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Mitochondria of T Lymphocytes Promote Anti-Pulmonary 
Tumor Immune Response

Minsuk Kim

Abstract

Background: B-cell lymphoma 2 (Bcl-2), a protein involved in apo-
ptosis, has been proven to have carcinogenic potential and is well 
documented. With the recent advancement in optical technology, it 
has become possible to observe subcellular organelles such as mito-
chondria in real-time without the need for staining. Consequently, we 
have examined the movement of mitochondria in cancer cells, cor-
relating it with the regulation of Bcl-2.

Methods: Using a tomographic microscope, which can detect the in-
ternal structure of cells, we observed lung tumor cells. Cells were 
exposed to a laser beam (λ = 520 nm) inclined at 45°, and holographic 
images were recorded up to a depth of 30 µm of reconstruction.

Results: Intriguingly, lung tumor cells rapidly expelled mitochondria 
upon the attachment of Bcl-2 or B-cell lymphoma extra-large (Bcl-xL) 
inhibitors. On the other hand, we observed that tumor cells hijack mito-
chondria from T cells. The hijacked mitochondria were not immediately 
linked to tumor cell death, but they played a role in assisting granzyme 
B-induced tumor cell death. Due to lower levels of Bcl-2 and Bcl-xL on 
the mitochondria of T cells compared to lung tumor cells, immune cells 
depleted of Bcl-2 and Bcl-xL were co-cultured with the tumor cells.

Conclusions: As a result, a more effective tumor cell death induced 
by granzyme B was observed. Additionally, further enhanced antican-
cer immune response was observed in vivo. Together, we show that 
modified mitochondria of T cells can provide potential novel strate-
gies towards tumor cell death.

Keywords: Mitochondria; Tunneling nanotube; Pulmonary fibroblast 
tumor; Tomographic microscope; Refractive index

Introduction

There are many lung cancer treatments in development with 

various mechanisms [1-5]. Methotrexate suppresses cell division 
by inhibiting production of tetrahydrofolate, a necessary base for 
nucleic acid synthesis; 5-fluorouracil suppresses proliferation by 
DNA base substitution; bleomycin damages DNA and RNA in 
the G2 phase of the cell; topotecan inhibits topoisomerase, which 
is involved in DNA replication [6-8]. Following drug develop-
ment, lung cancers have also been categorized into small cell 
lung cancer (SCLC) and non-small cell lung cancer (NSCLC) [9]. 
NSCLC represents 80% to 85% of all lung cancers [9]. NSCLC 
is characterized by mutations in epidermal growth factor receptor 
(EGFR), anaplastic lymphoma kinase (ALK), c-ros oncogene 1 
(ROS1), and B-Raf proto-oncogene (BRAF) [10, 11]. Alectinib 
and ceritinib, which are ALK tyrosine kinase inhibitors, have cur-
rently been shown to be effective against NSCLC [12]. Eventu-
ally, the role of predictive biomarkers has been extensively stud-
ied in cancer patients [13-16]. As a result of their development, 
pembrolizumab, Opdivo, or nivolumab demonstrate remarkable 
efficacy. They prevent the binding of programmed cell death 1 
(PD-1), thereby enhancing the immune response of T cells when 
interacting with lung tumor cells, leading to the destruction of tu-
mor cells [17]. A systematic review and meta-analysis in patients 
with solid tumors demonstrated that immunotherapy, either alone 
or in combination, reduces the risk of death or progression [13]. 
However, even with targeted immunotherapies, complete eradi-
cation of lung tumor is still not attained.

