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ABSTRACT Objective: Lung cancer is the leading cause of cancer-related deaths worldwide. Chemotherapy is associated with side effects, such as
damage to myeloid cells and a reduction in the number of immune cells in patients. In addition, tumor cells hijack the mitochondria
of immune cells through tunnel nanotubes, thereby weakening immune ability.

Methods: In this study the effects of direct mitochondria transplantation on cancer cell proliferation and chemotherapeutic sensitivity
were determined, as well as anti-tumor immunity in in vitro and in vivo lung cancer models.

Results: A combination of mitochondrial transplantation and cisplatin chemotherapy was shown for the first time to significantly
improve immune infiltration of advanced non-small cell lung cancer (NSCLC) and overcome the shortcomings of cisplatin
chemotherapy, including damage to myeloid cells and a reduction in the number of immune cells.

Conclusions: The findings of the current study provide valuable recommendations for enhancing immune infiltration and
augmenting anti-tumor efficacy during chemotherapy in advanced NSCLC. In addition, the findings support “mitochondrial
transfer” as a novel paradigm in tumor treatment.
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Introduction

histopathologic forms of lung cancer?. Chemotherapy is the

most frequently used first-line therapy for advanced NSCLC

Lung cancer is the most prevalent malignant tumor and has
the highest mortality rate worldwide. Approximately 2.5 mil-
lion individuals were newly diagnosed with lung cancer in
2022, constituting 12.4% of all cancer cases worldwide. There
were 1.82 million lung cancer-related deaths in 2022, making
up approximately 18.7% of all cancer mortalities'. Non-small
cell lung cancer (NSCLC) represents 85% of the different
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but the efficacy of chemotherapy is decreased by drug resist-
ance’. In addition, myeloid cell destruction and a reduction in
the number of immune cells are among the several side effects
frequently accompanying chemotherapy*.

Tumor immunotherapy has advanced dramatically in the
past few decades. Tumor immunotherapy stimulates or modu-
lates the immune system to improve immune responses within
the tumor microenvironment to inhibit or eliminate tumor
cells>®. Tumor immunotherapy has evolved into the fourth
tumor treatment paradigm, after cancer surgery, chemother-
apy, and radiation therapy. Tumor immunotherapy is based
on a combination of several methodologies with cutting-edge
biological technology’. Furthermore, different and highly
adaptive T cell receptors can specifically counter chemother-
apy resistance. Hence, it is essential to augment the immune
response against malignancies for the duration of chemother-
apy in patients with NSCLC?.
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Mitochondria supply energy for cell survival and are among
the most critical organelles in eukaryotic cells. Defective
mitochondria can harm cells and organs. Moreover, multi-
ple illnesses, including cancers, have been associated with
mitochondrial abnormalities”. One of the primary distinc-
tions between malignant and normal cells is that tumor cells
undergo metabolic reprogramming. In addition, tumor mito-
chondria contribute to metabolic reprogramming. Malignant
tumor cells frequently alter the quantity, shape, and function
of mitochondria to promote rapid proliferation in an acidic
and hypoxic environment. Therefore, mitochondrial trans-
plantation has been implemented in tumor therapy'®!%. It has
been reported that a significant number of oxygen radicals are
generated immediately following mitochondrial transplan-
tation into cancerous tissue under hypoxic and acidic con-
ditions, which results in cell death. This effect can eliminate
tumor cells and repair destroyed tissue function. Furthermore,
it has been demonstrated that tumor cells use tunnel nano-
tubes (TNTs) to hijack the mitochondria of immune cells,
which impairs the ability of immune cells to fight'2. TNT-
mediated mitochondrial transfer from bone marrow stromal
cells (BMSCs) can boost CD8+ T cell bioenergetic capabilities
and anti-tumor efficacy!?. Inhibiting nanotube synthesis inter-
rupts tumor cells from hijacking mitochondria or promoting
intercellular mitochondrial transfer, thus enhancing mito-
chondrial function of tumor-infiltrating lymphoid cells and
improving anti-cancer effectiveness.

We hypothesize that immune cell immunity can be strength-
ened by introducing healthy mitochondria into immune cells in
tumor-infiltrating regions. No studies have demonstrated that
mitochondrial transplantation can boost immune cell infil-
tration. Indeed, we have demonstrated that a combination of
mitochondrial transplantation and cisplatin treatment greatly
improves immune cell infiltration of advanced NSCLC, thereby
overcoming the limitations of cisplatin chemotherapy, such as
myeloid cell destruction and reduced immune cell number.
This study has provided a new strategy for cancer immuno-
therapy by boosting anti-tumor immunity through a combina-

tion of mitochondrial transplantation and cisplatin treatment.
Materials and methods
Cell culture and reagents

Human cardiac cells (AC16) and mouse lung cancer cells

[Lewis lung carcinoma (LLC)] were provided by the Chinese
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Academy of Sciences Cell Bank (Shanghai, China). The cells
were cultivated in DMEM medium with 5% fetal bovine
serum added as a supplement. The cells were kept in an incu-
bator at a maintained temperature of 37°C and 5% CO,. The
medium was changed every 2 d. All cells were utilized within

10 passages or resuscitated within 1 month.
Isolation and transplantation of mitochondria

ACI6 cells were extracted by differential centrifugation using
a Cell Mitochondria Isolation kit (catalog # C3601; Beyotime,
Shanghai, China) according to the manufacturer’s instructions.
ACI6 cells were digested using trypsin and counted at 70% con-
fluence. Cells were treated with mitochondria isolation reagent
to isolate mitochondria, then homogenized approximately 30
times with a glass homogenizer until one-half of the cells were
stained with trypan blue and centrifuged (1,000 x g for 10 min)
to remove nuclei and debris. The mitochondria sedimented fol-
lowing centrifugation of the supernatant for 10 min at 12,000 x
g while the supernatant contained organelles with greater sed-
imentation coefficients, such as ribosomes. Isolation of mito-
chondria was performed within 30 min in a sterile setting at
4°C. The sediment was aliquoted and dissolved in PBS after
the second centrifugation. The total quantity of mitochondria
was calculated based on the quantity of AC16 cells used. The
Multisizer 4e Coulter Counter (Beckman-Coulter, Brea, CA,
USA) was used to measure the number of mitochondria and
hemocytometry was used to confirm the results. The mitochon-
dria were subsequently resuspended with medium to the indi-
cated concentrations and added to the cells. The mitochondria
were resuspended with normal saline solution to the indicated
concentrations for in vivo use. Mitochondrial transplanta-
tion was performed locally and systemically via intra-tumoral
(50 pL) and tail vein injection (200 pL), respectively; the total

number of transplanted mitochondria was 1 x 107 per animal.
Mitochondrial uptake and internalization

