis to identify cell subpopulations. Cell type markers were obtained
from the CellMarker website and previous studies. “FindMarkers”
package was used to find DEGs in macrophage or monocyte cells
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between myocarditis and control group.
2.2. RNA-sequencing data analysis

We used the key word “pyroptosis” to search the datasets in the
GeneCards (https://www.genecards.org/) and got the common genes
between the human DEGs and pyroptosis genes. We constructed a PPI
network with these genes as well as IL-18, PYCARD, and NLRP3. The
results of the PPI analysis were imported into the Cytoscape software.
The adjust p-value < 0.05 was regarded as statistically different for a
filtering condition. We also used the keywords “myocarditis” to search
the myocarditis datasets in the Gene Expression Omnibus (GEO) data-
base. The retrieved results were then filtered by the species of Mus
musculus. Finally, we selected GSE225099 dataset that defined as the
training set, containing three mice with myocarditis and four healthy
control mice [40]. Differential expression analysis was performed by
using R software (version 4.3.0). We set a threshold at |logFC| >1 to
screen out DEGs. The adjusted p < 0.05 was regarded. We used the key
word “pyroptosis” to search the datasets in the Mouse Genome Infor-
matics (https://www.informatics.jax.org/) and got the common genes
between the mice DEGs and pyroptosis genes.

2.3. Gene set enrichment analysis (GSEA)

GSEA was conducted to investigate the biological processes and
signaling pathways linked with these genes. The analysis involved
calculating the correlation between the key genes and all other genes in
the entire dataset, and then ranking the gene sets based on this corre-
lation. Using the GO and KEGG data files as a reference, the enrichment
of biological processes and signaling pathways for each gene set was
assessed to identify significantly enriched functions and pathways.
GSEA was performed by using R software (version 4.3.0). We set a
threshold at |[NES| > 1 and adjusted p-value < 0.05 being the screening
criteria to identify the significant pathways.

2.4. Animals and experimental design

This study was conducted following approval from the Ethics Com-
mittee of Hebei University and the Experimental Animal Management
and Use Committee. Male C57BL/6 N mice (6 weeks old) were pur-
chased from Beijing Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China) and were housed in a temperature-controlled facility at
23 °C with ad libitum access to water, under a 12-hour light/12-hour
dark cycle. The relative humidity was maintained at 50 %. The mice
underwent a two-week acclimatization period to adapt to the new
environment prior to the initiation of the experiment, and were
randomly grouped (9 mice per group). According to the previous pro-
tocol [41], B16F10 cells (2 x 105, Procell Life Science & Technology Co.,
Ltd., Wuhan, China) were injected to the right flank of the C57BL/6 N
mice (6-7 weeks old) to establish the melanoma model. Once the tumors
reached a size of approximately 50 mm?>, the mice were intraperitone-
ally injected with BMS-1 (10 mg/kg/time) for a total of 6 injections
every other day, with or without hBMSC-Exos treatment (1 pg/pL, 8 mg/
kg) [33]. hBMSC-Exos were administered via the caudal vein of the mice
every 7 days, with a total of 2 injections. Another batch of mice (6 mice
per group) was treated in the same manner to evaluate the effect of both
BMS-1 and hBMSC-Exos on tumor growth. The body weights of mice
were measured every two days throughout the entire experimental
period. On the last day of the treatment, the hearts, livers, spleens, and
kidneys of the mice were weighed. When the average tumor size of mice
reached 2000 mm?®, the animals were euthanized timely in accordance
with the AVMA Guidelines for the Euthanasia of Animals: 2020 Edition. In
order to evaluate the effect of PD-1 antibody, anti-PD-1 monoclonal
antibody (Thermo Fisher Scientific, 14-9982-82) at 200 pg per mouse
were injected to the mice through tail vein injection [42], followed by
cardiac function assessment by echocardiographic evaluation,
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myocardial injury detection by ELISA assay and inflammatory detection
by qRT-PCR.

2.5. Echocardiographic evaluation

An Echocardiographic assessment was performed on the last day of
the experimental period. Mice were anesthesia using 1.2 % isoflurane
administered with a calibrated vaporizer and an inhalant (Sigma Delta,
Penlon, Oxford, UK). The cardiac geometry and function of mice were
then determined with a two dimensional (2D) guided M-mode echo-
cardiography (VINNO 6 LAB, VINNO, Beijing, China) which equipped
with a 23 MHz linear transducer. The echocardiographic images of the
hearts were captured in the 2D-mode in the parasternal long-axis view
with a depth of 2 cm. The M-mode cursor was positioned perpendicular
to the interventricular septum and posterior wall of the left-ventricle
(LV) at the level of papillary muscles from the 2D-mode. End-diastolic
septal thickness (IVSd), end-systolic septal thickness (IVSs), left ven-
tricular diastolic and systolic posterior wall thickness (LVPWd, LVPWs),
ejection fraction (EF), fractional shortening (FS), the LV end-diastolic
diameter (LVEDD), LV end-systolic diameter (LVESD), LV mass, stroke
volume (SV), cardiac output (CO), end-diastolic left ventricular anterior
wall thickness (LVAWd), end-systolic left ventricular anterior wall
thickness (LVAWS), end diastolic left ventricular volume (LV Volume d)
and end systolic left ventricular volume (LV Volume s) were measured.
Wall thickness was calculated as the average of LVPWd and LVPWs. The
data were presented as the mean values of these parameters (mean +
SEM).