B-cell lymphoma 2 (Bcl-2) is a protein originally discov-
ered in B-cell lymphoma, and it can promote the proliferation 
of cancer cells through inhibiting cell death and enhancing cell 
survival [18, 19]. As a member of the Bcl-2 family of proteins, 
B-cell lymphoma extra-large (Bcl-xL) plays also a similar role 
to Bcl-2, exerting anti-apoptotic effects and promoting cell 
survival [20]. Bcl-2 and Bcl-xL have been known to be present 
in relatively high levels not only in lymphomas but also in lung 
cancer cells [2, 21]. Bcl-2 and Bcl-xL are located in the mito-
chondria, and they block the release of pro-apoptotic signals 
from mitochondria, thereby preventing cell death [22]. There-
fore, Bcl-2 and Bcl-xL inhibitors have emerged as potential 
drug targets for cancer treatment. These proteins commonly 
possess a Bcl-2 homology 3 (BH3) domain, which is involved 
in the regulation of cell death [23]. Consequently, many BH3-
mimetics are in development as anticancer drugs [24]. Veneto-
clax (ABT-199), navitoclax (ABT-263) or obatoclax are BH3-
mimetics that specifically inhibit Bcl-2 [25, 26]. Therefore, 
mitochondrial Bcl-2 and Bcl-xL can provide important clues 
in our understanding of tumor cell fate. In order to gain a more 
detailed understanding of mitochondrial dynamics related to 
apoptosis in lung tumor, optical tomography was employed.
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In optical tomography, images are acquired by capturing 
waves that pass through cells from different angles. Subsequent-
ly, digital reconstruction is performed to visualize the internal 
structure of cells in a cross-sectional manner [27-29]. A tomo-
graphic microscope can generate reconstructed cell images based 
on varying refractive index, allowing the detection of transparent 
structures such as mitochondria without the need for staining.

In this study, we utilized tomographic microscopy to analyze 
pulmonary tumor cells and their reaction to anti-tumor agents. 
Intriguingly, our findings revealed a transfer of mitochondria 
from immune cells to tumor cells, leading to apoptosis induced 
by granzyme B. This process resulted in a higher rate of cell 
death compared to the use of BH3 mimetics. Consequently, we 
hypothesized that intercepted mitochondria have the potential to 
enhance tumor apoptosis. To further explore this hypothesis, we 
delved into the mechanisms by which immune cell mitochon-
dria can initiate apoptosis of tumor using HCC1195, HCC1438, 
or Lewis lung carcinoma (NSCLC models).

Materials and Methods

In vivo animal study

All mice (C57BL/6) were purchased from Charles River. Ani-
mal experiments were approved by the Ewha Womans Uni-
versity Animal Care Committee (Institutional Review Board 
(IRB) number: ESM14-0260). Forty male mice (about 20 g; 
8 - 10 weeks) were subcutaneously injected with Lewis lung 
cancer cells (1 × 106 cells). Each animal was intraperitoneally 
injected every alternate day (eight cycles) with anti-immuno-
globulin (Ig)G2a, anti-PD-1 (10 mg/kg), T cells (1 × 106 cells), 
or Bcl-2 knocked out (KO) T cells (1 × 106 cells). Blood was 
collected from the mouse, and CD69-positive cells were isolat-
ed using the CD69 kit II (130-092-355, Miltenyi Biotec, Ger-
many). The activated T cells were then quantitatively meas-
ured using the CD69 enzyme-linked immunoassay (ELISA) 
kit (EH96RB, ThermoFisher, USA).

Cell culture

Human lung cancer lines, HCC1195 (ATCC; RRID: CVCL_ 
5127) or HCC1438 (ATCC; RRID: CVCL_L088) were main-
tained in Roswell Park Memorial Institute Medium 1640 
(RPMI 1640) (11875093, Thermofisher, USA) with 10% bo-
vine serum (16000044, Gibco, USA) at 37 °C under an atmos-
phere of 95% O2 and 5% CO2. The cells were treated with 
ABT199 (3 nM, 6960, Tocris, UK), A115463 (19 nM, S7800, 
Selleck Chemicals, USA), or ABT737 (15 µM, 6835, Tocris, 
UK) for 1 h. Apoptosis was induced following combinations 
of recombinant perforin (100 pg/µL, ENZ-PRT313-0010, 
Enzo Life Science, USA) and granzyme B (200 pg/µL, 10345-
H08H, Sinobiological, China). CaCl2 (1.25 mM) was added for 
perforin activity. Human CD3+ T cells (PB03020C, StemEx-
press, USA) were obtained through the protocol number 401-
01 and the IRB tracking number 20152869. T cells were cul-
tured in AIM V medium (12055091, Thermo Fisher Scientific, 

USA), supplemented with 10% fetal calf serum (A3520502, 
Thermo Fisher Scientific, USA). Human pulmonary fibroblast 
(C-12360, PromoCell, Germany) were cultured in fibroblast 
growth medium 2 (C-23020, PromoCell, Germany).

