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SUMMARY
Mitochondrial loss and dysfunction drive T cell exhaustion, representing major barriers to successful T cell-
based immunotherapies. Here, we describe an innovative platform to supply exogenous mitochondria to
T cells, overcoming these limitations. We found that bone marrow stromal cells establish nanotubular con-
nections with T cells and leverage these intercellular highways to transplant stromal cell mitochondria into
CD8+ T cells. Optimal mitochondrial transfer required Talin 2 on both donor and recipient cells. CD8+

T cells with donated mitochondria displayed enhanced mitochondrial respiration and spare respiratory ca-
pacity. When transferred into tumor-bearing hosts, these supercharged T cells expanded more robustly, in-
filtrated the tumormore efficiently, and exhibited fewer signs of exhaustion comparedwith T cells that did not
take up mitochondria. As a result, mitochondria-boosted CD8+ T cells mediated superior antitumor re-
sponses, prolonging animal survival. These findings establish intercellular mitochondrial transfer as a proto-
type of organelle medicine, opening avenues to next-generation cell therapies.
INTRODUCTION

Adoptive T cell therapies have proven powerful against hemato-

logic malignancies, but efficacy against solid tumor entities is
6614 Cell 187, 6614–6630, November 14, 2024 ª 2024 The Author(s).
This is an open access article under the CC BY license (http://cr
limited.1,2 A major hurdle faced by transferred T cells is the hos-

tile tumor microenvironment, which disrupts normal mitochon-

drial activity, driving T cell exhaustion.3–7 Ultimately, impaired

mitochondrial fitness orchestrates transcriptional and epigenetic
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programs associated with terminal exhaustion, leading to defec-

tive antitumor T cell responses and cancer immune evasion.3,4

Thus, strategies to boost mitochondrial function in infused

T cells are highly sought after. Previous preclinical attempts

include leveraging intrinsic T cell properties, such as the gener-

ation or selection of T cell subsets with higher mitochondrial

fitness,8,9 and active intervention strategies, such as genetic en-

gineering of drivers of mitochondrial biogenesis,6,10 or the

administration of antioxidants during T cell manufacturing to pro-

tect mitochondrial integrity.11 However, these approaches in

general narrowly focus on single targets and are largely ineffec-

tive if T cells contain mitochondria that are already dysfunctional

or have damaged mitochondrial DNA (mtDNA).

In recent years, intercellular transfer of mitochondria has been

described, reflecting the evolutionary history of mitochondria as

endosymbionts. Mitochondrial transfer has been shown to not

only aid the repair of damaged cells12,13 but also to be exploited

by tumor cells, which hijack mitochondria from tumor-infiltrating

lymphocytes (TILs)14 and stromal cells to support their

growth.15,16 Several mechanisms of mitochondrial transfer

have been described, including trafficking through gap junctions

and extrusion of microvesicle-embedded or free-floating mito-

chondria.17 However, one of the most predominant routes of

mitochondrial transfer is tunneling nanotubes (TNTs). TNTs are

F-actin-supported membrane protrusions that can traverse

vast distances to bridge cells, enabling the exchange of cyto-

plasmic factors and organelles between connected cells.13,18

We sought to leverage mitochondrial transfer from bone

marrow stromal cells (BMSCs) to boost CD8+ T cell bioenergetic

capacity, resistance to exhaustion, and antitumor efficacy. We

found that TNTs enable effective mitochondrial transfer from

BMSCs to T cells, providing the basis of a technology platform

to potentiate the metabolic fitness and antitumor function of

T cells for adoptive immunotherapy.

RESULTS

Intercellular nanotubes enablemitochondrial trafficking
from BMSCs to CD8+ T cells
BMSCs have been shown to be potent modulators of T cell func-

tion and differentiation.19 To investigate the interaction between

BMSCs and CD8+ T cells, we set up a co-culture study with

either human or mouse BMSCs and species-matched CD8+

T cells on glass coverslips. Cells were fixed after 24 h and exam-

ined using field-emission scanning electron microscopy

(FESEM). We frequently found complex nanotube structures

physically bridging BMSCs and CD8+ T cells in both human

(Figures 1A and 1B) and mouse (Figures 1C and 1D) settings.

The detection of complex branching nanotubes indicates that

these intercellular bridging structureswere notmere stress fibers

(Figures 1B and 1B1). The average number of nanotubes per cell

for both BMSCs and CD8+ T cells was one per cell (Figure 1E).

However, as nanotubes are ultrafine structures that may be

lost during sample processing, we consider that the actual num-

ber per cell may be higher. Overall, mouse nanotubes were

shorter (%20 mm) and narrower (%1 mm) compared with their hu-

man counterparts whose dimensions were more variable with

maximal lengths and widths exceeding 40 and 2 mm, respec-
tively (Figures 1F and 1G). Interestingly, despite the narrow

average width, some nanotubes exhibited enlarged segments,

which may accommodate trafficking organelles, such as mito-

chondria (Figures 1C1 and 1D, far right inlet).

To determine if mitochondria are indeed transported within

nanotubes from BMSCs to CD8+ T cells, we transduced

BMSCs with a dsRed-tagged mitochondrial subunit protein

(COX8A), known as Mito-dsRed, and evaluated BMSC-CD8+

T cell co-cultures using confocal microscopy. After 24 h co-incu-

bation, we observed that a fraction of CD8+ T cells acquired

dsRed signal in both human (Figure 1H) and mouse (Figure 1I)

settings. We used Phalloidin Green to stain F-actin of both

BMSCs and CD8+ T cells to delineate nanotube structures. We

observed enlarged portions of the nanotubes (Figure 1H), con-

firming our FESEM observations. Notably, we also detected

dsRed signals co-localized within these regions (Figure 1H), sub-

stantiating our speculation that TNTs serve mitochondrial traf-

ficking from BMSCs to CD8+ T cells. Mitochondria are unique

among organelles within the cell as they contain a small indepen-

dent genome, mtDNA.20 Interestingly, high magnification of TNT

bulges and locally adapted exposure of blue-fluorescent DNA

stain, DAPI, showed traces of DNA that co-localized with dsRed

pockets, consistent with the presence of intact mitochondria

(Figure 1H, inlet). Taken together, FESEM and confocal studies

revealed nanotube-mediated intercellular trafficking of mito-

chondria from BMSCs to CD8+ T cells in both mouse and human

cells.

Establishment and validation of mitochondrial transfer
as technology platform
Compared with conventional 2D tissue culture plastic, we found

that a co-culture transwell system (Figure 2A) improved cell

viability and transfer rates of dsRed mitochondria from BMSCs

to CD8+ T cells, especially when mouse cells were used (Fig-

ure S1A). Mitochondrial transfer required CD8+ T cell activation

and peaked at 48 h (Figures S1B–S1E). Notably, we could not

observe any meaningful uptake of mitochondria following co-in-

cubation of free-floating mitochondria isolated from BMSCswith

T cells (Figure S1F). Hereafter, CD8+ T cells that acquire donor

mitochondria in co-culture will be referred to as Mito+, whereas

CD8+ T cells that do not will be referred to as Mito� cells. The

average percentage of Mito+ (dsRed+CD8+) cells after a 36–

48 h co-culture ranged from 6.2% to 24.7% with a median of

12.5% (Figure 2B). Mito+ and Mito� cells could be sorted to pu-

rities higher than 90% (Figure 2C). To validate the transfer of

mitochondria, we initially performed confocal microscopy of

sorted Mito+ cells. We stained sorted Mito+ cells with a fluores-

cently conjugated CD8-specific antibody to delineate the cell

membrane andMitoTracker Deep Red to determine if mitochon-

dria had active membrane potential. We found that dsRed mito-

chondria were internalized within recipient CD8+ T cells and

maintained intact mitochondrial membrane potential (Figure 2D).

To more precisely attribute dsRed signals to mitochondria, we

used correlative light-electron microscopy (CLEM), which em-

ploys a combination of fluorescence microscopy with an elec-

tron microscope, to image Mito+ cells. We found that dsRed sig-

nals co-localized with mitochondria structures and were not

diffuse in the cell cytosol (Figure 2E). These studies allowed us
Cell 187, 6614–6630, November 14, 2024 6615
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Figure 1. Intercellular nanotubes enable mitochondrial trafficking from BMSCs to CD8+ T cells

(A–D) FESEM images showing nanotubes (yellow arrows) between BMSCs and CD8+ T cells in human (A and B) and mouse (C and D) co-cultures. The images

show thin (A), thick (B), and branched (B1) nanotubes.

(E–G) Bar graphs showing the number of nanotubes between BMSCs and CD8+ T cells (E) and the distribution of lengths (F) and widths (G) of nanotubes

connecting the BMSC and CD8+ T cells, as calculated from the FESEM images. Data shown in (E) are mean ± SEM (n = 5–14).

(H and I) Confocal microscopy images of nanotube (yellow arrows) formation between Mito-dsRed BMSCs and CD8+ T cells in human (H) and mouse (I) co-

cultures. Transfer of mitochondria has been observed inside the nanotube (red arrows). Co-cultures were fixed after 24 h and stained with Phalloidin Green and

DAPI. Co-localization of DAPI and dsRed signals within the nanotube (H) indicates the trafficking of intact mitochondria from the BMSCs to CD8+ T cells. Scale bar

is 10 mm (A, B, D, and H) and 20 mm (C and I).
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also to examine themorphological structure of transferred donor

mitochondria in more detail. Qualitative analysis showed orga-

nized cristae and double membrane arrangements typical of a

normal mitochondria phenotype (Figures 2E1 and 2E2).

To assess if the transferred donor mitochondria increased the

overall mitochondrial mass of the recipient CD8+ T cells, we used

quantitative real-time PCR to determine mtDNA content of Mito+

and Mito� cells as measured by mt-Co2 gene normalized to the

nuclear gene standard reference geneApp. Mito+ cells showed a

fold-change increase in mtDNA content ranging from 1.1 to 2.5

(median = 1.34) compared with Mito� cells (Figure 2F). To vali-

date if the mitochondrial transfer from BMSCs contributes to

this increase in mitochondrial content, we co-cultured our

Mito-dsRed BMSC line, which was derived from a C57BL/6

mouse strain, with CD8+ T cells isolated from BALB/c mice.

BALB/c mtDNA has a single nucleotide polymorphism at

A9348 in the mt-Co3 gene that disrupts an AspI restriction site

that is normally present in C57BL/6 mtDNA, allowing the genetic
6616 Cell 187, 6614–6630, November 14, 2024
discrimination of endogenous and transferred mitochondria. We

then extracted mtDNA from highly enriched Mito+ and Mito�

cells (>98% purity) and performed restriction enzyme analysis

of the mt-Co3 target region, as previously described.21 Mito�

cells showed a uniform 385 bp band, congruent with non-co-

cultured BALB/c CD8+ control T cells. Strikingly, Mito+ cells

showed a mixture of BALB/c and C57BL/6 mtDNAs, demon-

strating the presence of both endogenous and donor mtDNA

(Figure 2G).

BMSC mitochondrial transfer enhances CD8+ T cell
metabolic fitness
A key task ofmitochondria is energy production, primarily via aer-

obic respiration. To evaluate the effect of donor mitochondria on

CD8+ T cell respiration, we measured oxygen consumption rates

at a steady state and after perturbationwith diversemodulators of

mitochondrial respiration (Figure 2H). Overall, Mito+ cells showed

significantly higher basal respiration and spare respiratory
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Figure 2. Mitochondrial transfer enhances CD8+ T cell metabolic fitness

(A) Cartoon depicting the transwell co-culture system designed to promote mitochondrial transfer from Mito-dsRed BMSCs to CD8+ T cells.

(B) Percentage of mouse CD8+dsRed+T cells 48 h after co-culture with Mito-dsRed BMSCs. Data shown are mean ± SEM, n = 19 independent co-culture

experiments.

(C) Flow cytometry plots of mouse CD8+ T cells 48 h after co-culture with Mito-dsRed BMSCs before (left) and after (right) sorting based on dsRed signal.

Numbers indicate percentage after gating on live lymphocytes.

(D) Representative confocal microscopy image showing FACS-sorted mouse CD8+ T cells that have received donor-labeled mitochondria from Mito-dsRed

BMSCs. MitoTracker Deep Red was used to label total mitochondria after sorting. Scale bar is 10 mm.

(E) Correlative confocal and transmission electron microscopy image of FACS-sorted mouse CD8+ T cells that have received donor-labeled mitochondria from

Mito-dsRed BMSCs. Overlay of nucleus (DAPI) and acquired mitochondria (dsRed) with the electron micrograph of the same section. Scale bar is 1 mm.

(E1 and E2) Electron micrograph alone of transferred mitochondria. Scale bar is 0.5 mm.

(F) Percent increase in mtDNA (as measured bymt-Co2 gene normalized to nuclear App gene) of mouse Mito+ cells relative to Mito� (n = 7 biological replicates,

data shown are mean ± SEM).

(G) Restriction enzyme analysis of Mito+ and Mito� BALB/c CD8+ T cells after co-culture with C57BL/6-derived Mito-dsRed BMSCs. C57BL/6 cells have a single

nucleotide polymorphism at A9348 in the mt-Co3 gene that creates an AspI restriction site.

(H) Oxygen consumption rates (OCRs) of FACS-sorted Mito+ and Mito� mouse CD8+ T cells after co-culture with Mito-dsRed BMSCs that were left untreated or

pre-treated with 200 ng/mL ethidium bromide (EtBr) in DMEM complete medium supplemented with 50 mg/mL uridine to render donor mitochondria dysfunc-

tional. CD8+ T cells monocultured (CD8 mono) were included as additional control. Data were obtained under basal culture conditions and in response to the

indicated molecules.

(I and J) (I) Basal respiration and (J) spare respiratory capacity (SRC) (n = 6–12, 2–4 technical replicates per 3 time points, data shown are mean ± SEM). *p < 0.05;

**p < 0.01; ***p < 0.001; ***p < 0.0001 (one-way ANOVA with Dunnett’s multiple-comparison test).

See also Figures S1 and S2.
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capacity (SRC) compared with either Mito� cells or CD8+ T cells

that were not co-cultured with BMSCs (CD8 mono) (Figures 2I

and 2J). To exclude the possibility that the enhanced mitochon-
drial activity of Mito+ cells was due to the intercellular transfer

of other cytoplasmic factors, we set up additional control groups

using Mito-dsRed-labeled BMSCs whose mitochondria were
Cell 187, 6614–6630, November 14, 2024 6617
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Figure 3. Mitochondrial transfer from BMSCs to T cells is TLN2-dependent

(A) GSEA of human and mouse Mito+ cells showing positive enrichment of genes upregulated in cancer cells acquiring mitochondria from neighboring cells.25

(B) Heatmap showing 26 of the enriched genes in the GSEA that are co-regulated in both human and mouse Mito+ cells.

(C) Volcano plot showing changes in gene expression between Mito+ and Mito� human CD8+ T cells. Gene expression was evaluated by RNA-seq on Mito+ and

Mito� cells FACS-sorted after 48 h co-culture with human Mito-dsRed BMSCs (n = 3 healthy donors) (dashed line, p adj = 0.05).

(D) Heatmap of the top 22 selected DEG in Mito+ and Mito� human CD8+ T cells (false discovery rate [FDR] corrected, padj.hs < 0.05) that are more robustly co-

regulated in mouse CD8+ T cells (p.ms < 0.15).

