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Cancer cells in the tumour microenvironment use various mechanisms to evade the 
immune system, particularly T cell attack1. For example, metabolic reprogramming in 
the tumour microenvironment and mitochondrial dysfunction in tumour-infiltrating 
lymphocytes (TILs) impair antitumour immune responses2–4. However, detailed 
mechanisms of such processes remain unclear. Here we analyse clinical specimens  
and identify mitochondrial DNA (mtDNA) mutations in TILs that are shared with 
cancer cells. Moreover, mitochondria with mtDNA mutations from cancer cells are 
able to transfer to TILs. Typically, mitochondria in TILs readily undergo mitophagy 
through reactive oxygen species. However, mitochondria transferred from cancer 
cells do not undergo mitophagy, which we find is due to mitophagy-inhibitory 
molecules. These molecules attach to mitochondria and together are transferred  
to TILs, which results in homoplasmic replacement. T cells that acquire mtDNA 
mutations from cancer cells exhibit metabolic abnormalities and senescence, with 
defects in effector functions and memory formation. This in turn leads to impaired 
antitumour immunity both in vitro and in vivo. Accordingly, the presence of an mtDNA 
mutation in tumour tissue is a poor prognostic factor for immune checkpoint inhibitors 
in patients with melanoma or non-small-cell lung cancer. These findings reveal a 
previously unknown mechanism of cancer immune evasion through mitochondrial 
transfer and can contribute to the development of future cancer immunotherapies.

Cancer cells evade immune surveillance through various mechanisms, 
including the production of immunosuppressive molecules and cells 
that create a favourable tumour microenvironment (TME) for progres-
sion1. Inhibitory immune-checkpoint molecules, such as cytotoxic T lym-
phocyte antigen-4 (CTLA-4), programmed cell death protein 1 (PD-1) and 
PD-1 ligand 1 and PD-1 ligand 2 (PD-L1/2), are crucial in this process. Con-
sequently, immune-checkpoint inhibitors (ICIs), including anti-PD-1, 
anti-PD-L1 and anti-CTLA-4 monoclonal antibodies, have improved 

patient survival in various cancer types5–7. However, many patients 
fail to respond to treatment or achieve durable responses despite an 
initial response8,9. Thus, identification of the various immune-evasion 
mechanisms that cancer cells use is essential to improve ICI efficacy.

Metabolic reprogramming in the TME is crucial for antitumour 
immune responses2. However, the hypoxic and low-glucose environ-
ment in tumours promotes glycolysis over oxidative phosphoryla-
tion (OXPHOS). This shift affects T cell effector functions, exhaustion, 
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senescence and memory formation to benefit cancer cell survival2. 
Mitochondria have significant roles in the metabolic reprogramming 
of both epithelial and immune cells, including T cells10. Mitochondrial 
dysfunction in TILs leads to metabolic insufficiency followed by a termi-
nally differentiated exhaustion state in T cells3,4. However, most studies 
have focused on mouse models, with little research on human TILs11. 
Moreover, the mechanisms that underlie mitochondrial dysfunction 
in TILs remain unclear.

mtDNA encodes important proteins for energy generation and is 
vulnerable to mutations owing to poor repair mechanisms12,13. Many 
mutations in mtDNA lead to impairment in OXPHOS and promote 
tumour growth and metastasis in various cancers14–18. However, few 
studies have explored their impact on antitumour immunity19.

Mitochondrial transfer occurs across different cells and alters mito-
chondrial metabolism in recipient cells20,21. In vivo, cancer cells with 
impaired OXPHOS owing to a lack of mtDNA acquire mitochondrial 
genomes from the host to restore mitochondrial respiration22,23. A previ-
ous study24 has shown that cancer cells obtain mitochondria through tun-
nelling nanotubes (TNTs) from T cells to hinder antitumour responses. 
Moreover, extracellular vesicles (EVs) can transport mitochondria across 
different cells through EV–cell fusion events25–27. Although mitochondrial 
transfer can occur from cancer cells to T cells in the TME, the incidence 
and effects of this process on antitumour immunity remain unclear.

Here we analyse clinical samples of various cancer types and show 
that mtDNA mutations are present in TILs. Many of these mtDNA muta-
tions are shared with the cancer cells and are obtained through mito-
chondrial transfer. We also investigate the functions of mtDNA-mutated 
T cells, including antitumour immunity mediated by PD-1 blockade. 
The clinical significance of these results in patients with melanoma or 
non-small-cell lung cancer (NSCLC) receiving ICIs is also evaluated. This 
study reveals a previously undescribed immune-evasion mechanism 
that involves mitochondrial transfer.

mtDNA mutations in TILs and cancer cells
To understand the mechanisms of mitochondrial dysfunction in TILs, 
we first sequenced mtDNA from TILs obtained from 12 patients with 
various types of cancer (cohort A; see Methods for details of patient 
samples and the cell lines established used for this study). The analysis 
showed that 5 out of the 12 patients had mtDNA mutations in their 
TILs (Fig. 1a, Extended Data Fig. 1a–c and Supplementary Tables 1 
and 2). We confirmed that bulk TILs were predominantly composed 
of CD45+CD3+ T cells and that sorted T cells had the same mutations 
(Fig. 1b,c and Extended Data Fig. 1a). We established matched cancer 
cell lines from seven patients, of whom four had mtDNA-mutated TILs. 
Notably, three out of the four TILs shared the same mutations as the 
cancer cells (Fig. 1a,c and Extended Data Fig. 1b,c). We established a 
single T cell clone with wild-type mtDNA (TIL04#9) from bulk TIL04 
cells with mutated mtDNA (3290T>C) (Extended Data Fig. 1d). Electron 
microscopy imaging revealed abnormal mitochondrial morphology 
and reduced cristae in TILs (bulk TIL04 and TILc03) and cancer cells 
(MEL04 and MELc03) with mtDNA mutations. By contrast, mitochon-
dria in TILs (TIL02 and TIL04#9) and cancer cells (MEL02) with wild-
type mtDNA seemed to be morphologically normal. Notably, normal 
morphology was predominantly observed in matched peripheral blood 
lymphocyte (PBL) samples (PBL02, PBL04 and PBLc03) (Fig. 1d and 
Extended Data Fig. 1e). To confirm that the mtDNA mutations did not 
occur during the culture process, we analysed formalin-fixed paraffin-
embedded (FFPE) tumour tissue from patient 04. The results showed 
that this tissue sample had the same mutation (Fig. 1e).

Mitochondrial transfer from cancer cells
Mitochondrial transfer can occur among different cells20–27; therefore, 
we speculated that the shared mtDNA mutations observed between 

cancer cells and T cells might result from mitochondrial transfer. To 
avoid false positives and to accurately evaluate the transfer process, 
we introduced MitoDsRed, a mitochondria-specific fluorescent pro-
tein28,29, into MEL02 cells (wild-type mtDNA) and MEL04 cells (mutated 
mtDNA) (MEL02-MitoDsRed and MEL04-MitoDsRed, respectively; 
Supplementary Fig.  2). When TILs were cocultured with these 
MitoDsRed-overexpressing cancer cells, mitochondrial transfer from 
cancer cells, as evaluated by DsRed expression, rarely occurred within 
24 h, results consistent with those from another study22 (Extended 
Data Fig. 1f). However, after 24 h, mitochondrial transfer from cancer 
cells to T cells occurred24 (Fig. 2a,b and Extended Data Fig. 1f). The 
mtDNA status did not affect transfer efficiency (wild-type MEL02 to 
TIL02 versus mutated MEL04 to TIL04#9) (Extended Data Fig. 1f). The 
formation of TNTs and the release of EVs can promote mitochondrial 
transfer21,24–27; therefore, we evaluated mitochondrial transfer under 
various conditions (Fig. 2c and Extended Data Fig. 1g). Transfer in TILs 
was substantially reduced with the following treatments: cytocha-
lasin B, a TNT inhibitor; cell-culture column inserts (3 µm and 0.4 µm), 
to avoid direct cell–cell contact; and/or GW4869, a compound that 
blocks the release of small EVs (about 200 nm)30 (Fig. 2c and Extended 
Data Fig. 1g). Although larger EVs and naked mitochondria could pass 
through the 3 µm column and not the 0.4 µm column, both conditions 
reduced mitochondrial transfer levels to the same degree (Fig. 2c and 
Extended Data Fig. 1g,h). In addition, cytochalasin B reduced trans-
fer to the same degree as the columns, but adding cytochalasin B to 
the insert columns did not further reduce transfer levels (Fig. 2c and 
Extended Data Fig. 1g,h). These results indicate that the inhibitory 
effect of the columns probably originates primarily from the inhibi-
tion of direct cell–cell contact through TNT formation rather than 
indirectly through larger EVs or naked mitochondria. Accordingly, an 
inhibitor of larger EVs (microEVs; >200 nm), Y-27632, reduced mito-
chondrial transfer but to a lesser extent than GW4869. This result indi-
cates that microEVs are less important than small EVs, as previously 
reported25,30–32 (Fig. 2c and Extended Data Fig. 1g). Small EVs could 
pass through both sizes of the columns, and adding GW4869 to the 
insert column substantially reduced transfer levels, which indicated 
that both direct cell–cell contact through TNT formation and indirect 
cell–cell interactions through small EVs may have important roles in 
mitochondrial transfer (Fig. 2c and Extended Data Fig. 1g). Thus, we 
isolated, purified and analysed EVs smaller than 200 nm. The purified 
EVs contained a mitochondrial protein, cytochrome c, in addition to 
CD9 and TSG101, small EV proteins (Extended Data Fig. 1i), indicating 
that small EVs actually contain mitochondria. Taken together, these 
results show that tumour-infiltrating T cells acquire mtDNA mutations 
from cancer cells through direct and indirect mitochondrial transfer. 
The formation of TNTs enables direct cell–cell contact, whereas EVs 
enable indirect cell–cell interactions.

Mitochondrial replacement to homoplasmy
Next, we investigated whether homoplasmy occurred after mitochon-
drial transfer. We sorted single CD45+CD3+ T cells from TIL04#9 cells 
after coculture with MEL04 cells and sequenced the obtained mtDNA in 
each single T cell at various time points. Replacement of mitochondria 
to homoplasmy occurred in a subset of T cells after 15 days of cocul-
ture (Fig. 2d). We also conducted time-lapse imaging studies using 
TIL04#9 cells labelled with MitoTracker Green and cocultured with 
MEL04-MitoDsRed cells. In several TILs, MitoTracker Green levels in 
TILs gradually decreased, whereas DsRed signals, derived from can-
cer cells, gradually increased in TILs after coculture. Eventually, the 
MitoTracker Green signal was replaced by DsRed in the TILs, which 
indicated the occurrence of mitochondria replacement to homo-
plasmy, and this effect was subsequently maintained (Fig. 2e,f). To 
confirm mitochondrial transfer in vivo, we used LLC/A11 cells with 
an mtDNA 13997G>A mutation in Nd6 (this cell line was established 
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from mouse Lewis lung carcinoma)17 (Supplementary Fig. 2). As for 
the in vitro experiments, MitoDsRed was also introduced into these 
cells (LLC/A11-MitoDsRed) (Supplementary Fig. 2). After inoculating 
these cancer cells into C57BL/6J mice, we collected the tumours and 
analysed TILs on days 21 and 42 (Supplementary Fig. 3). We observed 
a gradual increase in the frequency of DsRed+ T cells in TILs, which 
indicated the occurrence of mitochondrial transfer from LLC/A11 cells 
(Fig. 2g,h). We sorted DsRed+ T cells from TILs at the single-cell level 

on the basis of DsRed staining and sequenced the mtDNA. The results 
showed that the mtDNA mutation was present at the single-cell level in 
DsRed+ T cells, some of which were homoplasmic (Fig. 2i). By contrast, 
all DsRed– T cells had wild-type mtDNA (Fig. 2i). Using this model, we 
sorted mitochondria-transferred DsRed+ T cells from TILs and cultured 
these in vitro. DsRed expression gradually decreased over 7 days, and 
the mtDNA-mutated allele in heteroplasmy was also decreased in bulk 
TILs (Extended Data Fig. 2a,b).
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Fig. 1 | TILs and cancer cells share mtDNA-mutated mitochondria.  
a, Integrative Genomics Viewer (IGV) track data of the entire mtDNA from paired 
TILs and cancer cells from the same patient (02 and 04). A lymphoblastoid cell 
line (LCL) established from PBLs from the same patient (through Epstein–Barr 
virus transformation) was used as germline controls. b, Representative gating 
strategy for bulk TIL analyses. c, Capillary sequencing chromatograms of mtDNA 
from patient 04. mtDNA from sorted pure CD45+CD3+ T cells from bulk TIL04 
cells, MEL04 cells and PBL04 cells were sequenced. d, Left, representative 

transmission electronic microscopy images of bulk TIL04, TIL04#9, MEL04 and 
PBL04 cells from patient 04. Right, the number of cristae per mitochondrion 
(n = 20 per mitochondrion) were counted and quantified. Scale bars, 2 μm. e, IGV 
track data of the entire mtDNA of FFPE tumour tissue from patient 04. For a and 
e, next-generation sequencing was used for analyses. P  values (shown on the 
chart) were calculated using one-way analysis of variance (ANOVA) with 
Bonferroni correction (d). Error bars show s.e.m. AF, allele frequency; NS, not 
significant.
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Fig. 2 | mtDNA-mutated mitochondria from cancer cells transfer to TILs and 
are progressively replaced to homoplasmy in TILs. a, Representative confocal 
microscopy images of mitochondrial transfer from three independent 
experiments. TIL04#9 cells labelled with MitoTracker Green were cocultured 
with MEL04-MitoDsRed cells for 2 days. Scale bars, 10 μm. b, Representative flow 
cytometry staining analysis of mitochondrial transfer from four independent 
experiments. TIL04#9 cells were cocultured with MEL04-MitoDsRed cells for 
14 days and were subsequently analysed. c, Quantification of mitochondria from 
TILs transferred from MEL04 cells. TILs were cocultured with MEL04-MitoDsRed 
cells for 2 days with or without an anti-major histocompatibility class I (MHC-I) 
monoclonal antibody, a TNT inhibitor (cytochalasin B), insertion columns  
(3 or 0.4 µm), a small EV release inhibitor (GW4869) and/or a microEV inhibitor  
(Y-27632), and were subsequently analysed by flow cytometry. Summary of  
fold changes of ΔDsRed mean fluorescence intensity (MFI) (DsRed MFI of  
TILs with coculture – that without coculture) relative to the controls is shown 
(n = 4 per group). d, Capillary sequencing chromatograms of mtDNA in TIL04#9 