LLC cells were seeded on a flat-bottomed 6-well plate and
allowed to attach for 24 h at 37°C in a 5% CO, environment.
Cell cultures were carried out exactly as above. MitoTracker®
Green FM (Yeasen, Shanghai, China) is a cell-permeable
structural derivative of carbocyanine containing a weakly
sulthydryl-reactive chloromethyl functional group that labels
mitochondria. FM isa fluoromethyl ester group (cell membrane

permeable form, hydrolyzed, and retained in mitochondria).
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The corresponding concentrations of MitoTracker® Green FM
was used to label endogenous mitochondria in LLC cells to
distinguish the endogenous mitochondria from transplanted
exogenous mitochondria. Lentiviral particles used to label
the mitochondria in 293T cells were purchased from Hanbio
Tech (Shanghai, China). The construct was designated pCMV-
Mito-DsRed-puro and contained the mitochondrial targeting
sequence of human cytochrome ¢ oxidase subunit VIII and
the codon-optimized red fluorescent protein DsRed gene. This
transduction enabled the 293T cells to stably express the Mito-
DsRed fusion protein. Mitochondria were isolated from 293T
cells, avoiding false-positives caused by dye off target. LLC
cells were co-cultured with DsRed-labeled exogenous mito-
chondria to determine whether LLC cells could take up exoge-
nous mitochondria. Finally, LLC cells nuclei were stained with
Hoechst 33342 (0.5 pg/mL; Sigma, San Francisco, CA, USA)
for 30 min at 37°C.

Mitochondria viability

Isolated mitochondria viability was assessed using fluores-
cence microscopy and fluorescence-activated cell sorting
(FACs). The lentivirus (pCMV-Mito-DsRed-puro; Hanbio
Tech) was transduced into 293T cells. Mitochondria were
tagged with DsRed, isolated, and photographed under a flu-
orescence microscope. Chloromethyl-X-rosamine (CMXRos)
is a cell-permeable X-rosamine derivative. The aggregation of
Mito-Tracker Red CMXRos (Yeasen) within mitochondria is
dependent on the membrane potential of the mitochondria,
thus enabling specific labeling of biologically active mito-
chondria. MitoTracker® Red CMXRos-stained mitochondria
from AC16 cells were examined using a BD LSRFortessa flow
cytometer (BD Bioscience, NJ, USA).

The function of isolated mitochondria was determined
using the ATPlite luminescent ATP detection system (Molecule
Devices, Shanghai, China). An ATP standard was used as a pos-
itive control and PBS solution served as a negative control. ATP
values were determined for 1 x 107 mitochondria. Luminescence
was measured using a SpectraMax iD5 multifunction microplate

reader (Molecule Devices, Shanghai, China).
Cell proliferation test in vitro and in vivo
An equal number of LLC cells were seeded in 96-well plates to

perform cell growth tests in vitro. CCK-8 reagent (Beyotime
Biotechnology, Shanghai, China) was applied according to the

manufacturer’s instructions and absorbance at 450 nm was
measured to determine the cell proliferation rate. EQU assays
were carried out using an EAU Cell Proliferation Assay kit
(ST067; Beyotime) according to the manufacturers instruc-
tions. Male C57BL/6 mice (n = 5; Charles River Laboratories,
Shanghai, China) were given a subcutaneous injection of 1 x 10°
LLC cells into the right dorsal side for the purpose of an in vivo
tumor cell growth assay. The following formula was used to cal-
culate the tumor volume: (length*width*width)/2. The data were
weighted after 25 d. The present study was approved (Approval
No. SHDSYY-2024-7001) by the Institutional Animal Care and
Use Committee of Shanghai Tenth People’s Hospital Affiliated to
Tongji University School of Medicine (Shanghai, China).

Immunohistochemical (IHC)

Fresh tumors were preserved with 10% neutral buffered for-
malin overnight before embedding in paraffin. The speci-
mens were cut into 5-pm pieces, dried overnight at 60°C, and
stained with hematoxylin and eosin (H&E) and antibodies.
K-viewer software (Ningbo Konfoong Bioinformation Tech
Co., Ningbo, China) was utilized to verify each IHC stain-
ing area after being photographed using panoramic MIDI
(Thermofisher, MA, USA).

Western blotting

Following drug treatment the cells were rinsed 3 times with
PBS before 100 puL of RIPA Lysis Buffer (Yeasen, Shanghai,
China) was added to each 6-well plate. Centrifugation was used
to extract the entire cell lysate of LLC cells at 4°C and 12,000
rpm for 10 min. Approximately 20 pg of the sample was col-
lected for detection and the same quantity was separated using
polyacrylamide gel electrophoresis and sodium dodecyl sulfate
before being transferred to a polyvinylidene fluoride mem-
brane. The first antibody was used to incubate the membrane
containing the target protein for > 8 h at 4°C and the second
antibody was used to cultivate the membrane for 1 h at room
temperature. Western blot was detected by chemiluminescence
using a Western Blot Assay kit (Yeasen, Shanghai, China).