Isolation of mitochondrial fraction

Cells were collected using homogenization buffer (70 mM su-
crose, 220 mM mannitol, and 20 mM HEPES) containing a pro-
tease inhibitor (89874, Thermofisher, USA) and centrifuged at 
2,300 g for 5 min. The pellet was suspended in homogenization 
buffer on ice for 5 min. Cell rupture was achieved with 10 strokes 
using a 27-gauge needle. The homogenate was then centrifuged 
at 400 g for 5 min. Following a subsequent centrifugation at 
5,800 g for 5 min, mitochondrial fractions were collected and 
suspended in homogenization buffer. The quantity of isolated mi-
tochondria was determined by measuring protein concentration 
using the Bio-Rad protein assay kit (Bio-Rad, Richmond, USA).

The de novo synthesis of ABT199-boron dipyrromethene 
(BODIPY)

A procedure for synthesis of ABT199-BODIPY is summa-
rized as follows [30]. Sulfonamide analog was synthesized via 
nucleophilic aromatic substitution of commercially available 
4-fluoro-3-nitrobenzenesulfonamide with tertbutyl 4-(amino-
methyl) piperidine-1-carboxylate. Removal of the tert-butox-
ycarbonyl protecting group with HCl in dioxane followed by 
alkylation with 1-N-(2-bromoethyl) carbamate afforded the 
sulfonamide analog. The tert-butoxycarbonyl protecting group 
was removed using trifluoroacetic acid and Et3SiH (as a scav-
enger) followed by reaction with the N-hydroxysuccinimidyl 
ester of BODIPY FL to afford ABT-199-BODIPY. The purity 
was 95% based on liquid chromatography-mass spectrometry 
(LC-MS) analysis and ultraviolet-visible (UV-Vis) detection.

Optical tomography

A green laser (λ = 520 nm, exposure 0.2 mw/mm2) was split 
into cells at three-dimensional (3D) explorer (Nanolive, Swit-
zerland) [27]. Cells were exposed to a laser beam inclined at 
45°. Holographic images were captured with the reference 
beam. 3D cell images were recorded up to a depth of 30 µm of 
reconstruction. Mitochondria were stained using Mitotracker 
(M7514, Thermofisher, USA) at 490 nm.

Western blot

Briefly, cells (0.4 × 106) were homogenized in ice-cold lysis 
buffer. After centrifugation at 5,000 g for 30 min, the protein 
content of the supernatant was quantified using a Bradford 
protein assay. Samples were diluted, boiled with sample load-
ing dye, and 100 µg were used in sodium dodecyl sulfate-pol-
yacrylamide gel electrophoresis (SDS-PAGE) (4561033EDU, 
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Bio-Rad, USA). After blotting, membranes were blocked in 
5% skim milk (70,166, Sigma-Aldrich) in tris-buffered saline 
containing 0.1% Tween-20 (P1379, Sigma-Aldrich). Mem-
branes were incubated with Bcl-2 (1:1,000; ab59348, RRID: 
AB_289591, Abcam, UK), Bcl-xL (1:1,000; ab32370, RRID: 
AB_2847960, Abcam, UK), cytochrome c oxidase subunit IV 
(COX IV) (1:1,000; ab202554, RRID: AB_2847960, Abcam, 
UK), Bid (1:1,000; ab32060, RRID: AB_365478, Abcam, 
UK), cytochrome C (1:1,000; #11,940, RRID: AB_2637071, 
Cell signaling technology, USA), glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) (1:1,000; ab8245, RRID: 
AB_1267174, Abcam, UK) or beta-tubulin (1:1,000; ab179513, 
RRID: AB_1566837, Abcam, UK), and subsequently with sec-
ondary goat anti-rabbit horseradish peroxidase-conjugated an-
tibody. Reaction products were visualized using an enhanced 
chemiluminescence detection kit (32106, Thermo Scientific, 
USA) and quantified by densitometry.