2.6. Immunohistochemical and histological analysis

After anesthesia, the mice were euthanized. The hearts were excised
and immediately placed in 10 % neutral formalin, which was kept at
room temperature for 24 h. The specific technical procedures after fixing
the cardiac tissue were carried out by Servicebio, Inc. (Wuhan Service-
bio Technology Co., Ltd., Wuhan, Hubei, China) according to their
standard operating procedures. Briefly, the fixed tissue was dehydrated
using a series of alcohol concentration gradients and cleared using
xylene. The tissue was then infiltrated with liquid paraffin and
embedded in paraffin blocks. The specimens were cut into 5 pm sections.
For hematoxylin and eosin (HE) staining, slides were dewaxed and then
stained with hematoxylin and eosin. For Inmunohistochemical staining,
the slides performed the deparaffinization and antigen retrieval [43].
Subsequently, the sections were treated with 0.03 % H50, for 25 min,
pre-incubated with rabbit serum and labelled with rabbit anti-mouse
primary polyclonal antibodies targeting iNOS (1:500, GB111119, Serv-
icebio) and CD163 (1:500, GB113751, Servicebio) which are the surface
markers of M1 and M2 macrophages [44]. The slices were sequentially
incubated with the HRP-linked goat anti-rabbit IgG (1:200, GB23303,
Servicebio) and 3,3-diaminobenzidine (DAB, G1212, Servicebio). Af-
terward, they were washed with tap water and stained with hematoxylin
(G1004, Servicebio). Images of three randomly selected fields were
captured at 400x magnification under an optical microscope (Olympus
CKX53, Olympus, Tokyo, Japan). The Integrated option density (IOD)
and the area of the positive regions within the images were analyzed
using Image J software (Fiji, National Institutes of Health, Bethesda, MD,
USA). The average optical density (AOD) was calculated using the
following formula: AOD = IOD / Area, and the data were presented as
the mean of AOD (mean + SEM).

2.7. Isolation and culture of mouse peritoneal macrophages

The isolation and culture of peritoneal macrophages were conducted
according to previously described protocols [45]. Mice were sacrificed
by quick and humane cervical dislocation [46]. 5 mL of RPMI 1640
medium (Thermo Fisher Scientific, Gaithersburg, MD, USA) supple-
mented with 100 U/mL penicillin and streptomycin (Biodragon, Beijing,
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China) was injected into the abdomen using a syringe for peritoneal
lavage. Lavage fluid was then withdrawn from the peritoneal cavity of
the mice with a syringe and centrifuged at 4 °C, 1000 rpm for 5 min. The
supernatant was discarded and the cells were resuspended in complete
medium (RPMI 1640 medium supplemented with 10 % (v/v) bovine calf
serum (ExCell Bio, Shanghai, China), 100 U/mL penicillin and 100 U/
mL streptomycin) and then allowed to attach in the 12-well plate for 2h
at 37 °C in a humidified incubator containing 5 % CO,. After washing
away the floating cells with PBS, fresh medium was added. The
phagocytic activity of mouse peritoneal macrophages was evaluated by
an ink phagocytosis test. Following the addition of 10 pL of India ink
(PHYGENE, Fuzhou, Fujian, China) and an incubation period at 37 °C
for 4 h, the mouse peritoneal macrophages were captured in images
using an inverted phase contrast microscope (Olympus CKX53,
Olympus, Japan).

2.8. Cell culture and treatment

Mouse melanoma B16F10 cells and RAW264.7 cells were obtained
from Procell Life Science & Technology Co., Ltd. (Wuhan, China). HL-1
cells were purchased from BeNa Culture Collection (Beijing, China).
Human bone marrow mesenchymal stem cells (hBMSCs) were obtained
from Qing Qi Biotechnology Development Co., Ltd. (Shanghai, China).
B16F10 cells were cultured in RPMI 1640 medium (Thermo Fisher
Scientific, Gaithersburg, MD, USA) supplemented with 10 % fetal bovine
serum (ExCell Bio, Uruguay) and 100 U/mL penicillin-streptomycin
(Biodragon, Beijing, China). HL-1, RAW264.7 and hBMSCs were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Thermo
Fisher Scientific, Gaithersburg, MD, USA) supplemented with 10 % fetal
bovine serum (ExCell Bio, Uruguay) and 100 U/mL penicillin-
streptomycin. All cells were maintained in a humidified atmosphere
containing 5 % CO3 at 37 °C. To investigate the potential direct effect of
PD-1/PD-L1 inhibitor on cardiac muscle cell damage and inflammation,
HL-1 cardiomyocytes were treated with BMS-1 at concentrations of 1
pg/mL and 5 pg/mL for a duration of 24 h [47]. Additionally, RAW264.7
cells were exposed to LPS (1 pg/mL) for 24 h to assess its influence on
macrophage polarization. Furthermore, HL-1 cells were co-cultured
with RAW264.7 cells in the presence or absence of LPS (1 pg/mL) for
24 h, followed by treatment with hBM-Exos (40 pg/mL) for 4 h, aiming
to investigate the impact of macrophage polarization on pyroptosis in
cardiomyocytes.

2.9. Immunofluorescence staining and imaging

RAW264.7 cells and HL-1 cells were cultured on glass slides and
subjected to immunofluorescence staining as described previously
[48,49]. In brief, the specimens were blocked with 10 % goat serum,
followed by overnight incubation with rabbit anti-mouse primary
monoclonal antibodies against TNF-a (1:500, Proteintech, 60291-1-Ig),
Arg-1 (1:500, Proteintech, 16001-1-AP), and ASC (1:500, Bioss, bs-
6741R) at 4 °C. They were then incubated with secondary antibodies,
including Dylight 488-conjugated goat anti-rabbit IgG (1:500; Abbkine,
A23220), Dylight 488-conjugated goat anti-mouse IgG (1:500; Abbkine,
A23210), or Cy3-conjugated goat anti-rabbit IgG (1:500; ABclonal,
AS007) for 1 h at room temperature. Finally, the slides were counter-
stained with 4,6-diamino-2-phenyl indole (DAPI) (MCE, NJ, USA) and
imaged using a laser scanning confocal microscope (Olympus LSM900,
Olympus, Tokyo, Japan).

2.10. RNA isolation and qRT-PCR analysis

The RNAs were extracted from mouse heart, RAW264.7, and HL-1
cells by using the RNAiso Plus kit (Tiangen Biotech, Beijing, China)
following the manufacturer’s instructions. The extracted RNAs were
reverse transcribed into cDNAs using the FastKing cDNA first strand
Synthesis Kit (Tiangen Biotech, Beijing, China) in accordance with the
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manufacturer’s protocol. Briefly, a total reaction volume of 10 pL was
prepared by mixing 0.25 pg of RNA, 2 pL of 5x reaction mix, and RNase-
free water. The mixture was incubated and reacted in a thermal cycler at
25 °C for 5 min, 46 °C for 20 min, and finally at 95 °C for 1 min. Primers
were designed using NCBI BLAST and were listed in Table S1. The qRT-
PCR was performed on a CFX96 Touch Real-Time PCR Detection System
using SYBR Green. A total reaction volume of 10 pL, containing forward
and reverse primers (10 pM), cDNA, and DEPC water were prepared and
mixed. The sample was subjected to an initial denaturation step at 95 °C
for 2 min, followed by a specific thermal cycling program (5 s at 95 °C,
30 sat 60 °C, 30 s at 72 °C) for a total of 40 cycles. The obtained results
were normalized to the expression of mouse 18S. Each group processed
three independent experiments, and each sample was tested in triplicate.