(E) Overrepresentation analysis of the 59 orthologous genes co-regulated in human and mouse Mito+ and Mito� CD8+ T cells using GO ontology terms

(baseMean.hs > 100, padj.hs < 0.05). Bar graph illustrates the top 5 Gene Ontology terms of genes enriched.

(F) Percentage of dsRed+CD8+ T cells after BMSCs-CD8+ T cells co-cultures. Indicated doses of the farnesyltransferase and geranylgeranyltransferase inhibitor

L-778,123 were added to BMSCs and CD8 T cells before or during co-cultures. Data are shown as mean ± SEM relative to untreated co-cocultures.

(G) Double-strand break repair, as indicated byMRE11 chromatin immunoprecipitation sequencing (ChIP-seq) signal at the TLN2 locus in CRISPR-Cas (TLN2-AA

or TLN2-AB) and mock-treated T cells. y axis scale depicting the NGS read coverage at the left of each sample. Genomic coordinates on the x axis.

(legend continued on next page)
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selectively rendered partially dysfunctional by pre-treatment with

low-dose ethidium bromide (EtBr). EtBr-treated BMSCs had

lower mitochondrial membrane potential, decreased mtDNA,

and exhibited severely impaired mitochondrial respiration

(Figures S2A–S2C). Even though EtBr treatment resulted in a

reduction of the Rho-GTPase RHOT1 (also known as Miro1) (Fig-

ure S2D), a key promoter of intercellular mitochondrial traf-

ficking,22 BMSCs maintained their capacity to transfer dysfunc-

tional mitochondria to recipient CD8+ T cells (Mito+ EtBr)

(Figures S2E–S2G). Notably, the improvement in mitochondrial

fitness observed in Mito+ cells was abrogated in Mito+ EtBr cells

(Figures 2H–2J). Altogether, these results not only functionally

validate the effective transfer of mitochondria to CD8+ T cells

but also demonstrate that the increased metabolic activity in

Mito+ cells is donor mitochondria-dependent.

Mitochondrial transfer between BMSCs and T cells
depends on TLN2
TNTs are unique cell protrusions and undergo several phases of

development, including (1) initiation of membrane curvature via

inverse BAR (I-BAR) proteins, (2) extension of the membrane

protrusion via actin polymerization and integrin bindingmediated

by focal adhesion proteins (FAPs), and (3) reaching the adjacent

cell and undergoing membrane fusion to complete the intercel-

lular, cytosol-bridging connection.23 Rho-GTPases have been

shown to play a key role throughout this process from activating

I-BAR proteins to regulating focal adhesion and assisting in traf-

ficking mitochondria through nanotubes (a well-known example

being RHOT1).22,24

To further unravel the mechanisms governing mitochondrial

transfer, we performed bulk and single-cell RNA sequencing

(scRNA-seq) on sorted human andmouseMito+ andMito� cells.

Recently, Zhang et al.25 reported a gene signature associated

with cancer cells that take up mitochondria from neighboring

cells. Gene set enrichment analysis (GSEA) revealed a significant

enrichment of this core signature in both human and mouse

Mito+ T cells (Figure 3A; Table S1), suggesting shared biological

features across different cell types that acquire mitochondria.

Notably, human and mouse Mito+ cells exhibited an enrichment

of genes involved in organelle trafficking and TNT formations

including cytoskeleton proteins (ACTB and ACTG1), myosin-II

complex proteins (MYL6 and MYL12A), and small GTPases

(RHOG and RAB8B)26,27 (Figure 3B).

Among the genes differentially expressed in human Mito+ and

Mito� cells, we found several molecules involved in membrane

curvature initiation, protrusion, and elongation. For instance,

MTSS I-BAR domain containing 2 (MTSS2, also known as

ABBA-1), which regulates plasma membrane dynamics and Rho

GTPaseactivity28,29; Talin 2 (TLN2), a cytoskeletal protein involved

in actin filaments assembly, which mediates their interaction with

integrins andmembrane protrusions30,31; leupaxin (LPXN), a focal

adhesion-associated protein32; integrin alpha-1 (ITGA1), which is
(H) Percentage of dsRed+CD8+ T cells after BMSCs-CD8+ T cell co-cultures in wh

as mean ± SEM relative to control co-cultures in which CD2 was deleted (n = 3 h

(I) qPCR of TLN2 mRNA of human Mito-dsRed BMSCs sorted following co-cultu

healthy donors) relative to Actb. *p < 0.05 (one-way ANOVA, F and H; unpaired t

See also Figure S3.
involved in CD8+ T cell motility33; and CDC42 small effector 2

(CDC42SE),34 a downstream regulator of small Rho-GTPase

CDC42 involved in actin assembly and cell shape,35 were all upre-

gulated in human Mito+ cells (Figure 3C). The genes differentially

expressed in mouse Mito+ and Mito� cells were largely different

from those identified in human cells (Tables S2 and S3). Notwith-

standing, we did identify 59 transcripts that were co-regulated in

both conditions (Table S4). The top 22 co-regulated genes are

shown in Figure 3D. Of note, TLN2 and LPXN were among the

few genes upregulated in Mito+ cells in both mouse and human

settings. Consistent with this observation, Gene Ontology (GO)

analysis showed that focal adhesion and cellular substrate junc-

tion genes were among the gene sets most significantly enriched

in co-regulated genes (Figure 3E; Table S5).

The heightened expression of genes involved in the formation

of membrane protrusions and extensions suggests that CD8+

T cells taking up BMSCmitochondria display an increased ability

to establish TNTconnections. Using L-788,123, an inhibitor of far-

nesyltransferase and geranylgeranyltransferase type 1 that has

been previously shown to partially block nanotube-mediated

mitochondria transfer,14 we confirmed that TNTs are a primary

mediator of mitochondrial transfer (Figure 3F). Interestingly, pre-

treatment of CD8+ T cells with L-788,123 had minimal impact

on mitochondrial transfer compared with BMSC pre-treatment.

To test whether BMSCs or CD8+ T cells initiate TNTs, we then

focused on TLN2 given that it was the second highest upregu-

lated gene in human Mito+ cells and was similarly regulated in

mouse cells that acquired donor mitochondria. Considering that

talins have been shown to promote integrin activation and mem-

brane dynamics/outgrowth,30 we reasoned that TLN2 may also

play a role in the extension of nanotubes and subsequent mito-

chondrial transfer. To test this hypothesis, we used CRISPR-

Cas9 gene editing technology to knockout TLN2 in CD8+ T cells

as well as in Mito-dsRed BMSCs before co-culture. We selected

CRISPR RNAs (crRNAs) that exhibited high efficacy and negli-

gible off-target activity using the DISCOVER-seq (discovery of

in situ Cas off-targets and verification by sequencing) platform36

(Figures 3G and S3). Deletion of TLN2 in both CD8+ T cells or

BMSCs was sufficient to significantly impair mitochondrial trans-

fer rates, with the effects being more pronounced in BMSCs (Fig-

ure 3H). These findings together with results from the L778,123

treatment studies suggest that the process of mitochondrial

transfer is initiated by BMSCs. Given that activation of CD8+

T cells is required for active mitochondrial transfer (Figures S1B

and S1C), we sought to determine if activated CD8+ T cells prime

BMSCs for transfer. Interestingly, we found that TLN2 expression

in BMSCs was upregulated upon co-culture with activated CD8+

T cells compared with non-activated/resting control CD8+ T cells

as assessed by qPCR (Figure 3I). These datasets implicate TLN2

as a key regulator of nanotube-mediated mitochondrial transfer

on both donor and recipient cells but with a more critical role

in BMSCs.
ich TLN2 was deleted in the indicated cell type (magenta color). Data are shown

ealthy donors).

re with either resting or activated human CD8+ T cells. Bars (mean ± SEM of 3

wo-tailed Student’s t test, I); **p < 0.01 (one-way ANOVA, F and H).

Cell 187, 6614–6630, November 14, 2024 6619
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Figure 4. Mitochondrial transfer enhances CD8+ T cell antitumor immunity against solid tumors

(A and B) Tumor size (A, mean ± SEM) and survival curve (B) of sublethally irradiated B16KVP tumor-bearing Ly5.2+mice receiving 1.53 105Mito+ or Mito� pmel-1

Ly5.1+CD8+ T cells generated as in Figure 2A in conjunction with recombinant human interleukin-2 (IL-2) (n = 5 mice/group). No Tx, no treatment (n = 4 mice).

(C and D) Flow cytometry plot (C) and frequency (D) of Mito+ andMito� pmel-1 Ly5.1+CD8+ T cells in the spleen 7 days after transfer. Data shown in (D) aremean ±

SEM (n = 4–5 biological replicates).

(E) Numbers of pmel-1 Ly5.1+CD8+ T cells per mg of tumor tissue, 7 days after treatment as in (A) and (B). Data shown as mean ± SEM (n = 4–5 biological

replicates).

(F andG) Confocal microscopy images of tumor sections stainedwith Ly5.1 andHoechst 7 days after treatment withMito+ pmel-1 Ly5.1+CD8+ T cells as in (A) and

(B). Arrows indicate tumor-infiltrating pmel-1 Ly5.1+ T cells retaining internalized Mito-dsRed signals. Scale bar is 500 mm (F) and 20 mm (G).

(H) Flow cytometry plot of Mito-dsRed+ cells in non-immune components (Ly5.1�Ly5.2�) of the tumor microenvironment.

(I) Flow cytometry plot of Mito+ pmel-1 Ly5.1+CD8+ T cells in the tumor 7 days after transfer showing CTV signals versus Mito-dsRed.

(J and K) Flow cytometry plot (J) and fold change of annexin V frequency (K) in Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells in the tumor 7 days after transfer. Data

shown as mean ± SEM relative to Mito� cells (n = 5–10, from two pooled independent experiments). *p < 0.05 (unpaired two-tailed Student’s t test, A, D, and E;

log-rank [Mantel-Cox] test, B) **p < 0.01 (unpaired two-tailed Student’s t test, K).

See also Figures S4 and S5.
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Mitochondrial transfer enhances CD8+ T cell antitumor
immunity against solid tumors
Our bioenergetic studies indicate that mitochondrial transfer en-

hances mitochondrial respiration and SRC of CD8+ T cells. SRC

is the cell’s energy reserve, which the cell accesses in response

to increased stress or workload.37 We hypothesized that the

higher SRC observed in Mito+ cells would provide the energetic

advantage to thrive in harshmicroenvironments, such as tumors,

and additionally compensate for any loss of mitochondria to can-
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cer cells that would have led to a loss of T cell viability. We gener-

ated Mito+ and Mito� pmel-1 CD8+ T cells, which express a

transgenic T cell receptor (TCR) recognizing the melanoma anti-

gen, gp100, and transferred them into irradiated mice bearing

subcutaneous B16KVP melanoma.38 Strikingly, Mito+ cells medi-

ated a more robust tumor regression compared with Mito� cells

(Figure 4A), significantly prolonging mouse survival (Figure 4B).

Importantly, the enhanced antitumor responses mediated by

Mito+ cells were not due to a skewing of memory and effector
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CD8+ T cell subsets as assessed by scRNA-seq and flow cytom-

etry (Figures S4A and S4B). Moreover, similar results were

observed using immunodeficient NCG mice as tumor-bearing

hosts, ruling out the contribution of endogenous immune cells

to the observed therapeutic outcome (Figure S5).

To gain further insight into the cellular mechanisms behind the

augmented antitumor efficacy of Mito+ cells, we administered

Mito+ andMito� pmel-1 CD8+ T cells carrying the Ly5.1 congenic

marker to enable tracking of transferred cells into tumor-bearing

wild-type mice. 7 days after adoptive transfer, we found

increased frequencies of pmel-1 cells in the spleens of mice

that received Mito+ cells, indicating that transferred mitochon-

dria confer more robust cell engraftment and expansion

(Figures 4C and 4D). Similarly, we measured higher numbers of

pmel-1 cells in tumors harvested from Mito+ cell-treated mice

(Figures 4E and 4F). Notably, Mito+ cells infiltrated tumors effi-

ciently, whereas Mito� cells were excluded from tumors and

largely confined at the tumor periphery (Figure 4F). Interestingly,

we could still detect dsRed-labeled mitochondria within a frac-

tion of tumor-infiltrating Mito+Ly5.1+ cells (Figure 4G). Of note,

we did not observe dsRed-labeled mitochondria within non-im-

mune (Ly5.1�Ly5.2�) components of B16 tumors (Figure 4H),

indicating thatmitochondria hijacking by tumor cells14 is not rele-

vant in our experimental system. Indeed, the acquisition of exog-

enous mitochondria by CD8+ T cells was not detrimental to the

treatment but conferred a therapeutic advantage (Figures 4A

and 4B).

Experiments tracking cell proliferation with Cell Trace Violet

(CTV) showed that both Mito+ and Mito� cells infiltrating the

tumors had proliferated extensively as demonstrated by the

complete dilution of the labeling dye (Figure 4I). This robust pro-

liferation also characterized Mito+ cells that retained dsRed-

labeled mitochondria, indicating that transferred mitochondria

can be inherited to daughter cells across multiple cell divisions,

potentially providing long-term benefits to the recipient cells.

Having found no significant differences in CTV dilution between

Mito+ and Mito� cells, we sought to determine if the increased

numbers of Mito+ cells observed in the tumors were supported

by advantages in cell survival. Measuring apoptosis with annexin

V revealed that Mito� underwent massive apoptosis in the tu-

mors in contrast to only aminority of Mito+ cells that experienced

apoptotic death (Figures 4J and 4K).

Given that mitochondrial loss and dysfunction are potent

drivers of T cell exhaustion,4,5,7 we sought to determine

whether mitochondrial transfer conveys resistance to terminal

exhaustion while supporting the differentiation of highly func-

tional effectors by performing scRNA-seq of pmel-1 T cells infil-

trating B16KVP tumors. Pmel-1 T cells were isolated 7 days after

transfer when there were no notable differences in tumor size

between Mito+ and Mito� groups. We identified four major clus-

ters by Louvain clustering (Figure 5A; Table S6). Mito+ cells

were distributed across clusters 0, 1, and 2, whereas Mito�

cells were mostly confined within cluster 3 (Figure 5B). To

determine the nature of the clusters, we used a mouse TIL atlas

consisting of 16,803 single-cell transcriptomes from B16 mela-

noma and MC38 colon adenocarcinoma from ProjecTILs39 in-

tegrated with a CD8+ T cell proliferation signature dataset

from Pauken et al.40 This analysis showed that cluster 3, which
is enriched in Mito� cells, displayed a mixture of progenitor ex-

hausted (TPEX) and terminal exhausted (TEX) T cell signatures

(Figure 5C). Consistently, this Mito� cluster expressed higher

levels of the co-inhibitory receptors Pdcd1, Lag3, and Havcr2

(Figure 5D). TPEX cells were also abundantly present in cluster

2, which is enriched with Mito+ cells. However, the majority of

Mito+ cells exhibited effector memory and proliferating cell sig-

natures found in clusters 0 and 1, respectively. Accordingly,

cluster 0 expressed higher amounts of effector molecules,

Gzmb, Gzma, and Fasl (Figure 5G). In summary, the scRNA-

seq study indicates that transferred mitochondria promote

potent effector responses while conferring resistance to termi-

nal exhaustion within the tumor microenvironment.