Detection of apoptosis or caspase-3 activity

Apoptosis was determined using ELISA kit (APT225, Sigma, 
USA). Briefly, cells were fixed with 2,2’-azino-bis-3-ethylb-
enzothiazoline-6-sulfonic acid (ABTS) for 30 min at 37 °C. 
To denature DNA, cells were incubated for 20 min at 75 °C. 
After cooling at 4 °C for 5 min, plates were blocked in 5% 
skim milk (70,166, Sigma, USA) in phosphate-buffered saline 
at 37 °C for 1 h. Cells were incubated with antisera mixture 
and washed with phosphate-buffered saline at 37 °C for 1 h. 
After treatment with stop solution, absorbance was measured 
at 405 nm. To determine caspase-3 activity, cells were fixed 
and incubated with antibody cocktail or tetramethylbenzidine 
(TMB) at 37 °C for 1 h. After treatment with stop solution, the 
degree of activation of relative was measured at 450 nm.

Wild type transfection or gene deletion using clustered 
regularly interspaced short palindromic repeats (CRISPR)

CRISPR or wild type transfection of Bcl-2 and Bcl-xL in hu-
man lung cancer cells was performed using a kit from Santa 
Cruz (sc-395739, Santacruz, USA). Briefly, in six-well culture 
plates, 106 cells were plated and exposed to the Bcl-2 wild 
type plasmid (8768, RRID: Addgene_8768, Addgene, USA), 
Bcl-xL wild type plasmid (113458, RRID: Addgene_113458, 
Addgene, USA), Bcl-2 CRISPR plasmid (sc-400025-KO-2, 
Santacruz, USA), Bcl-xL CRISPR plasmid (sc-400170, San-
tacruz, USA) or control plasmid (sc-418922, Santacruz, USA) 
solution for 8 h at 37 °C in a CO2 incubator. Then, media was 
changed to Dulbecco modified eagle medium (DMEM) with 
10% bovine serum and incubated for another 12 h.

Statistical analysis

Values are means ± standard error (SE). Wherever appropriate, 
one-way analysis of variance (ANOVA) followed by the Bonfer-
roni test was used to determine differences between group mean 

values. The level of statistical significance was set at P < 0.05.
All human/animal studies have been approved by the ap-

propriate ethics committee and have therefore been performed 
in accordance with the ethical standards laid down in the 1964 
Declaration of Helsinki and its later amendments or compara-
ble ethical standards.

Results

Poor tumoricidal activity of BH3-mimetics in pulmonary 
tumor cells

Bcl-2 and Bcl-xL have been known to be highly expressed in 
pulmonary tumor cells [31]. They are more predominantly con-
centrated in mitochondria compared to the cytosol in HCC1195 
or HCC1438 lung tumor cell lines (Fig. 1a-c). To block Bcl-
2 and Bcl-xL, BH3-mimetics such as ABT199, A115463, and 
ABT737 were used (Fig. 1d-f). ABT199 is a selective Bcl-2 
inhibitor, while A115463 is designed to inhibit Bcl-xL, and 
ABT737 inhibits both Bcl-2 and Bcl-xL [32, 33]. HCC1195 
or HCC1438 cell lines were treated with BH3-mimetics, but 
no significant tumor cell death was observed. To induced ad-
ditional cell death, they were co-treated with granzyme B and 
perforin. Treatment with granzyme B and perforin resulted in 
16% induction of cell death, but BH3-mimetics did not show 
any additional tumor cell death. Treatment with BH3-mimet-
ics at a three-fold higher concentration induced approximately 
20% of the tumor cell death (Supplementary Material 1, www.
wjon.org). However, it also resulted in 30% cell death in pul-
monary fibroblasts. This was considered to be due to the toxic-
ity of the chemical substance itself rather than the tumoricidal 
effects of BH3-mimetics. To track BH3-mimetics in tumor 
cells, BODIPY was attached to ABT199 (Fig. 1g) [30]. After 
treatment of ABT199-BODIPY in HCC1195 cells, cells were 
monitored using a tomographic microscopy (Fig. 1h, i). This 
process was scanned with a λ = 520 nm, and the holographic 
images were subsequently recorded. Intriguingly, ABT199 
remained intracellularly for 1 h in pulmonary fibroblasts, 
whereas about half of them disappeared within 15 min, and a 
negligible concentration was present intracellularly within 1 
h in HCC1195 or HCC1438 cells. In summary, we found that 
the poor antitumor activity of BH3-mimetics was likely due 
to their quick elimination from HCC1195 or HCC1438 cells.