Bulk RNA-seq analysis

Tumor tissues from three mice in each group were utilized for
bulk RNA-seq. RNA-seq analysis was carried out following con-

ventional protocols, which included RNA quantification and
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Figure 1 Isolated mitochondria maintain structure and function. (A) A multisizer particle counter was used to quantify the diameters and
amounts of the isolated mitochondria. (B) MitoTracker® Red CMXRos staining was utilized to evaluate the viability of the separated mito-
chondria. (C) ATP content in 1 x 107 mitochondria. (D) Analysis of ATP levels in 2 h and fresh mitochondria. (E) Isolated mitochondria labeled
with DsRed were observed via fluorescent microscopy. (F) Schematic diagram of the preparation and transplantation of mitochondria. (G) The
absorption of co-incubated mitochondria in LLC cells is demonstrated. Scale bars, 25 and 50 pm.
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Figure 2 Mitochondrial transplantation enhanced cisplatin sensitivity in LLC cells. (A-C) The viability of LLC cells treated with mitochondrial
transplantation alone (A), cisplatin alone (B), and the combination treatment (C) at a series of concentrations was evaluated by CCK-8 assay. (D)
The CCK-8 assay measured the cisplatin IC; values. (E, F) The mitochondrial transplantation IC values at different concentrations combined
with cisplatin treatment measured by the CCK-8 assay. (G) EDU staining displayed cell prefoliation in LLC cells after treatment with mitochon-
drial transplantation alone (1 x 106/mL and 1 x 107/mL), cisplatin alone (5, 10, and 20 uM), and combination treatment. Scale bars, 50 um. The
statistics, which are displayed as a percentage of untreated control cells, are representative of three comparable trials; each point is the mean
+ SEM (n 2 3). **P < 0.01, and ****P < 0.0001 compared to the indicated group.

qualification, transcriptome sequencing library preparation,
clustering, and sequencing. Differentially expressed gene (DEG)
analyses between the case and control groups were performed to
gain insight into the change of phenotype. Gene Ontology and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich-
ment analysis of annotated DEG was performed by Phyper
based on hypergeometric testing. Bonferroni adjustment was
performed for the significant level of terms and pathways by Q
value using a strict threshold (Q value < 0.05).

Measurement of ROS production

The intracellular reactive oxygen species (ROS) level
was determined using flow cytometry. Cells were seeded
into 6-well plates at a density of 1 x 10° cells/mL. The
LLC cells were then transplanted with the specified con-
centration of mitochondria (1 x 109mL or 1 x 107/mL)
and incubated for 48 h with specified concentrations of cis-
platin (5, 10, and 20 pM). The intracellular ROS level was
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Figure 3 Continued

determined by oxidative conversion of cell permeable 2’,
7'dichlorofluorescein diacetate [DCFH-DA] (Beyotime) to
fluorescent dichlorofluorescein (DCF). Following a 30-min
incubation period at 37°C with DCFH-DA, the cells were
cleaned and subjected to flow cytometry.

TUNEL assay

The TUNEL Assay kit (Roche Diagnostics GmbH, Basel,
switzerland) was used to perform the TdT-UTP nick-end
labeling (TUNEL) test in accordance with the manufacturer’s

instructions.
Apoptosis assays

LLC cells with the specified mitochondrial concentrations
(1 x 10%/mL and 1 x 107/mL) were incubated for 48 h with

the specified concentrations of cisplatin (5, 10, and 20 puM).
The cells were then washed twice with PBS, digested with
10% trypsin for 2-3 min, and centrifuged for 3 min at 800
rpm. The cells were gently resuspended following removal
of the supernatant. After adding 2.5 pL of annexin V-FITC
dye diluted with 50 mL of buffer and incubating the cells for
15-20 min at 37°C, the cells were treated for 10 min at 37°C
with 5 pL of propidium iodide (PI) dye mixed with 250 pL
of buffer. Flow cytometry PI and FITC channels were then
used to measure the apoptosis rates for the caseand control

groups.
Flow cytometry analysis
Mouse tumor tissues were promptly removed for in vivo

investigations and mechanically separated with scissors in
sterile PBS for flow cytometry analysis. Tumor fragments
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Figure 3 Mitochondrial transplantation suppressed cancer development in LLC cell xenografts. (A) A diagram of the xenograft mouse model
and administration schedule. C57BL/6 mice were subcutaneously implanted with LLC cells, then randomized into the following six groups:
control group, cisplatin; cisplatin with mito (systemic)-1 [cisplatin + mito (S)-1]; cisplatin with mito (systemic)-2 [cisplatin + mito (S)-2]; cis-
platin with mito (systemic and local)- 2 [cisplatin + mito (S L)-2]. (B-D)
Characteristic pictures of tumors, tumor volumes, and tumor growth curves of C57BL/6 mice from various groups are displayed. (E) Body

1 [cisplatin + mito (S L)-1]; and cisplatin with mito (systemic and local)-

weight in the six groups of mice described above was statistically analyzed. (F) Typical HE staining images of principal organs in mice treated
with various regimens. Scale bars, 200 um. (G-I) HE and IHC staining of the tumor sections demonstrated the Ki67 and P53 levels in mice
treated with various regimens. Scale bars, 50 or 100 um. (J, K) Expression of MKI67 and TP53 in various stages of lung squamous cell carcinoma
(LUSC) and lung adenocarcinoma (LUAD) (sequencing data from the TCGA database). (L, M) Expression of MKI/67 and TP53 in pan-cancer
(sequencing data from the TCGA database). *#P < 0.05, **P < 0.01, and ****P < 0.0001 compared to the indicated group.

were digested in 10% FBS (Biosharp, Hefei, China), 0.5
mg/mL collagenase from Clostridium histolyticum type
IV (Sigma-Aldrich, MO, USA), 0.15 mg/mL DNase I
(RayBiotech, GA, USA), and RPMI-1640 (Biosharp) for
60 min at 37°C with rotation to promote dissociation.
Single-cell suspensions were passed through a 70-mm cell
strainer. Samples were centrifuged at 300 g for 5 min at
4°C. Cells were stained with fluorescently labeled antibod-
ies at a 1:100 dilution in Cell Staining Buffer (RayBiotech,

GA, USA) for 30 min at 4°C. Single-cell suspensions were
stained with panel 1 (CD45-BV510, CD11b-BUV396,
CD3-BV421, CD8a-PerCP-Cy5.5, CD4-FITC, B220-PE-Cy7,
and NK1.1-BV605; RayBiotech, GA, USA) and 2 anti-mouse
antibodies (CD45-BV510, CD11b-BV786, F480-BUV396,
MHC-II-FITC, and CD11c-PE-Cy7; RayBiotech, GA, USA).
All data was acquired using a BD LSRFortessa flow cytome-
ter (BD Bioscience) and analyzed with Flow]Jo software (BD
Bioscience, NJ, USA).
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processed clinical data are contained in the file content. To
determine how the target gene is expressed in different types
of cancer, the Oncomine Database official website was viewed
and the gene was entered directly.