2.11. Exosome extraction and purification

Exosomes derived from hBMSCs were isolated from the medium via
ultracentrifugation following the method described by Liu et al. [50].
Once cells were reaching 80 % confluency, the cell culture supernatant
was replaced with serum-free medium. After being cultured for 48 h, the
medium was collected into sterile tubes and underwent centrifugation at
300g, 2000g, and 7000g for 10 min, 20 min, and 1 h, respectively, in
order to eliminate cellular debris and other larger extracellular vesicles.
The harvested supernatant was then filtered through a 100 KD ultrafil-
tration centrifuge tube (BIOFIL, Fuzhou, Fujian, China) at 5000g for 5
min to expel the unwanted vesicles. Subsequently, the filtered super-
natant was ultra-centrifugated using Ultra-Clear™ tubes (Beckman
Coulter, Brea, CA, USA) and Optima MAX-TL (Beckman Coulter, Brea,
CA, USA) at 150,000g for 2 h. The collected exosomes were then
resuspended in PBS and finally stored at —80 °C. The protein concen-
tration of the isolated exosomes was measured using a BCA protein assay
kit (Solarbio Life Science, Beijing, China).

2.12. Exosome characterization

The shape and ultrastructure of the extracted exosomes were
observed using transmission electron microscopy (TEM, JEM-100SX,
JEOL, Tokyo, Japan). The exosomes were counterstained with uranyl
acetate for 2-3 min for observation. After diluting the original exosome
samples by 2000 times, we determined their nanoparticle size distri-
bution and concentration by using a Nanoparticle Tracking Analysis
device (NTA, ZetaView PMX 110, Particle Metrix, Germany). The dis-
tribution curves and particle concentration were automatically gener-
ated. Additionally, the exosome markers including CD63, TSG101 and
Alix, as well as GAPDH were verified through Western blotting.

2.13. Exosome uptake assay

The hBMSC-Exos were labelled with red fluorescent using the PKH26
Red Fluorescent Exosome Labeling Kit (Umibio, Shanghai, China) as per
the manufacturer’s instructions. Specifically, the PKH26 linker was
diluted to 100 pM and mixed with the exosome suspension at a ratio of
0.5 pL/pg. Following a 10-minute incubation at room temperature, the
fluorescently labelled hBMSC-Exos were separated by ultracentrifuga-
tion at 100,000g for 2 h. The precipitate was then resuspended in PBS,
and protein quantification was performed using a BCA assay kit
(Solarbio Life Science, Beijing, China). The RAW264.7 cells were
cultured on glass slides in the presence of 50 pg/mL of fluorescently
labelled hBMSC-Exos. After 24 h of incubation and staining with 4,6-dia-
mino-2-phenylindole (DAPI) (MCE, NJ, USA), cells were observed using
a laser scanning confocal microscope (Olympus LSM900, Olympus,
Tokyo, Japan).

2.14. Protein extraction and western blot analysis

Cardiac tissue was harvested and total proteins were extracted using
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premixed radioimmunoprecipitation assay (RIPA, Solarbio, Beijing,
China) and phenylmethyl sulfonyl fluoride (PMSF) (CW-BIO, Beijing,
China) at a low temperature on ice. Protein quantification was deter-
mined using a bicinchoninic acid (BCA) protein quantification kit
(Solarbio, Beijing, China) and a microplate reader (Molecular Devices,
Silicon Valley, CA, USA). Equal amounts of proteins (20-50 pg protein/
lane) obtained from hBMSC-Exos or extracted from cardiac tissue were
mixed with 5x loading buffer and boiled at 100 °C for 10 min. A 12 %
sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGE) was utilized to
separate the proteins, which were then electrophoretically transferred to
polyvinylidene fluoride (PVDF) membranes (0.2 pm pore size, Merck-
Millipore, Billerica, MA, USA). The membranes were blocked with 5 %
(w/v) skim milk and incubated with ALIX (1:1000, ab186728, Abcam),
CD63 (1:1000, ab1344045, Abcam), TSG101 (1:1000, ab133586,
Abcam), Caspase-1 P20 (1:1000, bs-10442R, Bioss), ASC (1:1000, bs-
6741R, Bioss), GSDMD (1:2000, 20770-1-AP, Proteintech), NLRP3
(1:1000, 19771-1-AP, Proteintech), Cleaved-GSDMD (1:1000, 101375,
Cell Signaling Technology), p-actin (1:2000, 66009-1-lg, Proteintech)
and GAPDH (1,1000, PTM-5375, PTMBio) antibodies. After washing,
the blots were incubated with horseradish peroxidase (HRP)-linked anti-
rabbit IgG (1,5000; Cell signaling technology, 7074P2). An electro-
chemiluminescence (ECL) western blotting substrate (Solarbio Life Sci-
ence, Beijing, China) was used to visualize the membrane. The gel
images were captured by using a Bio-Rad ChemiDoc XRS+ system (Bio-
Rad, Hercules, CA, USA) and the results were analyzed by image lab
software.

2.15. ELISA

The ¢Tnl, CK-MB and IL-18 concentrations in mouse serum were
measured by cTnl ELISA kit (JINGMEI BIOTECHNOLOGY, Shanghai,
China), CK-MB ELISA kit (JINGMEI BIOTECHNOLOGY, Shanghai,
China) and IL-18 ELISA kit (Beyotime, Shanghai, China) according to the
instructions provided by the manufacturer.

2.16. Flow cytometry

Cells collected from peritoneal lavage were divided into two groups,
one of which was labelled with FITC anti-mouse F4/80 (123107, Bio-
Legend, San Diego, USA), while the other was labelled with FITC anti-
mouse IgG (406001, BioLegend, San Diego, USA). RAW264.7 cells
subjected to different treatments were labelled with FITC anti-mouse
F4/80 (123107, BioLegend, San Diego, USA), APC anti-mouse CD86
(105012, BioLegend, San Diego, USA), and APC anti-mouse CD206
(141707, BioLegend, San Diego, USA), respectively. The labelled cells
underwent flow cytometry analysis (CytoFLEX S, Beckman Coulter,
California, USA). The F4/80-positive cells extracted from peritoneal
lavage were identified as macrophages. RAW264.7 cells expressing both
F4/80 and CD86 were classified as M1 macrophages, whereas cells
expressing both F4/80 and CD206 were classified as M2 macrophages.
Data were analyzed through CytExpert software Version 2.4 (CytExpert,
Beckman Coulter, California, USA).