To confirm these findings at the protein level, we performed

high-dimensional flow cytometry and employed an unsupervised

clustering algorithm to analyze the merged datasets in FlowJo.41

FlowSOM identified three different pmel-1 T cell subpopulations

(Figures S6A and S6B). Consistent with our scRNA-seq, we

found higher frequencies of PD-1hiLAG3hi TEX cells in Mito�

compared with Mito+ cells, which instead contained a larger

population of cells with low/intermediate levels of these inhibi-

tory receptors (Figures 5E, 5F, and S6C–S6E). Similarly, TIGIT

expression was lower in Mito+ cells, further supporting the idea

that donor mitochondria promote resistance of CD8+ T cells to

terminal exhaustion (Figures S6F–S6H). In line with this view,

there was an inverse correlation (R =�0.54, p = 0.0376) between

the percentage of dsRed-retaining cells and the levels of PD-1 in

intratumoral pmel-1 cells (Figure S6I). Flow cytometry analyses

also revealed a significantly higher portion of PD-1hiGzmblow

cells in Mito� cells compared with Mito+ cells (Figure S6J). By

contrast, the Mito+ group exhibited higher frequencies of PD-

1low/intGzmbhi cells (Figures 5H and 5I), indicating that mitochon-

dria-boosted CD8+ T cells are more functionally active in the tu-

mor microenvironment. These data were further supported by

the detection of higher frequencies of terminally differentiated

effector cells (KLRG1hiILR7Ralow) in Mito+ cells, which are

necessary for tumor killing and clearance (Figures S6K–S6O).

Collectively, functional, proteomic, and transcriptomic findings

indicate that the acquisition of donor mitochondria by CD8+

T cells provides significant advantages in terms of cell expan-

sion, survival, tumor penetration, resistance to exhaustion, and

differentiation into highly functional killers.

In addition, we examined the spleens of the tumor-bearing

mice to assess whether BMSC mitochondrial transfer affects

T cell differentiation and function outside the tumor microenvi-

ronment. scRNA-seq revealed distinct cluster distributions for

Mito+ and Mito� cells (Figures 5J and 5K; Table S7). Classifica-

tion of cell types based on ProjecTILs39 and Pauken40 signatures

showed a unique enrichment of naive-like T cells in Mito+ cell-

associated cluster 1 (Figure 5L). The majority of cells in both

groups exhibited an effector memory signature (Figure 5L).

Notably, there were minor differences in the expression of co-

inhibitory receptors (Figure 5M) but no evidence of cell exhaus-

tion signatures (Figure 5L). This outcome was also observed in

flow cytometry datasets (Figures 5N and 5O) and is not unex-

pected given that cells in the spleen are not exposed to chronic

antigen stimulation and the pro-exhaustion cues found in the tu-

mor microenvironment.
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Figure 5. Mitochondrial transfer counteracts CD8+ T cell exhaustion, promoting effective effector responses

(A and J) Uniform manifold approximation and projection (UMAP) plot showing concatenated tumor-infiltrating (A) and splenic (J) pmel-1 Mito+ and Mito� T cells

7 days after tumor treatment as described in Figure 4A.

(B and K) Density plot of pmel-1 Mito+ and Mito� T cells as in (A) and (J).

(C and L) T cell subtype classification by ProjecTILs39 integrated with the Pauken proliferation signature dataset.40

(D, G, and M) Violin plots showing the expression levels of exhaustion markers (D and M) and cytotoxic molecules (G) in each cluster.

(E, F, H, I, N, and O) Flow cytometry plots (E, H, and N) and frequencies (F, I, and O) of Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells expressing the indicated

combination of PD-1 and LAG3 (F and O) or PD-1 and Gzmb (I) 7 days after treatment as in (A) and (J). Data shown in (F), (I), and (O) are mean ± SEM (n = 4–5

biological replicates). ns, not significant; *p < 0.05 (unpaired two-tailed Student’s t test; F, I, andO), *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001 (Wilcoxon test

followed by Benjamini Hochberg multiple-comparison test; D, G, and M).

See also Figure S6.
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Figure 6. Mitochondrial transfer enhances CD8+ T cell metabolism within the tumor microenvironment

(A) Schematic representation of the SCENITH assay. Cells are incubated with DMSO (green), 2-DG (orange), oligomycin (purple), or harringtonine (gray) to inhibit

the respective metabolic pathways before energy levels are read out by puromycin incorporation. 2-DG, 2-deoxy-D-glucose; DMSO, dimethyl sulfoxide; FA, fatty

acid; aa, amino acid; FAAO, fatty acid and amino acid oxidation.

(B) Histogram plots showing puromycin incorporation by splenic and intratumoral pmel-1 Mito+ and Mito� T cells 7 days after tumor treatment as described in

Figure 4A (n = 5–9, from two pooled independent experiments).

(C–E) (C) Total metabolic capacity, (D) glycolytic capacity, and (E) FAAO capacity of splenic and intra-tumoral pmel-1 Mito+ and Mito� T cells as assessed with

SCENITH (n = 5–9). Boxes and lines (C–E) represent interquartile range and median, respectively; whiskers extend to minimum and maximum values.

(F and G) UMAP plots of splenic and intratumoral pmel-1 Mito+ and Mito� T cells, color-coded by GSVA-based metabolic signatures.43

(H and I) Violin plots showing aerobic glycolysis (H) and oxidative phosphorylation (OXPHOS) (I) pathway scores. p = 0.0949; *p < 0.05 (unpaired one-tailed

Student’s t test, C).

See also Figure S7.
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Figure 7. Mitochondrial transfer enhances human CD19-CAR CD8+ T cell antitumor immunity against systemic leukemia xenografts

(A) Cytotoxicity assay using CD19-CAR Mito� or Mito+ cells after co-culture with Mito-dsRed BMSCs that were left untreated or pre-treated ethidium bromide

(EtBr) to render donormitochondria dysfunctional. Data show green calibrated unit (GCU) per mm2/imagemeans ±SEMafter co-culture with NALM6-GL leukemia

(E:T ratio 1:5) (n = 3 technical replicates per group).

(B) Repetitive cytotoxicity assay using CD19-CAR Mito� or Mito+ cells against NALM6-GL leukemia (E:T ratio 1:1). Data show final GCU means ± SEM for each

round of stimulation (n = 3 healthy donor [HD] replicates per group).

(C) Representative image of effector T cells:NALM6-GL leukemia co-cultures after six rounds of stimulation. Top row shows NALM6-GL cells alone.

(D) Numbers of circulating NALM6-GL cells per 50 mL of blood 7 days after transfer of 1.253 105CD19-CARMito� orMito+ cells or CD19-CARCD8monocultured

in conjunction with recombinant human IL-15 into sublethally irradiated NXG mice bearing NALM6-GL leukemia (n = 4–6 biological replicates).

(E and F) (E) In vivo bioluminescent imaging and (F) survival of NALM6-GL-bearing NXGmice treated as in (C) (n = 4 or 6 mice/group). No Tx, no treatment (n = 6).

(G) Confocal microscopy image of Mito-dsRed-BMSC pre-stained with MitoTracker DeepRed co-cultured with MART-1 TILs probed with anti-CD8-VioBlue

antibody. Scale bar is 10 mm.

(H) Flow cytometry plot of MART-1 TILs 48 h after co-culture with Mito-dsRed BMSCs. Numbers indicate the percentage of Mito-dsRed positive cells after gating

on live lymphocytes.

(legend continued on next page)
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Mitochondrial transfer enhances CD8+ T cell
metabolism in the tumor microenvironment
Wenext sought to determine whether themetabolic benefits pro-

vided by the augmentedmitochondrial mass inMito+ cells impact

CD8+ T cell metabolism in vivo following adoptive transfer. To this

end, we used SCENITH (single cell energetic metabolism by

profiling translation inhibition), a flow cytometry-based method

that enables metabolic profiling of samples ex vivo.42 The assay

measures de novo protein synthesis as a surrogate marker for

ATP production, as it is one of the most energy-consumingmeta-

bolic activities performed by a cell (Figure 6A). Exposure of live

cells to inhibitors that target and shut down specific metabolic

pathways provides further information on the cell potential to

engage aerobic glycolysis (i.e., oligomycin) or fatty acids and

amino acids oxidation (FAAO) (i.e., 2-deoxy-D-glucose [2-DG])

(Figure 6A). We found that even 7 days after transfer, Mito+ cells

showed a tendency tomaintain ametabolic edge overMito� cells

in the spleen (p = 0.0949) (Figures 6B and 6C). Within B16KVP tu-

mors, pmel-1 T cells overall exhibited a lower metabolic activity

than in the spleen, likely as a result of the limited availability of nu-

trients and hypoxic conditions.44 However, under these harsh cir-

cumstances, the metabolic differences between Mito+ andMito�

cells became more pronounced (Figures 6B and 6C), empha-

sizing the advantage conferred by the transferred mitochondria

in such hostile microenvironments. The heightened protein trans-

lation capacity is consistent with the higher frequency of prolifer-

ating T cells in the Mito+ cell cohort observed in our scRNA-seq

study (Figure 5C). Both cell types displayed similar glycolytic

and fatty acid and amino acid oxidation (FAAO) capacities within

each of the respective tissues (Figures 6D and 6E). However, in-

tratumoral pmel-1 T cells exhibited higher glycolytic capacities

compared with those found in the spleen (Figure 6D), a typical

feature of proliferating T cells that, akin to cancer cells, adopt a

Warburg metabolism profile to generate building blocks to sus-

tain their exponential growth.44 These conclusions were further

corroborated by our scRNA-seq datasets, which revealed higher

expression of genes associated with aerobic glycolysis43 in intra-

tumoral compared with splenic pmel-1 T cells (Figures 6F and

6H). By contrast, oxidative phosphorylation (OXPHOS) remained

mostly unaffected across different sites and conditions

(Figures 6G and 6I). Taken together, these in vivo metabolic

studies demonstrate that the mitochondrial transfer empowers

CD8+ T cells to sustain elevated metabolic rates within the tumor

microenvironment, without significantly altering the cells’ meta-

bolic profile, which instead relies more on the tissue type where

the T cells are located.

Mitochondrial transfer augments CD8+ T cell
mitochondrial mass long-term boosting cell persistence
To explore whether the advantages provided by mitochondrial

transfer are maintained long-term and across successive

divisions, we tracked cells undergoing lymphodepletion-driven
(I and J) Cytotoxicity assay using Mito� or Mito+ MART-1 TILs against SK23-GFP

(I) or primary (J) BMSCs.

Data show target green object area (TGOA) per mm2/image mean ± SEM. n = 3 tec

and J; two-way ANOVA, �Sı́dák’s multiple comparisons test: B; log-rank [Mantel-

See also Figure S4.
homeostatic expansion for 1 month in non-tumor-bearing hosts

and evaluated them using a combination of CTV and

MitoTracker Green quantification. Similar to day 7 results in tu-

mor-bearing mice, we observed higher frequencies of adoptively

transferred cells in theMito+ group associatedwith increased pro-

liferation, as indicated by CTV dilution (Figures S7A–S7D). This

extensive proliferation also characterized a fraction of Mito+ cells

that retainedMito-dsRed labeling indicating again that transferred

mitochondria can be passed to daughter cells across repetitive

divisions (Figure S7E). Indeed, quantification of mitochondrial

mass by MitoTracker Green revealed that Mito+ cells had higher

mitochondrial content than Mito� cells 1 month after transfer

(Figures S7F and S7G) and that this advantage was maintained

throughout multiple divisions (Figures S7H and S7I). These results

indicate that the advantages provided by mitochondrial transfer

are not merely short-term but persist over an extended period.

Mitochondrial transfer enhances human CD19-CAR
T cell and TIL antitumor immunity
To assess whethermitochondrial transfer could also improve hu-

man antitumor T cell efficacy, we transduced human CD8+

T cells with a retroviral construct encoding a CD19-specific

chimeric antigen receptor (CAR) and co-cultured them with a

Mito-dsRed immortalized BMSC line. We initially evaluated the

cytotoxic capacity of CD19-CAR T cells in vitro against fluores-

cently labeled NALM6, an aggressive CD19+ human B cell

lymphoblastic leukemia (B-ALL) cell line45 transduced with

GFP-luciferase (GL). Compared with Mito� cells, Mito+ cells

demonstrated significantly increased tumor-killing capacity (Fig-

ure 7A). Strikingly, the transfer of dysfunctional mitochondria

(Mito+ EtBr) did not enhance antitumor activity, once again

demonstrating that the superior functionality observed in Mito+

cells is driven by donor mitochondria (Figure 7A). To determine

if mitochondrial transfer confers resistance of CD19-CAR

T cells to exhaustion, we evaluated the capacity of Mito+ cells

to kill NALM6-GL leukemia cells upon repetitive challenges.

Mito+ cells maintained robust cytotoxic activity against cancer

cells throughout six rounds of stimulation, while Mito� cells

began losing killing capacity at round three and became almost

completely functionally exhausted by round six (Figures 7B and

7C). Next, we assessed the antitumor efficacy of CD19-CAR

T cells in vivo by transferring cells into NXG mice bearing sys-

temic acute lymphoblastic leukemia.9 7 days after transfer, we

detected lower numbers of circulating leukemic cells in mice

receiving CD19-CAR Mito+ cells compared with the untreated

group (p = 0.0573), whereas transferring Mito� cells or CD19-

CAR CD8 monocultured cells had only a minor impact on tumor

burden in the blood (Figure 7D). Mito+ cell enhanced antitumor

activity resulted in prolonged control of NALM6-GL leukemia

(Figure 7E) and significantly increased mouse survival compared

with both Mito� and conventional monocultured CAR CD8+

T cells (Figure 7F). It is important to note that also in the human
melanoma (E:T ratio 1:5). Donor mitochondria were derived from immortalized

hnical replicates per group. Kruskal-Wallis test, I; *p < 0.05 (Wilcoxon test: A, I,

Cox] test: F); **p < 0.01 (two-way ANOVA, �Sı́dák’s multiple comparisons test).
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setting, we did not observe significant skewing of memory and

effector CD8+ T cell subsets in the pre-infusion product, indi-

cating the superior antitumor responses by the Mito+ cells

were mediated by the augmented mitochondrial content

(Figure S4C).

The capacity to transplant healthy mitochondria might be

particularly relevant for TIL application, as their endogenous

mitochondria often are irreparably damaged by the hostile con-

ditions found in the tumor microenvironment. To evaluate the

impact of mitochondrial transfer on TIL function, we co-

cultured a previously described TIL product, MART-1,46 with

Mito-dsRed BMSC. TILs were also able to acquire donor mito-

chondria with moderate efficiency (Figures 7G and 7H). When

challenged with SK23-GFP, a melanoma cell line expressing

the target antigen MART-1, Mito+ TILs mediated enhanced tu-

mor clearance compared with their Mito� counterparts (Fig-

ure 7I). To explore whether donor mitochondria can also be

sourced from primary BMSCs, we co-cultured MART-1 TILs

with clinical-grade primary BMSCs generated from three

different donors. Despite mild inter-donor variations, Mito+

TILs consistently exhibited enhanced cytotoxicity against

target cancer cells (Figure 7J). Taken together, these findings

highlight the translational potential of our mitochondrial transfer

technology platform and provide initial proof of concept for the

feasibility of using patient-matched BMSCs in a fully autolo-

gous co-culture system.

DISCUSSION

Organelle medicine, or organelle transplantation, is an emerging

research area, wherein similar to traditional organ transplants in

patients, organelles are transferred to recipient cells to improve

cellular function.47 Mitochondrial transfer is the form of organelle

transplantation most studied.17,48 Technology platforms based

on the transfer of isolated mitochondria are more prevalent in

the field. These methods include the use of mechanical force,49

coating with artificial lipid membranes,50 or microinjection51 to

increase mitochondria uptake by recipient cells. The application

of mitochondrial transfer in T cell therapy has yet to be explored.