cells cocultured with MEL04 cells. After single-cell sorting, mtDNA was 
sequenced. e,f, Time-lapse imaging. TIL04#9 cells labelled with MitoTracker 
Green were cocultured with MEL04-MitoDsRed cells. We captured images  
every 30 min using a digital holographic microscope. Representative merged 
fluorescence (top) and three-dimensional refractive index (RI) images (bottom) 
in TILs are shown from three independent experiments. Scale bars, 4 μm.  
g, Representative gating strategy for mouse TIL analyses. The tumours were 
digested, stained with CD45 and CD3 and were analysed. h,i, Frequency of 
DsRed+ T cells (h) and mtDNA sequencing in TILs (i) from LLC/A11-MitoDsRed 
tumours. In vivo experiments were performed as described in Supplementary 
Fig. 3. Representative flow cytometry staining (h, left), quantification (h, right, 
n = 4 per group) and capillary sequencing chromatograms for DsRed− cells  
(i, left) and DsRed+ T cells (i, right) are shown. P values (shown on charts) were 
calculated using one-way ANOVA with Bonferroni corrections (c,h). Error bars 
show s.e.m.
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We next investigated the mechanisms of homoplasmic replacement. 
Mitochondrial transfer from MitoDsRed-overexpressing cancer cells to 
T cells, assessed according to DsRed expression, gradually increased 
after coculture (Extended Data Fig. 1f). By contrast, the transfer of 
in situ mitochondria in T cells, stained by MitoTracker Green, decreased 
after coculture (Fig. 3a). To avoid false positives and to accurately 
evaluate mitochondrial transfer from T cells to cancer cells, we used 
PhaMexcised OT-1 mice, which express a mitochondrial-specific fluores-
cent protein (mito-Dendra2) with an ovalbumin (OVA)-specific T cell 
receptor, and OVA-overexpressing LLC/A11 cells (Supplementary 
Fig. 2). We confirmed the occurrence of mitochondrial transfer from 
T cells to cancer cells, evaluated using Dendra2 (green), as previously 
reported22 (Extended Data Fig. 2c). Conversely, the numbers of in situ 
mitochondria in cancer cells, evaluated using MitoTracker Green, were 
not reduced by coculture both in mouse and human cancer cells, a result 
that was in contrast to that for in situ mitochondria in T cells (Extended 
Data Fig. 2d,e). Cancer-producing reactive oxygen species (ROS) in the 
TME cause mitophagy in surrounding cells33. As previously reported34, 
ROS were detected in EVs from cancer cells when we analysed EVs by 
flow cytometry (Extended Data Fig. 2f). The ROS were scavenged by 
N-acetyl-l-cysteine (NAC) treatment under coculture conditions. NAC 
treatment prevented the reduction in in situ mitochondrial numbers in 
T cells, stained by MitoTracker Green, and mitochondrial replacement 
to homoplasmy did not occur after coculture with NAC (Fig. 3b,c). 
By contrast, NAC treatment did not affect mitochondrial transfer 
from MitoDsRed-overexpressing cancer cells to T cells (Extended 
Data Fig. 2g). Staining with LC3B showed that the mitophagy level in 
T cells was enhanced by coculture with MEL04-MitoDsRed cells but 
decreased by NAC treatment (Fig. 3d,e). We analysed gene expression 
in TILs with mutated mtDNA obtained through mitochondrial trans-
fer (TILs were sorted from DsRed+TIL04#9 cells after coculture with 
MEL04-MitoDsRed cells). The expression levels of mitophagy-related 
and mitochondrial-stress-response genes (BNIP3 and ATF4) were higher 
in the DsRed+ TILs than in TIL04#9 cells or DsRed–TIL04#9 cells (Fig. 3f). 
The mitophagy inhibitor bafilomycin A1 prevented the reduction in 
in situ mitochondrial numbers in T cells (Fig. 3g). These findings sug-
gest that in situ mitochondria in T cells are sensitive to mitophagy 
induced by ROS, whereas mitochondria from cancer cells are resistant. 
This difference in mitophagy could induce homoplasmic replacement 
following transfer.

We investigated in detail the mechanisms that underlie this differ-
ence in sensitivity to mitophagy. Our results showed that mitochondria 
transferred from cancer cells to T cells are resistant to mitophagy. 
Therefore, we speculated that specific cancer cell factors that are 
transferred together with the mitochondria may confer this resist-
ance in T cells. To that end, we searched for mitophagy-inhibitory mol-
ecules that attach to mitochondria. Parkin-mediated ubiquitination 
is crucial for mitophagy, and the deubiquitinating enzymes USP30, 
USP33 and USP35 can inhibit parkin-mediated mitophagy and attach 
to mitochondria35–39. According to data from The Cancer Genome 
Atlas, USP30 is expressed at high levels in melanoma, and USP30 can 
inhibit mitophagy36,37 (Extended Data Fig. 2h). Therefore, we focused 
on USP30. As expected, USP30 expression was high in cancer cells and 
slightly increased in TILs with mutated mtDNA, but low in TILs and 
PBLs with wild-type mtDNA (Extended Data Fig. 2i). After coculture 
with cancer cells, USP30 was transferred together with mitochondria 
from cancer cells to TILs (Fig. 3h,i). This result was confirmed through 
USP30 staining experiments, which showed USP30 colocalization 
with transferred mitochondria from cancer cells (Fig. 3h). A USP30 
inhibitor, CMPD-39, partially decreased mitochondrial transfer from 
MitoDsRed-overexpressing cancer cells to TILs, which in turn partially 
prevented progressive replacement to homoplasmy (Fig. 3j,k). Given 
the potential off-target effects of CMPD-39, we used two short inter-
fering RNAs (siRNAs) that target USP30 (siUSP30-1 and siUSP30-2) to 
confirm the role of this factor. Similar results were obtained with these 

siRNAs as for CMPD-39 (Fig. 3j,k and Supplementary Fig. 2). Therefore, 
mitophagy-inhibitory molecules, such as USP30, confer resistance to 
mitophagy in mitochondria transferred from cancer cells, which may 
be partially related to homoplasmic replacement. That is, mitochon-
dria transferred from cancer cells along with mitophagy-inhibitory 
molecules do not undergo mitophagy, whereas in situ mitochondria in 
T cells undergo mitophagy owing to cancer-derived ROS, which results 
in the replacement of mitochondria.

Mitochondrial dysfunction in mutated T cells
We next evaluated mitochondrial-related molecules, including ND4, 
ND5, ND6, ND1, CYTB, COX1 and ATP6. mtDNA-mutated MEL04 cells 
with a mutation in the tRNA region (3290T>C) had lower expression of 
these molecules than other wild-type MEL02 or MCF7 cells (Extended 
Data Fig. 3a and Supplementary Fig. 2). This reduction in expression was 
reversed by taurine treatment, as previously reported40,41 (Extended 
Data Fig. 3b). mtDNA-mutated MDA-MB-231 cells with a mutation in 
ND4 (12084C>T) or ND5 (13966A>G) also had low expression of ND4 
and ND5, respectively42 (Extended Data Fig. 3a and Supplementary 
Fig. 2). Consistently, we observed reduced basal respiration and 
increased dependency on glycolysis in mtDNA-mutated MEL04 cells 
and MDA-MB-231 cells, as assessed using a flux analyser (Extended Data 
Fig. 3d,e). Moreover, total ATP and ATP produced by OXPHOS were 
reduced in these mtDNA-mutated cells. Furthermore, the activities 
of complexes I, II and III, and IV in MEL04 cells and that of complex I in 
MDA-MB-231 cells were reduced (Extended Data Fig. 3f–i). These results 
indicate that these mutated mitochondria have impaired function.

The functions of TILs with wild-type mitochondria and TILs with 
mtDNA-mutated mitochondria transferred after coculture with mela-
noma cells, MEL02-MitoDsRed cells (wild type) or MEL04-MitoDsRed 
(mutated) cells were analysed on the basis of DsRed expression 
(DsRed–TIL04#9/02, wild type; DsRed+TIL04#9/02, wild type; DsRed–

TIL04#9/04, wild type; and DsRed+TIL04#9/04 cells, mutated, respec-
tively) (Fig. 4a and Supplementary Figs. 2 and 4). As our established TILs 
mainly consisted of CD8+ T cells, we primarily evaluated CD8+ T cell 
functions (Fig. 1b). The mtDNA-mutated TILs (DsRed+TIL04#9/04 cells) 
had significantly reduced membrane potentials (Fig. 4b). Although 
ROS can be produced in many cellular compartments, the majority 
of cellular ROS are produced in mitochondria during ATP generation 
through OXPHOS43. mtDNA damage depletes the amount of proteins 
that form the mitochondrial respiratory complex. This creates a 
positive-feedback loop that generates ROS through changes in the 
reduction state of the electron transport chain owing to inhibition 
of complex IV or V and excessive succinate production44–46. Indeed, 
DsRed+TIL04#9/04 cells, which have mutated mtDNA, exhibited a sub-
stantial increase in ROS production (Fig. 4c). Previous studies showing 
that mitochondria and ROS have crucial roles in cellular senescence47,48 
prompted us to evaluate T cell senescence and memory formation. 
The presence of mutated mtDNA increased β-galactosidase activity 
and the levels of the senescence molecules p16 and p53 (Fig. 4d–f). 
The CD27–CD28– senescent fraction and the senescence-associated 
secretory phenotype, such as IL6, CXCL8 and IL1B, of DsRed+TIL04#9/04 
cells were also increased (Fig. 4g–j). Consistently, DsRed+TIL04#9/04 
cells had a reduced division potential and were more apoptotic 
(Fig. 4k,l). The CCR7highCD45RAlow central memory cell fraction and 
the long-lived KLRG1low cell fraction were significantly reduced in 
DsRed+TIL04#9/04 cells (Fig. 4m,n). As the CCR7highCD45RAhigh naive 
fraction was small in TILs, we further evaluated memory formation 
using PBLs. When sorted CCR7highCD45RAhigh naive CD8+ T cells from 
PBLs were differentiated in the presence of MEL02-MitoDsRed cells 
or MEL04-MitoDsRed cells, the CCR7highCD45RAlow central memory 
and long-lived KLRG1low cell fractions were also significantly reduced 
in mtDNA-mutated DsRed+CD8+ T cells (Extended Data Fig. 3j,k). 
Furthermore, when each CD8+ T cell fraction sorted from PBLs was 
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Fig. 4 | TIL function is impaired by mtDNA-mutated mitochondrial  
transfer. a, Capillary sequencing chromatograms of mtDNA in DsRed– 
TIL04#9 cells and DsRed+ TIL04#9 cells. We established DsRed–TIL04#9/02 
(wild type), DsRed+TIL04#9/02 (wild type), DsRed–TIL04#9/04 (wild type), 
DsRed+TIL04#9/04 (mutated), DsRed–TIL04#9/MCF7 (wild type), 
DsRed+TIL04#9/MCF7 (wild type), DsRed–TIL04#9/MDA (wild type) and 
DsRed+TIL04#9/MDA cells (mutated), as described in Supplementary Fig. 4.  
b–p, The following parameters were analysed in TILs established in a: membrane 
potentials, evaluated using MitoTracker Deep Red and Green (b); cellular ROS 
production, evaluated using DCFDA (c); β-galactosidase activity (d); p16 (e) and 

p53 (f) expression; CD27−CD28− senescent fraction (g); IL6 (h), CXCL8 (i) and 
IL1B ( j) expression; rapidly dividing cells, evaluated by CFSE dilution (k); 
apoptosis, evaluated using Annexin V (l); frequencies of CCR7highCD45RAlow 
central memory (m) and KLRG1low long-lived (n) fractions; and PD-1 (o) and 
CD69 (p) expression. To analyse cell division, PD-1 and CD69 expression, TILs 
were stimulated with anti-CD3 and anti-CD28 monoclonal antibodies. Rapidly 
dividing cells were counted after the third division on day 3. Quantifications 
are shown (n = 4 per group). P values (shown on charts) were calculated using 
one-way ANOVA with Bonferroni corrections (b–p).  Error bars show s.e.m.
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cocultured with MEL02-MitoDsRed cells or MEL04-MitoDsRed cells, the 
mtDNA-mutated DsRed+CCR7highCD45RAlow central memory fraction 
was slightly more apoptotic than the wild-type cells. By contrast, the 
other fractions had comparable apoptotic levels between the wild-type 
and mutated cells (Extended Data Fig. 3l). These data suggest that 
mtDNA mutations primarily impair memory formation and partially 
induce apoptosis in the central memory fraction. When we evaluated 
effector functions after T cell stimulation using anti-CD3 and anti-CD28 
monoclonal antibodies, the activation markers PD-1 and CD69 were 
significantly reduced in mtDNA-mutated DsRed+TIL04#9/04 cells. 
This finding suggests that mtDNA-mutated TILs cannot be efficiently 
activated because the function of mitochondria is impaired (Fig. 4o,p). 
To confirm these results, TILs with non-mutated mitochondria and TILs 
with mutated mitochondria transferred after coculture with breast 
cancer cells were analysed. MitoDsRed-labelled MCF7 cells (wild type) 
and MDA-MB-231 cells (mutated) (Fig. 4a and Supplementary Figs. 2  
and 4) showed similar results to those obtained with the MEL02 
and MEL04 cells (Extended Data Fig.  4a–l). Experiments using 
mtDNA-mutated MELc03 cells and cloned wild-type mtDNA TILc03#5 
cells showed similar but weaker trends (Extended Data Fig. 4m–p). This 
reduced effect may be because the mtDNA mutation in MELc03 cells 
is heteroplasmic (Extended Data Fig. 1c and Supplementary Figs. 2 
and 4). Notably, treatment with a USP30 inhibitor or siRNAs targeting 
USP30 in these coculture conditions partially prevented TIL dysfunc-
tion (Extended Data Fig. 2j–m).