2.17. Statistical analysis

All data were shown as mean =+ standard error of the mean (SEM).
Statistical analysis was performed using GraphPad Prism software
(GraphPad Software, San Diego, CA, USA). Comparisons between mul-
tiple groups were assessed by one-way ANOVA with the Tukey test.
Comparisons between two groups were assessed by unpaired t-test. p <
0.05 was considered significant.
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3. Results and 516 down-regulated) by comparing the macrophage or monocyte
cells in the myocarditis group to the control group. The DEGs were

3.1. Single-cell transcriptomics analysis in human samples displayed in the volcano plot (Fig. 1E). Among which, we got 37 DEGs
(12 up-regulated and 25 down-regulated) related to pyroptosis

A cluster of macrophage or monocyte cells were identified based on (Table S2). We constructed a protein-protein interaction (PPI) network
the expression of markers for macrophages and monocytes including that includes the overlapping genes along with IL-18, PYCARD, and

CD68, CD14 and CD163 (Fig. 1A-D) in human GSE180045 dataset. NLRP3. The results of the PPI analysis were then imported into the
There were 802 differentially expressed genes (DEGs) (286 up-regulated Cytoscape software, and the PPI network revealed significant
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Fig. 1. Identification and analysis of macrophages in blood of patients.

(A-C) Feature plots of key immune canonical markers in the clusters. (D) Detection of cell clusters consisting of macrophages and monocytes in all samples. (E)
Volcano plot of DEGs displays a total of 802 DEGs (286 up-regulated and 516 down-regulated) in GSE180045. Differential gene expression analysis using the log2
Fold Change and p value. The red dots represent genes that are upregulated with a threshold at |logFC| >1 and p-value < 0.05, while the blue dots represent genes
that are downregulated. (F) PPI network of DEGs in datasets GSE180045.
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interactions among these genes (Fig. 1F).
3.2. Differential expressions of pyroptosis genes in myocarditis mice

We screened a total of 2542 DEGs (1826 up-regulated and 716 down-
regulated) in GSE225099. The results of RNA-seq expression matrix
were displayed in the volcano plots (Fig. 2A). Therein, 19 DEGs related
to pyroptosis were screened out and visualized in the form of a heatmap
(Fig. 2B). All genes related to pyroptosis are upregulated. In addition,
the Gene Set Enrichment Analysis (GSEA) for possible related signaling
pathways of total DEGs indicated that the interferon gamma response,
inflammatory response and oxidative phosphorylation were signifi-
cantly enriched in biological processes (Fig. 2C). Among which, Zbp1
exhibited the highest fold increase. Zbpl gene expression level was
nearly 16-fold upregulated in myocarditis compared to control heart.
These results demonstrated the presence of pyroptosis in mice with
myocarditis induced by ICIs. The DEGs related to pyroptosis and the
results of GSEA were summarized in the supplementary excel 1 and 2.

3.3. Effect of PD-1 antibody on cardiac function in melanoma mice

Following the treatment with PD-1 antibody, echocardiograms of
melanoma-bearing mice revealed a significant compromise in left ven-
tricular contractile function compared to the control group (Fig. S1A-D).
As depicted in Fig. S1C-D, treatment with PD-1 antibody notably
decreased the percentages of ejection fraction (EF%) and fractional
shortening (FS%) (p < 0.01). We also observed that the concentration of
cTnl and CK-MB in the mouse serum was significantly higher after PD-1
antibody administration (Fig. S1E-F). Additionally, further qRT-PCR
analysis showed a significant upregulation in the expression of iNOS
(p < 0.05), TNF-a (p < 0.001), and IL-6 (p < 0.001) in heart tissue
following PD-1 antibody treatment (Fig. S1G-I). These findings indi-
cated that the use of PD-1 antibody resulted in cardiac dysfunction
associated with inflammation.

3.4. Direct effect of PD-1/PD-L1 inhibitor on myocardial damage and
macrophage polarization

To explore the potential direct effect of the PD-1/PD-L1 inhibitor
BMS-1 on myocardial inflammatory injury, HL-1 cardiomyocytes were
treated with different concentrations of BMS-1 (1 pg/mL and 5 pg/mL).
The expression levels of inflammatory factors such as Tnf-a, II-6, II-15
(Fig. 3A-C), as well as pyroptotic markers including Nirp3, Pycard and II-
18 (Fig. 3D-F) were assessed. As depicted in Fig. 3A-F, no significant
alterations in the expression of these markers were observed in cells
treated with BMS-1 compared to the control group. Furthermore, Fig. 3G
demonstrated that HL-1 cardiomyocytes maintained their normal
cellular state regardless of the presence of BMS-1, indicating that the PD-
1/PD-L1 inhibitor did not directly induce severe pyroptotic damage and
cellular phenotype in cardiomyocytes. To assess the impact of PD-1/PD-
L1 inhibitor on the polarization of mouse macrophages, primary peri-
toneal macrophages were extracted from mice via peritoneal lavage.
Microscopic examination (Fig. 3H) and ink phagocytosis experiment
(Fig. 3I) revealed that the extracted macrophages exhibited good
morphology and robust phagocytosis ability. Following treatment with
BMS-1 at concentrations of 1 pg/mL and 5 pg/mL, there was a significant
increase in the expression of M1 macrophage markers (Fig. 3J) in the
primary mouse peritoneal macrophages compared to the control. Flow
cytometry analysis showed that there were 82.79 % cells extracted from
peritoneal lavage expressed the F4/80 marker (Fig. 3K-L). These results
indicated that PD-1/PD-L1 inhibitor can directly induce M1-type po-
larization of primary mouse peritoneal macrophages.