Bioenergetics assessment

The bioenergetic changes caused by mitochondrial trans-
plantation in LLC cells were investigated by measuring the
oxygen consumption rate (OCR) using a Seahorse XFe24
analyzer (Agilent, CA, USA). The seeding density was 10,000
LLC cells per well. The optimal drug concentration was 1.5
pm for oligomycin, 1 pm for FCCP, and 2.5 um for rotenone
and antimycin A (R&A). LLC cells were treated with mito-
chondrial transplantation 24 h later. OCR measurements
were performed by sequential treatment with oligomycin,

FCCP, and R&A following the Seahorse XFe24 analyzer

program.
Cytotoxicity assay

Natural killer (NK) cell-mediated cytotoxicity was assessed
according to established methodologies. H460 cells (Chinese
Academy of Sciences Cell Bank, Shanghai, China) were
infected with eGFP-lentivirus (Hanbio Tech, Shanghai, China).
The H460 cells were seeded into 24-well plates and NK92 cells
(Chinese Academy of Sciences Cell Bank, Shanghai, China)
were pretreated with mitochondrial transplantation for 24 h.
Then, NK92 and H460 cells were co-cultured with or without
anti-NKP30 antibody (BioLegend, CA, USA). Viable tumor
cells were quantified by fluorescence microscopy. T cell-me-

diated cytotoxicity was assessed according to established
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Figure 4 Transcriptomic sequencing analysis of mouse tumor tissues. (A-C) The analysis of GSEA was carried out on tissue samples from

mice administered various treatments. The outcomes demonstrated that combination therapy enriched the indicated genomes. (D) Heatmap

of transcriptome alterations. Differently expressed genes (DEGs) were detected in tumor specimens in mice administered various regimens. (E)

Analysis of transcriptome statistics genes linked to mitochondrial complexes I-V in mouse tissues (FC > 1.2; P < 0.05).

methodologies. Jurkat-T cells (Chinese Academy of Sciences
Cell Bank, Shanghai, China) were pretreated with mitochon-
drial transplantation for 24 h. Then, H460 cells were co-cul-
tured with Jurkat-T cells (activated with phorbol 12-myristate
13-acetate [PMA]; Sigma-Aldrich, MO, USA and phytohem
agglutinin [PHA]; Sigma-Aldrich, MO, USA) with or without
anti-CD8 antibody (BioXCell, NH, USA). Viable tumor cells
were quantified by fluorescence microscopy.

Statistical analysis

The values are presented as the mean + SEM and P values
were generated as listed in the legends. All statistical analy-
ses were performed using GraphPad Prism (v.8.0.1; GraphPad
Software, CA, USA). All data are expressed as the mean+ SEM.

Comparisons between multiple groups were performed by
one-way ANOVA followed by Tukey’s multiple comparisons
test. A P value < 0.05 was considered statistically significant.

Results

Isolated mitochondria maintain structure and
function

Particle size analysis revealed a size range between 0.5 and 1
pm for isolated mitochondria (Figure 1A). Mito-Tracker Red
CMXRos specifically labels biologically active mitochondria.
MitoTracker® Red CMXRos staining and flow cytometry
analysis revealed that 95.5% of the mitochondria were viable
(Figure 1B). The isolated mitochondria were respiratory, as
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determined by the ATP level. The ATP level of isolated mito-
chondria was 0.45 pm for 1 x 107 mitochondria (Figure 1C).
The ATP level of isolated mitochondria after 2 h still reached
81% of fresh mitochondria (Figure 1D). These results indi-
cated that the isolated mitochondria were intact, viable, and
respiring. 293T cells (Chinese Academy of Sciences Cell Bank,
Shanghai, China) were directly transfected with the pCMV-
Mito-DsRed-puro lentivirus, which contains the mitochon-
drial targeting sequence of human cytochrome ¢ oxidase
subunit VIII and the codon-optimized red fluorescent protein
DsRed gene. This transfection enabled the 293T cells to stably
express the Mito-DsRed fusion protein, after which mitochon-
dria were isolated and imaged using a fluorescence microscope
(Figure 1E). The isolated mitochondria were structurally
stable and functional. MitoTracker® Green FM was used
to label endogenous mitochondria in LLC cells. We isolated
mitochondria as exogenous, functional mitochondria from

293T cells stably expressing the Mito-DsRed fusion protein.

LLC cells were co-cultured with DsRed-labeled exogenous
mitochondria to determine whether LLC cells could take up
exogenous mitochondria. Mitochondrial uptake in LLC cells is
shown in Figure 1G. Fluorescence microscopy assays revealed
that functional mitochondria entered the cells after co-incuba-
tion with recipient cells. The co-incubated mitochondria were
evenly distributed in the LLC cells and largely located in the
cytoplasm (Figure 1F, G). Moreover, a mitochondrial stress
test was performed that showed the OCR value of LLC cells
increased after mitochondrial transplantation. The respiratory
function of LLC cells was enhanced after mitochondrial trans-
plantation (Figure S1).