Mitochondrial migration of T cells promotes tumor cell 
death by granzyme B

It has been reported that various tumor cells hijack mitochon-
dria from non-activated T cells [34]. Non-activated T cells were 
stained with mitotracker and cultured together with HCC1195, 
HCC1438 or pulmonary fibroblasts (Fig. 2a, b). Using to-
mographic microscopy, we observed that HCC1195 hijacked 
mitochondria of T cells. Using fluorescence microscopy, we 
confirmed that the stained mitochondria of the immune cells 
migrated to HCC1195 or HCC1438 (Fig. 2c, d). This appeared 
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to be specific to tumor cells, as pulmonary fibroblasts did not 
show any significant mitochondrial migration. The mitochon-
drial movement itself did not affect apoptosis. However, the 
mitochondrial transfer promoted granzyme B-mediated cell 
death of the pulmonary tumor cells (Fig. 2e-g).

Role of transmigrated mitochondrial Bcl-2 and Bcl-xL in 
pulmonary tumor cells

To understand the role of mitochondrial proteins in T cells, 
Bcl-2 and Bcl-xL were KO or overexpressed (OE) in T cells 
and designated as KO and OE respectively (Fig. 3a, b). KO 

or OE of Bcl-2 or Bcl-xL did not induce T cell death (Fig. 
3c). However, tumor cells showed blebbing and microtubule 
spikes, demonstrating increased apoptosis in KO T cells in re-
sponse to granzyme B (Fig. 3d, e). Mitochondria of KO or OE 
T cells migrated to tumor cells in a similar manner (Fig. 3f). 
However, OE T cells did not induce additional tumoricidal ef-
fects in response to granzyme B (Fig. 3g, h).

Bcl-2 and Bcl-xL KO mitochondria enhance cytochrome 
C-induced apoptosis

We observed BH3 interacting domain death agonist (Bid) was 

Figure 1. Treatment of BH3-mimetic drugs in HCC1195 and HCC1438 cells. (a-c) Cytosol and mitochondrial proteins were 
extracted from HCC1195, HCC1438, CD3+ T, pulmonary fibroblast cells, and expression of Bcl-2 or Bcl-xL was determined us-
ing western blotting. Beta-tubulin was used as a positive marker for the cytosol, while COX IV was used as a positive marker 
for the mitochondrial fraction. (d) Cell death was measured following treatment with 3 nM ABT199, 19 nM A115463, or 15 µM 
ABT737 for 1 h, or incubation with 200 pg/µL granzyme B and 100 pg/µL perforin for 2 h. (e, f) The cells were fixed up to 5 h, and 
apoptosis were determined using ELISA kit. (g) Structures of ABT199 and ABT199-BODIPY. (h) Following treatment of synthetic 
ABT199-BODIPY, refractive index images of HCC1195 were enlarged at 28, 30, or 32 min, and ABT199-BODIPY were colored in 
green. (i) Quantified mean fluorescent intensity of the BODIPY signal in cells was measured at 512 nm. Results are the means ± 
standard error (SE) of six experiments in each group. *Significantly different from cytosol fraction, P < 0.05. #Significantly different 
from treatment of ABT199-BODIPY at 0 min, P < 0.05. COX IV: cytochrome c oxidase subunit IV; BH3: Bcl-2 homology 3; Bcl-2: 
B-cell lymphoma 2; Bcl-xL: B-cell lymphoma extra-large; ELISA: enzyme-linked immunoassay; BODIPY: boron dipyrromethene.