3.5. Identification and cellular internalization of hBMSC-Exos

Exosomes were initially extracted and purified from the medium of
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bone marrow mesenchymal stem cells (hBMSCs) using a combination of
differential centrifugation and ultra-high-speed centrifugation (Fig. 4A).
The subsequent morphological assessment using transmission electron
microscopy (TEM) showed that the exosomes exhibited characteristic
round-like structures with “cup-shaped” morphology (Fig. 4B). The re-
sults of the nanoparticle tracking analysis (NTA) revealed that the ma-
jority of hBMSC-Exos had diameters ranging from 100 to 150 nm.
Following a dilution of 2000 times, the extracted exosome samples
exhibited an average concentration of 7.9 x 107 particles/mL. The
original concentration of the hBMSC-Exos is about 1.6 x 10! particles/
mL (Fig. 4C). Positive results were obtained from Western blot analysis
of exosome markers including TSG101, ALIX, and CD63 proteins
(Fig. 4D), suggesting hBMSC-Exos were successfully extracted from
BMSCs. As shown in Fig. 2E, hBMSC-Exos were able to penetrate the cell
membrane of the macrophage, and become internalized within the
cytoplasm.

3.6. hBMSC-Exos ameliorated PD-1/PD-L1 inhibitor-induced cardiac
anomalies in melanoma mice

To investigate the effect of hBMSC-Exos on myocardial injury
induced by PD-1/PD-L1 inhibitor during the treatment of tumors, we
established a melanoma mouse model followed by the BMS-1 treatment
with or without tail-vein injection of hBMSC-Exos. The representative
echocardiographic images were shown in Fig. 5A. The results obtained
from Fig. 5B-C and Table S3 revealed that the administration of BMS-1
led to a significant reduction in the ejection fraction (EF), fractional
shortening (FS), LVPWs, wall thickness, and cardiac output (CO), as well
as a notable increase in the end systolic left ventricular diameter
(LVESD) and end systolic left ventricular volume (LV volume s).
Intriguingly, these adverse alterations were alleviated by hBMSC-Exos.
The treatment with hBMSC-Exos alone showed normal cardiac func-
tion, there were no alterations in these parameters when compared to
the control group. Furthermore, the results in Fig. 5D and Table S4
displayed that the BMS-1 markedly increased the heart weight when
normalized to the body weight. However, this effect was significantly
reversed by the administration of hBMSC-Exos. Neither BMS-1 nor
hBMSC-Exos had any significant impact on liver and spleen weights,
although BMS-1 administration resulted in a notable increase in kidney
weight when normalized to body weight (Fig. 5E-G). In addition, pro-
longed BMS-1 administration led to a significant reduction in the body
weight of mice. This adverse effect was mitigated by the hBMSC-Exos
treatment (Fig. 5SH). These results suggested that PD-1/PD-L1 inhibitor
treatment in melanoma mice caused a decline in cardiac systolic func-
tion, which was significantly improved by the application of hBMSC-
Exos. HE staining revealed abnormalities of the cardiomyocyte of
BMS-1 treated mice compared to the control group. We observed car-
diomyocyte necrosis (indicated by black arrows), nuclear condensation,
myofibrillar rupture, cytoplasmic vacuolization and myocytolysis in
peripheral cardiomyocytes (indicated by green arrows), and occasional
lymphocyte infiltration (indicated by blue arrows) in BMS-1-treated
mice (Fig. S2A-B). Interestingly, after the treatment with hBMSC-
Exos, there was no obvious necrosis or inflammatory cell infiltration,
except for a few cardiomyocytes exhibiting myocytolysis (green arrows,
Fig. S2C). There was no significant difference between hBMSC-Exos
alone group and the control group (Fig. S2D).

3.7. hBMSC-Exos suppressed LPS-induced M2 to M1 polarization of
RAW 264.7 macrophages

To investigate the mechanism underlying the protective effect of
hBMSC-Exos against PD-1/PD-L1 inhibitor-induced myocardial injury,
we induced M1 polarization of RAW 264.7 macrophage cell lines
directly by using LPS. Under microscopic examination, pseudopodia
were observed to be differentiated from RAW 264.7 cells following LPS
treatment (Fig. 6A). The immunofluorescence image revealed a
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Fig. 2. Identification and enrichment of DEGs in mice.

(A) Volcano plot of DEGs displays a total of 2542 DEGs (1826 up-regulated and 716 down-regulated) in GSE225099. (B) The heatmap displays the 19 DEGs identified
from GSE22509 dataset related to pyroptosis. Red and blue represent upregulated and downregulated gene expression, respectively. ICIM: Immune checkpoint
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Fig. 3. The effect of PD-1/PD-L1 inhibitor BMS-1 on cardiomyocytes and macrophages.

(A-C) qRT-PCR analysis on the expression of TNF-q, IL-6, IL-1/ in HL-1 cells (N = 3/group). (D-F) qRT-PCR analysis on the expression of NIrp3, Pycard, IL-18 in HL-1
cells (N = 3/group). (G) Morphology of cells treated with different dosage of BMS-1 under the microscope. Scale bar: 100 pm and 200 pm. (H and I) Identification of
macrophage phagocytic capacity by ink phagocytosis assay. Scale bar: 50 pm and 100 pm. (J) qRT-PCR analysis on the expression of TNF-a, IL-6, IL-1$ in mouse
peritoneal macrophages (N = 3/group). (K and L) Flow cytometry analysis of the surface expression of F4/80 on peritoneal lavage cells, with the red area indicating
Eositive expression. Data are expressed as the Means + SEM, statistical significance was determined using unpaired t-test. *p < 0.05, **p < 0.01.

significant increase in TNF-a expression upon stimulation with LPS
(Fig. 6B). Moreover, the relative mRNA levels of TNF-a, IL-1f and IL-6
were significantly upregulated following LPS treatment compared to
the control (Fig. 6C-E). These findings confirm successful induction of
M1 macrophage polarization by LPS. Interestingly, treatment of hBMSC-
Exos significantly suppressed LPS-induced M1 polarization markers
(TNF-a, IL-1p and IL-6) and meanwhile enhanced M2 polarization
markers (TGF-B, Arg-1 and I1-10) (Fig. 6F-H). Immunofluorescence
staining further demonstrated decreased TNF-o and increased Arg-1
expressions in the group treated with hBMSC-Exos and LPS compared
to the LPS-only group (Fig. 61-K). The flow cytometry analysis showed
that macrophages polarized to the M1 type after LPS treatment, while
treatment with both hBMSC-Exos and LPS facilitated their transition
from the M1 to the M2 type (Fig. 6L). These results provided evidence
that hBMSC-Exos can effectively inhibit M1 polarization and promote
M2 polarization of RAW 264.7 macrophages.