Mitochondrial transplantation increased
cisplatin sensitivity in LLC cells

According to a previous study, cardiomyocytes demonstrate
the highest mitochondrial density among evaluated cell types
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with significantly elevated OCRs and enhanced ATP genera-
tion capacity. Notably, the mitochondrial functional efficiency
remains superior, as evidenced by ATP production levels
second only to embryonic stem cells (ESCs), even after mito-
chondrial volume normalization, indicating robust mitochon-
drial biogenesis and exceptional bioenergetic competence.
Therefore, AC16 cells (a type of cardiomyocyte) were selected
as the mitochondrial donor source in the present study'“.
Next, cytotoxicity of different concentrations of mitochondria
in LLC cells was determined using CCK-8 assays. After a 48-h
co-incubation, the viability of LLC cells remained unaffected
by transplantation of mitochondria alone at concentrations
ranging from 1 x 10*/mL to 1 x 10%/mL (Figure 2A). Next,
the cytotoxicity of cisplatin in LLC cells was determined at

48 h using CCK-8 assays. Cisplatin impaired cell viability in
a dose-dependent manner with an IC,, value of 12.93 pM
(Figure 2B, D). Combinations of mitochondrial transplan-
tation at concentrations of 1 x 106/mL or 1 x 10’/mL and
cisplatin treatment further enhanced cisplatin cytotoxicity,
which was confirmed by a decrease in the cisplatin IC, value
(Figures 1C, 2E, F). A combination of cisplatin with 1 x 107/mL
mitochondrial transplantation reduced the cisplatin IC, to 6.7
puM (Figure 2F). In subsequent experiments, 5 and 10 uM cis-
platin were utilized as low and high doses, respectively, and
mitochondria were transplanted at a concentration of 1 x
107/mL. EdU incorporation assays were performed following
co-incubation of cells with cisplatin and mitochondria trans-
plantation at 1 x 107/mL to study cell proliferation, which
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revealed significant growth inhibition compared to invasively
growing LLC cells (Figure 2G).

Opverall, the results illustrated that mitochondria remained
morphologically intact and viable and could further potentiate
the cytotoxic effect of cisplatin in vitro.

Mitochondrial transplantation decreased
tumor growth in LLC cell xenografts

The mechanism contributing to the combined mitochondrial
transplantation and cisplatin treatment on tumor growth was
elucidated using in vivo experiments with subcutaneous tumor
models. The schematic illustration is displayed in Figure 3A.
C57BL/6 mice were inoculated subcutaneously with LLC cells
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(1 x 10° cells) in the right flank. The tumor volume was meas-
ured using a caliper at baseline and after a 3-week recovery
period; the measurements are shown in Figure 3D. Tumor
growth was significantly suppressed following cisplatin treat-
ment or a combination of cisplatin and mitochondrial trans-
plantation (Figure 3B, C). The combination of cisplatin with
two mitochondrial transplants (systemic and local) caused a sig-
nificant shrinkage in LLC tumor volumes compared to cisplatin
treatment alone based on caliper measurements (Figure 3B, C).
No significant differences in body weight were detected among
LLC tumor-bearing mice or between groups (Figure 3E). H&E
staining demonstrated no significant anatomic alterations in the
heart, liver, spleen, lung, or kidney tissues (Figure 3F). These

results demonstrated that none of the treatments significantly
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impacted the nutritional status or toxicity. H&E staining revealed
that part of the tumor cells in the visual field were necrotic, the
nuclei disappeared, the cytoplasm was stained red (indicated
by the red arrow), and the tissue was infiltrated by individual
inflammatory cells (indicated by the yellow arrow) compared
to the control group, (Figure 3G). Immunohistology staining
revealed decreased cell proliferation, which was consistent with
tumor growth detected in the animal model. Compared to the
LLC control group, considerable downregulation of Ki67 and
P53 expression was noted in the cisplatin with mitochondrial
transplantation treatment group (Figure 3G-I). The TCGA
sequencing database shows that MKI67 and TP53 are abun-
dantly expressed in different stages of lung squamous cell car-
cinoma (LUSC) and lung adenocarcinoma (LUAD) (Figure 3],
K). Furthermore, TP53 and MKI67 are substantially expressed

in a range of malignancies (Figure 3L, M).

661

80 *

60

[— I
_l_ T

404

20+

0- [ T T

ROS mean
fluorescence intensity (%)

; ~ !
N -c,Q\ @ \\ (—)\’ 3
¢ C SR 0 .,\&ob
RO N -

. Q\'b Q\’b \,5\,\ \’Z’;é\

¢ R R
Cisplatin + Cisplatin + Cisplatin +
mito (S)-2 mito (S L)-1 mito (S L)-2

The mechanism underlying the delay in tumor progres-
sion was further elucidated by a combination of mitochon-
drial transplantation and cisplatin chemotherapy. Systematic
transcriptome sequencing analysis of murine tumor tissues
was performed. The cisplatin treatment group, especially
the mitochondrial transplantation combined with cispla-
tin group, resulted in a series of changes in gene expression
that were largely concentrated in with respect to cell prolif-
eration, anti-tumor immune responses, tumor metabolism,
and tumor malignancy-related signaling pathways compared
to the control group. First, co-treatment with mitochondrial
transplantation and cisplatin significantly downregulated
the expression of tumor angiogenesis-related genes, thus
enriching anti-tumor immune responses, including T cells,
NK cells, and antigen presentation. Second, normally differ-

entiated cells largely depend on oxidative phosphorylation of
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mitochondria for the cell energy supply, whereas most tumor
cells depend on aerobic glycolysis, a phenomenon known
as the Warburg effect. The Warburg effect is one of the pri-
mary metabolic characteristics of tumor cells. Transcriptomic
analysis revealed that mitochondrial transplantation com-
bined with cisplatin significantly downregulated glycoly-
sis and expression of hypoxia response genes in tumor cells
and significantly upregulated the expression of tricarboxylic
acid cycle-related genes, implying that the combined treat-
ment altered the metabolic reprogramming of tumor cells.
Finally, the pathways related to tumor cell apoptosis (the
MAPK signaling pathway and programmed cell death) were
significantly upregulated in the combined treatment group,
whereas the pathways related to tumor malignancy (Wnt sig-
naling pathway) were significantly inhibited (Figure 4A-D).
Further analysis demonstrated that the combination treat-
ment with mitochondrial transplantation and cisplatin signif-
icantly upregulated mitochondrial oxidative phosphorylation