However, given the close link between mitochondrial fitness and

CD8+ T cell expansion, persistence, and antitumor effector

function,8,10,11,37,52,53 it holds great promise for enhancing the

efficacy of cancer immunotherapies. Preclinical and clinical

studies of adoptive T cell therapy have shown that the metabolic

qualities of the infusion products, and particularly their mito-

chondrial function, are critical determinants of patients’ out-

comes.8,10,11,54 Unfortunately, patient or donor T cell mitochon-

dria can become damaged and dysfunctional, impairing their

capacity to energetically sustain the fight against cancer cells

upon transfer of these ‘‘living drugs.’’55 Indeed, mtDNA is up to

10 times more prone to accumulate damage than nuclear

DNA.56 Approximately 60% of cancer cases occur in patients

aged 65 and above,57 increasing the likelihood of accumulated

mtDNA mutations. Moreover, mitochondrial biomass and activ-

ity in T cells sharply decrease with age.58,59 Prior systemic treat-

ments, including chemo- and radiotherapy, can also have detri-

mental effects on the mitochondrial function of patients’

T cells.60,61 Thus, the ability to transplant healthy mitochondria
6626 Cell 187, 6614–6630, November 14, 2024
can have a profound impact on several cancer immunotherapy

platforms, such as those relying on autologous T cell sources

and, in particular, on TILs whose mitochondria have been

damaged by the hostile tumor microenvironment.3–6

Our results provide proof of concept that BMSC mitochon-

drial transfer can be successfully utilized to potentiate the anti-

tumor efficacy of both mouse and human CD8+ T cells. The

enhanced antitumor responses were observed across a variety

of different T cell platforms (TCR, CAR, and TILs) in diverse

in vitro and in vivo settings (syngeneic/human xenograft)

against both liquid and solid tumors. Mitochondrial transfer

from donor BMSCs had a profound impact on antitumor

CD8+ T cells; it enhanced their survival, facilitated robust

expansion, improved efficiency in infiltrating the tumor mass,

conferred resistance to exhaustion, and promoted differentia-

tion into potent cytotoxic effector cells. Interestingly, a high

portion of cells that were prone to exhaustion in the group

that received BMSC mitochondria showed reduced expression

levels of PD-1, LAG3, and TIGIT. As this cell population can be

rescued more efficiently by PD-1:PD-L1 blockade compared

with terminally exhausted PD-1hiLAG3hiTIGIThi,62,63 it may be

beneficial in the future to couple mitochondria-boosted T cell

therapies with immune checkpoint inhibitors. Extending mito-

chondrial transfer technology to infusion products comprising

CD4+ T cells warrants caution given that donor mitochondria

have been shown to promote regulatory T cell (Treg) differenti-

ation.64 This is particularly relevant considering recent evidence

that CAR CD4+ Treg cells in infusion products have been asso-

ciated with clinical progression.65,66

We focused our research effort on using BMSCs as a donor

source, as these cells present several advantages compared

with other cell types. For instance, they show low surface

expression levels of human leukocyte antigen (HLA) molecules,

facilitating their use in allogeneic co-culture settings.19 More-

over, ex vivo clinical-grade manufacturing and expansion proto-

cols have been established for BMSCs, easing the transition to

the clinic.19 Future work will be needed to elucidate whether

the source and quality of transferred mitochondria are also crit-

ical for bolstering T cell antitumor function. Indeed, it is becoming

increasingly appreciated in the field that distinct ‘‘mitotypes’’

with different specializations exist within a cell.67

A compelling aspect of mitochondrial transfer technology is its

capability to impart enduring benefits to recipient T cells. We

observed that the increased mitochondrial mass resulting from

the acquired mitochondria can be maintained long-term across

multiple divisions. These results are in line with previous obser-

vations in vitro showing that transferred mitochondria can be

propagated across numerous cell divisions in a cancer cell

line.51 Interestingly, in the same study, acquired mitochondria

exhibited greater persistence when transferred via cell-to-cell in-

teractions rather than microinjection of isolated mitochondria,

indicating that leveraging endogenous mechanisms is superior

to artificial manipulation for the long-term engraftment of donor

mitochondria.51 Our ex vivo scRNA-seq findings also underscore

that mitochondrial transfer has profound and long-lasting effects

on T cell differentiation trajectories. Mitochondria are crucial

sources of essential cofactors for histone and genomemodifica-

tions; thus, their number and function can significantly influence
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the cell’s epigenetic landscape, resulting in heritable alterations

in gene expression.67 The capacity of transferred mitochondria

to trigger hardwired reprogramming of T cell fates is particularly

relevant for T cell therapies, where adoptively transferred T cells

can undergo substantial expansion within the patient’s body.

Lastly, the mitochondria transfer approach offers the advan-

tage of enhancing the quality of mitochondria without requiring

direct interventions on T cells that may negatively affect the final

infusion product. For example, rapamycin can promote mito-

chondrial remodeling68,69 but stunts T cell proliferation,70 limiting

the generation of therapeutic T cell doses. Altogether, these find-

ings establish intercellular mitochondrial transfer as a promising

organelle-based technology platform to improve the outcomes

of patients receiving next-generation cell therapies.

Limitations of the study
Clinical translation of these results will require further research

into identifying surrogate marker(s) of mitochondria transfer or

significantly increasing the transfer rate. Currently, fluorescent

labels are used for tracking mitochondria transfer; however,

this approach is not applicable in the clinic. The identification

of a surrogate marker to enrich cells that acquire donor mito-

chondria would avoid the need to pre-label mitochondria.

Perhaps a bigger limitation of mitochondrial transfer in CD8+

T cells is the currently modest transfer rate (�10%), which may

prevent scaling up the technology to clinically relevant cell

doses. The mechanistic data derived from our study provide

the blueprint for future work aiming at increasing transfer effi-

ciency. Targeting the TLN2 machinery or other identified mole-

cules in this study could help to overcome this limitation and

evenmitigate the need for downstream cell selection. In addition,

determining if there are subset(s) of BMSC that are primarily

responsible for mitochondrial transfer (‘‘super donor’’) could

assist efforts in scaling up this platform.
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21. Bayona-Bafaluy, M.P., Acı́n-Pérez, R., Mullikin, J.C., Park, J.S., Moreno-
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HRP-conjugated anti-Mouse IgG Cell Signaling Cat# 7076; RRID:AB_330924
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Human peripheral blood mononuclear

cells from healthy donors

This paper. N/A

Mouse Splenocytes This paper. N/A

MART-1 TILS Michal Lotem, Hebrew

University of Jerusalem
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Chemicals, peptides, and recombinant proteins

Ethidium Bromide Invitrogen 15585-011

Uridine powder, BioReagent,

suitable for cell culture

Sigma U3003

4% Paraformaldehyde (PFA) ThermoFisher Scientific J61899
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LIVE/DEAD� Fixable Blue

Dead Cell Stain

Thermo Fisher Scientific L34962

LIVE/DEAD� Fixable Far

Red Dead Cell Stain
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Phalloidin AF-488 Thermo Fisher Scientific A12379

Hoechst 33342 Thermo Fisher Scientific H3570

Human recombinant IL15 NCI Frederick 50341

Human recombinant IL-2 Miltenyi 130-097-748

MitoTracker Deep Red ThermoFisher Scientific M22426

Cell-Tak Corning 354240

Collagen Solution Sigma-Aldrich C3867-1VL

DMEM Invitrogen 21969-035

RPMI Invitrogen 61870-010

MEM-a, nucleosides Invitrogen 22571-020

Penicillin-Streptomycin (10,000 U/mL) Invitrogen 15140-122

Glutamax (100x) Invitrogen 35050-038

Sodium Pyruvate 100mM Invitrogen 11260-039

b-mercaptoethanol 50mM Invitrogen 31350-010

MEM Non-Essential Amino

Acids Solution (100X)

Invitrogen 11140-035

HEPES Invitrogen 15630056

Fetal Bovine Serum, characterised Hyclone SH30071.03

Human AB Serum – Heat Inactivated Valley Biomedical, Inc. HP1022HI

Glutaraldehyde Sigma G5882-100ML

Sodium Cacodylate Sigma 20840-100G-F

Osmium tetroxide (OsO4) Electron Microscopy Sciences 19190

Phosphate Buffer Saline Invitrogen 14190-094

Human gp100 (25-33 peptide) Genescript RP20344

Epoxyembedding kit Sigma 45359

Uranyl acetate ElectronMicroscopy Sciences 22400-4

Potassium ferrocyanide Electron Microscopy Sciences 20150

PflFI Restriction Enzyme New England Biolabs R0595S

Pierce RIPA buffer ThermoScientific 89900

L-778123 Cayman Chemicals 22940

Tissue-Tek O.C.T. compound Sakura Finetek 4583

ibidi mounting medium Ibidi GmbH 50001
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10x ACK lysis buffer Elabscience E-CK-A105

Ficoll� Paque Plus Cytiva 17144003

IVISbrite D-Luciferin Potassium Salt

Bioluminescent Substrate

PerkinElmer 122799

Rat Serum Thermo Fisher Scientific 31888

DNase I Roche 10104159001

Pierce� 16 % Formaldehyd (w/v),

methanolfrei

Thermo Fisher Scientific Inc. 28906

Glycine Merck J16407-36

Q5 high fidelity polymerase New England Biolabs M0492S

Oligomycin A Sigma Aldrich 75351-5MG

Harringtonine Santa Cruz Biotechnology sc-204771

2-Deoxy-D-glucose: Sigma Aldrich D6134-5G

Puromycin dihydrochloride Sigma-Aldrich P7255-25mg

Critical commercial assays

Seahorse XFe96 FluxPak mini Agilent 102601-100

Seahorse XF T Cell Metabolic Profiling Kit Agilent 103772-100

Seahorse XF 1.0 M glucose solution Agilent 103577-100

Seahorse XF 100 mM pyruvate solution Agilent 103578-100

Seahorse XF 200 mM glutamine solution Agilent 103579-100

Seahorse XF DMEM medium,

pH 7.4, 500 mL

Agilent 103575-100

Lonza� P3 Primary Cell

4D-Nucleofector� X Kit S

Lonza V4XP-3032

Lonza� P1 Primary Cell

4D-Nucleofector� X Kit S

Lonza V4XP-1032

TrueCut� Cas9 Protein v2 ThermoFischer A36499

Alt-R� CRISPR-Cas9 tracrRNA IDT 1072534

Mouse Total CD8+ T cell isolation kit Stem Cell Technologies 19853

Human Naı̈ve CD8+ T cell isolation kit Stem Cell Technologies 17968

Mycoplasma PCR test PromoCell PK-CA91-1096

4–20% Criterion� TGX�
Precast Midi Protein Gel

BioRad 5671094

Trans-Blot Turbo Midi 0.2 mm

PVDF Transfer membrane

BioRad 1704157

Pierce� ECL Western Blotting Substrate BioRad 32209

eBioscience� Foxp3 / Transcription

Factor Staining Buffer Set

Invitrogen 00-5523-00

BD Cytofix/Cytoperm�
Fixation/Permeabilization Kit

BD Biosciences 554714

RNA extraction RNeasy Plus Mini Kit QIAGEN 74134

High-Capacity cDNA Reverse

Transcription Kit

Applied Biosystems 4368814

PowerUp� SYBR� Green

Master Mix for qPCR

ThermoFisher Scientific A25741

NEB Next Ultra II kit New England Biolabs E7645L

P2 mid output kit Illumina 20046811

3’ Feature Barcode Kit, 16 rxns 10x Genomics, Inc. 1000262

Chromium Next GEM Single

Cell 3’ Kit v3.1, 4 rxns

10x Genomics, Inc. 1000269
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Chromium Next GEM Chip G

Single Cell Kit, 16 rxns

10x Genomics, Inc. PN-1000127

NextSeq 2000 P3 100 Cycle Illumina, Inc. 20040559

Mitochondria Isolation Kit ThermoFisher Scientific 89874

Deposited data

Human Mitohcondrial Transfer

Bulk RNA-seq data files

This manuscript, deposited in EGA EGA: EGAS00001007356

and EGAD00001011082

Mouse Mitohcondrial Transfer

Bulk RNA-seq data files

This manuscript, deposited in GEO GEO: GSE229487

Mouse Mitochondrial Transfer

Single cell RNA-seq data files

This manuscript, deposited in GEO: GSE254191

Experimental models: Cell lines

DM5, immortalized mBMSC cell line Pamela G. Robey, National

Institutes of Health

He et al.71

Immortalized bone marrow-

derived human MSC cells

Genecopoeia SL428

Platinum-E cells Cell Biolabs RV-101

293GP cells Ling Zhang, Experimental

Transplantation and

Immunology Branch

(NCI), USA

N/A

NALM6 DSMZ ACC 128

B16 melanoma hgp100 Ken-Ichi Handa, Surgery

Branch of the National

Cancer institute (NCI), USA

Hanada et al.38

PG13 CD19 CAR James N. Kochenderfer,

Surgery Branch of the

National Cancer institute

(NCI), USA

Kochenderfer et al.73

SK23-GFP This study N/A

Experimental models: Organisms/strains

C57Bl/6 wild-type mice, (Female in vivo

studies and Male/Female in vitro studies)

Charles River Laboratories Strain Code 027

Balb/c, (Female) Charles River Laboratories Strain Code: 028

Pmel-1 Ly5.1 mice [B6.Cg-ThylalCy

Tg(TcraTcrb)SResVJ; 86.SJL-Ptprca

Pepcb/BoyJ] Jax-lD 005023

crossed with Jax-lD 002014.

(Female in vivo studies

and Male/Female in vitro studies)

National Institutes of Health/

Universitätsklinikum Regensburg

core breeding facility

N/A

NCG mice [NOD-Prkdcem26Cd52Il2rgem

26Cd22/NjuCrl], (Female)

Charles River Laboratories Strain code: 572NCG

NXG MICE [NOD-Prkdcscid-

IL2rgTm1/Rj], (Female)

Janvier Labs Strain code: NXG

Oligonucleotides

Mouse_Mt-CO2-F

(GAGCAGTCCCCTCCCTAGGA)

IDT N/A

Mouse_Mt-CO2-R

(GGTTTGATGTTACTGT TGCTTGATTT)

IDT N/A

Mouse_App-F

(CGGAAACGACGCTCTCATG)

IDT N/A

(Continued on next page)
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Mouse_App-R

(CCAGGCTGAATTCCCCAT)

IDT N/A

Human_MT-CO2-F

(CGTCTGAACTATCC TGCCCG)

IDT N/A

Human_MT-CO2-R

(TGGTAAGGGAGGGATCGTTG)

IDT N/A

Human_APP-F

(TTTTTGTG TGCTCTCCCAGGTCT)

IDT N/A

Human_APP-R (TGGTCACTG

GTTGGTTGGC).