3.8. hBMSC-Exos suppressed M2 to M1 polarization of cardiac
macrophages in melanoma mice induced by PD-1/PD-L1 inhibitor

To investigate the effect of hBMSC-Exos on macrophage phenotypes
treated with PD-1/PD-L1 inhibitor in melanoma mice, we collected
heart tissue sections from mice for immunochemical (IHC) staining. The
results depicted in Fig. 7A-F showed a significant increase in INOS
expression and a significant decrease in CD163 expression in the BMS-1-
treated group compared with control, which were reversed by hBMSC-
Exos administration. There were no notable changes in the expression
of INOS and CD163 between the control and the hBMSC-Exos alone
group (Fig. 7A-F). Additionally, the expression levels of M1l-type
macrophage markers, including TNF-a, IL-6, and IL-1p, were signifi-
cantly increased following BMS-1 treatment compared to the control
group, indicating the promotion of M1l-type polarization of macro-
phages in melanoma mice. However, these changes were effectively
reversed by the administration of hBMSC-Exos (Fig. 7E-I). Furthermore,
hBMSC-Exos treatment also enhanced the expression of M2-type
macrophage markers, such as Arg-1, TGF-p, and IL-10, when
compared to the BMS-1-treated group (Fig. 7J-L). These findings suggest
that hBMSC-Exos can inhibit PD-1/PD-L1-induced polarization of M1
macrophages and promote M2 macrophage polarization in our mela-
noma mouse models following BMS-1 treatment.

3.9. hBMSC-Exos attenuated M1 macrophage polarization-induced
myocardial pyroptosis

To investigate whether PD-1/PD-L1 inhibitor induced myocardial
injury was associated myocardial pyroptosis, we detected pyroptotic
markers in the heart tissue of mice by using Western blot analysis. As
shown in Fig. 8A-C, BMS-1 significantly increased the expression of
inflammasome adaptor protein ASC and the ratio of Cleaved Caspase-1
to Caspase-1, which was recovered by hBMSC-Exos treatment. ASC is a
junction protein that contains a caspase activation and recruitment
domain (CARD), which binds and promotes the activation of caspase-1,
thereby activating the Caspase-1 into the Cleaved Caspase-1, and sub-
sequently inducing pyroptosis. Similarly, the administration of BMS-1
also led to a significant rise in the cardiac NLRP3 protein expression,
the ratio of Cleaved-GSDMD to GSDMD, and serum level of IL-18, as well
as increased mRNA expression levels of myocardial pyroptosis markers,
such as Nlrp3, Pycard, and IL-18, compared to the control group.

Interestingly, these effects were effectively attenuated by the treatment
with hBMSC-Exos (Fig. 8D-J). To further determine whether M1
macrophage polarization induces myocardial pyroptosis and to explore
the potential role of hBMSC-Exos involved in this process, we co-
cultured HL-1 cardiomyocytes and RAW264.7 cells with or without
LPS and hBMSC-Exos treatment for 24 h (Fig. 8K). Immunofluorescence
and qRT-PCR results revealed an upregulation of pyroptosis markers of
HL-1 cells induced by M1 macrophage polarization, which was attenu-
ated by hBMSC-Exos treatment (Fig. 8L-P).

3.10. hBMSC-Exos combined with BMS-1 administration minorized the
tumor size in melanoma mice

The tumor sizes of mice from various groups were showed in Fig. S3
and Table S5. Treatment with either BMS-1 or hBMSC-Exo alone resul-
ted in a inhibitory trend on tumor growth, although there were large
individual differences within the groups and led to no significant dif-
ference when compared to the control group. However, a significant
inhibition of tumor growth was observed in melanoma mice treated with
the combination of BMS-1 and hBMSC-Exos (Fig. S3B-C). Data in
Table S5 revealed that BMS-1 restrained tumors in 66.67 % of the ani-
mals; hBMSC-Exos suppressed tumors in 50 % of the animals; and the
combination of both inhibited tumors in 83.33 % of the animals. These
results suggested that hBMSC-Exos do not exacerbate tumors, but rather
exhibit an inhibitory effect on tumor growth.

4. Discussion

The main finding of this study is that hBMSC-Exos alleviate
myocardial injury induced by PD-1/PD-L1 inhibitor BMS-1, and possess
the potential to suppress tumor growth. Our results demonstrate that
BMS-1, as a representative ICI, suppresses M2 polarization while
enhancing M1 polarization of macrophages, leading to cardiomyocyte
pyroptosis and subsequent myocardial injury. Interestingly, hBMSC-
Exos effectively counteracted the adverse impact of BMS-1, and
demonstrated inhibitory effects on melanoma growth whether admin-
istered alone or in combination with BMS-1. This research highlights the
association between PD-1/PD-L1 inhibitor-induced myocardial injury
and pyroptosis, as well as the crucial role of M1 macrophages in trig-
gering this process. Importantly, our study pioneers the use of hBMSC-
Exos in alleviating myocardial injury caused by ICIs. These findings
suggest that hBMSC-Exos hold promise for mitigating cardiomyocyte-
related side effect associated with ICIs in cancer treatment, thus open-
ing up new possibilities for therapeutic interventions in oncology.

In our current research, we found infiltrated lymphocytes in the
cardiac tissue after HE staining, accompanied by a certain degree of cell
necrosis, and observed an increase in the transformation of M2 to M1
macrophages in both cardiac tissue and peritoneal macrophages
following the administration of BMS-1 to mice. This was evidenced by
elevated levels of TNF-a, IL-6, and IL-1p. Our findings are further sup-
ported by single-cell transcriptomic analysis in human patients in the
absence or present of ICI-associated myocarditis, where we identified
three specific markers including CD68, CD14 and CD163 for macro-
phages and monocytes. As illustrated in Fig. 1B, the M1 macrophage
polarization caused by ICIs may be attributed to the decreased oxidative
phosphorylation and increased expression of interferon y (IFN-y), which
was also described in previously studies [51,52]. Numerous prior studies
have demonstrated the ability of stem cell-derived exosomes to promote
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Exosomes morphology under transmission electron microscope (TEM). Scale bar: 200 nm and 100 nm. (C) Size distribution of exosomes (with dilution factor of 2000)
detected by NTA. (D) Protein levels of ALIX, CD63, TSG101 and GAPDH in hBMSC-Exos and hBMSCs detected by western blot. (E) Confocal images showing the
uptake of PKH-26-labelled exosomes by macrophage. Exosomes were labelled with PKH-26 (red), and nuclei were labelled with DAPI (blue). Scale bar: 50 pm.