Next, we created mtDNA-deficient Rho0 cells ( Jurkat/Rho0) by cultur-
ing them with ethidium bromide and then mitochondria isolated from 
cancer cells (MEL02, wild type; MEL04, mutated; MCF7, wild type; and 
MDA-MB-231, mutated) using a MitoCeption protocol49 were trans-
ferred to the Jurkat/Rho0 cells (Rho+MEL02-Mito, Rho+MEL04-Mito, 
Rho+MCF7-Mito and Rho+MDA-Mito, respectively) (Supplementary 
Fig. 4). We adjusted the amount of mtDNA so that each cell line had 
the same and confirmed the presence of mutations (Extended Data 
Fig. 5a,b). mtDNA-mutated Rho+MEL04-Mito cells and Rho+MDA-Mito 
cells had significantly reduced membrane potentials (Extended Data 
Fig. 5c). We then used a flux analyser to assess mitochondrial OXPHOS 
and glycolysis levels, and the results showed that mtDNA-mutated 
Jurkat cells had reduced basal respiration and an increased depend-
ency on glycolysis (Extended Data Fig. 5d,e). Similar results were 
obtained when ATP composition was evaluated, with total ATP and 
ATP produced by OXPHOS reduced in mtDNA-mutated Jurkat cells 
(Extended Data Fig. 5f). Accordingly, the mtDNA-mutated Jurkat cells 
exhibited a substantial increase in ROS production (Extended Data 
Fig. 5g). Similar to primary TILs, mtDNA-mutated Jurkat cells showed 
increased β-galactosidase activity (Extended Data Fig. 5h), reduced 
division potential and were more apoptotic (Extended Data Fig. 5i,j). 
The CCR7highCD45RAlow central memory and long-lived KLRG1low cell 
fractions were significantly reduced in mtDNA-mutated Jurkat cells 
(Extended Data Fig. 5k,l). After treatment with anti-CD3 and anti-CD28 
monoclonal antibodies, PD-1 expression was significantly reduced in 
mtDNA-mutated Jurkat cells (Extended Data Fig. 5m). When these Rho+ 
cells were cultured in normal medium without sodium pyruvate and 
uridine, mtDNA bands were still observed. This result indicates that 
mtDNA-mutated mitochondria are maintained after homoplasmic 
replacement (Extended Data Fig. 5n). Together, these results show that 
T cells that receive cancer-cell-derived mtDNA-mutated mitochon-
dria can become senescent and have defects in effector functions and 
memory formation, together with metabolic abnormalities.

EV-mediated transfer of mtDNA can alter mitochondrial function in 
recipient cells21,22,26,27. Thus, we created T cell lines in which mitochon-
dria are transferred through EVs (Supplementary Fig. 4). EVs extracted 
from MEL02 cells (wild-type mtDNA) and MEL04 cells (mutated mtDNA) 
were added to Jurkat/Rho0 cells. The amount of mtDNA was adjusted so 
that each cell line had the same and the presence of mutations was con-
firmed (Extended Data Fig. 6a,b). The membrane potential, metabolic 

function, senescence, metabolic status, ROS production, cell division, 
apoptosis, memory formation and activation parameters showed simi-
lar trends to those observed in primary TILs and in Jurkat cells in which 
mitochondria were directly transferred (Extended Data Fig. 6c–m). 
Thus, the transfer of mtDNA-mutated mitochondria through EVs from 
cancer cells can also cause mitochondrial dysfunction in T cells.

In vivo transfer and antitumour immunity
To further investigate the effects of mitochondrial transfer in vivo, we 
used another cell line established from mouse Lewis lung carcinoma 
with non-mutated mtDNA (LLC/P29 cells)17 (Supplementary Fig. 2). 
The expression of ND6 protein in Nd6-mutated LLC/A11 cells was lower 
than in LLC/P29 cells (Extended Data Fig. 3c). mtDNA-mutated LLC/
A11 cells had impaired OXPHOS and increased dependency of glyco-
lysis and reduced activities of complex I (Extended Data Fig. 3d–i). 
We introduced MitoDsRed into LLC/P29 cells (LLC/P29-MitoDsRed) 
(Supplementary Fig. 2) and analysed TILs in LLC/P29-MitoDsRed 
and LLC/A11-MitoDsRed tumours on day 42 (Supplementary Fig. 3). 
CD8+ T cell infiltration was comparable between LLC/P29 and LLC/
A11 tumours (Extended Data Fig. 7a). Moreover, DsRed expression in 
tumour-infiltrating CD8+ T cells, indicative of mitochondrial transfer, 
was also comparable (Fig. 5a). LLC/P29 cells had a single-nucleotide 
polymorphism (SNP) (Nd6, 13672A>T) (Supplementary Fig. 2), and 
sorted DsRed+ T cells from TILs had this SNP but DsRed– TILs did not, 
as observed in LLC/A11 cells (Extended Data Fig. 7b). DsRed+CD8+ 
T cells that received mitochondria with the mtDNA mutation from 
LLC/A11 tumours exhibited significantly higher β-galactosidase activity 
and were more apoptotic (Fig. 5b,c). Moreover, a reduced frequency 
in CD127highKLRG1low long-lived memory precursor effector T cells 
(MPECs) was observed50 (Fig. 5d). PD-1 expression in DsRed+CD8+ T cells 
from LLC/A11 tumours with the mtDNA mutation was significantly lower 
than in DsRed+CD8+ T cells from LLC/P29 tumours with non-mutated 
mtDNA. This finding suggests that mtDNA-mutated CD8+ T cells cannot 
be efficiently activated owing to mitochondrial dysfunction (Fig. 5e 
and Supplementary Fig. 5), a result similar to that observed for the 
in vitro experiments. Furthermore, DsRed+PD-1+CD8+ T cells in LLC/
A11 tumours exhibited a more terminally differentiated exhaustion 
phenotype, with high TIM3 and low TCF1 expression compared with 
those in LLC/P29 mouse models51,52 (Fig. 5f). We transplanted LLC/P29 
or LLC/A11 tumours into OT-1 mice and collected DsRed+CD8+ T cells 
from TILs. Killing assays against OVA-overexpressing cancer cells were 
performed using these selected T cells. Mitochondrial transfer with 
wild-type mtDNA (LLC/P29 cells) slightly reduced cytotoxic activity, 
whereas mtDNA-mutated mitochondrial transfer (LLC/A11 cells) mark-
edly reduced such activity (Fig. 5g). Accordingly, CD8+ T cell depletion 
promoted LLC/P29 tumour growth but little LLC/A11 tumour growth 
(Extended Data Fig. 7c). Moreover, LLC/P29 cells grew more rapidly 
in vitro than LLC/A11 cells (Extended Data Fig. 7d). This result indi-
cates that CD8+ T cells in LLC/A11 tumours are dysfunctional because 
of the transfer of mitochondrial with mutated mtDNA. We sorted 
mitochondria-transferred DsRed+ T cells from TILs, which were sub-
sequently cultured in vitro. Along with gradually decreased DsRed 
expression in bulk TILs (Extended Data Fig. 2a), the impairment in 
functions was partially recovered (Extended Data Fig. 7e,f). Notably, 
LLC/P29 tumours (non-mutated mtDNA) responded to PD-1 blockade, 
whereas LLC/A11 tumours (mutated mtDNA) failed to respond and 
PD-1 blockade did not affect mitochondrial transfer (Fig. 5h and Sup-
plementary Fig. 3).

As EVs could have crucial roles in transfer, we treated these tumours 
with the EV release inhibitor GW4869 (Supplementary Fig. 3). Mito-
chondrial transfer was reduced by GW4869, which in turn resulted in 
reduced β-galactosidase activity and apoptosis (Fig. 5i–k) and increased 
frequencies of MPECs and PD-1+CD8+ T cells in TILs (Fig. 5l,m). Further-
more, GW4869 reversed the exhaustion phenotype from terminally 
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Fig. 5 | mtDNA-mutated mitochondrial transfer reduces antitumour 
immunity in vivo. a, Comparison of mitochondrial transfer rates. In vivo 
experiments were performed as described in Supplementary Fig. 3. 
Representative flow cytometry staining (left) and quantification (right) are 
shown (n = 6 per group). b–f, β-Galactosidase activity (b), apoptosis evaluated 
by Annexin V (c), frequency of CD127highKLRG1low MPECs (d), PD-1 expression (e) 
in CD8+ TILs, and frequency of TIM3+TCF1– terminally differentiated 
exhausted CD8+ T cells in PD-1+CD8+ TILs (f) from LLC/P29-MitoDsRed or  
LLC/A11-MitoDsRed tumours. In vivo experiments were performed as described 
in Supplementary Fig. 3. Quantifications are shown (n = 6 per group). g, Killing 
assays. LLC/P29-MitoDsRed or LLC/A11-MitoDsRed cells were subcutaneously 
injected into OT-1 mice. Forty-two days later, we sorted DsRed– and DsRed+CD8+ 
T cells from each TIL fraction (effector cells (E)), with which we performed a 
killing assay against LLC/P29-OVA or LLC/A11-OVA cells (target cells (T)), 
respectively. Quantifications are shown (n = 4 per group). h, Tumour growth  

of LLC/P29-MitoDsRed and LLC/A11-MitoDsRed tumours treated with an anti-
PD-1 antibody and/or an EV release inhibitor (GW4869). In vivo experiments 
were performed as described in Supplementary Fig. 3 (n = 6 per group).  
i, Mitochondrial transfer after GW4869 local injection. In vivo experiments 
were performed as described in Supplementary Fig. 3. Representative flow 
cytometry staining (left) and summary (right) are shown (n = 4 per group).  
j–n, β-Galactosidase activity ( j), apoptosis evaluated by Annexin V (k), 
frequency of CD127highKLRG1low MPECs (l), PD-1 expression (m) in CD8+ TILs,  
and frequency of TIM3+TCF1– terminally differentiated exhausted CD8+ T cells 
in PD-1+CD8+ TILs (n) from LLC/P29-MitoDsRed and LLC/A11-MitoDsRed 
tumours treated with GW4869. In vivo experiments were performed as 
described in Supplementary Fig. 3. Quantifications are shown (n = 4 per group). 
P values (shown on charts) were calculated using two-sided t-tests (a,i), one-way 
ANOVA with Bonferroni corrections (b–g,j–n) or two-way ANOVA with 
Bonferroni corrections (h). Error bars show s.e.m.
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differentiated to stem-like progenitor exhaustion (Fig. 5n). GW4869 
treatment inhibited LLC/A11 tumour growth but not LLC/P29 tumour 
grown, and overcame the resistance to PD-1 blockade in LLC/A11 
tumours (Fig. 5h and Supplementary Fig. 3). Notably, GW4869 did 
not have any effect on LLC/A11 tumour growth in immunodeficient 
SCID mice (Extended Data Fig. 7g).

We conducted in vivo adoptive T cell transfer experiments using 
immunodeficient SCID mice with LLC/P29-OVA-MitoDsRed and LLC/
A11-OVA-MitoDsRed tumours (Supplementary Fig. 3). DsRed expres-
sion in tumour-infiltrating CD8+ T cells transferred from OT-1 mice was 
significantly higher than that from C57BL/6J wild-type mice (Extended 
Data Fig. 7h). This result highlights the importance of long-term per-
sistence and direct cell–cell contact in the TME in T cell transfer. When 
CD8+ T cells from OT-1 mice were transferred, DsRed+CD8+ T cells that 
received mitochondrial transfer from LLC/A11-OVA tumours (mutated 
mtDNA) had lower PD-1 expression than DsRed+CD8+ T cells from LLC/
P29-OVA tumours (non-mutated mtDNA) (Extended Data Fig. 7i). Fur-
thermore, DsRed+PD-1+CD8+ T cells in LLC/A11-OVA tumours exhibited 
a more terminally differentiated exhaustion phenotype than those 
in LLC/P29-OVA tumours (Extended Data Fig. 7j). Accordingly, the 
T cells transferred from OT-1 mice exhibited antitumour effects against 
LLC/P29-OVA tumours but not LLC/A11-OVA tumours (Extended Data 
Fig. 7k). Overall, these results show that mtDNA-mutated mitochondria 
transferred from cancer cells to TILs can reduce antitumor immunity, 
including that mediated by PD-1 blockade, through T cell dysfunction 
in vivo.

Mitochondrial function and ICI efficacy
For further in vivo analyses, we created a conditional knockout mouse 
model in which T cells have mitochondrial dysfunction (Tfam fl/flCd4cre 
mice)47. In these mice, mitochondrial mass in T cells was decreased, 
basal mitochondria respiration was reduced, dependency on glycolysis 
was increased and T cells were senescent (Extended Data Fig. 8a–d). 
Moreover, the efficacy of PD-1 blockade was impaired in Tfam fl/flCd4cre 
mice (Extended Data Fig. 8e and Supplementary Fig. 3). PD-1 blockade 
increased the frequencies of tumour-infiltrating CD44highCD62Llow 
effector memory CD8+ T cells, PD-1+CD8+ T cells and granzyme B+CD8+ 
T cells in the control mice but not in the Tfam fl/flCd4cre mice (Extended 
Data Fig. 8f–h).