IDT N/A

Human_Talin2_F

(CAAGGAAGTCGCCAACAGCACT)

IDT N/A

Human_Talin2_R

(TTGAGGCGAACGCTGTCAGGTT)

IDT N/A

Human_ACTB_F

(CATGTACGTTGCTATCCAGGC)

IDT N/A

Human_ACTB_R

(CTCCTTAATGTCACGCACGAT)

IDT N/A

SNP_A9348G-F(CGAAACCACA

TAAATCAAGCCC)

IDT N/A

SNP_A9348G-R(CTCTCTTCTGG

GTTTATTCAGA)

IDT N/A

Predesigned crRNA TLN2-(AA) IDT Hs.Cas9.TLN2.1.AA

Predesigned crRNA TLN2-(AB) IDT Hs.Cas9.TLN2.1.AB

Predesigned crRNA CD3-(AA) IDT Hs.Cas9.CD2.1.AA

Predesigned crRNA CD3-(AD) IDT Hs.Cas9.CD2.1.AD

Predesigned crRNA CD3-(AE) IDT Hs.Cas9.CD2.1.AE

pMito-dsRed Vector Takara Bio Inc. 632421

TLN2 AA_F (ctttccctacacgac

gctcttccgatctGGATCACAGC

CGAACATTCAGAG)

Microsynth Custom oligo

TLN2 AA_R (ggagttcagacgtgt

gctcttccgatctGCAATCTCACC

AACCTCAGTGTC)

Microsynth Custom oligo

TLN2 AB_F (ctttccctacacg

acgctcttccgatctGGGC

CTGGAAGTCAGTGATG)

Microsynth Custom oligo

TLN2 AB_R (ggagttcagacgt

gtgctcttccgatctACTGG

GATTGGCAGCATACC)

Microsynth Custom oligo

TLN2 AC_F (ctttccctacacgac

gctcttccgatctAGAGGGT

GTACTGGGCCATG)

Microsynth Custom oligo

TLN2 AC_R (ggagttcagacgtgt

gctcttccgatctGGCTTGA

AATCCACCAAACTCAC)

Microsynth Custom oligo

TNL2 AC OT1_F (ctttccctacac

gacgctcttccgatctCACAGTGT

GCGTGTCCTTGC)

Microsynth Custom oligo

TNL2 AC OT1_R (ggagttcagacg

tgtgctcttccgatctGGAAGCC

AGCAAACTCACAGG)

Microsynth Custom oligo

(Continued on next page)
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Software and Algorithms

FlowJo software 10.8.2 Tree Star https://www.flowjo.com/

Image J NIH https://imagej.nih.gov/ij/index.html

Zen lite Software ZEISS https://www.zeiss.com/microscopy/en/

products/software/zeiss-zen-lite.html

Incucyte Software (v2020C) Sartorius https://www.sartorius.com/en/products/

live-cell-imaging-analysis/live-cell-analysis-software

Leica LAS X Leica N/A

Prism software v9.4 GraphPad Software https://www.graphpad.com/

scientific-software/prism/

Bowtie2 version 2.4.4 GitHub, Inc. N/A

Blender2 GitHub, Inc. https://github.com/cornlab/blender/

blob/master/blender2.py

hg38 GitHub, Inc. https://github.com/staciawyman/

blender/blob/master/hg38.blacklist.bed

CRISPResso2 GitHub, Inc. https://github.com/pinellolab/CRISPResso2

Illumina Dragon (v-3.8.4, NextSeq 2000) Illumina, Inc. https://support.illumina.com/sequencing/

sequencing_software/dragen-bio-it-platform.html

Cellranger 7.0.0 10x Genomics https://www.10xgenomics.com/support/

software/cell-ranger/latest/release-notes/

cr-release-notes

R (version 4.1.1) R Core Team https://cran.r-project.org/

Seurat package (version 4.3.0) N/A https://github.com/satijalab/seurat/tree/

41d19a8a55350bff444340d6ae7d7e03417d4173

Cran:tar.gz: https://cran.r-project.org/src/

contrib/Archive/Seurat/Seurat_4.3.0.tar.gz

scDblFinder R-package2 (version 1.8.0) N/A https://doi.org/10.18129/B9.bioc.scDblFinder

SingleCellExperiment (version 1.16.0) N/A https://doi.org/10.18129/B9.bioc.

SingleCellExperiment

singleR (version 1.8.1) N/A https://doi.org/10.18129/B9.bioc.SingleR

enrichplot (version 1.23.0.991) N/A https://doi.org/10.18129/B9.bioc.enrichplot

clusterProfiler R-package (version 4.2.0) N/A https://doi.org/10.18129/B9.bioc.clusterProfiler

gprofiler2 R-package (version 0.2.2) N/A https://cran.r-project.org/web/packages/

gprofiler2/index.html

ggplot2 R-package (version 3.3.5) N/A https://cran.r-project.org/web/packages/

ggplot2/index.html Cran:tar.gz:

https://cran.r-project.org/src/contrib/

Archive/ggplot2/ggplot2_3.3.6.tar.gz

ggdendro R-package(0.1.23) N/A https://cran.r-project.org/web/

packages/ggdendro/index.html

limma(v3.50.0) Bioconductor https://doi.org/10.18129/B9.bioc.limma

Biorender BioRender https://biorender.com/

Other

25mm with 0.4mm pore size

polycarbonate membrane insert

Corning 3412

75mm with 0.4mm pore size

polycarbonate membrane insert

Corning 7910

BioCoat Collagen I 100 mm

TC-treated Culture Dishes

Corning 354450

CellStar 6-Well Cell Culture

Multiwell Plates

Fischer Scientific 657160

(Continued on next page)
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96 well plate Round Bottom

Ultra-Low Attachment Microplate,

Corning 7007

8-Well m-Slide ibidi Gmbh 80826

12 mm diameter glass coverslips VWR 89015-725

Mattek gridded dishes MatTek Corp P35G-1.5-14-C-GRD

gentleMACS C Tubes Miltentyi 130096334

Ultracomp eBeads� Plus Invitrogen 01-3333-42

CountBright� Plus Absolute

Counting Beads

Invitrogen C36950

Dynabeads� Human T-Activator

CD3/CD28 for

T Cell Expansion and Activation

Invitrogen 11131D
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
Immortalized human BMSCs (GeneCopoeia) and DM5, a spontaneously immortalized mouse BMSC line71 were transduced to ex-

press the fluorescent protein dsRed fused with cytochrome c oxidase subunit 8A (COX8A) (Mito-dsRed). dsRed2-Mito (632421, Ta-

kara Bio Inc) was cloned into a MSGV1 g-retroviral vector and produced in Platinum-E cells (Cell Biolabs) or 293GP cells (ATCC) for

transduction. Mouse CD8+ T cells were isolated from either C57BL/6, pmel-1 Ly5.1, or BALB/c mice using a Total CD8+ T cell isola-

tion kit (Stem Cell Technologies). Human CD8+ T cells were isolated from peripheral blood mononuclear cell buffy coats or leukocyte

reduction system chambers of healthy donors (NIH, US and University Hospital Regensburg, Germany) using a Naı̈ve CD8+ T cell

isolation kit (Stem Cell Technologies). NALM6 cell line was originally obtained from DSMZ (ACC 128) and transduced with

Luciferase-GFP (GL) as previously described.72 PG13 expressing CD19-CAR (FMC63-28-z) retrovirus was used for transduction

of human CD8+ T cells with CD19 CAR as previously described.73 B16KVP melanoma expressing human gp100 was engineered

as previously described.38 NALM6-GL and both human and mouse CD8+ T cells were cultured with RPMI complete medium; human

BMSCs, PG13 CD19-CAR, B16KVP, Platinum-E, SK23-GFP, and 293GP cells were cultured with DMEM complete medium; and DM5

cell line was cultured with MEM-a complete medium. MART-1 TILs were kindly provided by Prof. Lotem and cultured in RPMI sup-

plemented with 10% heat inactivated human AB serum (Valley Biomedical Inc.), 1% Pen/strep (Gibco), 1% HEPES (Gibco) and

0.01% b-mercaptoethanol (Gibco). All cell lines were regularly tested and validated as being mycoplasma free via a PCR-based

assay (PromoCell).

Experimental Animals
C57BL/6 and BALB/cmice ages 6–8weeks were obtained fromCharles River. Immunodeficient NCG andNXGmice ages 6–8 weeks

were obtained fromCharles River and Janvier Labs, respectively. Pmel-1-Ly5.1 were generated in house breeding at either at animal

facilities at the US National Institutes of Health or University Hospital Regensburg. All mice were housed in a specific pathogen-free

facility under standard conditions (12 hr light/dark, food and water ad libitum). All mouse experiments were performed in strict accor-

dance with the relevant guidelines and regulations of the University of Regensburg and US National Cancer Institute. All protocols

were approved by relevant Animal Care and Use Committee at the US National Institutes of Health and the German authorities.

METHOD DETAILS

Antibodies, flow cytometry, and cell sorting
For cell sorting, we used antibodies anti-human CD8 (SK1) and anti-mouse CD8 (53–6.7) from BD Biosciences together with LIVE/

DEAD� Fixable Far Red Dead Cell Stain (Invitrogen�) unless otherwise stated. For flow cytometry analyses we employed the

following antibodies. Anti-Sca-1 (D7), anti-CX3CR1 (SA011F11), anti-CD69 (H1.2F3) anti-CD3 (145-2C11), anti-KLRG1 (2F1/

KLRG1), anti-CD27 (LG.3A10), anti-CD44 (IM7), anti-CD8a (53-6.7), anti-CD366 (B8.2C12), anti-Granzyme B (GB11), anti-PD-1

(RMPI-30) and anti-LAG-3 (C9B7W) were from Biolegend; anti-CD62L (MEL-14), anti-IL7Ra (SB/199), anti-CD45.2 (104), anti-

CD244.2 (2B4), anti-TIGIT (1G9) were from BD Pharmingen; anti-CD122 (TM-Beta) was from BD Biosciences; anti-CD45.1 (A20)

was from eBiosciences; and anti-TCF1 (C6309) was from Cell Signaling Technology. TruStain FcX� used for blocking non-specific

binding of immunoglobulin was from Biolegend and LIVE/DEAD� Fixable Blue Dead Cell Stain was from Thermo Fisher Scientific.

Ultracomp eBeads� Plus (Invitrogen�) were used for compensation. LSR II or BDFortessa and BD FACSymphony (BD Biosciences)
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were used for flow cytometry acquisition and a FACSAria Fusion (BD Biosciences) or BD Influx (BD Biosciences) were employed for

cell sorting. Samples were analyzed with FlowJo software 10.8.2 (BD Biosciences).

Scanning electron microscopy of nanotubes
Human or mouse BMSCs and CD8+ T cells were co-cultured on 12 mm diameter glass coverslips (VWR) for 24 hrs according to the

experimental outline. The sample was fixed by 2.5% glutaraldehyde (Sigma-Aldrich) in 0.1 M sodium cacodylate buffer (Electron Mi-

croscopy Sciences). Cells were then washed 3 3 15 min with 0.1 M sodium cacodylate buffer, post-fixed in 0.1% Osmium tetroxide

(OsO4) (Sigma-Aldrich) in water for 1 hr at room temperature (RT) and washed 2 3 10 min with water before dehydration. The dehy-

dration step was performed as follows: 35% ethanol for 5 min, 50% ethanol for 5 min, 70% ethanol for 10 min, 90% ethanol for

10 min, and 2 3 100% ethanol for 10 min. Following fixation and dehydration, the coverslips were dried and placed on FESEM stubs

for sputter coating by EMS 300T D Dual Head Sputter Coater with Au or Pt/Pd (5 nm). Images were acquired on a Zeiss Ultra55 mi-

croscope equipped with a Gemini column and SE2 detector. Images were processed in ImageJ software.

Fluorescence microscopy of BMSC-CD8+ T cell cocultures
Human or mouse BMSCs Mito-dsRed cell lines were co-cultured with CD8+ T cells from health donors or TILs (MART-1) on 12 mm

diameter glass coverslips (VWR) or 8-well m-Slide (ibidi Gmbh). After 24 hrs, cells were fixedwith 4%paraformaldehyde (PFA) at room

temperature for 2 hr. The fixed co-cultured cells were washed three timeswith 13PBS for 20min. For structural assessment of nano-

tubes, cells on coverslips were stained for 1 hr with 50 mg/ml of Phalloidin AF-488 (Thermo Fisher Scientific) at RT followed by nuclear

staining with Hoechst 33342 (Thermo Fisher Scientific) for 15-20 min. The cells were washed with 13 PBS-T three more times. The

coverslips weremounted on glass slides and images were taken on a Nikon Eclipse Ti camera (Nikon Instruments) with NIS Elements

Imaging Software (3.10) or TissueFAXS Plus slide scanner (TissueGnostics USA) equipped with Hamamatsu Orca Flash 4.0 V2

cooled digital CMOS camera. Confocal fluorescence microscopy was done on Zeiss LSM 800, Airyscan Confocal Laser Scanner

Microscope with Zen 2.3 software. Post-processing of the images was done either in ImageJ or Zen lite software. For functional

assessment of transferred mitochondria, cells were pre-stained with MitoTracker Deep Red as per manufacturer’s guidelines prior

to co-culture in 8-well m-Slide and stained with CD8-VioBlue (MiltenyiBiotec) post-fixation for 30 minutes at 4�C. BMSC and TIL co-

cultures were imaged using Stellaris 8 (Leica Microsystems).

Murine co-culture system platform
For murine samples, transwells with 25 mm or 75mm diameter with 0.4 mmpore size polycarbonate membrane insert (Corning) were

used for in vitro co-culture of BMSCs and CD8+ T cells. In brief, mouse CD8+ T cells were isolated from either C57BL/6, pmel-1 Ly5.1,

or BALB/c mice using either Total CD8+ T cell isolation kit (Stem Cell Technologies) and activated in non-tissue culture-treated

24-well plates (Corning) using either anti-mouse CD3e (145.2C11)/CD28 (37.51) both from BD Pharmingen, or for pmel-1 cells

only whole splenocytes were isolated and activated using 1mM human gp10025-33 peptide (Genescript), in RPMI complete media

supplemented with rhIL-2 (Proleukin) for 3 days. On the day of co-culture, the inserts of the transwells were seeded with either

1.5 3 105 (for 24mm) or 1.5 3 106 (for 75mm) Mito-dsRed labeled mouse DM5 BMSCs in complete MEM-a media. After allowing

BMSCs to attach for at least 5 hrs, media in the insert was removed, and pre-activated mouse CD8+ T cells were seeded at a ratio

of 1:1 or 3:1 in RPMI complete media. After 24-36 hrs, cells were collected for further analysis.

Incubation of T cells with isolated mitochondria
Isolation of the mitochondria from Mito-dsRed DM5-BMSC (Exo-Mito) was performed using Mitochondria Isolation Kit

(ThermoFisher) following manufacturer protocol. The isolated mitochondria was resuspended in Mitochondria culture buffer compo-

sition: 70 mM sucrose, 220 mMmannitol, 10 mM KH2P04, 5 mMMgCI2, 2 mM HEPES, 1 mM EGTA,0.2% (w/v) fatty acid-free BSA,

and 5mMBMEpH7.0. The isolatedmitochondria was used (added to T cells) within 2 hrs of isolation.Mito suspensionwas incubated

with the T cells for 30 hrs and transfer was assessed by flow cytometry.

Human co-culture system platform
For human samples, tissue culture-treated 6-well plate (Corning) coated with collagen solution (Sigma-Aldrich) or pre-coated

BioCoat� 10 mm Petri dishes (Corning) were used for in vitro co-culture of BMSCs and CD8+ T cells. In brief, CD8+ T cells were iso-

lated from buffy coats from healthy donors using a Naive CD8+ T cell isolation kit (Stem Cell Technologies) and activated using a 3:1

ratio (beads:cells) of CD3/28 Dynabeads beads (Invitrogen�) in RPMI complete media supplemented with 60 IU/ml of rIL-2 (Proleu-

kin) for 2 days and 3 days further expansion. On the day of co-culture, the tissue culture plates were seeded with either 1.53 105 (for

6-well plate) or 1.53 106 (for 10mm petri dish) Mito-dsRed labeled human BMSCs in complete DMEMmedia. After allowing BMSCs

to attach for at least 5 hrs, media was removed, and pre-activated human CD8+ T cells were seeded at a ratio of 1:1 or 3:1 in RPMI

complete media. After 24–36 hrs cells were collected for further analysis.