Articles © The authors   |   Journal compilation © World J Oncol and Elmer Press Inc™   |   www.wjon.org476

Tumoricidal Mitochondria From Non-Activated T Cells World J Oncol. 2024;15(3):472-481

truncated (tBid) in both HCC1195 and HCC1438 following 
granzyme B treatment (Fig. 4a-c). The entry of Bcl-2 and Bcl-
xL KO mitochondria did not alter the total amount of Bcl-2 
and Bcl-xL proteins in HCC1195 and HCC1438 cells (Fig. 4d, 
e). However, infiltration of Bcl-2 and Bcl-xL KO mitochondria 
with granzyme B led to increase cytochrome C in cytosol and 
caspase-3 activity in HCC1195 and HCC1438 cells (Fig. 4f, 
g).

Mitochondrial hijacking enhances the anti-tumor immune 
response in vivo

To test for mitochondrial hijack by cancer cells in vivo, we 
injected Lewis lung carcinoma cells into C57BL/6 mice (Fig. 
5a). After 8 days, we injected T cells or anti-PD-1 for 12 days. 
Anti-PD-1 injection did not alter the proportion of activated T 
cells (Fig. 5b). T cells or KO T cells treatment did not show 
change in tumor volume (Fig. 5c, d). In contrast, anti-PD-1 
reduced tumor volume by 13%. Moreover, KO T cell treat-
ment with anti-PD-1 induced an additional 28% reduction in 
tumor volume. In summary, migration of Bcl-2 and Bcl-xL KO 

mitochondria resulted in potentiation of tumoricidal effects of 
activated T cells (Fig. 5e).

Discussion

Granzyme B is a caspase-like serine protease that is released 
by cytotoxic T cells to kill tumor cells [35]. It induces truncat-
ed Bid to secrete cytochrome C from mitochondria [36]. Cy-
tochrome C in turn activates caspase-3 to initiate the apoptotic 
pathway [37]. However, Bcl-2 and Bcl-xL block the release of 
cytochrome C from the mitochondria, thereby preventing apo-
ptosis [38]. Therefore, Bcl-2 and Bcl-xL regulate cell death by 
localizing in the mitochondrial membrane [22]. We observed 
that Bcl-2 and Bcl-xL were predominant in the mitochondria 
rather than in the cytoplasm in HCC1195 and HCC1438 cells 
compared to pulmonary fibroblasts. To investigate the role of 
Bcl-2 and Bcl-xL in apoptosis of pulmonary tumor cells, BH3-
mimetic ABT199, A115463, and ABT737 were tested. These 
had insignificant tumoricidal effects. Use at a concentration 
three times the therapeutic dose led to tumor cell death, but this 
led to further apoptosis of pulmonary fibroblasts, suggesting 

Figure 2. Relationship between granzyme B-induced apoptosis and mitochondrial trafficking from immune cells. (a) Diagram 
for observing mitochondrial internalization. After treating inactivated T cells with mitotracker and incubating with HCC1195, 
HCC1438, or pulmonary fibroblast for 5 h. (b) Cell images were rendered with tomographic microscopy. (c) Cellular internaliza-
tion of mitochondria was visualized with mitotracker at 490 nm. (d) Quantization of internalization of mitochondria was determined 
by tomographic phase microscopy. (e) Diagram for model of apoptosis with mitochondrial trafficking from immune cells. After 
incubating inactivated T cells with HCC1195 or HCC1438 cells for 5 h, apoptosis was induced following combinations of recombi-
nant 100 pg/µL of perforin and 200 pg/µL of granzyme B. (f, g) Apoptosis was determined using ELISA kit. Results are the means 
± standard error (SE) of six experiments in each group. *Significantly different from incubation of CD3+ T cells at 0 h, P < 0.05. 
#Significantly different from treatment of granzyme B and perforin, P < 0.05. ELISA: enzyme-linked immunoassay.
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loss of tumoricidal effects.
Recently, it has been reported that tumor cells hijack the 