Next, using these mice, we performed rechallenge experiments to 
evaluate memory formation and durable responses to PD-1 block-
ade. Mice that had complete eradication of the initial tumours after 
anti-PD-1 monoclonal antibody treatment were rechallenged with 
the same cancer cells on day 32 (Supplementary Fig. 3). After com-
plete eradication, most of the rechallenged tumours were rejected 
in control mice (Extended Data Fig. 8i), whereas more than half of 
the rechallenged tumours were not rejected in Tfam fl/flCd4cre mice  
(MC-38 tumours, 8 out of 8 versus 2 out of 6, P < 0.05; and B16F10-OVA 
tumours, 6 out of 8 versus 1 out 8, P < 0.05) (Extended Data Fig. 8i). The 
frequency of senescent CD27−CD28−CD8+ T cells in TILs was increased 
in Tfam fl/flCd4cre mice (Extended Data Fig. 8j), whereas the frequency 
of KLRG1lowCD127highCD8+ TILs (MPECs) was reduced (Extended Data 
Fig. 8k). Moreover, the frequency of MPECs in control mice increased 
after PD-1 blockade, whereas it did not in Tfam fl/flCd4cre mice (Extended 
Data Fig. 8k).

To evaluate these results in the human setting, we analysed clini-
cal data from patients with melanoma (cohort B, n = 95) and from 
patients with NSCLC (cohort C1, n = 86) who received first-line PD-1 
blockade therapy without any cytotoxic chemotherapies (Extended 
Data Table 1). We also analysed additional samples from patients 
with advanced NSCLC who received first-line platinum-doublet 
cytotoxic chemotherapies without any ICIs (cohort C2, n = 56) (Sup-
plementary Table 3). Few patients in cohorts C1 and C2 had driver 
mutations, because such individuals generally received molecularly 

targeted therapies as first-line therapy before PD-1 blockade therapy 
or platinum-doublet cytotoxic chemotherapies. As summarized in 
Extended Data Fig. 9a–c and Supplementary Table 4, we identified 
158 mtDNA variants, including 48 frameshift and 110 substitution vari-
ants, from 237 FFPE tumour samples. The variants were classified as 
mtDNA-mutation-positive if they presented truncating, missense, 
tRNA or rRNA variants (cohort B, 31 out of 95; cohort C1, 44 out of 86; 
cohort C2, 20 out of 56) and as mtDNA-mutation-negative if they had 
D-loop, intergenic site, silent variants or no variants. Chronic sun dam-
age seemed to be associated with mtDNA mutations in our melanoma 
cohort, as they were significantly more common in melanomas located 
on the head, neck or dorsal surface of the distal extremities53 (Extended 
Data Table 1). Consistent with our experimental results, analyses of 
patient tumour samples showed that patients with mtDNA mutations 
had significantly shorter progression-free survival and overall sur-
vival after initiation of PD-1 blockade therapies than individuals with-
out mtDNA mutations (Extended Data Fig. 9d). By contrast, mtDNA 
mutations did not affect prognosis in patients with NSCLC treated with 
first-line platinum-doublet cytotoxic chemotherapies without any 
ICIs (Extended Data Fig. 9e). Overall, mtDNA-mutated mitochondrial 
transfer in the TME can impair antitumour immunity, which in turn 
leads to reduced ICI efficacy (Supplementary Fig. 6).

Discussion
Several studies have shown that mitochondrial dysfunction in TILs 
impairs antitumour immunity3,4. However, the detailed mechanisms 
and clinical significance of this process were unclear11. We sequenced 
mtDNA in TILs and frequently detected shared mutations with cancer 
cells. Furthermore, we demonstrated that mtDNA-mutated mitochon-
drial transfer from cancer cells to T cells in the TME leads to T cell dys-
function. Notably, the presence of mtDNA mutations in tumour tissue 
samples predicted poor outcomes in PD-1 blockade therapies. These 
findings suggest that mtDNA-mutated mitochondrial transfer from 
cancer cells to TILs causes mitochondrial dysfunction and impairments 
in antitumour immunity.

mtDNA is highly prone to mutations owing to the lack of histone pro-
tection and poor repair mechanisms12,13. The mtDNA 3290T>C mutation 
we analysed is located in the region encoding tRNA-Leu (UUR). Some 
tRNA mutations are thought to prevent τm5U-modifying enzymes 
from recognizing the tRNAs, which results in defective mitochondrial 
translation owing to impaired taurine modification40,41. Indeed, this 
mutation induced defective mitochondrial translation (which was 
restored by taurine treatment), reduced OXPHOS and increased the 
dependency on glycolysis. Other mtDNA mutations we analysed also 
impaired OXPHOS and promoted glycolysis. Beyond the mutations 
we evaluated, numerous other mtDNA mutations that can induce 
mitochondrial dysfunction have been reported54. Thus, many mtDNA 
mutations in cancer cells can induce mitochondrial dysfunction in TILs 
through mitochondrial transfer.

Previous studies have experimentally shown mitochondrial transfer 
through TNTs and/or small EVs rather than microEVs or naked mito-
chondria20–27,30–32. Several studies used MitoTracker to evaluate the 
transfer process, but this method has limitations owing to leakage29. 
To address this issue, we used mitochondrial reporter proteins, and 
the results confirmed the importance of TNT formation and small 
EVs to the transfer process. We purified EVs smaller than 200 nm and 
detected a mitochondrial protein together with CD9 and TSG101, indi-
cating that small EVs actually contain mitochondria. Furthermore, 
blocking the release of small EVs inhibited transfer and PD-1 blockade 
resistance, which reversed the TIL phenotype. However, as previously 
reported, EVs can contain other immunomodulatory factors55. Thus, 
we also performed pure mitochondrial transfer using the MitoCep-
tion technique49, and results from these experiments confirmed the 
effects associated with mtDNA mutations. T cells generally have 
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approximately 200–400 copy numbers of mtDNA56; therefore, it may 
seem challenging to achieve homoplasmic replacement through mito-
chondrial transfer alone. Our results showed that the number of in situ 
mitochondria in T cells decreased owing to ROS-induced mitophagy 
from cancer cells, and this effect was reversible after treatment with 
an antioxidant or a mitophagy inhibitor. Mitophagy is often impaired 
in cancer cells57, and mitophagy-inhibitory molecules such as USP30 
are highly expressed in various cancer cells35–37 but not in T cells. Here 
we showed that USP30 in cancer cells could transfer to TILs together 
with the mitochondria. Mitochondria transferred from cancer cells 
along with USP30 did not undergo mitophagy. Moreover, inhibiting 
USP30 reduced mitochondrial transfer from cancer cells, which par-
tially prevented the replacement to homoplasmy and affected TIL 
functions. This mitophagy difference in mitochondria between cancer 
cells and T cells, with respect to mitophagy-inhibitory molecules such 
as USP30, might explain the mechanism of homoplasmic replacement. 
However, other factors probably contribute, which presents a challenge 
for future research. Moreover, considering mitochondrial dynamics 
such as fusion and fission, other mechanisms may also be involved10; 
therefore further studies are warranted.

Mitochondria are essential for T cell metabolism2,10, and OXPHOS 
dysfunction in T cells leads to impaired effector functions and memory 
formation47. Although T cell effector differentiation depends on gly-
colysis2, mtDNA mutations can impair T cell activation owing to poor 
energy production2–4. PD-1 expression increases during T cell activa-
tion, which acts as a negative-feedback loop to inhibit T cell function. 
Therefore, our data suggested that mtDNA-mutated T cells cannot 
be efficiently activated. Mitochondrial dysfunction can also affect 
T cell exhaustion3,4, and our results confirmed this effect. However, we 
also demonstrated that mitochondrial dysfunction in TILs can result 
from mtDNA mutations transferred from cancer cells. Consequently, 
mtDNA-mutated tumours showed resistance to PD-1 blockade, but 
EV inhibition reversed this. The mouse models we used have some 
limitations, as specific inhibition of mitochondrial transfer was dif-
ficult. However, the in vitro data showed that small EVs have a key role 
in the transfer process, with partial recovery of T cell functions after 
inhibitor treatment. CD8+ T cell depletion and adoptive transfer models 
further underscored the importance of mtDNA mutations. Although 
we wish we had a more robust in vivo model, this is an issue that will 
need to be addressed in future research. Clinical data from melanoma 
and NSCLC samples showed that the presence of mtDNA mutations is a 
poor prognostic factor for PD-1 blockade therapies but not for chemo-
therapies alone (that is, without PD-1 blockade therapies). In previous 
studies of patients who did not receive immunotherapies, the prog-
nostic significance of mtDNA mutations has been controversial15,16,58. 
We observed that 75% of mtDNA mutations in TILs were shared with 
cancer cells, which indicates that TILs frequently receive mitochondria 
through transfer from cancer cells. Moreover, mtDNA mutations were 
found in 5 out of 12 TILs, a frequency similar to that observed in FFPE 
tumour sequencing. Considering these findings, although we could 
not accurately evaluate mtDNA mutations in TILs from FFPE samples, 
most mtDNA mutations in TILs are probably transferred from cancer 
cells. These results confirm the importance of T cell mitochondria, 
particularly mtDNA mutations, in antitumour immunity.

Mitochondrial transfer might occur between many cell types in 
the TME. Although several studies have shown transfer from immune 
cells to cancer cells22,24, replacement to homoplasmy in cancer cells 
could be rare owing to cancer cell ROS and mitophagy sensitivity in 
immune-cell mitochondria. In cancer cells with heteroplasmy, complete 
replacement of TILs may not occur, but a high mutation frequency 
(more than 60–80%) can still affect T cell function59. Thus, complete 
replacement, which does not always occur, may not be necessary to 
affect T cell function.

In summary, we identified mtDNA mutations in TILs as a cause of 
mitochondrial dysfunction. Many mutations were shared with cancer 

cells, and mitochondrial transfer from cancer cells to TILs probably 
occurs. Mutated T cells exhibited metabolic abnormalities and senes-
cence, with defects in effector functions and memory formation, which 
in turn affected PD-1 blockade immunity. Patients with mtDNA muta-
tions treated with PD-1 blockade therapy had a poor prognosis. These 
findings highlight a previously unknown immune-evasion mechanism 
of cancer cells that uses mitochondrial transfer.
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Methods

Patients and samples
Ten patients with melanoma, one with breast cancer and one with skin 
squamous cell carcinoma were enrolled in this study, and samples were 
used to establish TILs and matched cancer cell lines (cohort A; Sup-
plementary Table 1). Participants had undergone surgical resection at 
Yamanashi University Hospital, Chiba University Hospital, Shinshu Uni-
versity Hospitals or Saitama Medical University International Medical 
Center. The tumour tissues were processed as previously described60. 
In brief, surgically resected samples were enzymatically digested with 
0.1% collagenase, 0.01% hyaluronidase and 30 U ml–1 deoxyribonuclease 
(Sigma-Aldrich) in RPMI1640 (Thermo Fisher Scientific) at room tem-
perature. The digested tumour cells were subjected to filtration and 
density-gradient separation before use. Peripheral blood mononuclear 
cells were obtained from donated blood and through Ficoll–Uropoline 
density-gradient centrifugation. All participants provided written 
informed consent.

In addition to abovementioned tumour samples, FFPE tissue samples 
were obtained from three other groups of participants for mtDNA 
mutation analyses. Cohort B comprised 95 patients with melanoma 
treated with anti-PD-1 monoclonal antibody and/or anti-CTLA-4 mono-
clonal antibody as first-line therapy. FFPE tissue samples were obtained 
between 2014 and 2020 from Yamanashi University Hospital, Chiba 
University Hospital, Shinshu University Hospital and Saitama Medical 
University International Medical Center from 2014 to 2020 (Extended 
Data Table 1). Cohort C1 comprised 86 patients with NSCLC treated 
with anti-PD-1 monoclonal antibody monotherapy as first-line treat-
ment. FFPE tissue samples were obtained between 2017 and 2021 from 
Chiba University Hospital, Okayama University Hospital and Kindai 
University Hospital (Extended Data Table 1). Cohort C2 comprised  
56 patients with NSCLC treated with platinum-doublet cytotoxic 
chemotherapies without any ICIs as first-line treatment. FFPE tissue 
samples were obtained between 2011 and 2012 from Chiba University 
Hospital, Okayama University Hospital and Kindai University Hospitals 
(Supplementary Table 3). Clinical information on the participants was 
obtained from their medical records. Informed consent was obtained 
by the patient opting out on the website of our institutions.

The protocol for this study was approved by the appropriate insti-
tutional review boards and ethics committees of Yamanashi Univer-
sity Hospital, Chiba University Hospital, Shinshu University Hospital, 
Okayama University Hospital, Kindai University Hospital and Saitama 
Medical University International Medical Center. This study was con-
ducted in accordance with the principles of the Declaration of Helsinki.

Sequencing of total mtDNA from clinical samples
Sequencing of total mtDNA from TILs with matched LCL cells, periph-
eral blood and/or cancer cells from cohort A was performed. mtDNA 
was isolated from these cells using a QIAmp DNA Mini kit (Qiagen). 
We also collected FFPE tumour samples from 95 patients with mela-
noma (cohort B) and 142 patients with NSCLC (cohorts C1 and C2) 
and matched normal tissue samples from 45 patients for total mtDNA 
sequencing. Areas with high tumour content were marked in FFPE 
samples, and mtDNA from these areas was isolated using a Gene
Read DNA FFPE kit (Qiagen). A Precision ID mtDNA Whole Genome 
Panel (Thermo Fisher Scientific) was used to amplify the entire 
mtDNA sequence using 81 primer pairs, followed by library construc-
tion and sequencing on an Ion Torrent Proton sequencer (Thermo 
Fisher Scientific). After adapter trimming using BaseCaller (with 
parameter settings --trim-qual-cutoff 15 --barcode-filter-minreads 10 
--phasing-residual-filter=2.0 --max-phasing-levels 2 --num-unfiltered 
1000 --barcode-filter-postpone 1), reads were mapped to the Revised 
Cambridge Reference Sequence mitochondrial sequence using TMAP 
(v.5.12.3; -i bam -v -Y -u --prefix-exclude 5–o 2 stage1 map4) to gener-
ate binary alignment maps for subsequent analyses. For each sample, 

variants were called using Mutect2 in the Genome Analysis Toolkit 
(v.4.1.8) under mitochondrial mode and with the read filter marked 
as duplicate disabled. The detected variants were annotated using 
GRCh38.p14 as the reference by SnpEff (v.5.1d)61 and subjected to addi-
tional candidate validation by EAGLE (v.1.1.1)62. Allele frequencies com-
puted by EAGLE (--hetbias=0 and –omega=1e-6) were used as the basis 
for subsequent variant analyses.