Confocal imaging of sorted cells
Sorted human and mouse Mito+ and Mito� cells (13 105) were stained in 10 nM MitoTracker Deep Red (ThermoFisher Scientific) in

PBS for 15 minutes at 37�C. After incubation, cells were washed with complete RPMI media to remove excess dye, and then
e8 Cell 187, 6614–6630.e1–e14, November 14, 2024
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counterstained with either Alexa-488 conjugated anti-mouse CD8 (53.6.7, Biolegend) or Alexa-488 conjugated anti-human CD8

(SK1, Biolegend) in conjunction with Hoechst 33342 (Invitrogen�, 2 mg/ml dilution) for 20mins at 4�C. Stained cells were then seeded

into 8-well m-Slide (ibidi Gmbh) coated with Cell-Tak� (Corning) and visualized using either Stellaris 8 (Leica Microsystems) or SoRa

(Nikon) confocal microscope.

Quantification of mtDNA content
mtDNA was quantified with real-time PCR. Total DNA was isolated from BMSCs using Quick Extract� DNA Extraction Solution (Lu-

cigen), according to themanufacturer’s protocol. Real-time PCRwas performed in triplicates on 96-well plates (Applied Biosystems).

Each PCR reaction (final volume 25 ml) contained 25 ng DNA, 12.5 ml of PowerUp� SYBR� Green PCR Master Mix (Applied Bio-

systems) and 0.5 mM of each forward and reverse primer. MtDNA was quantified using primers specific for the mouse or human

MT-CO2 gene and normalized using primers specific for the murine or human reference gene APP. Primers were as follows; mouse

mt-Co2-F(GAGCAGTCCCCTCCCTAGGA), mouse mt-Co2-R (GGTTTGATGTTACTGT TGCTTGATTT), mouse App-F (CGGAAA

CGACGCTCTCA TG), mouse App-R (CCAGGCTGAATTCCCCAT), human MT-CO2-F (CGTCTGAACTATCC TGCCCG), human

MT-CO2-R (TGGTAAGGGAGGGATCGTTG), human APP-F (TTTTTGTG TGCTCTCCCAGGTCT), and human APP-R (TGGTCACT

GGTTGGTTGGC).

Generation of BMSC lines with partially dysfunctional donor mitochondria
To obtain BMSCwith dysfunctional donor mitochondria, mito-dsRed labelled BMSCswere cultured in the presence of 50 ng/ml EtBr

(human cells) or 200 ng/ml EtBr (mouse cells) for 14 days. EtBr was added to the respective culture medium together with 50 mg/ml

uridine. Mitochondria function was checked using qPCR, MitoTracker DeepRed stain, and Seahorse MST assay. RHOT1 (Miro1)

expression of EtBr treated and untreated BMSC line was assessed by immunoblot. In brief, cells were lysed with radioimmunopre-

cipitation assay (RIPA) lysis buffer and equal amounts of protein lysates were electrophoresed on a 10–15% polyacrylamide gel for

1 hr and transferred to nitrocellulose membrane through wet blotting for 2 hrs at 350 mA (Bio-Rad Laboratories). Membranes were

blocked by 5% BSA in 1X TBS-T (1X TBS and 0.1% Tween 20) for 1 hr and incubated with primary antibodies with either RHOT1

(Sigma; 1:500), and GAPDH (SCBT; 1:2,000) at 4 �C for 12–14 h. After washing three times with 1X TBS-T, the membrane was incu-

bated with the secondary HRP-goat-anti-mouse/rabbit antibody (1:3,000) (Bio-Rad Laboratories) for 1 hr at room temperature. The

membranes were washed twice with 1X TBS-T and once with TBS before developed using chemiluminescent Femto Substrate

(Thermo Scientific) and imaged using G:BOX bio-imaging system (Syngene) using Quantity One software for image analysis.

Correlative light-electron microscopy
Sorted cells were fixed with 4% PFA and immobilized on Mattek gridded dishes (P35G-1.5-14-C-GRD, MatTek CorpAshland) using

Cell Tak� (Corning) and stained with Hoechst (1 mg/ml, Molecular Probes) for 20 min in PBS. Samples were acquired using an

Olympus FluoVIEW FV3000RS confocal microscope with a UPLSAPO 60XS (NA 1.3) Silicone objective. After acquisition of the fluo-

rescence images and the grid reference coordinates, cells were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer pH 7.4 for

1 hr at room temperature. Samples were then postfixed in 1% osmium tetroxide, 1.5% potassium ferrocyanide in 0.1 M cacodylate

buffer for 1 hr on ice and en-bloc stained in 0.5% uranyl acetate overnight at 4�C. Samples were dehydrated in increasing concen-

trations of ethanol and infiltrated in epoxy resin (Sigma-Aldrich). After curing at 60�C for 48 hrs embedded cells were removed from

the glass coverslips by dipping in liquid nitrogen. Ultrathin sections were obtained using an ultramicrotome (UC7, Leica microsys-

tem), collected on formvar carbon coated slot copper grids, stained with uranyl acetate and Sato’s lead solutions and observed

in a Transmission Electron Microscope Talos L120C (FEI, Thermo Fisher Scientific) operating at 120 keV. Images were acquired

with a Ceta CCD camera (FEI, Thermo Fisher Scientific). TEM images were then aligned to fluorescence images using the ICY ec-

CLEM plugin.

Restriction enzyme analysis of mtDNA
Total DNA was isolated from sorted Mito+ and Mito� cells following co-culture of CD8+ T cells from BALB/c mice with Mito-dsRed

labeled mouse DM5 BMSCs using QuickExtract�DNA Extaction Solution (Lucigen). Total DNA was also isolated from Mito-dsRed

labelled mouse DM5 BMSCs and BALB/c CD8+ T cells as a control. A 385 bp fragment (9072- 9456) of mitochondrial mt-Co3 gene

containing the A9348G polymorphism site was amplified from the samples by PCR using a thermocycler (BioRad) with the following

primers: mt-Co3-F, (CGAAACCACATAAATCAAGCCC) andmt-Co3-R (CTCTCTTCTGGGTTTATTCAGA). The PCR product was then

digested with PflFI (New England Biolabs) that recognizes the AspI restriction site for 15 mins at 37 �C and the fragments were visu-

alized by electrophoresis in a 2% agarose gel containing 0.5 mg/ml EtBr.

Mitochondria Stress Test assay
A Seahorse XFe96 Analyzer (Agilent) was used to determine OCR for sorted Mito+ andMito�CD8+ T cells. Sorted cells were washed

in assay media [XF Base media (Agilent) with glucose (10 mM), sodium pyruvate (1 mM) and L-glutamine (2 mM) (Gibco), pH 7.4] at

37 �C before being plated onto Seahorse cell culture plates coated with Cell-Tak� (Corning) at 2.53105 cells per well. After cell

adherence and equilibration, OCR (pmol/min) was measured at steady state and after sequential injection of oligomycin (1.5 mM),

BAM15 (2.5 mM), rotenone (1 mM), and antimycin A (1 mM) (Sigma-Aldrich). Experiments with the Seahorse system utilized the
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following assay conditions: 2 min mixture, 2 min wait, and 3 min measurement. SRC was calculated as oxygen consumption rate

(OCR) at maximum rate (OCRMax) � OCR in basal state (OCRBas).

Bulk RNA-sequencing
For human samples, total cellular RNA was isolated from Mito+ and Mito� CD8+ cells using the RNeasy Mini Kit (Qiagen). The con-

centration and quality of the purified RNA was analyzed using the RNA ScreenTape Kit (Agilent). Generation of dsDNA libraries for

Illumina sequencing from total cellular RNA was carried out using the SMART-Seq Stranded Kit from Takara according to the man-

ufacturer’s instructions. The quality of dsDNA libraries was analyzed using the High Sensitivity D1000 ScreenTape Kit (Agilent) and

concentrations were assessed with the Qubit dsDNA HS Kit (Thermo Fisher Scientific). Equimolar amounts of each human library

were pooled and sequenced on a NextSeq 550 instrument controlled by the NextSeq Control Software (NCS) v2.2.0, using a 75 Cy-

cles High Output Kit with a single index, and single-end (SE) run parameters. Image analysis and base calling were done by the Real

Time Analysis Software (RTA, v2.4.11) at the NGS-Core Facility (LIT). For mouse samples, total cellular RNA was isolated from post-

sorted Mito+ andMito�CD8+ cells using the RNeasy Plus Mini Kit (Qiagen) as per manufacturers recommended protocol. The quan-

tity and quality of purified RNAwas analyzedwith the Ribogreen Assay (ThermoFisher Scientific) andHSRNAFragment Analyzer chip

(Agilent), respectively. Generation of libraries for Illumina sequencing was completed on these samples using KAPA HyperPrep kit

(KAPA Biosystems). The quality and quantity of dsDNA libraries was analyzed using the DNA-5k Caliper (PerkinElmer) and Qubit

dsDNA HS Kit (Thermo Fisher Scientific). Sequencing was carried out on the NovaSeq 6000 sequencer S4. RNA-seq data for the

human and mouse samples are listed in Tables S1 and S2.

Bioinformatic analysis of bulk RNA-sequencing data
For data analysis of RNA sequencing data, the output data from the NextSeq550, ‘‘.bcl’’ files, were converted into ‘‘.fastq’’ files with

the bcl2fastq software (v2.20.0.422). For the human and mouse RNA Seq data, QC analysis and read mapping was performed using

the SnakePipes analysis pipeline (v2.5.1). The pipeline used, among others, the following software: samtools (v1.9), STAR (2.7.4a),

featureCounts (v2.0.0). Genome: GRCh38_gencode_release29 (ftp://ftp.ebi.ac.uk/pub/databases/ gencode/Gencode_human/

release_29/ and GRCh38.primary_assembly.genome.fa.gz). Mouse Genome GRCm38.primary_assembly (ftp://ftp.ebi.ac.uk/pub/

databases/gencode/Gencode_mouse/release_M23/GRCm38.primary_assembly.genome.fa.gz). QC of the count matrix and DE-

Gene calling was performed with DESeq2. Gene counts were prefiltered with edgeR:filterByExpr and the FDR was set to

(Padj.hs<0.05) for the human data set. Volcano plots were produced with the enhancedVolcano and ggrepel package (Figure 3A).

For analysis of co-regulated and orthologous genes, DESeq result tables were merged using orthologous annotation derived from

ENSEMBL using the biomaRt package. Only orthologous genes were taken forward. Subsequently, positively and negatively co-

regulated genes were selected. The resulting gene table was selected for genes showing a baseMean.hs expression of 100 counts

and Padj.hs <0.05. For the heatmap (Figure 3B), data was subset for human data to comply with baseMean.hs >100 and Padj.hs

<0.05 and mouse data to show a p-value below 0.15. Variance stabilizing transformed (vst-function) expression data (DESeq2)

was Z-score transformed for the mouse and human dataset separately. For hierachical clustering (euclidean distance, method com-

plete), both data sets were combined and plotted with pheatmap. Over-representation analysis of up/down regulated co-regulated

genes was performed using EnrichR with genes complying with: human: baseMean.hs >100 and Padj.hs<0.05 (59 genes).

CRISPR-Cas9 TLN2 knockout
To knockout TLN2 or CD2 control genes in both human CD8+ T cells and Mito-dsRed BMSCs we used Lonza� P3 Primary Cell 4D-

Nucleofector� X Kit S (Lonza� V4XP-3032) and Lonza� P1 Primary Cell 4D-Nucleofector� X Kit S (Lonza� V4XP-1032), respec-

tively, with TrueCut� Cas9 Protein v2 (ThermoFischer), Alt-R� CRISPR-Cas9 tracrRNA (IDT) and the predesigned crRNA TLN2-

(AA & AB) and CD2-(AA, AD&AE) (IDT). In brief, tracrRNA (200 mM) and crRNA (200 mM) were mixed equimolar proportions

(0.75 ml each with 1.5 ml IDTE Buffer, per guide reaction), incubated 5 mins at 95�C in a ProFlex PCR System (Applied Biosystems�)

and allowed to cool to RT for 20 mins. Newly formed gRNAwas then combined with Cas9 enzyme (3 ml of gRNA and 1.2 ml of TrueCut

Cas9 for each guide, topped up to 12.6 ml with IDTE Buffer) and incubated at RT for 20mins to create TLN2 and CD2 RNP complexes.

CD8+ T cells (13106, pre-activated for 24 hrs) and Mito-dsRed (53105, low confluence) were seeded in 20 ml of P3 and P1 electro-

poration buffer solution, respectively, as per manufacturer’s instructions in a 96-well round-bottom plate. TLN2 and CD2 RNP com-

plexes were combined with cell suspensions in buffer solution and immediately transferred to a 16-well Nucleocuvette strip and the

electroporation protocol CA137 (CD8+ T cells) or FF104 (MitodsRed BMSCs) was performed on a Nucleofector Unit. After electro-

poration, warm media was added to the wells of the Nucleocuvette strip and cells were allowed to recover for 10 mins at RT, before

being transferred back into tissue culture plates for expansion. Four days later, human co-cultures were set up with either Mito-

dsRed hBMSC or CD8+ T cells with TLN2 KO or CD2 KO (CRISPR control) and dsRed transfer rates to CD8+ T cells were analyzed

using flow cytometry. Knockout specificity and efficiency were determined by DISCOVER-seq and Amplicon NGS, respectively.

DISCOVER-seq
Preparation of the edited samples was carried out as previously described.36 In brief, cells were fixed 12 hrs post editing in 1% form-

aldehyde (Pierce) for 15 min at RT, quenched with glycine (Merck, 125 mM final concentration) for 3 mins on ice, washed twice with

ice cold PBS, pelleted, snap frozen in liquid nitrogen, and stored in -80�C till processing. A small sample fromeach condition was kept
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in culture beyond DISCOVER-seq collection, for NGS analysis at 3 days post editing. After editing confirmation, processing was car-

ried out as previously described36 using the Mre11 antibody (Novus Biological). Sequencing libraries were prepared for each sample

using the NEBNext Ultra II kit (New England Biolabs) according tomanufacturer’s instructions. NGS libraries wereQCed, pooled, and

sequenced on a NextSeq2000 (Illumina) using the P2mid output kit (Illumina). After demultiplexing, reads weremapped against hg38

using Bowtie2 version 2.4.4 using very sensitive local alignment. Blender2 (https://github.com/cornlab/blender/blob/master/

blender2.py) was run with default parameters, using the mock edited sample as control and filtering against the relevant blacklist

sites in hg38 (https://github.com/staciawyman/blender/blob/master/hg38.blacklist.bed) to detect On- and Off-targets. Initially iden-

tified sites were further filtered for the presence of a valid PAM (by default NGG or NAG for SpCas9 based editing), and sites that met

this criterion were allocated a DISCOVER score, which is calculated by summing up the read ends in a 10-bp window around the

predicted cut site (-3 bp from the identified PAM). This initial target list was further filtered with default parameters from blender.

In short, all sites with less than 8 mismatches towards the input guide and with a DISCOVER score >3 where kept. Additionally, sites

with 4 or 5 mismatches were kept with a lower DISCOVER score threshold (>2) and the ones with less than 4 mismatches with a min-

imum DISCOVER score of 2. Results were visualized using the draw_blender_fig.py script provided with blender.