10



B. Zhou et al. Life Sciences 358 (2024) 123108

A B g 80+
(2]
c % 3% %k k
= ‘€ 60
° £ *kokok
c 2
40
8 z
<
2 20
1%}
©
w
< X 0
%)
=
m
g C
b
('7' w 100
n o ™
=0 woo,
2 E z 80
= S 6o
S
[
§ _§ 40-
[%]
t £ 20-
(&) i
2 S
= 0
)
=
<
D E _ F
= =)
D g- > 2 80 S 157
£ £ E
= 6 £ 60 =
= = 2 40+
© ) g
S 41 = 40- >
> >
K ° 3 5
@ 2- @ 20 Q
c
5 g g
Q0 2 0 3 0
T | &
°d 5
G H
o
\g' 20 354 control
2—1 -& BMS-1
5] S 304
> %’ 30 BMS-1+
g £ hBMSC-Exos
- 10+ ‘© 254 hBMSC-Exos
; * *k
'g < 3 .
m n k-]
S s 8 20-
o
5
Do
X 15 T T T T T T
0 2 4 6 8 10 12
Day

Fig. 5. The effect of hBMSC-Exos on BMS-1-caused cardiac dysfunction, changes in organ and body weight of melanoma mice.
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Fig. 6. The effect of hBMSC-Exos on the polarization of RAW264.7 cells with or without the treatment of LPS.

(A) Morphology of RAW264.7 with or without the treatment LPS under the microscope. Scale bar: 50 pm. (B) Confocal images and quantitative analysis of the
expression of TNF-a in RAW264.7 cells with or without the treatment of LPS (N = 25/group). TNF-a were labelled with Dylight 488-conjugated goat anti-rabbit IgG
(green), and nuclei were labelled with DAPI (blue). Scale bar: 50 pm. (C-E) qRT-PCR analysis on the expressions of TNF-a, IL-6, IL-1/3 in RAW264.7 cells (N = 3/
group). (F-H). qRT-PCR analysis on the expressions of Arg-1, TGF-$, IL-10 in RAW264.7 cells (N = 3/group). (I) Confocal images showing the expressions of TNF-q,
Arg-1 in RAW264.7 cells under the influence of hBMSC-Exos and LPS (N = 25/group). TNF-a were labelled with Dylight 488-conjugated goat anti-rabbit IgG (green),
Arg-1 was labelled with Cy3-conjugated goat anti-rabbit IgG (red), and nuclei were labelled with DAPI (blue). Scale bar: 30 pm. (J and K) Quantitative analysis of the
expressions of TNF-« in M1 macrophages and Arg-1 in M2 macrophages (N = 25/group). (L) Flow cytometry analysis shows that RAW264.7 cells are confidently
polarized in different directions in response to LPS and hBMSC-Exos. Data are expressed as the Mean + SEM, statistical significance was determined using one-way

ANOVA. *p < 0.05, **p < 0.01, **** p < 0.0001.

the polarization of M2 macrophages while inhibiting the polarization of
M1 macrophages [3,12,53], which was aligned with our experimental
findings that hBMSC-Exos reversed ICIs-associated macrophage transi-
tion. Zhao et al. proposed that miR-182, contained within exosomes,
mediates macrophage polarization through the TLR4/NF-kB/PI3K/Akt
pathway [3]. Similarly, Ning et al. concluded that exosomes secreted by
bone marrow-derived mesenchymal stem cells treated with FNDC5, a
transmembrane protein, can promote the polarization of M2 macro-
phages through the NF-kB signaling pathway and Nrf2/HO-1 axis [53].
Deng et al. discovered that extracellular vesicles can induce M2 trans-
formation in macrophages by activating the S1P/SK1/S1PR pathway,
consequently reducing myocardial cell death [12]. Although these
pathways, as elucidated in the aforementioned studies, are likely to
contribute to the cardiac outcomes observed in our experiments, we
discovered that macrophage polarization-induced pyroptosis plays an
essential role in BMS-1-induced cardiac anomalies, which may also be
the key mechanism that hBMSC-Exos protected against these myocardial
adverse effects.