After pooling the EAGLE results from all samples, we used z scores 
determined from the variant allele frequency (VAF) per position as 
a metric to evaluate potential variants. Alterations with z scores > 3, 
VAF > 0.2 and read depths exceeding 100 were selected to minimize 
false positives from sequencing errors. In cohorts B, C1 and C2, vari-
ants with VAF > 0.85 were initially considered polymorphisms and 
excluded from final reporting under the assumption that somatic vari-
ants would not exhibit high VAFs owing to the presence of a substantial 
fraction of non-cancerous cells in the tumour tissue in the specimens 
collected. Haplogrep (v.2.4.0; Kulcyznski classification mode with 
17_FU1 phylotree, 10 top hits, extended final output and heteroplasmy 
levels set to 0.85)63 was used to characterize potential haplogroups 
of individual cases and to identify possible unlabelled SNPs from our 
frequency-based selection criteria. Variants labelled as ‘hotspot’ and 
‘local private variant’ were regarded as polymorphic variants; filtered 
variants were visually inspected to exclude probable sequencing errors 
at the termini of PCR amplicons or in homopolymer sequence stretches. 
For performance assessment, we compared the presence of true vari-
ants, confirmed through a paired analysis of matched tumour and 
normal tissue samples (n = 45), with variants that were called only from 
tumour samples. Using these criteria, true variants were called with a 
false-positive rate of 0% and a false-negative rate of 12.2%.

In cohort A, if a sample had LCL, PBL, TIL and/or cancer cell sequenc-
ing data, the results were compared with LCLs or PBLs as controls for 
somatic calling; mutations in TILs or cancer cells were not considered 
somatic if they existed in the matched LCLs. Using this criterion, ten 
mtDNA mutations were confirmed in TILs and cancer cells (Supplemen-
tary Tables 1 and 2). In cohorts B, C1 and C2, we identified 158 variants, 
including 48 frameshift and 110 substitution variants, from 237 FFPE 
tumour samples (Supplementary Table 4). For each sample, the overall 
mtDNA variant status was classified as truncating, missense, silent, 
tRNA, rRNA, D-loop or intergenic sites. For survival analysis, samples 
were divided into mtDNA-mutation-positive if they presented truncat-
ing, missense, tRNA or rRNA variants (melanoma, 32.6%; NSCLC (C1), 
51.2%; NSCLC (C2), 35.7%) and mtDNA-mutations-negative if they had 
a D-loop or an intergenic site or had silent or no variants.

Cell lines and culture conditions
To establish cancer cell lines, 1 × 107 digested tumour cells were cultured 
in RPMI1640 medium containing 10% FBS (Cytiva), 1% penicillin–strep-
tomycin (PS) and 1% amphotericin B (Thermo Fisher Scientific). Tumour 
cells were passaged at approximately 80–90% confluence and used 
when free of fibroblasts and proliferating beyond the tenth passage. To 
establish and expand cultured TILs, tumour digests were incubated in 
RPMI1640 medium supplemented with 10% human AB serum, 1% PS and 
recombinant human interleukin-2 (rhIL-2: 6,000 IU ml–1, PeproTech) 
in a humidified 37 °C incubator with 5% CO2. Half of the medium was 
aspirated from the wells and replaced with fresh complete medium 
and rhIL-2 every 2–3 days.

The MC-38 cell line (mouse colon adenocarcinoma) was purchased 
from Kerafast, and the B16F10 (mouse melanoma), MCF7 (human 
breast cancer), MDA-MB-231 (human breast cancer) and Jurkat (human 
T cell leukaemia) cell lines were purchased from the American Type 
Culture Collection (ATCC). The LLC/P29 and LLC/A11 (mouse lung 
carcinoma) cell lines were established from mouse Lewis Lung car-
cinomas as previously described17,64,65. MCF7, MDA-MB-231, MC-38, 
LLC/P29 and LLC/A11 cells were maintained in Dulbecco’s modified 
Eagle’s medium (DMEM; Thermo Fisher Scientific), and Jurkat cells 
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were cultured in RPMI1640 medium containing 10% FBS and 1% PS 
in a humidified 37 °C incubator with 5% CO2. mtDNA-deficient Jurkat 
( Jurkat/Rho0) cells were generated by culturing Jurkat cells in the pres-
ence of 200 ng ml–1 ethidium bromide for 6 weeks and then maintained 
in RPMI1640 medium containing 10% FBS, 1% PS, 100 μg ml–1 sodium 
pyruvate and 50 μg ml–1 uridine.

All cell lines were used after confirming that they were mycoplasma- 
free, which was assessed using a PCR Mycoplasma Detection kit (Takara) 
according to the manufacturer’s instructions.

Transmission electron microscopy
For pre-fixation, cell specimens were immersed in 0.1 M PBS, pH 7.4, 
containing 2% glutaraldehyde and 2% paraformaldehyde for 16–18 h. 
Post-fixation was performed with 2% osmium tetroxide for 1.5 h. After 
washing with PBS, the specimens were dehydrated in a graded ethanol 
series and embedded in a low-viscosity resin (Spurr resin, Polysciences). 
Subsequently, 80-nm-thick sections were prepared using an ultrami-
crotome (EM-UC7; Leica) and stained with uranyl acetate and lead 
citrate. The specimens were observed using a transmission electron 
microscope (H-7650, Hitachi). We counted and quantified the number 
of cristae per mitochondrion.

Constructs, virus production and transfection
pcDNA3-TfR-OVA (Addgene, 64600)66, pBABE-puro (1764)67 and pVL- 
MitoDsRed (44386)68 were purchased from Addgene. The TfR-OVA cDNA 
was cloned into a pBABE-puro vector using In-Fusion Snap Assembly 
master mix (Takara Bio) according to the manufacturer’s instructions. 
The resulting pBABE-puro-TfR-OVA vector was transfected with a pVSV-G 
vector (Takara Bio) into packaging cells using Lipofectamine 3000 
reagent (Thermo Fisher Scientific). The pVL-MitoDsRed vector was 
transfected with packaging plasmids (pMDLg/pRRE, Addgene, 12251 
(ref. 69); pRSV-Rev, Addgene, 12253 (ref. 69); and pMD2.G, Addgene, 
12259) into packaging cells using Lipofectamine 3000 reagent. After 
48 h, the supernatants were concentrated and transduced into cell 
lines MEL02, MEL04, MELc03, MCF7, MDA-MB-231, B16F10, LLC/P29 
and LLC/A11. The transfected cell lines were named MEL02-MitoDsRed, 
MEL04-MitoDsRed, MELc03-MitoDsRed, MCF7-MitoDsRed, 
MDA-MB-231-MitoDsRed, B16F10-OVA, LLC/P29-MitoDsRed, LLC/
A11-MitoDsRed, respectively. LLC/P29-OVA-MitoDsRed and LLC/
A11-OVA-MitoDsRed cell lines were also generated.

Detection of mtDNA
Capillary sequencing and several primers were used to check the status 
of mtDNA in cell lines and TILs (Supplementary Table 5). For single-cell 
sequencing, PrimeSTAR GXL DNA Polymerase (Takara) and the prim-
ers were prepared in 96-well plates for sequencing before cell sort-
ing. CD3+CD45+ T cells were sorted from TILs at the single-cell level 
into 96-well plates using a cell sorter (FACSMelody; BD Biosciences). 
Oligonucleotides were amplified by PCR and sequenced (Eurofins 
Genomics).

Imaging of mitochondrial transfer
TIL04#9 and MEL04 cells were labelled with MitoTracker Green 
(Thermo Fisher Scientific) and MitoDsRed, respectively. After 24 h, 
2 × 105 MEL04-MitoDsRed cells were cocultured with labelled 1 × 106 
TIL04#9 cells in a 35-mm glass-bottom culture dish for 2 days and 
observed under a Leica TSC SP8 confocal laser microscope (Leica 
Microsystems) without fixation. TIL04#9 cells were labelled with a 
BV421-conjugated monoclonal antibody specific for CD45 (clone HI100, 
BioLegend).

For time-lapse imaging, 2 × 105 MEL04-MitoDsRed cells were seeded 
onto a 35-mm glass-bottom culture dish 24 h before coculture and 
allowed to adhere. The following day, coculture with 1 × 106 TIL04#9 
cells labelled with MitoTracker Green was initiated. Twenty-four 
hours later, we began capturing images every 30 min using a 

digital holographic microscope (3D Cell Explorer CX-A, Nanolive). 
The images were analysed using Fiji software (https://imagej.net/ 
software/fiji).

Quantification of mitochondrial transfer
To quantify the transfer of mitochondria from cancer cells to TILs, 
MEL04-MitoDsRed cells were cocultured with TIL04#9 cells for 1, 2, 3 or 
14 days with or without 10 mM NAC (Cayman Chemical), 20 nM USP30 
inhibitor (CMPD-39; MedChemExpress) or siRNAs for USP30 trans-
fection (siUSP30-1, CAAAAGGUCAUCUGAGGUAAGGCTA; siUSP30-2, 
CGUCAGAUAUAAAGUCAUGAAGAAC; Integrated DNA Technologies). 
When using siRNAs, we prepared siRNA-transfected cancer cells every 
5 days and cocultured them with TILs, replacing the old, transfected 
cancer cells. siRNA transfection of cancer cells was performed using 
Lipofectamine RNAiMAX reagent (Thermo Fisher Scientific) according 
to the manufacturer’s protocol. To quantify mitochondrial transfer, 
MEL02-MitoDsRed or MEL04-MitoDsRed cells were cocultured with 
TILs (TIL02, TIL04#9 or TILc04) for 2 days in the presence of 1:100 
anti-MHC-I monoclonal antibody (anti-human HLA-ABC monoclonal 
antibody, clone W6/32, Thermo Fisher Scientific), 350 nM TNT inhibi-
tor (cytochalasin B; Wako), 1 μM small EV release inhibitor (GW4869; 
Cayman Chemical) and/or 5 μM microEV release inhibitor (Y-27632; 
MedChemExpress)30 with or without cell culture inserts to avoid direct 
cell–cell contact (3 or 0.4 μm pore; Nunc Polycarbonate Cell Culture 
Inserts in Multi-Well Plates, Thermo Fisher Scientific). Subsequently, 
TILs were analysed by flow cytometry.

To quantify the transfer of mitochondria from T cells to cancer cells, 
we used OT-1 and PhaMexcised mice expressing mitochondrial-specific 
fluorescence (mito-Dendra2), which were obtained from the Jackson 
Laboratory (Supplementary Fig. 2). OVA-overexpressing LLC/A11 cells 
were cocultured with or without CD8+ T cells from PhaMexcised OT-1 mice 
for 3 days. Afterwards, floating T cells were discarded and LLC/A11 
cells were repeatedly washed with PBS. These cells were subsequently 
analysed by flow cytometry as CD45– cells.

Quantification of mitochondria in T cells
To quantify in situ mitochondria in T cells, TIL04#9 cells were labelled 
with MitoTracker Green for 24 h and then cocultured with MEL04 cells 
with or without 10 mM NAC for 3 days. To inhibit mitophagy, 100 nM 
of a mitophagy inhibitor (bafilomycin A1; Adipogen Life Sciences) was 
added every 12 h for 3 days. Subsequently, the TILs were analysed by 
flow cytometry.

Quantification of mitochondria in cancer cells
OVA-overexpressing LLC/A11 cells or MEL04 cells were labelled with 
MitoTracker Green. After 24 h, labelled OVA-overexpressing LLC/A11 
cells or MEL04 cells were cocultured with or without CD8+ T cells from 
OT-1 mice or TIL04#9 cells for 3 days, respectively. Floating T cells were 
then discarded and OVA-overexpressing LLC/A11 cells or MEL04 cells 
were repeatedly washed with PBS. These cells were then analysed by 
flow cytometry as CD45– cells.

Gene expression analysis
TIL04#9 cells were cocultured with MEL04-MitoDsRed cells for 14 days, 
and DsRed– cells and DsRed+CD3+ T cells were sorted. Total RNA was 
then extracted using a RNeasy Plus Mini kit (Qiagen) and 100 ng of 
total RNA was reverse-transcribed into cDNA using Prime-Script RT 
master mix (Takara). Real-time PCR was performed using PowerUp 
SYBR Green master mix according to the manufacturer’s instructions. 
For each sample, the ΔCt for BNIP3, ATF4, IL6, CXCL8 and IL1B versus 
ACTB (used as an internal control) was calculated as ΔCt = Ct (BNIP3, 
ATF4, IL6, CXCL8 or IL1B) – Ct (ACTB). The ΔΔCt for DsRed– cells and 
DsRed+TIL04#9 cells versus TIL04#9 cells was calculated as ΔΔCt = ΔCt 
(DsRed– or DsRed+TIL04#9 cells) – ΔCt (TIL04#9 cells). The primers are 
listed in Supplementary Table 5.

https://imagej.net/software/fiji/downloads
https://imagej.net/software/fiji/downloads


Evaluation for mitophagy
TIL04#9 cells were labelled with MitoTracker Green. Twenty-four hours 
later, TIL04#9 cells were cocultured with MEL04-MitoDsRed cells for 
3 days with or without 10 mM NAC. Subsequently, the cells were stained 
with an LC3B-specific polyclonal antibody (Proteintech, Rosemont, 
18725-1-AP) followed by an APC-conjugated secondary antibody (goat 
anti-rabbit IgG, Abcam, ab130805), and observed under a confocal 
laser microscope or analysed by flow cytometry. We used 10 μM car-
bonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP) (Selleck 
Biotech) as a positive control.