mitochondria of non-activated T cells [34]. Mitochondrial mi-
gration was also observed in HCC1195 and HCC1438 cells 
using tomographic microscopy. However, the mitochondrial 
migration itself did not induce the tumor cell death. To recapit-
ulate a scenario in which activated T cells attack tumor cells, 
HCC1195 and HCC1438 were treated with granzyme B and 
perforin. An increase in tBid was observed, but cytochrome 
C was not released from mitochondria following granzyme B. 
However, hijacked mitochondria of immune cells led to release 
of cytochrome C resulting in apoptosis in response to gran-
zyme B. We postulated this is likely due to the relatively low 
abundance of Bcl-2 and Bcl-xL in the hijacked mitochondria. 
To test this hypothesis, Bcl-2 and Bcl-xL were knocked out in 

T cells and co-cultured with HCC1195 or HCC1438 cells. The 
entry of Bcl-2 and Bcl-xL KO mitochondria did not alter the 
total amount of Bcl-2 and Bcl-xL proteins in HCC1195 and 
HCC1438 cells. This suggests that the predominant proportion 
of Bcl-2 and Bcl-xL are from tumor cells. However, the entry 
of KO mitochondria significantly increased the cytochrome 
C release to the cytoplasm and enhanced caspase-3 activation 
resulting in blebbing and microtubule spikes in response to 
granzyme B in tumor cells, indicating tumor cell apoptosis. To 
evaluate the role of the process in vivo, mice with Lewis lung 
carcinoma were treated with either anti-PD-1 or KO T cells. 
The treatments did not alter the amount of activated T cells. 
The administration of anti-PD-1 alone resulted in a tumor vol-
ume reduction of approximately 13%. However, combined 
treatment of with KO T cells demonstrated an additional 28% 

Figure 3. Role of expression of Bcl-2 or Bcl-xL in extracellular mitochondria on lung cancer cells. (a, b) CD3+ T cells treated with 
Bcl-2 CRISPR-plasmid, Bcl-2 wild type (WT)-plasmid, Bcl-xL CRISPR-plasmid, or Bcl-xL wild type-plasmid. The overexpressed 
(OE) and knocked out (KO) indicate overexpress and knock out. Mitochondrial proteins were extracted from CD3+ T cells and 
expressions of Bcl-2, Bcl-xL, or COX IV were determined using western blotting. (c) Apoptosis was determined using ELISA kit. 
(d) CD3+ T cells, KO-CD3+ T cells, or OE-CD3+ T cells was incubated with HCC1195 or HCC1438 cells for 5 h. Apoptosis was 
induced following combinations of recombinant 100 pg/µL of perforin and 200 pg/µL of granzyme B. Cell images were rendered 
(e) or quantization of internalization of mitochondria (f) was determined by tomographic phase microscopy. (g, h) Apoptosis was 
determined using ELISA kit. Results are the means ± standard error (SE) of six experiments in each group. *Significantly differ-
ent from treatment of negative control plasmid, P < 0.05. #Significantly different from treatment of CRISPR plasmid, P < 0.05. 
@Significantly different from all other groups, P < 0.05. Bcl-2: B-cell lymphoma 2; Bcl-xL: B-cell lymphoma extra-large; COX IV: 
cytochrome c oxidase subunit IV; CRISPR: clustered regularly interspaced short palindromic repeats; ELISA: enzyme-linked 
immunoassay.
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reduction in the tumor volume.
Following the signaling of cell death, the expectation is 

often that tumor cells will undergo apoptosis. However, the 
experimental results are often below expectations. Through 
this study, it became evident that the presence of normal mi-
tochondria capable of secreting cytochrome C is essential for 
cell death. The potential of this study lies in changing percep-
tions regarding mitochondria. In fact, conventional biology 
textbooks typically depict mitochondria as being present in 
small quantities within cells. However, it has been revealed 
that mitochondria, shaped like spaghetti, occupy every nook 
and cranny of the cell [39]. Given the abundance of mito-
chondria within cells, it is somewhat reasonable for tumor 
cells to expel mitochondria that are bound to chemicals such 
as Bcl-2. Conversely, the presence of mitochondria not encir-
cled by Bcl-2 appears to actively support tumor cell death, as 
partially confirmed by this experiment. The prevailing biased 
perception of mitochondria likely delayed such discoveries, 
and it is imperative to focus on improving perceptions by 
reporting continued discoveries of mitochondrial activities, 

shapes, and mobility over the next 5 years.