Previous studies have highlighted the significant role of pyroptosis in
the pathogenesis and progression of various cardiac diseases, such as
myocardial infarction, dilated cardiomyopathy, chronic heart failure,
autoimmune myocarditis, and viral myocarditis [54-57]. However, lit-
tle is known about pyroptosis in ICIs-induced myocardial damage and its
targeted treatment strategy. Our study revealed that PD-1/PD-L1 in-
hibitors cannot directly induce inflammation and pyroptosis in car-
diomyocytes. Even when treated with BMS-1, no pyroptosis was
observed in HL-1 cardiomyocytes. However, co-culture LPS-induced M1
macrophages with cardiomyocytes significantly triggered cardiac
inflammation and pyroptosis. Moreover, elevated ASC, cleaved caspase-
1, cleaved-GSDMD/GSDMD and NLRP3 were observed in heart tissue
from mice treated with BMS-1. These findings supported that M1 mac-
rophages play a crucial role in inducing cardiac pyroptosis through the
classical pyroptosis pathway dependent on caspase-1, which align with
the description by Lee et al. who proposed that M1 macrophages upre-
gulate caspase-1, caspase-11, GSDMD, and IL-1f in cardiac fibroblasts,
subsequently inducing pyroptosis in cardiac cells [58]. In the present
study, the use of ICIs stimulated the polarization of M1 macrophages,
leading to the pyroptosis of cardiomyocytes. Consequently, this process
resulted in structural changes in the heart and compromised cardiac
function. The observed myofibrillar disruption, substantial decrease in
EF and FS, reduced posterior wall thickness, increased end systolic LV
diameter and volume, as well as increased heart weight in BMS-1-
treated mice, indicate myocardial injury, cardiac systolic dysfunction
and the presence of dilated cardiomyopathy. The augmentation of the
heart weight may be attributed to the development of myocardial
edema, pericardial effusions, and increased heart volume caused by PD-
1/L1 inhibitor [59,60]. Importantly, our study highlighted that hBMSC-
Exos remarkedly mitigated BMS-1-caused myocardial pyroptosis and
cardiac dysfunction, which is consistent with the previous findings that
MSC-Exos reduced pyroptosis in ischemia reperfusion injury, myocar-
dial infarction and doxorubicin-induced cardiomyopathy [26,61,62].
Nevertheless, the increased kidney weight was failed to alter by hBMSC-
Exos. Further investigation is needed to determine the specific reasons
behind this observation and the role of hBMSC-Exos in ICIs-related renal
side effect [63].
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Based on the aforementioned findings, concerns arose regarding the
potential of hBMSC-Exos to exacerbate melanoma by influencing M2
macrophage polarization, as indicated in some articles [64]. Surpris-
ingly, our data revealed that hBMSC-Exos, either alone or in conjunction
with ICIs, do not promote but inhibit tumor progression. These findings
hold promise for the future application of hBMSC-Exos in tumor therapy
especially when combined with ICIs. However, further study with larger
number of experimental animal samples should be conducted in order to
acquire more reliable results. The mechanisms underlying these exper-
imental results are likely to be very complex, as the relationship between
hBMSC-Exos and tumors remains controversial. One study suggested
that hBMSC-Exos delivering miR-21-5p after hypoxia pre-challenge can
promote lung cancer development by facilitating macrophage M2 po-
larization and reducing apoptosis [65]. Another study indicated that
exosomes secreted by tumor- associated MSCs accelerate breast cancer
metastasis by driving the polarization of M2 macrophages with stronger
immunosuppressive activity [66]. On the contrary, there are also studies
showing that hBMSC-Exos can suppress tumor progression. Pakravan
et al. demonstrated that hBMSC-Exos reduced the expression of VEGF via
the mTOR/HIF-1a signaling axis, resulting in the inhibition of tumor
growth by restraining angiogenesis [67]. Additionally, evidence has also
shown that hBMSC-Exos carrying miR-222-3p negatively regulate the
IRF2/INPP4B signaling pathway, thereby inhibiting proliferation and
promoting cell apoptosis, ultimately suppressing tumor growth [68].
The effects of exosomes on tumors may involve various factors and
aforementioned mechanisms. The ultimate outcome may arise from the
antagonistic interplay of these opposing factors. It’s noteworthy that the
utilized stem cells contaminated with tumor cells or cells that underwent
spontaneous transformation may influence the experimental outcome
[69]. The implausibility of the tumor-promoting effect shown by the
exosomes secreted by these contaminated cells is worth considering.
Furthermore, the age of hBMSC donors may lead to different final results
[70]. Exosomes secreted by stem cells from younger donors may be less
capable of promoting tumor growth, allowing the tumor-inhibiting ef-
fect to overshadow the promoting effect. Moreover, the route of hBMSC-
Exos administration and the timing of stem cell or exosome exposure to
tumors may also be an important factor to consider. When hBMSC-Exos
come into contact with tumors in the early stages of tumor development,
they may promote angiogenesis in tumor tissue and consequently
enhance tumor growth. In our study, hBMSC-Exos were injected after
the tumor size reached 50 mm?, at a stage when the blood vessels in the
tumor have already formed, allowing the tumor-suppressive effect of
hBMSC-Exos to take precedence.

Taken together, our current evidence indicates that myocyte
pyroptosis facilitated by M1 macrophages is one of the mechanisms
underlying myocardial injury induced by ICIs. Exosomes has shown
promising effectiveness in mitigating ICI-related myocardial damage
and inhibiting tumor growth. Additionally, the direct protective impact
of hBMSC-Exos on myocardial injury beyond macrophage modulation
cannot be overlooked. Further research is warranted to elucidate the
therapeutic potential and precise mechanisms of hBMSC-Exos in alle-
viating myocardial damage induced by ICIs and in suppressing tumors.
Utilizing exosomes as a drug delivery system for myocardial therapy is a
key focus of our future research to explore the direct effects of stem cell-
derived exosomes on myocardial injury.
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Fig. 7. The effect of hBMSC-Exos and BMS-1 on the polarization of M1 and M2 macrophages in cardiac tissue of melanoma mice.

(A-D) Immunochemical staining images showing the expressions of INOS (M1 macrophage marker) and CD163 (M2 macrophage marker) in cardiac tissue of
melanoma mice. Scale bar: 200 pm. (E and F) Quantitative analysis of the expressions of INOS and CD163 in immunochemical staining (N = 9/group). (G-I) gRT-
PCR analysis of the expression of TNF-a, IL-6, IL-1f in cardiac tissue (N = 3/group). (J-L) qRT-PCR analysis of the expressions of Arg-1, TGF-$, IL-10 in cardiac tissue
(N = 3/group). Data are expressed as the Mean + SEM, statistical significance was determined using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001.
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Fig. 8. The effect of hBMSC-Exos on inhibiting myocardial pyroptosis.

(A) The representative bands of Caspase-1, Cleaved Caspase-1, ASC in cardiac tissue detected by western blot. (B and C) Semi-quantification analysis of the protein
levels of Caspase-1, Cleaved Caspase-1, ASC in cardiac tissue (N = 9/group). (D) The representative bands of NLRP3, Cleaved- GSDMD, GSDMD, f-actin in cardiac
tissue detected by western blot. (E and F) Semi-quantification analysis of the protein levels of NLRP3, Cleaved-GSDMD, GSDMD, p-actin in cardiac tissue (N = 9/
group). (G) Quantitation of IL-18 in the plasma samples of mice measured by ELISA. (H-J) qRT-PCR analysis of the expressions of Nlrp3, Pycard, IL-18 in HL-1
cardiomyocytes (N = 3/group). (K) Schematic presentation on co-culture of RAW264.7 cells and HL-1 cardiomyocytes. (L) Confocal images showing the expres-
sion of ASC in HL-1 cardiomyocytes co-cultured or not co-cultured with RAW264.7 cells under different conditions of LPS and hBMSC-Exos treatment. ASC were
labelled with Dylight 488-conjugated goat anti-rabbit IgG (green), and nuclei were labelled with DAPI (blue). Scale bar: 100 pm. (M) Quantitative analysis of ASC
positive cardiomyocytes shown in confocal images (N = 20/group). (N-P) qRT-PCR analysis of the expressions of IL-18, Nirp3, Pycard in cardiac tissue (N = 3/group).
Data are expressed as the Mean + SEM, statistical significance was determined using one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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