Database analyses
We obtained RNA-sequencing expression data from The Cancer 
Genome Atlas (TCGA) in the Genomic Data Commons data portal of 
patients with melanoma from the USCS Xena database (https://xena-
browser.net). USP30, USP33 and USP35 expression data in tumour tis-
sues were used.

USP30 staining and quantification
TIL04#9 cells were labelled with MitoTracker Green and cocultured 
with MEL04-MitoDsRed cells for 3 days. Subsequently, TIL04#9 cells 
were stained using an AF546-conjugated anti-USP30 monoclonal 
antibody (Santa Cruz Biotechnology, sc-515235, B-6) or an anti-USP30 
polyclonal antibody (Proteintech, 15402-1-AP) with APC-conjugated 
secondary monoclonal antibody and observed under a confocal laser 
microscope or analysed by flow cytometry.

Extraction and evaluation of EVs
EVs in the cell culture medium were isolated using Total Exosome 
Isolation reagent (Thermo Fisher Scientific) according to the manu-
facturer’s instructions. In brief, 1 × 106 cells were cultured in RPMI1640 
medium containing 10% EV-depleted FBS (System Biosciences) for 
3 days. The conditioned medium was centrifuged at 400g for 5 min 
to remove cells, and the supernatant was centrifuged at 2,000g for 
30 min to remove cell debris. The supernatant was passed through 
a syringe filter (0.45 μm pore; GVS North America) and then mixed 
with 0.5 volumes of Total Exosome Isolation reagent and incubated at 
4 °C overnight. The mixture was then passed through a syringe filter 
(0.22 μm pore) and ultracentrifuged at 10,000g for 60 min at 4 °C. 
The pellet was resuspended in PBS and purified using a miniPURE-EV 
size-exclusion chromatography column (HBM-MPEV-10, Hansa
BioMed Life Sciences) according to the manufacturer’s instructions. 
The resulting EVs (less than 200 nm in size) were used for western blot-
ting experiments. In brief, we used CD9 and TSG101 as EV markers70.  
To evaluate the purity of FBS-containing medium-derived EVs, we 
checked BSA71. We also evaluated cytochrome c as a mitochondrial 
protein.

We used a DCFDA/H2DCFDA Cellular ROS Assay kit (Abcam) to 
detect ROS. In brief, PBL04 cells and MEL04 cells were incubated 
with 20 μM DCFDA solution for 30 min at 37 °C in 5% CO2. Next, we 
extracted and purified EVs from the cells and analysed them by flow 
cytometry with a PS Capture Exosome Flow Cytometry kit (Wako) to 
create EV-conjugated beads.

Western blotting
Cell lysates from MEL02, MEL04, MCF7 and MDA-MB-231 cells, EV 
lysates from MEL02 and MEL04 cells, and medium used for the cul-
ture of MEL02 and MEL04 cells were separated by SDS–PAGE and blot-
ted onto polyvinylidene fluoride membranes (Merck Millipore). The 
membranes were blocked and then incubated with primary antibod-
ies. After washing, the membranes were incubated with horseradish 
peroxidase (HRP)-conjugated secondary antibodies. Finally, the bands 
were detected using Clarity Western ECL substrate (Bio-Rad) or Immu-
noStar LD (Wako), and confirmed using a LAS4000 system (Cytiva). 

The protein concentration in each sample was evaluated and adjusted 
to each other using Pierce BCA Protein Assay kits (Thermo Fisher  
Scientific) according to the manufacturer’s instruments.

Electron transport chain activity assays
MitoCheck Activity Assay kits (complexes I, II and III, and IV) were 
purchased from Cayman Chemical. Mitochondrial protein isolation 
from cell lines was performed using a Mitochondria Isolation kit for 
cultured cells (Thermo Fisher Scientific) according to the manufac-
turer’s instructions. We used activity buffer with the isolated mito-
chondrial protein in place of the supplied mitochondria, following the 
manufacturer’s instructions as previously described72. Reactions were 
conducted at 25 °C using a FlexStation 3 microplate reader (Molecu-
lar Devices), with readings taken every 30 s for 15 min at the Central 
Research Laboratory of the Okayama University Medical School.

Creation of mitochondria-transferred TILs for functional 
analyses
We cocultured wild-type mtDNA TIL04#9 or TILc03#5 cells with mela-
noma (MEL02-MitoDsRed, wild type; MEL04-MitoDsRed, mutated; 
MELc03-MitoDsRed, mutated) or breast cancer (MCF7-MitoDsRed, 
wild type; MDA-MB-231-MitoDsRed, mutated) cells for 14 days and 
subsequently sorted the TILs according to DsRed expression. The 
sorted TILs were named as follows: DsRed−TIL04#9/02 (wild type), 
DsRed+TIL04#9/02 (wild type), DsRed−TIL04#9/04 (wild type), 
DsRed+TIL04#9/04 (mutated), DsRed−TIL04#9/MCF7 (wild type), 
DsRed+TIL04#9/MCF7 (wild type), DsRed−TIL04#9/MDA (wild type), 
DsRed+TIL04#9/MDA (mutated), DsRed−TILc03#5/02 (wild type), 
DsRed+TILc03#5/02 (wild type), DsRed−TILc03#5/c03 (wild type) and 
DsRed+TILc03#5/c03 cells (mutated). These TILs were then analysed.

Mitochondria-transferred PBL assay to evaluate differentiation 
and apoptosis
Sorted CCR7highCD45RAhighCD8+ naive T cells from PBLs of healthy donors 
were cocultured with MEL02-MitoDsRed cells or MEL04-MitoDsRed 
cells for 7 days while being stimulated with an anti-CD3 monoclonal anti-
body (50 ng ml–1) in the presence of rhIL-7 (10 ng ml–1, PeproTech), rhIL-
15 (10 ng ml–1, PeproTech) and rhIL-2 (300 IU ml–1). The central memory 
fraction and KLRG1 expression level were analysed by flow cytometry. 
Each CD8+ T cell fraction (naive, CCR7highCD45RAhigh; central memory, 
CCR7highCD45RAlow; effector memory, CCR7lowCD45RAlow; terminally 
differentiated effector memory, CCR7lowCD45RAhigh) sorted from PBLs 
of healthy donors was also cocultured with MEL02-MitoDsRed cells or 
MEL04-MitoDsRed cells for 4 days in the presence of IL-2 (300 IU ml–1) 
alone, and apoptosis was analysed by flow cytometry.

Creation of mitochondria-transferred Jurkat cells through 
MitoCeption or EVs for functional analyses
Mitochondria were isolated from 1 × 106 MEL02 (wild type), MEL04 
(mutated), MCF7 (wild type) and MDA-MB-231 (mutated) cells follow-
ing a MitoCeption protocol using a Mitochondria Isolation kit for cul-
tured cells (Thermo Fisher Scientific) according to the manufacturer’s 
instructions49. The isolated mitochondria were added to Jurkat/Rho0 
cells, which were subsequently incubated for 24 h after centrifugation 
(2,000g for 15 min). This procedure was repeated four times weekly. 
EVs isolated using the above-described protocols were added to Jurkat/
Rho0 cells using the EV-Entry system (System Biosciences), which were 
immediately centrifuged at 1,500g for 15 min at 4 °C and incubated 
overnight. These EV-transferred Jurkat/Rho0 cells were cultured for 
6 weeks, and this procedure was repeated every 5–7 days.

After confirming mitochondrial transfer by PCR and mtDNA 
sequencing, the transferred Jurkat/Rho0 cells were cultured as Rho+ 
cells in RPMI1640 medium containing 10% FBS and 1% PS without 
sodium pyruvate and uridine. We also performed real-time PCR to 
quantify mtDNA using the Human Mitochondrial DNA (mtDNA) 
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Monitoring primer set (Takara) and PowerUp SYBR Green master mix  
(Thermo Fisher Scientific) according to the manufacturer’s instru-
ments, and adjusted the amounts to each other. In brief, this primer 
set calculates the 2ΔCt value as the relative mtDNA copy number from 
the average value of ΔCt (mtDNA: ND1 – nuclear DNA: SLCO2B1) and ΔCt 
(mtDNA: ND5 – nuclear DNA: SERPINA1). Then, we calculated the fold 
changes in mtDNA copy number relative to that of the parental Jurkat 
cells. The Rho+ cells containing mitochondria derived from MEL02, 
MEL04, MCF7 and MDA-MB-231 cells or EVs derived from MEL02 and 
MEL04 cells were named Rho+MEL02-Mito (wild type), Rho+MEL04-Mito 
(mutated), Rho+MCF7-Mito (wild type), Rho+MDAMB231-Mito 
(mutated), Rho+MEL02-EV (wild type) and Rho+MEL04-EV (mutated) 
cells, respectively. The procedures are summarized in brief in Supple-
mentary Fig. 4.

Mitochondrial membrane potential analysis
Primary TILs were stained with 200 nM MitoTracker Deep Red and 
Green, incubated at 37 °C in 5% CO2 for 15 min and then analysed by 
flow cytometry. The membrane potential was evaluated on the basis 
of the ratio of each MFI4. Additionally, each Jurkat cell was stained with 
250 nM TMRE (Thermo Fisher Scientific), incubated at 37 °C in 5% CO2 
for 20 min and then analysed by flow cytometry.

Characterization of metabolic changes by flux analyses
Metabolic analyses were performed using a flux analyser (Seahorse 
XF HS mini, Agilent Technologies), according to the manufacturer’s 
instructions. In brief, 0.8 × 105 cells were seeded in supplemented 
Seahorse XF RPMI medium containing 1 mM pyruvate, 2 mM glu-
tamine and 10 mM glucose (pH 7.4) in poly-d-lysine-coated XFp 
miniplates, followed by centrifugation at 200g for 1 min at room 
temperature. The plate was then equilibrated at 37 °C in an incuba-
tor without CO2 for 40 min. The oxygen consumption rate was evalu-
ated with sequential injections of oligomycin (1 μM), FCCP (0.75 μM) 
and rotenone–antimycin A (0.5 μM). The extracellular acidification 
rate was evaluated by sequential injections of glucose (10 mM), 
oligomycin (1 μM) and 2-deoxy-glucose (50 mM). The ATP produc-
tion rate was evaluated with sequential injections of oligomycin 
(1.5 μM) and otenone–antimycin A (0.5 μM). All chemicals were pur-
chased from Agilent Technologies. All data were normalized to the  
cell number.

ROS production analyses
To evaluate ROS production, we used a DCFDA/H2DCFDA Cellular ROS 
Assay kit (Abcam), as described above.

β-Galactosidase staining to evaluate senescence
A Cellular Senescence Detection kit (Dojindo) was used to assess cel-
lular senescence according to the manufacturer’s instructions. In 
brief, cells were incubated with bafilomycin A1 for 1 h at 37 °C in 5% 
CO2, then incubated with SPiDER-β-Gal for 30 min and analysed by flow  
cytometry.

Apoptosis and cellular proliferation assay
Apoptosis was evaluated by combining Annexin V (Thermo Fisher 
Scientific) and eBioscience Fixable Viability Dye eFluor (Thermo Fisher 
Scientific) for live/dead cell staining. According to the manufacturer’s 
instructions, each cell was incubated with Annexin V and eFluor for 
15 min at room temperature and then analysed by flow cytometry. 
Cellular proliferation was assessed on the basis of the dilution of cells 
labelled with carboxyfluorescein succinimidyl ester (CFSE) using a 
CFSE Cell Proliferation kit (Thermo Fisher Scientific) and flow cytom-
etry. Cells were incubated with 10 μM CFSE for 20 min at 37 °C in 5% 
CO2, washed 3 times with RPMI medium and incubated for 3 days, 
followed by additional live/dead cell staining and flow cytometry  
analysis.

In vitro cellular proliferation analysis
Twenty-four hours after cells (103) were passaged on 96-well plates, 
in vitro cellular proliferation was evaluated using an IncuCyte ZOOM 
System (Essen BioScience) every 6 h for 48 h.

In vivo animal models
Female C57BL/6J mice (6–8 weeks old) were purchased from SLC Japan. 
C57BL/6J- Prkdc<scid>/Rbrc mice (B6 SCID) were provided by RIKEN 
BRC through the National BioResource Project of the Japan Ministry 
of Education, Culture, Sports, Science and Technology/Agency for 
Medical Research and Development. OT-1, Cd4cre and Tfam floxed mice 
(Tfam; mitochondrial transcription factor A) were purchased from 
the Jackson Laboratory. Rat anti-mouse PD-1 monoclonal antibody 
(RMP1-14) and anti-mouse CD8β monoclonal antibody (Lyt 3.2) were 
obtained from Bio X Cell. The control rat IgG2a monoclonal antibody 
(RTK2758) was obtained from BioLegend.

LLC/P29-MitoDsRed cells (5 × 104) or LLC/A11-MitoDsRed cells 
(1 × 105) were subcutaneously inoculated into C57BL/6J or B6 SCID 
mice. To confirm transfer, tumours were collected 21 or 42 days after 
tumour inoculation to collect the TILs for evaluation. For treatment, 
the mean values of the long and short diameters were used to gen-
erate the tumour growth curves. When the tumour volume reached 
approximately 100 mm3 on day 14, anti-PD-1 monoclonal antibody 
(200 μg per mouse) or control monoclonal antibody was intraperi-
toneally administered 3 times every 3 days. For CD8+ T cell depletion, 
anti-CD8β monoclonal antibody (100 μg per mouse) was intraperi-
toneally administered 1 day before tumour cell inoculation and then 
injected every 7 days thereafter. An EV release inhibitor, GW4869 (60 µg 
per mouse), was injected locally into the tumours once every 2 days. 
Tumours were collected 42 days after tumour inoculation to collect 
TILs for evaluation by flow cytometry. In addition, collected TILs were 
sorted for DsRed+ cells and cultured for 7 days, then evaluated by flow 
cytometry or mtDNA sequencing.