Limitations of this research

In fact, a more suitable model for investigating Bcl-2 deficien-
cy would involve delivering mitochondria that cannot bind to 
Bcl-2 into tumor cells. However, such mitochondria have not 
been studied or developed. Furthermore, immune cells with-
out the assistance of anti-PD-1 may not simply abandon tumor 
cells but could potentially enhance the apoptotic potential of 
cancer cells by delivering normal mitochondria. Nonetheless, 
despite these considerations, the abundance of Bcl-2 expres-
sion within cancer cells may lead to the progressive encircle-
ment of normal mitochondria by Bcl-2 over time, potentially 
weakening the apoptotic function of the cells. However, this 
could serve as an explanatory clue as to how cancer cells ac-
quire resistance to immunotherapy. Many questions and hy-
potheses regarding cancer cell mitochondria may arise, but the 
lack of experimental tools and methods of mitochondria to ad-

Figure 4. Mitochondria of immune cells deficient in Bcl-2 and Bcl-xL are related to cytochrome C-related apoptotic signals. (a-f) 
CD3+ T cells was incubated with HCC1195 or HCC1438 cells for 5 h. Apoptosis was induced following combinations of perforin 
and granzyme B. Proteins were extracted from HCC1195 or HCC1438 cells, and expression of Bid, Bcl-2, Bcl-xL, cytochrome 
C or GAPDH were determined using western blotting. (g) Caspase-3 activity was determined using ELISA kit. Results are the 
means ± standard error (SE) of six experiments in each group. *Significantly different from treatment of perforin, P < 0.05. #Signifi-
cantly different from incubation of CD3+ T cells, P < 0.05. Bcl-2: B-cell lymphoma 2; Bcl-xL: B-cell lymphoma extra-large; GAPDH: 
glyceraldehyde-3-phosphate dehydrogenase; ELISA: enzyme-linked immunoassay; KO: knocked out.
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dress these questions remains a limitation of this study.

Conclusions

In summary, our study revealed that knockout of Bcl-2 and 
Bcl-xL in mitochondria enhances the apoptotic potential of 
pulmonary tumor cells. Our findings suggest that modified 

mitochondria from T lymphocytes can be utilized to promote 
apoptosis in pulmonary tumor cells following PD-1 blockade.

Supplementary Material

Suppl 1. (A-C) Cell death was measured following treatment 
with 3 nM ABT199, 19 nM A115463, or 15 µM ABT737 for 

Figure 5. Mitochondria of immune cells prevents tumor growth following activated immunity in vivo. (a) Beginning at 5 weeks of 
age, male mice were given intraperitoneally with anti-IgG2a, anti-PD-1 (10 mg/kg), CD3+ T cells (1 × 106 cells), or KO-CD3+ T 
cells (1 × 106 cells) for 12 days. The arrow indicates the injection days. (b) Graph showing the effect of treatments on the popula-
tion of activated CD69+ T cells using CD69 ELISA kit. (c, d) Bar graph or images of tumor volume change for mice. (e) Cellular 
internalization of mitochondria from immune cells promoted antitumor immune response through cytochrome C related apopto-
sis. Results are the means ± standard error (SE) of six experiments in each group. *Significantly different from all other groups, 
P < 0.05. ELISA: enzyme-linked immunoassay; KO: knocked out; Bcl-2: B-cell lymphoma 2; Bcl-xL: B-cell lymphoma extra-large; 
ELISA: enzyme-linked immunoassay; Ig: immunoglobulin; PD-1: programmed cell death 1.
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1 h, or incubation with 9 nM ABT199, 57 nM A115463, or 45 
µM ABT737 for 1 h. The Cells were fixed up to 5 h, and apop-
tosis were determined using ELISA kit. Results are the means 
± SE of six experiments in each group. *Significantly different 
from optimal concentration treatment of BH3-mimetic drugs, 
P < 0.05.
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