Amplicon sequencing and genome editing analysis
Primers including adaptors for subsequent NGS library preparation were designed to amplify a 100-250 bp region spanning the target

site of interest. Sequences of oligos can be found in key resources table. Genomic DNA from edited or control cells was extracted

using DNeasy kit (Qiagen) as per manufacturer’s instructions. Approximately 100 ng of genomic DNA was used in PCR1 to amplify

target alleles using the Q5 high fidelity polymerase (New England Biolabs), and after magnetic bead purification, barcoded with Illu-

mina adaptors i5 and i7 in a short (8 cycles) PCR2. Individual NGS libraries were then bead purified, QCed on the Tapestation (D1000),

Qubit quantified, and equimolarly pooled. NGS was performed on an NextSeq2000 (Illumina) using the P1 low output kit (Illumina).

Demultiplexed NGS sequencing files (fastq) were analyzed for editing with CRISPResso2 (https://github.com/pinellolab/

CRISPResso2) using default parameters and ignoring substitutions.74

Inhibitor treatment study
For pharmacological inhibition studies, both mouse and human Mito-dsRed BMSCs or CD8+ T cells were treated with 1-10 mM of

farnesyltransferase/geranylgeranyltransferase 1 inhibitor (L-778,123) (Biomol) incubated separately in their respective basal media

for 7 hrs before or during co-culture. Cell viability of the different drug treatments was determined using the Trypan Blue exclusion

test and quantifiedmanually using a hemacytometer. All experiments were performed on at least 3-6 biological replicates/donors per

condition.

Murine syngeneic melanoma model
C57BL/6 female mice ages 6–8 weeks were injected subcutaneously with 33105 B16KVP cells in 100 ml of PBS. On day 10 after tumor

inoculation, host mice received 6 Gy (C57BL/6 mice) or 2 Gy (NCG mice) sub-lethal irradiation prior to transfer of 13105-1.253105

Mito+ andMito� pmel-1 CD8+ T cells. An untreated group that received no adoptively transferred cells was also included as a control.

To support viability and expansion of transferred CD8+ T cells, mice received recombinant IL-2 intraperitoneally (2.43105 IU/day of

rhIL-2 for 3 doses for 3 days). Miceweremonitored thrice weekly for survival and tumor size using a caliper. The survival endpoint was

reached when the mean diameter of the tumor size is 1.5 cm. For kinetic studies, SCENITH, and scRNA-seq analysis tumors and

spleens were collected on day 7 post adoptive transfer. Tumors were cut into two equal portions using a scalpel; one half of the tu-

mors was embedded in Tissue-Tek O.C.T. compound (Sakura Finetek) and immediately frozen for immunohistochemistry, and the

other portion of tumors were weighed, digested, and tumor-infiltrating lymphocytes were analyzed by multidimensional flow cytom-

etry analysis.

Frozen immunohistochemistry
Frozen tissueswere sliced to 5 mm thick sections in a cryostat and fixedwith acetone for 10min at -20�C, left to dry for 20minutes and

then washed three times with PBS. Sections were blocked with 2% rat serum for 45 mins prior to overnight incubation with anti-

mouse Ly5.1 antibody (1:100 dilution) in a humidified chamber at 4�C. Following PBS wash, tissue sections were counterstained

with Hoechst 33342 (Invitrogen�, 2 mg/ml) for 10min at room temperature, washedwith PBS again, andmounted with ibidi mounting

medium (Ibidi GmbH) and a glass coverslip. Images of the whole tissue sections were acquired using the LAS X Navigator tile scan-

ning function on a Stellaris 8 confocal microscope (Leica Microsystems). ImageJ (version 1.54) was used to overlay a pseudocolor

heatmap of Ly5.1 fluorescence intensity on confocal images of Hoechst 33342 to show the relative localization of adoptively trans-

ferred CD8+ T cells in the tumor structure.

Quantification and phenotype of adoptively transferred CD8+ T cells
Spleens were mechanically disrupted, passed through 40 mm strainers and treated for 2 min at room temperature with 1x ACK lysis

buffer (Elabscience). Tumor tissue was mechanically disrupted in C-tubes using the m_tumor program on a GentleMACS (Miltenyi

Biotec) followed by digestion for 30 mins with DNase and Collagenase at 37�C. Tumor-infiltrating lymphocytes were enriched using

Ficoll� Paque Plus (Cytiva) at 4003g centrifugation for 30 mins at 18–20�C. Splenocytes and tumor-infiltrating lymphocytes were
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stained separately with flow cytometry antibodies. CountBright� Plus Absolute Counting Beads (Invitrogen�) were added to each

sample for absolute quantification of tumor-infiltrating lymphocytes. For intracellular staining, cells were fixed and permeabilized us-

ing the FoxP3 staining kit (eBioscience) following surface marker staining. Quantification of adoptively transferred CD8+ T cells was

determined using Ly5.1 antibody and normalized based on counting beads, dilution factor, and tumor weights, where applicable.

Short and long-term in vivo functionality assays
Isolated Mito+ and Mito� CD8+ T cells were stained with a Cell Trace Violet Proliferation kit (Invitrogen) as per the manufacturer’s

instruction prior to adoptive transfer. For short-term in vivo functionality assays, 105 Ly5.1+ pmel-1 T cells were transferred into

the B16KVP tumor-bearing C57BL/6 mice. Tumors and spleens were harvested and processed 7 d later using the same isolation pro-

tocol described in the murine syngeneic melanoma model section. For long-term persistence in vivo studies, 105 Ly5.1+CD8+ T cells

were adoptively transferred into sublethally irradiated (6 Gy) non-tumor-bearing C57BL/6mice. Spleenswere isolated and processed

at day 28 post-transfer. Cells isolated from both spleens and tumor samples were stained with either MitoTracker green (Invitrogen)

or Annexin V (Invitrogen) as per manufacturers protocols and followed by staining with LIVE/DEAD� UV (Thermo Fisher Scientific),

anti-mouse CD8-APC (Biolegend) and anti-mouse CD45.1 (Ly5.1)-APC/Cy7 (Biolegend).

Single-cell RNA-sequencing
Mito+ andMito�CD8+ T cells were harvested directly prior to infusion (day 0) and harvested from tumor and spleens 7 d after adoptive

transfer using murine syngeneic melanoma model set up and the isolation protocol described in the quantification and phenotype of

adoptively transferred CD8+ T cells. Pre-infusion cells were washed and labeled with TotalSeq�-B anti-mouse Hashtag 1-6 (Bio-

legend) for 20 mins at 4�C as per manufacturer’s instructions. For tumors and spleens, isolated cells were labeled with

TotalSeq�-B anti-mouse Hashtag 1-4 (Biolegend) as per manufacturer’s instructions followed by staining with LIVE/DEAD� Fixable

Far Red (Thermo Fisher Scientific), anti-mouse CD8-PacificBlue (BD Pharmingen) and anti-mouse CD45.1 (Ly5.1)-FITC (eBioscien-

ces) for 20 mins each at 4�C. CD8+ CD45.1+ cells for each condition were sorted on FACS Aria Fusion II into DNA/RNA-low binding

tubes containing 1ml complete HBSS + 5%FCS. Each pool of sorted samples (pre-infusion, or tumors and spleens) was loaded onto

a 10X Chromium Next GEM Chip G using the Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 and 3’ Feature Barcode Kit (Dual

Index) (10X Genomics) according to the manufacturer’s protocol. Amplified cDNA was used for both, 3’ RNA-seq library generation

using the Chromium Single Cell 30 Reagent Kit v3.1 and cell surface protein library preparation using the Chromium 3’ Feature Bar-

code Kit (10XGenomics). 3’ scRNA and scCSP libraries were quantified byQubitTM Fluorometer (ThermoFisher) and quality checked

using Tapestation (Agilent Technologies). The libraries were pooled in a ratio 1 (scCSP) : 4 (scRNA) and sequenced on an Illumina

Nextseq 2000 device. All sequencing runs were performed using the following parameters: PE-28-10-10-90.

Bioinformatic analysis of single-cell RNA-sequencing data
Base-calling and demultiplexing of sequencing reads were carried out using the bcl2convert provided by Illumina Dragon (v-3.8.4

NextSeq 2000, Illumina Inc., San Diego, California, USA). Sequencing reads were mapped to the mouse genome (https://cf.

10xgenomics.com/supp/cell-exp/refdata-gex-mm10-2020-A.tar.gz, based on Mus_musculus.GRCm38.dna.primary_assembly.fa.

modified and gencode.vM23.primary_assembly.annotation.gtf.filtered) using 10X Genomics Cell Ranger 7.0.0 with standard options

and expected cells set to 12,000. Cell Ranger created count files for gene expression libraries and Cell-surface-marker (HTO)

libraries.

Processing and analysis of single-cell RNA-seq and HTO count data were mainly performed in R (version 4.1.1) with the Seurat

package (version 4.3.0). Since cell hashing was applied, it was possible to pool different groups in a single RNA-seq library. To assign

groups to single cells based on HTO counts, the HTODemux() function from the Seurat package was employed with default settings

(positive-quantile parameter of 0.99) after centralized log normalization. Cell calling via Cell Ranger yielded a total of 18,092 cells

across the four libraries and all conditions. Cells that could not be assigned a treatment group due to insufficient HTO labeling (nega-

tive cells) were excluded from the analysis, resulting in 14,720 remaining cells. Doublets were identified based on ambiguous HTO

labeling reported by HTODemux() and using the scDblFinder R-package2 (version 1.8.0, used together with SingleCellExperiment,

version 1.16.0) and also excluded from the analysis. scDblFinder was run in random approach. Known doublets from cell hashing

were supplied, but only used for score thresholding and not for training. To obtain clusters, the FindNeighbours() and FindClusters()

functions of Seurat were used with default parameters on each scRNA-seq library separately after excluding negative cells, using the

top 20 principal components and 2,000 variable features as input. The clustering resolution was 0.4 for tumor samples, 0.2 for spleen

samples, and 0.2 for in vitro samples.

For tumor and spleen samples, in order to obtain a valid set of cells for analysis, cells have additionally been filtered to have a min-

imum library count of 3,000, minimum number of features 1,000, maximum percentage of mitochondrial genes of 10% for spleen and

tumor samples. In this step, filtering removed 9.5% of the tumor cells and 11.3% of the spleen cells. Further filtering was performed

based on singleR (version 1.8.1)75 annotation, filtering contaminating cells annotated as macrophages and CD4 T cells. Across all

libraries, a total of 3,378 cells for spleen and 1,328 cells for tumor were then used for subsequent analyses.

For in vitro samples, cells have additionally been filtered to have aminimum ribosomal percentage of 15, minimum library counts of

1,000, minimum number of features 200, maximum percentage of mitochondrial genes of 10. Across all libraries, a total of 3,317 cells

for in vitro samples were then used for subsequent analyses.
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For dimensionality reduction and clustering counts were normalized for library size by dividing by the sum of total counts per cell

and multiplying with a scale factor of 1 x 106. The 2,000 top variable features were identified by applying Seurat’s FindVariableFea-

tures() function with default parameters (variance stabilizing transformation as selection method). Data was then mean-centered,

scaled to unit variance, and subjected to principal component analysis (PCA). Afterwards, Seurat’s FindNeighbours() function was

used with the first 20 dimensions to construct a nearest-neighbor graph. The FindClusters() function was then run with default pa-

rameters (standard Louvain algorithm) to perform graph-based clustering on the cells. Clustering was run at different resolutions

to find the optimal clustering setup. For visualization, a UMAP (Uniform Manifold Approximation and Projection3) dimensionality

reduction was additionally applied to the data, using Seurat’s RunUMAP() function on the first 20 dimensions of the data. A resolution

of 0.2 was chosen for the final clustering setup in the case of spleen and in-vitro samples and a resolution of 0.4 for tumor samples, as

they provided the best compromise between granularity andmeaningfulness of clusters, as well as agreement with the localization of

cells in UMAP space.

Differential gene expression was performed with FindAllMarkers() function from Seurat with logFC threshold 0.25, minimum frac-

tion of 0.25 in either of the two populations, and Wilcoxon test. For spleen and tumor samples, differential expression for all pairwise

comparisons between clusters was performed with FindMarkers() function fromSeurat for logFC threshold 0 and default parameters.

Results were plotted as violin plots for certain genes of interest, after Benjamini-Hochberg p-value correction between clusters.

To annotate the cell types of tumor and spleen samples, the scRNA-seq datasets weremapped onmouse TIL atlas, which consists

of 16,803 single-cell transcriptomes (B16melanoma andMC38 colon adenocarcinoma tumors). This projection was performed using

ProjecTILs,39 a computational method to project scRNA-seq data into reference single-cell atlases, enabling their direct comparison

in a stable, annotated system of coordinates. As the mouse TIL atlas does not take into account proliferating cells, we integrated the

analysis by adding the proliferation signatures from Pauken’s dataset.40

Themetabolic pathway score was calculated using the escape R package as described previously in Borcherding et al.76 The Ucell

method was used to calculate the enrichment score of metabolic signature genes and these scores were added to our single-cell

object. The results were then visualized on UMAP and Violin plots using dittoSeq and Seurat packages, respectively.

Only for in vitro samples, differential expression was performed with FindMarkers() function from Seurat between ‘‘spleen in vitro

positive’’ group and ‘‘spleen in vitro negative group’’, for a log fold change threshold of 0 and Wilcoxon test. The differential gene

expression results for in vitro samples were then used as input to pathway/gene set analysis, using the GSEA (gene set enrichment

analysis) approach as implemented in the clusterProfiler R-package (version 4.2.0) with the GSEA() function. As input for GSEA, the

negative log10 p-values signed with the direction of the log FC were used with pvalueCutoff 1, maxGSSize 560 and minGSSize 1.

Chosen gene set collection was Zhang et al.25 Results were plotted with a modified gseaplot2() function allowing other colored

bars from enrichplot (version 1.23.0.991).

Following GSEA analysis on a chosen gene set collection25 of the human bulk andmouse scRNA in vitro data, core enriched genes

were isolated from the results of the GSEA() function of clusterProfiler R-package (version 4.2.0). For conversion of human to mouse

annotation gconvert() of gprofiler2 R-package (version 0.2.2) was used. Variance stabilized transformed expression values from hu-

man bulk were retrieved using the vst() function of DESeq2 (v 1.34.0) after removing the donor batch effect with the removeBatch-

Effect() function of limma(v3.50.0). Log-expression values frommouse scRNA in vitro samples were calculated using the AverageEx-

pression() function of Seurat (v 4.0.5). The expression values were subset for the shared core enriched genes from both data sets.

Subsequently, the expression values for each data set were scaled per gene using the scale() function. The scaled data sets were

combined, the Euclidean distance of the genes was calculated with dist(method=’’euclidean’’) and hierarchical clustering was per-

formed with hclust(method=’’complete’’) of the stats R-package. The heatmap was build with ggplot2 R-package (version 3.3.5),

geom_tile() function, and the ggdendro R-package(0.1.23).

To visualize expression of Effector and Memory markers on a dimensional reduction plot (UMAP), FeaturePlot function was used

from Seurat package which colors single cells on UMAP according to the gene expression.