Similarly, we created adoptive T cell transfer models using B6 
SCID mice. In brief, sorted CD8+ T cells (1 × 107) from splenocytes of 
C57BL/6J or OT-1 mice were transferred into the SCID mice 7 days 
after tumour inoculation (LLC/P29-OVA-MitoDsRed, 1 × 105; LLC/
A11-OVA-MitoDsRed, 3 × 105). Tumours were collected 28 days after 
tumour inoculation to collect TILs for evaluation by flow cytometry.

MC-38 (1 × 106) or B16F10-OVA (3 × 105) cells were subcutaneously 
inoculated into Tfam fl/fl mice or Tfam fl/flCd4cre mice, and tumour volume 
was monitored every 3 days. The means of the long and short diameters 
were used to generate the tumour growth curves. Anti-PD-1 monoclo-
nal antibody (200 μg per mouse) or control monoclonal antibody was 
intraperitoneally administered 3 times every 3 days. Tumours were 
collected 14 days after tumour inoculation to collect TILs for evaluation 
by flow cytometry. Furthermore, we performed rechallenge mouse 
experiments. In brief, mice that had shown complete eradication of 
the initial tumours after anti–PD-1 monoclonal antibody treatment 
were secondarily challenged with parental tumour cells on day 32.

All mice were maintained under specific pathogen-free conditions at 
the animal facility of the Institute of Biophysics (Chiba Cancer Center 
Research Institute and Okayama University). All mouse experiments 
were approved by the Animal Committee for Animal Experimenta-
tion of Chiba Cancer Center and Okayama University, and met the US 
Public Health Service Policy on Humane Care and Use of Laboratory 
Animals. When the maximum tumour diameter exceeded 20 mm, mice 
were killed as a humane end point. The experimental schematics are 
summarized in Supplementary Fig. 3.

Killing assay
LLC/P29-MitoDsRed cells (1 × 105) or LLC/A11-MitoDsRed cells (2 × 105) 
were subcutaneously inoculated into OT-1 mice. Forty-two days after 
tumour inoculation, DsRed– or DsRed+CD8+ T cells (effector cells) 



were sorted from TILs and subsequently cocultured with calcein-AM 
(Thermo Fisher Scientific)-labelled LLC/P29-OVA or LLC/A11-OVA cells 
(target cells), respectively, at the indicated effector-to-target cell ratios. 
LLC/P29 or LLC/A11 cells were used as the controls. After 3 h of incuba-
tion, fluorescence was determined using an excitation/emission filter 
set of 490/535 nm on an ARVO X3 Multilabel reader (PerkinElmer).

Flow cytometry analyses
Flow cytometry was performed as previously described73. In brief, cells 
were washed with PBS containing 2% FBS and stained with surface anti-
bodies. Intracellular staining was performed with specific antibodies 
using a FOXP3/Transcription Factor Staining Buffer set (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. For intracel-
lular granzyme B staining in mouse models, cells were stimulated for 
5 h with PMA (0.1 mg ml–1) and ionomycin (2 μg ml–1) (Sigma Aldrich). 
GolgiPlug reagent (1.3 μl ml–1; BD Biosciences) was added during the 
last 4 h of culture. Samples were assessed using a FACSVerse, FACSLyric 
or FACSFortessa flow cytometer (BD Biosciences) and FlowJo software 
(BD Biosciences). Staining antibodies in the flow cytometry analysis 
were diluted according to the manufacturer’s instructions and are 
summarized in Supplementary Table 6.

Statistical analyses
Patient characteristics were compared between the two groups using 
Fisher’s exact tests. The relationships between continuous variables 
between and among groups were compared using a t-test and one-way 
ANOVA, respectively. Tumour volume curves were compared using a 
two-way ANOVA. For multiple testing, Bonferroni correction was used. 
Progression-free survival and overall survival were defined as the time 
intervals from the initiation of anti-PD-1 monoclonal antibody therapy 
until the first observation of disease progression or death from any 
cause, and until death from any cause, respectively. Survival curves 
were analysed using the Kaplan–Meier method and compared among 
groups using the log-rank test. All tests were two-tailed with a prede-
fined significance level of P < 0.05. Statistical analyses were performed 
using GraphPad Prism 9 (GraphPad Software). The means and standard 
error of the means (error bars) are shown.

Statistics and reproducibility
All in vitro experiments were biologically repeated independently 
three to four times and produced consistent results. All in vivo mouse 
experiments were conducted with four to six mice per group and were 
repeated at least twice, which also produced consistent results.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are available from the 
corresponding authors upon reasonable request. The data of total 
mtDNA sequencing have been deposited into the Japanese Genotype–
phenotype Archive (accession number: JGAS000589). Source data are 
provided with this paper.

Code availability
Shell and R scripts for variant calling and subsequent mtDNA mutation 
calls are available from GitHub (https://github.com/jlincbio/mito_
somatic_mutect2/tree/v0.3) and Zenodo (https://doi.org/10.5281/
zenodo.12216418)74.
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Extended Data Fig. 1 | Additional mtDNA sequencing, mitochondrial 
transfer, and EV-detection data. a, mtDNA sequencing in patients #02 and 
#04. mtDNA of bulk TILs, sorted CD45+CD3+ T cells from bulk TILs, and PBLs 
were sequenced. Representative capillary sequencing chromatograms in 
patients #2 (left) and #04 (right) are shown. b, IGV of TILs and cancer cells. We 
sequenced the whole mtDNA of paired TILs and cancer cells from the same 
melanoma patient (#c03) using a next-generation sequencing. PBLs from the 
same patients were used as germline controls. Track IGV data in patients #c03 
are shown. c, mtDNA sequencing in patients #c03 and #c04. Paired TILs, cancer 
cells, and PBLs from the same patient were sequenced. Representative capillary 
sequencing chromatograms in patients #c03 (left) and #c04 (right) are shown. 
d, mtDNA sequencing of TIL04_#9 cells. A single clones established from TIL04 
cells (#9) were sequenced. Representative capillary sequencing chromatogram 
is shown. e, Transmission electronic microscope images in patients #02 and 
c03. The sections of TIL02 (wild-type), MEL02 (wild-type), PBL02 (wild-type), 
TILc03 (mutated), MELc03 (mutated), and PBLc03 (wild-type) cells were 
observed using transmission electron microscopy. Representative images  
are shown. Scale bar, 2 μm. f, Mitochondrial quantification of TILs transferred 
from paired cancer cells. TIL02 or TIL04 cells were cocultured with MEL02-
MitoDsRed or MEL04-MitoDsRed cells, respectively for 1, 2, 3, or 14 days and 
then DsRed expression in TILs were analysed using flow cytometry. MFI 

summary is shown (n = 4 per group). g, Mitochondrial quantification of TILs 
transferred from MEL02 cells under various conditions. Coculture experiments 
and analyses were performed as described in Fig. 2c. Summary of fold changes 
of ΔDsRed MFI (DsRed MFI of TILs with coculture – that without coculture) 
relative to the control conditions (TIL02 and MEL02-MitoDsRed coculture 
without any drugs or columns) is shown (n = 4 per group). h, Mitochondrial 
quantification of TIL04 or TIL02 cells transferred from MEL04 or MEL02  
cells under various conditions. Coculture experiments and analyses were 
performed as described in Fig. 2c. Summaries of fold changes of ΔDsRed MFI 
(DsRed MFI of TILs with coculture – that without coculture) relative to the 
control conditions (TIL and MEL-MitoDsRed coculture without any drugs or 
columns) (top, TIL04 from MEL04; bottom, TIL02 from MEL02) are shown  
(n = 4 per group). i, Western blotting for EV-related molecules from three 
independent experiments. Extracted and purified EVs were used for western 
blotting experiments following the MISEV2018 guideline. Briefly, culture 
mediums or EV lysates were subjected to immunoblot analysis with antibodies. 
We used CD9 (category 1) and TSG101 (category 2) as EV markers. To evaluate 
purity of FBS containing medium-derived EVs, we checked BSA like category 3. 
In addition, we evaluated cytochrome as a mitochondrial protein (category 4). 
For gel source data, see Supplementary Fig. 1. One-way ANOVA with Bonferroni 
correction were used in (f)-(h).
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Extended Data Fig. 2 | Additional homoplasmy replacement data. a and  
b, DsRed expression and mtDNA mutations in sorted T cells from mouse TILs 
in vitro. We sorted mitochondria-transferred DsRed+ T cells from LLC/A11-
MitoDsRed tumours as described in Supplementary Fig. 3, which were 
subsequently cultured further in vitro for 7 days. We analysed DsRed expression 
and mtDNA in bulk T cells at each time point and summary of DsRed expression 
(a) and representative capillary sequencing chromatograms (b) are shown.  
c, Mitochondrial quantification of LLC/A11 cells transferred from mouse T cells. 
OVA-overexpressing LLC/A11 cells were cocultured with or without CD8+ T cells 
from PhaMexcisedOT-1 mice for 3 days. Then, Dendra2 (green) expression in OVA-
overexpressing LLC/A11 cells were analysed using flow cytometry. MFI summary 
is shown (n = 4 per group). d and e, Original mitochondrial quantification of LLC/
A11 (d) and MEL04 (e) cells after coculture with mouse T cells and TIL04_#9 cells, 
respectively. MitoTracker Green-labelled OVA-overexpressing LLC/A11 or 
MEL04 cells were cocultured with or without CD8+ T cells from OT-1 mice or 
TIL04_#9 cells for 3 days, respectively. Then, OVA-overexpressing LLC/A11 or 
MEL04 cells were subsequently analysed using flow cytometry. Representative 
flow cytometric staining (e, left) and MFI summaries (d and e, right) are shown 
(n = 4 per group). f, ROS in EVs. After staining with DCFDA, EVs were extracted 
and purified from the supernatants, from which EV-conjugated beads were 

created. The beads were analysed using flow cytometry. EV-free medium 
without any cells was used as a negative control. Representative flow cytometric 
staining is shown. g, Mitochondrial quantification of TIL04_#9 cells transferred 
from MEL04 cells with NAC. TIL04_#9 cells were cocultured with MEL04-
MitoDsRed cells and/or NAC for 3 days and then DsRed expression in TILs were 
analysed using flow cytometry. MFI summary is shown (n = 4 per group). h, Gene 
expression of USP30, USP33, and USP35 from TCGA datasets in patients with 
melanoma. i, USP30 expression. Cells were stained with AF546-conjugated anti-
USP30 mAb and analysed using a confocal laser microscope or flow cytometry. 
Representative confocal microscopic images (left) and MFI summary (right) are 
shown (n = 4 per group). Scale bar, 10 µm. j-m, Membrane potential evaluated  
by MitoTracker Deep Red and Green ( j), cellular ROS production evaluated by 
DCFDA (k), β-galactosidase activity (l), and PD-1 expression (m) in TILs treated 
with a USP30 inhibitor (CMPD-39) or siRNAs for USP30. TIL04_#9 cells were 
cocultured with MEL04 cells with or without CMPD-39 or siRNA transfection  
for 14 days and then analysed using flow cytometry. To analyse PD-1 expression, 
TILs were stimulated with anti-CD3 and anti-CD28 mAbs. Summaries are shown 
(n = 4 per group). Two-sided t-tests were used in (c)-(e), and (g) and one-way 
ANOVA with Bonferroni correction were used in (a) and (i)-(m).



Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Additional in vitro cell line and PBL data. a-c, Western 
blotting for mitochondrial proteins from three independent experiments 
(human cell lines, a and b; mouse cell lines, c). Cell lysates were subjected to 
immunoblot analysis with antibodies to mitochondrial proteins (ND4, ND5, 
ND6, ND1, CYTB, COX1, and ATP6). MEL04 cells were treated with taurine before 
extraction in b. β-actin was used as a loading control. For gel source data, see 
Supplementary Fig. 1. d-f, Metabolic evaluation using a flux analyser. The 
oxygen consumption rate (OCR; d) and extracellular acidification rate (ECAR; e) 
were measured under basal conditions, and the bioenergetic profile captured 
the major ATP-producing pathways of each cell line by calculating the ATP 
production rate (f). Summaries are shown (n = 4 per group). g-i, Electron 
transport chain activity assays. We used activity buffer with the isolated 
mitochondrial protein in place of the supplied mitochondria in the MitoCheck 
Activity Assay Kits, following the manufacturer’s instructions. Reactions were 
conducted at 25 °C using a microplate reader with readings taken every 30 s  
for 15 min and the absorbance changes from the base line were evaluated. 

Summaries of fold changes to wild-type cells (g, complex I; h, II + III; i, IV) are 
shown (n = 4 per group). j and k, Frequencies of CCR7hiCD45RAlo central memory 
( j) and KLRG1lo long-lived (k) fractions in PBLs. Sorted CCR7hiCD45RAhiCD8+ 
naïve T cells from PBLs of healthy donors were cocultured with MEL02-
MitoDsRed or MEL04-MitoDsRed cells for 7 days while being stimulated  
with anti-CD3 mAb in the presence of IL-7, IL-15, and IL-2. Subsequently, PBLs 
were analysed using flow cytometry. Summaries are shown (n = 4 per group).  
l, Apoptosis evaluated by Annexin V in each T cell fraction. Each CD8+ T cell 
fraction (naïve, CCR7hiCD45RAhi; central memory [CM], CCR7hiCD45RAlo; 
effector memory [EM], CCR7loCD45RAlo; terminally differentiated effector 
memory [TEMRA], CCR7loCD45RAhi) sorted from PBLs of healthy donors was 
cocultured with MEL02-MitoDsRed or MEL04-MitoDsRed cells for 4 days, and 
apoptosis in DsRed+CD8+ T cells was analysed using flow cytometry. Summary is 
shown (n = 4 per group). Two-sided t-tests were used in (d)-(i) and (l) and one-way 
ANOVA with Bonferroni correction were used in (j)-(k).