pathway complexes I-V (Nduf, Sdhb, Cycb, Cycl, Uqcr, Cox,
Ppal, and Atp5 families). These results further demonstrated
that mitochondrial transplantation plus cisplatin altered
the metabolic reprogramming of the tumor and the met-
abolic type of tumor from the Warburg effect to oxidative
phosphorylation (Figure 4E). The above findings revealed
that mitochondrial transplantation combined with cisplatin
chemotherapy reversed tumor metabolic reprogramming and
enhanced anti-tumor immunity, which suppressed tumor cell

proliferation and accelerated tumor cell apoptosis.

Mitochondrial transplantation reduced tumor
stemness by inhibiting HIF-1o

HIF-1a is particularly prevalent in different tumors and is cor-
related with tumor invasion, metastasis, and angiogenesis!*1°.
IHC staining was performed on murine tumor tissues, the

results of which demonstrated that HIF-1o was significantly
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Figure 6 Mitochondrial transplantation led to ROS elevation and induced mitochondria-related apoptosis. (A, B) Flow cytometry demon-
strated the ROS level in LLC cells that were untreated or received cisplatin, mitochondrial transplantation, or a combination of treatments. (C,
D) Immunofluorescence revealed the amount of ROS in tumor tissues. Scale bars, 100 um. (E, F) TUNEL assays for apoptosis in mice tumor
tissues administered different treatments. Scale bars, 100 um. (G, H) Flow cytometry demonstrated the apoptosis level in LLC cells that were
untreated or received cisplatin, mitochondrial transplantation, or a combination of treatments. (I) The results of GSEA analysis indicated
enrichment of the gene sets associated with programmed cell death. (J, K) IHC staining demonstrated the amount of Bax and Bcl-2 in tumor
tissues from mice. Scale bars, 100 um. (M) Western blotting showed the amount of Bax and Bcl-2 in LLC cells that were exposed to different

treatments. *P < 0.05, **/#p < 0.01, ***P < 0.001 and ****P < 0.0001 compared to the indicated group.

downregulated in the cisplatin group, especially in the mitochon-
drial transplantation combined with cisplatin group, compared
to the control group (Figure 5A, B). Tumor hypoxia and glyco-
lysis are the primary causes of chemotherapy failure. Glycolysis
produces abundant lactic acid. The accumulation of lactic acid
in the tumor microenvironment accelerates tumor growth!”!8,
Therefore, the lactic acid content in murine tumor tissues
was determined. Lactic acid in the combined mitochondrial
transplantation and cisplatin group was significantly reduced
compared to the cisplatin group (Figure 5C). Transcriptome
sequencing results revealed that the hypoxic response was sig-
nificantly downregulated following co-treatment with mito-
chondrial transplantation and cisplatin compared to cisplatin
treatment alone (Figure 5D). HIF-1a upregulation is known to
increase tumor stemness'®-2!. The mitochondria and cisplatin
combination suppressed CD133 and CD44 expression in vitro,
as detected by western blotting (Figure 5E). IHC staining on
murine tumor tissues demonstrated that CD44 and CD133
expression was greatly diminished in the cisplatin alone group,
especially in combination with mitochondrial transplantation
and cisplatin (Figure 5F-I). Taken together, mitochondrial
transplantation combined with cisplatin chemotherapy reduced

tumor stemness by inhibiting the hypoxic response.

Mitochondrial transplantation led to ROS
elevation and induced mitochondria-related
apoptosis

Specific stages of carcinogenesis can be effectively halted by
increasing oxidative damage and enhancing ROS-dependent
death signals. ROS accumulation results in different forms
of cell death and senescence?>?*. Flow cytometry confirmed
a significantly elevated ROS level in LLC cells after cispla-
tin intervention that was even more substantial after co-
treatment with cisplatin and mitochondrial transplantation
(Figure 6A, B). This conclusion was further confirmed by
in vivo experiments, which demonstrated that the ROS level

increased dramatically upon cisplatin intervention and even

more extensively upon cisplatin combined with mitochondrial
transplantation intervention (Figure 6C, D). Apoptosis path-
ways can be divided into endogenous mitochondrial, endog-
enous endoplasmic reticulum, and exogenous death receptor
pathways?*. Internal apoptotic stimuli, such as activation of
oncogenes, DNA damage, cell hypoxia, and loss of cell growth
factors, can activate the mitochondrial apoptotic pathway in
cells and cause apoptosis?>. Whether mitochondria paired with
cisplatin treatment improved tumor apoptosis was determined
by performing TUNEL staining on murine tumor tissues. The
results showed that combination treatment with cisplatin and
mitochondrial transplantation markedly induced tumor apop-
tosis compared to all other groups (Figure 6E, F). Flow cytom-
etry demonstrated a significant increase in apoptosis of LLC
cells after cisplatin intervention, which was further amplified
by the combination of cisplatin and mitochondrial transplan-
tation (Figure 6G, H). Transcriptomic analyses revealed sig-
nificantly upregulated apoptosis signal of cancer cells in vivo
after cisplatin intervention; combination with mitochondrial
transplantation further enhanced the release of mitochondrial
cytochrome c and facilitated cancer cell apoptosis (Figure 6I).
IHC staining of murine tumor tissues demonstrated signifi-
cant downregulation of Bcl-2 and upregulation of Bax in the
cisplatin group compared to the control group, especially in
the mitochondrial transplantation combined with cisplatin
group (Figure 6]J-L). This result was further validated in in
vitro cellular experiments by western blotting (Figure 6M).
Taken together, these findings demonstrated that mitochon-
drial transplantation elevates ROS production and induces

mitochondria-related apoptosis.