SCENITH
SCENITH protocol was adapted from Argüello et al.42 Mito+ and Mito� CD8+ T cells were harvested from B16KVP melanoma and

spleen 7 d after adoptive transfer. Cells were plated at a density of 106 cells/ml antibiotic-free RPMI complete media in four separate

wells (for three inhibitor treatments and untreated group) in either 48-well or 96-well flat bottomplates depending on cell numbers and

allowed to rest for 1 hour at 37�C with 5% CO2. The inhibitors [2-Deoxy-D-Glucose – abbreviated 2DG (Sigma Aldrich; D6134), oli-

gomycin – Abbreviated Olig, (Sigma Aldrich; 75351) and harringtonine – abbreviated Har (Santa Cruz Biotechnology; sc-204771)]

were added to the separate wells for each sample at final concentrations of 100 mM (2DG), 1 mM (Olig), and 2 mg/ml (Har). For the

untreated group, an equal volume of DMSO was added to each well as a control (CO). Cells were then incubated for 15 min at

37�C, 5%CO2. Following incubation, puromycin dihydrochloride (Sigma-Aldrich; P7255) was added to eachwell to reach a final con-

centration of 10 mg/ml. Cells were incubated for additional 25 min at 37�C, 5% CO2 to allow puromycin incorporation. Following the

SCENITH treatment, the cells were transferred to a U-bottom 96-well plate on ice. Cells were centrifuged, washed in PBS, and then

stainedwith LIVE/DEAD�UV (Thermo Fisher Scientific) and surfacemarkers anti-mouse CD8-Pacific Blue (BDPharmigen), and anti-

mouse CD45.1-FITC (ThermoFischer) for 20 mins on ice. After washing, the cells were fixed and permeabilized using the BD Cytofix/

Cytoperm� Fixation/Permeabilization Kit (BD Biosciences) according to the manufacturer’s instructions. After washing the fixed

cells twice with BD Perm/Wash� Buffer solution, intracellular staining of puromycin (Anti-Puromycin antibody clone 12D10;
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1:200, Sigma Aldrich; MABE-343-AF647) was performed for 1hr at 4�C in BD Perm/Wash� Buffer. After incubation, cells were

washed with BD Perm/Wash� Buffer followed by FACS buffer and analyzed by flow cytometry. Based on the mean fluorescent in-

tensity (MFI) of puromycin protein synthesis, metabolic capacities were calculated as follows: (i) Total metabolic capacity = CO-Har,

(ii) FAAO capacity =100-100*(CO-2DG)/(CO-Har), and (iii) Glycolyitc capacity=100-100*(CO-Olig)/(CO-Har).

Quantification of TLN2 expression
To determine TLN2 expression over time, a human co-culture was set up using either activated or non-activated CD8+ T cells with

BMSCs. Following 24hrs of incubation, BMSC and CD8+ T cells were collected, stained with anti-human CD8-BV510 (BD Biosci-

ences) together with LIVE/DEAD� Fixable Far Red Dead Cell Stain (Invitrogen�) and sorted based on cell type using BD FACS

Aria Fusion II into collection with tubes with Buffer RLT (QIAGEN). RNA was extracted using RNeasy Plus Mini Kit (QIAGEN) and con-

verted to cDNA using a High-Capacity cDNAReverse Transcription Kit (Applied Biosystems) as permanufacturer instructions. Quan-

titative PCR was performed on sample cDNA using SYBR� Green Master Mix with human primers for either TLN2 or ACTB on a

QuantStudio� 3 Real-Time PCR system. See key resources table for oligonucleotide primer sequences.

Human in vitro cytotoxicity assay
For human in vitro cytotoxicity assays, Mito+, Mito�, Mito+ EtBr or Mito� EtBr CD19CAR+ CD8+ T cells were co-incubated with target

NALM6-GL leukemia cells at a 1:5 effector to target ratio (15,000:75,000) in 100 ml of AIM V or RPMI complete media in a 96well round

bottom plate (Corning). For tumor-infiltrating lymphocyte studies, MART-1 TILs were thawed and cultured in complete media sup-

plemented with 3000 U/ml IL-2 for 2 days. One day prior to 36 hr co-culture with human primary cells or immortalized MitodsRed-

BMSCs TILs were rested in complete media without IL-2. Mito+ and Mito� MART-1-specific CD8+ T cells were co-incubated with

MART-1+ SK23-GFPmelanoma cells at a 1:5 effector to target ratio (4,000:20,000) in 200 ml of completemedia in a 96-well flat bottom

plate (Corning) for 48-72 hrs. GFP fluorescence intensity of the tumor cells was measured every 2 hrs using an Incucyte Live-Cell

Analysis Instrument (Essen Bioscience). Green calibrated unit (GCU) per mm2/image (NALM6-GL targets) or Target Green Object

Area (TGOA) (SK23-GFP targets) were obtained using the Incucyte image software analyzer.

Repetitive in vitro cytotoxicity assay
Mito+ and Mito� CD19CAR+ CD8+ T cells were co-incubated with NALM6-GL leukemia cells at a 1:1 effector to target ratio

(20,000:20,000) in 200 ml of complete media in a 96 well plate (Corning) for 48-72 hrs. GFP fluorescence intensity of the tumor cells

was measured every 2 hrs with an Incucyte Live-Cell Analysis Instrument (Essen Bioscience). After 48-72 hrs, cells were collected,

washed and negatively enriched using a total CD8+ T cells isolation kit (StemCell Technologies) and replated onto a new 96-well plate

with 20,000 fresh NALM6-GL leukemia cells per well andmeasured on Incucyte for another 48-72 hrs. This process was repeated for

a total of 6 rounds.

Humanized B-cell malignancy model
NALM6-GL (83105) were injected intravenously into NXG host mice, followed 3 days later by the administration of 1.253105 CD19-

CAR+ CD8+ T cells that either acquired donor mitochondria (Mito+), did not acquire donor mitochondria (Mito�), or were cultured

alone (CD8 mono). Recombinant human IL-15 (NCI) was injected intraperitoneally every other day (1 mg per mouse). Tumor burden

wasmeasured using the IVIS Lumina III in Vivo Imaging System (PerkinElmer). After 7 days, blood was collected frommice to confirm

the adoptive transfer of CD8+ T cells and to assess relative levels of circulating NALM6-GL cells in the blood.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were conducted using Prism software v9.4 (GraphPad Software, La Jolla, California, USA). Spare respiratory ca-

pacity from Seahorse metabolic assay and inhibitor studies were analyzed using one-way ANOVA with Dunnett’s multiple-compar-

ison test. Transfer rates for TLN2 KO CRISPR editing are shown as mean ± s.e.m. relative to CD2 KO CRISPR control and analyzed

using unpaired two-tailed Student’s t-test. Flow cytometry data were analyzed using unpaired two-tailed Student’s t-test. Tumor

growth curves and Incucyte cytotoxicity assay were analyzed using Wilcoxon test on the curve slopes. A log-rank (MantelCox)

test was used for comparison of survival curves for pmel-1 melanoma and NALM6 B-cell malignancy in vivo models. The p-value

was denoted by * for p < 0.05, ** for p < 0.01, *** for p < 0.001, and **** for p < 0.0001.
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Figure S1. Parameters influencing mitochondrial transfer, related to Figure 2

(A) Fold-change difference in Mito-dsRed+ mouse CD8+ T cells after co-culture with BMSCs in transwell systems compared with 2D culture plates.

(B and C) Flow cytometry plot (B) and frequency (C) of Mito-dsRed+ human CD8+ T cells after BMSCs co-culture with CD8+ T cells that were pre-activated with

CD3/CD28 beads or in resting state (unstimulated). Data shown in (C) are mean ± SEM (n = 4 biological replicates).

(D and E) Flow cytometry plot (D) and frequency (E) of Mito-dsRed+ human CD8+ T cells at the indicated time points after BMSCs co-culture.

(F) Bar graph showing dsRed levels (mean fluorescent intensity [MFI]) relative to control T cells. Naive and activated T cells were cultured in the presence and

absence of dsRed+ mitochondria, isolated fromMito-dsRed BMSCs (referred to as Exo-Mito). T cells were analyzed by flow cytometer and data normalized with

the MFI of T cells that were not incubated with BMSC mitochondria. Data shown are mean ± SEM (n = 3 biological replicates). *p < 0.05, **p < 0.01 (paired two-

tailed Student’s t test). ns, not significant.
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Figure S2. EtBr-treated BMSCs have dysfunctional mitochondria, related to Figure 2

(A) Confocal microscopy images of mouseMito-dsRed BMSCs that were left untreated or pre-treated with 200 ng/mL ethidium bromide (EtBr). MitoTracker Deep

Red, a mitochondrial potential-dependent dye, was used to stain functional mitochondria. Scale bar is 20 mm.

(B) Quantitative real-time PCR of mt-CO2 mRNA in EtBr-treated or untreated Mito-dsRed BMSCs. Bars (mean ± SEM of technical triplicates) are relative to App.

(C) Oxygen consumption rates (OCRs) of EtBr-treated or untreated Mito-dsRed BMSCs. Data were obtained under basal culture conditions and in response to

the indicated molecules. Data shown are mean ± SEM (n = 4 technical replicates).

(D) RHOT1 in EtBr-treated or untreated Mito-dsRed BMSCs assessed by immunoblot. GAPDH was used as loading control.

(E and F) Flow cytometry plot (E) and frequency (F) ofMito-dsRed+CD8+ T cells after co-culture with EtBr-treated or untreatedMito-dsRed BMSCs. Data shown in

(F) are mean ± SEM (n = 3 biological replicates).

(G) Confocal microscopy images of sorted Mito-dsRed+ CD8+ T cells after co-culture with EtBr-treated or untreated Mito-dsRed BMSCs. ns, not significant;

***p < 0.001 (unpaired two-tailed Student’s t test). Scale bar is 2 mm.
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Figure S3. Specific Talin-2 (TLN2) targeting by TLN2 CRISPR-RNAs (crRNAs), related to Figure 3

DISCOVER-seq (discovery of in situ Cas off-targets and verification by sequencing) output for the TLN2-AA and TLN2-AB crRNAs in T cells. The top 20 sites

sorted for DISCO score. Besides the on-target site, all other sites exhibit a high number of mismatches, with the majority also harboring the non-canonical proto-

spacer adjacent motif (PAM) NAG.
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Figure S4. Mito+ and Mito� T cells exhibit a similar differentiation state in pre-infusion products, related to Figures 4 and 7

(A) Feature plots showingmRNA expression of the indicatedmemory and effector genes inMito+ andMito� cells assessed by scRNA-seq. Data are pooled from 3

independent donors.

(B) Representative flow cytometry analysis of mouse CD8+ T cells after a 48 h co-culture with mouse Mito-dsRed BMSCs. Right panels show the expression of

CD44 and CD62L on Mito+ (red) and Mito� (black).

(C) Representative flow cytometry analysis of human CD8+ T cells after a 48 h co-culture with human Mito-dsRed BMSCs. Right panels show the expression of

CD45R0 and CD62L on Mito+ (red) and Mito� (black). Numbers indicate the frequency of cells in the quadrant.
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Figure S5. BMSC mitochondrial transfer enhances CD8+ T cell antitumor immunity in immunodeficient mice, related to Figure 4

Tumor size (A, mean ± SEM) and survival curve (B) of sublethally irradiated NCG mice bearing B16KVP tumors after treatment with 2.5 3 105 Mito+ and Mito�

pmel-1 Ly5.1+CD8+ T cells with recombinant human IL-2 (n = 8 or 9 mice/group). No Tx, no treatment (n = 5 mice). *p < 0.05 (Wilcoxon test, A; log-rank [Mantel-

Cox] test, B) and **p < 0.01 (log-rank [Mantel-Cox] test).
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Figure S6. BMSC mitochondrial transfer enhances CD8+ T cell effector differentiation within tumors while preventing T cell exhaustion,

related to Figure 5

1.253 105 Mito+ andMito� pmel-1 Ly5.1+CD8+ T cells were adoptively transferred into sublethally irradiated Ly5.2+ mice bearing B16 tumors in conjunction with

recombinant human IL-2.

(A) UMAP plots of concatenatedMito+ andMito� pmel-1 Ly5.1+CD8+ T cells isolated from tumors 7 days after treatment showing the distribution of 3 clusters (Cl)

identified by FlowSOM.

(B) Heatmap showing the relative expression levels of the indicated molecules in the 3 FlowSOM clusters.

(C) UMAP plots of concatenated Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells showing the expression levels of PD-1 (left), LAG3 (center), and Gzmb (right).

(D) UMAP plots of Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells showing differences in cluster distributions.

(E) Frequencies of Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells expressing intermediate levels of PD-1 and LAG3 7 days after treatment. Data shown are mean ±

SEM (n = 4–5 biological replicates).

(F–H) Flow cytometry plot (F) and frequency (G andH) of intratumoral Mito+ andMito� pmel-1 Ly5.1+CD8+ T cells expressing high (G) and intermediate (H) levels of

PD-1 and TIGIT 7 days after tumor treatment. Data shown in (G) and (H) are mean ± SEM (n = 4–5 biological replicates).

(I) Correlation between the percentage of Mito-dsRed+ cells and the levels of PD-1 in intratumoral Mito+ pmel-1 Ly5.1+CD8+ T cells. *p < 0.05 (unpaired two-tailed

Student’s t test).

(J) Frequencies of Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells expressing the indicated combinations of PD-1 and Gzmb 7 days after treatment. Data shown are

mean ± SEM (n = 4–5 biological replicates).

(K) UMAP plots of concatenatedMito+ andMito� pmel-1 Ly5.1+CD8+ T cells isolated fromB16 tumors 7 days after treatment showing the distribution of 3 clusters

(Cl) identified by FlowSOM.

(L) Heatmap showing the relative expression levels of the indicated molecules in the 3 FlowSOM clusters.

(M) UMAP plots of concatenated Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells showing the expression levels of KLRG1.

(N) UMAP plots of Mito+ and Mito� pmel-1 Ly5.1+CD8+ T cells showing differences in cluster distributions.

(O) Frequency ofMito+ andMito� pmel-1 Ly5.1+CD8+ T cells expressing the indicated combinations of KLRG1 and IL-7Ra 7 days after treatment. Data shown are

mean ± SEM (n = 4–5 biological replicates). *p < 0.05; **p < 0.01 (unpaired two-tailed Student’s t test).

ll
OPEN ACCESS Article



Figure S7. Mitochondrial transfer augments CD8+ T cell mitochondrial mass long-term boosting cell persistence, related to Figure 6

(A and B) Flow cytometry plot (A) and frequency (B) of pmel-1 Mito+ and Mito� Ly5.1+CD8+ T cells in the spleen 28 days after transfer into sublethally irradiated

Ly5.2+ mice in conjunction with recombinant human IL-2. Data shown in (B) are mean ± SEM (n = 4–6 biological replicates).

(C and D) Flow cytometry plot (C) and bar graph (D) showing proliferation differences between pmel-1 Mito+ and Mito� T cells 28 days after transfer as in (A) and

(B). RI, replication index. Data shown in (D) are mean ± SEM (n = 4–6 biological replicates).

(E) Flow cytometry plot of Mito+ pmel-1 Ly5.1+CD8+ T cells in the spleen 28 days after transfer showing CTV signals versus Mito-dsRed.

(F and G) Flow cytometry plot (F) and fold change differences (G) of MitoTracker Green levels in pmel-1 Mito+ and Mito� Ly5.1+CD8+ T cells in the spleen 28 days

after transfer as in (A) and (B). Data shown in (G) are mean ± SEM (n = 4–6 biological replicates).

(H and I) MitoTracker Green MFI (I) in pmel-1 Mito+ and Mito� cells for each of the indicated divisions as per the gating strategy shown in (H). Data shown in (I) are

mean ± SEM (n = 3 biological replicates).
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