Extended Data Fig. 4 | Additional in vitro mitochondria transferred TIL 
data. We established DsRed−TIL04#9/MCF7 (wild-type), DsRed+TIL04#9/
MCF7 (wild-type), DsRed−TIL04#9/MDA (wild-type), DsRed+TIL04#9/MDA 
(mutated), DsRed−TILc03#5/02 (wild-type), DsRed+TILc03#5/02 (wild-type), 
DsRed−TILc03#5/c03 (wild-type), DsRed+TILc03#5/c03 cells (mutated), as 
described in Supplementary Fig. 4. a-l, Membrane potential evaluated by 
MitoTracker Deep Red and Green (a), cellular ROS production evaluated by 
DCFDA (b), β-galactosidase activity (c), p16 (d) and p53 (e) expression, 
frequency of CD27−CD28− senescent fraction (f ), rapidly dividing cells 
evaluated by CFSE dilution (g), apoptosis evaluated by Annexin V (h), 
frequencies of CCR7hiCD45RAlo central memory (i) and KLRG1lo long-lived ( j) 

fractions, and PD-1 (k) and CD69 (l) expression in TIL04_#9 cells. To analyse  
cell division, PD-1, and CD69 expression, TILs were stimulated with anti-CD3 
and anti-CD28 mAbs. Rapidly dividing cells were counted after the third 
division on day 3. TILs were analysed using flow cytometry, and summaries are 
shown (n = 4 per group). m-p, Cellular ROS production evaluated by DCFDA (m), 
β-galactosidase activity (n), apoptosis evaluated by Annexin V (o), and PD-1 
expression (p) in TILc03_#5 cells. To analyse PD-1 expression, TILs were 
stimulated with anti-CD3 and anti-CD28 mAbs. TILs were analysed using flow 
cytometry, and summaries are shown (n = 4 per group). One-way ANOVA with 
Bonferroni correction were used in (a)-(p).
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Extended Data Fig. 5 | See next page for caption.



Extended Data Fig. 5 | In vitro mitochondria-transferred Jurkat cell data 
using a MitoCeption protocol. We established mtDNA-deficient Jurkat/Rho0, 
Rho+MEL02-Mito (wild-type), Rho+MEL04-Mito (mutated), Rho+MCF7-Mito 
(wild-type), and Rho+MDA-Mito cells (mutated), as described in Supplementary 
Fig. 4. a, mtDNA amounts and the quantification in Jurkat cells. DNA from 
parental Jurkat, Jurkat/Rho0, Rho+MEL02-Mito, Rho+MEL04-Mito, Rho+MCF7-
Mito, and Rho+MDA-Mito cells were extracted and amplified by PCR using 
primers specific for the D-loop region and ND5. LINE1 was used as an internal 
control for nuclear DNA. The quantification was performed by real-time 
 PCR and the fold changes to parental Jurkat cells were calculated. The 
representative PCR bands (left) and summary of the fold changes (right)  
are shown (n = 4 per group). For gel source data, see Supplementary Fig. 1.  
b, mtDNA sequencing of the established Jurkat cells. Representative capillary 
sequencing chromatograms are shown. c, Membrane potential of Jurkat cells. 
The Jurkat cells were analysed using flow cytometry with TMRE, and MFI 
summary is shown (n = 4 per group). d-f, Metabolic evaluation of the established 
Jurkat cells using a flux analyser. The oxygen consumption rate (OCR; d) and 
extracellular acidification rate (ECAR; e) were measured under basal conditions, 

and the bioenergetic profile captured the major ATP-producing pathways of 
each Jurkat cell line by calculating the ATP production rate (f). Summaries are 
shown (n = 4 per group). g-m, Cellular ROS production evaluated by DCFDA (g), 
β-galactosidase activity (h), rapidly dividing cells evaluated by CFSE dilution (i), 
apoptosis evaluated by Annexin V ( j), frequencies of CCR7hiCD45RAlo central 
memory (k) and KLRG1lo long-lived (l) fractions, and PD-1 expression (m) in the 
established Jurkat cells. To analyse cell division and PD-1 expression, Jurkat cells 
were stimulated with anti-CD3 and anti-CD28 mAbs. Rapidly dividing cells were 
counted after the third division on day 3. The Jurkat cells were analysed using 
flow cytometry, and summaries are shown (n = 4 per group). n, mtDNA amounts 
in the Rho+ cells during the culture. Rho+MEL02-Mito and Rho+MEL04-Mito 
cells were cultured in normal medium without sodium pyruvate and uridine. 
DNA from the cells was extracted at each time point and amplified by PCR using 
primers specific for the D-loop region and ND5. LINE1 was used as an internal 
control for nuclear DNA. The representative PCR bands are shown. For gel 
source data, see Supplementary Fig. 1. Two-sided t-tests were used in (a) and  
(c)-(m) for statistical analyses.
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Extended Data Fig. 6 | See next page for caption.



Extended Data Fig. 6 | In vitro mitochondria-transferred Jurkat cell data 
using an EV protocol. We established mtDNA-deficient Jurkat/Rho0, 
Rho+MEL02-EV (wild-type), and Rho+MEL04-EV cells (mutated), as described in 
Supplementary Fig. 4. a, mtDNA amounts and the quantification in Jurkat cells. 
DNA from parental Jurkat, mtDNA-deficient Jurkat/Rho0, Rho+MEL02-EV, and 
Rho+MEL04-EV cells was extracted and amplified by PCR using primers specific 
for the D-loop region and ND5. LINE1 was used as an internal control for nuclear 
DNA. The quantification was performed by real-time PCR and the fold changes 
to parental Jurkat cells were calculated. The representative PCR bands (left) 
and summary of the fold changes (right) are shown (n = 4 per group). b, mtDNA 
sequencing of Jurkat cells. The mtDNA of Rho+MEL02-EV and Rho+MEL04-EV 
cells was sequenced. Representative capillary sequencing chromatograms are 
shown. c, Membrane potential of Jurkat cells. Rho+MEL02-EV and Rho+MEL04-
EV cells were analysed using flow cytometry with TMRE. MFI summary is shown 

(n = 4 per group). d-f, Metabolic evaluation of Jurkat cells using a flux analyser. 
The OCR (d) and ECAR (e) were measured under basal conditions, and the 
bioenergetic profile captured the major ATP-producing pathways of Jurkat 
cells by calculating the ATP production rate (f). Summaries are shown (n = 4 per 
group). g-m, Cellular ROS production evaluated by DCFDA (g), β-galactosidase 
activity (h), rapidly dividing cells evaluated by CFSE dilution (i), apoptosis 
evaluated by Annexin V ( j), frequencies of CCR7hiCD45RAlo central memory (k) 
and KLRG1lo long-lived (l) fractions, and PD-1 expression (m) in Jurkat cells. To 
analyse cell division and PD-1 expression, the Jurkat cells were stimulated with 
anti-CD3 and anti-CD28 mAbs. Rapidly dividing cells were counted after the 
third division on day 3. The Jurkat cells were analysed using flow cytometry, and 
summaries are shown (n = 4 per group). Two-sided t-tests were used in (a) and 
(c)-(m).
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | Additional in vivo mouse transfer data. a, CD8+ T cell 
infiltration. In vivo experiments were performed as described in Supplementary 
Fig. 3. Summary of CD8+ T cell counts per weight is shown (n = 6 per group).  
b, mtDNA sequencing in TILs. In vivo experiments were performed as described 
in Supplementary Fig. 3. Representative capillary sequencing chromatograms 
for DsRed− (left, blue frame) or DsRed+ T cells (right, red frame) are shown.  
c, Tumour growth (left, LLC/P29; right, LLC/A11) in CD8+ T-cell depleted mice. 
In vivo experiments were performed as described in Supplementary Fig. 3, and 
anti-CD8β mAb was administered intraperitoneally 1 day before tumour cell 
inoculation and then injected every 7 days (n = 6 per group). d, In vitro cellular 
proliferation. Cellular proliferation was evaluated every 6 h for 48 h. The ratios 
to the base line are shown (n = 4 per group). e and f, Frequency of CD127hiKLRG1lo 
MPECs (e) and PD-1 expression (f) in sorted T cells from mouse TILs in vitro. We 
sorted mitochondria-transferred DsRed+ T cells from LLC/P29-MitoDsRed or 
LLC/A11-MitoDsRed tumours, which were subsequently cultured further in vitro 
for 7 days. To analyse PD-1 expression, T cells were stimulated with anti-CD3 and 
anti-CD28 mAbs. Sorted bulk CD8+ T cells were analysed using flow cytometry 

and summaries are shown (n = 6 per group). g, Tumour growth in B6 SCID mice 
treated with an EV release inhibitor (GW4869). In vivo experiments were 
performed as described in Supplementary Fig. 3 (n = 6 per group). h, DsRed 
expression in adoptive transferred tumour-infiltrating CD8+ T cells. In vivo 
experiments were performed as described in Supplementary Fig. 3. Summary is 
shown (n = 4 per group). i, PD-1 expression in adoptive transferred CD8+ TILs 
from LLC/P29-OVA-MitoDsRed or LLC/A11-OVA-MitoDsRed tumours according 
to DsRed expression. In vivo experiments were performed as described in 
Supplementary Fig. 3 using OT-1 mice. Summaries are shown (n = 4 per group).  
j, Frequency of TIM3+TCF1− terminally differentiated exhausted CD8+ T cells in 
adoptive transferred PD-1+CD8+ TILs from LLC/P29-OVA-MitoDsRed or LLC/A11-
OVA-MitoDsRed tumours according to DsRed expression. In vivo experiments 
were performed as described in Supplementary Fig. 3 using OT-1 mice. Summary 
is shown (n = 4 per group). k, Tumour growth (left, LLC/P29; right, LLC/A11) in 
the adoptive T-cell transfer models. In vivo experiments were performed as 
described in Supplementary Fig. 3 using OT-1 mice.



Article

Extended Data Fig. 8 | In vivo mouse mitochondrial dysfunction data.  
a, Mitochondrial mass. MitoTracker Green-labelled T cells from splenocytes in 
Tfam fl/fl and Tfam fl/flCd4cre mice were analysed using flow cytometry. Summary 
of fold changes to Tfam fl/fl mice is shown (n = 4 per group). b and c, Metabolic 
evaluation. T cells from splenocytes in Tfam fl/fl and Tfam fl/flCd4cre mice were 
analysed using a flux analyser. The OCR (b) and ECAR (c) were measured under 
basal conditions. The OCR trace (b, left) and summaries (b, right; c) are shown 
(n = 4 per group). d, β-galactosidase activity. T cells from splenocytes in Tfam fl/fl 
and Tfam fl/flCd4cre mice were analysed using flow cytometry. MFI summary is 
shown (n = 4 per group). e, MC-38 (left) or B16-OVA (right) tumour growth 
treated with anti-PD-1 or control mAb in Tfam fl/fl or Tfam fl/flCd4cre mice. In vivo 

experiments were performed as described in Supplementary Fig. 3 (MC-38, 
n = 6 per group; B16-OVA, 4 per group). f-h, Frequencies of CD44hiCD62LloCD8+ 
effector memory T cells (f), PD-1+CD8+ T cells (g), and granzyme B (GZMB)- 
producing CD8+ T cells (h) in TILs. In vivo experiments were performed as 
described in Supplementary Fig. 3. Summaries are shown (n = 6 per group).  
i, Rechallenged tumour growth. In vivo experiments were performed as 
described in Supplementary Fig. 3. Each tumour volume (MC-38, top; B16-OVA, 
bottom) is shown. j and k, Frequencies of CD27−CD28−CD8+ senescent T cells ( j) 
and CD127hiKLRG-1loCD8+ MPECs (k) in TILs. In vivo experiments were performed 
as described in Supplementary Fig. 3. Summaries are shown (n = 6 per group).



Extended Data Fig. 9 | mtDNA mutations in tumour tissues impaired 
efficacy of PD-1 blockade. a-c, The proportion of total 158 mtDNA variants  
(a), number and type of mtDNA variants (b), and 110 mtDNA variant spectra  
for substitutions on the light (L) or heavy (H) strand (c) in cohorts B and C1/2. 
Whole mtDNA sequencing for FFPE tumour tissues was conducted with a 
next-generation sequencing. d and e, Survival curves of patients who received 
PD-1 blockade therapy (d, melanoma, 95; NSCLC, 86) and those with NSCLC who 
received platinum-doublet chemotherapies without any ICIs as first-line 

therapy (n = 56) according to mtDNA status. mtDNA mutations were defined  
as truncating and missense, and tRNA/rRNA variants. PFS (left) and OS (right) 
were defined as the time intervals from the initiation of treatment until the  
first observation of disease progression or death from any cause, and until 
death from any cause, respectively. Survival curves were analysed using the 
Kaplan-Meier method and compared among groups using the two-sided 
log-rank test in (d) and (e).
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Extended Data Table 1 | Characteristics of patients for mtDNA sequencing from FFPE samples

NSCLC, non-small-cell lung cancer; PS, Eastern Cooperative Oncology Group Performance Status; NE, not evaluated. Ad, adenocarcinoma; sq, squamous cell carcinoma. ¶ad vs. sq; ¶¶Driver 
mutation, BRAF mutation in cohort B and EGFR, ALK, ROS1, BRAF, MET exon 14 skipping, or KRAS mutation in cohorts C1 and C2; ¶¶¶anti-PD-1 mAb or anti-CTLA-4 mAb vs. anti-PD-1 and CTLA-4 
mAbs in cohort B; ¶¶¶¶CR or PR or SD vs. PD. The relationships between groups were compared using Fisher’s exact tests or two-sided t-tests.
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