Mitochondrial transplantation by inhibiting
Wnt/B-catenin signaling pathway promoted
tumor immune infiltration

T-cell versatility is a hallmark of protective immunity against
cancer. Studies have reported that Wnt activation inhibits the

differentiation of human memory CD8+T cells and promotes
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Figure 7 Continued

(TME). To elucidate the immunomodulatory effects of mito-
chondrial transplantation on immune cell-mediated antitumor
responses, an in vitro co-culture system using human NK92
and H460 cells was established with or without mitochondrial
transplantation. Quantitative analysis revealed that mitochon-
drial transplantation significantly enhanced the tumoricidal

activity of NK92 cells against H460 targets, as evidenced by
increased cytotoxicity. However, antibody-mediated depletion
of NK cells substantially attenuated mitochondrial-induced
enhancement concomitant with impaired tumor cell lysis
(Figure S5A, B). Then, the experiments demonstrated that

mitochondrion transplantation similarly potentiated Jurkat
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Figure 7 Mitochondrial transplantation by inhibiting Wnt signaling pathway promoted tumor immune infiltration. (A) Western blotting

displayed the B-catenin level in LLC cells treated with cisplatin, mitochondria, or a combination. (B, C) The IHC assay showed the amount of

Wnt5a in mice treated with different exposures. Scale bars, 50 um. (D) The results of GSEA analysis confirmed enrichment of the gene sets

associated with the Wnt signaling pathway. (E-I) Flow cytometry investigation of immune cell subsets in malignancies. Characteristic flow

cytometry diagrams exhibiting NK cells, CD3+ T cells, CD4+ T cells, and CD8+ T cells in the tumors of mice undergoing various therapies. NK

cells (), CD3+ T cells (F), CD4+ T cells (G), and CD8+ T cells (H) as a percentage of tumors in mice undergoing various therapies. *#P < 0.05

and **/##P < 0.01 compared to the indicated group.

the production of highly multifunctional cells?>?”. NSCLC
inhibits the infiltration of T cells in tumors in a Wnt/3-catenin
signaling pathway-dependent manner, followed by inhibition
of the anti-tumor immune response?®?°. The combination of
cisplatin (10 uM) and mitochondria (1 x 107/mL) dramati-
cally suppressed the Wnt/f-catenin signaling pathway in LLC
cells. Western blotting demonstrated that the combination of
mitochondria and cisplatin substantially diminished p-cat-
enin expression in vitro (Figure 7A). IHC staining of mouse
tumor tissues demonstrated that Wnt5a expression in the
mitochondrial transplantation combined with cisplatin group
was significantly inhibited compared to the control group
(Figure 7B, C). Transcriptome sequencing analysis revealed
considerable suppression of Wnt signaling pathway in the
mitochondrial transplantation plus cisplatin when compared
to the cisplatin alone treatment (Figure 7D). effect of mito-
chondrial transplantation and cisplatin on immune infiltra-
tion of advanced NSCLC was further investigated using flow
cytometry and ITHC staining analysis to detect tumor tissues
in all groups of mice. The findings demonstrated significantly
elevated T-cell immune infiltration in the tumors of mice
treated with mitochondrial transplantation plus cisplatin.
However, tumors of mice treated with cisplatin alone failed
to demonstrate any measurable difference. Similarly, NK cell

infiltration was considerably elevated in the combination

therapy group (Figures 7E-I, 8A-E). However, B cells, mac-
rophages, and dendritic cells showed little differences among
the groups (Figures S2-S4).

Next, the changes in tumor immune-related functions dur-
ing mitochondrial plus cisplatin for advanced NSCLC were
determined. Transcriptomics analysis was performed on
tumors in each group, followed by functional enrichment of
different genes in each group. Chemotherapy is often accom-
panied by immune cell reduction and other adverse effects.
Genomic enrichment analysis (GSEA) revealed that cisplatin
chemotherapy impaired T-cell activation, NK cell-mediated
cytotoxicity, innate immunity, and adaptive immunological
responses. Nevertheless, cisplatin in conjunction with mito-
chondrial transplantation boosted the following: T cell acti-
vation, differentiation, and processing; antigen presentation
and processing; exogenous antigen peptide antigen process-
ing and presentation; NK cell-mediated cytotoxicity; NK
cell activation; and adaptive immune response modulation
(Figure 8F-H). These results demonstrated that cisplatin alone
impairs tumor immune infiltration. However, a combination
of mitochondrial transplantation and cisplatin significantly
enhanced tumor immune infiltration.

Functional exhaustion of NK cells and cytotoxic T lympho-
cytes (CTLs) represents a pivotal mechanism underlying tumor

immune evasion in the tumor immune microenvironment
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Figure 8 Continued

T-mediated killing of H460 cells and this immunostimulatory
effect was markedly diminished following T cell-depletion
(Figure S5C, D). These experimental findings demonstrated
that mitochondrion transplantation significantly enhances the
tumoricidal activity of T cells and NK cells.

Discussion

In recent years significant advances and progress have
occurred in lung cancer treatment. However, drug resist-
ance is still the major reason for treatment failure in patients
with cancer??-32. Patients may become resistant to first-line
drugs and the efficacy of treatment is greatly reduced®. In
addition, 40%-80% of all patients with cancer are estimated
to be receiving chemotherapy with platinum-containing
drugs and patients with chemotherapy resistance have an
extremely poor survival rate’’. Several studies have sug-
gested that the development of cancer, including the subse-
quent emergence of chemotherapy resistance, is intricately
related to mitochondria. Mitochondrial transplantation

(5-1

CD8 area %

667
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promises to be an effective treatment for several diseases,
including cancer®®49.

The effect of a combination of mitochondrial transplan-
tation and chemotherapy vs. chemotherapy alone was deter-
mined to investigate the therapeutic potential of mitochondrial
transplantation in lung cancer. Mitochondrial transplantation
alone did not reduce the viability of LLC cells (Figure 2A).
In contrast, low-dose cisplatin administration in combina-
tion with mitochondrial transplantation dramatically reduced
LLC cell viability. This reduction was equal to that obtained
with high-dose cisplatin therapy alone (Figure 2C-F). In vivo
experiments using LLC cancer cells were performed to further
demonstrate that mitochondrial transplantation dramatically
improves chemotherapeutic sensitivity (Figure 3C). Cisplatin
is a commonly applied chemotherapeutic for this type of malig-
nancy. In vivo investigations validated the in vitro findings.
One week of cisplatin combined with mitochondrial trans-
plantation therapy resulted in or even outperformed 2 weeks
of cisplatin. Transcriptomics analysis corroborated these find-

ings, which demonstrated that mitochondrial transplantation
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Figure 8 Mitochondrial transplantation promoted tumor immune infiltration. (A—E) The IHC assay displayed the expression of CD3, CD4,
CD8, and NKP46. Scale bars, 100 um. IHC staining quantification is displayed below. (F-H) The results of GSEA analysis demonstrated enrich-
ment of genomes associated with T and NK cell-mediated immune responses. *P < 0.05 and **P < 0.01 compared to the indicated group.

in conjunction with cisplatin considerably boosts inflamma- level of ROS, which may promote stem cell self-renewal and
tory cell infiltration in tumor grafts and significantly reduces enhance drug resistance*”*3. Cisplatin was shown to increase
angiogenesis and total cancer cell proliferation (Figure 4). We ROS in LLC cells, especially in the combined mitochondrial
hypothesize that mitochondrial transplantation can overcome transplantation and cisplatin group, and also disrupted rROS
cisplatin resistance. However, more research is warranted to homeostasis in tumors (Figure 6D). In addition, mitochon-
verify this theory. drial transplantation in combination with chemotherapy was
Previous studies have demonstrated that HIF-1o upregula- shown to dramatically promote apoptosis of LLC cells, primar-
tion enhances tumor stemness*!. The findings of the current ily observed as enhanced late apoptosis (Figure 6E). Thus, a
study revealed that cisplatin reduces the expression of HIF-1a. combination of mitochondrial transplantation with cisplatin
in LLC cells and significantly downregulates the expression of increased the production of ROS, ultimately promoting mito-
CD44 and CD133, especially in the combined mitochondrial chondria-related apoptosis of LLC cancer cells.
transplantation and cisplatin group (Figure 5). We speculate Although chemotherapy is the most common treatment
that mitochondrial transplantation reverses cisplatin resist- option for lung cancer, chemotherapy alone often results in
ance by inhibiting HIF-lo. and reducing tumor stemness. inevitable drug resistance, thereby reducing drug efficacy®.
Maintaining homeostasis of ROS, an important by-product of The continuous progress and breakthroughs in lung cancer
cellular metabolism*>#4, is essential for cancer cell survival*>46, treatment have led to the emergence of cancer immunother-

Tumor stem cells, like normal tissue stem cells, have a low apy targeting tumor-specific T cells, especially reactivation of



Cancer Biol Med Vol 22, No 6 June 2025

o . Y
U

i,

Mitochondrial

Tumor

Tl — - “"_

Cisplatin

| Wnt

I' ,._» p-Catenin

669

Inhibits tumor stemness

o . - .
P 2 e

Lactate

Mitochondrial-associated
apoptosis

="

_ Bax |
Bcl-2

— el

+ Cancer cell

¢ Tecell + |
NK cell +

Figure 9 The schematic diagram illustrates the synergistic anti-tumor effect of the combination of mitochondrial transplantation and cis-

platin. Mitochondrial transplantation combined with cisplatin inhibited tumor stemness by diminishing HIF-1o and reducing lactate accu-

mulation. Mitochondrial transplantation plus cisplatin triggered the ROS-mediated mitochondrial apoptotic pathway. The combination of

mitochondrial transplantation and cisplatin boosted T and NK cell-mediated anti-tumor immunity by preventing the Wnt/p-catenin pathway

to inhibit tumor development. Representations shown in Figure 9 were created with figdraw.com.

CD8+ T cells to promote antitumor immunity, offering hope
and clinical promise®.

Some studies have reported that tumor cells can hijack the
mitochondria to support growth!2 Inhibiting the formation of
nanotubes to prevent tumor cells from hijacking mitochondria
is a newly emerging anti-tumor therapy. Intercellular mitochon-
drial transfer enhances CD8+ T cell bioenergetic capacity, tumor
penetration, and anti-tumor effects'®>. Animal experiments have
demonstrated that a combination of mitochondrial transplan-
tation and cisplatin treatment can significantly improve tumor
immune infiltration of LLC tumor-bearing mice and overcome
the shortcomings of cisplatin, including damage to lymphocytes
and a reduction in the number of immune cells (Figure 7E).
Moreover, transcriptomics has revealed that the combination of
mitochondrial transplantation and cisplatin treatment signifi-

cantly enriches anti-tumor immune responses, including T cells,

NK cells, and antigen presentation (Figure 8F-H). These results
demonstrated that mitochondrial transplantation combined
with cisplatin not only significantly improves the function of
tumor-infiltrating immune cells but also significantly promotes
the infiltration of immune cells to tumor tissues, thereby activat-

ing the anti-tumor immune response (Figure 9).
Conclusions

We found for the first time that the effect of 1 week of cisplatin
combined with mitochondrial transplantation was better than
1 weeks of cisplatin in in vivo experiments in mice, achieving
the goal of reducing the number of chemotherapy sessions in
1 week. In addition, mitochondrial transplantation combined
with cisplatin significantly improved the immune infiltration

of advanced NSCLC, overcoming the shortcomings of cisplatin,
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such as myeloid cell damage and immune cell reduction (Figure
8). This study put forward beneficial propositions for improv-
ing immune infiltration and enhancing the anti-tumor effect
during chemotherapy for advanced NSCLC. Furthermore, this
study provided substantial support for mitochondrial transfer
as a new paradigm for tumor therapy as well as a new direction

for future improvements in organelle therapy.
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